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SUMMARY

Tumor cells commonly have increased glucose uptake and lactate accumulation. Lactate is produced from
pyruvate by lactate dehydrogenase A (LDH-A), which is frequently overexpressed in tumor cells and is impor-
tant for cell growth. Elevated transcription by c-Myc or HIF1« may contribute to increased LDH-A in some
cancer types. Here, we show that LDH-A is acetylated at lysine 5 (K5) and that this acetylation inhibits
LDH-A activity. Furthermore, the K5-acetylated LDH-A is recognized by the HSC70 chaperone and delivered
to lysosomes for degradation. Replacement of endogenous LDH-A with an acetylation mimetic mutant
decreases cell proliferation and migration. Importantly, K5 acetylation of LDH-A is reduced in human pancre-
atic cancers. Our study reveals a mechanism of LDH-A upregulation in pancreatic cancers.

INTRODUCTION

Alteration in cell metabolism is a common event in tumorigen-
esis, as indicated by the dramatic increase of glucose utilization.
However, the increased glucose uptake in tumor cells often does
not lead to a corresponding increase in oxidative phosphoryla-
tion even in the presence of sufficient oxygen supply. Instead,
glycolysis is highly elevated in most cancer cells. This metabolic
alteration, known as the Warburg effect (Warburg, 1956), is
believed to benefit tumor cells not only by conditioning the
microenvironment, but also by increasing the levels of glycolytic
intermediates, many of which also serve as precursors
for anabolic biosynthesis, to support increased cell growth

(Koppenol et al., 2011; Vander Heiden et al., 2009). The fact
that tumor cells have a dramatically increased glucose uptake
has provided the basis for '®F-fluorodeoxyglucose-positron
emission tomography technology, which is widely used for de-
tecting tumors.

The last step of glycolysis is catalyzed by pyruvate kinase (PK),
which converts phosphoenopyruvate to pyruvate. In normal non-
proliferating cells, most, if not all, of pyruvate enters mitochon-
dria, where it is converted to acetyl-CoA by the pyruvate
dehydrogenase complex to fuel the tricarboxylic acid (TCA)
cycle and oxidative phosphorylation for efficient energy produc-
tion. In contrast, in cancer cells, and probably other highly prolif-
erating cells, the influx of pyruvate into mitochondria and the
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metabolism.

This study uncovers a critical role and the mechanism of acetylation in the regulation of lactate dehydrogenase A (LDH-A),
which is elevated in cancer cells. Lysine-5 acetylation inhibits LDH-A by two mechanisms: decreasing enzymatic activity and
increasing degradation by a chaperone-mediated autophagy. Moreover, LDH-A lysine-5 acetylation inversely correlates
with pancreatic cancer initiation. Therefore, acetylation plays an important role in the regulation of cell growth and cancer
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TCA is not proportional to the increased glucose uptake; instead,
more pyruvate is converted to lactate by lactate dehydrogenase
(LDH). Therefore, a high conversion rate of pyruvate to lactate,
hence high LDH, is commonly observed in cancer cells.

LDH is ahomo- or hetero-tetrameric enzyme composed of two
subunits, M and H, encoded by two highly related genes, LDH-A
(also known as LDHM, LDH1, GSD11, and PIG19) and LDH-B
(also known as LDH-H, H-LDH, and LDH?2), resulting in five
different isozymes depending on the ratio of the M and H
subunits (M4, M3H1, M2H2, M1H3, and H4). LDH enzyme cata-
lyzes the reversible conversion of pyruvate to lactate using NAD+
as a cofactor. Although the physiologic significance of lactate
accumulation in tumor cells, a dead-end product in cellular
metabolism, is currently a topic of debate, it has long been
known that many tumor cells express a high level of LDH-A
(Goldman et al., 1964), including non-small cell lung cancer
(Koukourakis et al., 2003), colorectal cancer (Koukourakis
et al., 2006), and breast and gynecologic cancers (Koukourakis
et al., 2009). In many tumors, elevated LDH-A levels have been
correlated with poor prognosis and resistance to chemotherapy
and radiation therapy. Further evidence linking an LDH-A
increase to tumorigenesis comes from the findings that the
LDH-A gene is a direct target of both Myc and HIF transcription
factors (Lewis et al., 1997; Semenza et al., 1996; Shim et al.,
1997). Inhibition of LDH-A by either RNA interference or pharma-
cologic agents blocks tumor progression in vivo (Fantin et al.,
2006; Le et al., 2010; Xie et al., 2009), supporting an important
role of elevated LDH-A in tumorigenesis and LDH-A as a potential
therapeutic target.

We and others have recently discovered that a large number of
non-nuclear proteins, especially those involved in intermediate
metabolism, are acetylated (Choudhary et al., 2009; Kim et al.,
2006; Wang et al., 2010; Zhao et al., 2010). In this report, we
investigated LDH-A acetylation and its functional significance
in tumorigenesis.

RESULTS

LDH-A Is Acetylated at Lysine 5

Eight putative acetylation sites were identified in LDH-A by mass
spectrometry (Figure S1A available online; Choudhary et al.,
2009). Western blotting with anti-acetyllysine antibody showed
that LDH-A was indeed acetylated and its acetylation was
enhanced approximately 3.5-fold after treatment with trichosta-
tin A (TSA), an inhibitor of histone deacetylase HDAC | and Il
(Ekwall et al., 1997; Furumai et al., 2001), and nicotinamide
(NAM), an inhibitor of the SIRT family of deacetylases (Avalos
et al., 2005) (Figure 1A).

We then mutated each of eight putative acetylation sites indi-
vidually to glutamine (Q), and examined their acetylation. Muta-
tion of either K5 or K318, but not other lysine residues, to gluta-
mine resulted in a significant reduction in LDH-A acetylation
(Figure S1B). Arginine substitution of K5, but not K318, dramat-
ically decreased the LDH-A acetylation by approximately 70%
(Figure 1B; data not shown), indicating that K5, which is evolu-
tionarily conserved from Caenorhabditis elegans to mammals
(Figure S1C), is a major acetylation site in LDH-A.

We generated an antibody specifically recognizing the K5-
acetylated LDH-A. The specificity of the anti-acetyl-LDH-A (K5)

antibody was verified as it recognized the K5-acetylated peptide
but not the unacetylated control peptide (Figure S1D). Western
blotting using this antibody detected ectopically expressed
wild-type, but only weakly recognized the K5R mutant LDH-A
(Figure 1C). Moreover, this antibody detected the acetylated
but not the unacetylated LDH-A that was expressed and purified
from bacteria (Figure 1l). These characterizations demonstrate
the specificity of our anti-acetyl-LDH-A(K5) antibody in recog-
nizing the K5-acetylated LDH-A.

We used the anti-acetyl-LDH-A (K5) antibody to determine
acetylation of endogenous LDH-A. Acetylation of LDH-A could
readily be detected by the antibody. This signal was diminished
by LDH-A knockdown and was completely blocked by the pre-
incubation with the antigen peptide (Figure 1D), confirming the
specificity of the anti-acetyl-LDH-A(K5) antibody. Treatment of
cells with deacetylase inhibitors TSA and NAM strongly
increased K5 acetylation of both endogenously (Figure 1E) and
the ectopically expressed LDH-A (Figure S1E). To quantify
LDH-A acetylation, we employed IEF (isoelectric focusing) to
separate the acetylated protein based on the loss of positive
charge due to lysine acetylation. The spot with highest pl, spot
0, showed the lowest relative acetylation, while the lowest pl
spot 4 had the highest acetylation, indicating that the change
of LDH-A pl is at least in part due to acetylation (Figure 1F).
Assuming that spot 0 represented the unacetylated LDH-A while
spot 4 represented the fully acetylated LDH-A, we estimated that
approximately 20% of the LDH-A is acetylated on lysine 5.
Therefore, a substantial fraction of endogenous LDH-A could
be acetylated.

K5 Acetylation Inhibits LDH-A Enzyme Activity

To test the effect of K5 acetylation, the activity of LDH-A®R and
LDH-AX®? mutants was compared with that of wild-type LDH-A.
We found that LDH-AX®? displayed only 18% of the wild-type
activity, while the LDH-AX®® mutation had a minor effect on the
LDH-A activity (Figure 1G). Consistent with an inhibitory effect
of acetylation on LDH-A activity, inhibition of deacetylases by
NAM and TSA treatment significantly decreased LDH-A enzyme
activity by more than 60% (Figures 1H and S1F). Moreover, treat-
ment of NAM and TSA had little effect on the activity of either
LDH-AK®? or LDH-AKSR mutants (Figure 1H).

To definitively demonstrate the effect of K5 acetylation on
LDH-A activity, we employed the system of genetically encoding
Ne-acetyllysine to prepare recombinant proteins in Escherichia
coli (Neumann et al., 2008, 2009). This expression system
produced LDH-A proteins with 100% acetylation at K5 due to
the suppression of the K5-TAG stop codon by the Ne-
acetyllysine-conjugated amber suppressor tRNA. We prepared
both unacetylated and K5-acetylated LDH-A and compared their
enzymatic activity. As shown in Figure 11, K5-acetylated LDH-A
showed significantly lower activity when compared with the un-
acetylated LDH-A. Collectively, these results demonstrate that
acetylation at lysine 5 inhibits LDH-A activity.

SIRT2 Decreases LDH-A Acetylation and Increases Its
Enzyme Activity

To identify the deacetylase responsible for LDH-A regulation, we
first determined how inhibition of either SIRT or HDAC could
affect LDH-A acetylation at lysine 5. Treatment of cells with
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Figure 1. Acetylation at Lys-5 Decreases LDH-A Enzyme Activity
(A) LDH-A is acetylated. Flag-LDH-A was transfected into 293T cells followed by treatment with deacetylase inhibitors TSA and NAM for indicated time. LDH-A
acetylation and protein levels were analyzed by western blot with indicated antibody. Relative ratios of acetylation were calculated from normalizing against Flag-
LDH-A.
(B) Mutation of K5 decreases LDH-A acetylation. The indicated plasmids were transfected into 293T cells and proteins were immunoprecipitated for western
blotting.
(C) Characterization of acetyl-LDH-A (K5) antibody. The indicated plasmids were transfected into 293T cells, acetylation level of immunoprecipitated Flag-LDH-A
was measured by direct western bloting using the acetyl-LDH-A (K5) antibody (a-K5Ac).
(D) Endogenous LDH-A is acetylated on lysine 5. Cell lysate from scramble or LDH-A shRNA knockdown stable cells were probed with indicated antibodies.
(E) Treatment with NAM and TSA increases endogenous LDH-A acetylation; 293T cells were treated with TSA and NAM. Endogenous LDH-A protein levels and
acetylation of K5 were determined by western blotting with indicated antibodies (bottom panel). Relative K5-acetylated LDH-A over total LDH-A protein was
quantified (top panel). Error bars represent + SD for triplicate experiments.
(F) Quantitative analysis of endogenous LDH-A acetylation at K5 by isoelectric focusing (IEF) analysis; 293T cells lysate were separated by IEF, followed by
western blotting using indicated antibodies. Relative LDH-A K5 acetylation and LDH-A protein levels for each spot were quantified by intensity, and the relative
percentage of each spot is calculated and listed below the western blot panels.

(legend continued on next page)
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SIRT inhibitor NAM, but not HDAC inhibitor TSA, increased acet-
ylation at K5 (Figure S2), indicating that a SIRT deacetylase is
probably involved in K5 deacetylation. To identify the specific
SIRT, we co-expressed LDH-A with the two cytosolic SIRT de-
acetylases, SIRT1 and SIRT2, and found that SIRT2, but not
SIRT1, decreased LDH-A acetylation (Figures 2A and 2B). Sup-
porting this observation, knocking down SIRT2 significantly
increased K5 acetylation (Figure 2C). Co-expression of SIRT2
increased the activity of the LDH-A by 63% along with the
decreased lysine 5 acetylation (Figure 2B). Conversely, SIRT2
knockdown decreased LDH-A activity by 38% (Figure 2C).
Together, these observations demonstrate a specific and prom-
inent role of SIRT2 in the deacetylation and enzyme activation of
LDH-A.

We also found that SIRT2 co-expression had no significant
effect on the activity of LDH-A%®? and LDH-A®®® mutants (Fig-

protein levels. Relative enzyme activities of triplicate
experiments + SD are presented.
See also Figure S2.

ure 2D), indicating that SIRT2 stimulates LDH-A activity mostly
via deacetylation of K5. Furthermore, re-expression of wild-
type SIRT2, but not the inactive H187Y mutant, reduced
LDH-A acetylation and increased LDH-A enzyme activity in
Sirt2 knockout MEFs (Figure 2E). Collectively, these data
support a critical role of SIRT2 enzyme activity in LDH-A regula-
tion by deacetylating lysine 5.

Acetylation at K5 Decreases LDH-A Protein Level

In addition to the effect on LDH-A enzyme activity, NAM and TSA
treatment also led to a time-dependent reduction of LDH-A
protein levels (Figures 3A and S3A). We then determined whether
acetylation downregulating of LDH-A protein level occurs at or
after transcription. Quantitative RT-PCR showed that NAM and
TSA treatment had a minor effect on LDH-A mRNA levels (Fig-
ure S3B), indicating a posttranscriptional regulation of LDH-A

(G) K5Q mutant decreases LDH-A enzyme activity. Flag-tagged wild-type and mutant LDH-A protein were expressed in 293T cells and purified by immuno-
precipitation. The enzyme activity was measured and normalized against protein level. Relative enzyme activities of triplicate experiments with + SD are pre-

sented.

(H) NAM and TSA treatment decreases the enzyme activity of wild-type, but not mutant LDH-A. Flag-tagged wild-type and mutant LDH-A protein were expressed
in 293T cells and treated with or without NAM and TSA, then purified by immunoprecipitation. The LDH-A enzyme activity was measured and normalized against
protein level. Relative enzyme activities of triplicate experiments + SD are presented.

(I) Acetylated LDH-A has lower enzyme activity. Recombinant un-acetylated and K5-acetylated LDH-A protein were prepared by the system of genetically
encoding Ne-acetyllysine in E. coli. The enzyme activity was measured and normalized against protein level. Relative enzyme activities of triplicate

experiments + SD are presented.
See also Figure S1.
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HEK293T Figure 3. Acetylation at K5 Decreases
HA-SIRT2 - + LDH-A Protein Level
1.0 173 (A) NAM and TSA treatment decreases endoge-

nous LDH-A protein level. 293T and Hela cells
were either untreated or treated with NAM and
TSA for different lengths of time, as indicated. The
steady-state levels of LDH-A protein were deter-
mined by western blotting and normalized against
B-actin.

(B) SIRT2 overexpression decreases endogenous
LDH-A K5 acetylation and increases LDH-A
protein level. Plasmid expressing SIRT2 was
transfected into 293T cells, and endogenous K5
acetylation and LDH-A expression level were
determined by western blotting.

(C) SIRT2 knockdown increases LDH-A K5
acetylation and decreases LDH-A protein level.
siRNA oligo nucleotide targeting SIRT2 was
transfected into 293T cells and the levels of
endogenous LDH-A K5-acetylation, total LDH-A
protein, and SIRT2 protein were determined by
western blotting.

(D) NAM and TSA treatment decreases the
level of wild-type, but not KSR mutant LDH-A.
293T cells stably expressing wild-type and
KSR mutant LDH-A were either untreated or

o-LDH-A

'

o-K5Ac
a-HA

o-p-actin

il

treated with NAM and TSA. The levels of K5-acetylated and total LDH-A protein were determined by western blotting.
(E) SIRT2 deacetylase activity is required to increase LDH-A protein level. Wild-type or H187Y mutant SIRT2 was expressed in Sirt2 knockout MEFs, and then

endogenous Ldh-A protein level and acetylation at K5 were detected by WB.

(F) SIRT2 knockdown decreases LDH-A activity and protein level in mouse liver. siRNA oligo-nucleotides targeting mouse Sirt2 gene were injected into mouse tail
vein and liver tissue was harvested to determine total LDH-A activity (left panel). SIRT2, LDH-A protein, and K5 acetylation were measured by western blotting

(right panel). Error bars represent + SD of triplicated experiments.
See also Figure S3.

protein by acetylation. To determine if acetylation could affect
LDH-A protein level, we analyzed the effect of SIRT2 overexpres-
sion or knockdown on LDH-A protein. Overexpression of SIRT2
decreased LDH-A K5 acetylation and increased LDH-A protein in
both 293T and pancreatic cancer cell line (Figures 3B and S3C).
Conversely, SIRT2 knockdown increased LDH-A acetylation and
concomitantly decreased the steady-state level of LDH-A
protein (Figure 3C). These results indicate that acetylation may
decrease LDH-A protein. Furthermore, we found that inhibition
of deacetylases decreased the level of wild-type, but not the
K5R mutant (Figure 3D). Based on these results, we propose
that acetylation of K5 destabilizes LDH-A protein.

Next, we investigated the function of SIRT2 in regulation of
LDH-A protein levels. We observed that re-expression of the
wild-type, but not the H187Y mutant SIRT2, increased LDH-A
protein level in Sirt2 knockout MEFs (Figure 3E). In addition,
the relative K5 acetylation (the ratio of K5 acetylation over
LDH-A protein level) was also reduced by expression of the
wild-type, but not the H187Y mutant SIRT2. These data support
the notion that the SIRT2 deacetylase activity plays a role in
regulating LDH-A protein levels. To determine the function of
SIRT2 in LDH-A regulation in vivo, we injected Sirt2 siRNA into
mice via the tail vein, and Sirt2 was efficiently reduced in the
mouse livers by western blot analysis (Figure 3F). We found
that Ldh-A protein levels and activity were significantly
decreased. As expected, the relative K5 acetylation was
increased in Sirt2 knockdown livers (Figure 3F), indicating a crit-
ical function of SIRT2 in LDH-A regulation in vivo.

468 Cancer Cell 23, 464-476, April 15, 2013 ©2013 Elsevier Inc.

Acetylation Stimulates LDH-A Degradation by
Chaperone-Mediated Autophagy

Inhibition of protein synthesis with cycloheximide (CHX) showed
that LDH-A was a rather stable protein in HeLa cells with a half-
life longer than 8 hr (Figure S4A). Treatment with the proteasome
inhibitor MG132 did not increase LDH-A, but significantly
increased the protein level of PEPCK (Figure 4A), a metabolic
enzyme targeted by the proteasome for degradation (Jiang
et al., 2011). These results indicate that the acetylation-induced
decrease of LDH-A is mediated by a mechanism that is indepen-
dent of proteasome.

Autophagy is a major mechanism in intracellular degradation.
Macro-autophagy is believed to be a nonselective bulk
degradation of intracellular components, whereas chaperone-
mediated autophagy (CMA) is a selective degradation for
proteins, especially those with a long half-life (Mizushima
et al., 2008). We treated cells with leupeptin, an inhibitor of lyso-
somal proteases that can block lysosome-dependent protein
degradation (Jeong et al., 2009), and found that this treatment
caused a significant accumulation of LDH-A protein and K5
acetylation (Figure 4B), confirming the involvement of lysosome
in acetylation-induced LDH-A degradation. Two-dimensional
PAGE analysis showed that leupeptin blocked LDH-A degrada-
tion in cells treated with deacetylase inhibitors (Figure S4B).
Costaining of LDH-A and lysosomal marker also indicated that
a fraction of LDH-A was colocalized with the lysosomal marker
LAMP1 (Figure S4C), consistent with a role of lysosome in
LDH-A degradation.


http://www.tracker-software.com/buy-now
http://www.tracker-software.com/buy-now

Cancer Cell
Regulation of LDH-A by Acetylation in Cancer

2.5 Figure 4. Acetylation Promotes LDH-A
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E F HelLa (D) LAMP2A knockdown accumulates LDH-A.
Hela + LAMP2A was stably knocked down in Hela cells

ShLAMP2A . . + + shLAMP2A = = - by ShRNA. The knockdown efficiency and LDH-A
Serum . + NAM+TSA - + - protein level were determined by western blotting.

Time (h) 0 6

(E and F) LAMP2A knockdown blocks the effect of

serum deprivation or NAM and TSA treatment on

a-LDH-A 0-LDH-A | e == = ‘— =) -‘ LDH-A protein levels. Hela cell pools stably ex-
o-K5Ac ‘ — a— H — ‘ pressing LAMP2A shRNA were cultured with or
a-K5Ac | W= == T S W ithout serum (B) or NAM and TSA (F). The levels
o-B-actin ‘- -H — —’ a-p-actin ‘- - -‘ ‘ - e -‘ of K5-acetylated and total LDH-A protein were

determined by western blotting.
(G) Acetylation at K5 increases LDH-A binding to
G Input Pull down: asT H HEK293T the HSC70 C-terminal domain in vitro. Recombi-
. HA-HSC70 + + + nant unacetylated and K5-acetylated LDH-A
GST-HSC(395-533)-His + - - + + Flag-LDH-A i} + . protein were prepared by the system of genetically
UnAc-LDH-A-His - + - + - Tg A+NAM . . + encoding Ne-acetyllysine in E. coli. GST-HCS70
K5Ac-LDH-A-His - - + - + - C-terminal domain (from 395 to 533 amino acids)
& | o-HA I:l was used in an in vitro binding assay to pulldown

a-His-HSC—| quumm .- o a-Flag ,EI the purified LDH-A.
a-His-LDH-A—> -— L —4 o (H and ) Inhibition of deacetylases increases
a-HA E overexpressed or endogenous LDH-A-HSC70
5 binding. Indicated plasmids were co-transfected
a-K5Ac - = 2| a-Flag El into 293T cells, followed by NAM and TSA treat-
ment. LDH-A-HSC70 binding was determined by
immunoprecipitation-western analysis (H). The
| HEK293T 293T cells were untreated or treated with NAM
LDH-A antibody Flag-.LDH-A + + + 4 and TSA (). Endogenous LDH-A-HSG70 binding
TSA+NAM Lysosome - + + + was determined by immunoprecipitation and
oHscTo | TSA+NAM - - - + western blot analysis.

g Protease inhibitor - - + + () Inhibition of deacetylases promotes lysosomal
2 | a-K5Ac o-Flag ‘ - — -‘ uptake of LDH-A. Flag-tagged LDH-A was im-
= munopurified from 293T cells untreated or treated
o |o-LDH-A a-LAMP2A ‘ . with deacetylase inhibitors TSA and NAM. The
immunoprecipitated LDH-A was incubated with
% | «-HSC70 - a-Ac ‘ W S— - -i- the lysosomes isolated from rat liver. Lysosomes
% §- - were re-isolated and the associated LDH-A (either
~ | a-LDH-A = | o-Flag ‘ — — — — ‘ inside or binding to the surface) were determined

Prolonged serum starvation is known to activate CMA (Cuervo
et al., 1995; Wing et al., 1991). We found that serum starvation
caused a decrease of the steady-state level of LDH-A (Figure 4C),
providing additional evidence for a CMA-dependent degradation
of LDH-A. To rule out macro-autophagy in LDH-A degradation,
we compared the subcellular localization of LDH-A with GFP-
LC-3, which is a marker for autophagosome in the macro-auto-

by western blotting.
See also Figure S4.

phagy pathway. As shown in Figure S4D, GFP-LC3 and LDH-A
showed different subcellular localizations. Moreover, we deter-
mined LDH-A protein level in Atg5 knockout MEF cells, which
is defective in macro-autophagy, and found that LDH-A protein
levels were comparable in Atgb wild-type and knockout MEF
cells (Figure S4E).These data indicate that CMA, but not
macro-autophagy, is responsible for LDH-A degradation.
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During CMA, the HSC70 chaperone carries target proteins to
the lysosomal receptor LAMP2A, which then translocates the
target proteins into lysosome for degradation (Cuervo, 2010).
To provide additional evidence for the role of CMA in LDH-A
degradation, we found that LAMP2A knockdown significantly
increased LDH-A protein (Figure 4D). Moreover, LAMP2A knock-
down also blocked the LDH-A protein reduction caused by either
serum starvation (Figure 4E) or inhibition of deacetylases (Fig-
ure 4F). These data support a model that acetylation promotes
CMA-dependent degradation of LDH-A.

To explore the role of K5 acetylation in LDH-A degradation by
CMA, we examined the interaction between LDH-A and HSC70.
Co-immunoprecipitation showed that the acetylation mimetic
K5Q mutant displayed a much stronger interaction with HSC70
than the wild-type LDH-A (Figure S4G). Fully acetylated or unac-
etylated recombinant LDH-A was prepared by the system of
genetically encoded Ne-acetyllysine in E. coli, and their interac-
tion with HSC70 was examined. The acetylated, but not the un-
acetylated, LDH-A could readily pull down endogenous HSC70
(Figure S4F). The C-terminal domain (amino acid residues 395-
533) is the substrate binding domain of HSC70. We prepared re-
combinant HSC70 C-terminal domain and found it to preferen-
tially pull down acetylated but not unacetylated LDH-A
(Figure 4G). Consistently, treatment of cells with deacetylase
inhibitors TSA and NAM significantly increased the binding
between either ectopically expressed (Figure 4H) or endogenous
LDH-A and HSC70 (Figure 4l). Collectively, these data demon-
strate that LDH-A acetylation, in particular at lysine 5, promotes
its interaction with HSC70.

To determine directly if LDH-A could be taken up by lyso-
somes, we incubated the immunopurified LDH-A with isolated
lysosomes in vitro. The results showed LDH-A binding to isolated
lysosomes (Figure 4J). When lysosomal protease was inhibited,
more LDH-A was found with lysosome, presumably due to the
accumulation of intralysosomal LDH-A. Notably, the LDH-A iso-
lated from TSA- and NAM-treated cells showed more lysosomal
binding/up-taken than LDH-A isolated from untreated cells.
These data are consistent with a model that LDH-A acetylation
increases its interaction with HSC70, binding to and being taken
up by the lysosomes, and leading to its eventual degradation.

K5 Acetylation Impairs the Function of LDH-A in
Supporting Cell Proliferation and Migration

Elevated LDH-A protein levels are frequently seen in different
types of tumors (Goldman et al., 1964). LDH-A is essential for
cancer cell growth in vitro and in vivo (Fantin et al., 2006; Xie
et al., 2009). We therefore investigated the effect of K5 acetyla-
tion of LDH-A on cell proliferation and migration. We knocked
down endogenous LDH-A in the BxPC-3 pancreatic cancer
cell line by shRNA and re-expressed shRNA-resistant wild-
type and K5Q mutant LDH-A to a level similar to endogenous
LDH-A (Figure 5A). Consistent with a previous report (Fantin
et al.,, 2006), knocking down LDH-A caused a significant
decrease of BxPC-3 cell proliferation that was substantially
rescued by the re-expression of the wild-type LDH-A (Figure 5B).
Notably, the LDH-AX®® mutant was much less effective than the
wild-type LDH-A in restoring LDH-A—knocking down cell prolif-
eration. Similar effects were observed in 293 cells (Figure S5A).
These results demonstrate that acetylation at Lys 5, which
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reduces the activity of LDH-A, impairs the ability of LDH-A in
supporting BxPC-3 pancreatic cancer cell proliferation.

We then investigated the effect of LDH-A®? mutant on cell
migration. Knockdown of LDH-A decreased cell migration in
BxPC-3 (Figure 5C), 293, and 293T cells (Figures S5B and
S5C), as determined by the wound-healing assay. Re-expres-
sion of wild-type, but not the K5Q mutant LDH-A restored cell
migration, indicated that the acetylation at lysine-5 of LDH-A
inhibits tumor cell migration.

LDH catalyzes the reversible conversion of pyruvate to lactate
with LDH-A and LDH-B kinetically favoring the forward and the
backward reactions, respectively (Ross et al., 2010). To confirm
that the impaired ability of LDH-A K5Q mutant in supporting
BxPC-3 cell proliferation and migration is due to its reduced
catalytic activity, we measured pyruvate and lactate concentra-
tion in LDH-A knocking down cells that were re-introduced with
either wild-type or K5Q mutant LDH-A. We found that the ratio of
lactate to pyruvate was decreased by nearly one-half that of both
intracellular (upper panel) and extracellular (low panel) levels in
cells expressing K5Q mutant compared to cells expressing the
wild-type LDH-A (Figure 5D). These results suggest LDH-A acet-
ylation plays an important role in regulating the conversion of
pyruvate to lactate.

It has been reported that lactate could drive cell migration
(Bonuccelli et al., 2010; Végran et al., 2011). Therefore, we also
determined the effect of lactate on migration in BxPC-3 cells.
Consistently, we found that lactate promoted BxPC-3 cell migra-
tion (Figure S5D). These data indicate that K5 acetylation of
LDH-A decreases lactate production, thereby restraining
BxPC-3 pancreatic cancer cell migration.

To address the biologic significance of K5 acetylation in tumor
growth, we performed xenograft experiments using the BxPC-3
stable cell lines with LDH-A knockdown and re-expression of
shRNA-resistant wild-type or K5Q mutant LDH-A. As shown in
Figures 5E and 5F, the K5Q mutant-expressing BxPC-3 cells dis-
played tumor growth significantly slower than the wild-type
LDH-A-expressing cells. Taken together, these data indicate
that LDH-A K5 acetylation impairs its function in catalyzing pyru-
vate to lactate conversion, and then inhibits cell proliferation and
tumor growth.

K5 Acetylation of LDH-A Is Downregulated in Pancreatic
Cancer

Pancreatic ductal adenocarcinoma cancer (PDAC) is the fourth
leading cause of cancer death, with less than 5% 5 year survival
after diagnosis. Pharmacologic inhibition of LDH-A has been re-
ported to suppress the progression of pancreatic tumors in
a xenograft model (Le et al., 2010). The finding that acetyl-
mimetic substitution at lysine-5 impairs the ability of LDH-A to
support BxPC-3 pancreatic cancer cell proliferation and tumor
growth prompted us to examine both the K5 acetylation and total
LDH-A protein in human cancers. We collected a total of 127
primary human pancreatic cancer samples, including 65 pairs
that had surrounding normal pancreatic ducts tissues. We first
carried out a direct immunoblotting analysis of a panel of 19 pairs
of primary pancreatic tumors (T) and their adjacent normal
tissues (N), for which we were able to obtain sufficient amounts
of proteins. This analysis revealed that, when compared to
normal pancreatic tissues, eight pairs showed a significant
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Figure 5. Acetylation Mimetic LDH-AX®® Mutant Has Reduced Ability to Support Cell Proliferation and Cell Migration

(A) Generation of LDH-A-expressing BxPC-3 stable cell lines. BXPC-3 cells stably knockdown LDH-A and re-express the shRNA-resistant wild-type or K5Q
mutant were established. LDH-A knockdown efficiency and re-expression were determined by western blotting.

(B) LDH-A5? is compromised to support cell proliferation. LDH-A"T or LDH-AX? cells were seeded in each well. Cell numbers were counted every 48 hr. Error
bars represent cell numbers + SD for triplicate experiments.

(C) LDH-AX®? mutant is compromised to support cell migration. BXPC-3 cells as described in panel A were analyzed for migration by a wound-healing assay.
Scale bars are 200 um.

(D) LDH-AXQ decreases intracellular and extracellular lactate/pyruvate ratio. LDH-A™T or LDH-A**Acells were seeded in each well. Intracellular or extracellular
pyruvate and lactate production were measured according to manufacturer’s protocol (BioVision). Error bars represent + SD for triplicate experiments.

(E and F) LDH-AX? is defective in supporting tumor growth in vivo. Xenograft was performed using the BxPC-3 stable cell lines with LDH-A knockdown and re-
expression of shRNA-resistant wild-type or K5Q mutant LDH-A as indicated. Seven weeks later, mice were sacrificed and tumor weight was measured. The
p value was calculated by paired t test.

See also Figure S5.
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increase of the steady-state levels of total LDH-A protein without
a corresponding increase of K5 acetylation (Figure 6A). There-
fore, these eight pairs of tumor samples had a decreased ratio
of K5-acetylated versus total LDH-A proteins. Quantification of
six pairs (two pairs exhibiting levels of LDH-A in the normal
tissues too low to be reliably quantified) confirmed that both
the increase of total LDH-A (p < 0.0001) and the decrease in
the ratio of K5-acetylated LDH-A versus total LDH-A proteins
(p=0.0031) in tumor cells are statistically significant (Figure S6A).
Of the remaining 11 pairs, the total LDH-A protein was increased
in four pairs, unchanged in four pairs, and decreased in three
pairs in tumor tissues when compared to the adjacent normal
tissues (Figure S6B). The ratio of K5-acetylated versus total
LDH-A was not significantly decreased in these 11 pairs.

C-Myc has been implicated in transcription regulation of many
metabolic genes, including LDH-A (Shim et al., 1997). We also
examined c-Myc protein levels in these 19 pairs of pancreatic
tissues. However, we did not find an increase of c-Myc in
pancreatic tumor tissues or a positive correlation between
c-Myc and LDH-A protein levels (Figures 6A and S6B). There-
fore, the reduced LDH-A K5 acetylation correlates with the
increased LDH-A protein levels in the pancreatic tumors.

To substantiate the finding that K5-aetylated LDH-A is signif-
icantly decreased in some pancreatic tumors, we explored the
feasibility of determining the level of both total and K5-acety-
lated LDH-A by immunohistochemistry in paraffin-embedded
tissues to expand our study. The anti-acetyl-LDH-A(K5) anti-
body was characterized by its suitability for immunohistochem-
istry. We found that this antibody could detect strong signals
that were specifically blocked by the acetyl-K5 antigen peptide
in paraffin-embedded tissues (Figure S6C). Taking the advan-
tage of this reagent, we then performed immunohistochemistry
in 108 pancreatic cancer samples, including 46 samples that
had the adjacent normal pancreatic ducts tissues. In most
samples, we observed that the levels of total LDH-A were
higher and the levels of relative K5-acetylated LDH-A were
lower in the tumor tissues than in the adjacent normal tissues
(Figure 6B). Statistical analyses of quantified images indicated
that the differences between tumor and normal tissues in total
LDH-A protein levels (p < 0.0001), in K5-acetylated LDH-A
(p < 0.0001), and in the ratio of K5-acetylated LDH-A versus
total LDH-A proteins (p < 0.0001) are all highly significant,
comparing either the 108 tumor samples to the 51 normal

pancreatic ducts samples (Figure 6C), or the 46 tumor samples
with their adjacent normal tissues (Figure S6D). We also found
that SIRT2 expression was increased in pancreatic tumor
tissues compared to adjacent normal tissues (Figures 6A, 6D,
and S6E).

Although more than 100 case tumors were collected, most
pancreatic tumors are very small, and the number of paired
paraffin sections with both tumor and adjacent on the same slide
is hence limited. We determined the levels of LDH-A, K5-acety-
lated LDH-A, and SIRT2 in only 39 paired tissues. Among these
pairs, high LDH-A protein level is found in 37 pairs of tumor
compared with adjacent tissue. These tumors also exhibited
increased SIRT2 and decreased acetylation at K5 as shown in
Figure 6E. The tumor sample analyses demonstrate that
LDH-A protein levels have a negative correlation with K5 acety-
lation and a positive correlation with SIRT2 levels in pancreatic
tumors. These data also indicate that LDH-A and K5 acetylation
may be potential biomarkers for pancreatic tumor.

The development of pancreatic cancer can be divided into
five stages according to their location, size, and metastatic
features: stage 0 (carcinoma in situ found in the lining of the
pancreas), stage | (found only in pancreas with size smaller
[IA] or larger [IB] than 2 cm), stage Il (spread to nearby tissue,
either including [IIB] or excluding [lIA] the lymph nodes), stage
Il (spread to major blood vessels near the pancreas), and stage
IV (spread to distant organs). To determine whether LDH-A K5-
acetylation level is related to the pancreatic tumor progression,
we analyzed the levels of K5-acetylated as well as total LDH-A
in the panel of 108 pancreatic tumors according to their stages.
LDH-A protein level was significantly increased in all cancer
stages when compared to normal tissues (Figure S6F, left
panel), but no significant difference was detected between
different stages (Figure S6G). The levels of K5-acetylated
LDH-A were decreased significantly in all cancer stages when
compared to normal tissues (Figure S6F, right panel), and there
appeared to be a progressive decrease in the levels of K5-
acetylated LDH-A from stage IA to stage IB (p = 0.009) and
then to stage IlIA (p = 0.0068 versus IA, Figure S6H). There
was no significant difference in the levels of K5-acetylated
LDH-A among stages lIA, 1IB, Ill, and IV. Taken together, these
data suggest a possible role of K5 acetylation contributing
to pancreatic cancer initiation, but not progression to the
advanced stages.

Figure 6. K5-Acetylation of LDH-A Is Downregulated in Pancreatic Cancer

(A) Total LDH-A and SIRT2 protein are increased and K5-acetylated LDH-A decreased in pancreatic cancer tissues compared to adjacent tissues. The levels of
LDH-A protein, K5 acetylation, SIRT2, and c-Myc in 19 pairs of pancreatic cancer and adjacent normal tissues were analyzed by western blotting. Eight pairs that
exhibited clear inverse correlation between K5-acetylated and total LDH-A and positive correlation between SIRT2 and total LDH-A are shown. See also Fig-
ure S6A for the complete western blotting of the other 11 pairs.

(B and C) Immunohistochemical stainings of K5-acetylated and total LDH-A proteins in tumor and adjacent normal tissues. One example is shown in (B) and the
statistical analysis of all samples is shown in (C). Scale bars are 50 um. The intensities of the total (left panel) and K5-acetylated (right panel) LDH-A proteins were
quantified using the Motic Images Advanced software, followed by statistical analysis. A total of 108 pancreatic cancer tissues and 51 adjacent normal pancreatic
tissues were analyzed. The mean value of multiple samples and standard deviation are presented.

(D) Immunohistochemical staining of SIRT2 proteins in tumor and adjacent normal pancreatic cancer tissues. The statistical analysis of 99 tumor and 59 normal
samples is shown. The intensities of SIRT2 proteins were quantified using the Motic Images Advanced software, followed by statistical analysis. The mean value
of multiple samples and standard deviation is presented.

(E) LDH-A protein levels show negative correlation with K5 acetylation, and positive correlation with SIRT2 protein in pancreatic tumors. Among the 39 paired
pancreatic cancer tissues that had been examined for all three signals (LDH-A, K5Ac, and SIRT2), 37 cases showed high LDH-A protein levels in tumors
compared with adjacent tissues. These tumors also exhibited increased SIRT2 and decreased acetylation at K5.

See also Figure S6.
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Figure 7. Working Model
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LDH-A and HSC70 (Figure 7). We show
that HSC70 selectively interacts with
acetylated proteins and thereby preferen-
tially promotes lysosome-dependent
degradation of the acetylated LDH-A.
The three-dimensional structure of LDH
indicates that lysine 5 is located in the

Decreased cell proliferation and migration

DISCUSSION

Reprogramming of energy metabolism, including elevated
glycolysis, is a hallmark of cancer (Hanahan and Weinberg,
2011). To support rapid cell growth, glucose uptake and meta-
bolic intermediates for macromolecule biosynthesis are dramat-
ically increased in cancer cells. In particular, glycolysis is highly
elevated. Among the glycolytic enzymes, LDH is unique because
it is essential to maintain high glycolysis rate by regenerating
NAD+ required in early steps in glycolysis (Bui and Thompson,
2006). Moreover, LDH channels pyruvate to lactate instead of
converting it to acetyl-CoA for oxidative phosphorylation,
a commonly observed phenomenon in many tumor cells. In
this study, we uncovered a mechanism of LDH-A regulation
that contributes to its increased protein level and activity to
meet the elevated lactate production in tumor cells (Figure 7).
We demonstrate that acetylation at K5 inhibits LDH-A enzyme
activity and promotes its lysosomal degradation via CMA. In
pancreatic cancer tissues, SIRT2 deacetylates LDH-A and
increases its activity and protein level, thereby accelerating
glycolysis and lactate production, leading to increased cell
proliferation and migration.

LDH-A upregulation is commonly observed in cancers. This is
in part due to transcriptional activation by the increased Myc and
HIF in cancers. In this study, we report another mechanism in
regulation of LDH-A protein levels. Acetylation plays animportant
role in posttranslational regulation of LDH-A by two mechanisms.
First, acetylation directly inhibits LDH-A enzymatic activity.
Second, acetylation stimulates CMA-mediated degradation of
LDH-A. Notably, the relative acetylation of LDH-A is reduced in
pancreatic cancer. We propose that the decreased LDH-A acet-
ylation in cancer cells may contribute to the elevated LDH-A
protein levels and activity as well as tumorigenesis (Figure 7).

A key step in CMA regulation is the interaction between chap-
erone HSC70 and target proteins. It has been reported that post-
translation modifications can regulate this process (Cuervo,
2010). For LDH-A, acetylation enhances the interaction between
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N-terminal alpha-helix region of LDH-A,
which is structurally separated from the
catalytic domain (Read et al.,, 2001).
Therefore, the K5-containing helix can
be available for interaction with other proteins. Chaperone nor-
mally interacts with unfolded proteins that often have an
exposed hydrophobic surface. It is conceivable that lysine acet-
ylation increases surface hydrophobicity of the K5 helix in LDH-A
and therefore promotes its interaction with the HSC70 chap-
erone. Further structural studies will be needed to obtain
a precise understanding of how HSC70 recognizes acetylated
target proteins.

Fantin and colleagues reported that LDH-A knockdown could
inhibit tumor cell proliferation, especially under hypoxia (Fantin
et al., 2006). A unique feature of LDH-A is that it acts at the
end of the glycolytic pathway and catalyzes pyruvate to produce
lactate, which is often accumulated in cancer cells (Figure 7).
Many studies have shown that lactate can condition the micro-
environment, which promotes interaction between cancer cells
and stromal cells, eventually resulting in cancer cell invasion.
Indeed, the ratio of lactate to pyruvate is significantly decreased
in the acetylation mimetic K5Q mutant-expressing cells. More-
over, K5Q mutant is compromised in its ability to support prolif-
eration and migration of BxPC-3 cells, most likely due to the
decreased LDH-A activity. This may potentially explain why
cancer cells have reduced LDH-A acetylation and increased
LDH-A protein levels.

We observed that LDH-A expression positively correlates with
SIRT2 expression in pancreatic cancer tissues, suggesting that
SIRT2 may have oncogenic function in pancreatic cancer.
However, SIRT2 has been reported as a tumor suppressor
gene in a knockout mouse model (Kim et al., 2011). Notably,
SIRT1 has been also suggested to act as both tumor promoter
and suppressor in a context-dependent manner. Therefore, it
is possible that SIRT2 may promote tumor growth under one
circumstance, such as in human pancreatic cancer, and
suppress tumor growth under another circumstance, such as
hepatocellular carcinoma in Sirt2 knockout mice. A noticeable
difference in these two systems is that SIRT2 expression is
increased at the initial stage of pancreatic cancer while the
mouse model has a complete deletion even before tumor
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development. Therefore, the functions of both SIRT1 and SIRT2
in cancer development may be context-dependent.

Previous studies have indicated an important role of LDH-A in
tumor initiation and progression (Koukourakis et al., 2006; Le
et al., 2010). LDH-A overexpression in pancreatic B cells led to
increased mitochondrial membrane potential in many carci-
nomas (Ainscow et al., 2000; Chen, 1988). We showed that
LDH-A is significantly increased in pancreatic cancer tissues
compared to adjacent normal tissues. Consistently, LDH-A K5
acetylation was significantly decreased in pancreatic cancer
tissues but not further increased during late stage tumor
progression, indicating that LDH-A acetylation at K& may play
a role in pancreatic cancer initiation. Our study indicates an
important mechanism of LDH-A regulation by acetylation and
LDH-A K5 acetylation as a potential pancreatic cancer initiation
marker.

EXPERIMENTAL PROCEDURES

LDH-A Enzyme Assay

Flag-LDH-A was ectopically expressed, immunoprecipitated, and eluted using
250 pg/ml of Flag peptide. The eluent was added to a reaction buffer contain-
ing 0.2M Tris-HCI (pH 7.3), 30 mM pyruvate, and 6.6 mM NADH. The change in
absorbance (340 nm) resulting from NADH oxidation was measured using
a F-4600 fluorescence spectrophotometer (HITACHI).

Genetically Encoding Ne-Acetyllysine in Recombinant Proteins

To generate a homogenously K5-acetylated LDH-A construct, we used
a three-plasmid system as described (Neumann et al., 2008, 2009). This
system allows for the site-specific incorporation of N-acetyllysine by way of
a Methanosarcina barkeri acetyl-lysyl-tRNA synthetase/tRNACUA pair that
responds to the amber codon. We cloned wild-type LDH-A into pTEV-8
(PET-21b as backboned with TEV cleavage site) producing a C-terminal
His6-tagged construct, and incorporated an amber codon at lysine 5 (AAG
to TAG by site-directed mutagenesis). Cells were induced at an OD600 of
0.6 with 0.5 mM IPTG. The amber construct was overexpressed in LB with
spectinomycin (50 pg/ml), kanamycin (50 pg/ml), and ampicillin (150 pg/ml),
in addition to 2 mM N-acetyllysine (Sigma-Aldrich) and 20 mM nicotinamide
at the time of induction. Both LDH-A and K5-acetylated LDH-A protein are
purified for enzyme activity analysis.

Pancreatic Cancer Model by Xenograft

BxPC-3 stable cell lines with LDH-A knockdown and re-expressed shRNA
resistant wild-type or K5Q mutant LDH-A were prepared; 7.5 x 10° cells in
PBS were subcutaneously injected into each of 14 nude mice, purchased
from SLAC. Shanghai. Every mouse was injected LDH-AVT cells on left side
and LDH-AX5? on right side. Seven weeks later, all mice were sacrificed and
tumors were harvested, followed by photography and weighing. The animal
protocols were approved by the Animal Welfare Committee of Shanghai
Medical College, Fudan University.

Pancreatic Tumor Samples and Immunohistochemistry

Pancreatic tumor samples were acquired from Affiliated Shanghai Tenth
People’s Hospital of Tongji University. A physician obtained informed consent
from the patients. The procedures related to human subjects were approved
by Ethic Committee of the Institutes of Biomedical Sciences (IBS), Fudan
University. Immunohistochemistry (IHC) was performed as previously
described (Lei et al., 2006). To quantify the IHC result of positive staining,
the tissue areas of five ducts (173 um?) in each sample were microscopically
examined and analyzed by an experienced pathologist. Images were captured
using a charge-coupled device camera and analyzed using Motic Images
Advanced software (version 3.2, Motic China Group). Average of staining
score was calculated by dividing the positive areas with total areas. Data ob-
tained were expressed as mean values + SD. Differences were considered
significant if the p value was less than 0.05.

SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures and Supplemental Experimental
Procedures and can be found with this article online at http://dx.doi.org/10.
1016/j.ccr.2013.02.005.
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SUMMARY

We performed a loss-of-function RNA interference screen to define therapeutic targets in multiple myeloma,
a genetically diverse plasma cell malignancy. Unexpectedly, we discovered that all myeloma lines require
caspase-10 for survival irrespective of their genetic abnormalities. The transcription factor IRF4 induces
both caspase-10 and its associated protein cFLIP, in myeloma, generating a protease that does not induce
apoptosis but rather blocks an autophagy-dependent cell death pathway. Caspase-10 inhibits autophagy by
cleaving the BCL2-interacting protein BCLAF1, itself a strong inducer of autophagy that acts by displacing
beclin-1 from BCL2. While myeloma cells require a basal level of autophagy for survival, caspase-10 tempers
this response to avoid cell death. Drugs that disrupt this vital balance may have therapeutic potential in

myeloma.

INTRODUCTION

Multiple myeloma is a malignant proliferation of plasma cells in
the bone marrow. Autologous stem cell transplantation and
drugs such as lenalidomide and bortezomib have improved
survival, yet myeloma remains largely incurable. One of the chal-
lenges in treating myeloma is its genomic and phenotypic
heterogeneity (Kuehl and Bergsagel, 2012). Hence, an optimal
therapy in myeloma would be one that targets an essential regu-
latory pathway in all subtypes of this cancer.

RNA interference screening can systematically identify genes
and pathways that are essential for cancer cell proliferation and
survival (Ngo et al., 2006). In some instances, these screens
identify pathways that are affected by somatic mutations,
thereby revealing “oncogene addiction.” In other cases, these
screens identify essential genes that are not affected by struc-
tural abnormalities, a phenomenon dubbed “nononcogene
addiction” (Luo et al., 2009). In myeloma, one such nononco-

gene addiction target is the transcription factor IRF4, which is
required for the survival of all genetic subtypes of this cancer
(Shaffer et al., 2008). Although the oncogene MYC is an impor-
tant IRF4 target in myeloma, other targets must contribute to
IRF4 addiction in myeloma.

Following ligand engagement of certain members of the
tumor necrosis factor receptor superfamily, caspase-10 and
its paralogue caspase-8 initiate a form of programmed cell
death known as apoptosis (Wang et al., 2001; Wilson et al.,
2009). The recruitment of these caspases to membrane-associ-
ated “DISC” complexes induces their autoproteolysis,
releasing p10/p18 dimers that initiate apoptosis by activating
effector caspases. However, caspase-10 and caspase-8 have
functions in addition to their pro-apoptotic role. Both proteins
can activate the NF-xB pathway when overexpressed (Chaudh-
ary et al., 2000), and caspase-8 deficiency is associated with
defective T cell activation and immunodeficiency in humans
and mice (Chun et al.,, 2002; Salmena et al., 2003). During

Significance

myeloma subtypes.

A variety of translocations, mutations, and copy number alterations drive the malignant phenotype of multiple myeloma.
Faced with this genetic diversity, it is imperative that we design therapeutics to attack vulnerabilities that are shared by
all myeloma subtypes. Using an unbiased genetic screen we discovered that all multiple myeloma subtypes tested require
caspase-10 for survival. This instance of “nononcogene addiction” appears to stem from a basal level of autophagy that is
required to maintain myeloma cell viability. Caspase-10 modulates this autophagic response, preventing it from inducing
cell death. Therapies targeting caspase-10 would exploit this regulatory pathway and could have broad efficacy across
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T cell activation, macroautophagy (hereafter referred to as
autophagy) is activated to meet the increased bioenergetic
requirements of cell proliferation, but this autophagy is kept
in check by caspase-8 (Bell et al., 2008; Hubbard et al.,
2010; Yu et al., 2004).

Autophagy is a cellular process in which portions of the cytosol
or entire organelles are sequestered into double membrane vesi-
cles termed autophagosomes and subsequently fused with the
lysosome, where the content is digested and recycled (Levine
and Kroemer, 2008; Rabinowitz and White, 2010). Autophagy
is essential to maintain cell homeostasis, recycle damaged
organelles, and overcome nutrient deprivation and metabolic
stress. However, autophagy can be associated with a nonapop-
totic form of cell death (Galluzzi et al., 2012), and hence this
cellular reaction to stress must be tightly regulated (Bell et al.,
2008; Shimizu et al., 2004; Yu et al., 2004). One level of regulation
is dictated by the abundance of anti-apoptotic Bcl-2 family
proteins, which sequester beclin-1, a key inducer of autophagy
(Pattingre et al., 2005).

In addition to its regulation of autophagy, caspase-8 blocks
a form of regulated necrosis by preventing the activation of RIP
kinase 3 (RIPK3) (Green et al., 2011). This regulatory pathway
appears to require two caspase-8-interacting proteins, FADD
and the caspase-like protein cFLIP_, forming a protease with
limited activity that can block necrosis but cannot initiate
apoptosis. cFLIP_ pairs with caspase-8 and prevents its auto-
cleavage while itself being a substrate of caspase-8, resulting
in a caspase-8 complex containing a p43 cFLIP isoform (Budd
et al., 2006).

Here, we report an RNA interference-based genetic screen to
discover therapeutic targets in genetically heterogeneous
multiple myeloma cells, but not in lymphoma cells.

RESULTS

Caspase-10 Is Essential for Myeloma Viability

To uncover essential pathways required for myeloma
proliferation and survival, we performed a loss-of-function
RNA interference screen using a retroviral library to inducibly
express short hairpin RNAs (shRNAs) (Ngo et al., 2006). An
shRNA-targeting caspase-10 was depleted during a 3-week
culture of three myeloma cell lines, indicating its toxicity, but
had no effect in four lymphoma lines (Figure 1A). To extend
this finding, we cloned this shRNA and five additional
caspase-10 shRNAs (Figure 1B; Figures S1A and S1B available
online) into a retroviral vector that allows coexpression of green
fluorescent protein (GFP). In myeloma lines transduced with
these vectors, the fraction of GFP*/shRNA* cells declined
over time, but no toxicity was observed in lymphoma lines
(Figures 1C, S1C, and S1D). One caspase-10 shRNA (#1)
targets a sequence unique to the D splice isoform (Figure 1B),
indicating its essential role in myeloma. The toxicity of this
shRNA could be rescued by ectopic provision of a TAP-tagged
caspase-10 isoform D that is resistant to this shRNA
(TAP-Casp107), showing that the toxicity of this shRNA for
myeloma cells was not due to off-target effects (Figure 1D).
Of note, caspase-10 shRNAs were toxic to all myeloma cell
lines tested, regardless of their various oncogenic aberrations
(Figure 1C).
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Myeloma Viability Depends on Caspase-10 Catalytic
Activity

To determine if the prosurvival effect of caspase-10 in myeloma
requires its protease activity, we generated a protease-dead
version of the caspase-10 D isoform in which the catalytic site
cysteine was replaced by serine. Wild-type and protease-dead
caspase-10 were cloned into a doxycycline-inducible vector
that coexpresses GFP, allowing the abundance of caspase-10-
transduced cells to be monitored over time (Figure 2A). After cas-
pase-10 induction, myeloma cells expressing the protease-dead
mutant were killed whereas those overexpressing wild-type cas-
pase-10 were not, suggesting that protease-dead caspase-10
functions in a dominant negative fashion to induce cell death.

Consistent with this hypothesis, myeloma lines had readily
detectable proteolytic activity for the caspase-10 substrate
AEVD-pNA, but this was not a feature of lymphoma cell lines
(Figure 2B). This proteolytic activity was inhibited by the broad-
spectrum caspase inhibitor Q-VD-OPH and a more selective
caspase-10 inhibitor Q-AEVD-OPH (Figure 2B). Because the
selectivity of synthetic caspase inhibitors is not absolute
(McStay et al., 2008; Walsh et al., 2011), we further assessed
whether caspase-10 was responsible for the observed proteo-
lytic activity. First, immunoprecipitated caspase-10 from
different myeloma cell lines had proteolytic activity for AEVD-
PNA (Figure S2A). Furthermore, this proteolytic activity was
decreased when caspase-10 was knocked down by RNA inter-
ference in myeloma cells (Figure S2B). Together, these data indi-
cate that the elevated AEVD-pNA cleavage observed in
myeloma cells is largely due to caspase-10 activity.

The caspase inhibitors Q-VD-OPH and Q-AEVD-OPH killed
myeloma lines in a time-dependent manner but did not kill the
lymphoma line HBL1 (Figure 2C). Because stromal cells are
known to protect myeloma cells from the lethal effect of certain
cytotoxic agents (Hideshima and Anderson, 2002), we investi-
gated whether the stromal line HS-5 would mitigate the effect
of caspase inhibitors on myeloma viability (Figure 2D). Whereas
the toxic effect of dexamethasone was blocked by coculture
with HS-5 cells, the caspase-10 inhibitor Q-AEVD-OPH was still
able to kill the myeloma cells while not affecting the viability of the
stromal cells (data not shown). Finally, we isolated CD138"
neoplastic cells from patients with newly diagnosed myeloma
and cocultured the neoplastic cells with HS-5 cells for 16 hr
before adding Q-AEVD-OPH, Q-VD-OPH, or DMSO. The cas-
pase inhibitors decreased the number of viable myeloma cells
in a time-dependent fashion (Figure 2E).

Because caspase-8 and caspase-10 share structural and
functional similarities, we examined whether caspase-8 might
also regulate myeloma viability. Two shRNAs targeting cas-
pase-8 reduced its expression by ~50% but were not toxic in
the RNA interference screen (Figures S2C and S2D). To test if
caspase-10 might function redundantly with caspase-8, we
knocked down caspase-10 expression in myeloma lines and
then treated them with a caspase-8 inhibitor (IETD-OPH) that
does not inhibit caspase-10. As expected, caspase-10 knock-
down was toxic, but inhibition of caspase-8 activity did not
increase this toxicity, even though this inhibitor did reduce
Fas-mediated apoptosis (Figure S2E). We conclude that cas-
pase-10, but not caspase-8, maintains the viability of myeloma
cells.
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Figure 1. Caspase-10 Knockdown Is Toxic for All Myeloma Cell Lines

(A) Caspase-10 shRNA toxicity in an RNA interference screen was quantified as the ratio of shRNA abundance in shRNA-uninduced cells at time 0 versus shRNA-
induced cells after 21 days. Data represent the mean + SEM of four independent experiments.

(B) Caspase-10 protein level in the SKMM1 myeloma line 4 days after the expression of two caspase-10 shRNAs (shCasp10-1, shCasp10-2). Caspase-10 Aand D

isoforms are indicated.

(C) The indicated cell lines were infected with retroviruses coexpressing shCasp10-1 or shCasp10-2 and GFP. The percentage of GFP* cells was measured over
time by flow cytometry and normalized to the percentage of GFP* cells before retroviral transduction.

(D) SKMM1 cells were infected with a retrovirus expressing a TAP-tagged caspase-10 isoform D carrying mutations in the shCasp10-1 target sequence
(TAP-Casp10*) or with an empty vector. The toxicities of shCasp10-1 and a control shRNA were measured as in (C). The endogenous caspase-10 and the

TAP-Casp10* protein levels are shown in the right panel.
See also Figure S1.

Caspase-10 Inhibition of Autophagic Cell Death in
Myeloma

While the proportions of myeloma cells in the G1, S, and G2/M
phases of the cell cycle were not affected by caspase-10 knock-
down, the number of dead cells, as identified by sub-G1 DNA
content, increased 3.5-fold (Figure 3A). Two hallmarks of
apoptosis, phosphatidylserine exposure and caspase-3 activa-
tion, were not induced upon caspase-10 knockdown, but were
induced following Fas crosslinking, as expected (Figure 3B).

Moreover, treatment of myeloma cells with the caspase inhibitor
Q-VD-OPH did not induce other apoptotic features, including
cleavage of PARP, p23 (PTGES3), and caspase-7, but the
apoptosis inducer etoposide did (Figure S3A). These experi-
ments indicate that caspase-10 inhibits a nonapoptotic form of
cell death in myeloma cells.

Ultrastructural analysis of UTMC2 myeloma cells treated with
Q-VD-OPH or Q-AEVD-OPH revealed typical morphological
features of autophagy (Figure 3C). By 12 hr after Q-VD-OPH

Cancer Cell 23, 435-449, April 15, 2013 ©2013 Elsevier Inc. 437
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Figure 2. Caspase-10 Catalytic Activity Is Essential to Myeloma Survival

(A) The indicated myeloma lines were infected with a retrovirus coexpressing GFP with caspase-10 isoform D, either as the wild-type or protease-dead mutant.
The percentage of GFP* cells was normalized to the percentage before retroviral transduction.

(B) Caspase-10 activity in the indicated lines (left panel) and in KMS12 myeloma cells treated for 3 hr as indicated (right panel) was determined using an AEVD-
PNA colorimetric assay. Shown are mean + SEM from triplicates.

(C) The indicated cell lines were treated with the caspase inhibitors Q-VD-OPH or Q-AEVD-OPH for the indicated times. Live cells (calcein®, PI") were quantified
by FACS using flow count fluorospheres (representative of three experiments).

(D) The indicated myeloma lines were cultured alone or together with GFP-expressing HS-5 stromal cells for 16 hr. Cells were then exposed to Q-AEVD-OPH
(25 pM) or dexamethasone (DEX, 0.5 pM) and the relative number of live myeloma cells (GFP~, PI") was monitored by FACS.

(E) CD138" primary myeloma cells were cocultured with HS-5 stromal cells for 16 hr before adding 25 uM Q-AEVD-OPH or Q-VD-OPH, or DMSO. The relative

number of viable myeloma cells was quantified by FACS.
See also Figure S2.

treatment, early autophagosomes with double membranes
accumulated as did a limited number of autophagic vacuoles.
After 24 to 72 hr, large autophagic vacuoles containing disinte-
grated cellular structures appeared in the cytosol. The accumu-
lation of autophagic vacuoles was accompanied by fewer intra-
cellular organelles over time. By 48 hr, the endoplasmic
reticulum network was barely visible and the mitochondria that
remained were highly condensed. The characteristic hallmarks
of apoptosis were absent (e.g., membrane blebbing, nuclear
condensation), consistent with a nonapoptotic form of cell death.
Similar results were obtained when caspase-10 was depleted
using two different shRNAs (Figure S3B). Of note, autophagic

438 Cancer Cell 23, 435-449, April 15, 2013 ©2013 Elsevier Inc.

vesicles were present at a low level in untreated myeloma cells
(Figures 3C and S3B), suggesting that autophagy is active at
a basal rate in myeloma (see below).

To quantify autophagy and evaluate further the effect of cas-
pase-10 inhibition on the formation of autophagosomes,
myeloma cells were infected with a retrovirus expressing the
autophagosome-associated protein LC3 fused to GFP. Upon
initiation of autophagy, LC3 relocates from the cytosol to auto-
phagosome membranes, where it plays a role in autophagosome
enlargement (Reggiori and Klionsky, 2002), and cytosolic LC3
(LC3-1, 18 kDa) undergoes C-terminal proteolytic processing to
a 16 kDa isoform, LC3-Il. Autophagy is thus characterized by
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the accumulation of GFP-LC3 in punctate structures and by an
increase in LC3-Il levels (Kabeya et al., 2000). Treatment of
two myeloma lines with Q-VD-OPH induced a time-dependent
redistribution of GFP-LC3 into punctate vesicles, in association
with cell death (Figure S3C). By day 5, GFP-LC3 punctate struc-
tures were present in over 60% of caspase inhibitor-treated cells
but in fewer than 5% of DMSO-treated cells.

We next wished to track autophagic flux induced by caspase-
10 inhibition by distinguishing between early autophagosomes
and later steps when these structures fuse with lysosomes, using
atandem GFP-mCherry-tagged LC3 (Kimura et al., 2007; Pankiv
et al., 2007). Within the acidic lysosome, GFP fluorescence is
quenched whereas mCherry fluorescence is stable. Hence, early
autophagosomes produce vyellow signals (green plus red)
whereas autolysosomes produce red signals. Following expo-
sure to the caspase inhibitor Q-VD-OPH, many myeloma cells
developed overlapping green and red punctate structures by
4 hr and thus were engaged in an early phase of autophagy,
but by 16 hr, most cells had only red puncta, indicating autolyso-
some formation (Figure 3D). Similarly, knockdown of caspase-10
expression induced both yellow and red puncta, as did the auto-
phagy inducer rapamycin (Figure S3D). In contrast, DMSO-
treated myeloma cells had diffuse green and red fluorescence
as well as a few yellow and red punctate structures, consistent
with a low degree of basal autophagy. Q-VD-OPH had no effect
on control OCI-Ly19 lymphoma cells. Of note, the cell death
induced by Q-VD-OPH did not cause chromatin condensation,
as was evident in etoposide-treated cells undergoing apoptosis
(Figure S3D). To quantify autophagic responses in myeloma, we
used flow cytometry to monitor GFP and mCherry fluorescence
in live cells following treatment with the caspase inhibitor Q-VD-
OPH or DMSO (Figure S3E) (Hundeshagen et al., 2011). After
36 hr of Q-VD-OPH treatment, GFP fluorescence decreased
while the mCherry signal was stable, indicating that autophagy
had started and that some autophagosomes had already fused
with the lysosomes. By 48 hr, both green and red signals faded,
consistent with full degradation of the GFP-mCherry-LC3 fusion
protein in the lysosome over time. Another way to assess auto-
phagic flux through the lysosome is to monitor GFP-LC3 by
immunoblotting because initial lysosomal processing of GFP-
LC3 releases an isolated GFP domain. Treatment of myeloma
cells with Q-VD-OPH increased GFP cleavage, consistent with
increased autophagic flux and lysosomal fusion (Figure S3F).
To further evaluate LC3-Il degradation in the lysosome, we
used bafilomycin A1, which inhibits lysosomal acidification, as
well as the lysosomal protease inhibitors pepstatin A and
E64d. The LC3-II levels in myeloma cells were increased by Q-
VD-OPH treatment, and these levels were further elevated by
concurrent treatment with bafilomycin A1 or with lysosomal
protease inhibitors (Figures 3E and S3G). Of note, both bafilomy-
cin A1 and the lysosomal protease inhibitors increased LC3-II
levels in myeloma cells even without caspase inhibition, consis-
tent with a low level of basal autophagy. These data show that
caspase-10 inhibition stimulates autophagic flux in myeloma
cells by increasing the formation of autophagosomes that, over
time, form autolysosomes.

We next tested whether the autophagic pathway is required
for the death of myeloma cells following caspase-10 inhibition.
Knockdown of the autophagy-related protein ATG5 decreased

the induction of autophagy, as judged by LC3 processing (Fig-
ure 3F), and cell death induced by caspase inhibitors (Figure 3G).
Similarly, knockdown of beclin-1 reduced Q-VD-OPH-induced
death at an early time point (day 5), but depletion of beclin-1
was itself toxic at later time points (Figure 3G). Moreover, knock-
down of caspase-10 was less toxic in myeloma cells induced to
express shRNAs targeting the autophagy regulators beclin-1 or
ATG5 than in cells expressing a control shRNA (Figure 3H).
Hence, ATG5 and beclin-1 are important for the induction of
cell death following caspase-10 inhibition, demonstrating that
caspase-10 limits an autophagy-dependent death pathway in
myeloma.

The fact that beclin-1 depletion was toxic for myeloma lines
over time suggested that a basal level of autophagy is needed
to maintain myeloma survival, as previously suggested (Hoang
et al., 2009). Indeed, inhibition of autophagy using 3-methylade-
nine decreased the viability of all myeloma lines tested, but had
no effect on lymphoma lines (Figure 3l).

IRF4 Drives Caspase-10 and cFLIP,_ Expression in
Myeloma

We next wondered why myeloma cells are uniquely reliant upon
caspase-10 activity. Caspase-10 protein is highly expressed in
myeloma lines, with little if any expression in lymphoma lines
(Figure 4A). Moreover, CASP10 mRNA levels are higher in normal
bone marrow-derived plasma cells than in resting peripheral
blood B cells (Figure 4B). Given that IRF4 is a master transcrip-
tion factor specifying the myeloma and plasma cell phenotype
(Shaffer et al., 2008), we hypothesized that IRF4 might transacti-
vate CASP10. Indeed, knockdown of IRF4 in a myeloma cell line
substantially reduced CASP10 mRNA and protein levels (Figures
4C and S4A). Chromatin immunoprecipitation (ChIP) followed by
high-throughput DNA sequencing (ChIP-Seq) revealed that IRF4
binds to three regions of the CASP10 locus in a myeloma line but
not in a control lymphoma line that lacks IRF4 expression, which
was confirmed by conventional ChIP (NCBI Geo ID SRA025850;
Yang et al., 2012; Figures S4B and S4C). The IRF4 peaks were
centered over repeats of an IRF4 DNA binding motif (GAAA or
TTTC). We conclude IRF4 upregulates CASP10 expression in
normal and malignant plasma cells.

Another gene that is induced by IRF4 in myeloma cells is
CFLAR, which encodes the caspase-like protein cFLIP (Shaffer
et al,, 2008). ChIP analyses confirmed that IRF4 binds to
a promoter-proximal region in the CFLAR first intron (Figures
S4D and S4E), coinciding with evolutionarily conserved tandem
IRF4 binding motifs (TTTC). Two CFLAR splice variants exist that
encode a 55 kDa isoform (cFLIP,) and a 28 kDa isoform (cFLIPs).
Both variants can block death receptor-induced apoptosis by
heterodimerizing with caspase-8 and caspase-10, but cFLIP_
has additional signaling functions, including a positive role in
antigen-induced proliferation of T cells. cFLIP, was the predom-
inant isoform in myeloma lines whereas cFLIPs was more abun-
dant in lymphoma lines (Figure 4D).

Function of cFLIP_ in Myeloma

Because IRF4 upregulates both caspase-10 and cFLIP_ in
myeloma, we investigated whether their heterodimerization
might play a role in caspase-10 function in these cells. An shRNA
targeting both cFLIP,_ and cFLIPs was toxic for all myeloma lines

Cancer Cell 23, 435-449, April 15, 2013 ©2013 Elsevier Inc. 439
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tested but not for lymphoma lines (Figures 4E and S4F). This
effect on myeloma viability was due to modulation of cFLIP
because ectopic expression of cFLIP_ rescued the SKMM1
myeloma line from the toxicity of the cFLIP shRNA (Figure S4G).
Immunoprecipitation of endogenous caspase-10 in KMS12
myeloma cells enriched for cFLIP_ and immunoprecipitation of
cFLIP enriched for caspase-10 (Figure 4F), confirming that these
two proteins heterodimerize in myeloma.

To investigate whether binding of cFLIP_ to caspase-10
promotes caspase-10 activity, we used TAP-Casp10*, enabling
streptavidin precipitation. In the myeloma line SKMM1, we ex-
pressed wild-type TAP-Casp10* or a mutant version with an
amino acid substitution that abrogates protease activity. Precip-
itation of wild-type TAP-Casp10* pulled down a 43 kDa cFLIP
isoform (p43FLIP), which was barely visible in the input lysate
but was detected in anti-cFLIP immunoprecipitation (Figure 4F,
upper panel), suggesting that the association of cFLIP_ with
TAP-Casp10* may promote its processing into p43FLIP, either
within the myeloma cells or during the immunoprecipitation (Fig-
ure 4G, lower panel). In contrast, protease-dead TAP-Casp10*
associated with full-length cFLIP_ as well as with p43FLIP. The
presence of p43FLIP under these conditions suggested that
protease-dead TAP-Casp10* may associate with endogenous
caspase-10, allowing some cFLIP_ cleavage to proceed. This
hypothesis is compatible with the analysis of TAP-Casp10* in
these same immunoprecipitates (Figure 4G, upper panel).
Wild-type TAP-Casp10* was predominantly present as an
~47-kD fragment, presumably the product of autocatalytic
cleavage occurring either in the myeloma cell or during the
immunoprecipitation. Protease-dead TAP-Casp10* was mostly
present as the full-length isoform, but some cleaved
TAP-Casp10* was present, potentially due to the presence of
endogenous caspase-10 in the immunoprecipitates.

To test whether cFLIP,. might induce the partial autocatalytic
cleavage of caspase-10, we purified TAP-Casp10* using strep-

tavidin beads from transfected HEK293T cells, which do not
have detectable cFLIP,. Incubation of these TAP-Casp10*-
coated beads with an extract from the SKMM1 myeloma line
pulled down full-length cFLIP, as well as p43FLIP (Figure 4H).
Incubation of TAP-Casp10* with the SKMM1 extract at 4°C
yielded primarily the full-length TAP-Casp10*, but also a small
amount of a cleaved ~47 kDa TAP-Casp10* fragment, which
was not observed following incubation with a HEK293T extract
(Figure 4H). We next tested whether the processing of cFLIP_
and the cleavage of caspase-10 are temperature-dependent,
as would be expected if these events are due to the enzymatic
activities of caspase-10. Following overnight incubation of
TAP-Casp10*-coated beads with the SKMM1 extract at 4°C,
warming to 37°C for 10 min significantly increased the cleavage
of caspase-10 and the processing of cFLIP, into p43FLIP (Fig-
ure 4l). Finally, knockdown of cFLIP decreased caspase-10
proteolytic activity in myeloma lines, as did caspase-10 knock-
down (Figure 4J). Together, these data suggest that the interac-
tion between cFLIP, and caspase-10 in myeloma cells promotes
partial activation of caspase-10.

Caspase-10 Protects Myeloma Cells from BCLAF1-
Induced Autophagy

To gain further insight into pathways regulated by caspase-10in
myeloma, we profiled gene expression following caspase-10
knockdown. BCLAF1, encoding BCL2-associated transcription
factor 1, was the most consistently upregulated gene following
caspase-10 inhibition in myeloma lines but not in lymphoma lines
(Figure S5A), a finding confirmed by real-time PCR (Figure S5B).
Although caspase-10 is unlikely to directly affect BCLAF1 tran-
scription, these data suggested that BCLAF1 and caspase-10
might participate in a common regulatory pathway in myeloma
cells. We noted that the degree of BCLAF1 protein induction
following caspase-10 knockdown was quantitatively greater
than the degree of BCLAFT mRNA induction (Figures S5B and

Figure 3. Caspase-10 Inhibition in Myeloma Induces Autophagy

(A) Cell cycle distribution of KMS12 myeloma cells following shCasp10-2 induction determined by Pl labeling and FACS analysis. Results were normalized to day
0 values.

(B) shCasp10-2 was induced in the indicated myeloma lines for 5 days or left untreated. Phosphatidylserine (PS) exposure was monitored by Annexin V-PE
binding (left). Caspase-3 activation was evaluated by incubation with FITC-DEVD-FMK (right). Apoptosis was induced by treatment with anti-Fas antibody CH11
(0.5 mg/ml) for 4 hr.

(C) Representative electron microscopic images of UTMC2 myeloma cells treated with Q-VD-OPH (25 uM), Q-AEVD-OPH (25 uM), or vehicle for the indicated
times. Lower panels show expanded view of the boxed areas in upper panel. Arrowheads indicate autophagosomes with a double membrane structure. Arrows
indicate autophagolysosomes with degraded organelles. Scale bars: 1 um.

(D) Representative confocal images of SKMM1 myeloma cells expressing GFP-mCherry-tagged LC3 showing autophagosomes (green + red) and autolysosomes
(red). Scale bar: 10 um.

(E) LC3-l and LC3-Il levels in the indicated myeloma lines treated with QVD-OPH (25 M) or with vehicle alone for 30 hr, and exposed to pepstatin A (10 pg/ml) plus
E64-d (10 pg/ml) or vehicle in the last 12 hr.

(F) ATG5 or control shRNAs were induced in SKMM1 myeloma cells for 3 days before treating with Q-VD-OPH (25 uM), Q-AEVD-OPH (25 pM), or DMSO for 2
more days, followed by immunoblot analysis of LC3, ATG5, and B-actin.

(G) Left: Four myeloma lines (KMS11, KMS12, UTMC2, SKMM1) were infected with retroviruses expressing GFP with ATG5 or control shRNAs and induced for
shRNA expression for 3 days before Q-AEVD-OPH (25 uM) exposure. Live GFP*, shRNA* cells were quantified by FACS. Data from all myeloma lines were
averaged. Error bars show mean + SEM. *p < 0.05. ATG5 protein level in KMS12 cells 4 days after shATG5 induction was determined by immunoblot. Right panel:
Beclin-1 or control shRNAs were induced in KMS12 myeloma cells for 3 days, followed by treatment with Q-VD-OPH (25 uM) for the indicated times. Live GFP™,
shRNA" cells were quantified by FACS. Shown are means from three experiments + SEM. *p < 0.05. Beclin-1 protein level 4 days after beclin-1 shRNA induction
was determined by immunoblot.

(H) Myeloma lines were infected with retroviruses expressing the indicated shRNAs, selected for integration for 4 days, then infected with retroviruses expressing
GFP together with caspase-10 or control shRNAs. The relative abundance of GFP* cells was measured by FACS. Data from two myeloma lines (U266 and
KMS11) were averaged. Error bars show mean + SEM. Data are representative of three independent experiments.

(I) Myeloma and lymphoma lines were treated with 3-MA at the indicated concentrations for 72 hr, and viability was determined using MTS assay.

See also Figure S3.
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Figure 4. Myeloma Cell Viability Requires cFLIP

(A) Immunobilot analysis of caspase-10 and B-actin in the indicated lines.

(B) Relative CASP70 mRNA expression levels in human resting blood B cells and BM plasma cells quantified by Affymetrix microarray feature 210955_at using
data from Gutiérrez et al., 2007. Mean normalized log2 signal values + SEM are shown.

(C) Immunoblot analysis of caspase-10, IRF4, and B-actin in UTMC2 myeloma cells induced for 4 days to express IRF4, caspase-10, or control shRNAs.

(D) Immunoblot analysis of cFLIP expression in the indicated lines. The ratio of cFLIP,_ to cFLIPs was quantified by densitometry (bottom).

(E) The indicated lines were infected with retroviruses coexpressing GFP and a cFLIP shRNA. Relative numbers of live GFP*/shRNA* cells were monitored by
FACS Right: immunoblot analysis of cFLIP in SKMM1 cells after induction of CFLAR or control shRNAs for 4 days.

(F) Caspase-10 or cFLIP immunoprecipitates prepared from KMS12 myeloma cells were analyzed by immunoblotting for caspase-10 and cFLIP. Mouse IgG was
used as an immunoprecipitation control and a light chain specific secondary antibody was used to improve reading around 55 kDa. Input proteins were also
analyzed.

(G) Wild-type or protease-dead TAP-Casp10* were affinity purified on streptavidin beads from transduced SKMM1 cells and analyzed by immunoblotting for
caspase-10 and cFLIP. Input extracts were also analyzed.

(H) TAP-Casp10* purified from 293T cells on streptavidin beads was incubated overnight at 4°C with extracts from SKMM1 or 293T cells, and bound caspase-10
and cFLIP were analyzed by immunoblotting. An apparent cleavage product of caspase-10 is indicated. Input extracts were also analyzed.

(I) TAP-Casp10* on streptavidin beads was incubated overnight at 4°C with extracts from the myeloma line SKMM1, then warmed to 37°C or kept at 4°C for
10 min followed by immunoblot analysis of caspase-10 and cFLIP. Input extracts were also analyzed.

(J) Caspase-10 activity was measured using an AEVD-pNA colorimetric assay in whole cell extracts of SKMM1 and H929 myeloma lines after 4 days of
caspase-10 or cFLIP shRNA induction (mean + SEM, n = 3).

See also Figure S4.

S5C), suggesting that caspase-10 might control BCLAF1 post-
transcriptionally. Moreover, full-length BCLAF1 protein coex-
isted with various smaller BCLAF1 species in myeloma lines,
whereas full-length BCLAF1 was predominant in lymphoma
lines, raising the possibility that BCLAF1 might be targeted by
a protease in myeloma cells (Figure 5A).

442 Cancer Cell 23, 435-449, April 15, 2013 ©2013 Elsevier Inc.

Knockdown of caspase-10 in the SKMM1 myeloma line
increased the abundance of full-length BCLAF1 while
decreasing the abundance of several smaller species, suggest-
ing that caspase-10 is responsible for BCLAF1 cleavage in
myeloma (Figure 5B). Similarly, treatment of myeloma lines
with the caspase inhibitor Q-VD-OPH eliminated the smaller
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BCLAF1 isoforms, coinciding with an increase in the level of full-
length BCLAF1 (Figure 5C). In contrast, knockdown of caspase-
8 had no effect on BCLAF1 cleavage in myeloma cells
(Figure S5D). Immunoprecipitation of endogenous caspase-10
in SKMM1 myeloma cells enriched for BCLAF1, confirming their
interaction (Figure 5D). However, the amount of endogenous
BCLAF1 that coprecipitated with caspase-10 was low, suggest-
ing that the cleavage of BCLAF1 by caspase-10 may cause the
proteins to disassociate. We therefore expressed the proteolyt-
ically dead form of TAP-Casp10* or, as a control, an unrelated
TAP-tagged protein (MyD88) in myeloma cells (Figure S5E).
Full-length BCLAF1 readily coimmunoprecipitated with this
mutant TAP-Casp10* isoform but not with TAP-MyD88, support-
ing the notion that BCLAF1 is a substrate for caspase-10 in
myeloma (Figure S5E). Of note, the abundance of BCLAF1
cleavage products decreased in cells expressing proteolytically
dead TAP-Casp10*, suggesting that it acts in a dominant nega-
tive fashion, consistent with other data (Figure 2A).

In the MEROPS database of protease cleavage sites (Raw-
lings et al., 2004), the aspartic acid at position 452 of BCLAF1
is predicted to be a caspase-10 cleavage site. To test this, we
sought to compare wild-type BCLAF1 with a mutant isoform in
which this aspartate is replaced by alanine (D452A). However,
initial attempts to produce retroviruses expressing full-length
BCLAF1 were unsuccessful, potentially due to toxicity of
BCLAF1 overexpression in the HEK293T retroviral producer cells
(data not shown). To circumvent this problem, we engineered an
inducible form of BCLAF1 by fusing it to an 18 kDa dihydrofolate
reductase (DHFR)-derived “destruction” domain that targets
fusion proteins for proteasomal degradation (Iwamoto et al.,
2010). Proteins bearing this engineered destruction domain
can be stabilized by the addition of the membrane-permeable
ligand trimethoprim to the culture medium. Using this system,
wild-type and D452A BCLAF1-DHFR were induced in the
SKMM1 myeloma line and the levels of full-length and cleaved
products were assessed by immunoblotting (Figure 5E). Expres-
sion of wild-type BCLAF1-DHFR yielded a 52 kDa fragment that
was not present when the cells were treated with the caspase-10
inhibitor AEVD-OPH. This 52 kDa fragment was not detected in
cells expressing D452A BCLAF1-DHFR, suggesting that D452
is a direct proteolytic target of caspase-10.

BCLAF1 was originally identified as a protein that binds to the
adenoviral Bcl-2 homolog E1B19K as well as to several anti-
apoptotic members of the BCL2 protein family and is toxic
when overexpressed (Kasof et al., 1999; Rénert et al., 2009).
Indeed, induction of the BCLAF1-DHFR fusion protein was lethal
to three myeloma lines (Figure 5F). We therefore investigated
whether BCLAF1 is involved in the same cell death pathway in
myeloma as caspase-10. We generated two shRNAs targeting
BCLAF1 that lowered its mRNA and protein levels in myeloma
cells without toxicity (Figures S5F-S5H). We stably expressed
these BCLAF1 shRNAs or a control shRNA in three myeloma
lines. In the control lines, expression of a caspase-10 shRNA
was toxic, as expected, but in BCLAF1 knockdown lines, the
toxicity of the caspase-10 shRNA was mitigated (Figure 5G).
BCLAF1 knockdown also blocked the myeloma cell death
caused by Q-VD-OPH or Q-AEVD-OPH (Figure 5H) or cFLIP
depletion (Figure S5I1). We conclude that BCLAF1 is an important
cleavage target of caspase-10/c-FLIP_ that accumulates

following caspase-10 inhibition, contributing to myeloma cell
death.

We next investigated whether the toxicity of BCLAF1 was
associated with induction of autophagy. Induction of BCLAF1-
DHFR expression in myeloma cells did not induce apoptosis
(Figure S6A) but instead increased LC3-Il conversion, consistent
with autophagy (Figure 6A). Moreover, in myeloma cells express-
ing GFP-LC3, expression of BCLAF1-DHFR increased the
percentage of cells with GFP-LC3 puncta compared with unin-
duced cells or cells bearing a control vector (Figure S6B). Elec-
tron micrographs of BCLAF1-DHFR-expressing cells revealed
many vacuolated cells, with autophagosomes and late autopha-
gic vacuoles visible at higher magnification (Figure 6B). As
observed following caspase-10 inhibition, = BCLAF1-
DHFR-expressing cells had mitochondrial condensation and
less endoplasmic reticulum, but the nucleus remained intact
without evident chromatin changes (Figure 6B). We measured
autophagic flux following BCLAF1-DHFR expression using
GFP-mCherry-LC3 (Figure 6C). Control cells had a small number
of LC3" autophagosomes (yellow) and autolysosomes (red).
Following BCLAF1-DHFR induction, the number of LC3" auto-
phagosomes increased after 2 days and by 4 days, LC3 was
localized predominantly in autolysosomes. Hence, BCLAF1
overexpression in myeloma cells induces autophagy. Knock-
down of the autophagy regulators ATG5 and ATG7 rescued
myeloma cells from BCLAF1-induced death, demonstrating
that BCLAF1 induces autophagic cell death (Figure 6D).

The previous experiments suggested that the prevention of
autophagic cell death by caspase-10 relies on its ability to cleave
BCLAF1. Earlier work suggested that BCLAF1 binds to anti-
apoptotic BCL2 family members (Kasof et al., 1999), as does
the autophagy inducer beclin-1 (Pattingre et al., 2005). We there-
fore investigated whether caspase-10 activity might control the
association of these two proteins with BCL-2. Beclin-1 could
be co-immunoprecipitated with BCL-2 from myeloma cell
extracts, but treatment of these cells with the caspase inhibitor
Q-VD-OPH reduced this interaction (Figure 6E). By contrast,
trace amounts of BCLAF1 could be detected in BCL-2 immuno-
precipitates from myeloma cells, but caspase inhibition strongly
increased the interaction of these two proteins (Figure 6F). Next,
we expressed BCLAF1-DHFR in myeloma cells and observed
that the amount of beclin-1 that could be coimmunoprecipitated
with BCL-2 decreased (Figure 6G). These data are consistent
with a model in which the increased interaction of BCLAF1 with
BCL2 upon caspase-10 inhibition results in the dissociation of
beclin-1 from BCL-2, thereby initiating autophagy.

DISCUSSION

The identification of caspase-10 as essential for myeloma cell
viability has unveiled a molecular pathway that regulates auto-
phagy. Autophagy is required physiologically in normal plasma
cells to moderate the expansion of the endoplasmic reticulum
and immunoglobulin secretion, thereby maintaining cellular
energy balance (Pengo et al., 2013) (Figure 7A). In addition,
various types of endoplasmic reticulum stress, including mis-
folded proteins, activate the unfolded protein response, which
in turn initiates autophagy (Hetz and Glimcher, 2009; Ogata
et al, 2006). Myeloma cells may inherit the autophagy
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Figure 5. BCLAF1 Is a Substrate for Caspase-10
(A) Immunoblot analysis of BCLAF1 in the indicated cell lines.
(B) A caspase-10 shRNA was induced in SKMM1 myeloma cells for the indicated times, and then caspase-10, BCLAF1, and B-actin were analyzed by immu-

noblotting.

(C) The indicated myeloma lines were treated with Q-VD-OPH (25 uM) for the indicated times, followed by immunoblotting for caspase-10, BCLAF1, and B-actin.
(D) Caspase-10 immunoprecipitates prepared from SKMM1 myeloma cells were analyzed by immunoblotting using the indicated antibodies. Mouse IgG was
used as an immunoprecipitation control. Input proteins were also analyzed.
(E) SKMM1 myeloma cells were transduced with retroviruses expressing the wild-type or the D452A mutant BCLAF1 fused to DHFR, BCLAF1, and B-actin were
analyzed by immunoblotting following a 3-day induction of BCLAF1 expression. Data are representative of three experiments.
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dependence of normal plasma cells and may also induce auto-
phagy through the unfolded protein response. Indeed, myeloma
cells had ultrastructural features consistent with low-level auto-
phagy under basal conditions. Moreover, pharmacologic or
genetic inhibition of autophagy caused myeloma cells to die,
as previously described (Hoang et al., 2009). On the flip side,
uncontrolled autophagy can reduce cellular viability under
some circumstances, presumably when this catabolic process
reduces the abundance of cellular organelles beyond a critical
point (Galluzzi et al., 2012). Our studies demonstrate that a heter-
odimeric protease composed of caspase-10 and cFLIP, is used
by myeloma cells to balance the prosurvival and prodeath
effects of autophagy.

All myeloma lines tested were caspase-10 dependent, irre-
spective of their underlying genetic abnormality, qualifying this
phenomenon as “nononcogene addiction” (Luo et al., 2009).
The high expression of caspase-10 and cFLIP_ in myeloma is
due to the fact that their genes are transactivated by IRF4,
a master regulator of the plasma cell phenotype (Shaffer et al.,
2008). IRF4 levels in myeloma are higher than those in normal
plasma cells due to a positive autoregulatory loop with c-Myc
(Shaffer et al., 2008), driving IRF4 target genes to high levels in
myeloma. By an unknown mechanism, myeloma cells preferen-
tially express the cFLIP_ isoform, which promotes caspase-10
activity, and not the cFLIPs isoform, which is inhibitory. These
transcriptional and posttranscriptional influences promote high
expression of caspase-10 and cFLIP_ in myeloma, which may
drive their heterodimerization and proteolytic activity. The
present study implies that loss of this caspase-10 proteolytic
activity is one of the many reasons that myeloma cells die
upon IRF4 knockdown (Shaffer et al., 2008).

Caspase-10 inhibition in myeloma cells triggers an autophagic
cell death that is reminiscent in some respects to the death
invoked by caspase-8 inhibition in other cell types (Bell et al.,
2008; Yu et al., 2004). In both cases, cell death can be blocked
by inhibiting components of the autophagic machinery (e.g.,
beclin-1 and ATG5). Caspase-8 also regulates a necrotic death
response, primarily by reducing RIPK3 activity. Caspase-10
does not seem to share this mechanistic feature because
RIPK3 knockdown did not prevent death upon caspase-10 inhi-
bition (data not shown). Caspase-8 itself was not required for
myeloma survival, leading us to conclude that the caspase-10/
cFLIP_ protease performs an essential, nonredundant role in
plasmacytic cells that limits the autophagic response.

BCLAF1 emerged from our studies as a potent autophagy
inducer that must be cleaved and inactivated by caspase-10 to
protect myeloma cells from uncontrolled autophagy. By an
unknown mechanism, BCLAF1 was also transcriptionally upre-

gulated following caspase-10 inhibition, suggesting an orches-
trated transcriptional and posttranscription regulatory module
that promotes the expression of full-length BCLAF1 under these
circumstances. BCLAF1 function has been enigmatic. While
BCLAF1 binds to anti-apoptotic BCL2 family proteins and can
induce apoptosis when overexpressed in some contexts (Kasof
et al.,, 1999), cells from BCLAF1-deficient mice do not have
obvious defects in apoptosis (McPherson et al., 2009). In
myeloma cells, BCLAF1 interacted with BCL2, and their associ-
ation increased following caspase-10 inhibition. BCL2 residing
on the endoplasmic reticulum regulates autophagy by seques-
tering the BH3-only protein beclin-1 (Pattingre et al., 2005).
Release of beclin-1 from BCL2, and the subsequent initiation
of autophagy, can be achieved by expression of BH3-only
proteins that compete for binding of beclin-1 to BCL2 (Maiuri
et al., 2007). Hence, it is conceivable that BCLAF1 may induce
autophagy by antagonizing the interaction of beclin-1 with
BCL2 (Figure 7B). Consistent with this hypothesis, caspase-10
inhibition decreased the association of BCL2 with beclin-1 while
increasing its association with BCLAF1. Although plausible,
a variety of other functions have been ascribed to BCLAF1,
including participation in mRNA splicing and transcriptional
repression (Sarras et al., 2010), which could also contribute to
its function in myeloma.

The essential role of caspase-10/cFLIP, in myeloma raises the
possibility that this enzyme might serve as a therapeutic target in
this disease. Functional studies of caspase-10 have been limited
by the fact that this caspase is not encoded in rodent genomes.
Humans with inherited caspase-10 deficiency develop an auto-
immune lymphoproliferative disorder, apparently due to the
absence of pro-apoptotic caspase-10 signaling (Wang et al.,
1999). Full autoproteolytic processing of caspase-10 involves
two internal cleavage sites and releases the active dimer that
initiates apoptosis (Wachmann et al., 2010). The association of
cFLIP_ with caspase-10 in myeloma cells appears to prevent
one of these two cleavage events, yielding a heterodimer
composed of a partially cleaved caspase-10 subunit and
a p43FLIP subunit. Conceivably, small molecules could be iden-
tified that would inhibit this caspase-10/cFLIP, heterodimer but
not the fully cleaved caspase-10 homodimer. Such inhibitors
might induce autophagic cell death of myeloma cells while not
blocking caspase-10-dependent physiological apoptosis.

EXPERIMENTAL PROCEDURES
Molecular Biology

The retroviral constructs for shRNA expression and the design of shRNA library
sequences have been described (Ngo et al., 2006). shRNA target sequences

(F) The indicated myeloma lines were infected with a retrovirus coexpressing mouse CD8a and BCLAF1-DHFR, or with empty vector. At time 0, the DHFR ligand
trimethoprim was added to stabilize the BCLAF1-DHFR fusion protein. The percentage of LyT2* cells was measured by FACS over time following induction of

BCLAF1-DHFR, and normalized to day O values.

(G) The indicated myeloma lines were infected with retroviruses expressing a mix of two BCLAF1 shRNAs or a control shRNA. Following shRNA induction for
2 days, cells were infected with a retrovirus coexpressing GFP and a caspase-10 shRNA or a control shRNA. Following shRNA induction, the percentage of GFP*
shCasp10* cells was measured by FACS. Shown are means + SEM. BCLAF1 and a-tubulin were analyzed by immunoblotting in SKMM1 cells after 4 days of

shRNA induction.

(H) The indicated myeloma lines were infected with retroviruses expressing a mix of two BCLAF1 shRNAs or a control shRNA, induced to express the shRNAs for
3 days, and then treated with 25 uM Q-VD-OPH or Q-AEVD-OPH, or with DMSO for the indicated times. Live calcein®, PI~ cells were quantified by FACS, and

normalized to DMSO values. Shown are means + SEM. *p < 0.05.
See also Figure S5.
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Figure 6. BCLAF1 Promotes Autophagy
(A) Immunoblot analysis of LC3, BCLAF1, and B-actin in SKMM1 myeloma cells induced to express BCLAF1-DHFR for the indicated times. The autophagy-
associated LC3-Il isoform is indicated.
(B) Electron micrographs of UTMC2 myeloma cells induced to express BCLAF1-DHFR for 3 days, or transduced with empty vector. Higher-power images
(bottom) corresponding to boxed areas show autophagosomes with double membrane structure (arrows) and autophagolysosomes with degraded organelles
(arrowheads). Scale bars: 1 um.
(C) Representative confocal images of SKMM1 myeloma cells expressing mCherry-GFP-LC3B and induced for BCLAF1-DHFR expression for the indicated
times. Scale bar: 10 um.
(D) Two myeloma lines (SKMM1, KMS12) were first infected with retroviruses expressing BCLAF1-DHFR or with an empty vector, superinfected with retroviruses
expressing an ATG5, ATG7, or control shRNAs and induced for shRNA expression for 2 days prior to BCLAF1-DHFR induction for the indicated periods of time.
Live calcein®, PI™ cells were quantified by FACS and data were normalized to DMSO values. Shown are means + SEM. *p < 0.05. Data are representative of three
independent experiments.
(E) KMS12 myeloma cells were treated with Q-VD-OPH (25 uM) or with vehicle for 48 hr, and then BCL2 immunoprecipitates were analyzed by immunoblotting for
beclin-1 and BCL2. Mouse IgG was used as an immunoprecipitation control. Input proteins were also analyzed.

(legend continued on next page)
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Figure 7. Model of Caspase-10 Control of Autophagic Cell Death in Multiple Myeloma
(A) Caspase-10 maintains the proper balance between prosurvival and prodeath autophagic responses.
(B) BCLAF1 upregulation following caspase-10 inhibition leads to the dissociation of beclin-1 from BCL2, thereby augmenting autophagy.

as well as plasmid constructions are described in the Supplemental Experi-
mental Procedures.

Study Subjects

Bone marrow (BM) aspirate specimens were collected from patients with
newly diagnosed multiple myeloma. After Ficoll-Hypaque gradient centrifuga-
tion, plasma cells were isolated from the mononuclear-cell fraction by immu-
nomagnetic bead selection with the use of a monoclonal mouse antihuman
CD138 antibody (Miltenyi-Biotec). Plasma cell purity (>90%) was confirmed
by two-color flow cytometry using CD138*/CD45~ and CD38*/CD45™ anti-
bodies (Becton Dickinson, San Jose, CA). All subjects provided written
informed consent approving use of their samples for research purposes in
accordance with the Declaration of Helsinki. All protocols were approved by
the Institutional Review Board of the National Cancer Institute.

Cell Culture

Myeloma cell lines, lymphoma cell lines, and the human stromal cell line HS-5
(kindly provided by Dr. Selina Chen-Kiang, Weill Cornell Medical College, New
York, NY) were maintained as described in the Supplemental Experimental
Procedures. For efficient retroviral infection and transduction, cell lines were
engineered to express the murine ecotropic retroviral receptor and the bacte-
rial tetracycline repressor (TETR) (Ngo et al., 2006).

Caspase-10 Activity

One hundred microgram aliquots of cell lysate were prepared and used follow-
ing the manufacturer’s recommendations to assay caspase-10 activity using
the AEVD-pNA substrat in a colorimetric assay (Biovision, Mountain View, CA).

Cell Viability and Cell Death Measurement

To assess toxicity of a shRNA, retroviruses that coexpressed GFP were used
as described (Ngo et al., 2006). In brief, flow cytometry was performed 2 days
after retroviral infection to determine the initial GFP-positive proportion of
live cells for each shRNA, then cells were subsequently cultured with doxycy-
cline to induce shRNA and sampled over time. The GFP* proportion at each
time was monitored using a FACScan (Becton Dickinson) and normalized to
the initial value. For enumeration of live cells after vLyt-2 retroviral transduc-
tions, measured aliquots of cultures were stained on ice for 15 min with PE-
conjugated antimouse CD8a (BD PharMingen). The LyT2* proportion was
monitored by flow cytometry and normalized to the initial value. To assess
Q-VD-OPH and Q-AEVD-OPH toxicity, cells were incubated with green calcein
and propidium iodide (Pl) at 37°C for 30 min. Flow count fluorospheres
(Beckman Coulter, Fullerton, CA) were used to quantify the number of living
cells (calcein positive, Pl negative) with flow cytometry. Under each condition,
20,000 microbeads were added just prior to the analysis, 2,000 microbeads
were collected, and the number of living cells was determined using a FACS-
can (Becton Dickinson).

Phosphatidylserine exposure and in situ labeling of active caspase-3 were
measured by flow cytometry using a FACScan (BD Biosciences) and data
were processed with the CellQuest program (BD Biosciences). See Supple-
mental Experimental Procedures for details.

Immunoprecipitations, Pulldown Assays, and Immunblot Analysis
TAP-tag affinity purifications, immunoprecipitations, and pulldown assays
were performed using standard procedures from nondenaturing cell extracts.
See Supplemental Experimental Procedures for details.

(F) SKMM1 myeloma cells were induced to express shBCLAF1-1 for 3 days prior to Q-VD-OPH (25 uM) or vehicle treatment for 36 hr, and then BCL2 immu-

noprecipitates were analyzed by immunoblotting for BCLAF1 and BCL2.

(G) SKMM1 myeloma cells were transduced with BCLAF1-DHFR or with an empty vector and induced to express BCLAF1-DHFR for 48 hr. Inmunoprecipitates
prepared using anti-BCL2 antibody-conjugated agarose beads were analyzed by immunoblotting for BCLAF1, Beclin-1, or BCL2. A control precipitate prepared
from SKMM1 cells transduced with an empty vector was also analyzed as were lysates.

See also Figure S6.
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Electron Microscopy

Cell pellets were fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer
(Electron Microscopy Sciences, Hatfield, PA). The cells were washed with
0.1 M sodium cacodylate buffer and postfixed with 1% osmium tetroxide/
0.8% potassium ferricyanide in 0.1 M sodium cacodylate, followed by 1%
tannic acid in distilled water, and stained en bloc with 1% aqueous uranyl
acetate. The pellets were then dehydrated in graded ethanol series, infiltrated,
and embedded in Spurr’s resin. Thin sections were cut on a UC6 ultramicro-
tome (Leica Microsystems, Vienna, Austria) and stained with 4% aqueous
uranyl acetate and Reynold’s lead citrate prior to viewing on a Tecnai BioTwin
Spirit TEM (FEI, Hillsboro, OR). Digital images were acquired with a Hama-
matsu XR-100 digital camera system (AMT, Danvers, MA.).

Fluorescence Microscopy and Confocal Microscopy

Multiple myeloma cells were infected with a retrovirus expressing LC3-GFP
fusion protein. After induction of autophagy, samples were examined using
an epifluorescent microscope (Olympus BX61). For confocal microscopy,
1-2 x 10° cells were seeded on bottom glass 35-mm dishes coated with poly-
lysine (MatTek Corp.) for 30 min at room temperature. The cells were fixed with
4% paraformaldehyde for 30 min at room temperature and washed two times
in PBS. Nuclear counterstaining was performed with 0.1 ug/ml 4,6-diamidino-
2-phenylindole (DAPI) in PBS for 10 min. Cells were washed two times with
PBS and were examined using a Zeiss LSM510 laser scanning confocal
microscope.

ACCESSION NUMBERS

Gene expression profiling data have been deposited in GEO under accession
number GSE43878.

SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures and Supplemental Experimental
Procedures and can be found with this article online at http://dx.doi.org/10.
1016/j.ccr.2013.02.017.
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SUMMARY

The fibroblast growth factor (FGF)/fibroblast growth factor receptor (FGFR) signaling network plays an
important role in cell growth, survival, differentiation, and angiogenesis. Deregulation of FGFR signaling
can lead to cancer development. Here, we report an FGFR inhibitor, SSR128129E (SSR), that binds to the
extracellular part of the receptor. SSR does not compete with FGF for binding to FGFR but inhibits FGF-
induced signaling linked to FGFR internalization in an allosteric manner, as shown by crystallography studies,
nuclear magnetic resonance, Fourier transform infrared spectroscopy, molecular dynamics simulations, free
energy calculations, structure-activity relationship analysis, and FGFR mutagenesis. Overall, SSR is a small
molecule allosteric inhibitor of FGF/FGFR signaling, acting via binding to the extracellular part of the FGFR.

INTRODUCTION

Receptor tyrosine kinases (RTKs) constitute a major class of
drug targets (Overington et al., 2006). Most efforts have been
invested in developing agents that orthosterically compete for
binding between RTKs with their endogenous ligands, such as
antibodies recognizing growth factors or their receptors or small

molecules that inhibit their tyrosine kinase (TK) activity (Gasparini
et al., 2005; Zhang et al., 2009). Only a few drugs that interact
with allosteric sites have been developed for ion channels and
G protein-coupled receptors (Christopoulos, 2002; Conn et al.,
2009) and kinases (Zhang et al., 2009). In contrast to orthosteric
inhibitors, advantages of allosteric drugs include specificity and
safety (Christopoulos, 2002).

Significance

receptors.

FGF receptors (FGFRs) belong to the receptor tyrosine kinase (RTK) superfamily, which is of immense importance for
numerous (patho-)physiological processes and a key target for drug development. Most drugs targeting the extracellular
domains of RTKs are traditionally antibodies, but small chemical compounds, acting extracellularly, which are capable of
inhibiting RTK signaling, have not been described yet. This study identified an extracellularly binding allosteric inhibitor
of FGFRs and investigated its allosteric mechanisms. Besides therapeutic advantages of allosteric drugs, our data warrant
further development of additional small, extracellularly acting, allosteric molecules for targeting this important class of
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Figure 1. Chemical Structure, Cellular Effects, and NMR of SSR
(A) Chemical structure of SSR128129E (SSR).

(B) Apoptosis assay to study SSR’s potency of inhibiting EC survival (mean + SEM; n = 3).
(C) FGFR2-kinase assay to compare the effect of SSR and SU5402 (mean + SEM; n = 3). The asterisk indicates that p < 0.05. NS, not significant.
(D) "H and STD-NMR spectra of SSR in the presence of FGFR1 and FGFR4 as compared to the "H-NMR spectrum of SSR alone.

See also Figure S1 and Table S1.

By using a high-throughput scintillation proximity binding
assay (SPA), we identified compounds that inhibited binding of
125|_FGF2 to the extracellular domain of FGFR1, comprising three
immunoglobulin-like domains D1-D3 coupled to an Fc-fragment
(FGFR1-D1D2D3/Fc). After screening >10° compounds and
chemical optimization, one compound (SSR128129E, abbrevi-
ated as “SSR”) inhibited '2°I-FGF2 binding with pM affinity,
although this effect was not saturated (Bono et al., 2013). These
findings suggested a modulation in fibroblast growth factor (FGF)
binding but not necessarily binding competition. Further, SSR
reduced FGFR phosphorylation but did not cross the plasma
membrane, while inhibiting cell proliferation at nM potency. The
discrepancy of the inhibition constants between the SPA results
and proliferation assay led us to investigate the molecular mech-
anisms of SSR. Pharmacological experiments showed that this
compound inhibited FGF receptor (FGFR) signaling via an allo-
steric mechanism (Bono et al., 2013), which we studied in more
molecular detail here.

RESULTS

SSR128129E Inhibits FGFR and Binds to Its Extracellular
Domain
We identified SSR128129E, referred to as “SSR” (Figure 1A),
which inhibited the binding of '?’I-FGF2 to the extracellular
domain (ECD) of FGFR1 at uM concentrations in a SPA assay
(Bono et al., 2013). SSR dose-dependently inhibited the survival
of endothelial cells (ECs) (IC5o < 30 nM; Figure 1B).

Since SSR’s effects on FGFR signaling did not result from an
inhibition of FGF binding to FGFRs (Bono et al., 2013), impaired
dimerization of FGFRs or FGF ligands (Figures S1A and S1B

490 Cancer Cell 23, 489-501, April 15, 2013 ©2013 Elsevier Inc.

available online), or TK inhibition (Figure 1C), we used satura-
tion transfer difference (STD)-nuclear magnetic resonance
(NMR) to analyze if, after FGFR irradiation, the NMR signal (satu-
ration) would spread to SSR, which would indicate that SSR
interacts with FGF. However, SSR did not bind FGF1 or FGF2
(Figure S1C).

We assessed if SSR bound FGFR-ECD, in which D2 and D3
constitute the major binding site for FGFs and coreceptors.
STD-NMR showed that SSR bound all constructs containing
D2 and/or D3 (Table S1). Figure 1D shows the STD-NMR spectra
of FGFR1 and FGFR4 with SSR. Together with the functional
assays, these data suggest a direct (orthosteric) or indirect
(allosteric) inhibition of FGF binding to ECD of FGFR and/or the
biological function of the receptor.

SSR Inhibits FGF-Induced Signaling and Endocytosis
Pathways

To dissect how SSR interfered with FGFR, we studied its effect
on ERK1/2 activation and FGFR endocytosis. SSR blocked the
FGF2-induced increase in ERK1/2 phosphorylation (Figure 2A)
and translocation of cell surface FGFR4 to the cytosol (Fig-
ure 2B). In addition, SSR inhibited the FGF2-induced intracellular
accumulation of early endosomal antigen1 positive (EEA1*) vesi-
cles, the destination of internalized FGFRs (Figures 2C and 2D).
Similar effects of SSR on FGFR internalization and phosphoryla-
tion of FRS-2 (target of FGFR2) and ERK1/2 were observed in
human gastric SNU-16 cancer cells, in which these processes
rely on FGF7/FGFR2 (Figures 2E and 2F), and in FGFR2-overex-
pressing L6 cells (see below). Blockage of FGFR internalization
could explain the inhibition of FGFR signaling, though other opin-
ions exist (Belleudi et al., 2007; Reilly et al., 2004).
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Figure 2. Effect of SSR on FGFR-Signaling and Endocytosis

(A) Phosphoproteome profiler array of ECs in baseline and response to FGF2 in the presence or absence of SSR (n = 3).
(B) Micrographs of cell surface-localized FGFR to study FGF2-induced internalization of FGFR4 with or without SSR (top). Immunoreactive signal for single cells is

quantified in the 2.5D intensity plot (bottom).

(C and D) Staining of FGF2-stimulated ECs for EEA1 in the presence or absence of SSR. Representative images are shown in (C) and quantification result of EEA1*

vesicles is shown in (D, n = 3).

(E) Stimulation of SNU-16 cells with FGF7-alexa488 to study SSR’s effect on endosomal trafficking; SSR119501: inactive SSR-analog (n = 3).
(F) Immunoblotting of SNU-16 cell extracts to study the effect of SSR on FGF7-induced phosphorylation of FGFR2 (p-FGFR), FRS-2 (p-FRS-2), and ERK1/2
(p-ERK1/2). GAPDH: loading control. Scale bars: 50 pm (B); 20 pm (C); 10 um (E). In (D) and (E): mean + SEM. The asterisk indicates p < 0.05.

Structural Properties of Extracellular FGFR Domains D2
and D3
To map the interaction site of SSR with FGFR-ECD, we first
generated two-dimensional (2D) '®°N-HSQC NMR spectra of
FGFR-ECD in the absence of SSR to obtain the protein’s finger-
print. Peaks in this spectrum correspond to amide groups (and
nitrogen-containing side-chains). Since chemical shift perturba-
tions (CSPs) of these peaks are sensitive to the chemical envi-
ronment, this technique allows identification of SSR interaction
sites with FGFR-ECD.

The spectrum of D2 showed sharp peaks and spectral disper-
sion, as expected for a well-folded domain with defined struc-

ture, and all NMR resonances were assigned to a particular
residue. In contrast, the signals of D3 could not be detected,
because they were broadened beyond detection, indicating
that D3 does not adopt a stable, persistent three-dimensional
(3D)-fold (Figures S2A-S2F). This behavior is consistent with
a transiently unfolded flexible state, a phenomenon confirmed
by D3’s high tendency to aggregate (data not shown). Because
this behavior can be an inherent property of the domain or,
alternatively, a preparation artifact compromising the analysis
of a potential interaction with SSR, we generated preparations
of functional, structured D3. However, optimization of condi-
tions to solubilize D3, variations of D3 constructs (with/without

Cancer Cell 23, 489-501, April 15, 2013 ©2013 Elsevier Inc. 491
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membrane or D2D3-Linker), or attachment of solubilizing fusion
constructs (thioredoxin, protein G) all failed to yield spectra
consistent with a stable D3 fold, while the other domains re-
mained readily detectable (Figures S2A-S2D).

Such a very flexible (intrinsically disordered; Tompa, 2011)
state of proteins can be characterized by computer simulations
that estimate the preferred conformational state and stability of
various parts of the protein. We therefore performed multi-ps-
long, unbiased, all-atom, explicit-solvent molecular dynamics
(MD) computer simulations with the Amber99SB*-ILDN force
field. In line with NMR data, D3 was marginally stable and
partially disordered in solution. The Thr3'®-Arg®3° region, which
has an extended B-conformation in the crystal structure, tended
to adopt an a-helical conformation and to detach from the
protein core, leading to partial unfolding of the domain. Plasticity
of this region, in particular of the BC'-BE loop (Pro°°7-val®®?)
plays a key role in the specificity of FGF binding to FGFR splice
variants (Beenken and Mohammadi, 2009). Noteworthy, the
algorithm AGADIR also predicted a propensity for o helix confor-
mation of the Thr¥'°-Arg®®° region, thus independently confirm-
ing the MD computer simulations.

To assess if the flexibility of D3 corresponds to a completely
random (random coil) or compact but unfolded (molten globule
[MG]) state and to verify the chemical purity and quality of the
protein used in the NMR experiments, we performed FGFR2-
D2D3 crystallization trials. We resolved a similar structure of
the FGFR2-FGF1 complex, as reported (Plotnikov et al., 1999;
Schlessinger et al., 2000). A defined electron density of D3 re-
vealed a stable structure, suggesting that D3 is only marginally
unstable and ready to fold in conditions of crystallization and/
or upon forces taking place in the crystal. These observations
are compatible with a molten globule state of D3 (in line with
the increased aggregation propensity and disappearance of
NMR peaks). Control experiments showed that the amino acid
composition of the urea-unfolded D2D3 polypeptide chain
was correct (Figures S2E and S2F), that D3 folding was not en-
forced by crystallization conditions (Figures S2G and S2H),
and that D2D3 interacted with FGF1 (Figures S2G and S2I). Since
the crystal structure indicates that D2 and D3 are needed to
interact with FGF (Plotnikov et al., 1999; Schlessinger et al.,
2000), these findings show that D3 is present and functional.
Thus, D2 is well folded, while D3 is in an unfolded MG state
that is ready to fold.

Mode of Action of SSR: Effects on D2

We then explored to which sites SSR binds in the FGFR ECD and
used 2D NMR to determine the CSP values upon addition of SSR
to D2 of FGFR1, FGFR2, and FGFR4. SSR-induced CSPs were
mapped on the X-ray structure of FGF2/FGFR1-D2D3/heparin
(Protein Data Bank [PDB] code 1FQ9; Schlessinger et al.,
2000). The CSPs suggested a conserved binding site of SSR in
the vicinity of —but not overlapping with—the heparin binding
site of D2 (red balls show residues interacting with SSR in D2
of FGFRs; Figures 3A and 3B). Chemical shift titration analysis
yielded a binding affinity of SSR to D2 of FGFR1, —2 and —4 in
the mM range (Table S2). These affinities are two to three orders
of magnitude too low to explain the uM SPA data. Moreover, the
computational estimation of the free binding energy of SSR to
FGFR2-D2 (~5 kcal/mol) is in line with the mM range of the
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observed Kp values (Figure 3C). Thus, an interaction of SSR
with D2 alone cannot account for the cellular effects.

We therefore performed binding experiments with FGF/FGFR
complexes. Since NMR signals only appear if the protein is
labeled with '°N isotope, FGFR or FGF was labeled separately
to dissect to which component SSR binds. The effect of
SSR on the 2D NMR spectra of (*°N)FGFR2-D2D3/FGF1 and
FGFR1-D1D2D3/(**N)FGF2 is shown in Figure 3D and mapped
on the crystal structure 1FQQ in Figure 3E. The spatial CSP clus-
tering indicates a binding site for SSR at the interface between
D2 and FGF, in agreement with the binding of SSR to D2 alone.
Confirming STD-NMR experiments that SSR does not bind to
FGF1 or FGF2, SSR induced CSPs in FGF only when a FGF/
FGFR complex was formed. When analyzing the complex
between FGFR1-D1D2D3 and (**N)FGF2, two additional CSPs
were observed: Asn'®' (facing D2 in crystal structure 1FQ9)
and Ala®” (facing D3; black circle in Figure 3E, bottom), suggest-
ing an additional binding site for SSR in D3. To evaluate SSR’s
affinity for FGFR/FGF, we performed NMR titration experiments
of FGF1/FGFR1-D1D2D3 with SSR, yielding an affinity constant
in the low pM range (~50 uM; Figure 3F). Due to the structural
disorder of D3, a binding mode could not be deduced. Together,
the CSP data indicate a binding site on the interface between
FGF and D2 and a potential binding site on D3. A role for D3 in
SSR binding is supported by the mM affinity of SSR to D2 alone,
too low to explain the biological effect.

Mode of Action of SSR: Low Resolution FGF-FGFR
Crystals

To further assess the molecular basis of the allosteric interaction,
we performed X-ray crystallography. Crystals of FGF1/FGFR2-
D2D3 complexes with SSR could not be optimized to a suitable
diffraction quality, but it was possible to generate crystals with
SR128545 (abbreviated as “SR”; Figure S3A), a SSR analog
with comparable cellular activity (Figure S3B). Limited by a
diffraction resolution of 4.2 A, the exact binding position of SR
could not be visualized, but conformational protein backbone
changes induced by the interaction with SR were detectable.
Molecular replacement (MR) statistics of Phaser (McCoy et al.,
2007) were used to compare the observed X-ray diffraction
pattern to existing 3D models. This revealed single solutions
without structural clashes when independently using the three
separate domains (FGF1, FGFR2-D2, and FGFR2-D3) of the
FGF1/FGFR2/heparin crystal structure (PDB code 1EQO; Pelle-
grini et al., 2000). These results confirm that the obtained crystal
structures were in agreement with published results (PDB codes
1CVS and 1DJS). We also analyzed the translation function
Z-scores (TFZ), as they are a measure of how well the MR model
fits to X-ray data (a high score indicates a good match). TFZ
scores in the presence of SR were smaller for D3 than for D2
or FGF1 (FGF1/SR = 23.1, FGFR2-D2/SR = 15.7, and FGFR2-
D3/SR = 7.5), showing that the structure solution cannot explain
the entire scattering pattern in the presence of SR but rather
suggests a structural change induced by SR.

To confirm the above findings and to determine conforma-
tional dynamics, we refined the structure of the FGFR2-D2D3/
FGF1/heparin/SR complex by generating polyalanine models
using Refmac5 to obtain a model that best explains the experi-
mental data (Murshudov et al., 1996). The electron density of
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Figure 3. 2D-NMR Analysis and Free Energy Profiles

(A and B) Surface representation of FGFR (blue) and FGF (green), showing the SSR binding site in FGFR2 and FGFR4. Amide signals, shifting due to addition of
SSRin 2D "®N-HSQC NMR, were mapped onto the X-ray structure of FGFR1-D2D3/FGF2/heparin mimetic (1FQ9). (A) Highlight of the shifting amide residues of
D2 of FGFR2 and FGFR4, induced by SSR. Red balls indicate residues shifting in both FGFRs (Thr'*°, Phe'”°, Arg'”", and Cys'”2; numbering according to
FGFRA4). His'" and Arg'®* (light blue balls) only shift in FGFR4-D2, and Lys'®* (orange ball) is only affected in FGFR2-D2. For both receptors, an identical binding
site of SSR was observed. For clarity, only one molecule of FGF and FGFR is shown. (B) For comparison, the binding sites of the saccharide heparin molecules are
depicted in black/gray. The complex with heparin consists of two FGFs and FGFR-D2D3 molecules.

(C) Cartoon representation of the main binding mode of SSR to FGFR2-D2 (from NMR in this study, yellow; from MD modeling, pink) as predicted from free energy
calculations and docking (left), with its corresponding binding free energy profile for SSR, as calculated by metadynamics (right). The low free binding energy
corresponds to the low affinity (mM) of binding, as revealed by NMR studies. Binding of heparin is also shown.

(D) Overlay of the ['H,">N]-TROSY HSQC spectra, revealing CSPs induced by SSR on ®°N FGFR2-D2D3/FGF1 (top) and FGFR1-D1D2D3/'°N FGF2 (bottom);
SSR-induced CSPs are indicated by arrows: black without SSR and red with SSR.

(E) CSPs induced by SSR in the experiments shown in (D) were mapped to the X-ray structure (1FQ9). Red balls denote residues showing CSP. Only one molecule
of FGF and FGFR is shown.

(F) NMR titration experiments of the FGF1/FGFR1-D1D2D3 complex with SSR. Top: 'H 1D signal of the SSR methoxy resonance. Black lines show the measured
spectra; red lines indicate a least square fit using full signal simulation (performed by variation of Kp and ko). Bottom: Chemical shift of the peak maximum (x axis)
as a function of the ratio of complex to SSR concentration. Asterisks show the experimental values; the solid line results from a least square fit of the chemical shift
data by variation of the reaction parameters.

See also Figure S2 and Table S2.

all domains was fully recovered by molecular replacement after
separate deletion of single domains in the PDB file. In the
presence of SR, the density of FGFR2-D3 was weak around
a B sheet region (B2 at Asp?’2-Val?’” and B5 at Glu3?®-11e%29)
located ~25 A away from the orthosteric FGF-ligand-binding
region in D3. Comparison of FGFR2-D2D3/FGF1 structures in
the absence and presence of SR revealed no conformational

differences. However, strong differences in the Debye-Waller
factors (B-factors; higher values suggest flexibility) were
observed. Surprisingly, the average B-factor of the X-ray protein
structure in the presence of SR was strongly increased. Specific
regions in FGFR2-D3 at p1p2 (Ala®®®-Val?”") and o165 (Thr®'°-
1e324GIu2%-11e2%) showed large decreases in the occupancy
of atoms, resulting in high B-factors (Figure 4A). Together,
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the conformation of the FGF-FGFR complex and flexibility of
FGFR2-D2 or FGF1 were not strongly affected by SR. However,
TFZ scores, disturbed electron density maps, and increased
B-factors suggest increased structural dynamics of D3, resulting
from different conformational states induced by SR.
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Figure 4. Crystallography, FTIR Analysis, and
Free Energy Calculations

(A) 3D representation of the X-ray crystal structure of
FGFR2-D2D3/FGF1 complex in the absence (left)
and presence (right) of SR. The change in colors
(B-factor values) suggests increased flexibility of D3
at a1/B5 after SR binding.

(B) FTIR measurements of FGFR2-D23V" and
FGFR2-D23Y3280 in the absence (blue) or presence
(red) of SSR.

(C) Calculated free energy surfaces as a function of
the B sheet and a helix content (np and na, respec-
tively; see Supplemental Information) in the absence
(left) or presence (right) of SSR. The native state is
marked with “N”. Note the appearance of a new free
energy minimum corresponding to the H2 state.
See also Figure S3.

Mode of Action of SSR: Effect of SSR
on FGFR-D3

The finding of an intrinsically disordered D3
domain in NMR studies and MD simulations
together with the SR-induced increase of its
B-factors in the X-ray structure led us to
further investigate the influence of SSR on
D3 using Fourier transform infrared (FTIR)
spectroscopy and in silico methods. By ob-
taining an infrared spectrum of absorption,
FTIR provides information on the transition
from one to another conformation. Addition
of SSR to FGFR2-D2D3 increased the
amplitude of the amide | band in the FTIR
spectrum with a maximum at 1,640 cm™!
(Figure 4B), suggesting that binding of
SSR leads to a conformational change of
FGFR-D2DS3 (similar results were obtained
when analyzing FGFR2-D1D2D3), in agree-
ment with the AGADIR prediction.

We used state-of-the-art free energy (AG)
calculations and computer modeling to
unravel how the conformational landscape
and flexibility of D3 changed in the presence
of SSR. The free energy calculations were
performed with the Gromacs 4 package
and PLUMED plug-in using metadynamics,
bias exchange metadynamics, and steered
MD approaches and the Amber99SB*-ILDN
force-field (Best and Hummer, 2009; Piana
and Laio, 2007). Similar techniques were
used previously to predict the free energy
landscapes associated with conformational
changes and ligand binding in kinases
(Lovera et al., 2012; Saladino et al., 2012).
Comparison of the free energy landscapes

of D3 as a function of the  sheet and « helix content predicted
that SSR stabilizes helix a1 (Thr¥'®-1le32%) and induces a B sheet
to a helix transition of part of p5 (GIn32°-11e%2%), thereby nearly
doubling the number of turns in helix a1. As a result, D3
undergoes a conformational rearrangement into an intermediate
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“H1” state, which progresses to state “H2,” where a new hydro-
phobic cavity, not accessible in the native form of D3, is formed,
in which the hydrophobic Tyr®?® residue (solvent exposed in the
native configuration) now faces the core of D3 (Figures 4C and
S3C). The difference in free energy between the crystallo-
graphic fold of D3 and the refolded H2 state, calculated by two
independent approaches (bias exchange metadynamics and
steered MD simulations) was 2 to 3 kcal/mol. These data, in
agreement with NMR and X-ray observations, suggest that D3
binds SSR and undergoes conformational rearrangements
without becoming fully structured in the SSR-bound state.

Mode of Action of SSR: Helix-Breaker Mutations

To assess the importance of Tyr*?® in the conformational
changes of FGFR-D3, we mutated this residue to aspartate,
which has known “helix-breaker” properties (to yield FGFR2-
D2D3"3280 termed FGFR2Y%28P), as this mutation should reduce
the helical tendency and impair the conformational change.
Indeed, we hypothesized that the hydrophilic Asp®?® would
destabilize the a-helical conformation and that SSR would not
be able to induce a conformational change in FGFR2Y328P,
FTIR revealed that FGFR2Y%?2P did not exhibit a major shift in
its spectrum in the absence of SSR, showing that its overall 3D
configuration was preserved. Conformational analysis by FTIR
showed, however, that SSR failed to induce a change in the
spectrum of FGFR2"328P (Figure 4B). This effect was specific,
as additional mutations of the Y328 residue (Y328R/I329K) still
showed the same structural change as FGFR2VT upon addition
of SSR, illustrating that not any type of mutation of Y328 per se
could rescue the SSR effects (data not shown).

The aforementioned observations suggest that SSR does not
directly compete with FGF binding, but rather that it alters the
conformational ensemble of FGFR-ECD, which allosterically
propagates into receptor function changes. The B to a transition
of the B5 helix (Glu32%-116%29) is critically involved in this allosteric
effect. To assess the relevance of Tyr*2® in transmitting SSR’s
allosteric activity, we generated HEK293 cell lines expressing
wild-type FGFR2WT or mutant FGFR2%2%P, |n the absence of
SSR, FGFR2™T and FGFR2Y*?%" cells exhibited a similar
ERK1/2 response to FGF2, showing that the mutation did not
change FGFR’s response to FGF. The mutation did also not alter
orthosteric binding of "®°I-FGF2 (Kp: 54 + 8 pM for FGFR2VT
versus 52 + 9 pM for FGFR2Y32%0; n = 5; p = NS). However,
SSR’s ability to inhibit FGF2-induced ERK1/2 phosphorylation
was reduced in FGFR2Y328P cells (ICsp value: 121 + 30 nM) as
compared to FGFR2WT cells (ICsq value: 28 + 12 nM; p < 0.05)
(Figures 5A and 5B). Similar data were obtained for FGFR2 phos-
phorylation and phospho-FRS2 signaling (Figures 5C and 5D).

We also stably overexpressed FGFR2VT or FGFR2%2%P in L6
myoblast cells (which lack endogenous FGFRs). Transduced
cells were treated with AlexaFluor488-conjugated FGF2, leading
to the formation of FGF2/FGFR2 at the cell membrane and its
internalization in endocytic vesicles. Upon stimulation, FGFR2WT
and FGFR2Y328P were comparably endocytosed (Figures 5E and
5F). Notably, SSR reduced endocytosis in FGFR2™T but not in
FGFR2Y328P cells (Figures 5E and 5F). To unravel the endocytic
pathway, inhibitors of clathrin- (Pitstop2) and caveolin-depen-
dent (Dyngo-4a) pathways were used. Only Dyngo-4a affected
endocytosis of FGFR2VT and FGFR2Y32%P| indicating that the

FGF2 endocytic pathway relies on caveolae-dependent internal-
ization (Figures 5E and 5F), consistent with previous reports
(Irschick et al., 2013). Thus, FGFR2"T and FGFR2"328P showed
similar profiles with respect to FGF2 affinity, ERK1/2 phosphor-
ylation, and receptor internalization, but SSR inhibited signaling
more efficiently in FGFR2"T than FGFR2Y*%%P cells. Thus, by
altering the B to « transition of the g5 strand and thereby elon-
gating the a1 helix, SSR modulates inhibition of FGFR signaling
and internalization.

Mode of Action of SSR: Binding of SSR to D3 H2

Because of the flexibility in D3, we performed in silico binding
studies using metadynamics, a recently developed method to
dock ligands on receptors in water solution, allowing protein
flexibility (Laio and Gervasio, 2008). This revealed that the free
energy of binding to the hydrophobic cavity in the H2 state
was —10.2 kcal/mol (Figure 6A), reflecting tight binding in the
nM range. Overall, very long all-atom MD simulations and free
energy calculations with metadynamics confirmed that SSR
alters the flexibility and conformational propensity of D3. The
stability of the helical region in FGFR2-D3 is enhanced by an
initial step of low-affinity SSR binding, thereby making a new
metastable H2 state accessible, which is stabilized by docking
of SSR (Figures 6B-6D and S3C). Superposing D3's structure
in its SSR-bound H2 state with previously identified crystal struc-
ture of FGFR2-D2D3 showed that the FGF-interacting residues
remain unaffected, in line with findings that SSR did not alter
the affinity of FGFs.

In addition, free energy calculations showed that FGFR
underwent helix elongation and adopted the conformational
state H2, though H2 was less stable. This relates to the fact
that stabilization of the cavity is largely due to interactions of
the hydrophobic Tyr®?8 with the core of D3 and that these inter-
actions are highly unfavorable in FGFR2-D3Y3280_ in which the
hydrophilic Asp3?® prefers solvent exposure rather than buried
conformations. Our finding that Y328D reduces but does not
eliminate SSR binding explains why FGFR2"328P s still capable
of binding SSR but also why its signaling is inhibited less by SSR.

2Y328D

Structure-Activity Relationship Analysis

Experimental and computational approaches suggest a noncon-
ventional allosteric regulation of FGFR function by binding of
SSR to the disordered ensemble of D3. MD simulations outline
the major structural features of the H2 state and schematic
features of the arising binding cavity. To further probe the molec-
ular details of the D3-SSR interaction, we analyzed the structure
activity relationship (SAR) of a set of 19 SSR analogs by com-
paring their biological activity (inhibition of phospho-ERK1/2
signaling) to their capacity to dock into the in silico-identified
binding pocket of D3 (H2 state) using the Schroédinger Glide XP
package on the nonflexible H2 state of FGFR2-D3. As shown
in Table S3, two active SSR analogs inhibited ERK1/2 phosphor-
ylation with a comparable efficiency as SSR (ICsq ~ 10-100 nM);
their activity was reduced in FGFR2Y%28P cells (Table S4), con-
firming the specificity of their activity. Six other compounds
had weak biological activity (IC5q ~ 100-1,000 nM), while
another ten molecules were inactive (ICsq > 1,000 nM). One com-
pound could not be tested because of insolubility. Docking ex-
periments showed that the binding energy generally correlated

Cancer Cell 23, 489-501, April 15, 2013 ©2013 Elsevier Inc. 495
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Figure 5. FGFR Signaling in FGFR2"" and
A HEK293-FGFR2"T B HEK293-FGFR2Y%2%0 FOFR2YS Golls

pERK1/2 S oA o pERK1/2 R R (A—D) Analysis of inhibition of FGFRZWT or
FGFR29280 by SSR in HEK293 cells stably ex-
—— . ——— ——— - S pressing these proteins using immunoblot. Phos-
BRKI2 === = BRKIZ ——===== phorylated ERK1/2 (pERK1/2) and total ERK1/2
EGER2 m EGFR2 m (ERK1/2), upon FGF2 stimulation, were determined
and ratios of pERK1/2 over total ERK1/2 were used to
calculate ICsq values (A and B; mean + SEM, n = 3).
FGF2 - vy e FGF2 - + + + + 4 The asterisk indicates p < 0.05 versus FGFR2"T.
SSR (nM) - - 25 50100 200 SSR(nM) - - 25 50 100 200 FGFR2 was used as loading control. Similar results
were obtained when analyzing phosphorylation of
IC,,=28+12nM IC,=121+30nM* FGFR2 (C) and FRS2 (D) upon prior immunoprecipi-
tation for phosphotyrosine (pTyr) residues (the ratio of

C FGFR2WT FGFR2Y3280 D FGER2WT FGFR2Y:260 phospho- over total protein is shown).
(E and F) Analysis of endocytic vesicle formation
pFGFR2 Rl ol =l et D pFRS2 i e A in L6 myoblasts stably expressing FGFR2VT or

FGFR2 g e 90 8 o oo e v

FRS? i S ame wis i =

FGFR2Y%280 and stimulated with AlexaFluor488-
conjugated FGF2 in the presence of control, SSR

FGF2 - + + + - + + + FGF2 - + + - + + (1 pM), Dyngo-4a (3 uM, DYN), or Pitstop2 (1 uM, PS).
Representative images are shown in (E) (scale bars:
SSR (uM) - -025050- -025050 SSR(uM) - - 025 - - 025 20 pm), and the result of quantification of the number
f q of AlexaFluor488-conjugated FGF2 endocytic vesi-
Ep L Lely 152 e s et cles is shown in (F). ]Egch bar correspongs to the
0.94 0.74 1.54 1.54 0.32 0.09 0.37 number of vesicles detected on 28-30 views from
three different wells (mean + SEM; n = 3). The asterisk
IP: pTyr; WB:FGFR2 IP: pTyr; WB:FGFR2 indicates p < 0.05 versus FGF2 alone.

E
’ switching the carboxyl group at R’ and the
! aniline group at R” retains residual activity
FGFR2v2% o ' (compound 5), likely because of sufficient
3 ) docking, but this configuration is less favor-
FGF2 - + + + + able because one charge-charge interac-
Inhibitor . . SSR DYN PS tion (with Lys®”®) and a H-bond between
neutral groups (Thr®'®, Thr32%) are replaced
F L6-FGFR2VT LB6-FGFR2Y3280 with H-bond interactions between charged
— 20 - and neutral groups; (2) R” group: the aniline
8 group is required as its removal (compound
§_ 15 4 and 17) or monomethylation (compound 6)
a lowered the activity, in line with the observa-
% 10 4 tion that these compounds had reduced
o polar and H-bond interactions in the H2
EE 5 state; (3) R1 group: switching the methoxy
o group for a carboxyl group prevents dock-
- ing into the H2 pocket (compound 11), but
FGOFE j + . . + j + + 4 + this group can be replaced by a hydrogen
Inhibitor _ -SSR DYN PS _ -SSR DYN PS atom without losing activity (compound 3),

with biological inhibition and that the binding strength of the
active compounds was significantly higher than of the weak
and inactive compounds (Figure S4A).

Computational modeling suggested that several critical
substitutes were adjacent to residues in the Thr®'°-Arg®° region
(i.e., R1 and R2 in the vicinity of Leu®?"-Tyr*2%-|le32° and R’
and R’ pointing toward Thr¥'®-Thr®2°-Glu323-11e324; Figure 7A).
More detailed analysis revealed the following insights (Table
S3): (1) R’ group: a carboxylate group (or amide bioisostere) at
R’ is required for full biological activity (compound 7); changing
this group abrogated SSR’s activity (compounds 10-13,16);

496 Cancer Cell 23, 489-501, April 15, 2013 ©2013 Elsevier Inc.

highlighting the need for hydrophobic

interactions not compatible with negative

charge; and (4) R2 group: the methyl group can be substituted
by a cyclopropyl group, retaining potency consistent with com-
parable hydrophobic interactions with the pocket (compound 2).
These data confirm that the Thr¥'°-Arg®®° region is important
for SSR binding and transduction of the allosteric information.
Noteworthy, the R1 moiety facing Tyr®2® is critical, explaining
why SSR binding and inhibitory activity were impaired by the
bulky methoxybenzamide and methoxybenzenesulfonamide
at R1 (compounds 17 and 18). Likewise, the bulky CONHMe
at R6 (compound 8) is not tolerated, probably because of
steric clashes with the hydrophobic pocket. Other substitutions
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abrogated the function, even though they did not interfere much
with binding itself, which is compatible with the allosteric mode
of action, in a sense that not binding per se but rather the confor-
mational change induced by the SSR derivative matters.

On a subset of active, weak, and inactive compounds (Table 1),
we performed biophysical (STD-NMR and waterLOGSY-NMR;
Bretonnet et al., 2007) experiments to assess their binding
capacity to FGF1/FGFR2-D2D3. Also, to allow flexibility of
protein movements, we calculated the free binding energy (AG)
of these compounds using metadynamics, which, in contrast to
standard modeling on a rigid structure, also takes into account
movements of the protein. The agreement between the calcu-
lated AG and biological activity is superior to that obtained with
the Glide XP score (Table 1; Figures 7B and S4B). For instance,
when we subtract the thermodynamic penalty of state H2
(2 to 3 kcal/mol) from the calculated binding free energies, we ob-
tained —8/—9 and —9/—10 kcal/mol for SSR and compound 2,
which is in very close agreement with the expected value of
—8.5 kcal/mol for compounds in the 100 nM affinity range. An
agreement is also obtained for weak and inactive compounds.
The superior agreement of the free energy (calculated by Meta-
dynamics) over the docking scores (calculated by Glide XP)
stresses the importance of considering flexibility and explicit
water hydration.

This view is also supported by NMR measurements, in which
STD and waterLOGSY NMR were used to rank binding of this
subset of compounds (Table 1). The NMR data are in good
agreement with the calculated binding energy values and bio-

Figure 6. Free Energy Calculations and
Conformational States

(A) Cartoon representation of the main binding
mode of SSR to FGFR2-D3, as predicted from free
energy calculations and docking (left) and the
corresponding binding free energy profile for SSR
as calculated by metadynamics (right).

(B-D) Cartoon representation of the conformation
adopted by FGFR2-D3 in the native state (without
SSR) (B) and in the H2 state in the presence of SSR
(C), as obtained by calculating the free energy
using molecular dynamics modeling (for reasons
of clarity, SSR itself is not shown); the overlay is
shown in (D). Note the elongated helix o1 and the
position of Tyr®?® pointing toward the hydrophobic
core of the domain in the H2 state compared
to the native state. FGF1, green; native FGFR2-
D3, blue; FGFR2-D3 “H2” conformation, gray;
helix a1, red.

logical potency. Two compounds from
the active group bound the strongest,
and SSR itself was the third strongest
binder, which also underscores that,
besides binding strength itself, the
compatibility with the structural allosteric
transition is also important for the effect
of the compound. Again, adding large
groups at R1 induces the most profound
effect (compound 17 being the weakest
and compound 18 being undetectable
by NMR due to protein precipitation). Overall, the binding
affinity of SSR variants and their allosteric effect of binding
generally correlate: the stronger a derivative binds, the more it
drives the conformation of the receptor toward the inhibited
ensemble.

DISCUSSION

In the accompanying paper (Bono et al., 2013), we identified
SSR, a synthetic inhibitor of the FGF tyrosine kinase receptor,
and provided pharmacological evidence for an allosteric mech-
anism. This orally deliverable, small-molecule, multi-FGFR inhib-
itor showed promising therapeutic anticancer efficacy (Bono
et al., 2013). SSR does not affect orthosteric FGF ligand binding,
cannot penetrate the membrane, and does not directly block the
TK activity but exhibits typical pharmacological allosteric fea-
tures. Indeed, the compound shows signaling bias by inhibiting
ERK1/2 activation (relying on FGFR internalization) without alter-
ing phospholipase C (PLC)-y phosphorylation, has a “ceiling”
effect, and exhibits “probe dependence” (Bono et al., 2013).
All these findings suggest an allosteric conformational effect
that discriminatively affects the readout of receptor activation.
In this study, efforts were made to unravel the molecular mech-
anisms of the allosteric activity of SSR. The challenge in these
investigations is due to both the complexity of the FGFRs and
the disordered, even unfolded nature of domain D3, which is
prone to aggregation, invisible to NMR, and highly flexible in
the X-ray structures in the presence of SSR.

Cancer Cell 23, 489-501, April 15, 2013 ©2013 Elsevier Inc. 497
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Figure 7. SAR and Hypothetical Model of the Allosteric Regulation of FGFR by SSR

(A) Scheme of the putative SSR binding pocket in the newly exposed cavity in the H2 state, used for the docking analysis to obtain the SAR. The position and type
of individual amino acid residues and putative interactions are indicated. The colored band lining the cavity represents hydrophobicity (green is hydrophobic; blue
is charged).

(B) Scatterplot analysis of calculated binding energy using metadynamics of the three different classes of compounds from the SAR analysis. The compounds of
each group are shown in Table 1. The asterisk indicates p < 0.05 between the indicated conditions (dashed lines); horizontal full lines represent averages.

(C) Under normal conditions, heparin sulfate-bound FGF (orange circle) binds to FGFR ECD via D2 (green) and D3 (red). While D2 is well folded, D3 is in
adisordered native (N, probably corresponding to a molten globule) state. The receptor can dimerize and induce distinct intracellular signaling pathways, such as
receptor internalization (leading to ERK1/2 phosphorylation) and PLC-y phosphorylation. Due to its inherent flexibility, D3 can transit to an alternative disordered
state (H1), which is more open and competent for weak SSR binding. From this state, there is a transition to a third disordered state (H2), which binds SSR
stronger. In this state, SSR does not inhibit FGF binding or dimerization, but, due to altering the conformational ensemble and/or dynamics of D3, it inhibits
receptor internalization. Allostery of the system arises from SSR acting indirectly via long-range conformational effects in the disordered ensemble, attenuating
membrane interaction.

See also Figure S4 and Tables S3 and S4.

tial effect on distinct downstream signaling pathways, and
“probe dependence” (Bono et al., 2013). All these observations
can be reconciled with data from structural experiments and
modeling calculations in the following model: (1) an SSR-induced
conformational rearrangement of D3 is suggested by most tech-
niques; (2) structural disorder of D3 is confirmed by NMR, MD
simulations, and high-crystallographic B-factors; and (3) defec-
tive receptor internalization in the presence of SSR is shown in
cellular assays and suggested by differential pharmacological
effects.

Therefore, the structural underpinning of the system is that the
actual structural state of domain D3 is probably a conformational
ensemble corresponding to a MG state, with a global topology
resembling the structure stabilized in crystallography. This
domain thus falls into the growing family of intrinsically disor-
dered proteins, which lack well-defined stable folds, yet play
key regulatory and signaling roles in many cellular processes
(Tompa, 2011). Its dimerization, even without a folding transition,
can be envisaged, as in fuzzy complexes (Tompa and Fuxreiter,
2008) such as T-cell receptor zeta (Duchardt et al., 2007; Sigalov
et al., 2004). As is the case with MG states, its various conforma-
tions are in an intermediate kinetic exchange regime that causes
severe line broadening in NMR, making it invisible to the NMR
(Park et al., 2011).

The native ensemble of D3 samples the minor state H1, in
which the B5 region tends to adopt local helical conforma-
tions; this structural state is stabilized by weak interactions

At first, it may appear surprising that a small molecule like SSR
is capable of inhibiting the responses of various FGFRs to
multiple FGF ligands if steric hindrance of the orthosteric FGFR
pocket was the desired mode of receptor targeting. However,
an allosteric interaction with a small molecule can perturb the
signaling of a large FGF ligand by inducing a conformational
change in FGFR. The model that emerges from computer simu-
lations and modeling reconciles the experimental findings by
predicting a marginally stable D3 fold, a weak SSR binding site
on D2, and a conformational change in D3 in the presence of
SSR. The AGADIR software also independently predicted
a conformational preference of o helix over B sheet structure.
The conformational change gives rise to a new hydrophobic
cavity, to which SSR can bind. A mutation that reduced the
a-helical propensity in this region was predicted to suppress
the SSR-induced conformational changes in silico and indeed
counteracted SSR’s ability to inhibit FGFR-driven cellular
processes.

The key element of the model is the allosteric nature of SSR’s
action. Whereas this molecule was selected by using the SPA
assay for FGF binding and has nM pharmacological effects, it
does not interfere with FGF binding or receptor dimerization in
a cellular context. Because SSR is not internalized, it acts on
the extracellular part of the receptor. Direct SSR binding to
FGFR was indeed demonstrated experimentally, as was the
conformational change that is critical for affecting receptor func-
tion. Allostery also follows from the “ceiling” effect, the differen-
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Table 1. Structure Activity Relationship of SSR Analogs

PERK Inhibition AG of Binding Glide XP  NMR Binding

Compound R4? R, R R” (ICso Range, nM)°  (calculated, kcal/mol) Score Event (fSTD/fWL)
Active

1 (SSR) OMe Me COOH NH, <100 -1 -10.3 2.0/3.8

2 OMe cPr COOH NH, <100 -12 -11.3 4.9/15.0

3 H Me COOH NH, <100 -10° -11.3 4.4/12.6

Weak

5 OMe Me NH, COOH <1,000 -8 -8.2 1.5/3.2

6 OMe Me COOH NHMe <1,000 -9 -9.8 3.8/11.6

7 OMe Me CONH, NH, <1,000 -9 -9.1 ND

9 Et Me COOH NH; <1,000 -8 -12 ND

Inactive

i3 OMe Me COOMe NH, >1,000 -8 -10.3 ND

14 OMe Me COOH OH >1,000 -5 -11.9 ND

17 3-Methoxybenzamide Me COOH H >1,000 —4 —4.7 0.7/1.9

18 3-Methoxybenzene-sulfonamide Me COOH NH, >1,000 ND —4.2 Not detectable

Compound 1 is SSR. ND, not determined; fSTD, STD amplification factor; fWL, quantitative waterLOGSY effect.

See also Tables S3 and S4.

aThe position of the groups (R, R”, R', R?) is indicated in the chemical structure in Figure 7A.
PThe inhibition of ERK1/2 phosphorylation was determined for four concentrations of each compound (i.e., 1, 10, 100, and 1,000 nM).
°A major induced fit effect on D3 is observed, increasing the uncertainty on this estimate.

with SSR, as indicated by an increase of B-factors upon
SR binding, MD simulations, and FTIR. Local helical conforma-
tions are also underlined by AGADIR predictions. Overall, this
transition is compatible with the ability of small molecules to
bind to the disordered state, as observed in the inhibition of
Myc-Max heterodimerization (Metallo, 2010). The SSR-FGFR
interaction is likely heterogeneous, as suggested by the failure
of observing electron density for the bound SR in the crystal
structure.

MD simulations suggest that, upon transition to this transient
and heterogeneous complex, a hydrophobic cavity becomes
exposed, in which Tyr328 plays a key role. This transient complex
may then relax into a more stable structural ensemble (H2), in
which SSR is buried in the hydrophobic cavity (Figure S3C).
This results in a much stronger interaction, which does not inhibit
FGF binding but alters FGFR signaling, possibly due to inter-
fering with membrane binding and/or internalization (Figure 7C).
Disorder of this state is confirmed by increased crystallographic
B-factors in the SR-complex and MD simulations and is also
compatible with the allosteric nature of regulation of the re-
ceptor. Transitions in the ensemble N — H1 — H2 translate
into different interactions with the membrane and/or different
dynamics and orientations of receptor subunits in the dimer, re-
sulting in inhibition of receptor internalization but not PLC-y
phosphorylation. In all, this scenario is fully compatible with
recent concepts of allostery, which emphasize the importance
of changes in dynamics without alteration of the equilibrium
conformation (Tzeng and Kalodimos, 2009), and/or redistribution
of the ensemble of intrinsically disordered protein structures
(Hilser and Thompson, 2007). The outcome of these transitions,
as seen in in cellulo assays, is an inhibition of slow and irrevers-
ible FGF-dependent receptor endocytosis abolishing ERK1/2
phosphorylation. A similar allosteric mechanism was described

for the ganglioside GM3 and EGF receptor; the latter is closely
related to FGFR (Coskun et al., 2011).

The allosteric effect was also confirmed by SAR analysis,
which shows a good correlation of binding free energies of
various SSR derivatives and their allosteric inhibition calculated
by metadynamics modeling, while the docking scores, with their
known limitations, also have an overall correlation with biological
activity. This behavior would be fully incompatible with an
orthosteric competitive inhibition of FGF binding and can be
best explained by a binding model in which the allosteric activity
of the compound stems from its ability to induce the proper shift
in the conformational ensemble of the receptor. In most cases,
altering substituent R1, which faces Tyr®28, impairs the allosteric
activity of the compound, which points to the importance of this
residue in the allosteric transitions.

Mutagenesis studies of Tyr®2® are also in line with this conclu-
sion, because the Tyr to Asp replacement does not basically
affect the D3 structural ensemble, leaving its FGF-binding
capacity and dimerization intact. On the other hand, it reduces
the capacity of the structure to sample the local helical confor-
mations, characteristic of H1 (and H2) states, thus altering SSR
binding and its ability to interfere with signaling. This is in line
with our FTIR experiments, MD simulations, and cellular assays.
In addition, this disorder-based binding and allosteric mecha-
nism is also compatible with the relaxed specificity of SSR,
which is capable of interfering with different FGFR variants in
distinct species. This would be difficult to reconcile with a well-
folded (preformed) binding cavity on D3, which would limit
FGFR isoform specificity toward SSR. Adaptability of the struc-
tural ensemble of intrinsically disordered proteins in binding is
observed in many cases (Dunker et al., 2008). A corollary of
this conserved allosteric regulation in all FGFR structures is
that the receptor may have endogenous regulatory compound(s)
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that act by a similar mechanism; identifying these molecules may
open exciting avenues of FGFR research.

A final word is due on the difference of Ki values observed in
the distinct in vitro and in vivo experiments. Such an enhanced
response to small-molecule effectors in vivo is often observed
(Hanoulle et al., 2007; Huppa et al., 2010), probably due to
cellular conditions, such as the presence of additional (protein)
factors or the vicinity of the membrane. The latter is probably
signaled by the preferential inhibitory effect on receptor internal-
ization rather than PLC-y phosphorylation. In the case of FGFR,
this effect may be augmented by the structural sensitivity of the
conformational ensemble of the D3 domain.

What are the possible implications of this study? From a
structural biology perspective, our study provides insight in
fundamental mechanisms of how FGFRs transmit signals and
provides unprecedented evidence for allosteric regulation of
growth factor receptor tyrosine kinases. We show the impor-
tance of taking into account target flexibility in order to under-
stand the mode of action of allosteric ligands. In addition, from
a biopharmaceutical perspective, our results unveil the thera-
peutic potential for FGFR antagonists, perhaps wider than previ-
ously attributed to tyrosine kinase inhibitors, since SSR blocks
not one but multiple FGFRs and because allosteric modulators
are considered to have an improved benefit/risk ratio and to offer
opportunities for fine-tuning biological responses in a manner
that is not attainable with classic orthosteric modulators (Chris-
topoulos, 2002). Finally, our results show that development of
orally deliverable selective allosteric inhibitors of growth factor
receptors is feasible, which creates formidable therapeutic
opportunities for the future.

EXPERIMENTAL PROCEDURES

Compound Reconstitution

SSR was stored as pure powder at 4°C in the dark. For the different assays,
SSR was dissolved in DMSO at a concentration of 100 mM and stored at
—20°C until further use. SU5402 (Calbiochem) was also dissolved in DMSO
at a concentration of 10 mM and stored at —20°C. For each assay, the same
amount of DMSO was used for the control condition.

Materials

FGF1 and FGF7 were purchased from R&D Systems and FGF2 was produced
and purified in-house. Human umbilical vein endothelial cells (HUVECs) are
single-donor HUVECs from Promocell.

Cell Survival
Apoptotic cells were detected using fluorescein isothiocyanate-conjugated
annexin V. Each assay was performed in triplicate and repeated three times.

FGFR2 Kinase Assay

Kinase activity measurements of the recombinant catalytic domain of FGFR2
was done using the ADP-Glo Kinase Assay and the Cyclex FGFR2 Kinase
Assay/ Inhibitor screening kit (Sanbio, Uden, The Netherlands) according to
the manufacturer’s protocol.

Confocal Microscopy Studies

EEA-1 labeling was performed on HUVECs or SNU-16 cells starved for 24 hrin
1% fetal bovine serum containing medium and stimulated for 2 hr with FGFs
diluted in prewarmed medium without fetal calf serum in the presence or
absence of SSR. Cells were then rinsed with cold PBS and fixed for 15 min
with paraformaldehyde 4% and then permeabilized with PBS-Triton 0.1%
for 5 min. Following washing with cold PBS, nonspecific sites were saturated
with 1% normal goat serum (Zymed) in PBS for 1 hr at room temperature.
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Early endosomal vesicles were detected using mouse anti-human EEA1
antibody (1/100, BD Biosciences) overnight at 4°C and revealed with
AlexaFluor488-conjugated anti-mouse antibody (1/2,000, Invitrogen) for 2 hr
at 4°C. Wells were rinsed twice with 1 ml PBS. Then, all liquids were removed
and one drop of Fluoprep (Biomerieux) was added and mounted with a round
coverslip (KnittelGlaser). Confocal microscopy views were performed with
a Zeiss LSM510. The number of EEA1-positive vesicles around the nucleus
was counted with Columbus software (PekinElmer). For FGF-R4 staining,
HUVEC were only fixed with Dako Cytomaton kit following supplier recommen-
dations. FGF-R4 was detected with primary anti-FGFR4 MAB685 (1/100, R&D
Systems).

Western Blot Analysis and Phosphoproteome Profiler Array

These studies were realized on 24 hr-starved cells that were then stimulated
for 7 min with FGFs in the presence or absence of SSR. Immunoblots were
carried out with anti-phosphoprotein antibodies against FGFRs (Santacruz
Biotech, Sc30262), FRS2 (Cell Signaling Tech., 3864), Erk1/2 (Cell Signaling
Tech., 4377), or anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
(Cell Signaling Tech., 2118). The proteome array was run in accordance with
supplier recommendations.

FTIR Measurements

FTIR was performed using a Bruker Tensor 37 FTIR spectrometer equipped
with an AquaSpec flow cell. The sample compartment was thermostatted to
25°C and 100 spectra were averaged for a good signal-to-noise ratio. Proteins
were purified as described in Supplemental Experimental Procedures. Imme-
diately after the gel filtration, the proteins were dialyzed overnight in the same
preparation of buffer (10 mM 4-[2-hydroxyethyl]-1-piperazineethanesulfonic
acid pH 7.2, 150 mM NaCl) in the presence or absence of SSR. Dialysis buffer
samples were used to subtract background signal. The analysis was per-
formed using the OPUS software package provided by Bruker.

STD- and 1D-NMR Measurements

All STD- and 1D-NMR experiments were carried out on a BRUKER three-
channel DRX600 and on a BRUKER four-channel DRX800 spectrometer at
the standard temperature of 298 K and were referenced to the internal
standard 3-trimethyl-2,2,3,3-tetradeuteropropionate sodium salt. A detailed
description has been included in the Supplemental Information.

X-Ray Crystallography

Crystals of FGF1/FGFR2 D2D3 complexes with and without SR/SSR com-
pounds could be obtained under crystallization conditions containing 0.1 M
Tris/HCI pH 8, 1.8 M (NH,)>S0O, at protein concentration of 2 mg/ml. Crystals
with SSR diffracted up to 6 A, whereas SR bound crystals diffracted up to 4 Aat
SLS Villingen. Data could be integrated using XDS and phased with Phaser,
using MR of separate domains FGF1, FGFR2 D2, and FGFR2 D3 of the crystal
structure 1E00. Because of bad resolution, all residues were mutated to
alanine. The poly-A backbone model of FGF1/FGFR2 D2D3 was refined using
Refmac5 and Coot.

In Silico Molecular Modeling and Metadynamics Modeling
All the detailed procedures are in the Supplemental Information.

Other Assays

For methods such as cell proliferation, survival, FGFR kinase assay, confocal
microscopy, FTIR, and western blotting, we used standard protocols that are
detailed in the Supplemental Experimental Procedures.

Statistics

All data represent the mean + SEM of the indicated number of experiments.
Statistical significance was calculated by Student’s t test, considering
p < 0.05 as statistically significant.

ACCESSION NUMBERS
The low resolution polyA backbone model of the FGFR2D2D3/FGF1/

SSR128545 complex has been deposited in the RCSB Protein Data Bank
under the ID code rcsb077498 and PDB ID code 4J283.
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Supplemental Information includes four figures, four tables, and Supplemental
Experimental Procedures and can be found with this article online at http://dx.
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SUMMARY

Receptor tyrosine kinases (RTK) are targets for anticancer drug development. To date, only RTK inhibitors
that block orthosteric binding of ligands and substrates have been developed. Here, we report the pharma-
cologic characterization of the chemical SSR128129E (SSR), which inhibits fibroblast growth factor receptor
(FGFR) signaling by binding to the extracellular FGFR domain without affecting orthosteric FGF binding. SSR
exhibits allosteric properties, including probe dependence, signaling bias, and ceiling effects. Inhibition by
SSR is highly conserved throughout the animal kingdom. Oral delivery of SSR inhibits arthritis and tumors
that are relatively refractory to anti-vascular endothelial growth factor receptor-2 antibodies. Thus, orally-
active extracellularly acting small-molecule modulators of RTKs with allosteric properties can be developed
and may offer opportunities to improve anticancer treatment.

Significance

Receptor tyrosine kinases (RTK) represent key targets for anticancer drug development. Classic examples of RTK blockers
include antibodies inhibiting orthosteric ligand binding, but small molecules that bind the extracellular domain of RTKs
have traditionally not been considered because they are thought to be too small to competitevely block binding of the
much larger polypeptide ligands. We identified a small-molecule chemical compound, SSR128129E (SSR), which inhibits fibro-
blast growth factor receptor (FGFR) signaling through allosteric mechanisms after binding to the extracellular FGFR domain.
Oral delivery of SSR inhibits tumor growth and amplifies anti-angiogenic drug therapy. These results offerincentives to develop
orally-active small-molecule RTK inhibitors with allosteric properties and opportunities for improved anticancer treatment.

—
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INTRODUCTION

Cell-surface receptors represent key targets for drug develop-
ment. Historically, drug discovery programs have been domi-
nated by efforts to develop antagonists that compete for binding
with endogenous ligands at orthosteric sites. Drugs that bind
to allosteric sites, i.e., topographically distinct domains from
those used by orthosteric ligands (if the target is a receptor) or
substrates (if the target is an enzyme) that modulate a protein’s
activity, have been more difficult to identify. Recently, allosteric
modulators have been identified for ligand-gated ion channels,
G protein-coupled receptors (GPCRs), and kinases (Chahrour
etal.,2012; Connetal.,2009; Cox etal.,2011; Thakeretal.,2012).

Allosteric kinase inhibitors have been developed (Chahrour
et al., 2012), but an extracellularly acting small-molecule allo-
steric inhibitor of receptor tyrosine kinases (RTKs) is not avail-
able. Yet, this receptor superfamily is of immense biomedical
significance (Lemmon and Schlessinger, 2010). Furthermore,
allosteric drugs offer therapeutic advantages over traditional
orthosteric drugs, including greater safety and/or selectivity
(Christopoulos, 2002). Most drugs targeting RTKs are antibodies
against growth factor receptors that inhibit ligand binding or
receptor dimerization or are small molecules inhibiting tyrosine
kinase (TK) activity (Chung and Ferrara, 2011; Tvorogov et al.,
2010). However, it is becoming increasingly clear that formation
of receptor signaling complexes requires allosteric confor-
mational changes in the extracellular domain to position the TK
domains for signal transduction (Brozzo et al., 2012; Landgraf
et al., 2010). Whether small molecules can inhibit or modulate
RTK signaling by acting extracellularly remains unexplored.

Anti-angiogenic therapy would benefit from other RTK small-
molecule inhibitors. Vascular endothelial growth factor (VEGF)-tar-
geted agents prolong the survival of patients with cancer, but
their success is restricted by refractoriness, escape, and in some
models, increased metastasis (Bergers and Hanahan, 2008;
Ebos and Kerbel, 2011). Combinatorial delivery of anti-angiogenic
agents may help overcome these challenges (You et al., 2011).

Receptors for basic fibroblast growth factors (FGFs) are
attractive drug candidates (Daniele et al., 2012; Itoh and Ornitz,
2011). FGF receptor (FGFR) signaling has been implicated in
cancer, inflammation, and the escape of tumor vascularization
from VEGF inhibitor treatment (Ahmad et al., 2012; Beenken
and Mohammadi, 2009; Casanovas et al., 2005; Fischer et al.,
2007; Malemud, 2007; Turner and Grose, 2010; Wesche et al.,
2011). Nonetheless, the FGFR superfamily with its 18 ligands
and four receptors has received little attention for drug develop-
ment, partly because of redundancy (Beenken and Mohammadi,
2009). Selective TK inhibitors (TKIs) of FGFRs have not been
clinically approved, and only broad-spectrum TKiIs targeting
primarily VEGF receptors (VEGFRs) and, less potently, FGFRs
are available (Daniele et al., 2012; McDermott et al., 2005). This
study characterizes an orally-active, extracellularly acting
small-molecule inhibitor of FGFRs.

RESULTS

Identification of SSR128129E
The compound SSR128129E (“SSR”; Figure 1A) was identified
in a high-throughput screen, designed originally to discover
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orthosteric FGFR inhibitors. In this screen, we used a scintilla-
tion proximity assay (SPA) assay to identify chemicals blocking
binding of '®°|-FGF2 to the extracellular domain of FGFR1-
D1D2D3/Fc, the extracellular domain with 3 Ig-like domains
D1-3 coupled to a Fc-fragment. A 10- to 100-fold molar excess
of unlabeled FGF2 or anti-FGFR1 Fab («FGFR1) inhibited
125_FGF2 binding completely, indicating that the assay identi-
fies compounds inhibiting ligand binding via a competitive
(orthosteric) mechanism (not shown). SSR emerged from this
screen as a low-affinity antagonist (half maximal inhibitory
concentration [ICs0): 1.9 + 1.4 uM).

Surprisingly, SSR was effective in the nanomolar range in
cellular assays. Because FGF2 affects endothelial cells (ECs)
in vitro, we used human umbilical venous endothelial cells
(HUVECS) that express FGFR1 and lower levels of FGFR2 and
FGFR4. SSR dose-dependently inhibited FGF2-induced EC
proliferation (ICso: 31 + 1.6 nM; Figure 1B), migration (ICso:
15.2 + 4.5 nM; Figure 1C), and lamellipodia formation (Figure S1A
available online). Thus, SSR inhibited EC responses with nano-
molar potency, yet antagonized FGF binding only at micromolar
levels. This puzzling result suggested that SSR was not acting
as a classic orthosteric inhibitor and/or that its pharmacology
was highly sensitive to the cellular environment and confor-
mational properties of intact FGFR. We thus characterized its
pharmacological properties.

SSR Is a Multi-FGFR Inhibitor

We investigated if SSR blocked the response to other FGFs,
known to bind selectively to distinct FGFR subtypes. We there-
fore used cells from different species, expressing one or more
FGFRs, and stimulated them with various FGF ligands. SSR
inhibited responses mediated by FGFR1-4. For instance, SSR
blocked EC migration in response to FGF1, a ligand of FGFR1
and FGFR4 (Figure 1C), and capillary tube formation in response
to FGF19, a ligand of FGFR4 (Figure S1B). Proliferation and
migration of the murine pancreatic Panc02 tumor cell line in
response to FGF7 were also blocked by SSR (Figures 1D and
1E), showing that SSR inhibits FGFR subtypes of other species
as well. Table 1 lists the nanomolar potency activities of SSR
in blocking different FGFR subtypes in various cell lines used
to analyze migratory, mitogenic, and other responses to FGF
ligands. Notably, SSR inhibited FGFR paralogues in various
species across the animal kingdom, including Danio rerio
(zebrafish) (Figures S1C-S1F), Drosophila melanogaster (fruit
fly) (Figures S1G-S1l), Spodoptera frugiperda (moth) (Figure S1J),
and Bombyx mori (silkworm) (not shown).

The effect of SSR was not due to nonspecific toxicity because
SSR (1 uM) failed to affect the mitogenic response to other
stimuli of B9 myeloma cells or L6 myoblasts, which did not
express FGFRs (not shown). Heparin (30 pg/ml) did not alter
the inhibitory activity of SSR on the mitogenic or chemotactic
response of FGFs (not shown).

SSR Inhibits FGFRs but Not Other Related RTKs

We then determined if SSR blocked the FGFR superfamily
selectively. SSR did not affect responses to ligands activating
structurally related RTKs (Figures 1E, 1F, and S1K). When
FGF7 and VEGF were added together to test the migration
of Panc02 tumor cells, SSR only blocked the response to
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Figure 1. Activity and FGFR Specificity of SSR
(A) Chemical structure of SSR128129E (SSR).

(B) Effect of SSR on FGF2-induced EC proliferation.
(

C) Effect of SSR (100 nM) on FGF1-driven EC migration (n = 3; *p < 0.05 versus control, *p < 0.05 versus FGF1 alone).
(D) Effect of SSR (100 nM) on FGF7-driven proliferation of Panc02 tumor cells (n = 3; *p < 0.05 versus control, *p < 0.05 versus FGF7 alone).
E) Effect of SSR (100 nM) on migration of Panc02 tumor cells in response to single or combined stimulation with FGF7 and VEGF (n = 3; *p < 0.05 versus control,

b < 0.05 versus indicated condition).

(F) Effect of SSR (1 uM) on migration of ECs in response to different growth factors (n = 3; *p < 0.05 versus control, *p < 0.05 versus indicated condition). Data are

presented as mean + SEM.
See also Figure S1 and Tables S1 and S2.

FGF7 (Figure 1E). Similar results were obtained for the responses
of ECs to VEGF plus FGF1 (not shown) or to VEGF plus
FGF2 (Figure S1L), or of Panc02 cell responses to VEGF plus
FGF7 (not shown). Genetic experiments in zebrafish to silence
both fgfr1 and fgfr2 showed that SSR recapitulated quantita-
tively and qualitatively the phenotypic pharyngeal arch and
cartilage defects, induced by combined silencing of fgfr1 and
fgfr2, underscoring that SSR is a multi-FGFR inhibitor (Fig-
ures S1M-S1T). SSR failed however to induce additional
anomalies in zebrafish embryos lacking multiple FGFRs,
showing that SSR specifically inhibited multiple FGFRs in an
intact animal model without causing off-target effects (Figures
S1U and S1V).

In contrast to a 10- or 100-fold molar excess of a neutralizing
competitor or antibody, SSR failed to inhibit binding of VEGF,
VEGF-B, placental growth factor, platelet-derived growth factor
(PDGF)-BB, or PDGF-CC to their receptors, whose extracellular
domains exhibit the highest homology to FGFRs. SSR also failed
to inhibit phosphorylation of VEGFR2 or hepatocyte growth
factor-receptor MET (Figures S1W and S1X; Table S1). SSR
also did not alter receptor binding of interleukin-8, transforming
growth factor-B, tumor necrosis factor-a, or epidermal growth
factor, which are structurally more divergent from FGFs (Table
S2). SSR also did not inhibit binding of >100 distinct ligands
with related structural homology or entirely different chemical
composition from FGFs, even when used at concentrations up
to 10 uM (Table S2). Overall, SSR inhibited FGFR-driven
responses while not affecting other related RTKs.

SSR Is Not a Potent Inhibitor of Orthosteric FGF Binding
to FGFR
We then aimed at determining SSR’s pharmacologic mecha-
nism. The weak inhibition of the binding of '2°I-FGF2 to
FGFR1-D1D2D3/Fc in the scintillation proximity assay (SPA)
could be reconciled with a low-affinity orthosteric interaction or
a low-affinity allosteric interaction exhibiting negative binding
cooperativity (Christopoulos and Kenakin, 2002). However,
such modest effects on the binding affinity of *°I-FGF2 alone
could not explain the greater potency of SSR in assays of cellular
function. This would require a difference in binding affinity of
SSR at the intact receptor expressed in a native environment
and/or an allosteric effect on signal transduction (in addition
to any negative cooperativity on orthosteric agonist binding).
To address these possibilities, we determined the potency of
SSR as an inhibitor of the binding of 2°|-FGF2 to FGFRs when
expressed in their native configuration in natural conditions on
the EC surface. Under these conditions, the potency of SSR
was reduced even more than in the SPA such that it was unable
to inhibit '*°I-FGF2 binding to its receptors even at high
micromolar concentrations (Figure 2A). In contrast, orthosteric
inhibitors such as unlabeled FGF2, a neutralizing anti-FGF2
antibody or anti-FGFR1 («FGFR1) blocked '2°I-FGF2 binding
(Figure 2A). Thus, in this cellular binding assay, SSR did not
act as a strong orthosteric inhibitor. Such contextual assay-
dependent results are inconsistent with a simple competitive
mechanism that relies on steric hindrance for an overlapping
binding domain because the latter would yield consistent
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Table 1. Effects of SSR on Cellular Responses to Different FGFRs
SSR Concentration

FGF FGF Cellular Resulting in >50%
Receptor  Ligand Cell Line Assay Inhibition?
FGFR1lllce. FGF1 PAE-hFGFR1 Proliferation 100 nM®
FGF2 PAE-hFGFR1 Proliferation 100 nM®
FGFR1lllcB FGF1 HUVEC Proliferation, 100 nMP
migration
FGF2 HUVEC Proliferation, 15-22 nM
migration,
survival
FGF4 HUVEC Proliferation, 100 nMP
migration
FGFR2lllcaa. FGF2 HEK- ERK 28 nM
hFGFR2VT  activation
FGFR2lllo FGF7 mPanc02 Proliferation, 100 nM®
migration
FGFR3Illcaa. FGF1  hB9- Proliferation 25 nM®
myeloma
FGFR4lllca. FGF2 HUVEC Proliferation, 15-22 nM
migration,
survival
FGF19 HUVEC Tube 10 nMP
formation

PAE, porcine aortic endothelial cells.

3Csp value of SSR (nM) determined by using various concentrations.
Only two or three concentrations of SSR were tested without deter-
mining the precise ICsq value; in these cases, the indicated concentration
already resulted in >50% inhibition.

inhibition of binding in all assays (as observed for unlabeled
FGF2, «FGF2, and «FGFR1). Rather, these findings are charac-
teristic of small-molecule allosteric modulators of other receptor
classes that exert minimal effects on orthosteric ligand affinity
(i.e., low negative cooperativity in the case of FGFR1-D1D2D3/
Fc or neutral cooperativity in the case of intact FGFR) but have
profound effects on orthosteric ligand signaling (Litschig et al.,
1999). Indeed, the ability to mediate differential effects on the
binding and function of orthosteric ligands in an assay-depen-
dent manner is a typical feature of allosteric receptor modu-
lators, referred to as “probe dependence” (Christopoulos and
Kenakin, 2002; Litschig et al., 1999; Price et al., 2005).

Pharmacological Validation of an Allosteric Mechanism
for SSR

SSR’s inhibitory activity on FGFR signaling was not due to inhi-
bition of dimerization of FGF receptors or ligands (Herbert
et al., 2013). We thus used ECs and HEK293 cells stably ex-
pressing FGFR1 or FGFR3, respectively, to study whether SSR
reduced FGFR phosphorylation in response to FGF1. FGFR
immunoprecipitation, followed by blotting for phosphotyrosine,
revealed that FGFR tyrosine phosphorylation in response to
FGF1 was reduced by nanomolar SSR concentrations (Figures
2B and 2C). We thus explored if inhibition by SSR of FGFR-TK
activity was consistent with an allosteric mechanism. At least
four characteristic features of allosteric antagonists have been
identified for other classes of cell-surface receptors, including:
(1) the ability to act at a topographically distinct site away from
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orthosteric or substrate-binding sites; (2) the ability to display
“probe dependence” (see above); (3) a saturability, or ceiling
level, to the allosteric effect, above which no further antagonism
is observed irrespective of ligand concentration; and (4) different
degrees of inhibition depending on the signal pathway that is
being modulated, a phenomenon referred to as “pathway
bias” (Keov et al., 2011).

SSR Interacts with a Topographically Distinct Site
FGFR-TKIs, which competitively block binding of ATP to its
orthosteric site in the TK domain, must cross the plasma
membrane. High-performance liquid chromotography analysis
indicated that lysates of cells treated with 10 uM SSR contained
only background traces of SSR (Figure S2), indicating that
SSR failed to cross the plasma membrane and did not accu-
mulate at high levels intracellulary. Calculation by theoretical
prediction of the octanol-water partition coefficient (theoretical
LogPow: —2.018), a measure of the lipophilicity of the com-
pound, also showed that SSR was preferentially distributed in
a hydrophilic rather than hydrophobic milieu and thus unlikely
to cross the plasma membrane.

Use of a recombinant FGFR1-TK domain revealed that even
supraphysiologic concentrations of SSR failed to inhibit the TK
activity in contrast to the FGFR-TK inhibitor SU5402 (Figure 2D).
We also used B9 myeloma cells because they express a con-
stitutively active FGFR3%®5°E mutant, which stimulates cell pro-
liferation in the absence of FGF. If SSR would be cell permeable
and inhibit TK, then SSR should block the growth of FGFR3K6%E
cells. In cells expressing wild-type FGFR3 (FGFR3"“T), FGF1
enhanced proliferation and this response was reduced by SSR
(Figure 2E). As expected, FGF1 failed to further stimulate growth
of FGFR3K®5E celis, while SSR was ineffective in reducing con-
stitutively activated proliferation (Figure 2E). In contrast, SU5402
inhibited proliferation of both FGFR3™WT and FGFR3K%%F ex-
pressing B9 cells (Figure 2E).

Given that SSR indirectly blocked the FGFR-TK activity yet
failed to cross the plasma membrane, we analyzed if SSR
interacted with the extracellular domain of FGFR. We purified
FGFR2-D2D3, a fragment of the extracellular domain of FGFR2
consisting of domain D2 and D3, and used mass spectrometry
to determine if SSR bound to this fragment. Spectral analysis
showed the predicted mass of FGFR2-D2D3 when measured
in the absence of SSR (Mr = 24,493 Da) and revealed that the
mass was augmented in the presence of a 10-fold molar excess
of SSR by 322 Da, e.g., the molecular weight of SSR without
Na* and H,O (Figure 3A). This indicates that SSR binds with
a stoichiometry of n = 1 to FGFR2-D2D3. SSR did not bind to
FGFR2-D2L, consisting of D2 plus adjacent linker, indicating
that SSR binds to D3 (Figure 3B). Because FGFR2-D2L contains
the binding pocket for FGF, the lack of binding of SSR to
FGFR2-D2L also supports our finding that SSR is unable to
block orthosteric FGF binding. As negative control, no binding
of SSR to FGF1 was detected (not shown), consistent with
nuclear magnetic resonance studies (Herbert et al., 2013).

SSR Displays a Ceiling Level to Its Antagonism of FGFR
Phosphorylation

SSR (100 nM) reduced tyrosine phosphorylation of FGFR1
and FGFR3 (see above). Remarkably, even a supramaximal
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Figure 2. Mode of Action of SSR: Binding
and Phosphorylation Assays

(A) Binding of '°I-FGF2 to porcine aortic ECs
(PAE) overexpressing FGFR1 with and without
the orthosteric inhibitors anti-FGF2 («FGF2) or
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anti-FGFR1 Fab (xFGFR1), or a 100-fold molar
1 excess of SSR (100 pM). Data are corrected
for residual background binding in the presence
of 100-fold molar excess of unlabeled FGF2

(n=3; *p <0.05).
(B) Immunoblotting with densitometric quantifi-
cation of FGF1-induced tyrosine phosphorylation
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(C) Immunoblotting with densitometric quantifi-
cation of FGF1-induced phosphorylation of wild-
type FGFR3 in HEK293 cells in the absence or
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concentration of SSR (10 uM) did not completely eliminate FGFR
but left a residual level of FGFR autophosphorylation (Figures 2B
and 2C). This phenomenon cannot be reconciled with a compet-
itive orthosteric mechanism and is another hallmark of allosteric
interactions, namely a “ceiling level” to the actions of the allo-
steric modulator, above which no further pharmacologic effect
is observed irrespective of modulator concentration (Conn
et al., 2009; May et al., 2007). These findings suggest a limited
negative cooperativity on FGFR signaling, in essence “tuning
down” the degree of autophosphorylation to a new (lower) set-
point. Similar data were obtained when analyzing tyrosine phos-
phorylation of FGFR1 and FGFR2 in HEK293 cells in response
to FGF1 or FGF2 (not shown). We also analyzed the effect of
increasing concentrations of SSR on the mitogenic response
to different concentrations of FGF2, showing a shift to the right
with increased sigmoidicity of the curve (Figure 3C), another
hallmark of allostery (Christopoulos, 2002). This observation is
comparable to effects observed for the allosteric antagonist 7-
hydroxyimino-cyclopropan[b]chromen-1a-carboxylic acid ethyl
ester of glutamate receptor 1 (Knoflach et al., 2001).

SSR Displays Pathway-Biased Antagonism of FGFR
Signaling

Based on studies of allosteric modulators for other receptor
classes, there is no a priori reason why conformational changes
resulting from binding of the allosteric modulator should display
equivalent degrees of allosteric modulation across different
signaling pathways, if the allosteric interaction predominantly

SU5402 RTKI SU5402 was used as positive control (n = 3;
(9 uM) *p < 0.05).
(E) Effect of SSR on FGF1-induced proliferation
of B9 myeloma cells expressing FGFR3"" or the
constitutively active FGFR3®%°E mutant. The RTKI
SU5402 was used as positive control (n = 3; *p <
0.05). Citrl, control vehicle (DMSO). Quantitative
data are presented as mean + SEM.
See also Figure S2.

SSR
(9 uM)

modulates orthosteric ligand efficacy

rather than affinity (Leach et al., 2007)—

a phenomenon referred to as “functional
selectivity”, “stimulus-trafficking”, or “biased antagonism”
(Urban et al., 2007). To assess if SSR induced biased antago-
nism, we generated a phosphomap of two major FGFR signaling
pathways, i.e., FRS2-ERK1/2 and PLC-vy (Beenken and Moham-
madi, 2009).

In FGFR2-expressing HEK293 cells (HEK-FGFR2), levels of
phosphorylated FRS2 (pFRS2) and ERK1/2 (pERK1/2) were
minimal in baseline and upregulated by FGF2 (Figures 3D and
3E). SSR and the pan-FGFR-TKI SU5402 inhibited phosphory-
lation of FRS2 and ERK1/2 (Figures 3D and 3E). However, unlike
SU5402, SSR did not eliminate all FRS2 and ERK1/2 phosphor-
ylation, in line with SSR’s ceiling effect. Higher concentrations
of FGF2 could not overcome the inhibition of ERK1/2 phosphor-
ylation by SSR, further supporting the ceiling phenomenon
(not shown). In the same cells, FGF2 elevated the levels of
phosphorylated PLC-y (pPLC-vy) (Figure 3F). In contrast to its
inhibitory effect on FRS2 and ERK1/2, activation of PLC-y was
not blocked by SSR at the concentration (1 pM) that inhibited
FRS2/ERK phosphorylation (Figure 3F). This induction of
pPLC-y was fully blocked by SU5402 (Figure 3F). Thus, SSR
does not inhibit all FGFR signaling pathways indiscriminatively
but selectively blocks particular signaling pathways, dependent
on the cellular context. This biased antagonism of a RTK by
a small molecule interacting with the extracellular domain can
only be achieved via an allosteric mechanism. Collectively, our
pharmacologic studies show that SSR exhibits all characteristic
features of a small-molecule allosteric receptor inhibitor of
FGF-driven cellular processes in vitro.

Cancer Cell 23, 477-488, April 15, 2013 ©2013 Elsevier Inc. 481


http://www.tracker-software.com/buy-now
http://www.tracker-software.com/buy-now

Cancer Cell
An Allosteric FGFR Inhibitor Blocks Tumor Growth

A 24493 B 13024 . Figure 3. SSR-FGFR Binding Spectra and
R 100 FGFR2-D2D3 1007 FGFR2-D2+L 8 . Effect on FGF-Signaling Pathways
L g 7 S 80 2 100 3 ctrl (A and B) Spectra analysis of SSR binding to re-
%‘ 2 55 30 nM SSR combinant extracellular domain fragments of
g 60 £ 60 g& 50 100nM SSR ~ FGFR2. (A) The highest peak on the left corre-
E 40 FGiRszé%ZDB E 40 52 sponds to the expected molecular mass of the
2 oag15 = sZ FGFR2-D2-3 fragment (24,493 Da); the peak on
% 20 \ % 20 _.E‘ 0 the right corresponds to the mass of FGFR2-D2-3
0 0 R 15 10 -05 00 05 plus a single molecule of SSR (24,815 Da). (B) The
24500 24700 (Da) 13000 13200 (Da) log,, [FGF2] (ng/mL) highest peak corresponds to the expected
molecular mass of FGFR2-D2L (13,024 Da).
D E F (C) Effect of increasing SSR concentrations on the
pFRS2 ~ pERK1/2>i"“ pPLC-y> e mitogenic response of ECs to increasing FGF2
. concentrations. Ctrl, control vehicle (DMSO).
FRS2 ’— ERK12 > == PLC-Y > s s e Quantitative data are presented as mean + SEM.
e T . . . . . (D-F) Immunoblots for FGF2-induced tyrosine
SSR (:i';/lz) ., SSR (:i'\:z) . SSR (:i:/lz) L phosphorylation of FRS2 (D), ERK1/2 (E), or PLC-y
(F) in the absence or presence of SSR. The RTKI
Sus402(1uM) - - - ¥ Sus402 (1puM) - - -+ sus402(1uM) - - -+ SU5402 was used as positive control.

SSR Inhibits Angiogenesis, Inflammation, and Bone
Resorption in Arthritis

We then explored if SSR is capable of inhibiting inflammatory
and malignant diseases, known as FGFR-driven processes (Mal-
emud, 2007). Oral administration of SSR (30 mg/kg/day from
day 3 onward; unless otherwise specified) reduced the number
of limbs affected by redness, swelling, and deformity (3.6 + 0.1
in controls versus 1.2 + 0.1 after SSR; n = 10-14; p < 0.001).
SSR reduced the severity of clinical symptoms (Figures 4A-4C)
and slowed down its progression (day of maximal clinical score:
12.7 = 0.3 days in controls versus 15.3 + 0.8 days after SSR;
n = 10; p < 0.01). Radiography revealed that SSR protected
the mice against bone and joint damage (Figures 4D and 4E).
SSR-treated mice also performed better in an exercise endur-
ance test and ran longer on a treadmill (Figure 4F).

SSR reduced angiogenesis in the inflamed joints (CD31*
vessels per optic field: 3.4 + 1.6 in normal joints; 28.6 + 4.2 in
arthritic joints of controls versus 11.9 = 4.6 in arthritic joints
after SSR; n = 10-18; p < 0.05; Figures 4G and 4H). The anti-
angiogenic activity of SSR was confirmed in a matrigel model
(hemoglobin content: 57 + 10 mg/ml in control versus 12 +
3 mg/ml in SSR mice; n = 5; p < 0.05). SSR attenuated synovial
hyperplasia, inflammation, and pannus formation (Figures 4l,
4J,and 4M), and inhibited the infiltration of CD45"* leukocytes
(CD45* area, percentage of synovial area after 1 week:
14.5% + 2.3% in controls versus 7.2% + 1.5% after SSR;
n =5, p < 0.05) and osteoclast-mediated cartilage breakdown
(safranin-O* area/um: 12.1 = 1.2 pm? in controls versus 16.5 +
2.2 um? after SSR; n = 18; p < 0.05; Figures 4K and 4L).

Oral SSR Delivery Delays Tumor Growth and Metastasis

We also analyzed if SSR inhibited tumor angiogenesis, growth,
and metastasis using syngeneic and orthotopic tumor models
and human xenograft tumor models. Oral delivery of SSR
(830 mg/kg/day, from day 3) inhibited growth of orthotopic
Panc02 tumors by 44% (Figures 5A, 5C, and 5E) and delayed
growth of Lewis lung carcinoma (LLC) (end-stage tumor size
and weight: 1,120 + 120 mm?® and 750 + 80 mg in controls versus
720 + 133 mm® and 430 = 90 mg after SSR; n = 15; p < 0.05; Fig-
ure 5F). In murine 4T1 breast tumors, oral SSR (30 mg/kg/day,
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from day 5) reduced tumor size and weight by 53% and 40%,
respectively (end-stage tumor size and weight: 2,050 =+
172 mm?® and 840 + 80 mg in controls versus 970 + 127 mm®
and 510 + 80 mg after SSR; n = 15; p < 0.001; Figure 5G). In
addition, SSR inhibited the growth of subcutaneous CT26
colon tumors by 34% (Figure 5H) and of the multidrug resistant
MCF7/ADR breast cancer xenograft model by 40% (end-stage
tumor volume: 250 + 50 mm? in controls versus 152 + 25 mm?®
after SSR; n = 15; p < 0.01). Tumor cells in these models ex-
pressed one or several FGFRs, while various FGF ligands were
also detectable (not shown).

SSR reduced tumor invasiveness because the incidences of
tumor invasion in healthy duodenum and of hemorrhagic ascites
were lower in SSR-treated mice (75% and 58% of controls
versus 15% and 8% of SSR-treated mice, respectively; n = 13;
p < 0.05). Moreover, SSR inhibited metastasis of Panc02 tumor
cells to peritoneal lymph nodes (metastatic nodules/mouse:
24 + 2.6 in controls versus 8.3 + 2.3 after SSR; n = 21; p <
0.05; Figures 5B and 5D). The reduced number of metastatic
lymph nodes upon SSR treatment was not attributable to
a reduction in tumor growth only because SSR decreased the
metastatic index (metastatic nodes/gram tumor: 41 = 3 for
controls versus 30 = 3 for SSR; n = 10; p < 0.05). In the LLC
model, SSR reduced the number of pulmonary metastatic
nodules by 43% after 3 weeks (lung metastases: 3.5 + 0.3 in
control versus 2.0 + 0.3 after SSR; n = 15; p < 0.05). Similar
results were obtained after orthotopic injection of 4T1 cells into
the mammary gland (metastases per lung: 12.7 + 1.4 in control
versus 5.4 + 0.4 after SSR; n = 15; p < 0.001). Altogether, SSR
inhibited both the growth of primary tumors and metastasis.

SSR Enhances Tumor Growth Inhibition by Anti-VEGFR2

A substantial fraction of patients with cancer do not or only
minimally respond to VEGFR inhibitor therapy (Ebos and Kerbel,
2011). Combinations of anti-angiogenic agents with com-
plementary mechanisms may offer opportunities to overcome
resistance. We therefore analyzed if SSR acts via a comple-
mentary mechanism to that of the anti-VEGFR2 antibody
DC101 (xVEGFR2) (Witte et al., 1998) and if delivery of SSR
enhanced the antitumor activity of «VEGFR2 using a model
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(A) Clinical score of forelimbs and hindlimbs in arthritic mice treated with vehicle or SSR (30 mg/kg/day orally) (n = 10-14; p < 0.001 by repeated-measurement

ANOVA; *p < 0.05 versus control at each time point).

(B and C) Micrographs of forelimb of mice treated with vehicle (B) or SSR (C). Black arrows and arrowheads point to swelling and redness of wrist or digits,

respectively.

(D and E) X-ray images of forelimb of mice treated with vehicle (D) or SSR (E). White arrows: radiographic signs of aberrant bone formation; white arrowheads:
osteolytic lesions, bone fractures, and bone remodeling; open arrowheads: loss or remodeling of joint space; blue arrowheads: joint fusion.

(F) Endurance treadmill exercise of control and SSR-treated arthritic mice at day 20 after hypersensitization (n = 7-12; *p < 0.05).

(G and H) Immunostaining of synovial blood vessels (CD31; brown) in control (G) and SSR-treated mice (H).

(I and J) Hematoxylin and eosin staining to visualize synovial hyperplasia and inflammation in control (I) and SSR-treated mice (J). B, bone; |, synovial inflam-

mation; H, synovial hyperplasia.

(K'and L) Safranin-O staining (red) of cartilage proteoglycans in control (K) and SSR-treated mice (L). Asterisks, the joint space; black arrowheads, presence of

erosive bone fragment.

(M) Histologic score of synovial hyperplasia, inflammation, and pannus formation in control and SSR-treated mice (n = 5-9. *p < 0.05 versus control by
Mann-Whitney). Scale bars: 100 um (G-L). All quantitative data are presented as mean + SEM.

that is more sensitive (Panc02 tumor) or more refractory (CT26
tumor) to VEGFR inhibitor therapy. In the Panc02 model, a low
dose of aVEGFR2 (5 mg/kg; three times per week) inhibited
tumor growth by ~40% (Figure 5E), which is comparable to the
~30% inhibition of tumor growth by a high dose of aVEGFR2
(50 mg/kg; three times per week; Figure 5H) in the CT26 model.

Mechanistically, both SSR and «VEGFR2 inhibited angiogen-
esis in Panc02 tumors (CD31* area: 5.0% =+ 0.4% in control;
3.8% + 0.3% after SSR; 2.9% =+ 0.3% after DC101; n = 10;
p < 0.05 for all treatments and for SSR versus oVEGFR2). SSR
differed however from oVEGFR2 in its effect on macrophage
infiltration. Indeed, in contrast to the lack of effect by «VEGFR2,
SSR inhibited inflammatory cell infiltration in tumors (Figures 51-
5K). Similar findings were obtained for CT26 tumors (not shown).

Thus, SSR inhibits tumor growth via mechanisms that differ from
those utilized by aVEGFR2.

We therefore tested if a combination of SSR plus aVEGFR2
inhibited Panc02 tumor growth more extensively. SSR and
oVEGFR2 each inhibited tumor growth by ~40%, while the
combination treatment inhibited tumor growth by ~70% (Fig-
ure 5E). Similar results were obtained when analyzing the
metastatic index (41% = 3% for control; 30% + 3% for SSR;
33% = 3% for «VEGFR2 and 20% =+ 1% for combination;
n =10; p < 0.05 for all treatments and for SSR versus «VEGFR2).
When using the VEGFR inhibitor-refractory CT26 tumor model,
the combination treatment inhibited tumor growth more than
each monotherapy alone (Figure 5H). Thus, SSR acted via
different mechanisms from those used by the VEGFR2 inhibitor,
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Figure 5. SSR Treatment of Malignant
Disorders

(A-D) Effect of SSR (30 mg/kg/day orally) on
orthotopic pancreatic Panc02 tumor growth.
Representative images of the primary tumor
(dashed line) in a control (A) or SSR-treated mouse
(C). The white arrowhead in A denotes local
infiltration of the primary tumor in the stomach and
duodenum and a tumor-infiltrated celiac lymph
node. Representative images show tumor-in-
filtrated mesenterial lymph nodes (white arrow-
heads) in control (B) and SSR-treated mice (D).
(E) Effect of single and combined treatment of
orthotopically implanted Panc02 tumors with SSR
(30 mg/kg/day) or ®VEGFR2 (5 mg/kg; three times
per week) on tumor weight as compared to
vehicle-treated tumors (8-10 mice per group, n =
3; *p < 0.05 versus control; ’p < 0.05 versus either
monotherapy).

(F and G) Growth curve of subcutaneously im-
planted LLC tumors (F) and 4T1 breast tumors
(G), upon treatment with vehicle (control) or SSR
(30 mg/kg/day) (n = 3; *p < 0.05).

(H) Effect of single or combined treatment of
subcutaneously implanted CT26 colon tumors
with SSR (30 mg/kg/day) or «VEGFR2 (5 mg/kg;
three times per week intraperitoneally) on tumor
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inhibited growth of VEGFR inhibitor-refractory and -sensitive
tumor models, and enhanced the antitumor activity of a VEGFR
inhibitor.

Safety Profile

We assessed the safety profile of SSR by administering it to
healthy mice during 3 weeks (30 mg/kg/day). A therapeutic
dose of SSR did not cause vessel pruning (tracheal FITC* vessel
area, percentage of total: 11.6% + 1.1% in control versus
11.0% = 0.6% after SSR; n = 6, p = NS), did not alter the mean
arterial blood pressure (86 + 3 mm Hg in controls versus 91 +
4 mm Hg after SSR; n = 5; p = NS), and only minimally elevated
plasma levels of the prothrombotic PAI-1 (1.0 = 0.8 ng/ml in
control versus 2.7 + 0.6 ng/ml in SSR-treated mice; n =5, p <
0.05). Hematologic parameters were normal after SSR, except
for a minor anemia (red blood cells: 8.8 + 0.1 10%/ml in controls
versus 8.3 + 0.1 108/ml after SSR; n = 5; p < 0.05). SSR did
also not significantly alter the body weight (21.2 + 0.7 g in
controls versus 19.3 + 1.0 g after SSR; p = NS). In addition, daily
treatment of Apo-E knockout mice with SSR for >6 months did
not alter plasma cholesterol and triglyceride levels (not shown).
Consistent with findings that SSR did not cross the blood-brain
barrier, SSR did not impair neurologic performance (not shown).
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weight as compared to vehicle-treated tumors
(8-10 mice per group, n = 3; *p < 0.05 versus
control, *p < 0.05 versus either monotherapy).
(I-K) F4/80 immunostaining for macrophages in
tumors of SSR-treated (J) versus control (I) mice.
(K) shows quantification of tumor infiltration by
F4/80* macrophages in SSR-treated compared to
control or «VEGFR2-treated mice (n = 3; *p < 0.05).
All gquantitative data are presented as mean +
SEM. Scale bars: 100 um (1, J).
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DISCUSSION

We identified a small-molecule multi-FGFR inhibitor that does
not block orthosteric ligand binding and does not act as a classic
FGFR-TKI either. Instead, SSR negatively modulates selected
FGFR signaling pathways with a pharmacologic profile charac-
teristic of an allosteric mechanism.

Targeting the Fibroblast Growth Factor Receptor
Superfamily by SSR

At least two reasons can explain the anti-inflammatory and
anticancer activity of SSR. First, SSR is a multi-FGFR blocker
with a broad action radius. This is necessary to overcome the
substantial redundancy in this superfamily. Blocking a single
FGFR with a monoclonal antibody may be beneficial for cancers
arising from ampilification or constitutive activation of a particular
FGFR subtype (Ahmad et al., 2012; Qing et al., 2009; Turner
and Grose, 2010). However, in most cancers, multiple FGFs
are upregulated and various FGFR subtypes on tumor and
stromal cells are activated (Turner and Grose, 2010). In such
conditions, blocking a single FGFR may not suffice to yield
therapeutic benefit. This may be particularly relevant for ECs,
where FGFRs compensate for each other’s loss. Indeed, mice,
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zebrafish, or tadpoles lacking FGF/FGFRs do not exhibit vessel
defects (Arman et al., 1998; Miller et al., 2000; Reifers et al.,
2000; Zhou et al., 1998). Also, a genetic mouse study docu-
mented redundant roles of FGFRs in coronary vessel formation
(Lavine et al., 2006). Hence, by blocking multiple FGFRs simul-
taneously, SSR not only has a broader action radius, but may
also prevent compensatory rescue by other FGFR members.

A second explanation is that SSR inhibits multiple and diverse
biologic processes that together synergistically fuel inflam-
mation and tumorigenesis. FGFs induce multiple responses in
nearly every cell type in the inflamed or malignant milieu (Mal-
emud, 2007; Pietras et al., 2008). Consistent with findings that
aberrant FGF-signaling stimulates tumor cell proliferation and
migration, and induces epithelial-to-mesenchymal transition of
tumor cells (Billottet et al., 2008; Strutz et al., 2002; Turner and
Grose, 2010), SSR blocked FGF-driven proliferation and migra-
tion of tumor cells in vitro and slowed down tumor growth and
reduced invasiveness and metastasis in vivo. FGFs can also
activate FGFRs on ECs directly or stimulate angiogenesis
indirectly by inducing the release of angiogenic factors from
other cell types (Murakami and Simons, 2008; Presta et al.,
2009). In accordance, SSR reduced FGF-driven EC proliferation,
migration, and capillary tube formation in vitro and tumor angio-
genesis in vivo. But FGFs also stimulate myeloid cells (Berardi
et al.,, 1995), tumor-associated macrophages (Tsunoda et al.,
2009), cancer-associated fibroblasts (Itoh, 2007; Kharitonenkov,
2009), and osteoclasts (Collin-Osdoby et al., 2002). Consistently,
SSR reduced the accumulation of fibroblasts and myeloid cells
in tumors and osteoclast-mediated breakdown of cartilage in
arthritic joints. Thus, the anticancer/anti-inflammatory potential
of SSR is likely due to a combined effect on many cell types.
Because of the broad repertoire of cellular targets for FGFs,
a multi-FGFR inhibitor like SSR might be expected to be instru-
mental in blocking a wider range of inflammatory and malignant
diseases than analyzed in this study.

A Multi-Fibroblast Growth Factor Receptor Inhibitor

with Allosteric Properties

Several lines of evidence indicate that SSR does not act as
a classic orthosteric inhibitor of FGF binding because it failed
to competitively antagonize binding of FGF2 to FGFRs in
a natural context. SSR also did not act as a classic RTK inhibitor
because it exhibits a hydrophilic partition coefficient, did not
cross the plasma membrane, and failed to block the kinase
activity of FGFR TK domains and a constitutively active TK of
FGFRS3 in cells.

Instead, SSR exhibits pharmacologic characterstics of an
allosteric modulator. Mass spectrometry showed that SSR
bound to a site in extracellular D2 or D3 of FGFR2 and failed to
bind to a fragment containing D2 and its adjacent linker, implying
that SSR likely binds a site in D3. Additional biophysical studies
support binding of SSR to D3 (Herbert et al., 2013). Because
D2 and its adjacent linker are critical for orthosteric FGF binding,
the absence of binding of SSR to this fragment provides circum-
stantial evidence that SSR does not interfere with orthosteric
FGF binding. It would be otherwise puzzling to explain how
a small molecule like SSR is capable of inhibiting the responses
of FGFRs to multiple FGF ligands via steric hindrance of the
orthosteric FGFR pocket, given that FGFs are large polypeptides

that utilize multiple epitopes for interaction with their receptors
(Beenken and Mohammadi, 2009).

Instead, an allosteric mechanism more likely explains how
a small molecule can perturb binding and signaling of a much
larger ligand, and our pharmacologic analyses indicate that
SSR displays typical pharmacologic hallmarks of an allosteric
modulator. For instance, a characteristic of SSR’s allosteric
interactions was the phenomenon of “probe dependence” i.e.,
variations in magnitude and direction of an allosteric interaction
depending on the nature of the orthosteric ligand-receptor
complex with which the modulator is interacting (Christopoulos
and Kenakin, 2002; Litschig et al., 1999; May et al., 2007;
Price et al., 2005). Binding cooperativity was negative in the
SPA with a predimerized Fc-coupled extracellular domain of
FGFR2, while it was neutral in the cellular binding assays to
a naturally folded and signaling-capable FGFR2. An additional
key allosteric feature was the ceiling level (limit) to the degree
of inhibition of FGFR tyrosine phosphorylation and ERK1/2
phosphorylation by SSR at high concentrations, as observed
for other allosteric modulators (May et al., 2007). SSR also
showed a bias toward antagonizing selected FGFR signaling
pathways to the relative exclusion of others. This phenomenon
cannot be explained by a competitive orthosteric mechanism;
if SSR’s mode of antagonism was based on steric hindrance
of FGF ligands, then all pathways should be blocked nondiscri-
minatively to the same extent. Overall, rather than acting as an
allosteric “affinity modulator”, SSR acts as an allosteric “efficacy
modulator” (Conn et al., 2009). The finding that SSR inhibits
FGFR orthologues and paralogues throughout the animal
kingdom suggests that it binds to a conserved allosteric site in
the FGFRs. In the accompanying manuscript (Herbert et al.,
2013), we characterized the molecular mechanisms of the
allosteric properties of the SSR compound.

Possible Implications

From a therapeutic perspective, our studies highlight oppor-
tunities for multi-FGFR inhibitors in arthritis and cancer. An
intriguing question is if SSR might be useful as an anticancer
agent for the treatment of VEGFR-inhibitor-resistant tumors,
given that FGFs belong to a class of “rescue” angiogenic
factors, when tumor-bearing mice or patients are treated with
VEGF inhibitors (Ebos and Kerbel, 2011).

Most anticancer drugs are administered at maximal tolerable
dose to block the target’s activity as maximally as possible.
However, such a strategy may cause adverse effects. Preclinical
studies report that high doses of orthosteric VEGF blockers,
causing high-grade inhibition of VEGF signaling, induce unde-
sired erythrocytosis (Tam et al., 2006) and fuel metastasis
in preclinical models in particular (Ebos and Kerbel, 2011; You
et al., 2011). In contrast, irrespective of its dose, an allosteric
inhibitor has a ceiling effect and cannot completely wipe out
RTK signaling, thus leaving a residual level of baseline signaling
that may suffice to ensure cellular homeostasis and prevent
evocation of undesired responses. Studies of GPCRs and
ion channels show that an allosteric mode of drug-receptor inter-
action offers opportunities for fine-tuning biologic responses in
a manner that is not attainable via classic orthosteric mecha-
nisms (Conn et al., 2009). Finally, from a drug development
perspective, our data offer an incentive to develop orally
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deliverable small-molecule allosteric RTK inhibitors that bind to
an extracellular domain.

EXPERIMENTAL PROCEDURES

Compound Characteristics

Chemical features of SSR128129E are described in the Supplemental
Experimental Procedures. Upon oral treatment of mice with 30 mg/kg,
a maximal plasma concentration (Cp,,,) of 15.2 + 0.5 mg/I was achieved at
15 min after treatment. The half-life (T+/2) was 18.4 hr and the area under the
curve at 0-48 hr (AUCq_4snr) was 138.5 mg/hr/l. When rats were treated orally
with 10 mg/kg, the C,ax Was 5.3 mg/l, the T4/, was 5.6 hr, the AUCq o4, Was
28.3 mg/hr/l, and the Vs was 1.7 I/kg, and 64% of administered SSR was
available in the plasma. SSR was not detectable in the cerebrospinal fluid,
showing that it was unable to pass through the blood-brain barrier while it
did accumulate in peripheral organs (tissue/plasma ratio for liver is 2-3; for
brain, 0.01).

Binding Experiments

SPA were performed using FGFR1lllcp/Fc and '?°I-FGF2, and cellular binding
assays by using '2°I-FGF2 or ELISA. Binding assays listed in Table S1 were
performed by CEREP (Poitiers, France).

Cell Proliferation and Migration Assays

HUVEGS, freshly isolated from different donors and used between passage
two and five, were cultured in M199 medium (Invitrogen, Life Technologies,
Ghent, Belgium) supplemented with 20% fetal bovine serum (FBS), 2 mM
L-glutamine, 30 mg/l endothelial cell growth factor supplements (EGCS),
10 units/ml heparin, and penicillin/streptomycin (Lonza, Braine I'Alleud,
Belgium). For proliferation, ECs were starved overnight in growth factor-
depleted M199 medium containing 2% FBS and stimulated for 24 hr with
10 ng/ml bFGF with SSR or DMSO. Proliferation was assessed the last 2 hr
by incubation with 1 pCi/ml [*H]thymidine (Perkin Eimer, Zaventem, Belgium).
Proliferation of porcine aortic endothelial (PAE) and tumor cell lines was
measured using the CellTiter 96 Aqueous One Solution Cell Proliferation Assay
(Promega, Madison, Wisconsin, USA), and cell migration was assessed by a
modified Boyden chamber assay, as detailed in the Supplemental Experi-
mental Procedures. Lamellipodia formation and capillary tube formation was
assessed as described (Mazzone et al., 2009). Each assay was performed in
triplicate and repeated at least three times. B9-FGFR3"T and B9-FGFR3K®50E
were obtained from S. Trudel (Toronto, ON, Canada).

Fibroblast Growth Factor Receptor Phosphorylation and Tyrosine
Kinase Assay

Rat fat-pad endothelial (RFPE) cells expressing FGFR1lllca-hemaglutinin, Sf-9
cells expressing His-tagged Bmbtl, and HEK293 cells expressing FGFR1llica,
FGFR2llica, or FGFR1lllcp were stimulated with FGFs in the presence or
absence of SSR. HA-tagged proteins or FGFRs were immunoprecipitated
with an anti-HA-antibody and immunoblotted with HRP-conjugated anti-PY
or HRP-conjugated anti-HA. Kinase activity measurements of the recombinant
catalytic domain of FGFR1 (Sigma-Aldrich, Bornem, Belgium) were done using
the ADP-Glo Kinase Assay (Promega, Madison, Wisconsin, USA).

Mass Spectrometry

Mass spectra using purified FGFR2%2® and FGFR2%* were acquired on
a quadrupole orthogonal acceleration time-of-fight mass spectrometer
equipped with standard electrospray source. Sample solutions were prepared
in acetonitrile/water (1/1 v/v) containing 1% (v/v) acetic acid. The electrospray
capillary voltage was 3,000 V and cone voltage 30 V. Nitrogen gas was used
for nebulization and desolvation. Spectra were deconvoluted using the
MaxEnt algorithm.

Animal Experiments

All procedures and care of animals were approved by the Institutional Animal
Care and Research Advisory Committee (KU Leuven, Belgium) and Use
Committees of Sanofi-Synthelabo Recherche (France). All animal experiments
were performed in accordance with the institutional and national guidelines
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and regulations and are described extensively in the Supplemental Experi-
mental Procedures.

Statistics
All data represent the mean + SEM of the indicated number of experiments. We
used SPSS v.11.0 for statistical calculations. ICsg values were calculated using
Prism v4.0b. Statistical significance was calculated by the indicated test,
considering p < 0.05 as statistically significant.

A more extended version of the materials and methods can be found in the
Supplemental Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes two figures, two tables, and Supplemental
Experimental Procedures and can be found with this article online at http://dx.
doi.org/10.1016/j.ccr.2013.02.019.
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SUMMARY

DNA damage elicits a cellular signaling response that initiates cell cycle arrest and DNA repair. Here, we find
that DNA damage triggers a critical block in glutamine metabolism, which is required for proper DNA damage
responses. This block requires the mitochondrial SIRT4, which is induced by numerous genotoxic agents and
represses the metabolism of glutamine into tricarboxylic acid cycle. SIRT4 loss leads to both increased gluta-
mine-dependent proliferation and stress-induced genomic instability, resulting in tumorigenic phenotypes.
Moreover, SIRT4 knockout mice spontaneously develop lung tumors. Our data uncover SIRT4 as an impor-
tant component of the DNA damage response pathway that orchestrates a metabolic block in glutamine
metabolism, cell cycle arrest, and tumor suppression.

INTRODUCTION

DNA damage initiates a tightly coordinated signaling response to
maintain genomic integrity by promoting cell cycle arrest and
DNA repair. Upon DNA damage, ataxia telangiectasia mutated
(ATM) and ataxia telangiectasia and RADG3-related protein
(ATR) are activated and induce phosphorylation of CHK1,
CHK2, and y-H2AX to trigger cell cycle arrest and to initiate
assembly of DNA damage repair machinery (Abraham, 2001;
Ciccia and Elledge, 2010; Su, 2006). Cell cycle arrest is a critical
outcome of the DNA damage response (DDR), and defects in the
DDR often lead to increased incorporation of mutations into
newly synthesized DNA, the accumulation of chromosomal
instability, and tumor development (Abbas and Dutta, 2009;
Deng, 2006; Negrini et al., 2010).

The cellular metabolic response to DNA damage is not well
elucidated. Recently, it has been shown that DNA damage
causes cells to upregulate the pentose phosphate pathway
(PPP) to generate nucleotide precursors needed for DNA repair
(Cosentino et al., 2011). Intriguingly, a related metabolic switch
to increase anabolic glucose metabolism has been observed
for tumor cells and is an important component of rapid gener-
ation of biomass for cell growth and proliferation (Jones and
Thompson, 2009; Koppenol et al., 2011). Hence, cells exposed
to genotoxic stress face a metabolic challenge; they must be
able to upregulate nucleotide biosynthesis to facilitate DNA
repair, while at the same time limiting proliferation and inducing
cell cycle arrest to limit the accumulation of damaged DNA. The
molecular events that regulate this specific metabolic program
in response to DNA damage are still unclear.

Significance

Genomic instability and altered metabolism are key features of many cancer cells. Thus, defining the factors that are
involved in regulating DNA damage responses and metabolic processes may have profound implications for the develop-
ment of strategies to prevent or treat cancer. We find that SIRT4, a mitochondria-localized sirtuin, functions as a tumor
suppressor by regulating metabolic responses to DNA damage and repressing mitochondrial glutamine metabolism. Impor-
tantly, we also show that SIRT4 knockout mice spontaneously develop several types of tumors and SIRT4 expression is
decreased in many human cancers. Our findings suggest that SIRT4 may be a potential therapeutic target against tumors.
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Sirtuins are a highly conserved family of nicotinamide adenine
dinucleotide (NAD*)-dependent deacetylases, deacylases, and
ADP-ribosyltransferases that play various roles in metabolism,
stress response, and longevity (Finkel et al., 2009; Haigis and
Guarente, 2006). In this study, we studied the role of SIRT4,
a mitochondria-localized sirtuin, in cellular metabolic response
to DNA damage and tumorigenesis.

RESULTS

DNA Damage Represses Glutamine Metabolism

To investigate how cells might balance needs for continued
nucleotide synthesis, while also preparing for cell cycle arrest,
we assessed the metabolic response to DNA damage by moni-
toring changes in the cellular consumption of two important
fuels, glucose and glutamine, after DNA damage. Strikingly,
treatment of primary mouse embryonic fibroblasts (MEFs) with
camptothecin (CPT), a topoisomerase 1 inhibitor that causes
double-stranded DNA breaks (DSBs), resulted in a pronounced
reduction in glutamine consumption (Figure 1A). Glutamine
metabolism in mammalian cells is complex and contributes to
a number of metabolic pathways. Glutamine is the primary
nitrogen donor for protein and nucleotide synthesis, which are
essential for cell proliferation (Wise and Thompson, 2010). Addi-
tionally, glutamine provides mitochondrial anaplerosis. Gluta-
mine can be metabolized via glutaminase (GLS) to glutamate
and NH,* and further converted to the tricarboxylic acid (TCA)
cycle intermediate o-ketoglutarate via glutamate dehydroge-
nase (GDH) or aminotransferases. This metabolism of glutamine
provides an important entry point of carbon to fuel the TCA cycle
(Jones and Thompson, 2009) and accounts for the majority of
ammonia production in cells (Yang et al., 2009). CPT-induced
reduction of glutamine consumption was accompanied by
a reduction in ammonia secretion from cells (Figure 1B). Notably,
under these conditions, we observed no obvious decrease in
glucose uptake and lactate production (Figures 1C and 1D),
consistent with previous studies showing that intact glucose
utilization through the PPP is important for a normal DNA
damage response (Cosentino et al., 2011). Preservation of
glucose uptake also suggests that repression of glutamine
consumption may be a specific metabolic response to genotoxic
stress and not reflective of a nonspecific metabolic crisis.

To examine the metabolic response to other forms of geno-
toxic stress, we monitored the metabolic response to ultraviolet
(UV) exposure in primary MEFs. Similar to CPT treatment, UV
exposure reduced glutamine uptake without significant changes
in glucose consumption (Figures 1E and 1F). Similarly, two
human cell lines, HepG2 and HEK293T, also demonstrated
marked reductions in glutamine uptake in response to DNA
damaging agents without comparable changes in glucose
uptake (Figures 1G, 1H, S1A, and S1B available online). Taken
together, these results suggest that a variety of primary and
tumor cell lines (murine or human) respond to genotoxic stress
by downregulating glutamine metabolism.

To examine in more detail the changes in cellular glutamine
metabolism after genotoxic stress, we performed a global me-
tabolomic analysis with transformed MEFs before and after
DNA damage. As previously reported, we observed that PPP
intermediates were increased in response to DNA damage

(Figures 11 and 1J). Remarkably, we observed a decrease in
measured TCA cycle intermediates after UV exposure (Figures
11 and 1K). Moreover, we found that HepG2 cells showed
a similar metabolomic shift in response to DNA damage (Fig-
ure S1D). We did not observe a clear, coordinated repression
of nucleotides or glutamine-derived amino acids after exposure
to DNA damage (Figure S1C).

To determine whether reduction in TCA cycle metabolites was
the consequence of reduced glutamine metabolism, we per-
formed a time-course tracer study to monitor the incorporation
of [U-"*Cs]glutamine into TCA cycle intermediates at 0, 2, and
4 hr after UV treatment. We observed that, after UV exposure,
cells reduced contribution of glutamine to TCA cycle intermedi-
ates in a time-dependent manner (Figure 1L). Moreover, the vast
majority of the labeled fumarate and malate contained four
carbon atoms derived from [U-'3Cs]glutamine (Figure ST1F,
M+3 versus M+4), indicating that most glutamine was used in
the nonreductive direction toward succinate, fumarate, and ma-
late production. We were able to observe little contribution of
glutamine flux into nucleotides or glutathione in control or UV-
treated cells at these time points (data not shown), suggesting
that the mitochondrial metabolism of glutamine accounts for
the majority of glutamine consumption in these cells. Taken
together, the metabolic flux analysis demonstrates that DNA
damage results in a reduction of mitochondrial glutamine ana-
plerosis, thus limiting the critical refueling of carbons into the
TCA cycle.

To assess the functional relevance of decreased glutamine
metabolism after DNA damage, we deprived cells of glucose,
thereby shifting cellular dependence to glutamine to maintain
viability (Choo et al., 2010; Dang, 2010). If DNA damage
represses glutamine usage, we reasoned that cells would be
more sensitive to glucose deprivation. Indeed, following 72 hr
of glucose deprivation, cell death in primary MEFs was signifi-
cantly elevated at 10 hr after UV exposure (Figure S1E).
However, cells cultured with glucose remained viable in these
conditions. Thus, these data demonstrate that genotoxic stress
limits glutamine entry into the central mitochondrial metabolism
of the TCA cycle.

SIRT4 Is Induced in Response to Genotoxic Stress

Because sirtuins regulate both cellular metabolism and stress
responses (Finkel et al., 2009; Schwer and Verdin, 2008), we
examined whether sirtuins were involved in the metabolic adap-
tation to DNA damage. We first examined the expression of sir-
tuins in the response to DNA damage. Specifically, we probed
SIRT1, which is involved in stress responses (Haigis and Guar-
ente, 2006), as well as mitochondrial sirtuins (SIRT3-SIRT5),
which have been shown to regulate amino acid metabolism (Hai-
gis et al., 2006; Hallows et al., 2011; Nakagawa et al., 2009).
Remarkably, SIRT4 messenger RNA (mRNA) levels were
induced by nearly 15-fold at 15 hr after CPT treatment and
5-fold after etoposide (ETS), a topoisomerase 2 inhibitor, in
HEK293T cells (Figure 2A). Interestingly, the induction of SIRT4
was significantly higher than the induction of SIRT7 and mito-
chondrial SIRT3 (~2-fold), sirtuins known to be induced by
DNA damage and regulate cellular responses to DNA damage
(Sundaresan et al., 2008; Vaziri et al., 2001; Wang et al., 2006).
Moreover, overall mitochondrial mass was increased by only
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Figure 1. Glutamine Metabolism Is Repressed by Genotoxic Stress
(A and B) Glutamine uptake (A) and ammonia production (B) in primary MEFs incubated with or without 14 uM CPT for 12 hr (n = 8-9).
(C and D) Glucose uptake (C) and lactate production (D) in primary MEFs treated as indicated in Figure 1A (n = 8-9).
(E and F) Glutamine (E) and glucose (F) uptake in primary MEFs measured at 6 hr after 30 J/m? UV exposure (n = 3).
(G and H) Glutamine (G) and glucose (H) uptake in HepG2 cells treated with or without 14 uM CPT for 12 hr or at 6 hr after 30 J/m? UV exposure (n = 3-6).

() Schematic illustrating the metabolites that are increased (red) or decreased (blue) in transformed MEFs at 4 hr after 20 J/m? UV exposure (n = 4; p < 0.05).

Metabolites in parentheses were not measured.

(J and K) Heat map comparing relative levels of intermediates in transformed MEFs measured at 4 hr after 20 J/m? UV exposure when compared with an
untreated control (n = 4 samples of each condition). Blue and red indicates down- or upregulation, respectively.
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Figure 2. SIRT4 Is Induced by DNA Damage
Stimuli

(A) Relative mRNA expression levels of indicated
sirtuins in HEK293T cells treated with 14 uM CPT
or 25 uM ETS for 15 hr were measured by quan-
titative RT-PCR (qRT-PCR) (n = 4). B-actin was
used as an endogenous control for gRT-PCR.

(B) Relative Sirt4 mRNA levels in primary MEFs at
12 hr after treatment with CPT (14 uM), ETS
(25 uM), IR (5 Gy), or UV (30 J/m?) were measured
by gRT-PCR (n = 3-4). B-actin was used as an

Control CPT ETS Control CPT ETS uv IR
endogenous control for gRT-PCR.
c D (C) SIRT4 proteinin whole cell lysates from HEK293T
cells treated with CPT (14 uM) or ETS (25 uM) for
SIRT4 WT SIRT4 KO 15 hr was detected by immunoblotting with anti-
C CPT ETS Oh  3h  6h Oh  3h  6h human SIRT4. B-actin serves as a loading control.
hSIRT4 “‘_’== — MSIRT4 e o ———— (D) SIRT4 protein in transformed WT and SIRT4
. KO MEFs treated CPT (14 pM) for the indicated
ACHn  e——  — — Actin E— times. B-actin serves as a loading control.

10% in comparison with control cells (Figure S2A), indicating that
the induction of SIRT4 is not an indirect consequence of mito-
chondrial biogenesis. These data hint that SIRT4 may have an
important, previously undetermined role in the DDR.

To test the induction of SIRT4 in the general genotoxic stress
response, we treated cells with other types of DNA damage,
including UV and gamma-irradiation (IR). SIRT4 mRNA levels
were also increased by these genotoxic agents (Figures S2B
and S2C), and low doses of CPT and UV treatment also induced
SIRT4 expression (Figures S2D and S2E). We observed similar
results with MEFs (Figures 2B, 2D, and S2F) and HepG2 cells
(Figure S2G). DNA-damaging agents elevated SIRT4 in p53-
inactive HEK293T cells (Figures 2A and 2C) and in p53 null
PC3 human prostate cancer cells (Figure S2H), suggesting that
SIRT4 can be induced in a p53-independent manner.

To examine whether the induction of SIRT4 occurred as
a result of cell cycle arrest, we measured SIRT4 levels after the
treatment of nocodazole, which inhibits microtubule polymeriza-
tion to block mitosis. While treatment with nocodazole
completely inhibited cell proliferation (data not shown), SIRT4
expression was not elevated (Figure S2I). In addition, we
analyzed SIRT4 expression in distinct stages of the cell cycle
in HepG2 cells synchronized with thymidine block (Figure S2J,
left). SIRT4 mRNA levels were measured at different times after
release and were not elevated during G1 or G2/M phases (Fig-
ure S2J, right), suggesting that S/IRT4 is not induced as a general
consequence of cell cycle arrest. Next, we re-examined the
localization of SIRT4 after DNA damage. SIRT4 localizes to the
mitochondria of human and mouse cells under basal, unstressed
conditions (Ahuja et al., 2007; Haigis et al., 2006). Following CPT
treatment, SIRT4 colocalized with MitoTracker, a mitochondrial-
selective marker, indicating that SIRT4 retains its mitochondrial
localization after exposure to DNA damage (Figure S2K). Taken

Data are means + SEM. *p < 0.05, **p < 0.005, and
***p < 0.0001.
See also Figure S2.

together, our findings demonstrate that SIRT4 is induced by
multiple forms of DNA damage in numerous cell types, perhaps
to coordinate the mitochondrial response to genotoxic stress.

SIRT4 Represses Glutamine Anaplerosis

We observed that glutamine anaplerosis is repressed by geno-
toxic stress (Figure 1) and SIRT4 is induced by DNA damage
(Figure 2). Additionally, previous studies reported that SIRT4
represses glutamine anaplerosis (Haigis et al., 2006). We next
tested whether SIRT4 directly regulates cellular glutamine
metabolism and contribution of glutamine to the TCA cycle.
Like DNA damage, SIRT4 overexpression (SIRT4-OE) in
HepG2, HelLa, or HEK293T cells resulted in the repression of
glutamine consumption (Figures 3A and S3A-S3C). Conversely,
SIRT4 knockout (KO) MEFs consumed more glutamine than did
wild-type (WT) cells (Figure 3B).

Mitochondrial glutamine catabolism refuels the TCA cycle and
is essential for viability in the absence of glucose (Choo et al.,
2010; Yang et al., 2009). Thus, we examined the effect of
SIRT4 on cell survival during glucose deprivation. Overexpres-
sion of SIRT4 in HEK293T or HelLa cells increased cell death in
glucose-free media compared to control cells (Figure 3C; Fig-
ure S3D). Importantly, this cell death was completely rescued
by the addition of pyruvate or cell permeable dimethyl a-ketoglu-
tarate (DM-KG), demonstrating that SIRT4 overexpression
reduced the ability of cells to utilize glutamine for mitochondrial
energy production. Moreover, cell death was equally maximized
in the absence of glucose and presence of the mitochondrial
ATPase inhibitor oligomycin (Figure 3C). These findings are in
line with the model that SIRT4 induction with DNA damage limits
glutamine metabolism and utilization by the TCA cycle.

We next utilized a metabolomic approach to interrogate
glutamine usage in the absence of SIRT4. SIRT4 KO MEFs

(L) Heat map of "3C-glutamine contributed to labeled TCA cycle intermediates at 0, 2, and 4 hr after 20 J/m? UV exposure (n = 4 samples of each condition). All
changes are relative incorporation compared to each non-UV treated control after pulse of '*C-glutamine.

Data are means + SEM. *p < 0.05, **p < 0.005, and ***p < 0.0001.
See also Figure S1.
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Figure 3. SIRT4 Represses Mitochondrial Glutamine Metabolism in Response to DNA Damage

(A and B) Glutamine uptake in HepG2 cells stably expressing empty vector (Vector) or SIRT4 (SIRT4-OE) (A) or inimmortalized WT and SIRT4 KO MEFs (B) (n = 3).
(C) HEK293T Vector or SIRT4-OE cells deprived of glucose were given DM-KG (7 mM), pyruvate (1 mM), and/or oligomycin (5 pg/ml). Cell viability was measured
via Pl exclusion assay (n = 3).

(D) Relative abundance of '*C-labeled TCA cycle intermediates (M+5 for a-ketoglutarate or M+4 for others) to the unlabeled from transformed WT and SIRT4 KO
MEFs at the indicated times after pulse of '*C-glutamine (n = 4 samples of each condition).

(E) Glutamine uptake in immortalized WT and SIRT4 KO MEFs treated with DMSO or BPTES (10 uM) (n = 3-4).

(F) GLS1 protein levels in HEK293T cells expressing GLS1-specific (shGLS#1 and shGLS#2) or control (shGFP) shRNAs. B-actin serves as a loading control.
(G) Glutamine uptake in control (shGFP) or GLS-knockdown (shGLS#1 and shGLS#2) cells after transfection with empty vector (Vector) and SIRT4 (SIRT4-OE)
(n=23).

(H) Relative glutamine uptake to each control in transformed WT and SIRT4 KO MEFs measured at the indicated times after 20 J/m? UV exposure (n = 3).

() Glutamine uptake in DMSO or BPTES (10 uM)-treated, immortalized MEFs after 20 J/m? UV exposure (n = 3).

(J) Heat map comparing relative levels of TCA cycle intermediates in transformed WT and SIRT4 KO MEFs at 4 hr after 20 J/m? UV exposure (n = 4).

Data are means + SEM. n.s., not significant. *p < 0.05, **p < 0.005, and ***p < 0.0001.

See also Figure S3.
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demonstrated elevated levels of TCA cycle intermediates (Fig-
ure 3J, WT versus KO), whereas intermediates of glycolysis
were comparable with WT cells (data not shown). Nucleotides
and other metabolites downstream of glutamine metabolism
were not coordinately regulated by SIRT4 loss (Figure S3E;
data not shown). Next, we analyzed glutamine flux in WT and
SIRT4 KO MEFs in medium containing [U-'3Cs]glutamine for 2
or 4 hr and measured isotopic enrichment of TCA cycle interme-
diates. Loss of SIRT4 promoted a higher rate of incorporation of
3C-labeled metabolites derived from [U-'3Csg]glutamine in all
TCA cycle intermediates measured (Figure 3D). These data
provide direct evidence that SIRT4 loss drives increased entry
of glutamine-derived carbon into the TCA cycle.

Next, we examined the mechanisms involved in this repres-
sion of glutamine anaplerosis. GLS is the first required enzyme
for mitochondrial glutamine metabolism (Curthoys and Watford,
1995), and its inhibition limits glutamine flux into the TCA cycle
(Wang et al., 2010; Le et al., 2012; Yuneva et al., 2012). Treat-
ment with bis-2-(5-phenylacetoamido-1,2,4-thiadiazol-2-yl)ethyl
sulfide (BPTES) (Robinson et al., 2007), an inhibitor of GLS1,
repressed glutamine uptake and completely rescued the
increased glutamine consumption of SIRT4 KO cells (Figure 3E).
Moreover, SIRT4 overexpression no longer inhibited glutamine
uptake when GLS1 was reduced by using short hairpin RNAs
(shRNAs) (Figures 3F and 3G), demonstrating that SIRT4 regu-
lates mitochondrial glutamine metabolism. SIRT4 is a negative
regulator of GDH activity (Haigis et al., 2006), and SIRT4 KO
MEFs exhibited increased GDH activity in comparison with WT
MEFs (Figure S3F). To test whether SIRT4 regulates mitochon-
drial glutamine metabolism via inhibiting GDH activity, we
measured glutamine uptake in WT and SIRT4 KO cells in the
presence of epigallocatechin gallate (EGCG), a GDH inhibitor
(Choo et al., 2010; Li et al., 2006). The treatment of EGCG
partially rescued the increased glutamine uptake of KO cells (Fig-
ure S3G), suggesting that GDH contributes to the role of SIRT4
in glutamine metabolism.

SIRT4 Represses Mitochondrial Glutamine Metabolism
after DNA Damage

The induction of SIRT4 after DNA damage and regulation of
glutamine metabolism by SIRT4 led us to speculate that SIRT4
may repress glutamine anaplerosis in response to DNA damage.
Thus, we measured cellular glutamine consumption after UV
exposure with transformed and nontransformed WT and SIRT4
KO MEFs. As expected, UV treatment suppressed glutamine
uptake in WT cells (Figures 3H and S3H). Strikingly, we found
that KO cells were unable to repress glutamine uptake in
response to DNA damage (Figures 3H and S3H). We tested the
involvement of glutamine anaplerosis by treating cells with
chemical inhibitors of GLS1. Intriguingly, UV treatment could
not further repress glutamine uptake in the presence of BPTES
(Figure 3l), indicating that DNA damage inhibits mitochondrial
glutamine metabolism. In addition, we observed similar results
with the compound 968, a small molecule inhibitor of GLS1 (Fig-
ure S3I; Wang et al., 2010).

To probe further whether SIRT4 limits glutamine utilization to
repress the TCA cycle after DNA damage, we performed metab-
olomic analysis with WT and SIRT4 KO MEFs with or without UV
exposure. The levels of several TCA cycle intermediates re-

mained elevated in KO cells compared to WT cells after UV
exposure (Figure 3J), corroborating the idea that SIRT4 is
required for the proper repression of mitochondrial glutamine
metabolism in response to DNA damage.

SIRT4 Regulates Cell Cycle Progression and Genomic
Fidelity in Response to DNA Damage

DNA damage initiates cell cycle arrest, which is crucial for main-
tenance of genomic integrity and ultimately for the prevention of
cancer (Ciccia and Elledge, 2010). Glutamine is an essential
metabolite for proliferation (Gaglio et al., 2009; Jones and
Thompson, 2009; Wise and Thompson, 2010) and required for
transition from G; to S phase (Colombo et al., 2011). Because
our studies demonstrate that SIRT4 is induced by DNA damage
to repress the utilization of glutamine, we interrogated the role of
SIRT4 in cell cycle progression after DNA damage. To induce
DNA damage independently of the rate of proliferation, we
treated WT and SIRT4 KO MEFs with UV radiation and then
pulsed with bromodeoxyuridine (BrdU) for 30 min, followed by
staining with anti-BrdU fluorescein isothiocyanate (FITC) and
7-aminoactinomycin D. As expected, the population of the
BrdU-labeled [BrdU™* (S phase), (a) + (b)] cells was decreased
in WT cells in a time-dependent manner (Figures 4A and S4A).
However, this inhibition of BrdU incorporation was significantly
delayed in KO MEFs, and this difference was most noticeable
in cells in early S phase (Figure 4A, (a)). These cells were in G1
phase at the time of UV treatment and entered S phase during
pulsing with BrdU. We observed similar results with IR treatment
(Figure S4B). At 6 hr after IR treatment, G1 phase cells were
nearly absent in KO cells but still present in WT cells (Figure S4B,
red circle).

To probe the connection between glutamine metabolism and
cell cycle arrest after DNA damage, we tested whether the inhi-
bition of DNA synthesis upon DNA damage would be affected by
the addition of a downstream metabolite of glutamine. We
treated cells with dimethyl-glutamate (DMG), a cell-permeable
glutamate donor (Maechler and Wollheim, 1999), and measured
the level of BrdU™* cells after UV treatment. To our surprise, DMG
treatment promoted BrdU incorporation in response to DNA
damage, as more cells entered early S phase by the addition
of DMG (Figures 4B and S4C, PBS versus DMG). DMG treatment
did not augment normal cell cycle proliferation (Figure S4D).
Although the treatment of DMG caused a mild increase in the
proportion of BrdU* cells in the KO cells, the fraction of BrdU*
cells in WT cells increased robustly upon DMG treatment
compared to PBS treatment (Figure S4E). These data suggest
that reduced glutamine metabolism may limit proliferation,
contributing to a metabolic checkpoint in response to genotoxic
stress. Bypassing this checkpoint by adding soluble metabolites
downstream of glutamine can partially promote cell cycle
progression, even in the presence of DNA-damaging conditions.

Defects in the DDR may lead to accumulation of DNA damage
and also may promote cell death. To assess whether SIRT4
affects genomic integrity in response to genotoxic stress, WT
and SIRT4 KO cells were irradiated and then the number of
YH2AX foci, known to localize at DSBs (Rogakou et al., 1998),
was counted. The clearance of YH2AX foci was significantly
impaired in KO cells (Figure 4C), while SIRT4 overexpression
accelerated the clearance of foci (Figure 4D). Moreover, SIRT4
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Figure 4. SIRT4 Is Involved in Cellular DNA Damage Responses

(A) The measurement of BrdU* cells and total DNA content in transformed WT and SIRT4 KO MEFs at the indicated times after 20 J/m? UV exposure (n = 3).
(B) The BrdU™ cell and total DNA content in transformed WT MEFs incubated with PBS or DMG (10 mM) after UV exposure (n = 3).

(C and D) The number of y-H2AX foci in immortalized WT and SIRT4 KO MEFs (C) or Vector and SIRT4-OE Hela cells (D) was counted at the indicated times after
IR treatment.

(E and F) Survival of immortalized WT and SIRT4 KO MEFs (E) or Vector and SIRT4-OE HepG2 cells (F) treated with or without CPT (14 uM) or UV (30 J/m?)
(n = 3-4). Cell viability was measured via Pl exclusion assay.

(G) Survival of HepG2 cells expressing control (shGFP) or GLS1-specific (shGLS#1 and shGLS#2) shRNAs were treated with DMSO or CPT (14 uM) for 24 hr
(n = 3). Cell viability was measured via Pl exclusion assay.

(H and I) The percentage of chromosome number (H) and representative images of chromosome spread (l) of WT and SIRT4 KO MEFs at passage 2. Numbers of
spreads counted were 64, 61, 142, and 104 for WT-1, WT-2, KO-1, and KO-2, respectively. Scale bar, 10 um.

(J) Transformed WT and SIRT4 KO MEFs were treated with or without 20 J/m? UV, and the percentage of cells containing greater than 4n is analyzed by flow
cytometry (n = 3).

(K) Immunofluorescent staining of transformed WT and SIRT4 KO MEFs using nuclear (DAPI) and DSBs (y-H2AX) markers (left). Scale bar, 10 um. The percentage
of nuclei with the indicated number of YH2AX foci (right). WT MEFs (n = 119); KO MEFs (n = 71).

Data are means + SEM. *p < 0.05, **p < 0.005, and ***p < 0.0001.

See also Figure S4.

KO cells showed significantly elevated levels of cell death ered that inhibition of mitochondrial glutamine metabolism can
compared to WT cells (Figure 4E), while SIRT4 overexpression  mirror the protective role of SIRT4 overexpression (Figure 4G),
was protective (Figure 4F). We next examined survival of control ~ demonstrating a link between mitochondrial glutamine metabo-
and GLS1 knockdown cells against DNA damage and discov- lism and the DDR.
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Figure 5. SIRT4 Has Tumor-Suppressive Function

WT KO WT KO
BPTES

DMSO

(A and B) Growth curves of WT and SIRT4 KO MEFs (n = 3) cultured in standard media (A) or media supplemented with BPTES (10 uM) (B). Data are means + SD.
(C and D) Growth curves of Vector and SIRT4-OE Hela cells (n = 3) cultured in standard media (C) or media supplemented with BPTES (10 uM) (D). Data are

means + SD.

(E) Focus formation assays with transformed WT and SIRT4 KO MEFs (left). Cells were cultured with normal medium or medium without glucose or glutamine for
10 days and stained with crystal violet. The number of colonies was counted (right) (n = 3 samples of each condition). n.d., not determined.
(F) Focus formation assays with transformed KO MEFs reconstituted with SIRT4 or a catalytic mutant of SIRT4 (n = 3). Cells were cultured for 8 days and stained

with crystal violet.

(G) Contact inhibited cell growth of transformed WT and SIRT4 KO MEFs cultured in the presence of DMSO or BPTES (10 uM) for 14 days (left). The number of
colonies was counted (right). Data are means + SEM. n.s., not significant. *p < 0.05 and **p < 0.005.

See also Figure S5.

Given the role for SIRT4 in regulating the metabolic checkpoint
in response to DNA damage, we analyzed whether SIRT4 loss
influenced chromosome stability. Chromosome spreads from
two pairs of WT and SIRT4 KO primary MEFs revealed that KO
cells possessed more aneuploidy (Figures 4H and 4l). Further-
more, more polyploidy cells were found in transformed KO cells
compared to WT cells, and this phenotype became more severe
after UV treatment (Figure 4J). Aberrant activation of the retino-
blastoma (Rb)-E2F pathway by oncogenes leads to the replica-
tion-induced DSBs and formation of YH2AX foci (Bester et al.,
2011). Hence, we analyzed the formation of yH2AX foci of WT
and SIRT4 KO MEFs transformed with Ras and E1A, known to
inactivate Rb (Harbour and Dean, 2000) and observed elevated
yH2AX foci in KO cells (Figure 4K). Taken together, findings
from multiple approaches demonstrate that SIRT4 is a critical
regulator of genome fidelity.

SIRT4 Represses Tumor Proliferation

Genomic instability is one hallmark of tumorigenicity. Another
feature of tumor cells is rapid cell proliferation, fueled in some
cases by elevated glutamine utilization (Jones and Thompson,
2009; Wise and Thompson, 2010). Thus, we tested the idea
that increased glutamine metabolism in SIRT4 KO MEFs may
support proliferation. Indeed, KO cells significantly grew faster
than did WT cells (Figure 5A). To test whether enhanced gluta-
mine metabolism contributed to the proliferative phenotype of
KO cells, we cultured cells with GLS1 inhibitors and measured
proliferation. Remarkably, BPTES and 968 completely abro-
gated the increased proliferation of KO cells (Figures 5B and
S5A). To probe the contribution of GDH, we measured prolifera-
tion in presence of EGCG and found it likewise abrogated the
proliferative phenotype of KO cells (Figure S5B). In contrast,
overexpression of SIRT4 in HelLa cells, which use glutamine as
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a major energy source, significantly inhibited their growth (Fig-
ure 5C). Importantly, control and SIRT4-overexpressing cells
proliferated at similar rates when cultured in media containing
BPTES or 968 (Figures 5D and S5C), highlighting the role of
SIRT4 in this pathway.

Defects in the proper regulation of DNA damage responses
can result in the accumulation of DNA lesions, leading to cancer
development (Lapenna and Giordano, 2009). Moreover, gluta-
mine metabolism is critical for oncogenic transformation and
cancer cell proliferation (DeBerardinis et al., 2007; Wang
et al., 2010; Weinberg et al., 2010). Thus, we reasoned that
SIRT4 would have the potential to suppress tumorigenesis by
repressing glutamine metabolism and/or genomic instability.
Thus, we assessed tumorigenic properties of transformed
SIRT4 KO MEFs. KO MEFs formed more colonies than WT
MEFs in colony formation assays (Figure 5E). Neither KO cells
nor WT cells were able to form colonies on glutamine-deficient
media. In contrast, SIRT4 KO MEFs were able to form a few
colonies under glucose-deprived conditions, while WT cells
were not, demonstrating that SIRT4 loss facilitates glutamine
utilization to support colony formation. We found that reconsti-
tution of KO cells with SIRT4 can reverse the phenotype,
whereas reconstitution with a catalytic mutant of SIRT4 cannot
(Figures 5F and S5D).

We next probed the contribution of glutamine anaplerosis in
the transformative properties of SIRT4 KO cells. Cancer cells
exhibit loss of contact inhibition of proliferation, resulting
in uncontrolled cell proliferation. WT and SIRT4 KO MEFs were
transformed in media supplemented with DMSO or BPTES, and
colony-forming activities were determined. KO cells possessed
increased colony-forming activity compared to WT cells (Fig-
ure 5G). This difference was inhibited by GLS or GDH inhibitors
(Figures 5G and S5E), indicating that glutamine anaplerosis
contributes to the tumorigenic phenotype of SIRT4 null cells.

SIRT4 Represses Tumor Formation In Vivo

To investigate SIRT4 function in human cancers, we examined
changes in SIRT4 expression. SIRT4 mMRNA level was reduced
in several human cancers, such as small-cell lung carcinoma
(Garber et al., 2001), gastric cancer (Wang et al., 2012), bladder
carcinoma (Blaveri et al., 2005), breast cancer (The Cancer
Genome Atlas; http://tcga-data.nci.nih.gov/tcga/), and leukemia
(Choi et al., 2007; Figure 6A). Of note, lower SIRT4 expression
was associated with shorter time to death in lung tumor patients
(Shedden et al., 2008; Figure 6B). Overall, the expression data
is consistent with the model that SIRT4 may play a tumor-
suppressive role in human cancers.

To extend the cellular findings to in vivo models, we used
multiple approaches. First, we performed allograft tumor forma-
tion assays in nude mice using transformed MEFs. Accordant
with cellular models, loss of SIRT4 promoted larger tumor
volume and weight compared to WT tumors in the recipient
mice (Figure 6C). We next examined spontaneous tumor forma-
tion in two independent SIRT4 KO mouse strains, including in
another strain of whole-body SIRT4 KO mice, generated by
deleting exons 3 and 4 (Figure S6A). Like the previously reported
SIRT4 KO model (Haigis et al., 2006), these SIRT4 KO mice
demonstrated normal development and size. Strikingly, SIRT4
loss increased spontaneous tumor incidence throughout life
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(Figure 6D). Approximately 63% (22/35) of the Sirt4 null animals
developed several types of tumors, most frequently lung tumors
at 18-26 months of age, while 20% (5/25) of aged WT littermates
developed lung tumors (Figures 6E and S6B). Lung tumors from
SIRT4 KO mice were categorized according to tumor types,
revealing 41% (7/17) adenomas, and 59% (10/17) carcinomas,
including bronchioloalveolar carcinoma and adenocarcinomas
(Figure 6F). To further characterize these tumors, we performed
immunohistochemistry to detect thyroid transcription factor-1
(TTF1), a transcription factor expressed specifically in epithelial
cells of the thyroid and lung, providing a clinical marker in the
diagnosis of tumors of lung origin (Kendall et al., 2007; Weir
et al., 2007). Lung tumors from SIRT4 KO mice were positive
for TTF1 (Figure 6G). Moreover, we found that 60% (9/15) of
female Sirt4 null animals also developed cystic endometrial
hyperplasia, while only 15% (2/13) WT mice exhibited mild
endometrial hyperplasia (Figure 6E).

The previously reported strain of SIRT4 KO mice (Haigis et al.,
2006) demonstrated the same phenotype; these SIRT4 KO
animals developed lung tumors (45.5%) more frequently than
WT mice (8.3%) between 18 and 22 months of age (Figure S6C).
Thus, two independently derived strains of SIRT4 KO mice
possessed increased spontaneous lung tumor incidence.

SIRT4 Regulates Glutamine Metabolism in Lung Tissue
To test further the biological relevance of this pathway in lung, we
examined whether SIRT4 is induced in vivo after exposure to
DNA-damaging IR treatment. Remarkably, Sirt4 was signifi-
cantly induced in lung tissue after IR exposure (Figure 7A). We
next examined whether IR repressed glutamine metabolism
in vivo, as observed in cell culture by examining GDH activity
in lung tissue from WT and SIRT4 KO mice with or without IR
exposure. GDH activity was elevated in lung tissue extracts
from SIRT4 KO mice compared with WT lung tissue (Figure 7B).
Importantly, GDH activity was significantly decreased in lung
tissue from WT mice after IR exposure, whereas not in lung tissue
from KO mice (Figure 7C). Thus, these findings recapitulate our
cellular studies and are in line with the model that SIRT4 induc-
tion with DNA damage limits mitochondrial glutamine metabo-
lism and utilization.

To assess whether the functions of SIRT4 can be reproduced
in these lung tumors, cells derived from SIRT4 KO lung tumors
were reconstituted with wild-type SIRT4 (Figure S7A). As ex-
pected, SIRT4 reconstitution reduced glutamine uptake but not
glucose uptake (Figures 7D and 7E) and repressed proliferation
(Figure S7B) of lung tumor cells. Finally, we tested whether
SIRT4 repressed genomic instability in these tumor cells after
DNA damage. When we examined the chromosome abnormali-
ties after irradiation, the reconstituted tumor cells with SIRT4
exhibit decreased genomic instability (Figure 7F). Taken
together, these results provide critical evidence that SIRT4 regu-
lates both glutamine metabolism and genomic instability in
tumor cells and that loss of this critical regulatory node contrib-
utes to cancer susceptibility.

DISCUSSION

Here, we report that SIRT4 has an important role in cellular meta-
bolic response to DNA damage by regulating mitochondrial
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Figure 6. SIRT4 Is a Mitochondrial Tumor Suppressor

(A) SIRT4 mRNA levels were determined using the Oncomine microarray database (http://www.oncomine.org) in normal versus lung, gastric, bladder, breast
cancer, and leukemia. The boxes represent the interquartile range; whiskers represent the 10"-90™ percentile range; bars represent the median. LAD, lung
adenocarcinoma; SCLC, small-cell lung carcinoma; IBUC, infiltrating bladder urothelial carcinoma; IDBC, invasive ductal breast carcinoma; ILBC, invasive
lobular breast carcinoma.

(B) Kaplan-Meier curve comparing time to survival between lung adenocarcinomas with the lowest (<25 percentile) versus highest (>25'" percentile) SIRT4
expression was determined using the Oncomine database. p = 0.0354, log rank test.

(C) Representative image of tumors resulting from allograft with transformed WT and SIRT4 KO MEFs. Tumor volume and weight were measured (n = 8 tumors/

genotypes). The boxes represent the interquartile range; whiskers represent the 10'"-90™" percentile range; bars represent the median.

(D and E) Tumor-free curve (D) and analysis of tumor types (E) in WT and SIRT4 KO mice. p = 0.0035, log rank test.

(F) Histological sections of representative lung tumors from SIRT4 KO mice with H&E staining. Scale bar, 20 um.

(G) Immunofluorescent staining of a representative lung adenocarcinoma from SIRT4 KO mice using nuclear (DAPI) and lung (TTF1) markers. Scale bar, 20 pm.

Data are means + SEM. *p < 0.05, **p < 0.005, and ***p < 0.0001.
See also Figure S6.

glutamine metabolism with important implication for the DDR
and tumorigenesis. First, we discovered that DNA damage
represses cellular glutamine metabolism (Figure 1). Second,
we found that SIRT4 is induced by genotoxic stress (Figure 2)
and is required for the repression of mitochondrial glutamine
metabolism (Figure 3). This metabolic response contributes to
the control of cell cycle progression and the maintenance of
genomic integrity in response to DNA damage (Figure 4). Loss
of SIRT4 increased glutamine-dependent tumor cell proliferation
and tumorigenesis (Figure 5). In mice, SIRT4 loss resulted in
spontaneous tumor development (Figure 6). We demonstrate
that SIRT4 is induced in normal lung tissue in response to DNA
damage, where it represses GDH activity. Finally, the glutamine
metabolism-genomic fidelity axis is recapitulated in lung tumor
cells derived from SIRT4 KO mice via SIRT4 reconstitution (Fig-
ure 7). Our studies therefore uncover SIRT4 as an important

regulator of cellular metabolic response to DNA damage that
coordinates repression of glutamine metabolism, genomic
stability, and tumor suppression.

The DDR is a highly orchestrated and well-studied signaling
response that detects and repairs DNA damage. Upon sensing
DNA damage, the ATM/ATR protein kinases are activated to
phosphorylate target proteins, leading to cell cycle arrest, DNA
repair, transcriptional regulation, and initiation of apoptosis (Cic-
ciaand Elledge, 2010; Su, 2006). Dysregulation of this pathway is
frequently observed in many tumors. Emerging evidence has
suggested that cell metabolism also plays key roles downstream
of the DDR-induced pathways. For example, ATM has been re-
ported to repress the rapamycin-sensitive mammalian target of
rapamycin (MTORC1) pathway by activating the serine/threo-
nine kinase LKB1/AMP-activated protein kinase (AMPK) meta-
bolic pathway (Alexander et al., 2010). Several studies also
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Figure 7. SIRT4 Inhibits Mitochondrial Glutamine Metabolism In Vivo
(A) Relative Sirt4 mRNA levels in lung tissues for the indicated times after whole-body IR (10 Gy) were determined by gRT-PCR (n = 3). B-actin was used as an

endogenous control for gRT-PCR.

(B) GDH activity in lung tissue extracts from WT and SIRT4 KO mice (n = 5 animals/genotype).

(C) GDH activity in lung tissue extracts from WT (left) and SIRT4 KO (right) mice at 12 hr after whole body IR (10 Gy) (n = 5-6 mice of each condition).
(D and E) Glutamine (D) and glucose (E) uptake in SIRT4 KO lung tumor cells reconstituted with SIRT4 (n = 3).

(F) Chromosomal abnormalities were examined in SIRT4 KO lung tumor cells reconstituted with SIRT4 after IR (5 Gy) treatment.

(G) A proposed model illustrating the regulation of metabolic response to DNA damage by SIRT4.

Data are means + SEM. n.s., not significant. *p < 0.05 and **p < 0.005.
See also Figure S7.

indicate that AMPK is activated downstream of p53 via p53
target genes, sestrin 1 and sestrin 2 (Shackelford and Shaw,
2009). Moreover, damaged cells upregulate the PPP to facilitate
DNA repair by generating precursors for nucleotide biosynthesis
(Cosentino et al., 2011). The role of SIRT4 in the metabolic
response to genotoxic stress synergizes with changes in cellular
signaling pathways. SIRT4 contributes to this stress response by
repressing glutamine entry into TCA cycle.

How does diminished glutamine metabolism regulate cellular
responses to genotoxic stress? Proliferating cells use precursors
derived from TCA cycle intermediates to synthesize NAD phos-
phate (NADPH), lipids, proteins, and nucleic acids (DeBerardinis
etal., 2007; Wise and Thompson, 2010). For example, mitochon-
drial citrate is exported to the cytosol and is used for lipid
synthesis and protein acetylation. However, continuous export
of TCA cycle intermediates would result in the loss of mitochon-
drial integrity by stalling the TCA cycle, limiting anabolic path-
ways, and decreasing substrates for cellular respiration. Thus,
refilling the mitochondrial carbon pool by glutamine is essential
for the maintenance of mitochondrial integrity and its biosyn-

460 Cancer Cell 23, 450-463, April 15, 2013 ©2013 Elsevier Inc.

thetic roles, as has been previously demonstrated (DeBerardinis
etal., 2007). We find that this pathway is repressed in response to
cellular stress and additionally demonstrate that SIRT4 regulates
glutamine anaplerosis.

Although our current work highlights the regulation of gluta-
mine anaplerosis by SIRT4, other glutamine metabolism path-
ways may also be important for the DDR and tumorigenesis.
For example, glutamine contributes to de novo synthesis of
glutathione (GSH), an intracellular antioxidant that plays a critical
role in cellular defense against oxidative stress (Lu, 2009). Our
studies did not find a significant difference in the levels of GSH
and GSH dimers and no measurable flux of glutamine into
GSH under these conditions and at short time points after
damage (data not shown). Glutamine metabolism also contrib-
utes to lipid synthesis, nucleotide synthesis, and NADPH levels.
Sirtuins have several targets and synergically regulate the same
pathway. For example, SIRT3 has been shown to bind and regu-
late multiple enzymes in mitochondrial fatty-acid oxidation
(Hallows et al., 2011; Hirschey et al., 2010). Thus, it will be inter-
esting for future studies to examine systematically whether
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SIRT4 regulates mitochondrial glutamine metabolism and other
branches of glutamine metabolism via other targets.

This study identifies an important role for SIRT4 in suppressing
tumor growth using a combination of human data and cellular
and mouse experiments. In humans, SIRT4 mutations have
been identified in colon, lung, and uterine carcinomas (http://
www.cbioportal.org). Moreover, SIRT4 expression is decreased
in human tumors and correlates with prognosis in lung cancer
patients. Our cellular and animal studies also reveal that SIRT4
loss increases tumorigenesis, importantly in a glutamine-depen-
dent manner. These findings also share parallels with the role of
SIRT3, another mitochondrial sirtuin, in tumorigenesis. Like
SIRT3, the tumors in SIRT4 KO mice arise in an age-dependent
manner—after 1 year. Thus, as with SIRT3, SIRT4 loss on its own
may not be the initiating event in tumorigenesis, but its loss
appears to create a tumor-permissive environment to promote
both increased genomic instability and anabolic growth, sup-
porting tumor cell survival and proliferation.

Several other sirtuins have been shown to play critical roles in
genome maintenance and tumorigenesis. For example, SIRT1-
and SIRT6-deficient cells showed an impaired DSB repair and
SIRT2, SIRT3, and SIRT6 KO mice exhibit spontaneous genomic
instability (Kim et al., 2010; Mao et al., 2011; Mostoslavsky et al.,
2006; Oberdoerffer et al., 2008; Wang and Tong, 2009). As
sirtuins are important modulators of cell metabolism (Haigis
and Guarente, 2006; Houtkooper et al., 2012), it will be inter-
esting to examine whether these sirtuins coordinately regulate
genomic fidelity and tumorigenesis, in part via modulating fuel
switching.

In sum, our studies reveal an important role for the mitochon-
drial sirtuin, SIRT4, in cancer biology and connect two hallmarks
of tumor cells: genomic instability and dysregulation of
glutamine metabolism. Given the importance of metabolism in
cellular proliferation and tumorigenesis, these findings hold
profound implications for understanding the normal metabolic
response to stress as well as for the development of cancer
therapy.

EXPERIMENTAL PROCEDURES

Animal Studies

Animal studies were performed according to protocols approved by the Institu-
tional Animal Care and Use Committee, the Standing Committee on Animals at
Harvard. Age-matched SIRT4 WT and KO mice were sacrificed and subjected
to pathological examination. For allograft studies, 10° transformed SIRT4 WT
or KO MEFs in Matrigel (BD Bioscience) for a total volume of 100 ul were in-
jected subcutaneously in right and left flanks of 8-week-old male nude mice
(Charles River). Visible tumor volume was measured on the indicated days
with calipers. At the termination of the experiment, tumors were excised and
weighed. For generation of SIRT4 mutant mice, chimeric mice were mated
with NIH Black Swiss females (Taconic) to screen for germline transmission.
Male mice bearing germline transmission were mated with female FVB Ella-
Cre mice to generate whole body exons 3 and 4 deletion of the Sirt4 gene. All
experiments were approved by the Animal Care and Use Committee of the
National Institute of Diabetes, Digestive and Kidney Diseases.

Histological Analysis

Tumors were dissected from mice and fixed in 10% neutral-buffered formalin
(Sigma) at room temperature overnight and placed in 70% ethanol for at least
one day. Then, the tumor tissues were dehydrated through a graded alcohol
series, xylene and paraffin, and then embedded in paraffin. Sections of 5 um
were cut and stained by hematoxylin and eosin (H&E).

Flow Cytometric Measurement of Cell Death and BrdU Incorporation
Cells at less than 80% confluency were treated with DNA damage agents.
After treatments, cells were harvested by trypsinization, pelleted by centrifuga-
tion, and resuspended in PBS containing 3% fetal bovine serum. The
measurement of cell death was performed by flow cytometry using propidium
iodide (PI) staining, as previously described. The incorporation of BrdU into the
genomic DNA was measured with BrdU Flow Kit (BD PharMingen) according
to the manufacturer’s instructions.

vYH2AX Immunofluorescence

Cells grown on coverslips or eight-well microscopy slides were fixed for
20 min with 4% paraformaldehyde and permeabilized by 0.1% Triton X-100
for 3 min. Cells were then incubated overnight at 4° with mouse monoclonal
antibodies against YH2AX (Ser139) (Millipore, 1:200 dilution) followed by
goat anti-mouse immunoglobulin G-FITC (Santa Cruz, 1:300). Cell images
were taken under a Zeiss microscope using a 63X objective and analyzed
for foci/nucleus.

Glutamine and Glucose Measurements

Glutamine, ammonia, glucose, and lactate levels in culture media were
measured using the BioProfile FLEX analyzer (Nova Biomedical), as previously
described (Finley et al., 2011). Briefly, fresh media were added to a six-well
plate of cells, and metabolite levels in the media were measured 6-9 hr later
and normalized to the number of cells in each well.

Metabolites Profiling

Metabolites were extracted and analyzed as previously described (Finley et al.,
2011). Briefly, SIRT4 WT and KO MEFs were plated, then metabolites were ex-
tracted at 4 hr after 20 J/m? UV exposure. Metabolite levels were normalized to
the total of all metabolites detected.

Statistical Analysis

Unpaired two-tailed Student’s t tests were performed unless otherwise
noted. All experiments were performed at least two or three times. For the
tumor incidence and survival study, the log rank (Mantel-Cox) test was
performed.

SUPPLEMENTAL INFORMATION

Supplemental Information includes seven figures and Supplemental Experi-
mental Procedures and can be found with this article online at http://dx.doi.
org/10.1016/j.ccr.2013.02.024.
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SUMMARY

The identification and targeted therapy of cells involved in hepatocellular carcinoma (HCC) recurrence remain
challenging. Here, we generated a monoclonal antibody against recurrent HCC, 1B50-1, that bound the iso-
form 5 of the 261 subunit of voltage-gated calcium channels and identified a subset of tumor-initiating cells
(TICs) with stem cell-like properties. A surgical margin with cells detected by 1B50-1 predicted rapid recur-
rence. Furthermore, 1B50-1 had a therapeutic effect on HCC engraftments by eliminating TICs. Finally, 251
knockdown reduced self-renewal and tumor formation capacities and induced apoptosis of TICs, whereas its
overexpression led to enhanced sphere formation, which is regulated by calcium influx. Thus, 2231 is a func-
tional liver TIC marker, and its inhibitors may serve as potential anti-HCC drugs.

INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the deadliest cancers,
mainly due to its high rate of recurrence, which can be as high as
70% following conventional treatments such as surgical resec-
tion, arterial embolization, and radiofrequency ablation (Llovet
and Bruix, 2008; Xu et al., 2010). The cellular origin of HCC recur-
rence remains poorly understood, and, as yet, no specific treat-
ment strategy has been developed that focuses on HCC
recurrence.

HCC, like other cancer types, is composed of phenotypically
and functionally diverse cell types (Shackleton et al., 2009; Vis-
vader, 2011). Itis hypothesized that a rare subset of cancer cells,

often operationally referred to as cancer stem cells or tumor-initi-
ating cells (TICs), behave like stem cells in that they are capable
of self-renewal and of giving rise to a hierarchical organization of
heterogeneous cancer cells. These cells are resistant to conven-
tional chemotherapy and radiotherapy and, hence, are respon-
sible for sustaining tumor growth and recurrence. Therapies
that can eradicate these cells may eventually lead to cancer
cures (Alison et al., 2011; Clarke et al., 2006; Rosen and Jordan,
2009; Visvader and Lindeman, 2012; Zhang et al., 2010).
CD133*, CD13", CD24", and EpCAM™ cells, as well as some
side populations from HCC cell lines and/or biopsies, have
been identified as TICs, but their roles in HCC recurrence and
therapeutic strategies to target these cells have only recently

Significance

This study identified a population of cells with the TIC properties and expressing «2d1 in primary HCC and some surgical
margins using the monoclonal antibody, 1B50-1. These TICs have prognostic value. «231 was found to play an essential
role in modulating calcium oscillation amplitude, which may be important in maintaining the properties of TICs. The study
also suggested that 231 could serve as a therapeutic target in the treatment of HCC. Additionally, 1B50-1 bound %231 on
TICs and could potentially be developed into an anti-HCC drug. These findings contribute to the understanding of HCC
recurrence at both the cellular and molecular levels and advance the development of prognostic and therapeutic strategies.
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begun to be investigated (Chiba et al., 2006; Haraguchi et al.,
2010; Lee et al., 2011; Ma et al., 2010; Mishra et al., 2009; Yama-
shita et al., 2009).

Antibody-based targeted cancer therapy, either alone or in
combination with standard chemotherapy regimens, has shown
increasing clinical and commercial success (Deonarain et al.,
2009). The current antibody-based anticancer therapies do not
result in complete remission, but trials using antibodies targeting
the surface molecules of TICs, such as DLL4, CD123, CD133,
and interleukin-4 (IL-4), have shown promising therapeutic
effects in a variety of cancers (Hoey et al.,, 2009; Jin et al.,
2009; Rappa et al., 2008; Todaro et al., 2007). However, system-
atic identification of TIC biomarkers suitable for targeting anti-
body development is currently hindered by the sparseness of
the TIC population in a given specimen.

We previously established a pair of HCC cell lines with the
same clonal origin, Hep-11 and Hep-12, by primary culture
from the same patient’s primary and recurrent HCC tissues,
respectively. Hep-12 cells are enriched for TICs, whereas Hep-
11 cells do not form tumors in nonobese diabetic/severe
combined immunodeficient (NOD/SCID) mice up to 6 months
after injection of 5 x 10° cells (Xu et al., 2010). These two cell
lines thus provide a unique cellular model system for character-
izing the nature of the cells related to HCC recurrence and for
identifying biomarkers for targeted therapy, specifically against
recurrent HCC and perhaps for TICs in general. In this study,
we used these two cell lines to generate monoclonal antibodies
(mADbs) aiming to identify and target cells specifically related to
HCC recurrence and to investigate the nature of these cells.

RESULTS

1B50-1 Identifies a Highly Tumorigenic and Invasive
Subpopulation of HCC Cells

We used a whole-cell subtractive immunization approach
(Brooks et al., 1993; Rasmussen and Ditzel, 2009) to generate
mAbs that specifically reacted with Hep-12 cells. From three
batches of cell fusions with the spleens of mice immunized
with Hep-12 cells, a total of 37 hybridoma clones secreting
mAbs that reacted strongly with Hep-12 cells, but weakly with
Hep-11 cells, were obtained after screening with a cell-based
ELISA method. One of these antibodies, named 1B50-1, recog-
nized a subset of highly tumorigenic Hep-12 cells and appeared
to be cytotoxic in vivo in our preliminary tumorigenicity assay.

1B50-1 bound to an antigen on the Hep-12 cell membrane, while
it recognized few Hep-11 cells (Figure 1A). The percentage of
cells bound by 1B50-1 (1B50-1*) cells varied from 0.5% to less
than 5% across HCC cell lines, with the exception of Hep-12
cells, more than 90% of which were 1B50-1" (Table 1).

To confirm that 1B50-1" cells have tumor initiation ability, we
first purified 1B50-1* and 1B50-1" cells from five HCC cell lines
by fluorescence-activated cell sorting (FACS) and performed
tumorigenicity assays in NOD/SCID mice with limiting dilution.
As shown in Table 1, as few as 100 purified 1B50-1" cells from
the Huh7, Hep-12, HepG2, and SMMC7721 cell lines initiated
tumor formation in almost all transplanted mice. For the least
tumorigenic Hep-11 cell line, 1,000 purified 1B50-1* cells also re-
sulted in tumor formation in five of five transplanted mice. The
1B50-1" counterparts either were completely nontumorigenic
or formed tiny nodules only occasionally (Figure 1B; Figure S1A
available online). We then tested the tumorigenic potential of
1B50-1* and 1B50-1 cells sorted from primary HCC-derived
cells of four HCC patients. Again, 100 or 1,000 1B50-1* cells
were consistently more tumorigenic than their 1B50-1" counter-
parts (Table 1; Figure S1A). Hematoxylin and eosin (H&E) staining
demonstrated that the histological features of tumors formed by
the 1B50-1" fractions resembled the tumors from which they
derived, retaining the phenotypic heterogeneity, except those
from Hep-12 cells, whose tumor morphology was slightly
different from the original patient tissue (Figure 1C; Figure S1B).

We also compared the invasive property of 1B50-1* and
1B50-1" cells on Matrigel with a Boyden chamber assay. As
shown in Figure 1D, 1B50-1" cells were more invasive than their
1B50-1" counterparts.

Differentiation Properties of 1B50-1* Cells

We next evaluated the differentiation potential of purified 1B50-
1* cells from Hep-12 and Huh7 cell lines. After purified 1B50-1*
Huh7 cells were cultured in vitro for 2 weeks, the percentage
of 1B50-1* cells decreased from 92.33% to 1.23%, a value
similar to that of the parental Huh7 population (Figure 1E).
Furthermore, analysis of single-cell clones from Huh7 cells indi-
cated that 1B50-1" cells underwent differentiation, giving rise
to both 1B50-1* and 1B50-1~ populations, whereas the
percentage of 1B50-1* cells in the clones from the 1B50-1" frac-
tion was unchanged (Figures S1C and S1D). It is important to
note that the percentage of 1B50-1" cells in tumors formed by
purified 1B50-1" Huh7 cells in NOD/SCID mice also decreased

Figure 1. Characterization of 1B50-1* HCC Cells

(A) Immunofluorescence staining for 1B50-1 in HCC cell lines. Nuclei were stained by DAPI.
(B) Representative photograph showing tumor formation in NOD/SCID mice injected s.c. with 1,000 sorted 1B50-17 (black arrows) and 1B50-1" (red arrows) Hep-

11 cells.

(C) The histology of the tumors formed by 1B50-1* cells was compared with that of the HCC tissues from the original patient by H&E staining.
(D) Sorted 1B50-1* and 1B50-1" cells were assayed for their invasive ability on Matrigel using a Boyden chamber assay. Bars represent the mean + SD of three

independent experiments. “Student’s t test.

(E) Flow cytometry results showing the percentage of 1B50-1* cells in parental cells, FACS-purified 1B50-1* cells and purified 1B50-1* cells cultured in 10%
serum-containing medium for 2 weeks (Cultured) or transplanted into NOD/SCID mice (Tumor).

(F) gRT-PCR analysis of the expression of stem cell markers and drug-resistance-related genes in purified 1B50-1* and 1B50-1" populations. Data presented as
fold difference over 1B50-1" cells for each gene, which was defined as 1 (calibrator). Error bars indicate SD.

(G) Representative flow cytometry results from analyzing indicated markers. For the ALDH assay, cells incubated with Aldefluor substrate BAAA and the ALDH-

specific inhibitor DEAB were used to set the gate.

(H) Tumorigenic cell frequency in each fraction of Huh7 cells was determined with limiting dilution assay in NOD/SCID mice.

See also Figure S1.
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Table 1. Tumorigenicity of 1B50-1* and 1B50-1" Cells Sorted from HCC Cell Lines and Clinical Specimen-Derived Cells in NOD/SCID

Mice
Tumor Formation (Tumor Formed/Mice Injected)
Percentage of Positive Cells Positive in 1B50-1" Cells (%) 1B50-1 Positive 1B50-1 Negative

Cells 1B50-1 CD133 CD13 EpCAM CD133 CD13 EpCAM 103 102 108 102
Huh7 0922 247 371 86.1 85.7 75 94.7 5/58 = 196 5/5 3/5(0:09 = 0.06)p 0/5
Hep-11 0.4-0.7 912 974 999 100 100 97.8 5/5 1/5 0/5 0/5
Hep-12 92.1-94.8 76.3 97.1  99.7 78.5 98.4 99.9 5/5-5 = 1.1b 5/5 3/5(1:8 = 0.3)b 0/5
HepG2 0.5-2.1 42 534 48 85.5 94.3 85.7 4/5 4/5 0/5 0/5
SMMC7721 0.5-0.6 48 232 36 94.3 86 85.1 5/5 5/5 0/5 0/5
Case-1° 17-33 24 303 288 84.3 92.1 97.6 5/55 = 1.0b 5/5 3/5(0:12 = 0.04p 0/5
Case-2° 0.6-2.1 21 877 25 90.3 97.6 78.7 3/5 2/5 0/5 0/5
Case-3° 04-18 15 855 15.8 96.8 91.7 95.2 5/5(1-3 = 06 3/5 575 Cekeas 1/5
Case-4° 06-1.3 86 137 441 89.8 93.7 91.8 2/5 0/5 0/5 0/5

2The results of two to eight flow cytometry analyses.

PThe data in the parentheses are the average volume + SD of tumors formed (cm®).
°HCC specimens were undergone primary culture and expanded in vitro for less than ten passages.

to 1.14% (Figure 1E). These data suggest that 1B50-1* cells are
able to differentiate into 1B50-1~ cells but not vice versa.
However, purified 1B50-1* Hep-12 cells retained their high
percentage of 1B50-1* cells whether they were kept in culture
or in vivo, like the parental Hep-12 cells (Figure 1E; Figure S1E).

1B50-1* Cells Express Multiple Stem Cell Genes

To confirm that 1B50-17 cells represent cells with stem cell-like
properties at the molecular level, the expression of a panel of
genes associated with liver progenitor cells (Sell and Leffert,
2008) was compared between 1B50-1* and 1B50-1~ popula-
tions purified from Hep-12 and Huh7 cells by quantitative reverse
transcription (QRT)-PCR (Figure 1F). Compared with 1B50-1~
cells, 1B50-1* cells from both cell lines consistently expressed
higher levels of OCT4, SOX2, NANOG, BMI1, AFP, and CTNNB.
Furthermore, the expression of the drug efflux transporter gene
ABCG2 and the multidrug resistance gene MDR1 was elevated
in the 1B50-1* fractions.

It is interesting that 1B50-1* cells overlapped with CD133",
EpCAM*, CD13*, and ALDH* populations of Hep-12 cells (Fig-
ure 1G). Although the majority of 1B50-1" cells were also positive
for CD133, EpCAM, CD13, and ALDH in Huh7 cells, only a small
fraction of CD133*, EpCAM™*, CD13*, or ALDH" cells were 1B50-
1* (Figure 1G). A similar correlation between 1B50-1 and these
reported HCC TIC markers was also found in other HCC cell lines
and patient-derived cells (Table 1). Thus, 1B50-1* cells represent
fractions of CD133*, EpCAM™, and CD13* populations but not
vice versa.

1B50-1* Cells Are a More Restricted Subset of Highly
Tumorigenic Cells among CD13*, CD133*, and EpCAM*
HCC TIC Populations

The relationship of 1B50-1 to the other liver TIC markers CD13,
CD133, and EpCAM and the fact that the 1B50-1" fraction of
nontumorigenic Hep-11 cells, which were more than 91% posi-
tive for CD13, CD133, and EpCAM, was tumorigenic led us to
propose that the previously reported HCC TIC population
defined by CD13*, CD133*, or EpCAM* might be mainly attrib-

544 Cancer Cell 23, 541-556, April 15, 2013 ©2013 Elsevier Inc.

uted to the existence of their respective 1B50-1* subsets. To
confirm this, we compared the tumor-forming ability of different
fractions of Huh7 cells (Figure 1H). As few as 100 cells of
1B50-1*CD13*, 1B50-1*CD133", and 1B50-1*EpCAM™ subsets
formed tumors in almost all the transplanted mice, whereas
only small nodules were occasionally found in all other frac-
tions that were 1B50-1". Cells only positive for CD13, CD133,
or EpCAM did not have significantly higher tumor formation
ability compared with each corresponding double-negative
fraction.

Clinical Significance of 1B50-1* Cells in HCC and
Surgical Margin Tissues

Because 1B50-1 did not stain formalin-fixed tissues, we exam-
ined its staining by fluorescence immunohistochemistry using
86 paired frozen HCC and paracancerous tissues that were ob-
tained from the hepatectomy margins, six recurrent HCC tissues,
and five normal liver samples from hepatic hemangioma
patients. As shown in Figure 2A, 1B50-1 reacted with an antigen
on the cell surface in the positive tissues and 1B50-1* cells
showed a scattered distribution in 72.1% of HCC tissues,
whereas they were detected in only 46.5% of paracancerous
tissues (Table S1). Furthermore, 1B50-1* staining in paracancer-
ous tissues was only found in those patients with positive stain-
ing in their tumor tissues. No 1B50-1* cells were observed in the
five normal liver tissues. It is important to note that 1B50-1" cells
were enriched in the recurrent HCC tissues of four patients out of
six tested.

Next, we examined the tumorigenic capability of 1B50-1* and
1B50-1" cells sorted directly from freshly resected HCC and par-
acancerous tissues of three patients (Figure 2B). 1B50-1* cells
isolated from the tumor tissues of all three patients gave rise to
tumor growth after transplantation of as few as 1,000 cells, while
those purified from the paracancerous tissues in two out of three
patients also initiated tumor growth within 8 weeks after trans-
plantation. As many as 10° 1B50-1" cells isolated from either
tumor or paracancerous tissues caused no visible tumor forma-
tion after 4 months. H&E staining showed no difference in the
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histology formed by 1B50-1* cells from tumor versus peritumor
tissues, which both resembled that of the tumor tissue of the
patient (Figure 2C).

Finally, we analyzed the correlation between the clinicopatho-
logic characteristics and 1B50-1 staining status (Table S1). No
significant correlation was found between the 1B50-1" staining
in HCC tissues and any clinicopathologic factor. However, the
presence of 1B50-1* cells in the paracancerous tissues did
correlate significantly with hepatic cirrhosis, very rapid recur-
rence, and a lower rate of 4-year overall survival postsurgery.
Kaplan-Meier curves revealed that the 1B50-1 staining status
in the tumor tissues did not correlate with disease-free or overall
survival of these patients, but the median disease-free survival
and the 75th percentile overall survival time postsurgery in the
patients with 1B50-1" staining in the paracancerous tissues
were approximately 4.5 and 10.1 times, respectively, those
with positive staining (Figures 2D-2G). Multivariant Cox regres-
sion analysis also showed that 1B50-1* staining in HCC
paracancerous tissues was an independent risk factor of poor
prognosis for HCC patients (Figure 2H).

Self-Renewal Property of 1B50-1* Cells

To further confirm that 1B50-1" cells have stem cell-like proper-
ties, we first performed sphere formation assays to determine
their in vitro self-renewal ability. 1B50-1* cells purified from
various HCC cell lines and clinical specimens displayed signifi-
cantly higher sphere-forming efficiency compared with their
respective 1B50-1~ counterparts. Furthermore, the sphere-
forming ability of 1B50-1* cells expanded in subsequent serial
propagations (Figures 3A and 3B). We then performed in vivo
serial transplantation assays with resorted cells from tumors
formed by 1B50-1* cells. Once again, 1B50-1* cells formed
tumors in the second transplanted mice, while their 1B50-1~
counterparts remained nontumorigenic (Figure 3C). These
results demonstrate that 1B50-1* cells have self-renewal ability
both in vitro and in vivo.

In Vitro Effects of 1B50-1 on HCC Cells

To evaluate if 1B50-1 could have some effects on liver TICs, we
first tested the sphere-forming ability of 1B50-1* cells following
1B50-1 treatment. As shown in Figure 3D, 1B50-1 at 10 pg/ml
significantly suppressed the sphere formation of 1B50-1" cells
purified from all HCC cell lines and patient-derived specimens
tested.

We then examined the effect of 1B50-1 on the apoptosis of
1B50-1* cells by a terminal deoxynucleotidyl transferase dUTP
nick-end labeling (TUNEL) assay. 1B50-1 induced apoptosis of
the cultured Hep-12 cells in a dose-dependent manner. The
apoptosis-inducing effect was also confirmed in 1B50-1* frac-
tions purified from other cell lines. No significant cell apoptosis
was observed for unpurified Hep-11 cells upon 1B50-1 treat-
ment (Figures 3E and 3F; Figure S2).

Finally, we treated cultured HCC cells with 1B50-1 at 10 ug/ml
for 48 hr, followed by transplanting the cells into NOD/SCID mice
subcutaneously (s.c.) with limiting dilution. While 10° cells of
control groups (treated with immunoglobulin G [IgG]) formed
tumors in all the transplanted mice within 3—4 weeks after injec-
tion, none of the mice transplanted with 1B50-1-treated cells
showed tumor formation after 12 weeks (Figure 3G). These

data indicate that tumorigenic cells are eradicated by ex vivo
1B50-1 treatment.

1B50-1 Suppresses the Growth of HCC In Vivo and
Eradicates TICs

Next, we examined whether 1B50-1 could have a therapeutic
effect on established HCC engraftments by administering
1B50-1 intraperitoneally (i.p.). As shown in Figures 4A-4C, the
growth of both Hep-12 and Huh7 cells was dramatically sup-
pressed by 1B50-1 treatment in a dose-dependent manner,
although the percentages of positive cells varied greatly
between the two cell lines (Table 1). Some of the tumors formed
by Hep-12 cells almost completely disappeared following 1B50-
1 treatment. The suppression effect of 1B50-1 was also detected
on xenografts derived from a HCC primary culture (Figure 4D).

Because 1B50-1 treatment alone retarded tumor growth only
to a moderate degree, we examined the therapeutic efficacy of
the combination of 1B50-1 and doxorubicin (DXR). By injecting
800 pg 1B50-1 and 1.5 mg/kg DXR i.p. per mouse, the growth
of Huh7 engraftments was inhibited by as much as 89.0%
compared with the control, representing a further 46.5% inhibi-
tion compared with DXR alone (Figures 4E and 4F). A similar
effect with combined therapy was also observed for tumor xeno-
grafts directly derived from two HCC patients (patient-derived
xenograft [PDX]) (Figures 4G and 4H). The survival of mice was
also improved following combined therapy in the PDX models
(Figures 4l and 4J).

We then analyzed the TICs in the residues of treated Huh7
engraftments. Although the tumor inhibition of 1B50-1 was less
effective than DXR, the proportion of 1B50-1* cells decreased
upon antibody treatment, whereas the population of 1B50-1"
cells was significantly enriched after DXR treatment (Figure 4K).
Moreover, serial transplantation of 10* cells into secondary
NOD/SCID mice from tumors that received 1B50-1 treatment
formed tumors in two out of 10 mice, while the cells from the
control and DXR-treated tumors subsequently formed tumors
in nine out of 10 and five out of five injected mice, respectively,
with DXR-treated cells developing tumors more rapidly. Notably,
only a tiny nodule was found in one out of five mice transplanted
with residual cells from an engraftment treated with 1B50-1 plus
DXR (Figures 4L and 4M), suggesting TICs were reduced
following combined treatment in vivo.

We next detected apoptotic cells by TUNEL assay in the xeno-
grafts following 1B50-1 treatment. Consistent with in vitro
results, the apoptotic cell percentage increased significantly in
both Hep-12 and HuH7 engraftments treated with 800 pg
1B50-1 per mouse (Figures 4N and 40; Figure S3).

These data demonstrate that 1B50-1 has a therapeutic effect
on HCC by targeting TICs, which is augmented by combination
with DXR.

The Antigen Recognized by 1B50-1 Is «261, Isoform 5

To identify the antigen recognized by 1B50-1, we performed
immunoprecipitation and mass spectrometry analysis using
Hep-11 and Hep-12 cells. Unlike in Hep-11 cells, immunopre-
cipitation of Hep-12 cell lysates with 1B50-1 resulted in several
dominant bands observed by SDS-PAGE (Figure 5A). Only the
~150 kDa band was predicted to be a membrane protein
with a matched molecular weight of glycosylated «231,
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Figure 2. Clinical Significance of 1B50-1* Cells in HCC Patients

(A) Immunohistochemical staining of cryostat sections of primary and recurrent HCC tissues, paracancerous tissues and normal liver with 1B50-1. Nuclei were

stained with DAPI. Arrows indicate positive cells.

(B) The tumorigenicity of 1B50-1* and 1B50-1" cells purified directly from freshly resected HCC and matched paracancerous tissues. “The data are expressed as

number of tumors formed/number of sites injected, and the numbers of cell injected are shown in parentheses.

(C) H&E staining of the tumors formed in (B) by 1B50-1* cells from both the tumor and paracancerous tissues, as well as the original patient HCC tissue (case-5).

(D-G) Kaplan-Meier curves for disease-free (DFS) and overall survival (OS) were compared according to 1B50-1 staining status in HCC tissues (D and F) and the

paracancerous tissues (E and G). )
(legend continued on next page)
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Figure 3. The Self-Renewal Property of 1B50-1* HCC Cells and the Effects of 1B50-1 In Vitro

(A) Representative phase contrast micrographs show the spheroids formed by 1B50-1* and 1B50-1~ HCC cells.

(B) Histograms showing the spheroid forming efficiency of FACS-sorted 1B50-1* and 1B50-1" fractions from indicated sources. The ability of the spheres formed
by 1B50-1* cells to form secondary spheroid was also shown (1B50-1*/2nd). One hundred cells per well were plated (n = 6). Spheroids (> 100 pm) were counted
under a stereomicroscope.

(C) Tumor formation of serial transplantation assay: 1B50-1* and 1B50-1~ subsets sorted from xenografted tumors by 1B50-1* cells in Table 1 and Figure 2B were
transplanted s.c. into secondary NOD/SCID mice. #The tumor formed by paracancerous 1B50-1* cells were used.

(D) Histograms showing the effect of 1B50-1 (10 pg/ml) on spheroid formation of sorted 1B50-1* cells (n = 6).

(E and F) Histograms showing the effect of 1B50-1 on apoptosis of Hep-11 and Hep-12 cell lines (E) or purified 1B50-1* subsets from indicated HCC cell lines (F).
Cells were treated with 10 ug/ml 1B50-1 for 48 hr in vitro and processed using TUNEL assay followed by flow cytometry.

(G) The tumorigenicity of HCC cells treated with 10 ug/ml 1B50-1 or nonrelated IgG (control) for 48 hr in vitro and subsequently transplanted into NOD/SCID mice.
All error bars indicate SD. *Student’s t test. ND, not done.

See also Figure S2.

a composing subunit of a voltage-dependent calcium channel An analysis of «231, which is encoded by CACNA2D1, was
(Figures S4A and S4B). Hence, it was selected for further conducted to examine whether its expression was associated
analysis. with 1B50-1 staining. gRT-PCR showed that the 231 mRNA

(H) Univariate and multivariate analysis predicts risk factors of poor survival for HCC patients. *Chi-square test. Note: 1B50-1* staining is defined as the presence
of at least one 1B50-17 cell in a whole cryostat slice, which was screened under a microscope with a 10x lens blindly by two experienced researchers. Negative
staining indicates that no 1B50-1" cells were found. Ca, cancer; PCa, paracancer; RR, relative risk.

See also Table S1.
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Figure 4. The Therapeutic Effects of 1B50-1 on Established HCC Engraftments in NOD/SCID Mice
(A-D) The mice transplanted s.c. with Hep-12 (A and B, n = 7), Huh7 (C, n = 5), and primary HCC cells (D, n = 5) were injected i.p. with PBS, nonrelated IgG, or
1B50-1 at indicated doses every other day for a total of seven times after the tumors were visible. Tumors were dissected and weighed at experiment termination.
(E and F) Growth curves of Huh7 engraftments treated with 800 ug 1B50-1, 1.5 mg/kg doxorubicin (DXR), or the combination of both, per mouse as indicated by
arrows in (E). The histogram in (F) shows the average weight of the dissected tumors (n = 7).
(G and H) Growth curves of two HCC PDX tumors injected i.p. with 800 ng 1B50-1, 1.5 mg/kg DXR, or the combination of both, per mouse as indicated by

arrows (n = 6).

(I and J) Kaplan-Meier survival curves of the PDX models in (G) and (H) following the treatments.
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was highly expressed in Hep-12 cells compared with Hep-11
cells (Figure 5B) and in 1B50-1* subsets compared with their
1B50-1" counterparts from HCC cell lines and primary tumor-
derived cells (Figure 5C). Furthermore, western blot with
a commercial 2231 mAb showed that Hep-12 cells and 1B50-
1* HCC specimens expressed high levels of 251 protein, while
it was undetectable in Hep-11 cells and IB50-1" paracancerous
tissues (Figures 5D and 5E). Additionally, double staining of Hep-
12 cells and HCC specimens with 1B50-1 and a rabbit polyclonal
2231 antibody confirmed that both antibodies colocalized
(Figure 5F).

Because 2251 has five isoforms, we determined if 1B50-1 is
isoform specific. Double staining (with MYC and 1B50-1
antibodies) of COS-7 cells transiently transfected with each
MYC-tagged =231 isoform revealed that 1B50-1 specifically
recognized isoform 5, while it weakly cross-reacted with the
other four isoforms (Figure 5G). Further PCR cloning and
sequencing verified that the mRNA encoding the target protein
in 1B50-1* HCC cells was indeed that of 2251 isoform 5 (Figures
S4C and S4D). Consistently, skeletal muscle, which expresses
isoform 1 of 231, was positively stained by the commercial
polyclonal 2231 antibody but was negative for 1B50-1 staining
(Figure 5F), further suggesting that 1B50-1 specifically recog-
nizes isoform 5 of «231. Finally, knockdown with shRNAs specif-
ically targeting 231 resulted in decreased 1B50-1 staining in
Hep-12 cells (Figures 5H-5J). All of these data confirm that the
antigen recognized by 1B50-1 is indeed isoform 5 of a231.

The Effects of #2361 Knockdown and Overexpression on
TIC Properties

If 1B50-1 functions by blocking 2231, knockdown of its expres-
sion should mimic the effects of 1B50-1 treatment. To validate
this hypothesis, we performed RNAi experiments. Knockdown
of «231 led to reduced sphere formation, enhanced apoptosis,
and decrease of tumorigenic cells among Hep-12 cells (Figures
5K-5M; Figure S4E). In addition, knockdown of «231 in purified
1B50-1* cells from other HCC cell lines and primary HCC-
derived cells reduced sphere formation and tumorigenicity and
increased cell apoptosis (Figures 5K, 5L, and 5N).

We also overexpressed o231 isoform 5 in Hep-11 cells and
1B50-1" populations purified from other HCC cell lines. Although
overexpression of «231 did not lead to a significant change in
tumorigenicity of Hep-11 cells, it increased hepatosphere-form-
ing efficiency. Similar results were obtained in other 1B50-1"
populations upon 231 overexpression (Figure 50).

231 Regulates Calcium Influx in Liver TICs

To determine whether 1B50-1 binding of 2231, which is a subunit
of a voltage-dependent calcium channel, affects calcium
influx, we first measured changes in intracellular calcium
concentration ([Ca®*])) with the Ca®* indicator Fluo-4AM. [Ca®*];

in Hep-12 cells was significantly higher than that of nontumori-
genic Hep-11 cells, as shown by the intensity of fluorescence.
Treatment of Hep-12 cells with 10 pg/ml 1B50-1 for 24 hr re-
sulted in a 25.5% decrease of fluorescence intensity, which
was statistically significant compared with IgG-treated cells,
whereas Hep-11 cells were not affected by 1B50-1 treatment
(Figure 6A). Furthermore, analysis of [Ca2*]; in other HCC cell
lines and primary HCC-derived cells revealed that the average
[Ca®*]; level in 1B50-1" fractions was significantly higher than
that of 1B50-1~ subsets, and 1B50-1 treatment resulted in
a marked reduction of [Ca®*]; in 1B50-1" cells (Figure 6B; Fig-
ure S5A). Overexpression of 231 resulted in elevation of
[Ca®*]; in Hep-11 cells (Figure 6C; Figure S5B), whereas knock-
down of 2251 in Hep-12 cells led to decrease in [Ca2*]; (Fig-
ure 6D). All these data show that 251 plays a role in the calcium
influx in 1B50-17 liver TICs.

Next, we monitored time-dependent changes in [Ca“*]; in indi-
vidual cells. Irregular calcium transients were observed in most
Hep-12 cells. They appeared more frequently and with more
varied intervals in Hep-12 cells compared with Hep-11 cells, in
which transients were only observed in approximately 1%-2%
of cells (Figures 6E-6G). Calcium transients diminished when
extracellular Ca®* was chelated with EGTA and restored when
calcium was added into the culture medium (Figures S5C and
S5D), suggesting that spontaneous [Ca®*]; oscillations in TIC-en-
riched Hep-12 cells depended on the influx of extracellular
calcium. Treatment of Hep-12 cells with 1B50-1 did not alter
the frequency of spontaneous [Ca*]; oscillations, but their
amplitude was significantly suppressed (Figures 6H-6J). 2231
knockdown in Hep-12 cells gave similar results (Figures 6K
and 6L). These data confirm that «281 plays an essential role in
calcium oscillations in HCC TICs and that 1B50-1 inhibits the
function of «231.

2+]i

The Hepatosphere-Forming Ability of 1B50-1* Liver TICs
Depends on L- and N-type Calcium Channels

Given that 2231 may function through both calcium channel-
dependent and independent mechanisms and that multiple
calcium channels may be involved in calcium influx, we first
determined which calcium channel is involved in the TIC self-
renewal regulated by o231 using specific calcium channel
blockers. As shown in Figure 6M, the hepatosphere formation
ability of 1B50-1* liver TICs isolated from different HCC cell lines,
as well as that of a231-overexpressing Hep-11 cells, was in-
hibited by L-type and N-type but not T-type calcium channel
blockers, indicating that «251 regulates TIC self-renewal through
at least L-type and N-type calcium channels.

We then determined whether other subunits of functional
voltage-gated calcium channels were present in the TICs by per-
forming RT-PCR analysis of the mRNAs coding for all known 10
a1 subunits and three B subunits of voltage-gated calcium

(K) Residual tumors of (E) were digested into single cells, stained by 1B50-1 after depleting red blood cells, and analyzed by flow cytometry to detect the

percentage of 1B50-1* cells in the residual tumors after treatment.

(L and M) The tumor-initiating ability of the Huh7 engraftment residues after each drug treatment was assayed by retransplanting 10* cells with Matrigel into NOD/
SCID mouse. The data in (M) are from two independent experiments, and the photograph in (L) shows the dissected tumors of one experiment. ND, not done.
(N and O) Apoptotic cells in engraftments treated with 800 ng 1B50-1 per mouse were detected in situ using the TUNEL assay. The apoptotic index was assessed
by the ratio of TUNEL-positive cells/total number of cells from six randomly selected high-power fields (400x). All error bars indicate SD. *Student’s t test.

See also Figure S3.
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Figure 5. The Roles of 251 in HCC TICs
(A) SDS-PAGE analysis of 1B50-1 immunoprecipitation products from Hep-11 and Hep-12 cells. The arrowhead indicates the band that was cut out for mass
spectrometry analysis.
(B) gRT-PCR analysis of the 251 mRNA level relative to GAPDH mRNA level in Hep-11 and Hep-12 cell lines.
(legend continued on next page)
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channels. As shown in Figure S5E, the mRNAs encoding «.1B,
a1C, and a1F subunits were highly expressed in Hep-12 cells
compared with Hep-11 cells, while those for 1A, 1D, a1G,
al1H, B1, and B3 subunits were equally expressed in both cell
lines. Furthermore, when o231 was transfected into Hep-11
cells, the expression of a1B, a1C, and a.1F mRNAs was induced.
The data were further confirmed with qRT-PCR analysis of «.1B,
a1C, «1D, and «1F mRNAs in these cells and sorted 1B50-1* and
1B50-1" subsets (Figure 6N). These data suggest that the most
important subunits of a functional calcium channel do exist in
TICs and that 2231 could upregulate the expression of 1B,
a1C, and a1F subunits.

231 Knockdown Inhibits ERK1/2 Phosphorylation and
Triggers Apoptosis

Because calcium oscillations play a pivotal role in activating
signaling cascades that regulate gene transcription and various
cell functions, we performed western blots to investigate the
molecular mechanisms underlying the effects of 1B50-1 treat-
ment and 2231 knockdown. As shown in Figure 7A, the phos-
phorylation of ERK1/2 in Hep-12 cells was suppressed upon
1B50-1 treatment and «231 knockdown, while both the overall
protein and phosphorylation levels of PI3K and AKT were unaf-
fected. Furthermore, consistent with its apoptosis-inducing
effects, both 1B50-1 treatment and «251 shRNA knockdown re-
sulted in downregulation of the antiapoptotic protein BCL2 and
upregulation of BAX and BAD, as well as activation of caspases
3, 8, and 9, as shown by increased levels of cleaved proteins.
Notably, the expression of ABCG2 and BMI1, which is important
for stem cell self-renewal (Chiba et al., 2008), was also
downregulated.

Next, we validated the aforementioned data in cells purified
from primary HCC-derived cells by western blot analysis of
some representative proteins. Compared with their 1B50-1~
counterparts, 1B50-1* cells expressed higher levels of ABCG2,
BMI1, BCL2, and OCT4, as well as phosphorylated ERK1/2
(p-ERK1/2). 1B50-1 treatment of 1B50-1" cells resulted in down-
regulation of these proteins and dephosphorylation of ERK1/2
(Figure 7B).

It is important to note that the expression of those proteins
downregulated by o231 blocking, such as BMI1, OCT4,

ABCG2, BCL2, and p-ERK1/2, was upregulated upon «231 over-
expression (Figure 7C).

An ERK1/2 Inhibitor, U0126, Mimics the Effects of «251
Blocking

The aforementioned findings indicate that the MAPK pathway
regulates liver TIC properties. To test this hypothesis, we treated
Hep-12 cells and 1B50-1* fractions from other HCC cell lines
with an ERK1/2 inhibitor, U0126. The expression of BMIA,
OCT4, ABCG2, and BCL2 were downregulated by 10 uM
U0126 treatment for 48 hr (Figure 7D). The hepatosphere forma-
tion of Hep-12 cells, purified 1B50-1* subsets from various HCC
cell lines, and «231-overexpressing Hep-11 cells was also sup-
pressed upon U0126 treatment (Figures 7E and 7F). These
data suggest that ERK1/2 inhibition mimics the effects of
1B50-1 treatment and =231 knockdown, suggesting that
ERK1/2 activity is essential for the maintenance of HCC TIC
properties.

DISCUSSION

The TICs are proposed to be responsible for tumor recurrence
according to the cancer stem cell hypothesis (Visvader and Lin-
deman, 2012). Here, we identified a population of HCC TIC
expressing =231 in primary HCC and some surgical margins
using a mAb, 1B50-1, generated against the recurrent HCC-
derived cell line Hep-12, suggesting these «231* TICs might be
the cell of origin for HCC recurrence.

The differentiation capability of 1B50-1* cells from the recur-
rent HCC-originated Hep-12 cells, which have a block of differ-
entiation capacity in vitro or in vivo (Xu et al., 2010), is quite
different from those purified from primary HCC-derived cells in
that they established equilibrium at a different percentage of
1B50-1" cells. This observation indicates that, during tumor
progression, the same TIC population undergoes clonal evolu-
tion under selection pressures that enable these cells to acquire
additional characteristics and to remain in a more stable state.

«231 was previously proposed as a potential hepatic progen-
itor cell marker (Yovchev et al., 2007). We confirmed that 1B50-1
recognized many cells in resected mouse liver as well as in
colony-forming units of normal mouse liver (data not shown).

(C) gRT-PCR analysis of the 2251 mRNA level in purified 1B50-1" fractions relative to that in their 1B50-1~ counterparts of indicated sources.

(D and E) Western blot analysis with a 231 mAb in HCC cell lines (D) or paired tumor (T) and paracancerous (N) tissues from HCC patients (E). The corresponding
1B50-1 immunofluorescence staining status (1B50-1 IF) is also given above each lane for comparison. +, positive; —, negative.

(F) Cultured Hep-12 cells, cryostat sections of HCC tissue and skeletal muscle were fixed with methanol, double-stained with 1B50-1 and a rabbit polyclonal 231
antibody, and observed under a confocal microscope. The HCC tissue and the skeletal muscle were also counterstained with DAPI.

(G) Immunofluorescent staining of COS-7 cells transiently transfected with indicated MYC-tagged isoform of 2231 with MYC and 1B50-1 antibodies without

fixation.

(H and I) 2231 mRNA (H) and protein (1) levels of Hep-12 cells stably infected with lentivirus harboring scramble (control) or shRNA1 or shRNA2 targeting «231.
(J) Hep-12 cells stably infected with indicated lentivirus were immunostained by 1B50-1.
(K) Histogram showing the sphere-forming ability of purified 1B50-1* subsets after 2231 knockdown. Sorted 1B50-1* cells were incubated with indicated

lentivirus for 4 hr, and were plated at 100 cells per well (n = 6).

(L) Sorted 1B50-1* cells were infected with indicated lentivirus and cultured in serum-free medium for 72 hr, and apoptotic cells were detected by flow cytometry

analysis of TUNEL-stained cells.

(M) Hep-12 cells stably infected with indicated lentivirus were transplanted s.c. in NOD/SCID mice at indicated numbers to assay their tumorigenicity.
(N) The tumorigenicity of 1B50-1* cells purified from indicated sources after 2231 shRNA knockdown. 1B50-1* cells were incubated with indicated lentivirus for

4 hr, and 1,000 cells per mouse were injected.

(O) The sphere-forming ability of sorted 1B50-1" cells infected with 2231 (isoform 5) lentivirus (100 cells per well plated, n = 6). All error bars indicate SD.

*Student’s t test. ND, not done.
See also Figure S4.

Cancer Cell 23, 541-556, April 15, 2013 ©2013 Elsevier Inc. 551


http://www.tracker-software.com/buy-now
http://www.tracker-software.com/buy-now

Cancer Cell

2231 and Liver Tumor-Initiating Cells

A _ B *p=3.4E-5 W {B50-1* @IgG 10 pg/ml (o
Zwo *p=0.004 5. TTP0002  4Rso1- @1B50-1 10 pgimi > *p=2TE6
2 . _ T 0 *p=0.005 B
I *p=0.009 c 1 Z *p=0.002 £ *p=0.001 g 200|
S Sl | w00 P01 P g 08 £
g ® £ oo} é M p9TES ) ' s
C 50 S 7 ) CPEY Z Z Q
3 @ é z % g é 5 100
@ 0 O eof / / Z Z / [}
2 s -0 -0 . 0 -0 7
5 o e N 7 Z 7 Z o
5 ool _ / / . i
S0 S Z Z ’ 7 % g
T IgG 1B50-1 PBS IgG 1B50-1 2 = lgl Iz lg Z g !
Hep-11 Hep-12 Z Z Z Z | MO e
ector a
D 2140 = > 250 j
= ) +p=0.02 & 210
g I 8 .9E-5 I g™ 5
€00 *p=8.9E- = & st v boa
© o 1% = l \ Tga1 It "i.\&‘\aﬁ.&&i’i.‘,m\
e e 8 s \: A t’ﬂ\k‘,\“&'
o @ 100 5 (=St
® 2 o
L T e o N NSy N S
<] 5 2
= =] o
w o . . . ) 2 o
Control shRNA1 shRNA2 100 200 300 200 500 L 100 200 300 200 500
Time (s) Time (s)
G -, 250 H |
-‘é 2 . %'100 c
200p 4 —
g I il 4 ’ 3 5 75 E
= 1 . 1 * ] s
8 150'. . ‘: -' a :
£ bt Ho I N i ) i 2
Q 1 VAU E it TR PR U L VYL e e @
g 50 é 25 g
5] = ©
3 o i
i 3 =
[T 0 L " s " j =
100 200 300 400 ol = 100 200 300 400 s00 Igé 1B50-1 PBS IgG 1B50-1
Time (s) Time (s) Hep-11 Hep-12
L %=
K N 10 p=4.4E-8
J 12 *p=2.2E-8 = r *p=0.17 ) 09 [ oo 1
- £ o p=3.1E-15
i = *p=0.23 o | —
E :‘_@ 15 I' o
‘ : z
- Q L
i o '° -
(I s Illl.
<] = 5
= <]
of
PBS lgG 1B50-1 Control shRNA1 shRNA2 Control shRNA1  shRNA2
M m 0.1% DMSO B T-typelamiloride 20 M N
_ sor 2 L-type/nifedipine 10 pM N-type/w-connotoxin-GVIA 0.5 uM 200 O Hep-11 8 SMMC7721/1B50-1-
D sob @ L-type/cis-diltiazam 20 pM 135.2 @ Hep-12 SMMC7721/1B50-1*
E | @ 7" B Hep-11/Vector & Case-4/1B50-1-
@ 70 8 10 4 @ Hep-11/0251 m Case-4/1B50-1*
o 6of =
sof
7] =
7 Y =50
5 1 =
g r g,
g 20 g § 10
N
S é % Z N 1
i A BN ZEN

HepG2

Figure 6. Characterization of Calcium Influx in 1B50-1* TICs

SMMC7721 Hep-11/a281

(A) [Ca**]; levels in Hep-11 and Hep-12 cells after treated with IgG or 1B50-1 at 10 ug/ml for 24 hr measured by the fluorescence intensity using confocal

microscopy after cells were loaded with Fluo-4AM.

B) [Caz*]i levels in 1B50-1* and their 1B50-1~ counterparts, as well as in 1B50-1* subsets treated with IgG or 1B50-1 at 10 pg/ml for 24 hr measured by flow

cytometry.
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Its identification as a TIC marker here demonstrates TICs’ close
correlation with normal liver progenitors. Furthermore, our
inability to find cells reacted with 1B50-1 in normal human liver
specimens is consistent with the notion that liver progenitors
are rare and are not readily detectable in human normal adult
liver (Darwiche and Petersen, 2010). Finally, the finding that the
cells detected by 1B50-1 in paracancerous tissues also have
TIC properties may explain why those patients who have under-
gone hepatectomy still relapse, and this could have prognostic
value. This finding also indicates that specific therapeutic strat-
egies to eradicate these cells should be used for HCC patients
with 22317 cells at the surgical margins.

Our data demonstrate that 1B50-1 has a therapeutic effect on
HCC by targeting TICs. Of course, ideally, tumors will disappear
when TICs are disrupted completely, according to the TIC
hypothesis. However, it is difficult to obtain complete pharmaco-
kinetic control, especially in vivo (as shown by this study and
many others; Haraguchi et al., 2010; Visvader and Lindeman,
2012), with an antibody alone, most likely because of inefficient
penetration of the antibody to the cells inside the tumor mass
and because of the presence of other transit-amplifying tumori-
genic cells. Instead, combination therapy of 1B50-1 with other
anti-HCC drugs such as DXR, which most likely disrupt TICs
and fast-proliferating non-TICs, respectively, would be required
to achieve a drastic regression, as demonstrated here.

The target of 1B50-1 was identified and validated as isoform 5
of @231, a subunit of voltage-gated calcium channel complexes
(De Jongh et al., 1990; Eroglu et al., 2009). Currently, little is
known about the expression pattern and specific function of iso-
form 5 of 0231, although other members of the 225 family have
been extensively investigated. Here, we reveal an essential role
of #2531 isoform 5 for the modulation of calcium influx and the
maintenance of many HCC TIC properties. In addition, it is unde-
tectable in most normal tissues, so cytotoxicity unlikely would be
a concern. Hence, 0231 isoform 5 could serve as a therapeutic
target for the development of drugs against HCC that specifically
eradicate TICs.

Our study identified the roles of 2231 isoform 5 in liver TICs
were related to its calcium influx regulation function through L-
and N-type voltage-gated calcium channels. However, the acti-
vation of voltage-dependent calcium channels is regulated by
polarization and depolarization of membranes, which are often
caused by influx of cations. Polarization/depolarization-related
signaling pathways and some other calcium channels, such as

nicotinic acetylcholine receptors, are also found to be related
to tumorigenesis (Hung et al., 2008; Lee et al., 2010). It would
be interesting to determine if these molecules are also highly ex-
pressed in «2317 liver TICs and, if so, what the roles are of these
molecules in the maintenance of TIC properties.

We identified p-ERK1/2 as a key downstream target of 2251
function in liver TICs. This finding is consistent with a previous
report that signaling to the nucleus by an L-type calcium channel
is transduced through the MAPK pathway (Dolmetsch et al.,
2001). Because other signaling pathways, such as the nonca-
nonical Wnt pathway, may also be involved in calcium signaling
(MacLeod et al., 2007), further studies are needed to clarify
whether these signaling pathways are also involved in the
maintenance of cancer stem cell-like properties of HCC TICs
by 2251.

Spontaneous calcium oscillations occur in cells originating
from excitable tissues, such as muscle and neuronal tissues,
but they also occur in embryonic stem cells, mesenchymal
stem cells, immature dendritic cells, and GO0/G1-phase cells,
although the regulatory mechanisms and biological functions
have not been elucidated in many cases (Ferreira-Martins
et al., 2009; Kapur et al., 2007; Vukcevic et al., 2010). [Ca2+]i
oscillations, one of the major forms of calcium signaling, can
promote the expression of specific genes, and this is related to
the amplitude and duration of calcium transients, possibly by
keeping transcription factors in the nucleus at high enough levels
to bind enhancer sites and initiate transcription (Dolmetsch et al.,
1997; Dolmetsch et al., 1998; Vukcevic et al., 2010). Here, we
observed that spontaneous [Ca®*]; oscillations were present in
HCC TICs and were controlled by calcium influx. Because
many TIC properties, such as self-renewal, tumorigenicity, and
survival, were affected by 1B50-1 treatment and knockdown of
2231 and because these treatments resulted in changes in
gene expression and a strong decrease in the amplitude of
[Ca®*); oscillations, we propose that 0251 is involved in “ampli-
tude-encoding” signals that maintain the properties of HCC
TICs and that inhibition of this signaling could serve as a thera-
peutic strategy for HCC.

EXPERIMENTAL PROCEDURES
Cell Lines and Clinical Samples

The HCC cell lines Hep-11, Hep-12, HuH7, SMMC-7721, and HepG2 were
cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum,

(
(

C) [Ca**]; levels in Hep-11 cells after «231 overexpression measured by flow cytometry.
D) [Ca®*]; levels in Hep-12 cells following 231 knockdown measured by confocal microscopy.

(E-G) Representative recordings of the fluorescence of individual cells plotted as a function of time showing the change of [Ca®*]; in the majority of Hep-11 (E) and
Hep-12 cells (F). A representative type of [Ca®*]; oscillation for a minor Hep-11 population was shown in (G).

(H) A representative recording of [Ca®*]; change with time in Hep-12 cells treated with 1B50-1 at 10 pg/ml for 24 hr.

(I) The frequency of [Ca®*]; oscillations in indicated cells treated with IgG or 1B50-1 at 10 ug/ml for 24 hr.

(J) The effect of 1B50-1 treatment (10 pg/ml for 24 hr) on the amplitude of [Ca*]; oscillations in Hep-12 cells.

(K and L) [Ca?*]; oscillation frequency (K) and amplitudes (L) in Hep-12 cells after 0251 stable knockdown.

(M) The effects of specific calcium channel blockers on spheroid formation were tested using FACS-purified 1B50-1* cells from indicated sources or ¢:231-

overexpressing Hep-11 cells (100 cells per well plated, n = 6).

(N) gRT-PCR analysis of the mRNAs encoding some .1 calcium channel subunits in indicated cells. The fold difference of Hep-12, Hep-11/2231, and 1B50-1*
subsets was calculated over the level of each gene in Hep-11, Hep-11/Vector, and 1B50-1" cells, respectively. Error bars in all panels indicate SD. The data in (1)
through (L) are the mean of 40 cells for each group of four independent experiments.

* #, and @, Student’s t test; *p < 0.05, and ®p > 0.05 versus 0.1% DMSO.
See also Figure S5.
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Figure 7. Molecular Mechanisms Underlying the Effects of «231 Blocking
(A) Western blot analysis using lysates of Hep-12 cells treated with IgG or 1B50-1 at indicated doses (per ml) for 48 hr or stable pools infected with lentivirus

harboring scramble or shRNA1 or shRNA2 targeting «231.
(B) Western blot analysis using lysates of 1B50-1* (lane 1), 1B50-1~
were sorted from Case-4 HCC-derived cells.

(lane 2), and 1B50-1* cells treated with 10 pg/ml 1B50-1 for 48 hr (lane 3). 1B50-1 fractions

(C) Western blot analysis to detect the change of representative molecules associated with HCC TICs in Hep-11 cells after 2231 (isoform 5) overexpression.
(D) Western blot results show the expression of HCC TIC-related molecules in Hep-12 cells treated with U0126 for 48 hr.

(E) The sphere-forming ability of Hep-12 cells treated with an ERK1/2 inhibitor, U0126.

(F) The effect of U0126 on the sphere-forming ability of sorted 1B50-1* cells from indicated sources and a.251-overexpressing Hep-11 cells. One hundred cells per

well were plated (n = 6). All error bars indicate SD. *Student’s t test.

100 U/ml penicillin, and 100 pg/ml streptomycin (Invitrogen, Grand Island, NY,
USA) in a humidified atmosphere of 5% CO, at 37°C.

Primary HCC specimens and matched adjacent normal tissues were
collected and snap-frozen into liquid nitrogen from patients who received
a hepatectomy with written informed consent. Some fresh HCC tissues were
mechanically minced and collagenase IV digested, followed by FACS or
primary culture in RPMI 1640 medium containing 10% fetal bovine serum
and expansion after removal of fibroblasts. The PDX models were established
using mechanically minced fresh HCC specimens. Acquisition and use of
these tissues were approved by the Ethics Committee of Peking University
Cancer Hospital.

Antibody Production

Subtractive immunization was used to generate antibodies recognizing the
epitopes specifically enriched in Hep-12 cells. In brief, mice were immunized
with Hep-11 cells, administered 200 mg/kg cyclophosphamide (Sigma-

554 Cancer Cell 23, 541-556, April 15, 2013 ©2013 Elsevier Inc.

Aldrich, St. Louis, MO, USA), and boosted three times with Hep-12 cells.
Fusion, hybridoma screening, antibody production, and purification were per-
formed using standard protocols.

Cell Labeling and Flow Cytometry Analysis

For flow cytometry analysis or FACS, cells were dispersed, labeled, and
analyzed as previously described (Xu et al., 2010). 1B50-1 was directly labeled
with PE-Cy5 or fluorescein using the respective Lightning conjugation kits
following the vendor’s protocol (Innova Biosciences Ltd., Cambridge, UK).

Tumorigenicity Assay in NOD/SCID Mice

For the tumorigenicity assay, various numbers of FACS-purified cells were
suspended in 50 pl of a 1:1 mix of plain RPMI 1640 and Matrigel (BD Biosci-
ences, Bedford, MA, USA) and transplanted s.c. into the armpit of 4- to 6-
week-old NOD/SCID mice (Vitalriver, Beijing, China). Tumor formation was
monitored weekly.
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To test the therapeutic effect of 1B50-1, cells were s.c. injected into the back
of 4- to 6-week-old NOD/SCID mice (2 x 108 cells per mouse). When all the
tumors were visible, mice with comparably sized tumors were randomly sepa-
rated into control and treatment groups and injected i.p. with PBS, nonrelated
1gG, 1B50-1, or DXR. The tumor volume was determined using the formula V =
L x W2 x 0.5, where L and W represent the largest and the smallest diameters,
respectively.

All animal experiments were performed in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals with
protocols approved by the Animal Care and Use Committee at Peking Univer-
sity Cancer Hospital.

Immunohistochemistry Staining

Frozen tissues were sectioned with a cryostat and fixed with methanol for 30 s.
After blocking with 5% nonfat milk in PBS, slides were incubated with 1B50-1
mAb alone or combined with a polyclonal antibody against 2231 (Catalog
#HPAQ008213, Sigma, St. Louis, MO, USA) at 4°C overnight, followed by reac-
tion with fluorescein isothiocyanate (FITC)-goat antimouse IgG or both FITC-
goat antimouse 1gG and rhodamine-goat antirabbit IgG. Nuclei were stained
with 4,6-diamidino-2-phenylindole dihydrochloride (DAPI; Polysciences, War-
rington, PA, USA) at 0.5 ng/ml. Specimens were mounted in 90% glycerol/PBS
containing 2.5% 1, 4-diazabicyclo(2,2,2)octane. Slides were examined with
a Leica SP5 confocal microscope (Leica, Wetzlar, Germany).

Sphere Formation Assay

To assay sphere formation efficiency, cells were plated in Ultra Low Attach-
ment 96-well plates (Corning Incorporated Life Sciences, Acton, MA, USA)
and cultured in Dulbecco’s modified Eagle’s medium/F12 (Invitrogen) supple-
mented with B27 (Invitrogen), 20 ng/ml epidermal growth factor, 20 ng/ml
basic fibroblast growth factor (Peprotech), 10 ng/ml hepatocyte growth factor
(Peprotech, Rocky Hill, NJ, USA), and 1% methylcellulose (Sigma). Cells were
incubated in a CO, incubator for 2-3 weeks, and spheres were counted under
a stereomicroscope (Olympus, Tokyo, Japan).

Intracellular Calcium Measurement
For the confocal laser scanning microscope method, cells were rinsed twice
with warmed Tyrode’s solution (140 mM NaCl, 5.0 mM KClI, 1.0 mM MgCl,,
5.5 mM glucose, 10 mM HEPES, 1.8 mM CaCl,, pH 7.2) and labeled with
Fluo-4/AM in Tyrode’s solution for 15 min at room temperature (RT). After
washing, fluorescence was measured at RT using a Zeiss confocal imaging
system with a 40x water immersion lens (Carl Zeiss, Jena, Germany). A total
of 500 images for each field were captured at intervals of 1.56 s, and the fluo-
rescence was quantified over all the cells in three to six random fields using Im-
ageJ software (http://rsb.info.nih.gov/ij/). The change in [Ca®*]; was expressed
as AF = (F — FO)/FO, where F = fluorescence intensity and FO = resting
fluorescence.

For flow cytometry measurement of [Ca“*]; level, trypsin-digested cells were
loaded with Fluo-4/AM as described earlier and analyzed with a flow
cytometer.

2+]i

Statistical Analysis

Using the SPSS 13.0 software, the significance of differences was determined
with a double-sided Student’s t test or a 2 test unless otherwise specified.
Tumorigenic cell frequency was calculated based on extreme limiting dilution
analysis using the webtool at http://bioinf.wehi.edu.au/software/elda/ (Hu and
Smyth, 2009). p < 0.05 was considered statistically significant.

SUPPLEMENTAL INFORMATION

Supplemental Information includes five figures, one table, and Supplemental
Experimental Procedures and can be found with this article online at http://
dx.doi.org/10.1016/j.ccr.2013.02.025.
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SUMMARY

We isolated a tumor B-cell-targeting antibody, BI-505, from a highly diversified human phage-antibody
library, using a pioneering “function-first” approach involving screening for (1) specificity for a tumor B cell
surface receptor, (2) induction of tumor programmed cell death, and (3) enhanced in vivo antitumor activity
compared to currently used treatments. BI-505 bound to intercellular adhesion molecule-1, identifying
a previously unrecognized role for this receptor as a therapeutic target in cancer. The BI-505 epitope was
strongly expressed on the surface of multiple myeloma cells from both newly diagnosed and relapsed
patients. BI-505 had potent macrophage-dependent antimyeloma activity and conferred enhanced survival
compared to currently used treatments in advanced experimental models of multiple myeloma.

INTRODUCTION

Targeted immunotherapy plays an increasingly important role in
the treatment of cancer (Weiner et al., 2010). Still, antibodies with
antitumor activity have yet to be generated for several types of
cancer, and a significant proportion of patients who initially
respond to the currently available therapies develop resistance
(Smith, 2003). The search for antitumor antibodies is thus critical
for the further development of targeted immunotherapy.

A common first step of conventional antibody discovery
approaches is to isolate antibodies with specificity for a prede-
fined target structure, which may be previously uncharacterized
or well validated with respect to cancer therapy. Therapeutic
efficacy is not, however, easily predicted from antibody target

specificity; antibodies to the same target receptor may vary
greatly in therapeutic efficacy independent of their binding
affinity (Beers et al., 2008; Cragg and Glennie, 2004), and anti-
bodies against alternative molecular targets may show prom-
ising, and sometimes unexpected, therapeutic potential (Beck
et al., 2010; Cheson and Leonard, 2008). It is therefore important
to use a “function-first,” rather than a target specificity-based,
approach to therapeutic antibody discovery.

We have developed an approach that allows screening of
large numbers of antibodies for useful antitumor activity without
prior identification of the target receptors (Fransson et al., 2006).
This high-throughput, function-first approach allows rapid
identification of candidates that display key properties for an
antitumor antibody, e.g., specificity for differentially expressed

Significance

Antibody therapy plays a growing role in the treatment of cancer. Antibodies may exert their therapeutic function by target-
ing ligand-receptor signaling pathways and/or by triggering of antibody-unique effector functions. Here, we describe potent
in vivo antimyeloma activity of an antibody isolated by target-unbiased functional screening for tumor cell death.
Mechanism-of-action studies demonstrated that the antibody induced apoptosis in target tumor cells and activated macro-
phage-dependent host antitumor immunity in a manner that would not have been predicted from currently available infor-
mation on the receptor targeted by the antibody. Our results help illustrate how functional screening may complement
predefined target approaches to broaden therapeutic target space by discovering functions of known targets.
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tumor cell surface receptors, significant ability to confer pro-
grammed cell death (PCD) in tumors, and significant antitumor
activity in vivo compared to currently used treatments.

When applied to find antibodies with improved antitumor
activity against B cell malignancies, the process identified
several tumor PCD-inducing antibodies—specific for different
tumor B-cell-associated receptors—that showed better anti-
tumor activity compared to rituximab, a CD20-specific mono-
clonal antibody used for treatment of CD20-expressing B cell
cancers (Fransson et al., 2006).

Interestingly, among antibodies identified were several spe-
cific for intercellular adhesion molecule 1 (ICAM-1), a receptor
not previously associated with tumor PCD. ICAM-1 is highly ex-
pressed in several human malignancies and is believed to be
involved in their pathogenesis (Aalinkeel et al., 2004; Hideshima
etal., 2007; Huang et al., 1995; Johnson et al., 1988; Schmidma-
ier et al., 2006). Notably, ICAM-1 was recently reported to be
overexpressed and associated with advanced disease and
poor survival in multiple myeloma (MM) (Sampaio et al., 2009;
Schmidmaier et al., 2006). Further, evidence suggests that
ICAM-1 is upregulated and causally related to MM patient devel-
opment of resistance to chemotherapy (Sampaio et al., 2009;
Schmidmaier et al., 2006; Zheng et al., 2009). ICAM-1, by bind-
ing to integrin B2 receptors and muc-1, is involved in cell-
adhesive events that trigger multiple cell-signaling pathways
promoting MM cell proliferation, migration, resistance to apo-
ptosis, and development of cell adhesion molecule-induced
drug resistance (Hideshima et al., 2007; Schmidmaier et al.,
2004; Zheng et al., 2009). There is no curative treatment for
MM, and the currently available therapy is associated with signif-
icant toxicity and development of drug resistance (Kyle and
Rajkumar, 2004). MM plasma cells typically do not express the
B cell antigen CD20 or show low and heterogeneous CD20
expression, making CD20-targeted therapies ineffective in this
disease (Kapoor et al., 2008; Richardson et al., 2011).

Here, we characterize MM plasma cells for expression of the
ICAM-1 epitope targeted by our function-first-isolated antibody
BI-505, and we investigate BI-505’s therapeutic activity and
mechanism-of-action in well-established experimental models
of MM.

RESULTS

A Human ICAM-1 Antibody Isolated by a Function-First
Approach Has Significant Antitumor Activity against
B Cell Cancer Xenografts
We isolated multiple antibodies inducing programmed cell death
(PCD) in B cell lymphomas, targeting different tumor-cell-
associated surface receptors, by means of a sequential process
involving differential biopanning and high-throughput PCD
screening of antibodies from the n-CoDeR (Séderlind et al.,
2000) human antibody library (Figures S1A-S1C available
online). The high specificity for ICAM-1 of one of these anti-
bodies, BI-505 (appears as B11 in Fransson et al., 2006), is
shown in Figure S1C. BI-505 dose-dependently induced PCD
in ICAM-1-expressing Ramos, Raji, and Daudi lymphoma cells
(Fransson et al., 2006; Figure 2D).

In order to further investigate the therapeutic potential of PCD-
inducing ICAM-1 antibodies, we screened BI-505 for in vivo anti-

tumor activity in tumor models comprising SCID mice trans-
planted with the lymphoblastic cell lines ARH-77 or Daudi.
Both cell lines express the CD20 antigen, making it possible to
compare antitumor efficacy and potency of antibodies identified
here with those of the clinically validated CD20-specific mono-
clonal antibody rituximab.

Subcutaneous injection of ARH-77 cells resulted in rapid
establishment and growth in SCID mice, with tumors being
readily palpable between 12 and 14 days. Twice-weekly injec-
tions of 20 mg/kg of BI-505 commencing 1 day after tumor cell
inoculation prevented tumor growth in 9 out of 10 injected mice
(Figure 1A). Rituximab conferred significant antitumor activity
atthe same dose but was less efficacious than BI-505 (Figure 1A).
Furthermore, BI-505 administered at a 100 times lower dose
(0.2 mg/kg) was equally efficacious compared to 20 mg/kg ritux-
imab in conferring survival (Figure 1B). The high efficacy and po-
tency of BI-505 was confirmed in mice carrying ARH-77 tumors
established for 12 days before the start of antibody treatment
(Figures 1C and 1D). In this model, rituximab failed to reduce
tumor growth or promote animal survival (p > 0.05), whereas
BI-505 both significantly reduced tumor growth (Figure 1C;
p < 0.05) and prolonged animal survival (Figure 1D; p < 0.05).
Thus, in this aggressive model of CD20-positive B cell malig-
nancy, BI-505 was more efficacious and more potent in con-
ferring antitumor activity and survival than rituximab.

We also tested BI-505’s antitumor activity against Daudi B cell
lymphoma xenografts. Again, BI-505 significantly prevented
tumor growth (Figures 1E and 1G; p < 0.001) and prolonged sur-
vival (Figures 1F and 1H; p < 0.001) of tumor-bearing mice when
administered 1 day following tumor cell injection (Figures 1E
and 1F) or when established tumors were treated (Figures 1G
and 1H), this time with equal efficacy compared to rituximab (Fig-
ures 1E-1H). The overall stronger antitumor activity of BI-505
compared with rituximab was not caused by a higher number
of tumor cell epitopes for BI-505 than for rituximab. In contrast,
flow cytometric analysis revealed that both ARH-77 (Figure 1l)
and Daudi (Figure 1J) cells expressed significantly fewer Bl-
505 epitopes than rituximab epitopes, and immunohistochem-
ical analysis of tumor tissue harvested from mice treated with
BI-505, rituximab, or isotype control antibodies showed that
tumors expressed both rituximab and BI-505 epitopes at the
completion of experimentation (Figure S1D).

To establish the potency of BI-505 in vivo and the lowest dose
achieving maximal antitumor activity, we performed a dose-
titration experiment using the SCID/ARH-77 model system. BI-
505 showed dose-dependent antitumor activity, which followed
a sigmoidal curve, peaking at the 2 mg/kg dose and remaining
near maximal at a dose of 0.2 mg/kg (Figures 2A and 2B). Anti-
body concentrations in mouse sera were determined by ELISA
and were plotted as a function of maximal in vivo antitumor
activity (Figure 2C). The relationship between BI-505 concentra-
tion-dependent in vivo antitumor activity, in vitro antitumor (PCD)
activity (Figure 2D), and in vitro receptor occupancy (Figure 2E)
was then examined by overlaying generated curves in a single
graph (Figure 2F). BI-505 concentration-dependent receptor
occupancy correlated nearly perfectly with BI-505 in vitro and
in vivo antitumor activity (Figure 2F). This result is consistent
with ICAM-1-dependent direct cell cytotoxicity underlying
BI-505’s antitumor activity.

Cancer Cell 23, 502-515, April 15, 2013 ©2013 Elsevier Inc. 503


http://www.tracker-software.com/buy-now
http://www.tracker-software.com/buy-now

>
@

15007 100
F’E l—. dekek
£ S 80
o 1000+ =
£ © 60 -
s 2
© > J
S 5001 s 40 *
S @
£ *k 20 4
= Fekek
F 04 il 0 —O— )
0 5 10 15 20 25 0 20 40 60
Time (days) Time (days)
F
‘__‘1000- 1004
ﬂE 80
£ 2
o - i
£ 5 @
E >
© 'S 404
. Fa
g C?) 20+ *kk
S okl
- 0 L
0 10 20 30 40 0 20 40 60
Time (days) Time (days)
I 10, ctrl  BI-505
§
s |
1
i rituximab
1
]

MFI

Cancer Cell
ICAM-1 Antibody Has In Vivo Antimyeloma Activity

c D
~1200- 100—
E
80
£ 9001 3
2 = 60-
£
3 600 s
o S 40-
2 2
5 300 5
: *
- T T T 1 0+
12 15 18 21 0618 24 30 36
Time (days) Time (days)
H
1000+ 100—
E 800 ,_._g 804
2 600 S 601
>
=1 [
© 4004 2 40
- @
S 200- 20
g - Hek Kk
= 0+H —— 0+
0216 23 30 010 40 60
Time (days) Time (days)
J
% ctrl BI-505
80 |‘:.
LY ,'“.
] Y rituximab
O 40[p
3+ 1 \
20} ! "
IDD 10‘; 10z 103 10’I
MFI

Figure 1. BI-505 Has Significant In Vivo Antitumor Activity against CD20-Expressing Tumors Compared with Rituximab

(A-H) Mean tumor volumes (A, C, E, and G) and survival (B, D, F, and H) of mice xenografted with CD20-expressing ARH-77 (A-D) or Daudi (E-H) cells and treated with
BI-505 (bright red line = 20 mg/kg BI-505; maroon line = 2 mg/kg BI-505; and orange line = 0.2 mg/kg BI-505), rituximab (20 mg/kg, blue line), or isotype control
(20 mg/kg, black line) antibodies in prophylactic (A, B, E, and F) or established (C, D, G, and H) tumor models. There were eight to ten animals per treatment/dose group.
Tumor cells were injected day 0, and antibody treatment started as indicated in the graphs (black arrow). “p < 0.05, **p < 0.01, and ***p < 0.001. Error bars show + SD.
(I and J) FACS analysis of BI-505 and rituximab epitopes on the surface of ARH-77 (l) and Daudi (J) tumor cells. Antibodies were used at binding saturating

concentrations.
See also Figure S1.

We conclude that BI-505 confers potent and direct antitumor
activity against different types of B cell cancer.

ICAM-1 and the BI-505 Epitope Are Strongly Expressed
in Multiple Myeloma

We next evaluated expression of the BI-505 epitope on bone
marrow cells in patients with MM and related diseases (plas-
macytoma, plasma cell leukemia, and light-chain amyloidosis)
by flow cytometry (Figure 3; Table 1). Myeloma cells were
identified using fluorescent antibodies against surface antigens
CDg38, CD138, CD45, and CD56 (Figure S2A), according to the
European Myeloma Network guidelines on multiparametric
flow cytometry in MM (Rawstron et al., 2008) and confirming

504 Cancer Cell 23, 502-515, April 15, 2013 ©2013 Elsevier Inc.

monoclonal MM cells with intracellular staining of A and « light
chains. All MM patients expressed the BI-505 epitope on most
(97% + 4%, mean + SD, patient n = 22) myeloma cells (Fig-
ure 3; Table 1). The BI-505 epitope was generally very highly
expressed on these cells, with a median expression level
that was ten times higher than on normal B cells from the
same patients. Similar results were obtained with a commer-
cially available anti-ICAM-1 antibody (data not shown). Further-
more, the BI-505 epitope was highly expressed on myeloma
cells in a patient in relapse who had received several different
lines of therapy (Figure S2B). Thus, ICAM-1 and the BI-505

epitope are strongly expressed on the surface of MM plasma
cells.
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BI-505 Has Broad Antimyeloma Activity In Vivo

Because we found high expression of the BI-505 epitope in
human MM, we proceeded to screen BI-505 for in vivo antimye-
loma activity using SCID/xenograft models comprising four
well-characterized MM cell-lines. These cell lines express the
myeloma markers CD38 and CD138 but do not express CD20.
Twice-weekly dosing with 2 mg/kg of BI-505 starting 1 day after
tumor cell injection reduced myeloma tumor growth in mice
xenografted with ICAM-1-expressing cell lines EJM, RPMI-
8226, and NCI-H929 by 98%, 96%, and 99%, respectively (Fig-
ures 4A and 4B). In contrast, BI-505 did not affect tumor growth
in mice xenografted with the ICAM-1-negative cell line OPM-2
(Figures 4A and 4B). Taken together, these studies indicated
that BI-505 had highly efficacious, broad, and ICAM-1-depen-
dent in vivo antimyeloma activity.

[BI-505] pg/mi

compared to treatment with the com-
parator drugs bortezomib, lenalido-
mide, melphalan, or dexamethasone (Fig-
ure 5A), all approved and currently used for MM therapy.
Importantly, Figure 5A shows the effect of the comparator drugs
used at maximally efficacious, and clinically relevant, doses.
Higher doses of some of the comparator drugs were shown to
be toxic, but not more efficacious, to animals (data not shown).

Primary human MM cells depend on interactions with bone
marrow stromal cells to proliferate and survive. The SCID-hu
mouse harbors a human microenvironment, where primary pa-
tient MM cells proliferate and induce pathology similar to human
clinical MM (Yaccoby et al., 1998). MM-cell-derived human
immunoglobulin G (IgG) titers were detected (>10 pg/ml) in the
serum of SCID-hu mice 4 weeks after implantation of human
MM cells to transplanted human bones, at which time treatment
with antibodies (2 mg/kg) or bortezomib (1 mg/kg) began.
Human IgG titers increased steadily in control-treated SCID-hu

Cancer Cell 23, 502-515, April 15, 2013 ©2013 Elsevier Inc. 505
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Figure 3. The BI-505 Epitope Is Highly
Expressed on the Surface of Primary MM
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mice over the course of experimentation to reach maximal con-
centrations of 40 + 5 pg/ml just before sacrifice (Figures 5B and
S3). In contrast, therapeutic treatment with BI-505 or bortezomib
halted or reduced serum human IgG levels to below pre-
treatment levels (hlgGg.505 = 91% + 22%), demonstrating a
significant anti-MM effect. Two independent experiments were
performed with similar results (Figures 5B and S3), each with
MM cells from two different patient donors (n = 4). Immunohis-
tochemical staining for human CD138-expressing cells in har-
vested human bone implants indicated that BI-505 antimyeloma
effects correlated with decreased tumor burden (Figure 5C).
BI-505 antimyeloma effects correlated with protection against
MM-induced bone pathology as demonstrated by decreased
bone remodeling with decreased loss of bone mineral density
(Figure 5D). Staining of a limited number of bone sections indi-
cated reduced numbers of bone osteoclasts (Figure 5E) and total
infiltrated nucleated cells (Figure 5F) in BI-505- or bortezomib-
treated mice compared to control-treated mice.

Thus, in two clinically relevant experimental models BI-505
anti-MM activity was equal to or greater than currently available
drugs.

BI-505 Confers Fc-FcyR-Dependent Antitumor Activity
through Macrophages

Previous studies have demonstrated PCD-inducing properties of
BI-505 in a wide range of tumor B cell lines (Fransson et al.,
2006). BI-505 PCD was enhanced by antibody crosslinking
in vitro, indicating that in vivo antitumor activity might be
enhanced by crosslinking provided by FcyR-expressing cells
(Wilson et al., 2011). Given the critical importance of FcyR-
mediated antitumor mechanisms for the clinical and in vivo ther-
apeutic activity of clinically validated cancer mAbs (Clynes et al.,
2000; Musolino et al., 2008; Weng and Levy, 2003), we ad-
dressed the contribution of antibody Fc: host FcyR-dependent
mechanisms for BI-505’s therapeutic activity. To this end, we
engineered BI-505 variants with abolished (IgGy n297q, “FC-
mut”), or reduced (BI-505-1gG4) FcyR-binding compared to
wild-type BI-505 IgG4, and investigated their respective in vivo
therapeutic activities. The Fc-switch variants retained affinities
for ICAM-1 as evidenced by near identical ECsq values for bind-
ing to recombinant or cell-surface-expressed ICAM-1 (Figures
S4A-S4C). The in vivo antitumor activity of BI-505 Fc-variants
(Figure 6A) correlated perfectly with binding to mouse FcyRIV
(Figure 6B)—the structural and functional homolog of human
FcyRllla and a principal murine FcyR conferring antibody-

506 Cancer Cell 23, 502-515, April 15, 2013 ©2013 Elsevier Inc.

normal B-cells

surface of MM cells compared to normal B cells.
Patient numbers correspond to those shown in
Table 1.

See also Figure S2.
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mediated cell cytotoxicity in vivo (Nimmerjahn et al., 2005)—
increasing in the order of IgG4 n2o7q < 19G4 < 1gG4. Importantly,
mice treated with IgG+, 1I9G4, and IgG+ nog7q Variant antibodies of
BI-505 had similar serum antibody titers at the end of experimen-
tation, indicating that the different antibody variants had similar
in vivo half-lives and demonstrating that differential antitumor
activity did not result from differential pharmacokinetics
(Table S1). These findings demonstrated that BI-505 in vivo anti-
tumor activity was Fc: FcyR-dependent.

Fc-FcyR-interactions, in addition to enhancing antibody-
induced negative signaling and tumor PCD (Wilson et al.,
2011), may involve both innate and adaptive arms of cellular
immunity (Alduaij and lllidge, 2011; Park et al., 2010). We used
different approaches to assess the role of NK cells and
macrophages—two principal cell types capable of conferring
FcyR-dependent antitumor effects—for BI-505 therapeutic
activity. First, we examined the relative abundance of these
cell types in tumor tissue harvested from BI-505 or control-
antibody-treated mice. By immunohistochemistry, we found
that macrophages (F4/80* cells) constituted the vast majority
of FcyR-expressing cells in BI-505-treated tumors (Figure 6D).
In contrast, very few intratumoral NK cells could be detected
(CD49b* CD31~ cells). Furthermore, and interestingly, treatment
with BI-505 significantly increased tumor macrophage infiltration
but—conversely—decreased tumor NK cell content (Figure 6D).
Together, these data suggested that macrophages, but not NK
cells, were principal FcyR-expressing cells conferring BIl-505
antitumor activity in vivo. To verify this, we depleted macro-
phages or NK cells, using clodronate liposomes and anti-asialo
antibodies, respectively, from SCID mice bearing established
RPMI-8226 myeloma tumors and examined the effect on
BI-505 antimyeloma activity. A period of 3 weeks of macrophage
and NK cell depletion was chosen as readout because this was
the longest time period in which neither treatment affected
animal well-being. Cell depletion did not per se impact tumor
growth over this period of time (Figures S4D and S4E). Figure 6E
clearly demonstrates that macrophage depletion completely
abolished BI-505 in vivo antitumor activity. Tumors of macro-
phage depleted BI-505-treated mice had doubled in size
compared with tumors from animals receiving BI-505 treatment
alone (Vg.s05 = 95 + 39 mm®, Vgi-505:0i0dr0 = 189 = 94 mm?,
p < 0.001) but were similarly sized compared to tumors from
control-antibody-treated mice (Ve 1ga = 198 = 90 mm®, p >
0.05). NK cell depletion, in contrast, had little or no effect on
BI-505 antitumor activity. Tumor volumes of NK-cell-depleted
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Table 1. Expression of the BI-505 Epitope in a Cohort of 29 Patients with Plasma Cell Disorders

Patient Characteristics

BI-505 Epitope Expression

Patient

Number® Age (year) Sex® Ig° M-comp (g/l) Skel. Dest?(n) MM Cells® (%) ISS" T9(n) Diagnosis" Intensity’ Positive Cells (%)
1 38 m IgG 10 0 14 | 0 MM +++ 98
2 46 m IgG 38 0 34 I 0 MM +++ 97
3 53 f IgG 14 >10 6 | 0 MM +++/++ 100
4 54 m = = 3 22 LI} 2 nsMM +++ 100
5 59 m IgG 32 >10 29 | 0 MM ++ 100
6 60 f 19G 4 3 2 1l 1 MM +++ 98
7 60 f IgA 26 1 10 | 0 MM +++ 98
8 61 m IgG 28 0 23 Il 0 MM +++ 100
9 62 m IgG 69 >10 30 1] 0 MM ++ 100
10 62 f IgG 70 >10 80 1] 1 MM + 95
11 68 m IgA 36 >10 60 | 0 MM +++ 100
12 69 m - - 3 50 | 1 nsMM +++/+ 95
13 71 m IgG 26 0 30 | 0 MM +++ 100
14 72 m IgG 13 0 29 | 0 MM +4++ 100
15 74 m IgG 20 0 23 | 0 MM +++ 100
16 75 m IgA 40 0 78 1] 0 MM ++ 88
17 77 m IgG 45 0 34 Il 0 MM +++ 100
18 79 f IgG 23 0 16 | 0 MM +++ 100
19:1 79 m IgG 24 7 50 1] 0 MM +++ 93
19:2 79 m 19G n/a n/a - 1 MM +++ 95
19:3 80 m 1gG n/a 16 - 2 MM +++ 91
20 82 m IgA 29 0 44 1] 0 MM +++ 100
21 83 f IgG 39 0 89 1} 0 MM +++ 93
22 84 m IgA 17 0 38 LI} 0 MM +++ 86
23 61 m IgA 7 2 24 - 0 AL ++ 97
24 64 f - - n/a 6 - 0 AL +++ 100
25 72 f - - 0 1 - 0 LCDD/MM  +++ 98
26 61 f IgA 42 n/a 80 - 4 PCL +++ 76
27 75 m IgG 18 >10 - 4 PCL + 77
28 52 m 19G 1 1 5) - 1 PC +++ 93
29 60 f 19G 4 1 - 1 PC +++ 100

n/a, not analyzed.

#Corresponds to number found in Figure 3.
®m, male; f, female.

°lmmunoglobulin class of M-component.
9Number of skeletal destructions.

®Multiple myeloma cells counted as percent of all nucleated cells in bone marrow smears.

fInternational Staging System of MM.
9Number of different MM treatment regimens before BI-505 analysis.

MM, multiple myeloma; nsMM, nonsecretory multiple myeloma; AL, amyloid light-chain amyloidosis; LCDD, light-chain deposit disease; PCL, plasma

cell leukemia; PC, plasmacytoma.

iMeasured by FACS on MM cells. Two patients (no. 3 and 12) had two MM cell populations with differential BI-505 expression.

BI-505-treated mice were not significantly different from mice
treated with BI-505 only (Vg,-s05 = 95 + 39 mm?3, Vai.505.asialo =
130 = 53 mm?®, p > 0.05) but were significantly smaller compared
to control-antibody-treated animals (p < 0.01, Figure 6E). BI-505
also had significant antitumor activity in two different aggres-
sively growing NK-cell-deficient MM mouse models comprising
RPMI-8226 or U266 cells grafted to NOD/Shi-scid/IL-2Ry ™"~

mice (Figures 6F and 6G). Taken together, our data identify
macrophages, but not NK cells, as critical effector cells confer-
ring BI-505 FcyR-dependent in vivo antitumor activity.

We next investigated BI-505’s ability to mediate Fc:FcyR-
dependent macrophage phagocytosis (antibody-dependent
cell phagocytosis [ADCP]) of human MM cells in vitro. As ex-
pected, BI-505 IgG; bound to human FcyR (Figure 6C) and
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Figure 4. BI-505 Has Broad and ICAM-1-
Dependent Anti-MM Activity In Vivo

(A) Tumor volume (mean + SD) of NCI-H929
(ICAM-1%), EJM (ICAM-1*), RPMI-8226 (ICAM-1%),
and OPM-2 (ICAM-17) MM models after treatment
with 2 mg/kg BI-505 (filled circles) or control (open
circles) antibody.

(B) Relative tumor volumes following treatment
with 2 mg/kg BI-505 (filled bars) or control (open
bars) antibody in NCI-H929, EJM, RPMI-8226, and
OPM-2 MM models. Graph shows tumor volumes
(mean + SD) relative to the mean tumor volume
of control IgG-treated animals. There were eight
animals per treatment group.

*p < 0.01, *p < 0.001; ns, not statistically
different.

ns

of the complement cascade by comple-
ment-dependent cytotoxicity (CDC). We
therefore examined the ability of BI-505
to induce CDC in a panel of ICAM-1-
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conferred ADCP of both RPMI-8226 and primary patient’s MM
cells (Figures 6H and 6l) in the presence of human macrophages.
In contrast, FcyR-binding-deficient BI-505 IgG1n297q did not
bind to human FcyR (Figure 6C) and did not confer ADCP of
targeted MM cells (Figures 6H-6J). Similarly, preincubation
with recombinant-soluble Fc gamma receptor diminished BI-
505 IgG4-mediated ADCP (Figure 6J). Therefore, analogous to
the in vivo setting, BI-505-mediated ADCP in vitro was Fc: Fc
gamma receptor dependent.

We also examined the ability of BI-505 to mediate antibody-
dependent cell cytotoxicity (ADCC) against human target tumor
cells in the presence of human effector NK cells. BI-505 con-
ferred cytotoxicity in an Fc-dependent manner, although ADCC
activity by effector NK cells was less pronounced compared
with macrophage-mediated ADCP (data not shown).

Besides Fc:FcyR-dependent antitumor mechanisms, cancer
mAb Fc-dependent antitumor activity may result from activation

508 Cancer Cell 23, 502-515, April 15, 2013 ©2013 Elsevier Inc.

tumor cell lines monitored (data not
shown). In contrast, treatment with the
positive control rituximab effectively
induced CDC, as has previously been
reported (Cragg and Glennie, 2004;
Cragg et al., 2003; Manches et al., 2003).
ns In summary, our data provide strong
evidence for Fc:FcgR-dependent anti-
tumor mechanisms, e.g., macrophage-
mediated ADCP and FcyR cross-linking-
induced antibody tumor PCD underlying
BI-505’s therapeutic activity.

Safety Profile of the BI-505
Antibody
In addition to exerting significant anti-
tumor activity, a therapeutic cancer
antibody must be safe and tolerable for
patients. Toxicology studies in relevant
animal species may provide important information on drug
safety. BI-505 does not, however, cross-react with ICAM-1
from animals that are commonly used for toxicological evalua-
tion (data not shown). Our nonclinical safety assessment there-
fore focused on evaluating its effects on viability and function
of human normal (untransformed) cells expressing ICAM-1.
Based on BI-505’s documented ability to confer Fc:FcyR-
dependent antitumor activity in malignant B cells, and a pro-
posed general negative role for complement activation with
regard to antibody tolerability (Lim et al., 2010; van der Kolk
et al.,, 2001), we examined direct cytotoxic effects (PCD,
ADCC, and CDC) of BI-505 in ICAM-1-expressing human periph-
eral blood B cells and endothelial cells. Whereas peripheral
blood B cells and naive B cells show low endogenous expression
of the BI-505 epitope (Fransson et al., 2006), human umbilical
vascular endothelial cells (HUVECs) and human microvascular
endothelial cells (HMVECs) cells showed significant ICAM-1
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expression, which was further upregulated in response to IFN-y
stimulation as determined by flow cytometric analyses (Fig-
ure S5). However, BI-505 did not induce cell death in any of
the resting or activated normal ICAM-1-expressing cell types
that were examined, regardless of whether or not antibody was
crosslinked to mimick Fc:FcyR-crosslinking in vivo (Figures
7A-7C and 7G). In contrast, treatment of endothelial cells with
paclitaxel and treatment of B cells with positive control anti-
HLA-DR or anti-CD20 antibody induced significant PCD (Figures
7A and 7G).

Cytokine release and T cell proliferation are thought to be
common causes of mild and severe adverse reactions to anti-
body therapy. In order to further investigate any undesirable ef-
fects of BI-505 on ICAM-1-expressing immune cells, we there-
fore assessed putative effects of BI-505 on peripheral blood
mononuclear cells (PBMCs) cytokine release and T cell prolifer-
ation. In order to maximize the chances of identifying any PBMC-
agonistic properties of BI-505, we used two different antibody-
coating protocols in which the antibody was hypercrosslinked
as previously described (Stebbings et al., 2007). BI-505 immobi-
lized by either protocol induced PCD in Daudi lymphoma cells,

Weeks post myeloma cell injection

isotype
ctr

SCID-hu mice after myeloma cell inoculation and
drug treatment. Graph shows pooled data from two
independent experiments, each with MM cells
obtained from two different patient donors (n = 4).
The percentage of hlgG levels compared to start of
treatment (arrow) was monitored. ***p < 0.001.

(C) Myeloma tumor burden in implanted bones
harvested from drug-treated mice. Pictures show
representative images of tumor burden as assessed
by immunohistochemistry following staining for
human CD138-expressing cells. Arrows indicate
human CD138-positive myeloma cell regions. Scale
bar = 50 pm.

(D) X-radiographic quantification of bone mineral
density. Radiographs of implanted human bones
receiving drug or control treatment were harvested
from mice at end of experimentation (10 weeks
postmyeloma cell injection and following 6 weeks of
drug treatment). Upper panel shows representative
radiographs of bones from healthy mice, control
IgG-treated mice, BI-505-treated mice, or bortezo-
mib-treated mice (left to right). Lower panel shows
mean + SD bone mineral density of mice receiving
treatment as indicated. *p < 0.05.

(E and F) Representative images of trap staining
(purple stain) for detection of osteoclasts (E) or
hematoxylin and eosin staining for detection of
infiltrated nucleated cells (F) performed on healthy
and MM cell-injected bones harvested from SCID-
hu mice treated as indicated at end of experimen-
tation. Scale bar = 100 um.

See also Figure S3.

BI-505 bortezomib

isotype control

bortezomib

demonstrating that biological activity was retained following
immobilization (data not shown). BI-505 did not, however,
induce PBMC cytokine release and did not induce T cell prolifer-
ation by either immobilization protocol or when added in solution
in the presence or absence of crosslinking reagent (Figures 7D-
7F). In contrast and as expected, incubation of PBMCs with an
immobilized positive control anti-CD3 antibody resulted in signif-
icant release of IL-1B, IL-2, IL-6, IL-8, TNF-a, and IFN-y (Fig-
ure 7D). Analogous experiments demonstrated that BI-505
added in solution did not induce or enhance cytokine release
from resting or lipopolysaccharide prestimulated PBMCs and
did not induce T cell proliferation (Figures 7E and 7F).

Taken together therefore, we have found no evidence for un-
desirable activation or cytotoxicity of BI-505 against ICAM-1-
expressing immune cells. Together with limited safety studies
in rat, rabbit, and monkey, demonstrating no compound-related
off-target toxicity (data not shown), and indicating a long half-life
typical of that for a human IgG (i.e., 12-13 days in rat [Table S2],
corresponding to 2-3 weeks in man), these observations indi-
cated a therapeutically relevant safety profile and pharmacoki-
netics of BI-505.

Cancer Cell 23, 502-515, April 15, 2013 ©2013 Elsevier Inc. 509
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DISCUSSION

We report the successful application of a function-first approach
to therapeutic antibody discovery, resulting in the isolation of a
human ICAM-1 antibody based on its (1) specificity for a surface
receptor upregulated on tumor B cells, (2) significant tumor pro-
grammed-cell-death-inducing properties, and (3) significant
in vivo antitumor activity against human B cell tumors. Thus,
our functional screening methodology was successfully applied
both to identify a function (induction of PCD in tumor cells) of a
well-characterized receptor (ICAM-1) and a human antibody
against the same target with significant therapeutic potential.

-8~ ctrllgG
-~ BI-505

Percent survival

0 10 20 30
Days post cell inoculation

1 J

Phagocytosis
(% relative ctrl IgG)

Phagocytosis

Cancer Cell

ICAM-1 Antibody Has In Vivo Antimyeloma Activity

c 80
60
2 40
-=- BI-505
o = BI-505 Fe-mut
0
0 500 1000 1500 2000 2500
BI-505 [nM]
g *kk
®
o
(1]
o 15 —
2
F 10
o
(=%
g 5
& o
control BI-505
F 020 *
F] '
£ 0151 T~
2
£ 0.10
w
o
= 005
5 O
b
=z
control BI-505
G
700-
vgeoo- -&- ctr lgG
E 500{ -® BI-505
@
E 400
E
S 300
S 200 e
5
2 1004

Days post cell inoculation

a_aan i = ::Trlnb

D00 3 Fe-mut BI-505
= [0 FeyR-block

o

2200

=

2 100

=

Figure 6. BI-505 Confers Fc-FcyR-Depen-
dent Antitumor Activity through Macro-
phages

(A) Mean tumor volume of SCID mice bearing
established ARH-77 tumors and treated with iso-
type control antibody or BI-505 1gG+, BI-505 1gGa4,
or BI-505 1gG1 nze7q (Fc-variant) antibodies.
*p < 0.05, **p < 0.01.

(B) BiaCore analysis of BI-505 Fc-variant anti-
bodies binding to mouse FcyRIV.

(C) BiaCore analysis of BI-505 Fc-variant anti-
bodies binding to human FcyRillla.

(D) Immunohistochemical quantitation of F4/80*
macrophages (top panel) or NK cells (lower panel)
in tumor tissue of animals bearing established
ARH-77 tumors treated with control antibody or
BI-505. Graphs show mean F4/80" and NK-cell-
positive tumor areas, respectively. Bar = 40 um.
*p < 0.05, **p < 0.001.

(E) Tumor growth in macrophage or NK-cell-
depleted SCID mice bearing established RPMI-
8226 myeloma tumors treated with BI-505 or
control antibody. ***p < 0.001.

(F) Animal survival following BI-505 or control
antibody treatment in a disseminated NK-cell-
deficient NOD/Shi—scid/IL—ZRy”’ mouse model
comprising i.v. grafted U266 myeloma cells.
***p < 0.001.

(G) Tumor growth in BI-505 or control antibody-
treated NK-cell-deficient NOD/Shi-scid/IL-2Ry ™'~
mice transplanted with RPMI-8226 myeloma cells.
***p < 0.001.

(H) Macrophage ADCP of RPMI-8226 and OPM-2
myeloma cells. n = 4, ™p < 0.001.

(I) Macrophage-mediated ADCP of primary multi-
ple myeloma cells. n = 2, **p < 0.001.

(J) Macrophage ADCP of ICAM-1* EJM myeloma
cells. n =2, **p < 0.001.

There were eight to ten animals per treatment
group. Error bars show + SD.

See also Figure S4 and Table S1.

Our function-first approach to antibody
discovery offers several advantages over
and differs in several respects from con-
ventional approaches in which antibodies
are identified based on specificity for a
predefined target structure. By com-
bining powerful differential biopanning of
a naive human antibody library with

high-throughput tumor cell death screening, our discovery plat-
form enables the simultaneous generation of multiple high-

510 Cancer Cell 23, 502-515, April 15, 2013 ©2013 Elsevier Inc.

affinity antibodies with therapeutic potential and specificity
for different tumor-cell-associated receptors. The value of
screening for functionality across different specificities has
been indicated by previous studies, which collectively demon-
strate that antibodies against different tumor-associated cell
surface receptors can have significant antitumor activity against
the same cancer cell type (for a review, see Cheson and Leonard
[2008]). Thus, in a highly diversified antibody source, such as
n-CoDeR, the most therapeutically efficacious, potent, and
best-tolerated antibodies with respect to a given type of cancer
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could be specific for one of several receptors, and identifying the
optimal antibodies requires functional screening of antibodies
targeting all such receptors.

The predictive value of tumor PCD as an indicator of an anti-
body’s therapeutic potential was demonstrated by the enhanced
in vivo antitumor activity of BI-505 against CD20-expressing
tumors, compared to rituximab. Cragg and Glennie (2004) further
indicate the importance of using a function-first approach and of
screening for tumor PCD. Different antibodies, which bound with
similar affinity to CD20 and had identical Fc regions, differed
greatly in their therapeutic efficacy in vivo and, intriguingly,
conferred antitumor activity by different mechanisms of action.
Superior therapeutic activity correlated positively with tumor
PCD and inversely with complement-dependent tumor cell cyto-
toxicity (Beers et al., 2008; Cragg and Glennie, 2004). These and
other observations highlight the importance of the function-first
approach to identify antibodies with therapeutic activity (Beck
et al., 2010; Gan et al., 2009; Ivanov et al., 2009). Our use of
cancer cells, which expressly targeted antigens in their true
cell surface configuration, should increase the likelihood of
identifying antibodies with specificity for functional and dis-
ease-associated receptor epitopes compared to conventional
techniques using recombinant antigen or transfected cells in
the panning process. Finally, it is generally thought that thera-
peutic targets are limited and that most might already be identi-
fied. From this perspective, it is noteworthy that our technology
can reveal functions of previously well-characterized receptors,
indicating their suitability as targets in previously unrecognized
indications and expand the “therapeutic target space.” Thus,
whereas the well-characterized role of ICAM-1 in inflammation
has provided the rationale for anti-ICAM-1 targeted intervention
of acute and chronic inflammatory disorders (Kavanaugh et al.,
1997; Mileski et al., 2003; Schneider et al., 1998), our findings
identify ICAM-1 as a promising target in multiple MM and
possibly oncology in a broader sense. Taken together, our func-
tion-first approach provides an effective strategy to generate
antitumor antibodies, such as BI-505.

Several observations suggest that ICAM-1 may be a suitable
target for MM immunotherapy. Strong expression of ICAM-1 is
associated with advanced disease, poor survival, and resistance
to chemotherapy (Sampaio et al., 2009; Schmidmaier et al.,
2006; Zheng et al., 2012), which is the current inevitable end-
stage of MM (Kyle and Rajkumar, 2004). Consistent with these
observations, we demonstrate that a majority of MM cells ex-
press high levels of the epitope targeted by BI-505. High and
homogenous expression on the tumor cell surface and upregu-
lated expression in conjunction with disease progression and
the development of resistance to chemotherapy are hallmarks
of targets suitable for therapy with antibodies that confer direct
tumor cell cytotoxicity. The antitumor activity of BI-505 corre-
lated with antibody binding to tumor-cell-expressed ICAM-1
and was shown to be Fc:FcyR dependent. Accumulating
evidence suggests that interactions between an antibody’s con-
stant domain (Fc) and a host’s Fc gamma receptors (FcyR) are
instrumental in the therapeutic efficacy of rituximab and other
approved anticancer antibodies (Bibeau et al., 2009; Lejeune
et al., 2008; Musolino et al., 2008; Weng and Levy, 2003; Zhang
et al., 2007) via mechanisms that may involve both innate and
adaptive immunity (Alduaij and lllidge, 2011; Park et al., 2010),

as well as enhanced tumor PCD following FcyR-dependent
crosslinking of tumor bound mAb (Wilson et al., 2011). Conse-
quently, although there is currently no antibody available to treat
MM, nonclinical and clinical studies on antibodies approved
for treatment of different types of cancer suggest that those—
like BI-505—that are capable of triggering MM cell death via
Fc:FcyR-dependent immunity hold particular promise of improv-
ing MM survival. Our finding that macrophages are principal
effector cells conferring BI-505 FcyR-dependent antitumor ac-
tivity is intriguing. Macrophages are abundantly present in MM
bone marrow and accumulating data point to a detrimental role
for macrophages and ICAM-1 in MM development of drug resis-
tance (Zheng et al., 2009, 2012). BI-505 harnessing of tumor-
associated macrophages to confer antitumor activity thus
appears an attractive mechanism of combatting MM.

In addition to exerting significant antitumor activity, a thera-
peutic cancer antibody must be safe and tolerable for patients.
Previous studies by independent investigators demonstrated
that treatment with (@ murine) anti-ICAM-1 antibody was well
tolerated by different patient groups (Kavanaugh et al., 1997;
Mileski et al., 2003; Schneider et al., 1998). Herein presented
data on BI-505 is consistent with this notion. Owing to its fully
human nature, and as indicated from our animal studies,
BI-505 should have low immunogenicity.

Collectively, our results demonstrate proof-of-principle for the
function-first approach in the search for efficient antitumor anti-
bodies and provide a rationale for further preclinical and clinical
evaluation of BI-505 in the treatment of MM. An open-label
multicenter phase | dose-escalation study with BI-505 in
relapsed/refractory MM patients, approved by the Swedish
Medical Product Agency and in accordance with the United
States Food and Drug Administration’s (FDA) guidance, is
ongoing (NCT01025206; http://clinicaltrials.gov/).

EXPERIMENTAL PROCEDURES

Cell Culture and In Vitro Assays

ARH-77, RPMI-8226, and Daudi cell lines were obtained from the American
Type Culture Collection (ATCC, Sweden). NCI-H929, EJM, and OPM-2 cell
lines were obtained from the Deutsche Sammlung von Mikroorganismen
und Zellkulturen (DSMZ, Germany). HUVEC and HMVEC cells were obtained
from Cascade Biologics (Portland, OR, USA). Cells were maintained in culture
media as recommended by the supplier and maintained at 37°C in a 5% CO,,
95% humidity incubator. Cell PCD, ADCC, CDC, cytokine release, and T cell
proliferation assays were performed as described elsewhere (Fransson
et al., 2006; Supplemental Experimental Procedures).

Patient Cell Studies

Plasma cell surface expression of ICAM-1 and the BI-505 epitope was analyzed
by fluorescence-activated cell sorting (FACS). Bone marrow aspirates were ob-
tained from 29 patients diagnosed with MM or related diseases at the Depart-
ment of Hematology, Skanes University Hospital, Lund. All human samples
were collected using protocols approved by the Ethics Committee of Skane
University Hospital, and informed consent was obtained from all patients.

Animal Studies

Studies were conducted in accordance with guidelines of the Lund University
Hospital, Sweden, or University of Utah, Salt Lake City, USA, following
approval from the local ethical committee for animal care and use. BI-505
efficacy and potency was examined in subcutaneous and disseminated, pro-
phylactic and therapeutic, experimental MM models comprising myeloma cell
lines RPMI-8226, U266, EJM, and OPM-2. The in vivo efficacy of BI-505 was
compared to clinically approved drugs dexamethasone, melphalan,

Cancer Cell 23, 502-515, April 15, 2013 ©2013 Elsevier Inc. 511
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bortezomib, and revlimid used at clinically relevant doses in therapeutic
disseminated models comprising RPMI-8226 or primary patient myeloma
cells, the latter following injection of patient cells in implanted of human fetal
bone in SCID mice. For subcutaneous grafting, 1-5 X 10° tumor cells
(RPMI-8226, NCI-H929, EJM, OPM-2, ARH-77, or Daudi) were subcutane-
ously injected at a volume of 100 pl into the left flank of anesthetized mice
as described in the Supplemental Experimental Procedures. For established
xenograft studies, when tumors reached an average size of 80-120 mm?, an-
imals were sorted to give nearly identical group mean tumor sizes and were
treated with isotype control antibody (20 mg/kg/inj), rituximab (20 mg/kg/inj),
or BI-505 antibody (0.02 to 20 mg/kg/inj, as indicated in the text) intraperitone-
ally (i.p.) twice weekly until study termination. For disseminated experimental
models of MM, RPMI-8226 (10 x 107 tumor cells) were injected intravenously
(i.v.) into the caudal vein of anesthetized mice after whole-body irradiation (1.8
Gy, %9Co, INRA, Bretennieres). Treatment with saline, isotype control I1gG,
bortezomib, lenalidomide, dexamethasone, or BI-505 started on day 5
(RPMI-8226). Treatment with melphalan started on day 10. BI-505 or isotype
1gG mAb was administered i.v. at 2 mg/kg/inj twice weekly for 8 weeks; borte-
zomib at 1 mg/kg/inj once weekly for 8 weeks; lenalidomide orally at 2 mg/kg/
inj for two cycles consisting of 5 days of treatment and 2 days of wash out;
melphalan i.v. at 3 mg/kg/inj once weekly for 8 weeks; and dexamethasone
at 6 mg/kg/inj three times weekly for 2 weeks. In vivo mechanistic studies as-
sessing the role of Fc-FcyR interactions utilized wild-type and engineered
FcyR-binding-deficient (N297Q) I1gG1 variants of BI-505. The role of macro-
phages and NK cells for BI-505 in vivo antitumor activity was assessed using
anti-asialo antibody treatment, clodronate liposome treatment, or NK-cell-
deficient mice. For a detailed description of in vivo studies, see the Supple-
mental Experimental Procedures.

In Vitro Functional Studies

Peripheral blood-derived monocytes, NK cells, B cells, and T cells were puri-
fied from buffy coats from healthy donors obtained from the local blood central
at Lund University Hospital and Halmstad Hospital. Briefly, PBMCs were first
extracted using Ficoll-Paque PLUS (GE Healthcare Life Sciences, Waukesha,
WI, USA), followed by isolation of monocytes with CD14 MicroBeads and
MACS Separation (Miltenyi Biotec, Bergisch Gladbach, Germany). Mono-
cyte-derived macrophages were generated by 6-14 days culture in the pres-
ence of 25 ng/ml of recombinant human M-CSF (R&D Systems, Minneapolis,
MN, USA). For multiple myeloma cells, freshly isolated bone marrow samples
were donated by patients at Lund University Hospital and subsequently pro-
cessed with Ficoll-Paque PLUS. Negative isolation of malignant plasma cells
was performed using Plasma Cell Isolation Kit Il (Miltenyi Biotec).

ADCP

Cultured macrophages were detached and plated in flat 96-well plates at
50,000 cells/well and placed in 37°C. Carboxyfluorescein succinimidy! ester

(CFSE)-stained target cells were incubated with antibodies for up to 1 hr on
ice. After washing, the different cell solutions were added to the culture plates
containing macrophages at a ratio of 5:1 (target cells:macrophages). There-
after, the culture plates were incubated at 37°C for 1-2 hr (primary patient
MM cells) or 16 hr (RPMI-8226 cells). The percentage of macrophages that
had phagocytosed tumor cells (CFSE*, CD206") per total analyzed macro-
phages was determined following gating and acquisition of 5,000 CD206*
cells/sample.

ADCC

NK cells were isolated from purified PBMCs using positive or negative NK cell
isolation kits (Miltenyi Biotec). Target cells were harvested and incubated in
medium with or without the respective antibodies (2 pg/ml) for 60 min on ice
before. NK cells were washed, diluted in ADCC medium, and dispensed
together with the respective antibody-coated target cells at varying effector/
target cell ratios. Experiments were performed in triplicate. After incubation,
TO-PRO-3 dye and counting beads (Invitrogen, Carlsbad, CA, USA) were
added, and cells were analyzed for membrane permeabilization using flow
cytometry.

CcDC

Target cells were harvested as described above (under the ADCC heading)
and incubated with antibodies at 5 pg/ml for 60 min on ice and then washed.
Human serum, normal or heat-inactivated (Sigma, Sweden), was added to
tubes, and the samples were incubated for 2 hr at 37°C. After completion of
incubation, ToPo-Pro-3 (Invitrogen) was added at a final concentration of
0.3 uM, and cells were analyzed for membrane permeabilization using flow
cytometry.

Detailed Experimental Procedures, including protocols for assessment of
apoptosis in normal ICAM-1-expressing endothelial cell, T cell proliferation,
PBMC cytokine release, and receptor occupancy studies, are described in
the Supplemental Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes five figures, two tables, and Supplemental
Experimental Procedures and can be found with this article online at http://dx.
doi.org/10.1016/j.ccr.2013.02.026.
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Figure 7. BI-505 Does Not Induce Apoptosis, ADCC, CDC, T Cell Proliferation, or Cytokine Release in Resting or Stimulated Normal Cells
Expressing ICAM-1

(A) Apoptosis in peripheral blood B cells. Graph shows percent live (nonapoptotic) B cells following no treatment or treatment with isotype control IgG, anti-HLA-
DR (positive control IgG), or BI-505 (0, 1.5, 6, or 24 png/ml). Values were normalized to untreated cells, where percent living cells was set to 100.

(B) ADCC of peripheral blood B cells. Graph shows specific lysis of target peripheral blood B cells following treatment with BI-505 or anti-HLA-DR IgG+ (positive
control). Values were normalized to treatment with isotype control IgG, where specific lysis was set to 0%.

(C) CDC of peripheral blood B cells and Daudi Burkitt’s lymphoma cells. Cells were incubated with BI-505, rituximab, or isotype control IgG and analyzed for CDC.
(D) Antibody-induced PBMC cytokine release. PBMC cytokine release was measured by ELISA of cell culture supernatants for IL-18, IL-2, IL-6, IL-8, IFN-vy, and
TNF-a following incubation of cells in plates coated with hypercrosslinked (air-dried “A” or wet-coated “W”) BI-505, isotype control, or positive-control Okt-3
antibody.

(E) Antibody-induced cytokine release in lipopolysaccharide (LPS)-primed PBMCs. PBMCs were incubated with titrated LPS, and concentrations yielding
submaximal cellular release of IL-1f (100 pg/ml), IL-6 (10 pg/ml), IL-8 (10 pg/ml), and TNF-a (10 pg/ml) were determined (arrows, left panel) and used in sub-
sequent experiments assessing antibody (BI-505 or control IgG) effects on cytokine release from LPS-primed PBMCs (right panel). Treatment with 100 ng/mI LPS
served as positive control for robust cytokine release.

(F) Antibody-induced T cell proliferation. CFSE-labeled T cells were incubated with BI-505, isotype control IgG, or anti-CD3 (okt-3) IgG hyperimmobilized to cell
culture plates by air-drying “A” or wet-coating “W.” Cells were cultured for 6 days, and T cell proliferation was monitored by flow cytometry as decreased CFSE
signals.

(G) Antibody-induced endothelial cell apoptosis. HUVEC or HMVEC endothelial cells were incubated with paclitaxel (positive control), BI-505, or isotype control
1gG in the presence or absence of crosslinking mAb. Apoptosis was measured by flow cytometry following staining of cells with annexin V-AF488.

**p < 0.01, **p < 0.001. Error bars show + SD.

See also Figure S5; Table S2.
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SUMMARY

Here, we report that kinase-dead IKKa knockin mice develop spontaneous lung squamous cell carcinomas
(SCCs) associated with IKKa downregulation and marked pulmonary inflammation. IKKa reduction upregu-
lated the expression of p63, Trim29, and keratin 5 (K5), which serve as diagnostic markers for human lung
SCCs. IKKa'°"K5*p63™ cell expansion and SCC formation were accompanied by inflammation-associated
deregulation of oncogenes, tumor suppressors, and stem cell regulators. Reintroducing transgenic
K5.IKKa, depleting macrophages, and reconstituting irradiated mutant animals with wild-type bone marrow
(BM) prevented SCC development, suggesting that BM-derived IKKa mutant macrophages promote the tran-
sition of IKKa'°VK5*p63" cells to tumor cells. This mouse model resembles human lung SCCs, sheds light on
the mechanisms underlying lung malignancy development, and identifies targets for therapy of lung SCCs.

INTRODUCTION

Lung cancer is the leading cause of cancer mortality worldwide,
and the 5 year survival rate of patients with non-small cell lung
carcinomas (NSCLCs) remains as low as 15% (Larsen and
Minna, 2011). Therefore, new approaches to detect, cure, and
prevent this devastating disease represent an urgent medical
need. NSCLCs include adenocarcinomas (ADCs), squamous
cell carcinomas (SCCs), and large cell carcinomas. Activating
K-ras mutations have been identified in 10%-30% of human
lung ADCs but in less than 5% of human lung SCCs (DuPage
et al., 2009; Larsen and Minna, 2011). An oncogenic mutation
in K-ras that changes a glycine at codon 12 to aspartic acid
(K-ras®’2P) induces spontaneous lung ADCs in mice (Johnson

et al., 2001). This mouse model has greatly enhanced our under-
standing of the pathogenesis, treatment, and prevention of lung
cancer. Lung SCCs are strongly associated with smoking, sug-
gesting that smoking-induced gene damage and inflammation
are crucial for the development of this malignancy (Hecht,
2003; Larsen and Minna, 2011). Although many molecular alter-
ations, such as deregulated epidermal growth factor receptor
(EGFR), PIK3CA, p53, and c-Myc, have been identified in human
lung SCCs (Hammerman et al., 2012; Hecht, 2003), lung SCCs
have not been well recapitulated in animals.

Although K-ras®2P fails to induce spontaneous lung SCCs in
mice, Ji et al. (2007) have shown that 56% of K-ras®'?P mice
lacking serine/threonine kinase 11 (also called LKB1) in the lungs
develop mixed SCCs and ADCs. The Lkb1 deletion alone does

Significance

lung SCCs.

Lung cancer is the leading cause of cancer mortality worldwide. Lung squamous cell carcinoma (SCC), a major type of
human lung cancer, is strongly associated with smoking. Although many oncogenes, tumor suppressors, and stem cell
regulators have been found in human lung SCCs, mice overexpressing or lacking these genes do not well recapitulate
the development of lung SCCs. A robust mouse lung SCC model is an urgent need for human health. Here, we established
arobust lung SCC model in kinase-dead IKK« knockin mice and identified shared molecular alterations in human and mouse
lung SCCs. Thus, this mouse model provides a suitable tool to study early diagnosis, treatment, and prevention of human
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Figure 1. Identification of Lung SCCs in Ikka*"’A Mice
(A) The K at 44 is replaced by A within the IKKa kinase domain in Ik A mice.
(B) Western blot shows IKKa. levels in WT and lkka/** lungs. NB, newborn; B-actin, protein-loading control.
(C) Lung SCC incidence in lkka/* 4, L-Ikko/ "4, and K-lkka!/** mice with FVB background. n, mouse numbers.
(D) WT and L-lkka//* lung weights (mean + SD of three mice per group). NB, newborn; g, gram. Statistical analysis: *p < 0.05; **p < 0.01; **p < 0.001
(Student’s test).
(E) The histology of hematoxylin and eosin (H&E)-stained WT lungs and SCCs derived from L-lkka/“** lungs. Arrows indicate SCC foci. Scale bar, 50 pm.
(F) IHC-stained K5, p63, and Ki67 in paraffin sections of WT lungs and L-lkka/** lung SCCs. Brown, positive staining; blue, nuclear countering staining.
Scale bar, 50 um.
(legend continued on next page)
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not induce lung tumors, suggesting that K-ras activation and
LKB1 loss provide complementary pathways, which lead to
lung SCC development. In human, germ-line mutations in Lkb1
are associated with Peutz-deghers syndrome, and the Lkb7 mu-
tations have been also identified in a variety of human epithelial
cancers, including lung SCCs (Hearle et al., 2006; Ji et al., 2007).
Interestingly, Lkb7~/~ mouse embryonic fibroblasts (MEFs) are
resistant to oncogenic Ras-mediated cell proliferation and trans-
formation (Bardeesy et al., 2002), indicating that LKB1 and Ras
cooperate in promoting tumor development in a cell type-spe-
cific manner.

Lung SCCs are derived from keratin 5-positive (K5¥) basal
cells of the pseudostratified bronchial epithelium, while ADCs
are derived from the epithelial cells of alveoli (Hackett et al.,
2011; Woodworth et al., 1983). Antibodies against transcription
factor p63, tripartite motif-containing 29 (Trim29) proteins, and
K5 have been used to diagnose human lung SCCs and distin-
guish poorly differentiated lung SCCs from ADCs in the clinic
(Ring et al., 2009). p63, a member of the tumor suppressor p53
family, is required for the formation of the epidermis, other strat-
ified epithelia, and epithelial appendages (Vanbokhoven et al.,
2011). The N-terminal-truncated form of p63 (ANp63) is predom-
inately expressed in the epidermis and is overexpressed in
various epithelial cancers, where it exerts oncogenic activities
(Koster et al., 2007; Melino, 2011). In addition, induced bright-
p63/K5* lung epithelial cells can give rise to alveoli, suggesting
that the bright-p63/K5* cells are adult stem cells in the lungs (Ku-
mar et al., 2011). Overexpressed Trim29 has been reported in
human lung, bladder, colon, ovarian, endometrial, and gastric
cancers. In these cell types, Trim29 promotes cell proliferation
and inhibits p53 activity (Hatakeyama, 2011). These findings
highlight that increased epithelial cell-specific p63 and Trim29
may also contribute to lung SCC development.

IKKa, one of subunits in the IKK complex (Ghosh and Karin,
2002), is required for the formation of the epidermis during
mouse embryonic development and serves as an innate surveil-
lant that prevents skin tumor development through suppressing
the EGFR- and c-Myc-related pathways in adult mice (Des-
cargues et al., 2008; Hu et al., 1999; Liu et al., 2008). It is known
that K5* keratinocytes markedly expand in the skin of lkke ™/~
mice compared to wild-type (WT) mice, lkka*’~ mice have
enhanced susceptibility to chemical carcinogen-induced K5*
SCCs associated with dedifferentiation in the skin, and inducible
K5.CreER-mediated lkka deletion in keratinocytes causes spon-
taneous skin papillomas and SCCs in Ikka-floxed mice (Hu et al.,
1999, 2001; Liu et al., 2008; Park et al., 2007). These data sug-
gest that K5* epithelial cells lacking IKKa may be the targets
for SCC development. IKKe. downregulation has been reported
in human lung and skin SCCs (Kwak et al., 2011; Marinari
et al., 2008); however, the role that IKKa plays in lung cancer
has not been investigated. In eukaryotic cells, chromatin
consists of packaged chromosomal DNA wound around nucleo-
some cores formed from histones (H). Modifications at these

histone proteins can alter chromatin structure, which facilitates
or blocks transcription factor access to DNA, thereby regulating
gene transcription without changing gene codes. Epigenetics
plays a major role in embryonic development. Notably, the
bivalent modifications of H3 lysine 4 trimethylation (H3K4me3),
a positive transcription mark, and H3K27me3, a negative tran-
scription mark, on the loci of genes regulate stem cell prolifera-
tion and differentiation (Bernstein et al., 2006). Nuclear IKKa
has been shown to regulate the cell cycle checkpoint in keratino-
cytes in an epigenetic manner (Liu et al., 2008; Zhu et al., 2007).
Whether altering the normal epigenetic control of the nuclear
IKKa affects the establishment of tumor cells during carcinogen-
esis remains unknown.

Inflammatory cells are mobile, plastic, and able to produce
many factors (Hanahan and Coussens, 2012). Thus, they orches-
trate complex communications among different types of cells at
pathological sites, regulating the development of various dis-
eases. Chronic inflammation plays a crucial role in tumor
development.

To understand the pathogenesis of lung SCCs, in this study,
we attempt to establish a mouse lung SCC model, which may
recapitulate human lung SCC development, and to identify
crucial events, which may be used to prevent and treat this
lung disease.

RESULTS

IKKa Reduction Is Associated with the Development of
Spontaneous Lung SCCs in Kinase-Dead IKKa Knockin
Mice

We generated kinase-dead IKKa knockin (lkko/#4AK44A,
Ikka“*%4) mice, in which the lysine (K) at amino acid 44, an
ATP-binding site, was replaced with alanine (A) (Figure 1A; Zhu
etal., 2007). lkka" /" newborn mice did not display any obvious
abnormalities, indicating that IKKa kinase inactivation does not
affect mouse embryonic development. However, after 3 months
of age, mutant mice with an FVB background displayed severe
skin lesions and developed systemic inflammation (these pheno-
types are not discussed in this study) and the mice began to die
after 6-10 months. Unexpectedly, spontaneous lung tumors
appeared in FVB Ikko/ A mice from 4 to 10 months of age.
Despite the fact that lkka** mice with severe skin phenotypes
have to be euthanized at early age, tumors were detected in 20%
of the mutant mice. To determine the relationship between IKKa
and lung tumor development, we examined IKKe levels in mouse
lungs. Western blotting showed a strong expression of IKKa. in
WT mouse lungs and that IKKa expression was slightly reduced
in elder mice (Figure 1B, top panel). IKKa levels were lower in the
lungs of lkka"*** newborns and markedly decreased in the
lungs of 4-month-old Ikka*’** mice (Figure 1B, bottom panel),
indicating that IKKa reduction is associated with lung tumor
development. To determine whether the K44A mutation
may contribute to the reduction of the IKKa protein, we used

(G) H&E-stained and K5-, p63-, and Ki67 IHC-stained mouse lung ADC induced by K-ras®'2°. Brown, positive staining; blue, nuclear countering staining.

Scale bar, 50 um.

(H) H&E-stained forestomach paraffin sections of WT, K-lkko/**4, and Ikka!/*/*4 (with SCC in situ; see also Figure S1F) mice at 1.2 years of age. AH, atypical

hyperplasia. Scale bar, 50 um.
See also Figure S1.
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pulse-chase analysis to show that this K44A mutation promoted
IKKa. protein degradation compared to WT IKKa (Figure S1A
available online). We previously reported that IKKa. RNA levels
were decreased in lkka/ % mice (Balkhi et al., 2012). Thus,
IKKa. is downregulated both at the level of messenger RNA
(mRNA) expression and posttranslationally in Ikko KA mice. In
order to keep the lkka/*’** mice alive long enough to study
lung cancer development, the skin phenotype of lkka KA
mice was corrected by expression of WT IKKa. complementary
DNA (cDNA) in the epidermis under the control of a truncated lor-
icrin promoter (Lori.IKKe) (Liu et al., 2006; Figure 1C). Although
Lori.IKKa;lkko 84 (L-Ikka"K%) mice displayed almost no skin
phenotype, all of 50 L-lkka/*** mice developed spontaneous
lung tumors. Next, we introduced the WT IKKa. transgene under
the control of the K5 promoter (Liu et al., 2008), which is ex-
pressed in the basal epidermal keratinocytes and the basal
lung epithelial cells of bronchia, into Ikko’“* mice (Figure 1C).
Although K5.IKKa; Ikka" A (K-Ikko/“*/**) mice survived longer
than L-Ikka/* mice, we did not observe lung tumors in all of
30 K-Ikko/*A mice at more than 1 year of age. Analysis by
RT-PCR confirmed that Lori.IKKa was expressed in the skin
and that K5.IKKa. was expressed in the skin and lungs (Fig-
ure S1B). These results demonstrate that epithelial cell-derived
IKKa prevents lung tumor development.

The weight of L-lkka"*** lungs compared to WT lungs gradu-
ally increased with age (Figure 1D), indicating that lung tumor
development is associated with increased lung size. Most FVB
L-Ikko“"*A mice were not able to live longer than 7 or 8 months,
because their lung weights continued to increase with age, and
most lung SCCs were observed in L-lkka A mice at 4-
6 months of age. Lung tumor foci with the typical SCC features
of keratin pearls and squamous cellular morphology were
observed on the mutant lung surface and interior (Figures 1E
and S1C). Similar to human lung SCCs (Hackett et al., 2011),
lung tumors in L-lkka!* A mice expressed K5, p63, and Ki67
(Figures 1F and S1D), indicating that the spontaneous tumors
in L-TkkoAfA (Ikko 64 mice are SCCs. K-ras®'?P-induced
lung ADCs were negative for K5 and p63 immunostaining but
showed increased Ki67-positive cells (Figures 1G, S1D, and
S1E). We did not observe lung SCC metastases in L-lkko! KA
mice. It was also reported that metastases from lung ADCs but
not from SCCs were seen in K-ras®'2P;Lkb1~~ mice (Ji et al.,
2007). In addition, lkka"*** mice lack lymph nodes (Balkhi
et al., 2012). Whether these conditions affect lung SCC metasta-
ses remains to be investigated in the future.

To determine whether IKKa reduction is associated with squa-
mous cell hyperproliferation and malignant development in the
stratified epithelium of lkka"*** mice, we histologically exam-
ined the forestomach, esophagus, and skin in BL6 L-lkka/ KA
mice. All of the 16 lkka/**A mice at 5 months—1.2 years of age
developed atypical squamous hyperplasia in the forestomach,
and two of three lkka"** mice at 1.2 years of age developed
forestomach SCCs in situ (Figures 1H and S1F). Reintroduced
K5.IKKo. rescued the forestomach phenotype in K-lkka /<A
mice. We observed esophageal hyperplasia in all three BL6
Ikka!“’"* mice at 1.2 years of age, but we observed no esopha-
geal phenotypes in all four lkka/*** mice at 5-7 months of
age (Figure S1G). Furthermore, approximately 24% of 25 BL6
Ikka*fA mice at 5-10 months of age developed skin SCCs
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and all Ikka/** mice at more than 3 months of age developed
epidermal keratinocyte hyperproliferation (Figure S1H; data not
shown). Collectively, these results showed a good correlation
between the development of SCC and squamous hyperplasia
and increased lkka " mouse age. Thus, the squamous cell hy-
perproliferation and malignancies are associated with IKKa
reduction.

Specific Molecular Alterations in the Lungs and Lung
SCCs of L-lkka" % Mice and Similar Molecular
Changes in Human and Mouse Lung SCCs
Because K-ras®’?? induces lung ADCs in mice (DuPage et al.,
2009), we sequenced K-, H-, and N-ras cDNA isolated from
mouse lung SCCs and found only a low number of random mu-
tations and insertions and no activating mutations in K-, H-, and
N-ras (Figure S2A). Using western blot and quantitative real-time
PCR (gPCR), we found increases in the stem cell regulators
Nanog, Oct3/4, and c-Myc, and small G protein Rhov/Chp
(Cdc42 homologous protein) (Aspenstrom et al., 2007) and de-
creases in the tumor suppressors p53 and Rb in lung SCCs
but not in adjacent lung tissues (Figures 2A and 2B). Similarly
to human (Ji et al., 2007; Ring et al., 2009), the levels of insulin
growth factor 1, cyclin-dependent kinase 1 (CDK1), Trim29,
and p63, and the activities of EGFR, extracellular signal-regu-
lated kinase (ERK), and p38 were elevated in L-lkka***4 lungs
and were dramatically increased in lung SCCs compared
to WT lungs, while LKB1 levels were significantly decreased in
L-Ikka/*"* lung SCCs compared to WT lungs. In addition,
IkBa., an inhibitor of nuclear factor kB (NF-«xB) (Ghosh and Karin,
2002), and IKKa levels were reduced, and c-ros-1 receptor tyro-
sine kinase (ROS1), a pro-oncogene receptor tyrosine kinase (Ri-
kova et al., 2007; Takeuchi et al., 2012), was increased to a
similar extent in both L-lkka® %4 lungs and SCCs compared to
WT lungs, suggesting that the alterations in IKKea, IkBa, and
ROS1 levels are ubiquitous rather than epithelial cell-specific in
L-Ikko!*"*A mice (Figures 2A and 2B). Because both Trim29
and p63 are specifically expressed in human lung SCCs, we
examined their protein levels and found that Trim29 and
ANp63 levels were increased in L-lkka/** lungs and further
increased in lung SCCs compared to WT lungs (Figure 2C). To
determine NF-«B activity, we examined the nuclear p65 levels
in the lungs of WT and L-lkka/*%* at 4, 16, and 20 weeks of
age after depleting CD45" cells and found elevated nuclear
P65 levels in L-lkka/ A lungs with increasing age compared
to WT lungs (Figure 2D). We also observed increased p65 levels
in the lungs of 16- and 20-week-old L-lkka’“/** mice compared
to WT using immunohistochemistry (data not shown). Increased
nuclear p65 and p50 were detected in a L-lkka/ 4 lung SCC
cell line (KAL"Y) compared to a WT lung epithelial cell line M2C
(Padilla-Nash et al., 2012) following tumor necrosis factor (TNF)
stimulation, and the IKKa level was lower in KAL"Y than in M2C
cells (Figures 2E and 2F), suggesting that the canonical NF-xB
activity was increased in IKKa-deficient lung SCC cells. Collec-
tively, we identified multiple molecular alterations that can be
classified into three groups: (1) specifically deregulated in
SCCs; (2) deregulated prior to tumor formation; and (3) ubiqui-
tously deregulated in L-lkka®%* mice.

To compare the similarity of molecular alterations between
mouse and human lung SCCs, we examined alterations in
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Figure 2. Molecular Alterations in L-lkko/*’** Lungs and Lung SCCs

(A) Western blot shows indicated protein levels in WT lungs, L-lkka"**4 lung SCCs, and SCC-adjacent lung tissues (L-lkka/*’** lungs). p-actin, protein-loading
control.

(B) gPCR shows the expression levels (fold) of indicated genes (mean + SD of three or four mice per group). Each column represents an individual sample that was tested
three times. WT and L-lkka//** lungs were obtained from 9- to 10-week-old mice. *p < 0.05; **p < 0.01; **p < 0.001 (Student’s test). N.S., not statistically significant.
(C) Western blot shows Trim29 and ANp63 levels in WT and L-lkka**** lungs and lung SCCs. B-actin, protein-loading control.

(D) Western blot shows nuclear and cytoplasmic p65 levels in lung cells (CD45") isolated from WT and L-lkka/*** mice at 4, 16, and 20 weeks of age.

(E) Western blot shows IKKa. levels in a WT mouse lung epithelial cell line M2C and an L-lkka/*** lung SCC cell line KAL"Y. B-actin, protein-loading control.

(F) Western blot shows nuclear p65 and p50 levels in M2C and KALY cells following TNF stimulation (10 ng/ml). H3, histone H3 as nuclear protein loading control;
nuclear, nuclear proteins.

See also Figure S2 and Tables S1 and S2.
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IKKa,, c-Myc, and Trim29 in human lung SCCs. Several studies
have shown that IKKa is downregulated in a large proportion of
human lung SCCs (Kwak et al., 2011; Marinari et al., 2008). We
confirmed these findings by showing that IKKa levels as
analyzed by western blot were significantly higher in normal
human lungs than in all of the eight human lung SCCs and their
adjacent lung tissues (Figure S2B). Comparative genomic
hybridization revealed c-Myc amplification in three (37%) of the
eight human lung SCCs (Figure S2C). Moreover, we examined
the expression of Trim29 in human lung SCCs compared to
cancer-adjacent lung tissues in human tissue array using immu-
nohistochemical (IHC) staining (Figure S2D). Twenty-four (49%)
of forty-nine human SCCs strongly expressed Trim29 versus
0 (0%) of 50 in cancer-adjacent lung tissues. Four (8%) of
forty-nine human SCCs weakly expressed Trim29 versus 25
(50%) of 50 cancer-adjacent lung tissues. A moderate level of
Trim29 immunostaining was detected in 21 (43%) of 49 human
SCCs and 25 (50%) of 50 cancer-adjacent lung tissues. In addi-
tion to high levels of Trim29 in human and mouse lung SCCs, the
localization of Trim29 expression in the cells of human and
mouse SCCs was similar (Figures S2E and S2F). These results
demonstrate that human and mouse lung SCCs share similar
molecular changes.

In addition, we sequenced the genes of Sox2, PIK3CA (exons
9 and 20), and DDR2 (exons 4, 7, 12, 13, 14, and 16) in ten lung
SCCs derived from L-lkka//*A mice, because the mutations in
these genes have been reported in human lung SCCs (Hammer-
man et al., 2012). We detected several silent mutations in DDR2
and Sox2 and some small insertions and deletions in the introns
and UTRs of DDR2 and Sox2 but no mutations in PIK3CA (Tables
S1 and S2). Whether these genetic alterations affect the function
of these genes remains to be elucidated in the future.

IKKo Suppr the Expression of ANp63 and Trim29 in
an Epigenetic Manner

Although ANp63 levels were increased in L-lkko/** lungs
compared to WT, the levels were still lower compared to SCCs
(Figure 2C). The tumor cells represent the majority of cells in
SCCs, whereas the cells in WT and L-lkko/** lungs are a
mixture of epithelial and other cells. Thus, it is possible that
the p63 level was already elevated in the K5* epithelial cells in
L-Ikko" A lungs. To test this hypothesis, we compared the in-
tensity of ANp63 and K5 in WT and L-/kka* 4 lungs and lung
SCCs using immunofluorescent (IF) staining with anti-ANp63
and anti-K5 antibodies. ANp63 levels were specifically elevated
in the K5* cells of L-lkka/*’*4 lungs compared to WT, and the
K5*p63" cells expanded with the formation of lung SCCs (Fig-
ure 3A). The IF-stained ANp63 levels were very weak in WT
lungs, which is consistent with the results shown in Figures 2B
and 2C. Also, Kumar et al. (2011) reported that p63 was unde-
tectable in the lungs of WT mice using IF staining. The intensity
of K5 was also elevated in the epithelial cells of L-lkka"*** lungs
compared to WT (Figure 3A).

We further investigated whether IKKa regulates the expression
of Trim29 and ANp63 at the transcriptional level, because mMRNA
levels of Trim29 and p63 were increased in L-lkka %4 lungs and
SCCs compared to WT lungs (Figure 2B). Using the chromatin
immunoprecipitation (ChIP) assay with an anti-IKKa antibody,
we detected IKKa binding to the promoter regions of Trim29
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and p63 genes, which was associated with high levels of
H3K27me3, a negative transcription modifier, and low levels of
H3K4me3, a positive transcription modifier, in WT MEFs;
conversely, in lkkd*** and Ikka™'~ MEFs and KAL"Y lung
SCC cells, increased H3K4me3 levels and reduced H3K27me3
levels were associated with the Trim29 and p63 loci (Figure 3B).
The mRNA levels of Trim29 and ANp63 were higher in lkka" KA,
Ikka™'~, and KALV cells than in WT cells (Figure 3C). Reintroduc-
ing IKKa decreased H3K4me3 levels and increased H3K27me3
levels on Trim29 and p63 loci and repressed the expression of
Trim29 and p63 in Ikka " | Ikka™~, and KAL"Y cells (Figures
3B and 3C). Although Ikka "4 MEFs maintained a low level of
IKKa, we found that the nuclear kinase-dead IKKa (KA) level
was reduced compared to WT IKKa when WT IKKa and IKKa-KA
were transfected into cells (data not shown). Thus, the expres-
sion levels of Trim29 and ANp63 were comparable in fkko!/ KA
and lkka~~ MEFs. These results suggest that IKKa regulates
the expression of both Trim29 and ANp63 at the transcription
level by modifying the chromatin structure of Trim29 and p63
in an epigenetic manner. Furthermore, re-expressed IKKa was
found to repress KAL™Y cell proliferation compared to the control
vector (Figure 3D). Thus, IKKa also inhibited lung epithelial cell
proliferation. IHC staining further showed strongly stained nu-
clear IKKe. in the bronchial epithelial cells of WT mice (Figure 3E),
which supports the result that IKKa suppressed the expression
of ANp63 and Trim29 in the nucleus.

Moreover, we examined the relationship between IKKa and
the expression of p63 and Trim29 in a WT human bronchial
epithelial cell line HBEC (Xi et al., 2010) and a human lung SCC
cell line SW-900. Western blot showed a higher IKKa level in
HBEC cells than in SW-900 cells (Figure 3F). The expression
levels of ANp63 and Trim29 were higher in SW-900 cells than
in HBEC cells, and reintroducing IKKa repressed the expression
of ANp63 and Trim29 in SW-900 cells (Figure 3G). ChIP analysis
showed higher H3K4me3 levels and lower H3K27me3 levels on
p63 and Trim29 loci in SW-900 SCC cells compared to HBEC
cells (Figure 3H). Reintroducing IKKa reversed H3K4me3 and
H3K27me3 levels on p63 and Trim29 genes and decreased the
expression levels of p63 and Trim29 in SW-900 SCC cells (Fig-
ures 3G and 3H). Together, these results indicated a similar reg-
ulatory mechanism by which IKKa regulates p63 and Trim29
expression in human and mouse lung epithelial cells.

Excessive Inflammatory Cells, Cytokines,

and Chemokines Are Present in the Lungs

of L-lkko* 44 Mice

To evaluate the effect of the inflammatory microenvironment on
lung tumorigenesis, we examined leukocyte infiltration and
expression of cytokines and chemokines. We found significantly
increased absolute numbers of CD4" cells and macrophages
(F4/80™) and moderately increased CD8" cells and neutrophils
(Ly6G*/CD11b*) in the lungs of L-lkka**** mice compared to
WT mice at 4 and 16 weeks of age (Figure 4A). B cells did not
significantly increase (data not shown), which is consistent with
previous results (Balkhi et al., 2012). Significantly increased
expression (QPCR analysis) of tumor necrosis factor-a, inter-
leukin (IL)-1B, IL-6, IL-4, IL-13, IL-10, chemokine (C-C motif)
ligand 2 (CCL2), chemokine (C-X-C motif) ligand 5, CCL11, and
CCL8 was observed in L-lkka/**A lungs compared to WT
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A Figure 3. IKKa Regulates Trim29 and p63

Expression in an Epigenetic Manner
(A) Immunofluorescent staining shows K5 (green)
wT and ANp63 (red) in WT lungs, L-lkka/*** lungs,
Lung and L-Ikko* A lung SCCs. Blue color, DAPI for
nuclear staining; arrows indicate ANp63 staining.

Scale bar, 50 um.
(B) ChIP assay was performed with indicated
Lt KA ” g A antibodies (Abs) and PCR with Trim29 and
Lung : p63 primers in WT, Ikka/“A, Ikka '~ MEFs, and
O e a cell line KALY from L-lkka"**4 |lung SCCs.
S Mock, immunoglobulin G (IgG) as negative
controls; +IKKa, reintroducing IKKe. into cells; H3,
" control for ChIP assay.
Lrlikarsm (C) RT-PCR with ANp63 and Trim29 primers
;léng A from indicated cells. +IKKa, reintroducing IKKa
into cells.
2 B 7* (D) The proliferation of KAL"Y cells was examined
B chp §+'¢ D at 2, 24, 48, and 72 hr following transfection with
48 & §c TR L A c IKKa. vector or control vector, using the kit of
A ESDEEETEES E207 4 Gontral p<0.001 CellTiter 96 AQueous One Solution Cell Proliferation
KK |- - Ses=s=| RT-PCR _ +IKKe % + IKKa Assay (Promega) and mean + SD of four samples
H3K4me3 s - —— % . % :E é % E 32, %1‘5 per group.
HaKo7mes | -~ R—— 3 = ¥ = ¥ ¥ =¥ :3;1 0 (E) IHC staining with an anti-IKKa antibody shows
s 1 ANp63 ——— - - strong nuclear IKKa in the cells of bronchial
T —_—r - %0'5 epithelium of adult WT mice. The area in the box of
IKKa - W (- tectn T : oo the middle panel was amplified at the top panel.
H3KAMES we e —— % 3 2 24 48 T72hr Brown, positive staining; arrows, bronchial
T & R g 'g epithelium; blue, nuclear counterstaining; NC,
o F WB HeeC sw-900 negative control. Scale bar, 50 um.

He e i e ki (F) Western blotting shows IKKa. levels in a WT
E IKKee in WT Lung . — human lung cell line HBEC and a human lung SCC
:;:i":‘;’lé f S::_:ﬁ g i fas cell line SW-900. B-actin, protein-loading control.

ChiP

Mock
IgG
SW-900

IKKa
H3K4me3
H3K27me3

H3
Trim29-PCR

(Figure 4B; Table S3). IF staining showed extensive macrophage
infiltration into SCCs and elevated expression of inducible
nitric oxide synthase (INOS) (Lechner et al., 2005) in L-lkko</4
macrophages (Figures 4C and 4D). These results showed
that marked inflammation and oxidants were present in
L-Ikko**/*A lungs.

To determine whether increased numbers of macrophages are
present in human lung SCCs, we used IHC staining with an
anti-CD68 antibody to examine macrophages in a human array
containing 32 human lung SCCs with their proximal adjacent
lung tissues and distal adjacent lung tissues and found increased

(G) Left panel: RT-PCR with ANp63 and Trim29

G ANp83 Trim29

208) wn ww 101w e primers from indicated cells. +IKKa, reintroducing

RT-PCR HKKa %05, 08 IKKa into cells. Right panel: the comparison of

i 63”350320?:’209 = 06 mMRNA levels of ANp63 and Trim29 in HBEC

Trirzzg = = g 04 and SW-900 cells (mean + SD of three samples

[-aCH w——— ';‘Sjua' J 02 per group). “p < 0.05; *p < 0.01; **p < 0.01
Toot o 00l (Student’s test).

‘\&e“‘g@c,\*‘ii" \‘eee"" e (H) ChIP assay was performed with indicated Abs

and PCR with Trim29 and p63 primers in a normal

human lung cell line and two human lung SCC
cell lines. Mock, IgG as negative controls; +IKKa,
reintroducing IKKa into cells; H3, control for
ChlIP assay.

macrophages in lung SCCs and proximal
adjacent lung tissues compared to distal
adjacent lungs, indicating a good correla-
tion between increased macrophages
and lung SCC development (Figures 4E
and 4F), which is consistent with the observation in the lungs
and lung SCCs of L-lkka"** mice.

p63-PCR

Depleting Macrophages Reduces Inflammation and
Epithelial Proliferation and Prevents Lung SCC
Development

To determine whether inflammation regulates lung SCC devel-
opment, we depleted macrophages in 7-week-old L-fkko/“/4
mice by injection of clodronate-loaded liposomes, which induce
macrophage apoptosis (Jenkins et al., 2011). A single treatment
significantly reduced macrophages in treated L-lkka/*4 lungs
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Figure 4. Marked Inflammation in the Lungs of L-lkka/ /KA Mice

(A) The comparison of indicated leukocytes in the lungs of WT and L-Ikko!*"** mice at 4 and 16 weeks of age examined with flow cytometry analysis (mean + SD of
four samples per group). *p < 0.05; **p < 0.01; ***p < 0.001.

(B) The expression levels (fold changes) of various cytokines and chemokines in the lungs of L-lkka*/** mice at 4 weeks of age were compared to WT lungs using
qPCR. The fold changes were calculated with delta-delta cycle threshold methods (mean + SD of four samples per group). n.s., not statistically significant.
(C) Macrophages, lung SCCs, and WT lungs were immunofluorescently stained with anti-F4/80 (red for macrophages) and anti-K5 (green for epithelial cells)
antibodies. Blue, DAPI for nuclear staining. Scale bar, 50 um.

(D) The expression of INOS (red) in macrophages (green) in the lungs of WT and L-lkka**/** mice at 16 weeks of age detected using immunofluorescent staining.
Blue, DAPI for nuclear staining. Scale bar, 50 pm.
(legend continued on next page)
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compared to untreated L-lkka"** lungs (Figure 5A). After
3 months of liposome treatment, the weights of L-lkka/ /KA
lungs were significantly reduced in comparison to untreated
L-Ikka*A lungs (Figure 5B, right and left panels). The macro-
phage deletion also decreased Trim29 and ANp63 levels,
p38 activity, and DNA damage that was indicated by 8-hydrox-
ydeoxyguanosine (Yang et al., 2009) in treated L-lkka/ /KA
lungs (Figures 5C and 5D). Using histological examination,
we did not detect lung SCCs in any of the six liposome-treated
L-lkkoA%A mice.

We analyzed the effect of macrophage depletion on
global gene expression by comparing gene expression
profiles of L-lkka"** versus WT lungs and liposome-treated
L-Ikka! ¥4 versus WT lungs (Figures 5E and S3A); the full
gene names are reported in Table S4. K6 and K16, which are
highly expressed in hyperproliferative squamous epithelial cells
and SCCs (Hackett et al., 2011), as well as K14, K5, and other
keratins, were highly expressed in L-lkka/*’** lungs compared
to WT. Macrophage depletion dramatically reduced the ex-
pression of these keratins (Figure 5E, left panel). Macrophage
depletion also repressed the expression of cell cycle regulators,
metalloproteinases, a disintegrin and metalloproteinases,
growth factors, early growth response genes, cytokines,
and chemokines, and altered the expression of oxidases in
L-Ikko**A lungs (Figures 5E, middle and right panels, and
S3A). Although the clodronate-loaded liposome treatment
reduced macrophages and prevented lung SCCs, we observed
infiltrating lymphocytes in treated L-lkka/*/** lungs (Figure S3B).
These results indicate that the excessive macrophages
increased inflammation, epithelial cell proliferation, DNA dam-
age, and activities of many pathways that may contribute to
lung carcinogenesis in L-Ikka*** mice; in contrast, macro-
phage reduction reverses these abnormal responses.

Because K-ras®?P;Lkb1~~ mice developed mixed lung
SCCs and ADCs (Ji et al., 2007) and LKB1 downregulation
was found in L-lkka**%* lung SCCs, we examined whether
increased numbers of macrophages were present in the lungs
of K-ras®’2%;Lkb1~'~ mice. The IHC staining showed signifi-
cantly more macrophages in K-ras®’??;Lkb1~'~ lungs than in
WT lungs but more macrophages in L-lkka"** lungs than in
K-ras®"2P;L kb1~'~ lungs (Figures 5F and S3C). These results
demonstrated the presence of increased macrophages in the
lung SCCs derived from L-lkka/ " mice and K-ras®'2P;Lkb1~/~
mice, as well as in human lung SCCs.

L-lkko /%A Bone Marrow Reconstitutes Lung SCCs

in Irradiated L-Tkka* /%4 Mice

To investigate the effects of bone marrow (BM)-derived
macrophages from WT and L-lkka"** mice on lung SCC
development, we performed BM transplant experiments
by intravenously injecting either L-lkko/ A BM into irradiated
L-lkko!" * and WT mice or WT BM into irradiated L-lkka/ A A
mice (Figure S4A). The irradiated WT mice receiving WT BM

were similar to WT mice (data not shown). At 3 months after
the BM injection, all of the ten irradiated L-lkka/** mice
receiving L-lkka/*** BM had enlarged lungs infiltrated with
many macrophages and lymphocytes and developed lung
SCCs; all of the seven irradiated WT mice receiving L-lkka /KA
BM were SCC-free, and their lungs were infiltrated with a few
macrophages and lymphocytes (Figures 6A-6C and S4B). Six
out of seven irradiated L-Ikko/’* mice receiving WT BM were
SCC-free; their lungs, which were infiltrated with many lympho-
cytes but reduced macrophages, were smaller than the lungs of
L-Ikka A mice receiving L-lkko/*’*4 BM but larger than the
lungs of WT mice receiving L-Ikko/“/** BM (Figures 6A-6C and
S4B). However, one out of seven irradiated L-lkka 6 mice
receiving WT BM developed a very large lung SCC (Figure S4B).
Because we performed BM transplant experiments in mice at 4
or 5 weeks of age and increased pulmonary inflammation was
already observed in the lungs of 4-week-old L-lkka!/*** mice
(Figure 4A), it is possible that the development of this tumor
began prior to BM transfer. These results further showed that
L-Ikko/*/"A_derived macrophages are associated with lung
SCC development.

DISCUSSION

IKKa Downregulation Is Associated with Lung
Enlargement and Lung SCC Development

In this study, we showed that the lungs of L-lkke newborn
mice were relatively normal. The K44A mutation in IKKo destabi-
lized the protein. With increasing age and decreasing IKKa
levels, the lungs became enlarged and lung SCCs occurred in
L-Ikko (4 mice. Reintroducing transgenic K5.IKKa. prevented
lung enlargement and tumorigenesis, and re-expressing WT
IKKo. repressed the proliferation of KAL'Y lung SCC cells,
suggesting that IKKa is important for the tumor initiation and
maintenance. The elevated activities of EGFR/ERK, cell cycle
regulators, and growth factors may largely contribute to cell
proliferation in the lungs of L-lkka* A mice. We previously
reported that IKKa loss promotes keratinocyte proliferation and
induces spontaneous skin SCCs (Liu et al., 2008). In the current
study of Ikka/ "4 mice, we found squamous cell hyperprolifera-
tion and SCCs in the forestomach, esophagus, and skin, which
were associated with IKKa reduction. Again, reintroducing
K5.IKKa rescued these phenotypes. These findings demonstrate
that IKKa is required for maintaining the normal function of squa-
mous cells in multiple epithelial organs.

Furthermore, we found significant downregulation of LKB1, a
tumor suppressor, in L-lkka**’%* lung SCCs and adjacent lung
tissues compared to WT lungs. It is known that Lkb7 deletion
promotes SCC development in both the lungs and skin (Guru-
murthy et al., 2008; Ji et al., 2007). Lkb1~/~ knockout mice
died at midgestation with vascular and neural tube defects (Yli-
korkala et al., 2001). Thus, the role of LKB1 in the formation of
stratified epithelial organs is unclear. K14.Cre-mediated Lkb1

KA/KA

(E) Comparison of IHC-stained CD68" cell counts in each tissue of the human array slide (LC991) among three groups (mean + SD of 32 tissues per group). The

p value was examined by Student’s test.

(F) One representative case [see (E)] was shown, and the region in the box was amplified in the left panel, indicated by lines. Brown, CD68 positive staining; blue,

nuclear counterstaining; -L, lung tissue. Scale bar, 50 pm.
See also Table S3.
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Figure 5. Depletion of Macrophages Prevents Lung SCC Development

(A) Flow cytometry analysis shows the number of macrophages (F4/80) in the lungs of WT, L-lkka
L-lkko/ " mice.

(B) Left panel: the lungs (g, gram) of L-lkk« mice after 3 months of treatment and untreated L-/kko
of treated L-lkka/*’**, untreated L-lkka/**4, and WT mice (mean + SD of three or four mice per group).

(C) Trim29, ANp63, p38, and p-p38 levels in WT, L-lkka//*4, and Lips-L-lkka/“* lungs detected using western blotting. B-actin, protein-loading control.

(D) The IHC-stained 8-hydroxydeoxyguanosine in WT, L-lkka" %4, and Lips-L-lkka//** lungs. Brown, positive staining. Scale bar, 50 um.

(E) The comparison of the gene expression profiles (fold) of L-lkka" %" versus WT (red bars) and Lips-L-lkka/“/* versus WT lungs (green bars) using microarray.
(F) H&E- or F4/80-IHC-stained lungs of WT, K-ras®?P;Lkb17/~, and L-lkka/*/** mice. Blue, nuclear-countering staining; brown, positive staining. Scale
bar, 50 pm.

See also Figure S3 and Table S4.

KA/KA and liposome-treated (Lips-, one treatment)

KA/KA KA/KA

mice. Right panel: the comparison of the lung weights
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Figure 6. The Effect of BM Cells on Inflam-
mation and SCC Development in the Lungs
of Mice

(A) Left panel: the lung weights (g, gram) of irradi-
ated WT and L-lkka//* chimeras at 16 weeks of
age (mean + SD of three mice per group). Right

I\BAM: f;-fkkfI‘”K:;A 3/3 i panel: tumor incidence in indicated irradiated
ice: L-lkk — ] | chimeras. **p < 0.01.
AERRRRRNNY LR Y (B) The appearance of indicated mice at 4 months
C Chimeras Lungs of age.
BM L-lkka " WT L-Ikka 44 (C) H&E staining and IHC-CD3, -F4/80,
Mice ___f;*;"_kkam_m : L“"kk“}:W _WT and -CD45R staining in the lungs of indicated
2 lér *W 7 RE e irradiated chimera. Brown, positive staining; blue,

deletion does not cause epidermal hyperplasia and does not
promote the development of chemical carcinogen-induced
benign papillomas, but it does enhance malignant skin SCC
development (Gurumurthy et al., 2008), suggesting that LKB1
loss does not provide a selective growth advantage. Interest-
ingly, however, LKB1 loss-associated SCCs showed increased
EGFR and ERK activities; thus, an indirect mechanism may
activate EGFR/ERK pathways, which cooperate with LKB1 defi-
ciency to promote carcinogenesis. Although the mechanism of
how IKKa regulates LKB1 expression in different cell types
remains to be elucidated, the phenotypic similarities and differ-
ences between IKKa. and LKB1 suggest that LKB1 reduction
provides an important pathway to promote IKKa deficiency-
associated tumorigenesis.

In this study, IHC staining showed that the majority of IKKa
was located in the nuclei of lung epithelial cells, underscoring
the importance of nuclear IKKa in maintaining the normality
of lung epithelial cells. We found that IKKa deficiency
increased the transcription levels of Trim29 and ANp63
and that reintroduced WT IKKa repressed the expression of

nuclear counterstaining. Scale bar, 50 pm.
See also Figure S4.

Trim29 and ANp63 by modifying
H3K4me3 and H3K27me3 levels on the
Trim29 and p63 loci, indicating that
Trim29 and ANp63 are IKKa targets in
the lung epithelial cells. Human lung
SCC cells are K5* and overexpress p63
and Trim29 (Ring et al., 2009). In mice,
lkko loss promotes K5* keratinocyte pro-
liferation (Hu et al., 1999, 2001; Liu et al.,
2008). Here, we observed K5 p63" cells
in the lungs of L-lkka/*** mice as well
as in lung SCCs but not in WT mice, and
re-expression of IKKo under the K5
promoter prevented lung SCC develop-
ment in lkka"**A mice. We will further
investigate whether IKKo'®"K5*p63™
cells have stem cell features and whether
IKKa'°"K5*p63M cells serve as tumor-
initiating cells.

In addition to the further changes in
EGFR/ERK activity and Trim29, ANp63,
IGF, CDK1, and LKB1 levels in SCCs,
only lung SCCs, not precancerous lungs,
from L-lkka/*** mice showed decreased p53 and Rb and
increased Nanog, Oct3/4, c-Myc, and Rhov traits, which have
also been reported in human lung SCCs (Larsen and Minna,
2011; Yuan et al., 2010). It is known that p53 loss can promote
tumorigenesis by accelerating pluripotent cell generation
induced by stem cell regulators (Utikal et al., 2009). Elevated
small G proteins can regulate the cytoskeleton and cellular
polarity and promote mitogen-activated protein kinase and
EGFR activities, tumor cell proliferation, and abnormal polarity,
resulting in tumor genomic heterogeneity (Iden and Collard,
2008). These combined abnormal properties may be critical for
maintaining the specific oncogenic cell lineage during lung
SCC development in L-lkka"**4 mice. Although p53 genetic
alterations are most frequently detected in human lung SCCs
(Hammerman et al., 2012), most human lung SCCs bear multiple
genetic alterations. Mice lacking p53 and Rb or overexpressing
the oncogenes and stem-like genes do not develop sponta-
neous lung SCCs. Therefore, these specific molecular alterations
in L-Ikko/**’** lungs and lung SCCs may be important for lung
SCC development.
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Figure 7. A Working Model of Lung SCC Development in L-Ikka/4/€A

Mice

IKKa. downregulation dysregulates the expression of multiple oncogenes
and tumor suppressors in K5* lung epithelial cells. The mutant macrophages
increase inflammatory responses and oxidative stress to promote DNA
damage in IKKe. mutant K5* lung epithelial cells, which further dysregulate the
levels of multiple oncogenes, tumor suppressors, and stem cell genes, thereby
promoting the IKK«®*K5"p63" cell transition to tumor cells in L-lkko/ A4
lungs. Arrow down (green), downregulation; arrow up (red), upregulation;
crossing two lines, inhibition.

Inflammation Is Required for Lung SCC Development

in L-lkko" %4 Mice

Notably, adult L-Ikka /" mice retain a low level of IKKa. Previ-
ously, we showed that Ikka*’~ mice were relatively normal but
were haploid insufficient in chemical carcinogen-induced skin
carcinogenesis (Park et al., 2007), suggesting that reduced
IKKa fails to protect skin cells from environmental inducers.
Thus, it is possible that microenvironmental signals may trigger
and accelerate the development of lung malignancy in
L-Ikko*FA mice. Most human lung SCC patients have a long
history of smoking, which is known to induce DNA damage
and inflammation and to affect immune functions (Hecht,
2003). Defining these inflammatory inducers may facilitate the
development of immunotherapy for human lung SCCs.

In this study, we found markedly higher infiltration of macro-
phages and lymphocytes and expression of cytokines and
chemokines in L-lkka//** lungs compared to WT lungs. The pul-
monary inflammation and lung enlargement occurred prior to
SCC formation. Macrophage depletion using liposome treat-
ment significantly reduced lung weights and prevented SCC
formation in L-lkka %4 mice, indicating that increased macro-
phages promote lung SCC development. Although macro-
phages were reduced, infiltrating lymphocytes were still present
in the lungs of treated L-lkka**** mice, suggesting that the
lymphocytes alone were not sufficient to promote lung tumori-
genesis. The precise functions of lymphocytes in the lung SCC
development in L-lkka®**A mice remain to be further
investigated.

Previously, we demonstrated that kinase-dead IKKa downre-
gulates the expression of Pax5, a B cell regulator, thereby
impairing early B cell development and promoting myeloid-cell
differentiation in Ikka/*A BM (Balkhi et al., 2012). It is possible
that increased mutant macrophages may be one of the inducers
for lung SCC development. The BM transfer experiments
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showed that six of seven irradiated L-lkka/** mice receiving

WT BM were SCC-free; all irradiated L-lkka"%4 mice receiving
L-Ikka" /A BM developed lung SCCs. Although we observed
markedly increased lymphocytes in the lungs of both irradiated
L-Ikko**’*A mice, there were more macrophages in the lungs
of irradiated L-Ikka"*** mice receiving L-lkka/**’** BM than in
the lungs of irradiated L-lkka/*** mice receiving WT BM.
Together, these results suggest that L-lkka" % BM, not WT
BM, strongly promotes lung SCC development. In addition, we
observed a good correlation between increased macrophages
and human lung SCCs or/and lungs bearing SCCs and ADCs
in K-ras®"2P:1 kb1~'~ mice, although the effect of increased mac-
rophages on lung tumorigenesis in different systems remains to
be determined in the future.

Itis well known that macrophages generate oxidative stresses
that can induce DNA damage (Hanahan and Coussens, 2012).
We observed increased iNOS, a source of oxidative stress,
in L-lkka A macrophages and increased DNA damage in
L-Ikko! 4 lungs compared to WT. These IKKo. mutant macro-
phages were surrounding the SCCs as well as infiltrating into
SCCs. Depleting macrophages not only repressed ANp63
and Trim29 expression, K5* epithelial cell expansion, and
oxidative stress-associated DNA damage, but also prevented
SCCs in the L-lkko /%4 lungs. Thus, the inflammation-mediated
DNA damage may facilitate to select and promote the
IKKa'*"K5"p63" cell transition to SCC cells by deregulating
tumor suppressors, oncogenic proteins, and stem cell regulators
(Figure 7). In the future, it will be important to precisely define the
critical molecular events in L-lkka"*** macrophages that pro-
mote lung SCC development and the specific signature of the
inflammation-mediated DNA damage in lung SCCs, and whether
IKKa kinase inactivation plays a role in promoting gene instability
in the lung epithelial cells surrounded by an inflamed microenvi-
ronment. In addition, we found IKKa downregulation in SCC
adjacent lung tissues. Thus, further investigation is needed to
determine whether reduced IKKa contributes to the inflamma-
tory microenvironment.

The results obtained in BM transfer experiments and in those
in which IKKa was re-expressed in K5-expressing cells showed
that the IKKa mutant lung epithelium contributed to the develop-
ment of inflammation and SCCs in L-lkka® % mice. Many
overexpressed factors, such as IL-13 and IL-4, may educate
macrophages in inflamed L-lkka/**4 lungs (Biswas and Manto-
vani, 2010). Thus, identifying crucial inflammatory mediators
may help to develop immunotherapy for lung SCCs. IKKa. regu-
lates canonical and noncanonical NF-kB signaling pathways
(Sun, 2011), and its activity is different for these NF-kB pathways
in different types of cells, due to specific cell receptors (Balkhi
et al.,, 2012). Previously, we showed that IKKa loss reduces
IkBa levels and elevates TNF-mediated NF-«B activity in kerati-
nocytes, because the stronger IKKB kinase may replace IKKa. in
the IKK complex (Hu et al., 2001; Park et al., 2007). On the other
hand, canonical and noncanonical NF-kB activities are
decreased in the BM B cells of Ikka %4 mice (Balkhi et al.,
2012). In this study, we found that the levels of IkBa were
reduced in L-lkko/*** lungs compared to WT. The canonical
NF-kB activity was higher in L-lkka/**A lungs (CD45~ cells),
lung SCCs, and L-Ikka*%4 lung SCC cell line than in WT lungs
and a WT lung epithelial cell line. Some cytokines and
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chemokines overexpressed in L-lkka/** lungs are NF-xB
targets and may help with recruiting leukocytes to the lungs.
Also, increased NF-«B activity can reduce cell apoptosis (Ghosh
and Karin, 2002). Therefore, we will further determine whether
the increased canonical NF-kB pathway contributes to lung
SCC development in L-lkke/ " mice and whether the
NF-kB pathway can be used as a therapeutic target to prevent
and treat lung SCCs.

EXPERIMENTAL PROCEDURES

Animal Experiments, Human Samples, and Microarray Data

All mice used in this study were cared for in accordance with the guidelines of
the Institutional Animal Care and Use Committee (IACUC) of the National
Institutes of Health, and all animal experiments were approved by IACUC
(protocols 08-074, 08-075, 11-051, and 11-052). Ikka/*** (Zhu et al., 2007),
Lori.IKKa (Liu et al., 2006), and K5.IKKa (Liu et al., 2011) mice with FVB or
BL6 background were used in this study. Human lung tumors were obtained
from Dr. David Schrump at the Surgery Branch, National Cancer Institute.
All human samples used in this study were approved by National Institutes
of Health Internal Review Board (protocol 06-C-0014), and informed consent
has been obtained from patients. Human normal lung tissue lysates were
obtained from abcam (ab43320, ab42178, and ab42527, Cambridge, MA).
The tissue array (LC991) containing 32 human SCCs with their proximal and
distal adjacent lung tissues was purchased from US Biomax. The human
lung squamous cell carcinoma cell line SW-900 (HTB-59) was purchased
from American Type Culture Collection. Dr. Kwok-Kin Wong provided the
paraffin lung sections of five K-ras®"2%;Lkb1~/~ mice, and this animal experi-
ment was approved by IACUC of Harvard Medical School (protocol 04-094)
(Ji et al., 2007).

ACCESSION NUMBERS

Microarray results (accession number: GSE37655) have been deposited at the
NCBI Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/).
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Supplemental Information includes four figures, four tables, and Supplemental
Experimental Procedures and can be found with this article online at http://dx.
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SUMMARY

Cancers often relapse after adoptive therapy, even though specific T cells kill cells from the same cancer
efficiently in vitro. We found that tumor eradication by T cells required high affinities of the targeted peptides
for major histocompatibility complex (MHC) class I. Affinities of at least 10 nM were required for relapse-free
regression. Only high-affinity peptide-MHC interactions led to efficient cross-presentation of antigen,
thereby stimulating cognate T cells to secrete cytokines. These findings highlight the importance of targeting
peptides with high affinity for MHC class | when designing T cell-based immunotherapy.

INTRODUCTION

Relapse of cancers is very common, even following combinatorial
therapy of surgery, chemotherapy, radiation, and/or immuno-
therapy. For maximal efficacy, drugs depend on reaching the
necessary concentration in the tumor microenvironment (Skipper,
1986). This critical concentration concept also applies to cellular
effectors, such as neutrophils and T cells (Budhu et al., 2010;
Li et al., 2002, 2004). While cellular effectors or drugs at optimal
concentrations can eradicate all sensitive cancer cells, relapse
may still occur because of the outgrowth of variants. Cancer cells
show extremely high genetic instability, and cancers always
contain variants that are resistant to destruction by a particular
drugorTcell (Anders etal., 2011; Hanson et al., 2000), very similar
to what is found for viruses (Hensley et al., 2009).

For complete eradication, it is important to eliminate every
residual cancer cell, including heritable variants (Singh et al.,
1992; Spiotto et al., 2004; Zhang et al., 2007). However, factors
responsible for T cell elimination of variants have not been deter-
mined. In experiments designed to explore the reason for failed
T cell treatment, we took a reductionist approach, ultimately
directing our focus to the target peptides and, in particular, to
their affinities for major histocompatibility complex (MHC) class
|. We selected several peptides that, when targeted, caused
tumor eradication and others that caused relapse. To reduce

the influence of differences between cancers, we used two
cancer cell lines that were both transduced to express the
different peptides. To reduce differences due to expression
levels, we used the same design of triple peptides fused to fluo-
rescent proteins. Proteasomal cleavage of proteins may not
generate (Chapiro et al., 2006; Popovic et al., 2011) or destroy
immunogenic peptides (Schultz et al., 2002). To minimize differ-
ences in proteasomal cleavage of the fusion proteins, we
designed peptide triplets separated by “Ala-Ala-Tyr” cleavage
sites. We targeted antigens with no known oncogenic activity
to reduce the possibility that the nature of a particular targeted
antigen prevented the cancer from escaping. To exclude the in-
fluence of other T cells helping or regulating the relevant CD8*
T cells, T cell receptor (TCR)-transgenic T cells with a single
specificity were adoptively transferred into hosts, which were
TCR-transgenic for an irrelevant target. Finally, a single adoptive
T cell transfer regimen was used without providing any additional
stimulation, such as vaccination or administration of cytokine.

RESULTS

Cancer Cells Expressing Different Peptides Are Killed
by T Cells with Similar Efficacy In Vitro

EGFP was fused to minigenes encoding the peptides hen
egg ovalbumingsz_oss (OVAgs7), model peptide SIYRYYGL

Significance

Cancer relapse remains the greatest obstacle to virtually any cancer therapy. Our data show that high affinity of the targeted
peptides for MHC is required for strong stimulation of T cells to secrete cytokines and cause relapse-free tumor eradication.
Adoptive T cell transfer therapies should, therefore, target peptides that have high affinities for the presenting MHC class I.
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Table 1. Abbreviations, Conditions, and Summary of Results for Key Experiments

Target Peptide on Cancer Cells Hosts T Cells
Affinity of Peptide Relationship of Relationship of Tumor

Designation ~ Sequence MHC for MHC (ICso [NnM])*  Designation ~ Antigen to Recipient Designation  Antigen to Donor  Rejection

Sly SIYRYYGL K° 1.1 OT-l nonself 2C nonself b/ EREsS
none 0/6°

OVAz57_264 SIINFEKL 0.9 2C nonself OT-I nonself 4/4
none 0/4"

Tyraso-azz FMDGTMSQV A2 4.29 OTA self FH self 6/7"
none 0/5"

hgp100,5_33 wRNQDWLi DP 186 OT-I nonself pmel nonself 1/8°
none 0/2

EGP EGPRNQDWL 454 OT-I nonself pmel nonself 1/69
none 0/5

mgp100,5_33 EGSRNQDWL 22,975 OT-I self pmel self 1/12¢
none 0/6

See Table S1 for details.
Cso values represent the geometric mean of five or more experiments.
b
p = 0.002.
°p < 0.005.
9p = 0.015.
°p < 0.001.
o < 0.029.

9A higher ICs value of 65 nM was published for this peptide earlier (Colella et al., 2000). The differences in affinity measurements likely arose as a result

of small differences in reagents, methodology, and procedures.
h
p =0.015.

‘Only the underlined amino acids differ between the three gp100 peptide variants.

(SIY), mouse Tyrosinasesgg_377 (Tyrsge), Mouse or human
gp100,5_33 (Mgp10055 and hgp100,s5, respectively), and a het-
eroclitic gp10025-33 (EGP); EGP differs from mgp10025 only in
the third amino acid (EGPRNQDWL versus EGSRNQDWL),
while it shares the proline at position 3 with hgp100.5
(KVPRNQDWL) (Table 1). A Cerulean fusion gene was gener-
ated only for SIY (Figures 1A and 1C, top). The fibrosarcoma
line MC57 of C57BL/6 origin was used to generate lines
that expressed the fusion genes at high levels (Figure 1B).
Furthermore, the chimeric human leukocyte antigen (HLA)-
A2.1/H-2DP molecule HHD was cotransduced with the Tyrzge-
EGFP fusion protein to generate MC57-TyrHHD (Figure 1C,
bottom).

Assays in vitro demonstrated similar killing of the cancer
lines by cognate peptide-activated T cells (Figure 1D). 2C
T cells, whose TCR binds SlY, killed the MC57-SIY line, and
pmel T cells kiled MC57 cells expressing mouse gp100.s,
human gp100,5 or EGP. Interestingly, Tyrsge-specific T cells
derived from the FH TCR-transgenic, tyrosinase (Tyr)-deficient
albino mouse (AFH) or Tyr-positive black mouse (FH) killed
MC57-TyrHHD target cells similarly well. Together, the results
imply there is sufficient direct presentation of all processed
peptides and sufficient avidity of the T cells for efficient killing
in vitro.

T Cells Targeting SIY, OVA,s-, or Tyrzgg Eradicate Large
Tumors

SlY-expressing MC57-SIY cells were injected in TCR-transgenic
mice of irrelevant specificity (OT-I). OVAos7-transfected cancer

cells were injected in 2C TCR-transgenic mice; MC57-TyrHHD
cancer cells were grown in OT-/ TCR- and AAD-transgenic
mice, which did (OTA) or did not express tyrosinase (albino;
AOTA). In all cases, cancer cells produced progressively growing
tumors within 1 week (Figure 2A). At least 2 weeks after cancer
cell injection, when tumors reached about 500 mm?®, mice were
treated with T cells. As published by our laboratory, tumors ex-
pressing SIY and treated with 2C T cells were eradicated (Fig-
ure 2B, upper left; Table 1; Table S1 available online; Spiotto
et al., 2004). Here, we also show that OVA,s7-expressing tumors
treated with OT-I T cells were rejected (Figure 2B, middle left)
and FH T cells eradicated Tyr-positive tumors (Figure 2B, lower
left). In this last experiment, FH T cells derived from a Tyr-positive
donor were transferred into a Tyr-positive host and eradicated a
Tyr-expressing tumor. Together, this and other experiments
using FH TCR-transgenic T cells from Tyr-negative donors
(AFH) and Tyr-negative (AOTA) or Tyr-positive (OTA) hosts
showed that tumors could be rejected (1) whether the targeted
peptide was self or nonself for the tumor-bearing host and (2)
whether the targeted peptide was self or nonself for the donor
T cells (Figure S2A). This may be unique to our model, since a
different model showed that low ubiquitous expression of a
transgene prevented the rejection of antigen-expressing tumors
through the induction of tolerance (Buschow et al., 2010). Levels
of antigen expression in the host and/or tumor, type of cells that
express the self-antigen, and the source of T cells may likely in-
fluence the outcome. Taken together, targeting any of the three
peptides, SIY, OVA,s7, or Tyrsge, caused eradication of estab-
lished large and solid tumors.
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Figure 1. All Transduced Cancer Cell Lines
that Express Antigens at High Levels Were
Effectively Killed In Vitro

(A) Diagram of fusion proteins constructed to
express antigen in MC57 cancer cells. Triple re-
peats of peptide and alanine-alanine-tyrosine (AAY)
proteasomal cleavage sites were fused to fluores-
cent proteins: OVAgs7, SIY, mouse tyrosinaseszgg-a77
(Tyraee), mouse or human gp1002s5-33 (Mgp10025
and hgp100.s, respectively), and EGP; a Cerulean
fusion gene was generated only for SIY.

(B) Flow cytometric analysis of peptide-EGFP
fusion proteins expressed by the transduced MC57
fibrosarcoma lines.

(C) MC57-mgp100/SIY expressed mgp100,5 and
SIY antigens as EGFP and Cerulean fusion pro-
teins, respectively. The HLA-A2/DP chimeric protein
HHD was cotransduced with the Tyrzeo-EGFP
fusion protein to generate MC57-TyrHHD. Parental
MC57 (gray) was analyzed for comparison.

(D) Cytolysis of MC57 target cells overexpressing
SIY, mgp100.5, hgp100,5, EGP, or Tyrzeg and HHD
(Tyr) by 2C, pmel, AFH (Tyr-negative), or FH (Tyr-
positive) T cells in a 4.5 hr 5'Cr release assay.
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Large mgp100.5, hgp100.5, or EGP-Expressing Tumors
Relapse after Initial Regression Caused by Transferred
T Cells

In contrast, T cells targeting the self-peptide mgp100.5 and the
nonself heteroclitic peptides hgp100,5 or EGP did not result in
tumor eradication. MC57 lines overexpressing mgp100.s,
hgp100.5, or EGP were injected into OT-/ TCR-transgenic mice
and produced progressively growing tumors within 1 week
(Figure 2A). At least 2 weeks after cancer cell injection, when
the tumors reached about 500 mm?3, the mice were treated
with pmel T cells. The tumors regressed initially, but eventually
almost all tumors relapsed (Figure 2B, right panels; Tables 1
and S1).

To exclude any nonantigenic differences in the cancer lines
(caused by transduction and sorting), we used a cell line that ex-
pressed both SIY and mgp100,5 antigens (MC57-mgp100/SIY;
Figure 1C). When mice bearing these tumors were treated with
2C or pmel T cells, the outcome was the same as when tumors
from single antigen lines were treated (Figure 2B, upper panels,
red curves). In conclusion, neither human nor mouse gp100.5 or
EGP expressed by the cancer cells supported rejection by pmel
T cells.

These findings were not limited to the methylcholanthrene-
induced cancer line MC57 but were confirmed using the
UV-induced cancer line 8101 (Figures S2B and S2D). The
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line was transduced to overexpress SIY,
human, or mouse gp100.s. Again, we
observed eradication of established tu-
mors by adoptive T cell transfer only
when SIY was targeted. Interestingly, in
this model, targeting hgp100.5 was more effective than targeting
mgp100,5; tumors expressing hgp100,5 regressed after pmel
transfer, while tumors expressing mgp100,5 continued to grow
uninhibitedly.

1 3 13 50

Treatment of Tumors Expressing Human gp10055 but
Not Murine gp100,5 or EGP Results in Outgrowth of
Antigen-Loss Variants

We isolated cancer cells from tumors expressing mgp100,s,
hgp100.5, or EGP that had relapsed following treatment with
pmel T cells (Figure 2B) and analyzed these for antigen-loss
variants (ALV). All MC57-hgp100 tumors had lost EGFP expres-
sion, which indicated loss of hgp100,5, as both were expressed
as a single fusion protein (one representative tumor is shown in
Figure 3). Importantly, the tumor isolated from a nontreated
mouse retained EGFP expression. MC57-mgp100 and MC57-
EGP tumors treated with pmel had also not lost EGFP expres-
sion. All lines expressed mgp100-EGFP or EGP-EGFP at levels
similar to the isolate from a nontreated mouse (Figure 3). These
data suggest that pmel T cells were capable of killing all
hgp100,5-expressing MC57 cancer cells but were not capable
of killing all mgp100.5- or EGP-expressing cancer cells in the
respective tumors. These findings seem to be influenced also
by the targeted cell, as relapsed tumors formed by 8101-
hgp100 cells mostly retained expression of the antigen (only
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(B) At least 2 weeks after cancer cell injection,
when tumors reached about 500 mm?®, each
mouse was treated once with cognate T cells
(treatment between days 13 and 26, depending on
tumor size, as indicated by the horizontal bars
[H]). Average size of tumors at day of treatment:
2C: 720 mm®, ranging from 448 to 995 mm?; OT-I:
608 mm?®, ranging from 440 to 715 mm?® FH:
517 mm?, ranging from 250 to 848 mm?; pmel,
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targeting mgp100,s: 601 mm?, ranging from 325 to
980 mm?; targeting hgp100,5: 470 mm®, ranging
from 264 to 936 mm®% and targeting EGP:
337 mm®, ranging from 180 to 600 mm?>. MC57-
TyrHHD was grown in OTA (self) and treated with
FHT cells (self). The number of rejected tumors per
number of tumors treated is indicated. Data are

derived from 15 independent experiments,
compiled in Tables 1 and S1. *Tumors were iso-
lated and analyzed for antigen expression (see
Figure 3).

See also Figure S2.
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one of the isolated relapsed tumors was an ALV; data not
shown).

While we did not observe significant differences when
targeting either human or mouse gp100.5 in treatments of estab-
lished MC57 tumors, we did see differences in protection against
cancer cell inoculations. Pmel T cells prevented the outgrowth of
MC57-hgp100 but not of MC57-mgp100 tumors (Figures S3A
and S3C). MC57-mgp100 cells formed tumors in which a large
fraction of cells still expressed the antigen (Figure S3B). Taken
together, pmel T cells showed a stronger effect when targeting
hgp100,5 compared to mgp100,5 and EGP.

Tumor Eradication Correlates with High Affinity

of Targeted Peptides for MHC

In an effort to understand why targeting some peptides led to
eradication while targeting others resulted in relapse, we first
analyzed the activation status of the T cells transferred to treat
the different tumors. Upon transfer, after peptide stimulation
in vitro, all T cells showed the same CD44" and CD62L" pheno-
type of activated T cells (Figure 4) and demonstrated very similar

50 75

190 killing capabilities in vitro (Figure 1). It is

worth mentioning that before stimulation,
splenocytes from self-reactive TCR-
transgenic mice (pmel and AFH) showed
an antigen-experienced phenotype (CD44™), while T cells from
the nonself, reactive TCR-transgenic 2C mice showed a truly
naive phenotype. However, this difference was overcome after
peptide stimulation in vitro. Interestingly, when isolated from tu-
mors 4 days after adoptive transfer, the T cells that led to erad-
ication of tumors (2C and AFH) showed a more effector-like
phenotype (CD62L"° and CD44M) compared to the more central
memory-like phenotype (CD62L" and CD44M) found for pmel
T cells. Together, these data suggest that the differences in tu-
mor rejection were not due to differing activation statuses of
the T cells at the time of transfer.

As another variable that could influence the efficacy of tumor
rejection, we analyzed the affinities of the peptides for the pre-
senting MHC molecules. In a cell-free competition-binding
assay, the concentration of inhibitor peptides needed to displace
half of the probe peptide (half maximal peptide displacing
concentration [ICs] in NM) was determined. ICso values are
reasonable approximations of real Kp values (see Experimental
Procedures). A wide range in binding affinities was measured
(Table 1). There was a strong correlation between affinity of the
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Figure 3. Outgrowth of Antigen-Loss Variants after pmel T Cell
Treatment of Cancer Cells Expressing hgp100,5 but Not of Cancers
Expressing mgp100,5 or EGP

Cancer cells of relapsed tumors expressing mgp100,5, EGP (both gray), or
hgp100,5 (black) were isolated after pmel T cell treatment, adapted to culture,
and analyzed for peptide-EGFP fusion gene expression (left panels). MC57
cells (white histogram) cultured in vitro and MC57-mgp100, MC57-EGP (both
gray), or MC57-hgp100 (black) cells isolated from nontreated mice (right
panels) were analyzed as controls. Isolated lines from mgp100- or hgp100-
expressing tumors are representative for four lines each and the isolate from
the EGP-expressing tumor is representative for two lines; all lines were isolated
after relapse (respective tumors were marked with an asterisk in Figure 2B).
The repeatability in independent experiments strongly suggests that loss of
antigen expression from the hgp100,5 cancer cells was not an artifact caused
by adaptation or postisolation culturing.

See also Figure S3.

peptide for MHC and tumor eradication. The three target pep-
tides supporting tumor eradication, OVAgs7, SIY, and Tyraeg
displayed strong binding to their cognate MHC (0.9, 1.1, and
4.2 nM, respectively). These high affinities stood in stark contrast
to the affinities we measured for mgp100.5, EGP, and hgp10025
(22,975, 454, and 186 nM, respectively). These three peptides
bound the MHC poorly and, when targeted, resulted in relapse
rather than tumor eradication.

Stromal Cells Isolated from Tumors Formed by Cancer
Cells Expressing Peptides with High Affinity to MHC
Stimulate Cognate T Cells Effectively

To analyze why high peptide-MHC affinities were required for
tumor eradication, we performed assays to evaluate the level
of cross-presentation in growing tumors. MC57 and 8101 lines
expressing SIY, mgp100.5, or hgp100,5 were grown in OT-/
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TCR-transgenic or Rag?~'~ mice, respectively; MC57-TyrHHD
was grown in AOTA (nonself) mice. SIY was used as a represen-
tative peptide for the two highest binding peptides OVA.s7 and
SIY. Enriched populations of CD11b* stromal cells were ob-
tained from at least 2-week-old untreated tumors and were
compared in their ability to stimulate T cells in vitro to analyze
the level of cross-presentation of the different peptides ex-
pressed by the tumors. For comparison, we used the transduced
MC57 and 8101 cancer lines grown in vitro. As seen for the
similar killing of MC57 cells presenting the different peptides in
Figure 1D, direct presentation also led to comparable amounts
of interferon (IFN)-y and tumor necrosis factor (TNF)-a. secretion
by cognate T cells (Figure 5). However, in the 8101 model, more
IFN-y was found when targeting SIY versus hgp100,5 and
mgp100,5 (Figure S2C). Even bigger differences occurred in
both cancer models when T cells were stimulated with stromal
cells. CD11b" stromal cells cross-presenting SIY and Tyrage
stimulated cognate T cells even more strongly than directly
presenting cancer cells (Figure 5). In contrast, both gp100.5 pep-
tides were very poorly cross-presented. While stromal cells from
hgp100,5-expressing tumors stimulated T cells to secrete low
levels of both cytokines, stromal cells from mgp100.5 tumors
did not stimulate T cells at all (Figures 5 and S2C). The hetero-
clitic peptide EGP behaved similarly to hgp100,5 when cross-
presented; it stimulated pmel T cells to secrete low amounts of
IFN-y (Figure S4). Thus, the peptides with high affinities for
MHC (SIY and Tyrsgg) Were well cross-presented, while peptides
with low affinities (all three gp100.5 peptides) were so poorly
cross-presented that the respective stromal cells could not
efficiently stimulate cognate T cells.

Destruction of Tumor Stroma Is Stronger when Targeted
Peptides Have High Affinity for MHC

We analyzed regressing MC57 tumors to help us understand
how tumor eradication correlated to peptide-MHC affinities.
Tumors were dissected on day 5 after adoptive T cell transfer,
and we analyzed the viability of CD11b™ stromal cells. Stroma
from tumors expressing SIY or Tyrzgg showed a high percentage
of dead cells (Figure 6), a 6- and 5.8-fold increase over back-
ground, respectively. In accordance with the relapse of tumors
from gp100.5 peptide-expressing cells, death of tumor stroma
was low, with only 1.9- and 2.2-fold increases over background
for hgp100,5 and mgp100,s5, respectively. In conclusion, tumors
that were eradicated by cognate T cell therapy showed a high
rate of stromal death, while relapsing tumors contained less
dead CD11b* stromal cells.

DISCUSSION

Our results have a direct impact on the design of adoptive immu-
notherapy. First, and mostimportantly, the affinity of the targeted
peptide for the presenting MHC was highly predictable of
success or failure of T cell therapy, indicating that this is a key
variable. Only high-affinity peptides that were efficiently pre-
sented by cancer cells and/or stroma induced cytokine secretion
by T cells, stromal death, and relapse-free regression of tumors.
Second, targeting self-antigens on tumors did not preclude
eradication of large cancers, even though the treated mice
developed vitiligo (data not shown). Such autoimmunity was
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TCR transgenic splenocytes

Figure 4. T Cells Transferred to Treat the
Tumors Expressing the Different Peptides
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T Cells
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untreated mice (splenocytes) at day 3 after pep-

tide activation in vitro and on day 4 after adop-
tive transfer (tumor infiltrating cells). Cells were
analyzed by flow cytometry for expression of

CD44 and CD62L and gated on CD8" T cells ex-
pressing the cognate VB-chain: VB8 for 2C, VB11
for AFH, and VB13 for pmel. Data are representa-
tive for two or three independent experiments for
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perforin (Garcia-Hernandez et al., 2010;

also observed in patients treated with antiself T cells (Morgan
et al.,, 2010; Palmer et al., 2008; Parkhurst et al., 2011; Yee
et al., 2000). As might be expected, we found that the self-pep-
tide with the higher affinity for the presenting MHC molecule was
associated with stronger autoimmunity (mTyrzge as opposed to
mgp100,s). Vitiligo was also detected earlier in mice transgenic
for the FH TCR compared to pmel (Figure S1; Gregg et al., 2010).

We have analyzed the potential of the different peptides to be
cross-presented by tumor stroma. This is an effective readout to
evaluate different affinities of peptides for MHC and more
sensitive than direct presentation by cancer cells. All peptides
were overexpressed by the cancer lines; therefore, no differ-
ences in direct presentation were detected in killing and cytokine
secretion assays, but cross-presentation reflected the results
obtained from the cell-free affinity measurements. Death of
stroma correlated with the amount of cross-presentation and
tumor relapse. Though stromal death seems to be required for
tumor eradication, we do not know whether cross-presentation
is essential. For example, direct T cell stimulation provided by
cancer cells expressing peptides with high affinity for MHC can
lead to strong cytokine production, Fas ligand upregulation,
and bystander killing (Wang et al., 1996), which could destroy
stroma. Stromal cross-presentation may also not be needed
when an essential oncogene on the cancer is targeted (Anders
et al., 2011; Listopad et al., 2013).

Targeted peptides that led to tumor eradication fell into a
category of high-affinity MHC binders (ICsq < 10 nM), whereas
affinities of peptides that led to relapse fell into a category of
intermediate (ICso between 50 and 500 nM) or low binders
(ICs0 > 500 nM). These data are consistent with the low nanomo-
lar affinities needed to provide full protection against lethal

o Listopad et al., 2013). The high affinity of
peptides for MHC is probably needed
for tumor eradication, because this al-

lows the formation of stable synapses between T cells and anti-

gen-positive cancer cells and/or stromal cells cross-presenting
the antigen. At least ten peptide/MHC complexes need to be
engaged for the prolonged interactions required to stimulate

T cells to secrete cytokines (Purbhoo et al., 2004), which are

essential for tumor eradication (Garcia-Hernandez et al., 2010;

Listopad et al., 2013; Zhang et al., 2008). It appears that targeting

peptides with affinities below a certain threshold will result in a

level of stimulation of effector T cells that is insufficient to erad-

icate the cancer, resulting in relapse of antigen-positive or
negative cancer cells.

Several studies have tried to overcome relapse after adoptive
T cell therapy. They show that the antitumor effects of adoptively
transferred T cells can be enhanced by selecting for more
effective T cell populations, multiple transfers of T cells, high-
dose interleukin-2, vaccinations, and/or total body irradiation
(Cheever et al., 1980; Cho et al., 2012; Dummer et al., 2002;
Ho et al., 2003; Ly et al., 2010; Matsui et al., 2003; North,
1982; Overwijk et al., 2003). But even under these conditions,
relapse was often observed when peptides with low affinities
for MHC were targeted (Antony et al., 2005; Gattinoni et al.,
2005, 2009; Overwijk et al., 2003).

TCR affinity can undoubtedly be an important factor
(Gottschalk et al., 2012). However, in the study presented here,
the affinity of the peptides for MHC seemed to determine if
T cells could eradicate tumors or not. As reasons for this, we pro-
pose that the affinities (Kp) of the majority of natural TCRs,
measured by surface plasmon resonance, are 1-100 uM (Davis
et al., 1998; Williams et al., 1999). This is a very narrow range,
considering the affinity range from under 1 to more than
20,000 nM measured for the different peptides binding MHC.
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Figure 5. Only SIY and Tyrzgg Are Cross-
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tion by T Cells Stimulated by Stromal Cells
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CD11b* stromal cells were isolated from estab-
lished untreated tumors and were cocultured with
peptide-activated T cells. Enriched stromal cells
from tumors grown from MC57-SlY, MC57-
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hgp100, and MC57-mgp100 cells (all grown in
OT-I mice) and MC57-TyrHHD (grown in AOTA
mice [nonself]) were cocultured with 2C, pmel,
AFH (nonself), or FH (self) TCR-transgenic T cells.
Stromal cells from the various tumors were

N
(=]
T

spec. TNF-a
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o

compared to cultured cancer cells expressing the
same antigen. Supernatants were harvested after
24 hr of coculture and amounts of IFN-y and
TNF-o. measured by ELISA. Data are shown as
percent of maximal cytokine secretion (anti-CD3
and anti-CD28 antibody stimulation, defined as
100%). For TNF-a, cytokine secretion by stromal
cells without T cells was subtracted to obtain
specific TNF-a secretion by T cells (443-975 pg/ml
by 1 x 10° cells cultured in 200 pl for 24 hr,
depending on experiment). Unstimulated T cells
served as negative control (below 0.7% for all re-
sponders, not shown). Data shown are combined

from two experiments and are representative for
four independent experiments.

See also Figure S4.

The asterisk indicates experiments were not done.

Stromal cells

Cancer cells

Stimulators

In the same line of argument, a study by Bowerman and
colleagues demonstrated in vitro that the magnitude of T cell ac-
tivity against peptide/MHC was influenced more by peptide
binding to MHC than by binding of TCR to peptide/MHC,
especially for higher affinity TCRs (Bowerman et al., 2009).
Finally, T cells expressing the 2C TCR, even when targeting a
peptide/MHC complex with a 30-fold higher affinity, could not
prevent relapse in the absence of cross-presentation. Using
2C T cells to treat MC57-SIY and MC57-L¢ tumors, SIY-
expressing tumors were rejected (Figure 2B; Spiotto et al,,
2004; affinity of 2C TCR for SIY-K® [Kp = 30 uM]), while MC57-
LY cancer cells grew out as ALV (Spiotto et al., 2004; affinity of
2C for QL9- and p2Ca-L? [Kp = 1 uM]; Corr et al., 1994; Garcia
et al., 1997; Holler and Kranz, 2003). In contrast to SIY, QL9- and
p2Ca-LY, recognized by 2C as alloantigens, cannot be cross-
presented, as the entire peptide/MHC complex would need to
be taken up by the stromal cells and then be re-presented on
their surface.

While we did not study the influence of several TCRs with
different affinities to one (same) peptide MHC complex, the influ-
ence of one TCR (pmel) on tumors expressing three peptides
with different affinities for MHC was studied here. The affinities
of the pmel TCR for the three peptide/MHC complexes studied,
mgp100,5, EGP, and hgp100,5 binding DP, are not known;
however, alanine scans of murine and human gp100,5 suggest
similar affinities, since the first three amino acids, which harbor
the only differences between the three peptides, do not

522 Cancer Cell 23, 516-526, April 15, 2013 ©2013 Elsevier Inc.

contribute to the binding of the peptide/

MHC complex to the TCR (but are impor-

tant for the binding of the peptides to
MHC; Overwijk et al., 1998). Also, structural studies of these
peptides (van Stipdonk et al., 2009) in complexes with D indi-
cate that the two positions that influenced binding to D° (p2
and p3) are both pointing down into the MHC pocket. In fact,
the authors did not see significant differences in any of the
exposed regions of the peptides, which would be in contact
with the TCR. Nevertheless, only cancer cells expressing the
peptide with the highest affinity for D® (hgp100,5) were effectively
killed in vivo, tumors expressing the other peptides relapsed be-
ing antigen positive. As none of the three peptides supported
complete tumor eradication, we further analyzed their affinity
for MHC in detail, which has given us insight into the importance
of the stability of peptide-MHC interactions. In the original
description of EGP (van Stipdonk et al., 2009), two different
RMA-S cell-based assays were employed to determine the rela-
tive affinity of EGP for D® compared to the murine gp100 peptide
(murine gp100 peptide [25-33] EGSRNQDWL [“EGS”]) and hu-
man gp100 peptide “KVP”). These assays were: first, a binding
assay that measured cell surface D levels as a function of pep-
tide concentration; in this assay, EGP was almost 100-fold better
than hgp100,5 (KVP) and 1,000-fold better than mgp100,5 (EGS).
Second, a stabilization assay measured the cell surface lifetimes
of the peptide/D® complexes. In this stabilization assay, EGP and
hgp10055 (KVP) showed similar lifetimes, whereas mgp100,5
(EGS) had a considerable shorter lifetime (i.e., the complex
was less stable). Consistent with their results, we observed a
50-fold increased affinity of EGP over mgp100.5, and this affinity
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Figure 6. Death of Stromal Cells in T Cell-Treated SIY- and Tyrzeo-Expressing Tumors

MC57-SIY, MC57-TyrHHD, MC57-hgp100, and MC57-mgp100 tumors were treated with 2C, AFH (nonself) or pmel T cells, respectively. Five days after adoptive
transfer, single cell suspensions were generated from treated and untreated tumors and analyzed by flow cytometry. Histograms show CD11b* T cells stained
with propidium iodide (PI) to identify cell death. Numbers indicate the percentage of dead cells among CD11b* cells. Data are representative for four independent

experiments, with single mice per group.

of EGP was similar to that of hgp100.5 (454 nM and 186 nM,
respectively). We used a cell-free competition-binding assay,
which is influenced by on- and off-rates (giving an approximation
of the dissociation constant [Kp]). Taken together, EGP demon-
strated similar MHC stabilization compared to hgp100,5 (van
Stipdonk et al., 2009). Indeed, like hgp100,5, the affinity of
EGP for D® was insufficient to allow for tumor eradication.

Heteroclitic peptides can induce strong T cell responses
that include TCRs with high affinities (Gold et al., 2003; van
Stipdonk et al., 2009). However, these T cells will not be able
to eradicate tumors if the targeted tumor antigen has low affin-
ity for its presenting MHC. An example is a recent clinical trial
that showed no improvement of antimelanoma effects by addi-
tion of vaccinations with heteroclitic gp100 peptides to the
immune stimulating anti-cytotoxic T-lymphocyte antigen
(CTLA) 4 antibody (Hodi et al., 2010). The affinities of the corre-
sponding natural peptides are gp100509: 83-172 nM and
gp1005g0: 94-455 nM (Kawakami et al., 1995; Parkhurst et al.,
1996; Tsai et al., 1997).

Since our data show that high affinity of peptide for MHC re-
sults in tumor eradication along with strong stimulation of
T cells to secrete cytokines, future studies should concentrate
on targeting peptides that have high affinities for presenting
MHC class I. There are several algorithms that are constantly
being improved to give a fairly reliable prediction of peptide affin-
ites for MHC (e.g., Immune Epitope Database Analysis
Resource). Nevertheless, the predicted affinities of the peptides
show 2- to 20-fold differences when compared to the measured
affinities (as analyzed here for SIY and OVAus7, respectively).
While the affinities of peptides for MHC can be accurately
measured in standardized cell-free assays, natural processing
and presentation of these putative peptides needs also to be
confirmed before selecting a peptide as a therapeutic target
(Popovic et al., 2011). Together, it should be possible to identify
optimal targets for T cell therapies when analysis of peptide-
MHC affinity is included.

EXPERIMENTAL PROCEDURES

Cell Lines

Phoenix-ampho (Fujita et al., 1992) cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (Mediatech, Manassas, VA), 10% nonheat inacti-
vated fetal calf serum (FCS) (Sigma-Aldrich, St. Louis, MO) at 37°C in a 5%
CO, humidified incubator. Cancer cells lines were cultured in DMEM, 5%
FCS (Gemini Bio-Products, West Sacramento, CA) at 37°C in a 10% CO,
dry incubator. 8101 originated in a UV-treated C57BL/6 and has been
described (Dubey et al., 1997; Schreiber et al., 2001). P. Ohashi (University
of Toronto, Toronto, Ontario, Canada), with permission of H. Hengartner
(University Hospital Zurich, Zurich, Switzerland), provided the MC57G
methylcholanthrene-induced, C57BL/6-derived fibrosarcoma (MC57). lts
transfectant MC57-SIY-1 (MC57-SIY) has been described previously (Spiotto
et al., 2002). The new cell lines 8101- and MC57-hgp100, 8101- and MC57-
mgp100, 8101-SIY, MC57-EGP, and MC57-OVA were generated by transduc-
tions of 8101 or MC57 with the Moloney murine leukemia virus-derived retro-
viral vector MFG expressing peptide-EGFP fusion genes (see Supplemental
Experimental Procedures for details on retroviral vectors and transductions).
MC57-mgp100/SlY was derived from MC57 by subsequent transduction
with MFG-(S1Y);-Cerulean and MFG-mgp100-EGFP. MC57-TyrHHD was ob-
tained by sequential transductions with MFG-Tyr-EGFP and MP71-HHD, en-
coding a fusion protein of a HLA-A2/D? chimera and human B2m (Pascolo
et al., 1997).

Mice

A list of the pairs of mice used as hosts of tumors and donors of T cells can be
found in Table 1. OVA,s;-KP-specific TCR-transgenic OT-I mice were provided
by M. Mescher (University of Minnesota, Twin Cities, MN), the SIY-KP-specific
TCR-transgenic 2C mice were provided by J. Chen (Massachusetts Institute of
Technology, Cambridge, MA), and the human and murine gp1 0025-Db-specific
pmel-1 (referred to as pmel) were provided by N. Restifo (National Cancer Insti-
tute, Bethesda, MD) (Overwijk et al., 2003). Other TCR-transgenic mice used in
this study are the murine Tyrzeg-A2-specific AFH mouse (Nichols et al., 2007),
which is also AAD-transgenic (HLA-A2 and D chimera; Newberg et al., 1996)
and albino (Tyr-deficient; Colella et al., 2000). It is important to note that the FH
TCR used for targeting the self-peptide mTyrsgg has been derived in a nonself
setting. The TCR was obtained from a Tyr-deficient albino mouse (Nichols
et al., 2007), while the mouse from which pmel was obtained expressed
mgp100.5 (Overwijk et al., 2003). This does not imply that the pmel TCR
specific for mgp100,5 is of lower affinity but rather that TCRs with a certain
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affinity for peptide/MHC can only be found naturally, if the target peptide is not
expressed (FH) or of low affinity for MHC (pmel). The Tyr-positive, Tyrzge-A2-
specific, AAD-transgenic FH mice were generated by crossing AFH to
C57BL/6J (The Jackson Laboratory, Bar Harbor, ME) and selecting black
(Tyr*) mice. The OT-I-, Thy1.1-, and AAD-transgenic strains AOTA (albino,
Tyr™) and OTA (Tyr") were obtained by crossing ATA (Nichols et al., 2007) to
OT-I/Thy1.1 (Thy1?; provided by T. Gajewski, The University of Chicago, Chi-
cago, IL) and selecting for mice with white or black fur color, respectively. All
colonies, including Rag? ™'~ (B6.129S7-Rag1*™™°™/J, The Jackson Labora-
tory), were maintained at the University of Chicago facilities. The Institutional
Animal Care and Use Committee at the University of Chicago approved all an-
imal experiments, and all experiments were performed to conform to the rele-
vant regulatory standards.

Peptides

The peptides EGP (EGPRNQDWL), hgp100,5 (KVPRNQDWL), mgp100zs
(EGSRNQDWL), OVAzs7 (SIINFEKL), SIY (SIYRYYGL), and Tyrsee
(FMDGTMSQV) were made by solid-phase peptide synthesis using standard
9-fluorenylmethoxycarbonyl chemistry (see Supplemental Experimental
Procedures for details).

T Cell Cultures

NH,Cl treated splenocytes were cultured at 4 x 10° cells/ml, 3 ml per well
of a 6-well plate in Roswell Park Memorial Institute medium (RPMI), 10%
FCS (Sigma-Aldrich), 2 mM glutamine, 50 uM B-mercaptoethanol, 1 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (Hepes), 1 mM sodium
pyruvate, 1X nonessential amino acids, 100 U/ml penicillin, 100 ug/ml strepto-
mycin, and 50 pg/ml gentamicin (all GIBCO/Invitrogen, Carlsbad, CA). T cells
were activated with 1 pg/ml anti-CD3 (145-2C11) and anti-CD28 (37.51, both
eBioscience, San Diego, CA) for killing assays in vitro or 1 uM cognate peptide:
SIY for 2C, Tyrsge for AFH and FH, OVAys7 for OT-I, and hgp100,s5 for pmel.
Activated T cells were used for adoptive transfer after 3 days and for assays
in vitro after 4 days of culture.

Cytotoxicity Assay

Cell-mediated lysis of target cells by activated T cells was determined by
standard 4.5 hr ®'Cr-release assay. Briefly, target cells were labeled for 1 hr
with 100 pCi ®'Cr (Perkin Elmer, Waltham, MA) and incubated with T cells using
E:T ratios from 50:1 to 1.3:1 using 5 x 10° target cells. The *'Cr-released was
measured using a gamma counter (Titertek, Huntsville, AL). The percentage of
specific lysis was calculated as: % specific lysis = ([experimental release —
spontaneous release]/[maximum release — spontaneous release]) x 100.

Tumor Challenge and Treatment

Cultured cancer cells were trypsinized and washed with PBS. Cancer cells in
suspension (MC57: 2 x 10°/200 pl, 8101: 5-10 x 10%/200 pl) were injected
subcutaneously onto the shaved back of mice. Tumor volumes were
measured along three orthogonal axes (a, b, and c) every 3 to 4 days and tumor
volume calculated as abc/2. MC57 tumors were treated after at least 14 days,
when tumors reached approximately 500 mm?; 8101 tumors were treated after
at least 5 weeks, when tumors reached approximately 300 mm?3. Mice were
treated with 3 day activated T cells, one spleen per recipient. We injected
5.5 + 1.3 x 107 activated 2C T cells, 5.3 + 2.4 x 10" activated FH T cells,
and 6.9 + 2.2 x 107 activated pmel T cells (numbers were derived from six
independent experiments). 8101 tumors were treated with cells from half
a spleen only and with naive T cells in some of the experiments (see
Table S2). T cell suspensions were injected into the recipient via the retro
orbital plexus in two doses of 150 pl. For tumor protection, T cells were injected
on the day of tumor challenge or 3 days later, as indicated.

Isolation of Stromal and Cancer Cells from Tumors

Two-week-old, untreated tumors were used for functional analysis; tumors of
mice treated with T cells 4 or 5 days prior were used for flow cytometric anal-
ysis of T cells and stromal death, respectively. Tumors were surgically excised
and single cell suspensions generated by enzymatic digestion (see Supple-
mental Experimental Procedures). For stromal cross-presentation, CD11b*
cells were enriched using magnetic beads (Dynabeads FlowComp Flexi
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[Invitrogen Dynal, Oslo, Norway] and anti-CD11b antibody [M1/70, BD
Bioscience, Franklin Lakes, NJJ).

To analyze antigen loss, relapsed tumors were surgically excised under ster-
ile conditions and placed in DMEM on ice. Tumors were minced to 1 to 2 mm
pieces and seeded in DMEM, 10% FCS, 100 U/ml penicillin, 100 pg/ml strep-
tomycin, 50 pg/ml gentamicin, and 50 pg/ml nystatin. Cells and fragments in
the flask were not moved for the initial three days and then cultured normally.

Cytokine Release Assay

T cells activated in vitro for 4 days were incubated with cancer cells cultured
in vitro or tumor stromal cells obtained ex vivo. For 24 hr, 1 x 10° responders
were cultured with 1 x 10° stimulators per well of a 96-well U-bottom plate.
Wells coated with 1 pg/ml of anti-CD3 (145-2C11) and anti-CD28 (37.51,
eBioscience) served as positive controls and maximal stimulation. All superna-
tants were removed and tested for IFN-y and TNF-« using ELISA Kits (“Femto-
HS” High Sensitivity, eBioscience), according to the manufacturer’s protocol.

Flow Cytometry

Cells were stained using directly labeled antibodies (see Supplemental Exper-
imental Procedures). Flow cytometry data were acquired on FACSCalibur or
FACSCanto machines (BD), and data were analyzed using FlowJo (Tree
Star, Ashland, OR) software. Cell sorting was performed using FACSAria
(BD) or MoFlo-HTS (Beckman Coulter, Brea, CA) at the Flow Cytometry Facility
of The University of Chicago.

MHC Peptide-Binding Assays

MHC purification and quantitative assays to measure the binding affinity of
peptides to purified H2-KP, H2-DP, and HLA-A*0201 molecules were per-
formed as previously described (Assarsson et al., 2007; Sidney et al., 2001;
see Supplemental Experimental Procedures for details). Under the conditions
used, where [label] < [MHC] and ICso > (MHC), the measured ICsq values are
reasonable approximations of the true Kp values.

Statistical Analysis

Results of treatment of small groups of mice were analyzed using the
two-tailed probability calculated by the Fisher’s exact probability test (p <
0.05 is considered significant, p < 0.01 highly significant).

SUPPLEMENTAL INFORMATION

Supplemental Information includes four figures, one table, and Supplemental
Experimental Procedures and can be found with this article online at http://dx.
doi.org/10.1016/j.ccr.2013.03.018.
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Cancer stem cells (CSCs) drive solid tumor formation. In this issue of Cancer Cell, Zhao and colleagues in-
dentify the calcium channel «281 subunit as a new functional hepatocellular carcinoma (HCC) CSC
biomarker, which is vital for CSC biology as blocking 231 in combination with doxorubicin treatment hinders

HCC tumor formation.

Hepatocellular carcinoma (HCC) ac-
counts for 90% of primary liver cancers
and is the third most common cause of
cancer-related deaths worldwide (Ed-
wards et al., 2010). Unlike most other
carcinomas, where mutations in specific
oncogenes or tumor suppressors drive
tumor initiation and progression, the
majority of HCCs are multifactorial and
primarily due to infections with hepatitis
B virus (HBV) or hepatitis C virus (HCV).
However, worldwide cases of nonviral
HCC are on the rise due to growing
numbers of patients with metabolic liver
diseases (Alberti et al., 2005; Van Thiel
and Ramadori, 2011). This multi-causality
makes identification and subsequent
targeting of a common HCC-specific
alteration or even a cell-of-origin virtually
impossible. Fortunately, where con-
sensus does exist is in the concept that
the majority of HCC arise from a subpop-
ulation of cancer cells referred to as tu-
mor-initiating cells (TICs) or cancer stem
cells (CSCs) (Majumdar et al.,, 2012).
Thus, identifying and therapeutically tar-
geting these cells represents a more
feasible approach for treating HCC
regardless of the underlying cause.
CSCs are believed to possess stem
cell-like properties such as unlimited

—
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self-renewal, exclusive in vivo tumorige-
nicity, and subsequent generation of
differentiated progeny recapitulating the
parental tumor phenotype (Figure 1). Evi-
dence for their existence in several solid
tumors has been experimentally demon-
strated (reviewed in Hermann et al.,
2010). For HCC, cells expressing diverse
markers such as CD133, CD13, CD24,
CD90, and EpCAM as well as cells
defined as the side population have all
been demonstrated to bear CSC charac-
teristics. Apparently, the utility of these
different markers across established cell
lines and primary tumors varies signifi-
cantly, and their suitability for therapeutic
targeting has not been extensively
evaluated. Therefore, the identification of
markers, preferably a single marker, for
efficient isolation of CSCs from the com-
plex tumor cellular environment across
different HCC tissues is still critically
needed.

In this issue of Cancer Cell, Zhao et al.
(2013) report that HCC CSCs can be spe-
cifically isolated with a new antibody
(1B50-1) identified using a whole-cell sub-
tractive immunization approach that rec-
ognizes the isoform 5 of the cell surface
calcium channel 2231 subunit. 1B50-1
binds a subpopulation of HCC cells, here-

after termed «251% cells, exhibiting stem
cell-like properties, such as increased
invasiveness, expression of stem cell-
associated genes (OCT4, SOX2, NANOG,
and BMI1), increased self-renewal, and
the ability to give rise to both «231" and
22317 cells. More importantly, the authors
showed that subcutaneously injected
a231* cells from cell lines and primary
HCC tumors were more tumorigenic in
NOD/SCID mice compared to their «251~
counterparts. Although the increased
tumorigenic potential of 2231" cells was
evident with as little as 10° cells, limiting
dilution assays (injection with less than
100 cells were not performed) revealed
that not all 231" cells were tumorigenic
(TIC frequency in primary cases: 1 in 458
[748-281]), and higher numbers of 2251~
cells were also capable of forming tumors
(TIC frequency: 1 in 1,957 [3,785-1,012))
(calculated from Table 1 in Zhao et al.,
2013). Therefore, 2251* cells from primary
tumors were enriched for CSCs 4-fold.
Unlike many normal tissues where a
stringent unidirectional hierarchy and
strict balanced asymmetric division pre-
serve tissue integrity (Jan and Jan,
1998), data in solid tumors are generally
not as clear cut. On the one hand, this
might be related to our still limited ability
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HCC, like many other solid tumors, is composed of a heterogeneous population of cells that contain CSCs.
Although the process of hepatocarcinogenesis is multi-causal and multi-factorial, HBV and HCV infection,
as well as metabolic liver diseases are the primary mediators of HCC. During tumor initiation, liver progen-
itor cells, hepatocytes, or circulating bone marrow-derived cells are believed to suffer genetic and epige-
netic changes, which, together with a deregulation of the microenvironment (e.g., chronic inflammation
and cirrhosis), eventually give rise to a distinct subpopulation of CSCs that have stem-like properties.
CSCs can survive current standard therapies, resulting in tumor recurrence and disease relapse. The
work by Zhao et al. (2013) suggests that HCC CSCs overexpress the calcium channel 2231 subunit,
and thus targeting 2231 (e.g., using 1B50-1), or its downstream mediators (e.g., inhibition of ERK1/2),
and in combination with standard chemotherapy may eradicate HCC.

for thoroughly dissecting the hierarchical
organization of solid tumors. Indeed,
Zhao et al. (2013) also showed a clear hi-
erarchical organization within the 231"
sub-population for HCC, demonstrating
that «231* cells additionally expressing
CD133, CD13, or EpCAM were even
more tumorigenic in vivo. However, these
marker combinations remain challenging,
because 2231* cells that are negative for
the second marker and vice versa also
result in a moderate enrichment for CSC,
and double negative populations are still
not void of CSC activity (Figure 1H in
Zhao et al., 2013). On the other hand,
the border between tumorigenic CSCs
and their nontumorigenic progenies might
be more dynamic than in normal tissue,
and intermediate progenitors in cancer
tissue might be capable of replenishing
tumorigenic CSCs. The latter should be
more stringently tested in vitro and in vivo
at the single cell level in order to identify
the specific subset of «231* cells with
exclusive tumorigenic potential as well
as to thoroughly evaluate the possibility
that a subset of #2317 cells is capable of

replenishing 231" CSCs. Furthermore,
we also should not underestimate the
important role of the tumor microenviron-
ment that could dramatically alter a cell’s
in vivo tumorigenic potential (Lonardo
et al., 2012; Quintana et al., 2008).

While these studies remain pending,
Zhao et al. (2013) further showed that in
86 paired HCC and paracancerous tissue
samples, 2231* cells could be found
not only in the majority of primary HCC
samples but also in many of the corre-
sponding paracancerous tissues. More-
over, when sorted, only 231" cells from
both the primary tumor and paracancer-
ous tissues were tumorigenic in vivo
(even though the number of tested
samples was very small) and could reca-
pitulate the parental tumor phenotype.
Interestingly, although «231* staining
in the primary tumor did not correlate
with any clinicopathological factor,
a231* staining in the paracancerous tis-
sue strongly correlated with cirrhosis,
quicker recurrence, and shorter survival,
supporting the potential use of «231*
staining in paracancerous tissue as a
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prognostic HCC biomarker. Although
the present study was not really powered
to model the multifactorial panorama
of HCC and therefore more extensive
studies are still warranted, this study
clearly supports the hypothesis that
a231* cells in paracancerous tissue
represent a putative cell-of-origin for
HCC recurrence.

Next, the authors determined the func-
tion of 2231 in HCC CSC biology. 231 is a
protein component of the voltage-depen-
dent calcium channel complex, of which
there exist several types. Calcium influx
is an essential cellular process mediating
a plethora of intracellular signaling cas-
cades such as MAPK signaling. Not only
was 231 over-expressed in a231" cells,
but also intracellular calcium concentra-
tions and calcium oscillations were higher
in 251* cells and could be modulated by
1B50-1 treatment or 2231 silencing. In
addition, ERK1/2 phosphorylation was
suppressed by 2231 inhibition, suggest-
ing that 2251 may potentiate HCC CSC
by activating pro-survival pathways medi-
ated by MAPKSs via a calcium-dependent
mechanism. Indeed, the authors show
that «251* cells were also susceptible to
the ERK1/2 inhibitor U0126. Therefore,
these findings highlight not only 2231 as
amarker amenable for HCC CSC isolation
but also a previously unappreciated role
for Ca2* influx in CSC biology.

Finally, one of the most interesting
aspects of the present study centered
on the therapeutic potential of targeting
a2d1. Zhao et al. (2013) convincingly
demonstrate that treatment of HCC cells
with 1B50-1 or silencing of 2231 de-
creases CSC activity via induction of
cellular apoptosis by downregulation of
BCL2 and upregulation of BAX and BAD.
Importantly, 1B50-1 not only reduced tu-
mor size and induced cell apoptosis but
also affected the CSC content, as deter-
mined by loss of «231* cells and loss of
serial transplantation capacity in NOD/
SCID mice. Importantly, the effects could
be further augmented by the addition of
doxorubicin, supporting a bimodal treat-
ment approach in which CSCs and their
progenies are simultaneously targeted.
This kind of combinatorial approach
has also been proposed for other solid
tumors, such as pancreatic ductal adeno-
carcinoma (Lonardo et al., 2011), and may
also reflect the need for blocking re-
plenishment of CSCs from their more
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differentiated %251~ progenies. Based on
these promising results, studies focusing
on the use of 1B50-1 or other agents
that target «231 in HCC and potentially
in other solid tumors should be exten-
sively pursued.
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Autophagy, a process for recycling cellular constituents, is normally associated with cell survival and is
thought to be beneficial for tumor maintenance. However, in this issue of Cancer Cell, Lamy and colleagues
report that multiple myeloma utilizes caspase-10 to restrain autophagy and undergoes autophagic cell death

upon its removal or inhibition.

Autophagy is a stress-induced catabolic
process that is used to capture and
eliminate defective organelles, protein
aggregates, and intracellular microbes
by targeting these to lysosomes for
destruction (reviewed in Choi et al.,
2013). Autophagy can also be deployed
to recycle bulk cytoplasmic constituents
in response to starvation, thereby sustain-
ing cell survival. The role of autophagy in
tumorigenesis has been debated. There
is evidence supporting the view that auto-
phagy is ramped up in transformed cells
and is beneficial for tumor maintenance
and progression (reviewed in White,
2012). On the other hand, there is also
evidence to argue that excessive auto-
phagy can act as a tumor-suppressive
mechanism (Elgendy et al., 2011; Choi
et al., 2013), possibly through initiation of
cell death or senescence. Autophagic
cell death typically displays none of the
features of apoptosis and can be attenu-
ated through ablation of key autophagy
regulators such as Atg proteins or
Beclin-1. There has been skepticism that
cells can die through excessive auto-
phagy (Kroemer and Levine, 2008), how-
ever, a significant body of evidence is
emerging to argue that autophagic cell
death occurs in several important con-
texts (Das et al., 2012). In this issue of
Cancer Cell, Lamy et al. (2013) provide
support for the idea that deregulated
autophagy can result in cellular autodes-
truction in multiple myeloma.

Multiple myeloma is a clonal B cell
malignancy arising from plasma cells,
which are specialized antibody-produc-
ing cells critical for antibody-based immu-
nity. Upon activation by the appropriate
antigen, B cells differentiate into long-
lived plasma cells that are equipped with
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an extensive endoplasmic reticulum (ER)
and serve as antibody factories, synthe-
sizing prodigious quantities of immuno-
globulin. However, the latter capability is
a source of proteotoxic stress due to
misfolding of a proportion of newly syn-
thesized immunoglobulin, the accumula-
tion of which can lead to ER stress and
cell death if not properly dealt with.
Plasma cells solve this problem by ramp-
ing up several protein handling systems,
including the ubiquitin-proteasome path-
way, the unfolded protein response
(UPR) pathway, and the autophagy
machinery. Autophagy facilitates the
removal of protein aggregates by encap-
sulating these in autophagosomes,
followed by their degradation through
fusion with lysosomes. Indeed, a recent
study has shown that mice deficient in a
critical component of the autophagy
machinery, Atg5, preferentially lose
Atg5-deficient plasma cells and are com-
promised in making long-term antibody
responses as a result (Pengo et al.,
2013). Thus, plasma cells rely heavily on
autophagy, as well as other protein degra-
dation systems, to keep the factory floor
free of debris that would otherwise choke
up the antibody production line. Because
of this, multiple myeloma displays partic-
ular sensitivity to proteasome inhibitors,
such as bortezomib, and the possibility
of combining such treatments with inhibi-
tors of autophagy is under investigation
(Aronson and Davies, 2012).

Using an RNA interference library
screening approach, Lamy et al. (2013)
searched for molecules critical for the
survival of multiple myeloma cells. Some-
what counter-intuitively, caspase-10, a
protease normally associated with induc-
tion of apoptosis in response to TNF

family members, emerged as a survival
factor for all myeloma cell lines tested
(Lamy et al., 2013). This observation was
confirmed using a variety of approaches.
Further investigation revealed that inhibi-
tion of caspase-10 or knockdown of a
molecule involved in facilitating its activa-
tion, cFLIP, led to a dramatic increase in
autophagic flux followed by cell death
lacking features of apoptosis. More
compellingly, knockdown of two constitu-
ents of the autophagy machinery, Atg5 or
Beclin-1, led to protection from cell death
caused by caspase-10 inhibition (Lamy
et al., 2013). Taken together, these data
suggest that caspase-10 sets a threshold
for autophagy in multiple myeloma that, if
breached, can lead to autophagic cell
death (Figure 1).

So how does caspase-10 put the
brakes on autophagy? Lamy et al. (2013)
found that BCLAF1, a protein of uncertain
function that was originally identified as a
binding partner of pro-survival Bcl-2
family members, might be the key target
of caspase-10 in this context (Figure 1A).
Although members of the Bcl-2 family
are well known for their role as inhibitors
of apoptosis, several members of this
family also directly interact with and
inhibit Beclin-1, thereby suppressing
autophagy (Elgendy et al., 2011; Choi
et al.,, 2013). Silencing of BCLAF1 ex-
pression in myeloma abrogated cell
death caused by caspase-10 inhibition,
whereas overexpression of BCLAF1 pro-
moted cell death with features of auto-
phagy. Thus, upon inhibition of caspase-
10, BCLAF1 is stabilized and displaces
Bcl-2 from Beclin-,1 thereby ramping up
autophagy and leading to cell death
(Figure 1B). Several questions remain to
be resolved, however. The precise nature
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Figure 1. Caspase-10 Puts a Brake on Autophagy in Multiple Myeloma

(A) Under steady-state conditions in multiple myeloma, a FLIP, /caspase-10 complex cleaves and inacti-
vates BCLAF1 preventing its participation in autophagy.

(B) Upon inhibition or knockdown of caspase-10, BCLAF1 becomes stabilized, displacing Bcl-2 from
Beclin-1, leading to excessive autophagy followed by autophagic cell death.

of the FLIP,/caspase-10-activating com-
plex remains to be clarified, as does the
issue of whether assembly of this com-
plex is spontaneous or driven by auto-
crine or paracrine death receptor signals.
The role of BCLAF1 as a driver of auto-
phagy and how deregulated autophagy
leads to cell death also require significant
clarification.

Interestingly, previous studies have
also implicated autophagy as a compo-
nent of the cell death response of multiple
myeloma to inhibitors of the protein
handling machinery. Inhibition of auto-
phagy partly antagonized the cytotoxic
effects of bortezomib, suggesting that
autophagic cell death may be partly
responsible for the cytotoxic effects of
proteasome inhibitors in myeloma (Hoang
et al., 2009). Silencing of the UPR sensors
PERK, IRE1, or ATF6 also led to the death
of myeloma cells via excessive induction
of autophagy (Michallet et al., 2011).
Thus, due to the pressures resulting
from the accumulation of misfolded
immunoglobulin, multiple myeloma may

be uniquely predisposed toward autopha-
gic cell death if protein handling pathways
are tampered with.

One implication of the current study is
that the process leading to the transfor-
mation of plasma cells places their malig-
nant counterparts in a precarious state of
“autophagic stress” that needs to be
reined in for such cells to survive. Indeed,
this may be a general property of many
tumors, as several oncogenes such as
H-Ras, B-Raf, and Myc have been found
to ramp up autophagy by different mech-
anisms. Thus, excessive autophagy may
represent a tumor suppressor mechanism
that needs to be counteracted during
tumorigenesis to constrain this tendency
toward self-immolation. Varying solutions
to this problem are likely to be found
among different tumors, with some losing
one allele of the Beclin-1 gene, as is
frequently seen in breast, prostate, and
ovarian tumors, while others upregulate
the expression of Bcl-2 family proteins
that can inhibit the actions of Beclin-1
(Choi et al.,, 2013). Multiple alternative
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strategies may also be employed to
constrain autophagy within acceptable
limits, such as the caspase-10-depen-
dent mechanism described by Lamy
et al. (2013).

Thus, autophagy appears to be a dou-
ble-edged sword that can be beneficial
as well as detrimental to tumor develop-
ment. Tumors need to get the autophagy
balance right to avail its advantages,
which help to cope with the demands of
limited nutrient and oxygen supply, while
avoiding the disadvantages of untram-
melled autophagy, which can lead to
excessive self-consumption of cellular
resources.

An obvious therapeutic implication of
the finding that caspase-10 acts as a
survival factor in multiple myeloma is
that inhibitors of caspase-10 might have
therapeutic utility in this malignancy.
However, such inhibitors would have to
be sufficiently specific to avoid disruption
of caspases in critical processes such as
apoptosis and inflammation. One of the
key lessons from the current study is
that, in cancer, too much autophagy
may be as bad as too little. Thus, encour-
aging the self-cannibalistic tendencies of
multiple myeloma may be a viable thera-
peutic strategy.
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Little is known about how DNA damage and metabolism are interconnected. In this issue of Cancer Cell,
Jeong and colleagues report that an important component of the DNA damage response is the SIRT4-
mediated blockade of glutamine catabolism. Failure to shut down glutamine consumption results in
unscheduled proliferation, genomic instability, and cancer.

DNA damage is a natural process that
occurs in all cells under normal physiolog-
ical conditions. Multiple cellular mecha-
nisms sense the presence of DNA damage
and trigger adaptive responses (collec-
tively known as DNA damage response
or DDR), which culminate in a proliferative
arrest that allows for DNA repair. Defects
in the DDR can lead to unrepaired DNA
damage, including oncogenic DNA alter-
ations, and eventually to cancer. In recent
years, it has become evident that cell
proliferation and metabolism are inti-
mately connected (DeBerardinis et al.,
2008), therefore implying that DDR-
induced proliferative arrest must be
accompanied by metabolic changes.
However, although much is known about
the molecular biology of the DDR, the
metabolic consequences of DNA damage
have remained largely unexplored until
very recently. The DDR has been shown
to increase the cellular antioxidant de-
fenses through the production of NADPH
by the pentose phosphate pathway (Ben-
saad etal., 2006; Cosentinoetal.,2011).In
other settings, the DDR downregulates
glucose uptake and glycolysis (Zhou
et al.,, 2002). These precedents support
the concept that metabolic changes
constitute an intrinsic aspect of the DDR.

A new study by Jeong et al. (2013) in
this issue of Cancer Cell uncovers a new
connection between the DDR and meta-
bolism. By performing metabolic analyses
of cells in the presence or absence of DNA
damage, the authors confirmed previous
reports indicating that DNA damage
increases the flux through the pentose
phosphate pathway (Bensaad et al.,
2006; Cosentino et al., 2011). In addition,
they found an unexpected decrease in
glutamine uptake and in intermediates of
the tricarboxylic acid (TCA) cycle. These
initial observations set the focus on the
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connection between DNA damage, gluta-
mine, and the TCA cycle.

Quiescent cells use the TCA cycle
to produce energy from glucose. In
contrast, proliferating cells mostly use it
for a completely different purpose: as a
carbon source for lipogenesis through
the mitochondrial efflux of citric acid.
This efflux must be compensated by an
influx of TCA cycle intermediates, a pro-
cess known as anaplerosis. Of relevance,
glutamine is the main source for TCA
anaplerosis in proliferating cells (DeBerar-
dinis et al., 2008). In a first reaction, gluta-
mine is converted into glutamate by
glutaminase (GLS) and then into a-keto-
glutarate (zKG) by either glutamate dehy-
drogenase (GDH) or, less prominently, by
transamination-coupled reactions. Jeong
et al. (2013) characterize how several
types of DNA damage block glutamine
anaplerosis in proliferating cells. They
had previously shown that SIRT4 ADP-
ribosylates and inhibits GDH (Haigis
et al., 2006), and based on this, they
reasoned that SIRT4 might be involved
in the inhibition of glutamine uptake and
anaplerosis triggered by DNA damage.
SIRT4 is a member of the sirtuin family
(SIRT1-7) of protein deacetylases and
ADP-ribosylases involved in multiple
cellular processes, including the mainte-
nance of genomic stability and regulation
of metabolism (Sebastian et al., 2012).
Interestingly, SIRT4 mRNA levels were
highly induced upon different types of
DNA damage, even higher than other
sirtuin members previously related to the
DDR, such as SIRT1 or SIRT3. Impor-
tantly, the authors demonstrate that
SIRT4-mediated inhibition of glutamine
anaplerosis is necessary for efficient cell
cycle arrest upon DNA damage (Figure 1).
In the absence of SIRT4, failure to arrest
the cell cycle in response to DNA damage

results in delayed DNA repair and
increased chromosomal aneuploidies.
Even more, SIRT4-deficient primary
fibroblasts already show aberrant levels
of polyploidy, suggesting that SIRT4 is
important not only in response to exoge-
nously inflicted DNA damage, but also to
protect cells from spontaneous damage.

The above findings suggest that the
SIRT4-mediated blockade of glutamine
anaplerosis could be a tumor suppressor
mechanism. Indeed, Jeong et al. (2013)
present multiple lines of evidence. First,
they show that SIRT4-deficient fibroblasts
grow faster than their wild-type counter-
parts. Also, neoplastic SIRT4-deficient
fibroblasts are less dependent on glucose
and form larger allograft tumors than
SIRT4-proficient cells. These pro-tumori-
genic phenotypes were reversed when
cells were treated with GLS1 or GDH
inhibitors or upon ectopic expression of
catalytically active, but not catalytically
dead, SIRT4. Moreover, several human
malignancies present reduced SIRT4
mRNA levels, and this is associated with
a poorer outcome in the case of lung
adenocarcinomas.

The authors recapitulate their main
findings in genetically modified mice
lacking SIRT4 (Jeong et al., 2013). Impor-
tantly, two independently generated
strains of SIRT4-deficient mice present a
significant incidence of spontaneous
lung tumors compared to their wild-type
littermates. In support of a direct inhibitory
effect of SIRT4 on GDH (Haigis et al.,
2006), lung extracts from SIRT4-deficient
mice presented higher constitutive levels
of GDH activity. Moreover, ionizing
irradiation decreased GDH activity in
wild-type but not SIRT4-deficient lungs.
Together, these observations compel-
lingly demonstrate that SIRT4 is a tumor
suppressor contributing to the DDR by
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Figure 1. SIRT4: The Glutamine Gatekeeper

DNA damage (1) elicits the DDR (2) that, through undefined mechanisms (indicated with a question mark),
results in enhanced SIRT4 transcription (3) and higher SIRT4 activity in the mitochondria (4). In turn, SIRT4
inhibits glutamine conversion into aKG by inhibiting glutamate dehydrogenase (GDH) (5). Decreased aKG
shuts down the anaplerotic replenishment of the tricarboxylic acid cycle (TCA) (6), which, through mech-
anisms that remain to be clarified (question mark), result in arrest and DNA repair (7).

shutting down glutamine metabolism
(Figure 1).

The new findings by Jeong et al. (2013)
strongly reinforce previous evidences
pointing to glutamine-dependent anaple-
rosis as an attractive Achilles’ heel of
cancer cells. For example, GLS1 inhibition
impairs neoplastic transformation (Wang
et al., 2010). Also, estrogen receptor-
negative breast cancers present a
particular type of glutamine-dependent
anaplerosis characterized by elevated
levels of the gene encoding phosphoglyc-
erate dehydrogenase (PHGDH) (Posse-
mato et al.,, 2011). This enzyme diverts
phosphoglycerate (a glycolytic intermedi-
ate) into the so-called serine pathway.
The relevance of this pathway for cancer
does not reside in the synthesis of serine
but on the fact that its transamination
step is coupled to the conversion of gluta-
mate into aKG, thereby directly contrib-
uting to TCA anaplerosis independently
of GDH (Possemato et al., 2011). Impor-
tantly, inhibition of PHGDH in breast can-
cer cell lines induces a metabolic collapse
in TCA cycle intermediates that is highly

reminiscent to the one observed upon
DDR-induced SIRT4 upregulation and
the ensuing GDH inhibition (Jeong et al.,
2013; Possemato et al., 2011).

A few aspects in the DDR-mediated
block in glutamine anaplerosis still remain
to be elucidated. Not much is known
about the mechanisms that upregulate
SIRT4 mRNA by DNA damage, apart
from the lack of involvement of p53
(Jeong et al., 2013). Finding the exact
components of the DDR pathway respon-
sible for SIRT4 induction could point to
new strategies to shut down glutamine-
dependent anaplerosis. It is also unclear
yet how the glutamine-dependent ana-
plerotic blockade contributes to the im-
plementation of DDR-induced cell cycle
arrest.

Intriguingly, with the current report,
essentially all members of the sirtuin
family have been involved in cancer pro-
tection and metabolism (Sebastian et al.,
2012). The fact that sirtuin activity
depends on the intracellular levels of the
co-substrate NAD* opens the possibility
that enhancing NAD* biosynthetic path-
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ways could result in a general activation
of sirtuins and a concurrent enhancement
of tumor suppression. As a proof of princi-
ple, treating mice with an NAD* precursor,
nicotinamide riboside, activates at least
SIRT1 and SIRT3, improves energy
expenditure and fatty acid oxidation, and
protects mice from diet-induced obesity
and metabolic syndrome (Cant6 et al.,
2012). How these metabolic effects will
apply to a cancer scenario is not clear
yet, but the increasing body of evidence
suggests that global sirtuin activation will
protect against cancer.

In summary, the current paper together
with previous evidences reinforces two
parallel strategies for treating cancer: (1)
SIRT4 activation either through specific
approaches or through a general activa-
tion of sirtuins, and (2) inhibition of gluta-
mine-dependent anaplerosis through
inhibition of GLS, GDH, or even PHGDH.
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Adoptively transferred T cells can reject large established tumors, but recurrence due to escape
variants frequently occurs. In this issue of Cancer Cell, Engels et al. demonstrate that the affinity of the
target peptide to the MHC molecule determines whether large tumors will relapse following adoptive T cell

therapy.

Tumor rejection usually requires CD8*
effector T (Tg) cells, which recognize com-
plexes of peptide bound to major histo-
compatibility complex (MHC) | molecules
(PMHC) on tumor cells using their T cell
receptor (TCR). The peptide is the protea-
somal degradation product of the tumor
antigen (TA). Upon recognition of pMHC,
Te cells produce effector molecules such
as perforin, IFN-y, and TNF. Although it
has long been believed that direct killing
of cancer cells by Tg cells alone is respon-
sible for tumor rejection, recent studies
show that destruction of the tumor stroma
by Te cells is critical for tumor eradication,
with different mechanisms being dis-
cussed (Anders and Blankenstein, 2013;
Schreiber, 2013 and references therein).
While adoptively transferred Tg cells can
reject large established tumors in experi-
mental models and in humans, tumor
recurrence after initial regression is a
major obstacle. To overcome this prob-
lem, research has focused on improving
T cell function by in vitro TCR affinity
maturation, which can result in the loss
of T cell fitness or specificity (Engels
et al.,, 2012; Stone et al., 2009). Little
attention has been paid to another vari-
able in the three-molecule interaction:
the affinity of the peptide to the MHC
(PMHC affinity). This is surprising, given
that the affinity of the TCR for pMHC usu-
ally lies within a narrow range (1-100 uM)
due to the complex T cell selection pro-
cess, while pMHC affinity ranges between
<1 nM to >20,000 nM due to the partly
stochastic nature of peptide sampling
(Figure 1).

In this issue of Cancer Cell, Engels
et al. (2013) addressed the impact
of pMHC affinity on tumor eradica-
tion versus relapse. In a reductionist
approach, they expressed the same
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amount of different peptide antigens in
the same cancer cells. The peptide anti-
gens were derived from mouse and
human TA, presented by H-2 or HLA
molecules, respectively, and all known
as T cell epitopes. Mice with large
tumors containing abundant stroma
were then treated with TCR-transgenic
Te cells specific for the respective
pMHC complex so that the peptide was
the only variable. Therapy outcome
correlated perfectly with pMHC affinity
(Engels et al., 2013; Figure 1). pMHC
affinities <10 nM (ICso as measured by
cell-free assays) elicited tumor rejection,
and those with >100 nM caused relapse.
Only high-affinity peptides were cross-
presented by tumor stroma cells, caus-
ing stroma destruction and thereby
preventing antigen loss variants. Pep-
tides with very low affinity to MHC (ICso
~22,900 nM) could not even induce the
selection of escape variants, and anti-
gen-positive tumors progressed. In vitro
T cell kill assays did not predict rejection
epitopes. In the clinic, the reasons for
tumor relapse often remain unknown.
Based on this study, experiments in
HLA-transgenic mice with established
HLA* syngeneic mouse tumors express-
ing human TA may allow prediction of
epitopes that should or should not be
targeted clinically. These mice can be
treated with mouse Tg cells specific for
the human TA to ask whether tumors
will be rejected or recur. The human
TA-specific mouse Tg cells can be gener-
ated by the transfer of TCR genes, which
can be isolated against virtually any hu-
man TA from the nontolerant repertoire,
termed TCR gene therapy (Anders and
Blankenstein, 2013; Schumacher, 2002).

Another important question addressed
by Engels et al. (2013) is: how useful are

many of the TA epitopes currently em-
ployed clinically as therapeutic targets?
T cell epitopes of human TAs are usually
defined by autologous systems. Most
TAs are self-proteins (self-TA), and only
low-avidity T cells that survived tolerance
mechanisms are in the normal repertoire.
Typically, one or few TA epitopes for
a given MHC restriction molecule are
described. Algorithms quite accurately
predict pMHC affinity, and the IC5q values
determined by cell-free assays in Engels
et al. (2013) did not differ greatly from
the predicted values. Many of the
described T cell epitopes of human self-
TA have low affinity, e.g., ICsq for NY-
ESO157_165 (HLA‘A*0201) 1,262 nM,
Melan-A/MART-126_35 (HLA-A*02:01):
7,600 nM, or MAGE-A1161_169 (HLA-
A*01:01): 165 nM, as predicted by
Immune Epitope Database Analysis
Resource. Peptides predicted with high
affinity have rarely been described as
T cell epitopes. Although it is possible
that some of these peptides are not
generated (processed and presented), it
is more likely that these T cells have
been deleted during negative selection in
the thymus, if one assumes that with
increasing pMHC affinity the immunoge-
nicity of the epitope and the risk of auto-
immunity also increase. Thus, the best,
but also the most dangerous, epitopes
as targets for T cell therapy may not yet
be known. Conversely, cancer vaccines
targeting self-TA face the difficulty of not
only relying on T cells, which survived
central tolerance, but also targeting epi-
topes of low pMHC affinity.

A critical issue in this study is the source
of the TCRs expressed by the transgenic
Te cells and whether the TA is of self or
non-self origin. The TCRs specific for
high-affinity pMHC (SIY, ovalbumin, and

Cancer Cell 23, April 15, 2013 ©2013 Elsevier Inc. 429


mailto:tblanke@mdc-berlin.de
http://dx.doi.org/10.1016/j.ccr.2013.04.004
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.ccr.2013.04.001&domain=pdf
http://www.tracker-software.com/buy-now
http://www.tracker-software.com/buy-now

tyrosinase) were derived from
an antigen-free (nontolerant)
host, whereas the TCR spe-
cific for low affinity pMHC
(gp100) was isolated from
an antigen-positive (tolerant)
host. Even if the human
gp100 peptide (sharing six of
nine amino acids with mouse
gp100) was of non-self origin
for the mouse T cells, it is un-
clear whether the TCR affinity
for this pMHC is comparable
to those TCRs from the non-
tolerant repertoire, recog-
nizing pMHC with high affin-
ity. Thus, one cannot exclude
that a higher affinity of the
TCR for pMHC, isolated from
the non-tolerant repertoire
and used for TCR gene
therapy, can, at least partially,
compensate for lower pMHC
affinity.

The experiments targeting
the self-TA gp100 with low
pMHC affinity reflected a
clinical TCR gene therapy
trial with transient autoimmu-
nity and little efficacy (John-
son et al.,, 2009), indicating
that the experimental cancer
model can predict clinical
success/failure. The experi-
ments targeting tyrosinase,
another melanocyte differ-
entiation antigen with high
pMHC affinity, self for the
host and non-self for the Tg
cells resulted in tumor rejec-
tion and autoimmune vitiligo.
However, the severity of auto-
immunity may be difficult to
predict using the mouse
model and depends greatly
on the respective self-TA.
As noted earlier, unforeseen
expression of self-TA on rare
vital cells is an unresolved
problem when using TCRs
from the nontolerant reper-
toire that target TA with
assumed restricted tissue

expression such as differentiation or
(Blankenstein
et al., 2012). TCR from the nontolerant
repertoire can be biological weapons
(Bos et al., 2008). However, we hypothe-
size that the thymus overshoots in delet-
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Figure 1. Tripartite Molecular Interaction Influences whether T Cells
Reject Large Established Tumors or Select Escape Variants

Top: the range of affinities of the T cell receptor (TCR) to peptide/MHC | com-
plexes (PMHC) is narrow (1-100 uM). TCRs specific for self-antigens (tolerant
repertoire) tend to have lower affinity, whereas TCRs specific for non-self
antigens (non-tolerant repertoire) tend to have a higher affinity for their cognate
pMHC.

Middle: the range of pMHC affinities is broad (<1 nM to >20,000 nM). Indicated
are pMHC affinities used in Engels et al. (2013) relative to therapeutic outcome.
With decreasing pMHC affinity, adoptive T cell therapy leads from rejection to
regression/recurrence of antigen (Ag) loss variants and then to recurrence
without antigen loss (“or therapy failure). Note the gap in affinities between
the different therapeutic outcomes, e.g., between 4.2 and 186 nM. For a variety
of human tumor antigens, T cell epitopes are predicted within this range,
raising the question of the cut-off value of “rejection epitopes”.

Bottom: the relationship between pMHC affinity and success of T cell therapy
is shown. If the TCR to pMHC affinity is optimal (red line), increasing pMHC
affinity will (from a certain threshold onward) lead to an increase of success
in therapy (relapse free survival) until a plateau (100% success) is attained.
Black line, hypothetical graph illustrating that not only pMHC affinity but also
TCR affinity decides over rejection versus relapse.

ing more T cells than necessary. The
repertoire is still large enough to cope
with most pathogens, and the evolu-
tionary priority was to minimize the risk
of autoimmunity. There may be a useful

compartment of T cells against self-TAin  652-660.
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the nontolerant repertoire
that cause little or no damage
but are nevertheless deleted.
Nonetheless, targeting so-
matically mutated non-self
TA would clearly be advanta-
geous (Anders and Blanken-
stein, 2013; Schreiber and
Rowley, 2008).

The study by Engels et al.
(2013) is important, because
it teaches us which epitopes
not to target and how relevant
experimental cancer models
can be. However, a high affin-
ity pMHC is not a good target
per se. Too-low TA expres-
sion, inefficient processing
and peptide presentation
or posttranslational modifi-
cation of the peptide could
impede T cell therapy
despite targeting a high-
affinity pMHC. TAs are not
always homogenously ex-
pressed within the tumor. In
this case, the mechanism of
tumor stroma destruction
and the extent of bystander
elimination of escape variants
need to be better understood.
Together, suitable TAs and
particularly epitopes as tar-
gets in adoptive T cell therapy
can and should be selected
based on rational experi-
mental models before clinical
tests are done.
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Cancer stem cells (CSCs) drive solid tumor formation. In this issue of Cancer Cell, Zhao and colleagues in-
dentify the calcium channel «281 subunit as a new functional hepatocellular carcinoma (HCC) CSC
biomarker, which is vital for CSC biology as blocking 231 in combination with doxorubicin treatment hinders

HCC tumor formation.

Hepatocellular carcinoma (HCC) ac-
counts for 90% of primary liver cancers
and is the third most common cause of
cancer-related deaths worldwide (Ed-
wards et al., 2010). Unlike most other
carcinomas, where mutations in specific
oncogenes or tumor suppressors drive
tumor initiation and progression, the
majority of HCCs are multifactorial and
primarily due to infections with hepatitis
B virus (HBV) or hepatitis C virus (HCV).
However, worldwide cases of nonviral
HCC are on the rise due to growing
numbers of patients with metabolic liver
diseases (Alberti et al., 2005; Van Thiel
and Ramadori, 2011). This multi-causality
makes identification and subsequent
targeting of a common HCC-specific
alteration or even a cell-of-origin virtually
impossible. Fortunately, where con-
sensus does exist is in the concept that
the majority of HCC arise from a subpop-
ulation of cancer cells referred to as tu-
mor-initiating cells (TICs) or cancer stem
cells (CSCs) (Majumdar et al.,, 2012).
Thus, identifying and therapeutically tar-
geting these cells represents a more
feasible approach for treating HCC
regardless of the underlying cause.
CSCs are believed to possess stem
cell-like properties such as unlimited
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self-renewal, exclusive in vivo tumorige-
nicity, and subsequent generation of
differentiated progeny recapitulating the
parental tumor phenotype (Figure 1). Evi-
dence for their existence in several solid
tumors has been experimentally demon-
strated (reviewed in Hermann et al.,
2010). For HCC, cells expressing diverse
markers such as CD133, CD13, CD24,
CD90, and EpCAM as well as cells
defined as the side population have all
been demonstrated to bear CSC charac-
teristics. Apparently, the utility of these
different markers across established cell
lines and primary tumors varies signifi-
cantly, and their suitability for therapeutic
targeting has not been extensively
evaluated. Therefore, the identification of
markers, preferably a single marker, for
efficient isolation of CSCs from the com-
plex tumor cellular environment across
different HCC tissues is still critically
needed.

In this issue of Cancer Cell, Zhao et al.
(2013) report that HCC CSCs can be spe-
cifically isolated with a new antibody
(1B50-1) identified using a whole-cell sub-
tractive immunization approach that rec-
ognizes the isoform 5 of the cell surface
calcium channel 2231 subunit. 1B50-1
binds a subpopulation of HCC cells, here-

after termed «251% cells, exhibiting stem
cell-like properties, such as increased
invasiveness, expression of stem cell-
associated genes (OCT4, SOX2, NANOG,
and BMI1), increased self-renewal, and
the ability to give rise to both «231" and
22317 cells. More importantly, the authors
showed that subcutaneously injected
a231* cells from cell lines and primary
HCC tumors were more tumorigenic in
NOD/SCID mice compared to their «251~
counterparts. Although the increased
tumorigenic potential of 2231" cells was
evident with as little as 10° cells, limiting
dilution assays (injection with less than
100 cells were not performed) revealed
that not all 231" cells were tumorigenic
(TIC frequency in primary cases: 1 in 458
[748-281]), and higher numbers of 2251~
cells were also capable of forming tumors
(TIC frequency: 1 in 1,957 [3,785-1,012))
(calculated from Table 1 in Zhao et al.,
2013). Therefore, 2251* cells from primary
tumors were enriched for CSCs 4-fold.
Unlike many normal tissues where a
stringent unidirectional hierarchy and
strict balanced asymmetric division pre-
serve tissue integrity (Jan and Jan,
1998), data in solid tumors are generally
not as clear cut. On the one hand, this
might be related to our still limited ability
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(Cancer Cell 19, 664-678; May 17, 2011)

In Figure 3B of this article, the VCAP and the control siRNA images are identical. This was the result of a mistake in constructing the
figure. The correction to the figure does not affect the conclusion of the paper and the authors would like to apologize for any confu-
sion the error may have caused. The corrected image is printed below.
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Figure 3. ERG-Mediated Invasion Requires Engagement of PARP1 and DNA-PKcs
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