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SUMMARY

A large proportion of colorectal cancers (CRCs) display mutational inactivation of the TGF- pathway, yet,
paradoxically, they are characterized by elevated TGF-B production. Here, we unveil a prometastatic
program induced by TGF-B in the microenvironment that associates with a high risk of CRC relapse upon
treatment. The activity of TGF- on stromal cells increases the efficiency of organ colonization by CRC cells,
whereas mice treated with a pharmacological inhibitor of TGFBR1 are resilient to metastasis formation.
Secretion of IL11 by TGF-B-stimulated cancer-associated fibroblasts (CAFs) triggers GP130/STAT3 signaling
in tumor cells. This crosstalk confers a survival advantage to metastatic cells. The dependency on the TGF-§
stromal program for metastasis initiation could be exploited to improve the diagnosis and treatment of CRC.

INTRODUCTION

Most colorectal cancers (CRCs) originate from the intestinal
epithelium as premalignant lesions called adenomas. Over
time, a small fraction of adenomas are transformed to CRCs
because of the accumulation of genetic alterations in a small
set of driver genes, including KRAS, TP53, SMAD4, or PIK3CA

(Markowitz and Bertagnolli, 2009). Alterations in these and other
cancer-causing genes have been associated with the different
stages of the progression of the tumor (i.e., transition from
normal intestinal mucosa to adenoma and further progression
to CRC). In contrast, metastases that are either present at the
time of diagnosis or develop as distant relapses after therapy
are not strongly associated with alterations in any of these key

Significance

About 40%-50% of all patients with colorectal cancer will present with metastasis either at the time of diagnosis or as recur-
rent disease upon intended curative therapy. In the absence of genetic alterations that explicate these processes, it remains
a major challenge to predict which patients will develop metastatic disease or to design targeted therapies. Here, we show
that metastasis depends on a gene program expressed by the tumor microenvironment upon TGF-$ stimulation. Low
stromal TGF- signaling is a robust predictor of disease-free survival after therapy, which improves on the current AJCC
staging system. Furthermore, colonization of foreign organs requires TGF-B signaling in stromal cells and therefore may
be a target for therapeutic intervention at early time points of the metastatic process.
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genes (Walther et al., 2009). In addition, global genome sequenc-
ing of metastatic lesions and primary CRCs revealed hardly any
metastasis-specific mutation (Jones et al., 2008). This drawback
has hampered the development of metastasis-specific thera-
pies, as well as the identification of patients with CRC at risk of
suffering metastatic disease.

Mutational inactivation of the TGF-p signaling pathway is key
during CRC progression. Alterations in TGF-B pathway compo-
nents are first detected in advanced adenomas and affect
40%-50% of all CRCs (Markowitz et al., 1995; Markowitz and
Bertagnolli, 2009). In mouse models, mutations in the tumor
suppressor Apc combined with inactivation of TGF-p signaling
components in epithelial intestinal cells trigger the development
of invasive adenocarcinomas (Mufoz et al., 2006; Takaku et al.,
1998). Restoration of a functional TGF-3 pathway in human CRC
cells abrogates proliferation and tumorigenicity (Wang et al.,
1995), implying that TGF-f signaling exerts tumor-suppressive
effects. Hence, it has been proposed that TGF-B imposes
a selective pressure during CRC progression, which tumors
avert by genetic inactivation of the TGF-f receptors (TGFBR1
and TGFBR2) or of the SMAD intracellular mediators (SMAD4,
SMAD2, and SMADS3) (Grady and Markowitz, 2002; Markowitz
et al., 1995; Markowitz and Bertagnolli, 2009).

In addition to its tumor suppressor role in epithelial cells,
TGF-B signaling also acts as a negative regulator of tumor forma-
tion by conditioning mucosa-resident stromal cells. Mice with
a deletion of Smad4 in T cells develop gastrointestinal tumors
(Hahn et al., 2011; Kim et al., 2006). Similarly, transgenic expres-
sion of a dominant negative TGFBR2 in T cells accelerates
azoxymethane-induced colon carcinogenesis (Becker et al.,
2004). In both cases, T cells lacking TGF- signals exacerbate
the production of proinflammatory cytokines that spark off
the transformation of the colonic epithelium (Becker et al.,
2004; Kim et al., 2006).

Although the above genetic and mutational data support
a tumor suppressor role for TGF-8 signaling in intestinal carcino-
genesis, high levels of TGFB1 in the serum of patients with
CRC are associated with poor outcome in the clinical setting
(Tsushima et al., 2001). The relevance of TGF-B signaling for
disease progression has been widely recognized in tumors
where cancer cells retain a functional TGF-B pathway, such as
breast or prostate cancer (Massagué, 2008). In these tumor
cells, TGF-B induces a variety of prometastatic programs that
range from induction of epithelial-to-mesenchymal transition to
expression of genes that allow colonization of foreign organs
(Massagué, 2008). It is less clear, however, what CRC cells
can gain from high TGF-B levels once the pathway is fully
inactivated by mutations and how this phenomenon links to
an adverse outcome. To address this apparent paradox, we
investigated whether TGF- may activate the tumor microenvi-
ronment to assist CRC cells in the metastatic process.

RESULTS

TGF-B Levels in CRC Are a Robust Predictor of Disease
Relapse

We first investigated whether differences in TGF-B levels in
primary tumors were associated with clinical disease progres-
sion in CRC. To this end, we interrogated a representative
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pooled cohort of 345 cases treated at three different hospitals
for which transcriptomic profiles and clinical follow-up were
publicly available. In this metacohort, overall TGF-B levels were
low in patients with American Joint Cancer Committee (AJCC)
stage | cancer, compared to cancer at more advanced stages
(Figure 1A; see Tables S1 and S2 available online). The AJCC
staging system has limited power to predict disease relapse,
because 10%-20% of patients with stage Il CRC and 30%-
50% of patients with stage Ill CRC will develop recurrent cancer
after therapeutic intervention. We found that, for every increase
in overall TGF-B (TGFB) expression, the risk of cancer recurrence
augmented by 83% (Figure 1B). As a consequence, we observed
large differences in the frequency of disease relapse after
therapy in patients bearing tumors with high, medium, or low
TGFB (Figure 1C) or individual TGF-B isoform levels (Figures
S1A and S1B). During 10 years of follow-up, only patients with
medium or high TGFB expression in the primary tumor (53 of
220 patients) suffered cancer recurrence. Remarkably, all
patients bearing TGFB-low tumors remained disease-free (Fig-
ure 1C, blue group). High TGFB levels were robustly associated
with relapse in patients with stage Il and lll cancer, whereas low
TGFB characterized a small set of patients with no observed
recurrences in both stages (Figure 1D; 17% and 11% of patients
with cancer at these stages, respectively). The rare relapses
occurring in stage | CRCs (2 of 35 patients in this group) also
expressed high TGFB levels (Figure 1D), although this com-
parison did not reach statistical significance, probably because
of the low incidence of recurrences in this stage. Cox propor-
tional hazards multivariate analysis demonstrated that TGFB
expression is an independent predictor of cancer recurrence
that outperforms AJCC staging system in the identification of
patients with CRC who remained disease free upon therapy
(Figure 1E). The predictive power of TGFB levels also compared
favorably to that of other genes that have been repeatedly asso-
ciated with disease relapse in CRC (Table S3).

TGF-p Response Signatures in Tumor-Associated
Stromal Cells Predict Disease Relapse in CRC
Anincrease in TGF-B isoform levels was evident at the adenoma-
CRC transition, as shown by expression profiling of a small
cohort of colon tumors (Figure S1C). Nuclear p-SMADS, a marker
for TGF-B signaling, stained predominantly the stromal com-
partment in most CRCs (Figure S1D). In the majority of samples,
epithelial CRC cells were markedly less stained compared to
adjacent stromal cells or to the epithelial compartment of
adenomas (Figures S1D-S1F). We characterized the stromal
cell types stained by p-SMADS in CRCs but could not discrimi-
nate any obvious cell-type specificity. Rather, p-SMADS indis-
criminately labeled all major types of stromal cells in CRCs,
including T cells, macrophages, endothelial cells, and fibroblasts
(Figures S2A-S2H). We thus quantified the association of
TGF-B-activated stromal cell populations with disease progres-
sion. To this end, we used as surrogates the gene expression
programs induced by the addition of TGF-B (TGF-B response
signatures or TBRS) in cultures of normal-tissue-derived T cells
(T-), macrophages (Ma-), endothelial cells (End-), or fibroblasts
(F-). To avoid biases, we used the full set of genes upregulated
by TGF-B signaling in these cell cultures (>2 fold, p < 0.05)
without additional filtering or refinement (Table S4). By Gene
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Figure 1. High TGF-B Expression Predicts CRC Relapse

(A) Overall TGFB mRNA expression in CRC stages |-IV. Values are z-scores with standard deviation (SD) from the mean (**p < 0.01, two-tailed Student’s t test).
(B) Smooth function correlates overall TGFB mRNA expression with relative risk of recurrence. Patients with stage IV cancer were excluded from this analysis.
Red dashed lines: 95% confidence interval (Cl). Blue dashed lines: thresholds for patient selection into groups with low (L; blue, 44 patients), medium (M; gray, 86
patients), and high (H; red, 134 patients) TGFB expression; p values and increase in HR per each increase in standard deviation of expression (+1 SD) are shown.
(C and D) Kaplan-Meier plots display recurrence-free survival (RFS) over time (C) and grouped by AJCC stage (D) for groups defined in (B) . HR and p values
compare RFS over time for patients grouped according to TGFB levels (L versus M, L versus H, and M versus H).

(E) Cox proportional hazards multivariate analysis of TGF-B expression and AJCC staging in identifying patients who remained disease-free upon therapy.
See also Figure S1.
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Set Enrichment Analysis (GSEA) (Subramanian et al., 2005), we
determined that all stromal TBRSs were highly enriched in
CRCs compared to adenomas (Figure 2A). Importantly, the
expression levels of TGFB, F-TBRS, T-TBRS, and Ma-TBRS
showed robust direct correlations in the cohort of patients with
CRC (Figure 2B), implying that they are, to a large extent, concur-
rently expressed in CRC. Significantly, these three signatures
were excellent predictors of disease relapse in patients with
stage |, Il, and lll CRC and segregated a low-expression patient
group with virtually no risk of developing recurrent cancer after
therapy (Figures 2C and 2D, blue group). This result paralleled
that obtained with TGFB levels (Figure 1). In patients with
stage IV CRC who underwent potential curative therapy, high
TGFB and stromal TBRS expression levels also correlated
with higher risk of relapse (Figures S2|-S2L). However, a large
proportion of these patients with stage IV disease eventually
experienced relapse, likely because of the lack of effective
therapies to eliminate an overt metastatic disease. Consistent
with their ability to predict disease progression, the stromal
TBRS included several well-known prometastatic genes, such
as ANGPTL4 (Padua et al., 2008), PTHLH (Yin et al., 1999),
HBEGF (Bos et al., 2009), CTGF (Kang et al., 2003), TNC
(Oskarsson et al., 2011), or JAG17 (Sethi et al., 2011; Sonoshita
et al., 2011), all of which encode for secreted or membrane-
bound factors (Table S4).

To further analyze the cell-type-specific expression of each
stromal TBRS in vivo, we purified by FACS various cell popu-
lations from fresh CRC samples and assessed their gene
expression profiles (Figures 2E and 2F). Relative levels of
cell-type-specific marker genes confirmed the purification of
epithelial tumor cells (EPCAM™), leukocytes (CD45"), endothelial
cells (CD317%), and fibroblasts (FAP*) (Figure 2F). A global
comparative analysis revealed a trend toward high levels of all
stromal TBRS in FAP* CAFs. Conversely, epithelial tumor cells
expressed the lowest levels of each stromal TBRS (Figure 2G).
Remarkably, these trends became very significant for those
genes within the T-TBRS, Ma-TBRS, or End-TBRS that associ-
ated positively with cancer relapse (HR > 1, p < 0.05; Figure 2H).
Although the in vitro derived End-TBRS did not predict disease
progression (Figures 2C and 2D), we observed elevated ex-
pression of recurrence-associated TGF-B target genes in
endothelial cells directly purified from tumors (Figure 2H). This
observation may suggest that the response of in vitro cultured

endothelial cells to TGF-B signaling deviates significantly from
that occurring in the tumor microenvironment. Altogether, these
data highlight that the response of stromal cells to TGF-f is an
accurate predictor of disease relapse in patients with CRC.
Although high TGFB levels activate gene programs in a wide
range of tumor-associated stromal cell types, our in vivo data
indicate that CAFs and, to a lesser extent, endothelial cells are
the main contributors to the association of stromal TGF-B-driven
programs with poor outcome after therapy.

TGF-$ Signaling in the Stroma Promotes Tumor

Initiation

The above data suggest the possibility that elevated TGFB levels
in CRC influence disease progression by acting on stromal cells.
To functionally dissect this effect without the interference of
TGF-B signaling in epithelial cancer cells, we took advantage
of the fact that virtually all late-stage CRC-derived cell lines
display mutational inactivation of the TGF-B pathway. These
CRC cell lines, however, did not induce robust stromal TGF-8
responses when injected into nude mice, as shown by the lack
of p-SMAD2 accumulation in tumor-associated stromal cells
(arrows in Figures 3A and 3B; data not shown). To enforce high
TGF-B signaling in xenografts, we engineered CRC cell lines to
secrete active TGFB1. Subcutaneous tumors obtained from
HT29-M6"4 F, KM12L4a™® P and SW48™%F# cells contained
abundant p-SMAD2* stromal cells (arrowheads in Figures 3A
and 3B; data not shown) and increased expression levels of
stromal TBRS genes (Figure 3C; data not shown). Importantly,
secretion of TGF-B did not induce autocrine responses in these
CRC cells (i.e., SMAD reporter activity, proliferation, or EMT
induction; Figures S3A-S3D), owing to homozygous mutations
in TGFBR2 in KM12L4a and in SW48. HT29-M6 cells carry
homozygous inactivation of the SMAD4 locus, which rendered
this cell line unresponsive to TGF-B (Figures S3A-S3D). Yet,
this genetic alteration did not impede the nuclear accumulation
of p-SMADs (Figure 3B), as previously reported for other
SMAD4 mutant cell lines (Alarcon et al., 2009; Liu et al., 1997).
Therefore, the xenografts derived from these cells combine
a TGF-B response in tumor stromal cells with lack of TGF-
signaling in cancer cells, the scenario characteristic of advanced
CRC. We inoculated CRC cells subcutaneously into nude mice
in quantities that generated suboptimal engraftment in control
conditions (see Experimental Procedures). Elevated levels of

Figure 2. Stromal TGF-f Gene Signatures Predict Recurrence

(A) Gene set enrichment analyses (GSEA) of TGF-p response signatures (TBRS) of Fibroblasts (F-TBRS), T cells (T-TBRS), macrophages (Ma-TBRS), or
endothelial cells (End-TBRS) in carcinoma versus adenoma samples. ES, enrichment score; NES, normalized enrichment score; FDR, false discovery rate.
(B) Cross-correlations between TGFB, F-TBRS, T-TBRS, Ma-TBRS, and End-TBRS in the patient cohort. Blue dots, patients. R, correlation coefficients. Values

are Z scores (*p < 0.05, **p < 0.001).

(C) The p values and increase in HR per each increase in expression (+1SD) in F-TBRS, T-TBRS, Ma-TBRS, and End-TBRS were obtained via Cox proportional

Hazards model.

(D) Kaplan-Meier plots display RFS of patients with low (blue), medium (gray), or high (red) F-TBRS, T-TBRS, Ma-TBRS, or End-TBRS expression levels.
E) FACS-purification of cell populations from primary CRC samples, enriched in the indicated cell types.

(
(F) Heat map shows relative expression levels of marker genes for epithelial (blue), leukocyte (red), endothelial (orange) cells, and cancer-associated fibroblasts
(green) in each cell population. Values are normalized intensities, log2.

(G) Relative expression of each TBRS in cell populations from (F). Whiskers represent minimum (Vmin) and maximum (Vmax) values, truncated at 1.5 times the
interquartile range (log2; *p < 0.05, **p < 0.01, Student’s t test).

(H) Relative expression in each cell population of genes within the T-TBRS, Ma-TBRS, End-TBRS, or F-TBRS associating positively with relapse. Whiskers: Vmin,
Vmax (log2; *p < 0.05, **p < 0.01, Student’s t test).

See also Figure S2.
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Figure 3. TGF-pB Activated Stroma Induces Tumor Initiation

(A and B) Nuclear p-SMAD2 reactivity (arrowheads) in subcutaneous (s.c.) tumors derived from TGF-B-secreting KM12L4a (A) or HT-29M6 (B) CRC cells and
control cells. E, epithelial cells; Str, stromal cells. Scale bars = 10 um.

(C) Relative expression of some stromal TBRS genes in tumors from (B). Values are mean + SEM (n = 3).

(D) Kaplan-Meier plots display tumor-free survival (TFS) for mice injected s.c. with 3 x 10* TGF-B-secreting (red) or control cell lines (blue); SW48 (n = 8); KM12L4a
(n = 8); HT29-M6 cells (n = 25 (red), n = 39 (blue).

(E) Growth over time for HT29-M6""" # (red; n = 13) and HT29-M6°°" (blue; n = 16) derived tumors. Day 1: day of first detection. Values are mean + SEM.

(F) Relative TGFB mRNA levels in HT29-M6 cells expressing active TGF- through a doxycycline (Dox)-inducible promoter (HT29-M6 ind. TGF-B) compared to
control cells (Con, blue). Inducible TGF-B cells were nontreated (gray), treated with Dox for 24 hr (black), or treated with Dox for 24 hr followed by 24 hr of Dox
withdrawal prior to gRT-PCR (red). Values are mean + SD (n = 3).

(G) Inducible TGF-B cells were either untreated (blue) or pretreated with Dox in vitro 24 hr before s.c. inoculation (3 x 10 cells; n = 6). Recipient mice received
either Dox (red) or vehicle (blue) in drinking water ad libitum during 3 days prior to injection. Kaplan-Meier curves show TFS when TGF-f secretion is induced
in vivo for 24 hr (red) compared to control cells (blue).

See also Figure S3.

TGF-B dramatically increased the frequency of tumor formation ~ TGF-§ during the first 24 hr following inoculation of tumor cells
and reduced the latency period in all cell lines (Figure 3D). Yet, was sufficient to enhance tumor initiation (Figure 3G). Given
after tumor initiation, the TGF-B-activated microenvironment the well-established role of TGF-B in the polarization and
had no effect on xenograft growth rates (Figure 3E; data not suppression of the immune system in tumors (Flavell et al.,
shown). We further tested this early requirement by controlling 2010), we tested whether the enhancement of tumor initiation
the timing of TGF-B production in HT29-M6 CRC cells viaadoxy- by TGF-B signaling could be explained by modulation of the
cycline-inducible promoter (Figures 3F and 3G). Secretion of immune system. To this end, we injected CRC cells in severely
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immunocompromised mice of the NOD/SCID interleukin-2
receptor gamma chain null strain (NSG) (Shultz et al., 2007). In
these NSG mice, high TGF-B levels were also capable of
enhancing tumor initiation, although fewer cancer cells were
required to form tumors in this strain (Figure S3E).

Stromal TGF-p Signaling Is Required for Efficient
Metastasis Initiation

CRCs at stages I, Il, and Ill displaying low stromal TGF-
signaling fail to form recurrences, which, in most patients with
CRC, occur in the form of metastasis. To study whether stromal
TGF-B signaling may influence metastasis formation, we inocu-
lated KM12L4a%" and KM12L4a™® " cells in the cecum of
nude mice. Both cell lines gave rise to aggressive colorectal
tumors, which killed mice by obstruction of the intestinal lumen.
At death, KM12L4a°°" and KM12L4a"® f had generated colon
tumors of equivalent size (data not shown) with no significant
differences in their degree of invasion, spread to local lymph
nodes, or major histological features (Figure 4A; Figures S4A
and S4B). Yet, two thirds of mice bearing KM12L4a®*" colon
tumors remained metastasis free, whereas 10 of 11 mice inocu-
lated with KM12L4a"®™* cells developed lung and/or liver
metastasis (p < 0.01, Figure 4B). These data imply that stromal
TGF-B signaling promotes metastasis formation. We further
explored this phenomenon by using intrasplenic inoculation of
CRC cells (Morikawa et al., 1988). Secretion of TGF-B by
KM12L4a cells increased the liver metastases burden in mice
(Figure 4C). We also observed a large increase in the number
of liver metastases generated by HT29-M6 secreting TGF-B
(Figure 4D). In addition, a significant fraction of mice inoculated
with KM12L4a™® P or HT29-M6"F* developed lung metas-
tases, implying that TGF-$ signaling also facilitated secondary
organ colonization (Figure 4E). The kinetics of liver metastasis
revealed that control or TGF-§ secreting cells expanded with
similar rates once tumor cells had taken root and resumed
growth (from day 7 in Figure 4F). However, during the first few
days following inoculation, most KM12L4a®°" cells that reached
the liver were progressively lost, and by 7 days, tumor cells were
barely detectable (Figure 4F). A virtually complete loss of control
metastatic cells was noticed during the first 24 hr upon inocu-
lation of lower tumor cell numbers (Figure S4C). Secretion of
TGF-B significantly increased the amounts of KM12L4a cells
detected at these early time points (Figure 4F; Figure S4C). To
further test this early requirement, we used CRC cells that ex-
pressed TGF-B from a doxycycline-inducible promoter. A short
pulse of TGF- (24 hr) at the moment of intrasplenic inoculation
was sufficient to increase metastasis burden by facilitating
metastasis initiation without affecting subsequent tumor growth
(Figures 4G and 4H; Figure S4D; p < 0.05). Thus, high levels of
TGF-B specifically act to enhance the colonization capability of
CRC cells at the initial phase of metastasis. Because KM12L4a
and HT29-M6 cells harbor an inactivated TGF- pathway,
enhanced metastasis initiation by TGF-B secretion must be
the consequence of changes in the tumor microenvironment.
Indeed, metastasis derived by both TGF-f secreting cell lines
displayed enhanced desmoplastic reaction (Figures S4E-S4L)
with abundant p-SMAD2 accumulation in stromal cells (Figures
4] and 4J; Figures S4M and S4N) and elevated expression of
stromal TBRS genes (Figure 4K; data not shown).

Pharmacological Inhibition of Stromal TGF-§ Signaling
Blocks Metastasis Initiation

We have recently described the purification of Colon Cancer
Stem Cells (CoCSCs) from CRC biopsies via surface expression
of the receptor tyrosine kinase EPHB2 (Merlos-Suérez et al.,
2011). We isolated EPHB2-high CoCSCs from the primary tumor
of a patient with stage IV CRC and cultured them in conditions
similar to those used for expansion of normal colon stem cells
(Jung et al., 2011; Sato et al., 2011). EPHB2-high tumor cells
embedded in matrigel expanded as epithelial tumor organoids
(Figure 5A), which retained high expression levels of colon
stem cell marker genes such as LGR5 and ASCL2 (data not
shown). Genomic analysis of the tumor organoids revealed that
the two TGFBR2 alleles were inactivated by mutations in this
patient (data not shown). Indeed, treatment with TGFBR1-
specific inhibitor LY2157299 (Bueno et al., 2008) or the addition
of active TGF- did not modify in vitro growth rates, morphology,
or organoid forming activity of this CoCSC-derived culture
(Figures 5A-5C). Primary CoCSCs expressed higher TGFB
levels than did CRC cells lines (Figure 5D). When injected in
immunodeficient mice, they generated tumors with abundant
p-SMAD2* stromal cells (Figure 5E, left panel), implying that
this primary CoCSCs elicited a TGF-B response in the tumor
microenvironment. Feeding mice bearing macroscopic tumors
from CoCSCs-derived cultures with LY2157299 blocked TGF-f
signaling in the tumor stroma as shown by reduced stromal
p-SMAD?2 positivity (Figure 5E, right panel) and downregulated
levels of stromal TBRS genes (Figure 5F). Importantly, treatment
with LY2157299 conferred resistance to the formation of sub-
cutaneous tumors by primary CoCSC-derived cells (Figures 5G
and 5H). Remarkably, this TGF- inhibitor regime also reduced
formation of liver metastasis by CoCSCs inoculated via the
spleen (Figures 51 and 5J). Kinetics of metastatic colonization
showed that LY2157299 reduced the number of cells that en-
grafted the liver immediately after inoculation (Figure 5I, inset),
the opposite behavior of that induced by secretion of high
TGF-B levels in CRC cell lines. Of note, these experiments
were performed in NSG mice, which rules out that LY2157299
blocked metastasis through changes in the function of the
immune system. Altogether, the clinical and functional data
described so far indicate that a TGF- program activated in the
tumor microenvironment confers CRC cell competence to over-
come the initial phase of metastasis.

Metastasis Initiation by TGF-p-Stimulated Stromal

Cells Depends on GP130/STATS3 Signaling in Tumor
Epithelial Cells

We next sought to understand the mechanisms behind the
potent effect of stromal TGF-B program on the capacity of
CRC cells to initiate metastasis. We discovered that subcuta-
neous tumors and metastases generated in the context of a
TGF-B activated microenvironment displayed prominent accu-
mulation of p-STAT3 in CRC cells compared with those derived
from control cells (Figure 6A; Figures S5A-S5H). STAT3 sig-
naling depended on GP130 as shown by strong reduction of
epithelial p-STAT3 levels upon GP130 shRNA-mediated knock-
down in CRC cells (Figure 6A; Figures S5| and S5J). These
results suggest that TGF-$ induces the expression of GP130-
binding cytokines in the tumor microenvironment, which in turn
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Figure 4. TGF-pB Activated Stroma Induces CRC Metastasis

(A) Pie charts for submucosal or lymphatic vessel invasion in KM12L4a°°"- and KM12L4a"® P-derived cecum tumors.

(B) Incidence of metastases in mice from (A) (**p < 0.01; Fisher’s exact test).

(C and D) Number of liver metastases after intrasplenic (IS) injection with 10° KM12L4a°" or KM12L4a"® " cells (C) or 2 x 10% HT29-M6°°" or HT29-M6"¢ " cells
(D) (*p < 0.05, two-tailed Student’s t test). Whiskers: Vmin, Vmax. Representative livers are shown from injections with 5 x 10° cells (C) or 2 x 10° cells (D). Arrows
denote metastatic nodules.
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switches on STATS signaling in tumor epithelial cells. To study
the relevance of this signaling cycle for tumorigenesis, we inoc-
ulated subcutaneously into nude mice HT29-M6 cells that
secreted active TGFB1 and at the same time were knockdown
for GP130 (HT29-MgS"GP180TGF-f) These experiments revealed

Day 20

Figure 5. Inhibition of TGF- Response in
the Stroma Blocks Tumor Initiation

(A) In vitro expansion of a CoCSC. Scale bars =
10 um.

(B) In vitro growth of human CoCSCs upon addi-
tion of TGF-pB or LY2157299 (LY). Values are mean
relative absorbance (RLU) over time + SD (n = 3).
(C) Number of organoids from human CoCSCs
treated with TGF-B or LY2157299. Values are
mean + SD (n = 3). Representative images are
shown. Scale bars = 200 pm.

(D) gRT-PCR for TGFB in the indicated CRC cells.
Values are mean + SEM.

(E) p-SMAD2 staining in s.c. tumors derived from
CoCSCs injected in NSG mice treated with
LY2157299 for 3 days (LY; right panel, arrowhead)
or untreated (left panel; arrow). E, epithelial cells;
Str, stromal cells. Scale bars = 10 um.

(F) Relative expression of some stromal TBRS
genes in tumors from (E). Values are mean + SEM
n=2).

(G) Kaplan—-Meier curves show TFS for mice in-
jected s.c. with 10® CoCSCs. Mice received
LY2157299 (blue) or vehicle (purple) from 3 days
prior to inoculation until sacrifice (n = 12).

(H) Representative images from (G).

(I) Bioluminescence over time after IS inoculation
of 5 x 10° CoCSCs cells in NSG mice treated as
in (G). Values, normalized as in Figure 4F, are
mean + SEM.

(J) Representative images from (l).

that GP130/STAT3 signaling in cancer
cells participated in the enhancement
of tumor initiation mediated by stromal
TGF-B signaling (Figure 6B), but it was
not important for the growth of tumors
once established (Figure 6C). HT29-
MBSO or HT29-M6S"CP130 cells grew
with identical kinetics in vitro (Figure S5K)
and, in the absence of a source of TGF-8,
formed tumors in immunodeficient mice
with equivalent latency and frequency
(Figure S5L).

Importantly, these GP130-knockdown
HT29-M6 cells secreting TGF-B displayed
decreased liver take rates during the first

hours following intrasplenic inoculation (Figures 6D and 6E)
compared to control cells. After the initial phase, the number
of tumor cells detected in the liver progressively decreased
and, after two weeks, both HT29-M6S"C°"VTGFB and HT29-
MeShGP18OTGR-B 6ol reinitiated expansion with similar kinetics

(E) Incidence of metastasis induced in (C), (D), and (F).

(F) Normalized bioluminescence over time after injection of 5 x 10° KM12L.4a®" or KM12L4a %P cells. Intensities were normalized to day 0 and arbitrarily set to

100. Values are mean + SEM (*p < 0.05).

(G and H) Inducible TGF-B cells and recipient mice were treated as in Figure 3G. (G) Bioluminescence over time after injection with 5 x 10° cells. Values,
normalized as in (F), are mean + SEM (*p < 0.05). (H) Number of liver metastases at time of sacrifice. Whiskers: Vmin, Vmax (*p < 0.05, two-tailed Student’s t test).
(l'and J) p-SMAD2 staining in liver metastasis generated from KM12L4a%°" (I) or KM12L4a" P cells (J). E, epithelial cells; Str, stromal cells. Scale bars = 10 um.
(K) Relative expression levels of some stromal TBRS genes in dissected metastatic nodules. Values are mean + SEM (n = 3).

See also Figure S4.
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Figure 6. Metastasis Initiation Driven by
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(Figure 6D). The initial clearance of tumor cells is concurrent
with apoptosis, as shown by measurement of in vivo caspase
activity few hours after inoculation (Figure 6F). In the absence
of GP130/STATS3 signaling, apoptosis levels were increased,
suggesting that this pathway promotes survival in the context
of liver colonization.

Interleukin-11, a TGF-p Target Gene in CAFs, Enhances
Metastasis Initiation
Interleukin-11 (IL11), a GP130-binding cytokine, was among the
genes highly upregulated by TGF-f in colon fibroblast cultures
(F-TBRS, Table S4), although microarray measurements of
IL77 mRNA levels did not associate with cancer recurrence
in the cohort of patients with CRC (Table S4). HT29-M6 CRC
cells responded to recombinant IL11 by activating the GP130/
STAT-3 pathway (Figure 7A). Genes upregulated by IL11 in
this cell line constituted an IL11-response signature (IL11RS,
Table S4). We found that IL11RS expression correlates tightly
with both TGFB and FTBRS levels in CRC samples (Figure 7B)
and predicts disease relapse (Figures 7C and 7D). Purification
of stromal populations from primary human CRC samples
showed that CAFs were the only source of IL11 in tumors
(Figure 7E). Experimental metastasis generated from TGF-B
secreting KM12L4a cells showed a marked upregulation of
IL11 (Figure 7F). Importantly, IL77 mRNA was reduced to control
levels upon LY2157299 treatment of mice bearing CRC stem
cell-derived tumors (Figure 7F).

We tested the contribution of IL11 to metastasis by engi-
neering CRC cells to autonomously produce this cytokine.
Upon implantation in the cecum of mice, we observed no signif-

icant differences in the size (not shown), degree of invasion
(Figure 7G), or histological appearance of primary tumors devel-
oped by control or study groups (Figures S6A-S6C). Yet,
KM12L4a'""" cells effectively colonized liver, lungs, distant
lymph nodes, and brain, whereas control cells displayed limited
metastatic capacity (Figure 7G, inset table). In the same set of
experiments, KM12L4a cells expressing IL6, a cytokine closely
related to IL11, displayed a marginal increase in metastatic
capacity (Figures S6D and S6E). Intrasplenic inoculation of
HT29-M6"" tumor cells confirmed that IL11 enhanced the
liver metastatic potential of CRC cells (Figures 7H-7K). The initial
kinetics of metastasis upon intrasplenic inoculation demon-
strated that IL11-expressing cells were more proficient at colo-
nizing livers than were control cells (Figures 71 and 7J), an effect
that was evident as early as 24 hr after inoculation (Figure 7K).
IL11 rescued apoptosis of tumor cells during the first hours of
liver colonization (Figure 7L). This behavior paralleled that
induced by stromal TGF-f through GP130 signaling in CRC cells
shown in Figures 6D-6F.

DISCUSSION

Metastasis involves the regeneration of a full-blown tumor from
few disseminated cancer cells. This process is intrinsically
inefficient, mainly because of the inability of isolated tumor cells
to colonize host tissues and reinitiate tumor growth in a different
environment (Luzzi et al., 1998; Valastyan and Weinberg, 2011).
The most accepted view is that competences to overcome this
initial bottleneck result from Darwinian selection of appropriate
genetic alterations in CRC cells. It is not clear, however, how
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functions required for colonizing a foreign organ could be
selected in the primary tumor where the specific constraints
imposed by a different tissue environment are not present
(Luzzi et al., 1998; Valastyan and Weinberg, 2011). Additionally,
metastatic traits could be acquired after cancer cells have
reached the metastatic site, yet this event would necessarily
require that tumor cells gain extravasation capacity and survive
in the host environment. Our data argue that key functions
required to overcome the initial phase of metastasis are provided
by the TGF-B-activated microenvironment. Without the activity
of this stromal program, fully aggressive CRC cells fail to colo-
nize the host organ. We speculate that those tumor cells capable
of initiating metastasis with high efficiency would possess the
capacity to raise such TGF-B response in the environment.

(*p < 0.05, two-tailed Student’s t test). Whiskers:
Vmin, Vmax, truncated at 1.5 times the inter-
quartile range. (I) Bioluminescence over time after
IS inoculation. Values, normalized as in Figure 4F,
are mean + SEM (**p < 0.01). (J) Representative
images from (I). (K) Bioluminescence 24 hr after
injection in mice from (l). Whiskers: Vmin, Vmax
(**p < 0.01, two-tailed Student’s t test). (L) In vivo
caspase 3/7 activity 6 hr after IS injection of
HT29-M6°°" or HT29-M6"'" cells. Values are
mean + SEM.

See also Figure S6.
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During metastatic colonization, tumor cells may instruct the
stroma of the host organ by either secreting TGF-f or recruiting
TGF-B-producing cells such macrophages, CAFs, or platelets.
An alternative hypothesis is that a TGF-B-driven premetastatic
niche could be specified by the primary tumor in foreign tissues
through secretion of systemic cytokines, including TGF-§ itself.

Among the benefits that CRCs obtain via crosstalk with the
TGF-B-subverted microenvironment is GP130/STAT3 signaling,
which suppresses apoptotic stimuli encountered during the
colonization of the metastatic site. Fitting these observations,
it has been shown that p-STAT3 accumulation in primary
CRC samples associates to advanced disease and poor out-
come (Kusaba et al., 2006; Morikawa et al., 2011). Indeed, the
GP130-binding cytokine IL11, which is secreted by TGF-B
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stimulated CAFs, confers robust metastatic capacity to CRC
cells. On a side note, IL11 is also a megakaryopoietic cytokine
that stimulates platelet production (Musashi et al., 1991; Tera-
mura et al, 1992), and recombinant IL11 is an efficient
supportive therapy in patients with malignancies who develop
thrombocytopenia as a side effect of chemotherapeutic treat-
ment (Bhatia et al., 2007). Therefore, the prometastatic effect
of IL11 described here calls for a reassessment of the use of
this cytokine in an adjuvant setting. On the other hand, correla-
tions between elevated platelet counts, referred to as thrombo-
cytosis, and poor prognosis have been reported for many solid
cancers, including gastrointestinal tumors (lkeda et al., 2002;
Nouso et al., 2008). Platelets protect circulating tumor cells
from immune system, as well as assist them during extravasation
(Gay and Felding-Habermann, 2011). In addition, platelets are
a rich source of TGF-$ (Labelle et al., 2011). It is thus possible
that tumor-derived TGF-$ may promote IL11 production from
stromal cells to increase platelet activation, which may further
enhance stromal TGF-B response.

Besides IL11, the TGF-B response signatures include some
previously described prometastatic factors in other tumor types,
such as ANGPTL4 (Padua et al., 2008), PTHLH (Yin et al., 1999),
HBEGF (Bos et al., 2009), CTGF (Kang et al., 2003), TNC
(Oskarsson et al., 2011), and JAG1 (Sethi et al., 2011; Sonoshita
et al., 2011). For instance, ANGPTL4 mRNA levels are induced
by TGF-B in fibroblasts (Table S4). This secreted factor has
been previously shown to mediate intravasation of breast cancer
cells into lungs (Padua et al., 2008). Consistent with this obser-
vation, our assays show enhancement of lung metastatic
capacity by CRC cells upon activation of stromal TGF-f program.
JAG1 participates in breast cancer metastasis to the bone (Sethi
et al., 2011), and activation of Notch signaling in CRC cells by
endothelial cell-expressed JAG1 promotes transendothelial
migration during liver and lung metastasis (Sonoshita et al.,
2011). Indeed, we found that JAG7 is a TGF-B response gene
in endothelial cells (Table S4). Therefore, besides survival during
the colonization phase of metastasis, the program activated
by TGF-B in the microenvironment likely influences additional
functions required to complete the metastasic process. Impor-
tantly, in contrast to CRC, the expression of ANGPTL4, PTHLH,
CTGF, or JAGT is induced autonomously in breast cancer
cells activated by TGF-B (Kang et al., 2003; Padua et al., 2008;
Yin et al., 1999). IL11 itself is a TGF-B target gene in breast
cancer cells, with an important role during bone metastasis
formation (Kang et al., 2005; Kang et al., 2003). It thus appears
that, in the context of a lack of response to TGF-$, CRC cells
instead achieve similar abilities by engaging the microenviron-
ment in a TGF-B-dependent manner. It would be interesting to
analyze whether this may be a general response in other cancer
types that bear inactivating mutations in TGF-B pathway com-
ponents, such as pancreatic cancer.

The invasive adenocarcinomas developed in mouse models
bearing compound mutations in Smad4 and Apc course with
a prominent accumulation of reactive stroma (Kitamura et al.,
2009; Takaku et al., 1998). Although it is not clear whether this
effect depends on increased levels of TGF-B signaling in the
microenvironment, Tgfbr2 deletion in an Apc mutant background
raises production of TGFB1 in tumors (Mufioz et al., 2006). It is
thus plausible that CRCs evolve toward a favorable scenario
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for metastasis by combining an increase of TGF-f signaling in
stromal cells with the acquisition of inactivating mutations in
TGF-B pathway components in the cancer cells. The majority
of CRCs display moderate-to-high TGF-B expression levels,
which may help explain the high rates of CRC metastasis. Impor-
tantly, we discovered a subgroup of tumors (10%-20% of all
CRCs) displaying invasion and/or local dissemination (i.e.,
AJCC stage Il and lll) yet with low TGF-B production that did
not relapse after surgical intervention. Therefore, besides
AJCC staging, our findings call for the assessment of TGF-B
pathway activation in stromal cells as a central criterion for
patient stratification. Several targeted therapies against TGF-
signaling, including LY2157299, are currently being evaluated
for treatment of different cancer types (Tan et al., 2009; Yingling
et al., 2004). Although their efficacy is not yet known, our ob-
servations predict that pharmacological inhibition of TGF-§
signaling may prevent CRC relapse and metastasis when treat-
ing patients at early time point of the process.

EXPERIMENTAL PROCEDURES

Profile Data Sets

We defined overall TGF-B levels (TGFB) as the average expression of TGFB1,
TGFB2, and TGFB3 mRNAs in a given sample (see Supplemental Information).
Data sets corresponding to human colon adenomas and carcinomas have
been previously described (Sabates-Bellver et al., 2007; Van der Flier et al.,
2007). To correlate TGFB and TBRS expression with clinical disease progres-
sion, we pooled two publicly available sets of Affymetrix transcriptomic
profiles (GSE17537 and GSE14333) corresponding to primary CRCs for
which clinical follow-up was available. GSE17537 (Smith et al., 2010) is
composed of 55 patients with colon cancer treated at Vanderbilt University
Medical Center (Nashville, TN, USA). GSE14333 (Jorissen et al., 2009) contains
a pool of 290 patients with CRC treated at two different hospitals: Peter
MacCallum Cancer Center (Australia) and H. Lee Moffitt Cancer Center
(USA). The representation of tumor samples at different AJCC stages in
these cohorts follows the natural distribution of patients with CRC receiving
standard treatment in the aforementioned hospitals. Descriptive statistics
(Table S1) as well as univariate analysis of clinical progression parameters
(Table S2) in this metacohort are included as Supplemental Information. The
TGF-B response signatures used in this study are detailed in Table S4.

Orthotopic Mouse Studies

All experiments with mouse models were approved by the animal care and
use committee of the Barcelona Science Park (CEEA-PCB) and the Catalan
Government. Cells were injected subcutaneously in 5-6-week-old Swiss
nude or NSG mice (Jackson Laboratories), which were followed for the
periods described. Tumor appearance was assessed by palpation. Five-to-
six-week-old Balb/c nude or NSG mice (Jackson Laboratories) were used to
perform metastasis experiments by intrasplenic injection (Warren et al.,
1995) or intracecum injection (Céspedes et al., 2007).

Clinical Material

Biological samples were obtained from individuals treated at the Hospital del
Mar (Barcelona, Spain) or from Hospital Clinic (Barcelona, Spain) under
informed consent and approval of the Bank Tumor Committees of each
hospital according to Spanish Ethical regulations. The study followed the
guidelines of the Declaration of Helsinki and patient’s identity of pathological
specimens remained anonymous in the context of this study. Experiments
were approved by the ethics committee of IRB/Hospital Clinic (project ERC-
208488/CRCprogramme).

ACCESSION NUMBERS

The transcriptomic data sets generated for this study have been deposited
in GEO with accession number GSE39397. This SuperSeries contains the

582 Cancer Cell 22, 571-584, November 13, 2012 ©2012 Elsevier Inc.



Cancer Cell

Stromal TGF- Signals in Colon Cancer Metastasis

subset series GSE39394, GSE39395, and GSE39396 as detailed in Supple-
mental Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures, four tables, and Supplemental
Experimental Procedures and can be found with this article online at http://dx.
doi.org/10.1016/j.ccr.2012.08.013.
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SUMMARY

We report that t(1;19) ALL cells universally exhibit expression of and dependence on the cell surface receptor
ROR1. We further identify t(1;19) ALL cell sensitivity to the kinase inhibitor dasatinib due to its inhibition of the
pre-B cell receptor (pre-BCR) signaling complex. These phenotypes are a consequence of developmental
arrest at an intermediate/late stage of B-lineage maturation. Additionally, inhibition of pre-BCR signaling
induces further ROR1 upregulation, and we identify distinct ROR1 and pre-BCR downstream signaling path-
ways that are modulated in a counterbalancing manner—both leading to AKT phosphorylation. Consistent
with this, AKT phosphorylation is transiently eliminated after dasatinib treatment, but is partially restored
following dasatinib potentiation of ROR1 expression. Consequently, ROR1 silencing accentuates dasatinib

killing of t(1;19) ALL cells.

INTRODUCTION

Acute lymphoblastic leukemia (ALL) is the most common form
of childhood malignancy, accounting for 25% of all childhood
cancers. Although great strides have been made in the treat-
ment of childhood leukemia, close to 20% of patients will
have resistant disease eventually leading to death. To improve
outcomes for these patients, it is critical to develop new thera-
peutic strategies that specifically target the cellular processes
causing malignancy. This necessitates a comprehensive knowl-
edge of the gene targets driving oncogenesis in each patient.

From both a biological and clinical standpoint, tyrosine kinases
represent an important gene family for interrogation because
tyrosine kinases have been implicated in the genesis of
a wide variety of malignancies, including certain subsets of
ALL, and tyrosine kinase inhibitors are already in clinical use
with remarkable outcomes (Krause and Van Etten, 2005). Unfor-
tunately, most patients with ALL still present without knowledge
of the specific tyrosine kinases that are operationally important
in disease pathogenesis. As such, we have performed func-
tional profiling to identify tyrosine kinase targets in patients
with ALL.

Significance

The 1;19 translocation is one of the most common recurring chromosomal abnormalities in acute lymphoblastic leukemia
(ALL). We have identified a therapeutic gene target, ROR1, for t(1;19) ALL. We have also identified a kinase inhibitor, dasa-
tinib, with universal efficacy against t(1;19) ALL cells due to inhibition of the pre-B cell receptor (pre-BCR)—another oncor-
equisite pathway for t(1;19) ALL. These phenotypes are recapitulated in other ALL cells of intermediate developmental
stage, such as t(17;19) ALL, as well as mature B cell malignancies, such as t(8;14) Burkitt’s. Finally, we have identified
signaling pathways downstream of ROR1, which cooperate with pre-BCR signaling. Our findings highlight a functional
link between the pre-BCR and ROR1 and the importance of inhibiting both pathways to augment tumor cell killing.
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Figure 1. ROR1 Is a Functional Target in t(1;19) ALL

White blood cells (2.25 x 107) from a t(1;19)-positive patient with ALL (07-112)
were suspended in siPORT buffer and incubated with 1 puM siRNA from an
siRNA library individually targeting each member of the tyrosine kinase family
as well as N-RAS, K-RAS, and single and pooled nonspecific siRNA controls.
Cells were electroporated on a 96-well electroporation plate at 1110 V
(equivalent of 150 V), 200 ps, and 2 pulses. Cells were replated into culture
media, and cell viability was determined by addition of a tetrazolium salt (MTS
assay) at day 4 after electroporation. Values represent percentage mean
(normalized to the median value on the plate) + SEM (n = 3).

See also Figure S1.

One of the most common, recurring translocations found in
patients with ALL is t(1;19)(g23;p13), which is observed in
approximately 5% of all pediatric ALL cases as well as 1%-
2% of adult ALL cases. Greater than 90% of patients with
t(1;19) exhibit blasts with expression of cytoplasmic immuno-
globulin heavy-chain p (Ign) and an absence of CD34 on the
cell surface, indicating that t(1;19) blasts are typically arrested
at a later stage of B cell differentiation (large/small pre-Bll)
compared with most other ALL subsets (Hunger, 1996; Williams
et al., 1984). The 1;19 translocation results in the fusion tran-
scription factor complex E2A-PBX1 (Hunger et al., 1991; Kamps
et al,, 1991), which has been shown to induce myeloid, T-
lymphoid, and B-lymphoid malignancies in mouse models (Bijl
et al., 2005; Dedera et al., 1993; Kamps and Baltimore, 1993;
Kamps et al., 1991).

RESULTS

ROR1 Is a Therapeutic Gene Target in t(1;19) ALL

To identify tyrosine kinase gene targets in patients with ALL, we
tested clinical specimens from pediatric patients with ALL by
gene-silencing with an siRNA library that collectively targets
the tyrosine kinome. Cells were electroporated with prevalidated
siRNAs that individually target each tyrosine kinase, as well as
nonspecific control siRNA (Tyner et al., 2008, 2009). After
4 days in culture, cells were subjected to an MTS assay for
assessment of cell viability. Evaluation of the t(1;19)-positive
sample 07-112 revealed hypersensitivity to siRNA targeting the
receptor tyrosine kinase ROR1 (Figure 1; see Figure S1A avail-
able online). Other ALL cases with normal karyotype (sample
08-026 is used as an example), did not exhibit sensitivity to
ROR1 silencing (Figure S1B). Further evaluation by RT-PCR
revealed overexpression of ROR1 in sample 07-112 at levels
comparable to artificial ROR1 overexpression in Ba/F3 cells,
whereas sample 08-026 did not exhibit detectable ROR1
expression (Figure S1C).

ROR1 Expression and Functional Dependence Is
Universal in t(1;19) ALL
To test whether the ectopic expression of ROR1 observed in
t(1;19) patient 07-112 was uniformly detectable in all t(1;19)
ALL samples, we obtained ten pediatric ALL samples (gener-
ously provided by the Children’s Oncology Group ALL Biology
Laboratory) and two cell lines that are positive for t(1;19)
and compared them with five pediatric ALL samples and
two cell lines that are t(1;19) negative. We observed that
all t(1;19)-positive samples exhibited ROR1 overexpression,
whereas none of the t(1;19)-negative samples or normal white
blood cells displayed the same phenotype (Figure 2A; Fig-
ure S2A). Overexpression of ROR1 protein was also observed
by immunoblot and FACS analysis on t(1;19)-positive cells
(Figures 2B and 2C).

To assess the extent and exclusivity of ROR1 expression in
a larger cohort of patient samples, we examined microarray
meta-analysis data generated from pediatric patients with ALL
and normal B cell progenitors (Trageser et al., 2009). We
compared t(1;19) patients with ALL with those carrying
1(9;22) (BCR-ABL), t(12;21) (ETV6-RUNXT), or patients with
MLL (11923) gene rearrangements. In addition, we evaluated
ROR1 levels in distinct, normal B-lineage progenitor populations
(CD34* Lin~, pro-B, pre-Bl, pre-Bll large, pre-Bll small, and
immature B cells). We observed higher levels of ROR1 expres-
sion on every t(1;19) patient compared with all patients from
each of the other leukemic subsets. Similarly, t(1;19) patients
showed higher levels of ROR1 expression compared with normal
B cell progenitor populations at the earliest stages of B-lineage
development (CD34* Lin~, pro-B, and pre-Bl). However, when
compared with normal B-lineage cells at an intermediate stage
of B cell development (large/small pre-Bll and immature B), we
observed high levels of ROR1, similar to those seen on t(1;19)
cells (Figure 2D). These results support recent findings showing
ROR1 cell surface expression on intermediate stages of normal
B cell development (Broome et al., 2011; Hudecek et al.,
2010). Importantly, these and other studies did not observe
ROR1 expression on normal, mature B cells or plasma cells
(Baskar et al., 2008; Fukuda et al., 2008; Hudecek et al., 2010).
Hence, in nonmalignant B-lineage cells, ROR1 expression
appears to be absent at the earliest stages of development,
becomes highly expressed at intermediate/late stages, and is
then downregulated in normal, mature B cells. Interestingly,
the vast majority of blasts from t(1;19) patients are arrested at
this intermediate/late stage of B-lineage development (large/
small pre-Bll). Hence, these data suggest that high ROR1
expression in t(1;19) may be a product of the comparatively
mature differentiation state of these malignant blasts and may
not be due to aberrant transcription profiles of the chimeric
transcription factor E2A-PBX1. Subsequent examination of the
E2A-PBX1 transcription factor in t(1;19) cell lines supports
this hypothesis, because siRNA-mediated knockdown of E2A-
PBX1 in the t(1;19) cell line RCH-ACV showed a corresponding
knockdown of the E2A-PBX1 transcriptional target WNT16B
(McWhirter et al., 1999), but had no effect on expression of
ROR1 (Figure S2B).

Because the two t(1;19) cell lines, RCH-ACV and Kasumi-2,
recapitulated the ROR1 expression profile observed in t(1;19)-
positive primary specimens, we next tested whether these cell
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Figure 2. ROR1 Is Universally Expressed
and a Therapeutic Target in t(1;19) ALL

(A) cDNA derived from t(1;19)-positive and -nega-
tive cell lines and primary patient samples was
amplified using primers specific for ROR1, E2A-
PBX1, or GAPDH, and PCR products were
analyzed by gel electrophoresis.

(B) Whole-cell extracts derived from t(1;19)-posi-
tive and -negative cell lines and primary patient
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B) (n = 15 total) were examined, and Affymetrix
intensity values for ROR1 are plotted for each
individual patient sample (**p < 0.01).

(E) RCH-ACV or Kasumi-2 cells (both t(1;19)-
positive) as well as REH cells (t(12;21)-positive)
were electroporated in the presence of nonspe-
cific or ROR1-targeting siRNA and plated into
culture media. After 3 days, a sample of cells was
harvested for immunoblot analysis using anti-
bodies specific for ROR1 or B-Actin. After 4 days,
cells were subjected to an MTS assay to measure
cell viability. Values represent percentage mean
(normalized to nonspecific control wells) + SEM
(n=10) (*p < 0.01).

(F) RCH-AQCYV cells stably expressing ROR1-V5 or
LacZ control were electroporated in the presence
of nonspecific or ROR1 UTR-targeting siRNA
and plated into culture media. After 3 days, a
sample of cells was harvested for immunoblot
analysis using antibodies specific for ROR1, V5, or
B-Actin. After 4 days, cells were subjected to an
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MTS assay to measure cell viability. Values represent percentage mean (normalized to nonspecific control wells) + SEM (n = 6) (*p < 0.01).

(G) Primary cells from a t(1;19) patient with ALL were propagated in NOD-SCID mice lacking the IL-2 receptor y chain. Xenograft cells were harvested from bone
marrow and spleen of overtly leukemic mice and electroporated with nonspecific or ROR1-targeting siRNA. After 4 days, cells were subjected to an MTS assay
to measure cell viability. Values represent percentage mean (normalized to nonspecific control wells) + SEM (n = 4) (*p < 0.05).

(H) Primary cells from a t(1;19) patient with ALL were propagated in a xenograft mouse model as above, and RNA was harvested from cell extracts. PCR was
performed on cDNA with primers specific for ROR1, E2A-PBX1, or GAPDH. The t(1;19) positive (RCH-ACV) and negative (REH) cell lines were included for

comparison.
See also Figure S2.

lines were also sensitive to ROR1 silencing, as we observed with
sample 07-112. We treated both cell lines as well as the control
t(1;19)-negative cell line REH with siRNA specific for ROR1.
Consistent with the results from sample 07-112, both RCH-
ACV and Kasumi-2 cells were sensitive to ROR1 silencing (Fig-
ure 2E). Loss of ROR1 resulted in reduced cell growth and
increased apoptosis (Figure S2C). In addition, treatment of
RCH-ACYV cells with three individual siRNA duplexes that target
different portions of the ROR1 open reading frame (ORF), as well
as three individual siRNA duplexes that target different portions
of the ROR1 3’-untranslated region (UTR), resulted in reductions

of RCH-ACV cell viability that were always proportional to the
respective silencing capacity of each siRNA duplex (Figures
S2D and S2E). Similarly, stable overexpression of an ORF-only
ROR1 construct in RCH-ACV cells rescued cell viability when
treated with an siRNA duplex targeting the ROR1 3'-UTR (Fig-
ure 2F), confirming that the siRNA-mediated killing of t(1;19) cells
is due to a ROR1-specific phenomenon. We next confirmed that
this finding was reproducible in early passage t(1;19) cells prop-
agated by xenograft into NOD/SCID mice. Xenograft cells
derived from four t(1;19) patients were tested for ROR1 overex-
pression as well as for sensitivity to ROR1 siRNA. We found that
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Figure 3. Pre-BCR Signaling Inhibition
Impairs t(1;19) Cell Viability and Activates
ROR1 Expression

(A) RCH-ACV cells were electroporated in the
presence of nonspecific siRNA or siRNA targeting
Iga., IgB, or both and then plated in culture media.
After 3 days, a sample of cells was harvested for
immunoblot analysis using antibodies specific for
Iga, IgB, or B-Actin. After 4 days, cells were sub-
jected to an MTS assay to measure cell viability.
Values represent percentage mean (normalized to
nonspecific control wells) + SEM (n = 6) (*p < .01).
(B) RCH-ACV cells were electroporated in the
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presence of nonspecific or Iga. and Igp-targeting
siRNA and then were plated in culture media. After
3 days, cells were harvested for immunoblot
analysis using antibodies specific for ROR1,
Iga, 1gB, or B-Actin. One representative blot is
included. Densitometry was performed to quanti-
tate ROR1 expression. Values represent per-
centage mean (normalized to nonspecific
control) + SEM (n = 3) (“*p < .01).

(C) RCH-ACV, Kasumi-2, and REH cells were
cultured in graded concentrations of the kinase
inhibitor dasatinib for 3 days, at which time
cells were subjected to an MTS assay for
measurement of cell viability. Values represent
percentage mean (normalized to no-drug control
wells) + SEM (n = 6).

(D) RCH-ACV cells were cultured in graded
concentrations of dasatinib for 96 hr before being
stained with Annexin-V PE and 7-AAD and were
analyzed by flow cytometry to determine induction
of apoptosis. Values represent the percentage
of total positive cells + SEM (n = 3) (*p < .05;
**p < .01).

(E and F) RCH-ACV cells were cultured in the
presence of 100 nM dasatinib for 12, 24, and 48 hr.
Cells were collected for RNA harvest and quanti-

30 40 50

ok

tative PCR analysis (E) or were lysed for immunoblot analysis (F). PCR was performed on cDNA with primers specific for ROR1 and GAPDH to determine relative
ROR1 mRNA expression levels. Values represent the fold change (normalized to untreated control cells) + SEM (n = 6) (*“p < .01). Immunoblotting was performed
with antibodies specific for ROR1 or B-Actin to determine relative ROR1 protein expression.

See also Figure S3.

both features were recapitulated in these early passage t(1;19)
xenograft cells (data for one representative cell line are shown
in Figures 2G and 2H).

ROR1 Expression Is Regulated By Pre-BCR Signaling

We next wanted to investigate the functional role for ROR1 in
t(1;19) ALL cells. Because upregulation of ROR1 in both malig-
nant and normal B cell precursors occurs at the pre-Bll stage,
we first examined a possible connection with other biological
events known to occur at this same stage of B-lineage matura-
tion. One of the hallmarks of the pre-Bll stage is the assembly
and expression of the pre-BCR complex (Figure S3A). As such,
we next examined the possibility of a functional connection
between ROR1 and the pre-BCR. We tested two possibilities:
(1) ROR1 directly interacts with the pre-BCR complex or (2)
pre-BCR signaling may drive ROR1 expression. We began by
examining ROR1 immunoprecipitates from t(1;19) ALL cells but
found no evidence for interaction of ROR1 with Igp or other
constituents of the pre-BCR (Figure S3B). Next, we examined
whether disruption of the pre-BCR would result in decreased

ROR1 expression. To disrupt pre-BCR signaling, we utilized
siRNA against the immunoglobulin alpha and beta (Iga and 1gf)
components of the pre-BCR complex, which have previously
been shown to be necessary for pre-BCR activity (Papavasiliou
etal., 1995; Teh and Neuberger, 1997). As expected, knockdown
of Iga or Igp resulted in significantly impaired t(1;19) ALL cell
viability, which was amplified with simultaneous silencing of
both proteins (Figure 3A). We then analyzed ROR1 expression
following inhibition of the pre-BCR by knockdown of Iga/p. Para-
doxically, knockdown of Iga. and Igf did not inhibit ROR1 expres-
sion and instead resulted in significant ROR1 upregulation
(Figure 3B).

The unexpected upregulation of ROR1 after pre-BCR silencing
suggested a functional connection between ROR1 and the
pre-BCR, with ROR1 upregulation after pre-BCR inhibition
potentially representing an intrinsic response mechanism to
perturbation of the pre-BCR pathway. We next examined a
pharmacological approach to inhibition of pre-BCR signaling,
employing the inhibitor dasatinib, which has been previously
described to block mature-BCR signaling (McCaig et al.,
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Figure 4. Dasatinib Inhibits Pre-BCR/SRC/
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BTK | e s s am—

(A) Schematic of pre-BCR signaling and function
during pre-B development. Adapted from (Herzog
et al., 2009; Monroe, 2006).

(B) RCH-ACV cells were treated with dasatinib
(50 nM) over a time course, and whole-cell
extracts were subjected to immunoblot analysis
for total or phospho-LYN, SYK, Iga, and AKT. In
addition, BTK was immunoprecipitated from the
same cellular lysates, and immunoprecipitates
were immunoblotted for total or phospho-BTK.
(C) RCH-ACYV cells were treated with an allosteric
inhibitor of AKT (1 uM) or dasatinib (100 nM) for
24 hr and whole cell extracts were subjected to
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2011). Similar to siRNA-mediated disruption of the pre-BCR,
inhibition of pre-BCR signaling with dasatinib resulted in
impaired viability and increased apoptosis of the pre-BCR-posi-
tive t(1;19) ALL cell lines RCH-ACV and Kasumi-2, whereas the
pre-BCR-negative t(12;21) ALL cell line REH was insensitive
(Figures 3C and 3D). As with knockdown of Iga/B, dasatinib-
mediated pre-BCR inhibition resulted in further upregulation of
ROR1 mRNA and protein (Figures 3E and 3F; Figure S3C). To
confirm that ROR1 upregulation is not a general response to all
apoptotic stimuli in t(1;19) cells, we treated RCH-ACV cells
with doxorubicin, which induces apoptosis through the p53
pathway and is a therapeutic agent used in the setting of ALL.
We observed robust induction of apoptosis in response to
doxorubicin (Figure S3D); however, ROR1 was not upregulated
and, in fact, exhibited reduced expression (Figure S3E). This
stands in marked contrast to the robust upregulation of ROR1
observed after inhibition of the pre-BCR with dasatinib or
silencing of the pre-BCR with siRNA directed against Iga/B
(Figures 3B and 3F; Figures S3C and S3E).

lated the phenotype of pre-BCR silencing

(reduction of t(1;19) ALL cell viability and
ROR1 upregulation) suggested that dasatinib could be a useful
tool to study functional interactions between ROR1 and the
pre-BCR. First, however, we wanted to validate that dasatinib
was operating via inhibition of pre-BCR signaling and also iden-
tify the specific kinase targets of dasatinib in this setting. As
previously described, the pre-BCR is noted for regulation of
both proproliferation and prodifferentiation signaling required
for normal B cell differentiation, and a variety of kinases play
a prominent role in this signaling complex (Figure 4A). We began
by examining putative dasatinib targets that are known to partic-
ipate in this pre-BCR signaling complex. BTK and SRC-family
kinases are established targets of dasatinib (Hantschel et al.,
2007; Karaman et al.,, 2008) and critical components of the
pre-BCR and mature BCR signaling complexes (Hsueh and
Scheuermann, 2000). Indeed, phosphorylation of BTK and the
SRC-family kinase, LYN, were inhibited after dasatinib exposure.
The additional loss of phosphorylation of pre-BCR complex
components SYK, Iga, and AKT (which are not direct targets
of dasatinib) indicated complete disruption of the pre-BCR

660 Cancer Cell 22, 656-667, November 13, 2012 ©2012 Elsevier Inc.



Cancer Cell
ROR1 and Dasatinib in t(1;19)-ALL

Table 1. ROR1-Associated Proteins Identified by IP-Mass Spectrometry in t(1;19) ALL

Isotype Control

ROR1 Antibody

Gene Accession No. Kasumi-2 697 RCH-ACV Kasumi-2 697 RCH-ACV
ROR1 Q01973 0 0 0 30 28 19
TRIM21 P19474 0 0 0 12 0 12
MORCS3 Q14149 0 0 0 7 17 18
TBC1D1 Q86TI0 0 0 0 9 1 3
TBC1D4 060343 0 0 0 9 0 2

ACTB P60709 15 23 26 8 47 26

Lysates from the t(1;19)-positive ALL cell lines (Kasumi-2, 697, and RCH-ACV) were subjected to immunoprecipitation with ROR1-specific antibody or
an isotype matched control. Immunoprecipitates were then analyzed by mass spectrometry (MS). All proteins that were identified at a similar frequency
in isotype controls as ROR1-specific antibody samples were considered to be nonspecific interactions and eliminated. Only proteins that were iden-
tified with ROR1 antibody and not with isotype control were considered as candidate ROR1-interacting proteins. Genes name, UniProt accession
number, and corrected MS/MS spectral counts are shown for each identified protein as well as f-Actin control.

See also Figure S6.

signaling complex by dasatinib (Figure 4B). In addition, direct
inhibition of AKT with an allosteric inhibitor of AKT (MERCK
AKT1/2; published as drug #17 in Table 2 of Bilodeau et al.,
2008) resulted in ROR1 upregulation, as was also observed
with dasatinib and pre-BCR silencing (Figure 4C). These results
suggested that t(1;19) ALL dasatinib sensitivity occurs as a result
of inhibition of pre-BCR-initiated BTK and/or SRC kinases that
subsequently activate AKT. However, dasatinib has the capacity
to inhibit many other kinases, so we wanted to further validate
this hypothesis. Accordingly, we treated t(1;19) ALL cells with
the SRC kinase inhibitor ponatinib (which lacks activity against
BTK; O’Hare et al., 2009) and observed a phenotype identical
to dasatinib —selective sensitivity of t(1;19) ALL cells and potent
reduction of AKT phosphorylation (Figures 4D and 4G). In
contrast, a third kinase inhibitor, imatinib, exhibited no effect
on t(1;19) ALL cells (Figure 4E). Examination of these three drugs
to understand target genes inhibited by both dasatinib and
ponatinib but not by imatinib revealed that the only candidate
gene targets to explain the dasatinib/ponatinib phenotype are
SRC kinases, EPH receptor kinases, and CSK (Figure 4F). Treat-
ment of these cells with a CSK inhibitor (BMS-599626) or a BTK
inhibitor (PCI-32765) did not recapitulate the dasatinib/ponatinib
phenotype, indicating that dasatinib/ponatinib sensitivity is due
to SRC kinases or EPH receptor kinases (Figure 4G). Examina-
tion of EPH receptor expression revealed that EPHAS is upregu-
lated in t(1;19) ALL cells (Figure S4A). However, silencing of
EPHAS did not yield any discernible effect on t(1;19) ALL cell
viability. No other EPH receptors exhibited aberrant expression
in the t(1;19) setting, indicating that EPH receptors are likely
not underlying this dasatinib/ponatinib cell viability response
and suggesting SRC-family kinases as the operationally
important target underlying t(1;19) ALL dasatinib sensitivity
(Figure S4B).

Finally, we closely examined downstream pre-BCR signaling
in the context dasatinib exposure. The pre-BCR is known to
stimulate a prodifferentiation pathway (BTK/BLNK/PLCy2) as
well as a prosurvival/proliferation, antidifferentiation pathway
(PIBK/AKT) (Hashimoto et al., 1999; Herzog et al., 2009). We
observed no effects on phosphorylation of BLNK/PLCy2 after
dasatinib treatment (Figure S4C), which is consistent with our
conclusion that BTK is dispensable for dasatinib-mediated

t(1;19) ALL cell killing. In contrast, analysis of downstream
AKT substrates revealed activation (reduced phosphorylation)
of FOXO-family transcription factors, upregulation of RAG1
protein, loss of expression of the prosurvival gene BCL6, and
activation (reduced phosphorylation) of proapoptotic BAD—all
of which lead to arrested proliferation and apoptosis (Figure 3D;
Figures S4D-S4F) (Brunet et al., 1999; Datta et al., 1997; Hide-
shima et al., 2010).

ROR1 Drives Signaling Pathways that Are

Compensatory with Pre-BCR Signaling

The increase of ROR1 expression after inhibition of the pre-BCR
signaling complex led us to hypothesize the existence of coun-
terbalancing pools of signaling proteins that function down-
stream of ROR1 or the pre-BCR in a compensatory manner to
influence cell growth and viability. To evaluate this possibility,
we needed to first determine the mechanism by which ROR1
influences downstream signaling pathways. We first examined
the potential tyrosine kinase function of ROR1. However, we
found no evidence of endogenous ROR1 tyrosine phosphoryla-
tion (Figure S5A). Likewise, in vitro kinase activity assays re-
vealed no significant ROR1 kinase activity, a finding consistent
with a recent study showing absence of intrinsic ROR1 kinase
activity (Gentile et al., 2011). Hence, to identify alternative modal-
ities for activation of signaling cascades by ROR1, we performed
a mass spectrometry-based proteomic screen of proteins asso-
ciating with endogenous ROR1 in t(1;19) ALL. Using three t(1;19)
ALL cell lines (Kasumi-2, 697, and RCH-ACV), we prepared
ROR1 orisotype control immunoprecipitates. We analyzed these
samples with mass spectrometry to identify proteins that specif-
ically and consistently coimmunoprecipitated with ROR1 and not
with isotype control. This approach successfully identified four
candidate ROR1 interacting proteins (Table 1; Figure S6). Two
of these proteins (TBC1D1 and TBC1D4) have been reported
to function as RAB GTPase-activating proteins (Park et al.,
2011; Sano et al., 2003), suggesting regulation of small GTPase
signaling as a possible avenue for ROR1 signaling.

Though this work presented a potential mechanism by which
ROR1 can activate downstream signaling pathways, the specific
signaling pathways regulated by ROR1 as well as the manner by
which these pathways interact with the pre-BCR signaling
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complex remained unclear. To address these questions, we
examined protein phosphorylation patterns after treatment of
cells with ROR1 siRNA or with dasatinib. We observed three
categories of phosphorylation changes following these treat-
ments: (1) phosphorylation decreased by dasatinib but in-
creased or not changed by ROR1 siRNA, (2) phosphorylation
increased by dasatinib but decreased or not changed by
ROR1 siRNA, or (3) phosphorylation reduced by both dasatinib
and RORT1 siRNA (Figure 5A). Notably, the MAP kinase family
members, MEK and ERK, which are regulated downstream
of small GTPases such as RAS (Mendoza et al., 2011), RAB
(Bhuin and Roy, 2010), and RAC (Wang et al., 2010), exhibited
reduced phosphorylation following ROR1 silencing and in-
creased phosphorylation following dasatinib treatment. In addi-
tion, phosphorylation of AKT at serine 473 was among the
phosphorylation events that were reduced by both dasatinib
and ROR1 siRNA. Independent immunoblotting successfully
validated reduction in phosphorylation of MEK, ERK, and AKT
following ROR1 silencing (Figure 5B). Because AKT was regu-
lated by both dasatinib and ROR1, this represented a potential
signaling node for functional interaction between ROR1 and
the pre-BCR. Consistent with this model, phosphorylation of
AKT at serine 473 is almost completely abrogated after short
time points with dasatinib treatment (1 and 4 hr); however, phos-
phorylation is partially restored at 24 hr once ROR1 expression
has been further induced (Figure 5C). In addition, ROR1 ex-
hibited the capacity to regulate the MEK/ERK cascade, so we
hypothesized that crosstalk between AKT and MEK/ERK
enables ROR1 to regulate AKT and thereby cooperate with the
pre-BCR signaling complex. To test this hypothesis, we simulta-
neously treated cells with dasatinib and a MEK inhibitor,
PD98059. This combination treatment resulted in sustained
reduction of AKT phosphorylation, suggesting the 24 hr partial
AKT recovery may, indeed, be mediated by crosstalk between
MEK/ERK and AKT (Figure 5C). Finally, because STAT3 was
recently described as a regulator of ROR1 expression in CLL
(Li et al., 2010) and we observed increases in STAT3 phosphor-
ylation after dasatinib exposure in t(1;19) ALL cells (Figure 5A;
Figure S5B), we cotreated RCH-ACV cells with dasatinib and
the STAT3 inhibitor S31-201 and we observed prevention of
ROR1 upregulation in response to this drug combination
(Figure S5C).

On the basis of the observed upregulation of ROR1 in
response to pre-BCR inhibition by dasatinib and the compensa-
tory signaling pathway driven by ROR1, we hypothesized that
ROR1 may partially rescue cell survival after inhibition of the
pre-BCR. If this were the case, then targeting of ROR1 in the
context of dasatinib exposure would potentiate dasatinib killing
of t(1;19) cells. To test this hypothesis, we treated t(1;19) ALL
cell lines with nonspecific-, ROR1-, or Iga-targeting siRNA and
subsequently exposed these cells to graded concentrations of
dasatinib. As predicted, cells subjected to ROR1 silencing
were more sensitive to dasatinib compared with cells treated
with nonspecific siRNA, suggesting that ROR1 can function as
a rescue pathway for cell survival in the context of pre-BCR inhi-
bition (Figure 5D). Importantly, knockdown of Ige did not
increase the level of killing when combined with dasatinib, indi-
cating that the ROR1/dasatinib phenotype cannot be achieved
by nonspecific combination of any two cellular insults.
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Clinical Significance of Dasatinib Sensitivity

in B Cell Malignancies

To determine the clinical significance of dasatinib sensitivity in
1(1;19) ALL, we asked whether primary cells taken directly from
patients with ALL were similarly sensitive to dasatinib exposure.
We tested leukemia cells from ten patients with ALL of varying
disease subsets over graded concentrations of dasatinib. Two
of these ten patient samples were obtained from t(1;19)-positive
patients, and both samples tested were highly sensitive to dasa-
tinib, with ICsq values of approximately 2 and 12 nM, whereas the
eight other ALL samples did not achieve ICsq values even at the
highest tested concentration (1000 nM) (Figure 6A). Importantly,
examination of ROR1 levels in these two t(1;19) patients con-
firmed ROR1 overexpression, similar to levels observed on all
other t(1;19) samples previously tested (Figure 6B).

We next utilized a xenograft model of t(1;19) ALL to examine
dasatinib sensitivity in vivo. The early passage t(1;19) ALL xeno-
graft line ICN12 showed dasatinib sensitivity in vitro at concen-
trations similar to those observed in patient-derived cell lines
and primary samples (Figure 6C). These ICN12, t(1;19)-ALL cells
were then injected into NOD/SCID mice. Following engraftment,
mice were treated with a dose-escalating regimen of dasatinib or
vehicle control, starting with dosages already described for Ph*
ALL (Boulos et al., 2011) and monitored for 60 days. Mice
receiving dasatinib exhibited significantly prolonged survival
compared with vehicle-treated control mice (Figure 6D).

Finally, because t(1;19) ALL does not represent the only
B-lineage malignancy arrested at an intermediate/late stage of
B cell development, we analyzed ROR1 status and dasatinib
sensitivity in additional primary cells from B cell malignancies
arrested at both the intermediate and mature stages of B cell
development. Specifically, we examined primary samples from
patients diagnosed with pre-BCR-positive t(17;19) ALL (as indi-
cated by CD34-negativity and Igu expression; Figures S7A and
S7B), as well as a mature BCR-positive Burkitt's sample. Both
showed high ROR1 expression levels, similar to those observed
in t(1;19) ALL samples (Figure 6E). As expected, these samples
were also sensitive to dasatinib treatment, with ICsy values
comparable to those of t(1;19) ALL (Figure 6F). These results
support the idea that ROR1 expression and dasatinib sensitivity
are conserved characteristics of B cell malignancies exhibiting
both pre-BCR and mature BCR expression.

DISCUSSION

In agreement with other recent work (Broome et al., 2011; Hude-
cek et al., 2010), we show that ROR1 upregulation in t(1;19) ALL
is a product of B-lineage development arrest at the pre-Bll stage
of B cell development and not a result of aberrant regulation by
the E2A-PBX1 transcription factor generated by the 1;19 translo-
cation. Our studies also show that ROR1 is upregulated in
t(17;19) ALL and Burkitt’s leukemia/lymphoma, suggesting that
ROR1 may be expressed in most B cell malignancies arrested
at an intermediate or mature stage of development. This hypoth-
esis is supported by findings showing ROR1 expression in cell
lines and primary samples derived from patients with Mantle
cell lymphoma (MCL) and chronic lymphocytic leukemia (CLL)
(Baskar et al., 2008; Fukuda et al., 2008; Hudecek et al., 2010).
Importantly, the expression of ROR1 on cells from the mature
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Figure 5. Inhibition of Pre-BCR or ROR1 Result in Counterbalancing Effects on Signaling

(A) RCH-ACYV cells were treated with dasatinib for 24 hr or ROR1 siRNA for 72 hr, and whole-cell extracts were analyzed by phospho-proteomic array. Values on
the graph represent percentage phosphorylation change + SEM (n = 3) (*p < .05) of a total of 46 phospho-proteins for dasatinib relative to cells in the absence of
any drug and for ROR1 siRNA relative to cells transfected with nonspecific siRNA.

(B) RCH-ACYV cells were transfected with ROR1 or nonspecific siRNA for 72 hr, and whole-cell extracts were subjected to immunoblot analysis for ROR1,
phospho-AKT at residue Serine 473, and B-Actin; ROR1, total and phospho-ERK, and B-Actin; and ROR1, total and phospho-MEK, and B-Actin for validation of
ROR1 modulation observed by the phospho-proteomics screen in (A).

(C) RCH-ACV cells were treated with dasatinib (50 nM), PD98059 (50 uM), or both over a time course, and whole-cell extracts were subjected to immunoblot
analysis for total or phospho-AKT at residue Serine 473, ROR1, and B-Actin.

(D) RCH-AQCV cells were electroporated in the presence of nonspecific, ROR1-targeting, or Iga-targeting siRNA and then were plated in culture media. After
2 days, graded concentrations of dasatinib were added. Cells were allowed to culture an additional 2 days before they were subjected to an MTS assay for
measurement of cell viability. Values represent percentage mean (normalized to no-drug control wells) + SEM (n = 5) (*p < .05; **p < .01).

See also Figure S5.
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Figure 6. Clinical Significance of Dasatinib
Sensitivity in Pre-BCR/BCR-Positive Malig-
nancies

(A) Malignant cells from 10 pediatric patients with
ALL exhibiting a variety of chromosomal trans-
locations (2 positive for t(1;19)) were cultured in
graded concentrations of the kinase inhibitor
dasatinib for 3 days, at which time cells were
subjected to an MTS assay for measurement
of cell viability. Values represent percentage
mean (normalized to no-drug control wells) + SEM
(n=23).

(B) cDNA derived from primary samples of t(1;19)
patients with ALL 09-809 and 09-812 was
amplified using primers specific for ROR1, E2A-
PBX1, or GAPDH. The t(1;19)-positive (RCH-ACV)
and -negative (REH) cell lines were included for
comparison.
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(C) Early passage t(1;19) ALL xenograft cells
(ICN12) were cultured in graded concentrations of
the kinase inhibitor dasatinib for 3 days, at which
time cells were subjected to an MTS assay for
measurement of cell viability. Values represent
percentage mean (normalized to no-drug control
wells) + SEM (n = 4).

(D) Early passage t(1;19) ALL xenograft cells
(ICN12) were injected intravenously into NOD/
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round of treatment commenced with 10 mg/kg
dasatinib for 6 days, followed by 50 mg/kg dasa-
tinib for 4 days. Mice were untreated for the
following 24 days, and this was followed by 12
additional days of dasatinib or vehicle treatment.
Mouse survival was monitored over the course of
the treatment.

(E) cDNA derived from t(1;19) ALL, t(17;19) ALL,
Burkitt’s lymphoma, and normal karyotype ALL
primary samples was analyzed for relative ROR1
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mRNA expression using quantitative PCR. cDNA
was amplified using primers specific for ROR1 and
GAPDH, and ROR1 levels were normalized to
GAPDH. Values represent mean arbitrary quanti-
tative PCR units + SEM (n = 3).
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(F) t(1;19) ALL, t(17;19) ALL, Burkitt's lymphoma, and normal karyotype primary samples were cultured in the presence of graded concentrations of dasatinib.
After 3 days, cells were subjected to an MTS assay for measurement of cell viability. Values represent percentage mean, normalized to no-drug control wells.

See also Figure S7.

B-lineage malignancies, CLL, MCL, and Burkitt’s, demonstrates
a deviation from the normal distribution of ROR1 expression
observed in B cell development. Although ROR1 expression is
observed only in the intermediate stage of normal B cell develop-
ment, it is observed in both intermediate and mature B cell
malignancies. This important distinction suggests that retention
or reactivation of ROR1 expression plays a role in maintenance
of cell viability of these mature, malignant B cell clones.

We also show that the cytoplasmic pre-BCR, which is present
in pre-Bll progenitor equivalent t(1;19) ALL, is actively stimulating
the PIBK/AKT pathway, and this pathway is inhibited following
pre-BCR inhibition with dasatinib. Interestingly, we find that the
PIBK/AKT component of the pre-BCR pathway can also be
stimulated by ROR1, and inhibition of pre-BCR signaling results
in rapid upregulation of ROR1 and subsequent reactivation of

AKT via ROR1/MEK/ERK signaling. Indeed, cooperation
between AKT and MEK/ERK has been demonstrated during
B-lineage development; likewise, crosstalk between these
signaling pathways is well documented in a variety of settings
(Mendoza et al., 2011). This observation raises interesting ques-
tions about a potential cooperative role for ROR1 and MEK/ERK
signaling in regulating B cell development with the pre-BCR.
Supporting this idea is work that shows MEK/ERK signaling in
pre-B cells can both cooperate with AKT signaling to coordinate
RAG gene expression and drive prosurvival signaling (Novak
et al., 2010; Taguchi et al., 2003). A prosurvival function for
ROR1/MEK/ERK signaling supports our observation of impaired
cell viability following ROR1 silencing in t(1;19) ALL cells and is
consistent with the idea that ROR1 is being upregulated
following pre-BCR/AKT inhibition in an attempt to rescue cell
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Figure 7. Model for ROR1 Supported B Cell Development and Cross-
talk between ROR1 and the pre-BCR during Therapeutic Modulation
of t(1;19) ALL

(A-D) Schematic of ROR1 and pre-BCR signaling network and function during
normal B cell development and t(1;19)-positive pre-B ALL. Green indicates
active signaling; red indicates inhibited signaling.

viability. The potentiated effect on cell viability we observe with
simultaneous ROR1 silencing and pre-BCR inhibition supports
this model.

Taken together, our findings support a model in which normal
B cell progenitors upregulate ROR1 expression in coordination
with assembly and signaling from the pre-BCR complex at the
pre-Bll large stage of development. Here, the pre-BCR drives
AKT activation, which inhibits differentiation, drives proliferation
and promotes survival. ROR1-activated MEK/ERK signaling
cooperates with AKT to support convergent prosurvival path-
ways (Figure 7A) (Novak et al., 2010). As normal pre-B cells
transition to immature B cells, the pre-BCR is internalized and
light-chain is recombined, allowing assembly of the mature
BCR. Here, the BLNK/PLCy2 complex inhibits AKT activation
and promotes differentiation. Although loss of AKT activity
allows cell differentiation to proceed, it also represents loss of
an important prosurvival signal. Our model would suggest that
transient expression of ROR1 at this stage of B-lineage differen-
tiation offers an alternative mechanism for prosurvival signaling
through activation of MEK/ERK (Figure 7B) (Taguchi et al.,
2003). In the case of t(1;19) ALL, the t(1;19) lesion generates
the E2A-PBX1 fusion product that contributes to the develop-
mental arrest of B cell progenitors at the pre-Bll small stage of
development. Expression and signaling of ROR1 and the pre-
BCR complex are now retained in the malignant progenitor and
provide onco-requisite signaling stimuli critical for the viability
of these malignant cells. Abrogation of ROR1 signaling (with
siRNA) results in inhibition of MEK/ERK activity leading to atten-

uation of AKT activity and impairment of cell viability (Figure 7C).
Alternatively, inhibition of pre-BCR activity with dasatinib results
in rapid inhibition of the PIBK/AKT pathway and results in loss of
differentiation repression, abrogation of proproliferative signals,
and subsequent impairment of viability. However, inhibition of
the pre-BCR signaling complex also induces feedback activation
of ROR1 expression and further activation of MEK/ERK sig-
naling. In addition to partially supporting prosurvival signaling
through MEK/ERK, ROR1 upregulation drives partial reactivation
of AKT signaling, resulting in rescue of cell viability (Figure 7D).
As such, modulation of only ROR1 or only the pre-BCR is not
as effective at killing t(1;19) cells as simultaneous antagonism
of both pathways.

The optimal strategy for therapeutic targeting of ROR1
remains unclear. Immunological-based therapies present a
promising therapeutic strategy for specifically targeting ROR1-
positive malignancies. Chimeric antigen receptor (CAR)-modi-
fied T cells targeting B cell lineage-specific surface markers,
such as CD19 and CD20, are actively being investigated in
clinical trials for B cell malignancies (Porter et al., 2011; Till
et al., 2008). Our data suggest that a similar strategy targeting
ROR1 could prove valuable in treating most intermediate and
mature B cell malignancies. In fact, this strategy is already in
development and showing promising results against CLL and
MCL samples (Hudecek et al., 2010). Further study addressing
the potential toxicity of targeting ROR1 surface expression will
be critical for advancing ROR1 targeting as a viable therapeutic
option.

In conclusion, our work provides important evidence of the
biological function of ROR1 in normal B cell development and
B cell malignancy. It expands the pool of patients who could
potentially benefit from ROR1-targeted therapy and has further
suggested a high rate of overlap between the overexpression
of ROR1 and sensitivity to the targeted kinase inhibitor dasatinib.
The addition of t(1;19) and t(17;19) ALL as well as Burkitt’s
leukemia/lymphoma to the growing list of B cell malignancies
that exhibit ROR1 surface expression provides impetus for
further study of ROR1 biology and ROR1-targeted therapies.
Furthermore, although dasatinib does not directly target ROR1,
it does effectively reduce the viability of many ROR1-positive
B cell malignancies due to expression of the pre- or mature-
BCR in these cells. Hence, our work would suggest further
studies that may lead to implementation of dasatinib therapy
for B cell malignancies expressing the pre- or mature-BCR,
which could also be supplemented with ROR1-directed thera-
pies for enhanced efficacy.

EXPERIMENTAL PROCEDURES

Patient Samples

All clinical samples were obtained with informed consent with approval by
the Institutional Review Board of Oregon Health & Science University and
the Children’s Oncology Group. Bone marrow mononuclear cells were sepa-
rated on a Ficoll gradient. Cells were cultured in RPMI-1640 medium with
20% FBS (Atlanta Biologicals), L-glutamine, insulin/transferrin/sodium sele-
nite, penicillin/streptomycin, fungizone (Invitrogen), and 10~* M 2-mercaptoe-
thanol (Sigma).

Primary Leukemia Cell Xenograft
Cells (1 x 108) from at(1;19) ALL patient bone marrow were inoculated via intra
femoral injection into sublethally irradiated (250 cGy) NOD/SCID mice. When
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the mice became terminally ill due to overt leukemia, they were sacrificed, and
leukemia cells were harvested from bone marrow and spleen. Leukemic
infiltration was confirmed by flow cytometry and cells were suspended in
culture media (MEM-Alpha medium supplemented with 20% FBS, 1% peni-
cillin/streptomycin, and 1% sodium-pyruvate). For in vivo dasatinib treatment,
14 mice were injected with t(1;19)-positive ALL cells and left untreated for
8 days to allow cell engraftment. Mice were then divided into two groups
and treated by oral gavage with dasatinib or vehicle control according to
a dose-escalating protocol, starting with 10 mg/kg daily for 6 days, 50 mg/
kg once daily for 4 days, no treatment for 24 days, and 50 mg/kg twice daily
thereafter. Mouse survival was monitored for 63 days. All mouse experiments
were performed with approval by the Children’s Hospital Los Angeles Institu-
tional Animal Care and Use Committee.

Gene Expression Microarray

A meta-analysis was performed for gene expression microarray analyses of
samples from pediatric patients with ALL and normal B cell progenitor popu-
lations as previously described (Trageser et al., 2009). Data sets were pro-
cessed and normalized using the RMA algorithm, and normalization was
validated on the basis of even expression levels for a set of seven reference
genes (HPRT, COX6B, GUSB, GAPDH, PGK, ACTB, and B2M) among all
tissue samples studied. Gene expression values for the ROR1 probesets
(211057_at and 205805_s_at) and the IGHM probeset (212827_at) were
studied.

siRNA and Kinase Inhibitors

The RAPID assay and other siRNA experiments were performed as previously
described (Tyner et al., 2008, 2009). All siRNAs were from Thermo Fisher
Scientific Dharmacon RNAi Technologies. Dasatinib and PD98059 were
purchased from LC Labs; PCI-32765, BMS-599626, and ponatinib were
purchased from Selleck; doxorubicin was from Sigma; and the allosteric
AKT inhibitor (published as drug #17 in Table 2 of Bilodeau et al., 2008) was
provided by Merck Pharmaceuticals.

Immunoblotting

All immunoblotting was performed using standard protocols. For phospho-
proteomic arrays, Proteome Profiler Human Phospho-Kinase Array assays
(R&D Systems) were used and analyzed according to the manufacturer’s
protocol. Data was analyzed with ImageJ.

Statistical Analyses
For RAPID screens, the mean and standard deviation of all data points on the
plate were computed, and any data points exceeding two standard deviations
of the mean plate value were considered significant. For cell viability, expres-
sion level, and phosphorylation state assays, a Student’s t test was carried out
for each drug dose or siRNA treatment compared with no drug control or
nonspecific siRNA, respectively. Xenograft mouse survival curves were
analyzed using Log-rank (Mantel-Cox) test.

For further experimental details, see Supplemental
Procedures.

Experimental

SUPPLEMENTAL INFORMATION

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

How inflammation causes cancer is unclear. Interleukin-15 (IL-15) is a pro-inflammatory cytokine elevated in
human large granular lymphocyte (LGL) leukemia. Mice overexpressing IL-15 develop LGL leukemia. Here,
we show that prolonged in vitro exposure of wild-type (WT) LGL to IL-15 results in Myc-mediated upregula-
tion of aurora kinases, centrosome aberrancies, and aneuploidy. Simultaneously, IL-15 represses miR-29b
via induction of Myc/NF-kBp65/Hdac-1, resulting in Dnmt3b overexpression and DNA hypermethylation.
All this is validated in human LGL leukemia. Adoptive transfer of WT LGL cultured with IL-15 led to malignant
transformation in vivo. Drug targeting that reverses miR-29b repression cures otherwise fatal LGL leukemia.
We show how excessive IL-15 initiates cancer and demonstrate effective drug targeting for potential therapy
of human LGL leukemia.

INTRODUCTION

There are strong epidemiologic data to support the notion that
chronic inflammation can increase the risk for malignant trans-
formation of otherwise normal host cells (Ames et al., 1995).
Deregulated cytokine production in the context of persistent
infections can stimulate cells expressing cognate cytokine re-
ceptors to alter cell growth, cell differentiation, and cell survival,

putting a cell at increased risk for malignant transformation when
exposed to DNA damaging agents (Dranoff, 2004). For example,
overexpression of macrophage-migration inhibitory factor in
the setting of chronic inflammation can lead to the functional
inactivation of the tumor suppressor gene p53 (Hudson et al.,
1999), and overexpression of interleukin-1 (IL-1) is associated
with an increased risk of developing gastric cancer (EI-Omar
et al., 2000). While the alteration of cytokine gene expression

Significance

such cancers.

Our best opportunity for curing cancer will come from a complete understanding of its causes. Inflammation has long been
associated with the progression of cancer but few if any studies have shown how inflammation can initiate cancer. Here, we
show how an excess of a single pro-inflammatory cytokine, IL-15, causes chromosomal instability and DNA hypermethyla-
tion, leading to an aggressive acute leukemia of large granular lymphocytes, a rare yet uniformly fatal form of cancer. We
show how drug targeting of the aberrant pathways induced by excessive IL-15 can cure this cancer. Thus, elucidating
the molecular mechanisms involved in the genesis of cancer that results from chronic inflammation has merit for curing
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has been shown to alter the risk of malignant transformation,
cytokines have only rarely been directly implicated as a cause
of cancer, and to date, mechanistic insights into this process
have not been understood.

IL-15 is a proinflammatory cytokine that is required for the
genesis and homeostasis of natural killer (NK) cells or large
granular lymphocytes (LGL) (Caligiuri, 2008). IL-15 utilizes the
B (CD122) and vy (CD132) chains of the IL-2 receptor to transmit
its growth and activation signals in LGL, yet presents to the By
receptor complex in trans via its binding to a high-affinity IL-15
receptor o chain (Dubois et al., 2002). IL-15 was first shown to
be overexpressed in HTLV-1-associated human T cell leukemia,
and interruption of its autocrine loop with an anti-CD122 mab
prevented leukemic cell growth and induced leukemic cell death
in vitro (Bamford et al., 1994; Grabstein et al., 1994) but not in vivo
(Morris et al., 2006). Overexpression of murine IL-15 causes LGL
leukemia with either a NK cell or TNK cell phenotype in IL-15
transgenic (Tg) mice (Fehniger et al., 2001), and mice overex-
pressing mutated HMGI-C express excessive IL-15 that causes
NK lymphoma (Baldassarre et al., 2001). Interestingly, IL-15 has
been reported to be overexpressed in human LGL leukemia and
to date, most human cell lines isolated from patients with LGL
leukemia are dependent on IL-2 or IL-15 for in vitro propagation
(Zambello et al., 1997). Collectively, these experimental and clin-
ical data suggest a central role for IL-15 in the genesis of LGL
leukemia, a highly malignant and uniformly fatal disorder, yet
the mechanism by which this cytokine induces malignant trans-
formation of LGL is not known. In this study, we attempt to
unravel the mechanism of IL-15-induced LGL leukemia in mouse
and man.

RESULTS

Chronic In Vitro Exposure of Normal LGLs to IL-15
Results in Leukemic Transformation

Because overexpression of IL-15 as a single growth factor can
initiate leukemic transformation of LGL in vivo (Fehniger et al.,
2001) and the neoplastic cells isolated from patients with LGL
leukemia have higher expression of IL-15 than their normal LGL
counterparts (Figure 1A), we first assessed the effects of IL-15
on wild-type (WT) mouse LGL (>95% CD3"NK1.1%) to determine
if this transformation could occur in vitro (Figure 1B). Culture of
1 x 10° WT LGL with IL-15 at a concentration sufficient to satu-
rate its cognate dimeric receptor induced robust growth of the
LGL, which has continued for over 18 months while maintaining
the LGL phenotype (Figures 1C and 1D). At 6 months, a karyotype
was performed demonstrating striking aneuploidy (Figure 1E).
While withdrawal of IL-15 led to eventual apoptosis of LGL
in vitro (data not shown), adoptive transfer into SCID mice without
exogenous IL-15 resulted in a dramatic increase in white blood
cell (WBC) count (4.2 x 107/ml), splenomegaly, and death from
fatal leukemia in vivo (Figures 1B and 1F). Interphase fluores-
cence in situ hybridization (FISH) analysis of splenocytes from
the leukemic mouse revealed multiple copies of chromosome
15 (Figure 1F) as was seen in the in vitro culture before adoptive
transfer (Figure 1E), and in our original IL-15 Tg mice (Yokohama
et al., 2010). Thus, chronic exposure of WT LGL to IL-15 alone
contributes to robust growth and chromosomal instability (CIN)
in vitro, and leukemic transformation in vivo.
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Figure 1. Chronic Exposure to IL-15 Initiates Robust Expansion and
Chromosomal Instability in WT LGL

(A) Fold changes in expression of IL-15 mRNA in human LGL leukemia samples
from three patients (Pt), normalized to 78S mRNA and then quantified relative
to values of IL-15 measured in normal donor cells that were enriched for either
CD56" or CD8" (n = 4 each) and then arbitrarily set at 1.

(B) Schema for the generation of in vitro robust expansion of WT LGL during
culture in IL-15 and adoptive transfer followed by malignant transformation
in vivo in the absence of exogenous IL-15. Scale bars, 10 um.

(C) WT splenic NK1.1* cells were sorted and incubated in triplicate with
100 ng/ml rhiL-15. Cell growth was quantified as absolute number of cells
(mean + SEM) using enumeration in trypan blue exclusion dye. Wright-Giemsa
stain of the in vitro cultured cells. Scale bars, 10 um.

(D) WT LGL were analyzed for their immuno-phenotype by FACS after
6 months of in vitro culture with IL-15.

(E) Karyotype analysis was performed on metaphase spreads from WT LGL
cultured in IL-15 for approximately 6 months, demonstrating marked aneu-
ploidy. Composite karyotype of the in vitro transformed WT LGL cells was:
76-79 < 4n > XXX,-X,-1,-3,del(4)(A1A2),-4,-5,+8,+8,+12,del(12)(A1.2B),-14,
der(15)t(5;15)(B1;F2),-17,+19,+mar[cp7]/76 79,idem,+6[cp10]/76-79,idem,+
19[cp3].

(F) ICR-SCID mice were intravenously injected with 1 x 107 WT LGL following
approximately 8 months of in vitro culture with IL-15. Splenomegaly
(compared to WT control as shown) and the presence of neoplastic LGL, both
at the feathered edge of peripheral blood smear and on the spleen cytospin
preparation, are shown. Scale bars, 10 um. A representative FISH image
illustrating gain of several copies chromosome 15 (red, chromosome 15 probe;
blue, DAPI counter-stain) as seen in WT LGL cultured in vitro for months in
IL-15 (E) is also shown. Scale bars, 5 um.
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Figure 2. IL-15 Induces Centrosome Aberration in Normal LGLs

(A) The size, structure, and number of human centrosomes was determined by
confocal microscopy and immunoflorescence staining with Pericentrin (green)
in both freshly isolated normal human CD56* or CD8* LGL (top left) as well as in
malignant cells from three patients with acute LGL leukemia. Cells were
counterstained with DAPI (blue) for nuclear staining. Images shown are
representative of slides with ~10° cells. Scale bars, 5 um.

(B) The size, structure, and number of mouse centrosomes was determined by
confocal microscopy and immunoflorescence staining with GTU88 (green) in
both freshly isolated WT LGL (top left) as well as in WT LGL cultured in IL-15 for
6 months (top middle and right). Cells were counterstained with DAPI (blue) for
nuclear staining. Images shown here are representative of three different slide
preparation with ~10° cells. Graphical quantification of these centrosomal
abnormalities is shown immediately below as percentage of cells (mean +
SEM) presenting centrosomal abnormalities from three independent slide
preparations. Scale bars, 5 um.

(C) Relative fold changes (mean + SEM) in mRNA expression of AurkA and
AurkB in splenocytes from LGL leukemic mice relative to values measured in
fresh WT LGL. Quantification was by Real-time RT-PCR (n = 3 each). Each
measurement was normalized against the level of 78S mRNA, and then values
for AurkA and AurkB in fresh WT LGL were arbitrarily set at 1.

(D) Relative fold changes (mean + SEM) in mRNA expression of AurkA and
AurkB for WT LGL cultured in IL-15 for 30 days, relative again to values
measured in fresh WT LGL, which are arbitrarily set at 1 (n = 3 each).

(E) Relative fold changes (mean + SEM) in mMRNA expression of Myc in sple-
notyces from LGL leukemic mice (n = 3), and in WT mouse LGL cultured in

IL-15 Induces Centrosome Aberrations in Normal LGL
One proposed mechanism underlying CIN is centrosome-medi-
ated asymmetric chromosome segregation resulting in aneu-
ploidy (Ganem et al., 2009). Indeed we found numerical and
structural centrosomal aberrations in primary cells obtained
from patients with aggressive LGL leukemia (Figure 2A). We
next assessed WT mouse LGL cultured for several months in
IL-15 for centrosome aberrancies and compared them to fresh
WT LGL. We found that the vast majority (81 of 97) of IL-15
cultured LGL counted had significant increases in centrosome
numbers and/or size, while no such changes were noted in
263 fresh WT LGL (Figure 2B). Since altered regulation of cen-
trosome replication can be caused by excessive aurora kinases
encoded by AurkA and AurkB (Giet et al., 2005), we assessed
the expression of these transcripts in LGL leukemic blasts from
IL-15 Tg leukemic mice and found each to be significantly
elevated in comparison to WT LGL from age-matched WT
mice, although AurkB was significantly higher than AurkA (Fig-
ure 2C). Similarly, WT LGL exposed to IL-15 for only 30 consec-
utive days also showed higher transcript levels of AurkA and
AurkB compared to the fresh LGL, although AurkA was signifi-
cantly higher than AurkB (Figure 2D). Interestingly, overexpres-
sion of AurkA can transform rodent fibroblasts while AurkB
cannot (Bischoff et al., 1998; Kanda et al., 2005; Zhou et al.,
1998). This may explain the relative abundance of AurkA earlier
in this process. Indeed, we show that forced overexpression of
AurkA in WT mouse LGL exposed to IL-15 in a short-term culture
resulted in quantitative and qualitative centrosome abnormalities
as well as enhanced transformation in vitro (Figures S1Aand S1B
available online).

Because AurkA and AurkB are regulated by Myc (den Hol-
lander et al., 2010), we measured and found increased tran-
script levels of Myc in both leukemic blasts as well as in the
WT LGL cultured with IL-15 for 12 hr and for 30 days, and
confirmed this at the protein level for both WT mouse and
normal human LGL (Figures 2E, S1C and, S1D). This eleva-
tion of AURKA, AURKB, and MYC expression was confirmed
in primary human LGL leukemia samples (Figure S1E). Chro-
matin immmuo-precipitation (ChlIP) assays performed on WT
mouse LGL that had been cultured in IL-15 for 6 months and
then starved of IL-15 for 24 hr followed by re-stimulation with
IL-15 or PBS for 4 hr demonstrated an increased binding of
Myc within promoter regions of AurkA and AurkB (Figure 2F).
Specific reduction of Myc by shRNA in IL-15-activated WT
mouse LGL drastically reduced AurkA and AurkB expression
(not shown). These data suggest that IL-15-mediated induction
of Myc can lead to CIN in part via overexpression of AurkA and
AurkB.

Using a luciferase construct, we next demonstrated that
IL-15 induces Myc at least in part via activation of NF-kBp65

IL-15 for 30 days. Both measurements are relative to values of Myc measured
in fresh WT LGL that are arbitrarily set at 1.

(F) WT LGL were grown in vitro with IL-15 for approximately 6 months, and then
harvested and starved for 24 hr and then divided up to be restimulated with
either IL-15 or PBS for 4 hr. ChIP assay was performed using an anti-Myc
antibody and PCR primers amplifying the AurkA and AurkB promoter 5'
regulatory regions.

See also Figure S1.
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Figure 3. Aberrant DNA Methylation and
Methytransferase Activity Contribute to IL-
15-Induced LGL Leukemia

(A) Relative fold increase in GDM levels in sple-
nocytes from LGL leukemic mice (n = 4) and in
WT LGL cultured in IL-15 (n = 3) for 30 days rela-
tive to values of GDM measured in fresh WT LGL
(n = 4), which is arbitrarily set at 1. Quantification
was done by mass spectrophotometry and shown
as mean = SEM.

(B) Relative fold changes in mRNA expression of
Dnmt3b, in splenocytes from LGL leukemic mice
(n =3) and in WT LGL cultured in IL-15 (n = 3) for
30 days relative to values of Dnmt3b measured in
fresh WT LGL (n = 3). Quantification was by real-
time RT-PCR and shown as the mean + SEM.
Each measurement was normalized against the
level of 78S mRNA, and then values of Dnmt3b for
fresh WT LGL were arbitrarily set at 1.

u

N
[4)]

Pt#1 Pt#2 Pt#3

(C) Fold changes (mean + SEM) in mRNA ex-
" 2K . pression of DNMT3B in three human LGL leukemia
patient (Pt) samples, relative to values of DNMT3B

measured in normal donors cells that were en-
riched for either CD56* or CD8" (n = 4 each) and
arbitrarily set at 1. Each sample was normalized to
18S mRNA.

(D) Confocal analysis of Dnmt3b protein expres-
sion in mouse and human LGL leukemia relative to
normal LGL. Assay was done by immuno-labeling
the cells with anti-Dnmt3b antibody. Data are
representative of at least four independent mice,
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(Figure S1F). By EMSA, we showed binding at the putative
NF-kB binding sites within the Myc promoter after 1 hr and
12 hr of exposure to IL-15 in both mouse (Figure S1G, left)
and human LGL (Figure S1H, left). Supershift assay docu-
mented NF-kBp65 and p50 binding to the Myc promoter
following LGL cell stimulation by IL-15 for 12 hr in both mouse
(Figure S1G, right) and human LGL (Figure S1H, right). Finally,
utilizing a ChIP assay, we demonstrated an enrichment of NF-
kBp65 at the consensus binding site of the mouse Myc and
human MYC promoter following LGL cell stimulation by IL-15
for 4 hr (Figures S1l and S1J). Thus, IL-15-mediated induction
of Myc in normal LGL occurs, at least in part, via the activation
of NF-«kB.

IL-15Tg DNMT3BTg WT

patients and normal donors. Cells were counter-
stained with DAPI (blue) for nuclear staining. Scale
bars, 10 pm.

(E) WBC counts of different genotypes of adult
mice generated from mating IL-15 Tg and
DNMT3B Tg parents. The horizontal bar in each
lane indicates the mean WBC count for 6-36 mice
per group. Also included are four representative
images from Wright-Giemsa staining of blood
smears for each of the four genotypes, and an
image of four whole spleens obtained from mice of
each genotype.

(F) Comparative survival of DNMT3B Tg and WT
mice (both 100%), IL-15 Tg, and IL-15/DNMT3B
Tg mice.

See also Figure S2.

IL-15/DNMT3B Tg
IL-15Tg

DNMT3B Tg

WT

IL-15 Increases Global DNA Methylation Levels in LGL

Hypermethylation of tumor suppressor and “stability” genes can
also contribute to CIN (Esteller, 2006; Esteller, 2007), so we also
pursued this in our mouse model. We previously showed that
leukemic blasts from IL-15 Tg mice have an increase in methyla-
tion within the 5’ regulatory region of genes (Yu et al., 2005). We
confirmed an increase in global DNA methylation (GDM) within
LGL leukemic blasts from IL-15 Tg mice compared to age-
matched WT LGL controls. We also measured a GDM increase
in WT mouse LGL cultured with IL-15 for 30 days, suggesting
that IL-15 is inducing methylation before leukemic transformation
(Figure 3A). A similar increase in GDM was seen in our primary
human LGL leukemia samples (Figure S2A). We investigated

648 Cancer Cell 22, 645-655, November 13, 2012 ©2012 Elsevier Inc.
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whether changes in the DNA methyltransferase level is a cause
for IL-15-mediated hypermethylation by measuring the mRNA
levels of Dnmt1, Dnmt3a, and Dnmt3b in LGL leukemic blasts
from IL-15 Tg mice and in WT LGL cultured with IL-15. Only
Dnmt3b (MRNA and protein) was consistently elevated in both
populations (Figure 3B and top row of Figure 3D). Further, only
the expression of DNMT3B was consistently elevated in primary
leukemic blasts from patients with LGL leukemia (Figure 3C and
bottom row of Figure 3D), and was abundant in the nucleus of
normal human LGL stimulated with IL-15 (Figure S2B). These
data suggest that IL-15 may mediate hypermethylation of DNA
in LGL at least in part via an induction of DNMT3B.

De Novo Overexpression of DNMT3B Augments the
Incidence of LGL Leukemia In Vivo

We created DNMT3B Tg mice driven by the Vav1 promoter (Fig-
ure S2C). In vitro, we demonstrated that LGL from these mice
show enhanced transformation in the presence of IL-15, when
compared to WT mouse LGL in the presence of IL-15 (Fig-
ure S2D). In contrast, mouse LGL with reduced expression of
Dnmt3b showed a decrease in transformation in the presence
of IL-15 when compared to WT mouse LGL in the same assay
(Figure S2E). DNMT3B Tg mice were found to have a normal
phenotype and life expectancy similar to their WT littermates
(not shown). Mating IL-15 Tg and DNMT3B Tg parents generated
four different genotypes: IL-15 Tg, DNMT3B Tg, IL-15/DNMT3B
Tg, and WT mice. IL-15/DNMT3B Tg mice showed an increase
in WBC count significantly earlier than their IL-15 Tg counter-
parts, while DNMT3B Tg mice and WT mice had normal WBC
counts (Figure 3E). IL-15/DNMT3B Tg mice showed asignificantly
shorter latency and 100% incidence of fatal LGL leukemia
compared with IL-15 Tg mice (Figures 3F and S2F). The immuno-
phenotype of IL-15/DNMT3B Tg leukemia was similar to that
of IL-15 Tg leukemia (Yokohama et al., 2010) (not shown) but
IL-15/DNMT3B Tg mice had lymphadenopathy (Figure S2G).
Thus, excess expression of DNMT3B does not initiate leukemia
but contributes to its progression upon chronic exposure with
IL-15.

Both the IL-15 Tg and the IL-15/DNMT3B Tg mice had signif-
icantly greater CpG methylation, as measured by LINE-1 hypo-
methylation (Estécio et al., 2007; Ogino et al., 2008), when
compared to the DNMT3B Tg and WT mice (Figure S2H). While
the differences in these measurements as well as those seen in
Figure S2A appear modest, they measure methylation across
the entire genome, rather than methylation of specific tumor
suppressor genes. We previously documented promoter methyl-
ation and silencing of the tumor suppressor Idb4 in leukemia
from IL-15 Tg mice (Yu et al., 2005). Notably, /db4 promoter
methylation was more pronounced in LGL leukemia from IL-
15/DNMT3B Tg mice compared to that of IL-15 Tg mice (Fig-
ure S2I). Culture of WT LGL with IL-15 for 30 days also resulted
in methylation of the /db4 promoter, albeit not as striking as seen
in primary LGL leukemia samples from IL-15 Tg mice (Figure S2I).
In contrast, LGL from DNMT3B Tg mice did not show any meth-
ylation at the Idb4 promoter, similar to WT LGL (Figure S2I). Thus,
overexpression of DNMT3B without IL-15 overexpression was
insufficient to cause Idb4 promoter methylation. Collectively,
these results indicate that the overexpression of DNMT3B is
likely necessary but without overexpression of IL-15 is insuffi-

cient for the hypermethylation of DNA noted in LGL chronically
exposed to this cytokine.

IL-15 Regulates Expression of DNMT3B via Repression
of MicroRNA (miR)-29b

We have reported that Dnmt3b is a direct, negatively regulated
target of miR-29b and repression of miR-29b is induced by bind-
ing of Myc, Hdac-1, and NF-kBp65 to its promoter (Chang et al.,
2008; Garzon et al., 2009b; Liu et al., 2010). We showed that
short-term culture of WT mouse LGL with IL-15 induces Myc
protein via NF-«B (Figures S1F-S1l). Similar data were obtained
for Myc and NF-«B for both long-term cultures of WT mouse LGL
in IL-15 (Figure 4A) as well as in mouse and human LGL leukemia
(Figures 4B and 4C). Finally, we used a ChIP assay to show
increased binding of Myc, Hdac-1, and NF-kBp65 repressors
to the miR-29b 5’ regulatory region in WT mouse LGL first starved
and thenre-exposed to IL-15 (Figure 4D). Similar results were ob-
tained in splenocytes from LGL leukemia in IL-15 Tg mice when
compared to WT mouse splenocytes (Figure S3). As a result of
these experiments, we postulated that IL-15 stimulation of WT
LGL represses miR-29b via Myc, Hdac-1, and NF-kBp65.

Indeed, when compared to fresh WT LGL, miR-29b expres-
sion was significantly decreased in LGL leukemia from IL-15
Tg mice (p < 0.02) as well as in WT mouse LGL stimulated with
IL-15 for 12 hr (Figure 4E). We found similar striking results in
human LGL leukemia (p < 0.0009) and in normal human LGL
incubated with IL-15 (p < 0.003) (Figures 4F and 4G). Further,
forced overexpression of miR-29b by 40- to 60-fold in IL-15-
activated WT mouse LGL was associated with a proportional
decrease in Dnmt3b expression (Figures 5A and 5B), while the
reduction of Myc expression by shRNA in IL-15-activated WT
mouse LGL significantly increased miR-29b expression and
decreased Dnmt3b expression (not shown). Thus, the IL-15-
mediated induction of Myc, NF-kB, and Hdac-1 repressors in
WT mouse LGL results in a decrease in miR-29b expression
that in turn increases Dnmt3b expression.

To further confirm the role of miR-29b in IL-15-mediated LGL
leukemia, we overexpressed miR-29b in fresh WT LGL cells,
which were then cultured in IL-15 for 8-10 days prior to assess-
ment for early evidence of transformation in vitro. We noted that
overexpression of miR-29b was inversely associated with IL-15-
mediated LGL transformation compared to control transfected
cells, i.e., WT LGL with overexpression of miR-29b showed signif-
icantly less IL-15-mediated transformation (Figure 5C). Further-
more, a significant decrease of miR-29b expression in WT LGL
cells transfected with miR-29b antagomir and cultured in IL-15
for 8-10 days resulted in a significant increase in their transforma-
tion compared with the same LGL transfected with a scrambled
control (Figures 5D and 5E). Thus, collectively, we provide evi-
dence in WT LGL for a mechanistic link between IL-15-mediated
downregulation of miR-29b, increased Dnmt3b, and enhanced
transformation in short-term cultures with IL-15, as well as in-
creased methylation of the genome, including the tumor sup-
pressor Idb4, in WT LGL cells chronically exposed to IL-15.

A Formulation of a Proteasomal Inhibitor Provides Long-
Term Disease-free Survival in Leukemic Mice

Because our previous data reveal that it is possible to re-
verse miR-29b repression in leukemia cells by targeting the
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Figure 4. Alteration of Gene Expression by
IL-15 and in LGL Leukemia

(A) Confocal analysis of fresh WT mouse LGL
and WT mouse LGL cultured in IL-15 for 30 days
was performed by immunolabeling the cells with
anti-Myc and anti-NF-xkBp65 as above. Scale
bars, 5 um.

(B) Confocal analysis of spleen samples from
LGL leukemic mice and fresh WT LGL for Myc and
NF-kB was performed by immuno-labeling of the
cells with the respective antibody. Cells were
counterstained with DAPI (blue) for nuclear stain-
ing. Data are representative of at least five inde-
pendent mice evaluated for protein expression.
Scale bars, 10 pm.

(C) Confocal analysis of enriched LGL from normal
human donor blood samples compared with LGL
leukemia samples from patients. Immuno-staining
was done by incubating the cells with anti-MYC
and an anti-NF-kBp65 antibody. Data are repre-
sentative of at least four independent normal
donors and LGL leukemia patients evaluated for
protein expression. Scale bars, 10 um.

(D) In vitro cultured WT LGL were grown with IL-15
for approximately 8 months, then harvested and
starved for 24 hr and then divided up to be re-
stimulated with either IL-15 or PBS for 4 hr. A ChIP
assay was performed using the indicated anti-
body. The gel image shows the PCR product of

K% 2 the indicated gene performed on ChIP DNA with
g 0= primers designed for amplification along the
o miR-29b promoter/enhancer region. The data are
8 5 representative of three independent experiments.
(@] (E) Fold decrease (mean + SEM) in miR-29b tran-
5 -10 | script levels in splenocytes from LGL leukemic
S mice (n =4) and in WT LGL cultured in IL-15 (n = 4)
E -15 for 12 hr relative to value of miR-29b measured in
g ] fresh WT LGL (n = 4) which is arbitrarily set at 1.
5] Each sample was normalized to U6.
<-20- (F) Fold changes (mean + SEM) in expression of
L-15 - + miR-29b transcript levels in human LGL leukemia

samples, normalized to U6 and then quantified
relative to values of miR-29b measured in normal
donor cells that were enriched for either CD56" or
CD8* (n = 4 each) and then arbitrarily set at 1.

(G) Fold changes (mean + SEM, n = 3) in expression of miR-29b in CD3"CD56™ normal human donor LGL from IL-15 stimulated and PBS treated control for 12 hr

relative to values of miR-29b measured in unstimulated normal donor LGL and
See also Figure S3.

transcriptional repression of Myc, Hdac-1, and NF-kBp65 using
pharmacologic proteasome inhibitors (Garzon et al., 2009b; Liu
et al., 2010), we exposed LGL leukemia blasts from IL-15 Tg
mice to the proteasome inhibitor bortezomib for 2 hr, and ob-
served a 13,000-fold upregulation of miR-29b when compared
to blasts treated with PBS (n = 3, p = .02; Figure 6A). This resur-
gence in miR-29b expression within 2 hr of treatment is followed
by its return to levels seen in WT cells, suggestive of a block in
the binding of Myc, Hdac-1, and NF-kBp65 to the miR-29b
promoter. We also noted a significant (~50-fold) decrease in
Dnmt3b transcript in bortezomib-treated LGL leukemic blasts
at 48 and 72 hr, compared to PBS-treated blasts (Figure 6B),
which was validated at the protein level (Figure 6C). Targeting
the transcriptional repressors of miR-29b also led to a significant
re-expression of the tumor suppressor gene /ldb4 compared to
PBS-treated blasts (Figure 6D). COBRA analysis confirmed this

arbitrarily set at 1. Each measurement was normalized against the level of U6.

was due to reduction in Idb4 promoter methylation (Figure 6E).
Notably, this in vitro treatment with bortezomib not only resulted
in downregulation of Dnmt3b, but also reduced expression of
AurkA and AurkB transcript in leukemic blasts compared to
PBS treated blasts (Figures S4A and S4B). Marked apoptosis
of WT LGL in the presence of IL-15 as well of LGL leukemia
was noted with the in vitro treatment with bortezomib, which
may also be secondary to the drug’s effect on the induction of
pro-apoptotic Bid, as previously reported (Hodge et al., 2009).
We reported that in vivo treatment of ICR-SCID mice engrafted
with primary LGL leukemia from IL-15 Tg mice with a DNA
hypomethylating agent that targets Dnmt1 (i.e., decitabine) or
in combination with a HDAC inhibitor (i.e., depsipeptide) was
either ineffective or highly toxic, respectively (Yu et al., 2009).
To test the efficacy of bortezomib, we needed to first improve
the in vivo pharmacodynamics of the drug because the naked
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Figure 5. Mir-29b Overexpression or Repression Alters LGL Trans-
formation

(A) Relative fold overexpression (mean + SEM) of miR-29b in WT mouse LGL
transfected with scrambled control or pre-miR-29b, relative to the value
measured in mock transfected LGL (not shown), which is arbitrarily set at 1.
Each sample was normalized to U6.

(B) Relative fold changes (mean + SEM, n = 3) in mMRNA expression of Dnmt3b
in LGL shown in (A). Each measurement was normalized against the level of
18S mRNA, and then values of Dnmt3b for mock transfected LGL cells were
arbitrarily set at 1.

(C) LGL similarly transfected with scrambled control or pre-miR-29b as shown
n (A) were then plated at 1 x 10%well in triplicate and cultured with IL-15 in
a semisolid agar medium for 8-10 days after which CFU are detected and
quantified in a cell transformation assay using a microtiter plate reader as
described in Experimental Procedures. Percent transformation of pre-miR-
29pb transfected LGL relative to control (scrambled transfected LGL, arbitrarily
set at 100%) is shown as mean + SEM, n = 3 each.

(D) In vitro cultured mouse LGL were transfected with 50 pmole solution of LNA
control or LNA miR-29b inhibitor oligonuleotide per manufacturer’s instruction
by electroporation. Cells were measured for miR-29b expression levels 24 hr
post transfection.

(E) WT mouse LGL were plated at 1x10%/well in triplicate and cultured with IL-
15 in a semisolid agar medium for 8-10 days after which CFU are detected and
quantified in a cell transformation assay using a microtiter plate reader as
described in Experimental Procedures. Percent transformation of cells relative
to LNA control (arbitrarily set at 100%) is shown as mean + SEM, n = 3 each.

compound was toxic and ineffective. We therefore developed
a liposomal preparation (Figure S4C). Four weeks after ICR-
SCID mice were engrafted with a lethal dose of LGL leukemic
blasts from IL-15 Tg mice, a twice-weekly treatment with the
liposomal bortezomib was initiated at the dose of 1.0 mg/kg/
mouse for the first week, which was continued at the dose of

2.0 mg/kg/mouse for next 2 weeks while monitoring for any
clinical signs of toxicity or leukemia-related distress. In a ran-
domized trial, control mice treated with a preparation of empty
liposomes first succumbed to fatal LGL leukemia within 60—
80 days following infusion of the LGL leukemic blasts, and
mice treated with free bortezomib at a similar dose and schedule
as liposomal bortezomib all died from leukemia generally within
the same time. However, the mice engrafted with LGL leukemia
and treated with liposomal bortezomib showed 100% survival
130 days following infusion of the LGL leukemic blasts, without
any evidence of toxicity (Figure 6F). Spleens from mice treated
with liposomal bortezomib were significantly reduced in weight
(Figure S4D) and histologic examination showed a clearance of
leukemic blasts from liver and spleen (not shown).

DISCUSSION

There are previous reports documenting the increased risk of
cancer in association with aberrant cytokine signaling, and a
few murine models where their overexpression of cytokines
(i.e., IL-9 or IL-15) induces malignant transformation (Fehniger
et al., 2001; Renauld et al., 1994; Waldmann and Tagaya,
1999), yet mechanistic data regarding the latter remains incom-
plete (Hodge et al., 2009; Yu et al., 2005). The crucial role of IL-15
in the survival and proliferation of LGL leukemia has also been
well documented in both humans and mice (Fehniger et al.,
2001; Yokohama et al., 2010; Zambello et al., 1997). Abnormal
expression of IL-15 has been described in patients with other
lymphoid malignancies and autoimmune diseases including
rheumatoid arthritis, multiple sclerosis, psoriasis, inflammatory
bowel disease, and also in diseases associated with human
T cell lymphotropic virus | (HTLV-I) (Asadullah et al., 2000; Azimi
etal., 1998, 1999; Carroll et al., 2008; D’Auria et al., 1999; Trentin
et al., 1997). Zambello et al. previously showed that membrane-
bound IL-15 is expressed on proliferating blast cells in LGL
leukemia patients (Zambello et al., 1997), and most if not all
human LGL leukemia cell lines require activation via the IL-
15RpBy for propagation in vitro, suggesting that IL-15 is required
for initiation and maintenance of leukemogenesis in vivo.

Here, we provide the evidence that IL-15 alone can immor-
talize WT LGL in vitro that, upon adoptive transfer in vivo,
undergoes fulminant leukemic transformation in the absence of
exogenous IL-15. This oncogenic effect is the result of two
distinct pathways by which IL-15 contributes to malignant trans-
formation: first via the induction of CIN and marked aneuploidy;
and second via an induction of DNA hypermethylation, which
can contribute both to CIN (Esteller, 2006, 2007; Ganem et al.,
2009) and to silencing of tumor suppressor genes (Figure 7).
We show that IL-15 induces Myc, Hdac-1, and NF-«kBp65, which
mediate downregulation of miR-29b and consequent overex-
pression of Dnmt3b, thereby hastening the onset of LGL leuke-
mia. Concurrent upregulation of IL-15, MYC, AURKA, AURKB,
NF-kBp65, and downregulation of miR-29 followed by upregula-
tion of DNMT3B and increased GDM, as well as centrosome
aberrancies were also demonstrated in primary patient LGL
leukemic blasts compared with normal controls.

There is currently no curative treatment for LGL leukemia and
the disease is fatal in most circumstances. Treatment options in-
clude methotrexate, cyclosporine A, or cyclophosphamide and

Cancer Cell 22, 645-655, November 13, 2012 ©2012 Elsevier Inc. 651



Cancer Cell
Excessive IL-15 and the Genesis of Leukemia

24 hr 48 hr 72 hr <

]

Figure 6. In Vitro and In Vivo Targeting of
miR-29b Transcriptional Repression

(A) Fold increase in miR-29b transcript at 1 (white)
and 2 (black) hr post in vitro bortezomib treatment
(20 uM). Both measurements normalized to U6
and then set relative to values of miR-29b mea-
sured in PBS treated LGL leukemia cells, which
are arbitrarily set at 1.

(B) Relative fold changes in mRNA expression
of Dnmt3b in bortezomib (20 nM) treated LGL
leukemia samples at 24, 48, and 72 hr, normalized
to 185 mRNA and then quantified relative to values
of Dnmt3b in PBS-treated LGL leukemia samples
that are arbitrarily set at 1. Data for (A) and (B) are
mean + SEM (n = 3).

(C) Splenocytes from LGL leukemic mice were
treated in vitro with either control (PBS) or borte-
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monotherapy with corticosteroids (Sokol and Loughran, 2006;
Utecht and Kolesar, 2008), and are often associated with signif-
icant hematologic and other toxicities (Sokol and Loughran,
2006). Relatively little data exist on effective alternative therapies
for LGL leukemia. Targeting IL-15 or the B chain component of
its receptor as a means of immunotherapy has been suggested,
but has thus far not been successful in clinical trials for LGL
leukemia patients (Morris et al., 2006). Furthermore, our experi-
mental therapy with the Dnmt inhibitor decitabine targeting the
aberrant epigenetic changes observed in our preclinical model
of LGL leukemia resulted in only transient responses and associ-
ated hematologic toxicity, and the combination of decitabine
with a histone deacetylase inhibitor resulted in fatal toxicity (Yu
et al., 2009). These data therefore emphasize the need for
approaches aimed at the pathogenic mechanisms responsible
for initiation and maintenance of LGL leukemia. To pursue this
goal, we designed a therapeutic strategy that used liposomal
bortezomib to concurrently and effectively target upregulation
of Myc, activation of AurkA, AurkB, and NF-kBp65; and down-
regulation of miR-29, which were shown to play a pivotal role
in inducing CIN and aberrant Dnmt expression and in turn

-= Liposomal vehicle
— Free bortezomib
== Liposomal bortezomib

zomib (20 nM) for 24 hr and then immunoblotted
for Dnmt3b and actin that was used as an internal
control.

(D) Relative fold changes (mean + SEM) in mRNA
expression of /db4 in mouse LGL leukemia cells
treated in vitro with bortezomib (20 uM) at 24, 48,
and 72 hr, normalized to 78S mRNA, and then
quantified relative to values of /db4 in PBS-treated
LGL leukemia samples that are arbitrarily set at 1.
(E) COBRA analysis for Idb4 promoter methylation
in splenocytes from LGL leukemic mice that were
treated in vitro for 72 hr with either control (PBS)
or bortezomib (20 nM). Amplification of the ldb4
promoter region and sequential COBRA analysis
with a methylation sensitive restriction enzyme
(BstU1) reveals only a partial loss of methylation at
the Idb4 promoter in LGL leukemia cells treated
with bortezomib (20 uM), but not PBS.

(F) Kaplan-Meier survival plot for ICR-SCID mice
(n = 6-8/group) after intravenous injection of
splenocytes from LGL leukemia mice. Disease-
free survival in mice treated with empty liposomes,
free bortezomib, and liposomal bortezomib.

See also Figure S4.

-
o
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leukemia. Garzon et al. have previously shown that decreased
miR-29b expression can also contribute to cancer progression
by a concomitant increased expression of the anti-apoptotic
Mcl-1 (Garzon et al., 2009a), and Hodge et al. have shown that
IL-15 can lower the pro-apoptotic Bid protein in LGL leukemia
via proteasome-mediated degradation (Hodge et al., 2009).
STATS3 also lies downstream of IL-15 receptor activation, and
LGL leukemia from our IL-15 Tg mice display constitutive activa-
tion if STAT3 (our data, not shown). The latter has been shown
to induce anti-apoptotic Mcl-1 expression in patients with LGL
leukemia (Epling-Burnette et al., 2001), and a recent study has
uncovered activating STAT3 mutations in a subset of patients
with chronic LGL leukemia (Johnston et al., 1995; Koskela
et al., 2012). Hence it is possible that some of the effects shown
to result from excessive IL-15 signaling in this report, as well
as other unknown effects, are mediated at least in part by an
activated STATS3. Extending and integrating these findings, ther-
apeutic strategies for IL-15-mediated cancers could be also
provided through the use of aurora kinase inhibitors, NF-kB
inhibitors, STAT3 inhibitors, and/or synthetic miRNAs that target
DNA methyltransferases (Chan et al., 2010).
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Figure 7. Schematic of the Proposed Network of IL-15-Mediated
Transformation of WT LGL to LGL Leukemia

Our therapeutic effectively targets the proteasomal degrada-
tion pathway and transcriptional repressors/activators in vivo,
thereby inducing a long-term disease-free remission as a single
agent in this otherwise fatal and refractory malignancy. The
correlative data we provide from human LGL leukemia samples
document their overexpression of IL-15 as well as the two aber-
rant pathways that emanate from chronic stimulation by IL-15.
Collectively this offers a strong rationale for a therapeutic inter-
vention with liposomal bortezomib in patients with LGL leukemia.

EXPERIMENTAL PROCEDURES

Generation of Transgenic Mice

The Institutional Animal Care and Use Committee (IACUC) of The Ohio State
University (OSU) approved all procedures involving animals. Expression of
the human DNMT3B in Tg mouse is driven by the Vav promoter, which restricts
expression to cells of hematopoietic lineage. The Vav-transgenic system is
well established for mouse models of hematopoietic disease (Ogilvy et al.,
1998). The transgenic construct, including a HA-tag, was injected into mouse
pronuclei and multiple offspring were obtained with variable numbers of the
transgene (Figure S2C) but with normal survival (Figure 3F). IL-15 Tg mice
were generated and maintained as described previously (Fehniger et al., 2001).

In Vitro Culture of LGL Cells

To expand LGL cells in vitro, approximately 1 x 10° FACS sorted splenic
NK1.1* cells were cultured in 96-well plates at a density of 1 x 10%/100 pl
RPMI medium supplemented with B-mercaptoethanol, antibiotics, and
100 ng/ml of rhiL-15. Typically culture medium was refreshed every 48-
72 hr, and cells then transferred to six well plates and split back to original
density in culture when they reached a density of 1.6 x 108/100 pl.

Antibody Staining and Flow Cytometry

Spleen, bone marrow, and peripheral blood samples were harvested from
moribund mice following sacrifice and single cell suspensions were prepared
as described previously (Fehniger et al., 2001). The experiments were per-
formed according to the IACUC guidelines. The following fluorochrome-conju-
gated monoclonal antibodies (mAb) were purchased from BD PharMingen,
San Jose, CA and used for flow cytometry: anti-CD3 (clone 145-2C11), anti-
NK1.1 (clone PK136), anti-CD4 (clone RM4-5), and anti-CD8a (clone 53-6.7).
Human LGL enrichment antibodies, anti-CD56 (clone N901), and anti-CD3
(clone UCHT-1) were purchased from Beckman Coulter (Beckman Coulter,
Brea CA).

Enrichment of LGL

Normal human peripheral blood LGLs were enriched from leukopacks
purchased from the American Red Cross (Columbus, OH) to >70% cell purity
utilizing methods previously described (Park et al., 2009). Briefly, mononuclear
cells were obtained using Ficoll-Paque Plus (GE Healthcare, Little Chalfont,

United Kingdom) and CD56" cells were enriched using a Rosette separation
cocktail (StemCell Technologies, Vancouver, BC) following the manufacturer’s
instructions. Enriched LGLs were then sorted with BD FACSAria cell sorter
using anti-CD56 and anti-CD3. Sorted cells were >95% pure for CD56"CD3~
population. Patient samples were obtained from the OSU Leukemia Tissue
Bank following informed consent. The OSU Institutional Review Board
approved all experiments performed with human materials.

Total RNA and DNA Isolation

Single cell suspension was spun down and the cell pellet was resuspended
in TRIzol Lysis reagent (Invitrogen, Carlsbad, CA) processed further using
miRNeasy Mini Kit and Reagents (QIAGEN, Valencia, CA). On-column DNA
digestion was performed to eliminate any residual DNA. Total RNA was eluted
using RNase-free water, and was quantified by NanoDrop 1000 Spectropho-
tometer (Thermo Scientific, Wilmington, DE). DNA isolations were performed
using QlAamp DNA Micro Kit (QIAGEN), according to manufacturer’s proto-
cols with the exception of the elution step, which was done with water instead
of Buffer AE.

First Strand Synthesis for RT-PCR and Quantitative Tagman PCR
cDNA was generated from approximately 100-500 ng of total RNA, using the
SuperScript First Strand Synthesis kit for RT-PCR (Invitrogen), according to
the manufacturer’s protocol. RT reaction was performed in a DNA Engine
Dyad Peltier Thermal Cycler (Bio Rad, Hercules, CA) using the following
program: 25°C for 10 min (min), 42°C for 50 min, and 70°C for 10 min. For first
strand synthesis of miR-29b and U6, approximately 100 ng of RNA was pro-
cessed using the Applied Biosystems mir-RT kit (Applied Biosystems, Austin,
TX). Total RNA was added to a mix of dNTP mix, RT enzyme, 10x RT buffer,
RNase inhibitor, and each desired Tagman 5x RT primer. RT reaction was per-
formed using the following temperature conditions: 16°C for 30 min, 42°C for
45 min, and 85°C for 5 min and stored at 4°C until needed for quantitative PCR.
Quantitative RT-PCR was performed using either 1ul of cDNA or its dilutions.
Briefly, 1 pl of sample was added to a 20 pl total reaction volume containing
20x RT Tagman Assay for desired gene or miRs, 2x Tagman Universal Fast
PCR Master Mix (Applied Biosystems). Reaction was performed in 96 well
Fast Optic Plates, and run using the 7900HT Fast Real-Time PCR System
(Applied Biosystems). Tagman probe ID for the genes can be provided upon
request.

Chromatin Inmunoprecipitation Assays and Quantitative ChiP PCR
for miR-29b and the AurkA and AurkB Promoters

Approximately 2 x 107 cells were harvested from leukemic and WT mice and
the chromatin immunoprecipitation (ChIP) assay were performed as described
previously (Liu et al., 2010). For IL-15 stimulation experiments, WT LGL
cultured with IL-15 were first starved of IL-15 for 24 hr, washed twice with
cold RPMI medium, and then re-exposed to either PBS or IL-15 for 4 hr. The
following antibodies were purchased from AbCam (Cambridge, England)
and used for ChlIP: anti-HDAC-1 (Ab7028) and anti-NF-xB p65 (Ab7970).
Anti-c-Myc antibody was purchased from Santa Cruz Biotechnology. ChIP
PCR was performed using Power SYBR PCR mix (Applied Biosystems) or
AmpliTag Gold 360 PCR Master Mix using ChIP DNA, which was added to
25 ul total reaction volume containing 2x PCR mix, and 10 uM of miR-29b
forward and reverse primers (Sigma-Aldrich, St. Louis, MO). Primer sequence
can be provided upon request. Fold change in binding was compared using
input DNA as control. PCR for AurkA and AurkB was performed as described
previously (den Hollander et al., 2010).

Immunofluorescence Staining and Confocal Microscopy

Approximately 1-2 x 10° freshly harvested cells were spun onto a microscope
slide using Shandon Cytospin 4 cytofuge (Thermo Fisher Scientific, Waltham,
MA). The slides were fixed immediately with ice-cold acetone for 10 min and
washed twice with PBS and 20% FBS. Blocking was performed by incubating
the cells in protein-free blocking solution (Dako Denmark A/S, Glostrup,
Denmark) for 30 min. Cells were then stained with a 1:100 dilution of goat poly-
clonal to rabbit IgG anti-c-Myc, anti-Dnmt3b (Santa Cruz Biotechnology,
Santa Cruz, CA), or anti-NF-kBp65 (AbCam) at room temperature for 60 min.
Slides were washed twice with PBS containing 20% FBS before incubating
the cells with 1:40 dilution of Texas Red-X goat anti-rabbit IgG (Invitrogen,
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Carlsbad, CA) at room temperature for 60 min in dark. Cells were than washed
with PBS containing 20% FBS and mounted with VECTASHIELD Mounting
Medium with DAPI. Pericentrin (Abcam) and GTU-88 (Vector Laboratories,
Burlingame, CA) antibodies were used to perform centrosomal staining in
acetone fixed cells. Briefly, cells were mounted on Poly-L-Lysine coated slides
and fixed in ice-cold acetone for 5 min. Cells were incubated with either Peri-
centrin (for human samples) or GTU88 (for mouse samples) antibody for 1 hr at
room temperature followed by incubation with secondary antibody. Images
were acquired using Olympus FV1000-Filter Confocal microscope (Olympus,
Center Valley, PA) and analyzed with Olympus Fluoview software (version 2.0).

In Vitro Drug Studies

Cells were harvested from the spleens of leukemic mice. Cells were cultured in
RPMI 1640 containing 10% FBS, at 37°C with 5% CO, and 100 units/ml of
rhiL-2. Leukemic cells were incubated with 20 nM bortezomib or PBS for an
incubation time that varied with the experiment performed. Viable cells were
measured by trypan blue exclusion. Cells were harvested and washed with
PBS prior to DNA and RNA isolation.

Bisulphite Conversion and COBRA Analysis of Idb4 Promoter
Bisulphite conversion and COBRA Analysis of /db4 promoter was performed
as described (Yu et al., 2005).

Transfection of Primary Murine LGL Cells

Transfections were performed using murine Dnmt3b and AurkA SureSilencing
shRNA plasmids purchased from SABiosciences’ (QIAGEN, Valencia, CA).
Overexpression plasmids were purchased from Origene (Origene, Rockville,
MD). Single cell suspension of LGL cells were transfected using the Amaxa
Nucleofection system (Lonza Cologne GmbH, Cologne, Germany). Briefly,
approximately 5 x 106 cells were transfected according to the manufacturer’s
protocol for Amaxa Mouse Macrophage Nucleofector Kit. Cells were assessed
for the expression of GFP 12-24 hr after transfection.

In Vitro Transformation Assay

Normal activated T cells can form microscopically visible colonies in semisolid
medium as early as 4-6 days following exposure to the transforming T cell
leukemia virus, HTLV1. These lymphocytes proved to be transformed in that
their proliferation subsequently became independent of growth factor. In the
absence of infection by HTLV1, normal activated T cells do not transform
and do not form colonies in semisolid medium (Aboud et al., 1987). We used
a slightly modified colony forming unit (CFU) assay to assess for transforma-
tion of WT mouse LGL exposed to IL-15 and forced overexpression of AurkA
or Dnmt3b or underexpression of miR-29b.

WT NK1.1*CD3" LGL were activated and expanded in vitro with IL-15 and
transfected by electroporation with 5 png of GFP-plasmid DNA control
construct or a GFP-experimental vector construct as indicated in the figure
legends. Twenty-four hr after transfection, cells were sorted for GFP expres-
sion (~95% purity) and seeded at the density of 0.5 x 10°-1 x 10° cells/well
in 96 well plates in a semisolid agar medium without or with a supplement of
IL-15 (100 ng/ml). The semisolid agar colony formation assay was performed
per manufacturer’s instruction using the Cytoselect 96-Well Cell Transforma-
tion Assay Kit (Cell Biolabs Inc, San Diego, CA). Briefly, following an 8-10 day
incubation period, cell colonies are solubilized, lysed, detected, and quantified
by the provided MTT solution (Invitrogen, Carlsbad CA) in a microtiter plate
reader.

CFUs was absent from wells seeded with WT mouse LGL transfected with
the GFP-plasmid DNA control construct but without IL-15. CFUs quantified
in wells seeded with IL-15 and WT mouse LGL transfected with the GFP-
plasmid DNA control construct were labeled the control group and arbitrarily
assigned a transformation score of 100%. CFU quantified in wells seeded
with IL-15 and WT mouse LGL transfected with GFP plus the experimental
vector construct were labeled the experimental group and were scored as
a percent transformation relative to the control group.

In Vivo Drug Studies

Age and sex matched ICR-SCID mice were used to study in vivo transplant-
ability of the leukemia cells. Approximately 2 x 10° splenocytes obtained
from IL-15 Tg leukemic mice were intravenously injected into recipient mice.
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Upon engraftment of leukemia (measured by increased peripheral WBC
count), mice were given two doses of either bortezomib or liposomal bortezo-
mib at the concentration of 1.0 mg/week/kg of body weight, followed by two
doses of 2.0 mg/week/kg of body weight for next 2 weeks. Empty liposomes
were injected as control. All the experimental mice were given drug or placebo
via tail vein injection for 3 consecutive weeks.

SUPPLEMENTAL INFORMATION

Supplemental Information includes four figures and Supplemental Experi-
mental Procedures and can be found with this article online at http://dx.doi.
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SUMMARY

It is unclear how cancer cells coordinate glycolysis and biosynthesis to support rapidly growing tumors. We
found that the glycolytic enzyme phosphoglycerate mutase 1 (PGAM1), commonly upregulated in human
cancers due to loss of TP53, contributes to biosynthesis regulation in part by controlling intracellular levels
of its substrate, 3-phosphoglycerate (3-PG), and product, 2-phosphoglycerate (2-PG). 3-PG binds to and
inhibits 6-phosphogluconate dehydrogenase in the oxidative pentose phosphate pathway (PPP), while
2-PG activates 3-phosphoglycerate dehydrogenase to provide feedback control of 3-PG levels. Inhibition
of PGAM1 by shRNA or a small molecule inhibitor PGMI-004A results in increased 3-PG and decreased
2-PG levels in cancer cells, leading to significantly decreased glycolysis, PPP flux and biosynthesis, as

well as attenuated cell proliferation and tumor growth.

INTRODUCTION

The Warburg effect in cancer cells consists of an increase in
aerobic glycolysis and enhanced lactate production, which
generates more ATPs more quickly than in normal cells that
overwhelmingly rely on oxidative phosphorylation (Kroemer
and Pouyssegur, 2008). In addition, tumor tissue traps more
glucose than normal tissue does because cancer cells use
elevated amounts of glucose as a carbon source for anabolic

biosynthesis of macromolecules. These include nucleotides,
amino acids, and fatty acids, to produce RNA/DNA, proteins,
and lipids, respectively, which are necessary for cell prolifera-
tion and to accommodate the rapidly growing tumors (Kroemer
and Pouyssegur, 2008). Interestingly, leukemia cells are also
highly glycolytic (Elstrom et al., 2004; Gottschalk et al.,
2004), despite the fact that such cells reside within the blood-
stream at higher oxygen tensions than cells in most normal
tissues.

Significance

The current understanding of the Warburg effect consists of an increase in aerobic glycolysis in cancer cells. The connection
between glycolysis and PPP/biosynthesis is based on a model in which glycolytic intermediates can be diverted into PPP
and biosynthesis pathways as precursors. Our findings demonstrate that PGAM1 regulates the concentrations of glycolytic
metabolites 3-PG and 2-PG, which function as signaling molecules to directly affect the catalytic activity of enzymes
involved in PPP and biosynthesis, representing an additional link between glycolysis, PPP, and biosynthesis. PGAM1 inhib-
itor PGMI-004A exhibits promising efficacy and minimal toxicity in treatment of xenograft nude mice and human primary
leukemia cells, providing “proof of principle” for the development of PGAM1 inhibitors as anticancer agents.
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During glycolysis, glycolytic intermediates including glucose-
6-phosphate (G6P) can be diverted into the pentose phosphate
pathway (PPP), which contributes to macromolecular biosyn-
thesis by producing reducing potential in the form of reduced
nicotinamide adenine dinucleotide phosphate (NADPH) and/or
ribose-5-phosphate (R5P), the building blocks for nucleotide
synthesis. NADPH is the most crucial metabolite produced by
the PPP, because NADPH not only fuels macromolecular
biosynthesis such as lipogenesis, but also functions as a crucial
antioxidant, quenching the reactive oxygen species (ROS)
produced during rapid proliferation of cancer cells. Glycolysis
and glutaminolysis supply the carbon input required for the
tricarboxylic acid cycle to function as a biosynthetic “hub” and
permit the production of other macromolecules including amino
acids and fatty acids (Cairns et al., 2011). Thus, cancer cells
appear to coordinate glycolysis and anabolism to provide an
overall metabolic advantage to cancer cell proliferation and
disease development. However, the detailed mechanisms
underlying this coordination remain largely unknown.

Phosphoglycerate mutase 1 (PGAM1) catalyzes the conver-
sion of 3-phosphoglycerate (3-PG) to 2-phosphoglycerate
(2-PG) during glycolysis. PGAM1 regulates a unique step in
glycolysis, and most of the glycolytic intermediates that are
used as precursors for anabolic biosynthesis are upstream of
this step. In many cancers, including hepatocellular carcinoma
and colorectal cancer, PGAM1 activity is increased compared
to that in the normal tissues (Liu et al., 2008; Ren et al., 2010).
PGAM1 gene expression is believed to be upregulated due to
loss of TP53 in cancer cells because TP53 negatively regulates
PGAM1 gene expression (Corcoran et al., 2006; Tennant et al.,
2009, 2010). Here, we study the role of PGAM1 in the coordina-
tion of glycolysis and anabolic biosynthesis, as well as the mech-
anism by which PGAM1 promotes cancer cell proliferation and
tumor growth.

RESULTS

PGAM1 Controls Intracellular 3-PG and 2-PG Levels

and Is Important for Cancer Cell Glycolysis, Anabolic
Biosynthesis, Proliferation, and Tumor Growth

To better understand how cancer cells coordinate glycolysis and
anabolic biosynthesis, we examined the effects of targeted
downregulation of the glycolytic enzyme PGAM1. Stable knock-
down of PGAM1 in lung cancer H1299, breast cancer MDA-
MB231, acute myeloid leukemia Molm14, and head and neck
cancer 212LN cells resulted in decreased PGAM1 activity (Fig-
ure S1 available online). We next performed Global Metabolic
Profiling (Metabolon) using cell lysate samples of parental
H1299 cells and cells with stable knockdown of PGAM1. The
results indicate that PGAM1 knockdown results in altered intra-
cellular concentrations of 118 biochemicals (61 upregulated and
57 downregulated) with p < 0.05 using Welch’s t-tests. Among
these biochemicals, we observed that the PGAM1 substrate
3-PG levels are increased in PGAM1 knockdown compared to
control cells (Tables S1 and S2). In consonance with this obser-
vation, we found that attenuation of PGAM1 by shRNA in diverse
cancer cells leads not only to increased 3-PG (Figure 1A), but
also decreased 2-PG (Figure 1B) levels compared to corre-
sponding control cells harboring an empty vector (detailed
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data are shown in Table S3). The intracellular levels of 3-PG
and 2-PG determined using different methods are comparable
(Figures S1B and S1C). In addition, stable overexpression of
PGAM1 in 3T3 cells results in increased 2-PG and decreased
3-PG levels, compared to control parental 3T3 cells (Figure S1D).
These results suggest a crucial role for PGAM1 controlling the
metabolite levels of its substrate 3-PG and product 2-PG in
cancer cells.

We next examined the role of PGAM1 in cancer cell metabo-
lism. We found that, compared to vector control cells, stable
knockdown of PGAM1 results in a decreased glycolytic rate (Fig-
ure 1C) and lactate production (Figure 1D), as well as reduced
glucose-dependent biosynthesis of RNA and lipids, accompa-
nied by reduced NADPH/NADP™ ratio (Figures 1E-1G, respec-
tively). Because the PPP produces NADPH and R5P to con-
tribute to macromolecular biosynthesis, we next examined
whether PGAM1 contributes to PPP flux. Indeed, we found
that oxidative PPP flux is reduced in PGAM1 knockdown
compared to control vector cells (Figure 1H). Interestingly, atten-
uation of PGAM1 in cancer cells does not affect glucose uptake
rate (Figure S1E), intracellular ATP levels (Figure 1l), or O,
consumption rate (Figure 1J) in either the presence or absence
of ATP synthase inhibitor oligomycin. These results suggest
that downregulation of PGAM1 attenuates glycolysis, PPP and
biosynthesis, but does not significantly affect glucose uptake
or intracellular ATP levels.

In addition, we found that stable knockdown of PGAM1 results
in decreased cell proliferation in diverse human cancer and
leukemia cells (Figure 1K). Moreover, we performed a xenograft
experiment in which nude mice were subcutaneously injected
with control H1299 cells harboring an empty vector on the left
flank and PGAM1 knockdown H1299 cells on the right flank (Fig-
ure 1L, left). The mice were monitored for tumor growth over
6 weeks. The masses of tumors derived from PGAM1 knock-
down H1299 cells were significantly reduced compared to those
of tumors formed by vector control cells (Figure 1L, right).

PGAM1 Knockdown Results in Elevated Levels of 3-PG,
which Binds to and Inhibits 6PGD by Competing with Its
Substrate, 6-PG

We next explored the molecular mechanism by which PGAM1
regulates the PPP. Our data suggest that the abnormally
high levels of 3-PG in PGAM1 knockdown cells may be ac-
counted for inhibition of oxidative PPP flux (Figure 1). To test
this hypothesis, we examined the effect of 3-PG on glucose-
6-phosphate dehydrogenase (G6PD), the first and most impor-
tant enzyme of the oxidative PPP, which produces NADPH,
and 6-phosphogluconate dehydrogenase (6PGD), an enzyme
that also produces NADPH while converting 6-phosphogluco-
nate into ribulose 5-phosphate in the presence of NADP*. We
performed in vitro 6PGD and G6PD assays in the presence of
increasing concentrations of 3-PG. Physiologic concentrations
of 3-PG in human cells are reported to be approximately 50—
80 uM (Feig et al., 1971; Minakami et al., 1964; Mulquiney and
Kuchel, 1999). As shown in Table S3, we determined that, in
H1299, MDA-MB231, and Molm14 cells, the 3-PG levels are
approximately 60-80 uM in control vector cells and 200-
300 uM in PGAM1 knockdown cells, while the 3-PG concentra-
tions are approximately 160 pM and 310 uM in 212LN control

586 Cancer Cell 22, 585-600, November 13, 2012 ©2012 Elsevier Inc.



Cancer Cell
3-PG Inhibits 6PGD and 2-PG Potentiates PHGDH

B
A 400 dedkk ek * sk 90 & & . . c
—
= 350 S a H1299 cells
= 300 t 270 ,
= 5 & E 120
S 250 2 ® £100
o £ 50 w2
< 200 @ oF 80
o 2 40 ¥
c c o
g 150 8 = g 60
o 30 o g
9 100 g ES 4
" & 20 £0
g 2
50 r] 10 3 22'
0 B B A A S A 0 L A
PGAM1 shRNA - +
PGAM1shRNA - + - + - + - + PGAM1shRNA - + - + - + - +
o) N b ) N
S 5 N > e ) n =
i el § ¥ NV v & ¥
& v}é\ @\o Q:\ b v.gkg’ @(} q:\
QO \‘\0
D E F G H
H1299 cells H1299 cells H1299 cells H1299 cells H1299 cells
x® 120 *% — * = o
E ' | g1207 = 1207 = s £ 10
S =g I | ) o 3
g 1% il 2100 g100 %2 2 100
8 80 £ £ + 25 &
g & 80 5 57 & &0
2 [
g 6o 2 60 2 60 2 2 60
£ @ o T15 3
& 40 © a0 5 40 % X 40
pr I > 1 o
> o 2 % o
F 20 £ 20 ] 20 05 % 20
3 k| 3 K]
x i c ol ¢ ol ol 3
PGAM1 shRNA - + PGAM1 shRNA - + PGAM1 shRNA - + PGAM1 shRNA - + PGAM1 shRNA - +
) K == H1299
| = 212LN L
H1299 cells H1299 cells MDA-MB231
0.57
o no treatment o no treatment ~120 == KG1a ] _
o oligomycin £ ooligomycin B = Molm14 = 04] p=0.014
120 §120 ‘gmo == K562 2 1
ey @© @
€ 100 100 2 g0
] = r+] -
% 80 £ 80 3 g 02
b 3 = 60 PGAM1shRNA - + 2 1 = .
b~ 60 g 60 -.-_3 0.11
(=4 sS40 4
_;_% 40 % 40 £ WB: PGAM1 [ 00 i,
g 2 2 20 =4 e actin [N PGAMT SHRNA - .
B 8 Tumor cell lysates
04 E 04 0 T T T T "
PGAM1 shRNA - + PGAM1 shRNA - + 0 30 60 90 120 150
Time (h)

Figure 1. PGAM1 Controls Intracellular 3-PG and 2-PG Levels in Cancer Cells and Is Important for Glycolysis, Anabolic Biosynthesis, Cell
Proliferation, and Tumor Growth

(A and B) Intracellular concentrations of 3-PG and 2-PG were determined in diverse PGAM1 knockdown cancer cells and compared to control cells. Detailed
concentrations are listed in Table S3.

(C-J) H1299 cells with stable knockdown of PGAM1 and control cells harboring an empty vector were tested for glycolytic rate (C), lactate production (D), RNA
biosynthesis (E), lipogenesis (F), NADPH/NADP* ratio (G), and oxidative PPP flux (H). The intracellular ATP levels () and oxygen consumption rate (J) in the
presence or absence of 100 nM oligomycin (ATP synthase inhibitor) were also tested.

(K) Cell proliferation rates were determined by cell counting in diverse human cancer (H1299, 212LN, and MDA-MB231) and leukemia (KG1a, Molm14, and K562)
cells with stable knockdown of PGAM1, which were normalized to the corresponding control cells harboring an empty vector.

(L) Stable knockdown of PGAM1 by shRNA attenuates tumor growth potential of H1299 cells in xenograft nude mice. Left: Dissected tumors (indicated by red
arrows) in a representative nude mouse and expression of PGAM1 in tumor lysates are shown. Right: PGAM1 knockdown cells show significantly reduced tumor
formation in xenograft nude mice compared to cells harboring empty vector control (p values were determined by a two-tailed paired Student’s t test).

The error bars represent mean values + SD from three replicates of each sample (*0.01 < p < 0.05; **0.001 < p < 0.01; **p < 0.001). See also Figure S1 and
Tables S1-S3.
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Figure 2. Attenuation of PGAM1 Results in Increased Intracellular Levels of 3-PG, which Binds to and Inhibits 6PGD by Competing with
Its Substrate 6-PG

(A and B) Enzyme activity of 6PGD in H1299 cell lysates (A) or recombinant 6PGD (r6PGD) (B) was determined in the presence of increasing concentrations
of 3-PG. Relative 6PGD activity was normalized to the control samples without 3-PG treatment. 3-PG levels in control H1299 cells with empty vector and
PGAM1 knockdown are 62.5 + 10.8 uM and 256 + 41.9 uM, respectively. The error bars represent mean values + SD from three replicates of each sample
(**0.001 < p < 0.01; ***p < 0.001).

(C) Thermal shift melting curves of 6PGD and 3PG. Thermal shift assay was performed to examine the protein (6PGD) and “ligand” (3PG) interaction. Change of
melting temperature (Tm) in a dose-dependent manner at concentrations from 100 uM to 25 mM demonstrates that 3-PG directly binds to the protein. Kd for
6PGD-3-PG interaction was determined to be 460 + 40 uM.

(D) The Dixon plot shows that 3-PG inhibits 6PGD and the dissociation constant (Ki) was determined.

(E) The Lineweaver-Burk plot shows that 3-PG functions as a competitive inhibitor of 6PGD.
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and PGAM1 knockdown cells, respectively. Thus, we next
examined the effects of increasing concentrations of 3-PG on
G6PD and 6PGD enzyme activities according to the aforemen-
tioned physiologic 3-PG levels in tumor cells.

We found that treatment with 3-PG concentrations analogous
to those in PGAM1 knockdown H1299 cells (~250 uM) results in
decreased enzyme activity of 6PGD (Figure 2A) in H1299 cell
lysates or recombinant 6PGD (r6PGD) (Figure 2B), whereas the
physiologic 3-PG concentrations determined in control H1299
cells (~60 pM) do not significantly affect 6PGD enzyme activity
in both experiments. In control experiments, treatment with
increasing concentrations of 3-PG did not significantly affect
G6PD activity in H1299 cell lysates or rG6PD activity (Fig-
ure S2A). In addition, 2-PG did not affect 6PGD enzyme activity
in H1299 cell lysates or r6PGD activity (Figure S2B). These
results suggest that abnormally high levels of 3-PG, as in
PGAM1 knockdown cells, may selectively and directly inhibit
6PGD but not G6PD.

To examine whether 3-PG binds to and inhibits 6PGD, we
performed a thermal melt shift assay to examine the interaction
of protein (6PGD) and “ligand” (3-PG). Incubation of increasing
concentrations of 3-PG raises 6PGD melting temperature (Tm)
in a dose-dependent manner, suggesting that 3-PG directly
binds to the protein (Figure 2C). The Kd value for protein-
“ligand” interaction was calculated to be 460 + 40 uM. More-
over, we performed kinetics studies on the inhibition of 6PGD
by 3-PG. As shown in Figure 2D, the Dixon plot indicates that
3-PG binds and inhibits 6PGD. The inhibition constant (Ki) was
determined to be 489 + 13 uM, in agreement with the Kd
determined.

We next determined the intracellular concentration of 6-PG in
H1299, MDA-MB231, and 212LN cells to be 34.9 + 2.1 uM,
37.6 £ 0.7 uM, and 24.9 = 0.4 uM, respectively. We performed
additional enzyme kinetics assays to test whether 3-PG at a
concentration analogous to that in PGAM1 knockdown H1299
cells (~250 uM) functions as a competitive or noncompetitive
inhibitor of 6PGD in the presence of physiologic concentrations
of 6-PG (~35 pM). As shown in Figure 2E, the Lineweaver-Burk
plot demonstrates that 3-PG functions as a competitive inhibitor
of 6PGD. Because the Kd value for protein (6PGD)-ligand (6-PG)
interaction was calculated to be 37 + 3 uM in a thermal melt shift
assay (Figure 2F), these combined data suggest that at physio-
logic concentrations, 3-PG (~60-80 pM) cannot effectively
compete with 6-PG (~35 pM) to inhibit 6PGD in cancer cells;
however, upon attenuation of PGAM1, elevated cellular 3-PG
levels (~250-300 uM) result in reduced 6PGD enzyme activity.

To further understand the structural properties of 3-PG-medi-
ated inhibition of 6PGD, we crystallized the apo-form of 6PGD
(1.39 A), which was also soaked with 3-PG to obtain the 3-PG-
bound form of 6PGD (1.53 A) (Table S4). The Fo-Fc density anal-
ysis revealed that the electron density of 3-PG was located in the
active site of the 3-PG-bound 6PGD structure (Figure 3A) but not
in the apo-6PGD structure (Figure 3B). 3-PG interacts with
several residues (Y191, T262, R287, R446) in the active site of

6PGD that are important for substrate binding and enzymatic
activity of 6PGD (Li et al., 2006) (Figure 3A). Different conforma-
tions were observed for Arg 446 and His 452 in the 3-PG-bound
6PGD structure compared to the apo-form 6PGD structure (Fig-
ure 3C). An alignment of three different 6PGD structures with
bound NADP, 6-PG, and 3-PG shows an overlap of 3-PG and
6-PG in the active site (Figure 3D). Together, these results
demonstrate that 3-PG directly binds to 6PGD and inhibits
6PGD enzyme activity by competing with the cognate substrate
6-PG, representing a molecular mechanism to explain how
PGAM1, as a glycolytic enzyme, contributes to the regulation
of the oxidative PPP and consequently anabolic biosynthesis.

Rescue of Reduced 2-PG Levels in PGAM1 Knockdown
Cells Results in Decreased 3-PG Levels by Activating
3-PG Dehydrogenase

To examine the effect of decreased 2-PG levels on cancer cell
metabolism, we treated the aforementioned PGAM1 knockdown
cancer cells with a cell permeable agent, methyl-2-PG, which
converts to 2-PG in cells. We verified that in diverse PGAM1
knockdown cancer cells, treatment with methyl-2-PG results in
increased 2-PG cellular levels comparable to those in the corre-
sponding control vector cells (Figure 4A). We also observed that
methyl-2-PG treatment rescues the reduced lactate production
(Figure 4B) but has no significant effect on intracellular ATP levels
(Figure S3A) in H1299 cells with stable knockdown of PGAM1
compared to control vector cells. This result suggests that
rescuing cellular 2-PG levels reverses the inhibitory effect of
PGAM1 knockdown on glycolysis and allows downstream
glycolytic reactions to resume and ultimately produce lactate.
However, such rescued glycolytic activity does not affect ATP
levels, which is consistent with our previous observation (Figures
1l and 1J).

Surprisingly, we also found that methyl-2-PG treatment
rescues the decreased oxidative PPP flux and biosynthesis of
RNA and lipids, as well as partially restores the reduced cell
proliferation in H1299 PGAM1 knockdown cancer cells com-
pared to the corresponding control vector cells (Figures 4C-
4F). Similar results were obtained using MDA-MB231 vector
and PGAM1 knockdown cells (Figures S3B-S3E). These data
suggest that the increased 2-PG levels in PGAM1 knockdown
cells provide a feedback mechanism to rescue the abrogated
PPP and anabolic biosynthesis upstream of PGAM1.

We tested this hypothesis by examining the effect of rescued
2-PG levels on 3-PG concentrations in PGAM1 knockdown cells.
We found that treatment with methyl-2-PG results in decreased
3-PG concentrations in diverse PGAM1 knockdown cells to
levels that are comparable to the 3-PG concentrations in the cor-
responding control vector cells (Figure 5A). These results further
suggest that PGAM1 controls 2-PG levels in cancer cells, which
contributes to PGAM1-dependent coordination of glycolysis and
anabolic biosynthesis by adjusting 3-PG levels.

We next determined the molecular mechanism underlying
2-PG-dependent feedback regulation of intracellular 3-PG levels.

(F) Thermal shift melting curves of 6PGD and 6PG. Thermal shift assay was performed to examine the protein (6PGD) and ligand (6PG) interaction. Change of
melting temperature (Tm) in a dose-dependent manner at concentrations from 5 uM to 5 mM demonstrates that 6-PG directly binds to the protein. Kd for 6PGD-

6PG interaction was determined to be 37 + 3 uM.
See also Figure S2.
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Figure 3. Co-Crystallization Analysis of 3-PG-Mediated Inhibition of 6PGD

(A) Stereo view of the Fo-Fc electron density map contoured at 3.0 ¢ around 3-PG. The Fo-Fc density map is shown as blue mesh. Residues of 6PGD interact with
3-PG are shown in stick.

(B) Upper top: Stereo view of the unbiased Fo-Fc electron density map contoured at 3.0 ¢ around 3PG. The Fo-Fc density map is shown as blue mesh. Residues
interacting with 3-PG are shown in stick. Lower top: Stereo view of the 2Fo-Fc electron density map of 6PGD apo-form contoured at 1.2 ¢ at 3-PG binding pocket
in the same orientation as in Figure 3A. The 2Fo-Fc density map is shown as blue mesh. Upper bottom: Stereo view of the 2Fo-Fc electron density map of 6PGD-
3-PG complex contoured at 1.2 ¢ at 3-PG binding pocket in the same orientation as in Figure 3A. The 2Fo-Fc density map is shown as blue mesh. Lower bottom:
Stereo view of simulated-annealing omit map contoured at 0.8 ¢ around 3-PG. The omit density map is shown as blue mesh.

(C) Structure comparison of the 6PGD apo-form (wheat) and the 6PGD-3-PG complex (green). Arg 446 and His 452 in the 6PGD-3-PG complex structure show
different conformation.

(D) Surface electrostatic potential of the substrate binding pocket of 6PGD. The bound 3-PG (pink) competes with 6-PG (blue) but not NADP (yellow) in the active

site. The model was built by aligning structures of 6PGD-NADP (PDB number: 2JKV), 6PGD-6-PG (PDB number: 3FWN), and 6PGD-3PG.

See also Table S4.

Besides conversion to 2-PG catalyzed by PGAM1 in glycolysis,
3-PG also serves as a precursor for serine synthesis and can
be converted to 3-phosphohydroxypyruvate (pPYR) by 3-PG
dehydrogenase (PHGDH). Because PGAM1 activity is attenu-
ated in PGAM1 knockdown cells, it is possible that the rescued
cellular 2-PG levels by methyl-2-PG treatment decreases 3-PG
levels by activating PHGDH. We tested this hypothesis by exam-
ining the effect of 2-PG on PHGDH activity and we used PGAM1
knockdown cells to exclude the endogenous PGAM1 effect on 3-
PG and 2-PG in the PHGDH enzyme activity reactions. Indeed,
we found that treatment with 2-PG concentrations equivalent to
those determined in control H1299 cells (~45 puM) or methyl-2-
PG treated PGAM1 knockdown cells (~60 puM) results in higher

PHGDH enzyme activity in H1299 PGAM1 knockdown cell
lysates (Figure 5B, left). Similar results were obtained by treating
212LN PGAM1 knockdown cell lysates with increasing concen-
trations of 2-PG (Figure 5B, right). Moreover, treatment with
increasing concentrations of 2-PG results in increased enzyme
activity of recombinant PHGDH (rPHGDH) (Figure 5C). In con-
trast, 2-PG concentrations that correspond to those determined
in PGAM1 knockdown cells (~15 uM) did not significantly affect
PHGDH activity. Together, these studies reveal a feedback
mechanism by which cellular 2-PG levels contribute to control
of 3-PG levels in cells through regulation of PHGDH.

In addition, we found that stable knockdown of PGAM1 results
in significantly decreased serine biosynthesis, while treatment
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Figure 4. Rescue of Reduced 2-PG Levels in PGAM1 Knockdown Cells Reverses the Phenotypes due to Attenuation of PGAM1
(A) 2-PG levels in diverse cancer cells with stable knockdown of PGAM1 were determined in the presence and absence of cell-permeable methyl-2-PG.
(B-F) H1299 cells with stable knockdown of PGAM1 were tested for lactate production (B), oxidative PPP flux (C), biosynthesis of RNA (D) and lipids (E),

and proliferation (F) in the presence and absence of methyl-2-PG.

The error bars represent mean values + SD from three replicates of each sample (*0.01 < p < 0.05; **0.001 < p < 0.01; **p < 0.001). See also Figure S3.

with methyl-2-PG rescues the phenotype (Figure 5D). Moreover,
shRNA-mediated knockdown of PHGDH (Figure 5E) does not
affect rescued 2-PG levels in PGAM1 knockdown cells upon
treatment with methyl-2-PG, while PHGDH knockdown abol-
ishes the methyl-2-PG-dependent decrease of the elevated
3-PG levels in H1299 PGAM1 knockdown cells (Figure 5F; left

and right, respectively). These data support our hypothesis
that PGAM1 controls 2-PG levels to regulate PHGDH, which
consequently regulates 3-PG levels by diverting 3-PG in serine
biosynthesis. Furthermore, knockdown of PHGDH in PGAM1
stable knockdown cells reverses the methyl-2-PG treatment
dependent rescue of oxidative PPP flux as well as biosynthesis
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Figure 5. Rescue of Reduced 2-PG Levels due to PGAM1 Attenuation Results in Decreased 3-PG Levels by Activating PHGDH
(A) 3-PG levels in diverse cancer cells with stable knockdown of PGAM1 were determined in the presence and absence of methyl-2-PG.

(B and C) Enzyme activity of PHGDH in PGAM1 knockdown H1299 (B; left) or 212LN (B; right) cell lysates and recombinant PHGDH (rPHGDH) (C) were determined
in the presence of increasing concentrations of 2-PG. Relative enzyme activity was normalized to the control samples without 2-PG treatment. 2-PG levels in
control H1299 cells with empty vector and PGAM1 knockdown cells are 46.2 + 10.2 uM and 15.0 + 14.1 uM, respectively, while 2-PG levels in 212LN cells with
empty vector and stable knockdown of PGAM1 are 58.3 + 20.1 uM and 17.8 + 14.4 uM, respectively.

(D) Serine biosynthesis rate of H1299 cells with stable knockdown of PGAM1 was determined by measuring '*C incorporation into serine from *C-glucose in the
presence and absence of methyl-2-PG. Relative serine biosynthesis was normalized to control cells harboring an empty vector without methyl-2-PG treatment.
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of serine, lipids, and RNA (Figures 5G and 5H, respectively).
These data together suggest that, besides being a glycolytic
metabolite, 2-PG may also signal through PHGDH to provide
regulation of PPP flux and anabolic biosynthesis, at least in
part by regulating 3-PG levels.

PGAM1 Enzyme Activity Strikes a Balance between
3-PG and 2-PG Levels, which Coordinates Glycolysis
and Biosynthesis to Promote Cancer Cell Proliferation
To study the role of PGAM1 enzyme activity in cancer metabo-
lism and tumor development, we screened and developed
a small molecule inhibitor of PGAM1. Currently the only reported
PGAM?1 inhibitor is MJES3, which specifically inhibits PGAM1
activity exclusively in intact cells, probably by targeting the
active site of PGAM1 with certain modifications in vivo (Evans
et al., 2005, 2007). We designed a screening strategy using
coupled PGAM1 and enolase assays and identified three lead
small molecule compounds, including alizarin, as PGAM1 inhib-
itors from a library of 2,000 US Food and Drug Adminstration-
approved small molecule compounds (Figures 6A, S4A, and
S4B). We focused on 1,2-dihydroxyanthraquinone, a.k.a. alizarin
(C14HgQy) (Figure 6B, top), which is an organic compound that is
historically important as a prominent dye, originally derived from
the roots of plants of the Madder genus. Treatment with alizarin
results in decreased proliferation of human leukemia KG1a cells
in a dose-dependent manner (Figures S4C and S4D).

We next identified Alizarin Red S (Figure 6B, middle) as a more
potent PGAM1 inhibitor from a group of alizarin derivatives
(Figures S4E and S4F). We designed a group of Alizarin Red S
derivatives by adding hydrophobic groups through a sulfonamide
bond (Figure S5A). Among these compounds, we focused on
PGAM1 inhibitor 004A (PGMI-004A) (Figure 6B, bottom), which,
although less potent than Red S in vitro, demonstrates enhanced
potency to inhibit PGAM1 in leukemia KG1a cells compared to
its parental compounds (Figures S5B and S5C). This may be
due to the fact that PGMI-004A is more hydrophobic than alizarin
and alizarin red S, which confers better cell permeability.

PGMI-004A inhibits PGAM1 with an ICsy of ~13.1 uM (Fig-
ure 6C) and the Kd value of the PGMI-004A-PGAM1 interaction
was determined to be 7.2 + 0.7 uM from fluorescence-based
binding assay (Figure 6D). In a competitive binding assay where
PGMI-004A was incubated with recombinant PGAM1 proteins in
the presence of different concentrations of PGAM1 substrate
3-PG, we found that increasing concentrations of 3-PG caused
an increase in the fluorescence intensity from PGMI-004A-
unbound form of PGAM1 in the presence of different concentra-
tions of PGMI-004A, but not in the absence of PGMI-004A
(Figure 6E). This suggests that PGMI-004A may allosterically
modulate the enzyme activity of PGAM1. The Ki value was deter-
mined to be 3.91 + 2.50 uM using Dixon plot analysis (Figure 6F).
In addition, we performed a thermal melt shift assay to examine
the interaction of protein (PGAM1) and ligand (PGMI-004A).

Incubation of increasing concentrations of PGMI-004A raises
PGAM1 melting temperature (Tm) in a dose-dependent manner,
suggesting that PGMI-004A directly binds to the protein (Fig-
ure 6G). The Kd value for protein-ligand interaction was calcu-
lated to be 9.4 + 2.0 uM. Together, these results suggest that
PGMI-004A directly binds to PGAM1 and inhibits its enzyme
activity.

We found that inhibition of PGAM1 activity by PGMI-004A
treatment results in decreased 2-PG and increased 3-PG levels
in H1299 cells, which could be rescued by treatment with
methyl-2-PG (Figure 7A). Moreover, treatment with PGMI-004A
results in significantly reduced lactate production that was
rescued by methyl-2-PG treatment (Figure 7B), but has no signif-
icant effect on intracellular ATP levels (Figure 7C). In consonance
with these observations, the rescued lactate production due to
methyl-2-PG treatment was abolished when enolase was
knocked down or inhibited by specific inhibitor NaF in PGMI-
004A treated cells (Figure S5D). These results also suggest
that rescued 2-PG derived from methyl-2-PG is metabolized
by cells to restore the decreased glycolysis due to PGAM1 inhi-
bition in cancer cells. We also found that PGMI-004A treatment
results in decreased oxidative PPP flux (Figure 7D) and
NADPH/NADP" ratio (Figure 7E), as well as reduced biosynthesis
of lipids and RNA (Figures 7F and 7G, respectively) and cell
proliferation (Figure 7H) in H1299 cells. These phenotypes are
similar to those observed in PGAM1 knockdown cells, which
could be significantly rescued by treatment with methyl-2-PG,
suggesting that PGMI-004A targets PGAM1 to inhibit cancer
cell metabolism and proliferation.

In addition, we observed that PGMI-004A treatment results in
decreased cell proliferation of diverse human cancer and
leukemia cells (Figures 71 and 7J and S5E-S5H), but not control
human dermal fibroblasts (HDF), human foreskin fibroblasts
(HFF), human HaCaT keratinocyte cells and human melanocyte
PIG1 cells (Figures 7K and S5I), suggesting minimal non-specific
toxicity of PGMI-004A in normal, proliferating human cells.

Targeting PGAM1 by PGMI-004A Treatment Inhibits
Cancer Cell Proliferation and Tumor Growth and Alters
3-PG and 2-PG Levels in Primary Leukemia Cells from
Patients, Leading to Attenuated Leukemia Cell
Proliferation

We next performed an in vivo drug treatment experiment. Initial
toxicity studies by chronic injection of PGMI-004A to nude
mice for 4 weeks revealed that 100 mg/kg/day administered
intraperitoneally is a well-tolerated dose. In addition, continuous
treatment with PGMI-004A (100 mg/kg/day) for 7 days did not
result in significant alteration in body weight, complete blood
cell counts, or hematopoietic properties of nude mice (Table
S5). Histopathologic analyses revealed that no notable differ-
ences between the vehicle-treated and PGMI-004A-treated
groups were evident (Figures S6A-S6D). We performed

(E) Western blot result shows shRNA-mediated knockdown of PHGDH in H1299 cells with stable knockdown of PGAM1 in the presence or absence of methyl-2-

PG treatment.

(F) 2-PG (left) and 3-PG (right) levels in PGAM1 knockdown cells upon PHGDH knockdown were determined in the presence and absence of methyl-2-PG.
(G and H) PGAM1 stable knockdown cells treated with or without shRNA targeting PHGDH were tested for PPP flux (G) as well as biosynthesis of serine, lipids and
RNA (H; left, middle, and right, respectively) in the presence and absence of methyl-2-PG.

The error bars represent mean values + SD from three replicates of each sample (*0.01 < p < 0.05; **0.001 < p < 0.01; **p < 0.001; n.s., not significant).
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Figure 6. Identification and Characterization of a Small Molecule PGAM1 Inhibitor, PGMI-004A

(A) Schematic representation of the primary and secondary screening strategies to identify lead compounds as PGAM1 inhibitors.

(B) Structure of alizarin and its derivatives alizarin red S and PGAM1 inhibitor (PGMI)-004A.

(C) PGMI-004A inhibits PGAM1 with an IC5sq of 13.1 uM, which was determined by incubating purified human PGAM1 proteins with increasing concentrations of
PGMI-004A. The error bars represent mean values + SD from three replicates of each sample.

(D) Kd value was determined as 7.2 + 0.7 uM by incubating purified human PGAM1 proteins with increasing concentrations of PGMI-004A. The fluorescence
intensity (Ex: 280 nm, Em: 350 nm) from tryptophan was measured (Schauerte and Gafni, 1989).

(E) Competitive binding assay of PGMI-004A with recombinant PGAM1 protein in the presence of increasing concentrations of PGAM1 substrate 3-PG. Increased
free PGAM1 was determined by an increase in fluorescence intensity.

(F) Dixon plot analysis of PGAM1 enzyme assay in the presence of different concentrations of PGMI-004A and 3-PG. The reaction velocity (v) was determined by
the rate of the decrease in fluorescence (ex: 340 nm, em: 460 nm) by NADH oxidation. Ki was determined to be 3.91 + 2.50 uM.

(G) Thermal shift melting curves of PGAM1 and PGMI-004A. Thermal shift assay was performed to examine the protein (PGAM1) and “ligand” (inhibitor PGMI-
004A) interaction. Change of melting temperature (Tm) in a dose-dependent manner at concentrations from 2.5 uM to 80 uM demonstrates that PGMI-004A
directly binds to the protein. Kd for PGAM1-PGMI-004A interaction was determined to be 9.4 + 2.0 pM.

See also Figure S4.
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xenograft experiments by injecting H1299 cells into nude mice
as described (Hitosugi et al., 2009). Six days postinjection,
mice were divided into two groups (n = 8/group) and treated
with either PGMI-004A (100 mg/kg/day) or vehicle for 21 days.
We found that PGMI-004A treatment results in significantly
decreased tumor growth and size in treated mice compared
with mice receiving vehicle control (Figures 8A and 8B, respec-
tively; Figures S6E and S6F). Moreover, treatment with PGMI-
004A effectively inhibits PGAM1 enzyme activity in tumors in vivo
in resected tumors from xenograft nude mice (Figure S6G).
These combined data suggest that targeting PGAM1 by PGMI-
004A inhibits PGAM1 in vivo, and that this inhibition causes
specific toxicity to tumor cells.

We found that PGAM1 protein expression and enzyme activity
levels are commonly upregulated in primary leukemia cells
from diverse patients with acute myeloid leukemia (AML),
chronic myelogenous leukemia (CML), or acute B lymphoblastic
leukemia (B-ALL; n = 12), compared to control peripheral blood
cells from healthy donors (n = 4) (Figure 8C). We next found that,
consistent with our observations in cancer cell lines, inhibiting
PGAM1 by PGMI-004A treatment results in increased 3-PG
and decreased 2-PG levels in primary leukemia cells from
a representative patient with AML (Figure 8D). PGMI-004A treat-
ment also results in decreased cell viability and reduced PGAM1
activity and lactate production in the samples from seven (one
CML and six AML) out of eight patients with leukemia. Figures
8E, S6H, and S6l show results using samples from patients
with CML or AML as representatives, respectively. Moreover,
methyl-2-PG treatment rescues the decreased cell viability
(Figures 8F and 8G, left) and lactate production (Figure 8G, right)
in primary leukemia cells from representative patients with AML.
In addition, PGMI-004A treatment did not affect cell viability of
mononucleocytes in peripheral blood samples from two healthy
human donors (Figures 8H and S6J) and CD34+ cells isolated
from bone marrow samples from four healthy donors (Figures
8l and S6K), suggesting promising anticancer potential of
PGMI-004A with minimal toxicity to human blood cells. These
combined results of translational studies suggest that PGAM1
is a promising therapeutic target in the treatment of human
malignancies.

DISCUSSION

Our findings suggest that upregulation of PGAM1 by increased
gene expression in cancer cells provides a metabolic advantage
to cancer cell proliferation and tumor growth; PGAM1 coordi-
nates glycolysis and anabolic biosynthesis, at least in part by
controlling intracellular levels of its substrate 3-PG and product
2-PG (Figure 8J). Our results revealed a molecular mechanism
by which 3-PG inhibits 6PGD by directly binding to the active
site of 6PGD and competing with its substrate 6-PG. Attenuation
of PGAM1 results in abnormal accumulation of 3-PG, which in
turn inhibits 6PGD and consequently the oxidative PPP and
anabolic biosynthesis. Moreover, our findings suggest that
PGAM1 controls the intracellular levels of its substrate 3-PG
not only directly through substrate consumption, but also indi-
rectly by controlling levels of its product 2-PG. Physiologic
concentrations of 2-PG promote the enzyme activity of PHGDH,
which converts 3-PG to pPYR, reducing the cellular 3-PG levels.

Upon attenuation of PGAM1, 2-PG is decreased to levels below
the physiologic concentrations, leading to decreased PHGDH
activity, which facilitates 3-PG accumulation. This represents
a regulatory mechanism by which 2-PG activates PHGDH to
provide feedback control of 3-PG levels. Thus, we suggest that
PGAMT1 activity is upregulated in cancer cells to promote glycol-
ysis and keep the intracellular 3-PG levels low, which in turn
permits high levels of the PPP and biosynthesis to fulfill the
request of rapidly growing tumors. This is consistent with
previous report that expression of TP53 suppresses oxidative
PPP in cancer cells (Jiang et al., 2011). In addition, PGAM1
may also be responsible for maintaining the physiological levels
of 2-PG to sustain PHGDH activity, which diverts 3-PG from
glycolysis to serine synthesis and contributes to maintaining
relatively low levels of 3-PG in cancer cells.

Inhibition of PGAM1 by shRNA or treatment with a small mole-
cule inhibitor PGMI-004A results in altered glycolysis and
anabolic biosynthesis, and reduced cancer cell proliferation
and tumor growth. Interestingly, targeting PGAM1 does not
significantly affect intracellular ATP levels. Decreased ATP
production due to attenuated glycolysis in PGAM1 knockdown
cells may be compensated by alternative mechanisms other
than mitochondrial oxidative phosphorylation, or perhaps the
ATP consumption in PGAM1 knockdown cells is decreased
accordingly. Methyl-2-PG treatment rescues most of the afore-
mentioned phenotypes. Rescued 2-PG levels in cells with atten-
uated PGAM1 reversed decreased lactate production by
rescuing the glycolytic process downstream of PGAM1, as well
as reduced oxidative PPP flux and biosynthesis of RNA and
lipids, at least in part by decreasing elevated 3-PG levels.
However, methyl-2-PG treatment only partially rescues the
attenuated cell proliferation in PGAM1 knockdown cells or
cells treated with PGMI-004A. This result suggests that PGAM1
may contribute to cell proliferation in both 2-PG-dependent
and -independent manners.

The current understanding of the connection between glycol-
ysis and PPP/biosynthesis is based on a model in which glyco-
lytic intermediates can be diverted into PPP and biosynthesis
pathways as precursors. Our results show that the concentra-
tions of glycolytic metabolites such as 3-PG and 2-PG can
directly affect the catalytic activity of enzymes involved in PPP
and biosynthesis, which represents an additional link between
glycolysis, PPP, and biosynthesis. Metabolites have been sug-
gested to function as signaling molecules in the past. Examples
include AMP, which is an allosteric activator for AMP-activated
protein kinase (AMPK), a kinase that senses intracellular energy
levels (ATP/AMP ratio) (Shackelford and Shaw, 2009), and
glutamine, which activates leucine uptake, leading to mTOR
activation (Nicklin et al., 2009). We found that the cellular levels
of 3-PG and 2-PG, two key intermediates in glycolysis, have
additional regulatory impact on metabolic enzymes to affect
cell metabolism and consequently proliferation, which provides
an example to suggest that glycolytic metabolites could also
serve as signaling molecules to control cell metabolism and
cellular responses. Moreover, our findings also describe a feed-
back mechanism by which the product levels (2-PG) of a meta-
bolic enzyme (PGAM1) can regulate its substrate levels (3-PG)
by affecting an alternative enzyme (PHGDH) that is involved in
production of this substrate. Thus, this study showcases the
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complexity of cellular metabolism, demonstrating that control of
the intracellular levels of a particular metabolite may involve
diverse enzymes in different metabolic reactions, such that the
balance of the intracellular levels of various metabolites may
exert regulatory functions on enzymes in different pathways to
control cellular metabolism. Such a mechanism can be explored
for anticancer therapies.

Previous reports describe that targeting PGAM1 by a PGAM1-
derived inhibitory peptide or PGAM inhibitor MJE3 attenuates
cancer cell proliferation (Engel et al., 2004; Evans et al., 2005).
In consonance with these observations, our studies suggest
that protein expression and enzyme activity levels of PGAM1
are important for cancer cell proliferation and tumor growth.
Our compound PGMI-004A exhibits promising efficacy in the
treatment of xenograft nude mice in vivo with minimal toxicity,
as well as in diverse human cancer cells and primary leukemia
cells from human patients in vitro with no obvious off-target
effect and minimal toxicity to human cells. These translational
studies provide “proof of principle” to suggest anti-PGAM1 as
a promising therapy in clinical treatment of tumors that heavily
rely on the Warburg effect. However, the potential toxicity of
PGAM inhibitors in vivo to normal postmitotic, metabolically
active organs such as brain, liver, skeletal muscle, and heart,
all of which are glycolytic, remains undetermined. This warrants
further detailed toxicity and pharmacokinetics studies to
improve the proposed anti-PGAM1 therapy in cancer treatment.

EXPERIMENTAL PROCEDURES

Cellular Metabolites Extraction and Measurement

Cellular metabolites were extracted and spectrophotometrically measured as
described previously (Kauffman et al., 1969; Minakami et al., 1965) with some
modifications. To determine cellular concentration of 2-PG and 3-PG, 100 pl of
packed cell pellets were homogenized in 1.5 ml of hypotonic lysis buffer
(20 mM HEPES (pH 7.0), 5 mM KCI, 1 mM MgCl,, 5 mM DTT, and protease
inhibitor cocktail). The homogenates were centrifuged in a cold room at 4°C
for 10 min at maximum speed, and the supernatants were applied to Amicon
Ultra tubes with 10KDa cut off filter (Millipore). The flow through containing the
metabolites was used for the measurement. NADH, ADP, and MgCl, were
added to the flow through to final concentrations of 0.14 mM, 1 mM, and
50 mM, respectively. Recombinant LDH and PKM1 proteins were added to
final concentrations of 5 pg/ml and 10 ug/ml, respectively. Recombinant
enolase protein was added to a final concentration of 50 pug/ml to measure
cellular 2-PG. Once the reaction was initiated by enolase, a decrease in absor-
bance at 340 nm from NADH oxidation was measured by a DU800 spectro-
photometer (Beckman). After termination of the enolase reaction, recombinant
PGAM1 protein was added to a final concentration of 25 pg/ml and the
decrease in absorbance at 340 nm was immediately monitored to measure
cellular 3-PG. One hundred microliters of 2-PG and 3-PG (Sigma) diluted
with 1.5 ml of hypotonic lysis buffer were used as the standards.

Protein Crystallization, Data Collection, and Structure
Determination

For protein crystallization, 6PGD was crystallized by using the hanging
drop vapor diffusion method. To soak in 3-PG, 0.2 ul of 5 mM 3-phosphoglyc-
erate acid were added into the mixture and incubated for 2 hr. The crystals
were then flash-frozen in liquid nitrogen with the same cryoprotectant
solution. Because a high concentration of 3-PG causes the crystal to crack,
a final 3-PG concentration of 833 uM was applied and an occupancy of
50% was obtained after refinement. For data collection, the crystal diffraction
data of 6PGD apo-form and 6PGD-3-PG complex were collected at the
macromolecular crystallography for life science beamline GM/CA-CAT
(23-ID-F) and NE-CAT (24-1D-E) respectively at the Advanced Photon Source,
Argonne National Laboratory. The data were processed with HKL2000 and
the scaled data were used for molecular replacement. For phasing, model
building and refinement, the structure of 6PGD apo-form was determined
by molecular replacement using Molrep in the CCP4 suite, with the protein
portion of the solved structure of 6PGD-6-PG as the search model (Protein
Data Bank [pdb] number: 3FWN) (Chen et al., 2010). The structure was then
refined by using Phenix (Haddadian et al., 2011). Manual rebuilding of the
model was carried out using the molecular graphics program COOT based
on electron density interpretation. Water molecules were incorporated into
the model if they gave rise to peaks exceeding 3c in Fo-Fc density maps.
The structure of the 6PGD-3-PG complex was also determined by molecular
replacement using Molrep with the solved structure of 6PGD apo-form as the
search model, and then refined by using Phenix. Manual rebuilding of
the model was carried out using the molecular graphics programs COOT.
The final structures of apo-form and 6PGD-3-PG complex were visualized
by using PyMol software.

Xenograft Studies

Approval of use of mice and designed experiments was given by the Institu-
tional Animal Care and Use Committee of Emory University. Nude mice
(Athymic Nude-Foxn1nu, female 6- to 8-week-old, Harlan) were subcutane-
ously injected with 10 x 108 H1299 cells harboring empty vector on the left
flank, and cells with stable knockdown of endogenous hPGAM1 on the right
flank, respectively. The tumors were harvested and weighed at the experi-
mental endpoint, and the masses of tumors (g) derived from cells with and
without stable knockdown of endogenous hPGAM1 in both flanks of each
mouse were compared. Statistical analyses were performed by comparison
in relation to the control group with a two-tailed paired Student’s t test. For
drug evaluation of PGMI-004A using xenograft mice, the drug was adminis-
tered by daily intraperitoneal injection at a dose of 100 mg/kg from 6 days after
subcutaneous injection of H1299 cells on right flank of each mouse. Tumor
growth was recorded by measurement of two perpendicular diameters of
the tumors over a 3 week course using the formula 47/3 x (width/2)? x
(length/2). The tumors were harvested and weighed at the experimental
endpoint. The masses of tumors (g) treated with vehicle control (DMSO:
PEG400:PBS at a ratio of 4:3:3) and PGMI-004A were compared and p values
were determined by a two-tailed Student’s t test.

Primary Tissue Samples from Patients with Leukemia and Healthy
Donors

Approval of use of human specimens was given by the Institutional Review
Board of Emory University School of Medicine. All clinical samples were

Figure 7. Inhibition of PGAM1 by PGMI-004A Reveals that PGAM1 Enzyme Activity Is Important for Regulation of 3-PG and 2-PG Levels and
Coordination of Glycolysis and Biosynthesis to Promote Cancer Cell Proliferation

(A) 2-PG (left) and 3-PG (right) levels in H1299 cells treated with or without PGMI-004A were determined in the presence and absence of methyl-2-PG.

(B and C) Lactate production (B) and intracellular ATP levels (C) in H1299 cells treated with or without PGMI-004A were determined in the presence and absence

of methyl-2-PG.

(D and E) H1299 cells treated with or without PGMI-004A were tested for oxidative PPP flux (D) and NADPH/NADP* ratio (E).
(F-H) H1299 cells treated with or without PGMI-004A were tested for biosynthesis of lipids (F) and RNA (G), as well as cell proliferation (H) in the presence and

absence of methyl-2-PG.

(I-K) Cell viability of H1299 cells (I), diverse human leukemia cells (J) and control HDF cells (K) in the presence of increasing concentrations of PGMI-004A. Cell

viability was determined by trypan blue exclusion.

The error bars represent mean values + SD from three replicates of each sample (*0.01 < p < 0.05; ***p < 0.001; n.s., not significant).

See also Figure S5.
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obtained with informed consent with approval by the Emory University
Institutional Review Board. Clinical information for the patients was obtained
from the pathologic files at Emory University Hospital under the guidelines
and with approval from the Institutional Review Board of Emory University
School of Medicine and according to the Health Insurance Portability and
Accountability Act. Only samples from patients that were not previously
treated with chemotherapy or radiation therapy were used. Mononuclear cells
were isolated from peripheral blood and bone marrow samples from patients
with leukemia or peripheral blood samples from healthy donors using
lymphocyte separation medium (Cellgro). Cells were cultured in RPMI 1640
medium supplemented with 10% fetal bovine serum and penicillin/strepto-
mycin and incubated with increasing concentrations of PGMI-004A for up
to 72 or 120 hr.

SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures, five tables, and Supplemental
Experimental Procedures and can be found with this article online at http://
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SUMMARY

Oncogenic Myc alters mitochondrial metabolism, making it dependent on exogenous glutamine (Gin) for cell
survival. Accordingly, GIn deprivation selectively induces apoptosis in MYC-overexpressing cells via
unknown mechanisms. Using MYCN-amplified neuroblastoma as a model, we identify PUMA, NOXA, and
TRB3 as executors of GIn-starved cells. GIn depletion in MYC-transformed cells induces apoptosis through
ATF4-dependent, but p53-independent, PUMA and NOXA induction. MYC-transformed cells depend on both
glutamate-oxaloacetate transaminase and glutamate dehydrogenase to maintain Gin homeostasis and
suppress apoptosis. Consequently, either ATF4 agonists or glutaminolysis inhibitors potently induce
apoptosis in vitro and inhibit tumor growth in vivo. These results reveal mechanisms whereby Myc sensitizes
cells to apoptosis, and validate ATF4 agonists and inhibitors of GIn metabolism as potential Myc-selective

cancer therapeutics.

INTRODUCTION

Neuroblastoma is one of the most frequent solid tumors de-
tected in childhood, accounting for ~10%-15% of all pediatric
oncology deaths (Maris, 2010). Risk factors indicative of poor
prognosis include age > 18 months at diagnosis, advanced
stage, unfavorable histologic grade, and MYCN amplification
(Maris, 2010). Recent studies demonstrated that mutations in
the anaplastic lymphoma kinase (ALK) gene are causal for
most familial neuroblastomas and occur in ~10% of sporadic
neuroblastomas, and that polymorphisms in genes encoding
BRCA1-associated RING Domain-1 (BARD1) and LIM domain
only 1 (LMO1) influence disease susceptibility (Capasso et al.,

2009; Mossé et al., 2008; Wang et al., 2011). Nevertheless,
MYCN amplification remains the most important oncogenic
driver and reliable prognostic factor, and is highly correlated
with advanced disease stage and a poor survival rate. MYCN
amplification occurs in 20%-25% of neuroblastomas overall
and 40% of high-risk cases (Maris, 2010). Alternatively, elevated
c-MYC expression correlates with poor prognosis in MYCN-
nonamplified neuroblastoma (Liu et al., 2008). High levels of
Myc activity likely contribute to aggressive phenotypes by regu-
lating and/or cooperating with other oncogenic pathways.
Neuroblastomas, like other solid tumors, require specific
metabolic alterations to fuel their deregulated growth and inva-
sion into surrounding tissues. The regulation and dynamics of

Significance

Myc-transformed cells depend on elevated glutaminolysis for survival, but little is known about the molecular pathways that
trigger apoptosis upon glutamine (GIn) withdrawal. Here we describe a regulatory mechanism whereby ATF4 induces
expression of the proapoptotic proteins PUMA, NOXA, and TRB3 to promote apoptosis in GIn-deprived, Myc-overexpress-
ing neuroblastoma cells. Moreover, xenograft and autochthonous murine neuroblastoma tumor growth is inhibited by small
molecules that either enhance ATF4 activity or block glutaminolysis. Importantly, we demonstrate that MYCN-amplified
human neuroblastomas selectively overexpress high-affinity Gln transporters and other glutaminolytic enzymes that corre-
late with poor prognosis. These data suggest that drugs that inhibit glutaminolysis or elevate ATF4 function may be effective
therapeutic strategies for treating the >40% of human cancers that overexpress Myc.
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the central metabolic pathways and energy production differ
between normal and malignant cells. Fast-growing, poorly
differentiated tumor cells typically exhibit increased aerobic
glycolysis, a phenomenon known as the Warburg effect (Vander
Heiden et al., 2009). Cancer cells also depend on sustained
mitochondrial activity, and provide biosynthetic substrates to
support enhanced proliferation and survival. Glucose and gluta-
mine (GIn) are two of the most abundant nutrients consumed
by neoplastic cells (DeBerardinis et al., 2008). In most human
cancers, >80% of the absorbed glucose is catabolized into
lactate. While glycolytic ATP generation maintains the cellular
bioenergetics, the remaining glucose enters the tricarboxylic
acid cycle (TCA) cycle, where it is converted to citrate. Citrate
is then preferentially exported into the cytosol to support lipid
synthesis. However, increased citrate efflux from mitochondria
can deplete TCA cycle metabolites. To prevent this, GIn (another
major substrate oxidized by tumor cells) replenishes a truncated
TCA cycle through a process termed anaplerosis (DeBerardinis
et al., 2008). Moreover, GIin metabolism maintains mitochondrial
integrity and nicotinamide adenine dinucleotide phosphate
(NADPH) levels needed for redox homeostasis and macro-
molecular synthesis (DeBerardinis et al., 2008; Metallo et al.,
2012; Mullen et al., 2012; Wise et al., 2011).

MYC oncogenes regulate multiple aspects of tumor metabo-
lism, enabling cancer cells to avidly uptake both glucose and
GIn (Dang, 2012). The MYC family consists of three members:
c-MYC, MYCN, and MYCL. Whereas c-MYC is broadly deregu-
lated in many human tumors, MYCN expression is more
restricted to neural tumors and MYCL is predominantly found
in small cell lung cancer. Both c-Myc and N-Myc have been
documented to enhance aerobic glycolysis by directly acti-
vating the transcription of glycolytic genes (Dang, 2012; Qing
et al., 2010). Oncogenic c-Myc has been linked to increased
glutaminolysis through coordinated transcriptional and post-
transcriptional programs (Gao et al., 2009; Wise et al., 2008).
For instance, c-Myc directly activates the transcription of
SLC1A5 (solute carrier family 1, member 5, also known as
ASCT2) and SLC38A5 (solute carrier family 38, member 5,
also known as SN2), which encode two highly efficient Gin
transporters (Wise et al., 2008). Furthermore, c-Myc indirectly
stimulates glutaminase (encoded by GLS) expression through
suppression of microRNAs miR-23a/b, which specifically target
the GLS 3’ untranslated region and inhibit GLS messenger RNA
(mRNA) translation (Gao et al., 2009). Thus, c-Myc coordinates
the expression of multiple genes that are necessary for GIn
metabolism, replenishing the TCA cycle and supplying essential
intermediates for nucleic acid, amino acid, and glutathione
biosynthesis.

MYCN amplification is strongly correlated with advanced-
stage neuroblastoma (Maris, 2010) and is used worldwide for
patient-risk classification. MYCN-amplified neuroblastomas
are frequently resistant to conventional therapeutic drugs, due
in part to defects in death-inducing signaling complex (DISC)
components such as Caspase 8 (encoded by CASPS; Teitz
et al.,, 2000) and altered ABC transporter expression (Porro
etal., 2010). Therefore, it is critical to identify effective druggable
targets in neuroblastoma. By achieving systemic inhibition in
a Ras-mediated lung adenocarcinoma mouse model, Soucek
et al. (2008) demonstrated the benefit of targeting MYC
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(a recipient of multiple oncogenic signals) as an efficient and
tumor-specific cancer therapy. Thus far, however, no small
molecules targeting nonkinase oncoproteins such as MYC
have been developed. MYCN-amplified neuroblastomas are
highly vascular (Maris, 2010), which makes the use of antiangio-
genic agents (e.g., agents that target vascular endothelial
growth factor) a promising therapeutic approach. However,
recent studies demonstrated that antiangiogenics significantly
increase invasion and metastasis in multiple tumor models
(Ebos et al., 2009; Paez-Ribes et al., 2009), which has somewhat
decreased enthusiasm for this treatment in cancers such as
neuroblastoma.

Myc-mediated metabolic reprogramming triggers cellular
dependency on exogenous GIn to sustain viability. Conse-
quently, GIn depletion kills transformed cells in a Myc-depen-
dent manner (Le et al., 2012; Wise et al., 2008; Yuneva et al.,
2007). However, whether genes involved in Gln metabolism are
deregulated in primary human tumors, and the mechanisms
responsible for GIn deprivation-mediated cell death remain
largely unknown. We therefore sought to determine whether
these cell-death pathway(s) and/or alterations of Gin metabolism
can be therapeutically exploited.

RESULTS

GIn Depletion Induces Neuroblastoma Cell Death

in an N-Myc Dependent Manner

To evaluate the impact of MYC on cell death upon Gin starvation,
we analyzed human tumor cell lines overexpressing N-Myc
(Kelly, from MYCN-amplified neuroblastoma) or c-Myc (SF188,
from glioma). SHEP cells (from MYCN nonamplified neuroblas-
toma) with low N- or c-Myc levels were used for comparison
(Figure 1A). We then subjected these cells to GIn deprivation
for 48 hr. As expected, GiIn starvation induced significant cell
death in Kelly and SF188 cells associated with Myc overex-
pression (Figures 1B and 1C), whereas SHEP cells exhibited
minimal cell death under similar conditions (Figures 1B and
1C). Furthermore, direct N-Myc inhibition by specific small
interfering RNAs (siRNAs) in Kelly cells alleviated cell death
upon Gin loss (Figures S1A and S1B available online), confirming
the essential role of Myc in this process. When tested in cultured
cell lines, elevated c-Myc was shown to enhance the transcrip-
tion of genes involved in glutaminolysis (Wise et al., 2008).
However, whether this in vitro observation is representative of
what occurs in human tumors remained unknown. To address
this issue, we evaluated 80 primary neuroblastomas of diverse
risk classes with and without MYCN amplification. Of note,
ASCT2, LAT1 (or SLC7AS5, solute carrier family 7, member 5),
LAT2 (or SLC7AB6, solute carrier family 7, member 6), GLS2
(glutaminase 2), GOT2 (glutamate-oxaloacetate transaminase
2), and SLC1A7 (solute carrier family 1 glutamate transporter,
member 7) mRNAs were significantly elevated in MYCN-ampli-
fied tumors when compared with nonamplified tumors (Figures
1D and S1C; data not shown). In contrast, GLS (also known as
GLS1, glutaminase 1), GLUD1 (glutamate dehydrogenase), and
SNT1 (solute carrier family 38, member 3) expression was largely
unchanged or even reduced (Figure S1C; data not shown),
suggesting that they are not N-Myc targets. Taken together,
these results suggest that ASCT2, LAT1, LAT2, GLS2, GOT2,
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Figure 1. GIn Starvation Triggers Tumor Cell Death in a MYC-Dependent Manner

(A) Western blot analysis of Myc (N-Myc and c-Myc) expression in Kelly, SF188, and SHEP cells. B-actin was used as a loading control.

(B) Representative images of Kelly, SF188, and SHEP cells in the presence or absence of GIn for 48 hr. Scale bars represent 50 um.

(C) Quantification of cell death by PI-Annexin V staining. Data are presented as an average of triplicates. Error bars represent the standard deviation (SD).

*p < 0.001.

(D) Relative expression of MYCN, ASCT2, LAT1, and GLS2 in primary neuroblastoma tumors. 1, Low-risk group (28 tumors); 2, MYCN-nonamplified, high-risk
group (32 tumors); and 3, MYCN-amplified, high-risk group (20 tumors); defined according to International Neuroblastoma Risk Group criteria (Maris, 2010). Data
are presented as box plots; the box represents the 25™ through 75" percentiles (the line through the box denotes the median), and the whiskers above and below

extend to the 90" and 10™ percentiles, respectively.
See also Figure S1.

and SLC1A7 play a critical role in the regulation of GIn metabo-
lism in MYCN-amplified neuroblastomas.

GIn Depletion Induces Tumor Cell Death Depending
Largely on Bax and Caspase Activities

Studies using gene-targeted mice revealed that cellular apo-
ptosis is frequently governed by two proapoptotic Bcl-2 family
proteins: Bax and Bak (Wei et al., 2001). Bax and Bak exert
similar function in most stress-induced apoptotic pathways
and can functionally substitute for each other. To determine
whether GIn deprivation induces apoptosis via Bax and/or Bak,
we first examined Bax and Bak activation in Kelly cells using
conformation-specific antibodies. GiIn starvation activated both
Bax and, to a lesser extent, Bak, as the 6A7 antibody for Bax
and Ab1 antibody for Bak efficiently immunoprecipitated these
proteins in comparison with nonstarved cells (Figure 2A). Sub-
sequently, Bax and Bak were each depleted by two distinct
siRNAs (Figure 2B) and the cells were subjected to GIn starva-
tion. Surprisingly, inhibition of Bax, but not Bak, significantly
decreased the death of N-Myc-overexpressing Kelly cells upon
GIn deprivation (Figure 2C). This was recapitulated in c-Myc-
overexpressing SF188 cells (Figure 2D), suggesting a general
mechanism that depends predominantly on Bax for Myc-
mediated cell death during GIn limitation. Of note, previous
data demonstrated that Bax depletion cooperates with c-Myc
during murine lymphomagenesis (Eischen et al., 2001). Because
Bax activates downstream caspase-dependent and/or -inde-
pendent pathways, we treated Kelly cells with escalating doses
of z-VAD-fmk (z-VAD), a broad-spectrum caspase inhibitor, and

found that 50 uM of z-VAD completely inhibited Caspase 3
activation and Kelly cell death (data not shown). Therefore,
a caspase-dependent pathway regulates Myc-mediated cell
death during Gin starvation. Consistent with this finding, block-
ing Bax mitochondrial translocation using the cell membrane-
permeable V5 peptide inhibitor (Sawada et al., 2007; Figure 2E)
partially rescued GIn deprivation-induced cell death (Figure 2F).
Therefore, MYCN-amplified neuroblastomas provide an attrac-
tive model for studying the molecular mechanisms that underlie
the connection between Myc overexpression and Gin addiction.

PUMA, NOXA, and TRB3 Promote GIn
Deprivation-Mediated Cell Death

Unlike Bak, Bax can be sequestered in the cytosol by specific
interaction with the non-Bcl2 family protein Ku70 in an acetyla-
tion-dependent fashion (Figure S2A). Cellular stress causes
Ku70 acetylation by CBP and PCAF, leading to subsequent
Bax dissociation, Bax activation, and apoptosis (Sawada et al.,
2007). We examined whether GIn deprivation affects Ku70
acetylation and Bax association. Kelly cell starvation did not
result in detectable changes in either Ku70 acetylation or
Ku70-Bax interaction, whereas treatment with the broad deace-
tylase inhibitor TSA increased Ku70 acetylation and disrupted
Ku70-Bax binding (Figure S2B). Therefore, we concluded that
Ku70 is not involved in Bax activation upon Gin withdrawal.

We then investigated expression of multiple factors inducing
apoptosis upstream of Bax, and observed in GIn-starved Kelly
cells a significant increase in PUMA, NOXA, and TRB3 (tribbles
homolog 3) mRNA (Figure 3A) and protein (Figure 3B). TRB3 is
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Figure 2. GIn Depletion Triggers Bax-Dependent but Bak-Independent Cell Death

(A) Immunoprecipitation of active Bax and Bak using conformation-specific antibodies in Kelly cells subjected to Gin starvation at indicated time points.

(B) Protein levels of Bax and Bak upon siRNA knockdown in Kelly cells. Bar graphs show the quantification results. *p < 0.001.

(C and D) Viability of Kelly cells (C) and SF188 cells (D) upon indicated siRNA knockdown were examined by PI-Annexin V staining after 48 hr of GIn starvation.

Data are shown as an average of triplicates.

(E) Immunoblotting of Bax in the cytosolic (Cyto) and mitochondrial (Mito) fraction of NLF cells treated with V5 peptide in the presence or absence of Gin. VDAC
and actin antibodies were used as controls for mitochondrial and cytosolic protein purification.
(F) GIn-starvation-induced cell death with or without V5 peptide treatment was examined by Pl-Annexin V staining. Shown are average results from three

experiments.
All error bars represent SD.

a mammalian homolog of the Drosophila protein tribbles,
a pseudo-kinase protein that is frequently induced by endo-
plasmic reticulum (ER) stress (Ohoka et al., 2005). Of note,
TRB3 is activated by the ATF4/CHOP pathway and in turn
represses CHOP, possibly via direct CHOP interaction, blocking
CHOP coactivator recruitment. Depletion of PUMA alone by
specific siRNAs significantly inhibited Myc-mediated Kelly cell
death upon GiIn deprivation, and a triple depletion of PUMA,
NOXA, and TRB3 further reduced apoptosis (Figure 3C). We
then extended our study to a number of additional neuroblas-
toma cell lines. A total of 17 neuroblastoma lines, including
nine MYCN-amplified and eight MYCN-nonamplified lines were
subjected to Gin starvation. Of note, six of nine MYCN-amplified
lines, but only one MYCN-nonamplified line exhibited Gin
dependence (Figure 3D and data not shown). The single outlier
for Gln dependence absent MYCN amplification was NBL-S,
a cell line with markedly deregulated N-Myc activity through
protein stabilization (Liu et al., 2008). We examined N-Myc
expression in two MYCN-amplified lines (NLF and IMR32) and
NBL-S, and corroborated similar levels of deregulated protein
(Figure S2C; Qing et al., 2010), underscoring the association
between deregulated MYCN and GIn dependence. Moreover,
significant PUMA, NOXA, and TRB3 induction was observed
in all three cell lines when GIn was absent (Figure S2D), and
a combined inhibition of PUMA, NOXA, and TRB3 reversed

IMR32 and NLF cell death upon Gin removal (Figure 3E). Efficient
siRNA-mediated depletion of PUMA, NOXA, and TRB3 protein
in both Kelly and NLF cells was confirmed by western blot (Fig-
ure 3F). Taken together, these results demonstrate that PUMA,
NOXA, and TRB3 work in concert to regulate GIn-deprivation-
mediated cell death in MYCN-amplified neuroblastomas.

PUMA, NOXA, and TRB3 Are Regulated by

a p53-Independent, ATF4-Dependent Mechanism

PUMA potently induces apoptosis, and its overexpression is
sufficient to cause cell death in numerous cell types because
it directly binds and antagonizes many antiapoptotic Bcl2
family members, resulting in mitochondrial dysfunction and
Bax activation (Letai et al., 2002). PUMA is normally expressed
at low levels but is rapidly induced by p53 and other factors
(Yu and Zhang, 2008). Because GiIn loss in Kelly cells specifically
activates PUMA and NOXA (both well-known p53 targets), we
inhibited p53 by siRNA (Figure 4A) in Kelly cells and then sub-
jected the cells to GiIn starvation. Interestingly, p53 inhibition
had no effect on PUMA, NOXA, and TRB3 induction (Figure 4B),
whereas the expression of another p53 target, TIGAR (p53-
induced glycolysis and apoptosis regulator; Bensaad et al.,
2006), was significantly inhibited under the same conditions
(Figure 4B). In addition to p53, other transcription factors have
been implicated in context-dependent PUMA and/or NOXA
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Figure 3. PUMA, NOXA, and TRB3, but Not Ku70, Are Involved in GIn-Deprivation-Mediated Cell Death
(A) RT-PCR analysis of genes involved in apoptosis. Data are shown as an average of triplicates.

(B) Western blot analysis of indicated protein levels in Giln-starved Kelly cells.

(C) The viability of Kelly cells transfected with the indicated siRNAs in the presence or absence of Gln was analyzed by AnnexinV-PI staining. Data are shown as an

average of triplicates.

(D) Examination of GIn-starvation-induced cell death in five MYCN-amplified and four MYCN-nonamplified neuroblastoma cell lines. Cell death was measured

by Annexin V-PI staining.

(E) The viability of IMR32 and NLF cells transfected with siRNAs targeting PUMA, NOXA, and TRB3 in the presence or absence of GIn was analyzed by

AnnexinV-PI staining. Data are shown as an average of triplicates.
(F) Western blots confirming the effect of sSiRNA knockdown.
All error bars represent the SD; *p < 0.01, **p < 0.005. See also Figure S2.

induction, including Myc, FOXO3, SP1, and E2F1. Each factor
was inhibited by specific siRNAs without a detectable effect on
PUMA and NOXA activation (data not shown).

To identify PUMA regulatory factor(s), we performed bio-
informatic analyses, and identified a conserved ATF4-binding
site within the PUMA promoter region (Figure S3A). ATF4 knock-
down (Figure 4C) potently inhibited PUMA, NOXA, and TRB3
activation in Gin-starved Kelly, IMR32, and NLF neuroblastoma
cells (Figures 4D and S3B). A chromatin immunoprecipitation
(ChIP) analysis demonstrated that significant ATF4 pools were
recruited to the PUMA promoter along with enhanced RNA
polymerase Il (Pol Il) occupancy in Gin-starved Kelly cells (Fig-
ure 4E). We created a luciferase reporter construct using
a pGL3 plasmid containing the putative ATF4-binding site (in
triplicate) 5’ of the SV40 promoter (ATF4-RE/luc; Figure 4F). As
a control, we generated an additional construct harboring muta-
tions in the ATF4-binding motif (ATF4-REmut/luc; Figure 4F).
Compared with empty pGL3 vector and ATF4-REmut/luc,
ATF4-RE luciferase activity was significantly increased by
exogenous ATF4 or GiIn starvation (Figure 4G). Interestingly,
we identified a different ATF4 response element within the
NOXA promoter (Figure S3C). Both ChIP and luciferase assays
confirmed that ATF4 directly activated NOXA transcription

through binding to this site (Figures S3D-S3F). Furthermore,
two distinct ATF4 siRNAs significantly reduced Gin starvation-
induced death in Kelly and NLF cells (Figures 4H and 4l), which
was further alleviated by combinatorial inhibition of PUMA,
NOXA, and TRB3 (Figures 4l and 4J). To control for off-target
effects, independent siRNAs for PUMA, NOXA, and TRB3 were
used in these assays (compare Figures 4l and 4J with Figures
3C, 3E, and 3F). In contrast, ATF4 depletion in SF188 glioma
cells had little effect on Gin-starvation-induced cell death
(Figures S3G and S3H), possibly due to a different tumorigenic
background. A recent study indicated that ATF4 directly acti-
vates CHOP expression, which subsequently stimulates PUMA
and apoptosis (Galehdar et al., 2010). However, CHOP inhibition
in GIn-starved Kelly cells failed to affect PUMA and NOXA
activation (Figure S3I) or concomitant cell death (Figure S3J),
suggesting that CHOP was not involved in this process. Taken
together, these results indicate that ATF4 functions as a tran-
scription factor in directly regulating PUMA, NOXA, and TRB3
expression in MYCN-transformed cells.

GIn can be converted by two deamination reactions into
a-ketoglutarate (a-KG) to replenish a functional TCA cycle (Fig-
ure 4K). Because the TCA cycle provides a “hub” for multiple
metabolic pathways, loss of cycle intermediates could have
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Figure 4. ATF4, but Not p53, Is Responsible for PUMA, NOXA, and TRB3 Activation

(A) Protein levels of p53 with or without siRNA knockdown.

(B) The mRNA expression of indicated genes was examined by RT-PCR in Kelly cells transfected with a control siRNA or p53 siRNA in the presence or absence
of GIn. Data are shown as an average of triplicates.

(C) Protein levels of ATF4 in Kelly cells with or without siRNA knockdown.

(D) The indicated gene expression was quantitated by RT-PCR in Kelly cells transfected with a control or ATF4 siRNA in the presence or absence of GIn. Data are
shown as an average of triplicates.
(E) Specific chromatin binding of ATF4 evaluated by ChIP assay. Recruitment of Pol Il was also assessed.
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various consequences, including cell death (DeBerardinis et al.,
2008). Indeed, oxaloacetate (OAA), a cell-membrane-permeable
TCA-cycle intermediate, or dimethyl «-KG, a cell-membrane-
permeable «-KG analog, prevented apoptosis of Gin-starved
cells (Figure 4L). We reasoned that if ATF4-mediated PUMA
stimulation is critical for cell death, then OAA or a-KG should
decrease PUMA and NOXA expression when Gin is absent. As
expected, supplementation of OAA or a-KG (4 mM) efficiently
inhibited PUMA and NOXA induction (Figure 4M). Of note,
inhibition of both PUMA and NOXA correlated with that of
ATF4 (Figure 4M), raising the possibility that enhanced ATF4
transcription occurs following Gln withdrawal. Moreover, Kelly
cell treatment with actinomycin D, which abrogates ATF4 tran-
scriptional induction, significantly reduced ATF4 protein levels
when GIn was absent (Figure S3K). ATF4 transcriptional control
is largely unknown, except for stress-regulated transcription
factor p8, which induces ATF4 during cannabinoid-mediated
apoptosis (Carracedo et al., 2006). Although p8 expression
was significantly increased at both the mRNA and protein levels
in GIn-starved cells, p8 inhibition had no detectable effect on
ATF4 (Figure S3L). Because ATF4 is activated by GIn starvation,
we investigated whether ATF4 is regulated by signaling path-
ways that promote GIn metabolism, such as AMPK-mTOR
(Nicklin et al., 2009) and Myc (Gao et al., 2009; Wise et al.,
2008; Yuneva et al., 2007). However, siRNA knockdown of
AMPKa1 and a2 catalytic subunits or N-Myc had no significant
impact on ATF4 mRNA levels (Figure S3M). Finally, a bio-
informatic analysis of ATF4 regulatory regions identified ten
potential transcription factors involved in ATF4 induction.
However, their RNAi-mediated inhibition failed to decrease
ATF4 induction in GIn-starved cells (data not shown), suggesting
that other unidentified factor(s) are involved in this process.

ATF4 Translation Depends on the GCN2 Kinase,

but Not PERK, in the Absence of Gin

Translation of ATF4 mRNA is also regulated by stress signals
(Kilberg et al., 2009), transduced by multiple elF2a kinases,
including GCN2 (general control nonrepressed-2), PERK (protein
kinase-like ER kinase), and PKR (double-strand RNA activated
protein kinase). Amino acid deprivation (usually essential ones
like leucine and lysine) triggers the amino acid response (AAR)
signal transduction pathway via GCN2, while ER disruption
and viral infection activate PERK and PKR, respectively. Mecha-
nistically, these kinases promote elF2a phosphorylation at Ser
51. Phospho-elF2q« then binds elF2B in a nonfunctional complex

that suppresses global protein synthesis, while promoting
increased translation of select mRNAs, including ATF4 (Fig-
ure 5A). We first examined elF2o phosphorylation in Kelly cells
at different time points. As expected, GIn starvation gradually
elevated elF2a phosphorylation concomitantly with a dramatic
increase in total ATF4 protein (Figure 5B), suggesting that
ATFA4 translation is also enhanced in Gin-starved Kelly cells. Of
note, this stress response is tightly linked to MYC overexpres-
sion. Although ATF4, PUMA, NOXA, and TRB3 transcripts
were somewhat increased in three MYCN-nonamplified cell
lines (SHEP, SKNAS, and EBC1) upon GIn depletion (Figure S4A),
their protein levels did not change in all cell lines tested
(Figure S4B). Consistent with this result, MYCN-nonamplified
neuroblastoma cells failed to engage the elF2a-ATF4 pathway,
as shown by similar levels of p-elF2a in both conditions
(Figure S4B).

One highly conserved function of MYC family members across
species is to activate ribosome biogenesis and mRNA trans-
lation, which are essential for cell growth (Dang, 2012). GIn is
utilized in O-linked B-N-acetylglucosamine (O-GIcNAc) modifi-
cation of nascent polypeptides, a posttranslational modification
that is critical for transcription factor function (Butkinaree et al.,
2010). Theoretically, GIn deprivation results in protein misfolding
and ER accumulation, leading to ER stress pathway activation. In
addition, oncogenic Myc converts the nonessential amino acid
GIn into an essential one, triggering cellular addiction to Gin
(Wise et al., 2008; Yuneva et al., 2007) and AAR stress pathway
activation. Indeed, the mRNA levels of ER stress-inducing genes
ASNS (asparagine synthetase), GRP78 (glucose-regulated
protein 78), and XBP-1 (X-box binding protein 1) were signifi-
cantly increased in Gin-starved Kelly cells (data not shown).
Whereas glucose starvation in mouse embryonic fibroblasts
(MEFs) induces ATF4 translation via both GCN2 and PERK,
GIn depletion affects ATF4 levels in a GCN2-dependent but
PERK-independent manner (Ye et al., 2010). To confirm this
result, we examined wild-type (WT), Gen2~~, and Perk™/~
MEFs. Indeed, lack of GCN2, but not PERK, abolished ATF4
translation in response to GIn depletion, as increased ATF4
abundance was selectively lost in Gcn2~~ but not Perk™/~
cells (Figure 5C). In parallel, elF2a. phosphorylation was ex-
clusively abrogated in Gcn2~/~ fibroblasts (Figure 5C). We
then depleted GCN2 and PERK in Kelly cells (Figure 5D), and
demonstrated that GCN2 inhibition selectively abrogated
elF2a. phosphorylation in association with decreased ATF4
translation (Figure 5E).

(
(ATF4-REmut).

F) Schematic representation of the consensus ATF4-binding site, the ATF4 response element (ATF4-RE) within the PUMA promoter and its mutant

(G) Luciferase assay was performed using control, ATF4-RE, and ATF4-REmut constructs with or without exogenous ATF4 expression or Gin starvation. Data are

shown as an average of triplicates.

(H) Viability of Kelly cells transfected with a control or ATF4 siRNA in the presence or absence of GIn was examined by PI-Annexin V staining. Data are shown as an

average of triplicates.

() Evaluation of Kelly and NLF cell death upon siRNA knockdown of ATF4 (using independent siRNAs from [C] and [H]), or a combination of PUMA, NOXA, and

TRB3 in the absence of Gin.
(J) Western blots confirming the effect of sSiRNA knockdown in (1).

(K) Diagram depicting GIn metabolism in the TCA cycle. See text for more details.

(L) Evaluation of Gin-starved Kelly cell death upon the addition of OAA or a-KG.

(M) RT-PCR analysis of the indicated genes in Kelly cells cultured in GIn-free or -replete medium, or GIn-free medium supplemented with OAA or a-KG. Data are

shown as an average of triplicates.
Al error bars represent SD; *p < 0.01, **p < 0.005. See also Figure S3.
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Figure 5. The GCN2-elF2« Pathway Activates ATF4 Translation in the Absence of Gin

(A) Diagram depicting pathways involved in selective ATF4 translation. See text for more details.

(B) Western blot analysis of ATF4 and phosphorylated elF2a. (p-elF20) in Kelly cells in the presence or absence of GIn. Total elF2« was used as a loading control.
(C) Immunoblotting of ATF4 and phosphorylated elF2¢. (p-elF2a) in WT MEFs and GCN2- or PERK-deficient (KO) MEFs with or without Gin starvation.

(D) Protein levels of GCN2 and PERK upon the indicated siRNA knockdown in Kelly cells. Error bars represent the SD; *p < 0.005.

(E) Protein levels of ATF4 and phosphorylated elF2a (p-elF2a) were detected in Kelly cells transfected with a control or GCN2 or PERK siRNA in the presence or

absence of GIn.
See also Figure S4.

Either Pharmacological Intervention of Gin Metabolism
or ATF4 Stimulation Induces Cell Death In Vitro

and Inhibits Tumorigenesis In Vivo

Because Gin is critical for maintaining TCA-cycle homeostasis
and providing precursors for protein, nucleotide, and lipid
synthesis, we tested whether pharmacological inhibition of Gin
metabolism induces apoptosis. GIn is metabolized to «-KG,
a critical TCA-cycle intermediate, through two deamination
steps: glutaminase converts Gin to glutamate, and then gluta-
mate dehydrogenase (GDH) or transaminases transfer the amino
group to a-keto acids to generate amino acids such as alanine
and aspartate (Figure 6A). Both amino oxyacetate (AOA), a
chemical inhibitor of glutamate-dependent transaminases
(Wise et al., 2008), and epigallocatechin gallate (EGCG), which
inhibits GDH (Li et al., 2007), induced cell death in a dose-
dependent manner in Kelly cells (Figure 6B). Both AOA and
EGCG effectively induced apoptosis at levels comparable to
that resulting from Gin depletion. The effect of AOA and EGCG
was specific to GIn metabolism, as supplementation of OAA or
cell-permeable pyruvate significantly inhibited the toxic effects
of both chemical inhibitors (Figure 6B). To highlight the impor-
tance of enzymes involved in glutaminolysis in maintaining cell
viability, GDH inhibition was also achieved by siRNA knockdown
(Figure S5A). Indeed, GLUD1 (encoding GDH) mRNA degrada-
tion (Figure S5A) triggered dramatic cell death independently
of GIn status, whereas control cells underwent apoptosis only
in the absence of GIn (Figure S5B).

Because GiIn starvation resulted in ATF4 accumulation,
PUMA/NOXA/TRB3 induction, and apoptosis, we evaluated
the effect of ATF4 agonists. We chose fenretinide (FRT, also
known as 4-hydroxyphenyl-retinamide), a chemotherapeutic

agent, for the following reasons: (1) preliminary data obtained
from clinical trials demonstrated that FRT is well tolerated in
humans (Villablanca et al., 2006), and (2) FRT induces a signaling
cascade that activates ATF4 and cell death (Corazzari et al.,
2007). Indeed, when incubated with FRT, both Kelly and NLF
cells exhibited increased elF2qa. phosphorylation (Figure S5C),
indicating that FRT treatment leads to ER stress in neuroblas-
toma cells, promoting ATF4 translation. In addition, FRT admin-
istration mimics the effect of GIn withdrawal in a number of other
ways, including resistance to Bak inhibition (Figure S5D) and
partial rescue by ATF4 knockdown (Figure 6C), reinforcing the
idea that FRT functions through the ATF4 pathway to induce
cell death in neuroblastoma.

To confirm whether the effects of EGCG and FRT are depen-
dent on N-Myc overexpression, we stably expressed MYCN-
ER in SHEP, a MYCN-nonamplified cell line with undetectable
N-Myc expression (Figure 1A). Induction of MYCN-ER by
4-hydroxytamoxifen in SHEP cells significantly increased the
expression of genes involved in Gln metabolism (Figure 6D)
and sensitized these cells to GIn deprivation (Figure 6E).
More importantly, both EGCG and FRT induced dramatic cell
death in N-Myc-overexpressing SHEP cells (SHEP MYCN-ER)
while causing minimal cell death in control SHEP cells (Fig-
ure 6F), suggesting that both chemicals constitute a synthetic
lethal interaction with MYC transformation in the context of
neuroblastoma.

In addition, administration of either EGCG or FRT to Kelly
cells significantly elevated ATF4, PUMA, and NOXA expression
(Figure 6G), suggesting that either direct inhibition of Gln metab-
olism or activation of upstream signaling achieved a phenotype
similar to that obtained by GiIn starvation. When combined with
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Figure 6. Pharmacological Inhibition of GIn Metabolism or ATF4 Hyperactivation Triggers Dramatic Cell Death In Vitro
(A) Diagram showing enzymes involved in glutamate metabolism. See text for details.
(B) Kelly cell death was examined by PI-Annexin V staining upon EGCG or AOA treatment in the presence of GIn. Where indicated, various metabolites were also

supplemented.

(C) Kelly cell death was measured upon fenretinide treatment with or without ATF4 knockdown.

(D) Induction of MYCN-ER and its target genes in SHEP cells. Data are shown as an average of triplicates.

(E) SHEP cell death with or without MYCN-ER induction was quantified by PI-Annexin V staining in the presence or absence of Gin.

(F) SHEP cells with or without MYCN-ER induction were cultured in GIn-replete medium, and their viability was measured upon the indicated drug treatments.

Data are shown as an average of triplicates.

(G) RT-PCR analysis of ATF4, PUMA, and NOXA mRNAs in Kelly cells treated without or with EGCG (50 uM) or fenretinide (5 pM). Data are shown as an average

of triplicates.

(H) Kelly cell death was quantitated by Annexin V-PI staining upon different drug treatments. Where indicated, 25 uM EGCG and/or 3 uM fenretinide was used,

and data are shown as an average of triplicates.

(I) Evaluation of Kelly cell death upon PUMA/NOXA/TRB3 triple knockdown in the presence or absence of fenretinide/EGCG. Experiments were repeated three

times.
All error bars represent SD; *p < 0.01, **p < 0.005. See also Figure S5.

EGCG, FRT treatment resulted in enhanced cell death (Fig-
ure 6H), indicating that their combination could achieve anti-
tumor activity without significant toxicity. Interestingly, other
glutaminolysis enzymes, especially those upregulated in high-
risk neuroblastomas (Figures 1D and S1C), may also become
feasible drug targets, given that they underlie neuroblastoma
GIn addiction (Figures S5E and S5F). Finally, to highlight the
importance of PUMA, NOXA, and TRB3 as the major cell-death
mediators upon drug treatment, we constructed a PUMA/NOXA/
TRB3 stable knockdown variant of the NLF cell line. In contrast

to control cells, NLF cells with PUMA, NOXA, and TRBS3 triple
inhibition exhibited strong resistance to Gin starvation or FRT/
EGCG treatment (Figures 61, S5G, and S5H).

Together, these in vitro results suggested a functional inter-
play among GIn metabolism, ATF4 activity, and the Myc-driven
oncogenic phenotype of MYCN-amplified neuroblastomas
that can be pharmacologically targeted by FRT and/or EGCG.
However, it remained to be determined whether these signal-
ing events occur in vivo, and whether similar therapeutic
approaches can be applied to other tumors. To investigate this

Cancer Cell 22, 631-644, November 13, 2012 ©2012 Elsevier Inc. 639




Cancer Cell
ATF4 Regulates MYC-Mediated Cell Death

=0.00017 B Figure 7. Pharmacological Intervention of
p=0.0027 pr0:23 GiIn Metabolism or ATF4 Stimulation Signif-
s M‘ﬁ . icantly Inhibits MYC-Mediated Xenograft
% 1000 - > a Tumor Growth
;E' 800 § =0.013 :_E. 600 3 a (A) A xenograft tumor growth assay was per-
= ] Vw‘ k=) 2 - formed using Kelly cells with EGCG and/or fen-
= Ll A § 400 retinide administration. Representative pictures
g 400 : 2 <] - 3 of subcutaneous tumors under different treat-
P 200 A %’ % E 200 o a ments are shown.
. (B and C) SKNAS cells (B) and P493B lymphoma
0 iy 5 < 0 T T cells overexpressing c-Myc (C) were subjected to
& & & Fe control FRT+EGCG the same xenograft experiments as performed
in (A).
- -9 “‘ ’. .., (D) Western blot analysis of P493B-inititated
xenograft tumor lysates for the indicated proteins.
c D control FRT+EGCG (E) ShRNA viruses targeting PUMA, NOXA, and
TRB3 were transduced into P493B cells, and
1 2 3 1 2 3 - .
knockdown efficiencies were evaluated by means
I e """’1 ATF4 of western blots.
‘6‘:1200- [ ~ == = — | PUMA (F) Xenografts of P493B cells with or without
E 1000+ PUMA/NOXA/TRB3 triple knockdown in the
= | e e | NOXA i
£ 8004 presence or absence of fenretinide/EGCG.
2 oo TRB3 The horizontal lines in (A)~(C) and (F) represent
5 - “_! cleaved Caspase 3 the average tumor weights for each group. See
E :EZ [ ——] 0-Caspase 3 also Figure S6.
p | | : R B | phospho-Hs3 (ser 10)
control  FRT FRT+EGCG e — 113
” ” Y | r1:1 | :::c lymphomas. In addition, we generated
— PUMA/NOXA/TRBS3 triple knockdown
P493B cells (Figure 7E), and found that
E F — P493 cells with PUMA/NOXA/TRB3
3004 depletion exhibited substantial resis-
& ] i tance to FRT/EGCG treatments in vivo
& © %soo e R (Figure 7F), as did PUMA/NOXA/TRB3-
[=  ]rpuma - & a 3 depleted NLF cells (Figure S6C). We
- NOXA §4oo g A B A also probed respopsgs tq FRT, AOA,
P— e Ezoo- EGCG, or GIn dgprlvatlon in A549 Iun.g
— . ‘g* cancer cells driven by an oncogenic

control FRT+EGCG control FRT+EGCG

KRAS mutation. Interestingly, A549 cells
were resistant to all of these condi-

control

issue, we established subcutaneous xenografts in nude mice
using Kelly cells. Mice with palpable tumors were randomized
into four groups, each receiving different drug treatments.
Consistent with the in vitro findings, administration of EGCG or
FRT significantly suppressed tumor progression, and combined
treatment resulted in more marked tumor inhibition (Figure 7A).
SKNAS, a MYCN-nonamplified neuroblastoma cell line, was
found to be highly resistant to FRT and EGCG (Figure 7B). We
performed xenograft assays using P493B Burkitt’s lymphoma
cells, which overexpress c-Myc and are addicted to GIn (Figures
S6A and S6B). P493B tumors were also sensitive to FRT and/or
EGCG administration to a similar extent as Kelly xenografts
(Figure 7C). Importantly, P493B tumors treated with FRT/
EGCG exhibited increased expression of ATF4, PUMA, NOXA,
and TRBS3 (Figure 7D), indicating that the ATF4-PUMA/NOXA/
TRB3 pathway was activated by these drugs in xenograft

triple KD tions (Figure S6D), and no significant

increases in ATF4, PUMA, NOXA, or
TRB3 protein levels were observed
(Figure S6E). Moreover, FRT/EGCG
treatment failed to inhibit A549-initiated
xenograft tumor growth (Figure S6F), further demonstrating
that ATF4-regulated GIn dependence is tightly linked to MYC
overexpression.

Finally, we tested this approach using the TH-MYCN trans-
genic mouse model, in which spontaneous neuroblastomas
arise in autochthonous tumor sites due to enforced MYCN
expression in neural crest tissues. Homozygous TH-MYCN
mice were treated with AOA or vehicle control at the time
a palpable tumor was documented. As a result, AOA therapy
led to inhibition of tumor growth in comparison with control
mice (Figure 8A), and tumors treated with AOA exhibited induc-
tion of ATF4, PUMA, NOXA, and TRB3 (Figure 8B). The anti-
tumor effects of these drugs (AOA/FRT/EGCG) are not due to
decreased tumor cell proliferation [as evaluated by phosphory-
lated H3 immunoblotting (Figure 7D), Ki-67 staining (Figures 8C
and 8D), or MYC expression (Figures 7D, 8B, and S7A-S7C)],
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Figure 8. The Transaminase Inhibitor AOA
Reduces Autochthonous Neuroblastoma
Growth in the TH-MYCN Transgenic Mouse
Model

(A) Tumor-bearing homozygous TH-MYCN mice
were i.p. injected daily with PBS or 10 mg/kg AOA
as described in Experimental Procedures, and
8 days later the tumors were isolated and weighed.
The horizontal lines represent the average tumor
weights for each group. The pictures shown are
of representative neuroblastomas.

(B) Tumors harvested from homozygous TH-
MYCN mice as described in (A) were lysed and
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but to significantly increased intratumoral apoptosis as quanti-
fied by cleaved Caspase 3 (c-Caspase 3) levels (Figures 7D,
8C, and 8D). All of these results support the clinical potential
of glutaminolysis inhibitors as cancer therapeutics against
MYC-driven tumors.

DISCUSSION

Cancer cells exhibit increased metabolic autonomy in compar-
ison with normal cells, importing and metabolizing nutrients
required to support their growth and proliferation (Vander Heiden
et al.,, 2009). The important role played by bioenergetics and

@nopiosi) T * [HME  ; (priveration

» cell proliferation

» BAX —» cell death

subjected to western blot analysis using the
indicated antibodies.

(C) Ki-67 and c-Caspase 3 staining were per-
formed on paraffin-embedded tumor tissue
sections derived from (A). Representative staining
micrographs are shown. Scale bars represent
100 pm.

(D) Quantification of the results in (C); n = 8, *p <
0.001. Error bars represent SD.

(E) Model depicting the action of GIn in MYC-
overexpressing tumors. See text for additional
details.

See also Figure S7.
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cellular metabolism in the process of
cancer development is receiving re-
newed attention. In order to achieve
rampant proliferation, tumor cells must
duplicate their entire biomass, including
nucleic acids, proteins, and lipids, and
assemble these components in daughter
cells (DeBerardinis et al., 2008). There-
fore, in addition to enhanced energy
generation, tumors alter their metabolism
to generate macromolecules more effi-
ciently. In these processes, GiIn plays
an important role. Recently, oncogenic
MYC was shown to reprogram glutami-
nolysis to support biosynthetic activities
through transcriptional and posttran-
scriptional stimulation of genes involved
in Gln metabolism (Gao et al., 2009; Le
et al., 2012; Wise et al., 2008). However,
precisely how GiIn deprivation leads to
apoptosis in MYC-transformed cells
was unknown. Using neuroblastoma as a model system, we
were able to identify a pathway that links ATF4 to PUMA/
NOXA/TRB3 activation and cell death upon GIn starvation, and
propose the model shown in Figure 8E. Our results are highly
consistent with the notion that Myc functions as a double-edged
sword in regulating cellular activities, that is, oncogenic Myc
promotes proliferation or apoptosis depending on upstream
signals and enforced dependencies. In Gin-replete conditions,
Myc induces genes (e.g., ASCT2, GLS1, and LAT1) involved in
GIn metabolism to support increased biosynthetic activities.
It should be noted that Myc also regulates gene networks that
activate glucose metabolism, mitochondrial biogenesis, and
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ribosome biogenesis (Dang, 2012). In concert, these processes
lead to a robust growth phenotype. When Gin is depleted, cells
initiate a distinct network that includes ATF4 activation. Mecha-
nistically, two pathways mediate ATF4 stimulation upon Gin
deprivation: increased transcription through a currently unknown
mechanism, and enhanced translation via GCN2-elF2a. ATF4
then activates PUMA and other genes (e.g., NOXA and TRB3)
involved in the execution of cell death, sensitizing tumor cells
to Myc-mediated apoptosis.

Like Myc, ATF4 also plays a dual role in regulating cellular
activities. ATF4’s typical role as a protective factor is well docu-
mented (Ameri and Harris, 2008). Genome-wide profiling in
ATF4 WT and deficient MEFs revealed that ATF4 regulates
amino acid metabolism and resistance to oxidative stress (Ameri
and Harris, 2008). Indeed, Atf4~'~ fibroblasts are prone to death
in response to stress, including oxidative stress and amino
acid deprivation. Nevertheless, numerous reports have also
described a prodeath role for ATF4 in neurons (Carracedo
et al., 2006; Lange et al., 2008; Ohoka et al., 2005). In contrast
to fibroblasts, ATF4 is a proapoptotic factor in neurons both
in vitro and in vivo (Lange et al., 2008). A subset of ATF4-regu-
lated genes, including TRB3 (Ohoka et al., 2005), promote
neuronal apoptosis, suggesting that context-dependent ATF4
regulation may account for the divergent phenotypes observed.
ATF4 activation also results in tumor cell death under stress
conditions (Ameri and Harris, 2008; Carracedo et al., 2006), sug-
gesting that ATF4 agonists constitute a potential therapeutic
strategy for inhibiting tumor growth. The different metabolic
demands of MYCN-amplified and -nonamplified neuroblas-
tomas may explain the distinct roles for ATF4 in divergent cell
types. Given that ATF4 plays opposing roles (prosurvival versus
prodeath) in different tumors, one must use caution when
considering ATF4 agonists or antagonists as potential therapeu-
tics for cancer treatment.

MYC deregulation occurs frequently in human cancers and
has been estimated to contribute to at least 40% of all human
cancers (Dang, 2012). In multiple models, MYC has been shown
to be continuously required for tumor maintenance (Shachaf
et al., 2004; Soucek et al., 2008), suggesting that direct targeting
of Myc is an effective therapeutic strategy. However, attempts
to chemically disrupt its function have met with limited success,
possibly due to the inherent difficulty of inhibiting transcription
factors with small molecules. Here, we demonstrate and validate
an alternative, pharmacologic approach that exploits the
enforced Gin addiction present in Myc-overexpressing tumor
cells. Previous treatments that involved inducing Gin deficiency
or interfering with its metabolism (e.g., administration of
6-diazo-5-oxo-I-norleucine [DON] and acivicin) showed great
promise in animal models (Ahluwalia et al., 1990) but were
unacceptably toxic in humans and eventually abandoned. In
screens for compounds that suppress Rho GTPase activation
by oncogenic Dbl (for diffuse B cell lymphoma), recent work
identified a tetrahydrobenzo derivative (compound No. 968)
that blocks Rho GTPase-mediated transformation and tumor
growth via mitochondrial glutaminase inhibition (Wang et al.,
2010). Consistent with this finding, administration of BPTES,
another glutaminase inhibitor, significantly decreased xenograft
tumor growth initiated by c-Myc-transformed lymphoma cells
(Le et al., 2012). Nevertheless, the efficacy and toxicity of both
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compound 968 and BPTES for treating human patients remain
largely unknown. Here we show that the combination of FRT
(4-hydroxyphenyl-retinamide) and EGCG is effective for killing
neuroblastoma and lymphoma cells when administered both
in vitro and in vivo. Both drugs are well tolerated in humans
(Khan and Mukhtar, 2008; Villablanca et al., 2006) and may
have clinical utility for human cancers overexpressing the MYC
oncogene. Although FRT alone may not elicit robust antitumor
responses, it could be combined with EGCG as a strategy to
move forward in patient care. Moreover, the development of
drugs targeting GIn metabolism in neuroblastoma should occur
with some urgency, as patients with MYCN amplifications are
likely to respond.

EXPERIMENTAL PROCEDURES

Cell Culture

Cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS), 2 mM Gin, and 1x penicillin
and streptomycin. To deplete Gin, cells were cultured in GIn-free DMEM sup-
plemented with 10% dialyzed FBS. When indicated, GIn was added back at
a final concentration of 2 mM.

siRNA Knockdown and RNA and Protein Analysis

All assays were performed as described in Qing et al. (2010). Details regarding
the applied siRNAs, primers, and antibodies are provided in Supplemental
Experimental Procedures.

Cell Death Assay

Cells were harvested by combining floating cells in the medium and adherent
cells detached by 0.25% trypsin, and cell pellets were washed once with
cold PBS. Apoptosis was analyzed using the Annexin V-FITC Apoptosis Kit
(BioVision), and data are presented as an average of triplicates.

Luciferase Reporter Assay

Empty pGL3 luciferase vector (0.5 ng) or pGL3 expressing ATF4-RE (or indi-
cated mutants) was transiently cotransfected in triplicate into HEK293T cells
using Fugene 6 (Roche Molecular Biochemicals) with 0.1 nug Renilla luciferase
reporter. When indicated, 0.5 pg pCMV-ATF4 plasmid was included.
Luciferase activities were measured 16-20 hr later with a Dual Luciferase Kit
(Promega). Firefly luciferase activities were normalized to Renilla luciferase
control values and shown as an average of triplicates.

Human Subjects

Primary human neuroblastoma samples were collected and handled at the
Children’s Hospital of Philadelphia with the approval of its institutional review
board committees. Related procedures were performed in accordance with
ethical and legal standards regarding human subjects, and informed consent
was obtained.

Animal Studies

All animal experiments were approved by the Animal Care and Use Committee
at the University of Pennsylvania. For xenograft experiments, female BALB/C
nude mice (Charles River) were injected subcutaneously in both flanks with
three million Kelly, NLF, SKNAS, A549, or P493B cells diluted in 100 pl
DMEM mixed with an equal volume of matrigel (BD Bioscience). Once palpable
tumors were established, mice were randomly divided into several groups
receiving different treatments. Fenretinide (1.5 mg/kg) was intravenously in-
jected every 3 days, and EGCG (50 mg/kg) was intraperitoneally (i.p.) injected
daily. Tumor weight was measured at the time of sacrifice. For experiments
using the transgenic mouse model, 30 homozygous TH-MYCN mice bearing
palpable intra-abdominal tumors (ultrasound verified) were randomly divided
into two groups and i.p. injected daily with PBS or 10 mg/kg AOA, respectively.
Eight days later, the mice were sacrificed and tumors were isolated and
weighed. To prepare tumor lysates for western blot analysis, the tumors
were snap-frozen in liquid nitrogen, ground with a mortar, and then lysed.
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To prepare tumor tissue sections for Ki-67 and c-Caspase 3 staining, fresh
tumors were fixed in 10% formalin or 4% formaldehyde, and then dehydrated
with a series of ethanol solutions (75%, 95%, and 100%). Immunohistochem-
ical analyses of Ki-67 and c-Caspase 3 were performed by the Pathology
Core of the Children’s Hospital of Philadelphia. ImageJ software was used
to quantify the staining results.

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.2012.09.021.
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SUMMARY

Dynamic actin cytoskeletal reorganization is integral to cell motility. Profilins are well-characterized regula-
tors of actin polymerization; however, functional differences among coexpressed profilin isoforms are not
well defined. Here, we demonstrate that profilin-1 and profilin-2 differentially regulate membrane protrusion,
motility, and invasion; these processes are promoted by profilin-1 and suppressed by profilin-2. Compared to
profilin-1, profilin-2 preferentially drives actin polymerization by the Ena/VASP protein, EVL. Profilin-2 and
EVL suppress protrusive activity and cell motility by an actomyosin contractility-dependent mechanism.
Importantly, EVL or profilin-2 downregulation enhances invasion in vitro and in vivo. In human breast cancer,
lower EVL expression correlates with high invasiveness and poor patient outcome. We propose that profilin-
2/EVL-mediated actin polymerization enhances actin bundling and suppresses breast cancer cell invasion.

INTRODUCTION

Cell motility requires precisely orchestrated regulation of mul-
tiple cellular processes that involve dynamic actin cytoskeletal
reorganization. Reorganization of the actin cytoskeleton is
controlled by actin-binding proteins that regulate nucleation,
branching, elongation, bundling, severing, and capping of actin
filaments (DesMarais et al., 2005; Insall and Machesky, 2009;
Pollard and Borisy, 2003). In particular, profilins are key actin
polymerization regulators that promote the conversion of ADP-
actin to ATP-actin and interact with poly-L-proline domains
(PPP[A/P]PPLP; abbreviated as “PLP”) found in a variety of actin

nucleation promotion factors, actin nucleators, and actin fila-
ment barbed end elongation factors. These include WASp/
WAVE/SCAR, formins, and Ena/VASP proteins (Mena, VASP,
and EVL) (Ferron et al., 2007; Gertler et al., 1996; Jockusch
et al.,, 2007; Lambrechts et al., 2000; Mahoney et al., 1997;
Reinhard et al., 1995). Orchestrated regulation of these actin
polymerization factors leads to distinct changes in the actin
cytoskeleton architecture. These cytoskeletal changes regulate
cellular processes that impact cell motility, and can also pro-
mote or suppress invasive migration. Four profilin isoforms
have been identified; while profilin-1 is ubiquitously expressed,
other isoforms show more selective expression in specific

Significance

The actin cytoskeletal architecture impacts many cellular processes associated with cancer invasion. We show that
changing the relative levels of two profilin paralogs alters actin cytoskeletal architecture and influences normal and cancer
cell behavior. Our studies revealed functional divergence between profilin-1, which promotes membrane protrusion,
motility, and invasion, and profilin-2, which suppresses these processes. These contrasting phenotypic effects involve
distinct actin cytoskeletal remodeling by the two profilins. Profilin-2 exerts these previously unrecognized suppressive
effects through selective interaction with the actin polymerization regulator, EVL, which promotes profilin-2-mediated actin
cytoskeletal remodeling and suppresses migratory and invasive behaviors. Importantly, analyses of breast tumors revealed
that lower EVL expression corresponds to high invasiveness and poor prognosis, making EVL a potential biomarker for
patient outcome.
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tissues. It is currently unclear whether profilin-2/3/4 isoforms
have evolved to carry out distinct functional activities with
respect to actin polymerization or to protect against loss of
one isoform by genetic or epigenetic alterations.

Previously, in a siRNA high-throughput cell migration screen,
we found that suppression of PFN1, the ubiquitously expressed
profilin isoform, inhibited cell migration in MCF10A mammary
epithelial cells whereas PFN2 downregulation enhanced migra-
tion in these cells (Simpson et al., 2008). Although profilin-2
has been considered a neuronal-specific isoform (Honoré
et al., 1993; Witke et al., 1998), it is expressed in many other
tissues, including breast epithelium (EST Profile Viewer at
http://www.ncbi.nlm.nih.gov/UniGene/ESTProfileViewer.cgi?
uglist=Hs.91747). Despite structural similarities in their PLP
binding sites (Kursula et al., 2008; Lambrechts et al., 1997;
Witke, 2004), profilin-1 and profilin-2 show variation in surface
charge distribution at these sites (Nodelman et al., 1999). Differ-
ences in ligand binding preferences have been reported using
in vitro binding assays or mass spectrometry analysis of profi-
lin-1 and profilin-2 binding proteins (Lambrechts et al., 2000;
Miki et al., 1998; Nodelman et al., 1999; Veniere et al., 2009;
Witke et al., 1998); however, the extent to which these binding
differences affect actin-based cellular processes has not been
explored mechanistically.

Inthis report, we demonstrate that altering profilin-1 or profilin-
2 levels has dramatically different effects on actin cytoskeletal
organization, affecting cell migration and invasion. Profilin-2
controls protrusive activity and migratory behavior of normal
and tumor cells by promoting EVL-mediated polymerization of
long actin filaments that assemble into contractile bundles. In
addition, downregulation of profilin-2 or EVL markedly enhances
invasion in vitro and in vivo, and the expression profiles of these
actin regulators in human tumors is significantly correlated with
tumor grade and invasiveness.

RESULTS

Profilin-1 and Profilin-2 Have Differential Effects

on Cell Motility and Invasion

To investigate profilin-1 and profilin-2 contributions to cell
motility, we depleted each isoform and analyzed changes in
the motile behavior of MCF10A cells. SMARTpool siRNAs
selectively downregulated profilin-1 and profilin-2 levels, and
knockdown (KD) of one isoform did not affect the levels of the
other (Figures 1A-1C). PFN2 KD increased migration speed
and scattering, whereas PFN1 KD decreased migration speed
and promoted cell clustering (Figures 1A-1D; Movie S1 available
online). We confirmed the siRNA specificity using two shRNAs,
targeting each isoform; these shRNAs displayed the same
specificity and efficacy in knockdown, and induced the same
migratory phenotypes (Figure S1A). Using these shRNAs, we
evaluated the effects of profilin-1 and profilin-2 depletion in
3D cultures. MCF-10A cells form cyst-like acinar structures
reminiscent of mammary gland alveoli (Muthuswamy et al.,
2001; Petersen et al., 1992). PFN2 KD induced the formation of
dysmorphic 3D structures not observed in control cultures
(Figures 1E); and about 5% of PFN2 KD structures displayed
an invasive phenotype exhibiting cell dissemination into the
matrix (Figure 1E). This invasive behavior is noteworthy because
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overcoming structural restraints within acini is highly atypical;
most genes that have been implicated in tumor progression fail
to induce invasion in MCF-10A cells, requiring additional genetic
or epigenetic alterations to promote this phenotype (Debnath
and Brugge, 2005; Witt et al., 2006). PFN2 KD also significantly
induced MCF10A cell invasion through Matrigel in a Boyden
chamber assay (Figure 1F).

To examine the contrasting functions of profilin-1 and profi-
lin-2 in cancer cell migration, we screened a large number of
breast tumor cell lines for expression of the two profilin iso-
forms; we chose SUM159 cells for analysis because they
express levels of profilin-1 and profilin-2 comparable to MCF-
10A cells (Figures 1G and S1B). Similarly to MCF10A cells
(Simpson et al., 2008), PFN2 KD enhanced SUM159 cell migra-
tion in a wound-healing assay and increased cell scattering at
the wound edge, whereas PFN1 KD suppressed wound closure
(Figures 1H and S1C).

To determine the contribution of each profilin isoform to the
total pool of profilin, we quantified profilin-1 and profilin-2 cellular
concentrations in MCF10A and SUM159 cells. Profilin-1 concen-
tration, approximately 13 uM, was about 15-fold higher than that
of profilin-2, 0.8 uM (Figures 1G and S1B); this suggests that cell
migration is sensitive to changes in profilin-2 levels specifically
since altering profilin-2 alone would not significantly alter the
combined concentration of both isoforms.

To examine whether alterations in profilin-1 and profilin-2
levels affect invasive behavior of SUM159 cells, we embedded
them in Matrigel, in which they form 3D clusters with cells
protruding into the surrounding matrix. PFN2 KD enhanced
migratory and invasive behavior of SUM159 cells in 3D cul-
tures, exhibiting enhanced protrusive activity and cell dis-
semination into the matrix, whereas overexpression of PFN2
(HA-profilin-2) resulted in the opposite phenotypes (Figures
2A and S2A-S2B); PFN1 KD diminished protrusive activity
and suppressed migration and invasion into the matrix,
whereas PFN1 overexpression enhanced them (Figures 2A
and S2A-S2B). Consistent with these results, PFN2 KD in-
creased invasion in Boyden chambers, whereas PFN71 KD sig-
nificantly decreased it (Figure 2B).

To investigate whether profilin-1 and profilin-2 influence
invasion of breast cancer cells in vivo, we injected control,
PFN1 KD, or PFN2 KD SUM159 cells orthotopically into the
mammary fat pad of NOD/SCID mice. While there were no
discernable differences in tumor growth among PFN71 KD,
PDN2 KD, and control tumors (Figure S2C), PFN2 KD sig-
nificantly increased the number of extratumoral invasive foci,
particularly in the surrounding stroma and muscle tissue and
occasionally in the sentinel lymph node (Figures 2C, 2D, and
S2D). These studies indicate that profilin-2 downregulation
enhances stromal infiltration in SUM159-derived tumors.

Profilin-2-Mediated Actin Polymerization Promotes

Actin Bundling and Suppresses Protrusive Activity

Given its low cellular concentration, the significant effects of
profilin-2 downregulation on migration and invasion suggest
that its contribution to actin cytoskeletal reorganization is distinct
from that of profilin-1. To characterize the contribution of each
profilin to actin cytoskeletal remodeling, we examined PFN1
KD and PFN2 KD SUM159 cells microinjected with labeled
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Figure 1. Profilin-1 and Profilin-2 Differentially Regulate Cell Migration and Invasion

(A) Montages of DIC from Movie S1. Time stamps are hr:min:s. Scale bar is 50 pm.

(B) Migration tracks of the cells indicated by red and yellow arrows in (A). Units are in um.

(C) Western blot analysis of profilin-1 and profilin-2.

(D) Quantitation of migration speed; values are averages of mean speed from at least 30 cells + SEM from three experiments.

(E) MCF10A 3D cultures. Left panels are phase-contrast images (arrows indicate cell invasion) and right panels are 3D reconstruction of confocal z-series.
Scale bar is 50 pm.

(F) Boyden chamber invasion assays; values are averages of mean number of invading cells (normalized over control) from three independent experiments + SEM.
(G) Quantitation of profilin-1 (a) and profilin-2 (b) intracellular concentrations. Values are means from three independent experiments + SD.

(H) Wound-healing assay of SUM159 control, PFN71 KD, and PFN2 KD cells. Plot shows wound areas (normalized over control) from a representative experiment
(of three experiments); and right panels show cells at the edge of the wound highlighted in green. Scale bar is 50 um.

See also Figure S1 and Movie S1.
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Figure 2. PFN2 Knockdown Enhances Invasion of SUM159 Breast Tumor Cells
(A) Three-dimensional reconstruction of confocal z-series of 3D cultures. Scale bar is 40 pm.
(B) Boyden chamber invasion assays; values are averages of mean number of invading cells (normalized over control) from three independent

experiments + SEM.

(C) Macroscopic view of representative tumors from mammary fat pads injections.

(D) Top row: Hematoxylin and eosin staining of sections from control, PFN1 KD, and PFN2 KD SUM159 tumors. White arrow indicates local invasion. Bottom row:
Left panel shows box plots of the quantitation of invasive foci in tumors from three experiments; middle panel shows an invasive focus at the sentinel lymph
node in PFN2 KD tumor (inset is a magnification of the region indicated by a white arrow); and right panel shows a tumor edge with dissociated invasive cells in

a PFN2 KD tumor. Scale bar is 50 pm.
See also Figure S2.

actin by time-lapse microscopy. PFN71 KD increased F-actin
bundling; PFN2 KD, however, decreased bundling, especially
at regions of the leading edge undergoing increased protrusive
activity (Figure 3A; Movie S2).

To compare the ultrastructure of the actin cytoskeleton in
control and KD cells, we examined metal cast cytoskeletons
generated by rapid freezing and rotary shadowing. Consistent
with the light microscopy data, PFN7 KD cytoskeletons showed
marked increase in actin filament bundles (Figure 3B). To quan-
tify the change in actin bundling, we assessed the percentage of
cells with prominent stress fibers by light microscopy; PFN1 KD
enhanced stress fiber formation in SUM159 cells, whereas PFN2
KD diminished it (Figures 3C, 3D, and S3A). Importantly, PFN2
KD in PFN1 KD cells (double knockdown) resulted in dramatic
reduction in actin polymerization and in collapse of the actin
cytoskeleton (Figure S3B); these data suggest that profilin-1
and profilin-2 are the two major profilin isoforms regulating actin
polymerization in SUM159 cells and that profilin-2 promotes
actin bundling. Indeed, similarly to PFN1 KD, overexpression of

PFN2 enhanced stress fiber formation, a phenotype that was
reversed by the concomitant KD of PFN2;, moreover, overex-
pression of a siRNA-resistant PFN2 mutant prevented the
reversal of the PFN2 overexpression phenotype by PFN2 KD,
further validating the specificity of profilin-2 effects on actin
bundling (Figures S3C and S3D).

Because these alterations in the actin cytoskeleton corre-
lated with changes in protrusive activity, we examined pro-
trusion and retraction dynamics after altering profilin-1 and
profilin-2 levels. PFN2 KD in SUM159 cells enhanced protru-
sion and retraction as compared to control cells, while PFN1
KD suppressed these activities (Figure 4A; Movie S3). Changes
in protrusive activity were quantified in kymographs generated
from highly resolved time-lapse image series (3,600 frames
at a rate of 1 frame/sec). PFN2 KD increased speed and
frequency of protrusion and retraction by 1.6-fold to 2-fold,
and decreased protrusion persistence by 32% as compared
to control (p < 0.05) (Figures 4B-4E and S4A-S4D; Movie
S3); additionally, PFN2 KD decreased the idle time between

618 Cancer Cell 22, 615-630, November 13, 2012 ©2012 Elsevier Inc.
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Figure 3. Profilin-2 Promotes Actin Bundling in SUM159 Cells

(A) Montage from time-lapse movies of cells microinjected with Alexa Fluor 568-conjugated actin (Movie S2); colored lines indicate the positions of the leading
edge in the corresponding cells. Indicated time is in minutes. Scale bar is 10 um.
(B) Electron micrographs of cortical F-actin cytoskeletons. Arrow indicates a small protrusion (green) next to an actin bundles (red). Insets are higher resolution

images. Scale bar is 1 um.

(C) Quantitation of cells with prominent stress fibers (~200 cells were analyzed per group).

(D) Representative images; arrow indicates small protrusion. Scale bar is 10 um.

See also Figure S3 and Movie S2.

protrusion/retraction events, as compared to control (Fig-
ure S4C). In contrast, PFN1 KD diminished protrusion speed,
but did not affect persistence or frequency (Figures 4B-4D
and S4A-S4D). To observe the direct effects of increased
intracellular concentrations of profilin-1 or profilin-2, we micro-
injected the respective purified proteins into SUM159 cells (Fig-
ure 4F; Movie S4). Profilin-1 injection enhanced protrusion/
retraction speed and frequency, whereas profilin-2 injection
suppressed these activities (Figures 4G-4J and S4D-S4F;
Movie S4); overexpression of PFN2a also suppressed protru-
sive activity significantly (Figures S4G and S4H). Together,
these results suggest that profilin-2 suppresses protrusive
activity in SUM159 cells, consistent with its suppressive effects
on migration and invasion of these cells.

The Suppressive Effects of Profilin-2 Are Dependent

on Myosin Contractility

To investigate the involvement of myosin motor activity in
profilin-2-induced actin bundling, we examined myosin light
chain (MLC) phosphorylation. In PFN71 KD cells, phospho-MLC
decorated F-actin bundles at the leading edge (Figure 5A);
PFN2 KD cells displayed reduced total phospho-MLC, con-
sistent with reduced cortical actin bundling (Figures 5A, 5B,
and S5A). Conversely, overexpression of PFN2a increased
phospho-MLC levels (Figure S5A). Moreover, we examined the
effects of overexpression of PFN2b; PFN2b is a PFN2 splice
isoform that does not bind to G-actin and has low affinity to
poly-L-proline (Di Nardo et al., 2000), and was used as negative
control lacking the capacity to promote actin polymerization.

Cancer Cell 22, 615-630, November 13, 2012 ©2012 Elsevier Inc. 619
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Figure 4. Profilin-2 Suppresses Protrusive Activity in SUM159 Cells
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(A) Montages of DIC images selected from a segment of Movie S3 at 1-hr intervals. Scale bar is 20 pm.

(B) Kymography analysis. Left panel shows DIC images from Movie S3 at time 0. Right panel shows minimum projections (showing regions of protrusive activity)
of entire time series (acquired at a rate of one frame/s). Lines indicate the position at which kymographs were registered. Scale bar is 20 um.

(C) Kymographs from the corresponding movies in (B). Vertical scale bar is 20 um. Horizontal scale bar is 2 min.

(D and E) Average retraction and protrusion speeds (D) and frequency (E). Values are averages of means from at least 30 cells (pooled from three different

experiments) + SEM.

(F) Montages of DIC images selected from a segment of Movie S4 at 1-hr intervals. Yellow dextran marks the injected cells. Scale bar is 20 pm.
(G) Kymography analysis. Left panel shows DIC images from Movie S4 at time 0. Right panel shows minimum projections of entire time series (acquired at
a rate of one frame/s). Labeled dextran (cyan) was coinjected to identify microinjected cells. Lines indicate the position at which kymographs were registered.

Scale bar is 20 pm.

(H) Kymographs from the corresponding movies in (E). Vertical scale bar is 10 um. Horizontal scale bar is one minute.
(I and J) Average retraction and protrusion speed (l) and frequency (J). Values are averages of means from at least 30 cells (pooled from three different

experiments) + SEM.
See also Figure S4 and Movies S3 and S4.

Overexpression of PFN2b did not increase phospho-MLC levels,
suggesting that profilin-2-mediated polymerization is required
for the generation of the contractile actin bundles (Figure S5A).

To examine the connection between the generation of con-
tractile actin bundles and the regulation of protrusive activity
by profilin-2, we assessed the effect of altering myosin activity
on profilin-2’s suppressive effects. For that purpose, we used
Y27632, a pharmacological inhibitor of ROCK-mediated MLC

phosphorylation and myosin motor activity. ROCK inhibition
reversed the suppressive effects of profilin-2 on protrusive
activity, thus increasing the frequency and speed of protrusion
and retraction (Figure 5C; Movie S5); this increase was sig-
nificantly greater than baseline, suggesting that profilin-2
has a positive effect on protrusion in the absence of myosin
activity. In a wound-healing assay, ROCK inhibition reversed
the suppression of cell migration by PFN7 KD (Figure S5B); not
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surprisingly, this “rescue” was only partial since the KD cells
are depleted of profilin-1, and the endogenous levels of
profilin-2 are significantly lower than 1. In agreement with these
data, ROCK inhibition increased protrusion and invasion into
the surrounding matrix in 3D cultures, mimicking the effects of
PFN2 KD, and partially “rescued” protrusive activity in PFN1
KD cell clusters (Figures 5D and S5C). Moreover, blebbistatin
(an inhibitor of myosin ATPase activity) also increased protrusion
and invasion into the matrix and partially reversed PFN1 KD
phenotype (Figure S5C). Collectively, these results suggest
that suppression of protrusive activity, migration, and invasion
of SUM159 cells by profilin-2 is dependent on the generation
of contractile actomyosin bundles.

Profilin-2-Induced Contractile Actin Bundles Are
Generated by EVL, which Suppresses Protrusive
Activity, Migration, and Invasion

The structural differences in actin filaments generated by profi-
lin-1 and profilin-2 (Figures 6A and S6A) suggest that they
interact with distinct actin polymerization regulators. Using
mass spectrometry, we identified high-confidence interactions
between profilin-1/2 and Ena/VASP proteins; in particular, EVL

1.8-fold, respectively); Mena showed no

preferential binding to either profilin iso-

form (data not shown). Direct measure-
ment of profilin binding capacity with purified monomeric EVL
and VASP using sedimentation equilibrium confirmed that
both proteins show preferential binding to profilin-2 relative to
profilin-1 (Figures 6C and S6D). In addition, both monomeric
EVL and VASP had higher affinity and binding capacity for
profilin-2 compared to profilin-1 (Figure S6D). Similarly, 10-fold
more profilin-2 than profilin-1 immunoprecipitated with HA-EVL
(Figure 6B) and, vice versa, 7-fold more EVL were immunopre-
cipitated with profilin-2 compared to profilin-1 (Figure S6B).
Consistent with the mass spectrometry analysis, these results
indicate that VASP and EVL interact preferentially with profilin-
2 in vivo and in vitro.

Although VASP has been previously shown to enhance barbed
end filament elongation in the presence of profilin-1 and cyto-
plasmic actin (Hansen and Mullins, 2010), the profilin isoform
specificity for Ena/VASP proteins remains poorly understood.
To compare the relative ability of EVL and VASP to enhance
actin barbed end polymerization in the presence of profilin-1
and profilin-2, we visualized the assembly of single actin fila-
ments in vitro using total internal reflection fluorescence (TIRF)
microscopy. EVL-dependent barbed end polymerization was
significantly faster in the presence of profilin-2, compared to

Cancer Cell 22, 615-630, November 13, 2012 ©2012 Elsevier Inc. 621



Cancer Cell

Invasion-Suppressive Actin Cytoskeletal Remodeling

HAIP_ _ 44
E 5_' = BProfilin-1
E 12
W 2+ | oProfilin-2
< < Sx10
I I 53
- EEe
T 6
-— s34
w2
<
- T o

HA-GFP  HA-EVL

B+Profilin-1 o+Profilin-2

»
o
o

peton BT

no EVL

[
2
E,_.
T 2 200
MWoes 25.5kDa 366 kDa  49.1 kDa E ]
' \ slons ! Q\".?r‘;“.“ \j"é‘ﬂ —:g 15.0
| : ‘ 4 2g
O i e = i s gE 100
T - €35
i [
I =8 -2 50
20K [ 9 2
08 ! 4 8 a8
£ ,’ & g 00 100 200
5 £ = [EVL] nM
w 06 4 E
g b
£ Cc
'é 0a| 4 / ] " *: ::;og mRetraction oProtrusion = - ,:::;.05' oRetraction oProtrusion
0 ‘= U
2 .ag.:: g 0.6 i
02 1 @ 0. [ —_—
£ 0.06 g 0.5 =
2005 o 04
0 b = - - = - = 3 P PFN2 KDk = 0.04 E 0.3
S oos| 2 0.03 )
T O esmieg ) G c 0.2
@005 g 0.1
o 58 6.0 6.2 6.4 6.6 68 7.0 7.2 g 0
Radius (cm) *__0 w ¢°\ 43‘ & Yy
'b & & DR\% 3 &
@ & & GO & &
% x

G Control SUM159, "%  PFN2KD
%cells with Prominent L4
stress fibers

100
25l I
0

-
«a

Y%total
GFP-EVL cells
g

s o
B Su
& &
o oo
+ +

%cells with reduced bundling J

@ 60 S i
45 22 7| «p<to*
o 3
w30 23 2
I o8
o815 O
0 ©g 1.5
e ,g\ ,“‘b c2
& o X 33
o & & S92 1
2E
#p<10?  gRetraction OProtrusion & 0.5
=~ wxp<10® g€ O
48, 8
E 4 —_— ©o  o+= e
a8 = 3 OF o
E12{ — % £  E2 xE x¥3
[ S=E Jd= d=
- 37 nE af
#08] % ® T8 e
> 0.6
g 0.4
§°
: g’
Control EVL KD EVL KD w Control EVLKD EVL KD

SUM159 (shRNA#1)(shRNA#2) SUM159 (shRNA#1)(shRNA#2)

Figure 6. EVL Exhibits Preferential Binding to Profilin-2 and Suppresses Protrusive Activity by Generating Actin Bundles in a Profilin-
2-Dependent Manner

(A) High-magnification micrographs of the cell edge actin of control, PFN71 KD, and PFN2 KD SUM159 cells. Scale bar is 500 nm.

(B) Left panel shows analysis of EVL binding to profilin-1 and profilin-2 in SUM159 cells: HA immunoprecipitation, followed by profilin-1 and profilin-2 western
blot. HA-GFP was used as negative control, and HA western blot shows the expression levels of HA-GFP and HA-EVL. Right panel shows quantitation of the
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profilin-1 (Figure 6D). Furthermore, although EVL could bind to
profilin-1 in our sedimentation equilibrium experiments, elonga-
tion of actin filaments in the presence of profilin-1 was inefficient
(Figure 6D). VASP exhibited a similar preference for profilin-2
binding in vitro; however, we observed only a marginal difference
in the rate of VASP-mediated barbed end filament elongation in
the presence of profilin-1 versus profilin-2 (Figure S6E). Based
on observations reported by Breitsprecher et al. (2011), the
rate of Ena/VASP-dependent barbed end elongation is directly
related to the affinity for monomeric actin. Because profilin
enhances actin monomer binding to Ena/VASP proteins (Ferron
et al., 2007), the differences in filament elongation rates in the
presence of the two profilin isoforms can be attributed to the
different affinities and binding capacity of EVL and VASP. Based
on these differences between profilin-1 and profilin-2, it is
feasible that profilin-2 could compete effectively with profilin-1
for binding to EVL despite the 15-fold higher concentrations of
profilin-1, because only the former would appreciably participate
in generating EVL-mediated actin structures. This is supported
by the immunoprecipitation of EVL with profilin-1 and profilin-2
from cell lysates.

To investigate the effect of EVL activity on membrane protru-
sion and the requirement of profilin-2 for this activity, we exam-
ined membrane dynamics in control and PFN2 KD SUM159
cells overexpressing GFP-EVL (Figure 6E; Movie S6). Overex-
pression of GFP-EVL significantly inhibited protrusion and
retraction in control but not in PFN2 KD cells (Figure 6E). In
addition, GFP-EVL increased the abundance of stress fibers
in control cells in a profilin-2-dependent manner (Figures 6F
and S6F); this EVL-induced increase in stress fibers correlated
with suppression of protrusion and invasion in 3D cultures
(Figure 6G).

In addition, EVL KD suppressed stress fiber formation in
SUM159 cells (Figures 6H-61 and S6G). This decrease in stress
fibers correlated with significantly weakened matrix adhesion,

especially in cells strongly depleted of EVL (data not shown);
moderate EVL depletion, which did not weaken adhesion to
the same extent, increased wound closure rate (Figure 6J) and
protrusion and retraction frequency and speed in SUM159 cells,
similarly to PFN2 KD (Figure 6K; Movie S6). In addition, EVL KD
increased migration speed of MCF10A cells, which also
exhibited compromised adhesion at high KD levels (Figures
S6H-S6J and data not shown). These results suggest that
EVL-induced actin polymerization is dependent on profilin-2,
and that this polymerization mode promotes actin bundling
leading to diminished protrusive activity.

VASP overexpression, on the other hand, increased stress
fiber generation only weakly (Figures S6K-S6L). In addition,
VASP KD did not have a significant effect on protrusive acti-
vity (Figures S6BM-S6N). These data are consistent with VASP
having only a marginal preference for binding to profilin-2 relative
to profilin-1.

To investigate the effects of EVL KD on invasion, we estab-
lished an inducible shRNA system in SUM159 cells, which
made it feasible to achieve high knockdown levels —70%-80%
depletion after 48 hr of induction (Figure S7A); this approach al-
lowed us to circumvent any effect the KD might have on tumor
initiation and growth due to altered adhesion properties. In 3D
cultures, induction of EVL KD increased invasion, similarly to
PFN2 KD (Figure 7A). To examine invasion in vivo, we induced
EVL KD in SUM159 tumors derived from orthotopic fat pad injec-
tions. EVL KD did not affect tumor volume over the course of 2-
week induction, after which the tumors were harvested (Fig-
ure S7B). Induction of either of two different shRNAs targeting
EVL increased in the number of extratumoral invasive foci signif-
icantly (Figure 7B). Moreover, staining for turboRFP, which is
expressed as a cytoplasmic marker upon induction, allowed us
to examine subcellular structures in tumor cells. Interestingly,
EVL KD increased the number of protrusions per cell as
compared to control (Figure 7C). Together, these studies

relative levels of profilin-1 and profilin-2 bound to HA-EVL in SUM159 cells. These data are representative of three independent experiments. Values are
averages + SEM.

(C) Sedimentation equilibrium analytical ultracentrifugation used to determine the solution molecular weight of monomeric EVL in the presence of profilin-1 or
profilin-2a. The sedimentation profile of Cy3-mEVL1-235aa (5 uM) alone or combined with either profilin-1 or profilin-2a (40 uM) was determined by monitoring
the absorbance at 527/550 nm. Global fitting of three equilibrium traces (at three different centrifugation speeds: 10,000, 14,000, and 20,000 rpm) for each
condition was performed (see Experimental Procedures for more detail). An extinction coefficient of 79,982 M~'cm™" (Cy3, 527 nm) was used to determine
the protein concentration as a function of the radial position. A monomer-dimer model was used to determine the molecular weight for a single ideal species (top
panels).

(D) Left panel shows image sequence of filaments polymerizing in vitro in the presence of 2 uM actin (10% Alexa488), plus 2 uM profilin-2a. Barbed end
growth of actin filaments was visualized using TIRF microscopy. Top row, 0 nM EVL; bottom row, plus 200 nM EVL. Yellow arrowhead tracks the growth of a single
actin filament barbed end. Scale bar is 5 um. Right panel shows average barbed-end polymerization rates (subunits/s) for single actin filaments in the presence of
profilin-1 or profilin-2, plus or minus EVL. In the presence of 1 pM actin (10% Alexa488) alone and 100 nM EVL, barbed ends elongated at a rate of 31.1 + 2.9
subunits/s (S.D.H. and R.D.M., unpublished data). Values are averages of polymerization rates from at least 30 filaments pooled from two or three slides + SEM.
(E) Control or PFN2 KD SUM159 cells expressing GFP-EVL. (a) Stillimages from Movie S6, scale bar is 50 um; speed (b) and frequency (c) of retraction/protrusion
in control or PFN2 KD cells with or without GFP-EVL expression as calculated from corresponding kymographs. Values are averages of means from at least
30 cells (pooled from three different experiments) + SEM.

(F) (Right) F-actin staining in control and PFN2 KD cells with or without EVL overexpression. Scale bar is 50 um. Left panel shows percentage of EVL over-
expressing (GFP positive) cells with prominent stress fibers.

(G) Three-dimensional reconstruction of confocal z-series of 3D cultures of control and PFN2 KD cells with or without EVL overexpression. Scale bar is 50 pm.
(H) Quantitative real-time PCR showing decreased EVL expression after long-term selection in control cells and cells expressing the two shRNAs targeting EVL.
(I) F-actin staining and quantitation of reduced bundling. Scale bar is 20 pm.

(J) Representative wound-healing assay. Values are averages + SD.

(K) Kymograph analyses (images are from Movie S6; scale bar is 20 um); values are averages of means from at least 30 cells (pooled from three different
experiments) + SEM.

See also Figure S6 and Movie S6.
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Figure 7. EVL Knockdown Enhances Invasion In Vitro and In Vivo

(A) Confocal microscopy (maximum projection images) of 3D cultures of SUM159 cells on day 8 and after 4 days of induction with doxycycline of control and EVL
KD cells using two different inducible shRNA targeting EVL (scale bar is 50 um). Large insets are single sections from the confocal z-series and small insets are
magnification of the region in the box (scale bar is 10 um).

(B) TurboRFP staining of sections from control, noninduced area of EVL KD SUM159 tumors; arrows indicate extratumoral invasive foci. Box-and-whisker plot
shows quantitation of invasive foci in the corresponding tumors. Scale bar is 50 um.

(C) Confocal microscopy (maximum projection images) of control and EVL KD tumors. Scale bar is 10 um. Insets are magnified areas within the designated boxes.
Red channels are shown separately to visualize tumor cell morphology. Box-and-whisker plot shows quantitation of the number of protrusions per cell.
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indicate that EVL downregulation is associated with increased
protrusion and invasion in vitro and in vivo.

To examine the effects of altering profilin-2/EVL-mediated
actin polymerization on protrusive activity and cell migration in
other cell lines, we examined the expression profile of PFN2
and EVL in an array of cancer cell lines using published data
sets (Neve et al., 2006). We chose MCF7 cells because they
express relatively high levels of PFN2 and EVL (Neve et al.,
2006). Consistent with the results from SUM159 cells, PFN2
KD or EVL KD enhanced MCF7 cell migration in wound-healing
assays and increased protrusive activity as measured by
kymography (Figures S7C-S7F; Movie S7). In addition, PFN2
KD or EVL KD in colorectal adenocarcinoma Caco-2 cells also
increased protrusive activity (Figure S7G; Movie S8).

Our findings support a model in which three elements are
important for EVL-mediated suppression of protrusive activity
(Figures 7D and 7E): (1) profilin-2 to specifically deliver polymer-
ization-competent actin monomers to EVL, (2) EVL to assemble
unbranched actin filaments, and (3) myosin contractility to
generate actin bundles.

PFN2 and EVL Are Differentially Expressed in Human
Breast Cancer

To examine whether the expression of PFN2 and EVL is linked to
clinical aspects of breast tumors, we examined the relationship
between these markers and tumor grade. In five data sets
(Desmedt et al., 2007; Ivshina et al., 2006; Loi et al., 2007; Lu
et al., 2008; Minn et al., 2005), EVL transcript levels were signif-
icantly lower in grade Il and Ill tumors as compared to grade |,
whereas PFN2 expression was higher in high-grade tumors
(Figures 8A and S8A; data not shown). In addition, multiple
logistic regression analyses of two large data sets (lvshina
et al., 2006 and Lu et al., 2008) determined that EVL is a sig-
nificant predictor of tumor grade, independent of other known
markers, namely ESR1, PGR, and ERBB2; PFN2, on the other
hand, did not show a consistent pattern in both studies (Figures
8B and S8B).

To investigate the prognostic significance of EVL and PFN2
expression, we examined the association of EVL and PFN2
expression with the probability of survival in two large breast
cancer patient cohorts with long-term follow up (Schmidt et al.,
2008; van de Vijver et al., 2002). Patients who had tumors with
low EVL expression exhibited a significantly lower probability
of survival (Figure 8C). Moreover, when treated as a continuous
variable, EVL expression proved to be a significant prognostic
marker in both cohorts. On the other hand, patients whose
tumors expressed either high or low PFN2 expression had
a significantly lower probability of survival (Figure S8C). Impor-
tantly, in both studies, the high-PFN2 group of patients with
poor outcome was significantly enriched in tumors with low
EVL expression (Schmidt: 1.4-fold enriched, p = 0.0318; Vande-
vijver: 1.5-fold enriched, p = 0.00134).

To examine profilin-2 and EVL protein expression in tumors,
we used an array of normal and tumor tissue samples donated
by 65 breast cancer patients (spotted in triplicates). Consistent
with mRNA levels, profilin-2 protein expression was higher in
grade Il tumors compared to other tumor grades (Figure 8D).
EVL protein levels, on the other hand, were significantly lower
in grade Il and Il tumors as compared to normal breast tissue
(mammary ducts) and grade | tumors (Figure 8D); these results
were validated using a second tissue array of samples from 48
patients (spotted in duplicates) (Figure S8D).

Moreover, we grouped tumors based on the extent of tumor
infiltration into stroma using a visual score consisting of three
categories: “non-inv,” including normal breast tissue and DCIS
tumors with no infiltrating tumor cells; “low-inv” with minimal
tumor infiltration; and “high-inv,” with extensive infiltration into
the stroma as small clusters and single cells (Figure 8E). Profi-
lin-2 levels were lower in the low-inv group compared to the
non-inv group; however, as predicted based on the high
percentage of grade Ill tumors in the high-inv group, the levels
of profilin-2 were higher in this group compared to the low-inv
group (Figure 8E). EVL expression, on the other hand, was
strongly anticorrelated with invasion in all categories (Figure 8E);
these results were confirmed in the second tissue array (Fig-
ure S8D). Consistent with the multivariate analyses, these results
suggest that EVL is a potential biomarker for invasion, in addition
to tumor grade.

In addition, we stained for actin (B and y-1) in the same tumors
in which we assessed profilin-2 and EVL levels. Grade Il and llI
tumors exhibited significantly lower staining intensity as
compared to normal ducts and grade | tumors (Figures 8F and
8G). Moreover, EVL expression significantly correlated with actin
staining intensity regardless of tumor grade (Figure 8H). Impor-
tantly, tumors from different grades express equivalent levels
of actin (ACTB and ACTG1) and, in tissue culture cells, EVL KD
did not alter actin expression (Figure S8E); therefore, the
observed differences in actin staining intensity are likely due to
differences in actin density possibly caused by changes in the
structure of the actin cytoskeleton, such as decreased actin
bundling.

Together, these results suggest that EVL is an independent
biomarker for tumor grade, and could serve as a potential
predictor of prognosis in breast cancer.

DISCUSSION

Our results demonstrate that profilin-2 regulates actin-based
cellular processes in a distinct manner compared to the
ubiquitous and well-characterized profilin-1 isoform. Profilin-2
preferentially promotes the activity of the Ena/VASP protein
EVL, generating unbranched filaments that, when bundled by
myosin-dependent contractility, suppress protrusive activity.
Downregulation of either profilin-2 or EVL enhances cell

(D) Model representing the generation of actin bundles by profilin-2/EVL-mediated linear actin polymerization and activated myosin: right panel illustrates the
process of actin polymerization mediated by profilin-2, which is summarized in three major steps (middle panel): recruitment (1) and loading (2) of profilin-2:actin
by interaction with the profilin-2 PLP binding site; followed by addition of one actin monomer (G-actin) to the barbed end (3). Left panel shows the domain

structure of EVL.

(E) Model representing the correlation between protrusive activity and the level of actin bundling.

See also Figure S7 and Movies S7 and S8.
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Figure 8. PFN2 and EVL Are Differentially Expressed in Human Breast Tumors

(A) Box-and-whisker plots showing relative levels of EVL and PFN2 transcript in grade I, II, and IlI; p values are from ANOVA analysis.

(B) Logistic regression analysis of the relationship between transcript level and tumor grade.

(C) Kaplan-Meier curves representing the probability of survival of breast cancer patients based on relative levels of EVL expression (green, tumors in the lowest
quartile; red, tumors in the highest quartile; and black, the interquartile range). Chi square p values evaluate whether there are significant differences among any
of the three groups. Cox p values evaluate the association of expression with survival by treating EVL levels as a continuous variable.

(D) Quantitation of EVL and profilin-2 protein expression in normal breast tissue, and in grade I, II, and Ill tumors (n is the number of patients per group; and
triplicate sections from each patient were analyzed). Values are averages from visual scores (scale: 1-5) + SEM.
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migration and invasion in vitro and in vivo. In human tumors, rela-
tively low levels of EVL correlate with low actin density and high
invasive activity. Critically, EVL expression is an independent
biomarker for tumor grade, and predictive of poor patient
outcome.

Profilin Isoforms Regulate the Architecture of the Actin
Cytoskeleton

Modulation of the actin cytoskeleton architecture by altering the
relative levels of profilin-1 and profilin-2 is due, in part, to a shift in
the dominant mode of actin polymerization. Our data suggest
that decreasing the relative levels of profilin-1 and increasing
those of profilin-2 result in a shift toward a less branched and
more linear actin polymerization. Profilin-2 displays higher
binding affinity for EVL (and to a lesser extent VASP) than profi-
lin-1, making it more efficient in promoting EVL-mediated linear
polymerization; this is in agreement with previous reports
showing that EVL and VASP preferentially interact with profilin-
2 as compared to profilin-1 (Kursula et al., 2008; Lambrechts
et al., 2000; Nodelman et al., 1999; Veniere et al., 2009). There-
fore, when profilin-2 is more abundant, EVL activity becomes
more dominant in driving actin polymerization; the generation
of long unbranched actin filaments by EVL, when coupled with
myosin contractility, could suppress protrusive activity.

Moreover, previous reports suggest that profilin-1 binds with
higher affinity than profilin-2 to WAVE-2, which promotes
branched polymerization by Arp2/3 activation (Miki et al.,
1998); this difference in binding affinity renders profilin-1 more
critical for Arp2/3-mediated polymerization. Therefore, downre-
gulation of profilin-1 could significantly suppress filament
branching and make profilin-2/EVL-dependent polymerization
the more dominant mode of polymerization. In addition, domi-
nant EVL activity at the leading edge could directly reduce
branched polymerization by suppressing Arp2/3 activity through
anticapping and antibranching (Bear and Gertler, 2009). Con-
versely, downregulation of profilin-2 expression could increase
filament branching by the Arp2/3 complex and decrease actin
bundling, leading to highly dynamic protrusions.

In previous studies using the MDA-MB-231 breast tumor cell
line, PFN1 KD was reported to decrease speed of protrusion
butincrease persistence and enhance directionality of cell migra-
tion (Bae et al., 2009; Zou et al., 2007). However, PFN1 KD in
MDA-MB-231 cells used in our studies decreased the number
of protrusions per cell and suppressed cell migration and invasion
(data not shown). In these cells, the profilin-1 concentration
(30 uM) was more than 100-fold higher than that of profilin-2
(0.27 uM), consistent with the correlation between highly
dynamic cell migration and high profilin-1/low profilin-2 levels.
Interestingly, the phenotypic changes to protrusive activity

described in Bae et al. are similar to those induced by PFN7 KD
in SUM159 cells, which express higher levels of profilin-2 than
MDA-MB-231 cells. We speculate that the discrepancy between
our data and the published studies could be due to differences in
the expression of profilin-2 between the MDA-MB-231 variants
employed in these studies, or other experimental variables.

Actomyosin Contractility Is Important

for the Suppression of Protrusive Activity

by Profilin-2/EVL-Mediated Actin Polymerization

Our data revealed that the suppression of protrusive activity
by profilin-2/EVL-mediated actin polymerization requires the
aggregation of actin filaments into contractile bundles in
a myosin-dependent mechanism. Inhibition of myosin contrac-
tility is sufficient to reverse the suppressive effects of profilin-2
and EVL. Interestingly, in the absence of myosin activation,
PFN2 overexpression enhances protrusive activity instead of
suppressing it. In addition, downregulation of either PFN2 or
EVL dramatically decreases actin bundling and increases pro-
trusive activity; this suggests that the polymerization events
driven by profilin-2 and EVL are involved in the regulation of
protrusion and cell migration by contractile activity.

Importantly, VASP do not exhibit the same capacity to
generate profilin-2-mediated actin bundles capable of suppress-
ing protrusive activity; this suggests that the generation of such
actin bundles, which might represent a distinct subpopulation of
stress fibers, could be unique to EVL. The specificity of EVL
involvement in this type of actin cytoskeletal remodeling could
be due to distinct set of binding partners that affect EVL function
spatially and temporally; currently, we are analyzing the com-
ponents of the EVL complex by mass spectrometry.

In addition to our data, the suppressive effects of cortical acto-
myosin bundling on protrusive activity and cell migration have
been previously reported in endothelial cells (Fischer et al.,
2009). However, other studies showed that some cancer cells
are dependent on contractility for migration (Sanz-Moreno
et al., 2011). We hypothesize that the effects of contractility
vary depending on many factors, including the spatial organiza-
tion of contractile actin filaments, the nature and strength of
matrix adhesion, and the cortical actin organization and linkage
to the membrane (Friedl and Wolf, 2010; Nakamura et al., 2011;
Sheetz et al., 2006). In our model, EVL could play a role in the
regulation of several of these factors, thus affecting the outcome
of increased contractility.

Profilin-2/EVL-Mediated Regulation of Actin Assembly
Influences Invasion In Vitro and In Vivo

Our data show that elevated levels of profilin-2 or EVL suppress
invasion in 3D matrices in a manner dependent on myosin

(E) Representation of protein expression versus tumor invasion (invasion was assessed in a blinded fashion: Non-inv is the noninvasive group and low-inv and
high inv are the low- and high-invasion groups, respectively). Right panel shows the distribution of each group in terms of tumor grade.

(F) Representative images of normal and tumor breast tissue. Scale bar is 100 um. Insets are magnifications of the boxed areas.

(G) Analysis of actin density in normal and tumor breast tissue (actin density was assessed in a blinded fashion). Values are averages from visual scores (scale: 1-

5) + SEM.

(H) Correlation of EVL levels with actin density (Spearman’s p=0.53; p<8 x 10’6); size of the circles represents the invasive activity in the corresponding tumors.
(I) Schematic representation of the correlation between EVL/profilin-2 expression, actin density and invasive behavior, and the potential effect of profilin-2 activity

on invasion with or without EVL.
See also Figure S8.
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contractility; and downregulation of profilin-2 or EVL or inhibition
of contractility increases 3D invasion significantly. Moreover, in
mammary fat-pad xenograft tumors, downregulation of PFN2
or EVL increases the number of extratumoral invasive foci.

The increase in invasion associated with EVL KD correlates
with increased protrusions and decreased contractility. None-
theless, the mechanism by which EVL/profilin-2-mediated poly-
merization regulates invasion also involves alteration of other
cellular processes, such as cell-cell and cell-matrix adhesion.
In fact, we did observe that downregulation of PFN2 or EVL
decreases both types of adhesion in normal and cancer cells.
The characteristic changes in cellular processes that contribute
to promoting invasion vary based on genetic and epigenetic
alterations within tumor cells, and on alterations in the tumor
microenvironment; therefore, the mode of invasion could vary
within the same tumor and over the course of tumor progression.
In fact, some types of tumor cells are able to switch between
different modes of single-cell invasion, such as amoeboid,
characterized by round morphology, high contractility, weak
matrix adhesion, decreased protrusive activity, and increased
membrane blebbing; and mesenchymal, characterized by
elongated morphology, low contractility, strong matrix adhesion,
and increased protrusive activity (Sanz-Moreno et al., 2008;
Friedl and Wolf, 2010).

Inthe model we present here, increased invasion is associated
with increased protrusion, decreased contractility and also
decreased adhesion. Therefore, the invasive phenotype that is
induced by downregulation of EVL does not fit the characteris-
tics of either mesenchymal or amoeboid modes of invasion.
This suggests that invading cancer cells may display phenotypes
along a continuum between the mesenchymal and amoeboid
states, in which multiple cellular processes are continuously
altered.

PFN2 and EVL Distinctive Expression Profiles
Are Predictive of Invasiveness and Poor
Prognosis in Human Breast Cancer
EVL expression is significantly lower in highly invasive human
breast tumors, in particular high-grade tumors. Moreover, we
discovered a strong correlation between EVL expression and
actin density in human tumors; highly invasive tumors are char-
acterized by low EVL expression and low actin density. More
importantly, lower levels of EVL correlate with poor prognosis
and higher mortality in patients. Our analyses demonstrate that
EVL is a significant independent biomarker of invasiveness and
tumor grade, and could be predictive of prognosis.
Downregulation of EVL has also been implicated in pro-
gression of other epithelial tumors. In two large-scale studies
investigating genetic and epigenetic alterations in colon cancer,
DNA methylation of EVL was frequently observed and corre-
lated with poor prognosis (Grady et al., 2008; Yi et al., 2011).
Consistent with these studies, we found that PFN2 and EVL
KD enhance protrusive activity in colorectal carcinoma Caco-2
cells. This suggests that downregulation of EVL might be
a common feature of more aggressive tumors in multiple types
of cancer. Paradoxically, a previous study has shown that EVL
mRNA levels are correlated positively with clinical stage (Hu
et al., 2008); however the number of tumors analyzed therein
was very low (i.e., three stage Ill tumors) and neither invasive-
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ness nor tumor grade were assessed in the context of EVL
expression.

Low PFN2 expression has been reported to be associated
with poor prognosis in a study of 88 patients with oral squa-
mous cell carcinomas (Ma et al., 2011). In breast adenocarci-
nomas, we found that both high and low levels of PFN2
expression correlate with poor prognosis in two major clinical
studies including data from 495 patients followed over the
course of 15 years. This dichotomous correlation of profilin-2
expression with outcome may reflect differences in the pheno-
typic effects of profilin-2 interactions with distinct binding part-
ners. For example, in tumors that express EVL, profilin-2 could
suppress invasive activity, whereas in tumors with low EVL
expression, profilin-2 could promote invasive behavior through
interactions with other actin polymerization regulators, such as
formins (Figure 8l). This may explain why profilin-2 alone does
not serve as a significant biomarker of outcome, whereas EVL,
which may have more specialized activities that suppress inva-
sion, serves as a better biomarker. More generally, this high-
lights how differences in expression of a given protein in
tumors can lead to distinct outcomes depending on the
expression of collaborating proteins. Thus, the assessment
of certain biomarkers of clinical outcome may require analysis
of interacting proteins that together regulate a biological
process.

EXPERIMENTAL PROCEDURES

Quantitation of Intracellular Concentration

of Profilin-1 and Profilin-2

Total protein concentration was measured in MCF10A, SUM159, and MDA231
cells using purified profilin-1 and profilin-2 as standards (see Supplemental
Experimental Procedures).

Kymography Analysis

Kymographs were generated in Nikon Elements along the axis of protrusion/
retraction, perpendicular to the cell membrane. Minimum intensity projec-
tions were used to determine the areas of high membrane dynamics.
Average velocity and frequency of retractions and protrusions, as well as
the percent of time the membrane spent retracting, protruding, or resting,
were calculated. Persistence (the average duration of protrusion) was also
calculated for all conditions, but it was discussed in Results only when
significant.

Analytical Ultracentrifugation

We determined the solution molecular weight of monomeric hVASP and EVL
in the presence of human profilin-1 and mouse profilin-2a using sedimenta-
tion equilibrium analytical ultracentrifugation. Samples containing 5 uM Cy3-
hVASP1-240aa or Cy3-mEVL1-235aa were combined with 20-40 uM human
profilin-1 and/or mouse profilin-2a. A buffer composition of 10 mM HEPES
(pH 7.5), 50 mM KCI, and 1 mM TCEP was used for all experiments. Proteins
were centrifuged until they reached equilibrium at three different speeds (e.g.,
10,000, 14,000, and, 20,000 rpm) in a Beckman Coulter XL-I ultracentrifuge.
The sedimentation profile of Cy3-VASP and Cy3-EVL was determined by
monitoring the absorbance at 550 nm (Cy3 fluorophore) every 2 hr. Global
fitting of three equilibrium traces for each condition was performed using
NIH Sedphit and Sedphat software. An extinction coefficient of 150,000
M~'em~" (Cy3, 550 nm) was used to determine the protein concentration as
a function of the radial position. Using a monomer-dimer model, we deter-
mined the molecular weight for a single ideal species. Proteins were purified
and characterized as previously described (Hansen and Mullins, 2010). See
Supplemental Experimental Procedures for determination of equilibrium
dissociation constants.
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Single Actin Filament TIRF Assays

Biotin pegylated TIRF-M imaging chambers used for the visualization of single
actin filament polymerization kinetics were generated as previously described
by Hansen and Mullins (2010) and Bieling et al. (2010). See Supplemental
Experimental Procedures for details.

SUM159 Tumor Model

A total of 10° SUM159 cells resuspended in 30 pl Matrigel were injected into
the fat pad of 6- to 8 week-old female NOD/SCID Balb/C mice. Three indepen-
dent experiments were performed; the first and the second experiment con-
sisted of injections of five mice per group in each, and the third experiment
consisted of injections of ten mice per group. For invasion analysis, tumors
were collected at 8 to 10 weeks. Invasive foci were defined as clusters of tumor
cells outside the margin of the tumor. Invasion was quantified in nine control,
ten PFN1 KD, and ten PFN2 KD tumors, which account for all tumors of similar
size and incubation time. (See Supplemental Experimental Procedures for the
experimental procedure using to generate and induce the EVL KD tumors.) All
experiments were performed according to the guidelines of the IACUC
committee of Harvard Medical School.

Analysis Human Tumor Array

Tumor grade is obtained from the patient pathology report associated with
each sample. Protein expression was assessed based on a visual scale
ranging from 1 (lowest) to 5 (highest), in triplicate (array#1, 65 patients) or
duplicate (array#2, 48 patients) sections from each patient; each analysis
was performed in a blinded fashion by at least two different individuals. Human
samples used in our studies are exempt from informed consent.

SUPPLEMENTAL INFORMATION

Supplemental Information includes eight figures, eight movies, and Supple-
mental Experimental Procedures and can be found with this article online at
http://dx.doi.org/10.1016/j.ccr.2012.09.027.
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SUMMARY

Loss of epithelial organization is a hallmark of carcinomas, but whether polarity regulates tumor growth and
metastasis is poorly understood. To address this issue, we depleted the Par3 polarity gene by RNAi in combi-

nation with oncogenic Notch or Ras®'-

expression in the murine mammary gland. Par3 silencing dramatically

reduced tumor latency in both models and produced invasive and metastatic tumors that retained epithelial
marker expression. Par3 depletion was associated with induction of MMP9, destruction of the extracellular
matrix, and invasion, all mediated by atypical PKC-dependant JAK/Stat3 activation. Importantly, Par3
expression is significantly reduced in human breast cancers, which correlates with active aPKC and Stat3.
These data identify Par3 as a regulator of signaling pathways relevant to invasive breast cancer.

INTRODUCTION

Most solid tumors arise from epithelial cells that have acquired
changes in proliferative and organizational capacity. Epithelial
cells form characteristic intercellular adhesions and possess
apical-basal polarity, which is lost in some invasive and meta-
static cancers in a process related to the epithelial-mesenchymal
transitions (EMTs) that occur during development (Thiery et al.,
2009). However, in many cases, epithelial features are retained.
How epithelial tissues establish their organization in a normal
state and how this organization is disrupted during cancer
progression are still not well understood. In particular, it is largely
unknown if the cell polarity machinery is perturbed during tumor-
igenesis and if such disruptions promote metastasis.

Many of the polarity protein complexes localize to distinct
domains within the plasma membrane. The Par genes (Par1,
Par3, Par4, Par5, Par6, and atypical PKC [aPKC]) encode an
evolutionarily conserved group of polarity proteins that play
key roles in many aspects of cell polarization (Goldstein and
Macara, 2007). To date and to our knowledge, only Par4, a
protein kinase also known as LKB1, has been identified as
a tumor suppressor (Jansen et al., 2009), and it remains uncer-

tain if tumorigenesis in patients with mutant LKB1 is caused by
loss of its polarity function.

We have focused on Par3, a multidomain scaffolding protein
required for the spatial organization of several important sig-
naling proteins (Goldstein and Macara, 2007). Par3 is essential
for the delivery of aPKC to the apical surface (Harris and Peifer,
2005; McCaffrey and Macara, 2009), through binding of Par3 to
the adaptor protein Par6, which forms a constitutive complex
with aPKC. Furthermore, aPKC can interact directly with Par3,
which is essential for apical aPKC localization and epithelial
organization (Horikoshi et al., 2009; McCaffrey and Macara,
2009). Loss of aPKC from the apical cortex causes spindle
pole orientation defects and epithelial mis-organization (Hao
et al.,, 2010). Both the level of aPKC expression and mislo-
calization correlate with increased invasion and metastasis in
breast cancer (Kojima et al., 2008). However, to our knowledge,
whether loss of Par3 has a role in regulating aPKC during tumor-
igenesis is unknown.

Some proteins have oncogenic activity when overexpressed.
The Notch receptor, an important transcriptional regulator of
stem cell fate, is activated by proteolytic cleavage to release
an intracellular domain (NICD), which is found at elevated levels

Significance

suppressor.

Although loss of cell polarity is often considered a hallmark of invasive cancers, there is little experimental evidence for any
role of the polarity machinery in tumor suppression. Here, we demonstrate that Par3 polarity protein expression is frequently
lost in human breast cancers. In the context of different oncogenes, loss of Par3 increases primary tumor growth and meta-
static colonization of the lungs through the production of MMP9 downstream of Jak/Stat3 signaling, which is responsible for
the invasive behavior of the tumors. We find that expression of Par3 is anticorrelated with phospho-aPKC, phospho-JAK,
phospho-Stat3, and MMP9 expression in human breast cancers, establishing Par3 as a potent tumor growth and invasion
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in up to 50% of human breast cancers (Pece et al., 2004); and
mammary-specific expression of NICD in mice induces breast
tumors, though with no metastasis (Hu et al., 2006). Additionally,
enhanced growth factor receptor signaling promotes breast
cancer. A central effector of growth factor receptor signaling is
the Ras oncogene, which, although rarely mutated in breast
cancer, is frequently hyperactivated (Clark and Der, 1995).
Elevated expression of Neu/ErbB2 or Met receptors is observed
in 20%-30% and 15%-20% of breast cancers, respectively, and
can inappropriately stimulate Ras-mediated signaling pathways
(Reese and Slamon, 1997; Ponzo and Park, 2010).

Progression of in situ breast carcinomas to metastatic disease
requires additional steps, and it is now established that
inflammation is necessary for this process (Grivennikov and
Karin, 2008). Stat3 has a central role in regulating inflammation
in breast cancer through a cytokine loop involving IL-6 (Grivenni-
kov and Karin, 2008; Schafer and Brugge, 2007). Stat3 is Tyr
phosphorylated by Src or JAK kinases, which induces transloca-
tion to the nucleus. Stat3 can be hyperactivated in breast
cancers, which promotes invasion and metastasis, although
Stat3 activation alone is insufficient to induce tumorigenesis
(Barbieri et al., 2010b; Ranger et al., 2009). Therefore, many of
the processes that drive tumorigenesis and metastasis are sepa-
rable, but how they relate to tissue organization is not well
understood.

The goal of this study was to determine the role of the apical-
basal cell polarity machinery in tumorigenesis, with a focus on
the Par3 polarity protein. Using a mouse mammary transplant
model coupled with lentiviral transduction, we silenced Par3
expression in the context of two different oncogenes and deter-
mined whether loss of Par3 drives tumor growth and/or metas-
tasis. The expression of Par3 was also examined in human
breast cancers.

RESULTS

Loss of Par3 Cooperates with NICD to Promote
Tumorigenesis

We used lentiviral RNAI to deplete Par3 from primary mammary
epithelial cells (MECs) and transplanted them orthotopically into
the inguinal (#4) mammary fat pads of syngeneic mice. Previ-
ously, we reported that Par3-depleted mammary progenitor cells
form disorganized ductal outgrowths that resemble early ductal
carcinoma in situ (DCIS) (McCaffrey and Macara, 2009). How-
ever, over a period of 24-37 weeks post-transplantation, Par3
depletion did not lead to tumor formation (Figure 1A), suggesting
that Par3 is not a classical tumor suppressor. Next, we asked
whether loss of Par3 might enhance tumorigenesis in the context
of an oncogene. We initially used NICD, which is upregulated in
~50% of human breast cancers (Pece et al., 2004) and drives
tumor formation in mice after a latency of ~9 months (Hu et al.,
2006). Primary MECs isolated from C3H mice were transduced
with lentivirus that expresses active, myc-tagged NICD plus
small hairpin RNAs (shRNAs) to either Luciferase (control) or
murine Par3, using Par3 shRNA that we had validated previously
(McCaffrey and Macara, 2009). We refer to the transduced MECs
as NICD/shLuc and NICD/shPar3, respectively. For each animal,
10,000 NICD/shLuc or NICD/shPar3 MECs were injected into
contralateral inguinal (#4) fat pads of the same mouse. Immuno-
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blots of tissue lysates showed that myc-NICD was expressed in
the tumors and that Par3 silencing was efficient (Figure 1B).

Strikingly, loss of Par3 caused a dramatic reduction in tumor
latency for NICD-transduced MECs, with 50% of NICD/shPar3
animals developing tumors by 18 weeks (Figure 1A). We con-
firmed that tumors were derived from cells expressing both
NICD and shPar3 by imaging the GFP marker for the RNAI lenti-
virus and by staining for myc-NICD (Figures 1C and 1D).

We transplanted NICD/shLuc and NICD/shPar3 MECs into
opposite sides of the same mouse, and palpable NICD/shLuc
tumors were rarely formed when mice were sacrificed due to
the NICD/shPar3 tumor burden. However, in some cases, small
NICD/shLuc tumors were found by microscopic examination
of the mammary fat pads (Figure 1D). Consistently, all tumors
were GFP positive, and tumors derived from NICD/shPar3
MECs were much larger than those from the NICD/shLuc
MECs (Figure 1D). Moreover, whereas NICD/shLuc tumors pos-
sessed well-defined boundaries, the loss of Par3 induced a
more invasive phenotype, with cells protruding into the sur-
rounding fat pad (Figure 1E). Both types of tumors retained
epithelial characteristics, including expression of cytokeratin 8,
E-cadherin at intercellular junctions and the tight junction marker
Z0O1 at apicolateral boundaries surrounding microlumens
(Figures 1E and 1F). We further examined cellular organization
by staining tumor sections for cytokeratin 8 (K8) and cytokeratin
14 (K14). In normal murine mammary ducts, K14 is expressed
in myoepithelial cells, whereas K8 is restricted to luminal cells
(see Figure S1 available online). Loss of Par3 increased tumor
cell heterogeneity in our NICD model (Figures 1E, 1F, and S1).
NICD/shLuc tumors were homogeneous and predominantly
Kg*Ki4moderate it the NICD/shPar3 tumors displayed a sub-
stantially greater degree of cellular diversity.

Loss of Par3 Cooperates with Oncogenic H-Ras to
Promote Tumorigenesis
To determine if the promotion of tumor growth by loss of
Par3 is specific to NICD or is of more general importance, we
asked if Par3 depletion cooperates with a different oncogene,
H-Ras®'". Knockdown of Par3 in conjunction with oncogenic
GFP-tagged Ras®'" significantly reduced tumor latency com-
pared to GFP-Ras®'" alone (Figure 2A). Palpable Ras®'“/shPar3
tumors had an average latency of 114 + 68 days compared to
Ras®'“/shLuc, which had a latency of >230 days. By 37 weeks,
92% of Ras®'Y/shLuc transplant mice remained tumor-free com-
pared to 54% Ras®'“/shPar3 transplant mice (Figure 2A). We
confirmed comparable Ras expression levels and efficient Par3
knockdown by immunoblotting tumor lysates (Figure 2B).
Although both Ras®'“/shLuc and Ras®'“/shPar3 tumors ex-
pressed GFP and were able to grow to comparable sizes (Fig-
ure 2C), Ras®'Y/shPar3 tumors grew more rapidly and were
consistently more aggressive than Ras®'“/shLuc tumors; they
invaded through the peritoneum, with the bulk of the tumors
growing inside the body cavity, and were not detected during
palpation (Figure S2A). Additionally, ~30% of the Ras®'Y/
shPar3 tumors invaded through the skin (data not shown).
Consistent with these differences in invasiveness, Ras®'“/shLuc
tumors were more organized and retained regions that pos-
sessed a lobular organization with distinct boundaries, whereas
Ras®'Y/shPar3 tumors exhibited no discernable organization,
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and cells appeared more spindle shaped (Figures 2D and 2E). In
contrast, NICD/shPar3 tumors were restricted to the fat pad,
with occasional invasion into the peritoneum.

Ras tumors depleted of Par3 retained expression of ZO1,
which remained localized at sites of cell-cell contacts marking
the boundaries of minilumens (Figure 2D). Unexpectedly, al-
though Ras®'" is concentrated at intercellular junctions in the
Ras®'“/shLuc tumors, loss of Par3 results in the partial redistri-
bution of the oncoprotein into the cytoplasm (Figure 2D, insets),
which might have consequences for downstream signaling. The
tumors also retained expression of the luminal epithelial marker
K8 (Figure 2E), demonstrating that, as with the NICD model,
the Ras®' tumor cells are disorganized but retain epithelial char-
acteristics in the absence of Par3. The Ras®'"/shLuc tumors also
expressed E-cadherin (Figure 2E). In contrast, however, E-cad-
herin (Figure 2E) and B-catenin (Figure S2B) were almost unde-
tectable in Ras®'“/shPar3 tumors. The absence of staining
reflects downregulation of expression rather than mislocalization
(Figures 2F and S2C). Although Ras®'Y/shPar3 tumor cells were

Figure 1. Loss of Par3 Cooperates with
NICD to Promote Mammary Tumor For-
mation

(A) Kaplan-Meier (KM) curve of tumor-free status in
mice transplanted with shPar3 (n = 17), NICD/
shLuc (n = 11), or NICD/shPar3 (n = 12) MECs.
(B) Tumors arising from orthotopically trans-
planted myc-NICD/shLuc or myc-NICD/shPar3
MECs were immunoblotted for Par3, myc-NICD,
and tubulin.

(C) Immunofluorescence staining of tumor sec-
tions for myc-NICD (red) and GFP (green), which
marks cells expressing shRNA.

(D) Tumors arising from NICD/shLuc or NICD/
shPar3-transduced MECs. GFP is coexpressed
with the shRNA and is used as a marker for
transduction. Arrow indicates small nonpalpable
NICD/shLuc tumors, which were found in 7 of 11
fat pads.

(E) Upper panels show hematoxylin and eosin-
stained (H&E) sections of the edges of NICD/shLuc
and NICD/shPar3 tumors. Lower panels present
tissue sections of the tumor edge stained with CK8
(red) and Hoechst 33258 (DNA, blue). Arrows show
invading cells.

(F) Immunofluorescence staining of tumor sections
for E-cadherin, ZO1, and Hoechst 33342 for DNA.
Scale bars, 50 um (C), 2 mm (D), 100 um (E), and
20 pm (F).

See also Figure S1.

NICD/shPar3

more spindle shaped, there was no
increase in vimentin, a mesenchymal
marker (Figure 2F). Thus, loss of Par3,
specifically in the context of the Ras
oncogene, represses E-cadherin expres-
sion, though not the loss of other luminal
epithelial markers.

Interestingly, Ras®'“/shLuc tumor cells
were primarily K8"K14~, whereas the
Ras®'/shPar3 tumors were more hetero-
geneous, and included K8'K14~ and
K8*K14" dual-positive cells (Figure 2E). K8*K14* dual-positive
cells may be undifferentiated progenitors (Raouf et al., 2008;
Shackleton et al., 2006; Villadsen et al., 2007). Together, these
data are consistent with our previous identification of a role for
Par3 in driving progenitor cell differentiation in the mammary
gland (McCaffrey and Macara, 2009). They also indicate that
loss of Par3 causes tissue mis-organization rather than a simple
loss of apical-basal polarity.

NICD/shPar3

Par3 Acts as an Invasion and Metastasis Suppressor

To determine if loss of Par3 promotes metastasis, we examined
the lungs of mice after orthotopic injection of NICD/shLuc or
NICD/shPar3 into mammary fat pads. None of the NICD/shLuc
mice had lung metastases (n = 14), consistent with published
data on NICD transgenic mice (Hu et al., 2006). However,
>80% of NICD/shPar3 mice (n = 17) displayed extensive coloni-
zation, with an average of 32 colonies visible per lung (Figures 3A
and 3B). These values are significantly different (p = 0.0001).
Importantly, lung metastases from both NICD/shPar3 and
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Figure 2. Loss of Par3 Cooperates with Ras®'" to Promote Mammary Tumor Formation

(A) KM curve for mice transplanted with MECs expressing GFP/shPar3 (n = 13), Ras®'“/shLuc (n = 13), or Ras®'“/shPar3 (n = 13).

(B) Immunoblot of primary Ras®'“/shLuc and Ras®'“/shPar3 tumor lysates.

(C) Micrographs of tumors from transplanted Ras®'“/shLuc or Ras®'“/shPar3 MECs. GFP indicates tumor cells are transduced with lentivirus.
(D) Immunofluorescence staining of tumor sections for GFP-Ras®'" (green) and ZO1 (red).

(E) Immunofluorescence staining of tumor sections for GFP-Ras®'" (green) and E-cadherin (red), or CK8 (green) and K14 (red).

(F) Western blot of primary Ras®'"/shLuc and Ras®'“/shPar3 tumor cell lysates.

Scale bars, 500 um (C) and 50 pym (D and E).

See also Figure S2.

Ras®'Y/shPar3 tumors were comprised of similar epithelial cell As a further test of metastatic potential, we injected equal
types as the primary tumors (Figures S3A and S3B). Although  numbers of NICD/shLuc or NICD/shPar3 mammary cells sys-
Ras®'" alone was sufficient to induce metastasis, loss of Par3 temically via the tail veins (n = 10), and after 3 weeks, the

increased the number and size of the colonies (Figure S3C). lungs were sectioned and examined for metastases. In all cases,
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Figure 3. Suppression of Par3 Increases
Tumor Invasion and Metastasis

(A) Whole-mount GFP fluorescent images of lung
metastases from tumor-bearing mice following
orthotopic mammary gland transplants of MECs
transduced with NICD/shLuc (n = 14) and NICD/
shPar3 (n = 17; p = 0.0001).

(B) Box plots showing the number of metastatic
nodules in lungs from (A).

(C) H&E sections of lungs following tail vein injec-
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NICD/shPar3 NICD_Ish Luc
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tions of 3 x 10° MECs transduced with NICD/
shLuc or NICD/shPar3.

(D) Box plots showing the number of metastatic
nodules in lungs (n = 10) following systemic injec-
tions of transduced cells from (C).

(E) Hoechst-stained nuclei of NICD/shLuc or
NICD/shPar3 MECs that invaded through the
Matrigel pad and 8 um filter inserts after 72 hr.

(F) Quantification of (E); results are average of three
independent experiments. Error bars, 1 SEM.

(G) Same as (E), except invasion through collagen
| gels.
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(H) Quantification of (G); results are means of three
independent experiments. Error bars, SEM.

(I) Immunofluorescence staining of NICD/shLuc or
NICD/shPar3 MECs that migrated through the
Matrigel for GFP (green) and ZO1 (red).

Scale bars, 1 cm (A and C), 100 um (E and G), and
10 um ().

See also Figure S3.

p=0.03

Par3 has been reported to inhibit cell
migration in two-dimensional scratch
wound assays (Schmoranzer et al.,
2009). The nontransduced cells showed
no detectable invasion through Matrigel
pads over the time course of the experi-
ment, and silencing of Par3 alone did
not enable invasion (data not shown).
Expression of either the NICD or Ras®™

| NICD/shLuc

0
N
a
T
]

colonization of the lungs was detected (Figure 3C), but metas-
tases produced by NICD/shPar3 cells were significantly larger
and more numerous compared to NICD/shLuc cells (Figure 3D).
These results are consistent with increased efficiency of inva-
sion, dissemination, and colonization and support the hypoth-
esis that Par3 normally can suppress metastatic progression.
To further examine the potential for Par3 to suppress tumor
invasion, we asked if MECs transduced with or without Par3
shRNA and an oncogene would show increased migration
in vitro, using three-dimensional (3D) Matrigel or collagen | inva-
sion assays (Figures 3E-3H, S3D, and S3E). Previously, loss of

oncogenes caused a significant number
of cells to penetrate through the Matrigel.
Strikingly, however, the silencing of Par3
in the context of either oncogene caused
a substantial increase in invasion effi-
ciency. Loss of Par3 caused a 3.5-fold
(NICD) and 3.9-fold increase (Ras®™) in
cells that invaded through the 3D matrix,
compared to controls (Figures 3E, 3F,
S3D, and S3E). Invasion of NICD cells
through collagen | was also stimulated more than 7-fold by
loss of Par3 (Figures 3G and 3H).

Although most metastatic carcinomas retain epithelial charac-
teristics, it has been proposed that tumor cells might undergo
a transient EMT during dissemination then revert to an epithelial
phenotype when they colonize an ectopic site (Guarino et al.,
2007). We examined the expression of EMT markers in our
cultures and found a modest increase in ZEB1 expression, but
no overall changes in gene expression that would indicate
a complete EMT (Figure S3F). Interestingly, the NICD/shPar3
cells that had migrated through the matrix to the filter retained
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Figure 4. Loss of Par3 Induces MMP Expression and Cell Detachment in Transformed MECs through Activation of aPKC

(A) RT-PCR on total RNA from tumor tissues expressing either NICD or Ras®'" with or without shRNA against Par3, using primers for MMP9 and B-actin (control).
(B) Primary MECs stably expressing NICD/shLuc, NICD/shPar3, Ras®'“/shLuc, or Ras®'“/shPar3 were plated on fibronectin for 72 hr and imaged by DIC.
Representative images of the various colony phenotypes are shown. Scale bars, 50 pm.

(C) Quantification of cell detachment by MECs expressing NICD/shLuc, NICD/shPar3, and NICD/shPar3 with RNAi-resistant full-length human Par3, or mutant
PargS827A/S829 that does not bind aPKC.

(D) Immunofluorescent staining of fibronectin under colonies of NICD/shLuc and NICD/shPar3 MECs. Scale bars, 10 um.

(E) Quantification of cell detachment for NICD/shLuc and NICD/shPar3 MECs with or without 400 pM of MMP inhibitor I.

(F) Quantification of cell detachment for Ras®'"/shLuc and Ras®'“/shPar3 MECs grown with or without 400 pM MMP9/MMP13 inhibitor I.
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expression of the epithelial marker ZO1 (Figure 3l). We conclude
that in the context of an activated oncogene, loss of Par3 expres-
sion increases invasive behavior, and these cells retain the ability
to express epithelial characteristics.

Loss of Par3 Induces MMP Expression and Cell
Detachment in Transformed Mammary Cells

Migration through 3D matrices often requires expression of
matrix metalloproteinases (MMPs), which degrade the ECM
(Rarth, 2009). To test whether loss of Par3, in the context of an
oncogene, might alter MMP expression, or expression of other
adhesion-related genes, we performed quantitative RT-PCR
array analysis of adhesion-related genes on primary NICD/shLuc
and NICD/shPar3 MECs in vitro, in the absence of selection. In
the context of NICD/shPar3, MMP9 showed the most robust
increase in expression over NICD/shLuc, and MMP9 induction
was second highest in the Ras model, of all genes analyzed
(Tables S1-S4). Changes in MMP9 expression were confirmed
by RT-PCR using different primers (Figure 4A). The expression
of three other genes was upregulated, and ten genes were
reduced in both models (Figure S4A). Expression of other genes
differed between the two models, and the expression of some
other MMPs was reduced (MMP1a, MMP12, and MMP14 for
NICD; and MMP2 and MMP15 for Ras). NICD/shPar3 cells also
showed significant decreases in the protease inhibitors, TIMP1
and TIMP2. Therefore, in both models, metalloproteinase ex-
pression was altered by Par3 depletion, with MMP9 being the
most consistently upregulated gene.

Consistent with induction of MMPs, there was a dramatic
change in colony morphology when Par3 expression was sup-
pressed. Most NICD/shLuc cells grew as monolayers on fibro-
nectin-coated dishes (~60%-80%; Figures 4B and 4C). In
contrast, only ~10%-30% of NICD/shPar3 cells formed mono-
layers, with the rest detaching as spheroid colonies after several
days’ culture (Figure 4B). Importantly, all cultures adhered nor-
mally during the first 24-48 hr, demonstrating that maintenance
rather than initial adhesive ability of the NICD/shPar3 cells is
defective. Moreover, after trypsinization, detached cells were
able to readhere to new plates, and again the cells began to
detach after 24-48 hr. To determine if loss of Par3 causes defec-
tive attachment to specific types of ECM, we also plated cells on
collagen I. Whereas ~67% of NICD/shLuc cells grew as mono-
layer colonies on collagen |, less than 1% of cells lacking Par3
remained as monolayer colonies on collagen | (Figure S4B).

Ras®'“-transduced MECs also grew as monolayers, and
silencing of Par3 increased multiple layering, whereas detach-
ment occurred as single cells, rather than as multicellular spher-
oids (Figures 4B, S4C, and S4D). The inability of Ras®'"/shPar3
to form spheroids may be due to reduced E-cadherin expression
as noted above, which would prevent cells from maintaining
intercellular adhesions.

Consistent with the idea that ECM degradation is responsible
for cell detachment, staining for fibronectin showed that whereas
the ECM was intact beneath cells that express NICD alone, it was

absent from patches where clusters of detached NICD/shPar3
cells had formed (Figure 4D). Finally, we asked if MMP activity
is required for cell detachment. A MMP inhibitor almost com-
pletely blocked detachment induced by Par3 depletion in the
context of either NICD or Ras (Figures 4E and 4F). To confirm
the involvement of MMP9 in the invasive behavior of the
NICD/shPar3 cells, we used shRNA-lentivirus that target the
murine MMP9 and transduced them together with the NICD
and shPar3 viruses into primary MECs. The two most effective
shRNAs (shMMP9-1 and shMMP9-3) significantly reduced in-
vasion through Matrigel (Figures S4E and S4F). The MMP in-
hibitor also efficiently blocked invasion (Figure S4G). Together,
these data identify a mechanism whereby loss of Par3 induces
MMP9, which triggers degradation of ECM with consequent
cell detachment and increased invasive migration.

Cell Detachment Is Mediated through Inappropriate
Activation of aPKC

To confirm that the adhesion defects were caused by loss of
Par3, we first performed rescue experiments using shRNA-resis-
tant human Par3, which efficiently restored the ability of cells
(85%) to remain attached to the ECM (Figure 4C). Notably,
however, a mutant (Par3S827~/S8294) that is unable to directly
bind and be phosphorylated by aPKC could not rescue the adhe-
sion defects, with only 28% of colonies growing as monolayers
(Figure 4C). Next, to determine more directly whether aPKC
activity is required for adhesion, we plated cells with or without
an aPKC inhibitor. This myristoylated pseudosubstrate peptide
penetrates cell membranes and specifically inhibits aPKC iso-
forms. Inhibition of aPKC completely restored cell-ECM adhe-
sion to NICD/shPar3 and reduced Ras®'“/shPar3 multilayering
(Figures 4G and 4H).

Our previous work showed that Par3 is required for normal
localization of aPKC to the apical surface of luminal epithelial
cells (McCaffrey and Macara, 2009). To determine if aPKC is
also mislocalized in NICD/shPar3 cells, we stained for aPKC
and ZO1. In the NICD/shLuc control, ZO1 and aPKC both formed
a tight border around the cells (Figure S4H). Thus, expression of
the NICD oncogene alone is not sufficient to disrupt tight junc-
tions and aPKC localization. In contrast, aPKC was completely
lost from the apical junctions of Par3-depleted NICD MECs.
Cortical ZO1 persisted in Par3-depleted cells but was more
punctate (Figure S4H). This result is consistent with our previous
studies showing that loss of Par3 negatively affects tight junction
formation (Chen and Macara, 2005).

Because inhibiting aPKC can reverse cell detachment, we
asked whether aPKC activity was altered in NICD/shPar3 cells.
Active aPKC is phosphorylated on T403/T410, and immunoblots
of cell lysates for total and p-aPKC revealed a substantial in-
crease in p-aPKCT*'? evels in NICD/shPar3 cells (Figure 5A, left
panels). Thus, in these oncogene-transformed mammary cells,
loss of Par3 induces aPKC activation. Notably, however, innormal
epithelial cells, although loss of Par3 causes mislocalization of
aPKQC, it does not alter T410 phosphorylation (Hao et al., 2010).

(G) Quantification of cell detachment for NICD/shLuc and NICD/shPar3 MECs with or without 40 ug/ml of aPKC pseudosubstrate inhibitor.
(H) Detachment of Ras®'"/shLuc and Ras®'“/shPar3 MECs grown with or without 40 ng/ml aPKC inhibitor.

Results are means of at least three independent cultures. Error bars, +1 SD.
See also Figure S4 and Tables S1-S4.
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Figure 5. Loss of Par3 Activates Stat3 Signaling through aPKC

(A) Immunoblot of NICD/shLuc and NICD/shPar3 MEC lysates showing active phospho-aPKC™'%4%3 (o T-aPKC) and total aPKC protein levels with or without
50 nM Stat3 inhibitor, Cucurbitacin I.

(B) Immunofluorescence staining of NICD/shLuc or NICD/shPar3 tumor sections for pStat3Y”%® (red) and nuclei (blue). Scale bars, 50 um.

(C) Quantification of pStat3Y"°>-positive cells in tumor sections (n = 8).

(D) Immunoblots of lysates from NICD/shLuc or NICD/shPar3 primary MECs. Phospho-antibodies were used to detect pJAKY'°7/8 and pStat3Y"%,

(E) Immunoblots of NICD/shLuc or NICD/shPar3 MEC lysates with or without 40 pg/ml aPKC inhibitor.

(F) Quantification of cell detachment for NICD/shLuc and NICD/shPar3 MECs grown with or without 50 nM Cucurbitacin I. Results are from two independent
experiments.

(G) Quantification of invasion of NICD/shLuc and NICD/shPar3 MECs through Matrigel with or without 50 nM Cucurbitacin I.

(H) Quantification of invasion of NICD/shLuc, NICD/shPar3, constitutively active Stat3-C, and NICD/shPar3/shStat3 MECs through Matrigel.

(I) Immunoblots of NICD/shLuc or NICD/shPar3 MEC lysates with or without 10 nM JAK inhibitor, Pyridone 6.

608 Cancer Cell 22, 601-614, November 13, 2012 ©2012 Elsevier Inc.



Cancer Cell

Par3 Is a Tumor Invasion Suppressor

Loss of Par3 Activates Stat3 Signaling through aPKC

To determine the mechanism by which Par3 controls adhesion
and invasion, we examined potential downstream signaling
pathways. Stat3 activation drives MMP expression in multiple
cancer cells and promotes invasive behavior (Song et al.,
2008; Xie et al., 2004). Active Stat3 is also frequently present at
the invasive edge of tumors (Bromberg and Wang, 2009). There-
fore, we stained sections from the NICD tumors for phospho-
Stat3 (pStat3Y"%). Although few cells were pStat3Y"® positive
in the NICD/shLuc tumors, silencing Par3 increased the number
of pStat3Y"%®-positive cells throughout the tumor mass (Figures
5B and 5C).

In many tumors, Stat3 activation can be induced indirectly
through cytokine secretion by infiltrating hematopoietic cells
(Yu et al., 2009). To test whether Stat3 activation is intrinsic to
NICD/shPar3 epithelial cells, we examined transduced, unse-
lected MECs. Only ~5% of NICD/shLuc cells expressed detect-
able (but weak) levels of pStat3Y’°®. Significantly, however,
pStat3"7% was present in 18% of NICD/shPar3 MECs, with a
higher intensity of staining compared to NICD/shLuc cells (Fig-
ures S5A and S5B). Silencing Par3 in Ras®'- MECs also caused
a substantial increase in pStat3Y7%%, as judged by immunofluo-
rescence (Figures S5C and S5D). We confirmed that loss of
Par3 caused a marked increase in pStat3"’®® levels, as deter-
mined by immunoblot (Figure 5D). Furthermore, conditioned
medium from NICD/shPar3 cultures failed to induce Stat3 activa-
tion when added to NICD/shLuc cultures (data not shown). We
conclude that Stat3 activation is cell autonomous and does not
depend on paracrine cytokine signaling from immune cells.

To determine whether aPKC acts upstream or downstream of
Stat3 activation, we inhibited Stat3 and examined aPKC activa-
tion by blotting for p-aPKC™0¥41%_ aPKC activity was indepen-
dent of Stat3 activity (Figure 5A). In contrast, treatment of
mammary NICD/shPar3 cells with the aPKCps inhibitor dimin-
ished pStat3Y’®® to control levels (Figure 5E), demonstrating
that aPKC acts upstream of Stat3 induction.

Because Stat3 can induce MMP expression in some cancer
cells, we next tested the effect of a selective Stat3 inhibitor,
Cucurbitacin-I (JSI-124), on mammary cell detachment. Cells
were treated with 50 nM Cucurbitacin, 24 hr after being plated
on ECM, and were examined 48 hr later. Cucurbitacin com-
pletely reversed the adhesion defect in NICD/shLuc, NICD/
shPar3, Ras®'/shLuc, and in ~80% of Ras®'“/shPar3 colonies
(Figures 5F and S5E). Moreover, treatment of NICD/shLuc and
NICD/shPar3 MECs with Cucurbitacin significantly reduced the
invasive potential of the MECs through Matrigel (Figure 5G). In
addition, we asked if reducing Stat3 expression could block
the effects of Par3 depletion in the invasion of MECs through
Matrigel. As shown in Figures 5H and S5F, knockdown of
Stat3 significantly reduced the invasiveness of the oncogene-
transduced cells that lack Par3. These data suggest that activa-
tion of Stat3 is required for the cell detachment and invasive
phenotypes caused by loss of Par3.

As a direct test of this hypothesis, we expressed a constitu-
tively active mutant, Stat3-C (Bromberg et al., 1999), in MECs
together with NICD or Ras®'". This mutant phenocopied the
loss of Par3 by reducing cell attachment and increasing invasion
(Figures 5H and S5F). Furthermore, we confirmed that in murine
MECs, active Stat3-C also induces MMP9 (Figure S5G).

Jak phosphorylation was also substantially increased by loss
of Par3 (Figure 5D). To test whether Jak is upstream of Stat3
activation in Par3-depleted cells, we used a specific Jak inhib-
itor, Pyridone 6 (Thompson et al., 2002). This inhibitor blocked
shPar3-dependent Stat3 activation and significantly reduced
invasion of the cells through Matrigel (Figures 51 and 5J).

Importantly, all of the effects on signaling caused by loss of
Par3 in the context of oncogenic activation could be fully
reversed by expression of a GFP fusion of human Par3 (Fig-
ure S5H). GFP-hPar3 did not induce re-expression of the endog-
enous Par3 but inhibited the phosphorylation of aPKC and Stat3
and blocked the induction of MMP9. Therefore, these signaling
responses depend specifically on the loss of Par3 and are not
off-target effects of the shRNA.

Finally, to determine whether the induction of Stat3-mediated
invasive behavior is significant for shPar3-dependent metastasis
in vivo, we measured lung colonization after tail vein injections of
NICD-transformed cells with shRNAs against Par3 alone or Par3
and Stat3. As described above (Figure 3), loss of Par3 caused
a significant increase in lung metastasis, which was completely
suppressed by cosilencing Stat3 (Figure 5K). These data identify
an unanticipated pathway in which loss of Par3 results in the
aPKC-dependent activation of JAK/STAT signaling, which in-
duces MMP9 expression and consequent destruction of the
ECM, increased invasion, and lung metastasis by oncogene-
activated mammary cells.

Par3 Expression Is Frequently Lost in Human Breast
Cancers

To address the relevance of Par3 loss to human breast cancer,
we explored the expression of the PARDS transcript in tumors
from selected cohorts of patients. Significant reductions in
PARD3 gene expression were apparent in invasive ductal and
lobular carcinomas compared to normal breast tissue (Fig-
ure 6A). Notably, PARD3 expression was also reduced in other
epithelial cancers (Figure S6A). We next analyzed a human tumor
lysate array by immunoblot and found a significant reduction in
PAR3 protein for 50% of the tumors as compared to matched
samples of normal breast tissue from the same patients (Fig-
ure 6Ba). A second, independent matched group of 52 patient
samples also showed significant reduction in PAR3 expression
(Figure 6Bb). The same membranes were also probed for
RanGTPase as a loading control, and the PAR3/RAN ratios
were measured, to provide a corrected level of PAR3 (Figure 6C).
To validate the specificity of the Par3 antibody, we probed breast
cancer cell line lysates under similar buffer conditions to those
used in generating the commercial membranes. The antibody

(J) Quantification of invasion of NICD/shLuc and NICD/shPar3 MECs through Matrigel with or without 10 nM Jak inhibitor, Pyridone 6.
(K) Quantification of lung nodules arising from NICD/shLuc, NICD/shPar3, and NICD/shPar3/shStat3-transformed MECs injected systemically. Five sections
were examined from each lung of five mice for each treatment. Results are means of at least three independent cultures, unless otherwise noted. Error bars, +1

SD. ns, not significant.
See also Figure S5.
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S 508 : T T ) p=0.024 (Figure 7A, a-c). Strikingly, however,
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specifically detected PAR3, with low background and no
nonspecific bands, indicating that the signal detected on the
arrays is PARS specific (Figure S6B). In addition, we immuno-
blotted a limited number of freshly isolated normal and breast
tumor samples including three invasive carcinomas (IDC) and
one DCIS, which confirmed a decrease in PARS protein expres-
sion in the invasive breast cancer samples compared to normal
tissue (Figure S6C).

To determine if PARD3 expression is associated with any
change in survival probability, we compared Kaplan-Meier plots
for high and low expression of PARD3 using a validated Jetset
probe (Figure S6D). For a set of 2,324 patients with breast cancer,
low PARDS3 correlated with a modest but statistically significant
reduction in survival probability (p = 9.8 x 107°) (Gyérffy et al.,
2010). Our mouse models had revealed that loss of Par3 trig-
gers the induction of MMP9 and invasion. Therefore, we com-
pared the expression of PARD3 and MMP9 in cohorts of normal
human breast, primary breast cancers, and metastases. Consis-
tent with a role for loss of PARS in regulating metastasis through
MMP9, a significant anticorrelation exists between PARD3 and
MMP9 expression in metastases (Figure 6D). One data set also
showed a significant anticorrelation in primary tumors, although
to a lesser degree than in metastases (Figure 6Db).

PAR3 localization was completely lost

in many of the human breast cancer
samples (Figure 7A, d-i). From a total of 76 tumor samples exam-
ined, 63 lacked strong cortex-associated PARS staining. Impor-
tantly, costaining of tissue sections of 166 human invasive ductal
carcinomas showed that p-aPKC and pSTAT3 were frequently
prominent in regions with weak Par3 staining, whereas regions
with more intense Par3 staining were negative for pSTAT3Y"%®
and p-aPKC (Figures 7B and 7C). Furthermore, many regions
were dual positive for p-aPKC and pJAK2 (Figure 7D), consistent
with a role for PAR3 in regulating aPKC, JAK, and STAT3 activity
in human breast cancers.

DISCUSSION

The apical-basal polarity of epithelial cells is controlled in part
by the Par proteins together with a group of epithelial-specific
proteins first identified in Drosophila (Crumbs, Scribble [Scrib],
Lgl, DIg). Loss of such proteins, or their misregulation, might
therefore be expected to play a pivotal role in carcinogenesis,
an idea that has been discussed in numerous reviews (Dow
and Humbert, 2007; Feigin and Muthuswamy, 2009; Januschke
and Gonzalez, 2008; St Johnston and Ahringer, 2010). Yet, there
are surprisingly little published data to support this view. In
Drosophila, Scrib, Lgl, and DIg can behave as tumor suppressors
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(Bilder et al., 2000; Brumby and Richardson, 2003) and can
cooperate with oncogenes to drive metastasis (Pagliarini and
Xu, 2003; Wu et al., 2010). Deletion of Scrib in prostate epithe-
lium predisposed mice to neoplasia (Pearson et al., 2011).
Silencing of Scrib in murine mammary cells stimulated tumor
growth driven by c-myc but had no effect on tumor latency
and did not induce metastasis (Zhan et al., 2008). Nor does
silencing of Scrib disrupt apical-basal polarity in mammalian
epithelial cells (Dow and Humbert, 2007; Qin et al., 2005). Addi-
tionally, increased aPKC activity or Par6 levels have been linked

Figure 7. PAR3 Protein Expression Is
Reduced and aPKC/STAT3 Signaling Is
Activated in Human Breast Cancers

(A) Tissue sections of human normal and breast
cancers stained for PAR3 (red) and nuclei (blue).
Arrows show PAR3 enriched at the apical mem-
brane. Images represent normal (a—c), infiltrating
ductal carcinoma (d—f), and metastatic carcinoma
(9-i). Scale bars, 100 pm.

(B) Tissue sections of human invasive breast
cancers stained for PAR3 (red) and pSTAT3"7%®
(green), representative of 166 stained tumor
samples. Tumors with weak (top, 64% of tumors),
mixed (middle, 28% of tumors), and intense
(bottom, 8% of tumors) PARS staining.

(C) Tissue sections of human invasive breast
cancers stained for PAR3 (red) and active phos-
pho-aPKC™® (green). Arrows show PAR3 en-
riched at apical membrane and weak p-aPKC
staining. Images show representative weak (a,
69% of tumors), mixed (b and c, 25% of tumors),
and intense (d and e, 6% of tumors) p-aPKC
staining.

(D) Tissue sections of human invasive breast
cancers costained for p-aPKC™® (green) and
pJAK2Y1907/8 (red). Representative images are
shown for five tumor samples (a-€).

(E) Model for cooperative effects of loss of Par3 in
NICD or Ras®'- tumors. Loss of Par3 in the context
of either oncogene results in the mislocalization
and inappropriate activation of aPKC, which drives
the induction and activation of Jak/Stat3 signaling,
thereby causing increased MMP expression and
ECM degradation.

Scale bars, 30 um.

to TGF-B signaling and to breast cancer

invasiveness (Viloria-Petit et al., 2009;

Zhan et al., 2008). However, to date, and

to our knowledge, the only bona fide

tumor suppressor among the polarity
proteins in humans is PAR4/LKB1 (Jan-
sen et al., 2009), and we are not aware
of evidence that other Par proteins func-
tion as invasion suppressors or that
disruption of a polarity gene can induce
tumorigenesis through loss of epithelial

*INVASIDNAND pOIaritY-

o METSIAS To examine this issue, we used lentivi-
ruses to deplete Par3 and express acti-
vated Notch or Ras in primary murine
mammary cells, which were implanted or-

thotopically into normal immunocompetent mice. An advantage

of this approach is that multiple changes in gene expression can
be manipulated simultaneously, for instance to couple RNAi with
ectopic expression. Additionally, the same cells can be used
in vitro, without prior selection, to elucidate the molecular mech-
anisms underlying their phenotypes. This cancer model revealed
several unexpected effects of silencing Par3. Most remarkably,
despite the fact that the Ras and NICD oncogenes function
through distinct mechanisms, the phenotypes induced by loss
of Par3 are very similar. Loss of Par3 potently reduced tumor
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latency in both contexts and increased lung colonization, consis-
tent with in vitro increases in invasiveness and detachment from
the ECM. These effects were independent of any consistent
pattern of EMT. For example, both the NICD and Ras tumors
and metastases retained K8 and ZO1 expression and did not
express the classical mesenchymal markers vimentin or N-cad-
herin, consistent with a classification as luminal-type tumors.
Moreover, loss of Par3 caused the activation of Stat3 and induc-
tion of MMP9 expression in both tumor models. Indeed, the only
consistent difference was that Ras/shPar3 tumors had lost
expression of E-cadherin, whereas cadherin expression was re-
tained in the context of NICD.

What are the underlying mechanisms through which loss of
Par3 triggers rapid tumor growth and invasion? We propose
the following model (Figure 7E). First, Par3 spatially restricts
aPKC at the apical membrane (McCaffrey and Macara, 2009),
and apical localization requires the binding and phosphorylation
of Par3 by aPKC. Notably, overexpression or mislocalization of
aPKC is commonly found in invasive human breast tumors (Ko-
jima et al., 2008; Regala et al., 2005). Loss of Par3 triggers both
the mislocalization and—in the context of at least some onco-
genes—the activation of aPKC, which, unexpectedly, triggers
JAK-dependent activation of Stat3. Stat3 in turn induces MMP
expression, resulting in degradation of the ECM and permitting
escape from the primary tumor. Our results generally agree
with previous data that aPKCs were necessary for STAT3 activity
and MMP1/MMP13 expression in cytokine-stimulated chondro-
cytes (Litherland et al., 2010). However, Litherland et al. (2010)
found a dependence on ERK phosphorylation, whereas we
saw no changes in ERK activation in Par3-depleted cells (data
not shown). Instead, loss of Par3 in an epithelial tumor context
induces Stat3 activation through JAK by a cytokine-independent
mechanism.

Stat3 is normally expressed only at low levels in the devel-
oping mammary gland and is upregulated during involution
to regulate cell death. Nonetheless, active STAT3 is often
found at the invasive edges of tumors (Bromberg and Wang,
2009) and is known to promote metastasis in breast cancer
(Barbieri et al., 2010a). Brugge and colleagues found that
NICD is sufficient to activate STAT3 in MCF10A cells (Mazzone
et al.,, 2010). However, these cells cannot form normal tight
junctions and do not exhibit cortical polarity (Fogg et al.,
2005). Most likely, therefore, aPKC is not restricted to the api-
cal surface, and NICD expression is sufficient to induce Stat3
activation.

The coupling between polarity proteins, oncogenes, and Stat3
is paralleled to a remarkable degree by Drosophila, in which
clones of epithelial cells lacking the Scrib polarity protein
become highly metastatic in the context of oncogenic Ras
(Pagliarini and Xu, 2003; Wu et al., 2010). Loss of Scrib alone trig-
gers a JNK-dependent apoptotic response through the cell com-
petition pathway, by which neighboring wild-type cells eliminate
the mutant cells; however, the expression of Ras"'? switches
this response from apoptosis to uncontrolled proliferation, via
a compensatory mechanism dependent on JAK/STAT activa-
tion. Tantalizingly, loss of a polarity protein in the mammary
gland also stimulates apoptosis, just as in Drosophila (McCaffrey
and Macara, 2009). An important question for the future is
whether this response is mediated by cell competition and
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whether an aberrant compensatory mechanism drives tumor
growth and dissemination when polarity proteins are lost from
oncogene-transformed cells.

The striking effects of Par3 deficiency in the context of
activated oncogenes suggest that polarity proteins might be
suppressors of tumorigenesis in human carcinomas. PAR3 pro-
tein levels are significantly reduced in 50% of breast cancer
samples compared with matched normal tissue, and a large
majority of breast cancers lack normal PAR3 localization.
Importantly, loss of Par3 was tightly correlated with increased
p-aPKC and pSTAT3 across multiple breast tumor samples.
Our data demonstrate that in addition to promoting metastasis
through Stat3/MMPs, reduction of Par3 also reduces tumor
latency, indicating that Par3 may suppress several steps in
tumorigenesis. Microarray data support a broad decrease in
PARD3 gene expression across multiple epithelial cancers,
including invasive ductal carcinoma of the breast. Deletions in
the PARDS3 locus have also been identified. For human esoph-
ageal small-cell carcinoma, the PARD3 gene was homozy-
gously deleted in 15%, and expression was reduced in 90%
of cell lines tested, compared to normal esophageal epithelial
cells (Zen et al., 2009). Additionally, small deletions have been
identified within the PARDS locus in a variety of cancer types
(Rothenberg et al., 2010). Because Par3 functions in a polarity
signaling network, mutations in other components of this net-
work might also contribute to metastasis by human carcinomas.
Together, our data establish that the Par3 polarity protein is
an important suppressor of tumorigenesis and metastasis and
that it may play a significant role in human breast cancer
progression.

EXPERIMENTAL PROCEDURES

Culture Conditions, Antibodies, Immunostaining, and Inhibitors
See Supplemental Experimental Procedures.

Orthotopic Mammary Transplants

All animal procedures were performed in accordance with protocols approved
by the Animal Use Committees at the University of Virginia and McGill
University, Montreal. Freshly isolated mammary cells were transduced with
lentivirus expressing myc-NICD, Ras®'", and control shRNA (shLuc; against
luciferase) or shRNA specific to murine Par3 (shPar3) (Zhang and Macara,
2006). Cells were transduced at an moi of 5 for oncogenes and 10 for shRNA.
For in vivo tumorigenesis, 1 x 10* transduced MECs for NICD experiments or
1 x 10° MECs for Ras®'" were injected into cleared fat pads, as described
previously (McCaffrey and Macara, 2009). For assessing tumor incidence
and growth, cells expressing NICD/shLuc were injected in the contralateral
side to NICD/shPar3 of each mouse. Mice were examined biweekly for
palpable tumors. To assess metastasis, cells were transplanted into paired
inguinal (#4) fat pads. Once palpable tumors were found, they were measured
with calipers weekly. Mice were sacrificed when the calculated tumor volume
reached 1 cm®.

Invasion Assays

A total of 2.5 x 10* primary MECs/well was transduced with NICD/shLuc, or
NICD/shPar3, Ras61L/shLuc or Ras61L/shPar3 lentivirus, and 2.5 x 10*
Comma-D1 cells/well transduced with Ras®'“/shLuc or Ras®'“/shPar3 were
plated in 8 um pore Transwell inserts (Corning) in a 24-well plate format on
top of 100 pl of 50% growth factor-reduced Matrigel or 100 pl of Collagen |
gels (rat tail collagen I; GIBCO), prepared as described by Estecha et al.
(2009). Culture medium was changed twice a day for 3 days. After 72 hr, cells
that had migrated through the Matrigel to the filter were stained with Hoechst
33342 and counted.
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Tumor Array

Commercially available membranes (ST2-6X-1 and ST2-6X-2) and SomaPlex
Breast Cancer Tissue Lysate Protein Microarray (PMA2-001-L) from Protein
Biotechnologies were probed according to the manufacturer’s protocol (see
Supplemental Experimental Procedures). Breast tissue was provided by the
University of Virginia Biorepository and Tissue Research Facility. All human
samples were deidentified and are exempt from informed consent.

Statistical Analyses

A Wilcoxon signed-rank test was used to determine the significance (p value)
of tumor-free status in mice for the in vivo tumorigenesis. p Values were deter-
mined using unpaired, two-tailed Student’s t tests for all assays except the
tumor arrays, which used paired two-tailed Student’s t tests.

SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures, four tables, and Supplemental
Experimental Procedures and can be found with this article online at http://dx.
doi.org/10.1016/j.ccr.2012.10.003.
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SUMMARY

To define the mutation spectrum in non-Down syndrome acute megakaryoblastic leukemia (non-DS-AMKL),
we performed transcriptome sequencing on diagnostic blasts from 14 pediatric patients and validated our

Significance

Acute megakaryoblastic leukemia (AMKL) accounts for 10% of childhood acute myeloid leukemia (AML). Although AMKL
patients with Down syndrome (DS-AMKL) have an excellent survival, non-DS-AMKL patients have an extremely poor
outcome with a 3 year survival of less than 40%. With the exception of the t(1;22) seen in the majority of infants with non-
DS-AMKL, little is known about the molecular lesions that underlie this leukemia subtype. Our results identified a fusion
gene, CBFA2T3-GLIS2, that functions as a driver mutation in a subset of these patients. Importantly, pediatric patients
with CBFA2T3-GLIS2 expressing AMKL had inferior outcomes (5 year survival 34.3% versus 88.9%; p = 0.03), demon-
strating that this lesion is a prognostic factor in this leukemia population.
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findings in a recurrency/validation cohort consisting of 34 pediatric and 28 adult AMKL samples. Our analysis
identified a cryptic chromosome 16 inversion (inv(16)(p13.3924.3)) in 27% of pediatric cases, which encodes
a CBFA2T3-GLIS2 fusion protein. Expression of CBFA2T3-GLIS2 in Drosophila and murine hematopoietic
cells induced bone morphogenic protein (BMP) signaling and resulted in a marked increase in the self-
renewal capacity of hematopoietic progenitors. These data suggest that expression of CBFA2T3-GLIS2

directly contributes to leukemogenesis.

INTRODUCTION

Acute megakaryoblastic leukemia (AMKL) accounts for approx-
imately 10% of pediatric acute myeloid leukemia (AML) and 1%
of adult AML (Athale et al., 2001; Barnard et al., 2007; Oki et al.,
2006; Tallman et al., 2000). AMKL is divided into two subgroups:
AMKL arising in patients with Down syndrome (DS-AMKL), and
leukemia arising in patients without Down syndrome (non-DS-
AMKL). Although DS-AMKL patients have an excellent prognosis
with an ~80% survival, non-DS-AMKL patients do not fare as
well, with a reported survival of only 14%-34% despite high-
intensity chemotherapy (Athale et al., 2001; Barnard et al.,
2007; Creutzig et al., 2005). With the exception of the t(1;22)
seen in infant non-DS-AMKL, little is known about the molecular
lesions that underlie this leukemia subtype (Carroll et al., 1991;
Lion et al., 1992; Ma et al., 2001; Mercher et al., 2001).

We recently reported data from a high-resolution study of
DNA copy number abnormalities (CNAs) and loss of heterozy-
gosity on pediatric de novo AML (Radtke et al., 2009). These
analyses demonstrated a very low burden of genomic alter-
ations in all pediatric AML subtypes except AMKL. AMKL cases
were characterized by complex chromosomal rearrangements
and a high number of CNAs. To define the functional con-
sequences of the identified chromosomal rearrangements in
non-DS-AMKL, the St. Jude Children’s Research Hospital-
Washington University Pediatric Cancer Genome Project per-
formed transcriptome and exome sequencing on diagnostic
leukemia samples.

RESULTS

AMKL Is Characterized by Chimeric Transcripts

Transcriptome sequencing was performed on diagnostic leu-
kemia cells from 14 pediatric non-DS-AMKL patients (discovery
cohort) (see Tables S1 and S2 available online). Our analysis
identified structural variations (SVs) that resulted in the expres-
sion of chimeric transcripts encoding fusion proteins in 12 of
14 cases (Table S3). Remarkably, in 7 of 14 cases, a cryptic
inversion on chromosome 16 (inv(16)(p13.3924.3)) was detected
that resulted in the joining of CBFA2T3, a member of the ETO
family of nuclear corepressors, to GLIS2, a member of the GLI
family of transcription factors (Figures 1, 2, and S1). In six of
these cases, exon 10 of CBFA2T3 was fused to exon 3 of
GLIS2, whereas in the remaining one case, exon 11 of CBFA2T3
was fused to exon 1 of GLIS2. Both encoded proteins retain
the three CBFA2T3 N-terminal nervy homology regions that
mediate protein interactions and the five GLIS2 C-terminal zinc
finger domains that bind the Glis DNA consensus sequence
(Figures 1A and 1B). Whole-genome sequence analysis of tumor
and germline DNA from four cases demonstrated that the

CBFA2T3-GLIS2 chimeric gene resulted from simple balanced
inversions in three cases and a complex rearrangement involving
chromosomes 16 and 9 in the fourth case (Figures 2 and S1).

Chimeric transcripts were also detected in five of seven
leukemia samples that lacked expression of CBFA2T3-GLIS2,
including one case each expressing in-frame fusions of
GATA2-HOXA9, MN1-FLI1, NIPBL-HOXB9, NUP98-KDM5A,
GRB10-SDK1, and C8orf76-HOXA11AS (Figure 3; Table S3).
Importantly, several of the genes involved in these transloca-
tions play a direct role in normal megakaryocytic differentiation
(GATA2 and FLI1), have been previously shown to be involved
in leukemogenesis (HOXA9, MN1, HOXB9, NUP98, KDM5A),
or are highly expressed in hematopoietic stem cells or mye-
loid/megakaryocytic progenitors (Figure S2) (Argiropoulos and
Humpbhries, 2007; Buijs et al., 2000; Heuser et al., 2011; Kawada
et al,, 2001; Visvader et al., 1995; Wang et al., 2009). Analysis of
a recurrency/validation cohort consisting of diagnostic leukemia
cells from 62 AMKL cases (34 pediatric and 28 adult) revealed 6
additional pediatric samples carrying CBFA2T3-GLIS2 for an
overall frequency of 27% (13 of 48) in pediatric AMKL (Table
S1). None of the adult AMKL cases contained this chimeric
transcript, suggesting that this lesion is restricted to pediatric
non-DS-AMKLs. NUP98-KDM5A was the only other chimeric
transcript that was recurrent, being detected in 8.3% (4 of 48)
of pediatric cases (Table S1). This chimeric transcript was also
not detected in adult AMKLs.

Cooperating Lesions in AMKL

In addition to the described chimeric transcripts, exome
sequence analysis on 10 of the 14 samples in the discovery
cohort that had matched germline DNA, coupled with CNAs de-
tected by Affymetrix SNP6 microarrays, revealed an average of 5
(range 1-14) somatic nonsilent sequence mutations and 5 (range
0-11) CNAs involving annotated genes per case. (Tables S4, S5,
and S6; Figure S1). Despite the relative paucity of somatic muta-
tions, recurrent lesions were identified in JAK kinase genes, MPL
and GATAT1, which have been previously shown to play a role in
AMKL (Malinge et al., 2008). Sequence analysis of these genes in
cases within the recurrency cohort that had available genomic
DNA revealed activating mutations in JAK kinases (9 of 51,
17.6%) and MPL (2 of 51, 3.9%), as well as inactivating muta-
tions in GATAT (5 of 51, 9.8%) (Tables S1 and S6). In addition,
7 of 14 cases with available copy number data contained ampli-
fication of chromosome 21 in the Down syndrome critical region
(DSCR; chr21g22) that includes genes known to play a role in
AML such as RUNX1, ETS2, and ERG (Table S4; Figure S1).
Three of these cases carry the CBFA2T3-GLIS2 chimeric gene.
Importantly, the total burden of somatic mutations was signifi-
cantly lower in the CBFA2T3-GLIS2-expressing cases (7.17 +
3.60 versus 16.60 = 5.13; p = 0.009; Table S5).
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Cancer Cell
CBFA2T3-GLIS2 Defines an Aggressive Type of AMKL

A
16p 169
el N A R M ai12 SR 2l JEXHAME 2 Il AW
GLIS2 >53355555> <<z<z<<<<< CBFA2T3
Ntem Cterm  Ctem Ntem
[ A e ladmded | [ Leod RO Rl RO |
Exons:1'2T' 3 T 4 s 1 6 T12 IT 1 Tl o9 Tg TeTglsTy T3TaTy
Breakpoints Breakpoints
B
Nterm Cterm
CBFA2T3-GJ_,|52e11-e3 NHR1 . NHR2 . NHR3 Il TRD zF1 | zr2 | zF3 Y zFs | zrs
aa 877
TBreakpoint
(]
el2-el
el1-e3
GAPDH

M713
CBFA2T3-GLIS2

M705
CBFA2T3-GLIS2

Figure 1. Inv(16)(p13.3;q24.3) Encodes a CBFA2T3-GLIS2 Chimeric Transcript

(A) Schematic of chromosome 16 with locations of GLIS2 and CBFA2T3 shown. Arrows indicate orientation of the gene and the green and red lines the probes
used for FISH. The protein structure of the genes is shown below chromosome 16 and is not drawn to scale. Breakpoints are indicated by arrows. TAD,
transactivation domain; TRD, transcriptional regulatory domain; ZF, zinc finger; NHR, nervy homology region.

(B) Schematic of CBFA2T3-GLIS2 chimeric protein.

(C) Interphase FISH analysis of two representative patient samples carrying CBFA2T3-GLIS2. The GLIS2 probe is green; the CBFA2T3 probe is red. White arrows

indicate the fusion event. Scale bars, 10 pm.
(D) RT-PCR for CBFA2T3-GLIS2 and GAPDH on the discovery cohort.
See also Figure S1 and Tables S1, S2, S3, S4, S5, and S6.

CBFA2T3-GLIS2 AMKL Is a Distinct Subtype of Pediatric
AMKL with a Poor Prognosis

The gene expression profile of CBFA2T3-GLIS2 AMKL was dis-
tinct from that of AMKL cells lacking this chimeric transcript and
from other genetic subtypes of pediatric AML (Figures 4A and
4B). A detailed coexpression network analysis of the top 4,000
differentially expressed genes suggests that expression of
CBFA2T3-GLIS2 leads to marked upregulation of BMP2, a down-
stream target of Hedgehog signaling (Figures 4B and S3; Table
S7). Moreover, gene set enrichment analysis based on KEGG
pathway annotation of the top-scoring network module demon-
strated Hedgehog and JAK-STAT pathways to be significantly
upregulated in CBFA2T3-GLIS2-positive AMKL (Figure S3).

Given the historically poor outcomes seen in pediatric non-DS-
AMKL, we next explored whether the presence of CBFA2T3-
GLIS2 identified a clinically distinct subset of cases. Outcome
data were available on 40 pediatric patients. Although these
patients were treated at a number of different centers using a
variety of different therapeutic approaches, the presence of
CBFA2T3-GLIS2 identified a subgroup of patients with a signifi-
cantly worse overall survival at 5 years as compared to patients
with AMKL that lacked this chimeric transcript (28.1% versus
41.9%; p = 0.05; Figure 4C). Moreover, when this analysis was
limited to patients treated at a single institution (St. Jude, n =
19), the adverse prognostic impact of CBFA2T3-GLIS2 on sur-
vival was maintained (34.3% versus 88.9%; p = 0.03; Figure 4D).
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Figure 2. Somatic Mutations in Whole-Genome-Sequenced AMKL Cases

Plots depict structural genetic variants, including DNA copy number alterations, intra- and interchromosomal translocations, and sequence alterations (Krzy-
winski et al., 2009). DNA copy number alterations: loss of heterozygosity (LOH), orange; amplification, red; deletion, blue. Sequence mutations in Refseq genes:
silent SNVs (SNVs), black; UTR, brown; nonsilent SNVs, blue. Genes at structural variant breakpoints: genes involved in in-frame fusions, red; others, green.

CBFA2T3-GLIS2-Modified Hematopoietic Cells
Demonstrate Enhanced Self-Renewal

CBFA2T3 (also known as MTG16) was initially identified as
a fusion partner with RUNX1 in rare cases of therapy-related
AML that contain a t(16;21)(924;922) (Gamou et al., 1998).
More recently, CBFA2T3 has been implicated in the mainte-
nance of hematopoietic stem cell quiescence (Chyla et al.,
2008). By contrast, to our knowledge, GLIS2 has not been
previously implicated in leukemogenesis. GLIS2 is a member
of the GLI-similar (GLIS1-3) subfamily of Kriippel-like zinc finger
transcription factors and is closely related to the GLI family of
transcription factors that function as critical elements of the
hedgehog signaling pathway (Kim et al., 2007; Lamar et al.,
2001). GLIS2 is expressed in the kidney, and germline-inactivat-
ing mutations lead to nephronophthisis, an autosomal recessive

cystic kidney disease (Attanasio et al., 2007). Although GLIS2 is
not normally expressed in the hematopoietic system, its fusion to
CBFA2T3 as a result of the inv(16)(p13.3924.3) results in high-
level expression of the C-terminal portion of the protein including
its DNA-binding domain (Figure S1).

To explore the functional effects of the CBFA2T3-GLIS2
fusion protein, we transduced murine hematopoietic cells with
a retrovirus expressing either CBFA2T3-GLIS2 or GLIS2 alone
and assessed their effect on in vitro colony formation, dif-
ferentiation, and replating efficiency as a surrogate measure
of self-renewal (Figures 5A and 5B). On the initial plating,
the expression of CBFA2T3-GLIS2 had no effect on colony
numbers, size, or overall myeloid/erythroid differentiation when
cells were grown in the presence of IL3, IL6, SCF, and
EPO. However, hematopoietic cells transduced with the empty

686 Cancer Cell 22, 683-697, November 13, 2012 ©2012 Elsevier Inc.
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Figure 3. Low-Frequency Chimeric Transcripts in Pediatric AMKL
Four chimeric transcripts were identified in one case each of the discovery cohort and tested for in the recurrency cohort: GATA2-HOXA9, MN1-FLI1, NIPBL-

HOXB9, and NUP98-KDM5A.

(A) RT-PCR validation of the discovery cohort. Primers and conditions are described in Supplemental Experimental Procedures.

(B) Interphase FISH analysis of M703 carrying the MN1-FLI1 chimeric protein. The MNT probe is red; the FLIT probe is green. White arrows indicate the fusion
event. Scale bar, 10 pm.

(C) Schematic of chimeric proteins. Exons and domains are not drawn to scale. NRD, negative regulatory domain; ZNF, zinc finger; MIM, Meis interaction motif; HD,
Hox domain; Ets, E-twenty six domain; FLS, Fli1-specific region; CTA, C-terminal transactivation domain; GLN, glutamine-rich domain; NLS, nuclear-localizing signal;
HEAT, Huntingtin/EF3/PP2A/TOR1 domain; FG, phenylalanine-glycine repeats; JMJ, jumoniji domain; ARID, AT-rich interaction domain; PHD, plant homeodomain.
See also Figure S2.

retrovirus (MSCV-IRES-mCherry [MIC]) failed to form colonies increase in the self-renewal capacity, with colony formation
after the second replating, whereas expression of either persisting through ten replatings (Figure 5C). Upon serial replat-
CBFA2T3-GLIS2 or wild-type GLIS2 resulted in a marked ing, two colony types were detected: CFU-GM and CFU-Meg
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Figure 4. CBFA2T3-GLIS2 Defines a Unique Subtype of AML with a Distinct Gene Expression Signature and Poor Outcomes

(A) Principal component analysis of the gene expression profiles of the AMKL discovery cohort and 32 other non-AMKL AML samples representing all other
known genetic subtypes of pediatric AML. Clusters were generated using 1,000 genes selected by k-means algorithm. A detailed description of the samples
included in this analysis can be found at NCBI Gene Expression Omnibus, accession GSE35203.

(B) Heatmap of differentially expressed genes in the top-scoring network module of CBFA2T3-GLIS2-positive (pos) and -negative (neg) AMKL patient samples.
For gene relationships, please see Figure S3. For a detailed list of the top 500 differentially expressed genes (not limited to this network), please see Table S7.
(C) Overall survival of 40 pediatric non-DS AMKL cases treated at multiple institutions (CBFA2T3-GLIS2-negative cases n = 28, and CBFA2T3-GLIS2-expressing
cases, n = 12). The curves for the two groups were tested by log rank method and exact test using permutation that yielded a p value of 0.05.

(D) Overall survival of 19 pediatric non-DS AMKL cases treated at St. Jude Children’s Research Hospital (CBFA2T3-GLIS2-negative cases, n =9, and CBFA2T3-
GLIS2-expressing cases, n = 10). The curves for the two groups were tested by log rank method and exact test using permutation that yielded a p value of 0.03.
See also Figure S3 and Table S7.

(Figure 5D). Immunophenotypic analysis at the third replating Scal expression in the majority of cells (Figure 5E). Importantly,
also revealed evidence of megakaryocytic differentiation with CBFA2T3-GLIS2-expressing cells remained growth factor de-
CD41/CD61 dual expression and the absence of cKIT and pendent, suggesting that cooperating mutations in growth factor
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signaling pathways are likely required for full leukemic
transformation (data not shown). Moreover, transplantation of
CBFA2T3-GLIS2-transduced bone marrow cells into syngeneic
recipients failed to induce overt leukemia at day 365 as demon-
strated by normal blood counts and low-level reporter gene
expression in peripheral blood (<5%) (data not shown), consis-
tent with a requirement for cooperative mutations. Failure to
induce leukemia in mice as a single lesion has been previously
reported for other chimeric genes that confer the ability to serially
replate in colony-forming assays, including AML1-ETO (Higuchi
et al., 2002).

CBFA2T3-GLIS2 Induces BMP Signaling

GLIS2 can function as both a transcriptional activator and
repressor depending on the cellular context and has been
implicated in altered signaling through a number of pathways
including sonic hedgehog-GLI1 (SHH) and WNT/B-catenin (Atta-
nasio et al., 2007; Kim et al., 2007). Analysis of the gene expres-
sion signatures of CBFA2T3-GLIS2 expressing AMKLs revealed
altered expression of a number of genes in the SHH and WNT
pathways, as well as genes in the bone morphogenic protein
(BMP) pathway, which is directly influenced by SHH signaling
(Figures 4B, 6A, and S3) (Dahn and Fallon, 2000; Ingham and
McMahon, 2001; Vokes et al., 2007). When this analysis was
limited to genes containing GLI consensus DNA-binding sites
(Gli-BS) in their promoters or to genes known to be transcrip-
tional targets of GLIS2, marked overexpression of PTCH1,
HHIP, BMP2, and BMP4 was observed (Figures 6B, S3, and
S4; Table S7) (Attanasio et al., 2007). Consistent with this
observation, although CBFA2T3-GLIS2 only weakly activated
transcription of a reporter construct containing the Gli-BS (Fig-
ure S4), it strongly activated transcription of the Gli-BS-contain-
ing BMP4 promoter-driven luciferase construct and induced
expression of BMP4 in murine hematopoietic cells (Figures 6C
and S4). Moreover, CBFA2T3-GLIS2 strongly activated a BMP
response element (BRE) containing luciferase reporter construct
and induced expression of the BMP downstream transcriptional
target, inhibitor of differentiation 1 (/D7) (Korchynskyi and ten
Dijke, 2002), consistent with the induced expression of BMP2/
BMP4 (Figure S4).

BMP signaling plays a critical role in the specification of hema-
topoiesis in developing embryos, and studies suggest that
BMP4 stimulation can augment megakaryocytic output from
CD34 progenitors (Jeanpierre et al., 2008; Soéderberg et al.,
2009). To determine if the observed CBFA2T3-GLIS2-induced
BMP expression contributes to the enhanced replating capacity
of murine hematopoietic cells, colony-replating assays were
repeated in the presence of dorsomorphin, a selective small
molecule inhibitor of the BMP type | receptors that blocks
BMP-mediated phosphorylation of SMAD 1/5/8 (Yu et al.,
2008). Importantly, CBFA2T3-GLIS2 as well as GLIS2-express-
ing hematopoietic cells were significantly more sensitive to
dorsomorphin than wild-type cells in the first plating (Figure 6D).
Continuous exposure to dorsomorphin inhibited colony forma-
tion in a dose-dependent manner on subsequent platings (data
not shown). Interestingly, sublethal doses of dorsomorphin in
CBFA2T3-GLIS2-positive cells led to an upregulation of Bmp4
and /d1 transcripts over time, with colony counts returning to
untreated levels, suggesting that cells are able to overcome

this inhibition by upregulating the BMP pathway (data not
shown).

To further explore the downstream signaling of CBFA2T3-
GLIS2 in human leukemia cell lines, we first assessed the expres-
sion level of GLIS2 in human cancer cell lines using the recently
published Broad-Novartis Cancer Cell Line Encyclopedia (Fig-
ure 7A) (Barretina et al., 2012). Interestingly, this analysis showed
that GLIS2 expression levels are lowest in leukemia cell lines.
Moreover, within the leukemias, the highest expressing cell line
was the pediatric AMKL cell line M07e. To further explore
AMKL cell lines, we performed RT-PCR for CBFA2T3-GLIS2
on five human AMKL cell lines. Three of the five cell lines (RS1,
WSU-AML, and M07e) expressed CBFA2T3-GLIS2 (Figure 7B).
The presence of the chimeric gene in these lines was validated
by FISH analysis (Figure 7B). We went on to determine the
relative expression of BMP genes by semiquantitative RT-PCR
and found a trend toward upregulation of these genes in the
CBFA2T3-GLIS2-positive cells (Figure 7C). We also assessed
our AMKL cell lines for dorsomorphin sensitivity and found
a trend toward increased sensitivity in cell lines expressing
CBFA2T3-GLIS2 as determined by a standard MTT assay
(Figure 7D).

To determine if CBFA2T3-GLIS2 induces the upregulation of
BMP signaling in vivo, we generated transgenic Drosophila ex-
pressing either CBFA2T3-GLIS2 or full-length GLIS2 using an
epithelial promoter and examined their effect on fly development.
During Drosophila development, the WNT, BMP, and SHH
homologs (Wg, Dpp, and Hh, respectively) have distinct roles in
patterning adult wing structures (Dahn and Fallon, 2000; Ingham
and McMahon, 2001; Vokes et al., 2007). When altered, these
signaling pathways trigger characteristic loss- and gain-of-
function phenotypes (Tabata and Takei, 2004). Expression of
CBFA2T3-GLIS2 and full-length GLIS2 in Drosophila resulted in
ectopic expression of endogenous dpp, the fly homolog of
BMP4, in wing imaginal discs (Figures 8A and S5). Immunofluo-
rescence confirmed the nuclear localization of CBFA2T3-GLIS2
(Figure 8A). Both CBFA2T3-GLIS2 and GLIS2 overexpression
induced lethality. However, a small number of escapers devel-
oped to pharate adults and demonstrated a morphologic dpp
gain-of-function phenotype; wing hinges were converted to
notum, and legs were shortened and broadened (Figure 8B)
(Grieder et al., 2009). Rare CBFA2T3-GLIS2 transgenic flies
developed to adulthood and demonstrated mild ectopic venation
throughout the wing blade, as well as wing blistering consistent
with a dpp gain-of-function phenotype (Figure 8B) (Sander
et al., 2010).

DISCUSSION

Sequence analysis of pediatric non-DS-AMKLs revealed the
expression of an inv(16)-encoded CBFA2T3-GLIS2 in almost
30% of pediatric non-DS-AMKL patients, and its presence
defined a distinct subgroup of patients that had an excep-
tionally poor outcome when compared to patients with AMKL
that lacked this lesion. In addition, five other chimeric tran-
scripts (GATA2-HOXA9, MN1-FLI1, NIPBL-HOXB9, GRB10-
SDK1, and C8orf76-HOXA11AS) were detected in single AMKL
cases. Surprisingly, none of the identified chimeric transcripts
was detected in adult AMKL cases, highlighting the significant
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Figure 5. CBFA2T3-GLIS2 Leads to Enhanced Replating of Hematopoietic Cells

(A) Experimental design. Murine bone marrow cells were transduced with retroviral vectors expressing mCherry alone (MIC), or mCherry along with GLIS2, or
CBFA2T3-GLIS2. Transduced cells were purified by sorting mCherry-positive cells and plated onto methylcellulose containing IL3, IL6, SCF, and EPO. Colonies
were counted after 7 days of growth and replated serially.

(B) Semiquantitative RT-PCR of GLIS2 utilizing cells harvested from first round of plating. GLIS2 primers are specific for the 3’ half of the transcript and thus pick
up both full-length GLIS2 as well as CBFA2T3-GLIS2. Expression in MIC cells was defined as one (1), and data are pooled from two separate experiments with
similar results. p < 0.0001 as determined by one-way ANOVA. Error bars represent mean + SEM of two independent experiments.

(C) Number of colonies detected at 7 days following each plating. Error bars represent mean + SEM of two independent experiments.
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Figure 6. CBFA2T3-GLIS2 Activates the BMP Pathway

(A) The Hedgehog (HH) signaling pathway. In addition to classic hedgehog targets such as PTCH and HHIP, WNT and BMP gene expression have been
demonstrated to be affected by the GLI transcription factor in various models (Dahn and Fallon, 2000; Ingham and McMahon, 2001; Vokes et al., 2007).

(B) Gene expression profiles from CBFA2T3-GLIS2 containing AMKL cases and other AML subtypes were evaluated for expression levels of BMP, WNT, and HH
target genes. CBFA2T3-GLIS2-negative AMKL cases are not shown in this analysis. Significantly upregulated probe sets (FDR less than 0.05) are designated with
red font: BMP2 FDR 1.06 x 10-17, BMP4 FDR 0.015976, PTCH1 FDR 2.05 x 10-6, and HHIP FDR 0.0038.

(C) Murine bone marrow cells were transduced with retroviral vectors carrying mCherry alone (MIC), mCherry plus GLIS2, or CBFA2T3-GLIS2. mCherry-positive
cells were sorted and plated in methylcellulose containing IL3, IL6, SCF, and EPO. Following 1 week of growth, RNA was isolated, reverse transcribed, and
amplified with Bmp4 or Hprt-specific primers. Error bars represent mean + SEM of four independent experiments. A representative gel is shown (—, neg; M, MIC;
G, GLIS2; C-G, CBFA2T3-GLIS2). p = 0.047 as determined by one-way ANOVA.

(D) GLIS2 and CBFA2T3-GLIS2 sensitize murine hematopoietic cells to BMP receptor type | inhibition. Colony-formation assays were conducted in the presence
orabsence of dorsomorphin at the indicated concentrations (Yu et al., 2008). ICs, values were calculated as the amount of drug required to inhibit 50% of the colony
formation as determined by colony counts. Error bars represent mean + SEM of two independent experiments. p = 0.036 as determined by one-way ANOVA.
See also Figure S4.

biological differences between pediatric and adult AMKL. Impor-  known to play a role in normal hematopoiesis, suggesting that
tantly, each of the detected chimeric transcripts is predicted to  these lesions are “driver” mutations that directly contribute
encode a fusion protein that would alter signaling pathways to the development of leukemia. In addition to these somatic

(D) Colony morphology detected in GLIS2 and CBFA2T3-GLIS2-modified cells from the second plating and beyond. a, CFU-Meg; b, CFU-GM. Scale bars,
500 um. Representative cytospins and morphology of each colony type are shown. ¢, CFU-Meg; d, CFU-GM. Scale bars, 50 um.

(E) Cells harvested from colony-forming assays after three or more replatings were subjected to flow cytometry. Cells were negative for acetylcholinesterase (data
not shown).
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Figure 7. CBFA2T3-GLIS2 Is Present in AMKL Cell Lines

(A) GLIS2 expression as determined by gene expression arrays in 991 human cancer cell lines. Log,-transformed expression levels are shown. Data were ob-
tained from the Broad-Novartis Cancer Cell Line Encyclopedia (http://www.broadinstitute.org/ccle/home). A total of 34 AML cell lines are included; the extreme
outlier of this subtype, M07e, is indicated. The GLIS2 probe set recognizes the end of the transcript and thus does not distinguish between wild-type GLIS2 and
CBFA2T3-GLIS2. Median values are indicated by the band within the box plots; the ends of the whiskers indicate upper and lower adjacent values. Outliers are
denoted by open circles.

(B) RT-PCR on five AMKL cell lines: MEG-01, CHRF-288-11, RS-1, WSU-AML, and M07e. The three cell lines carrying CBFA2T3-GLIS2 were validated by FISH.
Scale bars, 10 um.

(C) Real-time semiquantitative RT-PCR of GLIS2, BMP2, BMP4, and ID1 on the five AMKL cell lines. Expression levels relative to B-actin are shown. CHRF-288-11
expression levels were set to one (1) for comparison across cell lines. Error bars represent mean + SEM of two independent experiments.

(D) Dorsomorphin sensitivity in the cell lines as determined by MTT assay. Error bars represent mean + SEM of two independent experiments. For cell line
information and MTT assay, please see Supplemental Experimental Procedures.

structural alterations, a variety of other somatic mutations were  reasons. The N-terminal portion of the fusion, CBFA2T3, is
detected, including activating mutations in kinase signaling path-  primarily expressed in the hematopoietic compartment, leading
ways in 21.6% of cases (JAK kinase family members and MPL), one to predict that expression of the inversion product, if it were
inactivating mutations in GATAT in 9.8% of cases, and amplifica- to occur, would primarily be limited to hematopoietic cells.
tion of chromosome 21 inthe DSCR that includes genes knownto  Although we do not know the exact target cell of transformation,
play arole in AML such as RUNX1, ETS2, and ERG in 50% ofthe  induction of BMP4 signaling in human CD34+ progenitors has
cases. How these mutations interact to not only induce overt been demonstrated to increase the percentage of megakaryo-
leukemia but also to influence therapeutic responses remains  cyte and erythroid colonies in vitro (Fuchs et al., 2002; Jeanpierre
to be determined. et al., 2008). Thus, enhanced BMP signaling as a result of the
As part of the St. Jude Children’s Research Hospital- expression of the inv(16)-encoded CBFA2T3-GLIS2 may directly
Washington University Pediatric Cancer Genome Project, we contribute to the megakaryocytic differentiation of the leukemia
have sequenced 260 cases of pediatric cancers across multiple  cells.
tumor types (Downing et al., 2012). The CBFA2T3-GLIS2 fusion The inv(16)-encoded CBFA2T3-GLIS2 chimeric gene induced
was limited to AMKL cases. This specificity may exist for several  aberrant high-level expression of the DNA-binding domain of
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Figure 8. Transgenic CBFA2T3-GLIS2 Drosophila Ectopically Expresses Dpp

(A) CBFA2T3-GLIS2 was expressed under control of Apterous-Gal4 (strong epithelial dorsal driver). dpp-lacZ serves as a reporter for dpp induction. Wing
imaginal discs were isolated at the late third instar, stained for p-gal as a readout for dpp (green), CBFA2T3 (red), and DAPI (blue), followed by immunofluo-
rescence analysis. Nuclear localization of CBFA2T3-GLIS2 can be seen by the pink signal (inset). Scale bars, 100 um.

(B) CBFA2T3-GLIS2 was expressed under control of C765, a weak epithelial driver. Pharate adults were dissected from pupal casings and imaged. Arrows
indicate ectopic notum, broadened and shortened legs. No C765 > GLIS2 Drosophila matured to adulthood. Arrows indicate ectopic veins in wings of rare C765 >

CBFA2T3-GLIS2 escapers.
See also Figure S5.

GLIS2 in hematopoietic cells, along with the disruption of one
allele of CBFA2T3, a gene whose encoded protein has been
shown to play a role in maintaining normal hematopoietic stem
cell quiescence (Chyla et al., 2008). GLIS2 is a distant member
of the GLI superfamily of transcriptional factors that function as
critical transcriptional targets of the SHH signaling pathway
(Hui and Angers, 2011). Although alterations in the SHH pathway
have been directly implicated in a range of cancers (Barakat
et al., 2010), the role of SHH signaling in normal hematopoiesis
and leukemia remains poorly defined (Lim and Matsui, 2010).
Our data suggest that aberrant expression of GLIS2 results in up-
regulation of the classic SHH-negative feedback inhibitors PTCH
and HHIP, coupled with a marked increase in the expression of
BMP 2 and 4, resulting in enhanced BMP signaling. These results
indicate that CBFA2T3-GLIS2 functions, in part, as a gain-of-
function GLIS2 allele. The exact mechanisms by which GLIS2
induced the upregulation of BMP2/BMP4 remains incompletely
defined, although our data suggest that a direct transcription
effect of GLIS2 on the BMP4 promoter is likely, although an indi-
rect mechanism may also contribute.

Interestingly, BMP4 has been shown to expand and maintain
human cord blood hematopoietic stem cells in vitro both directly,
as well as indirectly via SHH signaling (Bhardwaj et al., 2001;

Bhatia et al., 1999). Furthermore, ID1, a downstream BMP target
previously implicated in leukemogenesis, was found to be
upregulated in CBFA2T3-GLIS2-modified hematopoietic cells,
demonstrating that this pathway is activated (Wang et al.,
2011). Consistent with these findings, we demonstrated that
activation of BMP signaling contributed to the marked increase
in the replating capacity of myeloid/erythroid-committed pro-
genitors. Accordingly, we found that murine hematopoietic cells
carrying either full-length GLIS2, or CBFA2T3-GLIS2, demon-
strated an increased sensitivity to BMP inhibition, suggesting
that upregulation of this pathway contributes to the observed
phenotype. In addition, BMP4 signaling has been shown to
induce the differentiation of human CD34+ progenitors into
megakaryocytes (Jeanpierre et al., 2008), suggesting that the
upregulation of this pathway is also contributing to the mega-
karyocyte differentiation phenotype of these leukemias. Finally,
BMP4, like thrombopoietin, appears to exert its effects on
human megakaryopoiesis in part through the JAK/STAT path-
ways (Jeanpierre et al., 2008). Interestingly, functional pathway
analysis of gene expression profiles in CBFA2T3-GLIS2-positive
AMKL samples identified genes in the Jak-STAT signaling path-
way to be significantly upregulated (p = 0.0038; FDR 0.022978;
Figure S4). Combined with the identification in some cases of
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activating mutations in either JAK family members or MPL in
CBFA2T3-GLIS2-expressing leukemias, our data suggest that
these lesions likely cooperate in leukemogenesis.

Taken together, these data define a poor prognostic subgroup
of pediatric AMKL patients that are characterized by the
inv(16)(p13.3g24.3)-encoded CBFA2T3-GLIS2 fusion protein.
Expression of CBFA2T3-GLIS2 induces an enhanced replat-
ing capacity of lineage-committed myeloid progenitors, along
with megakaryocytic differentiation, in part through enhanced
BMP2/BMP4 signaling. Whether altered SHH and CBFA2T3-
induced signaling also contributes to leukemogenesis remains
to be determined. Nevertheless, the presented data raise
the important possibility that inhibition of the BMP pathway
may have a therapeutic benefit in this aggressive form of
pediatric AML.

EXPERIMENTAL PROCEDURES

Patients and Samples

Paired-end transcriptome sequencing on diagnostic leukemic blasts was per-
formed on 14 pediatric non-DS-AMKL cases using the lllumina platform. Four
of these cases underwent whole-genome sequencing (WGS) on diagnostic
leukemia blasts and matched germline samples. All 14 cases underwent
whole-exome sequencing for which 10 had matching germline samples. One
additional diagnostic sample with matched germline DNA had whole-exome
sequencing done that did not undergo transcriptome sequencing. All 15 of
these patients were treated at St Jude Children’s Research Hospital from
1990 to 2008. The recurrence cohort consisted of 61 additional cases
including 33 pediatric specimens and 28 adult specimens . All samples were
obtained with patient or parent/guardian-provided informed consent under
protocols approved by the Institutional Review Board at each institution and
St. Jude Children’s Research Hospital.

Sequencing

RNA and DNA library construction for transcriptome and whole-genome DNA
sequencing, respectively, has been described previously (Mardis et al., 2009;
Zhang et al., 2012). Analysis of WGS data and whole-exome sequencing data
that include mapping, coverage and quality assessment, single-nucleotide
variant (SNV)/Indel detection, tier annotation for sequence mutations, predic-
tion of deleterious effects of missense mutations, and identification of loss of
heterozygosity was described previously (Zhang et al., 2012). Please see
Supplemental Experimental Procedures for details.

Recurrency Screening for Sequence Variations and Fusions

We performed recurrence screening on a cohort of 61 AMKL samples. All
61 were screened by RT-PCR (see Supplemental Experimental Procedures
for primers and conditions) for CBFA2T3-GLIS2, GATA2-HOXA9, MN1-
FLI1, NIPBL-HOXB9, and NUP98-KDM5A. Whole-genome-amplified DNA
(QIAGEN) from 38 cases underwent PCR and Sanger sequencing by Beckman
Coulter Genomics for JAK1, JAK2, JAK3, and MPL mutations. In 8 of 38 cases,
a paired matched germline was available. Putative SNVs and indel variants
were detected by SNPdetector (Zhang et al., 2005).

Overall Survival Probabilities

Outcome data were available for 40 pediatric patients tested for CBFA2T3-
GLIS2. CBFA2T3-GLIS2 was found in 13 patients. Overall survival was defined
as the date of diagnosis or study enroliment to the date of death with surviving
patients censored at the date of last follow-up. Survival curves were estimated
using the Kaplan-Meier method and compared using the exact log rank test
based on 10,000 permutations.

Affymetrix SNP Array

Affymetrix SNP 6.0 array genotyping was performed for 14 of 15 AMKL cases
in the discovery cohort, and array normalization and DNA copy number alter-
ations were identified as previously described (Lin et al., 2004; Mullighan et al.,
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2007; Olshen et al., 2004; Pounds et al., 2009). To differentiate inherited copy
number alterations from somatic events in leukemia blasts from patients lack-
ing matched normal DNA, identified putative variants were filtered using public
copy number polymorphism databases and a St. Jude database of SNP array
data from several hundred samples (lafrate et al., 2004; McCarroll et al., 2008).

Gene Expression Profiling

Gene expression profiling was performed using Affymetrix Human Exon 1.0 ST
Arrays (Affymetrix) according to manufacturer’s instructions. This cohort com-
prised 39 pediatric AML samples including AMKL (n = 14), AML1-ETO (n = 4),
CBFB-MYH11 (n=2), MLL rearranged (n = 3), PML-RARA (n = 2), NUP98-NSD1
(n =2), HLXB9-ETV6 (n = 1), and AML cases lacking chimeric genes (n = 11).
Please see Supplemental Experimental Procedures for further details.

FISH

Dual-color FISH was performed on archived bone marrow cells and cell lines
as described previously by Mullighan et al. (2007). Probes were derived from
bacterial artificial chromosome (BAC) clones (Invitrogen). BACs used were
RP11-830F9 (CBFA2T3), CTD-25555M20 (GLIS2), RP11-345E21 (MNT), and
CTD-2542E23 (FLI1). BAC clone identity was verified by T7 and SP6 BAC-
end sequencing and by hybridization of fluorescently labeled BAC DNA with
normal human metaphase preparations.

Cloning of CBFA2T3-GLIS2 and GLIS2

Total RNA was extracted from leukemia blasts using RNeasy (QIAGEN) and
reverse transcribed using Superscript Il (Invitrogen) as per manufacturer’s
instructions. The coding region of CBFA2T3-GLIS2 was PCR amplified from
patient M712 and M707 using primers CBFA2T3_119F and GLIS2_1685R
(see Supplemental Experimental Procedures for primers and conditions).
GLIS2 was PCR amplified from cDNA using primers GLIS2_21F and
GLIS2_1685R (see Supplemental Experimental Procedures for primers and
conditions). PCR products were subcloned into the pGEM-T Easy Vector
(Promega) and sequenced. Clones containing the correct sequence were
then subcloned into the MIC retroviral backbone (Volanakis et al., 2009).

Murine Bone Marrow Transduction and Colony-Forming Assays

All experiments involving mice were reviewed and approved by the Institu-
tional Animal Care and Use Committee. Bone marrow from 4- to 6-week-old
female C57/BL6 mice was harvested and cultured in the presence of recombi-
nant murine SCF (rmSCF), IL3 (rmIL3), and IL6 (rmIL6) (Peprotech; all 50 ng/ml)
for 24 hr prior to transduction on RetroNectin (Takara Bio)-coated plates. Eco-
tropic envelope-pseudotyped retroviral supernatant was produced by tran-
sient transfection of 293T cells as previously described by Soneoka et al.
(1995). Forty-eight hours following transduction, cells were harvested, sorted
for mCherry expression, and plated on methylcellulose containing IL3, IL6,
SCF, and EPO (Stem Cell Technologies, Vancouver, British Columbia,
Canada) as per manufacturer’s instructions. Colonies were counted after
7 days of growth at 37°C, harvested, and replated. In a subset of experiments,
dorsomorphin (Sigma-Aldrich) was added to the methylicellulose at the indi-
cated concentrations.

Flow Cytometry

Cells were resuspended in PBS and preincubated with anti-CD16/CD32 Fc-
block (BD PharMingen) if staining did not include conjugated anti-murine
CD16/32. Aliquots were stained for 15 min at 4°C with conjugated antibodies.
Cells were washed and resuspended in DAPI containing solution (1 ng/ml DAPI
in PBS) for subsequent analysis using FACS LSR Il D (BD Biosciences). For
a list of antibodies used, please see Supplemental Experimental Procedures.

Luciferase Assays

The human BMP4 promoter-driven luciferase construct pSLA4.1EX (Van den
Wijngaard et al., 1999) was kindly provided by E. Joop van Zoelen, Nijmegen,
The Netherlands. The murine BMP response element (pBRE) (Korchynskyi and
ten Dijke, 2002) was kindly provided by Peter ten Dijke, Leiden, The
Netherlands. The 8 x 3 Gli-BS Iuciferase reporter (pGli-BS) (Sasaki et al.,
1997) has been previously described. TOPFlash and FOPFlash (Korinek
et al., 1997) constructs were obtained from Addgene. For details on luciferase
reporter assays, please see Supplemental Experimental Procedures.
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ELISA

BMP4 protein levels in the supernatants from transduced murine hematopoi-
etic cells were determined by ELISA. Briefly, mCherry-positive bone marrow
cells transduced with empty (MIC), GLIS2, or CBFA2T3-GLIS2-containing
retroviruses were placed in media containing IL3, IL6, and SCF for 48 hr,
and supernatant was then harvested and the level of murine BMP4 determined
using an ELISA kit purchased from TSZELISA (http://www.tszelisa.com).
Measurements were done according to manufacturer’s instructions.

Transgenic Drosophila

CBFA2T3-GLIS2 and GLIS2 cDNAs were subcloned into the pUAS-attB
plasmid (Bischof et al., 2007). Transgenic UAS-CBFA2T3-GLIS2 and UAS-
GLIS2 flies were generated using site-specific ¢C31 integration system (Bis-
chof et al., 2007). Embryo injections were performed by Best Gene. UAS
constructs were targeted to chromosome 2R-51D in order to avoid differential
positional effects on transgene expression. For wing imaginal disc staining,
relevant crosses were performed to generate flies carrying all three trans-
genes: Apterous-Gal4 (a strong epithelial dorsal compartment-specific GAL4
driver), UAS-CBFA2T3-GLIS2, and a dpp-lacZ enhancer trap reporter. Gal4
driver and dpp-lacZ reporter stocks were obtained from the Bloomington
Stock Center. Wing imaginal discs were dissected from wandering third-instar
larvae, fixed, and immunostained using anti-B-gal (Promega; Z378), anti-
CBFA2T3 (Abcam; ab33072), and DAPI (Invitrogen; D3571) as previously
described by Carroll et al. (2012). To assess the phenotypic effects of
CBFA2T3-GLIS2 and GLIS2, UAS transgenes were expressed under control
of the epithelial driver C765-Gal4, and progeny was observed. Pharate adults
were dissected from pupal casings and imaged.
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In this issue of Cancer Cell, Gruber et al. report that a significant proportion of children with acute megakar-
yoblastic leukemia acquire a translocation that confers enhanced BMP signaling and promotes self-renewal
of hematopoietic progenitors. This study presents novel therapeutic targets that may lead to improved ther-

apies for this aggressive leukemia.

Acute megakaryoblastic leukemia (AMKL)
is a rare and deadly form of acute myeloid
leukemia. There are three major subtypes
of AMKL that differ from one another in
their genetics and their prognosis:
leukemia found in children with Down
syndrome (DS), in children without DS,
or in adults. Of these groups, the patho-
genesis of DS-AMKL has the greatest
clarity. Nearly 5% of children with
DS-AMKL acquire GATAT mutations in
mid-gestation that lead to abnormal
megakaryocyte development. It is be-
lieved that the combination of a GATA1
mutation and aberrant expression of
ERG and DYRK1A, among other genes
on chromosome 21, promotes a pre-
leukemia named transient myeloprolifera-
tive disorder (TMD) (Malinge et al., 2012).
Evolution of TMD to AMKL likely requires
the acquisition of additional mutations in
genes such as MPL and JAK2, which are
associated with aberrant megakaryopoie-
sis in the myeloproliferative neoplasms
(MPNs). It is also believed that GATAT
mutations confer hypersensitivity to treat-
ment with cytosine arabinoside, which
leads to a favorable outcome (Ge et al,,
2004). In sharp contrast, adults with
AMKL face a dismal prognosis, with
nearly all patients relapsing within one
year of diagnosis (Tallman et al., 2000).
Apart from sporadic mutations in JAK2
and MPL, little is known about the genetic
basis of adult AMKL.

Although there have been many revela-
tions about pediatric AMKL in children
with DS, much less is known about the
etiology of other pediatric cases. One

exception is the presence of a recurring
(1;22) translocation, which creates the
OTT-MAL (or RBM15-MKL1) fusion
unique to pediatric AMKL. This fusion
leads to altered expression of serum
response factor target genes and aber-
rant Notch pathway activation (Cheng
et al., 2009; Mercher et al., 2009). Addi-
tionally, rare findings of JAK and MPL
mutations have also been observed in
this group.

To identify new mutations and chromo-
somal aberrations that define pediatric
AMKL, Gruber et al. (2012; this issue
of Cancer Cell) took advantage of next-
generation sequencing, a powerful tool
that provides new insights into the
genetics of cancer. Paired-end se-
quencing of a discovery cohort consisting
of 14 pediatric non-DS AMKL patients
revealed structural variations that led to
novel chimeric transcripts in 12 of the
cases. Of note, half of the AMKL cases
harbored a cryptic inversion on chromo-
some 16 inv(16)(p13.3924.3), which led
to fusion of CBFA2T3 and GLIS2. Two of
these cases with the CBFA2T3-GLIS2
fusion also had a gain of chromosomal
arm 21g, a common abnormality in
AMKL. Remarkably, after screening a
larger validation cohort and other
leukemia samples, the fusion was de-
tected in 27% of pediatric non-DS AMKL
cases. The CBFA2T3-GLIS2 fusion was
not observed in adult AMKL nor in any
other form of myeloid leukemia. In addi-
tion, none of the samples with inv(16)
(p13.3924.3) had t(1;22), suggesting that
these two recurring translocations are

mutually exclusive. Surprisingly, seven
cases, including three cases with the
novel fusion, also contained amplification
of the Down syndrome critical region,
implying that dysregulation of Hsa21
genes contributes to more than just the
DS subtype of AMKL (Gruber et al., 2012).

CBFA2T3 is a member of the ETO
family of co-repressors that is expressed
in hematopoietic cells and plays a role in
regulating stem cell quiescence (Chyla
et al., 2008). In contrast, the gene encod-
ing GLIS2, which participates in the regu-
lation of SHH signaling, is not expressed
in hematopoietic cells. However, as a
consequence of the fusion, the C-terminal
zinc finger domain that binds the GLIS
consensus sequence is fused to the
N-terminal CBFA2T3 nervy domain that
mediates protein-protein interactions
and is expressed in blood cells. Gene
expression studies comparing fusion-
positive AMKLs against other forms of
AML revealed that cases with the fusion
showed altered expression of genes in
the BMP, SHH, and WNT pathways. In
particular, marked overexpression of
BMP2 and BMP4 was observed (Figure 1).
Of note, expression of CBFA2T3-GLIS2
or GLIS2 alone in Drosophila led to
enhanced BMP signaling and the associ-
ated dpp gain-of-function phenotype,
including shortened legs and wing blis-
tering (Gruber et al., 2012).

The discovery of this novel recurring
translocation raises a number of im-
portant questions. First, is the fusion
a necessary and/or sufficient factor
in leukemogenesis? Functional studies
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demonstrated that expres-
sion of the fusion protein, or
GLIS2 alone, led to enhanced
self-renewal of hematopoi-
etic progenitors in vitro. This
phenotype was blocked by
dorsomorphin, a small mole-
cule that interferes with BMP
signaling to Smad effectors,
suggesting that the increased
expression of BMP down-
stream of the fusion is
essential for the phenotype.
Expression of the CBFA2T3-
GLIS2 fusion transcript in
mice, however, did not lead
to leukemia, indicating that
the fusion protein is not suffi-
cient for leukemogenesis. Itis
likely that mutations, which
confer cytokine independent
growth, such as those in
MPL or JAK family members,
cooperate with the fusion to
promote AMKL.

Second, is there a contribu-
tion by CBFA2T3 apart from
driving expression of GLIS2
in hematopoietic cells? The
finding that GLIS2 trans-
duced hematopoietic progenitors failed
to re-plate to the same extent as progen-
itors transduced with the fusion strongly
suggests that there is an additional, as
yet undefined, contribution by CBFA2T3.
Alternatively, it is possible that loss of
the N-terminal amino acids of GLIS2 in
the fusion may alter GLIS2 function.

Third, what is the natural history of the
disease? GATAT mutations in DS-AMKL
originate in the fetal liver and can be de-
tected as early as 21 weeks of gestation
(Taub et al.,, 2004). However, although
GATA1 mutations in DS are suspected to
cause TMD, not all babies with GATA1
mutations show an overt hematopoietic
phenotype, and the majority do not go on
to develop AMKL. This finding is reminis-
cent of classical studies by Greaves and
Wiemels (2003), who showed that chro-
mosomal translocations can be detected
at birth even in children who do not go on
to develop leukemia. The timing of the
pediatric non-DS AMKL suggests that
the fusion of CBFA2T3 and GLIS2 occurs
in utero and within the fetal liver. Whether
all instances of the fusion lead to leukemia

pPSTAT3/5

CBFA2T3-GLIS2

remains to be determined, but the fact that
expression of CBFA2T3-GLIS2 in mice
does not confer leukemia suggests that
additional events are required for full
transformation. Similar to GATAT muta-
tions, the fusion is not detected in adult
AMKL, implying perhaps that necessary
cooperating events are not possible in
bone marrow progenitors.

Fourth, how does the translocation
specifically lead to pediatric AMKL?
Previous studies have shown that in-
creased BMP signaling induces the differ-
entiation of CD34" cells to megakaryo-
cytes (Jeanpierre et al., 2008). This effect
may be the result of upregulation of JAK/
STAT signaling, as seen in MPNs and
AMKL with activating mutations in MPL
and JAK family members. However, the
details of how activated BMP signaling,
downstream of the CBFA2T3-GLIS2
fusion protein, imparts a megakaryocytic
phenotype remains a mystery.

Finally, will BMP inhibitors prove to be
effective new therapies for AMKL? Given
the poor prognosis of AMKL and, in partic-
ular, cases with the CBFA2T3-GLIS2
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fusion, development of novel
therapies is essential. The
observation that a BMP
antagonist disrupts re-plating
of hematopoietic progenitors
suggests that inhibition of
BMP signaling may provide
therapeutic benefit. However,
additional events that coop-
erate with the fusion to drive
acute leukemia may circum-
vent anti-BMP therapy. Future
preclinical and, if appropriate,
clinical studies to determine
the effectiveness of BMP
inhibitors  against human
AMKL are needed.

BMP2
BMP4
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SUMMARY

BRAFVY6%°E drives tumors by dysregulating ERK signaling. In these tumors, we show that high levels of ERK-
dependent negative feedback potently suppress ligand-dependent mitogenic signaling and Ras function.
BRAFV6°F gctivation is Ras independent and it signals as a RAF-inhibitor-sensitive monomer. RAF inhibitors
potently inhibit RAF monomers and ERK signaling, causing relief of ERK-dependent feedback, reactivation of
ligand-dependent signal transduction, increased Ras-GTP, and generation of RAF-inhibitor-resistant RAF
dimers. This results in a rebound in ERK activity and culminates in a new steady state, wherein ERK signaling
is elevated compared to its initial nadir after RAF inhibition. In this state, ERK signaling is RAF inhibitor resis-
tant, and MEK inhibitor sensitive, and combined inhibition results in enhancement of ERK pathway inhibition

and antitumor activity.

INTRODUCTION

ERK signaling plays an important role in regulating pleiotypic
cellular functions. Activation of receptor tyrosine kinases
(RTKSs) causes Ras to adopt an active, guanosine triphosphate
(GTP)-bound conformation (Downward, 2003) in which it induces
the dimerization and activation of members of the RAF kinase
family (Wellbrock et al., 2004a). Activated RAF phosphorylates
and activates MEK1/2; these phosphorylate and activate
ERK1/2, which regulate cellular function by phosphorylating
multiple substrates. A complex network of negative-feedback
interactions limits the amplitude and duration of ERK signaling.

Negative feedback is mediated directly by ERK-dependent
inhibitory phosphorylation of components of the pathway,
including epidermal growth factor receptor (EGFR), SOS, and
RAF (Avraham and Yarden, 2011; Dougherty et al., 2005; Dou-
ville and Downward, 1997). In addition, ERK activation induces
the expression of proteins that negatively regulate the pathway,
including members of the Sprouty (Spry) and dual specificity
phosphatase (DUSP) families (Eblaghie et al., 2003; Hanafusa
et al., 2002).

ERK activation is a common feature of tumors with KRas,
NRas, or BRAF mutation, or dysregulation of RTKs (Solit and
Rosen, 2011). Tumors with BRAF mutation and some with RAS

Significance

The resistance of BRAF®°°F to ERK-dependent feedback is key to its transforming activity and for the effectiveness of RAF
inhibitors. In BRAFY®°°E melanomas, elevated ERK-dependent feedback suppresses signaling by growth factors; Ras
activity is low and BRAFV®°°F functions as a monomer. RAF inhibitors potently inhibit RAF monomers, but not dimers
and thus are active in these tumors. However, ERK inhibition rapidly relieves feedback and sensitizes the cell to ligand-
dependent signaling, leading to a rebound in Ras activity and ERK signaling. The degree of rebound is variable and pre-
dicted to determine the sensitivity of the tumor to the inhibitor. Inhibiting RAF-inhibitor-induced pathway reactivation
with MEK inhibitors or inhibitors of the relevant ligand-activated receptors will be required for maximal antitumor activity.
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mutation are sensitive to MEK inhibitors (Sebolt-Leopold et al.,
1999; Leboeuf et al., 2008; Pratilas et al., 2008; Solit et al.,
2006). However, these drugs inhibit ERK signaling in all cells,
and toxicity to normal tissue limits their dosing and their thera-
peutic effects (Kirkwood et al., 2012).

ATP-competitive RAF inhibitors have also been developed
(Bollag et al., 2010). The biologic effects of MEK inhibitors and
RAF inhibitors in BRAFY®°°E melanomas are similar. However,
RAF inhibitors effectively inhibit ERK signaling only in tumors
with mutant BRAF (Hatzivassiliou et al., 2010; Heidorn et al.,
2010; Joseph et al., 2010; Poulikakos et al., 2010). In cells with
wild-type (WT) BRAF, Ras activation supports the formation of
Ras-dependent RAF dimers. Binding of RAF inhibitors to one
protomer in the dimer allosterically transactivates the other and
causes activation of ERK signaling in these cells (Poulikakos
et al., 2010). We hypothesized that, in BRAFY°°E tumors, levels
of Ras activity are too low to support the formation of functional
dimers, so that BRAFV°°E is primarily monomeric and inhibited
by the drug. This mutation-specific pathway inhibition by the
drug gives it a broad therapeutic index and likely accounts for
its remarkable antitumor effects in melanomas with BRAF muta-
tion (Chapman et al., 2011; Sosman et al., 2012). In support of
this model, acquired resistance to RAF inhibitors is due to lesions
that increase Ras activity, e.g., NRAS mutation or RTK activation
(Nazarian et al., 2010), and to aberrantly spliced forms of
BRAFV6%CE that dimerize in a Ras-independent manner (Poulika-
kos et al., 2011).

We have now endeavored to test the hypothesis that the levels
of Ras activity in BRAFV°°E melanomas are too low to support
significant expression of active RAF dimers and to elucidate
the mechanism underlying this phenomenon and its biologic
and therapeutic consequences.

RESULTS

In BRAFV®°°E Melanomas, Ras Activation Is Suppressed
by ERK-Dependent Feedback

Assessment of BRAFV%°E melanoma cells confirmed that they
have low levels of GTP-bound Ras (Figure 1A; Figure S1A avail-
able online). As expected, Ras-GTP levels were most elevated in
tumor cells with mutant Ras and were lower in cells in which ERK
signaling is driven by RTKs. Ras-GTP levels were significantly
lower in melanoma cell lines harboring BRAFV%°€ and could
be detected only when immunoblots were overexposed
(Figure 1A).

We investigated whether low Ras activity is due to high levels
of ERK signaling. We have shown that ERK-dependent tran-
scriptional output is markedly elevated in BRAFV%° melanomas
(Joseph et al., 2010; Pratilas et al., 2009) and includes Spry
proteins, which suppress the activation of Ras by various
RTKs. This suggests that ERK-dependent feedback inhibition
of receptor signaling causes suppression of Ras activation in
these tumors. Pharmacologic inhibition of RAF or MEK led to
induction of Ras-GTP to varying degrees in BRAFV5%°F tumors
(Figures 1B, 1C, and S1B), with induction beginning 4-8 hr after
drug addition and reaching a steady state 24 hr after pathway
inhibition (Figure 1B). Although marked induction of Ras-GTP
occurred, levels remained significantly lower than those
observed in tumor cells with EGFR activation (Figure S1C). These

findings show that ERK-dependent feedback suppresses Ras
activity in BRAFY6°%E melanomas and are consistent with the
idea that BRAF%F signals in a Ras-independent manner.

Induction of Ras-GTP correlated with decreasing levels of
Spry proteins and the ERK phosphatase DUSP6 (Figures 1B
and S1C). Spry proteins inhibit RTK signaling, in part by binding
to Grb2 and sequestering the Grb2:SOS complex so it cannot
bind RTKs (Kim and Bar-Sagi, 2004; Mason et al., 2006). In
BRAFV6%E melanomas, Spry1, 2, and 4 are overexpressed in
an ERK-dependent manner (Figure S1D). To determine whether
Spry overexpression contributes to feedback inhibition of Ras,
we knocked down the expression of Spry1, 2, and 4 with small
interfering RNA (siRNAs), and Ras-GTP was assessed 48 hr
later. Downregulation of either Spry1 or Spry2 increased total
(pan) Ras-GTP levels, whereas knockdown of Spry 4 had no
effect. Spry2 knockdown resulted in induction of HRas, NRas,
and KRas-GTP, while Spry1 and 4 downregulation appeared to
induce HRas-GTP alone (Figures 1D and S1E; data not shown).
Knockdown of all three isoforms did not result in greater induc-
tion of Ras-GTP than knockdown of Spry2 alone (Figures 1D
and S1E). Induction of Ras-GTP in these cells was associated
with increased phosphorylation of CRAFS®, a modification
associated with CRAF activation. These data suggest that
ERK-dependent feedback inhibition of Ras activation is medi-
ated, in part, by expression of Spry proteins.

We hypothesized that Spry proteins block activation of Ras by
interfering with RTK signaling. Since A375 melanoma cells
express EGFR and respond to its ligands (see below), we tested
whether the effect of Spry2 knockdown was reversed by nerati-
nib, an irreversible inhibitor of EGFR/HER kinases. Neratinib had
no effect on Ras-GTP in A375 cells, but reduced the Ras-GTP
increase induced by Spry2 knockdown (Figure 1E). This
supports the idea that ERK-dependent expression of Spry2
blocks RTK-dependent activation of Ras.

Induction of Ras-GTP by RAF Inhibitors Is Accompanied
by a Rebound in Phospho-ERK

Increased Ras-GTP should be accompanied by an increase in
RAF-inhibitor-resistant RAF dimers and a concomitant increase
in pERK and ERK signaling. After initial inhibition of ERK phos-
phorylation in seven BRAFY®?°E melanomas treated with the
RAF inhibitor, we observed a pronounced rebound in four cell
lines, and a more marginal rebound in two others (Figure 1F).
The pERK rebound was also elicited by dabrafenib, a more
potent RAF inhibitor (Figure S1F). The rebound was preceded
by loss of ERK-dependent inhibitory phosphorylation of CRAF
at S289, S298, and S301 and was associated with an induction
of the CRAF S338 activating phosphorylation and a slight induc-
tion of pMEK, detected in A375 cells (Figures S1F and S1G) but
not in all the cell lines.

The rebound in pERK was accompanied by increased expres-
sion of genes previously shown to be ERK-dependent in
BRAFY®%%E melanomas (Figures S1H-S1L). The magnitude of
pPERK reactivation varied across the melanomas examined, but
pPERK levels reached a steady state that was maintained for at
least 7 days (data not shown). The magnitude of ERK reactivation
was less pronounced in melanomas than in colorectal and
thyroid carcinomas harboring BRAFV6%°E (J.A.F., unpublished
data).
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Figure 1. BRAF'®?°E Melanomas Maintain a State of Low Ras-GTP through Negative-Feedback Regulation

(A) Whole-cell lysates (WCLs) from the indicated cell lines were subjected to pull-down (PD) assays with GST-bound CRAF Ras-binding domain (RBD). WCL and
PD products were immunoblotted (IB) with a pan-Ras antibody.

(B and C) BRAF-mutated melanoma cell lines were treated with vemurafenib (2 pM) for the indicated times. Ras-GTP was detected as in (A). Phospho and total
levels of ERK pathway components were assayed by IB.

(D) A375 cells (BRAFV®°%F) were transfected with siRNA pools targeting the indicated Spry isoforms or scrambled oligonucleotides. WCLs were subjected to
GST-RBD PD and analyzed by IB for the indicated proteins.

(E) A375 cells were transfected with spry2 siRNA and 48 hr after transfection they were treated with neratinib (1 uM) for 1 hr. Ras-GTP levels were determined
as above.

(F) BRAFV®%%E melanoma cell lines were treated with vemurafenib (2 uM) for various times. The effect on ERK signaling is shown.

See also Figure S1.

We examined whether pERK rebound required Ras activa-
tion. Knockdown of Ras isoforms by siRNA had little effect on
baseline pERK, but decreased the residual pERK in A375 and
SkMel-28 cells treated with vemurafenib (Figure 2A). These
results confirm that ERK signaling is Ras independent in
BRAF-mutated melanomas, but that ERK rebound after RAF
inhibition is Ras dependent. Since activation of WT Ras requires
exchange factor activity, we asked whether rebound required
SOS1, a Ras-specific guanine nucleotide exchange factor that

is inhibited by Spry (Nimnual and Bar-Sagi, 2002). Down-
regulation of SOS1 in A375 cells diminished pERK rebound after
inhibition with vemurafenib without affecting baseline pERK
(Figure 2B).

ERK Rebound Is Dependent on Expression of CRAF-
Containing Dimers that Are Resistant to RAF Inhibition
Our data suggest that relief of ERK-dependent feedback inhibi-
tion of Ras activity diminishes the effect of RAF inhibitors. To
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support this idea, we asked whether MEK inhibitors increase
Ras activation and cause resistance to RAF inhibitors. The
MEK inhibitor (PD0325901) inhibited ERK phosphorylation and
induced Ras-GTP levels within 24 hr of addition (Figures 2C
and S1B). With this in mind, we asked if relief of feedback by
MEK inhibitors affected vemurafenib inhibition of MEK phosphor-
ylation. Vemurafenib treatment for 1 hr potently inhibited pMEK
in untreated BRAFV59°E melanomas and in those cells exposed
to the MEK inhibitor for up to 12 hr, at which time Ras-GTP had
not increased appreciably (Figure 2C). After 24 and 48 hr of
exposure, however, Ras-GTP was induced and inhibition of
pMEK by the RAF inhibitor was much less effective (Figures 2C
and S2A-S2C). Similar results were achieved with different
MEK (trametinib) and RAF (dabrafenib) inhibitors (Figure S2B).

These data support the idea that relief of ERK-dependent
feedback increases the level of Ras-dependent RAF dimers.
This turned out to be the case. As measured by coimmunopreci-
pitation of endogenous proteins, the MEK inhibitor increased
CRAF:BRAF dimers at times that correlated with induction of
Ras-GTP and RAF inhibitor resistance (12-48 hr, Figures 2D
and S2C).

Spry proteins suppressed RTK-induced Ras activation in
BRAFY®%%E melanomas. We asked if Spry expression was
required for maximal inhibition of RAF. In A375 melanoma cells,
knockdown of Spry1-4 reduced the degree of acute inhibition of
MEK phosphorylation by vemurafenib (Figure 2E). A similar result
was obtained when Spry2 was knocked down alone (Fig-
ure S2D). These findings suggest that Spry overexpression con-
tributes to maximal RAF inhibition in BRAF melanomas.

If formation of RAF dimers is responsible for rebound in ERK
phosphorylation in tumors treated with RAF inhibitors, ERK
rebound should be CRAF dependent. As previously shown (Hin-
gorani et al., 2003; Wellbrock et al., 2004b), knockdown of CRAF
expression had no effect on ERK signaling in A375 cells (Fig-
ure 2F). In contrast, in tumors treated with RAF inhibitors,
residual pERK was significantly reduced when CRAF expression
was reduced by siRNA (Figure 2F).

Together, these data suggest that relief of ERK-dependent
feedback by MEK or RAF inhibitors induces Ras-GTP and the
formation of CRAF-containing dimers that are insensitive to the
RAF inhibitor. If ERK-rebound is driven by these dimers, it should
be sensitive to MEK inhibitors, but not to RAF inhibitors (Poulika-
kos et al., 2010). We tested this assertion in BRAFY6%E mela-
noma cell lines treated with vemurafenib (Figure 2G). In these
cell lines, vemurafenib caused maximal inhibition of pERK within
2 hours of inhibition, and rebound occurred within 8 hours. ERK-
rebound was insensitive to retreatment with vemurafenib, 24 hr
after the initial treatment, but was sensitive to MEK inhibition.
Similar findings were observed when the experiment was
repeated with the other MEK and RAF inhibitors (Figure S2E).
These data support the idea that relief of ERK-dependent feed-
back leads to a rebound in pERK and a new steady state in which
the pathway is driven by RAF dimers that are insensitive to RAF
inhibition.

Our data show that relief of feedback inhibition of Ras is
necessary for induction of ERK rebound. Overexpression of
the ERK phosphatase DUSPS is a property of BRAFV0°E mela-
nomas and rapidly decreases after RAF inhibition. We asked
whether downregulation of DUSP6 also contributed to ERK

rebound. A375 cells were transfected with DUSP6-specific
siRNAs and then treated with vemurafenib. Knocking down
DUSP6 resulted in increased residual pERK following RAF
inhibition, without significant differences in residual pMEK (Fig-
ure S2F). This suggests the decrease in DUSP6 expression plays
a permissive role in pERK rebound following RAF inhibition.

We asked if relief of PI3K or mTOR pathway feedback also
affected inhibition of MEK phosphorylation by vemurafenib.
A375 cells were treated with selective inhibitors of MEK, ERK,
mTOR kinase, AKT, or PI3K for 48 hr, followed by treatment
with vemurafenib to assess inhibition of MEK phosphorylation
by RAF. Inhibiting MEK or ERK, prevented inhibition of MEK
phosphorylation by vemurafenib. This was associated with loss
of Spry2 expression and induction of CRAFS3®8 (Figure 2H). Inhi-
bition of PIBK, AKT, or mTOR kinase did not affect sensitivity to
vemurafenib, Spry2 expression, or pCRAF. The mTOR kinase
inhibitor did not affect vemurafenib inhibition even though it
relieved feedback inhibition of signaling to pAKT™%8. Thus,
maximal effectiveness of RAF inhibitors specifically requires
intact ERK-dependent feedback.

Inhibition of ERK Rebound with MEK Inhibitors
Enhances the Suppression of ERK Output

and Tumor Growth by RAF Inhibitors

Since ERK phosphorylation and output were reactivated in
a MEK-dependent manner in tumors exposed to RAF inhibitors,
we examined whether concurrent RAF and MEK inhibition
resulted in better inhibition of the pathway and tumor growth.
As compared to treatment with either agent alone (Figure S3A),
ERK phosphorylation was inhibited to greater degree in
BRAFY®%%E melanomas exposed to vemurafenib and a low
concentration of PD0325901 (5 nM). The combination of dabra-
fenib and trametinib also inhibited the growth of A375 cells in
culture better than either drug alone (Figure S3B).

We tested the effectiveness of combining RAF and MEK inhib-
itors in vivo in four BRAFY6%® melanoma mouse xenograft
models (Figure 3A). These experiments were done with an effec-
tive dose (12.5 mg/kg) of PLX4720, which is closely related to
vemurafenib but easier to formulate (Tsai et al., 2008), and
alow dose (2 mg/kg) of PD0325901. Each inhibitor was effective
alone (Figure 3A), with regression observed in approximately
50% of animals in either arm. In contrast, combined therapy
caused regression of all but one tumor (25/26). Figures S3C-
S3F show tumor responses over 4 weeks of treatment. The
combination of RAF and MEK inhibitors was effective in
SkMel-28 and SkMel-267 xenografts (Figures S3C and S3D). In
A375 and LOX xenografts (Figures S3E and S3F), the addition
of MEK inhibitor did not significantly improve tumor growth inhi-
bition initially, but did delay tumor regrowth following prolonged
treatment.

We repeated the experiment with a higher dose of PLX4720
(50 mg/kg) in SkMel-267 and SkMel-28 xenografts and found
that the combination of RAF and MEK inhibition was still superior
to either drug alone (Figures 3B and 3C). Flow-cytometric
analysis of tumor-derived cells from SkMel-28 xenografts
revealed that more than 50% of ERK remained phosphorylated
after single agent inhibition of RAF or MEK alone (Figure 3D).
The combination, however, resulted in a near complete ERK
inhibition. Taken together, these results suggest that combined
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Figure 2. ERK Rebound Is Dependent on Formation of CRAF-Containing Dimers that Are Resistant to RAF Inhibition

(A) BRAFVe°%E_expressing A375 and SkMel-28 cells were transfected with siRNA pools targeting all three Ras isoforms (+) or scrambled oligonucleotides (—).
Forty-eight hours after transfection, the cells were treated with vemurafenib (2 M) for 24 hr and analyzed by immunoblotting (IB) to detect the indicated proteins.
(B) A375 cells were transfected with siRNA pools targeting SOS1. Forty-eight hours after transfection, the cells were treated with vemurafenib (2 uM) for 24 hr and
analyzed by IB as above.

(C) A375 cells were untreated or initially pretreated with MEK inhibitor PD0325901 (50 nM) for the times shown. Subsequently, vemurafenib (1 uM) was added for
1 hr. WCLs were assayed to determine changes in pMEK and pERK. WCLs were also analyzed with a GST-RBD Elisa assay. The fold change in the amount of
GTP-bound Ras, as compared to untreated cells, is shown.

(D) BRAFV6%E expressing Malme-3M cells were treated with PD0325901 (50 nM) for various times. To assess BRAF-CRAF dimerization, WCLs were subjected to
immunoprecipitation (IP) with a BRAF-specific antibody and then 1B for CRAF.

(E) A375 cells were transfected with siRNA pools targeting spry7-4 genes. After 48 hr, they were treated with vemurafenib (1 uM) for 1 hr. WCLs were analyzed to
determine changes in inhibition of MEK phosphorylation.

(F) A375 cells were transfected with CRAF siRNAs and subsequently treated with vemurafenib for 24 hr. Changes in phospho and total ERK are shown.
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Figure 3. Combination of RAF and MEK Inhibitors Results in Improved Tumor Growth Inhibition In Vivo

(A) Mice bearing xenografts from four different BRAF6°°E melanoma cell lines were treated with vehicle, PD0325901 (2 mg/kg), PLX4720 (12.5 mg/kg), or their
combination for 4 weeks. A waterfall representation of the best response for each tumor is shown.

(B and C) Mice bearing SkMel-267 (B) and SkMel-28 (C) xenografts were treated with PLX4720 (50 mg/kg) alone or in combination with PD0325901 (5 mg/kg) for
the indicated times. The tumor volumes (and SEM) are shown as a function of time after treatment.

(D) Cells derived from SkMel-28 xenografts treated as shown for 48 hr were subjected to flow-cytometric analysis to measure levels of pERK in isolated human

melanoma cells.
See also Figure S3.

inhibition of RAF and MEK has enhanced tumor activity and that
this is due to more complete inhibition of ERK signaling.

Relief of ERK-Dependent Feedback Potentiates
Receptor Signaling

We hypothesized that elevated ERK-dependent feedback in
these cells suppresses mitogenic signaling and causes these
cells to be poorly responsive to growth factors. If this is the
case, relief of ERK-dependent feedback by inhibitors of ERK
signaling should result in increased transduction of the ligand-
activated signal. In order to test this hypothesis, we assessed
the ability of exogenous ligands to activate signaling in
BRAFY®%E cells before and after inhibition of ERK signaling
with vemurafenib (Figures 4A-4D).

BRAFY5%° melanoma cells have high levels of pMEK and
pERK and high levels of expression of DUSP6 and Spry2 (Fig-
ure 4A, lane 1). After 24 hr of exposure to vemurafenib (lane 2),
pMEK and pERK are quite low, with residual levels of pERK
due to rebound. DUSP6 and Spry2 levels are markedly dimin-
ished 4-8 hr after drug exposure (lanes 7-10). To assess the
ability of an exogenous ligand to activate signaling, we added
EGF or Neuregulin (NRG) at various times after vemurafenib
treatment and evaluated signaling 10 min after ligand addition
(Figures 4A and 4B, respectively, lanes 3-10). Vemurafenib
completely suppressed pMEK and pERK within 30 min of treat-
ment and neither ligand appreciably induced pMEK, pERK,
pCRAF, or pAKT after 1 hr of RAF inhibition (lane 5). After 2 hr
of RAF inhibition, however, EGF significantly stimulated pMEK

(G) BRAFVE°%E_gxpressing cell lines were initially treated with vemurafenib (1 uM) for 2, 8, and 24 hr. After 24 hr of treatment, DMSO, vemurafenib (1 uM, RAFi), or
PD0325901 (5 nM, MEKIi) was added for an additional 2, 8, and 24 hr, respectively. The total treatment time is indicated. The effect on ERK signaling is shown.
(H) A375 cells were pretreated with inhibitors targeting the indicated kinases for 48 hr, followed by treatment with vemurafenib for 1 hr. WCLs were analyzed to
detect the ability of vemurafenib to inhibit MEK phosphorylation by RAF, as well as the ability of the indicated compounds to inhibit their targets. Their effects on
Spry2 and pCRAF are also shown.

See also Figure S2.
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and pERK (lane 6). Ligand stimulation of signaling, which we
term “signalability,” rose markedly after 4-8 hr of RAF inhibition
(Figure 4A, lanes 7-8; Figure 4C), and was maintained after
24 hr of exposure to the inhibitor (lanes 9 and 10). A similar profile
of ligand-induced signaling was observed when the cells were
stimulated with NRG (Figure 4B, lanes 3-10; Figure 4D).
The ability of ligands to induce pMEK and pERK was accompa-
nied by an increase in their induction of CRAF and AKT
phosphorylation.

These data show that ligand stimulation of ERK and PI3K
signaling in BRAFV®°°E melanomas is low (i.e., suppressed sig-
nalability), but, hours after the ERK pathway is inhibited, the
transduction of the signal is markedly potentiated (i.e., restored
signalability). This could be due to enhanced activation of recep-
tors, enhanced signaling downstream of the activated receptor,
or both. Induction of EGFR phosphorylation after exposure to
EGF for 10 min increased slightly 1 hr after RAF inhibition, at
which time downstream signaling was not activated, and re-
mained essentially constant from 2 to 8 hr after RAF inhibition
(Figures 4A and 4C). EGFR expression did not change over
this time. These findings suggest that enhancement of EGF sig-
nalability is due to relief of feedback inhibition of intracellular
transduction of the ligand-induced signal. Of note, phospho-
and total EGFR decreased significantly 16-24 hr after RAF inhi-
bition, but induction of signaling by EGF was undiminished
(Figure 4A, lanes 9 and 10).

The ability of NRG to induce phosphorylation of HER3 was
enhanced 4 hr after RAF inhibition, while a minimal increase
was noted in the levels of HER3 protein expression (Figures 4B
and 4D). These results suggest that loss of ERK-dependent
feedback potentiates NRG activation of HER3, an event that
includes heterodimerization and phosphorylation by other HER
kinases.

To test the generality of the phenomenon of increased signal-
ability following RAF inhibition, A375 and SkMel-28 cells were
treated with vemurafenib for 24 hr and then stimulated for
10 min with EGF, NRG, epiregulin (ERG), hepatocyte growth
factor (HGF), insulin-like growth factor (IGF1), or platelet-derived
growth factor (PDGF) (Figure S4A). With the exception of IGF1
and PDGF, the ability of all of other ligands to activate ERK
was enhanced by pretreatment with vemurafenib. The effect of
RAF inhibition on receptor phosphorylation was complex (Fig-
ure S4B). Ligand-induced phosphorylation of EGFR and IGF1R
were not appreciably changed after 24 hr of ERK inhibition,
whereas phosphorylation of Met was enhanced in SkMel-28
but not in A375 cells. These data show that activation of
BRAFV6%%E syppresses the transduction of signaling from

multiple receptors and demonstrate the complexity of the details
of this suppression in different tumors.

We characterized in more detail the kinetics of EGF stimulation
of signaling in vemurafenib-treated A375 cells (Figures 4E and
4F). ERK is maximally inhibited after 1 hr of vemurafenib treat-
ment but EGF activation of EGFR did not activate downstream
effectors at this time. After 24 and 48 hr of vemurafenib treat-
ment, however, EGF activates MEK, ERK, AKT, and STAT3
phosphorylation. Induction of effector phosphorylation could
be blocked by HER kinase inhibitors or in the case of AKT by inhi-
bition of PI3K (data not shown).

Our data suggest that overexpression of Spry proteins
plays a role in suppressing signalability. To test this hypothesis,
we determined if knocking down Spry2 in A375 melanomas
enabled EGFR signaling. Downregulation of Spry2 induced
pCRAF and increased EGF induction of pAKT (Figure 4G).
Spry knockdown, however, did not affect EGFR-induced
pPERK, consistent with the idea that loss of DUSP6 expression
is permissive for this effect. Knockdown of either SOS1 or
Ras isoforms decreased the EGF-induced activation of pCRAF,
pMEK, and pERK after 24 hr of vemurafenib treatment in A375
cells, suggesting that reactivation of ERK signaling requires
these proteins (Figures 4H and 4l, respectively, lane 8
versus 4). These data support our conclusion that Spry proteins
contribute to suppression of signalability by ERK-dependent
feedback.

Diverse Exogenous Ligands Reduce the Effectiveness

of RAF Inhibitors

Our data suggest that the response of BRAFY®° melanoma
cells to growth factors is limited. In contrast, after RAF inhibitor
treatment, the restoration of signalability enables signal trans-
duction from extracellular ligands, a process that is likely to
diminish RAF inhibition. To determine which growth factors
were capable of attenuating the antiproliferative effects of
vemurafenib, we expressed a library of 317 cDNA constructs,
encoding 220 unique secreted or single-pass transmembrane
proteins in 293T cells (Figure 5A). The media derived from these
cultures were added to BRAFY6° melanomas in combination
with vemurafenib and the effect on proliferation was assessed.
We identified more than five different ligand families (including
EGF, HGF, NRG, and FGF) that antagonized the vemurafenib
sensitivity in one or more of eight BRAFY6°°E melanomas tested
(Figures 5B and S5A). In contrast, other growth factors, such as
PDGF and IGF, had a minimal effect, and some, such as trans-
forming growth factor-B, accentuated vemurafenib-induced
growth inhibition. A detailed presentation of the assay for the

Figure 4. Relief of ERK-Dependent Feedback Potentiates Receptor Signaling

(A-D) BRAFV8%%E_expressing A375 cells were treated with vemurafenib (vem, 2 M) for various times. At the indicated times, the cells were stimulated with either
EGF (100 ng/ml, A) or NRG (100 ng/ml, B) for 10 min. WCLs were analyzed by immunoblotting (IB) to assay downstream signaling. The percentage change in
ligand induced signaling (C and D) was determined by densitometric analysis of the bands in (A) and (B), respectively.

(E and F) A375 cells were untreated (DMSO) or treated with vemurafenib for 1, 24, or 48 hr in serum-free media and then stimulated with EGF for the indicated
times. EGF-induced changes in phosphorylation of signaling intermediates were determined by IB (E) and quantified by densitometry (F). Changes in Ras-GTP
were measured with an ELISA based GST-RBD assay (shown) and confirmed with a traditional pull-down assay (data not shown).

(G) A375 cells were transfected with spry2 siRNAs, followed by serum starvation for 24 hr and EGF stimulation for 10 min. WCLs were IB with the indicated

antibodies.

(H and 1) A375 cells were transfected with siRNAs targeting either SOS1 (H) or the three Ras isoforms (I) or scrambled siRNAs. Then, the cells were treated with
vemurafenib for 24 hr in serum-free media, followed by stimulation with EGF for 10 min. The phosphorylation of various signaling intermediates is shown.

See also Figure S4.
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Figure 5. Secreted Exogenous Ligands Reduce the Effectiveness of RAF Inhibitors

(A) Schematic representation of the secretome assay. 293T cells grown in 384-well plates were transfected with a cDNA library encoding 220 unique secreted and
single-pass transmembrane proteins. Secreted ligands were collected in the conditioned medium, which was combined with vemurafenib (1 uM) and added to
melanoma cell lines to assay the effect on proliferation.

(B) Heatmap representation of the effect of secreted ligands in the ability of vemurafenib to inhibit growth in a panel of eight BRAF®°°F melanomas (some ligands
were encoded by multiple cDNAs). Ligands with most potent effects are shown.

(C—F) The percentage rescue by the indicated growth factors was plotted as a function of the mRNA and protein level of the respective RTK. The mRNA level was
obtained from expression profiling of the indicated lines, whereas the protein level was quantified by immunoblotting (shown in Figure S5C) and densitometry.
(G) 293H cells were transfected with V5-tagged BRAFV®%°E followed by treatment with vemurafenib (1 uM, 15 min), alone, and in combination with the indicated
ligands and inhibitors (1 uM each) of HER kinases (neratinib), MET (crizotinib), or FGFR (PD173074). The ability of vemurafenib to inhibit MEK phosphorylation is
shown.

See also Figure S5.
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effects of ligands on the proliferation of SkMel-28 cells exposed
to vemurafenib is shown in Figure S5B.

The ability of several ligands to reduce sensitivity to vemurafe-
nib was further validated in A375, SkMel-19, and SkMel-267, in
which growth factors increased the vemurafenib ICsq (from
less than 2-fold to greater than 5-fold, Figure S5C). In contrast,
in SkMel-28 cells, the ICs increased to greater than 5 uM in
the presence of EGF, NRG, or HGF.

We attempted to identify factors that determined whether
specific ligands (EGF, NRG, FGF, HGF) affected the vemurafe-
nib-response in these cell lines. The attenuation of vemurafenib
effect by these growth factors correlated with the level of mMRNA
and protein expression of their cognate receptors (Figures 5C-
5F and S5D).

The data in Figure 4 suggest that RTK ligands will decrease
RAF inhibition by vemurafenib. To test whether this is the case
in a single cellular background, we treated 293H cells expressing
BRAFV69%E with vemurafenib, in the presence or absence of EGF,
HGF, and FGF. These growth factors reduced the ability of
vemurafenib to inhibit pMEK (Figure 5G), an effect that was
reversed by inhibition of the respective RTKSs, although the effect
of MET inhibitor crizotinib was modest.

HER Kinase Activity Is Upstream of ERK Rebound

In vivo, BRAFV6°°E melanomas may be exposed to autocrine,
paracrine, and endocrine RTK ligands. Our model suggests
that reactivation of signalability when ERK feedback is inhibited
will enable signaling from mitogenic growth factors. Since ERK
rebound occurred in A375 cells exposed to vemurafenib under
serum-free conditions (data not shown), we hypothesized that
secreted ligands were involved. To test this possibility, we
collected conditioned medium from serum-deprived A375 cells
and found that it induced ERK signaling in 293H cells, as did
EGF stimulation (Figure 6A, lanes 2 and 3). This induction was
blocked by the HER kinase inhibitor neratinib (lane 4), suggesting
that A375 cells secrete a HER kinase ligand. Furthermore,
whereas vemurafenib effectively inhibited pERK in BRAFVE0E.
transfected 293H cells (lanes 5 and 6), its ability to inhibit was
reduced by A375-conditioned medium (lane 7). Under these
conditions, maximal inhibition by vemurafenib was restored
when neratinib was also added (lane 8).

To determine whether activated HER kinases support pERK
rebound in BRAFVS?E cells, cells were treated for 48 hr with
vemurafenib, alone or in combination with neratinib. We found
that cotreatment with neratinib decreased ERK reactivation in
vemurafenib-treated cells but had no detectable effect on
pPERK in the absence of vemurafenib (Figure 6B). Of note, nera-
tinib inhibited pEGFR without affecting pERK in the absence of
vemurafenib treatment. This confirms that while upstream
receptor activation may be required for ERK rebound, it is not
sufficient. Relief of ERK-dependent upstream feedback is the
primary cause of ERK reactivation. The receptor may be acti-
vated, but the signal is transduced effectively only when vemur-
afenib blocks ERK feedback.

In Figure 2, we show that MEK inhibition relieved feedback
inhibition of Ras, induced RAF dimerization, and decreased
the ability of vemurafenib to inhibit MEK phosphorylation. We
asked if inhibition of HER kinase signaling in this setting restored
the activity of vemurafenib. A375 and Malme-3M cells were pre-

treated with a MEK inhibitor (PD0325901) and/or a HER kinase
inhibitor (neratinib) for 48 hr, followed by treatment with vemur-
afenib for 1 hr. Pretreatment with the MEK inhibitor alone atten-
uated the inhibition of MEK phosphorylation by vemurafenib
(Figure 6C, lane 2 versus 6). Neratinib had no effect on ERK
signaling when given alone, but restored the ability of vemurafe-
nib to inhibit its target in cells pretreated with the MEK inhibitor
(lane 6 versus 8). This restoration was associated with
a decrease in the amount of BRAF-CRAF dimers induced by
MEK inhibitor treatment, although dimerization was not
completely abolished (Figure 6D). This suggests that while
signals originating from HER kinases attenuate the effect of
RAF inhibitors, other RTK-dependent pathways likely contribute
as well. Indeed, the attenuation of vemurafenib’s effect caused
by pretreatment with a MEK inhibitor was also reversed by inhi-
bition of FGFR. The MET inhibitor crizotinib did not affect the
ability of vemurafenib to inhibit RAF in this system, but it did
inhibit feedback-mediated activation of AKT (Figure 6E). Finally,
the inhibition of RAF by vemurafenib in combination with HER
kinase inhibitors neratinib or lapatinib caused more growth inhi-
bition in vivo than RAF inhibition alone (Figure 6F). These find-
ings together with those in Figure 3 suggest that maximizing
inhibition of ERK output by combining RAF inhibitors with inhib-
itors of ERK rebound may be required for full therapeutic
benefit.

DISCUSSION

Activation of BRAF by mutation occurs in approximately 8% of
human cancers including the majority of melanomas (Davies
etal., 2002; Badalian-Very et al., 2010; Brose et al., 2002; Nikifor-
ova et al., 2003; Schiffman et al., 2010; Tiacci et al., 2011).
Recently, ATP-competitive inhibitors of RAF kinase have been
shown to be extremely effective in the treatment of melanomas
with mutant BRAF (Chapman et al., 2011). This is thought to
occur because these drugs inhibit ERK signaling only in tumors
with mutant BRAF, whereas they induce ERK in other tumors
and normal cells (Hatzivassiliou et al., 2010; Heidorn et al.,
2010; Joseph et al., 2010; Poulikakos et al., 2010).

Induction occurs because RAF inhibitors cause transactiva-
tion of Ras-dependent RAF dimers (Poulikakos et al., 2010).
However, BRAFY®%E signals as a functional monomer and RAF
inhibitors inhibit ERK signaling in this setting. We now show
that Ras activity is extremely low in BRAFY®%%E melanomas.
This finding confirms that BRAFY6°°F functions in a Ras-indepen-
dent fashion in these cells. The questions arising now are why
Ras activity is low, and whether there a causal relationship that
explains why a RAF mutant that signals as a monomer is preva-
lent in tumor cells with low Ras activity? It is possible that phys-
iologic levels of Ras-GTP are low in the normal precursor cells
from which melanomas develop. RAF mutants that require Ras
dependent dimerization would have low activity in these cells
and there would be a strong selection for a RAF mutant capable
of signaling as a monomer. Alternatively, ERK activation induces
feedback inhibition of upstream signaling, which may be suffi-
cient to potently suppress Ras activation. Here, we have demon-
strated the latter to be the case. Inhibition of ERK signaling with
either RAF or MEK inhibitors significantly induced Ras activation
in these tumors.
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Figure 6. Targeting HER Receptor Signaling Restores Sensitivity to RAF Inhibition
(A) BRAFV8%%E_expressing A375 cells were grown in serum-free medium for 24 hr and the medium was collected. This conditioned medium (CM) was added to
293H cells (lanes 1-4) or to 293H cells expressing exogenous V5 tagged BRAF'®°F (lanes 5-8). The cells were also treated with the indicated combinations of

CM, vemurafenib, and neratinib in order to assay the effect on ERK signaling.
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This induction is likely multifactorial with contributions from the
various components of ERK feedback, such as direct phosphor-
ylation of SOS and EGFR, as well as overexpression of Spry.
Here, we show that knockdown of Spry in BRAFY6%E cells
increased Ras and RAF activation, and decreased the sensitivity
of the pathway to RAF inhibitors. Spry proteins, however, do not
affect the direct inhibition of SOS and CRAF by ERK, and there-
fore, even though Spry knockdown enables signaling from RTKs
to SOS, loss of Spry alone cannot account for the full effect of
ERK-dependent feedback.

Because physiologic activation of ERK is self-limited in extent
and duration (Courtois-Cox et al., 2006), one may ask how onco-
proteins cause sufficient activation of ERK output at all? We
believe that activation of ERK output requires selection of onco-
proteins that have decreased sensitivity to feedback, or second
mutations that inactivate the feedback apparatus. In fact, we
have previously shown that whereas ERK transcriptional output
is quite elevated in tumors with mutant BRAF or mutant Ras, it is
only marginally elevated in tumor cells with mutant EGFR or
amplified HER2 (Pratilas et al., 2009). In these tumors, ERK
pathway feedback is intact and levels of Ras activation are
low. In contrast, the mutant Ras protein is constitutively acti-
vated (McCormick, 1993) and it is thus refractory to feedback
inhibition of upstream signaling.

We propose that there is a powerful selection for the
BRAFY®%%E mutation because it signals as a Ras-independent
monomer that is insensitive to feedback. This results in marked
elevation of ERK output, with consequent feedback inhibition
of Ras-GTP. In agreement with this idea, inhibition of ERK
signaling relieves this feedback, and causes induction of Ras
activation. Ras activation is associated with a rebound in ERK
phosphorylation and output. This rebound is Ras and SOS
dependent, and more importantly, is CRAF dependent. There-
fore, while the rebound may be potentiated by the loss of ERK
phosphatases following RAF inhibition, these findings are
consistent with the idea that rebound requires reactivation of
upstream signaling and induction of RAF dimers that are refrac-
tory to RAF inhibitors but sensitive to MEK inhibition.

If RAF inhibitors cause the Ras-dependent formation of active
RAF dimers that are refractory to RAF inhibition, why do these
drugs work at all? The induction of Ras-GTP is variable in
different melanoma cell lines. It tends to be modest, however,
reaching levels that are still significantly below those found in
RTK-driven tumor cells. This results in a concomitant modest
increase in ERK phosphorylation and in ERK output. In most
melanomas, this reactivation is not sufficient to cause resis-
tance. We believe, however, that it can attenuate the effects of

therapy, as we find that combining RAF inhibitor with a low-
dose MEK inhibitor causes greater inhibition of pERK and ERK
output than either drug alone, and enhanced antitumor activity
in vivo in melanoma xenograft models. Thus, the variability
observed in the degree of BRAFY®?°E melanoma response in
patients treated with RAF inhibitors may be due in part to variable
relief of feedback. This suggests that combined inhibition could
increase the degree or duration of response obtained with RAF
inhibition alone.

Others have noted that ERK rebound is greater in BRAF6°CE
thyroid (J.A.F., unpublished data) and colon (Corcoran et al.,
2012) carcinomas and is associated with resistance to the RAF
inhibitor. Recent studies show that rebound in colorectal tumors
may be associated with feedback reactivation of EGFR function
(Corcoran et al., 2012; Prahallad et al., 2012). This may explain
why RAF inhibitors have been much less effective in the treat-
ment of BRAFV®%E colorectal cancer than they are in melanoma.

Prahallad et al. (2012) report that RAF inhibitors induce EGFR
activation by inhibiting the ERK-dependent CDC25C phospha-
tase and thus activating EGFR signaling in colorectal cancer
cells. Our data suggest that ERK-dependent feedback is
complex and that relief of feedback and rebound in ERK activity
is due to multiple mechanisms. In melanomas, we did not
observe an association between ERK rebound and sustained
induction of EGFR phosphorylation. Corcoran et al. (2012) also
demonstrated that ERK phosphorylation rapidly rebounds after
initial inhibition by RAF inhibitors in colorectal cancer. They
also find that this rebound is EGFR dependent and associated
with Ras activation, but not with induction of EGFR phosphory-
lation. Here, we demonstrate that relief of ERK-dependent feed-
back by RAF inhibitors results in Ras activation, induction of
CRAF-containing dimers, and RAF-inhibitor-resistant ERK
rebound. In contrast to our findings, Corcoran et al. do not
observe Ras reactivation or ERK rebound in melanomas. This
is probably because the degree of rebound is greater in colo-
rectal cancer than it is in melanoma, in which it is more difficult
to appreciate. We believe that potent ERK-dependent feedback
inhibition of signaling is a general phenomenon in tumors with
BRAFY®%°E and that the antitumor effects of drugs that inhibit
ERK signaling will be diminished by relief of this feedback.

It is clear that the degree of rebound varies among individual
tumors within lineages and that the rebound is greater on
average in some lineages (e.g., colorectal), than in others (e.g.,
melanoma). Although it is unlikely that this is a simple process
dependent on reactivation of a single receptor, it appears that
the process may be preferentially dependent on activation of
a particular receptor in some lineages (e.g., EGFR in colorectal

(B) A375 and Malme3M cells were treated with vemurafenib (1 uM) alone or in combination with neratinib (1 uM) for 48 hr, and the effect on EGFR and downstream

signaling was analyzed.

(C) The cells were pretreated with MEK inhibitor PD0325901 (901, 50 nM), and HER-kinase inhibitor neratinib (Ner, 1 uM), alone or in combination for 48 hr,
followed by vemurafenib (1 uM) for 1 hr. Phospho- and total MEK and ERK are determined by IB.
(D) The indicated cell lines were treated with PD0325901 and/or neratinib. WCLs were subjected to IP with a BRAF-specific antibody and IB for CRAF. The level of

BRAF and CRAF in the WCLs is shown.

(E) A375 cells were treated as in (C) but PD0325901 was combined with crizotinib and PD173074 (1 uM each), targeting MET and FGFR, respectively.
(F) SkMel-28-derived xenografts were treated with combinations of PLX4720 (50 mg/kg), neratinib (20 mg/kg), and lapatinib (150 mg/kg). Tumor growth (and

SEM) as a function of time is shown.

(G) Graphical representation of BRAFV6%°F melanomas adapting to RAF inhibitors. High levels of ERK-dependent feedback suppress RTK signaling and maintain
mutant BRAF in a monomeric, drug-sensitive state. Inhibition of ERK signaling inactivates feedback and restores RTK signaling to Ras. The resulting RAF dimers
are resistant to RAF inhibitors, leading to bypass of inhibition and reactivation of ERK signaling.
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carcinoma; Corcoran et al., 2012; Prahallad et al., 2012). Our
findings show that signaling from many receptors is suppressed
by ERK-dependent feedback in melanomas and reactivated
when feedback is relieved by ERK inhibition. It must be kept in
mind that as receptor activation of ERK increases, feedback
increases and receptor signaling declines. Each tumor reaches
a new steady state of ERK activity after RAF inhibition that
must be dependent on the level of ERK output required to induce
feedback. If feedback mechanisms are sensitive to induction by
low levels of ERK output, rebound will be modest. If high levels of
ERK output are required to reinitiate feedback, marked ERK
rebound will occur and the tumor will be resistant. Future prog-
ress will depend on determining the lineage-dependent and
tumor-specific factors responsible for the new steady state.

Our data show that BRAFY®°°E melanomas are characterized
by high levels of ERK-dependent feedback that operates glob-
ally to regulate oncogenic signaling. These cells have markedly
decreased sensitivity to extracellular ligands. Indeed, the trans-
duction of signals from activated RTKSs, a cellular property that
we have termed signalability, is markedly suppressed in
BRAFY6%%E  melanomas. After ERK inhibition, however, the
ERK-dependent negative feedback is lost, and the ability of
ligands to activate signaling is markedly enhanced. This is our
key finding: at baseline these tumors are relatively insensitive
to the effects of secreted growth factors, because the ability of
such ligands to induce signaling is disabled. After administration
of drugs that effectively inhibit ERK signaling, feedback is
reduced and growth factors can signal. Thus, they may attenuate
or prevent the antitumor effects of the inhibitor. The signaling
network is radically changed and reactivated as an adaptation
to inhibition of ERK signaling (Figure 6G).

Recently, several reports have shown that ligands, particularly
HGF, can cause resistance to RAF inhibitors (Straussman et al.,
2012; Wilson et al., 2012). Induction of signalability when ERK-
dependent feedback is relieved requires the presence of active
RTKs. We show here that multiple ligands contribute to ERK
rebound in melanomas exposed to RAF inhibitors. However,
receptor activation is permissive for induction of signalability,
i.e., necessary, but not sufficient. Rebound in ERK signaling is
due to relief of feedback inhibition of signal transduction when
ERK activation is inhibited.

In order to understand how the tumor adapts to pathway inhi-
bition and design more effective therapies, it will be necessary to
identify the pathways that become reactivated in patients, as it is
not clear that preclinical models are useful in this regard. This will
require comparison of pretreatment biopsies with biopsies
obtained hours after treatment and the development of new
technologies to determine which ligands are present and which
pathways have become reactivated. This will allow the develop-
ment of rational combination therapies aimed at inhibiting the
adaptation of the tumor to the targeted therapy.

EXPERIMENTAL PROCEDURES

Cell Lines, Antibodies, and Reagents

Cell lines were maintained as previously described (Solit et al., 2006).
Antibodies against phospho and total ERK, MEK, AKT, CRAF, HER1-3,
IGF1R, and PDGFRp were obtained from Cell Signaling; DUSP86, Spry and
Ras from Santa Cruz Biotechnology. PD0325901 was synthesized at MSKCC
organic synthesis core facility by O. Ouerfelli. Vemurafenib and PLX4720 were
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provided by Plexxikon. Trametinib and dabrafenib were obtained from
GlaxoSmithKline. Neratinib was obtained from Selleckem. Drugs for in vitro
studies were dissolved in dimethyl sulfoxide (DMSO) to yield 10 or 1 mM stock
solutions and stored at —20°C.

Transfections, Inmunoblotting, and Ras-GTP Assays

siRNA pools were obtained from Dharmacon and transfected into cells by
using Lipofectamine RNAIMAX, according to manufacturer’s instructions.
Cell lysis and immunoblotting were performed as described (Basso et al.,
2002). GTP-bound Ras was measured using the CRAF Ras-binding domain
(RBD) pull-down and Detection Kit (Thermo Scientific) or an ELISA-based
RBD pull-down assay (Millipore), as instructed by the manufacturers.

RT-PCR Analysis

RNA was extracted using the RNeasy Mini Kit (QIAGEN), reverse transcribed,
and used for quantitative RT-PCR, as previously described (Pratilas et al.,
2009). Relative expression of target genes was calculated using the delta-delta
Ct method and normalized to the mRNA content of three housekeeping genes.

Animal Studies

Nu/nu athymic mice were obtained from the Harlan Laboratories and main-
tained in compliance with IACUC guidelines. Subcutaneous xenografts and
tumor measurements were performed as described (Solit et al., 2006). All
studies were performed in compliance with institutional guidelines under an
IACUC approved protocol (Memorial Sloan-Kettering Cancer Center No.
09-05-009).

Tumor Phospho-Flow Analysis

Tumors excised after 48 hr of drug exposure were homogenized and stained
with the Live/Dead Fixable Aqua Dead Cell Stain (Invitrogen) according
to manufacturer’s instructions, followed by fixation and permeabilization
and then analysis by flow cytometry with antibodies detecting HLA-ABC
(eBioscience), pERK1/2 (Cell Signaling), and APC (Southern Biotech).

Secretome Screen

A collection of 317 cDNA constructs, representing 220 unique secreted and
single-pass transmembrane proteins, were reverse transfected individually
into 293T cells using Fugene HD (Promega) in a 384-well plate format (Harbin-
ski et al., 2012). After 4 days of incubation, to allow accumulation of secreted
proteins, conditioned media from each well was transferred to the assay cells,
to which vemurafenib (1 uM) was also added. Proliferation was measured 96 hr
later by using CellTiter-Glo. For each individual experiment (performed in
triplicate for each cell line) the relative light units (RLUs) were plotted as a func-
tion of the various ligand-expressing constructs. Cell growth in the absence of
vemurafenib or conditioned media (i.e., DMSO only), and in the presence of
vemurafenib alone, were used as controls. The effect (e.g., rescue) of each
ligand in the ability of vemurafenib to inhibit growth was calculated by the
formula: (median RLU for the construct — median RLU vemurafenib alone)/
median RLU DMSO. The rescue values were then used to create a heatmap
with the TIBCO Spotfire software. The relative mRNA levels were obtained
from expression analysis of the indicated cell lines (Barretina et al., 2012).
The relative protein level was determined by immunoblotting (Figure S5D)
and densitometric analysis.

SUPPLEMENTAL INFORMATION

Supplemental Information includes five figures and can be found with this
article online at http://dx.doi.org/10.1016/j.ccr.2012.10.009.
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The microenvironment of the primary as well as the metastatic tumor sites can determine the ability for
a disseminated tumor to progress. In this issue of Cancer Cell, Calon and colleagues find that systemic
TGF-B can facilitate colon cancer metastatic engraftment and expansion.

Preventing the metastatic progression of
tumors is a prevailing issue in cancer
biology. In liquid tumors, like multiple
myeloma, which colonizes the bone, we
can imagine the cancer cells have pre-
existing equipment required to survive
and thrive in the bone microenvironment.
For ovarian serous carcinoma dis-
semination and expansion within the
peritoneal cavity, cell autonomous mech-
anisms of tumor proliferation, epithelial-
to-mesenchymal transdifferentiation, and
anti-apoptotic signaling may be predomi-
nant requirements for metastasis. How-
ever, the non-random metastatic tropism
of solid tumors, such as that of the breast,
colon, and prostate, often need to adapt
to more than one distant site, including
lymph nodes, bone, and soft tissue. In
these examples, tumor size at the primary
site and the number of circulating tumor
cells are relatively less significant determi-
nants of adaptation at the secondary site.

The extensive global sequencing efforts
of the primary tumor epithelia have not
helped to predict colon cancer metastatic
potential (Jones et al., 2008). In contrast,
profiling the microenvironment of the pri-
mary tumor seems to be predictive for liver
and prostate cancer metastatic progres-
sion (Blum et al.,, 2008; Budhu et al.,
2006). In this issue of Cancer Cell, Calon
etal. (2012) report that measuring recipro-
cating signals by the tumor and host are
likely going to be more predictive of colon
cancer growth at the metastatic site.
Specifically, the authors found that ele-
vated levels of transforming growth
factor-beta (TGF-B) expression was a
superior predictor of metastatic growth
of colon cancer rather than pathologic
staging. They present a study addressing

the apparent paradox characterized by
high TGF-B levels in the tumor and muta-
tional inactivation of TGF-B signaling
observed in colon cancer epithelia. As
such, the elevated TGF-B would be
affecting the cells of the host, in particular,
endothelia and fibroblasts, at the distant
metastatic site. Calon et al. (2012) suggest
that a stromal TGF-B response, involving
IL-11, potentiates colon cancer engraft-
ment and growth at liver and lung meta-
static sites. The immune regulatory effects
of TGF-pB could not be specifically exam-
ined as the observations were made in
immune-compromised xenograft mouse
models. However, the work suggests a
novel mechanism of colon cancer meta-
static progression following the initial
steps of tumor cell dissemination.
Multiple mechanisms of metastatic
progression are possible. One such pos-
sibility is that tumor cells possessing
stem-like features may have a growth
advantage in a secondary site; their plu-
ripotent potential could presumabily facili-
tate adaptation to a new environment
(Figure 1A). A tumor cell cannot evolve
to adapt to an environment to which it
has not been exposed. In this case, the
success of the metastasis is reliant on
the plasticity of the stem-like tumor cell.
Arecent report suggested that expression
of the extracellular matrix component
periostin in mammary tumors can support
stem-like features to favor metastatic pro-
gression (Malanchi et al., 2012). In the
process of prostate cancer and stromal
coevolution in the primary tumor site,
paracrine cytokines expressed by pros-
tatic fibroblasts that lose TGF-§ respon-
siveness alter the interactions of tumor
epithelia, with its matrix enabling signifi-

cant expansion in secondary bone tissue
(Li et al.,, 2012). Another recent report
supports the idea that specific changes
in the matrix and its integrin interaction
with primary lung tumor cells are critical
determinants of metastatic progression
(Reticker-Flynn et al., 2012). Figure 1B
illustrates that an alternative means of
successful metastatic progression can
be a result of a disseminated tumor cell
having the ability to survive in the sec-
ondary site until it can express factors
that enable it to thrive (Stoecklein et al.,
2008). The secondary tissue microenvi-
ronment can reciprocally respond to the
disseminated tumor cell, such that a
collaborative effort enables metastatic
progression. Tumor dormancy, which is
associated with micrometastases that
are not visibly progressing, can involve
the coevolutionary process at the meta-
static site, which includes cell autono-
mous changes as well as those of the
host vasculature and immune system.
It has been clear for some time that
TGF-B mediates processes associated
with tumor cell extravasation in terms
of increased motility and cell survival.
However, these cell-autonomous TGF-8
activities cannot be attributed to elevated
metastatic potential, because TGF-B
signaling is increasingly found to be
impaired or completely absent in multiple
cancer types, including colon cancer
epithelia. Figure 1C illustrates changes
that can occur in the primary and meta-
static tumor microenvironment as a re-
sult of elevated systemic TGF-B. These
changes may normalize the microenviron-
ment of the two sites such that the meta-
static niche is primed for tumor growth, as
suggested in the study by Calon et al.
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There are multiple possible mechanisms for metastatic progression. It is assumed that the rate limiting
steps of metastasis do not necessarily involve the processes of tumor cell dissemination, but rather

compatibility of tumor cells with their metastatic site.

(A) A primary tumor cell can acquire traits within the primary tumor that enable its progression in the meta-

static site.

(B) Alternatively, the disseminated tumor cells that lodge in the metastatic site can lie ‘dormant’ until the
new microenvironment potentiates the acquisition of traits that enable tumor progression.

(C) The work by Calon et al. (2012) suggests that elevated TGF-B and its downstream products induce
changes in the microenvironment of the primary tumor and the metastatic site to facilitate metastatic
progression. There are other possibilities mediating metastatic progression including variations and com-
binations of these three scenarios. The role of the immune system is not accounted for in this assessment.

(2012). The role of the innate immune
system in the development of a pre-meta-
static niche has been described (Kaplan
et al., 2005). However, the detection of
TGF-B in circulation in colon cancer meta-
static progression in patients supports the
role of tumor-derived cytokines in the
primary site having long range effects in
altering the microenvironment of the
metastatic site (Calon et al., 2012). The
role of TGF-B in altering the microenvi-
ronment of the primary and metastatic
sites can be therapeutically leveraged.
For example, TGF-B blockade increases
chemotherapeutic penetration into tu-
mors by causing perivascular cell activa-
tion, leading to increased tumor perfusion
and reduced extracellular matrix forma-
tion (Liu et al., 2012).

Translational opportunities for the
application of these results are dependent
on further understanding of the host
response to TGF-B signaling. The inhibi-

tion of TGF-B signaling at the level of
the ligand, receptor-ligand complex, and
intracellular signaling molecules are being
studied. However, the targeting of down-
stream paracrine factors, initially thought
to be a fools-game of chasing the numer-
ous TGF-B responsive genes, is starting
to come down to fewer examples of
viable candidates to support greater
tumor specificity. Nevertheless, there is
an even greater need to understand the
metastatic site in order to appropriately
determine the TGF-B induced factor(s).
Metastatic tropism is reliant on the
dynamics of the tumor cell as it attempts
to convert its microenvironment to its
advantage (Figure 1). Thus, to time the
therapeutic window for pharmacological
intervention of a metastatic mechanism
would be challenging. However, address-
ing metastasis methods collectively used
by heterogeneous tumors may require
a multipronged approach that would
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include targeting the microenvironment
at both primary and metastatic sites
through a cell type-directed manner.
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Therapeutic strategies that target glycolysis and biosynthetic pathways in cancer cells are currently the main
focus of research in the field of cancer metabolism. In this issue of Cancer Cell, Hitosugi and colleagues show
that targeting PGAM1 could be a way of “killing two birds with one stone”.

The metabolism of cancer cells differs
from that of many normal cells and is
mostly characterized by higher rates of
glucose metabolism under normal oxygen
levels. This trait enables cancer cells to
satisfy their demand for both energy and
biosynthetic building blocks required for
proliferation. For that reason, it is not
surprising that many glycolytic enzymes
are commonly overexpressed in tumors
(Tennant et al., 2009). Phosphoglycerate
mutase (PGAM1) catalyzes the conver-
sion of 3-phosphoglycerate (3PG) into 2-
phosphoglycerate (2PG) as part of the
glycolytic pathway using a phospho-histi-
dine residue at the enzyme’s catalytic
domain (His11) as a phosphate donor/
acceptor and 2,3-bisphosphoglycerate
as an intermediate metabolite (Fothergill-
Gilmore and Watson, 1989). In humans,
PGAM1 is widely expressed at levels
that vary among different tissues as well
as during differentiation and transforma-
tion. PGAM1 is overexpressed in several
types of cancer (Fothergill-Gilmore and
Watson, 1989; Ren et al., 2010). Because
PGAM1 expression is negatively regu-
lated by the tumor suppressor TP53, the
loss of the latter may cause increased
expression of PGAM1 in cancer. This
portrays PGAM1 as a potential thera-
peutic target, and indeed, pharmaco-
logical inhibition of PGAM1 reduced
proliferation of breast cancer cells (Evans
et al., 2005). Furthermore, in cancer cells
that overexpress the tightly-regulated iso-
form of pyruvate kinase PKM2, PGAM1
phosphorylation on His11, and hence
PGAM1’s activity, are induced by phos-
phoenolpyruvate, the substrate of pyru-
vate kinase (Vander Heiden et al., 2010).

The notion that metabolites can act as
signaling molecules in distant metabolic
pathways is gaining significant attention

and support (Figure 1A). Some of the
best known examples are the activation
of PKM2, which catalyzes the last step
of glycolysis, by fructose 1,6-bisphos-
phate (an upstream glycolytic inter-
mediate) and the inhibition of phospho-
fructokinase-1 (another key regulated
glycolytic enzyme) by phosphoenolpyr-
uvate, citrate, and ATP (Ashizawa et al.,
1991; Evans et al., 1981). These regula-
tory loops ensure that glycolytic interme-
diates are optimally utilized and chan-
neled into the appropriate metabolic
pathway to balance energetic and ana-
bolic demands. Recently, the amino acid
serine was demonstrated to bind and
directly activate PKM2 in order to control
the bifurcation point from glycolysis to
serine biosynthesis (Chaneton et al.,
2012). In line with this concept, this issue
of Cancer Cell features the work by Hito-
sugi et al. (2012), which demonstrates
that, in addition to their involvement in
glycolysis, both the substrate and product
of PGAM1 (3PG and 2PG, respectively)
modulate two other biosynthetic path-
ways derived from glycolysis: the oxida-
tive branch of the pentose phosphate
pathway (PPP) and the serine biosyn-
thesis pathway (Figure 1A).

Hitosugi et al. (2012) studied the
prospective therapeutic approach of
PGAM?1 inhibition in cancer cells and the
associated metabolic consequences.
Silencing the expression of PGAM1 with
short-hairpin RNA caused an increase in
the intracellular levels of 3PG and a
decrease in 2PG levels, which is associ-
ated with a block in the glycolytic
flow. Surprisingly, the downregulation of
PGAM?1 levels also inhibited the entry of
glucose 6-phosphate into the oxidative
PPP, a process which supports de novo
nucleotide biosynthesis. Hitosugi et al.

(2012) demonstrated that the increase in
3PG directly causes the inactivation of
the PPP enzyme 6-phosphogluconate
dehydrogenase (6PGD) by competing
with its substrate 6-phosphogluconate.
What’s more, the decrease in 2PG
levels upon PGAM1 downregulation was
accompanied by a reduction in phos-
phoglycerate dehydrogenase (PHGDH)
activity, which utilizes 3PG as a substrate
and carries out the first regulated step in
the serine biosynthesis pathway (Fig-
ure 1B). Interestingly, the cell permeable
analog of 2PG (methyl-2-PG) rescued
PGAM1-silenced cells by increasing the
flux of 3PG into the serine biosynthesis
pathway through PHGDH and, with
that, alleviated the inhibition of the PPP
by 3PG while also rescuing glycolysis.
Furthermore, a screen for small molecule
inhibitors of PGAM1 identified an allo-
steric inhibitor that affected cell metabo-
lism and growth of xenografted tumors
in vivo in a manner similar to PGAM1
silencing. These observations strengthen
the concept that targeting PGAM1
pharmacologically may be beneficial for
cancer therapy not only by reducing an
important energy source of cancer cells,
but also by preventing anabolic pro-
cesses required for cell growth and
proliferation.

The work by Hitosugi et al. (2012) not
only provides new insights into the
complex mechanism of metabolic regula-
tion (by identifying 2PG and 3PG as
signaling molecules that regulate biosyn-
thetic pathways), but also emphasizes
the potential effectiveness of exploiting
such complexity, which allows for the
targeting of both energetic and anabolic
processes with a single drug. However,
one of the main challenges in targeting
cancer metabolism is the robustness
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Figure 1. The Dual Catabolic and Anabolic Roles of PGAM1 that Make It a Useful Target for
Cancer Treatment

(A) Glycolysis and biosynthetic processes that “branch” from glucose metabolism are required to support
growth and proliferation of cells. These processes must be tightly controlled and adjusted to meet cellular
needs. Intricate regulatory loop signals exist to enable such control. These include phosphofructokinase-1
(PFK1) inhibition by phosphoenolpyruvate (PEP) and the activation of pyruvate kinase (PK) M2 isoform
(PKM2) (the predominant isoform expressed in proliferating cells) by fructose 1,6-bisphosphate
(F1,6BP) and serine. PGAM1 is overexpressed in many cancer cells supporting energetic demands by
enabling increased glycolytic flux. At the same time, its product 2-phosphoglycerate (2PG) stimulates
phosphoglycerate dehydrogenase (PHGDH), which catalyzes the first and rate-limiting step in the serine
biosynthesis pathway (purple rectangle).

(B) Upon inhibition of PGAM1, an increase in 3-phosphoglycerate (3PG) and a decrease in 2PG occur. This
leads to a decrease in glycolytic flow and energy production by PK as well as the tricarboxylic acid (TCA)
cycle in the mitochondria. In addition, the reduction in 2PG due to PGAM1 inhibition prevents the chan-
neling of 3PG into the serine biosynthetic pathway, leading to further accumulation of 3PG. Accumulated
3PG, in turn, inhibits 6-phosphogluconate dehydrogenase (6PGD) in the pentose phosphate pathway
(brown rectangle) and ribosome 5-phosphate (R5P) production. In effect, the inhibition of PGAM1, a glyco-
lytic enzyme, not only limits glycolysis, but also two important anabolic processes required for cell prolif-
eration.

Green or red dotted lines indicate direct positive or negative regulatory effects and green or red ovals
represent active or inactive enzymes, respectively. Black or gray arrows represent active or inhibited reac-
tions, respectively.

566 Cancer Cell 22, November 13, 2012 ©2012 Elsevier Inc.

Cancer Cell

and plasticity of metabolic networks that
allow cancer cells to adapt and overcome
impediments. In addition, a consideration
for long- and short-term toxicity to meta-
bolically active normal tissues must be
taken into account when a core glucose
metabolic pathway is being targeted.
Encouragingly, the in vivo work reported
by Hitosugi et al. (2012) demonstrated
a good therapeutic index for such a
strategy.
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The Polycomb epigenetic silencing protein EZH2 is affected by gain-of-function somatic mutations in B cell
lymphomas. Two recent reports describe the development of highly selective EZH2 inhibitors and reveal
mutant EZH2 as playing an essential role in maintaining lymphoma proliferation. EZH2 inhibitors are thus
a promising new targeted therapy for lymphoma.

Aberrant patterning of epigenetic marks is
a fundamental hallmark of human cancer.
Studies exploring genome-wide distribu-
tion of DNA methylation and histone
modifications consistently reveal pro-
found perturbations in primary human
tumor specimens (Baylin and Jones,
2011). Such findings have contributed to
the increasing enthusiasm for “epigenetic
therapy” to reprogram the epigenome of
tumor cells. Two recent reports have
extended this paradigm to an exciting
new therapeutic target, EZH2.

EZH2 is the core enzymatic subunit of
an epigenetic gene-silencing complex
called polycomb repressive complex 2
(PRC2). EZH2 is a SET domain histone
methyltransferase that preferentially cata-
lyzes histone 3 lysine 27 (H3K27) methyla-
tion, a repressive mark that maintains
epigenetic silencing of genes (Chase and
Cross, 2011). EZH2 is active only when
associated with other PRC2 core compo-
nents EED, SUZ12, and RbAp48 (Chase
and Cross, 2011). During lymphopoiesis,
EZH2 is required for developing pre-B
cells to acquire a full spectrum of immu-
noglobulin VDJ recombinants (Su et al.,
2003). However, EZH2 expression rea-
ches its peak when mature B cells are
stimulated to form germinal centers
(GCs) and undergo immunoglobulin
affinity maturation (Velichutina et al.,
2010). GC B cells are uniquely adapted
to tolerate rapid proliferation and simulta-
neous genotoxic stress, which enables
them to generate high-affinity antibodies.
GC B cells give rise to the most common
types of B cell lymphomas including
diffuse large B cell ymphomas (DLBCLs)
and follicular lymphomas (FLs).

Remarkably, 20% of DLBCLs and 10%
of FLs display heterozygous somatic

mutations of EZH2 involving Y641 or
AB77 (Morin et al., 2010). These mutations
enable EZH2 to more efficiently add a third
methyl group to H3K27 (Sneeringer et al.,
2010). EZH2 mutant DLBCL cells exhibit
increased abundance of H3K27me3 and
reduction of H3K27me1 (Morin et al.,
2010). The significance of this change is
unknown, but presumably would facilitate
more stable or potent repression of EZH2
target genes. Until now, it has been
unclear whether the relatively subtle
change in the stoichiometry of methylated
H3K27 in EZH2 mutant DLBCLs would
exert significant influence on the malig-
nant phenotype. Regardless of the muta-
tion status, a majority of DLBCLs feature
high expression of EZH2, likely reflecting
their GC origin (Velichutina et al., 2010).
Moreover, genomics studies in primary
human GC B cells showed that EZH2
represses numerous proliferation check-
point genes, suggesting a role in facili-
tating proliferation (Velichutina et al.,
2010). Hence, it is of great interest to
address whether mutations in EZH2
contribute significantly to maintain the
survival of lymphoma cells or just repre-
sent subtle “tuning” of an epigenetic
silencing mechanism that is already
present.

Some of these questions can now be
addressed thanks to the development of
highly selective EZH2 inhibitors, an
achievement with important scientific
and clinical implications. Using high-
throughput screening for inhibitors of the
PRC2 complex followed by medicinal
chemistry optimization, two research
groups generated low nanomolar potency
small molecule EZH2 inhibitors (Knutson
et al., 2012; McCabe et al., 2012). These
small molecules displayed remarkable

selectivity for EZH2 and showed similar
efficacy against wild-type and mutant
forms of EZH2. Notably, when applied to
alarge panel of B cell ymphoma cell lines,
EZH2 inhibitors were most effective
against DLBCLs, especially those with
EZH2 point mutations. The compound
induced apoptotic cell death in addition
to proliferation arrest in the most sensitive
cell lines. EZH2 mutant DLBCL cells are
therefore exquisitely dependent on EZH2
to maintain their growth and survival.
Nononcogene addiction to EZH2 may
also occur in at least a subset of EZH2
wild-type DLBCLs, perhaps reflecting
a potential biological role for EZH2 in
normal GC B cells.

In an attempt to link the biologic actions
of EZH2 inhibitor to gene expression and
H3k27 methylation, a series of profiling
experiments were performed (McCabe
et al., 2012). The most EZH2-dependent
cell lines showed predominant gene upre-
gulation after exposure to GSK126, one
of the EZH2 inhibitors, associated with
a heavier pretreatment burden of
H3K27me3 (McCabe et al., 2012). Tran-
scriptional response was stronger in
EZH2 mutant versus wild-type cell lines.
However, the logic of these associations
seems to break down when comparing
differentially regulated genes among the
most GSK126-responsive cell lines. It
would not be unreasonable to expect
EZH2 mutant cell lines to display a strong
signature of GSK126-induced genes
given their shared biological dependence
on EZH2. Yet, only 35 genes overlapped
in four out of the five cell lines profiled.
Independent of experimental questions,
such as whether heterogeneity is a
product of cell line epigenetic diversifica-
tion in vitro or whether gene expression

Cancer Cell 22, November 13, 2012 ©2012 Elsevier Inc. 569


mailto:amm2014@med.cornell.edu
http://dx.doi.org/10.1016/j.ccr.2012.10.016

Proliferation
Survival

-

Epigenetic Instability?

Targets?

\

ﬂﬁﬁ;

Gene Derepression

EZH2/
Proliferation

—r-rrrI:

CDKN1A
CDKN1B

Figure 1. EZH2 Inhibitors Target Mutant and Wild-type EZH2 in DLBCL Cells with Equal

Potency

EZH2 may form an active PRC2 complex in both nucleus and cytoplasm, although its cytoplasmic function
in B cells is unknown. Mutant EZH2 mediates both survival and proliferation, whereas wild-type might be
mostly linked to proliferation. Mutant EZH2 more strongly represses chromatin (red) than wild-type EZH2
(yellow) by inducing greater levels of H3K27me3. Wild-type EZH2 represses proliferation-associated
genes such as CDKN1A and CDKN1B, whereas the target genes of mutant EZH2 may be different or
more variable. Mutant EZH2, and perhaps wild-type EZH2 to a lesser extent, may contribute to epigenetic
instability such as more heterogeneous distribution of H3K27me3. Newly-described EZH2 inhibitors
(EZH-i) epigenetically reprogram DLBCL cells with mutant or wild-type EZH2 (green), leading to the
derepression of target genes and perhaps alleviation of epigenetic instability manifested as proliferation

arrest and cell death.

microarrays have the necessary dynamic
range to robustly capture changes in low
abundance transcripts, it is interesting
to consider the implications of these
results. For example, might it be possible
that EZH2 mutation enables a state of
“epigenetic instability” whereby H3K27
patterning evolves stochastically such
that tumors in individual patients may
silence different sets of genes, any combi-
nation of which might have similar effects
in facilitating transformation? There is
a precedent for such a notion in that prolif-
erating GC B cells display a greater
degree of cytosine methylation heteroge-
neity than resting B cells (Shaknovich
et al., 2011). Likewise, it is conceivable
that proliferation in GC B cells could also
drive H3K27 methylation heterogeneity.
Alternatively, it is possible that only a small
number of genes contribute in a meaning-
ful way to the oncogenic effects of mutant
EZH2, in which case, the nonoverlapping
genes may represent mostly noise. It is
also intriguing to consider whether gene

expression and/or H3K27 methylation
changes might be a red herring. For
example, PRC2 complex is also localized
to cytoplasm, and in T cells, may regulate
processes such as actin polymerization
(Su et al., 2005). Might the effect of
EZH2 inhibitors be related to nonepige-
netic mechanisms? These provocative
results challenge the field to perform func-
tional assays and modeling to resolve
these questions (Figure 1).

Regardless of these deeper mecha-
nistic questions, the report by McCabe
et al. (2012) has major translational impli-
cations. Even though EZH2 is an essential
protein during development, mice toler-
ated the drug without apparent toxicity.
Most importantly, GSK126 displayed an
extremely powerful anti-lymphoma effect
on human DLBCL cell line xenografts,
with complete growth inhibition at lower
doses and tumor eradication at higher
doses of drug (McCabe et al., 2012).
Tumor eradication is not easily achievable
in DLBCL xenograft studies, raising the
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possibility that mutant EZH2 might
play a role in self-renewal of putative
lymphoma propagating cells. EZH2 is
known to play a key role in the self-
renewal of stem cells (Chase and Cross,
2011), so it is conceivable that, in addition
to growth arrest and apoptosis, EZH2
inhibitors might promote the extinction
of EZH2-dependent lymphomagenic
clones. These data provide a compelling
case for testing EZH2 inhibitors in clinical
trials for patients with DLBCL harboring
mutant EZH2 and/or high H3K27 methyla-
tion levels. Finally, in addition to DLBCL,
EZH2 is also mutated in FL and is overex-
pressed in solid tumors including prostate
and breast cancer (Chase and Cross,
2011). Therefore, the rational translation
of EZH2 inhibitor therapy holds great
promise toward improved efficacy and
reduced toxicity for patients with these
diseases.
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Clinical Features and Risk Classification of AML

Acute myeloid leukemia (AML) is a heterogeneous clonal disorder of hematopoietic stem/progenitor cells characterized by the rapid growth of abnormal white blood cells (blasts)
that accumulate in the bone marrow and interfere with the production of normal blood cells. In contrast to the classical French-American-British (FAB) classification based on
morphological appearance of blasts and their cytochemistry, the 2008 revised WHO classification of AML incorporates cytogenetic/genetic data that help to define biologically
homogenous entities with prognostic and therapeutic relevance. Based on (cyto)genetic features of the AML, patients can be broadly classified into three risk groups, although
patient-specific factors (age, performance status, comorbidity, etc.) are also key predictors of outcome. The “3+7” combination of daunorubicin and cytarabine is routinely used
as induction chemotherapy for adult patients with AML, except PML-RARa leukemia, whereas molecular profiling is currently guiding postinduction therapeutic strategies. Com-
parison between adult and childhood AML shows that children have a higher incidence of chromosomal translocation, whereas normal (NK) and complex karyotype (CK)—the
latter includes monosomal karyotype (MK) and is associated with dismal prognosis—are more prevalent in adults. While risk classification has advanced in the last decades,
treatment of AML, except for t(15;17) leukemia, is only marginally improved, mainly by better supportive care, highlighting the need for novel therapies.

Molecular Mechanisms, Recurrent Gene Mutations, and Emerging Targeted Therapies in AML

PML-RARa from t(15;17) that exclusively associates with FAB-M3 (acute promyelocytic leukemia, APL) forms transcriptionally repressive complexes with retinoic X receptor
(RXR), histone deacetylases (HDACs), enhancer of zeste (EZH2), and DNA methyltransferase (DNMT). All-trans retinoic acid (ATRA), which dissociates repressor complexes from
PML-RARa and mediates its subsequent degradation, can effectively induce differentiation of APL cells. In combination with chemotherapy, ATRA achieves a 5 year overall
survival of approximately 80%. While As,O, which degrades PML-RARa, is commonly employed to treat relapsed patients, other targeted therapeutic agents, including HDAC
inhibitors and RXR agonists, are being developed.

The MLL gene located at 11923 has over 60 different fusion partners in AML. Wild-type MLL encodes a SET domain containing H3K4 histone methyltransferase but the SET
domain is invariably replaced by the partner proteins in MLL fusions. All MLL fusions retain MLL's N terminus that recruits Menin and the polymerase associated factor com-
plex (PAFc), which are critical for DNA binding, gene expression, and cellular transformation. Importantly, the fusion partners themselves recruit a variety of protein complexes
involved in transcriptional elongation (p-TEFb) and/or histone methylation, e.g., DOT1L (H3K79) or PRMT1 (H4R3), resulting in aberrant transcriptional activation. Several novel
targeted strategies are emerging for 11923 AML, including inhibition of Menin, DOT1L, PRMT1, the histone acetylation reader BRD4, and LSD1 (although the mechanisms under-
lying the efficacy of LSD1 inhibition remain unclear).

Genes encoding core binding factors including AML1/RUNX1 and CBFf are the most frequently rearranged ones in AML. Both core binding factor fusions complex with tran-
scriptional repressors, such as HDACs and NCoR, to suppress expression of downstream targets, thus prompting HDAC inhibitors as potential therapeutic agents. AML1-ETO
fusions may also recruit transcriptional coactivators such as PRMT1 and histone acetyltransferase (HAT) CBP that are critical for transformation.

Going beyond microarray analyses, next-generation sequencing has been unravelling the vast genetic heterogeneity in AML and improving risk stratification, especially for
NK-AML. This has led to the discovery of not only several candidate genes that could be classified under the conventional two-hit model (e.g., signaling and transcription factors)
of myeloid leukemogeneis but also those involved in epigenetic regulation, spliceosome machinery, and the cohesin complex. Interestingly, some of the mutations identified in
NK-AML such as those in FLT3 and c-KIT are also recurrent in AML with translocations. Several kinase inhibitors (e.g., FLT3i and dasatinib), anti-CD33 antibody conjugate gem-
tuzumab ozogamicin (GO), and hypomethylating agents are currently in clinical trials. The role of epigenetic modulation in AML has only started to be unraveled, even though the
therapeutic benefit of hypomethylating agents in low blast AML predates our knowledge of the existence of these epigenetic regulator mutations.

Cell of Origin and Clonal Evolution Model of Leukemic Stem Cells

The cell of origin for AML stem cells is still unclear. However, studies using mouse models have shown that both hematopoietic stem cells (HSCs) and progenitor cells can be
targeted by initiating events, such as MLL fusions and PML-RAR«, to generate preleukemic stem cells (pre-LSCs) and, subsequently, LSCs with acquisition of additional coop-
erative events (e.g., FLT3). The origin of LSCs can influence the leukemia type and lineage, although the cellular origin’s role in treatment response remains to be determined.
LSCs possess self-renewal ability and can give rise to short-lived progenies, which form the bulk of the leukemic population in the patient. LSCs and leukemic progenies can
further evolve into different subclones by acquiring additional mutations, leading to multiple (epi)genetically different leukemic clones with various clone sizes in the patient at the
time of diagnosis. After chemotherapy, the bulk of leukemic cells is eradicated, leading to clinical remission; however, chemoresistant LSCs persist in the patient at low levels.
With time, LSCs, which may be shaped by the treatment, can give rise to different progenies again, reinitiating the disease. Thus, the dominant clone at the time of relapse may
not necessarily be the same as the one at diagnosis. Self-renewal is a common feature shared by LSCs and HSCs. Pathways such as -catenin and PTEN, which have differential
effects on LSCs versus normal HSCs, may be key targets to eradicate LSCs.
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