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Tony Pawson, aworld-renowned scientist

and a pioneer who made groundbreaking

contributions that shaped our current un-

derstanding of how cellular signal trans-

duction pathways are regulated in normal

tissues and in cancer cells, sadly passed

away on August 7, 2013 at the age of 60.

Anthony James Pawson was born on

October 18, 1952 in Maidstone in the

County of Kent in England. His mother

was a high school biology teacher with a

special interest in botany. His father was

a well-known soccer player who played

for the Oxford University team and for

the English soccer team at the 1952

Olympiad in Helsinki. His father was also

a successful cricket player, a member of

the English fly-fishing team for the 1989

world championship, and, later in life,

an author and correspondent for the

Observer. Tony mentioned that he

obtained his interest in science and the

natural world from his mother, but his

passion for writing, his competitiveness,

his determination, and his own love of fly

fishing from his father.

After spending his school years at

Winchester College, Tony received his

undergraduate education as a member

of Clare College at Cambridge University.

In Cambridge, he became interested in

biochemistry and had the opportunity to

spend time in the laboratory performing

experiments in the field of protein synthe-

sis. In 1973, Tonymoved to London for his

Ph.D. degree at ICRF (Imperial Cancer

Research Fund, which is now called

Cancer Research UK) with Alan Smith.

During Tony’s Ph.D. studies, the focus of

his research was the mode of action and

mechanism of oncogenesis mediated

by retroviruses and how retroviruses

propagate themselves. After obtaining

his Ph.D. in 1976, Tony crossed the

Atlantic and worked at the laboratory of

Steven Martin at the University of Califor-

nia, Berkeley. Martin focused on investi-

gating the mechanism of action of Rous

Sarcoma virus, a retrovirus that causes

tumors in chickens and transforms

cultured cells by expressing its oncogenic

protein, v-Src. During his postdoctoral

training, Tony started to explore the struc-
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ture and mechanism of action of the

Fujinami avian sarcoma virus and the

role played by its oncogenic protein,

v-Fps, in cell transformation. In 1981,

Tony took an independent faculty position

at the University of British Columbia in

Vancouver, where he continued to inves-

tigate the oncogenic v-Fps protein,

increasingly focused on the role of its tyro-

sine kinase activity in cell transformation.

A few years later, in 1985, Tony moved

to the Samuel Lunenfeld Research Insti-

tute at Toronto’s Mount Sinai Hospital,

where he became Distinguished Investi-

gator and Director of Research, and was

also Professor of Molecular Genetics at

the University of Toronto. Tony remained

in Toronto for the rest of his career.

Tony was very much at the center of

an exceptional convergence of several

different areas of basic biomedical

research during the last three decades

of the 20th century, which revolutionized

our understanding of the molecular basis

of cell signaling and malignant transfor-

mation. These important discoveries

contributed to new approaches for the

development of many new cancer drugs.
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The molecular basis of cancer was re-

vealed through a stunning explosion of

discoveries. These advances include:

the genetic origins of malignancies; the

mode of action of retroviral oncogenes;

the discoveries of new growth factors

and cytokines that stimulate cell prolifera-

tion, differentiation, and other vital cellular

processes; the methodology to identify

and track genetic changes in cancer

cells; the identification of evolutionary

conserved critical components of cellular

signaling pathways in nematodes and

Drosophila; and biochemical determina-

tion of how signals that are initiated at

the cell surface and are propagated intra-

cellularly by growth factor receptor acti-

vation stimulate cell proliferation and

other basic processes that are required

for cellular homeostasis. Subsequent

application of this new knowledge led to

the development of what is now defined

as cancer-targeted therapies, which

have changed the way in which many

deadly cancers are now being treated.

Tony is perhapsbest known for his iden-

tification of the Src homology 2, or SH2,

domain and the resulting concept of

modular interaction domains as key

elements of the molecular infrastructure

of signaling. While inspecting the primary

structure of v-Fps early in his career,

Tony and his colleagues made an impor-

tant observation. They realized that, in

addition to the catalytic tyrosine kinase

domain of v-Fps that is also seen in the

oncogenic Src and Abl tyrosine kinases,

these oncogenic proteins contain a

conserved noncatalytic region of �100

amino acids, which they termed the SH2

domain (the tyrosine kinase is the SH1

domain). Through biochemical analyses

of the tyrosine kinase activities of a variety

of v-Fps mutants and comparison of their

cellular transformation properties, Tony’s

laboratory demonstrated that the v-Fps

SH2 domain plays an important role in

controlling both the tyrosine kinase activ-

ity and cell transformation. Members of

the Src and Abl tyrosine kinase families

contain an additional conserved noncata-

lytic region of �60 amino acids, desig-

nated the Src homology 3 (SH3) domain,
j.cell.2013.08.038. ª2013 Elsevier Inc. 273
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located N terminal to the SH2 domain of

Src and Abl. Tony proposed that SH2

and SH3 domains function as indepen-

dent protein modules that maintain their

unique functions in different host proteins

and that they play important regulatory

roles in controlling the activity and locali-

zation of Src and other cytoplasmic tyro-

sine kinases. This concept of modularity

gained significant traction when the labo-

ratory of Hidesaburo Hanafusa found

that the transforming gene of the CT10

retrovirus, v-Crk, encodes a viral gag pro-

tein fused to only SH2 and SH3 domains,

demonstrating that SH2 andSH3domains

can function alone as oncogenes. The

SH2 domain of Crk was shown to bind

directly to phosphotyrosine (P-Tyr)-

containing proteins, indicating that SH2

domains may recognize specific tyro-

sine-containing regions in a phosphoryla-

tion-dependent manner. Because many

signaling molecules with different enzy-

matic activities, such as phospholipase

Cg (PLCg), RasGTPase-activating protein

(GAP), and the Src family kinases, contain

SH2 domains, this realization provided a

link between activation of cytoplasmic

and receptor tyrosine kinases (RTKs).

Indeed, experiments performed in Tony’s

and other laboratories demonstrated

that, following their stimulation with

ligands, the EGF receptor (EGFR), PDGF

receptor (PDGFR), and other activated

RTKs form physical complexes with

signaling molecules such as PLCg, GAP,

or adaptor proteins such as Grb2 or Nck

by binding to the SH2 domains of these

signaling proteins. For example, in 1992,
274 Reprinted from Cell 154, Published online
Tony’s laboratory demonstrated that

complex formation between the scaffold

protein Shc and phosphotyrosines on

activated EGFR leads to tyrosine phos-

phorylation of Shc, which in turn forms a

complex with the SH2 domain of the

adaptor protein Grb2. Grb2 uses its two

SH3 domains to bind the guanine nucleo-

tide exchange factor Sos so that Shc

effectively recruits Sos to the cell mem-

brane (and thus activates Ras) through

SH2 and SH3 domain-mediated interac-

tions. The resulting activated (GTP-bound)

Ras molecules stimulate a cascade of

three protein kinases, resulting in activa-

tion and nuclear translocation of MAP

kinase. This highly conserved signaling

pathway relays information from the cell

membrane to the nucleus and other intra-

cellular compartments to regulate a vari-

ety of EGF-induced cellular processes.

More than 20 years later, in one of his

last and most elegant articles that was

published in July 2013—only three weeks

before he passed away—Tony’s labora-

tory described a comprehensive analysis

of the cellular functions of Shc at different

time points following EGF stimulation. His

laboratory used mass spectrometry and

other state-of-the-art technologies to

demonstrate that Shc responds to EGF

stimulation in ‘‘multiple waves of distinct

phosphorylation events and protein inter-

actions.’’ In other words, at different time

points following EGF stimulation, Shc

forms distinct complexes with different

positive or negative regulators to control

many of the pleiotropic cellular responses

induced by EGF stimulation. These two
September 5, 2013. http://dx.doi.org/10.1016/
publications, spanning more than two

decades of scientific effort, provide a

clear testament to the originality,

brilliance, and focus that have been a

hallmark of Tony’s entire scientific career.

In addition to his main interest in eluci-

dating the biological roles and mecha-

nisms underlying the actions of SH2,

SH3, and other small protein modules in

mediating protein-protein and other inter-

actions during signal transduction, Tony’s

laboratory made important contributions

to other fields of biomedical research,

including analysis of molecular mecha-

nisms that govern cellular polarity and

molecular mechanisms that control axon

guidance, as well as systems biology

with an emphasis on elucidation of the

dynamic nature of molecular events

during cellular signaling. In all of these

studies, he showed an uncanny ability to

marry advances in technology with the

most important biological questions to

view the entire cell in terms of its molecu-

lar infrastructure.

The death of Tony Pawson shocked

and saddened his many colleagues,

former students, postdoctoral fellows,

and friends all over the world. We will

miss Tony’s thoughtful and eloquent

lectures. We will miss Tony’s inspiring

publications and the elegance and clarity

of his scientific mind. We will miss our

informal discussions at scientific meet-

ings that were filled with good humor,

Tony’s characteristic chuckle, and his

sharp insights. Tony’s legacy will be

remembered and will be an inspiration

for future generations of scientists.
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Proteasome inhibitors are key parts of our armamentarium against multiple myeloma, but the disease can
become resistant through poorly defined mechanisms. In this issue of Cancer Cell, Leung-Hagesteijn and
colleagues describe XBP1s� subpopulations of tumor cells that are resistant to bortezomib andmay account
for therapeutic failures in the clinic.
Multiple myeloma is a clonal prolifera-

tion of neoplastic plasma cells that can

present clinically with hypercalcemia,

renal insufficiency, anemia, bony lesions,

bacterial infections, hyperviscosity, and

amyloidosis. Worldwide, approximately

86,000 patients will be diagnosed each

year with myeloma, which, in many areas,

makes it the secondmost common hema-

tologic malignancy, while about 63,000

patients die every year from disease-

related complications (Becker, 2011). In

the United States, due to an aging popu-

lace, it is anticipated that the number of

cases of myeloma will grow by 57%

between 2010 and 2030 (Smith et al.,

2009), ranking myeloma behind only

stomach and liver cancer in the rate of

growth of new cases. These facts indicate

thatmultiplemyeloma is, andwill continue

to be, a significant source of morbidity

and mortality. Fortunately, a number of

advances over the past decade have

dramatically improved patient outcomes.

Among these are the advent of novel

chemotherapeutics, including the immu-

nomodulatory agents thalidomide, lenali-

domide, and pomalidomide, and the pro-

teasome inhibitors (Moreau et al., 2012)

bortezomib and carfilzomib. All of these

drugs have garnered regulatory approvals

and are used in patients with newly

diagnosed, relapsed, or relapsed/refrac-

tory disease and have contributed to a

doubling of the median overall survival in

many populations. This has been fueled

by a greater understanding of the pathobi-

ology ofmyelomaandby thedevelopment

of more physiologically relevant preclini-

cal models, allowing for greater success

in translating laboratory concepts into
patient-focused therapies. Indeed, a

number of the most potent combination

regimens in use have been rationally

developed based on studies of the mech-

anisms of action of these drug classes

(Mahindra et al., 2012).

Despite these significant advances,

patients are currently treated on an

empiric basis, typically with the regimens

that have the highest response rates

to which they have access, rather than

based on the principles of precision med-

icine (Mendelsohn, 2013). The protea-

some inhibitors bortezomib and carfilzo-

mib as single agents in the relapsed and

refractory settings both have response

rates of approximately 25%, indicating a

role for innate or primary resistance in

modulating their activity. Response rates

and, even more importantly, response

durability can be improved by using

them earlier in the disease process and

incorporating them into combination regi-

mens. However, no clinically relevant bio-

markers have been validated that would

allow practitioners to prospectively iden-

tify patients with disease that ismost likely

to respond to proteasome inhibition, and

the same is true for the immunomodula-

tory drugs. In addition, even in patients

whose disease initially responds, resis-

tance to proteasome inhibitor-based ther-

apy emerges in many, indicating a role for

acquired or secondary resistance through

incompletely understood mechanisms.

As a result, some patients are exposed

to the toxicities of these agents without

a benefit, delaying their access to more

effective options, and wasting precious

healthcare resources. Clinically, these

factors contribute to the natural history
Cancer Cell 24, S
of the disease, which follows a course

characterized by multiple relapses and

decreasing durations of benefit with

each subsequent line of therapy.

The work of Leung-Hagesteijn et al.

(2013) in this issue of Cancer Cell may,

however, begin to change the current

status quo. Early attempts to identify

mechanisms of innate bortezomib resis-

tance implicated a role for overexpression

of proteasome genes and especially of

PSMD4 (Shaughnessy et al., 2011). Later,

studies of acquired resistance models

suggested mutations of the b5 protea-

some subunit targeted by bortezomib

were involved. However, these b5 muta-

tions were subsequently not detected

in patient samples, as indicated in the

introduction by Leung-Hagesteijn et al.

(2013). More recently, induction of

signaling through the insulin-like growth

factor (IGF)/IGF-1 receptor pathway has

been implicated in acquired resistance

(Kuhn et al., 2012), and clinical trials to

test this possibility are planned. Finally,

upregulation of a cluster ofNRF2oxidative

stress response genes, including CHOP

(DDIT3), was identified as a possible

resistance signature in studies of murine

myeloma models and clinically anno-

tated gene expression profiling data

sets (Stessman et al., 2013).

In contrast, Leung-Hagesteijn et al.

(2013) provide a different perspective

starting from kinome-wide RNA interfer-

ence studies intended to identify modu-

lators of proteasome inhibitor sensitivity.

They report that suppression of inositol-

requiring enzyme 1 (IRE1) and its down-

stream effector, X-box binding protein 1

(XBP1), was associated with bortezomib
eptember 9, 2013 ª2013 Elsevier Inc. 275
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Figure 1. Model of Proteasome Inhibitor Resistance
Patients with multiple myeloma may have a number of neoplastic subpopulations, including B cells,
activated B cells, pre-plasmablasts, plasmablasts, and plasma cells. B cells are typically cluster differ-
entiation antigen 20+ (CD20+)/CD27+/paired box 5+ (PAX5+) and do not have spliced X-box binding pro-
tein 1 message (XBP-1 s�), whereas activated B cells are similar but express lower levels of CD20 and
can be CD30+. Neither B cells nor activated B cells are involved in substantial immunoglobulin synthe-
sis, and both therefore have relatively low levels of proteasome-assisted, endoplasmic reticulum-asso-
ciated protein degradation (ERADlo). Pre-plasmablasts are probably CD27lo/PAX5lo/CD30+/XBP-1 s�,
express the interleukin 6 receptor (IL-6R+), produce low levels of monoclonal protein (Y), and therefore
have modest levels of ERAD activity (ERADmod). Plasmablasts are CD38+/CD138lo/IL-6R+/XBP-1 s+,
secrete increased levels of monoclonal protein, and therefore have higher ERAD activity (ERADhi).
Finally, terminally differentiated plasma cells are CD38+/CD138+/IL-6R+/XBP-1 s+, produce high levels
of monoclonal protein, and have the highest levels of ERAD activity. These phenotypic characteristics
are taken from the work of Leung-Hagesteijn et al. (2013) and from other literature sources. Plasma-
blasts and plasma cells are sensitive to proteasome inhibitors such as bortezomib because of their
high level of immunoglobulin synthesis, leading to high levels of ERAD-related stress, which triggers
dependence on the unfolded protein response (UPR). B cells, activated B cells, and pre-plasmablasts,
in part because they are XBP-1 s�, produce less immunoglobulin and are therefore less susceptible.
Treatment with bortezomib eradicates plasmablasts and plasma cells, which initially may make up
the bulk of the tumor compartment and results in elimination of the monoclonal protein marker. How-
ever, B cells, activated B cells, and pre-plasmablasts, which initially are a minor component of the tumor
compartment, survive. After expansion of these cells, patients may then develop clinical relapses that
are bortezomib-resistant with disease that is hypo- or nonsecretory and may require a different treat-
ment approach.
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resistance. This, to some extent, chal-

lenges a current dogma, because IRE1

and XBP1 make up one arm of the

unfolded protein response (UPR). Indeed,

UPR activation was felt to represent an

adaptation to proteasome-assisted endo-

plasmic reticulum-associated degrada-

tion (ERAD), which causes ER stress in

plasma cells due to their large loads

of misfolded proteins. These IRE1lo and

XBP1lo cells showed lower expression

of plasma cell maturation markers, lower

immunoglobulin synthesis, and lower

levels of UPR activation, consistent with

a lower stress level and proteasome
276 Cancer Cell 24, September 9, 2013 ª201
load, which would make them resis-

tant to proteasome inhibitors. Moreover,

plasma cell maturation markers were

enriched in samples from patients who

responded to bortezomib-based therapy

and reduced in those with no response

to bortezomib. Finally, analysis of patient

samples revealed the presence of up to

five tumor cell subpopulations, includ-

ing B cells, activated B cells, pre-plas-

mablasts, plasmablasts, and plasma

cells, which would be expected to

have different sensitivities to bortezo-

mib (Figure 1). Consistent with this possi-

bility, myeloma B cell and pre-plasma-
3 Elsevier Inc.
blast progenitors were found to survive

proteasome inhibition and be enriched

in samples that were refractory to

bortezomib.

These findings have a number of key

implications for innate and acquired

proteasome inhibitor resistance. First,

they suggest that the seeds for bortezo-

mib resistance, and cross-resistance

with other proteasome inhibitors, are

already present in perhaps all patients

and that this phenotype will inevitably

emerge through the attrition of bortezo-

mib-sensitive plasmablasts and plasma

cells (Figure 1). Second, they support the

possibility that gene expression profiling

or whole genome sequencing to identify

the baseline proportion of these progeni-

tor cells present in patients prior to initia-

tion of therapy may predict the extent of

benefit to be expected from bortezomib.

Finally, they imply that potentially cura-

tive strategies will need to target both

the committed plasma cells and the pro-

genitor, or stem cell-like cells.

While these hypotheses are being

tested, the current findings will also

need to be validated in a wider array of

primary samples and additional gene

expression profiling data sets. One ques-

tion that needs to be answered is whether

the same proteasome inhibitor-resistant

progenitor cells survive therapy with

bortezomib in combination with other

agents. This would be especially of inter-

est for the combination of bortezomib

and lenalidomide, because the latter

may target clonogenic side-population

cells (Jakubikova et al., 2011), and this

regimen is one of our current standards

of care against myeloma. Another impor-

tant question is whether it would be

possible to induce differentiation of pro-

genitor cells to more committed plasma

cells, such as through epigenetic thera-

pies, to enhance or restore proteasome

inhibitor sensitivity. Finally, it is likely

that multiple mechanisms contribute to

the development of the proteasome in-

hibitor-resistant phenotype. For example,

while the current studies indicate that

cells with a decreased proteasome load

are resistant, it is also possible that

changes that enhance plasma cell pro-

teasome capacity would antagonize the

beneficial effects of bortezomib and car-

filzomib. Taken together, however, these

findings do provide an important direc-

tion for future preclinical and clinical
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studies that will hopefully bring us to

the point that we can apply precision

medicine to the therapy of multiple

myeloma.
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Oncogenic activation of Ras proteins due tomissensemutations is frequently detected in human cancers but
rarely in breast cancer. In this issue of Cancer Cell, McLaughlin and colleagues report that ablation of the
GasGAP gene, RASAL2, is an alternative mechanism by which Ras becomes activated in breast cancer.
Ras GTPases are essential components

of signaling pathways that emanate cues

from cell surface receptors to regulate

diverse cellular processes, including cell

cycle progression, cell survival, actin

cytoskeletal organization, cell polarity

and movement, as well as vesicular and

nuclear transport (Vigil et al., 2010). Ras

proteins (H-Ras, N-Ras, and K-Ras),

together with their two key regulators

(guanine nucleotide exchange factors/

GEFs and GTPase-activating proteins/

GAPs), constitute cellular binary switches

that cycle between ‘‘on’’ and ‘‘off’’ confor-

mations conferred by the loading of

GTP or GDP, respectively. The transition

between the active GTP-bound and inac-

tive GDP-bound states of Ras GTPases is

controlled by GEFs, which promote the

activation of Ras proteins by stimulating
GDP for GTP exchange, and GAPs, which

terminate the activation status by acceler-

ating Ras-mediated GTP hydrolysis (Bos

et al., 2007; Tcherkezian and Lamarche-

Vane, 2007). Ras GTPases and cancer

are tightly associated, as high frequency

of mutational activation of Ras proteins

is observed in �33% of human cancers.

The intrinsic GTP hydrolysis activity

of Ras is the predominant target of the

most common somatic mutations that

are found in the oncogenic variants

of RAS alleles (Pylayeva-Gupta et al.,

2011). Specifically, oncogenic substitu-

tion in residue G12 or G13 results in pro-

nounced attenuation of intrinsic GTP

hydrolysis, which leads to the persis-

tence of the GTP-bound state of Ras

and subsequently activates a multitude

of Ras-dependent downstream effector
pathways. Beyond Ras, hyperactivation

of GEFs and functional deregulation,

including suppression and loss-of-func-

tion mutations of GAPs, have also been

suggested to play important roles in can-

cer progression (Vigil et al., 2010).

Despite the prevalence of oncogenic

RAS mutations in human cancers, K-

RAS, H-RAS, and N-RAS are rarely

mutated in breast cancer (Karnoub and

Weinberg, 2008). Nonetheless, the Ras/

ERK pathway is hyperactivated in more

than half of breast cancers and has been

implicated in tumor progression and

recurrence (von Lintig et al., 2000), sug-

gesting that Ras proteins may be more

frequently activated by alternative mech-

anisms in this type of tumors. A new study

by McLaughlin et al. (2013) in this issue of

Cancer Cell uncovers the role of RASAL2,
eptember 9, 2013 ª2013 Elsevier Inc. 277
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Oncogenic activation of Ras proteins due tomissensemutations is frequently detected in human cancers but
rarely in breast cancer. In this issue of Cancer Cell, McLaughlin and colleagues report that ablation of the
GasGAP gene, RASAL2, is an alternative mechanism by which Ras becomes activated in breast cancer.
Ras GTPases are essential components

of signaling pathways that emanate cues

from cell surface receptors to regulate

diverse cellular processes, including cell

cycle progression, cell survival, actin

cytoskeletal organization, cell polarity

and movement, as well as vesicular and

nuclear transport (Vigil et al., 2010). Ras

proteins (H-Ras, N-Ras, and K-Ras),

together with their two key regulators

(guanine nucleotide exchange factors/

GEFs and GTPase-activating proteins/

GAPs), constitute cellular binary switches

that cycle between ‘‘on’’ and ‘‘off’’ confor-

mations conferred by the loading of

GTP or GDP, respectively. The transition

between the active GTP-bound and inac-

tive GDP-bound states of Ras GTPases is

controlled by GEFs, which promote the

activation of Ras proteins by stimulating
GDP for GTP exchange, and GAPs, which

terminate the activation status by acceler-

ating Ras-mediated GTP hydrolysis (Bos

et al., 2007; Tcherkezian and Lamarche-

Vane, 2007). Ras GTPases and cancer

are tightly associated, as high frequency

of mutational activation of Ras proteins

is observed in �33% of human cancers.

The intrinsic GTP hydrolysis activity

of Ras is the predominant target of the

most common somatic mutations that

are found in the oncogenic variants

of RAS alleles (Pylayeva-Gupta et al.,

2011). Specifically, oncogenic substitu-

tion in residue G12 or G13 results in pro-

nounced attenuation of intrinsic GTP

hydrolysis, which leads to the persis-

tence of the GTP-bound state of Ras

and subsequently activates a multitude

of Ras-dependent downstream effector
pathways. Beyond Ras, hyperactivation

of GEFs and functional deregulation,

including suppression and loss-of-func-

tion mutations of GAPs, have also been

suggested to play important roles in can-

cer progression (Vigil et al., 2010).

Despite the prevalence of oncogenic

RAS mutations in human cancers, K-

RAS, H-RAS, and N-RAS are rarely

mutated in breast cancer (Karnoub and

Weinberg, 2008). Nonetheless, the Ras/

ERK pathway is hyperactivated in more

than half of breast cancers and has been

implicated in tumor progression and

recurrence (von Lintig et al., 2000), sug-

gesting that Ras proteins may be more

frequently activated by alternative mech-

anisms in this type of tumors. A new study

by McLaughlin et al. (2013) in this issue of

Cancer Cell uncovers the role of RASAL2,
eptember 9, 2013 ª2013 Elsevier Inc. 277
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Figure 1. Alternative Activation of Wild-Type Ras via Deregulation of RasGAPs in Human
Cancers
(A) Suppression of RASAL2 is specifically found in human luminal B breast cancer and correlates with the
hypermethylation status of RASAL2 promoter CpG sites. Loss of RASAL2 activates wild-type Ras and
promotes cancer progression and metastasis in the breast cancer xenograft model and genetically engi-
neered mouse models (McLaughlin et al., 2013).
(B) Germline mutational loss of the NF1 tumor suppressor is found in familial cancer syndrome neurofibro-
matosis type 1 and is mutated or suppressed via PKC-dependent proteasome degradation in several
sporadic cancers, including glioblastoma, non-small cell lung cancer, neuroblastoma, and melanoma
(McGillicuddy et al., 2009; Vigil et al., 2010).
(C) DAB2IP, another RasGAP, is also epigenetically silenced by EZH2 and functions as a tumor and
metastasis suppressor via activation of both Ras and NF-kB pathways in prostate cancer (Min et al.,
2010).
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a RasGAP that is less well characterized,

as a tumor suppressor in breast cancer

through direct blockage of Ras activation.

They found that RASAL2 is frequently

absent or minimally expressed in cells

derived from luminal breast cancer.

Reconstitution of RASAL2 in cells with

low endogenous expression suppressed

Ras-GTP and the activation of down-

stream ERK. Conversely, knockdown of

RASAL2 in normal immortalized mam-

mary epithelial cells enhanced Ras-GTP

and increased the level of phospho-

ERK. These results demonstrate that

RASAL2 is a functional RasGAP and that

its loss activates the Ras/ERK signaling

pathway.

Whereas reconstitution of RASAL2 in

RASAL2-deficient breast cancer cells in-

hibited anchorage-independent colony

growth and potently suppressed tumor

growth in vivo, it had almost no significant

effect on RASmutant tumors. The depen-

dency of Ras mutation status suggests

that the RasGAP domain in RASAL2 plays

an important role. Indeed, two RasGAP

domain mutants (K417E and K567X) that

are defective in blocking the activation
278 Cancer Cell 24, September 9, 2013 ª201
of Ras/ERK pathway failed to suppress

anchorage-independent cell growth, indi-

cating that the RasGAP domain is essen-

tial for the tumor suppressor function

of RASAL2. Elevated levels of K-Ras-

GTP andH-Ras-GTP significantly contrib-

uted to the pathogenesis promoted

by RASAL2 inactivation. In contrast, abla-

tion of RASAL2 enhanced cell migration

and invasion in vitro and promoted cancer

progression from ductal carcinoma in situ

(DCIS) to invasive carcinoma in a breast

cancer xenograft model using MCF10A-

DCIS cells.

The functional role of RASAL2 was

further examined by the authors in genet-

ically engineered mice lacking Rasal2.

Rasal2�/�mice exhibit shorter overall sur-

vival as compared to control animals.

However, Rasal2�/� mice did not develop

tumors, suggesting that the loss of Rasal2

itself is not sufficient to drive tumorigen-

esis in mice. Interestingly, Rasal2�/�

mice that crossed with MMTVneu devel-

oped substantially more metastases

than the MMTVneu mice, with higher fre-

quency and larger size of metastases,

as well as an additional spectrum of
3 Elsevier Inc.
distant metastases, including brain, kid-

ney, ovary, and gastrointestinal tract,

which are not observed in MMTVneu

mice. Correspondingly, the activation

of Ras/ERK and AKT were substantially

elevated in the compound mice, suggest-

ing that the loss of Rasal2 promotes

metastasis via activation of Ras. In addi-

tion, the authors also propose that

RASAL2 may play a broader tumor-sup-

pressive role in other cancer types as

the loss of Rasal2 potently promotes

metastasis in Trp53 mutant mice.

To understand the suppression mecha-

nism of RASAL2 in human breast cancers,

McLaughlin et al. (2013) examined the

DNA methylation status of RASAL2

promoter and identified two CpG sites

that are specifically methylated in luminal

B breast tumors, revealing an alterna-

tive mechanism of Ras activation

through epigenetic ablation of RASAL2

(Figure 1A). Notably, the DNA methyla-

tion patterns are significantly different

between luminal B and basal-like breast

tumors (Holm et al., 2010), with one

being the most and the other least

frequently methylated, respectively. As

little is known about themolecular mecha-

nisms that are responsible for the

suppression of RASAL2 via promoter

methylation, particularly in luminal B

breast cancer, more questions remain,

such as whether methylation of RASAL2

promoter CpG sites is a consequence of

generally elevated DNA methylation due

to enhanced activity of DNA methyltrans-

ferases in luminal B subtype or whether

RASAL2 is specifically targeted for

silencing to activate Ras/ERK signaling in

these tumors. The detailed contribution

of promoter methylation to the suppres-

sion of RASAL2 in breast cancer will be

interesting to further pursue. The evidence

shown by the authors provides an inter-

esting correlation between enhanced pro-

moter methylation and reduced RASAL2

mRNA levels, but it is still not clear if

other mechanisms for RASAL2 inactiva-

tion coexist in breast cancers. Indeed,

RasGAPs, exemplified by NF1 and

DAB2IP tumor suppressors, are suscepti-

ble to multiple ways of deregulation (Fig-

ures 1B and 1C), including epigenetic

silencing, proteasome-mediated degra-

dation, and loss-of-function mutations

(Bos et al., 2007; McGillicuddy et al.,

2009; Min et al., 2010). Understanding

the exact regulations of RASAL2
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suppression could shed light on new anti-

cancer strategies that inhibit the activation

of wild-type Ras by restoring expression

of the corresponding RasGAP.

Intriguingly, despite the fact that each

of the RasGAP members harbors a

conservedRasGAPdomain, not all exhibit

tumor suppressor functions (Min et al.,

2010). Accordingly, the existence of non-

Ras-associated functions of RasGAPs

has been proposed and further demon-

strated in the case of DAB2IP (Min et al.,

2010), which acts as a signaling scaffold

that coordinately regulates Ras and NF-

kB activation to promote tumor growth

and metastasis (Figure 1C), respectively.

Whether other conserved domain(s) be-

sides the RasGAP domain of RASAL2

also exert a Ras-independent tumor-sup-

pressive signaling cascade remains to be

investigated. Additionally, how the Ras-

GAPs coordinate with each other to regu-

late the activation of Ras in different
human cancers is not clear. Epigenetic

suppression of DAB2IP (Dote et al.,

2004) and the mutation of NF1 (The Can-

cer Genome Atlas Database) are also

observed in breast cancers, raising the

question of whether the deregulation

events of RasGAPs aremutually exclusive

or whether they coexist for sufficient

addiction to wild-type Ras activation in

breast cancer.
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Cancer cells display lysosome hypertrophy, secreting lysosomal hydrolases for tumor progression. Hyper-
trophy renders lysosomes fragile, increasing lysosomal membrane permeabilization (LMP) tendency. In
this issue of Cancer Cell, Petersen and colleagues show that lysosomal sphingomyelin content determines
LMP and cationic drugs displace acid sphingomyelinase from lysosomal membranes, increasing tumor
LMP and death.
Early on after the discovery of lysosomes

by Christian de Duve as a separate com-

partment that confines highly destructive

hydrolases for the demolition and reuti-

lization of cellular substituents, the

concept that these structures might

alternatively represent ‘‘suicide bags’’

was proposed (de Duve, 1983). This led

to an intense search for lysosomatrophic

agents that might access this biology

for therapeutic purpose. Although a set

of lysosomal detergents with long hydro-

phobic tails and medium pK were defined

as capable of inducing lysosomal mem-
brane permeabilization (LMP) and thereby

releasing the destructive power of hydro-

lases into the cytoplasm, this concept

was rapidly retired, because it was not

possible to assign lethal causality to

these compounds based on LMP as

opposed to postmortal lysosomal des-

truction (Miller et al., 1983).

In the interim, the field of cathepsin

protease biology developed. Cathepsins

represent a class of cysteine, serine, and

aspartate proteases that segregate into

lysosomes and, under homeostatic con-

ditions, serve to reutilize polypeptides
for ongoing cellular metabolic require-

ments. Lysosomes contain more than

50 cathepsins, and, as a class, they

have been associated with various human

pathologies, including cancer. Numerous

cathepsins and other lysosomal enzymes,

e.g., heparanase, have been strongly

associated with cancer cell proliferation,

angiogenesis, and metastasis (Kallunki

et al., 2013). Evidence indicates that,

upon secretion, these tumor-promoting

lysosomal enzymes act extracellularly.

To accommodate this burgeoning need,

tumor cells in general display enlargement
eptember 9, 2013 ª2013 Elsevier Inc. 279
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suppression could shed light on new anti-

cancer strategies that inhibit the activation

of wild-type Ras by restoring expression

of the corresponding RasGAP.

Intriguingly, despite the fact that each

of the RasGAP members harbors a

conservedRasGAPdomain, not all exhibit

tumor suppressor functions (Min et al.,

2010). Accordingly, the existence of non-

Ras-associated functions of RasGAPs

has been proposed and further demon-

strated in the case of DAB2IP (Min et al.,

2010), which acts as a signaling scaffold

that coordinately regulates Ras and NF-

kB activation to promote tumor growth

and metastasis (Figure 1C), respectively.

Whether other conserved domain(s) be-

sides the RasGAP domain of RASAL2

also exert a Ras-independent tumor-sup-

pressive signaling cascade remains to be

investigated. Additionally, how the Ras-

GAPs coordinate with each other to regu-

late the activation of Ras in different
human cancers is not clear. Epigenetic

suppression of DAB2IP (Dote et al.,

2004) and the mutation of NF1 (The Can-

cer Genome Atlas Database) are also

observed in breast cancers, raising the

question of whether the deregulation

events of RasGAPs aremutually exclusive

or whether they coexist for sufficient

addiction to wild-type Ras activation in

breast cancer.
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Cancer cells display lysosome hypertrophy, secreting lysosomal hydrolases for tumor progression. Hyper-
trophy renders lysosomes fragile, increasing lysosomal membrane permeabilization (LMP) tendency. In
this issue of Cancer Cell, Petersen and colleagues show that lysosomal sphingomyelin content determines
LMP and cationic drugs displace acid sphingomyelinase from lysosomal membranes, increasing tumor
LMP and death.
Early on after the discovery of lysosomes

by Christian de Duve as a separate com-

partment that confines highly destructive

hydrolases for the demolition and reuti-

lization of cellular substituents, the

concept that these structures might

alternatively represent ‘‘suicide bags’’

was proposed (de Duve, 1983). This led

to an intense search for lysosomatrophic

agents that might access this biology

for therapeutic purpose. Although a set

of lysosomal detergents with long hydro-

phobic tails and medium pK were defined

as capable of inducing lysosomal mem-
brane permeabilization (LMP) and thereby

releasing the destructive power of hydro-

lases into the cytoplasm, this concept

was rapidly retired, because it was not

possible to assign lethal causality to

these compounds based on LMP as

opposed to postmortal lysosomal des-

truction (Miller et al., 1983).

In the interim, the field of cathepsin

protease biology developed. Cathepsins

represent a class of cysteine, serine, and

aspartate proteases that segregate into

lysosomes and, under homeostatic con-

ditions, serve to reutilize polypeptides
for ongoing cellular metabolic require-

ments. Lysosomes contain more than

50 cathepsins, and, as a class, they

have been associated with various human

pathologies, including cancer. Numerous

cathepsins and other lysosomal enzymes,

e.g., heparanase, have been strongly

associated with cancer cell proliferation,

angiogenesis, and metastasis (Kallunki

et al., 2013). Evidence indicates that,

upon secretion, these tumor-promoting

lysosomal enzymes act extracellularly.

To accommodate this burgeoning need,

tumor cells in general display enlargement
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Figure 1. Mechanism of CAD Effect on LMP
Left: tumor cell lysosomes contain lower SM levels than normal cell lysosomes and a compensatory lower
ASM activity.
Right: CADs functionally inhibit ASM by physico-chemical mechanisms. CADs are weak bases with a
cationic center and a lipophilic portion. The unprotonated form of the drug crosses membranes. Within
the highly acidic lysosomal compartment, the cationic part of the drug is protonated, trapped, and
concentrated. The lipophilic part of CADs folds into the lysosomal membrane, while the protonated
part of the molecule displaces positively-charged ASM from the negatively-charged inner lysosomal
membrane surface, resulting in proteolytic degradation of ASM within the lysosomal lumen (Hurwitz
et al., 1994). In ASM-reduced tumor cells, further reduction in ASM by CADs increases lysosomal SM
concentration, which destabilizes the already fragile tumor cell lysosomal membrane, contributing to
LMP and cell death. Normal cells do not undergo CAD-induced LMP. ASM also localizes to secretory
lysosomes, the cell surface, and is secreted (Henry et al., 2013). Surface forms of ASM are often pro-
apoptotic for various anticancer treatments. Surface ASM resides in acidic plasma membrane sub-
domains and is inhibited by CADs. Thus, use of CADs to antagonize lysosomal ASM will have to assess
the potential negative impact of this class of drugs on this therapeutic biology.
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of the lysosomal compartment. Mounting

evidence for a role of lysosomal constitu-

ents in tumor progression has spawned

numerous preclinical and clinical efforts

to abort lysosomal enzyme action (Kal-

lunki et al., 2013).

More recently, the focus has been on

the notion that this expanded lysosomal

compartment might represent a tumor

vulnerability (Kallunki et al., 2013). Sub-

stantive data indicate that tumor cell

lysosomes are more fragile than normal

lysosomes, i.e., they aremore susceptible

to LMP, leading to tumor demise by

apoptotic and nonapoptotic death mech-

anisms. This lysosome fragility is posited

(at least in part) to result from the extra

burden of destructive enzymes contained

within tumor cell lysosomes. Petersen

et al. (2013; in this issue of Cancer Cell)

have been major proponents of this latter
280 Cancer Cell 24, September 9, 2013 ª201
concept over the past decade. Work by

Petersen et al. (2013) and Kirkegaard

et al. (2010; in a recent publication in

Nature), have made the novel observation

that the sphingomyelin (SM) content of

lysosomal membranes regulates mem-

brane fragility and thus tendency toward

LMP. Initial studies focused on the

mechanism for the lysosome protective

effect of HSP70. Kirkegaard et al. (2010)

first tracked the trafficking of recombinant

fluorescent HSP70 into lysosomal mem-

branes. They determined that HSP70

bound preferentially to the endolysoso-

mal membrane-specific anionic lipid,

bis(monoacylglycer)phosphate (BMP).

Because Konrad Sandhoff had previously

shown that BMP binds acid sphingomye-

linase (ASM) with high affinity (Linke et al.,

2001), thereby stimulating the enzymatic

hydrolysis of SM to ceramide, Petersen
3 Elsevier Inc.
et al. (2013) made the conceptual leap

that SM metabolism might regulate LMP.

In a tour de force set of investigations,

they showed that HSP70 binding to BMP

stabilized the BMP-ASMase interaction,

thereby lowering lysosomal membrane

SM levels, which reduced membrane

fragility (Kirkegaard et al., 2010). An argu-

ment was thereafter made that HSP70

might be used therapeutically to stabilize

point-mutated ASM in Niemann-Pick dis-

ease, an inherited disorder characterized

by SM accumulation in lysosomes, lyso-

somal fragility, and either a progressive

neurodegenerative course (type A) or

progressive visceral organ abnormalities

(type B).

With these observations in hand and

the emerging data suggesting that cancer

cells manifest lysosomal traits analogous

to those of NPD patients, Petersen et al.

(2013) began to explore the potential of

attacking tumor cells by engaging SM

metabolism. This group had been inves-

tigating the capability of the cationic

drug (CAD) siramesine to induce LMP

and cell death of tumor cells (Ostenfeld

et al., 2005) and applied the lessons

learned from HSP70 lysosomal biology

to tumors (Figure 1). Using vector- and

c-srcY527F-transduced NIH 3T3 murine

embryonic fibroblasts (MEFs), evidence

was provided that the hypersensitivity of

the c-src-transduced MEFs to siramesine

was distinct from that of sphingosine and

Leu-LeuOMe, lysosomotropic detergents

that also induce LMP, and was not due to

neutralization of lysosomal pH per se.

Rather, it appeared that siramesine acted

like some other CADs that had been

recently shown to displace ASM from

the inner lysosomal membrane, resulting

in hydrolytic cleavage of ASM. In fact,

siramesine treatment leads to decreased

ASM activity and increased SM content

in c-src-transduced, but not vector-

transduced, NIH 3T3 MEFs, rendering

these SM-replete lysosomes susceptible

to LMP and cell death. This susceptibility

to siramesine appeared generic to tumor

cells as compared to detransformed

variants or isogenic normal cell lines. In a

large set of in vitro and in vivo models,

CADs, as a class, reproducibly antago-

nized tumor formation, growth, and/or

metastases.

From these data, it might have been

predicted that tumor cells would ubiqui-

tously display low levels of lysosomal
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ASM accompanied by high levels of

lysosomal SM, thereby rendering their

lysosomal membranes exceptionally

fragile. Counterintuitively, studies in cell

culture and published data indicated that

diverse tumors actually display reduced

SM content. Sequencing three pairs of

vector- and c-src-transduced NIH 3T3

MEFs revealed the reduction of both

ASM and neutral sphingomyelinase

(NSM). Consistent with this observation,

a search of public microarray databases

revealed that human tumor tissues

generically display reduced ASM and

NSM. The authors conclude from these

data that the primary event must be

reduction in SM levels by an unknown

mechanism, followed by secondary

reduction in sphingomyelinases. It was

proposed that this generic SM reduction

compensated for the fragility of the

expanded tumor lysosomal compartment

chronically exposed to excess destruc-

tive hydrolases. This speculation must

eventually be addressed experimentally.

As a consequence of this unique biology,

Petersen et al. (2013) hypothesized that

the low levels of lysosomal ASM might

render tumor cells particularly sensitive

to stoichiometric inactivation by CADs

and subsequent LMP-induced tumor cell

death.

Studies using cells with multi-drug

resistance (MDR) due to ABCB1 overex-

pression support the hypothesis that
targeting lysosomal SM levels might

represent a novel therapeutic strategy.

Published data showed MDR improved

by CADs, and, in 1995, Levade noted

that this correlated with ASM inhibition

(Jaffrézou et al., 1995). Because ABCB1

is a physiologic transporter of sphingoli-

pids, it was not entirely surprising that

MDR variants of the PC3 and DU145

prostate cancer lines displayed higher

ASM levels and activity than the parental

lines. What is exciting about the current

publication is the observation that, in

addition to siramesine antagonizing

MDR, siRNA to SMPD1, the ASM gene,

was as effective as siRNA to ABCB1 in

reverting the MDR phenotype.

The question of how to approach these

new concepts clinically remains. Because

CADs are well represented in the phar-

macologic armamentarium, with millions

of patients being prescribed tricyclic

antidepressant, calcium channel blocker,

and antihistamine CADs, it seems unlikely

that a potent antitumor effect would have

gone unnoticed. Perhaps a retrospective

analysis will be revealing. Alternatively,

perhaps the range of doses required

for the diverse clinical applications of

these drugs are insufficient for LMP,

which would represent a toxicity of this

drug class. Thus, it may be important to

select CADs with potent LMP-inducing

capabilities to take forward into the

clinic. Ultimately, CAD drug scheduling,
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dosing, and combination with chemo-

therapeutics will have to be addressed

if these concepts of SM-based LMP

therapy are to be effectively tested

clinically.
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Bach2 is a transcription factor required for affinity maturation of B cells. A recent study reveals, quite
unexpectedly, that Bach2 also plays a key role in the pre-B cell receptor checkpoint and functions as a tumor
suppressor in pre-B cell acute lymphocytic leukemia.
From lineage specification to the ultimate

production of plasma cells, the B cell

development program is not only marked

by distinct phases of Ig rearrangement

and diversification, but cell fate decisions

are also often closely coordinated with

the functional status of the surface B cell

receptor (BCR). It is now generally

accepted that B cell development is pro-

grammed with a series of checkpoints

that control the initiation of key down-

stream events. The first major checkpoint,

the pre-B cell receptor (pre-BCR) check-

point, governs the transition from the

pre-BI (completion of VH-DJH rearrange-

ment) to the pre-BII stage (onset of

immunoglobulin [Ig] light chain rearrange-

ment) (Herzog and Jumaa, 2012). Struc-

turally resembling a mature BCR, the

pre-BCR signaling complex is formed

between a productively rearranged Ig

heavy chain (IgH), the invariant, surrogate

light chain, and two accessory signaling

molecules, Iga and Igb. Because VH-DJH
joining carries a great risk of disrupting

the V segment open reading frame, the

pre-BCR checkpoint is believed to func-

tion as a quality control step to monitor

the structural integrity of the newly syn-

thesized IgH chain on a pre-BI cell.

Consequently, cells expressing nonfunc-

tional pre-BCRs are either eliminated

(negative selection) or allowed to rear-

range the second IgH allele if still avail-

able. Cells equipped with a signaling

competent pre-BCR are allowed to

expand and proceed to the pre-BII stage,

where Ig light chain rearrangement is

initiated (positive selection).

Despite its importance in B cell devel-

opment, regulation of the pre-BCR check-

point remains incompletely understood.

First, the transcription factor network

operating at this checkpoint has yet to
282 Cancer Cell 24, September 9, 2013 ª201
be defined. Second, it is not clear how

signals from the pre-BCR are integrated

into the cell fate decision in a manner

that enables negative selection prior to

positive selection. In a recent Nature

Medicine article, Swaminathan et al.

(2013) made exciting discoveries that

shed light on both fronts. In searching

for novel regulators of the pre-BCR

checkpoint, the investigators honed in

on Bach2 after analyzing relevant gene

expression changes in both humans and

mice.

Bach2 is a transcription factor previ-

ously implicated in Ig class switch recom-

bination and efficient germinal center

formation in mature B cells (Muto et al.,

2004). Two attractive features about

Bach2 were noted. Bach2 was signifi-

cantly upregulated by Pax5 at the onset

of VH-DJH rearrangement. In addition,

the dramatic cell death that results from

Pax5-triggered VH-DJH joining and sub-

sequent negative section was greatly

diminished in Bach2�/� pro-B/pre-BI

cells. This was accompanied by reduced

expression of p53 and Arf. Subsequent

chromatin immuneprecipitation (ChIP)

and gene expression analysis revealed

that both Cdkn2a (which encodes Arf)

and Tp53 loci are under reciprocal regula-

tion by Bach2 and Bcl6, a transcriptional

repressor previously shown by the same

group to facilitate positive selection by

suppressing Tp53 (Duy et al., 2011). The

fact that additional genes involved in

checkpoint function were also regulated

by Bach2 and Bcl6 in opposite direc-

tions adds further support to the notion

that the interplay between Bach2 and

Bcl6 coordinates the orderly transition

from negative to positive selection.

Two types of experiments provided the

most definitive proof for a Bach2 require-
3 Elsevier Inc.
ment in negative selection. First, in a pre-

B differentiation systembased on tyrosine

kinase inhibition (TKI) of BCR-ABL-trans-

formed pre-B cells, Bach2 deficiency

reduced the V(D)J rearrangement effi-

ciency by �20-fold, a defect concurrent

with a similar reduction in the mRNA of

Rag1/2. The notion that Bach2 can

directly regulate Rag1/2 transcription is

supported by several assays including a

Bach2 ChIP of the Rag1 and Rag2 pro-

moters. The second set of experiments,

which included an elegant test of VH-DJH
junction length distribution, showed that

>50% of the Bach2�/� precursor B cells

contain nonfunctional VH-DJH joining,

compared to only�10% in wild-type con-

trols. Most importantly, reexpression of

Bach2 eliminated nonfunctional IgH re-

arrangements almost completely. Collec-

tively, the results presented by Swamina-

than et al. (2013) have clearly established

Bach2 as a key regulator in the pre-BCR

checkpoint. Mechanistically, these data

are consistent with a model where

Bach2, operating downstream of Pax5,

promotes VH-DJH rearrangement by sus-

taining Rag1/2 expression on the one

hand, and, on the other hand, purges cells

carrying nonfunctional IgH rearrange-

ments through p53-dependent cell death

(Figure 1A).

The secondmajor and novel conclusion

from this study carries significant clinical

implications. Swaminathan et al. (2013)

proposed that BACH2 is a novel tumor

suppressor in pre-B cell acute lympho-

cytic leukemia (pre-B ALL), a notion that

enforces the general concept that pre-B

cell checkpoint regulators often also play

roles in pre-B ALLs. PAX5, BCL6, and

another pre-B cell checkpoint regulator,

SLP-65, have all been previously impli-

cated in pre-B ALLs (Duy et al., 2011;

mailto:hilda.ye@einstein.yu.edu
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Figure 1. Model Illustrating the Cell Fate Outcome Influenced by the Interplay between Bach2 and Bcl6 at the Pre-Bcr Checkpoint and in
Pre-B All
(A) In pre-BI cells, the absence of a functional pre-BCR leaves Bach2 expression at a relatively high level, which eventually triggers p53-dependent apoptosis
when VH-DJH joining has failed on both IgH alleles. This is the proposed mechanism for purging nonfunctional IgH rearrangement from the pre-B cell pool
(bottom). During positive selection, signals transduced from a signaling competent pre-BCR lead to a shift in the Bach2-Bcl6 balance and the subsequent
suppression of Cdkn2a/Tp53 by Bcl6, which is a prerequisite condition for cell survival, expansion, and onset of the Ig light chain rearrangement at the
pre-BII stage (top).
(B) In progenitor B cells, BACH2 expression favors p53 activation, which then imposes a barrier against transformation by aberrantly activated oncogenes
(bottom). In cells where BACH2 expression or activity is reduced by either genetic or epigenetic changes, BCL6 overrides BACH2 influence and suppresses
p53. This shift in the BACH2-BCL6 balance thus impairs the anti-cancer barrier, leading to de novo transformation of pre-B cells or acquisition of therapy
resistance in established pre-B ALLs (top). Dashed arrows indicate it is currently unclear how aberrantly activated oncogenes might activate the BACH2-p53-
apoptosis axis.
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Herzog et al., 2006; Mullighan et al.,

2007). The tumor suppressor function of

BACH2 is supported by a large volume

of results from cell culture-based experi-

ments and genetic analysis of mouse

and human pre-B ALLs, as well as clinical

response data of pediatric B-ALL patients

(Swaminathan et al., 2013). The most

striking experiment among many is a

Myc transformation assay performed in

a bone marrow transplantation setting, a

test well-known to evoke the ARF/p53-

enforced tumor suppressive barrier

(Lowe et al., 2004). Consistent with the

ability of Bach2 to antagonize Myc-

induced transformation, Myc-transduced

Bach2�/� pre-B cells gave rise to lethal

leukemia within 3 weeks, while recipients

of Myc-transduced, Bach2-proficient

cells remained leukemia-free for up to

10 weeks.

Clinical data from pediatric ALL

patients demonstrated the ability of
BACH2 expression to predict survival

outcome (Swaminathan et al., 2013).

Specifically, at the time of diagnosis,

loss of BACH2 expression strongly

correlated with predicted minimal resid-

ual disease and lower relapse-free sur-

vival. Comparing matched sample pairs

collected at initial diagnosis and sub-

sequent relapse, the authors found loss

of BACH2 expression to be a common

feature of disease relapse. How could

BACH2 expression or function be lost

during pre-B ALL development? The

authors presented four possible sce-

narios, each supported by evidence

from primary human ALL samples. These

include a hot spot mutation in the

BTB domain of BACH2 (found in five

of ten Ph+ ALL cases), promoter

hypermethylation, PAX5 inactivation,

and deletion of 6q15, where the human

BACH2 gene resides. Of note, in three

out of four 6q15 deletion cases examined,
Cancer Cell 24, S
the deletion was an acquired event

at relapse. Combined with a general

reduction of BACH2 mRNA in all

relapsed cases, this observation raises

the distinct possibility that leukemia

subclones with low BACH2 were more

resistant than subclones with higher

BACH2 expression to standard ALL

treatment. This notion is in line with the

differential toxicity of TKI in BCR-ABL-

transformed wild-type and Bach2�/�

pre-B cells. Because BACH2 and BCL6

play opposing roles in p53 regulation,

checkpoint control, and patient outcome

(Figure 1B), the authors propose to phar-

macologically inhibit BCL6 using the

BCL6 peptide inhibitor RI-BPI (Duy

et al., 2011; Polo et al., 2004) in order to

restore p53 expression and hence thera-

peutic response.

The study by Swaminathan et al. (2013)

raises a number of tantalizing questions.

Is the positive role of Bach2 on p53
eptember 9, 2013 ª2013 Elsevier Inc. 283
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expression exerted directly at the level of

p53 transcription? Because Bach2 and

Bcl6 recognize distinct DNA binding

sequences, what is the mechanism

underlying their competitive binding

behavior in shared target promoters? In

addition, at least under certain circum-

stances, Bach2 can shuttle between the

cytoplasm and nucleus in a redox sensi-

tive fashion (Chen et al., 2013; Muto

et al., 2002). Therefore, is Bach2 subcellu-

lar localization modulated during the pre-

BCR checkpoint? Since Bach2 has

emerged as a key regulator of the pre-

BCR checkpoint, these issuesmerit future

studies.
284 Cancer Cell 24, September 9, 2013 ª201
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The effectiveness of cancer therapeutics targeting signal transduction pathways is comprised of a diversity
of mechanisms that drive de novo or acquired resistance. Two recent studies identify mTOR activation as a
point of convergence of mechanisms that cause resistance to inhibitors of the Raf-MEK-ERK and PI3K
signaling.
A critical turning point in the fight against

advanced and metastatic melanomas

occurred just over a decade ago with the

discovery and characterization of the

BRAF activating mutation V600E in about

60% of melanomas (Davies et al., 2002).

This mutation causes constitutive activa-

tion of the B-Raf serine/threonine kinase,

resulting in aberrant and persistent acti-

vation of the Raf-MEK-ERK mitogen-

activated protein kinase cascade. Impor-

tantly, BRAF V600E correlated with poor

prognosis in patients with metastatic mel-

anoma. This prompted the development

and clinical evaluation of Raf and MEK

inhibitors for the treatment of BRAF

mutant metastatic melanoma (Salama

and Flaherty, 2013). The dramatic anti-

tumor activities of these inhibitors led to
Food and Drug Administration approval

of two Raf (vemurafenib and dabrafenib)

and one MEK (trametinib) inhibitor for

the treatment of BRAF mutant melanoma

(Chapman et al., 2011; Flaherty et al.,

2012; Hauschild et al., 2012). Despite

the clinical success of these inhibitors,

resistance has limited their long-term clin-

ical impact. Although patient selection

based on BRAF mutation status defines

the patient population that would benefit

from Raf or MEK inhibition, 20%–50% of

patients showed no initial response, sug-

gesting de novo resistance in a significant

subset of melanoma patients (Chapman

et al., 2011; Hauschild et al., 2012).

Furthermore, even for patients who do

respond initially, within three months,

essentially all suffer from relapsed tumors
that have acquired drug resistance. This

has led to numerous studies that have

identified multiple mechanisms of de

novo and/or acquired resistance to Raf,

inhibition with mechanisms that cause

ERK reactivation downstream of the

inhibitor block, as well as ERK-indepen-

dent mechanisms (Sullivan and Flaherty,

2013).

Corcoran et al. (2013) have recently

identified a mechanism that may provide

a more unifying model for the diverse

mechanisms already identified. Although

decreased phosphorylation of ERK

(pERK) has thus far been the standard

used to gauge tumor sensitivity in both

clinical and preclinical studies, Corcoran

et al. (2013) found that robust inhibition

of pERK was still observed in melanoma
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expression exerted directly at the level of

p53 transcription? Because Bach2 and

Bcl6 recognize distinct DNA binding

sequences, what is the mechanism

underlying their competitive binding

behavior in shared target promoters? In

addition, at least under certain circum-

stances, Bach2 can shuttle between the

cytoplasm and nucleus in a redox sensi-

tive fashion (Chen et al., 2013; Muto

et al., 2002). Therefore, is Bach2 subcellu-

lar localization modulated during the pre-

BCR checkpoint? Since Bach2 has

emerged as a key regulator of the pre-

BCR checkpoint, these issuesmerit future

studies.
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A critical turning point in the fight against

advanced and metastatic melanomas

occurred just over a decade ago with the

discovery and characterization of the

BRAF activating mutation V600E in about

60% of melanomas (Davies et al., 2002).

This mutation causes constitutive activa-

tion of the B-Raf serine/threonine kinase,

resulting in aberrant and persistent acti-

vation of the Raf-MEK-ERK mitogen-

activated protein kinase cascade. Impor-

tantly, BRAF V600E correlated with poor

prognosis in patients with metastatic mel-

anoma. This prompted the development

and clinical evaluation of Raf and MEK

inhibitors for the treatment of BRAF

mutant metastatic melanoma (Salama

and Flaherty, 2013). The dramatic anti-

tumor activities of these inhibitors led to
Food and Drug Administration approval

of two Raf (vemurafenib and dabrafenib)

and one MEK (trametinib) inhibitor for

the treatment of BRAF mutant melanoma

(Chapman et al., 2011; Flaherty et al.,

2012; Hauschild et al., 2012). Despite

the clinical success of these inhibitors,

resistance has limited their long-term clin-

ical impact. Although patient selection

based on BRAF mutation status defines

the patient population that would benefit

from Raf or MEK inhibition, 20%–50% of

patients showed no initial response, sug-

gesting de novo resistance in a significant

subset of melanoma patients (Chapman

et al., 2011; Hauschild et al., 2012).

Furthermore, even for patients who do

respond initially, within three months,

essentially all suffer from relapsed tumors
that have acquired drug resistance. This

has led to numerous studies that have

identified multiple mechanisms of de

novo and/or acquired resistance to Raf,

inhibition with mechanisms that cause

ERK reactivation downstream of the

inhibitor block, as well as ERK-indepen-

dent mechanisms (Sullivan and Flaherty,

2013).

Corcoran et al. (2013) have recently

identified a mechanism that may provide

a more unifying model for the diverse

mechanisms already identified. Although

decreased phosphorylation of ERK

(pERK) has thus far been the standard

used to gauge tumor sensitivity in both

clinical and preclinical studies, Corcoran

et al. (2013) found that robust inhibition

of pERK was still observed in melanoma
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Figure 1. mTOR-Driven Mechanisms of Cancer Cell Resistance to
Raf, MEK, and PI3K Inhibitors
A subset ofBRAFmutant melanomas possesses de novo resistances to Raf or
MEK inhibitor therapy, and essentially all cancers that are responsive initially
develop acquired resistance. A diversity of mechanisms of resistance has
been described (*) that most commonly cause ERK reactivation downstream
of the inhibitor block or activation of ERK-independent (X) mechanisms. Simi-
larly, only a subset of PIK3CA (encodes p110a) mutant cancers is responsive
to p110a isoform selective (BYL719) or pan-class I (GDC-0941) PI3K inhibitors.
In BRAF mutant (x) melanomas or PIK3CA (x) mutant breast carcinomas, acti-
vation of mTOR correlates with inhibitor resistance, and concurrent treatment
with an allosteric (RAD001/Everolimus) or catalytic (AZD8055) mTOR inhibitor
overcomes resistance. The phosphorylated state of S6, a substrate of
mTORC1-activated S6 kinase, provides amarker for resistance and response.
mTORC1 activation can be activated downstream of both PI3K and ERK as
well as by other mechanisms, possibly providing a point of convergence for
multiple mechanisms of resistance.
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cell lines resistant to Raf or

MEK inhibitors, assayed by

measuring growth inhibition

and apoptosis induction.

Instead, Corcoran et al.

(2013) made the intriguing

discovery that levels of ribo-

somal protein S6 (pS6) phos-

phorylation, a key compo-

nent downstream of

mTORC1, can be used as a

marker of ERK-independent

resistance to Raf andMEK in-

hibitor treatment (Figure 1).

Analysis of melanoma cell

lines with different sensitiv-

ities to vemurafenib indicated

that while the common bio-

markers pERK and pAKT re-

sponded similarly, pS6

decreased in sensitive lines

but was sustained in insensi-

tive lines even upon

increasing doses of vemura-

fenib. To determine if MEK in-

hibition also required down-

regulation of pS6 for

sensitivity, cells were treated

with the MEK1/2 inhibitor

selumetinib in the presence
of activated mTOR, achieved by knock-

down of Tsc2, a major negative regulator

of mTORC1. This resulted in fewer

apoptotic cells, signifying that mTOR ac-

tivity protected cells against apoptosis

induced by MEK inhibition. Combination

of anmTOR catalytic inhibitor with vemur-

afenib increased cell death, further sug-

gesting that a combinatorial approach of

Raf and mTOR inhibition may prove effi-

cacious in vemurafenib-resistant mela-

nomas. Preclinical modeling using mouse

xenografts mirrored the cell line findings,

with pERK downregulation seen in both

sensitive and insensitive tumors, whereas

pS6 downregulation was only observed in

sensitive tumors.

The authors then addressed a critical

issue of whether these cell culture and

mouse model results could be translated

to cancer patients. Most intriguingly,

fine-needle aspiration (FNA) biopsies

from themouse xenograft tumors demon-

strated real-time decreases in pS6 upon

treatment. This approach was then

advanced to be successfully applied to

melanoma patients. In a time-sensitive

setting where treatment choices and

changes must be made quickly for the
health of the patient, using FNAs to

assess biomarker status is ideal, because

it is minimally invasive and can be per-

formed multiple times. FNAs were then

used to probe pS6 and pERK response

to vemurafenib in metastatic melanoma

patients. This led to the promising result

of an almost 5-fold increase in progres-

sion-free survival seen in patients with

decreased pS6 in their tumors compared

to patients whose tumors did not.

Although these combined mTOR and

Raf inhibition studies have shown efficacy

in tumor cells and xenograft models, this

approach still must be assessed in human

patients. There is a trial currently recruit-

ing for advanced cancers that will assess

the combination of vemurafenib with the

mTOR inhibitor everolimus. Hopefully the

results from this clinical trial will support

the data reported by Corcoran et al.

(2013), showing improved patient

outcome once both Raf and mTORC1

are blocked.

Notably, another study in the same

issue of Science Translational Medicine

by Elkabets et al. (2013) reveals mTOR-

mediated resistance to p110a inhibition

in PIK3CA mutant breast cancers. Pre-
Cancer Cell 24, September 9
clinical and clinical evalua-

tion indicated that PIK3CA

mutation status provided an

incomplete genetic marker

for response to PI3K inhibition

(Bendell et al., 2012; Maira

et al., 2012). In these breast

cancer cells, inhibition of

mTOR by everolimus sensi-

tized tumor cells to

the p110a-specific inhibitor

BYL719. Similar to the results

reported by Corcoran et al.

(2013), mTORC1 activity and

pS6 were identified as impor-

tant biomarkers to p110a in-

hibitor response. Interest-

ingly, breast cancer cell lines

with acquired resistance to

BYL719 were established,

and these also displayed

enhanced mTORC1 activity

compared to their matching

control cells, indicating

kinome reprogramming to

p110a inhibitor treatment.

Depletion of mTOR via shRNA

from the acquired p110a in-

hibitor-resistant cells was suf-

ficient to prevent proliferation,
and a combination of BYL719 and

mTORC1 inhibitor therapy prevented the

tumorigenic growth of BYL719 resistant

cells in mouse xenografts. Elkabets et al.

(2013) also examined breast cancer pa-

tient biopsies from an ongoing phase I

clinical trial of BYL719 treatment for

PIK3CA mutant solid tumors. Strikingly,

those patients that responded to

BYL719 treatment showed a loss of pS6

staining intensity in their tumors as

compared to biopsies before treatment

began, whereas those patients whose

tumors did not respond to BYL719 treat-

ment maintained high levels of pS6 during

treatment. Interestingly, biopsies from

two patients that initially responded to

BYL719 therapy, but later showed tumor

progression, displayed a return of pS6 to

levels similar to that seen prior to any

BYL719 treatment, further implicating

mTORC1 activation in the acquired resis-

tance to BYL719/p110a therapy.

In summary, the findings from these

two studies support mTOR activation as

a key driver of resistance to PI3K inhibi-

tion in PIK3CA mutant breast cancer

and resistance to Raf or MEK inhibition

in BRAF mutant melanoma. It will be
, 2013 ª2013 Elsevier Inc. 285
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important to explore whether mTOR acti-

vation will act as a resistance mechanism

to inhibitors of other signaling compo-

nents in other cancer types. Additional

patient analyses and combination inhibi-

tor clinical trials will be needed to vali-

date the importance of mTORC1 activa-

tion as a biomarker to predict patient

response and mTOR inhibitor combina-

tion treatment to overcome resistance.

mTOR is regulated downstream of both

Raf and PI3K signaling and consequently

may define a key point of convergence of

the divergent resistance mechanisms

that have been identified. Finally, the sig-

naling mechanisms that cause mTOR

activation to drive resistance as well as

the downstream consequences of

mTOR signaling that promote resistance
286 Cancer Cell 24, September 9, 2013 ª201
are issues that remain to be fully

elucidated.
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Wewere very interested to read in Cancer

Cell the recent paper by Schumacher

et al., ‘‘Platelet-Derived Nucleotides Pro-

mote Tumor Cell Transendothelial Migra-

tion and Metastasis via P2Y2 Receptor’’

(Schumacher et al., 2013). In this paper,

the authors show the importance of

platelet secretion in promoting tumor

metastasis and convincingly demonstrate

an important role for ATP from platelet

dense granules acting on endothelial

P2Y2. Part of the evidence for this

depends on Munc13-4-deficient mice

(Unc13dJinx), whose platelets cannot

secrete their dense granules. However,

Schumacher et al. also report that there

was no difference in secretion of platelet

a-granules or in integrin activation (Fig-

ures 2A–2D, S2C, and S2D in Schu-

macher et al., 2013). These findings are

in contrast to published findings from

our lab and others (Ren et al., 2010; Sav-

age et al., 2013; Stegner et al., 2013).

Unc13dJinx platelets show reduced ag-

gregation, integrin aIIbb3 activation, and

thrombus formation in vitro and in vivo

(Ren et al., 2010; Savage et al., 2013). In-

tegrin activation and subsequent platelet
aggregation and thrombus formation are

dependent on ADP secretion from platelet

dense granules and stimulation of platelet

P2Y12. The aggregation defects we have

seen in Unc13dJinx mice are therefore

perhaps not surprising since the platelets

of these mice cannot secrete their dense

granules. Ren et al. also showed that

thrombin-stimulated a-granule secretion

was reduced by approximately 70% in

Unc13dJinx platelets compared to wild-

type controls. Stegner et al. (2013) stated

that they saw a similar effect, and we

also observe substantially reduced

a-granule secretion in Unc13dJinx plate-

lets (data not shown). We have also

found that platelet a-granule secretion is

also partly regulated by autocrine ADP

secretion from dense granules, acting

through P2Y12. This partly accounts for

the defect we see in a-granule secretion

in Unc13dJinx platelets.

Platelet aggregation has been sug-

gested to promote tumor metastasis,

and platelet a-granules may also promote

tumor metastasis since they are a source

of a wide range of growth factors and

cytokines. For example, as reported in
Cancer Cell 24, S
another recent Cancer Cell paper,

platelet-derived TGF-b plays a key role

in tumor metastasis (Labelle et al., 2011).

We suggest therefore that, in addition to

activation of endothelial P2Y2, another

way in which platelet-released nucleo-

tides might enhance tumor metastasis is

through autocrine activation of platelet

P2Y12 and enhancement of aggregation

and a-granule secretion.
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We thank Harper et al. for their comments

on our publication. The authors of this

correspondence point to some differ-

ences between our publication (Schu-

macher et al., 2013) and others with

regard to the in vitro phenotype of

Munc13-4-deficient platelets. Based on

our experimental data, we think that

Munc13-4 deficiency primarily blocks

the release from dense granules, but not

from a-granules of platelets. It is, how-

ever, well known that platelet activation

involves multiple positive feedback loops

and that the release of ATP/ADP from

dense granules can promote platelet

aggregation and a-granule release via

the autocrine and paracrine activation of

P2Y1 and P2Y12 receptors (Gachet,

2006; Kahner et al., 2006). Based on this

concept, it is indeed expected that loss

of ATP/ADP release from platelet dense

granules also affects, under certain

experimental conditions, the release of

a-granules from activated platelets, as

well as the aggregation of platelets.

Whether these secondary effects of a

blocked dense-granule release are seen

in vitro depends on the experimental con-

ditions used to study platelet function,

such as platelet concentration or the con-

centration and type of applied stimuli. At

intermediate thrombin concentrations,

we actually saw a tendency of reduced

PF4 release and integrin aIIbb3 activation

which, however, was not significant (Fig-

ures 2A and S2C in Schumacher et al.,

2013). In the experiments mentioned by

Harper et al., we used relatively low

platelet concentrations, reducing the

likelihood that sufficient amounts of ATP/

ADP are released to induce secondary
288 Cancer Cell 24, September 9, 2013 ª201
effects. Finally, at least in the case of

tumor-cell-induced platelet activation, it

is also possible that the small amount of

ATP released from tumor cells (see

Figure 1D in Schumacher et al., 2013)

obscured a somewhat reduced a-granule

release.

Whether the secondary effects of

dense-granule release are of relevance

for platelet-dependent tumor cell metas-

tasis is not known. Nevertheless, we

agree that solely on the basis of our

experiments performed with Munc13-4-

deficient platelets and animals, we would

not be able to exclude that defects other

than reduced dense granule secretion

also contribute to the observed defects

in transendothelial tumor cell migration

and in vivo metastasis. We therefore

mentioned in the discussion of this publi-

cation the possibility that ‘‘in addition to

ATP, other platelet-derived factors, such

as transforming growth factor b, promote,

in particular, later stages of tumor cell

extravasation (Labelle et al., 2011).’’

However, our study goes beyond the

description of the role of dense-granule

secretion in platelet-dependent tumor

cell transendothelial migration andmetas-

tasis. We also identified a downstream

mechanism by demonstrating that the

endothelial ATP receptor P2Y2 mediates

platelet-dependent tumor cell transmigra-

tion and that loss of P2Y2, which is not

present on platelets, strongly reduces

tumor cell metastasis from primary

tumors, as well as after intravenous injec-

tion of tumor cells. If the above described

secondary effects played a major role in

platelet dense-granule secretion-depen-

dent tumor cell transendothelial migration
3 Elsevier Inc.
and metastasis, we would expect the

phenotype of Munc13-4 deficiency to

be more severe than the phenotype of

P2Y2 deficiency. However, both platelet

Munc13-4 deficiency and endothelial

knockdown of P2Y2 abolished platelet-

dependent transendothelial tumor cell

migration. More importantly, tumor cell

metastasis in vivo, when studied in

bone-marrow chimeras, was reduced

both in P2Y2-deficient mice transplanted

with wild-type bone-marrow and in

P2Y2-deficient mice transplanted with

Munc13-4-deficient bone marrow to the

same degree, and no additive effect could

be seen.

Thus, while we acknowledge that loss

of dense-granule secretion in Munc13-

4-deficient platelets can lead under

certain experimental conditions to a sec-

ondary impairment of a-granule release,

we think that our data show that dense-

granule-derived ATP acting on P2Y2

receptors is the primary mechanism

through which blockade of ATP release

from Munc13-4-deficient platelets affects

tumor cell transendothelial migration and

metastasis.
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SUMMARY
Proteasome inhibitor (PI) resistance mechanisms in multiple myeloma (MM) remain controversial. We report
the existence of a progenitor organization in primary MM that recapitulates maturation stages between
B cells and plasma cells and that contributes to clinical PI resistance. Xbp1s� tumor B cells and pre-plasma-
blasts survive therapeutic PI, preventing cure, while maturation arrest of MM before the plasmablast stage
enables progressive disease on PI treatment. Mechanistically, suppression of Xbp1s in MM is shown to
induce bortezomib resistance via de-commitment to plasma cell maturation and immunoglobulin production,
diminishing endoplasmic reticulum (ER) front-loading and cytotoxic susceptibility to PI-induced inhibition of
ER-associated degradation. These results reveal the tumor progenitor structure inMMand highlight its role in
therapeutic failure.
INTRODUCTION

Multiple myeloma (MM) is a late-stage lymphoid malignancy

characterized by the accumulation of immunoglobulin (Ig)-

secreting plasma cells within the bone marrow. Existing

therapies for MM, including the proteasome inhibitors (PIs)

bortezomib (BTZ) and carfilzomib, can extend survival but are

not curative (Alexanian et al., 2012; Richardson et al., 2005). To

understand the failure to cure, drug resistance mechanisms

must be characterized. Although the binding target of PIs has

been recognized since their inception, the mechanisms of PI

cytotoxicity and resistance in MM remain controversial. While

some studies have linked PI cytotoxicity to stabilization of tumor

suppressors (such as p53), pro-apoptotic proteins (such as

Noxa, Bim, and Bik), or inhibitors of anti-apoptotic proteins

(such as NF-kB; Chen et al., 2010; McConkey and Zhu, 2008),

others have identified induction of endoplasmic reticulum (ER)
Significance

PIs, including bortezomib, are a mainstay of treatment for MM
anisms have not been validated in the clinic and reflect an artif
described here that occurs in patients with MM; because this
confirmation of in vitro drug resistance models is highlighted.
which contributes to therapeutic resistance, suggesting that
an extensive progenitor organization is revealed in primary MM
gies must better address early MM progenitors.

Ca
stress as the critical mediator of antitumor activity (Lee et al.,

2003; Obeng et al., 2006).

Whereas each of the pleiotropic effects of PIs may cause

cellular cytotoxicity in a specific context, induction of ER stress

likely accounts for the unique sensitivity of MM to PIs in the clinic

(Kim et al., 2008; Lee et al., 2003; Obeng et al., 2006). In plasma

cells, the ER is expanded to accommodate the synthesis of

secretory Ig. Physiologic ER stress, which can be very heavy in

professional secretory cells, is counteracted via adaptations

known collectively as the unfolded protein response (UPR).

Three ER resident transmembrane proteins (Ire1, Perk, and

Atf6) activate overlapping components of the UPR, which coun-

ters unfolded protein stress by suppressing global mRNA

translation while selectively upregulating pathways that promote

protein folding or degradation (Ron and Walter, 2007). PIs

impede ER homeostasis by inhibiting proteasome-assisted

ER-associated degradation (ERAD; Kim et al., 2008), causing
but fail to cure. Previously reported in vitro resistance mech-
act of cell culture. An alternative PI resistance mechanism is
differs from in vitro resistance reports, the need for clinical
Our results reveal that MM cells tolerate XBP1 inactivation,
IRE1 inhibitors may prove ineffectual in MM. Furthermore,
. Our results suggest that to achieve cure, treatment strate-
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Figure 1. Loss of Ire1 or Xbp1 Reduces the Cytotoxic Activity of BTZ in MM

(A and B) Synthetic lethal BTZ-siRNA screens of the kinome (A) and ‘‘druggable’’ genome (B), conducted in KMS11MMcells, showing genes ranked by the mean

Bliss independence score of siRNA at BTZ IC90. Synthetic lethal geneswhose RNAi caused greater than additive cytoxicity (in red) with BTZ are to the left; rescue

genes whose RNAi reduced BTZ cytotoxcity (in blue) are to the right. IRE1 ranking is shown.

(C) Viability (MTT assay) of MM cell lines expressing shIRE1 or shXBP1 for the indicated time following lentiviral (LV) infection. Controls included uninfected cells

and cells expressing nontargeted (NT) shRNA.

(legend continued on next page)

Cancer Cell

Xbp1s Progenitors Mediate PI Resistance in MM

290 Cancer Cell 24, 289–304, September 9, 2013 ª2013 Elsevier Inc.



Cancer Cell

Xbp1s Progenitors Mediate PI Resistance in MM
ER stress. As a consequence, PI-treated tumor cells character-

istically inactivate Eif2a, increase Atf4, and upregulate the

expression of UPR genes such as CHOP (DDIT3) and HSPA5

(Chen et al., 2010; Lee et al., 2003; Obeng et al., 2006; Zhu

et al., 2010).

The mechanisms by which tumor cells escape the multiple

cytotoxic effects of PIs are not implicit. One compelling possibil-

ity is that proteasome inhibition is prevented by mutation of the

PI-binding site. Indeed, mutations of the BTZ-binding site on

proteasome subunit b5 (PSMB5) or overexpression of PSMB5

have been observed in various tumor cell lines and have been

asserted to be the mechanism of PI resistance in both MM and

leukemia (Balsas et al., 2012; de Wilt et al., 2012; Franke et al.,

2011; Oerlemans et al., 2008; Rückrich et al., 2009). Notably,

however, BTZ resistance in these studies was developed

in vitro, using cell lines adapted to PI exposure, and the legiti-

macy of these models for the representation of drug resistance

in patients remains unverified. To the contrary, multiple

sequencing studies of primary MM tumors have failed to identify

any proteasome mutations to account for PI resistance

(Chapman et al., 2011; Lichter et al., 2012; Politou et al., 2006;

Wang et al., 2008), suggesting that such mutations, although

capable of mediating PI resistance in vitro, are infrequent in the

clinic. In this study, we sought to define mechanisms of PI resis-

tance in patients with MM.

RESULTS

Ire1-Xbp1 Signaling Is Dispensable for MM Tumor Cell
Viability but Required for BTZ-Induced Cytotoxicity
In Vitro
We have previously conducted kinome- and genome-scale

siRNA studies in the KMS11 MM cell line treated with BTZ to

functionally identify synthetic lethal chemosensitizing targets

(Tiedemann et al., 2010, 2012; Zhu et al., 2011). We re-analyzed

these results to identify genes whose silencing protected MM

cells from BTZ-induced cytotoxicity (Figures 1A and 1B). While

relatively few BTZ-rescue genes were detected, ‘‘endoplasmic

reticulum to nucleus signalling 1’’ (ERN1), better known as

IRE1, appeared critical for BTZ response in both studies. On

kinome screening, IRE1 was the kinase whose loss was most

associated with BTZ resistance, whereas in genome-scale

siRNA studies, IRE1 ranked at the top 1% of genes required

for BTZ-induced cell death.

Identification of IRE1 in this context was surprising because

Ire1 knockdown prevents activation of one branch of the homeo-

static UPR pathway, and accordingly its loss might be predicted

to diminish a cell’s ability to respond to ER stress—rendering it

more sensitive to BTZ—contrary to our observation. Therefore,

to verify this result and to explore whether Ire1 suppression in-

duces BTZ resistance in other MM subtypes, Ire1 was silenced
(D) Viability (MTT) of MM cell lines infected with LV to express shIRE1 or shXBP1 f

concentration (4–7.5 nM) for 3 days.

(E) Western blot of Ire1 levels in shIRE1-treated and control NT shRNA-treated M

(F) RT-PCR analysis of XBP1 mRNA in shXBP1-treated and control MM cells. u,

(G) Viability of OCI-MY5 MM cells treated with UPR gene shRNA, following cultu

Error bars represent ± SEM (n = 3).

See also Figure S1.
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in six other MM cell lines (Figures 1C and 1E); cells were then

grown in the presence or absence of BTZ. In the absence of

drug, loss of Ire1 was well tolerated (Figure 1C), albeit that mild

reductions in proliferation were observed for RPMI-8226 and

JJN3 cells. Conspicuously, however, suppression of Ire1 (Fig-

ure 1E) induced relative BTZ resistance in all MM lines tested

(Figure 1D; Figures S1A–S1D available online), confirming our

initial observation.

Ire1 activates the UPR via the bZIP transcription factor, Xbp1.

When stimulated by ER stress, Ire1 splices 25 nucleotides from

the unspliced XBP1 mRNA (XBP1u) to yield a frame-shifted

mRNA (XBP1s) that encodes the active transcription factor (Cal-

fon et al., 2002). Because XBP1 was not tested in our original

siRNA studies, its effect on BTZ response was assessed next.

Surprisingly, silencing of XBP1 (Figure 1F), like IRE1, was well

tolerated inMMcells (Figure1C) evenunder conditionsof extreme

hypoxia (Figure 1G), contrary to previous reports that XBP1 is

required for myeloma pathogenesis (Carrasco et al., 2007). Strik-

ingly, however, loss of Xbp1 induced BTZ resistance in all six MM

cell lines tested, mirroring Ire1 suppression (Figure 1D). Similar

results were obtained with four distinct shRNA. Therefore, the

Ire1-Xbp1 pathway is dispensable for MM cell viability but pro-

motes BTZ cytotoxicity, at least in MM cell lines grown in vitro.

Ire1-Xbp1 Signaling Is Suppressed in BTZ-Refractory
Primary MM
To determine if attenuation of Ire1-Xbp1 signaling occurs in pri-

mary MM and plays a role in BTZ resistance, we next examined

the gene expression of pretreatment tumor samples from

patients with MM in whom either a complete response (CR) or

progressive disease (PD) developedwith single-agent BTZ treat-

ment (Mulligan et al., 2007; Richardson et al., 2005). Conspicu-

ously, almost all Xbp1 target genes (Shaffer et al., 2006) were

expressed at lower levels in PD tumors (Figure 2A), concordant

with our observation that Ire1-Xbp1 signaling modulates BTZ

sensitivity in MM cell lines. However, the difference in Xbp1-

target gene expression between BTZ CR and PD primary MM

tumors was modest, suggesting that, pretreatment, Xbp1s

activity may be suppressed in only a subpopulation of cells in

BTZ-refractory tumors.

Notably, from a library of lymphoid transcription factor signa-

tures, only Xbp1 correlated closely with clinical BTZ response.

In comparison, no association was observed between BTZ

response and tumor expression of p53, NF-kB, or Stat3 (Fig-

ure 2B). Similarly, no positive association was observed between

BTZ resistance and proteasome expression in primary MM;

instead, most proteasome subunits including PSMB5 are down-

regulated in BTZ-resistant MM (Figure S2), contrary to in vitro

resistance models.

The preferential expression of Xbp1 target genes in BTZ-

sensitive MM tumors, relative to BTZ-resistant tumors, was
or 1 day and then treated with vehicle or BTZ at an approximate 75% inhibitory

M cells.

unspliced; s, spliced.

re in normoxia (20.95% O2) or extreme hypoxia (0.2% O2).
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confirmed by gene set enrichment analysis (GSEA) using three

independent Xbp1 gene signatures, derived by distinct methods.

Whereas an Xbp1 signature derived from overexpression of

Xbp1 in B cells (Shaffer et al., 2004) was moderately enriched

in BTZ-sensitive primary MM tumors (q = 0.07; Figure 2C), a

second Xbp1 signature representing genes with Xbp1-binding

promoters, was significantly enriched (q = 0.026; Figure 2D). A

third Xbp1 signature, derived from profiling of MM cells following

Xbp1 knockdown, most closely matched the biological context

in which Xbp1 activity was being assessed and showed the

most significant enrichment in BTZ-sensitive MM (q = 0.024;

Figure 2E). In addition, a fourth related Ire1 gene signature,

derived from MM cells with Ire1 knockdown, was also enriched

in BTZ-sensitive primary MM (q = 0.048; Figure 2E), consistent

with the requirement for Ire1 activation of Xbp1. Thus, GSEA of

primary MM tumors from patients treated with single-agent

BTZ confirm that downregulation of the Ire1-Xbp1 pathway

occurs in primary myeloma and correlates with therapeutic PI

resistance.

XBP1 Mutations in MM
Suppression of Xbp1 signaling may occur through a variety of

mechanisms, including XBP1 gene mutation. Notably, while

genome sequencing of 20 treated MM tumors did not identify

any proteasome PSMB5 mutations, this initial genomic analysis

ofMMdid identify twomutations in XBP1 (Chapman et al., 2011),

both in treatment-refractory tumors (Figure 2F). Conspicuously,

the first mutation, XBP1-L167I, maps to the Ire1 splice site on

XBP1u and, we predicted, might prevent splice activation to

XBP1s (Figure 2G). The second mutation, XBP1s-P326R,

involves a nonconservative missense mutation within the

trans-activation domain of Xbp1s, where loss of proline’s confor-

mational rigidity may affect tertiary structure and influence

transcriptional activity.

To confirm if either or both of these mutations are inactivating,

identical XBP1 mutants were generated and expressed in MM

cell lines (Figures 2H and 2I); simultaneously endogenous

XBP1 was silenced using a 30UTR-targeted shXBP1. As pre-

dicted, the mutation, XBP1-L167I, consistently prevented

splicing of XBP1u mRNA to XBP1s, whereas unmutated

XBP1u mRNA, expressed in parallel, could be processed. While
Figure 2. Ire1-Xbp1 Signaling Is Suppressed or Mutated in BTZ-Refrac

(A) Comparative gene expression of BTZ-responsive and -resistant primary MM f

plotted by rank-order of differential mean expression in tumors that responded co

The vertical axis shows the log ratio of mean tumor expression intensity in the tw

(B) Heatmaps comparing the relative expression of an Xbp1 gene signature with

BTZ-resistant (PD) primary MM tumors, using the same probe set rank-order as i

signature probe sets per 1,000 rank-ordered probe sets. The suffixes up, down

transcription factor signatures.

(C–E) Gene set enrichment analysis (GSEA) for Xbp1 target genes in primary MM,

BTZ-refractory tumors. Four distinct Xbp1 signatures were used, derived either b

binding motifs within their promoters (D), or by shRNA knockdown of either Xbp

(F) XBP1 mutations identified on initial genome sequencing of 38 patient MM

BTZ, dexamethasone.

(G) Thewild-type (left) and L167Imutation (right, indicated by the red letter) XBP1u

hairpin.

(H) RT-PCR analysis of XBP1u and XBP1s mRNA in three MM cell lines engineere

tumors. Endogenous XBP1 mRNA was suppressed using a 30UTR-targeted shX

(I) Relative viability (MTT) of the MM cell lines in (H) following treatment with BTZ

See also Figure S2.
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both XBP1u and XBP1s are translated, only Xbp1s protein is

transcriptionally active; Xbp1u, which has a functional N-termi-

nal leucine zipper motif, instead acts as an inhibitor of Xbp1s

(Lee et al., 2003). L167I therefore inhibits XBP1 both by

decreasing Xbp1s and by increasing Xbp1u.

We next assessedwhether these XBP1mutations have effects

on drug response by testing the mutant XBP1 cell lines for BTZ

sensitivity (Figure 2I). Consistent with our earlier observations,

knockdown of endogenous Xbp1 in OCI-MY5, JJN3, or

SKMM2 control cells, using an XBP1 30UTR-directed shRNA,

attenuated BTZ cytotoxicity. Constitutive expression of an

shRNA-resistant XBP1s CDS, however, re-established sensi-

tivity to BTZ, despite endogenous XBP1 silencing, verifying

that BTZ sensitivity in MM cells is modulated specifically

by Xbp1s. In contrast, constitutive expression of the mutant

XBP1s-P326R or XBP1u-L167I CDS in MM cells failed to resen-

sitize shXBP1-treated MM cells to BTZ, indicating that both

mutations are functionally inactivating and promote BTZ resis-

tance. These studies indicate that primary MM tumors tolerate

inactivating mutations in XBP1 and that PI therapy may exert a

selective pressure for the emergence of cells with suppression

of this pathway.

Of UPR Stress Transducers, Only Ire1-Xbp1, and Not
Atf6 or Perk, Regulates BTZ Sensitivity
Ire1 is one of three ER transmembrane proteins that transduce

stress signals to the nucleus to induce the UPR. To determine

if loss of either of the other ER stress transducers, Perk or Atf6,

induced BTZ resistance, each transducer was knocked down

separately using two shRNA in RPMI-8226 and SKMM2 MM

cells (Figure 3A). However, suppression of Atf6 or Perk, unlike

suppression of Ire1-Xbp1, had no effect on BTZ sensitivity (Fig-

ures 3B, 3C, and S3), indicating that among the ER stress path-

ways, BTZ sensitivity maps specifically to Ire1-Xbp1.

BTZResistance Is Not Due to Increases in Perk or Atf6 or
Loss of an Xbp1s Death Signal
Whereas BTZ cytotoxicity inMMhas been linked to the induction

of overwhelming ER stress, we show here that loss of the Ire1-

Xbp1 branch of the ER homeostasis apparatus reduces BTZ

lethality, contrary to expectation. To address this dilemma, and
tory Primary Tumors from MM Patients

rom patients enrolled on the APEX 039 clinical study. Affymetrix probe sets are

mpletely (CR) or that showed progressive disease (PD) following BTZ therapy.

o response groups. Xbp1s target genes are identified above the plot.

that of other B cell transcription factor signatures in BTZ-sensitive (CR) versus

n (A). To normalize for signature sizes, results are plotted as the percentage of

, repressed, and 23 reflect the selection criteria used to define genes in the

among genes preferentially expressed pretreatment in BTZ-responsive versus

y overexpression of Xbp1 in B cells (C), by identification of genes with Xbp1-

1 or Ire1 in MM cells (E). NES, normalized enrichment score.

, and subsequent patient treatment response. CyBorD, cyclophosphamide;

mRNA sequences at the Ire1 splice site (indicated by the black arrow on the left)

d to express mutant XBP1 CDSs recapitulating mutations identified in primary

BP1.

or vehicle for 3 days (mean ± SEM).

ncer Cell 24, 289–304, September 9, 2013 ª2013 Elsevier Inc. 293



Figure 3. Only Ire1 among ER Stress Trans-

ducers Regulates BTZ Sensitivity in MM

(A) Immunoblot of indicated proteins in RPMI-8226

MM cells 1.5 days after LV infection to express

shIRE1, shATF6, shPERK, or control NT shRNA. In

the ATF6 panel, irrelevant lanes were removed

between NT shRNA and shATF6 lanes for all four

blots; all samples were run on the same gel.

(B) Growth of MM cell lines expressing shIRE1,

shATF6, shPERK, or control NT shRNA measured

by sequential MTT assays 24 and 96 hr after LV

infection.

(C) Viability (MTT assay) of MM cell lines infected

with LV for 24 hr to express shIRE, shATF6, or

shPERK and then treated with BTZ at IC90 or

vehicle for 3 days.

Error bars show ± SEM. See also Figure S3.
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to clarify the mechanism of PI resistance, we hypothesized that

loss of Ire1-Xbp1 signaling in MM cells might cause a compen-

satory increase in Atf6 or Perk signaling (and in downstream

UPR gene expression) that might ‘‘pre-adapt’’ MM cells to better

withstand proteasome inhibition. To investigate this possibility,

we generated MM cells in which both Ire1 and Atf6, or both

Ire1 and Perk, were concurrently suppressed (Figures 4A and

4B). Notably, double knockdown of Ire1 and Perk, or of Ire1

and Atf6 together, in MM cells, failed to diminish the induction

of BTZ resistance by Ire1 silencing (Figures 4C and 4D), indi-

cating that neither of these parallel pathways individually medi-

ates the BTZ resistance seen on Ire1 suppression. Conceivably,

however, Ire1-Xbp1 suppression might cause compensatory in-

creases in both Atf6 and Perk, either of which might then redun-

dantly prime cells to survive proteasome inhibition. Therefore, to

test this hypothesis, we also generated triple knockdown MM

cells in which Ire1, Atf6, and Perk were all concurrently sup-

pressed (Figure 4E). Surprisingly, these cells proved viable in tis-

sue culture, although they demonstrated a growth disadvantage

(Figure 4F). Notably, however, simultaneous silencing of both

Atf6 and Perk failed to diminish BTZ resistance induced on Ire1

silencing (Figure 4G). Therefore, BTZ resistance arising from

Ire1-Xbp1 loss is not mediated via parallel UPR pathways.

We next speculated that the overwhelming ER stress gener-

ated by PI therapy might induce a lethal signal transmitted via

Ire1-Xbp1 and that loss of this death signal might underlie BTZ
294 Cancer Cell 24, 289–304, September 9, 2013 ª2013 Elsevier Inc.
resistance. However, MM cells forced to

constitutively overexpress Xbp1s protein,

the final common effector of Ire1-Xbp1

signaling, remain viable in vitro (Figures

4H, 4I, and S4) and in vivo (Carrasco

et al., 2007), providing no evidence for

the existence of an Xbp1s death signal

in these cells.

Ire1-Xbp1 Suppression in MM
Blocks Commitment to Plasma Cell
Differentiation and Lowers ER
Stress
XBP1 is essential for differentiation of

B lymphocytes to plasma cells, particu-
larly for the terminal maturation of proliferating plasmablasts

to plasma cells, for induction of Ig secretion, and for bone

marrow colonization (Carrasco et al., 2007; Hu et al., 2009;

Reimold et al., 2001). Because the role of Ire1-Xbp1 signaling

in BTZ resistance remained unaccounted for, we next sur-

mised that loss of Ire1-Xbp1 signaling might cause de-

commitment of MM cells to terminal plasma cell differentiation

and that tumor cell immaturity might account for cellular BTZ

resistance.

To investigate this possibility, we first assessed MM cell lines

for evidence of reversion of plasma cell commitment following

RNAi-induced silencing of IRE1 or XBP1. Following knockdown

of Ire1 or Xbp1, OCI-MY5 cells appeared smaller and rounder

with less cytoplasm and perinuclear hof (Figure 5A), resembling

pre-plasmablasts (Jourdan et al., 2011). Profiling of gene expres-

sion in IRE1- or XBP1-silenced MM cell lines demonstrated

partial repression of markers of plasma cell maturation such as

SDC1 (CD138), CD38, IL6R, and IL6ST in these cells and simul-

taneous weakmRNA expression of B cell markers such asCD20

and PAX5 (Figure 5B). Diminished expression of CD138 ± CD38

surface antigens on XBP1-silenced RPMI-8226 and JJN3 MM

cells was confirmed by flow cytometry (Figure 5C), while upregu-

lation of Pax5 protein in Ire1-Xbp1 inactivated MM cells was

confirmed by immunoblot (Figure 5D). Because Pax5 is ex-

pressed in B cells but is suppressed in plasma cells (Nutt

et al., 2011), these findings are consistent with the hypothesis



Figure 4. BTZ Resistance Induced by Ire1-Xbp1 Suppression Is Not Due to Adaptive Increases in Perk or Atf6

(A) Immunoblot of Ire1, Atf6, and Perk in JJN3 MM cells expressing concurrently shIRE1 and shATF6, 2 days postinfection. Control cells expressed NT shRNA.

(B) Same as (A) except that MM cells concurrently expressed shIRE1 and shPERK.

(C) Growth of JJN3MM cells following knockdown of Ire1, or dual knockdowns of Ire1+Atf6 or Ire1+Perk, measured by sequential MTT assays 1 and 4 days after

infection.

(D) Viability (MTT) of JJN3 MM cells infected with indicated LV shRNA combinations for 1 day and then treated with BTZ or vehicle for 3 days.

(E) Immunoblot of indicated proteins in JJN3MMcells infectedwith LV to concurrently express shRNA targeting all three ERUPR transducers Ire1, Atf6, and Perk.

Control cells expressed NT shRNA.

(F) Growth of JJN3 MM cells following triple knockdown of Ire1+Atf6+Perk, compared with single or dual gene knockdowns, measured by MTT assays 1 and

4 days after LV infection.

(G) Same as (D) but includes JJN3 MM cells with simultaneous triple knockdown of Ire1, Atf6, and Perk.

(H) Immunofluorescence staining for Xbp1s in OCI-MY5 MM stably overexpressing XBP1u or XBP1s CDS. Nuclei are stained with DAPI. Scale is identical for all

micrographs.

(I) Growth of OCI-MY5 cells overexpressing XBP1u or XBP1s, compared with control cells infected with empty expression vector, measured by repeat MTT

assays at 0 and 3 days.

Error bars represent ± SEM. See also Figure S4.
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Figure 5. Ire1-Xbp1 Suppression and BTZ Resistance in MM Are Associated with De-Commitment to Plasma Cell Differentiation

(A) Giemsa stain of OCI-MY5 cells following expression of NT shRNA, shIRE1, or shXBP1. Scale is identical for all micrographs.

(B) Relative mRNA abundance of indicated genes in JJN3 and RPMI-8226 MM cell lines expressing shIRE1, shXBP1, or control NT shRNA.

(C) Flow cytometric analysis of surface CD38 and CD138 on JJN3 and RPMI-8226 MM cell lines expressing shXBP1 or control NT shRNA.

(D) Immunoblot analysis of indicated proteins in JJN3, OCI-MY5, and RPMI-8226 MM cell lines 3 days after LV infection to express shIRE1. Proteins were

separated on either 7.5% (*) or 15% (**) polyacrylamide gels. IgL reflects k for JJN3 and l for RPMI-8226 and OCI-MY5.

(E) Immunoblot of Ddit4 induction by BTZ (100 nM, 6 hr) in JJN3 and RPMI-8226 MM cells expressing either shIRE1 or control shRNA.

(F) Relative expression of indicated B cell and plasma cell maturation genes among primary MM that respond (with CR) or fail to respond (with PD) to clinical BTZ

treatment. Data are from pre-BTZ samples from patients treated on the APEX 039 study.

(G) Box-whisker plots of relative expression of indicated genes from (E) during physiological B cell to plasma cell maturation, with median shown in red.

See also Figure S5 and Table S1.
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that Ire1-Xbp1 loss in MM cells causes a modest reversal of

plasma cell maturation.

We next assessed Ig production in Xbp1s-silenced MM

cells. By gene expression profiling, loss of Xbp1 or Ire1 was

associated with decreased expression of both IgG heavy

chain (IGHG) and Igk-light chain (IGK), in IgGk-secreting JJN3

cells, as well as decreased expression of IL21R, a regulator

of IgG production (Ozaki et al., 2002; Figure 5B). A marked

decline in Ig light chain protein production in Ire1-Xbp1s

silenced MM cells was also observed by immunoblot (Fig-

ure 5D). XBP1 is a known prerequisite for establishing Ig

production by B cells (Reimold et al., 2001), and our data indi-

cate that MM plasma cells remain dependent on Xbp1s for

ongoing Ig synthesis.

We next hypothesized that by arresting or reversing their

secretory plasma cell maturation, MM tumor cells may lessen

their ER front loading by secretory Ig and thereby diminish

both their basal ER stress and their risk of lethal ER stress

arising from PI-induced ERAD inhibition, providing a mecha-

nism by which Xbp1s loss (and other forms of maturation

arrest) might cause PI resistance. Consistent with this, MM

cell lines in which IRE1 or XBP1 were silenced showed reduced

expression of UPR genes such as ATF4, DDIT3 (CHOP), DDIT4

(REDD1), PPP1R15A (GADD34), and HSPA5 (BiP); and of

downstream chaperones HSP90B1 and DNAJB9 (Figure 5B).

Notably, this diminished expression of UPR genes in Ire1-

Xbp1s inactivated MM cells reflected reduced ER stress rather

than simple loss of Xbp1s-driven gene transcription because

Ire1-Xbp1s silencing was accompanied by reduced or stable

expression of genes in parallel ER stress pathways such as

EIF2AK3 (PERK), ATF4, and PPP1R15A (GADD34; Figures 5B

and 5D). If loss of Xbp1s-driven gene expression alone

accounted for the decline in CHOP and chaperones, without

a concurrent decrease in ER stress, these parallel UPR homeo-

stasis pathways would instead be activated as they assumed

the burden of ER homeostasis. A significant decline in basal

expression of Perk-responsive UPR elements Atf4, Gadd34,

and Chop in shIRE1-treated MM cells was confirmed by immu-

noblot (Figures 5D, S5A, and S5B). Furthermore, suppression

of Ire1 caused diminished induction of the Atf4 response

gene DDIT4 (REDD1) following either BTZ- or thapsigargin-

induced ER stress (Figures 5E and S5C). Because Ire1-Xbp1s

suppression causes de-commitment to Ig production and a

decline in ER stress, whereas PI cytotoxicity in MM has been

linked to exacerbation of ER stress, which in plasma cells is

driven by Ig production (Obeng et al., 2006), these data provide

a mechanistic link between Ire1-Xbp1 silencing in MM cells and

PI insensitivity.

To determine if BTZ-refractory MM tumors in the clinic show

evidence of plasma cell de-commitment or maturation arrest,

we next examined the gene expression of tumor samples from

patients with MM in whom either a CR or PD developed

following treatment with BTZ (Figure 5F). We compared the

differential gene expression of the two tumor groups with pro-

grammed changes in gene expression seen during the differen-

tiation of B cells to plasma cells (Figure 5G; Table S1; Jourdan

et al., 2011). Gene sets defining expression differences between

CD20+ memory B cells, activated CD20low CD38� B cells,

CD20� CD38� pre-plasmablasts, CD20� CD38+ CD138� plas-
Ca
mablasts, and plasma cells were derived using the expression

profile of mature plasma cells as a common denominator.

Notably, by GSEA, expression of plasma cell maturation genes

was significantly enriched in BTZ-responsive tumors (q = 0.03,

NES +1.5) and reduced in BTZ-resistant tumors (q < 0.01,

NES �1.5), suggesting that while BTZ-responsive tumors

contain a high proportion of mature plasma cells, BTZ-resistant

MM tumors may contain greater proportions of less differenti-

ated cells.

Included in the leading edge of differentiation genes whose

expression was diminished in BTZ-resistant primary MM were

FRZB, WNT5A, IL6R, CD38, EDEM1, and EDEM3 (Figure 5F;

red bar), which are all expressed at higher levels in plasma

cells than in activated B cells or pre-plasmablasts (Figure 5G);

their relative underexpression in BTZ-refractory MM therefore

supports the presence of maturation arrest in PI-resistant

primary tumors. Conversely, genes that appeared to be upre-

gulated in BTZ-resistant MM tumors included the chemokine

ligands CCL3 and CCL4, CD86, MYC, BACH2, and WNT3,

which are expressed at higher levels in activated B cells

and pre-plasmablasts than in plasma cells (Figure 5F), sug-

gesting that BTZ-refractory primary MM may be associated

with increases in these progenitor subpopulations. Additional

gene expression analyses of B cell maturation support the

presence of a ‘‘sweet spot’’ maturation stage intermediate

between B cells and plasma cells that may be intrinsically

less susceptible to PI-induced cytotoxic ER stress (Figures

S5D and S5E).

Xbp1s– B Cell Progenitors in MM
Our observations that Ire1-Xbp1 suppression correlates with

BTZ resistance in MM and that B cell and pre-plasmablast

gene set expression is increased in BTZ-refractory MM,

lead us to examine primary MM tumors for the existence of

Xbp1s� progenitor populations. Using FACS, viable plasma

cells and B-lineage cells were isolated from patient bone

marrows and then segregated according to CD38/CD138

status (Figures 6A and 6B). Tumor cells within these subpopu-

lations were identified by the presence of tumor clone FISH

abnormalities, and were further characterized for Xbp1s and

CD20 expression by immunoflourescence-flourescent in situ

hybridization (IF-FISH) (Figures 6C and S6). Using this tech-

nique we isolated five subpopulations of MM tumor cells from

primary MM samples, including CD20+ CD38� CD138� Xbp1s�

B cells, CD20low CD38� CD138� Xbp1s� activated B cells,

CD20� CD38� CD138� Xbp1s� pre-plasmablasts, CD38+

CD138low Xbp1s+ plasmablasts, and CD38+ CD138+ Xbp1s+

plasma cells. The existence of these tumor progenitor cells

was observed directly with IF-FISH and was confirmed by the

greater-than background rate of cells positive for the tumor

FISH abnormality within sorted subpopulations. Virtually all

CD38� CD138� tumor cells were Xbp1s�, while the majority

of tumor B cells were CD27+ (Figure 6C), consistent with a

post-germinal center memory phenotype. In some samples,

tumor B cells accounted for the majority of bone marrow

memory B cells (not shown). Xbp1s� tumor B cells and pre-

plasmablasts express lower levels of Chop than Xbp1s+ tumor

plasma cells and plasmablasts (Figure 6D), suggesting that

Xbp1s� tumor progenitors, like Xbp1s-silenced MM cell lines,
ncer Cell 24, 289–304, September 9, 2013 ª2013 Elsevier Inc. 297



Figure 6. Tumor Progenitor Subpopulations

in a Patient with Newly Diagnosed MM

(A) The clinical information of the patient whose

bone marrow was examined.

(B) Bone marrow MM cells were enriched by

sequential FACS for lymphoid FSC/SSC (left

panel), by removal of aggregates (second and

third panels) and by negative selection for CD2

(T and NK cells) and CD14 (monocytes). Gates are

shown in pink.

(C) Tumor cells gated into subpopulations by

CD38 and CD138 status. Single viable CD38+

CD138+ plasma cells (a), CD38+ CD138� plas-

mablasts and B cells (b), and CD38� CD138�

B cells (c) were examined for concurrent Xbp1s

protein expression and for IGH-CCND1 gene

fusion (arrows) by IF-FISH on single cells. Viable

CD38� CD138� B cells from (Cc) were further

examined for concurrent CD20 and CD27

expression and for IGH-CCND1 by IF-FISH (d).

Each row illustrates a single cell. Scale bars (5 mm)

are identical for IF and FISH; monochrome insets

are shown at 0.53 scale. The overall proportion of

cells in each subpopulation with strong (+), weak

(w), or no (�) expression of Xbp1s and the

proportion of cells positive (+) for IGH-CCND1,

compared with the background rate (bg), are

quantified and shown in the bar graphs. Error bars

represent SEM (n > 100).

(D) Ddit3 (Chop) protein expression in primary MM

tumor progenitors. Progenitor stages (left to right)

were characterized by CD20, Xbp1s, and Chop

IF-FISH. Each column illustrates single cells. Scale

is consistent across micrographs. The mean Chop

IF score by MM progenitor stage is quantified and

shown in the bar graph.

See also Figure S6.
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have lower basal ER stress than tumor cells that have under-

gone plasma cell maturation.

Xbp1s– MM B Cell and Pre-Plasmablast Progenitors
Survive Therapeutic BTZ and Are Enriched in
BTZ-Refractory MM
In newly diagnosed MM and in patients relapsing following treat-

ment discontinuation, the predominating tumor cells are Xbp1s+

plasma cells or plasmablasts (Figures 6, 7A, and 7D), although

progenitor subpopulations including CD20� CD38� CD138�

Xbp1s� pre-plasmablasts and CD20low CD38�CD138� Xbp1s�

activated B cells were consistently identified (Figures 6Cd and

7Af). Progenitor CD20+ CD38� CD138� Xbp1s� B cells with
298 Cancer Cell 24, 289–304, September 9, 2013 ª2013 Elsevier Inc.
strong CD20 staining were identified in

nearly all samples but were compara-

tively rare.

Supporting our conclusion that MM

tumor cells with arrested secretory

maturation are BTZ resistant, in some

primary MM tumors with PD on BTZ

therapy (Figure 7B), substantial expan-

sion of tumor CD20low CD38� CD138�

Xbp1s� activated B cell and CD20�

Xbp1s� pre-plasmablast subpopulations
was observed, causing activated CD20low B cells or CD20�

pre-plasmablasts to become the predominant subpopulations

in these tumors (Figures 7Be, 7Bf, and 7D). The marked expan-

sion of these subpopulations in patients progressing on PI

therapy is consistent both with a partial tumor maturation arrest

and with relative invulnerability of these progenitor stages to

BTZ. CD20+ B cell progenitors were also detectable in these

tumors and appeared viable and enriched despite BTZ-therapy

(Figures 7Bf lower panels and 7D). In contrast, plasmablasts

and plasma cells were reduced; their numbers, 7-AAD staining,

and appearance (Figures 7Bb–d and 7D) suggested continued

susceptibility of these more mature subpopulations to BTZ

therapy.



Figure 7. Tumor Progenitor Subpopulations in Relapsed or Refractory MM

(A) Findings from a patient with relapsed MM following BTZ discontinuation. (a) The clinical information of the patient whose bone marrow was examined. (b)

Patient bone marrow was FACS sorted as in Figure 6. Viable CD38+ CD138+ plasma cells (c), CD38+ CD138�/low plasmablasts (d), and CD38� CD138� cells (e)

were examined for the presence of Xbp1s by IF and for the loss of chromosome 1p32 (arrows), which contains the CDKN2C locus, by FISH. (f) Viable CD38�

CD138� B cells were also examined for CD20 expression and for chromosome 1p32 loss by IF-FISH.

(B) Findings from a patient withMMwith progression on BTZ therapy. (a) The clinical information of the patient. (b) The patient’s bonemarrowwas FACS sorted as

in Figure 6. Viable CD38+ CD138+ plasma cells (c), CD38+ CD138�/low plasmablasts (d), and CD38�CD138� cells (e) were examined for the presence of Xbp1s by

IF and for trisomy of chromosome 11, which contains the CCND1 locus (arrows), by FISH. (f) Viable CD38� CD138� B cells were also examined for CD20

expression and for gain of CCND1 by IF-FISH.

(C) Findings from a patient with MM following intensive BTZ and DPACE chemotherapy with clinical response. (a) The clinical information of the patient. (b) The

patient’s bone marrow was FACS sorted as in Figure 6. Viable CD38+ CD138+ plasma cells were not identified. Viable CD38+ CD138�/low plasmablasts (c), and

(legend continued on next page)
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Because MM is incurable in the vast majority of patients even

with intensive multiagent therapy, we evaluated the minimal re-

sidual disease in patients treated with BTZ-based therapy. Fig-

ure 7C shows a representative marrow sample obtained 3 weeks

after sequential BTZ-based treatment (CyBorD) and DPACE

chemotherapy. This sample shows an almost empty marrow

with delayed recovery of normal marrow elements post-chemo-

therapy. At this sampling, no viable MM plasma cells could be

detected by flow. However, small residual populations of tumor

cells were identified, with phenotypes compatible with activated

CD20low B cells, pre-plasmablasts and early CD138� Xbp1slow

plasmablasts. Because Xbp1s� cells preferentially survive BTZ

(Figure 1), the presence of CD138�Xbp1slow tumor plasmablasts

in this marrow may reflect differentiation from earlier progenitors

in the post treatment interval.

In each of the MM patient bone marrow samples examined in

Figure 7, the proportion of CD38�CD138�CD20+ B cells, CD38�

CD138� CD20low activated B cells, and CD38� CD138� CD20�

pre-plasmablasts that showed tumor-specific clonal FISH

abnormalities, such as loss of chromosome 1p32, gain of

CCND1 or fusion of IGH-CCND1 genes, consistently exceeded

the background FISH positive rate, confirming the presence of

tumor progenitor cells within these isolated subpopulations, as

in Figure 6. Similar tumor progenitor subpopulations were also

identified in hyperdiploid MM and in MM tumors bearing t(4;14)

IGH-FGFR3 gene rearrangement (Figure 8A), demonstrating

that MM B cell and pre-plasmablast progenitors exist across a

broad spectrum of MM genetic subtypes. Overall, our examina-

tion of primary MM tumors at various treatment stages suggests

that persistence of tumor progenitor subpopulations accounts

for the failure to cure MM with PI-based treatment strategies,

even when complete response may be attained within the

plasma cell compartment.

DISCUSSION

Although PIs can substantially debulk MM, these drugs fail to

cure patients. We show here that primary MM tumors consist

not only of Xbp1s+ plasma cells and plasmablasts, but also of

subpopulations of Xbp1s� pre-plasmablasts and of earlier

CD20+ B cell progenitors (Figure 8A) that are intrinsically PI

insensitive. Whereas BTZ is potently cytotoxic to the predomi-

nating MM plasma cell and plasmablast compartments, tumor

progenitor subpopulations including Xbp1s� pre-plasmablasts

and B cells persist in BTZ-treated patients (Figure 8B). We pro-

pose that the inability of PIs such as BTZ to address these non-

secretory tumor cell progenitors substantially accounts for the

failure of PI therapy to cure MM.

The malignant plasma cells encountered in MM are profes-

sional secretory cells typified by massive protein synthesis, an

expanded ER network, and elevated basal ER stress. This likely

explains the unique sensitivity of MM to PIs, which exacerbate

ER stress by inhibiting ERAD (Elkabetz et al., 2004; Lee et al.,

2003; Obeng et al., 2006). Xbp1s� progenitors however lack
CD38� CD138� B cells (d) were examined for concurrent Xbp1s protein express

CD138� B cells were also examined for CD20 expression and for IGH-CCND1 b

(D) MM tumor progenitor frequency summarized by patient status for the bone m

Scale bar: 5 mM. See also Figure S7.
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full secretory status and produce less Ig (Jourdan et al., 2011;

Reimold et al., 2001). XBP1-silenced MM plasma cells similarly

produce less Ig. Because the foremost activity of the ER in

plasma cells is Ig synthesis, pre-plasmablasts and earlier pro-

genitors, which produce less Ig, have a lower ER pre-load than

plasma cells, rendering them predictably less vulnerable to lethal

ER stress when ERAD is inhibited.

The finding that suppression of a branch of the ER homeo-

static UPR mediates PI resistance, when PIs induce cyto-

toxicity in MM via the induction of ER stress, is notably contrary

to any expectation from consideration of the UPR alone. How-

ever, whereas PIs cause activation of Atf6 and Perk in

response to ER stress, Xbp1s activity is only minimally

enhanced, perhaps because PIs stabilize ubiquitinated Xbp1u,

which can act as a dominant negative (Davenport et al., 2007;

Lee et al., 2003; Obeng et al., 2006). Because Xbp1 fails to

contribute to ER homeostasis following PI treatment, its loss

likely has no negative effect on the survival of PI-treated cells.

Instead, the overriding effect for MM cells of Xbp1 suppression

is a de-commitment to secretory Ig production, which reduces

ER loading and ultimately enables the cell to better withstand

ERAD inhibition.

Notably the existence of PI-insensitive Xbp1s� tumor progen-

itors within primary MM tumors likely produces class-effect PI

resistance that is independent of drug identity, in contrast to

resistance produced by PI-binding site PSMB5 mutations.

Therefore, primary MM tumors that are resistant to BTZ via

Xbp1s� tumor progenitors may also prove to be cross-resistant

to proteasome inhibition induced by carfilzomib, the second-

in-class PI recently approved by the US Food and Drug Admin-

istration, consistent with early clinical findings (Siegel et al.,

2012).

Xbp1 has been reported to be essential for MM pathogenesis

(Carrasco et al., 2007). Because Ire1 directly regulates Xbp1, Ire1

inhibitors are currently under development for the treatment of

MM (Koong et al., 2006; Kotz, 2011; Papandreou et al., 2011).

However, we find that Xbp1 is not required for MM tumor cell

survival, only for secretory maturation, and that its absence pro-

motes PI resistance. This suggests that Ire1 inhibitors used

outside of carefully construed combination strategies could

prove ineffectual for the treatment of MMandmay be deleterious

if combined with PIs.

Maturation arrest likely represents a final common pathway

that unifies a spectrum of genetic or epigenetic changes within

MM tumors that escape therapeutic pressures or the limitations

of the microenvironment. Notably, PRDM1, like XBP1, is essen-

tial for plasma cell maturation and for Ig production (Shapiro-

Shelef et al., 2003) and is also recurrently mutated in MM tumors

(Chapman et al., 2011), suggesting that mutation of genes other

than IRE1 or XBP1 may drive maturation arrest in MM. Further-

more, mutations of IRE1 and XBP1 can be identified in MM cell

lines that have not been exposed to BTZ (data not shown), sug-

gesting that such mutations can serve purposes other than BTZ

resistance. Expression profiling of BTZ-resistant MM tumors
ion by IF and for IGH-CCND1 gene fusion (arrows), by FISH. (e) Viable CD38�

y IF-FISH.

arrow examples presented.

.



Figure 8. Tumor Progenitor Cells inMultiple

Myeloma and Their Role in Therapeutic

Resistance

(A) Summary of primary MM progenitor stages,

which correspond to physiological stages of B cell

to plasma cell maturation (from left to right), as

observed in MM genetic subtypes with t(11;14)

IGH-CCND1 (top), t(4;14) IGH-FGFR3/MMSET

(middle), or hyperdiploid karyotype (bottom).

Progenitors were characterized by IF-FISH as in

Figure 6. CD20 protein expression is shown in

yellow; Xbp1s protein is shown in pink. Gene

fusions between IGH (top and middle, green) and

CCND1 (top, red) or FGFR3 loci (middle, red) are

indicated by a yellow arrow. In the bottom row,

trisomies of chromosomes 5 (green) and 9 (blue)

and diploidy of chromosome 15 (red) are indicated

by arrows. Scale bars: 5 mm.

(B) Schema showing tumor progenitor organiza-

tion in newly diagnosed MM (top). Tumor B cell

and pre-plasmablast progenitors are intrinsically

resistant to PI, preventing cure, even in patients

who achieve plasma cell complete response

(CR; middle). MM progression on PI treatment is

achieved in someMM tumors by maturation arrest

at the pre-plasmablast or earlier B cell stages,

preventing secretory commitment. Mutations

identified in MM that may mediate maturation

arrest are shown in red (bottom). Cells eliminated

by PI therapy are shown as ghosts.

(C) Schema comparing the relative ER capacity

and ER burden of plasma cell precursors. A

‘‘sweet spot’’ appears to exist at the activated B

cell and pre-plasmablast stage, where ER matu-

ration precedes secretory Ig production, contrib-

uting to the reduced susceptibility of these cells

to lethal ER stress following PI-induced ERAD

inhibition. Whereas some MM tumors develop PI

resistance by maturation arrest at the pre-

plasmablast stage, mantle cell lymphoma is

instead reported to achieve PI resistance by

promoting maturation toward this state.

(D) A model of intratumor cellular diversity, which

likely contributes to the failure to cure MM. A

plethora of tumor cell phenotypes arise from the

presence of multiple genetic subclones and from

multiple maturation stages within each subclone.
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suggests that these tumors have reduced IL-6 sensitivity (with

reduced IL6R and IL6ST), which can be directly attributed to

suppression of Xbp1s. This suggests that MM maturation arrest

not only enables PI resistance, but may also facilitate cytokine

independence and extra-medullary growth. In addition, matura-

tion arrest in MM likely contributes to the emergence of

oligosecretory disease. Therefore, PIs appear to exert a selec-

tive pressure on MM tumors that may alter the clinical picture

of relapsed MM encountered by modern physicians, contrib-

uting to a higher incidence of extra-medullary oligosecretory

disease.

While we demonstrate that MM cells achieve BTZ resistance

via de-commitment to terminal plasma cell maturation, others

have instead found that MCL tumor cells attain BTZ resistance

by plasmacytic differentiation (Pérez-Galán et al., 2011). How-

ever, BTZ-resistant MCLs fail to acquire Xbp1s or Ig secretion,

indicating that such cells are not full-fledged plasma cells and

suggesting that their differentiation state resembles that of

BTZ-resistant MM cells, namely activated B cells or pre-plasma-

blasts. We propose that a maturation ‘‘sweet spot’’ exists

between pre-germinal center B cells and plasma cells, exempli-

fied by cells with low ER burden that are intrinsically less suscep-

tible to the lethal effects of PI, because such cells express the

machinery of the adaptive UPR, but have not yet committed to

Ig production (Figure 8C).

The role of tumor progenitors and maturation arrest in

therapeutic resistance described here may be illustrative for

other drugs and cancers, particularly for therapies targeted

toward distinctive characteristics of well-differentiated tissues

such as secretion, hormone responsiveness, or antigen ex-

pression. Such treatments, like PIs, may fail to address less

distinctive progenitor populations and may thereby fail to

provide cure.

The biology of MM is shown to be related to that of other

B cell non-Hodgkin lymphomas in demonstrating a discernible

trail of tumor cell maturation from B cells. Whereas most MM

contain multiple genetic subclones that respond to treatment

in ‘‘clonal tides’’ (Keats et al., 2012), we propose that within

each subclone there exists a spectrum of progenitors that

markedly contribute to intratumor diversity and to the ability of

MM tumors to endure treatment (Figure 8D). Because tumor

progenitors contribute to treatment failure in MM, these sub-

populations must be addressed by future therapeutic strategies

to produce a pervasive cure for patients.

EXPERIMENTAL PROCEDURES

RNAi Screens

High-throughput siRNA studies in MM cells were conducted as described

(Tiedemann et al., 2010, 2012; Zhu et al., 2011). To identify BTZ resistance

mechanisms, genes were ranked by mean siRNA Bliss independence scores

at BTZ IC90.

Gene Expression Data

MM tumor profiles from patients enrolled on the APEX Study 039 of BTZ were

obtained from NCBI Gene Expression Omnibus (GEO; GSE9782; Mulligan

et al., 2007). Three Xbp1 signature gene sets were used: XBP1_Staudt_SigDB

reflects Xbp1 overexpression in B cells (Shaffer et al., 2006) and together with

other lymphoid transcription factor signatures was obtained from http://

lymphochip.nih.gov/signaturedb/; V$XBP1_01 represents genes with pro-

moters containing a conserved Xbp1 motif and is from the Broad MSigDB at
302 Cancer Cell 24, 289–304, September 9, 2013 ª2013 Elsevier Inc
http://www.broadinstitute.org/gsea/msigdb/index.jsp; XBP1_MM and the

related Ire1 signature, IRE1_MM, were generated by shRNA knockdown of

Xbp1 or Ire1 in MM cells. Plasma cell progenitor profiles were obtained from

ArrayExpress (http://www.ebi.ac.uk/microarray-as/ae/; E-MEXP-3034 and

E-MEXP-2360; Jourdan et al., 2011).

Lentiviral Transductions

Viruses were prepared in 293T cells. MM cells were transduced using 293T

supernatant diluted to 30%–50% in media and 8 mg/ml polybrene.

XBP1 Constructs

Human XBP1u and XBP1s cDNA (OriGene) were cloned into pWPIs1. Muta-

tions were generated with PCR.

Gene Expression Profiling

Samples were hybridized on Affymetrix HG-U133 Plus 2.0 GeneChip

microarrays (Affymetrix) and analyzed using GeneSpring GX 12.1 (Agilent

Technologies).

MM Samples

All patient samples were obtained following informed consent in compliance

with the Declaration of Helsinki and a protocol approved by the University

Health Network Research Ethics Board.

IF-FISH

Slides were fixed in 4% paraformaldehyde, permeabilized with 0.5% Triton

X-100, incubated with primary and secondary antibodies and then mounted

in Vectashield (Vector Laboratories). IF images were acquired. Coverslips

were removed and cells were treated with 0.005% pepsin in 0.01N HCl, 1%

formaldehyde, and with ethanol and were then hybridized with Vysis LSI or

Cytocell Aquarius DNA Probes. FISH images were acquired at IF image

coordinates.
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SUMMARY
Monosomy 7 and interstitial deletion of 7q (�7/7q�) are well-recognized nonrandom chromosomal abnor-
malities frequently found among patients with myelodysplastic syndromes (MDSs) and myeloid leukemias.
We previously identified candidate myeloid tumor suppressor genes (SAMD9, SAMD9-like = SAMD9L, and
Miki) in the 7q21.3 subband. We established SAMD9L-deficient mice and found that SAMD9L+/� mice as
well as SAMD9L�/� mice develop myeloid diseases resembling human diseases associated with �7/7q�.
SAMD9L-deficient hematopoietic stem cells showed enhanced colony formation potential and in vivo recon-
stitution ability. SAMD9L localizes in early endosomes. SAMD9L-deficient cells showed delays in homotypic
endosome fusion, resulting in persistence of ligand-bound cytokine receptors. These findings suggest that
haploinsufficiency of SAMD9L and/or SAMD9 gene(s) contributes to myeloid transformation.
INTRODUCTION

The first report of monosomy 7 in patients with myeloid malig-

nancies was published in 1964, soon after the discovery of the

Philadelphia chromosome in 1960, that described the deletion

of a C group chromosome in three patients with refractory ane-

mia (myelodysplastic syndrome [MDS] by current criteria) that

subsequently developed acute myelogenous leukemia (AML)

(E.J. Freireich et al., 1964, Clin. Res., abstract). Since then,

�7/7q� has been established as the most representative chro-

mosomal abnormality in a wide variety of myeloid malignancies

(10%–20%), including sporadic MDS in the elderly as the sole
Significance

Chromosome loss may contribute to oncogenesis through m
which typically eliminate the function of one tumor suppressor
In this report, we investigate two related genes, SAMD9 and S
Taking advantage that mouse lacks SAMD9 gene, we estab
mice developmyeloid diseases strikingly resembling human di
of an adjacent geneMiki contributes to the development of MD
plify a mechanism for how large chromosome deletion can c
responsible genes.

Ca
anomaly, secondary AML in young patients, and AML carrying

leukemogenic chimeras as an additional chromosome abnor-

mality (Brunning et al., 2008; Johnson and Cotter, 1997).

Tremendous efforts have been made for decades to isolate the

responsible genes in 7q. Recent studies indicate that the most

frequent deletions among patients with MDS/AML occur within

two broad regions with ambiguous borders near bands 7q22

and 7q34 (Jerez et al., 2012).

We recently identified a common microdeletion cluster in

subband 7q21.3 in patients with juvenile myelomonocytic leu-

kemia using microarray comparative genomic hybridization

(mCGH) (Asou et al., 2009). This cluster contains three poorly
echanisms different from those caused by small deletions,
gene by the deletion of one allele and amutation in the other.
AMD9L, as candidate-responsible genes for monosomy 7.
lished SAMD9L-deficient mice and found that SAMD9L+/�

seases associated with�7/7q�. Because haploinsufficiency
S through mitotic/nuclear abnormalities, our studies exem-
ontribute to oncogenesis via haploinsufficiency of multiple
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Figure 1. Development of Myeloid Dysplasia in SAMD9L-Deficient Mice

(A) Syntenic homology of the SAMD9L gene between humans and mice is presented. In humans, two related genes, SAMD9 and SAMD9L, exist in tandem,

whereas mice have only SAMD9L.

(B) Targeting strategy is illustrated. Part of the coding region of exon 2 is deleted and replaced by the b-galactosidase (b-gal) gene with the polyA (pA) and floxed

Neo-resistance genes for removal of the Neo-resistance cassette by Cre recombinase. The positions of the 50 probe for Southern blot and P1 and P2 primers for

genomic PCR are shown. Restriction sites are N (NcoI), RI (EcoRI), BII (BglII), A (ApaI), and K (KpnI).

(legend continued on next page)
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characterized genes: sterile a motif (SAM) domain-9 (SAMD9),

SAMD9L, andMiki (LOC253012). Althoughmutations have rarely

been seen in these genes, the genes reside proximal to the 7q22

band that is deleted in single copy in nearly 25% of patients with

AML andMDS (Asou et al., 2009). We also found thatMiki, a cen-

trosomal protein that promotes alignment of chromosomes at

metaphase, is a candidate gene responsible for mitotic/nuclear

abnormalities routinely observed in patients with MDS (Ozaki

et al., 2012).

The human SAMD9 (hSAMD9) and hSAMD9L genes share a

common gene structure and encode proteins with 60% amino

acid identity. A common ancestral gene of SAMD9/SAMD9L is

found in fish, frogs, and birds and shares roughly equal amino

acid identity with both genes. Most mammals including rats

have both SAMD9 and SAMD9L. However, mice have only

SAMD9L, and cows encode only an SAMD9 homolog (Li et al.,

2007), suggesting that SAMD9 and SAMD9L at least partially

complement each other’s functions. In humans, deleterious

mutations in the SAMD9 gene are known to cause normophos-

phatemic familial tumoral carcinosis (NFTC) (Topaz et al.,

2006), a rare autosomal recessive disease. Because NFTC is

characterized by abnormal inflammation of the skin and gingiva

that is induced by excessive signaling via tumor necrosis factor

a and/or interferon-g pathways, it has been suggested that

SAMD9 suppresses these inflammatory pathways (Chefetz

et al., 2008). In this study, we establish SAMD9L-deficient mice

to study possible roles of SAMD9L in the development of

myeloid malignancies and elucidate its biological function.

RESULTS

SAMD9L-Deficient Mice Developed Myeloid Disorders
Mouse synteny for human chromosome subband 7q21.3 ends at

the SAMD9L gene, and no SAMD9 gene is present in the mouse

genome (Figure 1A). We designed an SAMD9L knockout (KO)

vector in which the central portion of exon 2 (encoding the

entire SAMD9L protein) was removed and replaced with the

b-galactosidase cDNA and an SV40 polyA signal, followed by a

floxed neomycin-resistance cassette (Figure 1B). Recombinant

embryonic stem cell clones (Figure 1C) were used to create

SAMD9L+/� and SAMD9L�/� mice.

SAMD9L mRNA was expressed ubiquitously in mice with the

highest expression in the kidney (Jiang et al., 2011). Quantitative

real-time PCR revealed that the level of SAMD9L mRNA expres-

sion in the kidney of SAMD9L+/� mice was 45% of that in WT
(C) 50 Southern blot and 30 genomic PCR to detect homologous recombination are

panel), and the recombination-specific PCR product is indicated by the arrowhe

(D) SAMD9L transcripts analyzed by quantitative real-time PCR and normalized b

(top) or b-actin (bottom) antibody (right). SAMD9L genotypes are indicated belo

indicated between the two panels. Error bars, SD.

(E) Peripheral WBC count (left) or Hb level (right) is presented. Shaded areas indi

indicate SAMD9L�/� mice; open circles represent SAMD9L+/� mice.

(F) Flow cytometric analysis of splenic cells is shown.

(G) Hematoxylin-eosin staining of formalin-fixed BM (panel 1), Giemsa-stained p

from SAMD9L-deficient mice that developed MDS is shown. Arrows indicate Ho

(H) Myeloid disease-free survival curves are illustrated. Data from mice that died

(I) Immunoblot analysis of mouse splenic cell extracts used SAMD9L (top) or b-

indicates the position of SAMD9L.

See also Table S1.

Ca
mice, whereas the protein expression level decreased 4-fold

on immunoblots (Figure 1D).

SAMD9L�/� (n = 15), SAMD9L+/� (n = 19), and SAMD9L+/+

(n = 28) littermates were observed regularly for signs of illness,

including routine examination of peripheral blood. Among 28

SAMD9L+/+ mice, all but 2 maintained consistent WBC counts

andhemoglobin (Hb) levels throughout the24-month observation

period (Figure 1E, shaded areas). Five of the SAMD9L+/+ mice

died during the observation period (Table S1 available online).

Among 34 SAMD9L+/� and SAMD9L�/� mice, all but 1 (M-13)

showed normal WBC counts and Hb levels until the age of

12 months; thereafter, 12 mice (M-2, M-5, M-9, M-11, M-12,

M-14, M-16, M-17, M-19, M-20, M-21, and M-22) developed

neutropenia (WBC <4,000/ml), 3 mice (M-1, M-4, and M-7) suf-

fered from anemia (Hb <10 g/dl) with normal WBC counts,

whereas 3 mice (M-6, M-13, and M-23) showed an apparent

WBC increase (>15,000/ml) (Figure 1E). Of 23 mice associated

with those abnormal hematological findings, 18 had markedly

enlarged spleen (Table S1), in which Gr1/Mac1-positive myeloid

cells were proliferated (Figure 1F). All 15 mice developing cyto-

penia showed bone marrow (BM) with normal or even increased

cellularity (Figure 1G, panel 1), and myelodysplasia included

Pseudo-Pelger-Huet anomaly (panels 2 and 3), hypersegmented

neutrophils (panel 4), erythroblasts with abnormal nuclei (panels

5–7), Howell-Jolly body, polychromasia, anisopoikilocytosis

(panel 8), giant platelets (panel 9), and megakaryocytes with

round shape nuclei (panels 10 and 11). BM frequently showed

erythroid and/or myeloid maturation arrest (Figure 1G, panels

12 and 13). Based on Bethesda proposals for classification of

nonlymphoid hematopoietic neoplasms in mice (Kogan et al.,

2002), the types and frequencies of myeloid diseases included

myeloid dysplasia (8 of 15 SAMD9L�/�; 8 of 19 SAMD9L+/�),
myeloid leukemia (1 of 15 SAMD9L�/�; 1 of 19 SAMD9L+/�),
and myeloproliferative disease (1 of 19 SAMD9L+/�).
SAMD9L-deficient mice died of myeloid disease (Figure 1H;

Table S1) at significantly higher frequency than SAMD9L+/+

mice (p < 0.05, log rank test). SAMD9L+/� mice that developed

myeloid diseases still expressed SAMD9L protein (Figure 1I),

and no mutations were detected in the coding regions of the

SAMD9L gene or mRNA.

MOL4070A Infection Accelerated Disease Latency
and Frequency
MOL4070A retrovirus (Wolff et al., 2003), a derivative of Molo-

ney murine leukemia virus, induces myeloid malignancies in
shown. Germline (GL) and KO allele-derived bands are indicated by arrows (left

ad (right).

y HPRT (left) are shown. Immunoblot analysis of kidney extract used SAMD9L

w (left) or above (right). The relative expression ratio of SAMD9L to b-actin is

cate the range of values from �1 to +1 SD in SAMD9L+/+ mice. Closed circles

eripheral blood (panels 2–4, 8, and 9), and BM smears (panels 5–7 and 10–13)

well-Jolly bodies (panel 8). Scale bars, 5 mm.

of causes other than myeloid malignancies are censored.

actin (bottom) antibody. SAMD9L genotypes are indicated above. The arrow

ncer Cell 24, 305–317, September 9, 2013 ª2013 Elsevier Inc. 307



Figure 2. SAMD9L Deficiency Predisposes Mice to Myeloid Malignancies

(A) Myeloid disease-free survival curves of mice infected with MOL4070A retrovirus are presented. Data from mice that died of causes other than myeloid

malignancies are censored.

(B) Representative phenotypes of myeloid leukemia are shown. Wright-Giemsa staining of peripheral blood smears and results of flow cytometric analysis of

splenic cells are shown. Scale bars, 10 mm.

(C) Immunoblot analysis of extracts from splenic cells used SAMD9L (top) or b-actin (bottom) antibody. Mouse number and genotype are indicated above.

(D) Schematic illustration of the Evi1 (top) and Fbxl10 (bottom) genes identified as CISs is shown. Vertical arrows indicate viral integration sites.

(E) Southern blot analysis to detect retroviral integration is presented. Germline (GL) bands (arrows) and rearranged bands (arrowheads) are indicated.

(F) Evi1 (left) and Fbxl10 (right) transcripts analyzed by quantitative real-time PCR and normalized to the level of HPRT transcripts in splenic cells frommice with or

without integration of the indicated gene are shown. Horizontal short lines indicate median values.

(G) Survival curves of lethally irradiated mice that had been transfused with BM cells from SAMD9L�/� or SAMD9L+/+ mice infected with either Evi1- or control

(GFP)-expressing retrovirus (left panel) or with either Fbxl10- or control (GFP)-expressing retrovirus (right panel) are illustrated.

See also Tables S2–S4.
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mice harboring a propensity for myeloid diseases (Castilla

et al., 2004). When newborn mice were injected intraperitone-

ally with MOL4070A retrovirus, almost all SAMD9L+/� (12 of

14) and SAMD9L�/� (10 of 12) mice died of nonlymphoid

hematopoietic neoplasms (Figure 2A; Table S2), much earlier

than mice that developed spontaneous myeloid malignancies

(Figure 1F). In contrast, MOL4070A-infected SAMD9L+/+ mice

developed myeloid diseases at a significantly lower frequency

(5 of 30; p < 0.01) within the 15-month observation period

(Figure 2A).
308 Cancer Cell 24, 305–317, September 9, 2013 ª2013 Elsevier Inc
Unlike uninfected SAMD9L-deficient mice, which preferen-

tially developed MDS (13 of 30), 16 of 26 virus-infected mice

showed myeloid leukemias of various types such as immature

myeloid leukemia expressing myeloid (Gr1) and megakaryocyte

(CD61) markers (Figure 2B, M-4), myelomonocytic leukemia

with weak CD61 expression (M-20), and monocytic leuke-

mia partially positive for B cell (B220), erythroid (Ter119), or

megakaryocyte markers (M-26). Although leukemic cells from

two SAMD9L+/� mice showed no SAMD9L protein (Figure 2C,

M-15 and M-17) in immunoblots, long-distance PCR readily
.
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amplified full-length SAMD9L DNA and mRNA that contained no

mutation.

By the inverse PCRmethod (Yamashita et al., 2005), two com-

mon integration sites (CISs) were identified in leukemic samples

from SAMD9L-deficient mice (Table S3), whereas no CIS was

identified in samples from SAMD9L+/+ mice. In six samples

(M-9, M-17, M-19, M-20, M-24, and M-26), virus was found inte-

grated into the Evi1 gene (Figure 2D, upper) encoding a Zn finger

transcription factor, whereas three additional samples (14%;

M-4, M-18, and M-23) showed integration in the Fbxl10 (also

JHDM1B/Ndy1/KDM2B) gene (Frescas et al., 2007; Sánchez

et al., 2007) (Figure 2D, lower), which encodes a histone

H3K36 demethylase. Southern blot analysis showed polymor-

phic bands in all tumors (Figure 2E), indicating that the tumors

were composed largely of cells with these integration sites.

Quantitative real-time PCR analysis showed higher expression

levels than the median level of Evi1mRNA in nonintegrated sam-

ples (Figure 2F, left), whereas two (M-4 and M-18) maintained

higher Fbxl10 mRNA levels relative to nonintegrated samples

(Figure 2F, right panel).

Although Evi1 is well known to be overexpressed by retrovirus

insertion in mouse myeloid leukemia, the frequency of 6 (27.2%)

out of 22 myeloid malignancies carrying SAMD9L deficiency

was remarkably high compared with other leukemogenic factors

(usually around 5% or less) such as CBFb-MYH11 (Castilla et al.,

2004) and NUP98-HOXD13 (Slape et al., 2007). Enhancement of

leukemia incidence in SAMD9L-deficient mice combined with

Evi1 or Fbxl10 overexpression was further analyzed by retro-

virus-mediated in vitro gene transfer experiments (see Experi-

mental Procedures). Although no mice with transferred control

SAMD9L+/+GFP or SAMD9L�/�GFP BM cells (BMCs) developed

myeloid disorders during the 10-month observation period (Fig-

ure 2G), 3 of 11 mice with transferred SAMD9L+/+Evi1 cells died

of hematopoietic malignancies (Table S4). This relatively low fre-

quency of myeloid diseases induced by Evi1 gene transfer is in

agreement with previously published results by Buonamici et al.

(2004), Cuenco and Ren (2004), and Watanabe-Okochi et al.

(2008). In contrast, all mice (11 of 11) receiving transferred

SAMD9L�/�Evi1 cells died of hematopoietic malignancies,

particularly myeloid disorders (10 of 11; p < 0.01; Figure 2G,

left). Although not a statistically significant result (p = 0.082), we

also found that no mouse with transferred SAMD9L+/+Fbxl10

cells (n = 12) developed a hematopoietic malignancy, whereas

3 of 13 mice with transferred SAMD9L�/�Fbxl10 cells developed

myeloid malignancies (Figure 2G, right panel).

SAMD9L Deficiency Affects Hematopoietic Stem Cells
and Progenitors
Mouse (12 weeks old) BMCswere separated into three fractions:

long term (LT)-LSK (CD34�, CD135(Flt3)�, lineage-negative

[Lin�], Sca-1+, c-Kit+); short term (ST)-LSK (CD34+, CD135�,
LSK); and multipotent progenitor (MPP; CD34+, CD135+ LSK).

Quantitative real-time PCR revealed that SAMD9L mRNA levels

in SAMD9L+/� or SAMD9L�/� progenitors were roughly 50% or

0% of that in SAMD9L+/+ cells, respectively (Figure 3A). Reduc-

tion of SAMD9LmRNAwas supported by transcriptome analysis

of LSK cells using a next-generation sequencer (Figure 3B),

which also demonstrated that SAMD9L deficiency affects the

expression of only a few genes (Table S5). In addition, the total
Ca
number and proportion of the three LSK fractions in BM from

SAMD9L-deficient mice were similar to those in BM from

SAMD9L+/+ mice (Figure 3C).

Despite these apparently small effects on the expression

profile and the repertoire of early hematopoietic progenitors, col-

ony-replating assay revealed prominent effects of SAMD9L defi-

ciency.BMCs (12weeksold)weregrown in semisolid culturewith

appropriate cytokines, and colonieswere counted and harvested

for replating after 2 weeks. Although cells from SAMD9L+/+ mice

formed fewer colonies by the third replating (Figure 3D), cells

from SAMD9L-deficient mice continued to form similar numbers

and sizes of well-differentiated colonies beyond the seventh

plating. The excess number of colonies formed was reduced by

retrovirus-mediated forced expression of Samd9L (Figure 3E).

These data suggested enhanced self-renewal and/or delays in

differentiation of SAMD9L-deficient stem cells.

Enhanced reconstitution ability of stem cells was demon-

strated by competitive repopulation assay using the Ly5 con-

genic mouse system. Irradiated Ly5.1 mice were transplanted

with LT-LSK cells from SAMD9L+/+ or SAMD9L-deficient Ly5.2

mice (10 weeks old) together with BMCs from SAMD9L+/+Ly5.1

mice. Increased WBC numbers of SAMD9L-deficient cells

relative to SAMD9L+/+ cells were observed in recipient mice

(Figure 3F). This was confirmed by limiting-dilution transplants

using three dose concentrations of BMCs, results of which

showed a higher frequency of multilineage repopulating cells

(myeloid and T/B lymphocytes) at 8 weeks in SAMD9L�/� donor

BM (Figure S1), suggesting enhanced reconstitution ability of

stem cells and/or early hematopoietic progenitors.

In addition, growth advantage in the presence of cytokines was

evident in liquid cultures of c-Kit+ Lin� (KL) cells (Figure 3G), which

wereamplifiedbyprimaryculturesofmouseBMCsusingstemcell

factor (SCF) and thrombopoietin (Kuribara et al., 2004). In this

system, the level of SAMD9L expression in SAMD9L+/� KL cells

was approximately 15% of that in SAMD9L+/+ cells (Figure 3H).

Hypersensitivity of SAMD9L-deficient progenitors to cyto-

kines was also shown in in vivo experiments (Figure 3I). Mice

were injected with cyclophosphamide (CPA) (day 0) and human

granulocyte colony-stimulating factor (hG-CSF) (days 1–4). WBC

counts of control SAMD9L+/+ mice without hG-CSF injection

decreased rapidly until day 2 or 3 and then the counts gradually

increased, whereas daily hG-CSF injection accelerated the

recovery, as previously demonstrated by others (Hattori et al.,

1990). SAMD9L-deficient mice showed significantly higher

WBC counts at the nadir (day 3).

Because mice developed MDS at an old age, we examined

the features of BM progenitors of old mice (26 months) by col-

ony-replating assay. Cells from SAMD9L+/+ non-MDS mice

formed fewer primary colonies (Figure 3J), up to one-third of

those from young mice (Figure 3D) probably due to aging, and

colony formation potential was lost within replating five times.

SAMD9L+/� non-MDS cells also formed fewer primary colonies;

however, like SAMD9L-deficient cells from young mice, the col-

ony formation potential was maintained during replating more

than five times. Interestingly, cells from SAMD9L+/� MDS mice

formed a reduced number of nonconcentric spread colonies,

which were apparently different from colonies formed by non-

MDS cells in shape (Figure 3K). These data suggested that

additional abnormalities transform BM progenitors to MDS cells.
ncer Cell 24, 305–317, September 9, 2013 ª2013 Elsevier Inc. 309



Figure 3. Hypersensitivity to Cytokines of SAMD9L-Deficient Hematopoietic Progenitors

(A) SAMD9mRNA expression levels in hematopoietic cells are indicated below as a ratio relative to HPRTmRNAmeasured using quantitative real-time PCR. The

mean and SD in four independent experiments are shown. Error bars, SD.

(B) Comprehensive identification and characterization of the transcriptome of LSK cells from SAMD9L-deficient BM are presented. Scatterplots of log10(rpkm)

obtained for every transcript (>1 rpkm) in SAMD9L-deficient versus SAMD9L+/+ LSK cells are shown.

(C) The numbers of each fraction of LSK cells per 1,000 BMCs are presented. A representative result is shown. Similar results were obtained in three independent

experiments. Error bars, SD.

(D) The 23 104 BMCs obtained from 8-week-oldSAMD9L+/+, SAMD9L+/�, and SAMD9L�/�mice were cultured inMethoCult M3434. Colonies were counted and

replated at 2 3 104 cells every 2 weeks. Error bars, SD.

(E) BMCs were infected with pMYs retrovirus indicated below, and 0.7 3 104 c-Kit+, GFP+ cells were sorted and cultured in MethoCult M3434. Colonies were

counted and replated at 2 3 104 cells every 10 days. iGFP, ires-GFP. Error bars, SD.

(F) Repopulation ability of SAMD9L+/+, SAMD9L+/�, and SAMD9L�/� LT-LSK cells isolated from 10-week-old mice is illustrated. The percentages of donor-

derived (Ly5.2+) SAMD9L+/� and SAMD9L�/� cells in the total WBCs in the peripheral blood at periods indicated after transplantation are shown. Data are plotted

as means with error bars (SD). Representative results from three independent experiments are shown.

(G) BMCs were harvested and cultured in the presence of SCF and thrombopoietin (TPO) for 5 days. KL cells were then selected and cultured in SCF- and

TPO-containing medium. Cell numbers at the indicated period are shown. Error bars, SD.

(H) Immunoblot analysis of extracts from KL cells used SAMD9L (top) or b-actin (bottom) antibody. SAMD9L genotypes are indicated above.

(legend continued on next page)
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To obtain candidates for such genomic abnormalities, we

performed whole-exome sequencing on splenic cells from 17

mice that developed MDS or AML. We identified a total of 89

missense/nonsense/frameshift mutations that partially overlap-

ped with genes (or closely related genes) mutated in human

hematopoietic malignancies (Table S6).

SAMD9L Facilitates Homotypic Fusion of Endosomes
The above findings suggested that SAMD9L deficiency sensi-

tizes hematopoietic progenitors to cytokines. KL cells (purity

>90%) were harvested and starved of cytokines for 8 hr and

then cultured in SCF-containingmedium. InSAMD9L+/+ KL cells,

ERK was phosphorylated within 5 min of SCF stimulation (Fig-

ure 4A), followed by a rapid decline in phosphorylated-ERK

(pERK) level. In contrast, KL cells obtained from SAMD9L-defi-

cient mice maintained high levels of pERK even at 50 min after

the addition of SCF. These data suggested that SAMD9L is

involved in the turnover of cytokine receptors or negative feed-

back regulation for cytokine-derived signals.

A recent report demonstrated that hSAMD9L binds to an

endosome protein, Rgl2 (Hershkovitz et al., 2011), which regu-

lates cytokine receptor-derived signals (Takaya et al., 2007).

Indeed, immunostaining using SAMD9L antibody showed a

vesicular pattern of SAMD9L localization in approximately 15%

of KL cells (Figure 4B, panel 1) or lung fibroblasts (panel 4) that

overlapped with the localization of Rab5, an early endosomal

protein (Bucci et al., 1992).

Ligand-bound cytokine/growth factor receptors are endocy-

tosed and transitioned to endosomes and then degraded in lyso-

somes (Haas et al., 2005; Karlsson et al., 2006; Luzio et al., 2009).

To analyze this process, we used lung fibroblasts expressing

endogenous platelet-derived growth factor receptor (PDGFRb)

because sufficient numbers of cells can be obtained for pulse-

chase experiments, and these cells have a large cytoplasmic

volume allowing detailed observation of endosomes.

In pulse-chase studies, cell surface receptors were labeled

with biotin, enabling us to discriminate cell surface and endocy-

tosed receptors (Karlsson et al., 2006; Roberts et al., 2001) (see

Experimental Procedures). Cell surface PDGFRb was internal-

ized within 5 min after PDGF stimulation of SAMD9+/+ fibroblasts

(Figure 4C, lanes 1–4), followed by an increase in endocytosed

receptor levels after 15 min (lane 3), which then returned to low

levels within 30 min (lane 4).

When we repeated this experiment using lung fibroblasts with

reduced expression of SAMD9L by small hairpin RNA (sh#4

fibroblasts) (Figure 4D, lane 2), surface receptor levels in sh#4

fibroblasts behaved in a similar manner (Figure 4C, upper panel,

lanes 5–8); however, these cells showed a 5-fold higher accu-

mulation of endocytosed receptors relative to WT fibroblasts

(lower panel, lanes 7 and 8). We established cells that coex-

pressed a FLAG-tagged sh#4-resistant SAMD9L (Figure 4D,

lane 3) and found that endocytosed PDGFRb accumulation

was reduced to levels found in SAMD9L+/+ fibroblasts (Figure 4C,
(I) Mice (four each) were injected with CPA on day 0 and hG-CSF daily from day

(J) The 23 104 BMCs obtained from 26-month-old SAMD9L+/+ non-MDS, SAMD9

Colonies were counted and replated at 2 3 104 cells every 10 days. Error bars, S

(K) Representative images show colonies obtained from 26-month-old mice. Sca

See also Tables S5 and S6 and Figure S1.
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lower panel, lanes 11 and 12), excluding the possibility of off-

target effects.

We established lung fibroblasts from SAMD9L+/� and

SAMD9L�/� mice, which expressed SAMD9L protein at levels

of approximately 25% or 0%, respectively, of that in SAMD9L+/+

mice (Figure 4E, top panel). Both SAMD9L+/� and SAMD9L�/�

cells showed endocytosed receptor accumulation (Figure 4E,

middle) and persistent phosphorylation of Akt (Figure 4E, bottom

two panels) like sh#4 fibroblasts.

To elucidate the roles of SAMD9L in the metabolism of endo-

cytosed PDGFRb, we observed endosomes and lysosomes in

lung fibroblasts expressing a myc-tagged PDGFRb. In PDGF-

starved fibroblasts, myc-PDGFRb localized to the cell surface

as well as to the cytoplasm with a diffuse and vesicular pattern

(Figure 4F, panel 1), whereas an early endosome marker EEA1

localized to the cytoplasm (panel 5). PDGF stimulation for

5 min induced little change (Figure 4F, panels 2 and 6). However,

upon PDGF treatment for 15 min, myc-PDGFRb on the cell sur-

face was barely visible, and relatively large vesicles (>1 mm) con-

taining myc-PDGFRb or EEA1 were observed in the perinuclear

region (Figure 4F, panels 3, 30, 7, and 70; Figure 4G). Some

regions (approximately 30%) within the large vesicles were pos-

itive for both EEA1 and PDGFR on immunostaining analyses

(Figure 4F, panel 110). Thirty minutes after the addition of

PDGF, vesicle size decreased (Figure 4F, panels 4 and 8), and

only a few vesicles were positive for both EEA1 and PDGFRb

(Figure 4F, panel 12). Instead of EEA1, lysosome-associated

membrane protein 1 (Lamp1)-positive vesicles were fused to

approximately 30% of those containing PDGFRb (Figure 4H,

panel 3). This time course is in agreement with a previous report

by Karlsson et al. (2006), showing that early endosomes contain-

ing growth factor receptors increase in size via homotypic fusion

and then transition to late endosomes that fuse with lysosomes.

We repeated this experiment using sh#4 fibroblasts. Although

little difference was observed by PDGF stimulation for 5 min

(Figure 4F, panel 14), after 15 min of PDGF treatment,

PDGFRb-containing vesicles moved to the perinuclear region,

but these vesicles were noticeably smaller (Figure 4F, panels

15 and 150; Figure 4G). Shrunken myc-PDGFR-containing vesi-

cles in the perinuclear region were also observed in SAMD9L+/�

and SAMD9L�/� fibroblasts 15 min after PDGF stimulation (Fig-

ure 4G). Thirty minutes after the addition of PDGF, few endo-

somes in sh#4 fibroblasts were positive for both Lamp1 and

PDGFRb (Figure 4H, panel 6), suggesting that SAMD9L pro-

motes the fusion of early endosomes that will transition to late

endosomes and/or lysosomes.

It was reported that EEA1 promotes homotypic fusion of endo-

somes (Christoforidis et al., 1999; Mills et al., 1998), and EEA1

downregulation delays the degradation of epidermal growth fac-

tor receptor (Leonard et al., 2008). Indeed, when EEA1 expres-

sionwas downregulated using EEA1-specific siRNAs (Figure 5A),

accumulation of endocytosed PDGFRb and persistent phos-

phorylation of Akt were also evident 15 or 30min after stimulation
1 to day 4. Average WBC counts and SD are shown.

L+/� non-MDS, and SAMD9L+/�MDSmice were cultured inMethoCult M3434.

D.

le bars, 100 mm.
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Figure 4. Involvement of SAMD9L in Homotypic Fusion of Endosomes

(A) KL cells fromSAMD9L+/+, SAMD9L+/�, and SAMD9L�/�mice were SCF starved for 8 hr and then stimulated with SCF for the indicated number of minutes. The

results of immunoblot detection of pERK and total ERK are shown.

(B) A KL cell (panels 1–3) or lung fibroblast (panels 4–6) was stained with SAMD9L and Rab5 antibodies. Scale bars, 5 mm.

(C) Immunoblot detection of cell surface and endosomal PDGFRb that were biotinylated and precipitated separately is shown.

(D) Immunoblot analyses used SAMD9L (top), FLAG (middle), or b-actin (bottom) antibody to detect proteins in parent SAMD9L+/+ lung fibroblasts (lane 1), cells in

whichSAMD9Lexpressionwasconstitutivelydownregulatedbysh#4 (lane2), andcells simultaneously expressingsh#4andFLAG-SAMD9L (sh#4 resistant) (lane3).

(E) Immunoblot detection used the antibodies indicated on the left. Cell extracts from SAMD9L+/+, SAMD9L+/�, or SAMD9L�/� lung fibroblasts were subjected to

immunoblot analysis except for the middle panel, in which biotinylated and precipitated endosomal PDGFRb was used.

(legend continued on next page)

Cancer Cell

Myeloid Diseases Induced by SAMD9L Deficiency

312 Cancer Cell 24, 305–317, September 9, 2013 ª2013 Elsevier Inc.



Figure 5. Involvement of SAMD9L in the

Metabolism of Cytokine Receptor

(A) Immunoblot analyses used EEA1 (top) or

b-actin (bottom) antibody to detect proteins

in lung fibroblasts treated with EEA1 shRNA#4

(lane 1) or shRNA#8 (lane 2), and in parental

cells (lane 3).

(B) Immunoblot detection used the antibodies

indicated on the left. Cell extracts from lung

fibroblasts expressing shRNA#4 (lanes 1–4)

and shRNA#8 (lanes 5–8) were subjected to

immunoblot analysis except for the middle

panel, in which biotinylated and precipitated

endosomal PDGFRb was used.

(C) 293 cells were transiently transfected with

either empty p33FLAG-CMV10 or p33FLAG-

CMV10-SAMD9L vector. Whole-cell extracts

(lanes 1 and 2) or immunoprecipitated products

(IP) using control IgG, FLAG, or EEA1 antibody

were subjected to immunoblot analysis (IB) using

antibodies indicated on the left.

(D) IP of 32D cells using antibodies in (C) were

subjected to IB using antibodies indicated on

the left.
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with PDGF (Figure 5B, upper- and lower-middle panels, lanes 3,

4, 7, and 8). By coimmunoprecipitation analyses, we obtained

data showing that SAMD9L binds to EEA1 in 293 cells (Figure 5C,

lanes 5 and 6) or 32D myeloid cells (Figure 5D), suggesting that

SAMD9L and EEA1 are crucial components of a protein complex

that facilitate the degradation of cytokine receptors through the

homotypic fusion of endosomes.

Application of the Results in Mice to Human Myeloid
Malignancies with –7/7q–
In human, the related SAMD9 (hSAMD9) gene in addition to

SAMD9L (hSAMD9L) was expressed in hematopoietic progeni-

tors (Figure 6A). The unusual gene distribution among mammals

(see Introduction) suggests that SAMD9 and SAMD9L at least

partially complement each other’s functions. We introduced

FLAG-tagged hSAMD9 or hSAMD9L transgenes into lung fibro-

blasts established from SAMD9L�/� mice (Figure 6B). Relative

to SAMD9L�/� cells infected with empty virus (Figure 6C, lanes

7 and 8), those expressing hSAMD9 or hSAMD9L showed a 10-

or 3-fold decrease in endosomal PDGFRb (Figure 6C, lanes 11

and 12, and 15 and 16), respectively, suggesting that hSAMD9

or hSAMD9Lalso downregulates cytokine signalings. In addition,

coimmunoprecipitation analyses revealed that both hSAMD9

and hSAMD9L interact with EEA1 (Figure 6D, lanes 4, 6, and 10).

To test whether SAMD9L plays roles in cytokine-emanating

signal transduction in human leukemia cells harboring mono-

somy 7, F-36P cells (Chiba et al., 1991) were infected with virus
(F) Lung fibroblasts expressingmyc-PDGFRb (panels 1–12) and those expressing

followed by stimulation with 100 ng/ml PDGF-BB for the indicated lengths of time

150, 190, and 230 show 5-fold enlargements of endosome-rich regions. Scale bar

(G) Longitudinal diameter of PDGFR-positive endosomes was measured using Im

(H) Cells stimulated with 100 ng/ml PDGF-BB for 30 min were stained with Myc

Nuclei were stained with Hoechst 33342 in (B), (F), and (H).

Ca
containing SAMD9L cDNA (Figure 6E, left panel). In cells infected

with empty virus, substantial levels of ERK phosphorylation

continued to be observed more than 1 hr after GM-CSF stimula-

tion (Figure 6E, middle panels). However, ERK phosphorylation

decreased to less than 10% within 30 min in cells expressing

SAMD9L (Figure 6E, right).

We determined the copy number of SAMD9 and SAMD9L

genes in 60 unselected MDS and AML samples using mCGH

and qPCR (Asou et al., 2009). A total of 17 patients (17 of 60,

28%) carried one copy each of the SAMD9 and SAMD9L genes.

The remaining 43 patients had two or more copies of both

SAMD9 and SAMD9L genes, and no patient harbored missense

or nonsensemutations. Quantitative real-time PCR revealed that

SAMD9 or SAMD9L mRNA expression levels in BM mononu-

clear cells in patients with MDS/AML with one gene copy were

significantly reduced relative to those carrying two or more

copies (p < 0.01; Figure 6F). Intriguingly, the mRNA expression

level of SAMD9 correlated with that of SAMD9L in MDS/AML

cells (Figure 6G), suggesting that loss of one 7q allele results in

simultaneous reductions in SAMD9 and SAMD9L expression.

To test whether Evi1 or Fbxl10 overexpression contributes to

human leukemogenesis associated with �7/7q�, as they did in

SAMD9L-deficient mice (Figure 2F), we measured Evi1 and

Fbxl10 mRNA levels in patients with MDS/AML. Evi1 expres-

sion levels were higher (>0.5 of HPRT expression levels) in

5 of 17 (29%) and 3 of 43 (7.0%) samples carrying haploid

or diploid/polyploid for SAMD9/SAMD9L genes, respectively
reduced levels of SAMD9L (sh#4; panels 13–24) were starved of PDGF for 16 hr,

. Cells were stained with the antibodies indicated on the left. Panels 30, 70, 110,
s, 10 mm.

ageJ software (mean and SD of 200 endosomes).

and Lamp1 antibodies. Scale bars, 5 mm.
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Figure 6. Function and Expression of hSAMD9 and hSAMD9L

(A) SAMD9 (top) and SAMD9L (bottom)mRNA expression levels in hematopoietic cells are indicated on the left as a ratio relative to b-actin mRNAmeasured using

quantitative real-time PCR. The mean and SEM in four independent experiments are shown.

(B) Immunoblot analysis used FLAG (upper) or b-actin (bottom) antibody. Lung fibroblasts from SAMD9L�/� mice (lane 1), cells infected with the empty pMXs

(lane 2), pMXs-FLAG-hSAMD9 (lane 3), or pMXs-FLAG-hSAMD9L (lane 4) virus are shown.

(C) Lung fibroblasts from SAMD9L+/+ mice infected with the empty pMXs virus (lanes 1–4), fibroblasts fromSAMD9L�/�mice infected with the empty pMXs (lanes

5–8), pMXs-FLAG-hSAMD9 (lanes 9–12), and pMXs-FLAG-hSAMD9L (lanes 13–16) virus are presented. Cells were starved of PDGF for 16 hr and then stimulated

with PDGF-BB (100 ng/ml) for the periods indicated above. Immunoblot detection of endosomal PDGFRb is shown.

(D) 293 cells were transiently transfected with either empty p33FLAG-CMV10 or p33FLAG-CMV10-SAMD9L vector. Whole-cell extracts (lanes 1 and 2) or

immunoprecipitated products using control IgG, FLAG, or EEA1 antibody were subjected to immunoblot analysis using EEA1 (top), FLAG (middle), or hSAMD9L

(bottom) antibody.

(E) F-36P cells were infected with empty retrovirus or virus containing mouse SAMD9L cDNA and cytokine starved for 12 hr and then stimulated with

SCF for the indicated number of minutes. The results of immunoblot detection of pERK and total ERK (left and middle), and myc and b-actin (right)

are shown.

(legend continued on next page)
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(p < 0.05, chi-square test; Figure 6H, left), consistent with previ-

ous reports by Barjesteh van Waalwijk van Doorn-Khosrovani

et al. (2003) and Lugthart et al. (2008). In contrast, there was no

significant difference in Fbxl10 mRNA expression levels (Fig-

ure 6H, right).

DISCUSSION

In this paper, we demonstrated that SAMD9L haploinsufficiency

ultimately induces the development of myeloid diseases in mice.

Because humans have the related SAMD9 gene that encodes a

protein that compensates for the function of SAMD9L at least in

part, loss of one copy of each of the SAMD9 and SAMD9L genes

(i.e.,SAMD9+/�SAMD9L+/�) as a result of�7/7q�may not corre-

spond to SAMD9L+/� in mice. However, simultaneous reduction

of SAMD9 andSAMD9LmRNAby loss of 7q (Figure 6F) suggests

that SAMD9/SAMD9L function in human cells harboring�7/7q�
is parallel to SAMD9L function in SAMD9L+/� mouse cells.

SAMD9L haploinsufficiency in the natural course induced

the development of MDS in elderly mice (Figure 1F), mimicking

the typical clinical association between monosomy 7 as a sole

anomaly and sporadic MDS in elderly humans (Jaffe et al.,

2001). Enhancement of stem cell self-renewal and/or delay in dif-

ferentiation of early progenitors was observed in both young and

old SAMD9L+/� non-MDS mice (Figures 3D and 3J); however,

BMCs from old SAMD9L+/� MDS mice lost these features. This

suggests that additional genetic and/or epigenetic alterations

(other than age-related ones) that suppress stem cell self-

renewal and/or induce differentiation of early progenitors play

critical roles in the development of MDS. We consider that

SAMD9L haploinsufficiency contributes to MDS by protecting

stem cell(s) harboring such MDS-causative genetic and/or

epigenetic alterations from depletion.

In addition to sporadic MDS in elderly individuals, �7/7q�
frequently occurs in younger patients during the advancement

of secondary AML/MDS in radiation-induced and therapy-

related cases (Pedersen-Bjergaard et al., 2008), as well as during

the development of AML/MDS among patients with a propensity

for myeloid diseases such as patients with Fanconi anemia and

congenital neutropenia. �7/7q� is also often detected as an

additional chromosome abnormality in patients with AML

harboring a variety of leukemogenic chromosome translocations

and well-known gene abnormalities including Evi1 overexpres-

sion (Barjesteh van Waalwijk van Doorn-Khosrovani et al.,

2003; Jaffe et al., 2001; Lugthart et al., 2008). The role of

�7/7q� that promotes leukemogenesis caused by such a wide

variety of genetic alterations to different subtypes ofmyeloidma-

lignancies appears to correspond to the potential of SAMD9L

haploinsufficiency that promotes diverse pathways activated

by retrovirus insertion toward different types of myeloid leukemia

in younger mice (Figures 2A and 2B; Table S2).

SAMD9L haploinsufficiency sensitized hematopoietic progen-

itors to cytokines both in vitro and in vivo (Figures 3G and 3I). This
(F) Ratios of SAMD9 and SAMD9L mRNAs relative to HPRT mRNA in the BM

diploid/polyploid (right) are shown. Horizontal lines indicate the median.

(G) Correlation between the relative expression levels of SAMD9 (horizontal) a

presented. Regression lines and correlation coefficient (r) are indicated.

(H) Relative expression levels of Evi1 (left) and Fbxl10 (right) mRNA to HPRT mR
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is consistent with a previous report indicating that G-CSF prefer-

entially stimulates proliferation of monosomy 7 progenitors

carrying nonmutated G-CSF receptor (Sloand et al., 2006). In

addition, a correlation has been reported between the develop-

ment of myeloid malignancies harboring monosomy 7 and LT

treatment of aplastic anemia and congenital neutropenia with

G-CSF (Kojima et al., 2002; Weinblatt et al., 1995), supporting

that the loss of SAMD9/SAMD9L genes plays crucial roles in

the growth advantage under the presence of cytokines and

leukemogenic process of progenitors harboring �7/7q�.

The presence of broad and divergent deletion regions in

patients with 7q� AML/MDS suggests that the total loss of one

tumor suppressor gene (which usually occurs by the deletion

of one allele and a mutation in the other) is unlikely to be respon-

sible for myeloid transformation by �7/7q� (Jerez et al., 2012).

Rather, like current models proposed for 5q� (another large

deletion frequently found inMDS; Brunning et al., 2008), haploin-

sufficiencies of multiple genes play critical roles in the promotion

of myeloid diseases (Ebert, 2009). The 5q� region encodes mul-

tiple (candidate) causative proteins that carry out a broad spec-

trum of biochemical functions. Haploinsufficiency of each gene

is likely responsible for the corresponding clinical symp-

toms, such as anemia, thrombocytosis, clonal dominance, and

response to lenalidomide (a key drug for treating 5q� MDS).

We consider that SAMD9/SAMD9L and Miki, the latter of

which we recently reported as being involved in the abnormal

morphology characteristic of MDS (Ozaki et al., 2012), are mem-

bers of multiple causative genes on 7q, whose haploinsuffi-

ciency in combination plays crucial roles in the development of

myeloid malignancies. Because SAMD9 and SAMD9L compen-

sate each other’s function at least in part, heterozygous loss of

both SAMD9 and SAMD9L genes may be required to develop

human myeloid diseases, and that is why mutations have not

been identified in either gene. Careful analysis of small deletions

and mutations using high-throughput sequencing may help to

identify other key genes in this region that contribute to myeloid

transformation by loss of one 7q allele.

EXPERIMENTAL PROCEDURES

Mouse Experiments

SAMD9L-deficient mice were established according to standard procedures

described in Supplemental Experimental Procedures. Evi1 gene transduction

was performed according to the method described previously by Jin et al.

(2007). Fbxl10 transduction was performed using the method described in

Supplemental Experimental Procedures. Newborn mice were inoculated intra-

peritoneally with 100 ml MOL4070A retrovirus solution containing approxi-

mately 1 3 105 infectious particles. Retroviral integration sites were identified

using iPCR as described previously by Yamashita et al. (2005). Peripheral

blood chimerisms of the recipient mice were analyzed as previously described

(Nagamachi et al., 2010). To analyze the effect of hG-CSF, mice (9 weeks of

age) that had been intraperitoneally injected with CPA (Shionogi Pharmaceu-

ticals, Osaka) at a dose of 100 mg/kg on day 0, were given 0.1 mg of human

G-CSF (Miltenyi Biotec, Bergisch Gladbach) per mouse per day, or control

vehicle for 4 days from day 1 to day 4. Blood samples for the measurement
-MNC of patients with MDS/AML that are SAMD9/SAMD9L haploid (left) or

nd SAMD9L (vertical) mRNA to HPRT mRNA from MNCs described in (F) is

NA in MNCs of patients with MDS/AML described in (F) are shown.
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of WBC count were obtained 5 hr after each injection and 30 hr after the injec-

tion on day 4. All mice were kept according to guidelines of the Institute of Lab-

oratory Animal Science, Hiroshima University. The Animal Care Committee at

the Japanese Foundation for Cancer Research approved all murine studies.

Cells and Cell Culture

F-36P cells were cultured in medium described by others (Chiba et al., 1991).

Lung fibroblasts and 293 cells and their derivatives were grown in DMEM sup-

plemented with 10% FBS. LSK cells were isolated and characterized (Honda

et al., 2011;Mizuno et al., 2008), using antibodies listed in Supplemental Exper-

imental Procedures. Human CD34+ CD38� Lin�, CD34+ CD38+ Lin�, and Lin+

cells were isolated from cryopreserved human BM cells (TaKaRa Bio, Shiga)

(Shima et al., 2010). The stained cells were analyzed and sorted by FACSAria

II (BD Biosciences). c-Kit+ BM cells expressing Samd9L were obtained by

infecting cells with pMYs retrovirus carrying SAMD9L cDNA and IRES-GFP

followed by sorting with GFP. Cells stably expressing PDGFRb and SAMD9/

SAMD9L proteins were established by infecting cells with pMXs retrovirus

carrying the corresponding cDNA followed by selection with neomycin. Cells

expressing mouse SAMD9L or EEA1 at reduced levels were generated using

U3-deleted pMX-puro retrovirus carrying a mouse U6 promoter and a small

hairpin sequence specific for mouse SAMD9L mRNA (sh#4, target sequence:

ACAATGGAGTGATCTACTACA), or EEA1 mRNA (sh#4, CAAGAAAGCATAAA

GGAAATA; sh#8, CGGAGAAGCTGAAGAATCAGT). sh#4-resistant mouse

SAMD9L cDNA was created by replacing nucleotides in the target sequence

to CAgTGGAGcGAcCTtCTt (underline indicates replaced nucleotides),

changes that do not affect the amino acid sequence. Murine colony formation

assays were performed using MethoCult M3434 (STEMCELL Technologies,

Vancouver) according to the manufacturer’s instructions.

Quantitative Real-TimePCR, Transcriptome Analysis, Whole-Exome

Sequencing, and Determination of Copy Number

Total RNA was extracted from sorted LSK cells using RNeasy Micro Kit

(QIAGEN, Tokyo), and mRNA was purified using SuperScript VILO (Invitrogen,

Venlo). Quantitative real-time PCR was performed as previously described by

Kuribara et al. (2004) using the primer sets listed in a table in Supplemental

Experimental Procedures. Transcriptome analysis was performed using a

next-generation sequencer (GAIIx; Illumina, San Diego) according to the man-

ufacturer’s instructions. The generated sequence tags were mapped onto the

mouse genomic sequence (UCSC Genome Browser, version mm9) using the

sequence alignment program ELAND (Illumina). Whole-exome sequencing

was performed according to the method described in Supplemental Experi-

mental Procedures. Copy numbers of hSAMD9 and hSAMD9L genes were

determined using mCGH and qPCR techniques as previously described

(Asou et al., 2009).

Protein Analysis

Immunoprecipitation and immunoblot analyses and immunostaining were per-

formed according to standard procedures by Mizuno et al. (2008) and Shinjyo

et al. (2001). Cell surface and internalized PDGFRbwere isolated as previously

published procedures by others (Karlsson et al., 2006; Roberts et al., 2001) and

are described in Supplemental Experimental Procedures.

Human Samples

Written informed consent was obtained from patients with AML/MDS in accor-

dancewith theDeclarationofHelsinki forBMsampling, andanalysiswasunder-

taken with the approval of the Hiroshima University institutional review board.

ACCESSION NUMBERS

The short-read sequence archive data appearing in this paper were registered

in GenBank/DDBJ under the following accession numbers: DRA000636,

DRA000637, and DRA000638.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

one figure, and six tables and can be found with this article online at http://

dx.doi.org/10.1016/j.ccr.2013.08.011.
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SUMMARY
Ribosomes are specialized entities that participate in regulation of gene expression through their rRNAs
carrying ribozyme activity. Ribosome biogenesis is overactivated in p53-inactivated cancer cells, although
involvement of p53 on ribosome quality is unknown. Here, we show that p53 represses expression of the
rRNA methyl-transferase fibrillarin (FBL) by binding directly to FBL. High levels of FBL are accompanied
by modifications of the rRNA methylation pattern, impairment of translational fidelity, and an increase of
internal ribosome entry site (IRES)-dependent translation initiation of key cancer genes. FBL overexpression
contributes to tumorigenesis and is associated with poor survival in patients with breast cancer. Thus, p53
acts as a safeguard of protein synthesis by regulating FBL and the subsequent quality and intrinsic activity
of ribosomes.
INTRODUCTION

Recent findings support the emerging notion that the dysregula-

tion of ribosome biogenesis in cancer cells is not just a conse-

quence of oncogenesis, but represents a key step in this

complex process (Barna et al., 2008; Bywater et al., 2012;

Yoon et al., 2006). Ribosome biogenesis is a multistage process

that involves transcriptional and posttranscriptional regulation

and a stringent quality control to produce functional ribosomes
Significance

Ribosome production is increased in cancer cells. This enhanc
gression. Our results show that p53 regulates the pattern of r
translational fidelity and increases the initiation of internal rib
strating that p53 regulates the biogenesis and intrinsic activity
participates in the ‘‘translational reprogramming’’ in cancer c
oncogenic genes.
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(Bashan and Yonath, 2008; Henras et al., 2008). Ribosome

biogenesis is overactivated in cancer cells, notably by a loss of

function of RNA polymerase I (Pol I) repressors such as p53

(Bywater et al., 2012; Zhai and Comai, 2000).

The posttranscriptional steps of ribosomal RNA (rRNA) pro-

cessing determine the structure and function of thematuremole-

cule (King et al., 2003; Baxter-Roshek et al., 2007; Puglisi, 2009).

Indeed, rRNAs are ribozymes that support the decoding and

proofreading steps and catalyze the formation of the peptide
ed production of ribosomes plays a crucial role in tumor pro-
ibosomal RNA posttranscriptional modification that impairs
osome entry site (IRES)-dependent translation. By demon-
of ribosomes, our study demonstrates that p53 deficiency
ells and contributes to the uncontrolled expression of key

.
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Figure 1. p53 Regulates FBL Expression at both the mRNA and

Protein Levels

The expression of endogenous FBL in the indicated cell lines was analyzed at

the mRNA level by RT-qPCR (A, C, and E) and at the protein level by western

blot (B, D, and F). All graphs represent mean and SD of at least three experi-

ments. *p < 0.05 and **p < 0.01 according to Student’s t test.

See also Figure S1.
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bond during translation (Cech, 2000; Demeshkina et al., 2012).

rRNAs are subjected to intense and highly specific chemical

modifications (methylations and pseudouridylations). The exact

role of these modifications has not yet been fully elucidated,

although it appears that they help optimize the complex ribo-

somal architecture required to produce an efficient ribosome

(Baxter-Roshek et al., 2007).

Changes in the posttranscriptional modifications of rRNAs

influence translational fidelity (i.e., nonsense suppression or

amino acid misincorporation) and the mode of translation initia-

tion (i.e., CAP versus internal ribosome entry site [IRES]) of key

cancer genes (Ruggero, 2013; Basu et al., 2011; Baxter-Roshek

et al., 2007). Moreover, a defect in rRNA methylation or pseu-

douridylation may cause specific clinical syndromes and is

correlated with an increased incidence of cancer (Belin et al.,

2009; Montanaro et al., 2008). This study aims to determine

whether p53 controls rRNA methylation and subsequently

affects translational regulation.

RESULTS

FBLExpression Is Inversely Associatedwith p53 Activity
in Cell Lines and Human Breast Cancer Samples
Fibrillarin (FBL) is an indispensable, highly conserved protein

essential in the processing of pre-rRNAs (Newton et al., 2003;

Tollervey et al., 1993). In eukaryotes, it is the only known methyl-

transferase that performs the specific 20-O-ribose-methylation

directed by a large family of small trans-acting guide RNA (box

C/D antisense snoRNAs). Because abnormal rRNA methylation

could influence translational control and because p53 regulates

rRNA transcription, we explored whether FBL expression was

associated with p53 activity. We measured FBLmRNA and pro-

tein levels in different cell lines in which p53 expression and/or

activity was modulated by different strategies. In immortalized

human mammary epithelial cells (HME), p53 activity was

impaired either by reducing its expression using an shRNA

approach (HME-shp53) or by inactivation using an SV40 T/t

antigen trapping strategy (HMLE; Elenbaas et al., 2001). In

response to p53 knockdown or inactivation, there was a signifi-

cant increase in FBL expression: 1.5-fold for the mRNA and

2-fold for the protein (Figures 1A–1D; Figures S1A and S1B avail-

able online). As expected, we observed a decrease in the

expression of CDKN1A, which encodes p21, and MDM2, two

p53 target genes, which validated the reduction in p53 activity

in these cellular models (Figures 1B, 1D, S1A, and S1B). The

inverse correlation between FBL and p53 expression was

confirmed in a second series of immortalized HMEC lines

(Figures S1C and S1D) and in an isogenic human HCT-116 colo-

rectal cellular model: HCT-116-p53+/+ cells that express wild-

type p53 protein and HCT-116-p53�/� cells that lack p53 protein

expression (Bunz et al., 1998). FBL mRNA and protein levels

were increased in HCT-116-p53�/� cells compared to those of

HCT-116-p53+/+ cells (Figures 1E, 1F, and S1E), demonstrating

that the increase in expression of FBL in response to p53 inacti-

vation is not restricted to mammary cell lines.

To assess more directly the impact of p53 on FBL expression,

HME cells were treated with a p53-specific siRNA instead of an

shRNA to induce a transient knockdown of p53 expression (Fig-

ures 2A, 2B, S2A, and S2B). In this condition, increased FBL
Ca
expression at the mRNA and protein levels correlated with the

inhibition of p53 expression (Figures 2A and 2B). Taken together,

these results exclude the possibility that the changes in FBL

expression levels resulted from an off-target effect and firmly

link FBL expression to p53 expression. Additionally, to investi-

gate the impact of p53 activation on FBL expression, we treated

HME cells with the topoisomerase inhibitors doxorubicin and

camptothecin, which are prominent activators of p53. The re-

sults showed that the expected p53 induction in response to

treatment was accompanied by a decrease in FBL mRNA and

protein levels (Figures 2C and 2D). Quantification of the western

blots demonstrated a significant association between the in-

crease of p53 protein levels and the decrease of FBL protein

levels (Figures S2C–S2E).
ncer Cell 24, 318–330, September 9, 2013 ª2013 Elsevier Inc. 319



Figure 2. Modulation of p53 Expression

Alters FBL Expression

Endogenous FBL expression was analyzed in

HME cells at the mRNA level by RT-qPCR (A and

C) and at the protein level by western blot (B and

D). The p53 expression is modulated by using an

siRNA (A and B) or by treating or not (NT) with

2 mg/ml doxorubicin or 1 nM camptothecin (C and

D). The p21 lanes in (D) were spliced together

from discontinuous lanes of the same blot as

indicated by dotted lines. All graphs represent

mean and SD of at least three experiments. *p <

0.05 and ***p < 0.001 according to Student’s t test.

See also Figure S2.
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In human cancers, the TP53 tumor suppressor gene is

frequently inactivated, mainly by mutations (Olivier et al., 2006).

To determine whether FBL expression is associated with p53

mutation status independently of other genetic variations in cell

lines, we analyzed the FBL expression levels in a panel of three

wild-type p53 breast cell lines and fivemutant p53 breast cancer

cell lines. High levels of FBLmRNA and protein were significantly

associated with the expression of mutant p53 (Figures 3A, 3B,

and S3). This result prompted us to investigate the clinical corre-

lation between the p53 mutation status and FBL expression. We

analyzed the FBL mRNA expression levels by RT-qPCR in rela-

tion to the p53 mutation status in a cohort of 80 randomly

selected primary breast tumors (Table S1). Consistent with the

results obtained in cell lines, FBLmRNA levels were significantly

higher in mutant p53 tumors compared to wild-type p53 tumors

(Figure 3C). We also performed a retrospective statistical anal-

ysis of the gene expression array data described by Miller and

colleagues (Miller et al., 2005). FBL mRNA levels were signifi-

cantly higher in mutant p53 tumors (n = 58) than in wild-type

p53 tumors (n = 193; p < 10�4, t test). Altogether, these results

show a significant and reproducible inverse association between

the p53 level and/or activity and the expression of FBL at both

the mRNA and protein levels, suggesting that p53 can repress

FBL expression in cellular models of breast and colon cancer

as well as in human breast tumors.

p53 Represses FBL Expression by Directly Binding
to DNA
Using the MatInspector software and the p53FamTag database,

two putative p53 responsive elements (p53RE-1 and p53RE-2)

were identified within the FBL intron 1, suggesting a direct tran-

scriptional regulation of FBL expression by p53 (Cartharius et al.,

2005; Sbisà et al., 2007; Figures 4A and S4A). Based on these

predictions, we developed a luciferase reporter (pFBL-Luc)

assay to assess whether p53 regulates FBL promoter activity.

HCT-116-p53�/� cells were cotransfected with pFBL-Luc and

a plasmid expressing either wild-type or mutant p53 protein at
320 Cancer Cell 24, 318–330, September 9, 2013 ª2013 Elsevier Inc.
detectable protein levels (Figures 4B

and S4B). The coexpression of wild-type

p53 significantly decreased the luciferase

activity by 80%, while no significant vari-

ation in luciferase activity was observed

after co-expression of any p53 mutant.

Similar results were observed in HME-
shp53, the coexpression of wild-type, but not mutant, p53 pro-

tein reducing the luciferase activity (Figure 4C). These results

suggest that p53 represses promoter activity through intron 1

of FBL in both breast and colon cellular models.

To determine whether p53 directly binds to FBL gene DNA,

chromatin immunoprecipitation (ChIP) assays were performed

in HME-derived cells (Figures 4D, 4E, S4C, and S4D). Compared

to nontreated HME cells, camptothecin treatment increased

p53 binding to both the CDKN1A promoter and the intron 1 of

FBL at p53RE-1 and p53RE-2. In contrast, decrease in p53

expression in HME-shp53 cells was associated with a drastic

reduction in p53 binding to both the CDKN1A promoter and

intron 1 of FBL compared with nontreated HME cells (Figures

4D, 4E, S4C, and S4D). These data show that p53 binds the

FBL intron 1 both in the basal condition and when p53 is

activated. Altogether, these results demonstrate that FBL is a

p53 target gene and that FBL expression is directly repressed

by p53.

p53-Mediated Alteration of the rRNA Methylation
Pattern
Because p53 directly represses FBL expression, we determined

whether p53 inactivation alters rRNA methylation by using a

previously described, site-specific semiquantitative RT-qPCR-

based method (Belin et al., 2009; Maden, 1988). We analyzed

the change of rRNA methylation at 18 sites distributed along

the 5.8S, 18S, and 28S rRNAs that are known to be methylated.

These sites include those localizedwithin key functional domains

of rRNAs, i.e., the decoding center (DC) in the 18S rRNA, and the

peptidyl transferase center (PTC) and the helix 69 (H69) of 28S

rRNA. In general, most of the sites were significantly more

frequently methylated in HME-shp53 than in HME cells (Figures

5A and S5A). This overall increase in the site-specific rRNA

methylation pattern is consistent with our finding that FBL

expression level is higher in HME-shp53 than in HME cells, and

suggests that methylation could be regulated in a site-by-site

manner.



Figure 3. p53 Regulates FBL Expression in Human Breast Cell Lines

and Tumors

(A) Quantification of FBL mRNA expression analyzed by RT-qPCR and

normalized to RNA18S.
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As expected, metabolic labeling with [5,6-3H]-uridine and

L-[methyl-3H]-methionine showed that p53 inactivation led to

a significant increase in rRNA synthesis (Figure S5B; Zhai

and Comai, 2000), with a faint increase in the global rRNA

methylation rate (Figure S5C). This showed that the amount

and/or activity of the rRNA methylation machinery was suffi-

cient to sustain the global rRNA methylation rate following

the increase in rRNA synthesis after p53 inactivation. In

addition, because selection of site methylation is ensured by

guide C/D-box snoRNAs that complex with FBL, we verified

whether snoRNA expression levels were altered in p53-inacti-

vated cells. Northern blot analyses revealed a modification of

snoRNA levels according to p53 levels, suggesting that p53

could also be involved in the regulation of some C/D-box

snoRNA as is the case for some H/ACA snoRNP (Figures

S5D–S5F; Krastev et al., 2011). However, no correlation was

found between the amount of snoRNA and the level of the

corresponding rRNA methylation sites (Figures 5A and S5A).

These results show that inactivation of p53 resulted in a site-

specific modification of the rRNA methylation pattern that

correlates with FBL expression.

p53 Alters the Translational Fidelity by Modulating FBL

Expression
The chemical modifications of rRNA that have been conserved

throughout evolution in all species are involved, at least in

eukaryotes, in the control of translational fidelity and in the

control of translation initiation modalities (i.e., CAP-dependent

versus IRES-dependent; Ruggero, 2013; Baxter-Roshek et al.,

2007; Chaudhuri et al., 2007; Ruggero et al., 2003). We first

analyzed two different examples of translational fidelity,

nonsense suppression and amino acid misincorporation (Belin

et al., 2009). The bypass of a premature stop-codon (Figures

5B–5D) and the misincorporation of amino acids (Figures 5E–

5G) were both significantly increased after p53 inhibition or inac-

tivation in different cell lines. This suggested that the translational

alteration could be due to p53-mediated increase of FBL expres-

sion level. To investigate this possibility, we analyzed the misin-

corporation of amino acids in response to knockdown of FBL

expression. As shown in Figure 5G, reduction of FBL expression

in HCT-116-p53�/� prevented the increase in amino acids misin-

corporation, demonstrating that the decrease in translational

quality control in response to p53 inhibition is dependent on

FBL overexpression. In contrast, the ability of ribosomes to

induce a �1 frameshift from a severe acute respiratory

syndrome-coronavirus (SARS-CoV)-1 programmed ribosome

frameshift signal was similar in the three cell lines (Figures 5H–

5J). These results suggest that p53 inactivation could decrease

translational fidelity in an FBL-dependent manner.
(B) Quantification of FBL protein expression analyzed by western blot. All

graphs represent mean and SD of at least three experiments.

(C) Box-and-whisker plots of FBLmRNA expression quantification in wild-type

p53 (n = 59) versus mutant p53 (n = 21) primary breast tumor samples. The

bottom and the top of the boxes represent the 25th and 75th percentiles,

respectively. The median values are visible as a line, the mean as a cross in the

box and SD as error bars. The p value has been determined by a Mann-

Whitney W test.

See also Figure S3 and Table S1.
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Figure 4. p53 Represses FBL Promoter

Activity by Directly Binding to DNA

(A) Alignment of the two putative p53 response

elements (p53RE-1 and p53RE-2, black arrows)

located within the intron 1 of FBL with the p53RE

consensus (R, G/A; W, A/T; Y, C/T). n, spacer

within p53RE consensus; dotted box, nucleotide

region of the FBL gene cloned in the pFBL-Luc

reporter vector; P1 and P2, primers pairs used in

ChIP assays.

(B and C) Luciferase reporter assays were per-

formed in the absence of p53 (�) and in the

presence of the wild-type (WT) or the indicated

mutant p53 protein in HCT-116-p53�/� (B) and in

HME-shp53 cells (C). Firefly luciferase activity is

normalized to the renilla luciferase activity. Basic,

luciferase reporter vector with no FBL sequence.

(D and E) ChIP using an anti-p53 antibody and

primer pairs P1 (D) or P2 (E) were performed in

nontreated (NT) or 1 nM camptothecin-treated

HME cells, or in HME-shp53 cells. All graphs

represent mean and SD of at least three experi-

ments. *p < 0.05 and ***p < 0.001 according to

Student’s t test.

See also Figure S4.
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p53 Increases IRES-Mediated Initiation of Translation
by Modulating FBL Expression
To determine whether the CAP- or IRES-dependent mode of

translation was modified, we used a bi-cistronic vector strategy

that has been extensively used to identify a vast number of IRES-

containing sequences (Belin et al., 2009; Komar and Hatzoglou,

2011). At this stage of the study, we focused our analysis on

IGF1R due to its role in tumorigenesis and because IGF1R pos-

sesses the longest GC-rich 50UTR that contains a well-identified

IRES among all human transcripts yet characterized (Giraud

et al., 2001; Pollak et al., 2004). Using a bi-cistronic luciferase

assay, we observed a significant increase in the global luciferase

activity in the p53-inactivated HME-shp53 and HCT-116-p53�/�

cells compared with cells expressing wild-type p53 (Figure 6A).

This increasewas due to a preference to initiate IRES-dependent

translation. Indeed, the translation of the firefly luciferase driven

by the IRES of IGF1Rwas significantly increased, while no signif-

icant variation was detected for the renilla luciferase driven by a

CAP-dependent mechanism (Figures S6A and S6B). Similar re-

sults were obtained in other HME-derived cell lines (Figures

6B, white bars; Figures S6C and S6D, sc bars). Moreover,

HME and HMLE cells expressed similar levels of firefly luciferase

mRNA and renilla luciferasemRNA independently of variations in

p53 protein levels, which supports the hypothesis of IRES-medi-

ated translational regulation rather than transcriptional regula-

tion of IGF1R expression (Figure S6E).
322 Cancer Cell 24, 318–330, September 9, 2013 ª2013 Elsevier Inc.
To evaluate whether a similar regula-

tion exists in human cell lines, we

explored the IGF1R IRES activity in

breast cell lines that express wild-type

or mutant p53 protein (Figure 6C). The

activity level of the IGF1R IRES was

significantly higher in themutant p53 cells

that expressed high levels of FBL com-
pared with the wild-type p53 cells that expressed low levels of

FBL. Thus, translation initiation mediated by the IGF1R IRES

was higher in breast cell lines that had inactivated p53 instead

of wild-type p53.

To confirm that the IRES activity was modulated by rRNA

methylation, we analyzed the IGF1R IRES activity after using

an FBL-siRNA knockdown approach that reduced the FBL

protein level (Figures S6C, S6D, and S6F). As shown in Fig-

ure 6B, reduction of FBL expression significantly decreases

the IRES-dependent translation initiation of IGF1R in HME,

HME-shp53 and HMLE cells. This result demonstrates that

the efficiency of IRES-dependent translational initiation is

modulated by rRNA methylation through modulation of FBL

expression.

To determine whether the p53-mediated translational control

of the IGF1RmRNA observed with recombinant expression vec-

tors also occurs with endogenous IGF1R mRNA, we compared

the distribution of the IGF1R mRNA within polysomal fractions

of HME and HME-shp53 cells. The polysomal fraction corre-

sponds to mRNA bound to more than one ribosome and there-

fore contains actively translated mRNA. As shown in Figure 6D,

a significant 12-fold polysomal enrichment in IGF1R mRNA was

observed in HME-shp53 compared with HME cells. In addition, a

significant increase in the IGF1R protein level was observed in

p53-inactivated HMLE cells compared to HME cells indepen-

dently of any variation in IGF1R mRNA levels (Figures 6E and



Figure 5. p53 Regulates the rRNA Methylation Pattern and the Translational Fidelity of Ribosomes

(A) The fold difference in rRNAmethylation at 18 sites distributed throughout the 5.8S, 18S, and 28S rRNAs between HME-shp53 andHME cells were analyzed by

RT-qPCR.

(B–J) Translational fidelity was analyzed by transfecting cells with the pGL3mut1 vector (premature stop mutant, B–D), the pGL3mut2 vector (amino acid sub-

stitution mutant, E–G), or the SARS-CoV �1 programmed ribosome frameshift vector (H–J) in the indicated cells. (G) Translational fidelity was analyzed in

nontransfected cells (NT) and after transfection of siRNA control (sc) or siRNA targeting FBL (si-FBL). FBL expression levels were verified bywestern blot (G, lower

panel). All graphs represent mean and SD of at least three experiments. *p < 0.05 and ***p < 0.001 according to Student’s t test.

See also Figure S5.
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6F). These results demonstrate that p53 inactivation increases

the translation of IGF1R mRNA.

To investigate whether this p53-mediated translational control

is restricted to IGF1RmRNA, we analyzed translational control of

several other known cellular and viral mRNAs containing IRESs,

including MYC, FGF1, FGF2, and VEGFA that play key roles in

oncogenesis (Dang, 2012; Turner and Grose, 2010; Carmeliet

and Jain, 2011) and encephalomyocarditis virus. Bi-cistronic

luciferase assays and mRNA polysomal profiling assays showed

an increase of translational efficiency of thesemRNA in p53 inac-

tivated cells compared to p53 wild-type cells (Figures S6G–S6I).

Altogether these results show that p53 inactivation impacts the

translational control of several genes involved in tumorigenesis

through deregulation of FBL expression.

FBL Overexpression Contributes to Tumorigenesis
Six independent stable clones derived from MCF7 cells overex-

pressing either a FBL-GFP protein or a GFP protein were devel-

oped (Figure S7A) to determine the effect of FBL overexpression

on several characteristics of cancer cells. Cell proliferation of the

stable clones was first monitored for 72 hr and the index of cell

proliferation was calculated from the slope of the growth curve

(Figure 7A). Cells overexpressing FBL-GFP exhibit a significant

2-fold increase in proliferation rate compared with GFP control

cells. To determine whether the FBL-induced cell proliferation

is mediated by IGF1R, whose translation is increased in FBL-

overexpressing cells, proliferation of two clones was monitored

in response to Osi-906, an IGF1R tyrosine kinase activity inhibi-

tor (Figure 7B; Mulvihill et al., 2009). Inhibition of IGF1R pathway

activity abolished the difference in proliferation rate between

GFP-G3 and FBL-GFP-F2 clones, suggesting that IGF1R

pathway activity is required in these cells, for FBL-induced cell

proliferation.

Anchorage-independent cell proliferation was then investi-

gated using soft agar assays. Compared to GFP control clones,

those overexpressing FBL-GFP formed significantly more

colonies (Figures 7C and 7D). Finally, the effect of FBL overex-

pression on cell growth in response to doxorubicin treatmentwas

investigated (Figure 7E). A significantly higher concentration of

doxorubicin is required to reach 50% of inhibitory effect in FBL-

GFP cells compared to GFP control cells (mean half-maximal

inhibitory concentration [IC50]: 24.6 mM versus 53.1 mM, respec-

tively). Altogether, these data show that FBL overexpression

promotes cell proliferation in both an anchorage-dependent

and -independent manner and protects the MCF7 breast cancer

cells from doxorubicin. Moreover, the FBL-induced cell prolifer-

ation required IGF1R pathway, supporting the notion that FBL

overexpression can directly contribute to tumorigenesis by

altering translational control of key cancer genes.
Figure 6. p53 Regulates the IGF1R IRES-Dependent Translation

(A and B) The IGF1R IRES-dependent translation initiation was determined by us

downregulation of FBL by siRNA approach (B).

(C) Analysis of the IGF1R IRES-dependent translation initiation in a panel of brea

(D) Typical polysomal profiles after fractionation of postmitochondrial supernatan

(upper). The distribution of the IGF1R mRNA within polysomes was determined

(E and F) Endogenous IGF1R expression at mRNA (E, black bars) and protein le

represent mean and SD of at least three experiments. *p < 0.05, **p < 0.01 and *

See also Figure S6.
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High Levels of FBL Are an Independent Marker of a Poor
Outcome in Breast Cancer
To investigate whether the level of FBLmRNA in tumors is asso-

ciated with prognosis, we analyzed the relapse-free survival and

the breast cancer-specific survival of patients with breast cancer

in regard to FBL expression. High expression of FBLmRNA was

significantly associated with a poor relapse-free survival rate and

poor breast cancer-specific survival rate (Figures 7F and 7G).We

also performed retrospective statistical analyses of published

gene expression array data (Györffy et al., 2010; Sabatier et al.,

2011; Weigelt et al., 2005). This investigation confirmed that

the high levels of FBL mRNA are associated with poor breast

cancer-specific survival and relapse-free survival rates (Figures

S7B–S7F).

However, because the high levels of FBL expression are asso-

ciated with p53 mutations and because p53 mutations are

known to be associated with poor disease-free and overall sur-

vival rates (Olivier et al., 2006), a multivariate analysis was con-

ducted to adjust for possible confounding variables. The analysis

included the number of invaded lymph nodes, histological grade,

estrogen and progesterone receptors status, ErbB2 status, p53

mutation status, and FBL mRNA levels. The best model associ-

atedwith poor survival contained two independentmarkers: pro-

gesterone receptor-negative status and high FBL expression

(Table S2). These analyses showed that FBL expression is asso-

ciated with poor survival independent of other commonly used

clinical markers.

DISCUSSION

It is now clearly established that ribosome synthesis is increased

in cancers due to the overexpression of oncogenes or the inac-

tivation of tumor suppressor genes leading to a sustained in-

crease in RNA Pol I activity (Bywater et al., 2012). Moreover,

studies performed in different animal and cellular models of

various eukaryotic organisms have shown that heterogeneity in

ribosome composition, due to regulated posttranscriptional

modifications of ribosomal proteins and rRNA, is likely to be

the more common mechanism (Xue and Barna, 2012). Xue and

Barna have made detailed contributions to extend the concept

of ‘‘specialized ribosomes’’ to eukaryotes and highlighted the

adaptive capabilities of the ribosomes in the control of cell fate

through selective protein synthesis. Moreover, it is now well

demonstrated that within the ribosomes, the rRNAs catalyze

and control protein synthesis through their ribozyme activity

that could be finely optimized by their rRNAs methylations and

pseudouridylations (Baxter-Roshek et al., 2007; Belin et al.,

2009). In this study, we show a p53-mediated alteration of ribo-

some biogenesis and translational control of cancer cells that
ing luciferase bi-cistonic vectors in the indicated cells (A) and in cells after the

st cell lines expressing either wild-type or mutant p53 proteins.

ts from HME and HME-shp53 cells in a 10%–40% sucrose gradient are shown

by RT-qPCR (lower).

vels (E, white bars; and F) was analyzed in HME and HMLE cells. All graphs

**p < 0.001 according to Student’s t test.
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could contribute in gene expression dysregulation and cancer

development (Ruggero, 2013).

We demonstrate a role of p53 in the control of rRNA methyl-

ation patterning by directly regulating FBL expression levels

that leads to the synthesis of modified ‘‘cancer ribosomes.’’

The notion that FBL is a p53-target gene is supported by

genome-wide analyses, such as ChIP-seq assays showing that

p53 binds the FBL gene (ENCODE database, Nikulenkov et al.,

2012) and by transcriptomic analysis showing an inverse expres-

sion of FBL in response to p53 inactivation by siRNA or activation

by doxorubicin in several cell lines (Troester et al., 2006). p53

response elements have also been identified in the first intron

of approximately 25% of p53 target genes, some of them being

associated with gene repression, including genes involved in

ribosome biogenesis such as NOLC1, a snoRNP chaperone

gene (Menendez et al., 2009; Krastev et al., 2011).

We found that the methylation pattern of rRNAs varies

between sites, which is consistent with published data (Baxter-

Roshek et al., 2007; Belin et al., 2009; Basu et al., 2011) and sug-

gests that the rRNA modification pattern is modulated in a

site-by-site manner. Our data showed that p53 inactivation is

sufficient to alter rRNA methylation patterning. In addition to

regulating FBL expression, the role of p53 in optimizing the

rRNA functional quality is reinforced by our observations that

the level of some C/D-box snoRNAs is modulated according to

the p53 status and that p53 is involved in the assembly process

of the other major family of snoRNP (H/ACA box; Krastev et al.,

2011). Deciphering the mechanisms by which p53 inactivation

alters the site-specific rRNA methylation pattern through FBL

induction will require biochemical and structural studies

dedicated to the understanding of formation, dynamics, and

activities of the rRNA methylation complex. However, we can

hypothesize that the improper induction of FBL expression

observed in cancer cells leads to an alteration of the coordination

between pre-rRNA production and the rRNA methylation enzy-

matic machineries.

Today, several pieces of data, including ours, indicate that

modulation of methylation at only some rRNA sites is sufficient

to affect the translational regulation process and that it could

alter cellular behavior without inducing a lethal phenotype

(King et al., 2003; Baudin-Baillieu et al., 2009; Higa-Nakamine

et al., 2012). Indeed, the depletion of methylation of several

rRNA methylation sites in yeast and human cells has been asso-

ciated with a decrease in translation fidelity (such as an increase

in nonsense suppression, frameshifts, and amino acid misincor-

poration; Baxter-Roshek et al., 2007; Baudin-Baillieu et al.,

2009). Moreover, modulating rRNA methylation by RPL13a
Figure 7. Contribution of FBL Overexpression to Cancer Phenotype

(A) Cell proliferation of three each independent stable MCF7 clones expressing F

(B) Proliferation of the indicated cell clones not treated (NT) or treated with 1 mM

(C andD) Anchorage-independent growth ofMCF7 clones using soft agar assay. R

in three experiments are shown in (D).

(E) Impact of FBL overexpression on drug response was investigated by determ

p values have been determined by a Mann-Whitney W test.

(F and G) Kaplan-Meier analysis of relapse-free survival rates (event = relapse) (F

cancer disease) (G) according to FBL mRNA level in primary breast tumor samp

expression groups.

See also Figure S7 and Table S2.
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depletion in HeLa cells modified the control of the translation

initiation by IRES (Basu et al., 2011). Modification in the rRNA

methylation pattern in breast cancer cells exhibiting an induced

aggressive phenotype was also associated with the alteration of

IRES activity of key factors such as vascular endothelial growth

factor (VEGF) and p53 (Belin et al., 2009). In the present study,

we demonstrate that the repression of FBL expression by p53

is accompanied by an increase of IRES-dependent translation

initiation, affecting cellular as well as a viral IRES-containing

mRNAs. These data are consistent with previous reports

showing that the FGF2 mRNA translation is inhibited by p53,

whereas the FGF2 mRNA IRES is aberrantly activated in

transformed cells when p53 is inactivated (Galy et al., 2001). It

remains to systematically explore the effect of methylation

sites, individually and as a pattern, in the intrinsic activity of

the ribosome.

Modulation of intrinsic activity of the ribosome by altering

rRNA methylation may involve structural changes of ribosomes.

The inhibition of rRNA methylation altered the IRES translation

initiation by impairing the association of the 40S and 60S sub-

units (Basu et al., 2011). Moreover, structural and biochemical

studies showed that ribose methylation modifies the conforma-

tional state of the RNA backbone, stabilizes the RNA loops, and

influences the overall structure of the modified RNA regions.

Ribose methylation helps maintain the tertiary structure of

rRNAs and potentially the rRNA-mRNA, rRNA-tRNA or rRNA-

protein interactions (Blanchard and Puglisi, 2001; Liang et al.,

2009). Consistently, several 18S rRNA regions promote struc-

tural modifications when a viral IRES is bound to the 40S subunit

(Spahn et al., 2004) and the efficient translation of IGF1R mRNA

results from its IRES directly contacting an 18S rRNA domain

through a Shine-Dalgarno-like interaction (Meng et al., 2010).

These data support the notion that rRNA methylation could

participate in translational control by regulating IRES translation

initiation.

Our clinical analysis shows that a high level of FBL in primary

breast tumors is associated with poor survival independent of

other biological markers. Elevated expression levels of FBL

were previously reported in primary and metastatic prostate

cancers compared with normal prostate epithelium and in squa-

mous cell cervical carcinoma compared with normal cervix

samples (Choi et al., 2007; Koh et al., 2011; Su et al., 2013).

Furthermore, we have shown the direct contribution of FBL over-

expression in tumorigenesis. The maintenance and progression

of cancer phenotype induced by FBL-mediated enhanced trans-

lation may involve several key cancer proteins whose synthesis

is dependent upon IRES-containing mRNA. As shown here,
BL-GFP (F1, F2, and F3) or GFP (G1, G2, and G3).

Osi-906 for 72 hr.

epresentative images are shown in (C) and the numbers of colonies determined

ining the IC50 of doxorubicin using MTS assays. Error bars represent SD. The

) and of breast cancer-specific survival rates (event = death related to breast

les. The data are dichotomized at the upper quartile value into high and low
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Figure 8. Model of the Implication of p53 in

the Control of Ribosomes Quantity and

Ribosomes Quality, and Their Conse-

quences on Translation

In cells expressing functional p53 (top), p53

negatively regulates RNA Pol I activity to control

ribosome quantity and FBL expression levels to

control ribosome quality. This regulation would

aim to coordinate the methylation of ribosomes

and the rate of ribosome production according to

the cell needs. These quality-controlled ribosomes

allow a high translational fidelity together with a

correct control of the balance between CAP- and

IRES-dependent initiation of translation. In cells

expressing a mutant or nonfunctional p53

(bottom), loss of the repression of RNA Pol I

activity leads to an increase in rRNA synthesis.

In parallel, p53 inactivation leads to an increase

in FBL expression levels, resulting in a modifica-

tion of the rRNA methylation patterns. Ribosomes

with modified rRNA methylated translate mRNA

with a lower fidelity (bypass of stop codon, amino

acid misincorporation) and are more likely to

initiate translation through IRES of mRNA coding

for pro-oncogenic, anti-apoptotic, and survival

proteins.
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these proteins may include IGF1R, which is involved in tumor

progression, cell survival, and response to chemotherapy (Pollak

et al., 2004), c-Myc, which exhibits pleiotropic pro-oncogenic

functions (Dang, 2012), FGF1/2, which are involved in epithe-

lial-mesenchymal transition (Sakuma et al., 2012), and VEGFA,

which is involved in tumoral angiogenesis (Carmeliet and Jain,

2011). Thus, high levels of FBL observed in human samples

could have a role in tumor progression and could affect the

clinical outcome of patients through alteration of translational

regulation.

Our results allow us to propose a model in which p53 regu-

lates not only the ribosome production rate, but also their

structure, function, and intrinsic activity (Figure 8). In this

model, p53 alteration in pathological cells results in the pro-

duction of ribosomes with decreased translational fidelity and

increased translation of the IRES-containing mRNAs selec-

tively. Thus, the p53-mediated ribosome alterations could be

in part responsible for the ‘‘translational instability’’ of cancer

cells and contribute to the expression of the continuously
328 Cancer Cell 24, 318–330, September 9, 2013 ª2013 Elsevier Inc.
growing class of translationally regu-

lated cancer-promoting genes (Ruggero,

2013).

Finally, the detailed description of

rRNA chemical modification patterning

in cancer cells, occurring in part through

the p53-mediated regulation of ribosome

biogenesis enzymatic machineries, and

the increasing knowledge of the ribo-

some structure at the atomic level (Anger

et al., 2013), opens up the possibility

to target these ‘‘cancer ribosomes’’ to

develop anticancer molecules using

strategies similar to those used for the
development of antibiotics specifically targeting prokaryotic

ribosomes (Yonath, 2009).

EXPERIMENTAL PROCEDURES

Cell Culture, Transfection, and Luciferase Assay

Cells were maintained in culture following ATCC recommendations. siRNA

and plasmids (Belin et al., 2009) were transfected using lipofectamine 2000

(Invitrogen). Cells were treated with 2 mg/ml doxorubicin or 1 nM camptothecin

(Sigma). Luciferase activity was measured using the Dual Luciferase Reporter

Assay kit (Promega). Anchorage-dependent cell proliferation was analyzed

using a real-time monitoring cell proliferation assay based on variation of

electric impedance using the xCELLigence RTCA system (ACEA Biosciences)

for 72 hr in nontreated cells or in presence of 1 mM Osi-906 (Selleckchen).

Anchorage-independent cell proliferation was analyzed by soft agar assays.

The IC50 values for doxorubicin were determined by MTS assays (Promega).

Western Blot and Chromatin Immunoprecipitation

Protein extraction and western blot were performed as described (Belin

et al., 2010) using the following antibodies: anti-FBL (38F3, Abcam); anti-p53

(DO-1, Santa Cruz); anti-b-actin (AC-15, Sigma); anti-Mdm2 (4B2, Bethyl
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Laboratories); anti-p21 (F-5, Santa Cruz); and anti-IGF1Ra (N20, Santa Cruz).

For ChIP assays, chromatin was prepared from 1% formaldehyde fixed cells

by sonication. Immunoprecipitation was performed on 200-1000 bp DNA frag-

ments using the DO-1 anti-p53 antibody and immunoprecipitated DNA was

quantified by qPCR using Sybr Green technology.

Total mRNA, Polysomal mRNA, and rRNAMethylation Quantification

Total RNA and RNA issued from cytosolic and polysomal fractions was ex-

tracted and purified using either Trizol reagent (Invitrogen) or TriPure Isolation

reagent (Roche). Cytosolic ribosomes were obtained from postmitochondrial

fractions, and polysomal ribosomes by separation of postmitochondrial frac-

tions on a 10%–40% sucrose gradient by ultracentrifigation. Total, cytosolic,

and polysomal mRNA levels were quantified by RT-qPCR using M-MLV and

Sybr Green technologies as described (Ghayad et al., 2009). Site-specific

rRNA methylation was quantified using a RT-qPCR based method, which re-

lies on the inhibition of reverse transcription reaction by ribose methylation

at low dNTP concentration and on the detection of total rRNA as an internal

reference, by reverse transcription at high dNTP concentration (Belin et al.,

2009). RT products were then quantified by qPCR.

Breast Tumor Samples

FBL mRNA expression was analyzed in a cohort of 80 primary breast tumors

collected at Ninewells Hospital from white women who received no neoadju-

vant treatment prior surgery (Tayside Tissue Bank, Dundee; Table S1).

Informed consent was obtained from all patients and ethical approval was

received from the Tayside Tissue Bank (REC Reference 07/S1402/90) under

delegated authority from the Local Research Ethics Committee. Relapse-

free survival was calculated among breast cancer patients from the date of

diagnosis to the date of relapse (event = relapse). Breast cancer-specific sur-

vival was calculated from the date of diagnosis to the date of breast cancer

specific death (event = death related to breast cancer disease). The character-

ization of the classical molecular markers (histological grade, invaded lymph

node, p53 mutation as well as estrogen, progesterone, and errB2 status)

was previously determined and reported (Bourdon et al., 2011).

Statistical Analyses

Statistical analyses were performed using the Statgraphics 3 plus software

(Statgraphics Centurion). The log-rank test (univariate analysis), Kaplan-Meier

plots, and Cox proportional hazards model (multivariate analysis) were per-

formed using SPSS Software. A p value < 0.05 was considered to be statisti-

cally significant. All graphs present themean and standard variations of at least

three independent experiments and Student’s t test has been performed for

experimental data.

Experimental procedures are detailed in the Supplemental Experimental

Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

seven figures, and two tables and can be found with this article online at

http://dx.doi.org/10.1016/j.ccr.2013.08.013.

ACKNOWLEDGMENTS

This work was supported by Centre Léon Bérard, CNRS, INSERM, Université
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Belin, S., Beghin, A., Solano-Gonzàlez, E., Bezin, L., Brunet-Manquat, S.,

Textoris, J., Prats, A.-C., Mertani, H.C., Dumontet, C., and Diaz, J.-J. (2009).

Dysregulation of ribosome biogenesis and translational capacity is associated

with tumor progression of human breast cancer cells. PLoS ONE 4, e7147.

Belin, S., Kindbeiter, K., Hacot, S., Albaret, M.A., Roca-Martinez, J.X.,
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SUMMARY
Despite extensive study, few therapeutic targets have been identified for glioblastoma (GBM). Here
we show that patient-derived glioma sphere cultures (GSCs) that resemble either the proneural (PN) or
mesenchymal (MES) transcriptomal subtypes differ significantly in their biological characteristics.
Moreover, we found that a subset of the PN GSCs undergoes differentiation to a MES state in a TNF-a/
NF-kB-dependent manner with an associated enrichment of CD44 subpopulations and radioresistant
phenotypes. We present data to suggest that the tumor microenvironment cell types such as macro-
phages/microglia may play an integral role in this process. We further show that the MES signature,
CD44 expression, and NF-kB activation correlate with poor radiation response and shorter survival in
patients with GBM.
Significance

In this study, we characterize plasticity between the proneu
observed in glioblastoma (GBM). Specifically, we show that P
statewith an associated enrichment of CD44 expressing cells a
Newly diagnosed GBM samples show a direct correlation amo
sion, and NF-kBactivation, andwe proposemacrophages/mic
regulate this transition. Our results reveal a mechanistic link
NF-kB signaling. Inhibition of NF-kB activation can directly a
target for GBM.

Ca
ral (PN) and mesenchymal (MES) transcriptome signatures
N glioma sphere cultures (GSCs) can be induced to a MES
nd a gain of radioresistance, in anNF-kB-dependent fashion.
ng radiation response, higher MES metagene, CD44 expres-
roglia as a potential microenvironmental component that can
between transcriptome plasticity, radiation resistance, and
ffect radioresistance and presents an attractive therapeutic
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NFkB Activation and Radiation Resistance in GBM
INTRODUCTION

Glioblastoma (GBM) is themost commonmalignant primary cen-

tral nervous system tumor in adults and remains resistant to cur-

rent therapies (Furnari et al., 2007) Ample evidence exists to

argue that GBM, as defined by histopathologic criteria, actually

represents multiple distinct molecular entities (Huse et al.,

2011). GBM can be segregated into subtypes based on gene

expression signatures. Although the precise classifications

have varied in the literature (Cooper et al., 2010; Huse et al.,

2011; Phillips et al., 2006; Verhaak et al., 2010), two subtypes,

termed proneural (PN) and mesenchymal (MES), appear robust

and generally consistent among the classification schemes.

GBMs in the MES subclass are predominantly primary tumors

that arise denovoand, in somestudies, exhibit aworseprognosis

compared toPN tumors (Colman et al., 2010; Pelloski et al., 2005;

Phillips et al., 2006), whichmaybe related to the fact that a subset

of the PN tumors displays mutations in the isocitrate dehydroge-

nase 1 gene (IDH1) as well as the glioma-CpG island methylator

phenotype (G-CIMP), both favorable prognostic factors (Noush-

mehr et al., 2010; Verhaak et al., 2010). Conversely, MES tumors

are G-CIMP�, exhibit wild-type (WT) IDH1, and contain alter-

ations in NF1 (Noushmehr et al., 2010; Verhaak et al., 2010).

Although a wealth of data on molecular alterations in GBM

continues to accumulate, the availability of relevant models

that mirror these alterations is limited. Current evidence points

toward the existence of a small fraction of tumor-initiating cells

in the bulk tumor that also exhibit radioresistant properties

(reviewed in Chen et al., 2012). However, the genetic and epige-

netic alterations underlying TICs derived from glioma sphere

cultures (GSCs) are less characterized. Whereas initial studies

identified CD133 as a tumor-initiating marker, CD133� subpop-

ulations that resemble the MES subtype also retain the capacity

to form tumors in orthotopic transplantation models (reviewed in

Stopschinski et al., 2012). Consequently, additional cell surface

antigens have been proposed as tumor-initiating markers for

GSCs including CD44 (Brescia et al., 2012; Jijiwa et al., 2011),

a marker that is enriched in cancer stem cells as well as those

that undergo epithelial to MES transition (EMT; Zöller, 2011).

Interestingly, MES transition has also been shown to occur in

GBM and can be induced by master transcription factors (TFs),

STAT3, C/EBPb, and TAZ (Bhat et al., 2011; Carro et al., 2010).

Whether this transition occurs in a cell-intrinsic manner or can

be influenced by factors secreted in the tumormicroenvironment

is not known. Furthermore, whether MES differentiation leads to

enrichment of the CD44 subpopulation in a fashion similar to

other solid tumors remains unexplored. Finally, PN tumors

have been found to give rise to MES recurrences, suggestive

of a PN to MES transition (Phillips et al., 2006). Therefore, under-

standing the mechanistic basis of MES differentiation may have

implications for the treatment of GBM.

RESULTS

Patient-Derived GSCs Bear Resemblance to PN and
MES Signatures
In the context of molecular subtypes reported for GBM, we

examined whether GSCs isolated from patient-derived tumors

show similar characteristics. Forty-one GBM tumors were sub-
332 Cancer Cell 24, 331–346, September 9, 2013 ª2013 Elsevier Inc
jected to culture conditions according to published protocols

and successful expansion as neurospheres was observed in 33

cases (Table S1 available online). Seventeen GSCs that were

expanded earliest were chosen formicroarray analysis to identify

molecular subtypes using unsupervised algorithms. Using 500

probe sets with the highest variability in gene expression, two

clusters of coexpressed genes were readily apparent by hierar-

chical clustering (Figure 1A). These two clusters for the most

part were well defined, although some GSCs did not readily fit

in this pattern (e.g., GSC6-27, 30, and 46). The primary or recur-

rent status of the parental tumor of origin had no bearing on the

cluster segregation (cluster 1 = 33% versus cluster 2 = 36%

recurrent tumors; Figure 1A). To understand the functional signif-

icance of these two gene clusters, we performed Gene Ontology

(GO) analysis using the Database for Annotation, Visualization

and Integrated Discovery (DAVID) webtool (Dennis et al., 2003).

Cluster 1 GO terms were enriched for wound response, vascula-

ture formation, and cell motility gene signatures (Figure 1B),

whereas cluster 2 showed predominant association with differ-

entiated neural or glial cell functions and homeostatic activities

(Figure 1B). Importantly, cluster 1 showed significant similarity

only to theMESGBM subclass by Gene Set Enrichment Analysis

(GSEA; Subramanian et al., 2005; Figure 1C), with 89 out of the

top 500 enriched genes being MES (Figure S1A; Table S2). Simi-

larly, cluster 2 predominantly comprised PN genes (98/500; Fig-

ures 1C and S1A; Table S2). Supervised clustering using the

TCGA classification (Verhaak et al., 2010) showed a similar

grouping of the GSCs at the first branch of the dendrogram

compared to the unsupervised clustering (Figure S1B). GSC6-

27 and 30 displayed characteristics of both MES and PN gene

signatures. GSC11 and 30 were also enriched for Classical

(CL) signatures. EGFR amplification, usually restricted to the

CL subtype, was seen in 5 out of the 14 GSCs and appeared

distributed between the PN and MES subtypes (3 PN and 2

MES; Figure S1C). NF1 homozygous inactivating mutations

were observed in GSC6-27 (exon 39) and GSC28 (exon 50 and

exon 38; Figure S1D), both GSCs that had MES characteristics

consistent with the TCGA analyses (Verhaak et al., 2010). Quan-

titative RT-PCR (qRT-PCR) and immunoblotting of basal expres-

sion of key PN/MES markers (Table S3) were concordant with

microarray results (Figures S1E and S1F).

To rule out the possibility of nonneoplastic cells being enriched

in the GSC isolation procedure, we tested for loss of heterozy-

gosity (LOH) on chromosome 10q, a frequently deleted region

in adult GBM (Pietsch and Wiestler, 1997), and found LOH in

12 out of the 13 GSCs, confirming their neoplastic origin (Fig-

ure S1G). Implantation of 5 3 105 or fewer unsorted GSCs

caused formation of high-grade gliomas (HGGs) in a majority

of the cases (13/17) with predominant histologic features of

this disease (Tables S4 and S5; Figure S1H). A subset of the

tumors exhibited microvascular proliferation and/or pseudopali-

sading necrosis, both hallmarks of GBM (Figure S1H). Thus,

despite differential gene expression signatures, GSCs formed

tumors that were histologically similar.

GSCs Differ in the Transcriptome and Epigenetic
Profiles When Compared to the Originating Tumor
Next, we examined whether gene expression patterns observed

in the GSCs and xenografts matched with the respective
.
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Figure 1. Patient-Derived GSCs Bear Resemblance to PN and MES Signatures

(A) Unsupervised hierarchical analysis of the top 500 highest median absolute deviation genes from expression microarray of 17 GSCs is shown. Expression data

was Z score corrected for display; relatively lower expression is shown in blue and higher expression is shown in red (see color key). Two large clusters, cluster 1

(128 genes) and cluster 2 (102 genes), were identified (shown as black boxes). The vertical black line identifies the first dendrogram splitting of the GSCs. Primary

(P) or recurrent (R) status of the GSCs is indicated.

(B) The top 20 gene ontology (GO) terms associatedwith cluster 1 (left) and cluster 2 (right) from the unsupervisedGSChierarchical cluster analysis are shown.GO

terms are ranked by p value. The black bars show the number of genes that is common between the GO term’s gene set and the respective cluster gene set. The

golden line is the log10 of the p value as determined by DAVID functional analysis.

(C) GSEA enrichment plots of GSC cluster 1 high (top row) and cluster 2 high (bottom row) gene lists versus queried gene lists are shown (see Supplemental

Experimental Procedures for data source). The normalized enrichment scores (NES) and the p values are shown for each plot.

See also Figure S1 and Tables S1, S2, and S3–S5.
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parental GBMs from which they were derived. To determine the

association of a sample with either a PN orMES gene expression

signature, we calculated a metagene score for each sample
Ca
using a set of four PN (DLL3, OLIG2, ASCL1, and NCAM1) and

four MES (YKL40, SERPINE1, TIMP1, and TGFBI) genes, seven

out of the eight of which were subset defining in published data
ncer Cell 24, 331–346, September 9, 2013 ª2013 Elsevier Inc. 333
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Figure 2. GSCs Differ in the Transcriptome and Epigenetic Profiles when Compared to the Originating Tumor

(A) Heatmap of the predominant signature of initiatingGBM, derivedGSC, and xenograft for 14 samples is shown. A PN andMES qRT-PCR-basedmetagenewas

calculated for each sample and then compared to each other after Z score correction. Green shades represent a predominantly PN signature, red aMES one, and

black a relatively balanced expression of both, as indicated in the figure.

(B) IHC analysis of Nestin, OLIG2, and YKL40 expression in patient-matched GBM and xenografts of GSCs is shown. Scale bar: 50 mm.

(C) Methylight profiling of GBMs and their derivative GSCs for G-CIMP status is shown. Eleven markers were tested for presence of methylation on their

promoters and coded as red if methylated and green if unmethylated. Samples were deduced as G-CIMP if >50% of the loci showed methylation. A GBM and

(legend continued on next page)
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sets (Phillips et al., 2006; Verhaak et al., 2010). Using this

approach, each sample could be ranked according to its meta-

gene score as being predominantly PN or MES. Surprisingly,

we found that most GSCs that arose from MES tumors lost

MES characteristics and exhibited a higher PN metagene (Fig-

ure 2A). GSC20 and GSC28, both of which originated from highly

MES tumors with histological hallmarks of gliosarcoma (Fig-

ureS2A),maintained theirMESstate in culture andas xenografts.

With the exception ofGSC2andGSC17 (which lostMES features

gained in culture), all PN GSCs maintained their PN status when

examined in xenografts. Alterations in growth factor supple-

ments to culture media did not influence gene expression signa-

tures in established GSCs, although neurosphere formation was

dependent on EGF (Figures S2B and S2C). Immunohistochem-

ical (IHC) analysis on xenografts showed absence of the MES

marker YKL40 in GSCs derived fromMES tumors, which instead

acquired the PN marker OLIG2 (Figures 2B and S2D). This

contrast was not observed in the MES GSC20 that retained

YKL40 expression in the xenograft, similar to the parental tumor,

but lacked OLIG2 expression in both (Figure 2B). These findings

imply that the GSC isolation protocol generally favors a loss of

MES and gain of PN features from patient to xenograft.

Given the tight association of the G-CIMP signature with the

PN subtype (Noushmehr et al., 2010), we asked whether PN

GSCs are G-CIMP+. To test this, we used a previously reported

G-CIMP signature panel that shows correlation with array-based

methylation platforms (Noushmehr et al., 2010). Eleven hyper-

methylated gene regions were chosen based on feasibility and

reproducibility in archival tumor-derived DNA and deemed

G-CIMP+ based on percentage loci that were hypermethylated

(>50%). Consistent with a drift toward a PN signature from tumor

to GSC, we observed that PNGSCs were G-CIMP+ compared to

their parental tumors that were G-CIMP� (Figures 2C and S2E).

To the contrary, MES GSCs 20 and 28 remained G-CIMP�

similar to their parental tumors (Figure 2C). To test for the extent

of similarity to the previously described G-CIMP signature on a

genome-wide scale, we profiled three GSCs using the Illumina

Infinium methylation array (Figure 2D). Upon cross-examination

with TCGA tumors, PN GSCs 11 and 23 segregated with

G-CIMP+ tumors, while GSC20 clustered with the G-CIMP�

cases. Overall, GSCs 11 and 23 showed greater hypermethyla-

tion compared to GSC20 (Figure S2F) and showed an �70%

enrichment of G-CIMP signature genes, although numerous

distinct non-G-CIMP loci also appeared hypermethylated in

these GSCs (Figure 2E). Taken together, our data suggest that

PN GSCs can exhibit hypermethylation patterns (henceforth

named CIMP) with similarities to G-CIMP even in the absence

of IDH1 mutations.

Molecular Signatures Differ between GBM and Their
Derivative GSCs Even in Early Passages
Based on our initial findings, two possibilities were considered:

(1) culturing of freshly resected GBMs in serum-free media sup-
an anaplastic oligodendroglioma (AOD) sample were used as negative and po

shown below.

(D) Heatmap shows the unsupervised clustering of 1,138 differentially hypermeth

(E) Venn diagram shows the number of hypermethylated probes (b values R 0.5

See also Figure S2.

Ca
plemented with growth factors preferentially induces a PN/

CIMP+ signature in culture, or (2) most undifferentiated GSCs

are innately PN/CIMP+, but the microenvironment in human

tumors induces a reversible MES/CIMP� differentiation, which

is not entirely recapitulated in vitro or in xenografts of immuno-

compromised mice. To discern which one of these can be

attributed to a general MES/CIMP� to PN/CIMP+ drift, and to

reduce the potential of artifacts from long-term culture, we

examined freshly resected tissues and their derivative serial

passage GSCs for gene expression and methylation signatures

as soon as sufficient starting material was available for ana-

lyses. Strikingly, even in early passages (fewer than five), we

observed that GSCs showed PN characteristics despite having

a MES origin (Figure S2G). Moreover, these early passage

GSCs were CIMP+ in contrast to their parental tumors, which

were CIMP� (Figure S2H). These observations, taken together

with previous studies showing requirement of extended pas-

sages for the induction of the G-CIMP phenotype by IDH1

mutation (Lu et al., 2012; Turcan et al., 2012), favor a model

in which a majority of undifferentiated GSCs already exist in a

PN/CIMP+ state and are selectively enriched under proliferating

conditions.

CD44 Is Enriched in the MES Subtype and Is Inversely
Correlated with OLIG2 Expression
Next, to test whether the differential molecular signatures have

a bearing on their biological properties, we expanded our

repertoire of GSCs. We first examined the expression of cell

surface markers that have been used to define tumor-initiating

potential. We observed enrichment of CD15 specifically in the

PN/CIMP+ subclass of GSCs (e.g., GSC11, GSC23, and

GSC34) that also expressed equal or smaller percentages of

CD44 (Figure 3A), although the ratio of CD15 to CD44 varied

with passage or confluence of spheres. MES/CIMP� GSCs

(e.g., GSC20, GSC28, and GSC2) did not express appreciable

levels of CD15 but predominantly expressed CD44 (Figure 3A).

Comparison of CD15 and CD44 expression among GSCs with a

range of passage times showed no correlation (Figures S3A

and S3B). Using OLIG2 as a surrogate for CD15 (Figure S3C)

as previously shown (Son et al., 2009), we found a mutually

exclusive pattern of inter- and intratumoral staining with CD44

(Figures 3B, 3C, and S3D), implying that these were indeed

distinct tumor populations. Furthermore, PN tumors expressed

higher levels of OLIG2 whereas MES tumors predominantly

expressed CD44 and the expression of OLIG2 and CD44

was inversely correlated (Figures 3D and S3E). Additionally,

CD44high subpopulations within PN/CIMP+ GSCs showed

enrichment of MES markers (Figure S3F). Thus, whereas un-

sorted GSCs formed tumors upon transplantation irrespective

of exclusive expression of tumor initiation markers, CD15

(e.g., GSC7-11) or CD44 (e.g., GSC20), the proportion of the

cell surface expression of CD44 appeared to correlate with a

MES state.
sitive controls, respectively. The IDH1 and G-CIMP status of all samples is

ylated probes from the G-CIMP signature.

) in GSCs 11, 23, and TCGA G-CIMP+ tumors.

ncer Cell 24, 331–346, September 9, 2013 ª2013 Elsevier Inc. 335



0

50

100

CD15

CD44

%
of

vi
ab

le
ce

lls

A

OLIG2

p = 0.0001

C
D

44

- +
- 385 63
+ 129 5

O
LI

G
2

C
D

44

GBM1 GBM2

low/neg high

high low/neg

OLIG2

p = 0.0313

C
D

44

low high
low 3 9
high 14 8

C

D
44DC2GILO

DAPI OLIG2 CD44 MergeB

Figure 3. CD44 Is Enriched in the MES Sub-

type and Is Inversely Correlated with OLIG2

Expression

(A) CD15 and CD44 of various GSCs were deter-

mined by flow cytometry. Bar graph indicates

percentage of viable cells that express these

markers at the earliest passage tested. ND, not

determined.

(B) Immunofluorescent staining of OLIG2 (green)

and CD44 (red) in human GBM tumors shows a

mutually exclusive pattern of staining. Scale bar:

20 mm. The merged image of CD44/OLIG2 is

shown on the right against 40,6-diamidino-2-phe-

nylindole (DAPI)-stained nuclei (blue). Enlarged

inset is shown in the lower panel (scale bar: 20 mm).

Quantification of staining in three random fields of

three independent tumors and the p value from

chi-square test are shown on the right.

(C) Representative IHC images of OLIG2 andCD44

expression in human GBM samples are shown.

Scale bar: 50 mm. The table to the right shows

the number of tumors expressing OLIG2/CD44.

Tumors were classified as low/negative, interme-

diate, or high depending on the extent of expres-

sion in the overall tumors. p value was calculated

using chi-square test.

(D) Box plots show the normalized median

expression of OLIG2 and CD44 in TCGA tumors

based on Phillips and TCGA classification. Boxes

show median 25th and 75th percentiles, while

whiskers show the 5th and the 95th percentiles. The

p value was determined using a nonparametric

Wilcoxon test.

See also Figure S3.
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PN/CIMP+ and MES/CIMP– GSCs Display Differential
Sensitivity to Radiation
To test whether GSCs with varied transcriptome, methylation,

and cell surface antigen expression patterns also exhibit differ-

ential treatment responses, we examined the consequence of

clinically relevant fractionated ionizing radiation (IR; 2.5 Gy 3 4)

on mice 2–3 weeks after orthotopic implantation of GSCs. PN/

CIMP+ GSCs (7-11 and 23) showed significantly improved

median survival (5–9 weeks) upon IR treatment, whereas

GSC20 showed no statistical difference and GSC267 showed

modest survival (�2 weeks) improvement compared to un-

treated controls (Figure 4A). Because glioma cells predominantly

arrest in the G2/M phase of cell cycle in response to IR (Mir et al.,

2010), we asked whether the two subtypes of GSCs showed

fundamental differences in this mode of arrest. Indeed, PN/

CIMP+ GSCs showed dramatic accumulation of cells in G2/M,

whereas MES/CIMP� GSCs showed only a modest arrest (Fig-

ure 4B). In addition, although both subtypes of GSCs showed

comparable g-H2AX foci formation at early time points, MES/
336 Cancer Cell 24, 331–346, September 9, 2013 ª2013 Elsevier Inc.
CIMP� GSCs (2, 20, and 267) showed

enhanced repair ability as evidenced by

the reduced number of foci at 24 hr

compared to PN/CIMP+ GSCs (Fig-

ure 4C), consistent with the lack of

G2/M arrest. Consequently, the PN/

CIMP+ GSCs underwent profound
apoptosis (Figure 4D) with reduced neurosphere formation com-

pared to MES/CIMP� GSCs (Figure 4E). We further observed a

similar radioresistant CD44high population within the PN/CIMP+

GSCs (Figures S4A–S4C).

TNF-a Mediates MES Differentiation in an
NF-kB-Dependent Fashion
Despite originating from MES tumors, the lack of MES signature

in xenografts led us to hypothesize that specific factors in the

human tumor microenvironment could alter the transcriptome

and epigenetic signatures of GSCs, but these features are not

entirely recapitulated in immunocompromised mice. In search

of such signaling molecules, we noted that the TCGA analyses

showed specific enrichment of genes in the TNF-a receptor

superfamily and the NF-kB pathway in the MES subclass of

tumors that also expressed high levels of YKL40 and CD44

(Riddick and Fine, 2011; Verhaak et al., 2010). Additionally,

prior studies have shown the association of a hypoxic signature

and the NF-kB pathway to HGGs (Murat et al., 2009). We



Figure 4. PN/CIMP+ and MES/CIMP– GSCs Display Differential Sensitivity to Radiation

(A) Kaplan Meier curves show the survival of mice implanted with PN/CIMP+ (7-11 and 23) or MES/CIMP� (20 and 267) GSCs at 53 105 cells per mouse with or

without fractioned intracranial radiation (2.5 Gy 3 4). t test was used to assess statistical significance.

(B) Cell cycle analysis of GSCs treated with 6 Gy IR is shown. The percentage of cells in the G2/M phase is indicated within each cell cycle plot.

(legend continued on next page)
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hypothesized that cytokines that can trigger NF-kB or alternative

TF signaling pathways could result in MES differentiation and

influence the proportion of CD44high subpopulations. To test

this, we treated PN/CIMP+ GSCs 11, 23, and 34 with similar con-

centrations of interleukin (IL)-6, IL-8, IL-10, TGF-b, or TNF-a,

all of which are constituents of the GBM microenvironment

(Charles et al., 2011). TNF-a treatment resulted in a dramatic

gain of CD44 expression, an effect not seen with any of the other

cytokines tested (GSC34, Figure 5A; GSC11 and 23, data not

shown), and this effect was blunted by transduction with a

nondegradable mutant form of IkB (IkB superrepressor [IkB-

SR]), indicating an NF-kB-dependent effect (Figure 5B). Interest-

ingly, the CIMP positivity of the GSCs remained unaltered in

response to TNF-a treatment (Figure 5C), implying that the regu-

lation of CIMP can be uncoupled from NF-kB-mediated MES

differentiation in GSCs. However, long-term effects of TNF-a

and/or other potential modifiers of CIMP status are worthy of

further exploration.

To further characterize the extent of MES differentiation, we

performed microarray analysis of GSCs treated with TNF-a

and found significant enrichment of genes involved in wound

healing and vasculature development, as well as the NF-kB

cascade and regulation of cell-death-related genes (Figure 5D),

suggesting that in addition to the canonical NF-kB pathway,

TNF-a induces a parallel MES differentiation in GSCs, which

was further confirmed by qRT-PCR (Figure S5A). Moreover,

genes induced by TNF-a were significantly similar to the GBM

MES subclass (Figure S5B). Interestingly, although a global

reduction of the PN signature was not observed, a significant

downregulation of OLIG2, PDGFRA, and DLL3 transcripts were

seen with TNF-a treatment (data not shown). Physiological con-

centrations (100 pg/ml) of TNF-a were sufficient to cause induc-

tion of YKL40 and CD44 (Figures S5C and S5D), which was

temporally preceded by activation of NF-kB, as judged by serine

536 (ser 536) phosphorylation (Figure S5D). Furthermore, we

identified macrophages/microglia as the stromal cell type that

can potentially induce MES differentiation (Figures S5E–S5I)

and that MES/CIMP� GSCs show selective susceptibility to

minocycline, an inhibitor of microglial activation and NF-kB sig-

naling (Figures S5J–S5N; Daginakatte and Gutmann, 2007;

Markovic et al., 2011).

Pretreatment of PN/CIMP+GSCswith TNF-a strongly reduced

the G2/M accumulation in response to IR (Figure 5E) as well as

the number of g-H2AX foci (Figure S5O), and these effects

were inhibited by pretreatment with IkB-SR, indicating that

TNF-a promotes MES differentiation coupled with increased

radioresistance in an NF-kB-dependent manner. We noted that

although long-term treatment of GSCs with TNF-a (5 ng/ml)

reduced the neurosphere formation (Figure S5P), exposure of

GSCs to IR caused significantly higher neurosphere efficiency
(C) g-H2AX foci formation assay is shown. Gray bars indicate number of foci after

counted. Error bar indicates ± SEM. t test was used to assess statistical signific

(D) Percentage of cells that were positive for annexin V staining 96 hr post irradiat

population whereas black bars show percentage of annexin-V-positive cells exp

nificance. **p < 0.005; NS, not significant.

(E) Neurosphere formation efficiency was determined by setting the number of s

exposed to 3 Gy IR (black bars). Error bar indicates ± SD. t test was used for sta

See also Figure S4.
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in the presence of TNF-a compared to untreated controls, sug-

gesting a radioprotective effect of TNF-a (Figure S5P). To

examine this in vivo, we expressed firefly luciferase in GSC23

to monitor tumor kinetics using bioluminescent imaging. As ex-

pected, IR caused a strong decrease in tumor volume (Figure 5F),

and a similar growth inhibition was seen with TNF-a treatment

alone, consistent with our in vitro observations. However, a com-

bination of TNF-a and IR caused significant expansion of the

tumor, and the cells appeared similar in volume to the control

group. Overall, our findings indicate that the induction of MES

differentiation and enrichment of CD44 by NF-kB activation pro-

motes radioresistance in PN/CIMP+ GSCs.

NF-kB Controls Master TFs of MES Differentiation
in GSCs
Next, we explored how NF-kB pathway activation integrates into

theMES signaling network and its relation tomaster TFs (STAT3,

C/EBPb, and TAZ) known to induce this signature. We found that

both total and phosphorylated forms of p65 (ser 536) were signif-

icantly higher in MES/CIMP-GSCs 2 and 20 when compared to

PN/CIMP+ GSCs 11 and 23 (Figure 6A). The expression of

STAT3 and C/EBPb as well as phosphorylation at tyrosine 705

of STAT3 (which promotes nuclear translocation and DNA

binding of STAT3) were also higher in the MES/CIMP� GSCs

(Figure 6A). Similar increases in MES proteins and master TFs

were seen in the CD44high subpopulation when compared to

those that were CD44low (Figures 6B and 6C). CD44 expression

also positively correlated with STAT3, CEBPB, and TAZ expres-

sion as well as NF-kB pathway activation in human GBMs (Fig-

ure 6D). Although these TFs showed strong association with

the MES signature, classic EMT inducers SNAIL, SLUG, and

TWIST1 were not robustly associated (Figure S6A).

To test whether NF-kB mediates MES reprogramming via

master TFs, we treated GSC11 with TNF-a at various time points

and analyzed the temporal expression of these proteins by west-

ern blotting. TNF-a-induced phosphorylation of p65 preceded

the induction of YKL40, STAT3, C/EBPb, and TAZ, an effect

that was negated by pretreatment with IkB-SR, indicating that

the master TFs act downstream of the NF-kB pathway (Figures

6E and S6B). Furthermore, upregulation of STAT3, CEBPB,

and TAZ mRNA was significantly inhibited by IkB-SR pretreat-

ment (Figures 6F and S6B). Finally, concomitant silencing of

STAT3, C/EBPb, and TAZ caused strong reduction of CD44

and YKL40 induced by TNF-a (Figures 6G and S6B). Taken

together, these data indicate that NF-kBpromotesMESdifferen-

tiation inGSCs via induction ofmaster TFs. Interestingly, GSC13,

which originated from a PN tumor (Figure 1C), did not exhibit

MES differentiation even upon long-term culture in TNF-a, sug-

gesting that some PN GSCs are resistant to NF-kB-mediated

MES differentiation (Figure S2C).
6 hr irradiation whereas black bars show foci after 24 hr. At least 25 nuclei were

ant differences. *p < 0.05, **p < 0.005.

ion is shown as bar graphs. Gray bars indicate percentage of cells in untreated

osed to 6 Gy IR. Error bar indicates ± SD. t test was used for statistical sig-

pheres formed in control groups at 100% (gray bars) and compared to those

tistical significance. **p < 0.005.

.
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Figure 5. TNF-a Mediates MES Differentiation and Radioresistance in an NF-kB-Dependent Fashion

(A) FACS analysis of expression of CD15 and CD44 in GSC34 after 96 hr treatment with 10 ng/ml of indicated cytokines is shown. Percentage of cells in each

quadrant is shown.

(B) Expression of CD15 and CD44 after TNF-a (96 hr, 10 ng/ml) with or without pretreatment with IkB-SR adenovirus or control RFP adenovirus 24 hr prior to

TNF-a treatment by flow cytometry is shown. The stacked bar shows the percentage of CD15/CD44-expressing cells after various treatments.

(C) Methylight profiling of GSCs after 2 weeks of TNF-a treatment is shown.

(D) The top 20 GO terms associated with 1.5-fold or greater TNF-a-induced genes in GSC11 are ranked by lowest p value. Bar graphs show the number of genes

overlapping between the GO category and the query gene list. The golden line is the DAVID functional analysis determined log10 of p values.

(E) Cell cycle analysis of GSCs after treatments is indicated. The percentage of cells in the G2/M phase is indicated within each cell cycle plot.

(F) Tumor volume measurement of GSC23-pCignal lenti-CMV-luc cells injected intracranially into Foxn1nu mice is shown. Mice were imaged 2–3 weeks after

implantation as the first time point (denoted asweek 1), after which the radiation group received four cycles of 2.5 Gy IR on consecutive days.Mice were subject to

(legend continued on next page)
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MES Differentiation, CD44 Levels, and NF-kB Activation
Are Predictive of Radiation Response in GBM
Because activation of NF-kB caused both MES differentiation

and enrichment of CD44 populations in GSCs, we performed

in-depth analyses of NF-kB activation in GBM. Among previ-

ously annotated direct targets of NF-kB, MES GSCs as well as

tumors (Table S6) showed a 36% enrichment (induced to a

1.5-fold or greater expression) of these targets when compared

to PN counterparts, which showed only a 6% enrichment (Fig-

ure S7A). Seventeen NF-kB target genes appeared commonly

induced in both MES GSCs and GBMs, which included CD44,

proinflammatory cytokines IL1B and IL8, chemokines CCL2

and CXCL5, prostaglandin enzyme cyclooxygenase 2 (COX2),

and the downstream target of TNF-a stimulation TNFAIP3

that has been previously shown to be associated with GBM

(Hjelmeland et al., 2010; Murat et al., 2009). Thus, the MES

phenotype in GSCs and GBM was accompanied by activated

NF-kB signaling, and CD44 is an integral component of this

signature.

We next examined the association of these variables with

radiation response and treatment outcome in a cohort of newly

diagnosed GBM patients (Table S7). We used a previously

defined radiation response scoring criteria (Pelloski et al.,

2005) by comparing the maximal area of enhancement between

the pre- (i.e., within 1month of the start of radiation) and the post-

RT magnetic resonance imaging (MRI; Figure 7A). Examination

of the PN/MES status showed correlation between MES com-

posite metagene (see Supplemental Experimental Procedures

for details) and progression following RT (nonresponders)

whereas a PN composite metagene correlated to patients with

stable or reduced disease following RT, even in patients with

WT IDH1 tumors (Figures 7B and 7C). After adjusting for patient

age (%50 years versus >50 years), IDH1 status (mutant versus

WT), and Karnofsky Performance Status (KPS; %70 versus

>70), only the MES metagene remained a significant predictor

of RT response (Table S8). Patients with a higher MESmetagene

(upper two-thirds of themetagene quartile) also showed reduced

survival irrespective of IDH1 status (Figures 7D and 7E). Next, we

evaluated whether CD44 and OLIG2 expression could be used

as serviceable markers for MES and PN states, respectively.

Patients with higher expression of CD44 showed a striking asso-

ciation with poor response to radiation and lower survival

compared to those with lower CD44, and conversely, patients

with high OLIG2 were more likely to be responders to radiation

and better survivors (Figures 7F–7I; Figures S7B–S7E). Addition-

ally, using an antibody specific for phosphorylated p65 (ser 276),

a transcriptionally active form of NF-kB, as well as its target

COX2 (Figure S7F), we found significant association of the

expression of these proteins to nonresponders compared to

those with a favorable response to radiation (Figures 7J and

7K; Figures S7G and S7H). Whereas intermediate and high

COX2 expression were associated with poor survival (Figures

7L and S7I), p-p65 expression showed a similar trend but did

not reach statistical significance (data not shown).
intracranial administration of TNF-a (2 ng/mouse) 72 hr prior to irrradiation and

(photons/s/cm2/sr) with various treatments and time points. Error bar indicates ±

significant.

See also Figure S5.
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Finally, to characterize intratumoral PN to MES transition in

human GBMs, we closely examined the temporal distribution

of multiple markers by IHC on serial paraffin-embedded sections

(Table S9). The expression of these markers ranged from

pockets of negative expression to those with strong positivity.

Importantly, OLIG2low and CD44high areas (MES signature) coin-

cided with p-p65 positivity (Figure 8A; Table S9). The extent of

macrophages/microglia infiltration (as judged by IBA staining)

also correlated with the MES regions. This finding highlights in-

tratumoral PN/MES heterogeneity that correlates with activation

of NF-kB and macrophages/microglial involvement in GBM.

DISCUSSION

Differential Molecular Signatures in GSCs and GBMs
Whereas gene expression profiling of GBM has consistently

shown the PN and MES subtypes, parallel efforts on GSCs

have been limited, and mouse models representative of tran-

scriptome subtypes of GBM are only beginning to emerge

(Chow et al., 2011; Friedmann-Morvinski et al., 2012; Koso

et al., 2012; Liu et al., 2011). In this report, we demonstrate

that with the exception of a few, GSCs in general show gene

expression and epigenetic profile differences from their parental

tumors and that the majority of the GSCs exhibit an overall PN/

CIMP+ signature despite originating from predominantly MES/

CIMP� GBMs. Placement of these PN/CIMP+ GSCs in intracra-

nial xenografts did not restore the MES phenotype of the

parental tumor, indicating a potential shortcoming of immuno-

compromised xenograft models to fully recapitulate the human

tumor microenvironment (Magee et al., 2012). We could not

ascertain the CIMP status of the xenografts because of technical

difficulties given the small size of these tumors. Although TNF-a/

NF-kB activation induced MES differentiation, it did not alter

CIMP methylation patterns, suggesting that other tumor micro-

environment-derived cytokines could play a role in this process.

Coupled with recent reports that resetting the epigenome of

GSCs can cause remarkable changes in their malignant behavior

(Stricker et al., 2013), future studies utilizing GSCs as a model

system should take these factors into consideration.

MES Differentiation Is Mediated by NF-kB Induction of
Master TFs
In addition to the identification of a role for NF-kB in inducing the

MES signature, we show that this occurs via the induction of

STAT3, C/EBPb, and TAZ, although it remains to be seen if the

radioresistance mediated by NF-kB is also dependent on these

master TFs. Interestingly, these same TFs (with the exception

of TAZ) play prominent roles in inflammatory response, and

past studies have shown considerable crosstalk between these

TFs. For example, NF-kB promotes an inflammatory response

through secretion of TNF-a, IL-1b, and IL-6, of which IL-6 trig-

gers STAT3 activation (Ben-Neriah and Karin, 2011; Hayden

and Ghosh, 2012). Conversely, studies have shown that nuclear

translocation of NF-kB is dependent on acetylation of NF-kB by
once every 2 weeks thereafter. Horizontal black bar shows average radiance

SEM. t test was used to assess statistical significance. **p < 0.005; NS, not

.
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p300, which requires STAT3 activation (Gravendeel et al., 2009).

The interdependency of NF-kB and C/EBPb has also been pre-

viously reported in other studies (Acosta et al., 2008; Kuilman

et al., 2008). While we show that TNF-a can be derived from

macrophages/microglia, it is noteworthy that these cell types

themselves exhibit plasticity and can be polarized to a proinflam-

matory (M1) or anti-inflammatory (M2) phenotype in the brain

microenvironment (Li and Graeber, 2012; Wu et al., 2010).

Because most GBMs arise de novo without prior clinical history

of a lower grade tumor, it is difficult to study tumor evolution in

GBM, that is, whether a MES tumor evolved from an early stage

PN tumor is difficult to ascertain and the characteristics and the

influence of the microenvironment in the early stages of a GBM

are virtually unknown. Here we show evidence for the transcrip-

tomic plasticity of the PN and MES states by IHC analysis of

tumors that had regions of both PN and MES markers and their

correlation to NF-kB activation and infiltration of macrophages/

microglia. Consistent with our findings, recent studies have

shown that the MES subclass of GBMs exhibit a high degree

of necrosis (Cooper et al., 2012) and macrophages/microglial

infiltration (Engler et al., 2012; Li et al., 2012). In addition, tumor

evolutionary dynamics have been shown in a recent report

wherein multiple transcriptome signatures were found within

the same tumor (Sottoriva et al., 2013). We found that in some

cases, MES/CIMP� GSCs showed constitutive MES signatures

even in instances where NF1 mutations were not seen (e.g.,

GSCs 2 and 20) and when removed from the microenvironment,

suggesting that cell intrinsic mechanisms that sustain the MES

network also exist.

Association of the MES Signature, CD44, and NF-kB
Signaling with Radiation Resistance
Patients with GBM currently undergo standard treatment con-

sisting of maximal surgical resection, combined radiation and

chemotherapy, and adjuvant chemotherapy with temozolomide

(Furnari et al., 2007; Hegi et al., 2005). Radiation has been a

mainstay of GBM treatment for decades and the exact molecular

mechanisms driving resistance in GBMs is unknown. Our previ-

ous studies have shown that patients with a MES signature

belong to the poor prognosis subclass and are resistant to stan-

dard treatments (Colman et al., 2010) and that PN tumors can

recur in a MES state (Phillips et al., 2006). Here we show that

PN/CIMP+ GSCs under specific conditions can undergo MES

differentiation, with associated radioresistance. Importantly,
Figure 6. NF-kB Controls Master TFs of MES Differentiation in GSCs

(A) Western blot analysis of phosphorylated p65 (ser 536), total p65, phosphoryla

(B and C) Western blot analysis using indicated antibodies was performed on GS

(D) Box plots of normalized expression of STAT3,CEBPB, TAZ, and NF-kBmetag

sets as indicated are shown. Boxes show median 25th and 75th percentiles, wh

individual points. p value was determined using a nonparametric Wilcoxon test. F

and targets (see Supplemental Experimental Procedures) was condensed into a

significance.

(E) Time course western blot analysis of indicated antibodies after TNF-a treatm

treatment is shown.

(F) qRT-PCR analysis of MES signature master TFs STAT3, CEBPB, and TAZ in

adenovirus is shown. Error bar indicates ± SD. t test was used for statistical sign

(G) qRT-PCR analysis of YKL40 and CD44 after knockdown of all three master TF

72 hr prior to treatment with TNF-a for an additional 24 hr. Error bar indicates ±

See also Figure S6.
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we show that in newly diagnosed GBM, an increasedMESmeta-

gene, CD44 expression, or NF-kB activation is associated with

poor radiation response and shorter survival even in the absence

of IDH1 mutation. Although NF-kB has been previously impli-

cated in GBM (Bredel et al., 2006, 2011; Park et al., 2009), our

studies identify a role for NF-kB in mediating radiation resis-

tance. We speculate that global MES differentiation induced by

NF-kB parallels activation of checkpoint pathways, leading to

enhanced DNA damage repair and unperturbed cell cycle pro-

gression in response to IR. Moreover, given that NF-kB has

been shown to mediate antiapoptotic effects and DNA damage

repair (Magné et al., 2006), it is conceivable that this pathway

acts as a potential link between MES differentiation and radio-

resistance. In the context of previous studies showing that the

CD133+ GSCs are resistant to radiation (Bao et al., 2006), and

even more efficiently under the influence of the brain microenvi-

ronment (Jamal et al., 2012), it remains to be seen whether

CD133+ subpopulation within the CD44high GSCs represents a

refinement of the radioresistant cell types.

In summary (Figure 8B), we show that although GBM patient

tumors appear predominantly MES/CIMP� at presentation or

progression, the GSCs derived from these tumors using a stan-

dard isolation procedure tend to be PN/CIMP+ (despite absence

of the IDH1 mutation), suggesting that tumor microenviron-

mental factors in humans may induce a MES/CIMP� signature.

We further show that in a subset of the PN/CIMP� GSCs, MES

differentiation with associated enrichment of CD44-expressing

subpopulations and radioresistance can be induced in an

NF-kB-dependent fashion. Our data suggest that inhibition of

NF-kB activation can directly affect radioresistance and pre-

sents an attractive therapeutic target for GBM.
EXPERIMENTAL PROCEDURES

GSCs Isolation and Cell Culture

Freshly resected tumor tissues were enzymatically and mechanically dissoci-

ated into single cells and grown in DMEM/F12 media supplemented with B27

(Invitrogen), EGF (20 ng/ml), and bFGF (20 ng/ml). After 2 to 4 weeks, free-

floating neurospheres were collected and thereafter routinely cultured in the

above-mentioned neurosphere media, with dissociation to single cells every

5–6 days. For growth factor comparison, PDGF (R&D Systems) was used at

a final concentration of 10 ng/ml. For cytokine treatment, GSCs were dissoci-

ated into single cells with Accutase (Sigma Aldrich) and treated with various

concentrations and durations as indicated in figure legends. IL-6, IL-8, IL-10,

and TGF-b were obtained from R&D Systems, and TNF-a was from Sigma
ted STAT3 (Tyr 705), STAT3, and C/EBPb in GSCs is shown.

C23 (B) and 11 (C) sorted for CD44high or CD44low subpopulations.

ene inCD44low (green boxes) orCD44high (red boxes) tumors frommultiple data

ile whiskers represent the 5th and the 95th percentiles. Outliers are shown as

or the NF-kB metagene, the average expression of 38 NF-kB family members

metagene and plotted. Wilcoxon signed-rank test was used to test statistical

ent in GSC11 transduced with RFP or IkB-SR adenovirus 24 hr prior to TNF-a

GSC11 treated with TNF-a with or without pretreatment with RFP or IkB-SR

ificance. *p < 0.05 and **p < 0.005.

s (STAT3, C/EBPb, and TAZ) in GSC11 is shown. Cells were treated with siRNA

SD. t test was used for statistical significance. *p < 0.05 and **p < 0.005.

.
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Figure 7. MES Differentiation, CD44 Levels, and NF-kB Activation Are Predictive of Radiation Response in GBM

(A) Representative MRI scans of postoperative/pre-RT and post-RT responses of patients typically classified as responders or nonresponders are shown.

(B) Box plots show the proportion of patients classified as responders or nonresponders against the PN/MES metagene quartiles in all newly diagnosed GBM

cases (n = 149). Chi-square test was used to assess statistical significance.

(C) Box plot is shown for IDH1 WT cases (n = 121).

(D) Kaplan Meier curves show survival of newly diagnosed patients based on PN/MES metagene scores. Low MES represents the bottom one-third of the cases

whereas high MES was the top two-thirds. Log rank test was used to assess statistical significance.

(E) Kaplan Meier curves showing survival of newly diagnosed GBM-IDH1 WT patients based on PN/MES metagene scores.

(F–L) Bar graph shows the proportion of OLIG2 (F), CD44 (G), p-p65 (J), and COX2 (K) expression in newly diagnosed GBM-IDH1 WT patients classified as

radiation responders or nonresponders. Proportions of patients who responded or did not respond were compared using chi-square test. Kaplan Meier curves

show survival of newly diagnosed GBM-IDH1 WT patients based on OLIG2 (H), CD44 (I), and COX2 (L).

See also Figure S7 and Tables S6–S8.
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Aldrich. RFP and IkB-SR adenovirus were obtained from Vector Biolabs. The

use of human tumor tissue samples and all other tumor-related studies were

conducted in accordance with the protocols approved by the Institutional

Review Board at the UT, M.D. Anderson Cancer Center, or the Medical Ethical

Committee at the University Medical Center Groningen. The use of the tissues

for the experiments involving isolation of GSCs, DNA andRNA isolation, and/or

IHC on human tumors was exempt from requiring consent as per the MDACC
Ca
Institutional Review Board. Patient materials at UMCG were obtained after

routine diagnostics, coded according to the National Code for the Good Use

of Patient Material, and were exempt from informed consent.

Microarray and Bioinformatic Analyses

RNA labeling and hybridization to Affymetrix HGU133 version 2.0 gene-

chips was performed by Expression Analysis (Durham, NC). Raw .cel files
ncer Cell 24, 331–346, September 9, 2013 ª2013 Elsevier Inc. 343
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Figure 8. Features Associated with MES Differentiation Induced by NF-kB in GBM
(A) Consecutive 5 mmsections were stained for variousmarkers by IHC. Two independent areaswithin a same tumor are shown formutual exclusive expression of

OLIG2 from CD44, p-p65, and IBA. Scale bar: 100 mm.

(B) Cartoon shows a summary of our findings. We propose that GSCs when isolated from the microenvironment may differ in their molecular signatures from the

parental tumor. Whereas GBMs at the extreme ends of the PN/MES axis will likely contain (and enrich for) GSCs with similar signatures to the parental tumor,

GBMswith intermediate to high MES signatures enrich for PN GSCs that are maintained in a MES state in the human tumor microenvironment (by cell types such

as macrophages/microglia). These PN GSCs also tend to be CIMP+ although derived from G-CIMP� tumors that lack the IDH1 mutation. MES differentiation,

CD44 enrichment, and radioresistance can be induced in PN/CIMP� GSCs by activation of NF-kB and downstream master TFs (STAT3, C/EBPb, and TAZ). In

contrast, MES GSCs are CIMP�, predominantly express CD44, are radioresistant, and exhibit constitutive activation of NF-kB and downstream master TFs.

See also Table S9.
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(GSE49009) were processed using R and Bioconductor (Gentleman et al.,

2004), using a custom CDF (Sandberg and Larsson, 2007), with background

correction, log transformation, and quantile normalization performed using

the RMA algorithm. Detailed description of all other bioinformatic analyses is

described in Supplemental Experimental Procedures.

Xenograft Models and Treatments

GSCs were implanted intracranially using the guide screw system in 4- to

5-week-old NOD/SCID or Foxn1nu mice. After 1 week of guide screw implan-

tation, 53 105 cells or fewer (as indicated) were injected intracranially in each

mouse and randomly distributed between groups. Aminimum of fivemice was

used in each group. For in vivo bioluminescent imaging, GSCs were engi-

neered to express luciferase by transducing with pCignal lenti-CMV-luc viral

particles (SABiosciences). Kinetics of tumor growth was monitored using

IVIS 200 system bioluminescent imaging and tumor volume measured using

Living Image 4.1 software. IR was delivered using fractionated doses

(2.5 Gy 3 4) using a 60Co teletherapy unit and a custom gig with validated

dosimetry. Mice that presented neurological symptoms (i.e., hydrocephalus,

seizures, inactivity, and/or ataxia) or that were moribund were sacrificed,

and brains were fixed in formalin, stained with H&E to confirm the presence

of tumor, and subject to IHC. All animal procedures were reviewed and

approved by the Institutional Animal Care and Use Committee at the

M.D. Anderson Cancer Center.

ACCESSION NUMBERS

The Gene Expression Omnibus accession number for the microarray experi-

ments is GSE49009.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

seven figures, and nine tables and can be found with this article online at

http://dx.doi.org/10.1016/j.ccr.2013.08.001.
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SUMMARY
The epithelial-mesenchymal transition program becomes activated during malignant progression and can
enrich for cancer stem cells (CSCs). We report that inhibition of protein kinase C a (PKCa) specifically targets
CSCs but has little effect on non-CSCs. The formation of CSCs from non-stem cells involves a shift from
EGFR to PDGFR signaling and results in the PKCa-dependent activation of FRA1. We identified an AP-1
molecular switch in which c-FOS and FRA1 are preferentially utilized in non-CSCs and CSCs, respectively.
PKCa and FRA1 expression is associated with the aggressive triple-negative breast cancers, and the deple-
tion of FRA1 results in a mesenchymal-epithelial transition. Hence, identifying molecular features that shift
between cell states can be exploited to target signaling components critical to CSCs.
INTRODUCTION

Cancer stem cells (CSCs), which are defined by their tumor-initi-

ating properties, have been identified within breast, colon, head

and neck, lung, and prostate carcinomas (Ailles and Weissman,

2007). These cells appear to be responsible for driving tumor

growth, recurrence, and metastasis (Al-Hajj et al., 2003; Dalerba

et al., 2007). In experimental models of cancer development,

treatment of bulk cancer cell populations within tumors or cancer

cell lines propagated in culture with chemotherapy or radio-

therapy has been shown to select for the outgrowth of

therapy-resistant subpopulations of cancer cells that are more

tumorigenic, invasive, and stem like (Creighton et al., 2009;

Gupta et al., 2009). Hence, cancer therapies may be rendered
Significance

Conventional cancer therapeutics tend to preferentially elimin
more resistant CSCs that can subsequently generate clinical r
within tumors. The identification of key regulatory mechanism
for CSC-targeted therapy. We find that the PKCa signaling ne
erentially susceptible to specific pharmacologic agents. In ad
downstream of PKCa that drives CSC function. The inhibition
lighting the potential therapeutic value of targeting these prot

Ca
ineffective because the bulk of cancer cells within a tumor may

be eliminated while leaving behind CSC-enriched cells that pro-

ceed to regenerate tumors. These tumors are often more malig-

nant than was observed prior to treatment, underscoring the

need for a detailed understanding of the molecular differences

between CSCs and non-CSCs to discover and exploit cell-

state-specific features that may render CSCs susceptible to

selective therapeutic intervention.

Numerous studies have used existing cancer cell lines to iden-

tify compounds that target cells bearing specific gene mutations

or exhibiting a more malignant phenotype; these studies did not,

however, address the specific effects of certain treatments on

CSCs because the representation of CSCs within these cell

lines was poorly defined. In the case of breast cancer, several
ate the non-CSCs within a tumor, leaving behind residues of
elapses, indicating the need to specifically target the CSCs
s that distinguish CSCs from non-CSCs is therefore critical
twork is activated specifically in CSCs, rendering them pref-
dition, we uncovered FRA1 to be a key transcription factor
of either PKCa or FRA1 can abolish tumor initiation, high-

eins in epithelial cancers such as breast cancer.
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markers, including CD44hi/CD24lo, aldehyde dehydrogenase,

Hoechst dye efflux, and the retention of the PKH26 lipophilic

dye, have been shown to enrich for CSCs in various cell lines

(Al-Hajj et al., 2003; Ginestier et al., 2007; Pece et al., 2010).

However, regardless of the enrichment procedure, these initially

purified cells with CSC properties often differentiate rapidly into

cells exhibiting a non-CSC profile, making it difficult to identify

cell-state-specific inhibitors in vitro.

CSCs are generated in some and perhaps all carcinomas as

one of the products of an epithelial-mesenchymal transition

(EMT), indicating that these cells possess a more mesenchymal

phenotype that is associated with highly aggressive traits (Nieto,

2011; Thiery et al., 2009). We undertook to develop a method by

which we could clearly distinguish chemical inhibitors that target

breast CSCs from those that affect non-CSCs. Within normal

mammary epithelial cells (MECs), the forced expression of

EMT-inducing transcription factors (EMT-TFs) endows cells

with mesenchymal traits accompanied by the loss of epithelial

markers. These cells were shown to possess enhanced stem

cell activity in vitro and in vivo (Mani et al., 2008; Morel et al.,

2008). Likewise, in populations of weakly or non-tumorigenic

breast cancer cells, passage through the EMT program dramat-

ically increases CSC frequency along with the acquisition of

mesenchymal properties that include a distinctive CD44hi/

CD24lo cell-surface marker profile, mammosphere-forming abil-

ity, heightened resistance to chemotherapeutics, and increased

tumor-initiating ability (Nieto, 2011; Thiery et al., 2009).

In the present work, we took a directed approach to discover

key regulatory genes unique to the mesenchymal state whose

expression is elevated in CSCs.

RESULTS

Identification of Kinases Expressed Differentially in
EMT-Induced Cells
To understand the molecular changes associated with epithelial

cells that have passed through an EMT, we transduced genes

encoding the Twist, Snail, and Slug EMT-TFs into HMLE human

MECs that had previously been immortalized through the intro-

duction of the hTERT and SV40 early-region genes (Mani et al.,

2008). As anticipated, the resulting cells (HMLE-Twist, HMLE-

Snail, and HMLE-Slug) displayed a set of mesenchymal markers

and were judged by these criteria to have undergone an EMT

(Figure 1A and Figure S1A available online). These cells were

predominantly CD44hi/CD24lo (data not shown) and formed

mammospheres more efficiently than did the parental epithelial

cells (Figure 1B), indicating they were enriched for stem cell

activity.
Figure 1. Global Gene Expression Analyses Reveal Differentially Regu

(A) Representative phase contrast images of the indicated cell lines (left) and qua

relative to HMLE-vector cells (right). Numbers denote fold change. Scale bar: 40

(B) Mammosphere-forming ability of HMLE cells transduced with Twist, Snail, or

(C) Heatmap of the top differentially regulated genes among HMLE-Twist, HMLE

(D) Phase contrast images of NAMEC and HMLE cells are shown. Scale bar: 40

(E) Quantitative PCR for gene expression of EMT markers in NAMEC8 and HMLE

(F) Western blots of EMT-associated proteins in NAMECs and HMLE cells are sh

(G) Flow cytometry analysis for the expression of CD44 and CD24 surface antige

(H) Mammosphere-forming ability of NAMECs and HMLE cells is depicted.

*p < 0.05. Data are presented as mean ± SEM. See also Table S1 and Figure S1

Ca
Using microarray gene expression analyses (GSE43495),

we searched for kinase-encoding genes that exhibited the

greatest differences in expression in the EMT-TF-induced

mesenchymal cells relative to the parental HMLE cells. A

group of kinase-encoding genes was overexpressed at least

2-fold in HMLE-Twist, HMLE-Snail, and HMLE-Slug cells

relative to the HMLE population (Figure 1C; Table S1). Several

of these genes, including CLK1, EPHA2, NME7, PRKCA

(hereafter referred as PKCa), SGK1, SPHK1, and CDK6, have

been reported to promote cancer cell invasion and motility

but were not previously implicated either as components of

the EMT transcription program or in the maintenance of

mesenchymal and CSC states. We validated the expression

of the top selected kinase mRNAs by quantitative PCR

(Figure S1B).

The changes in the expression patterns of these kinases

during the EMT suggested an opportunity for selective thera-

peutic intervention using kinase inhibitors. We wished to

develop an assay that could be used to determine whether

any of the upregulated kinases could be pharmacologically

targeted to preferentially kill the mesenchymal cells. Because

the mesenchymal cells analyzed above carried constitutively

expressed EMT-TFs and were therefore locked in the mesen-

chymal state, we reasoned their response to chemical inhibi-

tors might not be representative of mesenchymal cells that

arise in vivo through the physiological and presumably revers-

ible upregulation of endogenous EMT-TFs, limiting the utility

of the EMT-TF vector-transduced cells in chemical inhibitor

screens.

Therefore, we derived populations of HMLE cells that had

spontaneously undergone an EMT and stably resided there-

after in a mesenchymal state (Figure 1D). Hence, their

phenotypic state was governed by endogenously expressed

EMT-TFs. We derived 11 such lines, termed naturally arising

mesenchymal cells (NAMECs), from bulk cultures of HMLE

cells. We found that NAMECs expressed elevated levels of

endogenous EMT-TFs (Twist, Snail, Slug, and Zeb1) and

associated markers (vimentin, N-cadherin, and fibronectin) as

well as loss of the key epithelial adherens junction protein,

E-cadherin (encoded by CDH1) (Figures 1E, 1F, S1A, and

S1C). Similar to EMT-TF-induced cells and the resident

mammary epithelial stem cells that are naturally present

within HMLE populations, NAMECs were also predominately

CD44hi/CD24lo (Figure 1G). They exhibited an 11.3-fold higher

mammosphere-forming ability relative to HMLE cells (Fig-

ure 1H). Thus, NAMECs exhibited characteristics of cells that

have passed through an EMT and differed greatly from parental

HMLE cells.
lated Kinases Whose mRNA Expression Are Altered following EMT

ntitative PCR for gene expression of EMT markers in these cell lines are shown

mm.

Slug is shown.

-Snail, HMLE-Slug, and control cells is shown (fold change > 1.2).

mm.

cells is shown.

own. Samples were loaded and analyzed on the same blot.

ns on NAMECs and HMLE cells.

.
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Depletion of Stem-like Cells by Select Kinase Inhibitors
To identify kinase inhibitors that selectively targeted mesen-

chymal-like cells bearing stem cell properties, we established a

screen that measured the ability of candidate inhibitors to prefer-

entially deplete mesenchymal NAMECs but not HMLE cells. We

labeled one of the NAMEC lines (NAMEC8) with the tdTomato

red fluorescent protein (NAMEC-Tom) and the HMLE cells with

green fluorescent protein (HMLE-GFP). We then attempted to

reconstitute certain stem cell and non-stem-cell interactions

that might operate in vivo by mixing the two cell populations in

culture in a 5:1 ratio (Figures 2A and S2A). We then challenged

these cultures with a panel of kinase inhibitors. We initially tar-

geted several protein kinases that were elevated in HMLE-Twist,

HMLE-Snail, and HMLE-Slug cells and NAMECs relative to

HMLE using of a panel of 15 commercially available kinase inhib-

itors (Figures 1C, S1B, and S2B). Figure 2B illustrates their

effects on the proportion of surviving NAMEC-Tom and HMLE-

GFP cells at the end of a 6-day treatment period. The numbers

of viable cells were quantified with flow cytometry to determine

the fraction of NAMEC-Tom or HMLE-GFP cells in inhibitor-

treated populations relative to vehicle-treated controls.

The four inhibitors targeting PKCa (PKC 20-28, Ro-31-8220,

Ro-32-0432, and bisindolylmaleimide I) showed a 6.8- to 12.1-

fold lower lethal concentration (LC50, 50%) against NAMEC-

Tom cells relative to HMLE-GFP cells (Figures 2C and 2D). These

findings were validated in three other NAMEC cell lines (Figures

S2C and S2D). Because PKCa was also elevated in CD44hi/

CD24lo HMLE cells (Figure 2E), we tested whether these stem-

like cells were sensitive to the inhibitors. Indeed, treatment of

bulk HMLE cells with two different PKCa inhibitors reduced the

CD44hi/CD24lo cell compartment, whereas the CD44lo/CD24hi

population remained unaffected (Figure S2E).

Although total and phosphorylated PKCawere overexpressed

in a variety of derived mesenchymal cells (Figure S2F), the

phosphorylation status of PKCa is constitutive and not a useful

indicator of its activity (Newton, 2001). Furthermore, active site

inhibitors, such as bisindolylmaleimide, could paradoxically sta-

bilize phosphorylated PKC (Cameron et al., 2009; Gould et al.,

2011). Accordingly, we validated PKC enzymatic activity in these

cells and found that the derived mesenchymal cells possessed

on average 8.5-fold higher levels of total PKC activity relative

to HMLE cells (Figure 2F).
Figure 2. PKCa Inhibition Selectively Targets Cells that Have Undergo

(A) This is the approach for testing kinase inhibitors to identify stem-cell-specific c

24 hr prior to daily inhibitor treatment. Viable cells were analyzed after 6 days by fl

(B) The proportion of surviving NAMEC-Tom and HMLE-GFP cells is shown as v

(C) Viable cell populations were analyzed by flow cytometry that segregated and co

Cell numbers of each population were normalized to corresponding NAMEC-Tom

(D) Dose-response curves of NAMEC-Tom and HMLE-GFP cells treated with P

between NAMEC-Tom and HMLE-GFP cells at each inhibitor is indicated. Curves

variable slope model.

(E) Quantitative PCR for PKCa mRNA level in CD44hi/CD24lo, CD44lo/CD24hi, an

(F) Levels of total PKC kinase activity in EMT-TF-induced HMLE and NAMEC ce

(G) Measurement of apoptosis by Annexin V-APC in mixed NAMEC-Tom and HM

(H) Quantitative PCR for validation of PKCa RNAi knockdown in NAMEC-Tom an

denotes a significant difference from the Luc sh control.

(I) Effects of PKCaRNAi on the growth kinetics of NAMEC-Tom and HMLE-GFP ce

difference from the Luc sh control.

*p < 0.05. Data are presented as mean ± SEM. See also Figure S2.

Ca
The inhibitors targeting PKCh, CLK1, CDK6, and JAK1 also

appeared to depleteNAMEC-Tomcells preferentially (Figure 2B).

However, these agents were not included in subsequent

studies because only a single inhibitor was available against

each of these kinases, preventing us from controlling for

possible off-target effects. In stark contrast to the effect of the

pathway-specific inhibitors, three non-pathway-specific com-

pounds, staurosporine, doxorubicin, and paclitaxel, preferen-

tially depleted HMLE-GFP cells instead (Figures 2B and 2D).

This supported previous observations that non-cell-state-

specific inhibitors can enhance the representation of more

aggressive cancer stem-like cells within heterogeneous cell

populations following treatment (Creighton et al., 2009; Gupta

et al., 2009).

To determine how PKCa inhibitors affected these more

susceptible cell populations, we tested whether they induced

apoptosis. The mixed cell populations were treated with Ro-

31-8220 for 3 days; 89.4% of NAMEC-Tom cells underwent

apoptosis in comparison to 22.4% of the HMLE-GFP cells

(Figure 2G). Conversely, paclitaxel and staurosporine resulted

in HMLE-GFP cell apoptosis, leaving NAMEC-Tom cells less

affected.

Because it remained possible that the four PKCa inhibitors

used in our analyses acted in an off-target manner, we depleted

PKCa with shRNA (Figure 2H). Mixed NAMEC-Tom and HMLE-

GFP cultures were infected with lentiviral shRNAs targeting

PKCa and then seeded separately, after sorting for either Tom+

or GFP+ expression. Consistent with the use of chemical inhibi-

tors, depletion of PKCa resulted in the substantial loss of

NAMECs, whereas HMLE cells were less affected (Figure 2I).

These observations confirmed the greater dependence on

PKCa-regulated signaling networks in cells that have passed

through an EMT program.

Conservation of Cell-State-Specific Features upon
Oncogenic Transformation
To test whether neoplastic cells that have passed through an

EMT program acquire a greater potential to generate CSCs,

we ectopically expressed comparable levels of H-RASG12V in

NAMECs and HMLE cells (Figure 3A). As few as 500 of the result-

ing NAMEC-RAS cells, when implanted into NOD-SCID mice,

were sufficient for tumor initiation in 6 out of 10 hosts, whereas
ne an EMT and Are Enriched for Stem Cell Properties

ompounds. NAMEC-Tom and HMLE-GFP cells were comixed and seeded for

ow cytometry to determine the proportion of NAMEC-Tom or HMLE-GFP cells.

isualized by fluorescence microscopy after 6 days of inhibitor treatment.

unted NAMEC-Tom andHMLE-GFP cells after treatment with PKCa inhibitors.

or HMLE-GFP cells of DMSO-treated controls.

KCa inhibitors, paclitaxel, or staurosporine are shown. The difference in LC50

for each cell type were generated using non-linear-regression curve fit with the

d unfractionated cell compartments of HMLE cells is shown.

lls relative to HMLE control cells are shown.

LE-GFP cells treated with Ro-31-8220 for 3 days is depicted.

d HMLE-GFP cells 3 days after puromycin selection is shown. The asterisk (*)

lls as measured byWST assay are shown. The asterisk (*) denotes a significant
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as many as 25,000 of the corresponding HMLE-RAS cells failed

to form tumors (Figure 3A). Based on a limiting dilution assay, the

frequency of CSCs was calculated to be approximately 1/2,314

for NAMEC-RAS and 1/463,783 for HMLE-RAS cells. Thus,

transformation of preneoplastic stem cells expressing mesen-

chymal traits gave rise to CSCs far more efficiently than bulk

epithelial cells.

To investigate whether PKCa inhibition would also preferen-

tially affect CSC-enriched NAMEC-RAS cells, we first deter-

mined whether PKCa mRNA levels remained differentially

regulated between NAMEC-RAS and HMLE-RAS cell popula-

tions. We found that the mRNA levels of PKCa and other

kinase-encoding genes that were examined previously remained

higher in NAMEC-RAS cells compared to the HMLE-RAS cells;

this echoed the behavior of EMT-TF-inducedmesenchymal cells

that had been transduced with the RASG12V vector (Figure 3B).

We then mixed NAMEC-RAS cells labeled with tdTomato

(NAMEC-Tom-RAS) and HMLE-RAS cells labeled with GFP

(HMLE-GFP-RAS), retested the effects of kinase inhibition, and

found that NAMEC-Tom-RAS cells were more sensitive to

PKCa inhibition relative to HMLE-GFP-RAS cells (Figure 3C). In

contrast, NAMEC-Tom-RAS cells were more resistant to pacli-

taxel and staurosporine than were HMLE-GFP-RAS cells (Fig-

ure 3C). When these various transformed cell populations were

implanted into NOD-SCID mice, NAMEC-RAS-derived tumors

continued to express PKCa, but HMLE-RAS tumors did not

(Figure 3D).

To assess the therapeutic utility of PKCa inhibitors, NAMEC-

RAS cells were implanted in NOD-SCID mice and treated for

30 days with a daily intraperitoneal dose of either a PKCa inhib-

itor (Ro-31-8220) or a DMSO solvent control; additional control

animals were left untreated. These dosages were well tolerated

in mice and had no adverse effects after 30 days of treatment

followed by 8 weeks of observation. Significant tumor burdens

were observed after 15 weeks in all control-treated mice,

whereas only four of eight mice treated with PKCa inhibitor

formed tumors (Figure 3E). Hence, PKCa inhibition reduced

tumor-initiating frequency and tumor growth of the CSC-

enriched populations in vivo. We also examined whether PKCa

inhibition would have any effect on the growth of already estab-

lished tumors. Xenografted NAMEC-RAS tumors were allowed

to reach approximately 2 mm in diameter (assessed by palpa-

tion) 4 weeks after implantation and then exposed to treatments.
Figure 3. Cell-State-Specific Kinase Expression Is Conserved upon On

(A) Assessment of the tumorigenicity of NAMEC-RAS or HMLE-RAS cells injected

by tumor mass, is shown. Numbers indicate the frequency of tumor formation. W

(B) Quantitative PCR for gene expression of selected kinases in HMLE-Twist-RAS

to HMLE-RAS cells.

(C) Dose-response curves of NAMEC-Tom-RAS and HMLE-GFP-RAS cells trea

sensitivity to treatment at LC50 is indicated.

(D) Immunohistochemistry detection of total PKCa and p-PKCaT497 in sections

NAMEC-RAS tumors were 15 weeks after inoculation of 2.5 3 104 cells, and HM

(E) Assessment of the tumorigenicity of subcutaneously xenografted NAMEC-RA

indicated agents, as determined by tumor mass, is shown. Treatments began on t

implantation.

(F) Assessment of the tumorigenicity of established NAMEC-RAS tumors followi

were subcutaneously xenografted in mice and allowed to reach approximately

intraperitoneal administration of the indicated agents for 30 days. Tumors were c

*p < 0.005. Data are presented as mean ± SEM.

Ca
Tumors from control-treated mice reached �1.03 g 6 weeks

later, whereas those from PKCa-inhibitor-treated mice only

weighed �0.25 g (Figure 3F). These results demonstrated the

therapeutic effects of PKCa inhibition on the continued growth

of already-established tumors.

A Switch from EGFR to PDGFR Signaling Is Induced
upon EMT
The greater reliance of CSCs onPKCa led us to question whether

cells that have passed through an EMT respond to mitogenic

and trophic signals differently from those that have not. We

attempted to trace the sources of the upstream signals that

might be responsible for activating PKCa and postulated that

certain receptor tyrosine kinases induced by the EMT program

might be involved. We speculated that the EGF receptor

(EGFR) might activate PKCa in cells that had undergone an

EMT because EGFR overexpression and amplification are posi-

tively associated with breast cancer progression (Carey et al.,

2010). However, in mesenchymal cell populations, the expres-

sion of endogenous total and phosphorylated EGFRY1068 was

reduced relative to HMLE cells (Figure 4A). Treatment of com-

ixed NAMEC-RAS-Tom and HMLE-RAS-GFP cells with either

of two EGFR inhibitors preferentially selected against HMLE-

RAS-GFP cells (Figure 4B). Hence, the more epithelial, non-

CSC-enriched populations depended more strongly upon

sustained EGFR signaling than did the mesenchymal CSC-

enriched cell populations.

We used proteome analysis to identify potential RTKs associ-

atedwith an EMT and responsible for the activation of PKCa. The

most differentially expressed RTK, exhibiting a 13-fold increase

in representative peptides in HMLE-Twist cells relative to

HMLE cells, was PDGFRb (encoded by PDGFRB) (data not

shown). In addition, mRNAs of PDGFRA (encoding PDGFRa)

and PDGFRB, as well as their ligand PDGFC, were highly ex-

pressed in basal B subtype of breast cancer cell lines bearing

mesenchymal properties but not in luminal-like cell counterparts

bearing more epithelial features (Figure 4C). PKCa mRNA was

also highly expressed in basal B, and not luminal-like, breast

cancer cells (Figure 4C). This is consistent with the notion that

basal-like tumors contain cells that behave as if they have under-

gone at least a partial EMT (Blick et al., 2008; Sarrió et al., 2008).

To determine whether PDGF autocrine signaling might be

activated following an EMT, we surveyed the expression of
cogenic RASG12V Transformation and in CSCs

subcutaneously into NOD-SCIDmice at limiting dilutions of cells, as determined

estern blot indicates levels of RAS expression.

, HMLE-Snail-RAS, HMLE-Slug-RAS, and NAMEC-RAS cells is shown relative

ted with PKCa inhibitors, paclitaxel, or staurosporine are shown. Differential

of equivalent size (�0.3 g) NAMEC-RAS and HMLE-RAS tumors is depicted.

LE-RAS tumors were 11 weeks after inoculation of 5 3 105 cells.

S cells (5 3 104) in mice treated with daily intraperitoneal administration of the

he same day as the cells were implanted. Tumors were collected 15 weeks post

ng treatment with the indicated agents is shown. NAMEC-RAS cells (5 3 104)

2 mm in diameter after 4 weeks. Subsequently, mice were treated with daily

ollected 6 weeks later and tumor masses were determined.

ncer Cell 24, 347–364, September 9, 2013 ª2013 Elsevier Inc. 353



A C

B

E

D

F

G

(legend on next page)

Cancer Cell

PKCa Signaling Network in Breast Cancer Stem Cells

354 Cancer Cell 24, 347–364, September 9, 2013 ª2013 Elsevier Inc.



Cancer Cell

PKCa Signaling Network in Breast Cancer Stem Cells
PDGFR ligands in the mesenchymal and epithelial cell popula-

tions. PDGFA, PDGFB, and PDGFD mRNAs were not

expressed in either cell state (data not shown), indicating that

only PDGFC could participate in such autocrine signaling. In

mesenchymal cell populations, PDGFCmRNAwas indeed upre-

gulated (Figure 4D); total and phosphorylated PDGFRa/b pro-

teins were also induced in these cells (Figure 4E). Additionally,

PDGFRA, PDGFRB, and PDGFCmRNAs were upregulated spe-

cifically in the CD44hi/CD24lo stem-cell-enriched subpopulation

(Figure S3A).

We also monitored the activity of PDGFR in the mesenchymal

cell populations. Culturing NAMECs for 24 hr in serum-free,

growth-factor-depleted medium reduced phosphorylation of

PDGFRb modestly relative to NAMECs maintained in complete

medium, whereas application of either a PDGFR-neutralizing

antibody or a PDGFR pharmacologic inhibitor led to a 4.3-

and 6.8-fold reduction, respectively, in p-PDGFRbY751 (Fig-

ure 4F). Conversely, the exposure of the growth-factor-depleted

NAMECs to PDGFC resulted in increased phosphorylation of

PDGFRb (Figure 4F), whereas HMLE cells showed no response

to PDGFC (data not shown). This provided further support for

the specific activation of autocrine PDGF signaling activity

following induction EMT.

Levels of phospholipase C g 1 and 2 (PLCg1 and PLCg2) pro-

teins, which are known to transduce signals from PDGFRa/b to

PKCa (Rhee, 2001), were also elevated in the EMT-TF-trans-

duced and NAMEC cells (Figure 4E). To examine whether

PLCg was activated by PDGFR, NAMECs were treated with

either of two PDGFR inhibitors (PDGFR Inh III and PDGFR Inh

IV). Levels of the two p-PLCg1Y783 and p-PLCg2Y1217 activated

forms were reduced, whereas total PLCg1 and PLCg2 protein

levels remained unaltered (Figure S3B). We next sought to deter-

mine whether PKCa activation was dependent on the observed

activations of PDGFR and PLCg, the latter of which activates

PKCa through its production of diacylglycerol (Saito et al.,

2002). Exposure of NAMECs to a PLCg inhibitor (U73122)

reduced total PKC enzymatic activity (Figure S3C). Likewise,

pharmacologic inhibition of PDGFR in NAMECs reduced PKC

activity (Figure S3C). Together, these results confirmed that

PKCa activity operated downstream of PDGFR and depended

on the actions of PLCg.

Because PDGF autocrine signaling was activated in cells that

had undergone an EMT, we reasoned that this might be impor-
Figure 4. EMT Induces a Switch from EGFR to PDGFR Signaling

(A) Western blots of total and p-EGFRY1068 in the indicated EMT-TF-induced HM

same blot.

(B) Dose-response curves (left) of the sensitivities of HMLE-RAS-GFP and NAMEC

between both cell types at LC50 is indicated. Representative immunofluorescent

(C) Quantitative PCR for PDGFRA, PDGFRB, PDGFC, and PKCa mRNA express

(D) Quantitative PCR for PDGFC expression in mesenchymal and epithelial cells

p < 0.05.

(E) Western blots of PDGFRa, PDGFRb, PLCg1, and PLCg2, along with protein

loading controls (GAPDH) were the same as Figure 4A. Samples were loaded an

(F) Shown is the western blot analysis of NAMECs cultured in the absence of grow

treated with either a PDGFC-neutralizing antibody (20 mg/ml) or a PDGFR inhibitor

is represented by the phosphorylation of PDGFRbY751.

(G) Dose-response curves (left) of HMLE-RAS-GFP and NAMEC-RAS-Tom cells

cell types at LC50 is indicated. Representative immunofluorescent images are sh

Data are presented as mean ± SEM. See also Figure S3.

Ca
tant for their survival and that the inhibition of PDGFR could be

useful for the selective killing of CSCs. Comixed NAMEC-Tom-

RAS and HMLE-GFP-RAS cells were treated with each of these

inhibitors. NAMEC-Tom-RAS cells exhibited a 3.2- to 3.8-fold

lower LC50 for the PDGFR inhibitors tested relative to HMLE-

GFP-RAS cells (Figure 4G). It thus appeared that the EMT,

along with the acquisition of CSC-like traits, was accompanied

by a downregulation of EGFR and concomitant upregulation

of PDGFR, highlighting the preferential utilization of different

signaling networks in different cellular states. We noted that a

pharmacologic inhibitor that is completely specific to inhibition

of PDGFRa/b is currently unavailable and the two PDGFRa/b in-

hibitors used here cross-inhibited c-KIT- and VEGFR-associated

tyrosine kinases.

Cell-State-Dependent Utilization of c-FOS or FRA1
during EMT
We sought to elucidate the mechanism(s) through which PKCa

acts to support themesenchymal cell state and to identify down-

stream mediators of PKCa in cells that have undergone an EMT.

We surveyed for PKCa substrates identified by others in various

cellular contexts (Abate et al., 1991; Gruda et al., 1994; Kang

et al., 2012) and focused on those upregulated together with

PKCa expression during an EMT (Figure S4A). Among genes

examined, FOSL1 mRNA (encoding the FRA1 protein) was

the most upregulated target of PKCa in the HMLE-Twist,

HMLE-Snail, and HMLE-Slug cells. This prompted us to further

examine the connection between PKCa and FRA1. Of note, we

could not exclude the possible functional importance of other

genes encoding PKCa substrates that were not transcriptionally

upregulated.

FRA1 is a member of the FOS family of transcription factors

that when phosphorylated downstream of PKCa signaling asso-

ciate with members of the JUN family of transcription factors to

form heterodimeric activator protein-1 (AP-1) complexes to tran-

scriptionally regulate target gene expression (Abate et al., 1991).

To confirm that FRA1 operated downstream of PKCa, NAMECs

were treated with either of two PKCa inhibitors. Levels of

p-FRA1S265 were strongly downregulated, whereas total FRA1

levels remained unchanged, indicating that FRA1 phosphoryla-

tion was indeed dependent on PKCa activity (Figure 5A).

We speculated that c-JUN (encoded by JUN) was a binding

partner of FRA1 because our previous work demonstrated
LE and NAMEC cells are shown. Samples were loaded and analyzed on the

-RAS-Tom cells to EGFR inhibitors are shown. The difference in fold sensitivity

images are shown at the right.

ion in breast cancer cell lines is shown. Numbers indicate fold change.

. The asterisk (*) denotes a significant difference from HMLE or HMLE-vector;

phosphorylation, in NAMECs and EMT-TF-induced cells are shown. Sample

d analyzed on the same blot.

th supplements (bovine pituitary extract, EGF, hydrocortisone, and insulin) and

(1 mM) (top), or upon exposure to PDGFC (100 ng/ml) (bottom). PDGFR activity

to PDGFR inhibitors are shown. The difference in fold sensitivity between both

own at the right.
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induction of c-JUN during passage through an EMT (Scheel

et al., 2011). Indeed, we found that total and phospho-c-

JUNS63 as well as the Jun N-terminal kinase (JNK), which is

required for the activation of c-JUN, were upregulated in mesen-

chymal cell populations (Figures 5B and S4B). Other JUN family

members, JUNB and JUND, did not exhibit consistent up- or

downregulation following passage through an EMT, indicating

that their expression was not cell-state dependent. Unexpect-

edly, c-FOS (encoded by FOS), which has been extensively

documented as a partner of c-JUN (Eferl and Wagner, 2003),

was downregulated during passage through an EMT (Figures

5B and S4B). Total and phospho-FRA1S265 levels, by contrast,

were increased. Hence, epithelial and mesenchymal cells

appeared capable of assembling AP-1 complexes, but of quite

different composition in that FRA1 seemed to replace c-FOS

as the partner of JUN following passage through an EMT.

We sought to understand the functional significance of the

c-FOS-FRA1 molecular switch during the EMT. Knockdown of

FRA1 with two independent shRNAs preferentially reduced

NAMEC-Tom cell numbers but had a lesser impact on HMLE-

GFP cells (Figures 5C and S4C). In contrast, HMLE-GFP cells

were preferentially depleted upon c-FOS knockdown, whereas

NAMEC-Tom cells were significantly less affected. This high-

lighted the cell-state-specific dependence on either c-FOS or

FRA1 for maintaining cell viability (Figure 5C). We performed

coimmunoprecipitation experiments to validate the formation of

AP-1 complexes and the nature of their constituent subunits. In

NAMECs, immunoprecipitation of FRA1 showed physical asso-

ciation with c-JUN, JUNB, and JUND (Figure 5D). In a reciprocal

manner, pull-down of c-JUN demonstrated its interaction with

FRA1 but not c-FOS (Figure 5D). The converse pattern was

observed in HMLE cells, in which c-FOS strongly associated

with JUNB and JUND but not c-JUN, which was downregulated

in the epithelial state (Figure 5D). Furthermore, chromatin immu-

noprecipitation analyses revealed c-FOS binding to the pro-

moters of genes encoding E-cadherin and Crumb3, two key

epithelial proteins, in HMLE cells. The same promoters, however,

were not bound by FRA1 in NAMECs, which did not express

either protein (Figure 5E). Hence, during execution of the EMT

program, there is a switch from the use of c-FOS to FRA1 as

the preferred component of AP-1 transcription factor complexes.
Figure 5. PDGFR Signaling Results in PKCa and ERK1/2 Activation tha

(A) Western blot analysis shows the effects of inhibiting PKCa (using Ro-31-8220

30 min on the phosphorylation status of FRA1 and c-JUN in NAMECs.

(B) Western blots of AP-1 family member subunits in epithelial and mesenchyma

(C) Relative cell number analyses of the effects of FRA1 or c-FOS knockdown on

denotes a significant difference from vector control; p < 0.05. Data are presente

(D) Western blots for proteins immunoprecipitated with FRA1 or c-JUN antibodi

lysates were used as positive controls, whereas pull-down with IgG or without a

(E) Occupancy of c-FOS and FRA1 on the promoters of CDH1 and CRB3 (enco

located within intron 1 (CDH1) or intron 3 (CRB3). Control ChIP was performed w

(F) Western blots of total and phosphorylated B-RAF, c-RAF, and ERK1/2 in TF-

were the same as in Figure 5B. Samples were loaded and analyzed on the same

(G) The amount of GTP-bound Ras was compared between epithelial and mesen

beads followed by blotting with a pan-Ras antibody. As a negative control, lysa

beads. b-actin from whole-cell lysate (prior to IP) was used as a loading control.

(H) Western blots of phosphorylated proteins of B-RAF, c-RAF, MEK1/2, and ER

shown.

(I) Western blots of p-FRA1 levels in NAMEC cells following MEK inhibition for 30

See also Figure S4.

Ca
Control of FRA1 Activation by ERK Signaling
We sought to uncover additional downstream targets of PKCa

beyond FRA1 that might be crucial for supporting the EMT pro-

gram. c-Raf is another substrate of PKCa that sustains activation

of ERK signaling and helps to promotemesenchymal cell pheno-

types (Kolch et al., 1993). Examination of proteins involved in the

ERK pathway revealed increased expression of both total and

phosphorylated levels of B-RAF, c-RAF, and ERK1/2 in the

mesenchymal cell populations (Figure 5F).

Because ERK signaling is commonly controlled by RAS activ-

ity, we tested whether mesenchymal cells contained higher RAS

expression or activated RAS than did epithelial cells. Interest-

ingly, levels of total RAS and activated GTP-bound RAS were

similar among epithelial and mesenchymal cell types (Figures

5F and 5G). This led us to propose that the enhanced ERK

signaling in the mesenchymal cell state was primarily mediated

by PKCa signaling rather than through the RAS-RAF pathway.

To test this notion, we exposed NAMECs to PKCa inhibitors

and found reduced p-c-RAF, p-MEK1/2, and p-ERK1/2 levels

(Figures 5H and S4D). Inhibitors of PDGFR signaling, likewise,

blunted ERK signaling as indicated by decreased p-c-RAF,

p-MEK1/2, and p-ERK1/2 levels (Figure S4E). Hence, enhanced

activity of ERK signaling during EMT was conferred in part by

signaling through PDGFR and PKCa.

FRA1, which we showed earlier to be downstream of PKCa,

has also been reported to serve as a direct substrate of

p-ERK1/2 (Kakumoto et al., 2006). Thus, we speculated that

the increased p-FRA1 activity in the mesenchymal cells could

be further augmented by elevated ERK signaling. Accordingly,

blockade of ERK1/2 phosphorylation with a MEK inhibitor in

NAMECs decreased p-FRA1 levels but did not affect the levels

of total FRA1 or p-c-JUN (Figure 5I), confirming that ERK1/2

signaling promoted the phosphorylation of FRA1. Together,

these observations indicate that PKCa signaling inmesenchymal

cells leads to activation of FRA1, downstream of both PKCa and

ERK1/2.

Role of FRA1 in Tumor Initiation by Breast Cancer Cells
We sought to understand whether FRA1 might be functionally

important for the subset of human breast cancer cells that exhibit

mesenchymal traits. Accordingly, we depleted FRA1 by RNAi in
t Induces FRA1

or bisindolylmalmide I) or PDGFRa/b (using PDGFR Inh III or PDGFR Inh IV) for

l cell lines are shown. Samples were loaded and analyzed on the same blot.

the viability of NAMEC-Tom and HMLE-GFP cells are shown. The asterisk (*)

d as mean ± SEM.

es in NAMECs and with c-FOS antibody in HMLE cells are shown. Whole cell

n antibody was performed as negative controls.

ding Crumb3) is shown. A normalization probe for the non-enriched region is

ith an IgG antibody.

induced EMT and NAMEC cells are shown. Sample loading controls (GAPDH)

blot.

chymal cell states by immunoprecipitation with Raf-Ras Binding Domain (RBD)

tes were treated with GDP, which blocked the ability of Ras to bind Raf-RBD

K1/2 in NAMEC cells following treatment with PKCa inhibitors for 30 min are

min are shown.
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two basal-like (basal B) breast cancer cell lines, MDA-MB-231

and SUM159, both of which do not express HER2, estrogen

receptor (ER), or progesterone receptor (PR). In both cell

lines, FRA1 depletion resulted in a morphologic response

resembling a mesenchymal-epithelial transition (MET), in which

otherwise mesenchymal-like cancer cells formed cobblestone

sheets resembling those assembled by epithelial cells (Fig-

ure 6A). The loss of VIM, FN1, and CDH2 mRNA expression

accompanied by the gain of CDH1 mRNA expression was

observed (Figure 6B). Moreover, in both cell lines depleted of

FRA1, FOS mRNA expression, which we had previously associ-

ated with the epithelial cell phenotype, was strikingly increased

(Figure 6C).

FRA1 knockdown did not significantly affect proliferation of

MDA-MB-231 or SUM159 cells in vitro (Figure S5A). However,

FRA1-depleted cells formed tumors with a reduced frequency

and were a substantially smaller size relative to shRNA controls

when xenografted into female NOD-SCID mice (Figure 6D).

In contrast, depletion of FRA1 in two luminal-like, hormone-

receptor-positive (ER+/PR+) breast cancer cell lines, MCF7-

Ras and T47D, did not affect their proliferation, expression of

EMT-associated markers, tumor formation, or tumor growth

(Figures S5A–S5C). These observations suggested that FRA1

was important for the tumorigenic potential of breast cancer cells

forming basal-like or triple-negative tumors but not those form-

ing luminal tumors.

This led us to speculate that FRA1 expression might be

restricted to the more mesenchymal, CSC-enriched compart-

ments within basal-like human breast tumors. Previous studies

have shown that purified CD44+ or protein C receptor-positive

(PROCR+) cells tend to be enriched for CSCs in primary human

tumors, whereas the CD24+ fraction was depleted of these cells

(Al-Hajj et al., 2003; Shipitsin et al., 2007). Both CD44+- and

PROCR+-purified cells also demonstrated elevated mRNA

expression of VIM (4033), FN1 (483), and TWIST (6.63) (Shipit-

sin et al., 2007). Thus, we further analyzed the expression of

FOSL1 and FOS in these CD44+/PROCR+ or CD24+ cells iso-

lated from human tumors (Shipitsin et al., 2007). Across multiple

specimens, FOSL1was upregulated in the CD44+/PROCR+ frac-

tion, whereas FOS was elevated in the CD24+ fraction (Fig-

ure S5D), providing additional support that FOSL1 expression

is associated with CSC-enriched CD44+ populations bearing

mesenchymal properties.
Figure 6. FRA1 Is a Transcriptional Target of Twist and Snail that Is In

(A) Phase contrast images show the morphology of MDA-MB-231 or SUM159 ce

(B) Quantitative PCR for gene expression of mesenchymal markers in FRA1-deple

(C) Quantitative PCR for gene expression of FOS and FOSL1 after FRA1 knockd

(D) Assessment of the tumorgenicity of cancer cells following FRA1 knockdow

implanted into female NOD-SCID mice, tumors were extracted after 4 weeks, a

formation. The asterisk (*) denotes a significant difference from Luc-sh-derived t

(E) Changes in gene expression of EMT markers in Twist-ER and Snail-ER cells a

duration examined.

(F) Occupancy of Twist and Snail on the FOSL1 or FOS promoter is shown. Bind

(FOSL1) or probe 9 (FOS).

(G) Effect of Twist and Snail on FRA1-reporter luciferase activity is shown. Firefly

and the values were compared to control Scr sh or vector overexpression. The ast

(H) This is the quantitative PCR for FOSL1 expression after Twist or Snail knockd

control.

*p < 0.05. Data are presented as mean ± SEM. See also Figure S5.
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Effects of the Twist and Snail EMT-TFs on FRA1
Expression
The increased expression of FRA1 in the EMT-TF-induced

mesenchymal cells and NAMECs correlated closely with the

abundance of several EMT-TFs, suggesting that the latter might

directly induce FOSL1mRNA expression. To test this notion, we

fused ER to either Twist or Snail (HMLE-Twist-ER and HMLE-

Snail-ER) (Mani et al., 2008) and demonstrated that activation

of Twist or Snail upon tamoxifen exposure led to increased levels

of FOSL1 mRNA in a time-dependent manner (Figure 6E). We

next assessed using chromatin immunoprecipitation (ChIP)

whether Twist and Snail bound at the FOSL1 promoter and could

detect their binding at the transcription start site and within the

first intron of FOSL1 (Figure 6F). These regions contained

E-box motifs (CANNTG), which Twist and Snail are known to

bind. In contrast, the promoter of FOSwas only weakly enriched

for Twist and Snail binding (Figure 6F). Together, these data sug-

gested that FOSL1 was a direct target of Twist and Snail.

To determine whether the ability of FRA1 to drive gene

transcription was dependent on the expression of EMT-TFs,

we utilized a luciferase reporter containing the sequence of a

previously reported FRA1-bound gene promoter (FRA1-wild-

type binding site: FRA1-WT-BS) as well as a mutant FRA1

binding construct (FRA1-mut-BS) (Stinson et al., 2011). In

NAMECs, knockdown of FRA1 abrogated luciferase activity of

the FRA1-WT-BS but not FRA1-mut-BS (Figure 6G, left).

Similarly, knockdown of TWIST or SNAIL diminished FRA1-

dependent expression of the FRA1-WT-BS reporter (Figure 6G,

left). FOSL1 mRNA expression was also reduced upon either

TWIST or SNAIL knockdown (Figure 6H).

In a reverse experiment, we overexpressed FRA1 in the

NAMEC11 cell line, which had undergone a partial EMT. Overex-

pression of FRA1 induced FRA1-WT-BS but not FRA1-mut-BS

luciferase activity (Figure 6G, right). Likewise, Twist and Snail

overexpression in these cells was able to induce transcription

of the FRA1-WT-BS reporter (Figure 6G, right). The wild-type

AP-1 reporter containing tandem repeats of AP-1 response

element was used as a positive control (Figure 6G). Therefore,

these various lines of evidence confirmed that FOSL1 levels

were transcriptionally regulated by two master EMT-TFs and in

a direct manner.

To demonstrate that FRA1 plays a functionally significant

role downstream of EMT-TFs, we activated Twist or Snail in
dispensible for Tumorigenicity of Basal-like Breast Cancer Cells

lls after FRA1 knockdown for 10 days. Scale bar: 40 mm.

ted cells is shown. The asterisk (*) denotes a significant difference from Luc sh.

own in MDA-MB-231 and SUM159 cells is shown.

n is shown. Subcutaneously, 1 3 106 MDA-MB-231 or SUM159 cells were

nd tumor masses were determined. Numbers indicate the frequency of tumor

umors.

fter the addition of 4-OHT are depicted. Cells were exposed to 4-OHT for the

ing enrichment was normalized to input DNA and plotted relative to probe 12

luciferase was normalized against SV40-Renilla-luciferase transfection control

erisk (*) denotes a significant difference from Scr sh or the vector control; n = 6.

own in NAMECs. The asterisk (*) denotes a significant difference from vector
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HMLE-Twist-ER or HMLE-Snail-ER cells in the presence or

absence of two different FRA1 shRNAs and assessed the ability

of these cells to transit into the mesenchymal state. HMLE-

Twist-ER and HMLE-Snail-ER cells that expressed control

shRNA underwent an EMT within 1 week after 4-OH-tamoxifen

exposure (Figures 7A and 7B). However, FRA1-depleted cells

were blocked in their ability to undergo an EMT upon Twist or

Snail activation and retained their epithelial phenotype (Figures

7A and 7B). These observations reinforced our conclusion that

FRA1 acts as an effector of the EMT program that is required

for its execution.

Relevance of FRA1 and PKCa Expression to Clinical
Breast Cancer
The functional significance of FRA1 inmediating cell-state transi-

tion and in maintaining CSCs led us to wonder whether its

expression might also be relevant to clinical breast cancer. We

speculated that FOSL1 expression was restricted to basal B

and triple-negative breast cancer (TNBC) tumors and cell lines

because these bear strong molecular hallmarks of cells that

have activated an EMT program (Shipitsin et al., 2007). These

subtypes are also thought to contain a high representation of

CSCs, thereby favoring relapse,metastasis, andpoor overall sur-

vival. Indeed, FOSL1 mRNA levels, but not those of other AP-1

subunits, were elevated in the basal B subtype of breast cancer

cell lines surveyed, whereas FOSL1 mRNA levels were reduced

in the basal A cell lines and were essentially undetectable in all

luminal subtype cell lines (Neve et al., 2006) (Figure S6A).

From a compendium of clinical data sets, we observed high

FOSL1 expression significantly correlated with poor distant

metastasis-free survival (DMFS), whereas high FOS or FOSB

expression associated with better survival (Figures 7C and

S6B). The expression levels of other AP-1 subunits did not pre-

dict patient outcome (Figure S6B). Additionally, higher PKCa

and FOSL1 mRNA expression was significantly associated

with HER2�, ER� or PR� status, as well as with triple-negative

tumors (Figure 7D). Their expression was also elevated in tumors

bearing BRCA1 mutations and in breast cancer cell lines con-

taining p53 mutations (Figure 7D). Moreover, FOSL1, PDGFRA,

and PDGFRB mRNAs were more highly expressed in the

claudin-low subtype of breast cancer that is thought to express

the most mesenchymal properties (Figure S6C).

To exclude the possibility that FOSL1 mRNA expression was

derived from infiltrating stromal cells, we examined its protein
Figure 7. FRA1 Is a Gatekeeper of the EMT Program and Is Clinically C

(A) Phase contrast images show the morphology of Twist- or Snail-induced EMT

(B) Quantitative PCR for gene expression of EMT-associatedmRNAs in Twist-ER a

shown.

(C) Kaplan-Meier plots of distant metastasis-free survival of breast cancer patient

(bottom) mRNA expression.

(D) Microarray meta-analyses of PKCa and FOSL1mRNA expression in human pr

cell lines bearing p53 mutation (Neve et al., 2006) are shown.

(E) Immunohistochemistry analyses of human breast cancer samples for PKCa a

Representative staining results are shown at the left. The numbers of graded tumo

depicted at the right. The asterisk (*) denotes a significant difference from Grade

(F) Effects of PKCa inhibitor administration (5 mg/kg/day) on the growth of patient-

initiated immediately following implantation and continued for 5 weeks; tumormas

the vehicle.

*p < 0.05. Data are presented as mean ± SEM. See also Figure S6.

Ca
expression in breast tumor microarrays derived from patients

whose tumors had been scored for tumor grade. Moderate-to-

strong nuclear FRA1 staining was present predominantly in the

neoplastic cells of Grade 3 tumors that were typically hormone

receptors negative but far less commonly in Grade 1 and Grade

2 tumors or in the normal mammary epithelium (Figure 7E). A

similar trend could be observed with cytoplasmic and mem-

brane-localized PKCa in which moderate-strong staining was

most common in Grade 3 tumors relative to Grade 1 and Grade

2 tumors (Figure 7E). Taken together, these results reinforced the

notion that FRA1, along with PKCa, functions as an important

mediator of the behavior of aggressive basal-like and TNBCs.

In light of the findings that PKCa inhibitors, administered sys-

temically, could inhibit the growth of breast cancer cells bearing

mesenchymal traits and the observation that triple-negative

breast tumors tend to express elevated levels of PKCa, we

tested whether PKCa inhibition could be useful therapeutically

against patient-derived tumor samples. We generated three

patient-derived breast cancer xenografts from triple-negative

tumors (EL12-58, EL12-15, and EL11-26) that had been serially

passaged in NOD-SCID mice following their removal from

patients. We then transplanted these tumor fragments orthotopi-

cally into a fresh set of female NOD-SCID mice and, on the same

day, subjected them to either a PKCa inhibitor or vehicle control

that was administered intraperitoneally daily for 6 weeks. With all

three xenograft lines, tumors that formed in the PKCa-inhibitor-

treated mice were consistently smaller (EL12-15: 65.7%, EL11-

26: 53.3%, and EL12-58: 39.5%) than the control group

(Figure 7F). Thus, inhibition of PKCa appeared to be a potentially

useful strategy for targeting triple-negative breast tumors.

DISCUSSION

We and others have argued previously that effective treatment of

carcinomas depends upon the elimination of minority CSCs in

addition to themajority non-CSC cells in these tumors (Creighton

et al., 2009; Dalerba et al., 2007; Gupta et al., 2009). This led us to

exploit the observation that the EMT program generates cells

that are enriched for stem cell and CSC properties to identify

signaling networks that are preferentially utilized in the cellular

products of an EMT (Figure 8). Our present findings demonstrate

that PKCa is a central regulatory node activated by PDGFR in

CSC-enriched populations. Although PKCa has been implicated

in promoting cancer progression (Griner and Kazanietz, 2007;
orrelated with Basal-like or Triple-Negative Breast Tumors

cells after FRA1 depletion. Scale bar: 40 mm.

nd Snail-ER cells following FRA1 knockdown after 7 days of 4-OHT exposure is

s. Patient groups were separated based on FOSL1 (top), FOS (middle), or JUN

imary breast cancer tumor subtypes (Waddell et al., 2010) and in breast cancer

nd FRA1 protein expression in breast tumors with different grades are shown.

rs or normal tissues that were classified based on FRA1 or PKCa expression are

1, Grade 2, or normal specimens.

derived breast tumor xenografts in NOD-SCIDmice are shown. Treatment was

ses were then determined. The asterisk (*) denotes a significant difference from
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Figure 8. Scheme Depicting the Differential Utilization of Signaling Networks between Non-CSCs and CSCs upon the Activation of an EMT

Program
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Lønne et al., 2010), its connection to cell-state transitions and

CSCs has been unclear. As a proof-of-principle, we showed

that the pharmacologic inhibition of PKCa can target breast

CSCs selectively and that clinically effective compounds inhibit-

ing PKCa may prove therapeutically useful for treating certain

breast tumors.

The selective dependence of the epithelial versus mesen-

chymal MECs on the function of EGFR and PDGFR is clinically

relevant because EGFR inhibitors are being tested in clinical

trials or in clinical use but often are resulting in limited clinical

responses (Carey et al., 2010). Several studies have pointed

out that such inhibitors enrich for CSCs and can lead to the

outgrowth of more aggressive, chemotherapy-resistant tumor

cell populations (Buck et al., 2007; Thomson et al., 2005). These

studies suggest that the presence of epithelial- and mesen-

chymal-like carcinoma cells within tumors requires the elimina-

tion of both cell types.

The EMT program is initially required for invasion and dissem-

ination of tumor cells, whereas MET has been demonstrated to

promote colonization and metastatic outgrowth (Ocaña et al.,

2012; Tsai et al., 2012). An increasing number of observations

suggest that both tumor initiation and metastatic outgrowth

depend on coexisting epithelial and mesenchymal subpopula-

tions; conversely, tumors containing exclusively one or the other

subpopulation appear to be poorly suited in enabling both of

these processes (Brabletz, 2012; Celià-Terrassa et al., 2012;

Ocaña et al., 2012). This implies that although the inhibition of
362 Cancer Cell 24, 347–364, September 9, 2013 ª2013 Elsevier Inc
cancer cells bearing a mesenchymal phenotype could be useful

for preventing tumor initiation and/or dissemination, such a ther-

apeutic strategy needs to be complementedwith treatments that

target already-establishedmetastases and their complements of

non-CSC epithelial cells. Moreover, the EMT should be viewed

as generating a spectrum of phenotypic states depending on

the extent to which this program is completed by epithelial cells,

and partial completion of this program may be essential for the

formation of CSCs and thus the founding of metastases. Future

work will require more detailed measurements of the extent to

which the various intermediate states depend on the epithelial

versus mesenchymal signaling circuits described here.

Our initial efforts to distinguish molecular features between

mammary CSCs and non-CSCs have led to the identification of

kinase inhibitors that may be useful in preclinical models of

human breast cancer. We speculate that the EMT program

mayalso be adopted by other carcinoma cell types to drive tumor

progression and metastasis. If so, the approach used to identify

therapeutic compounds and pathways unique to mammary car-

cinoma CSCs described here may be extended to target CSCs

present in the tumors arising from other epithelial tissues.
EXPERIMENTAL PROCEDURES

Kinase Inhibitor Screen

Kinase inhibitors and other biochemicals were obtained from sources listed

in the Supplemental Information. To set up the screen, 75,000 NAMEC-Tom
.
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and 15,000 HMLE-GFP cells were seeded into each well of a 6-well tissue

culture plate. The following day, fresh media containing inhibitors were

added. For control treatment, DMSO was added. Fresh media containing

inhibitors were replaced daily during the 6-day period. For analysis, cells

were trypsinized and flow cytometry was performed to analyze the propor-

tion of surviving cells relative to DMSO-treated control for NAMEC-Tom or

HMLE-GFP cells. To test the effects of these inhibitors on CSCs and non-

CSCs, NAMEC-RAS-Tom and HMLE-RAS-GFP were used in similar comixed

experiments.

Cell Lines and Cell Culture

HMLE cells and NAMECswere maintained in MEGM (Lonza). Other commonly

used breast cancer cell lines are listed in Supplemental Information. HMLE

were generated from HMECs immortalized using retroviral vectors to express

the catalytic subunit of the human telomerase enzyme, hTERT, and the SV-40

Large T antigen. NAMECs were isolated based on the observation that mesen-

chymal cells were less adherent than epithelial cells to tissue culture surfaces.

HMLE cells were grown to 50% confluency, followed by differential trypsiniza-

tion for 1 min with 0.05% trypsin. Detached cells were collected and replated

at approximately 200 cells per well of a 24-well plate. Upon expansion, wells

were screened for populations with a mesenchymal phenotype that could be

stably propagated.

Gene Expression Microarray and Analyses

Total RNA was extracted and expression profiling of coding genes was carried

out using Illumina HumanRef-8 v2 BeadArrays. Gene expression data from

Illumina array are normalized by quantile normalization. Differential genes

are called using LIMMA with p < 0.05 and fold change > 1.2.

Patient-Derived Breast Cancer Xenograft Establishment and

Therapy

Primary human breast cancer samples were obtained from the Dana-

Farber Cancer Institute with patients’ consent and institutional review

board approval. These samples were subsequently deidentified to protect

patient confidentiality. Patient-derived breast tumor fragments (approxi-

mately 3 3 1 3 1 mm) were inserted bilaterally into the inguinal mammary

fat pads of 6- to 8-week-old NOD-SCID-IL2Rgc�/� female mice for initial

establishment of tumors within 2 hr of surgery and subsequently expanded

in NOD-SCID mice once established. Established TNBC tumors (EL12-15,

EL12-58, and EL11-26) were implanted into cohorts of 6- to 8-week-old

female NOD-SCID mice. Treatment was initiated at the time of tumor

implantation and the mice were randomized into two groups: vehicle (10%

DMSO in saline) and treatment (Ro-31-8220, 5 mg/kg/day intraperitoneally).

Tumors were collected and weighed after 6, 8, or 11 weeks. All research

involving animals complied with protocols approved by the MIT Committee

on Animal Care.
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SUMMARY
RAS genes are commonly mutated in cancer; however, RAS mutations are rare in breast cancer, despite
frequent hyperactivation of Ras and ERK. Here, we report that the RasGAP gene, RASAL2, functions as a
tumor and metastasis suppressor. RASAL2 is mutated or suppressed in human breast cancer, and RASAL2
ablation promotes tumor growth, progression, and metastasis in mouse models. In human breast cancer,
RASAL2 loss is associated with metastatic disease; low RASAL2 levels correlate with recurrence of luminal
B tumors; and RASAL2 ablation promotes metastasis of luminal mouse tumors. Additional data reveal a
broader role for RASAL2 inactivation in other tumor types. These studies highlight the expanding role of
RasGAPs and reveal an alternative mechanism of activating Ras in cancer.
INTRODUCTION

TheRas pathway is one of themost commonly deregulated path-

ways in human cancer (Downward, 2003). Mutations in RAS

genes occur in a variety of tumor types (Karnoub and Weinberg,

2008; Pylayeva-Gupta et al., 2011); however, the Ras pathway

is also frequently activated as a consequence of alterations in up-

stream regulators and downstream effectors, underscoring the

importance of this pathway in cancer (Downward, 2003).

Ras is negatively regulated by Ras GTPase-activating proteins

(RasGAPs), which catalyze the hydrolysis of Ras-GTP to Ras-

GDP (Bernards, 2003). As such, RasGAPs are poised to function

aspotential tumorsuppressors. Indeed, theNF1 tumorsuppressor

encodesaRasGAPand ismutated in the familial cancer syndrome
Significance

The RasGAPs are direct negative regulators of Ras and are th
Here, we identify a RasGAP gene, RASAL2, as a tumor suppre
loss plays a causal role in the development, progression, andm
metastasis of other solid tumors as well. Collectively, these da
activated in cancer and identify a role for RASAL2 and Ras in

Ca
neurofibromatosis type 1 (Cawthon et al., 1990).NF1 also is lost or

suppressed in sporadic cancers, including glioblastoma (Cancer

Genome Atlas Research Network, 2008; Parsons et al., 2008;

McGillicuddy et al., 2009), nonsmall cell lung cancer (Ding et al.,

2008), neuroblastoma (Hölzel et al., 2010), and melanoma (Kraut-

hammer et al., 2012; Maertens et al., 2012). More recently, the

RasGAPgene,DAB2IP, hasbeenshown to functionasapotent tu-

mor and metastasis suppressor in prostate cancer (Min et al.,

2010). In total, there are 14 RasGAP genes in the human genome

(Bernards, 2003). All contain a RasGAP domain but exhibit little

similarity elsewhere. It is currently unknown whether any of these

other genes may also function as human tumor suppressors.

Breast cancer is the most common cancer in women world-

wide (Kamangar et al., 2006). K-, H-, and N-RAS mutations are
erefore poised to function as potential tumor suppressors.
ssor within this gene family. Our data suggest that RASAL2
etastasis of breast cancer andmay play a broader role in the
ta reveal an alternative mechanism by which Ras becomes
breast cancer progression and metastasis.

ncer Cell 24, 365–378, September 9, 2013 ª2013 Elsevier Inc. 365
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Figure 1. RASAL2 Is a Candidate Tumor

Suppressor

(A) Left: immortalized MEFs were infected with

lentiviral shRNAs that target Rasal2, Nf1, or control

and were plated in soft agar. Data are reported as

relative number of colonies ± SEM. Inactivation of

Nf1 or Rasal2 induced a statistically significant in-

crease in anchorage-independent growth (p %

0.0001).Right:westernblot confirmingknockdown.

(B) RASAL2 mutations in human tumor samples

(Bamford et al., 2004). Each triangle represents a

nonsynonymous mutation. Red triangles indicate

breast cancer mutations. See also Tables S1

and S2.

(C) RASAL2 expression in a panel of human breast

cancer cell lines in comparison to normal human

mammary epithelial cells. Cell lines with very low

or no RASAL2 are starred. Luminal (Lu) or basal

(Ba) subtype categorization is indicated.

(D)RelativeRASAL2expression insubsetsof sorted

human mammary epithelial cells (Lim et al., 2009).

MaSC, mammary stem cell enriched: (CD49hi

EpCAM�). LP: luminal progenitor (CD49f+EpCAM+).

ML, mature luminal (CD49f� EpCAM+). Data show

relative expression ± SD. Similar results were

obtained using two additional RASAL2 probes.

There were no statistically significant differences

in RASAL2 expression between subsets of cells.

(E)Left:westernblot ofRas-GTPandphospho-ERK

(pERK) levels in MCF7 cells following expression of

LacZ or RASAL2. Right: western blot of Ras-GTP

and phospho-ERK (pERK) levels in MCF10A cells

following shRNA-mediated inactivation of RASAL2

or control (nontargeting ‘‘Scramble’’ shRNA).
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relatively rare in this tumor type, and together they have been

detected in only �3.2% of all breast lesions (Bamford et al.,

2004). Nevertheless, the Ras/ERK pathway is hyperactivated

in R50% of breast cancers and has been proposed to be

involved in tumor progression and recurrence, suggesting

that Ras may be more frequently activated by other mecha-

nisms in these tumors (Sivaraman et al., 1997; von Lintig

et al., 2000; Mueller et al., 2000). In this study, we demonstrate

that the RasGAP gene, RASAL2, functions as a tumor sup-

pressor in breast cancer. Through the analysis of human tumor

samples, human xenografts, and genetically engineered

mouse models, we show that RASAL2 loss plays a causal

role in breast cancer development and metastasis. Additional

mouse modeling studies reveal a broader potential role for

RASAL2 in other tumor types. Together, these studies highlight

the expanding role of RasGAP genes in cancer and reveal an

important mechanism by which Ras becomes activated in

breast tumors.
366 Cancer Cell 24, 365–378, September 9, 2013 ª2013 Elsevier Inc.
RESULTS

The RasGAP Gene, RASAL2, Is a
Candidate Tumor Suppressor
We previously developed a cell-based

screen to identify additional RasGAPs

that might function as tumor suppressors

(Min et al., 2010). Distinct small hairpin
RNAs (shRNAs) that recognize individual RasGAP genes were

introduced into immortalized mouse embryonic fibroblasts

(MEFs), and cells were evaluated for the ability to grow in soft

agar. Three genes scored in this screen:Nf1, a well-documented

tumor suppressor gene, Dab2ip, which we have since shown is

a tumor suppressor in prostate cancer, and Rasal2, a third

RasGAP gene (Min et al., 2010). Several Rasal2-specific shRNA

sequences promoted colony growth in this assay and did so as

well as Nf1- and Dab2ip-specific shRNAs (Figure 1A; Min et al.,

2010). Notably, transformation was not generally promoted by

the loss of any RasGAP, suggesting that only a subset of

RasGAPs may function as tumor suppressors (Min et al.,

2010). Upon identifying RASAL2 as a candidate tumor suppres-

sor, we searched publicly available databases and found muta-

tions within the catalytic RasGAP domain in human breast

cancers (Figure 1B; Table S1 available online) (Sjöblom et al.,

2006; Shah et al., 2012). Current genomic mutation databases

indicate that RASAL2 is also mutated in several other tumor
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types, including colorectal, lung, and ovarian tumors (Figure 1B;

Table S2). In total, 42 nonsynonymous mutations have been

detected in RASAL2, 31% of which reside in the catalytic

RasGAP domain, many of which are predicted to be deleterious

(Tables S2 and S3). Because the mechanism by which Ras

becomes activated in breast cancer is largely unknown, and

because mutations in breast tumors were among the first to be

identified, we began by investigating a potential role for RASAL2

inactivation in breast cancer development.

Work from our laboratory and others have shown that the Ras-

GAP genes NF1 and DAB2IP are inactivated in cancer by ge-

netic, epigenetic, and proteasomal mechanisms (Dote et al.,

2004; McGillicuddy et al., 2009; Min et al., 2010). Moreover, in

many instances the nongenetic mechanisms of inactivation of

these tumor suppressors appear to be more prevalent than

mutational events in sporadic tumors (McGillicuddy et al.,

2009; Min et al., 2010; Maertens et al., 2012). Therefore, we

began by examining RASAL2 protein expression in a panel of

breast cancer cell lines. In comparison to normal mammary

epithelial cells, in at least 5 out of 15 breast cancer cell lines

RASAL2 was absent or minimally expressed, suggesting that

RASAL2may be lost or suppressed in this tumor type (Figure 1C).

RASAL2 levels were high in MDA-MB-231 and SUM159PT cells,

which are known to harbor mutations in KRAS and HRAS,

respectively (Hollestelle et al., 2007). We also noted that RASAL2

was frequently absent in cells derived from luminal cancers in

this panel of lines. Cell sorting studies indicate that there are

no inherent differences in RASAL2 expression in any specific

cell population within the mammary cell hierarchy: luminal pro-

genitor, mature luminal, or mammary stem cell enriched, sug-

gesting that the low RASAL2 levels associated with luminal can-

cer cell lines are not inherently associated with a pre-existing

reduction in RASAL2 levels due to a specific cell of origin or

fate, as has been suggested for other genes (Figure 1D) (Lim

et al., 2009). When RASAL2 was reconstituted in MCF7 cells,

which express little to no endogenous RASAL2, Ras-GTP and

phospho-ERK levels were suppressed (Figure 1E). Conversely,

acute inactivation of RASAL2 via shRNA sequences in immortal-

izedmammary epithelial cells (MCF10A) increased Ras-GTP and

phospho-ERK levels (Figure 1E). These data confirm that

RASAL2 is a functional RasGAP and that loss of RASAL2 acti-

vates Ras and ERK in this tumor type.

RASAL2 Functions as a Tumor Suppressor in Breast
Cancer
We next investigated the biological consequences of reconsti-

tuting or suppressing RASAL2 in breast cancer cell lines. When

RASAL2 was introduced into human breast cancer cells that

lack endogenous RASAL2, proliferation was largely unaffected

(Figure 2A); however, RASAL2 reconstitution significantly in-

hibited anchorage-independent colony growth (Figure 2B). In

contrast, RASAL2 did not inhibit colony growth of SUM159PT

cells, which retain RASAL2 expression but harbor an activating

RAS mutation (Figure 2B). RASAL2 also potently suppressed

the growth of RASAL2-deficient breast cancer xenografts in vivo

but again had no effect on RAS mutant tumors (Figure 2C).

Conversely, shRNA-mediated suppression of endogenous

RASAL2 in a breast cancer cell line that normally does not

grow well as a xenograft promoted tumor growth in vivo (Fig-
Ca
ure 2D). Together, these gain- and loss-of-function studies sug-

gest that RASAL2 can function as a tumor suppressor in the

mammary epithelium and that inactivation or loss of RASAL2

can contribute to mammary tumor development. Notably, like

NF1 and DAB2IP, RASAL2 appears to restrict transformation

and/or anchorage-independent growth, rather than generally

suppressing cell proliferation in two-dimensional culture sys-

tems (Johannessen et al., 2005; Min et al., 2010).

RASAL2 Functions via Its Effects on Ras
To determine whether the RasGAP domain of RASAL2 and ef-

fects on Ras were critical for tumor suppression, we first evalu-

ated the effects of RASAL2mutations identified in human breast

cancer samples. Two of the three RasGAP domain mutants

(K417E and K567X) failed to suppress anchorage-independent

growth, demonstrating that these two mutations result in a clear

loss of function (Figure 3A). The third mutation, which resulted in

a more conservative amino acid change (E509D), still retained

activity in this assay and therefore does not appear to be patho-

genic; however, a number of additional nonconservative muta-

tions have been detected in the RasGAP domain in other tumor

types (Table S3). Consistent with these biological observations,

both the K417E and the K567X mutations were defective in their

ability to suppress activation of the Ras/ERK pathway (Fig-

ure 3B). Phospho-ERK levels in xenograft tumors further illus-

trate the difference in activity between pathogenic and

nonpathogenic mutations (Figure 3C). To complement these

studies, we investigated which Ras isoforms were activated in

response to RASAL2 suppression and found that both K-Ras

and H-Ras-GTP levels were elevated (Figure 3D). Accordingly,

ablation of either KRAS or HRAS suppressed colony growth by

more than 50% (Figure 3E). Together, these results demonstrate

that the RasGAP domain is essential for RASAL2 tumor suppres-

sor function and that both H- and K-Ras contribute to the path-

ogenesis caused by RASAL2 inactivation.

RASAL2 Inactivation Promotes Migration, Invasion,
and Tumor Progression
To fully characterize the oncogenic effects of RASAL2 loss, we

investigated whether RASAL2 suppression might also promote

migration, invasion, and tumor progression. RASAL2 suppres-

sion promoted themigration ofMCF10A cells in a wound-healing

assay (Figures 4A and 4B) and significantly enhanced invasion

through Matrigel (Figure 4C, p = 0.002). Similar to what was

observed in colony assays shown in Figure 3E, ablation of

HRAS or KRAS reduced invasiveness (Figure S1). We also uti-

lized a xenograft model of breast cancer progression thatmimics

the progression of ductal carcinoma in situ (DCIS) to invasive

carcinoma (Miller et al., 2000; Hu et al., 2008). Specifically,

MCF10ADCIS cells, derivatives of MCF10A cells that are en-

riched for a progenitor population of cells (Miller et al., 2000),

develop into DCIS-like lesions when grown as xenografts in

mice. However, after a latency of approximately 8 weeks, they

progress to invasive carcinoma, characterized by the loss of

the myoepithelial cell layer and basement membrane (Hu et al.,

2008). We acutely inactivated RASAL2, using two distinct

shRNAs in these cells, and found that RASAL2 inactivation

accelerated tumor progression, resulting in a rapid disruption

of the myoepithelium and basement membrane and the
ncer Cell 24, 365–378, September 9, 2013 ª2013 Elsevier Inc. 367



B

C

RASAL2

p120

MDA-MB-
361 MCF7

La
cZ

R
A

S
A

L2

R
A

S
A

L2

La
cZ

D
CAMA1

A

0 2 4 6
0

1

2

3

4

0 2 4 6
0

2

4

6

8

p<0.0001 n.s. p=0.0007

n.s.

p<0.0001 p<0.0001

p=0.002

n.s. n.s.

LacZ RASAL2
0

20

40

60

80

100

MDA-MB-361

T
um

or
 v

ol
. (

m
m

^3
)

MDA-MB-231 (KRAS mutant)

LacZ RASAL2
0

25

50

75

100

125

T
um

or
 v

ol
. (

m
m

^3
)

Actin

LacZ RASAL2

RASAL2

Scramble
shRNA

RASAL2
shRNA

0

200

400

600

800

T
um

or
 v

ol
. (

m
m

^3
)

Days

R
el

at
iv

e 
# 

of
 c

el
ls

R
el

at
iv

e 
# 

of
 c

el
ls

Days

LacZ
RASAL2

MDA-MB-361
LacZ
RASAL2

MCF7

MDA-MB-361

BT474MCF7

vector RASAL2
0

25

50

75

100

125

R
e

la
ti

v
e

 #
 o

f
c

o
lo

n
ie

s
 (

%
)

vector RASAL2
0

25

50

75

100

125

R
e

la
ti

v
e

 #
 o

f
c

o
lo

n
ie

s
 (

%
)

LacZ RASAL2
0

25

50

75

100

125

R
e

la
ti

v
e

 #
 o

f
c

o
lo

n
ie

s
 (

%
)

vector RASAL2

RASAL2

β-Tubulin

RASAL2

vector RASAL2

p120

LacZ RASAL2

RASAL2

Actin

RASAL2

β-Tubulin

Scra
mble

RASAL2
shRNA:

LacZ RASAL2

RASAL2

p120

LacZ RASAL2
0

25

50

75

100

125

R
el

at
iv

e 
# 

o
f

co
lo

n
ie

s 
(%

)
SUM159PT (HRAS mutant)

LacZ RASAL2

RASAL2

Actin

Figure 2. RASAL2 Functions as a Tumor Suppressor in Breast Cancer

(A) Growth curves of MDA-MB-361 andMCF7 cells expressing RASAL2 or LacZ. Data points show triplicate averages ± SD. There were no statistically significant

differences in proliferation. Western blot on right confirms ectopic RASAL2 expression.

(B) Soft agar colony formation of MCF7, BT474, MDA-MB-361, and SUM159PT cells expressing RASAL2 or LacZ. Data show relative number of colonies ± SD.

There was a statistically significant decrease in anchorage-independent growth upon ectopic RASAL2 expression in RAS wild-type cell lines (MCF7 and

BT474 p < 0.0001; MDA-MB-361 p = 0.002), but not in the HRAS mutant cell line SUM159PT. Western blots confirm ectopic RASAL2 expression.

(C) Xenograft tumor formation of MDA-MB-361 andMDA-MB-231 cells expressing RASAL2 or LacZ. MDA-MB-361 cells were injected orthotopically into female

NOD/SCIDmice; MDA-MB-231 cells were injected subcutaneously into female nude mice. Horizontal bars indicate mean tumor volume. There was a statistically

significant decrease in tumor growth upon ectopic RASAL2 expression (p < 0.0001) in the RAS wild-type cell line MDA-MB-361, but not in the KRASmutant cell

line MDA-MB-231. Western blots below confirm ectopic RASAL2 expression.

(D) Xenograft tumor formation of CAMA1 cells infected with shRNAs targeting RASAL2 or nontargeting control shRNA and injected subcutaneously into female

NOD/SCID mice. Horizontal bars indicate mean tumor volume. There was a statistically significant increase in tumor growth upon RASAL2 inactivation (p =

0.0007). Western blot confirms RASAL2 knockdown.
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A Figure 3. RASAL2 Functions as a Tumor

Suppressor via Its Effects on Ras

(A) Soft agar colony formation of MCF7 cells ex-

pressing HA-tagged LacZ, wild-type, or mutant

RASAL2 (see also Table S3). Data show relative

number of colonies ± SD. *p % 0.05. Western blot

confirms expression of constructs.

(B) Western blot reflecting the relative activation of

the Ras/ERK pathway in the presence of HA-tag-

ged wild-type or mutant RASAL2. The pERK/ERK

ratio of each sample was calculated and normal-

ized to the vector control.

(C) Phospho-ERK (pERK) expression in MDA-MB-

361 xenograft tumors. LacZ, RASAL2, or mutant

RASAL2 was expressed in MDA-MB-361 cells,

and cells were injected orthotopically into female

NOD/SCID mice. pERK levels were assessed by

immunohistochemistry.

(D) Western blot showing HRas-GTP and KRas-

GTP levels in MCF10A cells following shRNA-

mediated inactivation of RASAL2 or control

shRNA. As indicated by the asterisk, the blot

confirming RASAL2 knockdown is a duplicate from

Figure 1E, as these immunoblots were generated

from the same samples.

(E) Soft agar colony formation of BT474 cells in-

fected with an shRNA targeting HRAS or KRAS or

a nontargeting control. Data show relative number

of colonies ± SD. Western blot confirms Ras iso-

form-specific knockdown.
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development of invasive adenocarcinoma after just 3 weeks

(Figure 4D). These results suggest that RASAL2 inactivation

may also play a role in breast cancer progression. Notably,

tumors in which RASAL2 had been depleted also exhibited a

marked elevation of phospho-ERK as compared to control

tumors (Figure 4E).

Loss of Rasal2 Promotes Metastasis and Ras Activation
in a Genetically Engineered Mouse Model of Luminal
Breast Cancer
As a rigorous and complementary means of investigating the

biological consequences of RASAL2 inactivation in vivo, we

generated genetically engineered mice that lack Rasal2. Mouse

embryonic stem cells that contain a gene-trap cassette within

the third intron of Rasal2 were used to generate Rasal2-deficient

mice (Figure 5A). Appropriate integration and loss of Rasal2

expression were confirmed in heterozygous and homozygous

mutant animals (Figures 5B and 5C).Rasal2�/�mice were viable,
Cancer Cell 24, 365–378, S
fertile, and born at Mendelian ratios. We

found that mutant animals did exhibit

shorter overall survival as compared to

control animals (77.8 compared to

95.6 weeks; p = 0.007, Figure S2A). How-

ever, there was no obvious difference in

phenotype between wild-type and

Rasal2�/� mice. A subset of animals

from both cohorts developed tumors

associated with old age. Whereas Rasal2

mutant mice developed these tumors

earlier, the tumor spectrum was similar
to wild-type animals, and they did not develop mammary lesions

(Figure S2B). These results indicate that Rasal2 loss is not suffi-

cient to drive breast cancer in mice but may play a more general

role in enhancing the development of other spontaneous tumors.

To examine the effects of RASAL2 loss on mammary tumori-

genesis, we crossed Rasal2�/� mice to animals that constitu-

tively overexpress a wild-type Her2 (Erbb2) transgene in the

mammary epithelium (MMTVneu mice) (Guy et al., 1992): a

mouse model of luminal tumors (Herschkowitz et al., 2007).

These tumors exhibit some differences from human luminal can-

cers, as they do not express estrogen receptor; however, unsu-

pervised hierarchical clustering analysis and tumor pathology

demonstrate that lesions from these animals recapitulate many

of the key features of human luminal tumors (Guy et al., 1992;

Herschkowitz et al., 2007). As such, these animals are currently

the best available genetically engineered mouse model for

luminal cancer (Guy et al., 1992; Herschkowitz et al., 2007). Fe-

male MMTVneu mice develop focal luminal mammary tumors,
eptember 9, 2013 ª2013 Elsevier Inc. 369
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Figure 4. RASAL2 Inactivation Promotes

Migration, Invasion, and Tumor Progression

(A) Cell migration of MCF10A cells infected with

shRNAs targeting RASAL2 or a nontargeting

control.

(B)Western blot confirming RASAL2 knockdown in

MCF10A cells used in (A) and (C).

(C) Transwell invasion of MCF10A cells infected

with an shRNA targetingRASAL2 or a nontargeting

control. Invasion was measured after 24 hr and

reported as average ± SD (p = 0.002).

(D) Xenograft tumor progression of MCF10ADCIS

cells infected with shRNAs targeting RASAL2 or a

nontargeting control. Top: H&E images of xeno-

graft tumors. Bottom left: quantification of xeno-

graft tumor progression. Bottom right: western

blot confirming RASAL2 knockdown.

(E) Phospho-ERK (pERK) expression in

MCF10ADCIS xenograft tumors from (D) as as-

sessed via immunohistochemistry.

See also Figure S1.
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and a fraction of tumor-bearing females develop lung metasta-

ses (Guy et al., 1992). As expected, MMTVneu and MMTVneu;

Rasal2�/� compound mice developed mammary adenocarci-

nomas and did so at a similar high frequency (Figure 5D, top

panels; Figure S2E). Strikingly, however, we found that

MMTVneu; Rasal2�/�mice developed substantially moremetas-

tases than MMTVneu animals. First, a higher fraction of com-

pound mutant mice developed lung metastases (Figure 5E,

74% versus 46%, p = 0.05). Second, compound mutant mice

developed more metastases per lung than MMTVneu animals

(Figure 5E, 30 per mouse versus 8 per mouse, p = 0.04). Finally,

the metastases were significantly larger inMMTVneu; Rasal2�/�

mice as compared toMMTVneumice (Figure 5D, bottom panels;

Figure 5E, p = 0.04). Interestingly, a subset of compound mutant

mice developed tumors that metastasized to other organs,

including brain, kidney, ovary, and gastrointestinal tract, a phe-

nomenon not observed in MMTVneu animals historically or in

our cohort (Figure 5F). Moreover, in most autochthonous mouse

models of mammary adenocarcinoma, metastasis is typically

limited to the lung and occasionally lymph nodes (Kim and

Baek, 2010). However, human breast cancers do frequently

metastasize to the brain and these other distal sites, underscor-

ing the significance of these observations and the potential utility

of this mouse model (Weigelt et al., 2005). Despite the dramatic
370 Cancer Cell 24, 365–378, September 9, 2013 ª2013 Elsevier Inc.
increase in metastasis, no differences in

primary tumor incidence, growth rate, or

tumor size were observed in MMTVneu

versus MMTVneu; Rasal2�/� mice, indi-

cating that the differences in metastatic

burden were not due to underlying differ-

ences in primary tumor onset or growth

(Figures S2C, S2D, and S2F). Importantly,

when we compared primary tumors

from MMTVneu; Rasal2�/� mice and

MMTVneu animals, higher levels of phos-

pho-ERK and phospho-AKT were more

consistently observed in MMTVneu;
Rasal2�/� lesions (Figure 5G). In addition, we found that Rasal2

was spontaneously lost or suppressed in a subset of MMTVneu

tumors, and this loss or suppressionwas accompanied by a sub-

stantial increase in phospho-ERK and phospho-AKT levels (Fig-

ure 5G). Finally, the primary tumor that spontaneously lost/sup-

pressed Rasal2 and exhibited the most robust activation of the

Ras pathway was a metastatic outlier within the MMTVneu

cohort (Tumor 6, Figure 5G; Figure S2G). Taken together, these

findings indicate that Rasal2 loss enhances Ras activity in mam-

mary tumors and that it promotes tumor progression, invasion,

and metastasis in both autochthonous mouse models of breast

cancer and human xenografts.

RASAL2 in Primary Human Breast Cancers
Genomic analyses demonstrate that RASAL2 mutations do

occur in human breast cancer but are relatively rare (Bamford

et al., 2004; Sjöblom et al., 2006; Shah et al., 2012; Table S1).

However, the two other known RasGAP tumor suppressors

appear to be more frequently inactivated in cancer via nonge-

netic mechanisms. To more accurately determine how

frequently RASAL2 is lost or suppressed in human breast can-

cers, we directly examined RASAL2 protein levels in primary hu-

man tumors. Existing RASAL2 antibodies cannot be used for

immunohistochemistry; therefore, we obtained breast cancer
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arrays comprised of 55 sets of protein lysates (in triplicate) from

matched primary breast tumors and adjacent normal mammary

tissue taken from naive patients (Mueller et al., 2010). These

tumor samples were histologically verified to contain at least

80% cancer cells and the normal tissue is cancer cell free. We

first validated our purified RASAL2 antibody in this assay and

found that dot blots from RASAL2-expressing and nonexpress-

ing human breast cancer cell lines exhibited the expected

pattern of expression (Figure 6A, top). RASAL2-specific shRNA

sequences also effectively ablated expression in this assay (Fig-

ure 6A, bottom). Using the tumor arrays, we found that RASAL2

expression was decreased by 75%–100% in 20% of human

breast tumors as compared to adjacent normal mammary tissue

(Figures 6B and 6C). These results confirm our findings in breast

cancer cell lines, suggesting that RASAL2 expression is lost or

suppressed in a significant fraction of human breast cancers at

a frequency that ismuch greater than indicated bymutation anal-

ysis alone. More importantly, however, low RASAL2 protein

levels were significantly associated with metastasis (Figures

6C and 6D, p = 0.006).

Because the cell line analysis indicated that RASAL2 expres-

sionwas low or undetectable in a subset of luminal breast cancer

cell lines (Figure 1), and mouse modeling studies further demon-

strated that RASAL2 loss promoted the metastasis of luminal tu-

mors, we evaluated RASAL2 expression in different breast can-

cer subtypes. Human breast cancers can be molecularly

classified into five distinct subtypes: basal-like, HER2-positive,

luminal A, luminal B, and normal breast-like (Perou et al., 2000;

Sørlie et al., 2001; Hu et al., 2006). Notably, molecular subtype

association analysis of transcriptional profiles from primary

breast cancers revealed that RASAL2 expression was low in

luminal B breast cancers; 50% of luminal B tumors expressed

the lowest levels of RASAL2, consistent with a potential role

for RASAL2 loss in this subtype (Figures 6E and 6F). Moreover,

low RASAL2 expression was also associated with both

increased tumor recurrence (Figure 6G, log rank p = 0.0133)

and decreased overall survival (Figure 6H, log rank p = 0.0131)

in patients with luminal B cancers. Finally, using publicly avail-

able TCGA methylation 450 data, we found that two CpG sites

in the RASAL2 promoter region are differentially methylated in

primary breast tumors. Specifically, RASAL2 promoter methyl-

ation is enriched in luminal B tumors (p < 0.05, Mann-Whitney

U test). These luminal B tumors also showed the lowest expres-

sion of RASAL2. Notably, both sites exhibit a significant increase

in methylation when comparing luminal B samples with the

lowest expression of RASAL2 (bottom 33%) to luminal B sam-

ples with highest expression (top 33%) (p < 0.05, t test). Taken

together, cellular, xenograft, mousemodeling, and human tumor

studies suggest that RASAL2 loss promotes breast cancer

development and metastasis and may play a particularly impor-

tant role in the progression of luminal B tumors. In this context,

the general lack of KRAS amplifications in luminal tumors but

their frequent occurrence in basal-like breast cancers is notable

(Cancer Genome Atlas Network, 2012), suggesting that RASAL2

suppression may provide an alternative mechanism of Ras acti-

vation in the luminal subtype. Nevertheless, although the models

used in this study provide functional evidence to support a role

for RASAL2 inactivation in luminal B tumors, these data do not

preclude its involvement in a fraction of other subtypes.
Ca
Rasal2 Mutations Promote Tumor Development
and Widespread Metastasis in p53 Mutant Mice
To determinewhetherRASAL2 inactivationmight also contribute

to the development of other sporadic tumors, Rasal2�/� mice

were crossed to mice mutant for p53, one of the most commonly

inactivated tumor suppressors in human cancer (Vousden and

Lane, 2007). Trp53 mutant mice develop a spectrum of lym-

phomas and sarcomas, and some carcinomas arise in heterozy-

gotes (Donehower et al., 1992; Jacks et al., 1994). In addition to

the classical tumors observed in Trp53 mutant mice, Rasal2/

Trp53 compound mutant mice developed several other lesions

that were not found in Trp53 mutant controls, historically or in

our cohort (Figure 7A). Specifically, Rasal2/Trp53 mutant mice

developed hepatocellular carcinomas and other liver tumors,

colonic adenomas, and oral and stomach tumors (Figure 7A).

These findings are of particular interest because RASAL2muta-

tions have been found in related human cancers, namely, hepa-

tocellular carcinoma, colorectal carcinoma, head and neck

squamous cell carcinoma, and stomach cancer (Table S2).

Notably, the Rasal2�/�; p53�/� tumors exhibited higher levels

of pERK as compared to Rasal2+/+; p53�/� tumors (Figure 7B).

However, the most striking phenotype in Rasal2/Trp53mutant

mice was that Rasal2 loss potently promoted metastasis. The

Trp53�/� mice, either with or without functional Rasal2, typically

died from the primary tumor, which was frequently lymphoma.

Nevertheless, 60% of the solid tumors that developed in

Rasal2+/�; Trp53+/� mice and 83% of the solid tumors from

Rasal2�/�; Trp53+/� mice were metastatic, as compared to

18% of tumors in Trp53+/� mice (Figure 7C, p = 0.003). Specif-

ically, Rasal2/Trp53mutant animals developed highly metastatic

mammary adenocarcinomas, hepatocellular carcinomas, lung

adenocarcinomas, and various sarcomas, again tumor types in

which RASAL2 mutations have been detected in humans (Fig-

ure 7D). Thus, these findings further underscore the role of

RASAL2 loss as a driver of metastasis and suggest that its inac-

tivation may play a role in the progression of breast and other

human cancers.

DISCUSSION

The Ras pathway plays a well-established role in cancer (Down-

ward, 2003). However, the primary mechanism(s) by which Ras

becomes activated in breast cancers has remained elusive.

Here, we report that RASAL2, which encodes a RasGAP, func-

tions as a tumor and metastasis suppressor in breast and other

cancers. Specifically, we have shown that loss-of-functionmuta-

tions in RASAL2 are found in human breast cancers and other

tumor types; however, like other RasGAP genes RASAL2 ap-

pears to be more frequently inactivated by nongenetic mecha-

nisms, and it is substantially repressed in at least 20% of primary

human breast cancers. We also showed that RASAL2 ablation

promotes tumor growth and progression in two different human

xenograft models, whereas RASAL2 reconstitution suppresses

mammary tumor growth. Notably, RASAL2 mutations activate

Ras and dramatically enhance metastasis in a genetically engi-

neered mouse model of luminal mammary cancer. RASAL2mu-

tations also cooperate with p53mutations to promote the devel-

opment and metastasis of several tumor types, including

mammary tumors, in a second mouse model. Finally, we show
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Figure 5. Loss of Rasal2 Promotes Metastasis and Ras Activation in a Genetically Engineered Mouse Model of Breast Cancer

(A) Schematic of Rasal2 genomic locus and pNMDi4 genetrap cassette. Unshaded regions in exons 1 and 18 mark 50 and 30 UTRs, respectively. Known domains

of Rasal2 are noted (PH, C2, and RasGAP). See the Experimental Procedures for detailed description of pNMDi4. The genetrap cassette targets the third intron of

Rasal2.

(B) Genotyping of Rasal2 mice to distinguish wild-type (WT), heterozygous mutant (het), and homozygous mutant (hom).

(C) Western blot confirming loss of Rasal2 protein in genetrap animals (mammary gland tissue). WT, wild-type; het, heterozygous; hom, homozygous

mutant.

(D) Top: H&E images of primary mammary adenocarcinomas from MMTVneu; Rasal2+/+ and MMTVneu; Rasal2�/� animals. Bottom: H&E images of lung

metastases from MMTVneu; Rasal2+/+ and MMTVneu; Rasal2�/� animals. M, metastases.

(E) Lung metastasis burden in MMTVneu; Rasal2+/+ and MMTVneu; Rasal2�/� animals. Lung metastasis incidence: percent of tumor-bearing females with lung

metastases at sacrifice (p = 0.05; n = 24 MMTVneu; Rasal2+/+, n = 23 MMTVneu; Rasal2�/�). Average number of lung metastases per animal: counted per

(legend continued on next page)
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that low RASAL2 levels are associated with metastasis in human

breast cancer.

Notably, the lowest RASAL2messenger RNA (mRNA) expres-

sion levels are most frequently observed in luminal B human

breast cancers and are associated with recurrence and reduced

survival of patients with this tumor subtype. Collectively, these

data suggest that RASAL2 loss plays a causal role in breast can-

cer pathogenesis. Whereas the breast cancer xenograft studies

and the overall increase in tumor incidence in Rasal2/p53 mice

suggest that RASAL2 may play a role in primary tumor develop-

ment, the dramatic metastatic phenotype in Rasal2/MMTVneu

and Rasal2/p53mutant animals demonstrates a role for RASAL2

loss in metastasis. Similarly, the Ras pathway has been shown to

play a role in both primary tumor development and metastasis,

depending on context. As such, we hypothesize that RASAL2

inactivation may play a role in one or both processes, depending

on the presence of other mutations in a given tumor. Neverthe-

less, the human breast cancer data presented in this study sug-

gest that RASAL2 loss may play a more prominent role in pro-

gression and metastasis in this tumor type.

It should be noted that although RAS mutations are rare in

breast cancer, they do occur. Moreover, amplifications of wild-

type RAS are frequently observed in basal breast cancers, the

most aggressive subtype of human breast cancer, underscoring

the connection between Ras activation and breast cancer pro-

gression (Cancer Genome Atlas Network, 2012). Our data indi-

cate that overall RASAL2 is suppressed or lost in at least 20%

of human breast cancers. However, expression and DNA

methylation analysis of different breast cancer subtypes sug-

gests that RASAL2 loss may play a particularly important role

in the progression of luminal B tumors. The observation that

RASAL2 ablation promotes metastasis in a mouse model of

luminal tumors provides important functional data to support

this conclusion. In this respect, the fact that luminal B tumors

have poorer outcomes than luminal A tumors is notable; howev-

er, the mechanism(s) that drive the progression of these tumors

is largely unknown. Our data suggest that RASAL2 loss/suppres-

sion may play a causal role in the progression of this subtype,

although these observations do not preclude its potential

involvement in other subtypes.

Finally, whereas RASAL2 is mutated in breast cancer and in

other human tumors, it appears to be more commonly inacti-

vated via nonmutational mechanisms. Notably, the other Ras-

GAP tumor suppressors, NF1 and DAB2IP, are also inactivated

by both genetic and several nongenetic mechanisms (McGilli-

cuddy et al., 2009; Min et al., 2010). Similarly, PTEN and INPP4B,

two other tumor suppressors that negatively regulate an overlap-

ping set of signals, are also suppressed by multiple mechanisms

in cancer, some of which have not yet been elucidated (Gewinner

et al., 2009; Song et al., 2012). As such, loss of PTEN protein

expression, rather than mutational status or copy number, is

often evaluated in clinical samples during clinical trials and for

pathological staging (Thomas et al., 2004). The observation
representative section of lungs for each tumor-bearing female (p = 0.04). Averag

sentative section of lung for each tumor-bearing female (arbitrary units; p = 0.04

(F) H&E images of metastases to brain (a), gut (b), ovary (c), and kidney (d) in com

(G)Western blot analysis of phospho-ERK (pERK) and phospho-AKT (pAKT) levels

and MMTVneu; Rasal2�/� animals (numbers 10–18).

Ca
that RASAL2 loss plays a causal role in breast cancer progres-

sion and metastasis in animal models and that RASAL2 expres-

sion is lowest in primary human tumors that ultimately progress

or recur, suggests that RASAL2 could be useful as a prognostic

biomarker, in at least a subset of breast cancers, such as luminal

B tumors. Regardless, these studies have identified an important

tumor suppressor involved in breast cancer progression and

have revealed an alternative mechanism by which Ras becomes

activated in this disease.

EXPERIMENTAL PROCEDURES

Cell Culture and DNA Constructs

MEFs were immortalized as described previously (Johannessen et al., 2005).

MCF7, MCF10A, and MDA-MB-361 cells were purchased from American

Type Culture Collection. BT549, HS578T, MDA-MB-231, MDA-MB-453,

MDA-MB-468, SKBR3, T47D, and ZR-75-1 cells were obtained from Dr. Wil-

liam Hahn (Dana-Farber Cancer Institute). SUM149PT, SUM159PT,

SUM1315MO, and BT474 cells were obtained fromDr. FrankMcCormick (Uni-

versity of California, San Francisco). CAMA1 cells were obtained from Dr. Mar-

cia Haigis (Harvard Medical School). MCF10ADCIS were provided by Dr. Fred

Miller (Karmanos Cancer Institute) and the Polyak laboratory.

shRNAs from the RNAi Consortium (Broad Institute, MIT) with the following

sequences were utilized: NF1 shRNA (50-TTATAAATAGCCTGGAAAAGG-30 ),
RASAL2 shRNA1 (50-CCCTCGTGTTCTTGCTGATAT-30), RASAL2 shRNA2

(50-GCCTTCCACCTCTTCATAGTA-30 ), KRAS shRNA (50- CAGTTGAGACCT

TCTAATTGG-30), and HRAS shRNA (50- GACGTGCCTGTTGGACATCCT-30).
A scrambled shRNA was purchased from Addgene (50-CCTAAGGTTAA

GTCGCCCTCG-30). A RASAL2-targeting shRNA was cloned into the pLKO

vector (shRNA3) (50-ATGGAGTGCAATAGGACATTG-30). The Mammalian

Gene Collection fully sequenced human RASAL2 complementary DNA

(cDNA) was purchased from Open Biosystems (cat. number MHS4426-

99623118) and was cloned into the pHAGE-N-Flag-HA lentiviral expression

vector (Dr. J. Wade Harper, Harvard Medical School) for expression in cell

lines. Infections and transfections were performed as described in the Supple-

mental Experimental Procedures.

Proliferation, soft agar, migration, and in vitro invasion assays are described

in the Supplemental Experimental Procedures.

Xenograft Assays

Female nude and NOD/SCID mice were purchased from Charles River Labo-

ratories (cat. numbers 088 and 394, respectively) for subcutaneous xenograft

experiments. Cells were injected with Matrigel (BD Biosciences, cat. number

354234) as follows: MCF10ADCIS (1 3 105 cells, 50% matrigel, nude mice),

MDA-MB-231 (1 3 106 cells, 50% matrigel, nude mice), and CAMA1 (2 3

106 cells, 50% matrigel, NOD/SCID mice). For mammary fat pad orthotopic

xenograft experiments, 13 106 MDA-MB-361 cells were injected in 50% ma-

trigel bilaterally into the fourth mammary glands of female NOD/SCID mice

(Jackson Laboratories). Tumor size was measured by caliper, and tumor vol-

ume was calculated using the formula of volume = (length 3 width2) 3 p/6.

MCF10ADCIS Invasion Assay

RASAL2 expression was ablated in MCF10ADCIS cells using two distinct

shRNAs, and loss of RASAL2 expression was confirmed by immunoblot. Fe-

male nude (nu/nu) micewere injected subcutaneously with 100,000 shRASAL2

or shScramble control cells. Five or six tumors of each genotype (Scramble

shRNA, RASAL2 shRNA1, or RASAL2 shRNA2) were harvested after 3 weeks,

fixed, and stained with hematoxylin and eosin (H&E) to assess tumor

morphology. A pathologist scored a tumor as an invasive carcinoma if it was
e metastasis burden per animal: average total area of metastasis in a repre-

). See also Figure S2.

pound tumor-bearing females. M indicates regions of metastasis.

in primary mammary tumors fromMMTVneu;Rasal2+/+ animals (numbers 1–9)
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Recurrence

(A) RASAL2 dot blot of whole-cell RIPA extracts from human breast cancer cell lines with high or low RASAL2 expression (MDA-MB-231 ‘‘231’’ and T47D,

respectively) (top) or MCF10ADCIS cells infected with control or RASAL2-targeting shRNAs (bottom).

(legend continued on next page)
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accompanied by an obvious loss in its well-circumscribed appearance and a

disruption of the myoepithelium and basement membrane.

Rasal2 Mutant Mice

All animal procedures were approved by the Center for Animal and Compara-

tive Medicine at Harvard Medical School in accordance with the National Insti-

tutes of Health Guildelines for the Care and Use of Laboratory Animals and the

Animal Welfare Act.

A mouse embryonic stem cell line in which the pNMDi4 genetrap cassette

targets Rasal2 was purchased from the Toronto Centre for Phenogenomics/

Canadian Mouse Mutant Repository (clone CMHD 463C12). The pNMDi4

genetrap cassette contains the following elements as depicted in Figure 4A:

HA 3/5 SA (splice acceptor), FL (flexible linker), Venus (enhanced yellow fluo-

rescent gene) with stop codon, loxP sites, pA (polyadenylation signal), PGK

(promoter), neo (neomycin resistance gene) with stop codon, and HPRT SD

(splice donor). The neomycin resistance gene stop codon prevents translation

of 30 exons. The presence of the genetrap cassette within the third intron of

Rasal2 was confirmed using cDNA PCR. Chimeric mice were generated and

crossed to C57BL/6-E animals (Charles River Laboratories), and pups were

tested for presence of the genetrap. Two additional copies of the genetrap

cassette elsewhere in the genome were discovered in the mouse ES cell line

and genetrap mice. Genetrap-positive mice were crossed to wild-type ani-

mals, and Southern blotting was used to identify pups that had the genetrap

cassette only within the Rasal2 locus (data not shown). These animals were

used as founders for all cohorts and subsequent crosses.

Rasal2 Genotyping

Primers for PCR of the genetrap cassette were NMD.F (50-
CATGGTCCTGCTGGAGTTC-30) and NMD.R (50-TGCCTTTAGACCTTTTTGT

GG-30). Total RNA was extracted from homogenized tails using QiaShredder

and RNeasy kits (QIAGEN), and cDNA was synthesized using qScript cDNA

Synthesis Kit (Quanta). PCR was performed on cDNA with primers NeoL (50-
GCTATCAGGACATAGCGTTGGCTAC-30 ), GT463C12_F3 (50-TCGGATCCTTC

TGGAGTCAG-30), and GT463C12_R1 (50-CTCTCTCGGAGGCAGAGCTA-30)
to detect wild-type (F3/R1) and mutant (NeoL/R1) transcripts.

Compound Mutant Mice

Rasal2 genetrap mice were crossed to FVB/N-Tg(MMTVneu)202Mul/J mice

(Jackson Laboratories, cat. number 002376) (Guy et al., 1992) or to

B6.129S2-Trp53Tm1Tyj/J mice (Jackson Laboratories, cat. number 002101)

(Jacks et al., 1994). Cohorts of Rasal2 mutant mice and controls were on a

129-enriched background (75% 129SvImJ, 25% C57BL6). Cohorts of Trp53;

Rasal2 compound mice and controls were on a mixed 129/B6 background

(62.5% C57BL6, 37.5% 129SvImJ). Cohorts of MMTVneu; Rasal2 compound

mice and controls were on a background of 56% 129SvImJ, 25% FVB, and

19% C57BL6.

Protein Lysates and Western Blot Analyses

Protein extracts were isolated from cells or homogenized tissue in 1% SDS

boiling lysis buffer. Ras-GTP levels were determined using a Ras Activation

Assay Kit (EMD Millipore). The following antibodies were used for immuno-

blots: actin (Sigma, cat. number A2066), phospho-AKT (Ser473, Cell Signaling,

cat. number 4060), AKT (Cell Signaling, cat. number 9272), ER (Thermo, cat.

number R9101-SO), phospho-ERK (Thr202/Thr204, Cell Signaling, cat. num-
(B) Dot blot images from human breast tumor lysate array. Six sets of RASAL2 and

(right) and triplicate spots of paired normal tissue lysate (left).

(C) Quantification of RASAL2 expression in tumor lysate arrays. Each bar depicts

matched normal control as described in the Experimental Procedures. Red bars

(D) RASAL2 protein expression in tumor versus normal in nonmetastatic (stages

change in RASAL2 protein expression in tumor versus normal. Data are reported

(E) Heatmap of RASAL2 gene expression as a function of robust molecular subt

tumor subtype. Percentages of tumors with high, intermediate, and low RASAL2

(F) RASAL2 expression table. For each breast cancer subtype, the number of sam

expression are indicated.

(G) Kaplan-Meier curve showing recurrence-free survival of luminal B tumors wit

(H) Kaplan-Meier curve showing overall survival of luminal B tumors with high or

Ca
ber 4370), ERK (Cell Signaling, cat. number 9102), GAPDH (Cell Signaling,

cat. number 2118), HA (Covance, cat. number MMS-101P), HER2 (Cell

Signaling, cat. number 2242), NF1 (UP69 C-terminal polyclonal antibody)

(McGillicuddy et al., 2009), p120RasGAP (BD Transduction Laboratories,

cat. number 610040), HRas (Santa Cruz, cat. number SC-520), KRas (Santa

Cruz, cat. number SC-30), panRas (Upstate, cat. number 05-516), a-tubulin

(Sigma, cat. number T5168), b-tubulin (Sigma, cat. number T4026), and Vincu-

lin (Cell Signaling, cat. number 4650). A peptide antigen (NP_773793 amino

acids 1111–1130) was used to generate and affinity purify an anti-RASAL2

rabbit polyclonal antibody (Covance ImmunoTechnologies). For RASAL2,

reconstitution studies cells were typically plated in 5% serum overnight

36 hr posttransfection. pERK and ERK levels were assessed by western blot

and quantified using ImageJ software.

Immunohistochemistry was performed as described in the Supplemental

Experimental Procedures.

Mouse Tumor and Tissue Analysis

Tumors and tissues were fixed in buffered formalin, stored in 70% ethanol,

paraffin embedded, and sectioned. Sections were stained with hematoxylin

and eosin.

Human Tumor Lysate Array Analysis

Qualitative breast cancer tumor lysate arrays were purchased from Protein

Biotechnologies (cat. number PMA2-001-L). Samples were deidentified and

are not considered human subject research. Arrays were probed with the affin-

ity purified RASAL2 antibody. The RASAL2 antibody was validated for this

assay using tumor lysate arrays by probing nitrocellulose membranes spotted

with 1 mg/ml RIPA lysates from human breast cancer cell lines with or without

RASAL2. Developed film was scanned and quantified using ImageJ software.

Arrays were stained with Colloidal Gold and scanned, and total protein was

quantified using ImageJ. RASAL2 levels in each spot were normalized to the

Colloidal Gold level in the same spot. Triplicate spots were averaged, and

the ratio between the tumor normalized triplicate and normal normalized trip-

licate was calculated and reported as a Log2 fold change value.

Molecular Subtype Association and Survival Analysis

Gene expression correlations targeted analysis was applied on published

genomic data on patients classified in the same molecular subtype with the

six molecular subtype predictors (Sørlie et al., 2001; Hu et al., 2006), using

GenExMiner as previously described (Jézéquel et al., 2012). Samples were de-

identified and are not considered human subject research. A gene expression

map was determined by molecular subtype predictors (single sample predic-

tors [SSPs] and/or subtype clustering models [SCMs]). A gene expression

table was also provided for robust classifications, indicating for each subtype

the proportion of patient with low, intermediate, and high gene expression;

gene expression values were split in order to form three equal groups.

Gene expression data and relapse-free and overall survival information were

analyzed as previously described (Györffy et al., 2010). Data were downloaded

from GEO (Affymetrix HGU133A and HGU133+2 microarrays), EGA, and

TCGA. The background database integrates gene expression and clinical

data simultaneously. To analyze the prognostic value of RASAL2, the

patient samples are split into two groups according to median expression of

RASAL2.
total protein stains are shown. Each set contains triplicate spots of tumor lysate

the change in RASAL2 expression in one sample as compared to the sample’s

indicate metastatic samples.

I, II, and III) versus metastatic (stage IV) tumors. Graph shows the Log2 fold

as average ± 95% CI. p = 0.006.

ype predictor classification, which is based on patients classified in the same

expression per molecular subtype are given in the gene expression table.

ples and percentage of samples with low, intermediate, or high RASAL2mRNA

h high or low RASAL2 expression (log rank p = 0.013).

low RASAL2 expression (log rank p = 0.013).
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SUMMARY
Lysosomal membrane permeabilization and subsequent cell death may prove useful in cancer treatment,
provided that cancer cell lysosomes can be specifically targeted. Here, we identify acid sphingomyelinase
(ASM) inhibition as a selective means to destabilize cancer cell lysosomes. Lysosome-destabilizing experi-
mental anticancer agent siramesine inhibits ASM by interfering with the binding of ASM to its essential lyso-
somal cofactor, bis(monoacylglycero)phosphate. Like siramesine, several clinically relevant ASM inhibitors
trigger cancer-specific lysosomal cell death, reduce tumor growth in vivo, and revert multidrug resistance.
Their cancer selectivity is associated with transformation-associated reduction in ASM expression and sub-
sequent failure to maintain sphingomyelin hydrolysis during drug exposure. Taken together, these data iden-
tify ASM as an attractive target for cancer therapy.
INTRODUCTION

Cancer cells frequently harbor genetic alterations that allow

them to escape spontaneous and therapy-induced apoptosis.

Resistance is often acquired already during an early phase of

tumor development when genetic changes cause defects in cas-

pase-dependent apoptosis pathways and provide transformed

cells with higher growth and survival potential (Hanahan and

Weinberg, 2011). Furthermore, cancers treated with chemother-

apeutic drugs often acquire the ability to efflux drugs by
Significance

Defective apoptosis signaling and multidrug resistance are p
sented here reveal acid sphingomyelinase (ASM) as a target f
is essential for lysosomal stability and survival of cancer cells, a
widely used cationic amphiphilic drugs, including tricyclic ant
inhibit ASM and trigger lysosomal cell death even in apoptosis-
prove efficacious in tumors with low sphingomyelinase activity
tumors that have acquired therapy resistance.

Ca
increasing the expression of multidrug resistance (MDR) pro-

teins, P-glycoproteins of the ATP-binding cassette transporter

family (Gottesman et al., 2002). Thus, alternative cell death path-

ways capable of killing apoptosis- and therapy-resistant cancer

cells have gained vast interest among cancer researchers, lead-

ing to the identification of lysosomal cell death programs as

attractive means to circumvent therapy resistance (�Cesen

et al., 2012; Groth-Pedersen and Jäättelä, 2013).

The concept of lysosomal cell death was originally presented

by Christian de Duve, who was awarded the Nobel Prize in
rime obstacles for successful cancer treatment. Data pre-
or the treatment of therapy-resistant cancers. ASM activity
s well as for multidrug-resistant phenotype. Of note, several
idepressants, antihistamines and calcium channel blockers,
and multidrug-resistant cancer cells. ASM inhibitors should

, or when combined with classic chemotherapy, even to treat
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Figure 1. Transformation Does Not Alter

Sensitivity to Detergents and Concanamy-

cin A or Uptake of Siramesine

(A and B) The NIH 3T3-vector (Vector) and

-c-srcY527F (Src) cells were left untreated (UT) or

treated as indicated for 26 hr. Cell death and

viability were determined by LDH release (A) and

MTT (B) assays, respectively. L-L, Leu-LeuOMe;

Sira, siramesine; ConA, concanamycin A.

(C) Endocytic capacity of cells was analyzed by

flow cytometry after treatment with 40 mg/mL

dextran-488 for 2 hr.

(D) Subcellular distribution of 3H-siramesine in

cells treated with 0.1 mM 3H-siramesine for 3 hr

followed by a 1 hr chase period. The radioactivity

in nuclei (Nucl), heavy membrane fractions (HMF),

light membrane fractions (LMF), and cytosol were

measured.

(E) The volume of the acidic compartment in

cells treated as indicated for 1 hr with 25 nM

LysotrackerRed present during the last 15minwas

measured by flow cytometry.

Error bars indicate SD from two independent

triplicate experiments in (B), three independent

triplicate experiments in (A), (C), and (E), or

a representative (n = 3) triplicate experiment

in (D).
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ASM as a Target for Cancer Therapy
1974 for his discovery and characterization of lysosomes

as cellular ‘‘recycling bins.’’ Because of the potent hydrolytic

capacity of lysosomal enzymes, he also defined lysosomes as

‘‘suicide bags’’ that can cause cell and tissue autolysis upon

rupture (de Duve, 1983). This triggered an intensive search for

compounds that destabilize lysosomal membranes for the treat-

ment of cancer. As a result, amineswith long hydrophobic chains

and high pK values were identified as lysosomotropic detergents

with potential applications in cancer therapy (Firestone et al.,

1979). Interest in lysosomal cell death pathways waned, how-

ever, rapidly. This was largely due to the lack of proper assay

systems that could differentiate lysosomal rupture that causes

cell death from postmortal alterations in autolytic cells, as well

as the assumption that lysosomotropic detergents would be

equally toxic to normal and transformed cells (de Duve, 1983).

Accordingly, novel assays to study lysosomal membrane perme-

abilization, as well as realization that cancer cell lysosomes are

less stable than normal lysosomes, were needed to initiate a

new wave of interest in lysosomal cell death pathways in the

beginning of the 21st century (Fehrenbacher et al., 2004; Leist

and Jäättelä, 2001). Subsequently, emerging genetic data have

corroborated the role of cathepsins as evolutionarily conserved

executors of cell death and the role of lysosomal leakage as a

significant mediator of both physiological (e.g., mammary involu-

tion) and pathological (e.g., degenerative and infectious dis-

eases) cell demise in diverse organisms from yeast, roundworm,

and fruit fly to mammals (Canbay et al., 2003; Guicciardi et al.,

2001; Halangk et al., 2000; Houseweart et al., 2003; Kinser and

Dolph, 2012; Kreuzaler et al., 2011; Luke et al., 2007; Matsuda

et al., 2012; Syntichaki et al., 2002).

We have recently identified siramesine (10-[4-[1-(4-fluoro-
phenyl)-1H-indol-3-yl]-1-butyl]spiro[iso- benzo furan-1(3H),40-
piperidine]) as a lysosomotropic detergent that kills transformed
380 Cancer Cell 24, 379–393, September 9, 2013 ª2013 Elsevier Inc
cells preferentially and shows potent antitumor activity in murine

xenograft models without detectable adverse effects (Ostenfeld

et al., 2005, 2008). Siramesine-induced nonapoptotic cell death

is associated with oxidative stress and leakage of lysosomal

proteases to the cytosol. The aim of this study was to reveal

themolecular basis of siramesine’s cancer-selective cytotoxicity

and, thereby, to identify new targets for the treatment of therapy-

resistant cancers.

RESULTS

Siramesine Inhibits Acid Sphingomyelinase Activity
Siramesine is a lysosomotropic detergent that shows cancer

specific cytotoxicity both in vitro and in vivo. In order to enlighten

the molecular basis underlying its cancer specificity, we

compared c-srcY527F- and vector-transduced NIH 3T3 murine

embryonic fibroblasts that are siramesine sensitive and resis-

tant, respectively (Ostenfeld et al., 2005). It is surprising that

c-srcY527F-driven malignant transformation failed to sensitize

NIH 3T3 cells to compounds that induce similar lysosomal

effects as siramesine, i.e., detergents that permeabilize lyso-

somal membranes (sphingosine and Leu-LeuOMe) and conca-

namycin A that neutralizes lysosomal pH (Figures 1A and 1B).

In spite of the enhanced endocytic capacity in transformed cells,

siramesine uptake and the subsequent neutralization of lyso-

somal pH were indistinguishable in c-srcY527F- and vector-trans-

duced cells (Figures 1C–1E). Thus, the cancer-selective toxicity

of siramesine must be due to its activities not previously associ-

ated with the cytotoxic potential of lysosomotropic detergents.

Siramesine is an amphiphilic amine that induces phospholipi-

dosis (Ostenfeld et al., 2008), a well-described ‘‘side effect’’ of

many clinically relevant and widely used cationic amphiphilic

drugs (CADs) (Halliwell, 1997). As basic substances, CADs
.



A

F

Untreated
DMSO

A
S

M
 a

ct
iv

ity
 

(p
m

ol
 H

M
U

 / 
µg

 p
ro

te
in

 / 
h)

 

Siramesine 8 µM
Siramesine 25 µM

Desipramine 25 µM
Desiparmine 8 µM

0

2

4

6

8

10

Vector

***

***

DMSO
Siramesine 6 µM, 5 h
Siramesine 6 µM, 17 h

M
ol

%
 o

f t
ot

al
 m

on
ito

re
d 

lip
id

  Cer  HexCer Hex2Cer  SM  
0

2

4

6

8

10

*

***

*

*

0

1

2

3

4

5

*

*
***

***

***

**

*

SM:  32:1;2 34:2;2  34:1;2  34:0;2  42:2;2  42:1;2  42:0;2
m/z:  675.8  701.8   703.8   705.8   813.8   815.8   817.8 

M
ol

%
 o

f t
ot

al
 m

on
ito

re
d 

lip
id

B

A
S

M
 a

ct
iv

ity
 

(p
m

ol
 H

M
U

 / 
µg

 p
ro

te
in

 / 
h)

0

0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5

MCF10A MCF7

0

10

20

30

40

50

60

M
ol

%
 o

f t
ot

al
 m

on
ito

re
d 

lip
id

Chol      PC 

A
S

M
 a

ct
iv

ity
 

(p
m

ol
 H

M
U

 / 
µg

 p
ro

te
in

 / 
h)

Hkh2            HCT116

***

***

C
Untreated
Siramesine 6 µM
Desipramine 25 µM

0

2

4

6

8

10

12

14

*** ***

***

***

E

0

20

40

60

80

100

DMSO     Siramesine       Desipramine  
  35% 0.1  0.25 0.35 0.5   2.5  2.5   20  mM

rA
S

M
 b

in
di

ng
 

(%
 o

f u
nt

re
at

ed
)

***

***
***

***
***

***

***

D

0

0.2

0.4

0.6

0.8

1.0

1.2
Untreated
Siramesine 8 µM
Desipramine 25 µM

S
m

pd
1 

/ H
m

bs
 m

R
N

A
 

Untreated 
Siramesine 8 µM 
Desipramine 8 µM 
Nortriptyline 8 µM 
Terfenadine 8 µM
Chloroquine 8 µM 

NIH3T3
c-srcY527F

Vector
NIH3T3

c-srcY527F

Figure 2. Siramesine Inhibits ASM Activity
(A–C) ASMactivities in lysates of NIH 3T3-vector and -c-srcY527F (A), Hkh2 andHCT116 (B), andMCF10A andMCF7 (C) cells that were treated as indicated for 1 hr.

(D) Quantitative PCR (qPCR) analysis of Smpd1mRNA levels in NIH 3T3-vector and -c-srcY527F cells treated as indicated for 1 hr. Hydroxymethylbilane synthase

(Hmbs1) served as an internal control. The expression is expressed relative to that in untreated NIH 3T3-vector cells.

(E) BIAcore analysis of the effect of indicated concentrations of siramesine and desipramine in 35% dimethyl sulfoxide (DMSO) on binding of prebound

recombinant ASM to BMP-containing liposomes at pH 4.5. Drug concentrations used here reflect the reported up-to-1,000-fold accumulation of CADs in

lysosomes (Anderson and Borlak, 2006).

(F) Quantitative lipid mass spectrometry analysis of lysosomes isolated from MCF7 cells treated as indicated. The monitored lipid species included ceramides

(Cer), hexocylceramides (HexCer), diosylceramides (Hex2Cer), sphingomyelins (SM), cholesterol (Chol), and phosphatidylcholines (PC). Error bars indicate SD for

a representative (n = 3) quadruplicate experiment in (A) through (C), duplicate experiment in (D) and (F), or triplicate experiment in (E).

*p < 0.05, **p < 0.01, and ***p < 0.001 as indicated or when comparing drug-treated samples to vehicle-treated ones in (E).

See also Figure S1.
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accumulate in acidic lysosomes where they inhibit the activity

of lipases, including acid sphingomyelinase (ASM) and acid

ceramidase, which are responsible for the lysosomal hydrolysis

of sphingomyelin to ceramide and ceramide to sphingosine,

respectively (Kornhuber et al., 2010). Prompted by our recent

data showing that ASM promotes lysosomal membrane integrity

(Kirkegaard et al., 2010), we asked whether the lysosome-per-

meabilizing effect of siramesine could be due to the inactivation
Ca
of ASM. Supporting this hypothesis, siramesine reduced the

ASM activity in NIH 3T3-vector and NIH 3T3-c-srcY527F cells as

effectively as desipramine, a tricyclic antidepressant with a

well-documented ASM inhibitory capacity (Kolter and Sandhoff,

2010) (Figure 2A; Figure S1A available online). ASM inhibitory

effect of siramesine was observed in various human cell lines

(Figures 2B and 2C) and was not associated with changes in

Smpd1 messenger RNA (mRNA) levels (Figure 2D).
ncer Cell 24, 379–393, September 9, 2013 ª2013 Elsevier Inc. 381
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Bis(monoacylglycero)phosphate (BMP) is an endolysosomal

phospholipid that serves as an essential docking lipid for ASM

and other sphingolipid-hydrolyzing enzymes by tethering them

to their substrates in BMP-rich intraluminal vesicles (Kolter and

Sandhoff, 2010). Desipramine and other CADs inhibit ASM

and, possibly, other sphingolipid-hydrolyzing enzymes by inter-

fering with the electrostatic attraction between the negatively

charged BMP and positively charged saposin domains found

in ASM itself and in cofactors of many lysosomal lipases (Kolter

and Sandhoff, 2010). BIAcore surface-plasmone resonance

analysis revealed that siramesine inhibited the binding of ASM

to BMP-containing liposomes even more effectively than desi-

pramine (Figure 2E). Contrary to desipramine, cytotoxic concen-

trations of siramesine did not markedly reduce cellular levels of

acid ceramidase, which, akin to ASM, is degraded by lysosomal

cathepsins following desipramine-induced release from BMP-

containing lysosomal membranes (Figure S1B).

To confirm that ASM was inhibited also in living cells, we used

quantitative lipid mass spectrometry. The rapid siramesine-

induced reduction in ASM activity in MCF7 cells (Figure 2C)

was followed by a significant lysosomal accumulation of major

sphingomyelin species and a corresponding decrease in cer-

amide levels (Figure 2F). A prolonged exposure to siramesine

resulted in a further accumulation of lysosomal sphingomyelin,

whereas lysosomal ceramide level returned to control levels

(Figure 2F). Also, at this later time point, lysosomal diosylcera-

mides accumulated significantly (Figure 2F). Notably, sirame-

sine-induced increase in sphingomyelin was more rapid and

greater in lysosomal membranes than in total cellular mem-

branes, whereas the late effects of siramesine on glycosylated

ceramides were more prominent in nonlysosomal membranes

(Figures 2F and S1C). Siramesine treatment induced a similar

sphingomyelin accumulation in NIH 3T3-c-srcY527F cells without

significant changes in ceramides or glycosylated ceramides

(Figure S1D).

Taken together, these data support the hypothesis that

the inhibition of the ASM activity inside the lysosomes is the

primary sphingolipid-modifying effect of siramesine. Sirame-

sine has two tertiary amine groups that can be protonated

at acidic pH and an estimated log P (hydrophobicity) value of

5.7 (ChemDraw software, CambridgeSoft). Based on these two

chemical facts and its ability to induce phospholipidosis,

interact with BMP, and inhibit ASM activity, siramesine can

be defined as a CAD and a functional inhibitor of ASM.
Figure 3. CADs Display Cancer-Specific Cytotoxicity In Vitro and In Vi

(A) NIH 3T3-vector (Vector) and -c-srcY527F (Src) cells were treated with indicate

death was analyzed by the LDH release assay.

(B) Clonogenic survival of the same cells in (A) treated as indicated for 72 hr and

(C) Hkh2 and HCT116 cells were treated with CADs as indicated for 40 hr, and t

(D) Parental and highly invasive (.ip1) SKOV3 cells were treated with CADs as indic

desipramine; Nortript, nortryptyllin; Terfe, terfenadine;

(E) Vector- andBCL2-transducedMCF7 cells, parental (P) andMDRDu145 and PC

death was analyzed by the LDH release assay.

(F) Representative images of Alexa Fluor 488-dextran-loaded MCF7 cells treate

permeabilization (cytosolic Alexa Fluor 488-dextran staining) was obtained by cou

Scale bar, 20 mm.

Error bars indicate SD for a minimum of three independent triplicate experiment

*p < 0.05, **p < 0.01, and ***p < 0.001 when comparing similarly treated NIH 3T

SKOV3.ip1 in (D), MCF7-Vector and -Bcl-2 in (E), or treated and untreated cells

Ca
CADs Display Cancer-Specific Cytotoxicity In Vitro
Next, we asked whether clinically relevant CADs with reported

ASM inhibitory activity display cancer-specific cytotoxicity

similar to siramesine. Remarkably, micromolar concentrations

of CADs used for the treatment of depression (desipramine,

nortriptyline, and amitriptyline), malaria (chloroquine), allergies

(terfenadine), or hypertension (amlodipine) killed c-srcY527F-

transduced cells at concentrations that did not compromise

the survival of control cells (Figure 3A). The transformed cells

were also significantly more sensitive to the long-term cytotox-

icity of CADs as analyzed by the colony formation assay (Fig-

ure 3B). Similar c-srcY527F-induced sensitization to CADs was

observed in three independently transduced pairs of NIH 3T3-

vector and NIH 3T3-c-srcY527F cells (data not shown); sirame-

sine, desipramine, and amlodipine also killed K-Ras-driven

HCT116 colon carcinoma cells more effectively than their

K-Ras-depleted ‘‘detransformed’’ Hkh2 variants (Figure 3C).

Furthermore, all tested CADs, except for chloroquine, displayed

profound cytotoxicity against cancer cell lines of various origins,

including ovarian (SKOV3), breast (MCF7), prostate (PC3 and

Du145), cervix (HeLa), and bone (U-2-OS) cancers (Figures 3D

and 3E). CADs killed highly invasive SKOV3.ip1 variants of

SKOV3 cells (Yu et al., 1993), apoptosis-resistant Bcl-2-

transduced MCF7 cells (Høyer-Hansen et al., 2007), and multi-

drug-resistant PC3 and Du145 prostate cancer cells better or

as effectively as their parental counterparts (Figures 3D and 3E).

Similar to siramesine (Ostenfeld et al., 2005), other cytotoxic

CADs induced lysosomal membrane permeabilization in sensi-

tive target cells prior to the permeabilization of the plasma mem-

brane (Figure 3F; data not shown). The order of efficacy of the

tested drugs was the same in all cell lines tested, terfenadine

being the most potent with lethal dose 50 (LD50) values between

3 and 5 mM, followed by siramesine (LD50z 4–9 mM), amlopidine

(LD50 z 20–40 mM), and nortriptylline (LD50 z 20–60 mM). Desi-

pramine (LD50 z 40–70 mM) and chloroquine (LD50 > 100 mM)

had the weakest cytotoxic activity, correlating with their lesser

ability to inhibit ASM (Figure 2B).

CADs Display Cancer-Specific Cytotoxicity In Vivo
We have shown earlier that daily oral (p.o.) administration of sir-

amesine at 30 and 100 mg/kg inhibits the growth of orthotopic

MCF7 mammary cancer xenografts in immunodeficient mice

and WEHI-R murine fibrosarcoma allografts in immunocompe-

tent syngenic mice (Ostenfeld et al., 2005). Our attempts to
vo

d concentrations of siramesine (Sira) or indicated CADs for 28 hr, and the cell

analyzed by counting the colonies 5 days later.

he cell death was analyzed by the LDH release assay.

ated for 44 hr, and the cell death was analyzed by the LDH release assay. Desi,

3 cells, HeLa, and U-2-OS cells were treated as indicated for 48 hr, and the cell

d as indicated for 20 hr. The percentage of cells with lysosomal membrane

nting ten randomly chosen areas, with aminimumof 50 cells for each condition.

s.

3-vector and -c-srcY527F in (A) and (B), Hkh2 and HCT116 in (C), SKOV3 and

in (F).
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Figure 4. CADs Display Cancer-Specific Cytotoxicity In Vivo

(A–E) MCF7 cells (103 106 cells in 100 ml PBS) were inoculated into an axillary mammary fat pad of estrone-treated female SCIDmice. After tumor manifestation,

the mice were treated p.o. with 200 ml vehicle (0.5% methylcellulose 15 in 0.9% NaCl solution) alone or with indicated doses of siramesine (in A–C), desipramine

(D), or terfenadine (E) at indicated intervals. Representative images of hematoxylin-eosin-stained tumors 4 days (C) or 6 weeks (D) after the first treatment are

(legend continued on next page)

Cancer Cell

ASM as a Target for Cancer Therapy

384 Cancer Cell 24, 379–393, September 9, 2013 ª2013 Elsevier Inc.



Cancer Cell

ASM as a Target for Cancer Therapy
find the minimal effective dose revealed that the anticancer

effect of siramesine was largely lost at 3 mg/kg/day, whereas

biweekly administration of 30 mg/kg was as effective as daily

treatment, and even a single dose of 100mg/kg inducedmassive

necrosis (an expected consequence of lysosomal cell death) in

tumors and attenuated their growth for several weeks (Figures

4A–4C). Notably, a biweekly treatment with 30 mg/kg desipra-

mine inhibited the growth of MCF7 xenografts as effectively as

the same dose of siramesine (Figure 4D). Even though desipra-

mine-treated tumors did not shrink, the histological analysis of

the remaining tumor masses 6 weeks after the start of the treat-

ment revealed large areas of fibrotic tissue suggestive of a

preceding therapy-induced necrosis corresponding to that

observed in siramesine-treated tumors 4 days after the treat-

ment (Figures 4C and 4D). The antihistamine terfenadine also

delayed the growth of MCF7 and SKOV3.ip1 xenografts at

biweekly doses of 10 and 30 mg/kg, respectively (Figures 4E

and 4F). Finally, we tested the efficacy of siramesine in an

aggressive RIP1-Tag2 transgenic model of pancreatic b-cell

cancer (Hanahan, 1985). As a consequence of simian virus large

T antigen expression in pancreatic b cells, RIP1-Tag2 mice

develop multiple islet tumors by 12–14 weeks of age. Daily treat-

ment with 100 mg/kg siramesine starting at the age of 11 weeks

significantly reduced the number of tumors in RIP1-Tag2 mice,

and the tumor burden was reduced by 40% (Figure 4G). Of

note, none of the treatment protocols induced weight loss or

other noticeable adverse effects, indicating that siramesine

and CADs display cancer specificity also in vivo.

Transformation Alters Sphingomyelin Metabolism
To enlighten themolecular basis of the cancer-selective cytotox-

icity of CADs, we investigated whether transformation altered

sphingomyelin metabolism. The data presented earlier already

revealed significant transformation-associated reduction in

ASM activity before and after CAD treatment (Figures 2A and

2B). The expression of ASM-encoding Smpd1/SMPD1, but not

that of acid ceramidase-encoding Asah1/ASAH1, was also

significantly reduced by transformation (Figures 5A and 5B). In

accordance with the reported lysosome-stabilizing effect of

ASM (Kirkegaard et al., 2010), the lysosomal membrane stability

was dramatically reduced in c-srcY527F-transformed cells with

low ASM activity, as measured by the leakage of acridine orange

from the lysosomes to the cytosol upon photo-oxidation

(Figure 5C).

In accordance with decreased sphingomyelin levels in tumor

tissues (colon, breast, esophagus, brain, and blood) and

transformed cells (Barceló-Coblijn et al., 2011; Hendrich and

Michalak, 2003), NIH 3T3-c-srcY527F and HCT116 cells had

significantly lower levels of sphingomyelin than their nontrans-
shown. Note massive hemorrhagic necrosis in siramesine-treated tumors in (C) an

Error bars indicate SD for the indicated number of mice.

(F) SKOV3.ip1 cells (103 105 cells in 120 ml GelTrex) were inoculated into an axillar

were treated p.o. with 200 ml vehicle (0.5%methylcellulose 15 in 0.9%NaCl solutio

tumor diameter under 10 mm are plotted.

(G) The RIP-Tag2 mice were treated p.o. with vehicle (n = 19) or 100 mg/kg/day s

14 weeks and the tumors were counted and measured. Geometric means are in

*p < 0.05, **p < 0.01, and ***p < 0.001 when comparing drug-treated mice to vehic

days 10 and 18, respectively. The p values in (D) refer to mice treated with the 3

Ca
formed control cells (Figures 5D and 5E). In search for the expla-

nation for the transformation-associated fall in sphingomyelin

levels, we sequenced the entire transcriptomes of three inde-

pendently transduced pairs of NIH 3T3-vector and -c-srcY527F

cells and analyzed the expression of genes related to sphingo-

myelin synthesis and hydrolysis. The data obtained confirmed

the significantly reduced expression of Smpd1 and revealed an

even stronger decrease in the expression of Smpd3 and Nsmaf,

which encode for neutral sphingomyelinase (NSM) 2 and NSM2

activation-associated factor, respectively (Figure 5F). Accord-

ingly, c-srcY527F-transduced cells had lower constitutive NSM

activity than control cells (Figure 5G). The expression of sphingo-

myelin synthases was either increased (Sgms2) or not affected

(Sgms1) (Figure 5F), and the levels of other genes encoding for

enzymes involved in sphingolipid metabolism also failed to

explain the transformation-associated reduction in sphingomye-

lin (Table S1). Instead, the decreased expression of Smpd1 and

Smpd3, as well as the increased expression of Sgms2, may be

compensatory consequences of the low sphingomyelin levels

in transformed cells. Of note, the transformation-associated

decrease in the expression of SMPD1 was not limited to the

model systems used here. An analysis of a published gene

expression microarray data set (Wolfer et al., 2010) revealed

ERBB2- and epidermal-growth-factor-induced decrease in

SMPD1 mRNA levels in MCF10A breast epithelial cells (Fig-

ure 5H), and a database search demonstrated a highly significant

cancer-associated reduction in SMPD1 expression in numerous

microarray studies comparing mRNA levels in tumors originating

from gastrointestinal tract, liver, head and neck, kidney,

pancreas, cervix, lung, brain, and lymphoid tissue with their

appropriate control tissues (Figure S2). Also SMPD3 mRNA

levels were significantly reduced in gastrointestinal and lung car-

cinomas as well as in diffuse large B cell lymphomas (Figure S2).

Transformation-Associated Changes in Sphingomyelin
Metabolism Sensitize Cells to Siramesine
Accumulation of sphingomyelin has a destabilizing effect on

lysosomes (Kirkegaard et al., 2010), and the maintenance of

low sphingomyelin levels may be especially important for cancer

cell lysosomes, whose membrane stability is compromised by

significantly increased proteolytic activity (Fehrenbacher et al.,

2008). Thus, the lower constitutive ASM and NSM2 activities,

as well as the lower residual ASM activity remaining after CAD

treatment, may provide a molecular explanation for the cancer

specific cytotoxicity of CADs. Fittingly, siramesine treatment

increased sphingomyelin levels in sensitive NIH 3T3-c-srcY527F

cells, while no increase was detected in resistant NIH 3T3-vector

cells (Figure 6A; Figure S1D). More important, pharmacological

inhibition of NSM sensitized nontransformed cells to siramesine
d large areas of fibrotic connective tissue in desipramine-treated tumors in (D).

y mammary fat pad of estrone-treated female SCIDmice. After 6 days, themice

n) alone or with 30mg/kg terfenadine twice a week. Percentages of mice with a

iramesine (n = 17) from week 11 of age. The mice were sacrificed at the age of

dicated by horizontal lines.

le-treated mice. In (B), p < 0.05 and p < 0.01 for all treated groups starting from

0 mg/kg siramesine. Scale bars, 100 mM.
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Figure 5. Transformation Alters Sphingolipid Metabolism and Destabilizes Lysosomes

(A and B) Smpd1/SMPD1 (ASM) and Asah1/ASAH1 (acid ceramidase) mRNA levels in NIH 3T3-vector (Vector) and -c-srcY527F (Src) cells (A) and in Hkh2 and

HCT116 cells (B) were determined by qPCR. The values are expressed relative to Ppia or PPIB (cyclophilin A or B) mRNA.

(C) Loss of lysosomal integrity was analyzed by live single-cell imaging of the increase in green fluorescence, which reflects the leakage of lysosomal acridine

orange to the cytosol (see Supplemental Experimental Procedures), after laser treatment in acridine orange-labeled NIH 3T3-vector and -c-srcY527F cells. Values

represent means for 13 movies recorded in three independent experiments performed with three independent pools of NIH 3T3-vector and -c-srcY527F cells.

(legend continued on next page)
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(Figure 6B), whereas ectopic expression of SMPD1, as well as

treatment with bacterial sphingomyelinase, protected trans-

formed cells (Figures 6C and 6D). Thus, nonlysosomal sphingo-

myelinases can protect cells against cytotoxicity induced by

ASM inhibitors. Furthermore, the sensitizing effect of 2-hydrox-

yoleic acid (2OHOA) (Figure 6E), a potent activator of sphingo-

myelin synthases (Barceló-Coblijn et al., 2011), suggested that

the siramesine-induced increase in cellular sphingomyelin

content is detrimental to cancer cells. The inability of ceramide,

sphingosine, and sphingosine-1-phosphate to rescue cells from

siramesine-induced cytotoxicity further endorsed the increase

in sphingomyelin, rather than the decrease in sphingomyelin

metabolites, as a mediator of lysosomal destabilization upon

ASM inhibition (Figure 6F). Accordingly, depletion of ASM, but

not that of acid ceramidase, sensitized cancer cell lysosomes

to photo-oxidation-induced destabilization (Figure 6G).

Heat Shock Protein 70 and a-Tocopherol Protect Cells
against CAD-Induced Cell Death
Transformation-associated destabilization of lysosomal mem-

branes can be counteracted by lysosomal heat shock protein

70 (Hsp70), which binds with high affinity to lysosomal BMP,

thereby stabilizing ASM-BMP interaction and enhancing ASM

activity (Kirkegaard et al., 2010). Concentrations of CADs that

effectively inhibited the binding of ASM to BMP-containing lipo-

somes failed to affect the Hsp70-BMP interaction (Figure 2E;

Figure 7A). Thus, we speculated that Hsp70 could protect

ASM-BMP interaction from the CAD-induced interference.

Accordingly, Hsp70-expressing immortalized embryonic fibro-

blasts and WEHI-S murine fibrosarcoma cells tolerated CADs

better than control cells (Figures 7B–7D). Further connecting

the ASM inhibitory activity of siramesine to its cytotoxic poten-

tial, a-tocopherol, which effectively inhibits siramesine-induced

cytotoxicity (Ostenfeld et al., 2005), completely prevented sira-

mesine-induced ASM inhibition (Figure 7E).

Inhibition of ASM Activity Reverts Multidrug-Resistant
Phenotype
Numerous studies have demonstrated the ability of CADs

to revert MDR, and already in 1995, Dr. Levade noticed that

CAD-mediated ASM inhibition correlated well with their ability

to revert MDR (Jaffrézou et al., 1995). In order to challenge this

clinically attractive hypothesis, we created MDR variants of

PC3 and Du145 prostate carcinoma cells by a long-term expo-

sure to increasing concentrations of docetaxel. PC3-MDR (Fig-

ures S3A and S3B) and Du145-MDR (Ellegaard et al., 2013) cells

overexpressed MDR1-encoding ABCB1 gene and displayed
(D and E) Lipid contents (mol%) of NIH 3T3-vector (Vector) and -c-srcY527F (Src)

spectrometry. All monitored lipid species are shown.

(F) Expression levels of indicated genes in three independent pairs of NIH 3T3-ve

sequencing (RNA-Seq).

(G) NSM activity in lysates of NIH 3T3-vector (Vector) and -c-srcY527F (Src) cells

(H) Expression of indicated genes (Affymetrix U133Plus2.0) in cells transduced w

medium supplemented with 2% horse serum for 26 hr (Wolfer et al., 2010). When in

2 hr before harvesting. a.u., arbitrary units.

Error bars indicate SD for a minimum of three independent duplicate experiments

(G), a representative (n = 3) duplicate experiment in (B), or three independently tr

comparing transformed or treated cells with control cells.

See also Figure S2and Table S1.

Ca
significantly reduced sensitivity to microtubule-disturbing and

DNA-damaging drugs while remaining highly sensitive to all

tested CADs (Figure 3E). As expected, subtoxic concentrations

of siramesine and desipramine fully resensitized MDR cells to

docetaxel in vitro without affecting the level of MDR1 protein

(Figures 8A and S3C). Siramesine also resensitized PC3-MDR

xenograft tumors to docetaxel treatment in vivo (Figure 8B)

and reverted the MDR phenotype in human CEM/A7 T-lympho-

blasts in vitro (Figures S3D and S3E).

PC3-MDR and Du145-MDR cells had significantly higher

SMPD1 expression and slightly higher ASM activity than their

parental cells (Figures 8C and 8D), and they displayed other var-

iable signs of lysosomal activation (Figures S3B, S3F, and S3G).

In order to test whether the inhibition of ASM contributed to

the CAD-mediated reversal of MDR, we depleted the cells for

ASM by three nonoverlapping SMPD1 small interfering RNAs

(siRNAs). ASM depletion reverted the MDR phenotype as effec-

tively as that of MDR1, and ASM depletion alone was sufficient

to trigger significant cell death, especially in PC3-MDR cells, in

which the RNA interference was particularly efficient (Figures

8D and 8E).

DISCUSSION

The data presented above identify a subset of CADs as putative

anticancer agents and open a feasible, safe, and economically

sound possibility to test the clinical anticancer efficacy of antihis-

tamines, calcium channel blockers, tricyclic antidepressants,

and other widely used and relatively safe CADs with ASM inhib-

itory activity. In order to identify CADs with best anticancer effi-

cacy for clinical trials, it is of utmost importance to understand

the molecular basis of their cytotoxic mechanism and cancer

selectivity. Here, we provide several lines of evidence that sup-

port ASM inhibition as a key to cancer selective cytotoxicity of

CADs. Most convincing, ectopic expression of SMPD1, as well

as pretreatment of cells with purified sphingomyelinase, pro-

tected cancer cells against siramesine, whereas pharmacolog-

ical inhibition of NSM had a sensitizing effect. Moreover,

Hsp70, which stabilizes BMP-ASM interaction and enhances

ASM activity (Kirkegaard et al., 2010), conferred partial protec-

tion against siramesine- and desipramine-induced cytotoxicity,

and a-tocopherol-induced protection from siramesinewas asso-

ciated with the loss of siramesine’s ability to inhibit ASM. Finally,

the cytotoxic potential of CADs tested here correlated well with

their reported (Kornhuber et al., 2010) and measured ability to

inhibit ASM. This correlation was further endorsed by our prelim-

inary screen of clinically relevant CADs, which identified potent
cells (D) and in Hkh2 and HCT116 cells (E) as analyzed by quantitative mass

ctor (Vector) and -c-srcY527F (Src) cells were analyzed by whole transcriptome

measured by an assay kit from Echelon.

ith an empty retrovirus (Vector) or pBabe encoding for ERBB2 and grown in

dicated cells transduced with empty vector were treated with 50 ng/ml EGF for

in (A) and (D) or triplicate experiments in (E), two quadruplicate experiments in

ansduced samples in (F) and (H). *p < 0.05, **p < 0.01, and ***p < 0.001, when

ncer Cell 24, 379–393, September 9, 2013 ª2013 Elsevier Inc. 387
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Figure 6. Failure to Compensate for ASM Inhibition Leads to Accumulation of Sphingomyelin and Sensitization to Cell Death

(A) Relative sphingomyelin contents of NIH 3T3-vector (Vector) and -c-srcY527F (Src) cells left untreated or treated with 8 mM siramesine for 5 hr were analyzed by

mass spectrometry. Values are expressed as mol% of total monitored lipid (Cer, HexCer, Hex2Cer, SM, and PC).

(B) NIH 3T3-vector (Vector) and -c-srcY527F (Src) cells were pretreated with vehicle (DMSO) or 15 mM GW4869 for 1 hr before the treatment with indicated

concentrations of siramesine for 26 hr. Cell death was analyzed by the LDH release assay.

(C) Viability (MTT reduction, left) and ASM activity (right) of HeLa cells transfected with a plasmid encoding for SMPD1* or the corresponding empty vector 96 hr

earlier and treated as indicated for the last 48 hr.

(D) Cell death (LDH release) of NIH 3T3-c-srcY527F and SKOV3.ip1 cells treated with vehicle (DMSO) or 75 mMsphingomyelinase from Bacillus cereus (SMase) 72,

48, and 24 hr before 46 hr treatment with 6 mM (NIH 3T3-c-srcY527F) or 8 mM (SKOV3.ip1) siramesine, respectively. Representative images of NIH 3T3-c-srcY527F

cells are shown on right. Scale bar, 50 mm.

(E) NIH 3T3-c-srcY527F (Src) and SKOV3.ip1 cells were treatedwith vehicle (DMSO) or 400 mM2-hydroxyoleic acid (2OHOA) for 45 hr andwhen indicatedwith 6 mM

(Src) or 8 mM (SKOV3.ip1) siramesine for the last 28 hr. Cell death was analyzed by the LDH release assay.

(F) NIH 3T3-vector and -c-srcY527F cells were treated with indicated combinations of D-sphingosine (Sph), sphingosine-1-phposphate (Sph-1-P), C16-ceramide

(C16-Cer), C24-ceramide (C24-Cer) and siramesine (Sira) for 28 hr. Cell death was analyzed by the LDH release assay. The solvents used for Sph and C16-Cer

(DMSO), Sph-1-P (MeOH), or C24-Cer (EtOH/Dod) had no significant effect alone or with siramesine.

(G) Loss of lysosomal integrity was analyzed by live single-cell imaging of the increase in green fluorescence after laser treatment in acridine orange-labeled U-2-

OS cells pretreated for 72 hr with a nontargeting control siRNA or qPCR-validated siRNAs targeting SMPD1 (85% reduction in mRNA) or ASAH1 (82% and 85%

reduction in mRNA).

Error bars indicate SD for a minimum of three independent duplicate experiments in (A) or triplicate experiments in (B), (D), (E), and (F), one representative (n = 3)

quadruplicate experiment in (C), or four experiments with 20 movies each in (G).

*p < 0.05, **p < 0.01, and ***p < 0.001, as indicated or when comparing SMPD1 siRNA to control siRNA in (G).
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Figure 7. Hsp70 and a-Tocopherol Protect Cells against CAD-Induced Cell Death

(A) BIAcore measurement of the effect of indicated concentrations of siramesine and desipramine in 35% DMSO on binding of prebound rHsp70 to BMP-

containing liposomes at pH 4.5. Drugs were added 10 min after Hsp70 immobilization.

(B) Clonogenic survival of wild-type (WT) and Hspa1-transgenic (Hsp70) iMEFs treated as indicated for 24 hr was analyzed by counting colonies 7 days after the

treatment.

(C and D) Viability (MTT reduction) of wild-type (WT) and Hspa1-transgenic (Hsp70) iMEFs (C) and vector- and HSPA1-transduced (Hsp70) WEHI cells (D) treated

as indicated for 24 hr.

(E) NIH 3T3-vector (Vector) and NIH 3T3-c-srcY527F (Src) cells were left untreated or treated with 8 mMsiramesine for 24 hr before the analysis of the ASM activity

(left, cleavage of HMU-PC) or cytotoxicity (right, LDH release assay). When indicated, 200 mg/ml a-tocopherol or vehicle (EtOH) was added 1 hr before the drug.

Error bars indicate SD for a minimum of three independent experiments in (B), (C), (D), and (E) or a representative triplicate experiments out of three in (A).

*p < 0.05, **p < 0.01, ***p < 0.001, as indicated in (E) or when compared to vehicle-treated samples in (A), similarly treated iMEF-WT cells in (B) and (C), or WEHI-

Vector cells in (D).

Cancer Cell

ASM as a Target for Cancer Therapy
ASM inhibitors with varying structures and medical uses (e.g.,

perhexilline, sertraline, clomiphene, astemizole, maproteline,

and tamoxifen) as effective inducers of cancer cell death,

whereas CADs with only marginal ASM inhibitory activity (e.g.,

diphenhydramine, haloperidol, mirtazapine, fexofenadine, and

mifepristone) were only weakly cytotoxic at concentrations up

to 100 mM (A.-M.E., unpublished data).

The cytoprotective role of ASM in cancer cells was corrobo-

rated by the ability of SMPD1 siRNAs to induce cell death in

PC3-MDR cells. The degree of cell death was, however, clearly

smaller than that induced byCADs, indicating that ASM inhibition

is not the sole cytotoxic mechanism of CADs. As discussed

earlier, CADs also induce the proteolysis of other lysosomal

lipases, including acid ceramidase (Kolter and Sandhoff, 2010),

which has been considered as a putative anticancer target due

to theproapoptotic effects of ceramide (Zeidan et al., 2008). Con-

trary to desipramine, which triggered a rapid degradation of acid

ceramidase in all tested cells, siramesine had either no effect or

increased acid ceramidase levels. Accordingly, lysosomes of sir-

amesine-treated cells accumulated sphingomyelin rather than
Ca
ceramide prior to lysosomal leakage and cell death. Thus, ASM

inhibition and subsequent sphingomyelin accumulation are likely

to be the key changes in sphingolipid metabolism that underlie

the cytotoxic effect of CADs. This conclusion appears to be in

contrast to the reported ability of ASM to promote death-recep-

tor-induced or radiation-induced apoptosis in endothelial cells

(Jenkins et al., 2009). It should, however, be noted that the proap-

optotic function of ASM depends on the translocation of ASM to

the outer leaflet of plasma membrane, where ceramide-contain-

ing lipid microdomains enhance the activation of signaling mole-

cules involved in apoptotic signaling (Smith and Schuchman,

2008). Thus, ASM may have opposing effects on cell survival,

depending on its localization to either lysosomal or plasmamem-

branes. Optimally, the inhibition of ASM might inhibit therapy-

induced apoptosis in apoptosis-competent normal cells and

sensitize apoptosis-defective cancer cells to a nonapoptotic

lysosomal cell death pathway. The direct detergent activity of

CADs, as well as their ability to enhance the production of

reactive oxygen species, may be among the additional cyto-

toxic mechanisms that, together with ASM inhibition, lead to
ncer Cell 24, 379–393, September 9, 2013 ª2013 Elsevier Inc. 389
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Figure 8. Inhibition of ASM Reverts Multidrug Resistance

(A) Apoptotic phenotype of parental (P) and MDR PC3 prostate carcinoma cells treated as indicated for 48 hr was determined by counting Hoechst-stained cells

with condensed nuclei. Over 100 randomly chosen cells were counted for each condition.

(B) PC3-MDR cells (5 3 106 in 100 ml PBS) were inoculated subcutaneously into the flank of male SCID mice. After tumor manifestation (day 3), the mice were

treated p.o. with 200 ml vehicle (0.5%methylcellulose 15 in 0.9%NaCl solution) alone or with siramesine (30 mg/kg). A weekly intraperitoneal treatment with 0.9%

NaCl with or without docetaxel (15 mg/kg) was initiated on day 7. Each treatment group contained five mice. One vehicle-treated mouse and one docetaxel-

treated mouse were sacrificed at days 29 and 10, respectively. The effect of neither drug alone was significant. Similar results were obtained in an independent

experiment in which treatment was initiated when tumor diameter reached 5 mm (data not shown). The asterisks and p values refer to comparisons of

combination treatment with vehicle and docetaxel, respectively.

(C) ASM activity in indicated cell lysates was determined by measuring the cleavage of HMU-PC.

(D) SMPD1 mRNA levels relative to ACTB mRNA were analyzed by qPCR 72 hr after transfection with indicated siRNAs.

(E) Cells transfected with the indicated siRNAs were 24 hr later left untreated or treated with 20 nM docetaxel for 48 hr. Apoptotic cell death (left) was analyzed as

in (A). The efficacy of SMPD1 siRNAs is demonstrated in (D) and that of ABCB1 siRNA is demonstrated in a representative immunoblot (right).

Error bars indicate SD for a minimum of three independent experiments—(A), (C), and (E),—a representative triplicate experiment (D), or 4 to 5 mice (B). *p < 0.05,

**p < 0.01, and ***p < 0.001 when compared as indicated, or with similarly treated control siRNA-transfected cells in (C).

See also Figure S3.
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lysosomal permeabilization. Supporting the role of reactive oxy-

gen species in this process, depletion of ASM but not of acid

ceramidase, sensitized cancer cell lysosomes to photo-oxida-

tion-induced permeabilization.
390 Cancer Cell 24, 379–393, September 9, 2013 ª2013 Elsevier Inc
Cancer selectivity and minimal toxicity are highly desired but

rarely achieved properties of anticancer agents. In this respect,

it is encouraging that siramesine and other tested CADs

displayed selective cytotoxicity toward transformed cells and
.
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showed no detectable adverse effects in mouse models. More-

over, long-term use of CADs by millions of people has proven

them to be relatively safe, especially when compared with exist-

ing chemotherapeutics. Phase 1 studies of siramesine have also

proven it safe at doses that result in plasma concentrations

around 0.5 mM (single dose of 320 mg or 80 mg/day for

14 days p.o.; C. Volbracht, H. Lundbeck A/S, Valby, Denmark,

personal communication). Our data suggest that the cancer

selectivity of CADs is at least partially due to the significantly

altered sphingolipid metabolism in transformed cells. As a result,

transformed cells have lower residual ASM activity after CAD

treatment and accumulate sphingomyelin, whose increased

levels have been reported to be selectively toxic to transformed

cells (Barceló-Coblijn et al., 2011). An increase in the sphingo-

myelin/ceramide ratio modifies the steric conformation of

lysosomal membranes and hinders their fusion with other intra-

cellular vesicles and plasma membrane (Utermöhlen et al.,

2008). Thus, the additional changes in the lysosomal membrane

composition and volume as a result of the sphingomyelin-

induced reduction in lysosomal fusion capacity may contribute

to the CAD-induced destabilization of lysosomal membranes.

Because of its ability to inhibit autophagy, chloroquine is

currently tested as an anticancer agent in several clinical trials.

Thus, it should be noted that siramesine and clomipramine are

also effective inhibitors of autophagic flux (Ostenfeld et al.,

2008; Rossi et al., 2009), and based on their basic nature, all clin-

ically relevant CADs are likely to neutralize the lysosomal pH

effectively and thereby inhibit autophagic degradation. Because

the tumor environment is frequently characterized by low

nutrient and oxygen content, the clinical efficacy of CADs may

be further improved by their ability to prevent cytoprotective

autophagy in metabolically stressed cancer cells.

Taken together, our data introduce ASM as an utmost attrac-

tive target for the treatment of therapy-resistant cancers and

encourage extensive preclinical testing and subsequent clinical

cancer trials for siramesine and clinically well-characterized

and relatively safe CADs.

EXPERIMENTAL PROCEDURES

Cell Lines and Treatments

All cell lines are described in the Supplemental Experimental Procedures.

Siramesine was kindly provided by C. Volbracht (H. Lundbeck A/S), C16-cer-

amide (N-palmitoyl-D-erythro-sphingosine) and C24 ceramide (N-lignoceroyl-

D-erythro-sphingosine) were from Avanti Polar Lipids, and GW4869 was from

Cayman Chemical. Other chemicals were from Sigma-Aldrich, if not otherwise

stated.

Cell Survival and Lysosomal Stability

The cell density was assessed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-

nyltetrazolium bromide (MTT) reduction assay and the cell death was as-

sessed by lactate dehydrogenase (LDH) release assay (Roche), as described

previously (Foghsgaard et al., 2001). Cells with condensed chromatin were

determined using an OLYMPUS IX microscope with the UV channel by

counting condensed nuclei in cells stained with Hoeschst 33342 for

10 min. In order to assess clonogenic survival, the cells were seeded in

six-well plates at a low density (1,000–3,000 cells per well) and treated as

indicated. Five to 7 days after the treatment, the cells were washed with

PBS and incubated with crystal violet/methanol for 15 min, washed twice

in water, and dried. Colonies were counted manually. In all assays, great

care was taken to ensure equal density of the cell lines to be compared

when the drugs were added.
Ca
Lysosomal stability upon photo-oxidation was analyzed essentially as

described previously (Kirkegaard et al., 2010) and in the Supplemental Exper-

imental Procedures.

In order to visualize lysosomal membrane permeabilization, cells were

loaded with 200 mg/ml Alexa Fluor 488-dextran (10 kDa) and chased for 1 hr

in fresh medium before the indicated treatments. Pictures were taken with a

Zeiss Axiovert 200M fluorescence time-lapse microscope equipped with a

Colibri LED light source at 37�C.

Enzyme Activity Assays

Cellular ASM and NSM activities were measured by the cleavage of HMU-PC

and by the Neutral Sphingomyelinase Assay Service kit from Echelon (T-1800),

respectively, as described in the Supplemental Experimental Procedures.

BIAcore

Large unilamellar vesicles (10 mol% sphingomyelin, 50 mol% phosphatidyl-

choline, 20 mol% cholesterol, and 20 mol% BMP) were prepared, and surface

plasmon resonance measurements using a BIAcore 3000 system were per-

formed essentially as described elsewhere (Kirkegaard et al., 2010) and in

the Supplemental Experimental Procedures. Recombinant proteins (1 mM,

60 ml in running buffer) were injected directly on the liposome surface. Recom-

binant ASM was kindly provided by K. Sandhoff (University of Bonn, Bonn,

Germany), and rHsp70 was generated using the pET-16b vector system

and Ni21-affinity-purification (Novagen).

Lipid Mass Spectrometry

Sample aliquots corresponding to 2 3 105 cells or lysosomes from 3 3 106

cells (purified by Fe2+-dextran fractionation as described in the Supplemental

Experimental Procedures) per 200 ml were spiked with 10 ml internal standard

mixture containing 85 pmol phosphatidylcholine 18:3/18:3, 60 pmol sphingo-

myelin 18:1;2/17:0;0, 45 pmol ceramide 18:1;2/17:0;0, 65 pmol galactosyl-

ceramide 18:1;2/12:0;0 and 65 pmol lactosylceramide 18:1;2/12:0;0. The

samples were subsequently extracted with 990 ml chloroform/methanol

(10:1, v/v) for 90 min as described elsewhere (Sampaio et al., 2011). The

lower organic phase was collected and evaporated. The lipid extract was dis-

solved in 100 ml chloroform/methanol (1:2, v/v). Lipid extracts were analyzed

in positive ion mode on a QSTAR Pulsar-i instrument (AB Sciex) equipped

with a TriVersa NanoMate (Advion Biosciences) as described elsewhere

(Ejsing et al., 2006; Zech et al., 2009) and in the Supplemental Experimental

Procedures. The lipid species were identified and quantified using LipidView

software (AB Sciex).

Tumor Xenografts

All animal studies were approved by Dyreforsøgstilsynet (Denmark) or the Uni-

versity of California, San Francisco, Institutional Animal Care andUseCommit-

tee (USA) and carried out in accordance with the National Institutes of Health

guidelines. MCF7 and SKOV3.ip1 cells were inoculated into an axillary mam-

mary fat pad of female FOX CHASE severe combined immunodeficient

(SCID) mice pretreated with 0.67 mg/ml estrone in drinking water for a week.

PC3-MDR cells were inoculated subcutaneously into the flank of male SCID

mice. Tumor diameters weremeasured using a caliper, and volumes were esti-

mated according to the formula: volume = 4/3 , p , r3. RIP1-Tag2 transgenic

mice (Hanahan, 1985) were treated as indicated from the age of 11 weeks. At

the age of 14weeks, the pancreaseswere dissected, andmacroscopic tumors

(>0.5 mm3) were counted and measured. Tumor volume was calculated by

using the formula for a spheroid: volume = 0.52 , (width)2 , length. RIP1-

Tag2 mice received 50% sugar food (Harlan) to relieve hypoglycemia induced

by the insulin-secreting tumors.

Transfections and Analyses of RNA and Proteins

Plasmids and siRNAs (20 nM) were transfected using Fugene HD transfection

reagent (Promega) and Oligofectamine or RNAi Max (Invitrogen) according to

the manufacturer’s instructions. pEF6-V5/His vector encoding for S508A

mutant of SMPD1 (SMPD1*), which has normal lysosomal activity but fails to

translocate to plasma membrane upon stress stimuli (Zeidan and Hannun,

2007), was kindly provided by Y. Hannun (University of South Carolina,

Charleston, SC, USA). Primer and siRNA sequences are listed in the Supple-

mental Experimental Procedures.
ncer Cell 24, 379–393, September 9, 2013 ª2013 Elsevier Inc. 391
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For the RNA sequencing (RNA-seq), total RNA was isolated from exponen-

tially growing cells using the Nucleospin RNA II kit (Macherey-Nagel). Single-

read 100 base pair libraries were constructed using the mRNA-Seq 8-Sample

Prep Kit (Illumina). Deep sequencing was performed at the National High-

Throughput DNA Sequencing Centre (University of Copenhagen, Copenha-

gen, Denmark) using Illumina Hiseq2000 instruments. Reads were aligned to

the mouse genomic sequence and quantified using the CLC genomic work-

bench software (CLC bio). Reads were mapped with a minimum of 50 bases

of consecutive matches allowing for up to three mismatches.

Protein separation and western blotting were performed using standard

procedures and antibodies listed in Supplemental Experimental Procedures.

Statistical Analyses

Statistical analysis was performed using a two-tailed, paired Student’s t test in

order to evaluate the null hypothesis. The cutoff level for statistical significance

was set to 5%, and all groups of data were tested for the comparability of their

variances using an F test.

ACCESSION NUMBERS

The GEO accession number for RNA-seq data is GSE46340.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

three figures, and one table and can be found in this article online at http://

dx.doi.org/10.1016/j.ccr.2013.08.003.
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Figure 2. Effects of Different LT Mutants on Ras-Induced Senescence
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Figure 3. Anchorage-Independent Growth and Tumorigenicity of Ras-Expressing mNBS and hFS Fibroblasts
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Figure 4. Requirements of Ras Pathways for Transforming mNBS and hFS Fibroblasts
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Figure 5. Requirements of Ras Pathways for Transforming Immortalized Human Embryonic Kidney (HEK) Cells
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CYP11A1

CYP17A1

CYP17A1

3βHSD1,2

3βHSD2

3βHSD2

3βHSD1,2 SRD5A1,2

SRD5A1

SRD5A1

17βHSD3 17βHSD3
AKR1C3AKR1C3

17βHSD3
AKR1C3

17βHSD6

AKR1C2

17βHSD3
AKR1C3

AKR1C2

AKR1C2

CYP17A1

SRD5A1 AKR1C2

CYP17A1
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CYP17A1CYP17A1

CYP17A1

Abiraterone
TAK700

Abiraterone
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Treatment Options for Castration-Resistant Prostate Cancer (CRPC)

Treatment

Observation

Mild symptoms

Combine with other palliative measures

Pre- or postdocetaxel treatment

Postdocetaxel (studies ongoing for predocetaxel use)

Asymptomatic or minimally symptomatic

Postdocetaxel

Bone metastases only

To symptomatic sites

+/-

+/- +/-

+/-

+/-

-/(+)

+ +

+

+

+

+

+

+

+

+

+

-

Secondary hormone therapy

Docetaxel

Abiratirone

Enzalutamide

Sipuleucel-T

Cabazitaxel

Radium-223

Palliative radiation therapy

Indication

M S Other

Selected Genetically Engineered Mouse Models

Cell Types of Origin for Prostate Cancer

Name

TRAMP

Hi-Myc Progression from PIN to invasive
adenocarcinoma and metastasis

Rapid progression to metastatic and
castration resistant disease with
neuroendocrine phenotype

Develops PIN but not cancer

Progression from PIN to adenocarcinoma

Nkx3.1-/-

Pb-Cre4;Ptenflox/flox

Rapid progression from PIN to invasive
adenocarcinoma

Rapid progression from PIN to invasive
adenocarcinoma with patches of
neuroendocrine differentiation

Pb-Cre4;Ptenflox/flox;
p53flox/flox

Pb-Cre4;Ptenflox/flox;
Rosa26LSL-ERG/LSL-ERG

Rapid progression from PIN to invasive
adenocarcinoma and castration-resistant
disease with high frequency of metastasis

Nkx3.1CreERT2/+;
Ptenflox/flox;KrasLSL-G12D/+

Phenotype

Risk Stratification for Recurrence after Prostatectomy for Local Disease, D’Amico Criteria

Clinical Progression of Prostate Cancer

Chromosomal Rearrangements and Molecular Subtypes

Androgen Biosynthesis Pathways and Inhibitors

Cross-talk between AR, PI3K, and MAPK Pathways

Risk group PSA Gleason
score Clinical stage 10-year

recurrence rate

Low risk <10

>20

10-20

17%

71%

54%7

T1-T2a (nonpalpable tumor or palpable, con�ned to less than half of 
one lobe)

T2c or highter (palpable, involving both lobes and/or beyond prostate)

T2b (palpable, involving more than half of one lobe)Intermediate risk

High risk

<6

>8

Locally advanced,
hormone sensitive

Metastatic,
hormone sensitive

Locally advanced,
castration resistant

Metastatic,
castration resistant

Clinically
localized

Biochemical relapse
(rising PSA);

Disease progression

Stable
disease

Benign High-grade PIN Gleason 2

Gleason 3 Gleason 4 Gleason 5

ADT: androgen-deprivation therapy
De�nitive treatment: surgery or radiation, before or after ADT

Reproduced with permission from Epstein et al., 2005 and R. Cardiff, unpublished

Patients are assigned to the highest catorgory of three variables

M: metastatic  S: symptomatic

PSA: prostate-speci�c antigen
DRE: digital rectal exam

RTK

RAS

DHT

DHT

DHT

DHT
AR

AR

AR

RAF

MEK

ERK

PI3K BKM120

MK2206 BEZ235

Everolimus
Temsirolimus

Enzalutamide
ARN-509

PTEN

AKT

TSC1/2

RHEB

TORC1

TORC2
PHLPP

FKBP5

S6K

AR cofactors

4EBP1
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SnapShot: Prostate Cancer
LaMont J. Barlow and Michael M. Shen
Herbert Irving Comprehensive Cancer Center, Columbia University Medical Center, New York, NY 10032, USA

Prostate cancer (PCa) is the most commonly diagnosed cancer in men, with an estimated 238,000 new cases in the United States this year. It is the second highest cause of 
cancer-related death; nearly 30,000 men in the U.S. die from PCa each year. The discovery of prostate-specific antigen (PSA) as a biomarker for PCa has made it possible to 
detect the disease in early stages. It is estimated that there is often a lag-time of 15 years or more from initially detectable PSA elevation to clinically manifested PCa. In recent 
years, there has been considerable debate about the benefits versus risks of PSA screening, as there is a potential to over-treat indolent disease that may never have caused 
symptoms during a patient’s lifetime. However, novel tumor markers and new mechanistic insights into disease progression may improve prognostic abilities.

Clinical Progression of Prostate Cancer and Histopathology
Most patients are diagnosed after presenting with elevated PSA or abnormal digital rectal exam, followed by a biopsy. Definitive treatments for clinically localized disease are 
surgery and radiation, but patients with low-risk disease or a shorter life expectancy can be managed with active surveillance, which consists of PSA assays and repeat biopsies 
at regular intervals until there is evidence of disease progression. Patients who progress may develop locally advanced or metastatic disease, which is initially treated primarily 
with androgen-deprivation therapy (ADT). However, almost all advanced prostate cancer progresses to castration-resistant disease after a period of ADT.

Histologic grading is based on the Gleason system, which ranges from grade 1 (most differentiated) to 5 (least differentiated). Each specimen is assigned a Gleason score 
based on their most prevalent and second-most prevalent histologic grades. The combination of the two grades gives the total score (ranging from 2 to 10, with most cancers 
falling between 6 and 8). When malignant cells are confined to the prostate acini and the basal cell layer remains at least partially intact, it is defined as prostatic intraepithelial 
neoplasia (PIN). High-grade PIN is an established precursor to adenocarcinoma, which is distinguished by an absence of the basal epithelial layer.

Cell Types of Origin, Genetic Alterations, and Molecular Subtypes
Prostate adenocarcinoma can derive from luminal or basal epithelial cells of the prostatic acini. While malignancies may arise from a single mutation followed by clonal propa-
gation, many prostate cancers contain multiple foci with varying genetic alterations. Tumor heterogeneity at the molecular, cellular, and architectural levels makes it difficult to 
distinguish between synchronous tumors developing from independent oncogenic events versus clonally derived tumors whose cells become highly divergent.

Unlike most cancers that are commonly associated with specific point mutations, PCa involves large-scale genomic rearrangements and extensive copy number altera-
tions involving multiple chromosomes. This phenomenon of chromoplexy often leads to loss of one or both copies of critical tumor suppressor genes such as PTEN, NKX3.1, 
TP53, and CDKN1B as well as oncogenic fusions such as TMPRSS2-ERG, which is observed in ~50% of prostate tumors. Exome and whole-genome sequencing studies have 
provided evidence for distinct molecular subtypes of PCa categorized by specific alterations such as CHD1 deletions, ERG rearrangements, and SPOP mutations.

Chemoprevention
Because of the high prevalence and prolonged latency period of prostate cancer, chemoprevention approaches have been of particular interest. The most promising agents are 
the 5-alpha reductase inhibitors finasteride and dutasteride, which inhibit the conversion of testosterone to dihydrotestosterone, the most active prostatic androgen. Although 
data suggest that finasteride and dutasteride may reduce PCa risk overall, concerns of a potential increased risk of high-grade cancer have hindered their use in chemoprevention.

Mechanisms of Castration Resistance and Advances in Treatment of Castration-Resistant Prostate Cancer
Virtually every patient treated with ADT will eventually develop resistance with subsequent rise in PSA or clinical progression. Although the pathways that lead to castration 
resistance are not fully understood, potential mechanisms include (1) intratumoral androgen biosynthesis, (2) androgen receptor (AR) pathway hypersensitivity via AR gene 
amplification, (3) AR activation by noncognate ligands such as corticosteroids (often mediated by AR mutations), (4) growth factor-mediated increase in AR transcription activity, 
(5) expression of variant AR isoforms that are ligand independent, (6) activation of alternative survival pathways that bypass the AR pathway, and (7) selection of pre-existing 
castration-resistant epithelial stem cells. Castration resistance may involve several of these processes simultaneously as well as undiscovered mechanisms.

The available treatments for castration-resistant prostate cancer (CRPC) have traditionally been limited to cytotoxic chemotherapeutics and palliative measures. However, 
recent novel therapies with proven survival benefits have broadened the armamentarium for this disease state. In particular, Abiraterone is an oral agent that blocks androgen 
production in tumors as well as testis and adrenal gland through irreversible inhibition of products of the CYP17A1 gene. Abiraterone prolongs overall survival in men with 
CRPC previously treated with docetaxel as well as in chemotherapy naive patients. Enzalutamide, another oral agent, blocks AR function by inhibition of androgen binding to 
AR, nuclear translocation of AR, and AR association with nuclear DNA, and also prolongs survival in men with metastatic CRPC after docetaxel treatment.

Activation of the PI3K-AKT-mTOR pathway is likely to play a key role in castration resistance, particularly through its complex regulation involving cross-talk with the AR and 
MAPK pathways. Agents that block various steps in the PI3K-AKT-mTOR pathway are currently being investigated as novel therapeutics for advanced PCa. Such agents may 
be used in the context of combinatorial treatments with agents that target the AR and/or MAPK pathways to counteract positive feedback loops that are activated when only a 
single pathway is targeted.

Mouse Models of Prostate Cancer
Genetically engineered autochthonous mouse models of prostate cancer have played important roles in the elucidation of molecular mechanisms for cancer initiation and pro-
gression. Newer models that display castration-resistant phenotypes are now being used for analyses of drug response and resistance mechanisms.
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