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Summary

2. SUMMARY

Breast cancer is the most common malignancy among women. It is a very heterogeneous
disease that progresses to metastasis, a usually fatal event. The cellular and biochemical
mechanisms orchestrating this progression remain largely elusive. The characterization of the
cellular heterogeneity of the tumor is crucial for the identification of the source of metastases,
and elucidation of the oncogenic and tumor-suppressive networks of cancer cells is

fundamental to the development of targeted therapies for this presently incurable disease.

Tumors, like normal organs, appear hierarchically organized at the cellular level. The
concept of cancer stem cells (CSCs, a.k.a. tumor-initiating cells) has recently received
experimental support in several human malignancies. CSCs are defined as a subpopulation of
cells within the tumor capable of self-renewing, differentiating and recapitulating the
heterogeneity of the original cancer, and seeding new tumors when transplanted in recipient
animals. CSCs are thought to play important roles in the metastatic progression of breast
cancers and to resist to classical chemo- and radiation therapies. For these reasons, the
identification of the key signaling networks controlling CSCs is of a paramount importance

for the development of CSC-targeted therapies.

We demonstrate a fundamental role for protein-tyrosine phosphatase SHP2 in these
processes in HER2-positive and triple-negative breast cancers (TNBCs), two subtypes
associated with a poor prognosis. Knockdown of SHP2 eradicated breast CSCs in vitro and in
xenografts, prevented invasion in 3D cultures and progression from in situ to invasive breast
cancer in vivo, and blocked the growth of established tumors and reduced metastases.
Mechanistically, SHP2 activated stemness-associated transcription factors including c-Myc

and ZEB1, which resulted in the repression of let-7 miRNA and the expression of a set of



Summary

“SHP2 signature” genes found co-activated in a large subset of human primary breast tumors.
Taken together, our data show that activation of SHP2 and its downstream effectors is
required for self-renewal of breast CSCs and for tumor maintenance and progression, thus
providing new insights into signaling cascades that regulate CSCs and a rationale for

targeting this oncogenic PTP in breast cancer.

Unlike the oncogenic role of SHP2 in breast cancer, we found that another member of
the protein-tyrosine phosphatases family, PTPN12, is lost in a subset of TNBCs. Loss of
PTPN12 activity by different means, including loss of gene expression induced by
upregulation of miRNA-124 or inactivating mutations, promoted cellular transformation via
activation of oncogenic receptor tyrosine kinases (RTKSs) including EGFR, HER2 and
PDGFR. These findings identify PTPN12 as a commonly inactivated tumor suppressor, and
provide a rationale for combinatorially targeting proto-oncogenic tyrosine kinases in TNBC
and other cancers based on their profile of tyrosine-phosphatase activity.

In summary, our results identify new important targets for the treatment of aggressive
subtypes of breast cancer. While targeting SHP2 should result in the depletion of CSCs and
tumor regression, combined inhibition of the RTK constrained by PTPN12 in TNBCs should

lead to major therapeutic advances for the treatment of this currently incurable disease.
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3. INTRODUCTION

Reversible tyrosine phosphorylation is an essential eukaryotic regulatory mechanism for
numerous important aspects of cell physiology (Hunter 1987; Alonso, Sasin et al. 2004;
Tonks 2006). This enzymatic reaction is governed by the combined action of protein-tyrosine
kinases (PTKs) and protein-tyrosine phosphatases (PTPs) (Figure 3-1), and regulates

important signaling cascades involved in most of cellular processes (Tonks 2006).

ATP
Substrate ®- Phosphorylated

substrate
e

Figure 3-1. Combined action of PTKs and PTPs governs tyrosine phosphorylation. Tyrosine

phosphorylation is a key regulatory mechanism in eukaryotes. Proteins are phosphorylated on tyrosine residues

by PTK and dephosphorylated by PTPs (Mustelin, Vang et al. 2005).

Deregulation of the balance between PTKs and PTPs activity may result in malignant
transformation and cancer, (Hunter 2009), and this work aimed at defining the role of two

classical PTPs, SHP2 and PTPN12, in breast cancer.
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3.1 Breast cancer

Breast cancer is the most frequently diagnosed cancer in women (Ferlay, Autier et al. 2007,
Jemal, Siegel et al. 2010). It is a heterogeneous disease, characterized by different molecular
alterations driving its growth, survival and metastatic properties. Breast cancer arises from
the epithelial cells of the mammary gland, and progresses into hyperplasia, atypical-
hyperplasia, ductal carcinoma in situ (DCIS) and invasive ductal carcinoma (IDC). The last
and usually fatal step of breast cancer progression is metastasis, particularly frequent in
organs like lung, bone, liver and brain (Figure 3-2) (Nguyen, Bos et al. 2009). Notably, this
linear progression model has been challenged by several studies showing a “parallel
progression” of breast cancer, where the metastatic cells quit the primary tumor site as early

as DCIS (Klein 2009).
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Figure 3-2. Breast cancer linear progression model. Schematic of breast cancer progression steps starting
from hyperplasia and progressing into atypical hyperplasia, DCIS, Invasive carcinoma and metastasis (adapted

from www.breastcancer.org).

Currently, classification of breast cancers depends on clinical parameters (e.g., age,
node status, tumor size, histological grade) and detection of pathological markers like the
hormone receptors (HR) estrogen receptor (ER) and progesterone receptor (PR), and the
tyrosine kinase receptor c-erbB2/HER2 (Perou, Sorlie et al. 2000; Di Cosimo and Baselga
2010). However, the complexity of breast cancer is not sufficiently recapitulated by these
markers. Genome-wide gene-expression profiles identified six breast cancer subgroups:
luminal A, luminal B, normal-like, HER2-enriched, basal-like and claudin-low (Perou, Sorlie
et al. 2000; Sorlie, Perou et al. 2001; Carey, Perou et al. 2006; Prat, Parker et al. 2010). Each
of these subtypes is associated with a different prognosis, mainly influenced by intrinsic
aggressiveness of the tumor and current therapeutic options. Basal-like, claudin-low and
HER2-enriched breast tumors correlate with the worst prognosis (Perou, Sorlie et al. 2000;

Sorlie, Perou et al. 2001; Carey, Perou et al. 2006; Prat, Parker et al. 2010).

3.2 Luminal A and luminal B breast cancer

Luminal tumors are characterized by the expression of ER, with or without co-expression of
PR (Sims, Howell et al. 2007) and account for ~60 % of all breast cancers. In particular,
luminal A tumors generally express both ER and PR, while the expression of these HRs is
more variable in tumors of the luminal B subtype (Sims, Howell et al. 2007). For this reason,

patients bearing luminal A tumors are more responsive to hormonal therapy and survive
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longer than patients with luminal B tumors (Vargo-Gogola and Rosen 2007). In addition to
ER and PR, luminal tumors are characterized by overexpression of other luminal markers like
GATAS3, X-box binding protein 1 and LIV-1 (Perou, Sorlie et al. 2000; Sorlie, Perou et al.

2001).

The gold standard for treatment of HR-positive breast cancer has been, for over three
decades, the ER antagonist tamoxifen. More recently, aromatase inhibitors (Als), preventing
the synthesis of estrogens in the peripheral tissues including breast, have been shown to be
more effective compared to tamoxifen in post-menopausal women with early-stage and
advanced breast cancer (Thurlimann, Keshaviah et al. 2005; Mauri, Pavlidis et al. 2006;
Forbes, Cuzick et al. 2008). Despite these advances in the therapy of HR-positive breast
tumors, primary and acquired resistance to endocrine therapy remain a challenge. Resistance
mechanisms can occur as a result of the cross-talk between ERs and RTKSs or with signaling
pathways that function downstream of these receptors, such as the phosphatidylinositol 3-
kinase (PI3K)/Akt/mTOR pathway (Prat and Baselga 2008; Creighton, Fu et al. 2010; Meyer

and Bentires-Alj 2010; Miller, Hennessy et al. 2010).

3.3 HER2-enriched breast cancer

Another molecular subtype of breast cancer is the HER2-enriched subtype. It accounts for
~20% of patients and it is associated with aggressive disease and decreased survival (Slamon,
Clark et al. 1987). In addition to HER2 activation, this subtype is characterized by
overexpression of GRB7, TGFIl-induced anti-apoptotic factor 1 and TNF receptor-
associated factor 4. Notably, nearly two-thirds of the HER2-enriched breast tumors bear a

gene amplification and overexpression of HER2, while one-third of these tumors express
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HER?2 at a normal level, indicating that mechanisms other than HER2 amplification drive this

subtype; these mechanisms may include HER2 hyperphosphorylation.

Trastuzumab, a humanized monoclonal antibody targeting the extracellular domain of
HER2, improves the survival of patients with HER2-positive advanced and early-stage breast
cancer (Lewis Phillips, Li et al. 2008). Notably, other therapeutic agents have shown
encouraging anti-tumor activity in vivo and in early clinical studies, these include lapatinib (a
dual HER1 and HER2 tyrosine kinase inhibitor), the humanized monoclonal antibody
pertuzumab (which prevents HER2 dimerization by sterically preventing its paring with other
members of the HER receptor family), the trastuzumab-DM1 complex (consisting of
trastuzumab conjugated to the anti-microtubule agent DM1) and inhibitors of heat shock
protein 90 (a.k.a. HSP90, a molecular chaperone required to maintain HER2 integrity and
function) (Agus, Akita et al. 2002; Mendoza, Phillips et al. 2002; Modi, Stopeck et al. 2007,
Lewis Phillips, Li et al. 2008; Portera, Walshe et al. 2008; Baselga and Swain 2009; von
Minckwitz, du Bois et al. 2009; Baselga, Gelmon et al. 2010). Despite the clinical efficacy of
HER2-targeting agents, one third of HER2-positive tumors do not respond to therapy. In
addition, nearly half of the patients who initially respond to HER2-targeted agents will

relapse within a year (Nagata, Lan et al. 2004).

3.4 Triple-negative breast cancer

Triple-negative breast cancer (TNBC), which accounts for ~20% of cases, is characterized by
the lack of expression of ER, PR and lack of HER2 amplification. TNBCs are divided into
basal-like and claudin-low subtypes, which share some common features like low expression

of luminal gene clusters and luminal cytokeratins (CKs) 8 and 18. In addition, the basal-like
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tumors are further characterized by high expression of the basal CKs 5, 14 and 17, while the
claudin-low tumors are more enriched in epithelial-to-mesenchymal transition (EMT)
features including loss of E-cadherin, Claudin3, 4 and 7, immune system responses and stem

cell-associated biological processes (Sims, Howell et al. 2007; Prat, Parker et al. 2010).

After an initial “dark-phase”, characterized by lack of specific targets, increasing
knowledge of the biology of TNBC biology has led to clinical trials using new promising
therapies such as EGFR targeted agents, anti-angiogenic factors and poly (ADP-ribose)
polymerase (PARP) inhibitors (Anders and Carey 2008; Di Cosimo and Baselga 2010), some
of which are currently in clinical trials. Given that the claudin-low subtype shows important
features of breast cancers stem cells (Creighton, Li et al. 2009; Hennessy, Gonzalez-Angulo
et al. 2009), agents tailored towards depletion of CSCs should be particularly effective in this

subtype.

3.5 Breast cancer stem cells

The concept of cancer stem cells (CSCs, a.k.a. tumor-initiating cells), proposed by Pierce and
colleagues in 1988 (Pierce and Speers 1988), has recently received experimental support in
several human cancers including acute myeloid leukemia, cancers of breast, brain, pancreas,
colon, liver and melanoma (Bonnet and Dick 1997; Al-Hajj, Wicha et al. 2003; Singh,
Hawkins et al. 2004; Li, Heidt et al. 2007; O'Brien, Pollett et al. 2007; Ricci-Vitiani,
Lombardi et al. 2007; Schatton, Murphy et al. 2008; Yang, Ho et al. 2008). CSCs are cells
within a tumor which can self-renew, differentiate, and give rise to a tumor when transplanted
into recipient mice. Unfortunately, most current cancer therapies are not tailored towards

depleting CSCs. Indeed, most current cancer chemotherapeutic agents have been developed
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based on their ability to decrease primary tumor size rather than specifically eliminating
CSCs. This may explain why, in many solid malignancies including breast cancer, tumor
regression does not necessarily translate into increased patient survival. Possible reasons for
the failure of current therapeutic agents in the treatment of breast cancer include the
suggested inherent drug resistance of CSCs and their propensity to reach distant organs and
seed metastases (Dean, Fojo et al. 2005; Li, Tiede et al. 2007; Li, Lewis et al. 2008; Diehn,
Cho et al. 2009). The concept of CSCs is developing rapidly, and it yet has not been
unanimously accepted by the scientific community. Indeed, an attitude of healthy caution
seems to be developing in the maturing CSC community (Clevers 2011). Unfortunately, stem
cells and the cellular hierarchy are poorly characterized in most tissues that develop solid
cancers. As a consequence, few if any definitive stem cell markers are available for isolating
CSC from solid tumors. Markers for identifying CSCs are different across different tumor
types and even among different subtypes of the same tumor. Current CSC markers are
primarily chosen as robust, heterogeneously expressed FACS markers that allow the sorting
of marker-positive and marker-negative populations (e.g. CD133"9" population in melanoma
or CD44""/CD24"" population in breast cancer). However, they are not selected on the basis
of a deep understanding of the underlying stem cell biology of the pertinent tissue from
which the cancer originates (Clevers 2011). In addition, the stability of the CSC phenotype
has not yet been experimentally probed. In their study on melanoma, Morrison and
colleagues (Quintana, Shackleton et al. 2008; Shackleton, Quintana et al. 2009) showed that
tumors arising both from CD133- cells and from CD133+ cells sorted from an original
melanoma re-establish the original ratios of CD133— and CD133+ cells. This experiment
indicated that individual cancer cells can recapitulate the marker heterogeneity of the tumors
from which they derive. Similarly, Vonderhaar and colleagues showed that the breast CSC

markers CD44"%"/CD24"" are under dynamic regulation in vitro and in vivo; particularly,
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they demonstrated that non-invasive, epithelial-like CD44""/CD24"" cells gave rise to
invasive, mesenchymal CD44"%"/CD24"" progeny (Meyer, Fleming et al. 2009). Plasticity of
the CSC state should then be given serious consideration. Therefore, agents targeting both

CSCs and the bulk of the tumor will most likely be needed for curing breast cancer.

Potential approaches are to directly kill CSCs or to induce their differentiation by
inhibiting their survival mechanisms or blocking their self-renewal (Zhou, Zhang et al. 2009).
Alternatively, it is conceivable that interfering with the stem cell niche would also lead to
differentiation or death of CSCs (Figure 3-3). Therefore, the identification of the signaling
networks that control CSCs is very important for the development of novel therapeutic

strategies.
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Figure 3-3. Therapeutic strategies to target CSCs. Shown are possible strategies to eradicate CSCs (Zhou,

Zhang et al. 2009).
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3.6 The family of classical PTPs

Tyrosine phosphorylation plays a pivotal role in virtually all signaling pathways and
biological processes mentioned above. Although PTPs were initially thought to act
exclusively as tumor suppressors, it is now clear that they can have either inhibitory or
stimulatory effects on cancer-associated signaling processes. A better understanding of the
mechanisms regulating and regulated by PTPs can lead to the development of new

pharmacological targets for breast cancer.

The human genome encodes ~90 PTKs and ~107 PTPs (Robinson, Wu et al. 2000;
Alonso, Sasin et al. 2004; Julien, Dube et al. 2011), suggesting similar levels of substrate
specificity between these two families of enzymes. PTPs are defined by the catalytic-site
motif HC(X)sR, in which the cysteine residue functions as a nucleophile and is essential for
catalysis. This cysteine forms the base of the active-site cleft and recognizes the phosphate of
the target substrate. Catalysis proceeds through a two-step mechanism that involves the
production of a cysteinyl-phosphate intermediate. In the first step, there is nucleophilic attack
on the phosphate by the sulfur atom of the thiolate ion of the essential cysteine residue. This
is coupled with protonation of the tyrosyl leaving group of the substrate by the conserved
aspartic acid residue. The second step involves the hydrolysis of the phosphoenzyme
intermediate, mediated by a glutamine residue, which coordinates a water molecule, and
aspartic acid, which now functions as a general base, culminating in the release of phosphate

(Figure 3-4).



Introduction

STEP 1
(4]
Il
—Cug— 0
E?‘; 5 0 QGGSUMATE SUBSTRATE
0, OH o
— &
j —Cys—5— 'T\ +
Asp 181 215 Lo
OH
STEP 2
Sar 222

HD—/

H v H2H Gin 262
\ H o1 0
4 |
n 3I-ﬁllll _c?. - + ‘EP/

215 I
g [+

y

/ﬁﬁ
Cys

q-~

Asp 181

Figure 3-4. Mechanism of action of PTPs. Shown is a schematic representation of the two-step mechanism of

action of PTPs (Tonks 2003).

In humans, the ~107 PTPs are divided in 2 groups, classical and dual specificity
PTPs. The sub-group of “classical PTPs” comprises 37 PTP members, characterized by
specificity for phosphotyrosine residues. Classical PTPs are subdivided into two groups,
“transmembrane” and “non-transmembrane” PTPs (Figure 3-5) (Andersen, Mortensen et al.

2001).

10
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Figure 3-5. The family of classical PTPs. Classical PTPs can be categorized as transmembrane or non-

transmembrane proteins (Tonks 2006).

The transmembrane PTPs contain a single-pass transmembrane domain, a variable
extracellular domain responsible for cell-to-cell, cell-to-matrix or cell-to-ligand interactions,
and an intracellular portion usually containing two tandem catalytically-active domains (with
most of the catalytic activity residing in the membrane-proximal domain and with the
membrane-distal domain also involved in protein-protein interaction and PTP dimerization)
(Streuli, Krueger et al. 1990; Felberg and Johnson 1998). The non-transmembrane PTPs have
remarkable structural diversity among each other and contain regulatory sequences that target
them to specific subcellular locations or enable their binding to specific proteins (Figure 3-5)
(Mauro and Dixon 1994). These regulatory sequences control the activity of the enzyme
either directly by interaction with the active site or by controlling substrate specificity

(Garton, Burnham et al. 1997; Pulido, Zuniga et al. 1998; Ostman, Hellberg et al. 2006).
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3.7 Regulation of classical PTPs

The activity of PTPs is tightly regulated in vivo to maintain physiological tyrosine
phosphorylation levels. PTPs function can be regulated by different means including the
control of gene expression, protein localization and by the post-transcriptional modifications

listed below.

First, PTPs can be regulated by reversible oxidation (Meng, Fukada et al. 2002;
Meng, Buckley et al. 2004; Persson, Sjoblom et al. 2004; Kamata, Honda et al. 2005). The
catalytic-site motif of PTPs contains an invariant cysteine residue which is characterized by
an extremely low pK, (den Hertog, Groen et al. 2005; Salmeen and Barford 2005; Tonks
2005). At neutral pH this cysteine residue is present as a thiolate ion, which promotes its
function as a nucleophile in catalysis but also renders it highly susceptible to oxidation,
resulting in abrogation of nucleophilic function and inhibition of PTP activity. Therefore, the
production of reactive oxygen species (ROS) can be a potent and specific mechanism of
regulation of PTPs activity (Finkel 2003; Tonks 2005). Importantly, the oxidation of the
catalytic cysteine is reversible, making this modification a dynamic mode of PTP regulation

(see Figure 3-4) (Salmeen, Andersen et al. 2003).

Second, PTPs can be regulated through phosphorylation, nitrosylation and/or
sumoylation. For example, tyrosine-phosphorylation of PTP1B, SHP1, SHP2 and PTPa or
serine-phosphorylation of PTPN12 affects their phosphatase activity as well as their affinity
to substrates and interacting partners (Bennett, Tang et al. 1994; den Hertog, Tracy et al.
1994; Garton and Tonks 1994; Dadke, Kusari et al. 2001). In addition, PTP1B was found to
be sumoylated in response to insulin leading to a decrease in its catalytic activity (Dadke,

Cotteret et al. 2007).

12
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Third, PTPs can be regulated by proteolytic cleavage. Calcium is a critical initiator of
protease activity and the calcium-activated protease calpain has been shown to cleave
regulatory domains of several PTPs. For example, the non-transmembrane PTP1B, PTP-
MEG1 and SHP1 are activated upon calpain-induced cleavage (Frangioni, Oda et al. 1993;
Gu and Majerus 1996; Falet, Pain et al. 1998). Transmembrane PTPs like LAR, PTP«x and
PTPu are also subject to proteolysis as a mechanism of regulation of their catalytic activity

(Streuli, Krueger et al. 1992; Anders, Mertins et al. 2006; Ruhe, Streit et al. 2006).

Fourth, transmembrane PTPs can be regulated via dimerization and/or binding to
ligands. Using PTPa as a model, it was proposed that homodimerization reduced its catalytic
activity by reciprocal occlusion of the active sites (Bilwes, den Hertog et al. 1996), although
this regulatory mechanism does not seem to be a common feature of all transmembrane PTPs
(Nam, Poy et al. 1999; Nam, Poy et al. 2005). In addition, extracellular ligand binding is also
a regulatory mechanism for PTPs. For example, while PTP( activity is reduced upon binding
to its ligand pleiotrophin (Meng, Rodriguez-Pena et al. 2000), LAR activity appears to be
regulated by binding to different heparan sulphate proteoglycans at synapses (Fox and Zinn

2005; Johnson, Tenney et al. 2006) (Figure 3-6).

13
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Figure 3-6. Regulation of the function of transmembrane PTPs by ligands. Shown are examples of PTPs
regulation mechanisms via interaction with extracellular ligands. a) The binding of Pleiotrophin to the
transmembrane PTPC reduces its activity. b) The activity of LAR is regulated by binding to different heparan

sulphate proteoglycans (Tonks 2006).

3.8 Function and regulation of the oncogenic tyrosine phosphatase SHP2

The Src homology-2 domain-containing phosphatase SHP2 (encoded by PTPN11), a
ubiquitously expressed PTP, transduces mitogenic, pro-survival, pro-migratory signals from
almost all growth factor-, cytokine- and extracellular matrix receptors. SHP2 null-embryos
die peri-implantation and fail to yield trophoblast stem cell lines (Yang, Klaman et al. 2006).
While SHP2 deficiency increases self-renewal of murine and human embryonic stem cells
(Burdon, Stracey et al. 1999; Wu, Pang et al. 2009), it decreases self-renewal in neural

stem/progenitor cells and hematopoietic stem cells (HSC), suggesting a cell-type specific role

14
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of SHP2 in regulating cell fate (Chan, Li et al. 2006; Ke, Zhang et al. 2007; Zhu, Ji et al.

2011).

SHP2 contains two SRC homology 2 (SH2) domains (N-SH2 and C-SH2), a PTP
domain and a C-terminal tail with a proline-rich motif and two tyrosyl phosphorylation sites
(Y542 and Y580). In the absence of upstream stimulation, SHP2 is kept in an inactive state
by interaction of the N-terminal SH2 domain with the PTP domain. Upon activation of RTKs,
binding and phosphorylation of scaffolding adaptors, SHP2 binds tyrosine phosphorylated
residues via its SH2 domains. SHP2 can also bind directly to phosphorylated tyrosine
residues on RTKSs. Binding causes a conformational change in SHP2, resulting in SHP2
activation and dephosphorylation of its substrates. (Figure 3-7) (Chan, Kalaitzidis et al.

2008).

Gain-of-function (GOF) germline PTPN11 mutations were found in about half of
patients with Noonan syndrome (NS), a common autosomal dominant developmental
disorder (Tartaglia, Mehler et al. 2001). Moreover, GOF somatic mutations were identified in
~34% of patients with juvenile myelomonocytic leukemia (JMML), ~6% of patients with
acute myeloid leukemia (AML), more rarely in solid tumors but not in breast cancer
(Tartaglia, Niemeyer et al. 2003; Bentires-Alj, Paez et al. 2004; Loh, Vattikuti et al. 2004).
Interestingly, these GOF mutations lead to the activation of key oncogenic signaling cascades
including ERK and AKT pathways (Wang, Yu et al. 2009). In addition to GOF mutations,
SHP2 can be activated by different means, for example by binding to scaffolding adaptor like
GAB2, downstream of constitutive active forms of EGFR and fibroblast growth factor
receptor 3 (FGFR3), upon BCR-ABL activation, and downstream of active RTKs RET and
HER?2 (Sattler, Mohi et al. 2002; Agazie, Movilla et al. 2003; D'Alessio, Califano et al. 2003;

Zhan and O'Rourke 2004; Bentires-Alj, Gil et al. 2006). SHP2 has also been found to be a
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mediator of Helicobacter pylori-induced transformation of gastric epithelial cells via
interaction with the CagA protein, a virulence factor secreted by H. pylori (Hatakeyama

2004).
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o Increased
-_— and sustained
o activity of
Increased basal activity pathways
Altered substrate selectivity?
Facilitated recruitment ERK1/ERK2
and activation AKT
Additional or alternate activators, | gTATS
binding proteins and substrates? o7

Figure 3-7. Mechanisms of SHP2 activation. Schematic of the mechanism of activation of wild-type and
mutated SHP2. a) In absence of upstream stimulation, SHP2 is kept in an inactive state by the interaction of the
N-terminal SH2 domain with the catalytic PTP domain. Upon activation of surface receptors, SHP2 binds
phospho-tyrosine sites via its SH2 domains. This causes a conformational change which leads to an increase of
the enzymatic activity of SHP2 and activation of the downstream signaling. b) In Leukemia, mutations of SHP2
lead to permanent changes in its structure and activation of the PTP domain, causing an increased and sustained

activation of downstream pathways (Ostman, Hellberg et al. 2006).
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3.9 Other oncogenic PTPs in breast cancer

Other PTPs have been associated with a potential oncogenic role in breast cancer, like PTP1B
(Wiener, Kerns et al. 1994; Bjorge, Pang et al. 2000; Bentires-Alj and Neel 2007; Julien,
Dube et al. 2007; Cortesio, Chan et al. 2008; Arias-Romero, Saha et al. 2009; Blanquart,
Karouri et al. 2009; Johnson, Peck et al. 2010), PTPa (Ardini, Agresti et al. 2000; Zheng,
Resnick et al. 2008), PTPe (Elson 1999; Gil-Henn and Elson 2003), LAR (Yang, Zhang et al.
1999; Levea, McGary et al. 2000) and PTPH1 (Zhi, Hou et al. 2010). However, definitive
evidence for their relevance for human breast cancer is still missing. Clearly, additional

validation is required before establishing any of these PTPs as drug targets.

The non-transmembrane PTP1B (encoded by PTPN1), an important regulator of
mammalian metabolism (Elchebly, Payette et al. 1999), has been linked to breast cancer.
Mice lacking PTP1B in all tissues are hypersensitive to insulin, lean, and resistant to high fat
diet-induced obesity (Elchebly, Payette et al. 1999; Klaman, Boss et al. 2000).
Overexpression of PTP1B was observed in human breast tumors, with a strong association
with HER2-positive tumors (Wiener, Kerns et al. 1994). In line with this finding, PTP1B was
later found to be required for HER2/Neu-evoked mammary tumorigenesis (Bentires-Alj and
Neel 2007; Julien, Dube et al. 2007). In contrast, PTP1B deficiency had no effect on polyoma
middle T mediated tumorigenesis (Bentires-Alj and Neel 2007). Subsequently, PTP1B has
also been associated with breast cancer cell transformation, proliferation, invadopodia
dynamics, invasion and resistance to 4-OH tamoxifen treatment (Cortesio, Chan et al. 2008;
Arias-Romero, Saha et al. 2009; Blanquart, Karouri et al. 2009). Mechanistically, PTP1B was
shown to dephosphorylate and activate c-Src in human breast cancer cell lines in vitro

(Bjorge, Pang et al. 2000; Cortesio, Chan et al. 2008; Arias-Romero, Saha et al. 2009) and to
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suppress prolactin-mediated activation of STATS in breast cancer cells through inhibitory
dephosphorylation of the STATS5 tyrosine kinase JAK2 (Johnson, Peck et al. 2010). Recent
data from our lab show that PTP1B deletion in the mammary epithelium delays MMTV-
HER2/NeuNT-induced breast cancer (Balavenkatraman et al., submitted). In contrast,
depletion of PTP1B after breast tumor development did not block tumor progression
(Balavenkatraman et al., submitted). These data raise the possibility that PTP1B inhibitors
could be used for preventing breast cancer, but not for the treatment of advanced stages of

this disease.

The transmembrane PTPa is a widely expressed enzyme enriched in brain tissues
(Skelton, Ponniah et al. 2003). Full-body PTPa knockout mice show deficits in learning,
locomotor activity and anxiety (Skelton, Ponniah et al. 2003). Protein levels of PTPa
(encoded by PTPRA) were found to vary widely among breast tumors, with ~30% of cases
manifesting significant overexpression. High PTPa levels correlated significantly with low
tumor grade and positive estrogen receptor status (Ardini, Agresti et al. 2000). In another
study, suppression of PTPa in breast cancer cell lines resulted in reduction of Src activity
(Zheng, Resnick et al. 2008). Consistently, Src and PTPa depletion induced apoptosis in ER-
negative breast cancer cells (Zheng, Resnick et al. 2008), suggesting that this PTP contributes

to the activation of oncogenic pathways.

The transmembrane PTPe (encoded by PTPRE) has been found upregulated in
MMTV-RAS and MMTV-Neu tumors, suggesting that this phosphatase may play a role in
transformation by these two oncogenes (Elson and Leder 1995). Multiparous MMTV-PTPg
female mice, uniformly developed mammary hyperplasia accompanied by residual milk
production and formation of sporadic tumors. The sporadic nature of these tumors, the long

latency period and low levels of transgene expression indicated that PTPe provided a
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necessary, but insufficient, signal for oncogenesis (Elson 1999). In addition, PTPe was shown
to activate Src and support the transformed phenotype of Neu-induced mammary tumors

(Gil-Henn and Elson 2003).

The leukocyte common antigen-related (LAR) PTP (encoded by PTPRF) is a
prototype member of the class of transmembrane PTPs containing cell adhesion domains.
Transgenic mice deficient in LAR exhibit defects in glucose homeostasis (Ren, Li et al.
1998). LAR mRNA and protein levels have been found increased in breast cancer tissues
(Yang, Zhang et al. 1999). Moreover, LAR expression in human breast cancer specimens has
been associated with metastatic potential and ER expression (Levea, McGary et al. 2000), but
additional studies are required to understand the importance of this phosphatase in breast

cancer.

The non-transmembrane PTPH1 (encoded by PTPN3) was shown to be overexpressed
in some metastatic human primary breast tumor (Zhi, Hou et al. 2010). Mechanistically,
PTPH1 promotes breast cancer growth via its effect on the expression of nuclear vitamin D
receptor (VDR) protein. Notably, this effect is independent of its phosphatase activity, but
dependent on its ability to increase cytoplasmic translocation of VDR, leading to the mutual

stabilization of VDR and PTPH1 (Zhi, Hou et al. 2010).

In summary, in vitro and in some cases in vivo data suggest an oncogenic role for
PTP1B, PTPa, PTPe, LAR and PTPHL1 in breast cancer. These observations warrant future
experiments to demonstrate the value of each of these phosphatases as therapeutic targets in

breast cancer.
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3.10 Function and regulation of the tumor suppressor phosphatase PTPN12

Since their discovery, PTPs have been considered potential tumor suppressor because of their

antagonistic effects on oncogenic PTK signaling (Hunter 2009).

PTPN12 (a.k.a. PTP-PEST) is a ubiquitously expressed PTP that plays a role in cell
motility, cytokinesis, and apoptosis (Angers-Loustau, Cote et al. 1999; Garton and Tonks
1999; Cousin and Alfandari 2004; Playford, Lyons et al. 2006; Sastry, Rajfur et al. 2006;
Halle, Liu et al. 2007). In fibroblasts, PTPN12 acts downstream of integrins and receptor
tyrosine kinases (Charest, Wagner et al. 1997; Cong, Spencer et al. 2000; Lyons, Dunty et al.
2001) to regulate motility through its action on Rho GTPases (Sahai and Marshall 2002;
Sastry, Lyons et al. 2002). Excess levels of PTPN12 suppress Racl activity while decreased
PTPN12 levels elevate Racl and block RhoA activation (Sahai and Marshall 2002; Sastry,
Lyons et al. 2002). Importantly, PTPN12 acts, either directly or indirectly, on several tyrosine
kinases including c-SRC, c-ABL, and FAK, whose activities contribute to regulation of cell-
cell junctions and Rho GTPases (Playford, VVadali et al. 2008; Chellaiah and Schaller 2009;
Zheng, Xia et al. 2009). Although the precise function of PTPN12 in epithelial cells has not
been determined, few studies implicate this phosphatase in the control of intestinal
(Takekawa, Itoh et al. 1994) and pancreatic cancer cell motility (Sirois, Cote et al. 2006)
through c-SRC or c-ABL-dependent pathways, respectively. In mammary epithelial cells,
PTPN12 was shown to downregulate prolactin signaling in response to EGF (Horsch,

Schaller et al. 2001).
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3.11 Other tumor suppressor PTPs in breast cancer

Other PTPs have been suggested as tumor suppressor in breast cancer, like PTPy
(Panagopoulos, Pandis et al. 1996; Zheng, Kulp et al. 2000; Liu, Sugimoto et al. 2002; Liu,
Sugimoto et al. 2004; Wang, Huang et al. 2006; Shu, Sugimoto et al. 2010), PTP-BAS
(Bompard, Puech et al. 2002; Freiss, Bompard et al. 2004; Dromard, Bompard et al. 2007,
Revillion, Puech et al. 2009; Glondu-Lassis, Dromard et al. 2010), MEG2 (Yuan, Wang et
al.), GLEPP1 (Ramaswamy, Majumder et al. 2009) and PTP( (Perez-Pinera, Garcia-Suarez et

al. 2007).

The expression of the transmembrane PTPy (encoded by PTPRG) is reduced in breast
cancer compared to normal breast (Panagopoulos, Pandis et al. 1996; Zheng, Kulp et al.
2000). Interestingly, the expression of this phosphatase appears to be regulated by estrogen or
by conjugated linoleic acid (Zheng, Kulp et al. 2000; Liu, Sugimoto et al. 2002; Wang,
Huang et al. 2006). Moreover, PTPy overexpression was shown to inhibit growth in
monolayer cultures, anchorage-independent growth, and tumorigenicity of MCF7 breast
cancer cells (Liu, Sugimoto et al. 2004; Shu, Sugimoto et al. 2010). Mechanistically,
overexpression of PTPy in MCF7 cells reduces ERK1/2 phosphorylation and increases the
expression of p21(cip) and p27(kip) (Shu, Sugimoto et al. 2010). These data suggest that
PTPy is a potential tumor suppressor, however this possibility needs to be tested in additional

breast cancer models.

The non-transmembrane PTP-BAS (encoded by PTPN13) was initially found to
promote apoptosis following tamoxifen treatment in MCF7 breast cancer cells via direct
dephosphorylation of insulin receptor substrate-1 (IRS-1) and consequent inhibition of the
PI3K/AKT pathway (Bompard, Puech et al. 2002; Dromard, Bompard et al. 2007). Moreover,
PTP-BAS expression is a prognostic indicator of favorable outcome for patients with breast
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cancer (Revillion, Puech et al. 2009). Notably, PTP-BAS expression was found decreased in
breast cancer and metastasis specimens when compared with nonmalignant tissue (Glondu-
Lassis, Dromard et al. 2010). Depletion of PTP-BAS in MCF7 cells drastically increased
tumor growth and invasion (Glondu-Lassis, Dromard et al. 2010). Substrate-trapping
experiments revealed that PTP-BAS directly dephosphorylated Src on tyrosine 419, leading
to the inactivation of the Src downstream substrates FAK and pl130cas (Glondu-Lassis,
Dromard et al. 2010), and identifying a new mechanisms by which this phosphatase inhibits

breast tumor aggressiveness.

The non-transmembrane tyrosine phosphatase MEG2 (encoded by PTPN9) was
recently shown to directly dephosphorylate and inactivate both EGFR and HER2, and
subsequently to impair EGF-induced STAT3 and STATS5 activation, resulting in an inhibition
of cell growth in soft agar (Yuan, Wang et al. 2010). MEG2 overexpression also reduced
invasion and MMP2 expression in MDA-MB-231 breast cancer cells (Yuan, Wang et al.

2010), suggesting that MEG2 plays a signal-attenuating role in breast cancer.

The transmembrane PTP GLEPP1 (encoded by PTPRO) is particularly expressed on
the apical cell surface of the glomerular podocyte, and was shown to regulate the glomerular
pressure/filtration rate relationship through an effect on podocyte structure and function
(Wharram, Goyal et al. 2000). Expression of GLEPP1 was found to be reduced in breast
cancer cell lines due to promoter methylation compared to normal mammary epithelial cells
(Ramaswamy, Majumder et al. 2009). In line with this observation, treatment with 5-
azacytidine restored expression of GLEPP1. Moreover, PTPRO promoter region harbors
estrogen-responsive elements and treatment with estrogen reduces its expression, while
treatment with tamoxifen increases it (Ramaswamy, Majumder et al. 2009). Accordingly,

ectopic expression of GLEPP1 sensitized cells to the growth-suppressive effects of
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tamoxifen, indicating that this PTP might act as a tumor-suppressor (Ramaswamy, Majumder

et al. 2009).

The transmembrane PTP{ (encoded by PTPRZ1) functions as a receptor for the
cytokine pleiotrophin (PTN). PTN binding inactivates PTP{, leading to increased tyrosine
phosphorylation of different proteins including beta-catenin, Fyn, P190RhoGAP and ALK
(Perez-Pinera, Garcia-Suarez et al. 2007). PTP{ was found expressed in different breast
cancer subtypes and it correlated with ALK expression (Perez-Pinera, Garcia-Suarez et al.
2007), a RTK with oncogenic activity (Pulford, Morris et al. 2004; Perez-Pinera, Chang et al.
2007). This suggests that inactivation of PTP{ could activate ALK in breast cancer, and that

suppression of this PTP may favor breast tumor growth.
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4. RATIONALE OF THE WORK

Targeted therapies for breast cancer are currently available and generally consist of endocrine
treatment for ER-positive luminal tumors, and trastuzumab in combination with
chemotherapy for HER2-overexpressing tumors. However, despite an initial benefit due to
the treatment, patients frequently develop resistance and relapse. Thus, new anticancer agents
targeting key signaling nodes are urgently required to improve the survival of breast cancer

patients.

We focused on the most aggressive breast cancer subtypes, TNBCs and HER2-
positive tumors. This work aims at understanding the role of two PTPs, SHP2 and PTPN12,

in these subtypes of breast cancers.

Previous studies suggested that SHP2 might play a positive role in cancer. For
example, GOF somatic mutations are found in ~35% of juvenile myelomonocytic leukemias
and at various incidences in other myeloid malignancies, but rarely in solid cancers. SHP2 is
also activated downstream of oncogenes in gastric carcinoma, anaplastic large cell lymphoma
and glioblastoma. Although SHP2 mutations in breast cancer were not found, it was shown
that the gene encoding the SHP2-activating protein GAB2 is amplified and overexpressed in
10-15% of human breast tumors. In addition, it has been proposed that SHP2 is
overexpressed both in breast cancer cell lines and infiltrating ductal carcinoma of the breast,
and that this phosphatase promotes epithelial to mesenchymal transition in breast cancer
cells. However, none of these studies have addressed the in vivo role of SHP2 in CSCs or in
tumor maintenance and progression, and the signaling cascades and transcriptional factors

acting downstream of SHP2 remained ill-defined. We therefore used conditional reverse
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genetics, 3D cultures and in vivo models complemented by bioinformatic analysis to address

these important questions.

PTPN12 has been previously shown to inhibit cell motility, cytokinesis, and apoptosis
in several cellular systems. Our collaborators T. Westbrook from The Baylor College of
Medicine and S. Elledge from Harvard Medical School identified PTPN12 in a screen for
tumor suppressor genes in human mammary epithelial cells. We tested the effects of PTPN12
knockdown and/or overexpression of WT and loss of function mutants in the mammary
epithelial cell line MCF10A grown in 3D cultures, and investigated the role of PTPN12 as a

tumor suppressor in breast cancer.
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SUMMARY

Cancer stem cells (CSCs) influence tumor maintenance, progression and relapse in many
cancers but the signaling networks controlling these cells remain unknown. We demonstrate a
fundamental role for protein-tyrosine phosphatase SHP2 in these processes in HER2-positive
and triple-negative breast cancers, two subtypes associated with a poor prognosis.
Knockdown of SHP2 eradicated breast CSCs in vitro and in xenografts. SHP2 depletion
prevented invasion in 3D cultures and progression from in situ to invasive breast cancer in
vivo. Importantly, SHP2 knockdown in established breast tumors blocked growth and
reduced metastases. Mechanistically, SHP2 activated stemness-associated transcription
factors including c-Myc and ZEB1, which resulted in the repression of let-7 microRNA and
the expression of a set of “SHP2 signature” genes found co-activated in a large subset of
human primary breast tumors. Taken together, these data show that activation of SHP2 and
its downstream effectors is required for self-renewal of breast CSCs and for tumor
maintenance and progression, thus providing new insights into signaling cascades that

regulate CSCs and a rationale for targeting SHP2 in breast cancer.
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INTRODUCTION

Breast cancer is a heterogeneous disease that progresses to metastasis, a fatal hallmark of
cancer (Nguyen, Bos et al. 2009); and the cellular and biochemical mechanisms orchestrating
breast tumor maintenance and progression remain largely elusive. The characterization of the
cellular heterogeneity of the tumor is crucial for the identification of the source of metastases,
and elucidation of the oncogenic networks of cancer cells is fundamental to the development

of targeted therapies for this presently incurable disease.

Tumors, like normal organs, appear hierarchically organized at the cellular level.
Indeed, normal human and mouse mammary glands contain cells in a dynamic state of
stemness that are long-lived and self-renewing and that differentiate to all breast cell lineages
to form a functional gland (Pece, Tosoni et al. ; Kordon and Smith 1998; Shackleton, Vaillant
et al. 2006; Stingl, Eirew et al. 2006; Sleeman, Kendrick et al. 2007; Raouf, Zhao et al. 2008;
Visvader 2009; Pece, Tosoni et al. 2010). In the neoplastic breast, recent studies have
identified subpopulations of cancer cells in a stem-like state that seed and sustain a tumor,
recapitulating the heterogeneity of the original cancer. This subpopulation of “cancer stem
cells (CSCs)” or “tumor-initiating cells” (Al-Hajj, Wicha et al. 2003; Dontu, Al-Hajj et al.
2003; Stingl and Caldas 2007; Polyak and Weinberg 2009; Rosen and Jordan 2009; Visvader
2009) also plays an important role in metastasis and in resistance to chemo- and radiation
therapies (Dontu, Al-Hajj et al. 2003; Dean, Fojo et al. 2005; Li, Tiede et al. 2007; Li, Lewis
et al. 2008; Diehn, Cho et al. 2009). Whilst identification of the Achilles heel of CSCs is of
paramount clinical importance in the search for therapeutic targets, signaling networks

controlling CSCs stemness remain ill-defined.

In cancer, many signaling networks are subverted at the biochemical level (Vogelstein

and Kinzler 2004; Pawson and Kofler 2009). Most signaling pathways are modulated by
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reversible protein-tyrosine phosphorylation, which is regulated by protein-tyrosine kinases
(PTKs) and protein-tyrosine phosphatases (PTPs) (Hunter 2009). Abnormal tyrosine
phosphorylation underlies various diseases of deregulated growth and differentiation,
including cancer, and although the roles of several PTKs in breast carcinogenesis have been
studied extensively (e.g., ErbB2/HER?2), elucidation of the roles of specific PTPs in this
disease has only started recently (Hynes and Lane 2005; Ostman, Hellberg et al. 2006; Tonks
2006). The first bona fide PTP proto-oncogene was the Src-homology 2 domain-containing
phosphatase SHP2 (encoded by PTPN11), an ubiquitously expressed PTP that transduces
mitogenic, pro-survival, cell fate and/or pro-migratory signals from numerous growth factor-,
cytokine- and extracellular matrix receptors. SHP2 is required for full activation of the
ERK/MAPK pathway downstream of most receptors; however, its regulation of other
pathways (e.g., Jak/STAT and PI3K) is cell- and/or receptor-specific (Shi, Yu et al. 2000;
Chan, Kalaitzidis et al. 2008). Interestingly, gain-of-function (GOF) germline mutations of
SHP2 cause ~50% of cases of the developmental disorder Noonan syndrome (Tartaglia,
Mehler et al. 2001). Moreover, mouse genetics, gene silencing and sequencing studies have
demonstrated a broad role for SHP2 in development, cell fate and tumorigenesis (Grossmann,
Rosario et al. ; Tartaglia, Mehler et al. 2001; Feng 2007; Chan, Kalaitzidis et al. 2008;
Grossmann, Rosario et al. 2010). SHP2 null-embryos die peri-implantation and fail to yield
trophoblast stem cell lines (Yang, Klaman et al. 2006). While SHP2 deficiency increases self-
renewal of murine and human embryonic stem cells (Burdon, Stracey et al. 1999; Wu, Pang
et al. 2009), it decreases self-renewal in neural stem/progenitor cells and hematopoietic stem
cells (HSC), suggesting a cell-type specific role of SHP2 in regulating cell fate (Chan, Li et
al. 2006; Ke, Zhang et al. 2007). Systemic comparative transcriptomics and gene network
analysis have shown that SHP2 acts as a hub maintaining the stability and connectivity of the

HSC genetic network (Huang, Hsieh et al. 2008).
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In malignancies, SHP2 is hyperactivated either by mutations or downstream of
oncoproteins. GOF somatic mutations are found in ~35% of juvenile myelomonocytic
leukemias and at various incidences in other myeloid malignancies, but rarely in solid cancers
(Tartaglia, Niemeyer et al. 2003; Bentires-Alj, Paez et al. 2004; Chan, Kalaitzidis et al.
2008). SHP2 is also activated downstream of oncogenes in gastric carcinoma, anaplastic large
cell lymphoma and glioblastoma (Chan, Kalaitzidis et al. 2008; Zhan, Counelis et al. 2009).
Although our previous studies have not found SHP2 mutations in breast cancer, we and
others have found that the gene encoding the SHP2-activating protein GAB2 is amplified and
overexpressed in 10-15% of human breast tumors (Bocanegra, Bergamaschi et al. ; Bentires-
Alj, Paez et al. 2004; Bentires-Alj, Gil et al. 2006; Bocanegra, Bergamaschi et al. 2010). It
has been proposed that SHP2 is overexpressed both in breast cancer cell lines and infiltrating
ductal carcinoma of the breast, and that this phosphatase promotes epithelial to mesenchymal
transition in breast cancer cells (Zhou, Coad et al. 2008; Zhou and Agazie 2008). However,
none of these studies have addressed the in vivo role of SHP2 in CSCs or in tumor
maintenance and progression, and the signaling cascades and transcriptional factors acting

downstream of SHP2 remain ill-defined.

In this present study, using conditional reverse genetics, 3D cultures and in vivo
models complemented by bioinformatics analysis, we have not only uncovered an SHP2-
dependent positive feedback signaling loop but have also shown that SHP2 regulates breast
CSCs and is required for breast tumor maintenance and progression. This demonstrates that

SHP2 is an important target in breast cancer.
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RESULTS

SHP?2 is necessary for invasion, proliferation and loss of polarity in a 3D culture model

of invasive breast cancer

To assess the roles of SHP2 in breast cancer progression, we developed a 3D culture model
of invasive breast cancer and used inducible small hairpin RNA™R® (miRs) to deplete SHP2.
We established that overexpression of HER2 and HER3 caused immortalized but non-
transformed human breast epithelial cells MCF10A to form invasive, unpolarized and
hyperproliferative 3D structures with a filled lumen (Supplementary Fig. 1a,b). These
hallmarks are key events in breast cancer initiation and progression (Bissell, Radisky et al.
2002). Next, we constructed doxycycline (dox)-inducible lentiviral vectors expressing two
independent SHP2 miRs (SHP2 miR1/2) (Fig. 1a and Supplementary Fig. 2a), generated
pools of MCF10A-HER2/3 cells expressing the SHP2 miRs and grew them in 3D cultures.
SHP2 knockdown blocked HER2/3-evoked invasion by 85% (Fig. 1b). To exclude off-target
effects, we rescued MCF10A-HER?2/3 cell-invasiveness by expressing a non-targetable SHP2
cDNA (Rescue) in cells expressing SHP2 miR2 (Fig. 1a, b and Supplementary Fig. 2a),

thereby confirming that SHP2 depletion blocks invasiveness in MCF10A-HER2/3 cells.

To examine other markers in SHP2-depleted MCF10A-HER2/3 cells, we stained for
the proliferation marker Ki67, the apical Golgi marker GM130 and the basal marker laminin-
5 (Debnath, Mills et al. 2002) in MCF10A-HER2/3 cells expressing CTRL or SHP2 miRs.
SHP2 inhibition prevented the hyperproliferative, unpolarized and filled-lumen phenotypes of
MCF10A-HER2/3 in 3D cultures (Supplementary Fig. 2b). Thus, SHP2 is required not only

for invasiveness but also for hyperproliferation, luminal filling and loss of cell polarity.
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SHP2 promotes the transition from in situ to invasive carcinoma in vivo

Ductal carcinoma in situ (DCIS), in which cancer cells remain within the milk duct, is
believed to be the precursor of invasive ductal carcinoma (IDC), the most common type of
breast cancer (Allred, Wu et al. 2008), yet the signaling networks underlying this transition
remain ill-defined. To determine the effect of SHP2 knockdown on the transition from DCIS
to IDC, we used the human-in-mouse intraductal transplantation model (Behbod, Kittrell et
al. 2009). The onset of DCIS was detected 10 days after intraductal injection of pools of the
human breast cancer cell line BT474 expressing GFP and CTRL or SHP2 miR1 (Fig. 1c,d
and Supplementary Fig. 2c), at which point we treated mice with dox for 54 days. Whereas
CTRL cells invaded the surrounding stroma, indicating progression from DCIS to IDC (Fig.
1d-f), SHP2 miR1 cells did not progress to invasive carcinoma (Fig. 1d-f). These results
show that SHP2 is fundamental for breast cancer progression from DCIS to IDC and suggest

that targeting SHP2 could be useful for blocking breast tumor progression.

SHP2 is essential for tumor maintenance

The roles of SHP2 in breast tumor growth and progression in vivo are unknown. To test
whether SHP2 is required for tumor maintenance, we used dox-inducible miRs to deplete
SHP2 after overt tumor development (Fig. 2a). Pools of three HER2-positive (BT474,
SKBR3 and MCF10A-NeuNT) and two triple-negative (SUM159 and SUM1315) breast
cancer cell lines expressing either CTRL or SHP2 miRs were injected orthotopically into
mammary fat pads of immunodeficient mice. In the absence of dox, tumor growth was not
affected in SHP2 miR tumors (Supplementary Fig. 3a). Dox treatment dramatically blocked

the growth of xenografts expressing SHP2 miRs. In contrast, dox administered when tumors

34



Results

from CTRL or SHP2 miRs cells were palpable did not affect the growth of tumors expressing
CTRL miR or SHP2 miR2 rescued with exogenous SHP2 (Fig. 2b,c). We quantified this
effect in terms of tumor volume, area and weight (Fig. 2b,c and Supplementary Fig. 3b,c).
These results show that SHP2 expression is absolutely required for the growth and
maintenance of established HER2-positive and triple-negative tumors, two breast cancer

subtypes associated with a poor prognosis.

At the end of the above experiment, we confirmed that SHP2 expression levels
remained lower in xenografts of cells expressing SHP2 miRs than in CTRL miR
(Supplementary Fig. 3d). Immunohistochemical analysis of Ki67 revealed a decrease in
proliferation in tumors lacking SHP2 (Fig. 2d), while staining for CD31 showed no
differences in microvessel density. Thus, in addition to its role in promoting proliferation ex
vivo (Supplementary Fig. 2b), SHP2 also increased proliferation in vivo. Altogether, our
results show that SHP2 increases cell proliferation and is required for the growth and

maintenance of two aggressive breast tumor subtypes.

SHP2 promotes metastases

Given our observations that SHP2 increases invasion ex vivo and in vivo and that this
phosphatase is required for tumor maintenance in vivo, we asked whether SHP2 knockdown
in breast tumors also reduces their metastatic capacity. To mimic the neoadjuvant setting
when patients are treated prior to tumor removal, mice bearing BT474 CTRL or SHP2 miR1
xenografts were dox-treated for 30 days, tumors were removed and the mice were monitored
for a further 16 weeks without dox before lung metastases were quantified (Fig. 2e). H&E

and HER2 staining of the lungs showed that SHP2 knockdown reduced the metastatic
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capacity of BT474 tumors. Remarkably, the mean number of metastases per mouse was ~4
times less in the absence of SHP2 than in CTRL (Fig. 2f). These observations demonstrate

that knockdown of SHP2 in the primary tumor decreased lung metastases.

SHP?2 is required for the maintenance and tumor-seeding ability of CSCs

The role of SHP2 in the maintenance of breast CSCs is unknown. We addressed this question
using different assays, initially with the tumorsphere-formation assay in which CSCs form
floating spherical colonies when grown in non-adherent conditions (Dontu, Abdallah et al.
2003; Ponti, Costa et al. 2005). We measured the tumorsphere-formation efficiency of HER2-
positive and triple-negative breast cancer cell lines in the presence or absence of SHP2 (Fig.
3a top panels). To assess whether SHP2 controls self-renewal of CSCs, the primary
tumorspheres were dissociated into single cells and reseeded. Interestingly, the ratio of the
number of secondary and primary tumorspheres was lower upon SHP2 knockdown than in
the control, showing that SHP2 depletion decreases self-renewal capacity of CSCs in the
tested models (Fig. 3a bottom panels). This suggests that SHP2 knockdown reduces self-

renewal of breast CSCs of both HER2-positive and triple-negative tumors.

Second, we examined CSCs distribution in the presence or absence of SHP2 by
analyzing the expression of the cell-surface markers CD44 and CD24, as the
CD44""/CD24"" cell population has been shown to be enriched in breast CSCs (Al-Hajj,
Wicha et al. 2003). HER2/HERS3 co-overexpression in MCF10A cells increased the number
of CD44"9"/CD24"" cells in vitro. Interestingly, knockdown of SHP2 depleted the population

of CSCs in MCF10A-HER2/3 cells (Fig. 2b,c and Supplementary Fig. 4a,b). We also

36



Results

observed a decrease in the number of CD44"9"/CD24'" cells when we depleted SHP2 in the

triple-negative breast cancer cells SUM159 (Supplementary Fig. 4c,d).

Third, to assess directly the effects of SHP2 on the tumor-seeding capacity of breast
CSCs in vivo, we assayed the ability of human cancer cells to seed tumors or to grow as
tumorspheres following SHP2 knockdown in xenografts. We isolated single cells from
tumors with or without SHP2 and either transplanted them in mice at serial dilutions or grew
them as tumorspheres in the absence of dox (Fig. 3d). Notably, we found that whereas CTRL
cells efficiently seeded new tumors, deletion of SHP2 in vivo strongly impaired both
tumorsphere formation and tumor seeding capacity (Fig. 3e,f and Supplementary Fig. 4e).
The fact that neither mice transplanted with cells, nor the cells grown as tumorspheres were
treated with dox, indicated that depletion of CSCs upon knockdown of SHP2 happened in
vivo during dox treatment of the primary tumors. These data indicate a strong requirement for

SHP2 in the maintenance of breast CSCs in vitro and in vivo.

SHP2 effects on stemness and tumor progression are dependent on activation of the

ERK pathway

We next sought to define the biochemical pathways whose activity in breast cancer in vivo
requires SHP2. Screening for changes in phosphorylation upon SHP2 knockdown in tumors
using a reverse-phase protein array (RPA) revealed a decrease in phosphorylation of several
signaling molecules (Fig. 4a and Supplementary Fig. 5a). Immunoblotting of tumor lysates
confirmed the decrease in phosphorylation of ERK5, ERK1/2, AKT, PLCy, EGFR and HER2
(Supplementary Fig. 5b). To distinguish tumor-specific changes in phospho-proteins from

changes in the mouse stroma, we also analyzed protein phosphorylation in lysates from
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BT474 tumorspheres. SHP2 deletion dramatically reduced the phosphorylation of ERK5 and
to a lesser extent of ERK1/2, PLCy, AKT, EGFR and HER2 (Fig. 4b). Consistently, we also
observed reduced phosphorylation of ERK5 and ERK1/2 in MCF10A-HER?2/3 tumorspheres

upon knockdown of SHP2 (Supplementary Fig. 5c).

We then used two independent shRNAs to knockdown ERK5 (ERKS5 shl and sh2)
and measured the tumorsphere-formation efficiency of BT474 and MCF10A-HER2/3 cells in
the presence (CTRL vector) or absence of ERK5. Knockdown of ERKS5 reduced tumorsphere
formation (~30% fewer primary and secondary tumorspheres in ERK5 shRNA cells than in
CTRL cells) but did not affect self-renewal (Fig. 4c and Supplementary Fig. 5d). These
results show that ERK5 depletion is not sufficient to phenocopy the effect of SHP2 loss on
CSCs. Interestingly, upon ERK5 knockdown, BT474 and MCF10A-HER?2/3 tumorspheres
expressed higher levels of active ERK1/2, suggesting that phosphorylation of ERK1/2 may
compensate for ERKS5 loss (Fig. 4d and Supplementary Fig. 5d). We next combined ERK5
depletion with pharmacological inhibition of ERK1/2 using PD184352. Consistent with
previous observations (Mody, Leitch et al. 2001), we found that PD184352 specifically
inhibited ERK1/2 activation at 1 puM and both ERK1/2 and ERKS5 activation at 10 pM
(Supplementary Fig. 5e). Knockdown of ERKS5 and treatment of BT474 and MCF10A-
HER2/3 tumorspheres with PD184352 at 1 uM, or treatment with 10 uM PD184352 that
abrogates activation of both ERK5 and ERK1/2, reduced tumorsphere-formation efficiency
and self-renewal similar to SHP2 knockdown (Fig. 4e and Supplementary Fig. 5e,f). To
assess whether inhibition of both ERK1/2 and ERKS is required for mimicking the effect of
SHP2 knockdown on CSCs, we treated BT474 and MCF10A-HER2/3 tumorspheres with
PD184352 at 1 uM, which inhibits ERK1/2 but not ERKS5, and found this to dramatically

reduce tumorsphere formation and self-renewal, recapitulating the effect of SHP2 knockdown
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(Fig. 4e and Supplementary Fig. 5e,f). These results suggest that SHP2 action on CSCs is

predominantly dependent on ERK1/2 activation.

To further investigate the effects of SHP2-evoked activation of ERK5 and ERK1/2 on
the number of CSC, we examined CSC distribution in MCF10A-HER2/3 cells lacking ERK5
and/or treated with PD184352 by measuring the proportion of CD44"9"/CD24" cells. ERK5
depletion decreased the CD44"9"/CD24"" cell population by ~35%. Similar to the results of
the tumorsphere assay, simultaneous inhibition of ERK5 and ERK1/2, or ERK1/2 inhibition
alone, led to complete depletion of the CD44"9"/CD24"" population (Fig. 4f and
Supplementary Fig. 5g), exactly as we observed upon SHP2 knockdown (Fig. 3b,c). These
results show that although ERKS is hyperactivated in the presence of SHP2, it contributes
only partially to the role of SHP2 in CSCs, and that SHP2 increases CSCs self-renewal

predominantly by activating ERK1/2.

We then investigated whether inactivation of ERK1/2 and/or ERK5 affects the
invasiveness of MCF10A-HER2/3 cells grown in 3D cultures. ERK5 knockdown in
MCF10A-HER?2/3 cells decreased invasion by ~20%. Notably, the inhibition of ERK1/2
alone or in combination with ERK5 inactivation completely blocked HER2/3-evoked

invasion (Fig. 49).

Altogether, our data show that the requirement for SHP2 in self-renewal of breast

CSCs and tumor progression is predominantly due to SHP2-evoked activation of ERK1/2.

SHP2 increases the activity of stemness-associated transcription factors that repress let-

7 miRNA and increase stemness and invasion of breast tumors
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The effect of SHP2 on gene expression in cancer has not been examined. To address this, we
analyzed the gene expression profiles of BT474 CTRL and SHP2 miRs tumors after 30 days
of dox and identified 180 downregulated genes, referred to as the “SHP2 signature” (Fig. 5a
and Supplementary Table 1). Gene ontology analysis of the signature revealed enrichment
in development-associated genes, mainly of the HOX family (Supplementary Fig. 6a,b). To
identify the transcription factors whose activity is responsible for the observed changes, we
used a computational method (Suzuki, Forrest et al. 2009) to model global gene expression
patterns in terms of genome-wide predictions of transcription factor binding sites. This
analysis identified 10 transcription regulators that are inferred to cause significant
downregulation of their targets upon SHP2 inactivation (Fig. 5b). Among these transcription
factors is ZEBL1, a zinc finger E-box-binding homeobox 1 that was shown to induce EMT
(Wellner, Schubert et al. 2009). Consistently, ZEB1 was downregulated in microarrays of
BT474 tumors lacking SHP2 (Supplementary Table 1). Analysis of RNA from BT474 and
SUM159 tumors by real-time PCR confirmed that ZEB1 expression was repressed upon
SHP2 knockdown (Fig. 5¢). The repression of ZEB1 was accompanied by downregulation of
the EMT markers Fibronectinl, Vimentin and N-cadherin (Supplementary Fig. 7),
indicating a role for SHP2 in EMT in vivo. To assess the functional role of ZEB1 downstream
of SHP2, we generated pools of MCF10A-HER2/3 cells expressing inducible ZEB1 miR
(Supplementary Fig. 8a). Knockdown of ZEB1 dramatically reduced invasion in MCF10A-
HER2/3 cells grown in 3D cultures (Fig. 5d). Moreover, ZEB1 depletion reduced the self-
renewal of MCF10A-HER2/3 cells (Fig. 5e), although not to the same extent as depletion of
SHP2 (Fig. 3a). These data indicate that ZEB1 acts downstream of SHP2 in promoting
invasion and stemness and suggest that additional mediators are required for the effect of

SHP2 on self-renewal capacity of CSCs.
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To address this question, we analyzed transcriptome changes upon SHP2 knockdown
in vivo with the Ingenuity resource. This analysis revealed that SHP2 knockdown strongly
affected genes belonging to the c-Myc network (Supplementary Fig. 8b), confirming that c-
Myc transcriptional activity is reduced upon SHP2 knockdown in vivo (Fig. 5b). Moreover,
the expression of the known c-Myc target LIN28B (Chang, Zeitels et al. 2009), a suppressor
of miRNA biogenesis, was decreased in microarrays from tumors lacking SHP2
(Supplementary Table 1). These observations prompted us to dissect the role of c-Myc and
LIN28B downstream of SHP2 in CSCs. First, we quantified the expression of LIN28B by
real-time PCR in BT474 and SUM159 tumors, and confirmed that it was transcriptionally
repressed upon SHP2 knockdown in both models (Fig. 5f). LIN28B has been shown
previously to suppress the biogenesis of the let-7 miRNA (Viswanathan, Daley et al. 2008;
Chang, Zeitels et al. 2009; Iliopoulos, Hirsch et al. 2009). Consistently, we observed that 20
genes among the “SHP2 signature” genes were predicted let-7 targets (Supplementary
Table 2), the majority of which are tightly associated with the c-Myc pathway
(Supplementary Fig. 8c). To avoid cross-detection of stromal mouse let-7 miRNA present in
the tumors, we analyzed its expression in MCF10A-HER2/3 cells grown in 3D cultures in the
presence or absence of SHP2. Remarkably, we found increased biogenesis of mature let-7a
and let-7b in the absence of SHP2 in these cells (Fig. 5g). Consistently, whole gene
expression analysis of MCF10A-HERZ2/3 cells grown in 3D cultures or xenografts of BT474
cells showed a stronger decrease in the expression of RNAs encoding predicted let-7 target
genes than other genes in the absence of SHP2 (Fig. 5h). We further confirmed the
downregulation, at the protein level, of the let-7 targets RAS and c-Myc in tumors lacking

SHP2 (Fig. 5i).

Next, we assessed whether the expression levels of ZEB1 and LIN28B are dependent

on activation of ERK1/2. Treatment with PD184352 showed that ERK1/2 inhibition reduced
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the expression of ZEB1 and LIN28B in both SUM159 and MCF10A-HER2/3 cells (Fig. 5j
and Supplementary Fig. 8d). These data suggest that the effects of SHP2 on ZEB1 and

LIN28B expression are mediated by ERK1/2.

Our findings suggest that SHP2 activation of ERK1/2 increases the expression of c-
Myc and LIN28B in breast cancer. To test this model directly, we asked whether restoring the
expression of c-Myc or LIN28B rescues the effects of SHP2 knockdown. Notably, expression
of c-Myc restored expression of LIN28B in MCF10A-HER2/3 cells lacking SHP2
(Supplementary Fig. 8e). Consistently, expression of either c-Myc or LIN28B restored

invasion and self-renewal of CSCs in MCF10A-HER2/3 cells lacking SHP2 (Fig. 5k,l).

In summary, we show that SHP2 is required for stemness and invasion of breast
tumors. Our data demonstrate that SHP2 promotes ERKSs activation, causing upregulation of
ZEB1 and c-Myc-dependent expression of LIN28B, which leads to repression of let-7
miRNA and overexpression of let-7 target genes including RAS (Fig. 5m). These data
identify a key feed forward signaling loop required for the maintenance of breast CSCs and

invasiveness of breast tumors.

SHP2 is expressed and active in a large subset of primary breast tumors

SHP2 has been previously found expressed in a large number of breast tumors (Zhou, Coad et
al. 2008), although its expression in normal tissue and its activity in breast cancer patients are
still unclear. We first examined the expression of SHP2 in normal breast, primary tumors and
in breast cancer cell lines. We found high levels of SHP2 expression in ~88% of breast
tumors, but no consistent changes in SHP2 expression between normal and neoplastic tissue

(Fig. 6a,b and Supplementary Fig. 9a,b). Moreover, SHP2 expression levels did not
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significantly correlate with any tumor histotype or clinicopathological parameter
(Supplementary Table 3). These results suggest that SHP2 activation by oncogenes rather
than SHP2 overexpression determines its roles in breast tumorigenesis.

We then used the “SHP2 signature” genes as a readout for SHP2 activation. To assess
whether expression of the “SHP2 signature” could be used to stratify patients with breast
cancer, we asked whether the genes from this signature are co-overexpressed in human breast
tumors. In four independent publicly available datasets, we found that the “SHP2 signature”
genes are co-regulated and cluster the patients into two groups: one with downregulation
(group 1) and the other with overexpression (group 2) of the “SHP2 signature” genes.
Notably, the clear split into “SHP2 signature” low- and high-expression groups was hardly
ever observed in 10,000 randomly-selected gene groups of the same size (Fig. 6¢ and

Supplementary Fig 10).

We next grouped the data from the four datasets and found that ~55% of all primary
breast cancers overexpress the “SHP2 signature” genes (Fig. 6d). Strikingly, analysis of two
of these datasets for which the molecular subtypes were reported showed that the “SHP2
signature” was high more frequently in triple-negative breast cancers (Fig. 6e), a subtype
characterized by poor outcome and lack of efficient therapy and thought to be enriched in

CSCs (Stingl and Caldas 2007; Nakshatri, Srour et al. 2009).

Taken together, our findings indicate that the “SHP2 signature” genes are
overexpressed in ~55% of human primary breast tumors, particularly those of the triple-
negative subtype. Importantly, these data suggest that, of all breast cancer subtypes, SHP2
inhibition might be very effective in patients bearing tumors with high “SHP2 signature”
genes and might prove particularly effective in triple-negative breast cancer, a currently

incurable disease.
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DISCUSSION

Recent studies have demonstrated the importance of CSCs in breast cancer (Al-Hajj, Wicha
et al. 2003; Dontu, Al-Hajj et al. 2003; Li, Tiede et al. 2007; Stingl and Caldas 2007; Li,
Lewis et al. 2008). The signaling networks that govern CSCs remain ill-defined, however,
and their delineation should pave the way for development of targeted, potentially curative
cancer therapies. In this study, we provide new insights into the multiple roles of SHP2 in
cancer. We found that SHP2 increases self-renewal of breast CSCs and is required for breast
tumor maintenance and progression, demonstrating that SHP2 is a high quality target in

human breast cancer.

Evidence that SHP2 increases self-renewal of breast CSCs is shown by several in
vitro and in vivo models. Knockdown of SHP2 in vitro reduced the proportion of the
CD44""/CD24" population and decreased tumorsphere-forming efficiency. In several
different in vivo models, SHP2 knockdown inhibited tumor growth, reduced tumorsphere-
forming efficiency of the cancer cells and dramatically decreased their capacity to seed new
tumors when transplanted back at limiting dilutions in mice. Evidence for SHP2 requirement
for breast tumor maintenance and progression comes from our in vivo and 3D culture
experiments. First, SHP2 knockdown blocked the growth of established breast tumors and
decreased the number of lung metastases. SHP2 depletion in invasive 3D cultures also
reduced proliferation and prevented loss of polarity, two critical steps in the oncogenic
process (Bissell, Radisky et al. 2002; Zhan, Rosenberg et al. 2008), further supporting a role
for SHP2 in tumor maintenance and progression. Third, knockdown of SHP2 prevented
invasion in 3D cultures and blocked the transition from DCIS to IDC in a human-in-mouse

intraductal transplantation model, supporting a role of SHP2 in tumor progression.
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It was reported recently that induction of an invasive phenotype in normal or
neoplastic mammary epithelial cell populations increases the number of cells with CSC-like
properties, suggesting a functional overlap between the invasion phenotype and the state of
stemness (Mani, Guo et al. 2008). In line with this concept, CSCs are thought to be
responsible for metastases (Li, Tiede et al. 2007). Our observations that SHP2 regulates CSCs
and EMT, mediates the progression from DCIS to IDC and promotes metastatic spread

suggest that SHP2 acts as a molecular hub for these fundamental phenomena.

Mechanistically, we found that the effects of SHP2 on self-renewal of CSC and
invasion of breast cancer cells require ERK pathway activation. Further, we show that SHP2
activation of ERK1/2 induces expression of the transcription factors ZEB1 and c-Myc, the
latter mediating increase in LIN28B expression. Notably, the EMT-activator ZEB1 has been
previously suggested to increase stemness in pancreatic and colorectal cancers (Wellner,
Schubert et al. 2009). Moreover, LIN28B, an RNA-binding protein and a marker of
undifferentiated human embryonic stem cells (Richards, Tan et al. 2004), promoted c-Myc-
mediated proliferation and invasion in several cancer models (Chang, Zeitels et al. 2009;
Wang, Chen et al. 2011). In our studies, c-Myc-induced LIN28B expression repressed let-7
MIiRNA leading to overexpression of let-7 targets, including RAS and other regulators of
stemness (Johnson, Grosshans et al. 2005; Iliopoulos, Hirsch et al. 2009). These findings
uncover a novel mechanism of ERK regulation by SHP2 and identify an SHP2-dependent
positive feedback loop required for the maintenance of CSC and for the invasiveness of

breast cancer cells.

Importantly, our work has led to the discovery of an “SHP2 signature”, a set of genes
that we found to be co-overexpressed in ~55% of human primary breast tumors. This

signature reflects the existence of an SHP2-driven gene network, mainly controlled by c-Myc
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and ZEBL activity, and capable of maintaining stemness and invasiveness of breast tumors.
Notably, the SHP2 signature genes are co-overexpressed in ~55% of all breast tumors and
more frequently in triple-negative breast cancers, an aggressive subtype that lacks efficient
therapies and is thought to be enriched in CSCs (Stingl and Caldas 2007; Nakshatri, Srour et
al. 2009). These results suggest that inhibiting SHP2 might be particularly effective in human
triple-negative breast cancer, specially the ones recently found to be dependent on active
RTKs (Sun, Aceto et al. 2011), that require SHP2 for full activation of ERK (Chan,

Kalaitzidis et al. 2008).

As SHP2 has been shown to act downstream of most growth factor and cytokine
receptors, targeting SHP2 might be therapeutic in other cancers in which SHP2 is
hyperactivated, e.g., downstream of the cytotoxin-associated antigen A (CagA) encoded by
virulent H. pylori strains in gastric carcinoma, of the fusion protein NPM-ALK in anaplastic
large cell lymphoma, and of EGFRvIII in glioma (Chan, Kalaitzidis et al. 2008). Our findings
warrant experiments to address whether SHP2 also regulates CSCs, tumor maintenance and

progression in these malignancies.

In summary, we have shown that knockdown of SHP2 depletes the breast CSC-
population and inhibits breast cancer maintenance and progression. These findings reveal a
fundamental SHP2-dependent positive feedback loop regulating CSCs and reinforce the need

for developing selective inhibitors of SHP2 for treating aggressive malignancies.
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FIGURE LEGENDS

Fig. 1. SHP2 promotes invasion, proliferation and loss of polarity in 3D cultures and in
vivo. (a) Dox treatment of MCF10A-HER2/3 cells deleted SHP2 in cells expressing SHP2
miR1 and 2 (90.5% and 91.1%, respectively), but not in cells expressing firefly (CTRL) miR
or in cells expressing SHP2 cDNA (Rescue) or SHP2 miR2, which targets the 3° UTR.
Immunoblot showing expression of SHP2, HER2, HER3 and ERK2 (loading control) in the
presence (+) or absence (-) of dox. (b) SHP2 knockdown decreased the percentage of
HERZ2/3-evoked invasive structures (9% versus 94% in CTRL). Representative phase contrast
images of MCF10A-HER2/3 cells grown in 3D culture for 20 days and expressing the
indicated miRs. The bar graph shows the percentage of invasive structures. Results represent
means +SEM from five independent experiments; **P<0.0001. (c) Schematic of DCIS onset
following injection of cells into the primary mouse mammary duct of immunodeficient mice.
BT474-GFP cells formed DCIS-like lesions 10 days (DCIS Onset) after intraductal injection.
The miR was activated by treating the mice with dox at the onset of DCIS. (d,e)
Representative images of whole-mount (d), H&E-stained, GFP-stained and Keratin18-stained
(e) mammary glands at DCIS onset (top) and after 54 days of treatment with dox (bottom)
(n=6). DAPI (blue) stained the nuclei. IDC is seen in the presence (bottom left) but not in the
absence of SHP2 (bottom right). (f) Bar graph showing the mean percentage of mammary

glands with IDC +SEM (n=6, *P<0.05).

Fig. 2. SHP2 is required for tumor maintenance, growth and progression to lung
metastases. (a) Schematic of the experiment. Cells were injected orthotopically and the mice
after tumors became palpable were treated continuously with dox to express the miRs. (b, c)
Tumor growth curves of HER2-positive (b) and triple-negative (c) breast cancer cell lines in

the presence or absence of SHP2 showing the mean tumor volume (mm?®) +SEM (BT474
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n=15, SKBR3 n=10, MCF10A-NeuNT n=8, SUM159 n=10, SUM1315 n=9; *P<0.0005,
**P<(.0001). (d) SHP2 knockdown reduced proliferation. Representative images of H&E-,
Ki67- and CD31-stained sections of BT474 tumors expressing CTRL or SHP2 miR1
dissected after 30 days of treatment with dox. Note the decrease in number of mitoses (from
21/mm? to 12/mm?) without any sign of necrosis and the increased presence of mature
collagen (arrows) upon knockdown of SHP2. Immunostaining for Ki67 showed a twofold
decrease in proliferation in the absence of SHP2. Immunostaining for CD31 revealed no
differences in microvessel density in the presence or absence of SHP2. The bar graphs show
the percentage of Ki67- or CD31-positive cells £SEM (n=8, **P<0.00002) (right). (e)
Schematic of the lung metastases study. Mice were injected with 10° BT474 cells expressing
CTRL or SHP2 miR1 and treated with dox for 30 days after the tumors became palpable. The
primary tumors were then dissected and the mice kept alive without dox for a further 16
weeks, after which the lungs were analyzed for the presence of metastases. (f) SHP2
knockdown after overt tumor development reduced the metastatic capacity of BT474 tumors.
Representative H&E- and HER2-stained histological sections of lungs from mice bearing
BT474-CTRL or BT474-SHP2 miR1 tumors as indicated. HER2 staining identifies BT474
foci specifically. Metastases were found in 3 out of 4 animals in the control group and in 4
out of 8 animals bearing tumors lacking SHP2. The bar graph shows the mean number of
metastases per animal +SEM (n=3 in the CTRL group and n=4 in the SHP2 miR1 group;

*P<0.04).

Fig. 3. SHP2 maintains the cancer stem cell population in vitro and in vivo. (a) Self-
renewal was reduced in the absence of SHP2. Mean tumorsphere formation and self-renewal
capacities. Results represent means £SEM from four independent experiments; *P<0.003,
**P<0.0008. (b) Representative flow cytometry dot plots showing that HER2/HER3

increased the CD44"9"/CD24"" subpopulation (green rectangle) in MCF10A cells (left
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panels). Knockdown of SHP2 decreased the CD44"9"/CD24"" subpopulation. Dot plots of
CD44/CD24 expression in MCF10A-HER2/3 cells expressing CTRL or SHP2 miR and
treated with dox for 7 days (right panels). Only RFP"" cells corresponding to high miR
expression were counted (Supplementary Fig. 4a). () Mean percentage of CD44"9"/CD24""
cells in MCF10A cells. Results represent means +SEM from four independent experiments;
**pP=0.0001. (d) Schematic of the approach used to assess the requirement for SHP2 of CSCs
in vivo. Mice bearing tumors expressing CTRL or SHP2 miR were treated with dox in vivo.
Single cells were then generated from the tumors and were either transplanted as serial
dilutions or seeded for the tumorspheres assay without dox. (e) SHP2 knockdown in
xenografts reduced the tumorsphere-forming capacity of BT474 cells. Representative images
of tumorspheres are shown. The bar graph shows the mean number of tumorspheres/10* cells
+SEM from four independent experiments; **P<0.00001. (f) Limiting dilution
transplantations show that SHP2 knockdown in xenografts reduced the tumor-formation
ability of BT474, SUM159 and SUM1315 cells. The transplanted mice were kept without
dox for 8 weeks, after which the number of mice with tumors was counted; P=2.1x10° for

BT474, P=3.3x10"® for SUM159 and P=0.0015 for SUM1315 calculated by Poisson test.

Fig. 4. SHP2 promotion of breast CSCs self-renewal and tumor progression is
dependent on the ERK pathway. (a) RPA analysis of BT474 tumors treated with dox for 30
days. Array spot images of three dilutions of lysates from tumors. (b) Immunoblot of lysates
from BT474 primary tumorspheres in the presence or absence of SHP2. The bar graph shows
the percentage of normalized protein £SEM (n=3). (¢) ERK5 knockdown partially reduces
the tumorsphere-forming capacity but does not affect self-renewal of BT474 cells. Bar graphs
showing self-renewal capacities and the mean number of BT474 tumorspheres/10* cells
+SEM (n=3); **P<0.004. (d) Immunoblot of lysates from BT474 primary tumorspheres in

the presence or absence of ERK5 (n=3). (e) Inhibition of ERK1/2 activity alone (1 pM
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PD184352) or in combination with ERKS5 inactivation (1 uM PD184352 and ERK5 shRNA,
or 10 uM PD184352 alone) decreases BT474 tumorsphere-formation efficiency and self-
renewal. The bar graph shows self-renewal capacities and the mean number of BT474
tumorspheres/10* cells +SEM (n=3); *P<0.001, **P<0.0008. (f) Mean percentage of the
CD44"M"/CD24"" population in MCF10A-HER2/3 cells in the presence or absence of ERK5
and/or treated with PD184352 for 7 days. Results represent means +SEM (n=3); *P<0.005,
**P<5x10”. (g) The bar graph shows the percentage of invasive structures of MCF10A-
HER2/3 cells grown in 3D culture for 15 days in the presence or absence of ERK5 and/or

treated with PD184352. Results represent means +SEM (n=4); *P<0.05, **P<0.003.

Fig. 5. SHP2 increases the activity of key transcription factors and represses let-7
microRNA, enhancing invasion and self-renewal of CSCs. (a) Plot of the gene expression
contrast in BT474 SHP2 miR1-CTRL miR tumors versus SHP2 miR2-CTRL miR tumors.
The green line circles genes of the SHP2 signature. (b) Table showing the MARA mean
activity scores (xSD) of 10 transcription factors whose activity was reduced upon SHP2
knockdown. “P down” values show for each factor the probability of a decreased activity in
SHP2 miRs compared with CTRL miR samples. (c) Quantitative Real-Time PCR of ZEBL.
Bar graph showing the percentage of ZEB1 expression in BT474 and SUM159 tumors in the
presence or absence of SHP2. Results represent means +SEM (n=3); *P<0.029, **P<0.018.
(d) Bar graph showing the mean percentage of invasive structures of MCF10A-HER2/3
grown in 3D cultures for 15 days in the presence or absence of ZEB1 +SEM (n=3);
**P<(0.01. (e) Bar graphs showing the self-renewal capacities and the mean number of
MCF10A-HER2/3 tumorspheres/10* cells in the presence or absence of ZEB1 +SEM (n=3);
*P<0.05. (f) Quantitative Real-Time PCR of LIN28B. Bar graph showing the percentage of
LIN28B expression in BT474 and SUM159 tumors in the presence or absence of SHP2.

Results represent means £SEM (n=3); *P<0.03, **P<0.02. (g) Quantitative Real-Time PCR
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on mature let-7a and let-7b miRNAs. The bar graph shows the mean percentage of let-7a and
let-7b expression in MCF10A-HER2/3 cells grown in 3D cultures for 15 days in the presence
or absence of SHP2 £SEM (n=3); *P<0.04. (h) Downregulation of let-7 target genes in the
absence of SHP2. Curves showing the relative frequency (density) of genes that are not
targeted by let-7 (non-target), genes that are predicted let-7 targets (let-7 targets), and genes

that are the 100 most likely let-7 targets (top 100 let-7 targets) according to TargetScan 5.1

resource (www.targetscan.org) upon SHP2 knockdown in MCF10A-HER2/3 cells grown in
3D cultures (3D cultures) or in BT474 tumors (in vivo). P values are shown in the plot area.
(1) Immunoblot showing the expression of SHP2, P-ERK, ERK and the let-7 targets c-Myc
and RAS in lysates from BT474 tumors treated with dox for 30 days. (J) Quantitative Real-
Time PCR of ZEB1 and LIN28B. Bar graph showing the mean percentage of ZEB1 and
LIN28B expression in SUM159 cells upon treatment with 1 uM PD184352 for 7 days +SEM
(n=3); *P<0.016. (k) Bar graph showing the percentage of invasive structures of MCF10A-
HER2/3 cells grown in 3D cultures for 15 days in the presence or absence of SHP2 and
expressing a c-Myc or LIN28B rescue. Results represent means +SEM (n=3); **P<2.9x10™.
(I) Bar graph showing the self-renewal capacities of MCF10A-HER2/3 cells in the presence
or absence of SHP2 and expressing a c-Myc or LIN28B rescue. Results represent means
+SEM (n=3); **P<0.0015. (m) Model of the mechanism of action of SHP2 in CSCs: SHP2
activates the ERK pathway, which in turn promotes ZEB1 transcription and c-Myc-dependent
LIN28B expression. The expression of LIN28B blocks the processing of let-7, maintaining

high levels of let-7 target genes including RAS and c-Myc.

Fig. 6. SHP2 is expressed and active in a large subset of breast cancer patients. (a)
Representative images of human primary normal breast and breast tumors scoring from 0 to 3
depending on the abundance of SHP2 expression. (b) Quantification of SHP2 expression in

human normal and neoplastic breast. (c) Expression heatmap for SHP2 signature genes in
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human primary breast tumors. Mean expression of each gene is indicated in gray, and
expression level Z-scores are mapped to colors from red (z=-5.0, below mean) to blue (z=5.0,
above mean). Genes (rows) and patients (columns) are clustered by expression (see
Methods), resulting in the patient groups 1 and 2. Expression polarization between the groups
of patients is shown as a red line for the SHP2 signature against 10,000 randomly-selected
gene signatures of the same size (bottom); P=0.0001 for the Bos, Wang and Bittner datasets,
P=0.0002 for the Stockholm dataset. (d) Bar graph showing the percentage of all patients
(including the Bos, Wang, Bittner and Stockholm datasets) belonging to group 1 (low SHP2
signature genes, i.e. inactive SHP2) or group 2 (high SHP2 signature genes, i.e. active SHP2).
(e) Bar graph showing the percentage of group 1 and group 2 patients in each breast cancer
molecular subtype. Genes of the SHP2 signature are upregulated in all the molecular
subtypes, but more frequently in the triple-negative tumors; P=6.24x10" for the Bittner and

P=2.02x10"*? for the Stockholm dataset.
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METHODS

3D cultures. MCF10A cells were grown and stained as previously described (Bentires-Alj,
Gil et al. 2006). For experiments with inducible miRs, 500 ng/ml of dox and 10 ng/ml of
heregulin (Sigma) were added to the medium 2 days after seeding the cells and refreshed

every 2 days.

Chemicals and vectors. For the inducible RNAI studies, 97-mer shRNAmMIiR (miR) were
obtained from Sigma, PCR-amplified, sequence-confirmed and cloned into the dox-inducible
lentiviral vector pINDUCER (Meerbrey, Hu et al. 2011). We used 2 miRs targeting SHP2,
SHP2 miR1 (5°-
TGCTGTTGACAGTGAGCGCGGGCACGAATATACAAATATTTAGTGAAGCCACAG
ATGTAAATATTTGTATATTCGTGCCCTTGCCTACTGCCTCGGA-3’) and SHP2 miR2
(5’
TGCTGTTGACAGTGAGCGACCACGTATATTATGTAGTCTATAGTGAAGCCACAGA
TGTATAGACTACATAATATACGTGGGTGCCTACTGCCTCGGA-3’) and miR targeting
ZEB1

(5’ TGCTGTTGACAGTGAGCGAGCGCAATAACGTTACAAATTATAGTGAAGCCACA
GATGTATAATTTGTAACGTTATTGCGCCTGCCTACTGCCTCGGA-3’). As a control,
we used an miR targeting firefly luciferase (CTRL miR). Constitutive ERK5 shRNAs were
obtained from Sigma. Rescue experiments were performed with pMSCV-neo-SHP2-WT,
pBabe-puro-LIN28B (Addgene) and pSD-94-c-Myc (Duss, Andre et al. 2007). PD184352
(C1-1040) was purchased from Biovision and the cells were treated with fresh inhibitor every

2 days.

Animal experiments. Experiments with SCID-beige mice (Jackson Labs) were carried out

according to FMI guidelines. For the intraductal transplantation, 50,000 BT474 cells were
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injected as previously described (Behbod, Kittrell et al. 2009). For the other studies, 10°
BT474, 5x10° SKBR3, 10° MCF10A-NeuNT, 10° SUM159 or 10° SUM1315 cells were
suspended in a 100-pl mixture of Basement Membrane Matrix Phenol Red-free (BD
Biosciences) and PBS 1:1 and injected orthotopically. For BT474 cells injections, the mice
were pre-implanted with a 17-Beta-Estradiol (Sigma) pellet. Expression of miRs was induced
by dox in the drinking water (2 g/l of dox in a 5% sucrose solution), which was refreshed

every 48 h.

Tumorsphere assay. Single cells were seeded on Ultra Low Attachment Plates (Corning) at
a concentration of 100,000/ml. For experiments with inducible miRs, dox was added at the
beginning of the tumorsphere assay and refreshed every 2 days. Tumorspheres larger than 50
pm diameter were counted 7 days after seeding (1° tumorspheres). The primary spheres were
dissociated with HyQTase and 20,000/ml cells seeded in the presence of dox. The number of

tumorspheres was counted after 7 days (2° tumorspheres).

Immunohistochemistry. For TMA studies, paraffin sections from a cohort of 19 normal
human breast tissues and 354 human breast tumors were stained with SHP2 (1:200)
antibodies (Santa Cruz) as previously described (Zhou, Coad et al. 2008). For the intraductal
studies, mouse mammary gland tissue was fixed in MethCarnoy’s (60% methanol, 30%
chloroform and 10% glacial acetic acid) for 4 h, stained in Carmine-Alum solution,
embedded in paraffin and stained with hematoxylin and eosin (H&E), anti-GFP (MBL) or
anti-Keratinl8 (Fitzgerald) antibodies. For the other xenograft studies, tumors were fixed in
Formal Fix solution (Thermo Electro Corporation) for 16 h, embedded in paraffin and stained
with H&E, anti-Ki67 (Thermo Scientific) or anti-CD31 (Dianova) antibodies. Mouse lungs
were fixed in Bouin’s fixative, embedded in paraffin and stained with H&E or anti-HER2

(Dako) antibodies.
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FACS analysis. MCF10A or SUM159 cells were dissociated with HyQTase and stained with
a 1:5 dilution of Alexa fluor 647 anti-CD24 and a 1:200 dilution of Alexa fluor 488 anti-

CD44 antibodies (Biolegend).

Microarray analysis. Total RNA was extracted from tumors with TRIzol reagent
(Invitrogen). RNA was processed, hybridized to GeneChip Human Gene 1.0 ST arrays
(Affymetrix, Santa Clara, CA) and scanned according to the manufacturer’s instructions. All

gene arrays were processed in R (www.r-project.org) using bioconductor and the package

oligo. Robust multi-array mean (RMA) was performed using the following command: expr
<- rma(read.celfiles(filenames,  pkgname="pd.hugene.1.0.st.v1”), target="probeset”).
Expressions for transcript clusters were calculated by averaging corresponding probeset

values (using array annotation from Affymetrix).

The contrast between SHP2 miR1-CTRL miR and SHP2 miR2-CTRL miR
expressing tumors was plotted and 210 Affymetrix 1Ds were found to be either upregulated or
downregulated in both SHP2 miRs-expressing tumors (black asterisks in Fig. 5a). Of these
210 IDs, 182 had a human gene annotation. 180 genes were downregulated whereas only two
were upregulated in SHP2 miR1/2 tumors (Supplementary Table 1). The 180 downregulated

genes were considered to be the “SHP2 signature”.

Analysis of let-7 target genes from microarray data. Contrasts between SHP2 miRs
samples — CTRL miR were calculated as described above for both MCF10A-HER2/3 cells
grown in 3D cultures and BT474 tumors in the presence or absence of SHP2. Using the

TargetScan 5.1 resource (www.targetscan.org), we defined three groups of expressed genes

(average log2 expression level greater than 4.0): genes that are not targeted by let-7, genes

that are predicted let-7 targets and genes that are the 100 most likely let-7 targets sorted by
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TargetScan scores. For each group of genes, we plotted the relative frequency (density) of

log2 fold changes induced by SHP2 knockdown.

Analysis of public microarray data. CEL files were downloaded
(http://www.ncbi.nlm.nih.gov/geo, accessions: GSE12276 for the Bos dataset (Bos, Zhang et
al. 2009), GSE2034 for the Wang dataset (Wang, Klijn et al. 2005), GSE1456 for the
Stockholm dataset (Pawitan, Bjohle et al. 2005) and GSE2109 for the Bittner dataset) and
normalized using gcrma from R/bioconductor. Probesets were linked to genes using
Affymetrix annotation and, for genes represented by multiple probesets, those with maximal
variance across tumors were selected. Genes not clearly detected (mean log2 level below 4.0)
were removed. For clustering and visualization, Z-scores were calculated from expression
levels of each gene by subtracting the mean and dividing by the standard deviation. Patients
were split into two groups by k-means clustering and expression polarization was defined as

the absolute difference between the mean expression levels over genes and patients in each

group.

Motif activity response analysis (MARA). We used MARA (Suzuki, Forrest et al. 2009) to
model genome-wide gene expression patterns in terms of computationally predicted
transcription factor binding sites. We calculated the means and standard errors of the
activities of over 200 human regulatory motifs in the CTRL, SHP2 miR1 and SHP2 miR2
samples, identifying those motifs that were consistently downregulated in both SHP2 miR1
and SHP2 miR2 samples.

Immunoblotting and Reverse-Phase Protein Array (RPA). Total protein lysates for
immunoblotting were obtained using L-buffer (2.5% SDS, Tris-HCI 250 mM pH 7.4). RPA
was performed as previously described (Voshol, Ehrat et al. 2009). For immunoblotting, we

used anti-SHP2, HER3, ERK2, EGFR, PLCy (Santa Cruz), HER2 (Calbiochem), P-EGFR
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(Invitrogen), P-HER2, Ras (Millipore), P-PLCy (Upstate), c-Myc (Sigma), P-ERK1/2, P-
ERKS5 and ERKS5 (Cell Signaling) antibodies. For RPA, we used anti-SHP2 (Santa Cruz), P-
EGFR, P-MEK3/6 (Invitrogen), P-HER2 (Millipore), P-PDGFRbeta, P-ERK5, P-ERK1/2, P-
p38, P-JNK, P-AKT, P-GSK3 o/B, P-S6, P-mTOR, P-PLCy, P-STAT1, P-STATS3, P-

BCatenin, P-ACC, P-TUBERIN, and P-PP1a (Cell Signaling) antibodies.

Quantitative Real-Time PCR. Total RNA was extracted with TRIzol reagent (Invitrogen)
and used as a template for production of cDNA (Invitrogen). cDNA was used for SYBR-
based quantitative real time PCR for quantification of transcript levels of HOXAS (F: 5’-
GCTGCAAAACGGGGGAAATAAAG-3’; R: 5’-TTTCCCTCGCAGTTCCATTAGGA-3’),
HOXA9 (F: 5’-GAGGGGAGGGGACAGAGAGGTAG-3’; R: 5’-
CTCCGCTGCTTTATGTTCCTGCT-37), HOXA13 (F: 5'-
GGCTCCAAGAAACACCCATTCTG-3’; R: 5’-GCAGTGGGGACAGGTCAGGTAAT-3"),
HOXB5 (F: 5’-AAAGCCCAACCCCTGCTCTAAAA-3; R: 5’
AGTCGCCGGGAGAGAAAGAAAC-3’), HOXB6 (F: 5’
CGACTGAGAAAAGGGTTGCTGGT-3’; R: 5’-CAATCGCTGGATTCAACCACTCA-3’),
HOXB9 (F: 5’-ACGCTTTATCAGGCAGTCGGAAA-3’; R: 5’
CCTGCTCAACTTCTCAGCCAACA-3’), HOXD10 (F: 5’-
TTCCAGTTTAGAGCCTGCCTTGC-3’; R: 5-GATGATATATGGGCGGGCACAG-3’),
HOXD11 (F: 5’-CGGGTGGAAGAGAAATCTGGAAC-3’ R: 5'-
GTCTAAGGACAGTGGGGCAGTCG-3’), HOXD13 (F: 5’-
TTTATAAACGTCCCGCGATGAGC-3’; R: 5-TAGCCCTCTCTCCCTCTGTGAGC-3),
ZEB1 (F: 5’-GCACCTGAAGAGGACCAGAG-3’; R: 5’-TGCATCTGGTGTTCCATTTT-
3), Fibronectinl (F: 5’-CAGTGGGAGACCTCGAGAAG-3’; R: 5-
TCCCTCGGAACATCAGAAAC-3’), Vimentin (F: 5’-GAGAACTTTGCCGTTGAAGC-3’;

R: 5-GCTTCCTGTAGGTGGCAATC-37), N-cadherin (F: 5-
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ACAGTGGCCACCTACAAAGG-3’; R: 5-CCGAGATGGGGTTGATAATG-3’) and
LIN28B (F: 5’-CTGTCAGAGCATCATGCACATG-37 R: 5'-
GGGTGGCTGTGCAACATTTT-3’). GAPDH (F: 5-ACCCAGAAGACTGTGGATGG-37;
R: 5-TCTAGACGGCAGGTCAGGTC-37) and ACTIN (F: 5'-
TTGCCGACAGGATGCAGAA-3’; R: 5’-GCCGATCCACACGGAGTACT-3’) were used

as loading controls. All the primers were designed to specifically amplify human transcripts.

Statistical analysis. Paired data were evaluated by Student’s t-test. The transplantation
frequency analysis was performed using R and the “statmod” package as previously
described (Shackleton, Vaillant et al. 2006). The single-hit assumption was tested as
recommended and was not rejected for any dilution series (P>0.05). P values for let-7 target
genes downregulation were calculated with Wilcoxon rank sum test. P values for observed
expression polarization were calculated as P=(b+1)/(R+1), where R is the number of
randomly selected gene groups of the same size as our signature (10,000), and b is the
number of times that a random gene group produced an expression polarization value equal to
or greater than the one obtained for our signature. P values for association of patient groups

with molecular tumor subtypes were calculated using Fisher's exact test.
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SUPPLEMENTARY INFORMATION

Supplementary Figure 1 Aceto et al.

b Empty Vector HER2 HER3

Supplementary Fig. 1. HER2? and HER3 co-overexpression confers an imvasive phenofype on

MCF10A cells. (a) Immunoblot showing expression levels of HER2, HER3 and ERE? (loading control) i

MCF10A cells. (b) Representative phase contrast images of MCF10A cells expressing the empty vector,

HER2. HER3 or HER2/HER3 grown in 3D cultures for 20 days.
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Supplementary Figure 2 Aceto et al.
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Supplementary Fig. 2. SHP2 promotes invasion, proliferation and loss of polarity in 3D cultures and
in vivo. (a) Top: Schematic of the inducible lentiviral vector that expresses sShRNA™ (miR) and turbo red
fluorescent protein (tRFP) upon treatment with dox. Boftom: Schematic of the pMSCV vector expressmg
human wild-type SHP2 and GFP cDNAs. (b) SHP? knockdown reduced proliferation. restored polarity and
blocked mvasion. Representative confocal mmages of equatomal cross-sections of MCF10A-HER2/3
structures grown in 3D culture for 20 days in the presence or absence of SHP2 and stamned as mdicated. The
bar graphs show the percentage of Ki67-positive cells and the percentage of polanized structures. Results
represent means +SEM from four independent experiments; **P=0.001. (¢) Treatment with dox of BT474
cells expressing GFP (for marking the cells) and an mducible SHP2 nuR1. but not cells expressing CTRL
miR_ resulted in the downregulation of SHP2. Immunoblot shows levels of SHP2, HEER2 and ERK2 (loadmg

control) m the presence (+) or absence (-) of dox.
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Supplementary Figure 3 Aceto et al.
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Supplementary Fig. 3. SHP2 is essential for tumor maintenance. (a) Tumor growth curves of BT474

parental cells or those expressing SHPZ miR.1 1n the presence or absence of dox. Dox was added at the onset

of tumors and maintained until the end of the experiment. The curves show the average tumeor volume (mm?®)

+£5EM (n=6 per group, *P<0.006). (b) SHP2 knockdown decreased tumor area 5 fumes. Representative

bioluminescence mmages of BT474 primary tumors after 30 days of treatment with dox. (¢) SHP2

knockdown decreased tumor weight. Bar graph showing mean tumor weight (mg) £5EM after treatment

with dox (BT474 n=15. SKBR3 =10, MCF10A-NeuNT »=8, SUM159 n=10, SUM1315 »=9; *P=0.04,

*#P=0.00003). (d) Persistent reduction of SHP2 expression in tumors expressing SHP2 nuRs compared with

CTRL nuR after treatment with dox. Immunoblot showing expression of SHP2, HER? and ERK? (loading

control) i lysates from the indicated tumors.

69



Results

Supplementary Figure 4 Aceto et al.
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Supplementary Fig. 4. SHP2 knockdown depletes the CSC population. (a) Distnbution of RFP-positive
cells after dox-mediated activation of CTRL or SHP2 miR1 in MCF10A-HER2/3 cells. Only the RFP™&
cells (29.2% of the total) were considered for the CD44™®/CD24"™ analysis. (b) As an internal control. we
evaluated the distnbution of RFP and CD24 expression in MCF10A-HER2/3 cells expressing SHP2 nuR.1.
High RFP expression, which correlates with low SHP2 expression, was associated with an increase in the
CD24"# population lacking CSCs. Representative flow cytometry dot plot of CD24 and RFP expression in
MCF10A-HER2/3 cells expressing SHP? miR1. (c¢) Representative flow cytometry dot plots showing
CD44/CD24 expression in SUM159 cells expressing CTRL or SHP2 miRs and treated with dox for 7 days.
(d) Mean percentage of CD44™#/CD24"™ cells in SUM159 cells. Results represent means +SEM from three
independent experiments; *P<005 (e) To exclude the possibility that BT474 cells lacking SHP2 died
before transplantation. we seeded them in virre mmmediately after single cell 1solation and found that they
were viable and proliferating when grown as monolayer cultures. Representative phase contrast images of
monolayer cultures of cells denved from BT474 tumors expressing CTRL or SHP2 miR treated with dox for

30 days.
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Supplementary Figure 5 Aceto et al.
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Supplementary Fig. 5. SHP! promotes maintenance of breast CSCs and tumeor progression via
activation of the ERK pathway. (a) RPA screeming using lysates from BT474 CTRL. nuR1 and miR2
tumors after 5. 10 and 30 days of treatment with dox. The bar graph shows the average fold change of the
indicated proteins =SEM (n=8, *P=0.05, **P<0.01). (b) Immunoblot of lysates from BT474 tumors. The
bar graph shows the percentage of normalized protemn £SEM (n=3). (¢) Imnmmoblot of lysates form
MCF10A-HER2/3 pnimary tumorspheres i the presence or absence of SHP2. The bar graph shows the
percentage of normalized protein £5EM (n=3). (d) Immunoblot of lysates form MCF10A-HER2/3 primary
tumorspheres i the presence or absence of ERK5. The bar graph shows the percentage of normalized
protem £SEM (n=3). (¢) Immunocblot of lysates form BT474 prumary tumorspheres expressing ERKS
shRNA alone or i combination with PD184352 treatment. (f) ERKS knockdown partially reduces the
tumorsphere-forming capacity of MCF10A-HER2/3 cells, whereas ERK1/2 mhibition almost completely
abolishes it. Bar graph showing the average number of MCF10A-HER2/3 tumorspheres/10* cells +SEM
(n=3); *P<0.001, **P=55x10". (g) Representative flow cytometry dot plots showing that ERK1/2 and
ERKS inhibition decreased the CD44™®/CD24™ subpopulation (green rectangle) in MCF10A-HER2/3

cells.
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Supplementary Figure 6 Aceto et al.
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Supplementary Fig. 6. SHP2 induces the expression of a set of development-associated genes. (a) Gene
ontology analysis (Ingenuity) of the “SHP2 signature™ described in Figure 5a revealed a remarkable
enrichment in development-associated genes. This entichment was mainly determined by the presence of 9
HOX genes (HOXAS, HOXA9, HOXA13, HOXBS, HOXB6, HOXB9, HOXD10, HOXDI11 and HOXD13)
in the SHP? signature. (b) Quantitative Real-Time PCR confirmed the decrease in the expression of HOX
genes upon depletion of SHP2. RNA was isolated from BT474 tumors expressing CTRL or SHP? miRs
treated for 30 days with dox. Quantitative Real-Time PCE was performed using primers against HOXAS,
HOXA9 HOXAI13, HOXBS, HOXB6, HOXB9, HOXD10, HOXD11 and HOXDI13. Results represent

means £SEM (n=3); *P<0.05.
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Supplementary Figure 7 Aceto et al.
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Supplementary Fig. 7. SHP2 induces EMT in vive. Quantitative Real-Time PCR of the EMT markers
Fibronectinl, Vimentin and N-cadherin. The bar graphs show the percentage of EMT marker expression in
BT474 and SUM159 tumeors in the presence or absence of SHP2. Results represent means £SEM (n=3);

*P<0.05.
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Supplementary Figure 8 Aceto et al.
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Supplementary Fig. 8. SHP2? maintains CSCs via ERK1/2-mediated activation of ZEB1 and c-Alyc
transcription factors. (a) Quantitative FEeal-Time PCR of the transcription factor ZEB1. The bar graph
shows the mean percentage of ZEB1 expression i MCF10A-HER2/3 cells expressing an mducible ZEB1
miR +SEM (7=3); **P=0.00054. (b) Network analysis (Ingemuty) of downregulated and upregulated genes
(greater than =05 logarithmic fold change) upon SHP2 knockdown in BT474 tumors. The top-ranked
network 1s shown, displaying c-Myc as a key factor. Downregulated genes are shown m green, upregulated
genes m red. Tngenuity network score=47 (¢) Network analysis (Ingenuity) of predicted let-7 targets within
the SHP2 signature (listed in Supplementary Table 2). The top ranked network 15 shown, indicating that let-7
target genes within the SHP2 signature strongly associate with the c-Myc network. Ingenuity network
score=28 (d) Quantitative Real-Time PCR of ZEB1 and LIN28B. The bar graph shows the mean percentage
of ZEB1 and LIN28B expression in MCF10A-HER2/3 cells upon treatment with 1 pM PD184352 for 7
days =SEM (n=3); *P=0.5. (e) Quantimative Real-Time PCR of LIN28B. The bar graph shows the
percentage of LIN28B expression in MCFI10A-HER2/3 cells in the presence or absence of SHP2 and

expressing a c-Iye or LIN28B rescue. Results represent means £5EM (n=3); *P=10.048.
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Supplementary Figure 9 Aceto et al.
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Supplementary Fig. 9. SHP2 is expressed in normal human breast and primary breast tumors. (a)
Immunoblot shows levels of SHP2 and ERK? (loading control) expression in a panel of normal human
mammary epithelial cells (first three lines) and human breast cancer cell lines. (b) Validation of the SHP2
antibody for immunohistochenustry. Representative images of sections of BT474 cells expressing a CTRL

or SHP2 muR1 stamed with anti-SHP?2 antibodies.
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Supplementary Figure 10 Aceto et al.
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Supplementary Fig. 10. SHP2 signature genes are expressed in a large subset of breast cancer
patients. Representative mean gene expression levels (log2) of the genes from the “SHPZ? signature™ from

the Bos dataset. In all datasets used, genes above 4 (threshold, red line) were considered expressed and used

for the polanization analysis.
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Supplementary Table 1. Upregulated and dovwnregulated genes in SHP2 miR1 and SHP2

miR?2 tumors

UPREGULATED (2 genes)

Log EC Entrez gene ID Gene name Description
2146 283463 MUC19 nmicin 19, oligomeric
0.977 27328 PCDHI1X protocadherin 11 X-linked

DOWNREGULATED (180 genes, “SHP2 signature™)

Log EC Entrez gene ID Gene name Description

sarcoglyean, beta (43kDa dystrophin-associated

0812 6443 SGCB glycoprotein)

-0.822 9753 ZSCANI12 zinc finger and SCAN domain containing 172

mhibitor of DNA binding 4, dominant negative helix-

-0.843 3400 D4 loop-helix protein

-0.854 7547 ZIC3 Zic family member 3 {odd-paired homolog, Drosophila)
-0.861 54504 CPVL carboxypeptidase, vitellogenic-like

-0.881 3105 HLA-A miajor histocompatibility complex, class T A
-0.803 55283 MCOLN3 mmucolipin 3

-0.804 132671 SPATAILS spermatogenesis associated 18 homolog (rat)
-0.897 55076 TMEM45A transmembrane protein 454

guanine micleotide binding protein (G protein), alpha

-0.004 2774 GNAL activating activity polypeptide, olfactory type
-0.911 79901 CYBEDI1 cytochrome b reductase 1

-0.917 7102 TSPANT tetraspanin 7

-0.917 6935 ZEBI zinc finger E-box binding homeobox 1
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-0.921 34875 CNTLIN centlein, centrosomal protein
-0.921 4747 NEFL nevrofilament, light polypeptide
-0.934 201161 CENPV centromere protein V
-0.937 84100 ARLG ADP-ribosylation factor-like 6
-0.940 3231 HPRT1 hypoxanthine phosphoribosyliransferase 1
-0.940 151827 LERC34 leucine rich repeat confaining 34
-0.942 10630 PDPN podoplanin
0.944 222389 BEND7 BEN domain containing 7
solute carnier family 16, member 10 {aromatic amino acid
-0.048 117247 SLC16A10 transporter)
-0.951 158318 FAMITE] fanuly with sequence similarity 27, member E1
pleckstrin homology domain containing, family A
-0.959 50338 PLEEHALI (phosphoinositide binding specific) member 1
-0.960 51191 HERCS hect domain and RID 5
-0.962 53344 CHIC1 cysteine-rich hydrophobic domain 1
-0.967 84205 PHF6 PHD finger protein 6
elongation of very long chain fatty acids (FEN1/Elo2,
-0.968 6785 ELOVL4 SUR4/Elo3, yeast)-like 4
0975 84168 ANTHRI anthrax toxin receptor 1
-0.981 23532 PRAME preferentially expressed antigen in melanoma
-0.083 6322 SCML1 sex comb on midleg-like 1 (Drosophila)
CAP-GLY domain containing linker protein fanuly,
-0.986 79745 CLIP4 member 4
-0.088 27443 CECE2 cat eye syndrome chromosome region, candidate 2
-0.997 25004 CNOT10 CCR4-NOT transcription complex. subunit 10
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-1.007 10643 IGF2BP3 insulin-like growth factor 2 mRNA binding protein 3
-1.008 4675 NAPILS micleosome assembly protein 1-like 3
-1.011 2719 GPC3 glypican 3
-1.012 84451 ETAA1804 mixed lineage kinase 4
-1.015 8526 DGEE diacylglycerol kinase, epsilon 64kDa
-1.015 355 FAS Fas (TNF receptor superfamily, member G)
-1.031 285220 EPHAG EPH receptor A6
-1.031 79070 EDELC1 EDEL (Lys-Asp-Glu-Leu) containing 1
cysteine-rich secretory protein LCCL domain containing
-1.038 83680 CRISPLDI 1
-1.040 1795 DOCES dedicator of cytokinesis 3
-1.043 2182 ACSL4 acyl-CoA synthetase long-chain family member 4
-1.045 70937 CNTNAP3 contactin associated protein-like 3
pleckstrin homology domain containing, family M,
-1.046 380072 PLEEHM3 member 3
-1.047 5962 RDX radixin
-1.049 20946 TBX18 T-box 18
-1.055 58528 RRAGD Ras-related GTP binding D
-1.061 3215 HOXEB5 homeobox B3
synuclein, alpha (non A4 component of amyloid
-1.063 6622 SNCA precursor)
-1.065 65901 FUNDC2 FUN14 domain containing 2
-1.067 8516 ITGAS integrin, alpha §
HEM]1, ATP-dependent DNA helicase homolog (5.
-1.069 164045 HFM1 cerevisiae)
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-1.072 10644 IGF2BP2 insulin-like growth factor 2 mRIMNA binding protein 2
-1.073 504 CCND2 cyclin D2
small glutanune-rich tetrairicopeptide repeat (TPR)-
-1.079 54557 SGTB contaiming, beta
-1.085 283078 MEX mohawk homeobox
-1.086 131544 CEYBG3 beta-gamma crystallin domain containing 3
-1.087 51186 WBP5 WW domain binding protein 5
-1.089 23284 LPHN3 latrophilin 3
-1.095 56271 BEX4 brain expressed. X-linked 4
-1.098 144402 CPNES copine VIII
-1.104 2731 GLDC glveine dehydrogenase (decarboxylating)
-1.111 222553 SLC35F1 solute carrier family 35, member F1
-1.114 3200 HOXMA13 homeobox Al3
serpin peptidase inhibitor, clade F (alpha-2 antiplasnun,
-1.114 5176 SERPINF1 pigment epithelinm derived factor), member 1
-1.117 4741 NEFM neurofilament, medivm polypeptide
-1.119 21711 SYCP2L synaptonemal complex protein 2-like
-1.121 2273 FHL1 four and a half TIM domains 1
apolipoprotein B mENA edifing enzyme, catalytic
-1.123 27350 APOBEC3C polvpeptide-like 3C
-1.124 800 CALIMN caldesmon 1
-1.130 60681 FEEBP10 FE506 binding protein 10, 65 kDa
-1.131 3237 HOXD11 homeobox D11
-1.136 163259 DENNDZC DENN/MADD domain containing 2C
-1.141 54830 LRRC40 lencine rich repeat confaining 49
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-1.143 01775 FAMSSC family with sequence sinilarity 55, member C
-1.151 o729 ETAAQ408 KTAA(408
-1.154 3219 HOXBY homeobox BY
-1.160 37020 Cl60RFa2 chromosome 16 open reading frame 62
-1.166 37001 ACNO ACNO homolog (5. cerevisiag)
-1.167 7001 TUSC3 tumor suppressor candidate 3

elongation of very long chain fatty acids (FEN1/Elo2,
-1.171 54808 ELOVL2 SUR4/Elo3, yeast)-like 2

sparc/osteonectin, cwev and kazal-like domains

-1.173 0859 SPOCES proteoglycan (testican) 3
-1.184 3216 HOXBG homeobox B6
-1.186 57539 WDR3> WD repeat domain 35
-1.190 4354 MPPI1 membrane protein, palmitoylated 1, 55kDa
-1.196 81545 FBXO38 F-box protein 38
-1.200 5563 PREAAD profein kinase, AMP-activated, alpha 2 catalvtic subunit
-1.201 122060 SLAIN1 SLATN motif family. member 1
-1.204 27031 NPHP3 nephronophthisis 3 (adolescent)
-1.208 57650 E1AA1524 K1AA1524
-1.211 53631 PRPS1 phosphoribosy] pyrophosphate synthetase 1
-1.213 10052 GIC1 gap junction profein, gamma 1, 43kDa
-1.224 154796 AMOT angiomotin

solute carrier family 9 (sodivm/hydrogen exchanger).
-1.225 10470 SLCOAG member 6
-1.233 115207 ECTD12 potassium chanmel tetramernisation domain confainmg 12
-1.236 34830 NUPG62CL nucleoporin 62kDa C-terminal like
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-1.243 0666 DZIP3 DAY interacting protein 3, zinc finger

-1.244 83700 JAMS3 junctional adhesion molecule 3

-1.245 3205 HOXAQ homeobox AD

-1.257 138649 ANERD19 ankyrin repeat domain 19

cyclin-dependent kinase inhibitor 2A (melanoma, pl6,

-1.262 1029 CDEN2A inhibits CDE4)

-1.266 386 BCATI branched chain aninotransferase 1, cytosolic

-1.269 4042 OAT omithine anunotransferase (gyrate atrophy)

-1.271 23266 LPHN? latrophilin 2

-1.274 79780 CCDCs2 cotled-coil domain confaimng 82

-1.306 51170 HSD17B11 hydroxysteroid (17-beta) dehvdrogenase 11

-1.306 25030 SAMHDI SAM domain and HD domain 1

-1.308 116966 WDR17 WD repeat domain 17

-1.316 65075 STE33 sering/threonine kinase 33

-1.321 2050 G5TP1 glutathione S-transferase pi 1
transient receptor potential cation channel, subfamuily C,

-1.325 7220 TRPC1 member 1

-1327 1152 CEB creatine kinase, brain

-1.335 389421 LIN28B lin-28 homolog B (C. elegans)

-1.330 160428 ATDHIL2 aldehyde dehvdrogenase 1 fanuly, member L2

-1.354 26278 SACS spastic ataxia of Charlevoix-Saguenay (sacsin)

-1.360 1047 CLGN calmegin

-1.366 53004 MYQO3A myosin [TA

-1.373 23136 EPB41L3 erythrocyte membrane protein band 4. 1-like 3

-1.378 0481 SLC25A27 solute carrer family 25, member 27
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-1.406 1462 VCAN versican
-1.441 403860 GPXE glutathione peroxidase 8 (putative)
UDP-N-acetyl-alpha-D-galactosanine polvpeptide N-

-1.457 114805 GALNTI13 acetylgalactosaminyltransferase 13 (GallNAc-T13)
-1.460 25045 PVEL3 poliovirus receptor-related 3
-1.461 26002 MOXD1 monooxygenase, DBH-like 1
-1.498 23462 HEY1 hairy/enhancer-of-split related with YRPW motif 1
-1.506 70640 MAPTD3 MAPT domain contaiming 3

1527 2008 ESD esterase D/formylglutathione hydrolase

membrane protein, palnitoylated 6 (MAGUE p55

-1.531 51678 MPPS subfamily member )

1.535 2070 EvA4 eves absent homolog 4 (Drosophila)

1.555 23111 SPG20 spastic paraplegia 20 (Trover syndrome)

1.555 57683 ZDBEF2 zine finger, DBF-tvpe containing 2

1.574 7754 ZNF204 zinc finger protein 204 psendogene

1.576 55081 IFT57 intraflagellar transport 57 homolog (Chlamyvdomonas)

aldo-keto reductase famuly 1. member B1 (aldose
-1.579 231 AKRIB1 reductase)
adenosine deanunase, tRINA-specific 2. TAD2 homolog

-1.580 134637 ADAT?2 (S. cerevisiae)
-1.580 100131827 ZNFT17 zine finger protein 717
-1.589 55704 CCDC8sA coiled-coil domain containing 88A

1.596 7762 ZNF215 zine finger protein 215
-1.601 4281 MID1 midline 1 (Opitz BBB syndrome)

1.605 220 FBN2 fibrillin 2
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LOC1001308
-1.606 100130876 76 hypothetical LOC100130876
-1.607 00843 TCEALS transcription elongation factor A (SIT)-like 8
-1.614 10642 IGF2BP1 insulin-like growth factor 2 mENA binding protein 1
-1.632 441459 ANERDI1SB ankyrin repeat domain 188
-1.647 3325 PLAGL] pleiomorphic adenoma gene-like 1
-1.661 135203 PM20D2 peptidase M20 domain containing 2
-1.673 3945 LDHB lactate dehydrogenase B
-1.675 196968 C150RF51 dynamin 1 pseudogene
-1.704 5781 PTPN11 protein tyrosine phosphatase, non-receptor type 11
-1.730 2037 EPB411.2 erythrocyte membrane protein band 4.1-like 2
transducin-like enhancer of split 4 (E(spl) homolog,

-1.753 7091 TLE4 Drosophila)
-1.764 31280 GOLMI1 golgi membrane protein 1
-1.765 116843 C60RF192 chromosome 6 open reading frame 192
-1.821 3239 HOXD13 homeobox D13
-1.833 0333 SLIT2 slit homolog 2 (Drosophila)

ubiguitin carboxyl-terminal esterase L1 (ubiquitin
-1.874 T345 UCHL1 thiolesterase)
-1.875 79650 DYNCZH1 dynein, cytoplasmic 2, heavy chamn 1
-1.888 1373 CP51 carbamoyl-phosphate synthetase 1. mitochondrial
-1.900 160897 GPER180 G protein-coupled receptor 180
-1.962 5836 PYGL phosphorvlase, glycogen, liver
-1.068 51200 NEN1 neuritin 1
-1.975 36952 PRTFDC1 phosphoribosy] transferase domain confaiming 1
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solute carrier family 16, member 1 {monocarboxylic acid

-1.990 G566 SLCI16A1 transporter 1)
-2.040 1825 DsC3 desmocollin 3
-2.083 54400 TMCO1 transmembrane and coiled-coil domains 1

leucine-rich repeats and calponin homology (CH) domain

-2.084 57631 LRCH2 containing 2

solute carrier family 6 (newtral amino acid transporter),

-2.088 55117 SLCGAATS member 15

-2.004 22873 DZ7IP1 DAZ interacting protein 1

-2.136 3202 HOXAS homeobox A5

-2.163 22824 HSPA4L heat shock 70kDa protein 4-like

-2.182 1033 CDE1 cerebellar degeneration-related protein 1, 34kDa
-2.203 5358 PLS3 plastin 3 (T isoform)

-2375 35862 ECHDC1 enovl Coenzyme A hydratase domain containing 1

SWI/SNF related, matrix associated, actin dependent

-2 44 6504 SMARCAI regulator of chromatin, subfamily a, member 1
-2.767 55086 CXORF57 chromosome X open reading frame 57
-2.818 3236 HOXD10 homeobox D10

-2.053 847 IRS4 insulin receptor substrate 4

All the genes listed were erther upregulated or downregulated in SHP2 nuR1/2 BT474 tumors
compared with CTRL tumors. The logarithmic fold change (Log FC), the Entrez gene ID, the

gene name and description are shown.
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Supplementary Table 2. Predicted let-7 targets within the “SHP2 signature” genes

LogFC | Entrez | Gene name Description Conserved | Total
gene ID sites context
score
-1335 | 380421 LIN28B lin-28 homolog B (C. elegans) 4 -1.12
-1.614 | 10642 IGF2BP1 insulin-like growth factor 2 mRNA 5 -0.82
binding protein 1
-1.204 | 27031 NPHP3 nephronophthisis 3 (adolescent) 1 -0.53
-1.213 10052 GIC1 gap junction protein. ganma 1. 45kDa 1 -0.51
-1.264 586 BCATI branched chain aminofransferase 1. 1 043
cytosolic
-1.007 | 10643 IGF2BP3 msulin-like growth factor 2 mRNA 1 -0.38
binding protein 3
-1.072 10644 IGF2BP? insulin-like growth factor 2 mRNA 2 -0.37
binding protein 2
-1.015 355 FAS Fas (TNF receptor superfamily, member 1 -0.35
6)
-1.047 5962 RDX radixin 1 -0.29
-1.378 0481 SLC23A27 solute carrier family 25, member 27 1 028
-12 5563 PREAAD protein kinase. AMP-activated, alpha 2 1 -0.24
catalytic subunit
-1.073 804 CCND2 cyclin T2 3 -0.18
-1.245 3205 HOXAD homeobox AD 1 -0.18
-0.968 6783 ELOVLA4 elongation of very long chain fatty acids 1 0.18
(FEN1/Elo2, SUR4/Elo3, veast)-like 4
-2094 | 22873 DZIP1 DAY interacting protein 1 1 -0.18
-1.117 4741 NEFM neurofilament, medinm polypeptide 1 017
0948 | 117247 | SLC16A10 solute carrier family 16, member 10 1 015
{aromatic amino acid transporter)
-0.904 2774 GNAL guanine micleotide binding protein (G 1 -0.09
protein), alpha activating activity
polvpeptide. olfactory type
-0.962 53344 CHIC1 cysteine-rich hydrophobic domain 1 1 -0.09
-1.04 1795 DOCES dedicator of cytokinesis 3 1 -0.08

All the genes listed are the predicted let-7 targets within the “SHP2 signature” genes

according to the TargetScan 5.1 software (www targetscan org). The loganthnuc fold change

(Log FC), the Entrez gene ID. the gene name, the description. the number of conserved let-7

sites and the total context score (representing the sum of 1) site-type contribution, 2) 3’

pairing contribution. 3) local AU contnibution, and 4) position contribution) are shown.
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Supplementary Table 3. Correlation of SHP2? expression and clinicopathological

parameters in invasive breast carcinomas

SHP? Low SHP2 High OR (C.L) p value
ALL PATIENTS 40 314 (88.7%)
AGE
=50 20 136 (87.2%)
==50 20 177 (89.8%) 1.301 (0.671 - 2.526) 0.433
HISTOTYPE
Dructal 34 263 (88.6%)
Lobular 6 41 (87.2%) 0.883 (0.371-2452) 0.793
pT
1 21 179 (89.5%)
2-34 18 130 (87.8%) 0.847 (0.434 - 1.669) 0.627
LN
Neg 18 165 (90.2%)
Pos. 22 148 (87.1%) 0.734(0.375-1.419) 0359
GRADE
Gl 6 58 (90.6%)
G2 vs 31 15 118 (B8.7%) 0.814(0278-2.117) 0.686
G3vs 51 14 100 (87.7%) 0.739(0.25-1.951) 0.557
ER
<10% 15 90 (85.7%)
==10% 24 216 (90%) 1.5(0.738 - 2.965) 025
PR
<10% 17 126 (88.1%)
==10% 21 175 (89.3%) 1.124 (0.564-2.214) 0735
HER2
Neg. 34 259 (88 4%)
Pos. 3 42 (93.3%) 1.838 (0.624 - 7.869) 033
Ki67
<16% 14 139 (90.8%)
==16% 24 162 (87.1%) 0.68 (0.331-1.349) 0278
NPI
GPG 10 92 (90.2%)
MPG 12 106 (89.8%) 096 (0,388 -2.327) 0928
PPG 12 64 (84.2%) 0.58(0.231-1423) 0.234
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SHP2 expression was measured by immunohistochemistry on tissue microamray (IHC-TIVA).
Odds ratio (OR) and 95% confidence intervals (CI) were obtained from logistic regression
models. SHP2 expression was analyzed for comelation with the following clinicopathological
parameters: age, tumor listotype, pathological assessment of the primary tumor (pT). lymph
node status (LN), tumeor grade, estrogen receptor status (EE). progesteron receptor status (PR,
HER.2 receptor status (HER2). K167 and notthingham prognostic mdex (NPI). divided into good
(GPG). moderate (MPG) and poor (PPG) prognosis groups. The number of scored cases 1s lower
than the total nmumber of cases because: 1) 1 some cases. imndividual cores detached from the

shides during the manipulations; 1) clinical mformation was not available for all patients.
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SUMMARY

Among breast cancers, triple-negative breast cancer
(TNBC) is the most poorly understood and is refrac-
tory to current targeted therapies. Using a genefic
screen, we identify the PTPN1 2 tyrosine phosphatase
as a tumor suppressor in TNBC. PTPN12 potenthy
suppresses mammary epithelial cell proliferation
and transformation. PTPN12 is frequently compro-
mised in human TNBCs, and we identify an upstream
umor-gsuppressor network that posttranscriptionally
controle PTPM12. PTPN12 suppresses fransforma-
fion by interacting with and inhibiting multiple onco-
genic tyrosine kinases, including HER2 and EGFR.
The tumorigenic and metastafic potential of PTPN1 2-
deficient TNBC cells is severely impaired upon resto-
ration of PTPN12 function or combined inhibition of
PTPMN12-regulated tyrosine kinases, suggesting that
THNBCs are dependent on the proto-oncogenic tyro-
sine kinases constrained by PTPN12. Collectively,
these data identify PTPN12 as a commonly inacti-
vated tumor suppressor and provide a rationale for
combinatorially targeting proto-oncogenic tyrosine

kinases in TNBC and other cancers based on their
profile of tyrosine-phosphatase activity.

INTRODUCTION

Braast cancer is the most commaon malignancy among women
andis comprizad of a heterogansous group of diseases stratified
into threa major subtypes {4 Cosimo and Basselga, 2010; Jemal
et al., 2008). Two of these are defined by expression of staroid
homonsa receptors (estrogen receptor [ER] and progestarona
racaptor [PH]) or amplification/overexpression of the receptor
tyrozine kinzse (RTK) HER2. Agents targeting these proteins
have led to significant increases in patient survival [Osbome,
1888; Slamon et al., 1988). In contrast, the tiple-negative breast
cancer (TNBC) subtype is defined only by the absance of ER
and PR expression or HER2 amplification, underscoring our
lack of understanding of key pattways driving TNBC. TNBC
comprises approximataty 20% of breast cancer, and the prog-
nasis for patients with TNBC iz poor because of its propansity
for recurrence and metastasis and a lack of effective targeted
therapeutics (Hurvitz and Finn, 2009). Consequently, a major
challenge remaining in breast cancer treatment is to idantify
sherrant signaling networks undertying this aggressive subtypa
of braast cancer.

Call 144, 703-718, March 4, 2011 @201 1 Ebsevierine. 703
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Protein tyrosine phosphorylation plays a cantal role in
callular physiology and in cancer (Huntar, 2008). For instanca,
sharrant activation of the buman apidermal growth factor
recaptor (HER) family of RTK=s occurs frequantly in many malig-
nancias, including brazst, lung, and brain cancer (Yarden and
Sliwkowski, 2001). Although HER2 signaling izrequirad for tumor
maintenance in HERZ-amplified diseasa {Slamon et al., 1883),
the rola of HER2 and other HER family tyrosine kinases (TKs) in
breast cancer subtypes lacking HER2 amplification is unclaar.
Motably, inthe absance of TK mutational activation or amplifica-
tion, othar pathways that regulate HER2 and othar TK:s may also
ba invalved in tumonganasis but ramain to be elucidated.

Protain tyrosine phosphatases (FTPs) also regulate the equi-
librium of tyrosine phosphorylation and, in principle, can sarve
s antagonists to TK signaling to play a prominant rola in tumar
suppression (Tonks, 2006). Howewver, much less is known about
the rale of PTPs in suppressing tumorigenads. In this study
wa have employed an unbiased functional screen for tumor
suppressors and identified a role for the tyrosine phosphatasa
PTPM12 in TNBC. Loss of FTPN12 leads to malignant transfor-
mation of human mammary epithelial cells (HMECs through
multi-TK activation. PTPM1 2 function is frequantly compromisad
in TNBC by deletions, defective sequence vanants, or loss of ex-
pression, suggesting that HER2/EGFR and othar RTK signaling
is abarrantly activated in non-HER2-ampiified breast cancars.
Restoring FTPN12 exprassion in PTPN12-deficient TNBC calls
inhibitz their prolifaration, tumoriganicity, and metastatic potan-
tialin vivo. Thesa results identify FTPN12 as a tumor suppressor
and suggest that combinatorial TH signaling isa keydepandency
in TMBC and, tharefore, atarget for cancer therapies.

RESULTS

PTPN12 Suppresses Transformation of HMECs

Signal transduction networks play key roles in the malignant
behavior of cancar calls. To identify new networks that regulate
callular transformation in human breast cancer, we parformed
a genatic screen for kinases and phosphatases that suppress
callular transformation in ganetically engineared HMECE (Fig-
ura 1A4). HMECs isolated from healthy human braast tissue wara
transduced with lentiviruses expressing hTERAT and Svd4l-
Large T. These calls (harsin termed TLM-HMECs) ara immaortal
but do not proliferate in the absence of extracelular matrix
{ECM) (Westbrook et al., 2005). For the screan wa genarated a
shRAMA library targeting all human kinzses and phosphatzses
(six shAMAs/gens). TLM-HMECs wera transduced with the
shRMA library and assessad for cellular transformation by cultur-
ingin the absanca of ECM. Wa isolated 530 anchorage-indepan-
dant colonies from two independent screens and identified
proviral shRMNAs by sequancing. Genas idantifiedin both replicata
scraans wara consderad candidate suppressors of transforma-
tion. Seweral genes ware targeted by multiple independant
shAMAz, including the well-documented tumor suppressors
PTEM and LKB1 (Hemminkiat al., 1998; Li et al, 1997).

The top-scoring candidate from this genetic screan was the
FTP PTPM12 {aka PTP-PEST) (Yang &t al, 1983). Many THs
have bean shown to be important drivers of human cancar, but
FTPs that antagoniz= proto-oncogenic TKs hawe not received

T04 Cell 144, TOI-T18, March 4, 2011 ©2011 Elsevier Inc.
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equal attention. Motably, FTPM12 has not been previously
implicated in tumor supprassion. Three indepandent PTPN12
shRMAs exhibited robust cellular transformation in TLM-HMEC=
(Figura 1C), and the degres of depletion comelated with tha
severity of the phenotype (Figures 1B and 1C). In addition,
restoring FTPM12 expression with an exogenous PTPN12
cOMA completely suppressed transformation (Figure 109, ruling
out RMAI off-target effects. Collectively, these data indicate that
PTPM12 is a potent suppressor of transformation in mammarny
apithalial calls.

Loss of PFTPN12 Disrupts Proper 3D Acinar Formation

of Mammary Epithelial Cells

Propar control of cell proliferation, survival, and polarity in tha
mammary epithalium is critical for nommal mammary gland func-
tion, and dysregulation of these processes is considered to ba
a driver in breast cancer initiation and progression (Bisssall
at al, 2002). To determina whather PTPN12 regulates these
processes dunng acini formation, we tested the effects of
PTPN12 loss of function in 3D cultura of MCF10A calls, a nontu-
margenic mammary epithelial cell line. Whan cultured in
samisolid ECM, these cells form a polarized acinar structura
that resembles mammary acini in vivo (Petersan et al, 1992).
MCF10A cells transduced with control- or PTPM12-shAMAs
ware analyzed for PTPM12 expression and formation of
3D acini (Figure 1E, and see Fgure S1E available onling).
PTPN12 deplation significantly disrupted nomal acini formation,
with =85% forming abemant structures (Figure 1E). Confocal
micrascopy revealed that PTPM12 loss of function significantly
increased ectopic prolieration (Fgures 518 and S1C) but did
not lead to a compensatory increase in apoptosis (data not
shown) like other oncogenic insults (Debnath et al., 2002),
consistant with the significantly expanded cellularity and filled
lumen in acini upon PTPM12 dapletion. Thase obsarvations
suggest that PTPN12 is required toestablish proper proliferative
amast during acinar formation.

To detamine whethar PTPM1 2 is required to maintain prolifar-
ative amest in preestablished acini, we utiized an inducibla
shRMA vectar that encodes a shRMA and tRFP on the same
inducible transcript (Figure 510, top panal) (Mearbray et al.,
2011). Addition of deoycycline fdox) results in tRFP fluorescence
and PTPN12 dapletion within 72 hr {Figure S1E.. MCF10A cells
aencoding an inducible control- or PTPN12-shAMA were seeded
in 30 cultura, and after acini formation day 9), dox was added
to the cutture medium, and acini morphology was assessed
at day 15. Addition of dox had no effact in calls exprassing
control shAMA, but cells expressing FTPN12 shRMA exhibited
a significant increase in aberrant acini (Figure S1F). Thus,
PTPM12 is required to establish and maintsin proliferative arest
in mammary epithalial acini.

PTPN 12 Phosphatase Activity Is Required to Suppress
Cellular Transformation

To detarmine the role of the PTPMN12 phosphatase activity in
transformation, we mutated amino acid G231 to 8, which is
known to ablate phosphatase activity (Garton at al., 1996). A
shAMA-resistant PTPN12-C2315 cDMA was transduced into
TLM-HMEC= exprassing a PTPN12 shRMNA. Unlike wild-typa
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Figure 1. A Genelic Screen for Tumor Suppressors ldentifies PTPN12

) Schematic of genetic soreen for suppressos of HMEC transformation. A& pool of retmviml shifNAs was transduced inio TLM-HMECs in duplicats, and
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ancaoding contrd o shfMA-resistan PTPN12-C2315 mutant oDNA and assassed for PTPNI 2 axpression by western {iogl and ancharage-indepandant
pralfemon fbotan).

Erar bars represent standamd asor.

Call 144, T03-T18, March 4, 2011 @201 1 Elsevier Inc. 705

94



Results

A Hl:..lu! Iy 3 :**ETA'r B P -
A ACAME
: ST
IACTE
AHRELA y SH{:j. ' . e G £
@ F““.”.:‘ - e | & ) IRs2 '
} [ ,: B ETAME LY BeAR
AEL1 Y ) el ) ...“"’“‘ ; 3
— ":"I-"a; L CALM1 sHC1){CARL)
ol 1 e /e S -, | AL
EP’ﬁB-I B N T P53 [ppicaiR 4 :
WL Py oAl . PLEC .
- g i o P k"\ k JAP1zR1
e el Erris
s | 511 A “ _’.‘ERM& MET
. Ras S, b
| IR52
[ ] i 5 o
RBINI < ad
i - HMECs
LYH 0
*
28
T 15
. o
;- 10
[
[ > *
— * s
E FEFEE
- Eald Fold
D E PTPN1Z (& ® ineragse T PTPN12 [ | “0
HER2-py1i24g [0 | 5 3, HERZ-pY 1248 2.0
I o o e ]
2 EGFR-pY 1148 [== EGFRpY114s [P |dax
E 30 EGFR-pY292 14x EGFR-pY902 [- -] 1.2
> 15 EGFR-pyads | 4 1x EGFR-p Y845
* EGFR-pY1045 E 1.5% EGFR-pY1045 |L.| 1.2%

WT C231S EGFR | - g EGFR [™= -] 1.1x
mfmn | 1.2x m.mrs [ 1. 1

1.0x
seK-pTazisaze [ - ssn-pumm [ 0.6
MAPK-pT202/v204 [— —=| 28x MAPH—pmzl‘rm EI 2.8x

MAPK [ s |00x 1.2%
RSK-pT380 [ = &) 21x RSK-pT380 | == = | 1.8x
RESHK Eli-ﬂt RGN |- ) g
S6-5235/5236 [ |52 $6-523505236 | D #| 6.5x
56 | W - 0.0 56 |- 1
Load control [ we| Load control | e e
(dox) PTPNiZ-shRNA: _ 4 (doe) PTPN1Z-cOMA: _ +

TO6 Cell 144, 703718, March 4, 2011 ©2011 Elsewvier Inc.

95



Results

FTPN12 (Figura 104, the G2315 mutant had no effecton HMEC
transformation (Figure 1F), suggesting that the tyrosine-phos-
phatzsa activity of PTPN12 iz required for suppressing
transformation.

PTPN12 Regulates an EGFR/HER2-Centered RTK
Metwork in HMEC s

To selucidate the role of the phosphatase activity of PFTPMI2 in
supprassing transformation, itis critical to identify the phosphaor-
yiation events altered in response to PFTPMI2 loss. Thus, we
used a gquantitative proteome-wide method that combines
anti-phosphotyrosine peptide immunoprecipitation, differantial
paptida labsling, and LC-MEMS-basad phosphopaptide identi-
fication and quantitation (Hszu et al., 2003) to search for phospho-
tyrosinepaptides whose abundance increases whan PTPMNI2 is
depleted. TLM-HMECs angineered with an inducible PTPMN12-
shANA were profiled with and without FTPN12 deplation. We
identiiad 989 phosphotyrosine paptides comesponding to 63
proteins whose tyrosine phosphorylation increased by greater
than 1.5-fold in the absance of PTPN12 {sea Table 51). Many
of these proteins have bean previously described to intaract
with PTPMN12, including the known substrate pl130CAS (or
BCAR1). However, whereas p130CAS was highly phosphory-
lated, depletion expadmants indicate it plays only a minor rola
in callular transformation due to PTPN12 loss (Rgure 52), sug-
gesting that other signaling proteins may play mora important
rodes in tha tumor-supprassive function of FTPN12.

Analysis of these PTPN12-regulated proteins using Ingenuity
and the Human Protein Reference Database HPRAD) resources
reveslad two highly connected protsin-protsin interaction
netwarks. Tha number of interactions within this FTPMN12-regu-
lated network was highly enriched (p < 0.001, Monte Cara
procedurs], consisting of 46% of all PTPN12-regulated proteins
iantified (Fgures 2A and 2B). The first network consists of
proteins and signaling pathways known to govemn proliferation
and survival in human cancar, with the ATK EGFR being a central
component of both the literature-basad Ingenuity network and
the protein intaraction-based HPRD natwork {p < 0.001, Monta
Carlo procedurs) (Figures 24 and 2B). The second network is
comprised of proteins controlling the actin cytoskealeton, consis-
tant with the role of PTPM12 in regulating cell maotility and
possibly metastasis (Angers-Loustau et al., 1909) [Figures 524
and 52B). Because EGFR and its related receptors play critical
rodes in breast cancer initiztion and progression (Brandt et al.,
2000; Muller et al., 1988; Slamon et al, 1988), we focused our

attention on the potential regulatory interaction betwean
PTPM12 and tha EGFR family of receptor TKs.

EGFRi=zona of four RTKsin tha HER family, with HER2 playing
tha most prominant role in human breast cancer. Thesa RTKsare
known to promote cell survival and proliferation and signal via
autophosphorylation and recruitment of additional substrates
through recognition of these autophosphorylation sites (Yarden
and Siwkowski, 2001). In principle, tyrosine phosphatases can
countar the activity of these RTKs by daphosphonglation of
RATK substrates or the RATKs themssahles. To determine if
PTPM12 interacts with EGFRand othar HTKs in HMECs, we em-
ployed a bimolecular fluorescance complementation (BiFC)
systam (Giepmans et al., 2006; Kemppola, 2006). Each of the
HER family ATKs (EGFR, HER2, HER3, and HER4) was fused
on its G termini with the C-terminal half of YFP. These fusion
cOMAs wears transduced into TLM-HMECs= expressing PTPN12
fused tothe M terminus of Y FP. If an intaeraction occurs betwean
PTPM12 and the candidate RTK, this anables foldng of tha
M- and C-terminal fragments of YFP to produce a fluorescant
YFFP protein {Figura 2C, left panell. EGFR and HER2 exhibited
strong intaraction with PTPN12, as detarmined by callular YFP
fluorascence (Figure 2C, right panel). In addition, HER2 interac-
tion was enhanced with the substrate-trapping C2315 mutant
of PTPMN12 (Figura 20). These data =uggest that PTPM12
may directly intaract with and inhibit EGFR/HER2 signaling to
supprass transformation.

PTPM12 Inhibits an EGFR/HERZ-MAPK Signaling Axis

to Suppress Cellular Transformation

HER2 and EGFR signal via homo- and heterodimerization and
subsequent phosphonylation of their C-terminal tzils on sites
that serve as hubs for recrutment and activation of signaling
complexes (Yarden and Shwkowski, 2001). To determina
whether PTPMN12 controls EGFR and HER2, we assessed tha
phosphoryation status of EGFR and HERZ2 in cells expressing
an inducible PTPN12 shANA. Depletion of PTPM12 lad to an
increase in HER2 (Y 1248) and EGFR (Y1148) phosphorylation.
Consistent with our phosphoproteomic data, the Y1148 residus
of BEGFR showed the strongest differantial phosphorylation
(=2-fold) in response to PTPN12 depletion {Figure 2E). Recipro-
cally, inducible expression of a FTPN12 cDMNA in TLM-HMECs
decreased HERZpY124B and EGFR-p¥ 1148, but not other
phosphotyrosine residues on EGFR (Figure 2F; data not shown).
Thus, PTPN12 salectively ragulates phosphorylation of a subset
of tyrosine residues on EGFR and HERZ.

Figure 2. PTPH12 Interacts with and Inhibits the HER2Z/EGFR S gnaling Axis

P and B) Tymsine phosphaprotsine reguiatsd by PTPN12. HMECs axpmsdng an inducibls PTP M1 2-shANA wers quantifisd in the presancs and abeancs of
PTPH12 for tyrasine-phospharylated peptides uwsing a quantitative proteomic appraach (desaribad in Expadmental Procedures). Interac fons batwean tha 69
PTPH1 2-reguiated phosphogroteins were analyzed via (&) inganuity and {B) the HPRD.

{0 HERZ2 and EGFA ATKs inemct with PTPN12 in HMECE. The laft panal shows the axpedmental design of the BIFC system PTPN12 was fusad with fe
Himminus of Y PP, and ATE= wera fusad with the C smminus of YFP. HMECs wam transducad with retmviruses expressing PTPRNI 2-N-YFP and individual ATK-
C-Y P D=, In tha right panal the inemcion batwean PTPN1 2 and HER family ATHs was assa=sad by caluar fluomsoencs. Asterk indicates p < 0.01.
{0} Substm is-trapping PTPN12 mutant displaysincmased intemcion with HERZ. Bmast cancar calls axpressing PTPN12-WT-N-YFP or mutant PTPN12-02015-
KR in combinafion with HERZ2-C-YFP wars analymd for cellular fluorescenca.

{E) PTPH1 2 loss of func fon dicits hypemctivaton of HER2, B3R, and a MAPK-sigraling cascade. HMECs enginaarad with an inducide PTPN12-shANA wara
autured + dax for 3 days, stirved of growth facions, and analyasd for levals of the ndicated otal and phosphonyaied profeins by westem.

{F) PTPH1 2 suppresses HER2, EGFA, and MAPK signaling. HMECE enginaenad with an inducible PTPN12-cDNA wem cultured and analyzed a= in (E).

Errar bars reprecent stndaed amor.
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We next envalusted the effects of PTPN12 suppression on
known EGFR'HERZ effector pathways (RASMAPK and PILIKS
AKT). PTPMN12 depletion led to hyperactivation of ERK/RSK/S6
signaling but had no effect on phosphorylation of PI3K-effectors
AKT and S6K1 Figure 2E). Likewisa, ectopic expression of
PTPM12 decreased the phosphorylation of ERK/REK/SE but
not PI3K signaling (Figure 2F). This is consistent with previous
obsarvations that p¥1148 of EGFR sarves a5 a binding site for
the adaptor protein SHC and mediates activation of RAS-
MAPK signaling [Batzer at al, 19985; Songyang et al., 1985).
Furthemmaore, SHC is phosphorylated upon BGFR recruitmeant,
and we found SHG1 phosphorylation on Y317 to ba ragulsted
by PTPM12 (Table 51). Taken togethar, these results indicate
that loss of PTPN12 function leads to hyparphosphorylation of
HERZEGFR and activation of downstraam RASMAPK signaling
in HMECs.

To detarmine whether HER2EGFR is required for transforma-
tion, TLM-HMECs expressing a dox-inducible PTPN12-shAMA
ware depleted of EGFR or HER2 (Fgure 3A). Transformation
by tha PTPM12 shRMA wa s significanthy im paired upon dapletion
of EGFR or HER2 (Figura 3B). Depletion of the adaptor protain
SHC alo reduced cellular transformation in responze to a
PTPM12 shAMNA [Figures3C and 30}, consstant with tha hypoth-
asis that PTPN12 suppresses transformation by inhibiting
& HERZ/EG FR/SHGCY MAF K signaling axis. Furthermore, pharma-
cologic inhibition of HER2 and EGFR or MBX strongly sup-
pressad transformation in calls daplated of PTPM12 (Figures
3E and 3F, respectively). Collectively, these data demaonstrate
that PFTPMN12 suppressas cellular transformation in HMEGs by
antagonizing HER2/EGFR phosphorylation and downstream
MAPK signaling.

PTPMN12 Is Inactivated by Mutation in Human THNBC

Tha role of PTPM12 in transformation and control of proto-
oncogenic pathways led us to ask whethar PTPN12 is inacti-
vated in breast cancer. Initially, we examined whether the
PTPM12 locus is delsted frequently in breast cancer by
analyzing a publicly available data set of 243 human primary
breast tumors and tumor-darived call lines for which ganomic
copy number has besn assessed (Baroukhim et al, 2010).
Indead, 22.6% of breast cancers exhibit evidence of deletion
{one homozygous deletion of 150 Mb) at the PTPNi2
locus, though the deletions exhibit 8 madian size of 22.9 Mb,
suggesting that multiple driver mutations may exist in this
region. FTPM12 delation in lung cancer was also frequant
{13.8%) and typically ancompassad large chromosomal regions
(median deletion size of 22.2 Mb; two homazygous deletions of
1.3 and 0.7 Mb). An analysis of focal deletions (<2.0 Mb) an-
compassing PTPN12 in these tumors rewealed a minimum
commaon region (MCR) of only 0.61 Mb that spans five genes
{Figura 53). Thase data suggest that FTPN12 is inactivated, in
part, via deletion in a wide range of cancars and support tha
hypothesis that PTPN12 iz a frequently inactivated tumaor
SUDPrassor.

Becausa FTPM12 depletion leads to hyperactivation of HER2/
EGFR, PTPM12 inactivation may accur mora frequently in non-
HER2-amplified human breast cancers. Therefore, to search
for potential tumaoriganic sequenca variants, we saquanced the
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coding exons of PTPMN12 in B3 THBCs and call lines (75 primary
tumars and eight call lines). Primary sequance analysis revealad
nonsynonymous saquance alterations in PTPM12 in 4.8% of
THBCs {threa primary tumaors; one tumor-darved cell ling) (Fig-
ura 44). Thrae varants wers hetsrozygous, one was homozy-
gous, and none was presant in referance genomes or single-
nucleotide polymonphism (SMF) databases. These amino acid
changes {shown in Figura 4B) occumed in the highly consanved
catalytic claft of PTPM12 (H230%) and within closa proximity to
a known protein-interaction domain (EG20G and WEI0G) (Pao
at al., 2007). In contrast we found no evidence of sequence altar-
ations in 202 primary braast cancars from the other predominant
breast cancer subtypes (ER+ and HER2-amplified), suggesting
that FTPFMN12 may be inactivated more frequantly in the TNBC
subtype (p < 0.001, Fishar's axact tast).

To determine whether these sequence varants affected
FTPN12 function, wild-type (WT) ormutant FTPM12 cDNAslack-
ing the FUTR wers introducad into TLM-HMECs axprassing
PTPHN12 shAMA targeting the PTPN12 ¥UTR. All cDMAs
restored PTPM12 protsin to endogenous lewels (Figures 40
and 4D, top panels). Similar to WT PTPN12, the R300 mutant
suppressed PTPM12-shRMA induced transformation. In con-
trast, the three remaining tumor-derved mutants (H230Y,
EG90G, and WE99E) dd not supprass transformation. In fact,
TLM-HMEC= expressing these mutants formed 25%-50%
mare colonies than cells with PTPN12 shANA alone (Fgures
4C and 4D, bottom pansls), suggesting that thess loss-of-func-
tion FTPM12 mutations are potentially dominant negative.

We furthar examinad whather tha defec tive H230Y variant per-
turbed PFTPN12 function in an indepandant systam (MCF10A
acinar formation). WT and H230% mutant FTPM12 cDNAs wara
transduced into MCF10A cells exprassing control- or PTPN12-
shRAMAs and were expressed at comparable levels (Figure 54).
In contrast to WT PTPN12, the H230% mutant did not suppress
abemant acini formation in the presence of PTPM12-shRMA
(Figures 4F and 4G). In addition the H230Y mutant alicited aber-
rant acini in the presance of endogenous FTPFM12, again sug-
gesting dominant-negative activity. Although we were unabla
to determine if these defective wvariants wera somatic tumaor
mutations due to the lack of patient-matched nontumor DA,
our functional data indicate that these defective PTPM12 variants
ara likely causalin TNBCs.

During sequencing of tha PTPM12 locus, wa obsarved a SNP
occuring mare frequantly in tumaors (7.3%, n =27 4) than in non-
diseasa control patients £.5%, n = 1142) {p = 0.004) (Easton
et al., 2007). Notably, this SNP reaults in a threonine to alanine
changs in PTPM12 (T5734). We have previously shown that
this threonine is phosphorylated in calls [Dephoure at al,
2008), suggesting that this residue may have a regulatory func-
tion for FTPN12. Based on these ocbsarvations, we tested the
hypothesis that the PTPN12-T573A allele may have reduced
ability to suppress transformation. Indeed, a PTPN12-TE734
cDMA did not completsty suppress transformation in PTPH12-
deplatad TLM-HMECs {Figure 4 E) and confamrad abemant acinar
marphogensasis in 30 cultura (Figura 4H). Thesa results suggest
that tha PTPN12 T573A SNP is a partial loss-of-function allele
with dominant-negative proparties. Intiguingly, our analysis of
primary data from a genome-wide association study [GWAS) of
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Figure 3. PTPN12 Suppresses Transformation by Inhibiting HER 2/ EGFR Signaling
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Erar bars represent stndaed amor.

SMPs contributing to breast cancer (Easton et al., 2007) revealad
that the homozygous PTPM12-573A genotype occumad maora
frequently in the germmline of patients with breast cancer.
Although this obeervation did not reach statistical significance
{p = 0.2), the trand jcombined with our functional studies) is
consistent with the alele confeming enhanced susceptibility to
breast cancer. This raises the possibility that a relatively frequent
aliele of PTPN12 may confer a predisposition to brasst cancer,

a hypothesis that will nead to be rigorously tested in further
expariments.

Loss of PTPN 12 Expression Occurs More Freguently

in TNBC

Owr results suggest that PTPM12 functions as a suppressor of
malignant transformation and may be inactivatedin THBC. Given
tha deletions and sequance alterations in PTPN12, wa wished
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to test whethar PTPN12 function may also be freguently compro-
mised by loss of expression. Unfortunataly, PTPN12 mRMA
exprassion is high in stromal compartmeants, thus precluding
tha use of AMA profiling to evaluate PTPMI2 levels in public
breast cancer data sets. To circumvent this problam we deveal-
aped a spacific immunchistochemic al zssay for PTPM12 protain
({Figura 55A) and evaluated expression of PTPN12 in anindepan-
dant cohort of 185 breast cancers. PFTPN12 protein was consis-
tantly expressad in normmal bresst tissue (Figurs S5B). In
contrast, PTPMN12 was undetectable in 37% of invasiwe breast
cancars (example images shown in Fgure 41 and Figure 55C).
Strikingly, loss of PTPMN12 expression occumad most frequantly
in TNBC (60.4% of TNBCs exhibit no detectabla PTPM12
protein) (Figure 4J). In contrast, HER2-amplified tumors only
raraly exhibited loss of PTPN12 expression (8.1% of HER2-
amplified tumaors). The near-mutual exclusivity of HER2 am piifi-
cation and PTPM12 loss (p < 0.0001 by Fisher's exact test)
=suggests functional redundancy betwsan these two events in
tumarigeneds, and is consistent with the modal that PTPMN12
and HER2/EGFR RTK=s oparate in the same genetic pathway.
Caollactively, these results indicate that PTPN12 is frequently
inacthated by deletion, sequence variation, or loss of protein
expression, and PTPN12 loss of function may be a major deter-
minant in aggressiva THNBC.

PTPN1Z Is Posttranscriptionally Regulated by a REST-
miA-124 Network in Human Breast Cancer

Our cbservation that PTPM12 protein levels wers fraguently
undetactable in primary human breast cancers led to us to
examing the mechanism{s) by which PTPMN12 expression is
lost. By examining other suppressors of HMEC transformation,
wa observed that the tumor suppressor REST was also lost in
primary breast cancers (example images in Figure 54), and the
expression of REST and FTPM12 was highly comelsted p <
0.0001; Rgura 5B), suggesting that PTPM12 and REST may be

coordinataly regulated. REST is a transcription factor that
represses neuronal genes in non-neural tissues, and plays
a prominant tumor suppressor role in apithelial tissues (West-
brook et al, 2005), though the mechanism by which REST
suppresses tumonigenesis is poory undarstood.

Baszed on the coordinate exprassion of REST and PTPM12 in
human breast cancers and their similar phenotypes, we tested
whethar REST functions in a genetic pathway with FTPMN12 by
ragulating its ecgpression. Consistant with this hypothesis, trans-
geanic REST expression led to a substantial increasain endoge-
nous FTPN12 protain level in HGCTO (Figure 5C) and other TNBG
call lines (data not shown). Based on the established role of
REST as a transcrptional repressor, we hypothesized that
REST positively regulates PTPM12 expression via an indirect
machanism, parhaps by repressing an inhibitor of PTPN12
protain lewals.

microRMAs are an emerging class of negative regulators, and
we obsarved that the PTPN12 3°UTR has threa awolutionarily
consarved binding sites for miR-124 (Figure 500, a microRNA
suggested to play a role in neural development (Lim et al,
2005). Importantly, miR-124 is transcriptionally repressed by
REST during organismal development, and REST inactivation
leads to elevated miR-124 expression in cells and tissues
{Conaco at al., 2006; Yoo et al., 2009). To detarming whathar
miR-124 regulstes PTPN12 protein levels, we ectopically ex-
prassed miR-124-3 in HMECs. Transganic miR-124 expression
led to a significant decreasa in andoganous PTPN12 protain
levals (Figure 5E), suggesting that miR-124 may in part medate
REST's ability to inhibit FTPN12 protein expression.

Tha ability of miR-124 to inhibit tha PTPM12 tumar supprassor
makss a strong prediction that miR-124 may function as an
oncogene. Indeed, ectopic expression of miR-124 lad to robust
transformation of TLM-HMECs (Figure 5F), thus phanocopying
PTPMN12 loss of function. Consistent with the role of miR-124
&s a put ative human oncogana, we obsared frequent and focal

Figure 4. PTPM12 |z Functionally Inactivated in Human THEC via Multiple Mechanisms

) PTPH12 mutstions acour mare frequanty inhuman THBC. Frequency of mutations obmarvad in TNBCs (75 primary urnors and eight cal Ines)and 202 peimany
braasicancers positive for ER andfar HER2.

{H) Schematic of PTPRI 2 mutations in TNBC=. Rad starsindica s aiterad arming acdd=. The saquance surmaunding the cataly fc cystaine residue isaxpandad. The
pracading histidna, H230, is conserved amang all tymsine phosphataces. The phosphatase domain ([Phos Domain) and Proline dch mgions (Pral -5) am shown.
10 H2ZA0Y matant PTPN 2 Gils o supgress ranshematon. TLM-HMECE axpressing e PTPN1 2-zh ANA wers angineserad with the ndicated dox-inducible
oDz, Calls wares assecsad for ancharage-indepandant growth.

() E690 and WE39 PTPN12 mutants fail to suppress ransfosmaton. TLM-HMECE axpressing the PTPN12-shAlA wam ransduced with Bnfviral PTPN12
oDz (2= indcated) and assecsed for anchorage-indepandent grovwth.

{E) The PTPK1 2-T57 34 SNP & apartial loss-of-function alels for supgressing ransiormation. TUM-HMECs wam tmnsducad with P TPN12 -shANAIN combinafon
with lertivical cDNA= encadng PTP N 2-WT {fireonine at residus 573, or PTPN12-TS57 34 (alnine at residus 573). Cals weare maasured for anchoraga-inde-
pandant grewti

) PTPHAZ2-H230Y mutaton derupts popesr adnar formafon. MCF10A cals axpressing contml or PTPN12 shiRNA in combination with wild-typs or HZI0Y
rmutant PTP K1 2 wera analyzed for 30 adnar forrmation (day 15 after seading).

{E) PTPH2-H2 30 mutation denupts proper acinar fosmation. Quan#fication of abssant marmmary acini from (F).

{H) Tha PTPH12- TS 734 SNP allals dierupts acnar foema fan. MOF 104 calls fansduced with lenfviml cDNAs encading cantral, PTPN12-WT {threonine at residis
573}, or PTPM1 2-T57 34 {alanine at residue 57 3) as indicated wam analyzed for 30 achar maosphoganasis in viro iday 15 afler seading).

M Loss of PTPNI 2 expression ooours mare fFeguenty in human THBC. Primary hurmn breast cancsns jn = 185) wam analyzed by immunahistochemistsy for
PTPH1 2 xprassion. Rapmsen taitive panalk axfibifng posifve PTPN12 expression in HERZ-amgiified brasct canosr (laft panal) and lack of expession in THBC
gkt panal.

) Loes of PTP N1 2 axpmssion ocours pradaminantly in THEBC. Primary hurman breast cancers {n = 185) weare analyzad by mmunahisiochamistry for PTPN12
mxpmesion. Tha number of samples showing no delsctables PTPN12 apression jmd ama of bars) was quantifiad in HER2-positive, ER-posltive, and tdple-
nagative subiypes. Assodation between PTPN12 axpression and breast canosr sublypes was siad by Fisher's axact et

Errar bars reprecent stndaed amor.
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) Lo=s of AEST expression in human bmast cancar. Primary hurman brasst cances {n = 185) wam analyzed by imrmunohistochemisty for REST expmssion.
Rapmsartative panals sdhibiting negative and positive REST aspression in invasive reast canoans.

{8) Lo=x of REST axpression strongly corminies with loss of PTPNI 2 axpression. Primary human breast cancas jn = 185) wem amalred by mmunahisio-
chamisty for AEST and PTPH12 axpression The leval of PTPRA 2 {y ads)i= piotied for umors with abeent, intermadias, or Righ AEST levals {x axis). The rmadian
and maan PTPN12 values for sach group are mpresantad by a said red line and plus symibol, respactively. The baces repmsant the 25 1o 7 5th parcanties.
Amsnciation batasan PTREN 2 and REST axpression was fscied by Fishar's moact st Bror bars represent masdrmum and minimum cbservations within inner
fances.

IC) Ectogic REST axpression increases PTPH12 pmiain levals in REST -defident THBC calle. HOCT0 THEC calls wers trarsduced with contml or REST DR,
cultumd for 9 days, and analyzed for axression of REST and PTPNI 2 by wasiam.

00 Madal for REST reguiaton of PTPN1 2 axpression. REST reguisiss ransoripfon of fha neuronal miceaANA mill-124. Tha PTPNI 2 37UTH cantaine fres
consarvad bindng sites far mif-124. The sequences surrounding the thres mif-124 binding sies ane shown for human and five ofher veriskrate spacies.

E) Ectaplc milR-124 axpmssion decrasses PTPNT 2 peoisin levals in HMECe. HMEC: wars tmneduc ed with contrd or milR-1 24-containing plasmid, culumd for
7 days, and analyzad for PTPN12 expression by westem.

F) Ectaplc miA-124 asxgression transforms TUM-HMECs. Calls from [E) were sassessad for ancharage- indspandent praifemon.

Ermyr bars rapmsant standard amrar.
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amplifications of the miA-124-3 locus in human breast cancers
({Figures 56A and S6C). In 2 cohort of 243 bre ast cancars (Berou-
khim et al., 2010), 20.1% of tumors harbored amplifications in tha
miR-124-3 locus, defining a MCR of amplification of ~.0.1 Mb
and encompassing only two MCBl-annotated genes fincluding
miR-124-3). miR-124-3 was similarty amplified (12.1%)in human
lung cancers (Figures 568 and S6C), suggesting that miR-124-3
and possibly other oncogenes exist on these amplicons. Collec-
tivaly, thesa data suggest that miR-124 may be 2 nowel human
oncogene in epithelial cancers that transforms cells, in part, by
supprasaing FTPN12 function.

FTPN1Z Suppresses Growth and Metastasis
of PTPN 12-Deficient Breast Cancer Cells
Thea chearvations describad above implicatas PTPM12 as atumor
supprassor in THBC. We next explored whether braast cancer
calls are functionally dependant on PTP N1 2 inactivation. We first
dataminad levals of PTPMN12 in a panal of established breast
cancer cell ines. PTPN12 lewels were similar in nomal HMECs
and in HER2-amplified breast cancer cells (Figure 6A) In
contrast, several THBC call lines exhibited low PTPM12 protain
(Figura 6A), consistent with our obsarnation that a significant
fraction of TNBC tumors have low or undetectabla PTPM12
protsin (Fgura 4.J). To determine whethar THBC calls with low
FTPM12 are sensitive to restoring PTPN12 levels, we transduced
THBC cells with control- or PTPM12-expressing retrovirus (Fig-
ura 57). As shown in Figures 6B and 6C, ectopic expression of
FTPH12 decreasad colony formation by TMBC cells, suggesting
that these cells are sensitive to reconstituting PTPN12 function.
Thea ahbility of cancar calls to grow in microenvironmeants with
gltered or absent ECM is a hallmark of metastasis and is
mimicked, in part, by in vitro culturs in the absence of ECM
support. Because owr data indicate that PTPN12 iz a potant
supprassor of anchorage-independent proliferation (Figure 1),
we tested the hypothesis that PTPN12 suppresses the meta-
static propensity of TNBC caells. Motably, in our analysis of
FTPH12 protein levels, wea observed that the TNBC call lina
MDA-MB231 axhibited high PTPMN12, wharaas a highly tumari-
ganic and metastatic subpopulation of MDA-MB231 ["MDA-
MB231-LM2" calls; Minn et al. [2005]) exhibited 7-fold less
PTPH12 (Fgura &0). We hypothesized that suppression of
PTPMH12 expression in this subpopulation of TNBG calls contrib-
utes to their aggressive tumongenic and metastatic behavior.
To test this hypothesis we enginesrad MDA-MB231-LM2 cells
with a dox-inducible PTPN12 cDMA (Mearbray et al, 2011)
ftarmed “LM2-1P" calls) and tested whathar FTPN12 restoration
supprasses the tumornigenic and metastatic potential of LM2-1P
cells. Addition of dox to LM24P cells resulted in FTPM12 protsin
levals comparable to parental MDA-MB231 cells (Fgura 60). To
azmay their tumorigenic potential, LM2-IP or parantal MDA-
MB231 cells wara transplantad ort hotopically into the mammary
gland in the presance or absance of doe. As shownin Figure GE,
LM24P cells formed tumors rapidy. However, dox-induced
PTPH12 expression significantly reduced the tumoriganicity of
LM24P cells (Figura GE; p < 0.0001) to the lewels of parental
MDA-MB231 cells. Lungs collected from these animals revealad
sgnificantly fewar metastzses than dox-free animals (data not
shown). However, interpretation of these results was partially

confounded by the significantly larger primary tumor burden of
do-free animals.

Ta circumvant the issus of tumor burdan and directly assass
the effects of FTPMN12 on lung metastatic colonization and
growth, we utilized an egparimental modal of metastasis (tai
wain injection) that maasures colonization and expansion in the
lung. We injected LM2-IP cells into the taill vein, maintained
animals in the presence or absence of dox, and monitored
lung metzstatic growth using luciferase luminescence-basad
imaging fexamples shown in Figure 6F, top panels). LM2-IP cells
injectad into dox-free animals showed rapid expansion in the
lung (Figura 6F, bottom panel), consistant with the previously
reported behavior of MDA-MD231-LM2 cells (Minn et al,
2005). In contrast, LM2-1P cells exhibited a significantly reduced
rate of expansion in dox-administarad animals and showsd no
increase in lung metastatic growth after day 21. To confirm the
luminascence-based readout, lungs were extracted from dox-
positive and dox-nagative animals at tha expardmantal andpaoint
(day 35) and assessed for lung metastzses. As shown in Fig-
ura &G, dox-free animals showed significantly highar lung
metastatic burdan relative to dox-administared animals. Taken
together, these data indicate that restoring PTPN12 function
constrains the tumornigenic and metastatic behavior of aggres-
siva THNBG calls.

PTPM1Z Suppresses Proliferation and Tumorigenicity

of TNBCs by Inhibiting Multiple RTKs

Togsther, our observations strongly suggest that restoring
PTPM12 function impairs the tumorigenesis and proliferation of
FTPM12-deficiant TMBCs, suggesting that these cancers are
dapandent on the TK signaling constrained by PTPN12. Conse-
quantly, we sought to idantify TKs regulated by FTPMI2 in
THBC cells. Basad on our obsarvations that PTPN12 physically
associates with and inhibits EGFR and HER2 HATKs in HMECs,
we tested whathar PTPN12 interacts with and regulates HER2
in FTPM12-deficiant TNBC cells. BiFC analysisrevealada strong
interaction batwean PFTPN12 and HER2 in TMBC calls(Figure 7A,
left panal). In addition, restoring PTPMN12 expression in these cells
decreased HER2 activity, a5 measured by HER2 tyrosine phos-
phorylation (Figure TH). Howswer, inhibition of HER family RTKs
{HER2 and EGFR) with a pharmmacologic inhibitor &id not signifi-
cantly affect the proliferation of these THNBC cells (Rgure TC),
indicating that inhibtion of HER2 and EGFR activity does not
phanocopy PTPM1 2 restoration. Consequantly, wehypothesized
that FTPN12 regulates othar TKs that, alone or in combination
with HER2, are required for proliferation of TNBC cslls.

To identify which additional TKs are regulated by FTPMN12 in
THBGC cells, we tested sevaral candidate TH.s from our proteomic
analysis and previous reports (Cong et al., 2000; Markowva et al.,
2003) for intaraction with PTPMN12 in TMNBC cells via BiFC.
Motably, we obsarved a strong interaction betwean PTPN12
and PDGFR-p {Rgure TA, right panal), and ectopic PTPN12
exprassion reduced tyrosine phosphorylation of endogenous
POGFR-p (Figure TH), suggesting that FTPMN12 regulates this
RATHK in TNBCs. Maotably, whereas inhibition of PDGFR-f alona
had only a modest effect on THBC profifaration, combined inhi-
bition of HER2 family and PDGFR-f ATKs significantly impaired
THBC proliferation (Figure TC).
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Figure §. PTPN12 Sup presses Growth and Metastasis of THNBC Cells

) PTPNI2 axpression s reduced in THBC call lines. PTPN12 protain levals ware quantfiad by westan in HMECs, THBC calls, and HERZ -amplified braast
cancer oals as indicated.

{B) Reconsituting PTPN12 expression suppmsses poliferation in P TPR12 -deficient bresst cancer calis. THBC calls axpres sing low endoganous PTPNZ wam
traneduc ad with aguivalent multiplicity of infec fon (mof) of retmsirus encading oG FP jcontrdl) or PTPNT 2 cDNA= and analyzad for macmsoopic cadony formatian
in vitm.

{C) Raconstitutng PTPN12 apression suppresses prolfem fon in PTP N1 2-defident brasst cancer calls. Quanffication of cdony number fam calls in{B).

0 PTPN12 sxpmssion & reduced in aggmssive lung matastatic subpapulation of TNBC MDA-MBZ31 cells. PTPNI 2 protain axmression was assessad in
MDA-MBEZT beast canoar calls (231-parent) and in MOB-MB231-LM2 subpopulafon that axhibis arhanced mrimary and ung metastafc tmor grow .
MDA-MBZET -LM2 celis were engineemd with an indudiie FTPN12-c DNA (LW2-IF calls) that expmsses similar FTPH] 2 Bvals as parental MDA-MBZI1 cdlls
wpan addiion of dosc.

{E) Rasiodng PTP N1 2 axpression suppresse s primany urmor growth in aggmssivea THBE calls. Calls from (D) weras ranspiantad in the maouse mamemary gland and
maniionad for grirmary umar growth in fhe presencs or absencs of dax n= 12 for each group).

F) Restaring PTPN12 expression suppresses lung metastafc growh in aggmssive THBC cdls. Calis from (DY) wem tal vein injpcted and monitored for lung
matastatic growth (via Limninescance detection) in the pmsenos o absancs of dax {n = & for each grougl. Repmsentative «dox and ~dox images and quanti-
fication are shown inugper and lower panels, respeactivaly.

3] Restaring PTP N 2 exgression suppresses lung metastrtic grow inaggressive THBC calis. Cals from (D) wam tal vain injactad 2= in F) in the presencs ar
absance of dox §n = 7) and analyzed for lung metastatic lesions via standand HEE.

Ermyr bars rapmsant standard amrar.
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) HER? and PDGEFR-f ATEz nemct with
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Todetermina whathar PTPN12 -deficiant TMBCs are combina-
torially dependant on the HER family and additional ATKs, such
as PDGFR-finviva, we tested the effects of the pharmacologic
inhibitors lapatinib and sunitinib alona or in combination on the
tumanigenicity of aggressive PTPMN12-deficient TMBCs. Lapati-
nib is a dual inhibitor of HER2 and EGFR, and sunitinib is an
inhibitor of PDGFR-f and other TKs. MDA-MB231-LM2 cells
ware transplanted orthotopically, and mice were treated for
40 days with the indicated agents. Both agents ware well
tolarated by all animals at the administered doses (alone and
in combination). Treatmeant with sunitinib alona resulted in
adecreass in tumor growth rate (Figures 7D and TE). Strikingly,
whareas lapatinib alone did not affect tumor growth, lapatinib
traatment significantly increased the efficacy of sunitinib in
reducing tumor growth rate and burdan {p = 0.003; Figures 7D
and TE). In addition, combination therapy resulted in a significant
exteanzion in evant-free animal survival (p = 0.002; Figure TF).
Thasze data suggest that FTPM12-deficiant TNBC tumors may
be combinatorizlly depandent on HER2 family and othar RTK=.

&= anirmals with tumas greater than 1000 mm'.
Ermr bars rapmsant standard arrar.

Although our interaction and signaling studies supgest that
POGFR-f is ona of these additional ATKs, and this is supported
by tha efficacy of sunitinib, given the broad specificity of sunitinib,
it is possible that RTK s in addition to PDGFR-[ may be involved.
Thus, additional genatic and pharmacologic studies are neces-
sary to determine the precise identities of the relenvant RTEs
driving tumaoriganesis in tumors lacking PTPMN12. Collectivaly,
thesa studies idantify PTPN12 as a significant tumor suppressor
andillustrate a dependency on FTPN12 -regulated TK signaling in
THBC, suggesting thatthesa tumors may be successfully treated
withthe appropriste combination of TH inhibitors.
DISCUSSION

The Tyrosine Phosphatase PTPN12 Is a Tumor
Suppressor in Human Breast Cancer

In thiz study, we demonstrate that the tyrosine phosphatase

PTPM12 is a potant tumor suppressor in human braast cancer.
Loss of PTPM12 phosphatase activity leads to abamant acinar

Call 144, TO3-T18, March 4, 2011 @201 1 Elsevier Inc. T15

104



Results

maonphogenesis and cellular transformation in mammary epithe-
lizl calls. PTPM12is fraquently compromiszed in breast cancer by
delation, inactivating saguance variants, or loss of expression.
Importanthy, in breast cancer cells exhibiting PTPM12 deficiancy,
rastoring PTPMN12 expression to levels observed in nomal
mammary epithalial cells suppresses proliferation, tumorigan-
esis, and metastasis. Togsether, these obsarvations strongly
support the conclusion that PTPN12 is a suppressor of human
breast cancer.

A Network Govemning Cellular Transformation

and Tumor Supp ression

Owr study shows that FTPM12 functions in concart with a collec-
tion of other oncogenas and tumor suppressors in a serial inhib-
itory network culminating in the regulstion of proto-oncoganic
RTK=. We previously discovered that the oncogenic F box
protein f-TRCGP acts to negatively regulate the REST tumaor
suppressor (Westbrook et al., 2008). Here, we find that REST
positively regulates FTPN12 levels, in part, by nagatively ragu-
lating miR-124 that represses PTPN12 protsin levels. Ectopic
miR-124 expression can also transform HMECs, and miR-124
iz focally and frequently amplified in apithelial cancers of the
breast and lung, and is likely to act as an oncogene in thesa
contaxts. Thus, we have discoverad an extensive network of
sanal negative regulastion with altemating oncogenes and
tumor suppressors consisting of f-TRCP, REST, miR-124, and
FTPN12, which inhibits proto-oncogenic RTEs such as BGFR-
HER2 to control call proliferation, survival, and tumoriganasiz

The Role of PTPN12 and HER Family Receptors

in “"HERZ-MNegative" Breast Cancer

Approximataly 20% of all braast cancars axhibit amplification
and owerexpression of HER2, and many of these malignancies
are sensitive to HER2 inhibitors (D Cosimo and Basalga, 2010).
Howsewer, thare is significant controversy as to whethar HER2
and other HER family RTK:s play 2 role in brezst cancers that do
not exhibit ampification‘overexpression of the HER2 locus
(termed “"HER2-negativa™). Our data support 3 modal in which
PTPM12 inactivation leads to HERZ'EGFR hyperactivity and
callular transformation in HER2-negative braast cancers. Thisis
supported by several observations. First, PTPMN12 intaracts
with the HER2 and EGFR receptors in HMECs, and loss of
PTPM12 function leads to hyperactivation of HER-receptor
signaling in these cells. Convearsaly, transgenic exprassion of
PTPM12 suppresses HERZ signaling in HMEC= and PTPN12-
deficiant breast cancer cells. Sscond, PTPM12 inactivation
leads to mammary epithelial cell transformation that is at least
partially dapandent on HER2 and EGFR. Third, HER2 activity is
diminished in PTPN12-deficiant breast cancars whan PTPN12
exprasgon is restored. Fourth, inhibitors of HER2 and EGFR,
when combined with othar TK inhibitors, reduca prolifaration
and tumornigenicity of HER2-negative breast cancers lacking
PTPM12. Finally, we chsarve frequent inactivation of PTPN12
specifically in HER2-negative breast cancers (86% of FTPN12-
deficient breast cancers ware HER2 negative). This mutually
e lusiva ralationship is consistant with PTPN12 and HER2 func-
tioning in & common genstic pathway. Moraover, the frequant
inactivation of PTPM12 in HER2 -negative cancers suggests that
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a significant subset of HER2-nagative tumaors may harbor abar-
rant HER2/EGFR signaling. Motably, wheraas inhibitors targeting
HER2 or EGFR individually have not bean effective in HER2-
negative breast cancers, dual EGFR/HER2 inhibitors have not
bean rgorously tested in HER2-negative cancers such as
THBC. Furtther studies will be necessary to datermine whethar
dual EGFR/HER2 inhibitors in combination with othar T inhibi-
tors are effective in HER2-negative cancars and whethar
PTPM12 represants a biomarker for sensitivity to such agents.

A Mew Rationale for Combinatorially Targeting TK
Signaling in THBC and Other Cancers
Tk.:s hava bean shown to be critical pathogenstic drivers in soma
cancars, and the identification of oncoganic mutations and
amplifications in THs hawve provided important biomarkars for
selecting cancers that are dependeant on TK signaling and
amenable to targeted therapies (Druker, 2004; Slamon et al.,
1884). In contrast, THBC is a particulary aggrassive subtype of
breast cancer for which no single, dominantly acting TK has
been shown to drive the disease. Ourdiscovery that PTPN12 is
a tumor suppressor frequantly inactivated in TMBC that acts as
a negative ragulator of HERZ'EGFR and other THs, such as
PDGFR-f and ABL (Markova et al., 2003), raises the possibility
that inhibitors of thesa proto-oncogenic TKs may be therapsutic
in THBC whean usadin the approprista combination. In supportof
this prediction, our data indicate that lapatinib combined with
another TK inhibitor {sunitinib) significantly reduces the prolifera-
tion and tumorigenicity of THBCs. Given the prevalence of
PTPN12 inactivation in TMBC and tha addiction of thesa cancers
to PTPMN12 dysfunction, itwill be important to define tha full spec-
trum of Tks that PTPM12 ragulates in TNBC and other cancars
in order to rationally combine agents targating thesa kinases.
In summary, these studies establish an important role for tyro-
sing phosphatases in antagonizing tumangenasis. Our observa-
tions raize the important prediction that many malignancies
considarad to be non-TK driven because of the absence of
a dominant T mutation may indeed be dependent on TK
signaling. It is likely that in different cell types, diffarant FTPs
may play roles similar to PTPMA 2 in suppressing tumoriganasis,
possibly by antagonizing different combinations of TKs. Thasa
studies provide a rationale for identifying and employing TH
inhibitors to treat cancars not praviously thought to be driven
by TKs due to an absence of biomarkers for TK dependency.
As noted abowve for TNBG, it is likely that these tumors would
not be fully depandent on a single TK but, rathar, a combination
of THs within the cell. Thus, a combinatornial inhibitor approach
would be required to treat these cancers, most of which ara
likely to be untreatabls today. Our studies wamant a closar
examination of tha status of tyrosine phosphonylation in what
has bean previoudy considered non-TH driven disease and tha
idantification of Tz whose basal activity might combinatorially
contribute to cancers harboring defects in PTPs.

EXPERIMENTAL PROCEDURES

Vectors
The shA A library trgeting human kinases and phosphatases i sh RNASS
gans) was synthesizd using published methads (Cieary ot al, 2004) and
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danad info a MCV-basad retmvimlvactor. Indvidual GIPZ lenfviml shAMNAs
wara fram the Hannon- Bladge shl NA collacion (Open Blosystems). shAMAx
trgetng the 3'UTH ragion of FTPN12 ware designad using the BiopredSl and
ANA Codax algorithms. For inducible RNA o ovemxpession axpadments,
shAMAs or DA wam subdonad into a dos-inducble Brildiral axpesssion
sysiam (Maarbmy ot al., 2011).

Coll Cul turs

HMECs axpm=sing hTEAT and S5v40 LT (TUM-HMECs) (Westbmok ot al,
2005 wara cutumd in mammary apithelal grwth meadium {MESM, Lornea).
Lung retastatc MOW-MBZI -LM2 calls (Minn ot al., 2005 wam cutumd in
DMEM (GIBCO) supplemaniad with 10% fetal bovine serum, 100 Wimi
panidiin and 100 pg'ml stmptomycin. HOC 954, HOCIA, and HOC1937
cals wam cutumd in APMI- 1640 (ATCC) supplementad with 10% fetal
bovina samum, 100 Wmi paniclin, and 100 pgiml streptomycin. MCF1 04
oals {from J. Brugge, Harvam Madical School wam gmen as previously
desabed (Petersen of al, 1992 Al cal lines were incubaied ot 37C
and 5% OO0, Swbe cal lines epressing indicaied shRNAs o cDlds
wara generated by mrodrafentiiral infecfon in the pmsence of 8 ug'ml
polytrena, fdlowed by selection with sporogriate anfbiotic-msstnos
.

Tumorigenicity and Exporimaonta Motastais Assays

Orthofopc tumodgeniclly assays were parforned 2= pmviously desoribad
(Minn et al, 2005). In drug teatnent axparimants, anmals were gavagad
with lapatini {100 mgdg) anddor sunifnk (40 mgfg) onos daly and mank-
omd far tumnar grovwth. Foravent-fres sundval analysie, events wam denoiad
a= animale with tumaoss greater tian 1000 mmen Comparson batwaen groups
was parfoamad using Wilcoxon analysis. For experirmental metastasis scons,
NODVSCID farnala mics (NCT) agad-maichad betwean 5 and 7 wasks wara
traated with PES or dox &t 2 mgdg by intmpadtoneal (iF) inpction. The 2 x
1P cals wam moEpandad in 0.1 ml PES and injaciad into e lateral tal
wain. Lung metastatc rogression was moniionad and quantifiad wusing nonin-
wasiva bicduninescance 2= previously descdbad (Minn ot al, 2005. Unear
rmodal analyses (F test) weres parformed 1o fest the aflactof PTPN12 induction
an tumadgenicilty {umar growth) o metastfc exmnsion Juminesocanos) in
bofh assays
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Results

EXTENDED EXPERIMENTAL PROCEDURES

Vectors and Virus Production

Individual GIFZ lentiviral shAMNAs targeting PTPMN12 (V2LHS_170948, V2LHS_170850, V2LHS_170852), EGFR (V2LHS_200678),
HER2 W2LHS_1767 1), SHC (V2LHE_152915) were from the Hannon-Elledge shAMA collection {Open Biosystams). The PTPN12
cOMA was recombined into a retroviral pOCXIM exprassion vector or a pOCXIN-N-YFP fusion wvector (amino acid rasiduas1-155
of YFP) for ectopic expression and BiFC expariments, respactively. Sequence-verified human RTK cDMAs wera obtained from
the Harvard Institute of Proteomics collection and individually recombined into retroviral vectors with G-terminal-¥FP {amino acid
residuas 156-230 of YFP) tag. FTPN12 mutants were ganerated by site-directed mut agenesis using QuickChanga (Stratagense). Lan-
tiviral or retroviral supematants ware ganarated by transient transfection of 283T calls following Mirus Bio's TransIT® transfection
protocols and harvested 48 hr after transfkection.

Immuncblotting

Calls wara lysed in 1X S0E sample buffar (§2.5m M Tris-HCI, pHE 8, 10% glycerol, 2% 508, 2.5% f-mercaptosthanol) and heated at
95°C for 10min. The following antibodies ware used for Western blotting: PTPM1 2 (Sigma HPADDT0970); PTPN12 {Sigma PI109,
MCF 104 Westem blotting only); vinculin {Sigma VW8 131); HER2 (Millipore 06-562); SHC (BD Transduction Labor atories §10878); phos-
photyrosine {@G10, Upstate 05-1050X); phospho-HER2 (Y 1248, Upstate 06-229); EGFR (Cell signaling 2232); phospho-BSGFR
(1148, Call signaling 4404); phospho-EGFR (Y282, Call signaling 2235); phospho-EGFR (YB45, Invitrogen 44-TB4G); phospho-
EGFR (Y1045, Call signaling 2237); Akt {Call Signaling 2938), phospho-Akt (S473, Call signaling 8271), MAFK (Cell signaling
9102); phospho-MAPK (T202/¥204, Call signaling 4377); PBORSK (Cell signaling 9355); phospho-P30RSK {5380, Call signaling
B335); 56 (Call signaling 2217), phospho-56 (52355236, Call signaling 2211); phospho-FT0 56 Kinase (T421/5424) (Call signaling
8204); phospho-PDGFR[E (v 1021, Cell signaling 2227); p130cas (BD Transduction Laboratores §10271); REST (Upstats).

shRMNA Screen

Agenstic screan for suppressors of HMEC transformation was performed as described (Wastbrook at al., 2005) with the following
modifications. Briefly, TLM-HMECs weare transduced in 2 indepandent replicates with a pooled collection of shRMAs targsting all
kinzses and phosphatzses § shAMAs pear gane) and ware subject to anchorage-indepandent profiferation assays as describad
abova. Proviral shAMNAs wera identified from 530 anchorage-indapandent colonies by PCR-recovery and sequencing. shRMAs iden-
tified in both replicate screens were considared to be targeting candidata suppressors of transformation.

Three-Dimensional Culture and Transformation Assays and Proiferation Assays

MCF104 cells expressing a constitutive control (CTRL) or PTPHN12 shAMA, or inducible CTRL or FTPN12 shRMA wara grown in
Growth Factor Reduced BD Matrigel Matrix (BD Biosciences) and stained with TO-PRO3 (Invitrogan) and anti- Ki67 antibody (Eymed)
aspravioudydescribed | Debnath =t al., 2003). 500 ng/mil of doxycydline was added to the medium at the indicated day and refrashad
evary 2 days to induce and maintain the expression of the shANA. For analysis of abamant acini, at least 4 replicates wera parformed
{150 acini countad per raplicate). For profiferation anahysis in 30, KiGT -positive calls were countad inat least 50 acini par replicats (3
replicates par exparnmeant) using image softwara. Two-tailed t tests were used to test differences betwean groups. Anchorage-inde-
pendant proliferation assays were performed as described (Westbrook et al., 2005).

For colony formation assays, braast cancer calls wera transduced with equivalent multiplicity of infection (maoi) of retroviruses
aencoding @GFP fcontral) or PTPMN12 cDMAs, seaded at a density of 6,000 cells par Gom plate 2 days after infection, selected with
800 ugfml neomycin and cultured until macroscopic colonies formad. All assays ware parformed in triplicate or quadruplicate and
wars repeated at least twice. Two-tailed t tests were used to test differences between groups.

Faor in vitro 20 proliferation expeiments, cells were seadad in 86-well plates, cultured +/— 1 pM lapatinib, +/— 5 pM sunitinib (8
raplicates each) for B days, and incubated with 10 ug/mL Hoachst 33342 (Invitrogan, H3570) for 15 min. Fluorascant microscopy
was performed with an ImageXpress Micro microscops (Molecular devices). Call numbers wers determined by nuclei counts using
tha Meatakprass softwars. All assays ware parformad n= 12 for each treatmant. Two-tailed t tests wers used to test differencas
betwean groups.

Phosphotyrosine Peptides Quantitative Profiling
Tryptic phosphopeptide praparation and purification was parformed as described (Matsuoka et al., 2007). In vitro dimethyl labeling of
peptides was parformad basad on a previous meathod with modifications (Hsu et al., 2003). Briefly, 20 mg of peptides ware dissolvad
in 7 ml of 1M HEPES {pH 7.5), 0.56 ml of 0.6M NMaCMBH3 and 0.556 ml of 4% fomaldshyde wara added to PTP shANA treated
peptides for light labeling, and 0.56 mil of 0.6M MaCMBDA and 0.56 ml of 4% formaldehyde-D2({Sigma) were added to untreated
control peptides for heavy labeling, vortexed and incubated at 25°C for 20 min. 1.68 mil of 100% AcOH was added to quench
each reaction. Dimethyated peptides were desalted by using a SepPak C18 cartridge (Waters) respectively, and the light and
tha haavy labaled aluatas weara combinad together and lvophilized.

For p% phosphoantibody mediated immunoprecipitation, 40 mg peptides ware dissolved in 1 ml of IP buffer (100mM MOPS, pH
7.2, 10 mM =odium phosphate, 50 mM MaCl), than mixed with 100 ul of anti-phospho Tyrosine P-Tyr-100 antibody beads (Call
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Signaling) and incubated overnight at 4=C. After washing with IP buffar three times and ddH20 twica, the bound phosphopeptides
wars aluted with 0.015% TFRA and dried by speed vacuum. All aluted phosphopaptide samples wera further cleaned up by stage tip
chromatography. Each sample was anahzed by LC-MSMS in a hybrid Orbitrap mass spactromater (Tharmo Blstron, CA). MEME
spectra wera searc had via the 5BQUEST algorithm against a composite dats-base containing the human IP1 protein database and its
renarsad complameant. Search parametars allowed for dynamic modifications of B0 Da (phosphorylation) on tyrosing, 26 Da for light
lzbeled or 30 Da for heavy labeled on an M-terminal residue and any mis-cleaved Lysine residuss Matches weare filtered with
common parameters {mass daviation, XCor, dCn'), using decoy matches < 0.1% matches to reverse sequences as a guide. Auto-
mated paptide quantification was performed by using the Vista program (Bakalarski et al., 2008).

Metwork connections within the FTPN12regulated protein set were analyzed via 2 resources: Inganuity Pathway Analysis and the
Human Protsin Referance Detsbase (HPRD). Data analysis with the Ingenuity Pathways Analysiz package was parformed as
describad (Ingenuity Systems, httpy'fwww.ingenuity.com). To determine protein-protein interaction networks within FTPN12-regu-
lzted proteins, the HPAD database of human protein intaractions was obtained {http weww hprd.orgs], and all imteractions batwsaan
pairs of these proteins ware identified. To examine the significance of the observed connectivity in the PTPM1 2-regulated network,
a Monte Carlo procaedura was utilized in which 69 random proteins (in the HPRD databass) were analyzed for protain-protein intar-
action network. Two outcomea statistics wars caloulated for each simulation: the size of the largest connected componant of the
network andthe number of connections of the most connectad node. We parformed 10,000 such simulations to determina the distri-
bution of the standard amor measures for a network detarmined by random proteins.

Bimolecular Fluorescence Complementation [BiFC)

M-terminal domain fresidues 1-155) of Vanus YFP was fused N-terminal to PTPMN12 (bait). C-terminal domain fresdues 156-239) of
Vanus ¥ FP was fused C-terminal to 35 human RTKs (prey). TLM-HMECs ware transduced with retroviruses encoding bait and indi-
vidual preys. Call fluorescance was analyzed by flow cytometry in triplicate.

Copy Mumber Analysis

The Tumorscape segmanted copy numbar data from 243 human breast cancars and 734 human lung cancers was downloaded from
the Tumorscapse website (Baroukhim et al., 2010) and loaded into a My50L database where analysis could be parformed. Focal
evants wara definad to be no greater than 2.0 Mbin lkength and flog2)ratio = 0.15 famplification) or <= —0.15 {delstion). Tha resulting
datzzat was quened for focal events that owerlapped the targat gene in the desired cancer type from the tumorscape segmental
evants databasa.

Tumor Sequencing

Ganomic DNA was extracted from acohort of 277 primary breast cancers (The Lester and Sus Smith Breast Cantar at BCM) and 8
breast cancer call lines (ATCC). All coding exons of FTPN12 were amplified and sequenced using standard Sangar meathods (primear
saquances and sequancing data available upon request).

Immunchistochemistry of Primary Breast Cancers

A PTPN12 immunohistochemical assay (antibody: Sigma HPADDTOST) was optimized and walidated on paraffin-embedded call
pellets from human mammary epithalial cells (HMECs with or without PTPMN12-shRNA exprassion (to confirm dapletion of im-
muno-reactive signal). The specificity of the antibody was also confirmed as a single immuno+eactive species by westemn analysis
on HMECs with a control- or PTPN12-shRMA. PTPN12 protein expression was analyzed in a cobort of 185 human invasive breast
cancers (purchased from Asterand, plc). ER, PR, and HER2 status were provided by Asterand, plc. and confimed by independant
IHC {J.H. and |.M., unpublished data). Four pm sections of primary tumors wara immunostained using standard protocols. Briefiy,
antiganretrisval was parformad by heating in 0.1 M Tris—HCI buffer (pH 9.0). Sactions wers incubated with PTPMN12 primary antibody
at a dilution of 1:100. Slides were incubated with secondary biotinylated antibody and subsequantly with streptavidin-peroxidasa.
The erzyma was vsualized after 2 15 min incubation with daminoberzidine (AE). Slidas weare countarstainad with hamatoxdin.
Paositive and negative controls wers included in each staining.

Cytoplasmic PTPN12 was evaluated according to the percantage of positively stained cells and staining intensity based ona score
that ranges from 0 to 4: 0 = nagative; 1= < 50% of calls positive with low intansity; 2 = = 50% of calls positive with lowintensity or <
50% with intermediata intensity; 3 = = 50% ofcells positive with intermed ate intansity or < 50% with high intensity; 4 = = 50% of calls
positive with high intensity). FTPM12 exgpression was evaluated by a pathologist M) who was blinded to tumor characteristics. The
association betwean FTPM12 expression and subtype or HER2 -status was tested by Fisher's Exact test.
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) Focal delefions targa t e PTPN1 2 bousin hurman non-small cell lung cancers (K5 0L Cx) . Sagrmantal copy-numibar data for 734 NSCLE sarmpies was mirieved
fram wrmomscaps ([Bemukhim et al., 200 Q) and analyzad for focal deletions less fan 200 4 focal delstions targating the PTPN12 locus were identiflad, with
a minimum comman region (MCA) of 061 Mb encompas sing 5 NCB-amotatad ganes.
{H) Tha PTPM 2 locus = targeted by focal and frequant delsfons in NSCLE. Table lisfng tha characterisios of an MCR trgeiing PTPN12. Tha far right column
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MCR) targeting mill-124-3 in breast and Lng cancens (NECLG. Tha far rigt cdurmn indica tes the ol percentage of braast and NSOLC tumos with avidancs of
rmilA-124 amplific ation.

58 Cell 144, 703718, March 4, 2011 ©2011 Elsevier Inc.

115



Results

Cell line:  HCC38 HCC1937
48 1.0 47 1.0

= WAL

Vinculin
(load control) b- --
cDNA: ¥ & R
F& &¢

& g

Figure S7. Ectopic Expression of PTPN12 in Human Breast Cancer Cell Lines; Related to Figure &
HCCH and HOC1937 reast cancer cals wam ransducad with entivine sncoding contral or PTPN12 cDNA and assecsad for PTP N 2 ax pression by westam.
Thasa calls were analyrad for caony formation in Rgures 88 and 6C.

Cal 144, TO3-T18, March 4, 2011 ©2011 Elsevier Inz. 50

116



117



Discussion and outlook

6. DISCUSSION AND OUTLOOK

We found opposing roles for SHP2 and PTPN12 in breast cancer: while SHP2 plays an
oncogenic role and controls key networks of CSCs, PTPN12 acts as a tumor suppressor and

constrains the activity of proto-oncogenic RTKs in TNBCs.

6.1 The role of SHP2 in CSCs

Recent studies have demonstrated the importance of CSCs in breast cancer. The signaling
networks that govern CSCs remain ill-defined, and their delineation should pave the way for
development of targeted, potentially curative cancer therapies when combined with other
strategies. We provide new insights into the multiple roles of SHP2 in cancer. We found that
SHP2 increases self-renewal of breast CSCs and is required for breast tumor maintenance and
progression, demonstrating that SHP2 is a high quality target in human breast cancer.
Evidence that SHP2 increases self-renewal of breast CSCs is shown by several in
vitro and in vivo models. Knockdown of SHP2 in vitro reduced the proportion of the
CD44""/CD24"" population and decreased tumorsphere-forming efficiency. In several in
vivo models, SHP2 knockdown inhibited tumor maintenance and growth, reduced
tumorsphere-forming efficiency of the cancer cells and dramatically decreased their capacity
to seed new tumors when transplanted back at limiting dilutions in mice. These effects were
accompanied by a blockage of invasion in vivo and in 3D cultures, and decreased metastatic

ability in vivo.
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6.2 SHP2 as a molecular hub linking stemness and EMT

It was reported recently that induction of an invasive phenotype in normal or neoplastic
mammary epithelial cell populations increases the number of cells with CSC-like properties,
suggesting a functional overlap between the invasion phenotype and the state of stemness
(Mani, Guo et al. 2008). In line with this concept, CSCs are thought to be responsible for
metastases. Our observations that SHP2 regulates CSCs and EMT, mediates the progression
from DCIS to IDC and promotes metastatic spread suggest that SHP2 acts as a molecular hub

for these fundamental phenomena.

6.3 Mechanism of action of SHP2 in CSCs

Previously, SHP2 was shown to activate both the ERK and AKT pathways by increasing the
half-life of the activated form of RAS in breast cancer cells (Zhou and Agazie 2009). This
was accomplished by dephosphorylating an autophosphorylation site on HER2 that serves as
a docking platform for the SH2 domains of the RAS GTPase-activating protein (RASGAP).
The net effect was an increase in the intensity and duration of GTP-RAS levels with the
overall enhancement of ERK and AKT phosphorylation and cell transformation (Zhou and
Agazie 2009). In addition, SHP2 has been shown to directly activate the SRC family member
Fyn, downstream of integrin a6p4, to induce invasiveness of breast cancer cells (Yang, Dutta
et al. 2010), and to promote anchorage-independent growth via SRC/ERK activation
downstream of MET/integrinf4 (Bertotti, Comoglio et al. 2006).

We found that the effects of SHP2 on self-renewal of CSC and invasion of breast
cancer cells require ERK pathway activation. Further, we show that SHP2 activation of

ERK1/2 induces expression of the transcription factors ZEB1 and c-Myc, with c-Myc
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mediating an increase in the expression of the RNA-binding protein LIN28B. Notably, the
EMT-activator ZEB1 has been previously suggested to induce stemness in pancreatic and
colorectal cancers (Wellner, Schubert et al. 2009). Moreover, LIN28B, a marker of
undifferentiated human embryonic stem cells (Richards, Tan et al. 2004), promoted c-Myc-
mediated proliferation and invasion in several cancer models (Chang, Zeitels et al. 2009;
Wang, Chen et al. 2011). In our studies, c-Myc-induced LIN28B expression repressed let-7
miRNA leading to overexpression of let-7 targets, including RAS and other regulators of
stemness. These findings uncover a novel mechanism of ERK regulation by SHP2 and
identify an SHP2-dependent positive feedback loop required for the maintenance of CSC and

for the invasiveness of breast cancer cells.

6.4 The “SHP2 signature” in human breast cancer

Our work has led to the discovery of an “SHP2 signature”, a set of genes that we found to be
co-overexpressed in ~55% of human primary breast tumors. This signature reflects the
existence of an SHP2-driven gene network, controlled by key transcription factors (e.g., c-
Myc and ZEB1), and capable of maintaining stemness and invasiveness of breast tumors.
Notably, the SHP2 signature genes are co-overexpressed in ~55% of all breast tumors and
more frequently in TNBCs. These results suggest that inhibiting SHP2 might be particularly
effective in human TNBCs, especially the ones we recently found to be dependent on active

RTKSs (Sun, Aceto et al. 2011).
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6.5 SHP2 as a targets in breast cancer and in other malignancies

As SHP2 has been shown to activate the ERK pathway downstream of most growth factor
and cytokine receptors, targeting SHP2 might be therapeutic in other cancers in which SHP2
is hyperactivated, e.g., downstream of the cytotoxin-associated antigen A (CagA) encoded by
virulent H. pylori strains in gastric carcinoma, of the fusion protein NPM-ALK in anaplastic
large cell lymphoma, and of EGFRVIII in glioma. Our findings warrant experiments to
address whether SHP2 also regulates CSCs, tumor maintenance and progression in these
malignancies.

Taken together, these findings reveal a fundamental SHP2-dependent positive
feedback loop regulating CSCs. The facts that 1) SHP2 is a critical node required for
signaling downstream of virtually all RTKs with transforming potential and 2) promotes self-
renewal of CSCs, breast cancer maintenance, invasion and progression to metastasis, make
this PTP a critical therapeutic target for breast cancer and provide a rationale for the

development of selective inhibitors of this phosphatase.

6.6 The role of PTPN12 in TNBCs

In collaboration with the Elledge and Westbrook groups, we demonstrate that PTPN12 is a
potent tumor suppressor in human breast cancer. We find that PTPN12 loss-of-function leads
to aberrant acinar morphogenesis and cellular transformation in human mammary epithelial
cells. Importantly, the tyrosine phosphatase activity of PTPN12 is required for suppression of

cellular transformation. PTPN12 suppresses transformation by interacting with and inhibiting
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multiple oncogenic tyrosine kinases including HER2, EGFR and PDGFRp. Moreover,
PTPN12 function is frequently compromised in primary human TNBCs by inactivating
mutations or loss of gene expression. Notably, in breast cancer cells exhibiting PTPN12
deficiency, restoring PTPN12 expression to levels observed in normal mammary epithelial cells
suppresses proliferation, tumorigenesis and metastasis, suggesting that the malignant behaviour
of these cancer cells is dependent on PTPN12 dysfunction. Together, these observations strongly
support the conclusion that PTPN12 is a suppressor of human breast cancer of the TNBC
subtype. We propose a model in which PTPN12 inactivation leads to HER2/EGFR/PDGFRf3
hyper-activity and cellular transformation in HER2-negative breast cancers. Importantly, loss
of PTPN12 renders TNBCs sensitive to RTK inhibitors. Indeed treatment of cancer cells
lacking PTPN12 with the EGFR/HER2 inhibitor lapatinib and the PDGFR inhibitor
sunitinib reduced tumor growth and increased overall survival. Therefore, our studies warrant
a closer examination of the status of tyrosine phosphorylation in what has been previously

considered non-RTK driven diseases.

6.7 Concluding remarks and future directions

Recently, we have witnessed important discoveries on the function of some members of the
PTP family. Although PTPs were initially thought to exert tumor-suppressive activity
because of their antagonistic effects on oncogenic PTKs signaling, the emerging notion that
some PTPs can act as oncogenes has led to their consideration as drug targets. The
development of potent and selective inhibitors for these enzymes is therefore of great clinical

importance.
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6.7.1 SHP2 as a drug target in breast cancer:

The better characterized example of an oncogenic PTP is the non-transmembrane
phosphatase SHP2. The activity of SHP2 is required for self-renewal of breast CSCs and for
promotion of breast cancer maintenance and progression to metastases. These effects are
mediated via SHP2 activation of the ERK/MAPK pathway and the transcription factors ZEB1
and c-Myc. These findings should encourage academic institutes and pharmaceutical

companies to develop selective inhibitors of SHP2.

These discoveries lead us to explore new directions:

1) the fact that SHP2 regulates the expression of mature let-7 miRNA (via c-Myc and
LIN28B), raises the question of whether this phosphatase also regulates the biogenesis or
activity of other miRNAs. PTPs play very essential roles in eukaryotic systems, and the
involvement of members of this family in the control of fundamental regulatory elements like

miRNAs would not be unexpected.

2) we have preliminary evidences of a nuclear localization of SHP2 in breast cancer
cell lines. The role of SHP2 in the nucleus is unknown, as well as if its phosphatase activity is
at all required in this cellular compartment. Our laboratory is currently addressing these

interesting questions.

3) the direct substrate(s) of SHP2 in breast cancer is unclear. We performed
preliminary SHP2-immunoprecipitation experiments followed by mass-spectrometry to
identify SHP2 binding partners and substrates. Efforts in this direction should provide a direct

molecular explanation of the observed downstream signaling cascade, eventually provide
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novel mechanisms of action of this PTP, and potentially identify additional targets for the

treatment of breast cancer.

6.7.2 PTPN12 as a tumor suppressor in TNBC:

PTPN12 is a tumor-suppressor phosphatase which constrains EGFR, HER2 and PDGFR in
breast cells. In the absence of activating mutations or overexpression of oncogenic enzymes
like EGFR, HER2 or PDGFRJ, loss of PTPN12 leads to hyperactivation of these RTKSs. This
might also be true for other RTKSs regulated by other tumor suppressor PTPs. Therefore, this
concept provides a rational for targeting tyrosine kinases in TNBC and other cancers based

on their profile of tyrosine phosphatase activity.

Finally, the pathophysiological role of the majority of PTPs in breast cancer is poorly
characterized. Further studies using physiologically relevant models are required to reveal the
functions of the “PTP-ome” in breast cancer. Given that the design of drugs targeting PTPs
presents significant technical challenges, including the high polarity that the compounds must
have to interact with the PTP domain and the consequent poor cell permeability and
bioavailability, several efforts are currently made to solve these issues. In particular,
transmembrane PTPs seem to be suitable targets for development of chemical inhibitors or
antibodies targeting their extracellular domain, while non-transmembrane PTPs require
specific and cell-permeable chemical inhibitors or antisense-based therapeutics. As further
progress will be made in understanding the role of PTPs in breast cancer and in defining their
substrates, new insights into the molecular mechanisms driving tumorigenesis should be
revealed. This should ultimately lead to the development of new targeted therapies for the

treatment of cancer.
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8. ABBREVIATIONS

Dox doxycycline

EGF(R) epidermal growth factor (receptor)

EMT epithelial-to-mesenchymal-transition

ERK extracellular signal-regulated kinase

ER estrogen receptor

FBS fetal bovine serum

GAPDH glycerhaldehyde-3-phosphate dehydrogenase
Gab2 GRB2-associated binding protein 2

HER2 epidermal growth factor receptor 2

HERS3 epidermal growth factor receptor 3

MARA motif activity response analysis

miR short hairpin RNA MR

SHP2 Src-homology 2 domain-containing phosphatase

PDGFRp platelet-derived growth factor receptor beta

PTPN11 protein tyrosine phosphatase non-receptor type 11
PTPN12 protein tyrosine phosphatase non-receptor type 12
RPA reverse-phase protein array

TNBC triple-negative breast cancer

ZEB1 zinc finger E-box binding homeobox 1
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