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Shp2 signaling suppresses senescence in
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Abstract

In this study, we have used techniques from cell biology, biochem-
istry, and genetics to investigate the role of the tyrosine phospha-
tase Shp2 in tumor cells of MMTV-PyMT mouse mammary glands.
Genetic ablation or pharmacological inhibition of Shp2 induces
senescence, as determined by the activation of senescence-
associated B-gal (SA-p-gal), cyclin-dependent kinase inhibitor 1B
(p27), p53, and histone 3 trimethylated lysine 9 (H3K9me3). Senes-
cence induction leads to the inhibition of self-renewal of tumor
cells and blockage of tumor formation and growth. A signaling
cascade was identified that acts downstream of Shp2 to counter
senescence: Src, focal adhesion kinase, and Map kinase inhibit
senescence by activating the expression of S-phase kinase-associ-
ated protein 2 (Skp2), Aurora kinase A (Aurka), and the Notch ligand
Delta-like 1 (DII1), which block p27 and p53. Remarkably, the
expression of Shp2 and of selected target genes predicts human
breast cancer outcome. We conclude that therapies, which rely on
senescence induction by inhibiting Shp2 or controlling its target
gene products, may be useful in blocking breast cancer.
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Introduction

Breast cancer is a heterogeneous disease that can be divided into
different therapeutic groups based on the status of the estrogen
receptor (ER) and HER2 (van’t Veer et al, 2002; Hynes & Lane,
2005; Weigelt & Reis-Filho, 2009). Recent genomic and proteomic
technologies have led to the characterization of various mutations
and gene amplifications in breast cancers (Cancer Genome Atlas
Network, 2012; Stephens et al, 2012). Among the frequently altered

genes are the tumor suppressor genes TPS53, RBI, and the cyclin-
dependent kinase inhibitor 1B (CDKN1B/p27). Alterations in tyro-
sine kinases and tyrosine phosphatases have also been commonly
identified, such as amplifications of the receptor tyrosine kinases
EGFR, FGFR, and MET, and mutations in the tyrosine phosphatases
PTPN22 and PTPR, which highlight the importance of tyrosine phos-
phorylation-dependent oncogenic signaling in breast cancer (Cancer
Genome Atlas Network, 2012; Stephens et al, 2012). Indeed, deregu-
lation of several tyrosine phosphatases has been previously
described in human breast cancer (Julien et al, 2011). The protein
tyrosine phosphatase 1B gene is overexpressed in a large subset of
breast cancers (72 %), particularly in association with HER2 overex-
pression (Wiener et al, 1994). The protein tyrosine phosphatase
Shp2 (the PTPNI1 gene product) is upregulated in 70% of invasive
breast cancers (Zhou et al, 2008), and mutations of SHP2 are
frequently found in leukemia (reviewed in Chan et al, 2008). Shp2 is
a major regulator of growth factor, cytokine, and integrin signaling
(Neel et al, 2003). Shp2 plays essential roles in early embryogenesis
and in the development and maintenance of various organs such
as the nervous system, the kidney, and the intestine (reviewed in
Grossmann et al, 2010, 2009; Willecke et al, 2011; Heuberger et al,
2014). Recent studies have linked Shp2 to breast cancer: A study on
human breast cancer cell lines that overexpress the EGFR and HER2
showed that Shp2 mediated mitogenic and survival signals in cancer
cells and promoted epithelial-mesenchymal transition (EMT), while
inhibition of Shp2 leads to mesenchymal-epithelial transition (Zhou
& Agazie, 2008). In a further study, shRNA interference with Shp2
inhibited tumor growth and cancer stem cells in xenograft models of
human HER2 " and triple-negative breast cancer cells by controlling
c-Myc and zinc finger E-box binding homeobox 1 (ZEB1) factor. A
Shp2-dependent gene signature was associated with invasive behav-
ior and poor prognosis in a large set of human primary breast
cancers (Aceto et al, 2012). Shp2 has also been shown to promote
cell motility in triple-negative breast cancer cells (Sausgruber et al,
2014).

Cellular senescence is an irreversible growth arrest originally
identified in cell culture, but is also observed in normal and patho-
logical processes in vivo including embryonic development, aging,
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and cancer (Schmitt, 2003; Collado et al, 2007; Banito & Lowe,
2013). Senescence occurs during the development of human and
mouse tumors such as melanocytic naevi, colon adenomas, lympho-
mas, and prostate cancer (reviewed in Collado & Serrano, 2010;
Rodier & Campisi, 2011). Senescence has been viewed as a physio-
logical barrier against tumor initiation and progression: It can be
triggered by the activation of oncogenes in a process called onco-
gene-induced senescence (Serrano et al, 1997) or by loss of tumor
suppressor genes (Chen et al, 2005). Senescence prevails in many
different precancerous lesions in humans and mice, but is reduced
in malignant tumors. Inducing senescence by therapeutic regimens
may be used as a strategy for cancer treatment (reviewed in
Nardella et al, 2011; Schmitt, 2003). Characteristically, senescent
cells increase in size, express senescence-associated p-galactosidase
(SA-B-gal), display senescence-associated heterochromatin foci
(SAHF), and may be cleared by the innate immune system
(reviewed in Kuilman et al, 2010). The senescence program is
activated by key effector systems such as p16™**A-Rb and Arf-p53.
Senescence is also controlled by genes including p15, p21, and p27
(Kuilman et al, 2010).

Recent evidence shows that senescence may play an inhibitory
role in breast cancer. In Hras®'*V-induced mouse mammary gland
tumors, high Ras signaling initially induced senescent growth arrest
by activating the senescence checkpoint genes p19, p53, p21, and
pl6. Ultimately, however, full transformation required the absence
of wild-type p53 and p21 (Sarkisian et al, 2007). In MMTV-ErbB2
mouse mammary gland tumors, the genetic inhibition of IxB kinase o
(IKKo) produced senescence and inhibited the self-renewal of
tumor cells, but these effects were not seen in MMTV-v-Ha-ras,
MMTV-PyMT, MMTV-c-myc, or MMTV-Wnt-1 lines (Cao et al,
2007). The T-BOX2 (TBX2)-encoding transcription factor gene has
been identified as a senescence suppressor that inhibits the p1947
checkpoint gene, and it is amplified in subsets of sporadic and
familial human breast cancers (Jacobs et al, 2000). TWIST1 or
TWIST2, either of which induces EMT, suppressed senescence by
abrogating p16 and p21 checkpoint genes, cooperated with HERZ2
to transform mammary gland epithelial cells, and promoted inva-
sion and metastasis (Ansieau et al, 2008). The poly ADP-ribose
polymerase (PARP) inhibitor veliparib (ABT-888) induced senes-
cence in breast cancer cells in combination with ionizing radiation
and exerted therapeutic effects on xenografts (Efimova et al, 2010).
Finally, based on recent genomic and proteomic analyses, several
senescence activators such as TPS3, RBI1, and CDKNI1B/p27 were
frequently found to be mutated in breast cancer (Cancer Genome
Atlas Network, 2012). Thus, senescence may represent a common
mechanism to restrict breast cancer development and may be
useful in therapeutic approaches.

Here, we used cell biological and biochemical experiments as
well as mouse genetics to investigate the role of Shp2 in
mammary gland tumors of MMTV-PyMT mice, a well-established
model of breast cancer (Guy et al, 1992). PyMT is an oncogene
that induces rapidly growing and highly metastatic mammary
gland cancers by activating distinct signaling systems such as Ras/
Mapk, Pi3k/Akt, and Plc-Pkc (Dilworth, 2002; Malanchi et al,
2012). Additional signaling molecules including ErbB3, integrin p1,
and periostin are also involved in PyMT-induced tumorigenesis
and metastasis (White et al, 2004; Cook et al, 2011; Malanchi
et al, 2012). We found that Shp2 signaling is highly upregulated in
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PyMT tumors and is crucial for mammary gland tumorigenesis,
primarily by suppression of senescence. As modulators of this
effect, Shp2 and its downstream targets Src, Fak, and Mekl/Map
kinase control the expression of Skp2, Aurka, and DlUI and regu-
late p27- and p53-dependent senescence. Our data suggest that
senescence induction by inhibiting Shp2 or controlling its down-
stream targets may be useful in therapeutic approaches to breast
cancer.

Results

Ablation or inhibition of the tyrosine phosphatase Shp2 induces
senescence of PyMT mammary gland tumor cells in culture and
inhibits their self-renewal

We assessed the expression of the tyrosine phosphatase Shp2 in
mouse mammary gland epithelia and in PyMT mammary gland
tumors (Guy et al, 1992). We found strongly elevated levels of
Shp2 protein in the tumors (Supplementary Fig S1A; compare
normal tissue with tumors T1-3). We then undertook a functional
analysis of the potential role of Shp2 in the PyMT tumor cells.
Primary tumor cells from PyMT mammary glands were isolated
from 12-week-old mice carrying in addition homozygous
floxed Shp2 alleles (PyMT;Shp2", see Materials and Methods)
(Grossmann et al, 2009). The tumor cells were then infected in
tissue culture with retroviruses that expressed either CreERT2-GFP
or control GFP (see scheme in Fig 1A). GFP™ cells purified by
FACS were treated for 2 h with 4-hydroxytamoxifen (40HT) to
ablate Shp2. CD24"CD90" cells were enriched by FACS (Supple-
mentary Fig S1B) (Malanchi et al, 2012) and cultured in serum-
free non-adherent conditions as mammospheres to measure the
self-renewal capacity of the cells (Fig 1A) (Ponti et al, 2005).
Western blot analysis showed that Shp2 knockout (ko) cells exhib-
ited an almost complete loss of Shp2 protein, suggesting high effi-
ciency of Shp2 ablation (Fig 1B).

We then assessed the proliferative and self-renewal capacities
of the tumor cells, using immunofluorescence for the Ki67 nuclear
antigen and counting the numbers of spheres and sphere cells. A
significant reduction in proliferation and self-renewal was
observed in Shp2 ko cells at day 7, compared to controls (Fig 1C
and E; quantified in Fig 1D and F). After 7 days, Shp2 ko spheres
almost completely ceased expansion (Fig 1G). We also examined
senescence in spheres by determining the activity of senescence-
associated B-gal, SA-B-gal (Dimri et al, 1995). Remarkably, Shp2
ko spheres at day 7 contained 10-fold higher numbers of SA-pB-
gal® cells (Fig 1H; quantified in Fig 1I). Moreover, we observed
strong increases in levels of histone 3 trimethylated lysine 9
(H3K9me3), p27, Ser 18-phosphorylated p53, and total p53, which
are also characteristic of senescence (Fig 1J) (Kuilman et al,
2010). In contrast, apoptosis was not induced by Shp2 ablation, as
determined by cleaved caspase-3 staining (Supplementary Fig
S1C). We then performed rescue experiments by overexpressing
full-size human Shp2 prior to endogenous Shp2 ablation in PyMT
mouse tumor cells (Supplementary Fig S1D). Indeed, overexpres-
sion of human Shp2 prevented senescence in Shp2 ko mouse cells,
demonstrating the specificity of Shp2 ablation (Supplementary Fig
S1E and F).
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Figure 1. Shp2 ablation or inhibition inhibits self-renewal and induces senescence in cultured PyMT tumor cells.

A Scheme of Shp2 ablation in cultures of PyMT:Shp2™" tumor cells using retroviruses, which expressed CreERT2-GFP or control GFP.

B Western blot analysis of Shp2 in control and Shp2 ko cells.

C Immunofluorescence analysis of Ki67 on control and Shp2 ko cells at day 7. Scale bar, 50 um.

D Quantification of the numbers of Ki67* cells shown in (C). Error bars represent SEM (n = 3). **P < 0.01.

E Sphere formation by control and Shp2 ko cells at day 7. Scale bar, 200 um.

F  Quantification of the numbers of spheres formed by control and Shp2 ko cells shown in (E). Error bars represent SEM (n = 3). **P < 0.01.
G Growth kinetics of spheres formed by control and Shp2 ko cells by counting sphere cells at day 4, 7, and 12. Error bars represent SEM (n = 3).
H SA-B-gal staining on spheres formed by control and Shp2 ko cells at day 7. Scale bar, 100 um.

| Quantification of the numbers of senescent cells in the spheres shown in (H). Error bars represent SEM (n = 3). **P < 0.01.

] Western blot analysis of H3K9me3, p27, p53 pS18 (Serl8-phosphorylated p53), total p53, Shp2, and a-tubulin in control and Shp2 ko cells.
K SA-B-gal staining on spheres formed by control cells and those treated by the Shp2 inhibitor GS493 at 15 uM at day 7. Scale bar, 100 pm.
L Quantification of the numbers of senescent cells shown in (K). Error bars represent SEM (n = 3). **P < 0.01.

M

**p < 0.01. Statistical significance was assessed by Student’s unpaired t-test.

We also examined the effect of Shp2 inhibition on PyMT
tumor cells using the Shp2 inhibitor GS493. GS493 is an
improved analog of the Shp2 inhibitor phenylhydrazonopyrazo-
lone sulfonate 1 (PHPS1) that was produced in our laboratory
(Hellmuth et al, 2008). SA-B-gal® cells were strongly induced

© 2015 The Authors

Quantification of the numbers of spheres formed by control cells and those treated by the Shp2 inhibitor GS493 at 15 uM. Error bars represent SEM (n = 3).

upon GS493 treatment (Fig 1K; quantified in Fig 1L), while the
numbers of spheres were reduced (Fig 1M). Collectively, these
data demonstrate that Shp2 deficiency induces senescence and
inhibits the self-renewal of PyMT tumor cells, but does not induce
apoptosis.
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Shp2 activates the expression of Skp2, Aurka, and DII1/Hey1
genes to suppress p27- and p53-dependent senescence in PYyMT
tumor cells

We performed gene expression profiling in PyMT tumor cells to
examine genes that are controlled by Shp2. We compared PyMT;
Shp2™ tumor cells under the two conditions: where Shp2 had been
ablated by retroviral CreERT2 activation (Shp2 ko cells), and where
Shp2 had been inhibited by GS493 (Fig 2A; see also above). The
two types of interventions produced similar changes in gene expres-
sion (Supplementary Table S1; GEO accession number GSE50518):
Overall, 428 genes were deregulated with a fold-change of 1.5 or
above. These genes were annotated by gene ontology, revealing
three classes that were overrepresented: (i) genes that control cell
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cycle progression (55 genes downregulated), (ii) those that control
DNA replication (25 genes downregulated), and (iii) p53 target
genes (seven genes upregulated) (Fig 2A; Supplementary Tables S2,
S3 and S4). The changes of expression of these classes of genes
suggest a cell cycle arrest in Shp2-deficient cells.

Upregulation of Skp2, amplification of Aurka, and translocation
of Notch have been detected in human breast cancers (Signoretti
et al, 2002; Anand et al, 2003; Robinson et al, 2011); these genes
were also implicated in senescence inhibition of different cancers
such as melanoma, prostate, or colon cancer (Huck et al, 2010; Lin
et al, 2010; Kang et al, 2013). Interestingly, we found that Skp2,
Aurka (encoding Aurora A kinase), DIlI (encoding a Notch ligand),
and the Notch target gene Heyl were downregulated by Shp2 abla-
tion or inhibition (Fig 2B). We thus asked whether Skp2, Aurka,
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Figure 2. Shp2 activates the expression of Skp2, Aurka, and DII1/Hey1 genes to suppress senescence in PyMT tumor cells.

A Heatmaps for cell cycle, DNA replication, and p53 target genes defined by gene ontology terms in control, Shp2 ko, and Shp2-inhibited PyMT spheres at day 7.

m o 0O @

significance was assessed by Student’s unpaired t-test.

gqRT-PCR analysis of mRNA levels of Skp2, Aurka, DIl1, and Hey1 in control, Shp2 ko, and Shp2-inhibited cells. Error bars represent SEM (n = 3).

SA-B-gal staining on control, Shp2 ko, and Shp2 ko cells with overexpression of Skp2, Aurka, or N3IC cDNA. Scale bar, 100 pm.

Quantification of the numbers of senescent cells shown in (C). Error bars represent SEM (n = 3). **P < 0.01; ***P < 0.001.

Quantification of the numbers of spheres formed by cells shown in (C). Error bars represent SEM (n = 3). *P < 0.05; **P < 0.01; and ***P < 0.001. Statistical

F Scheme showing an overview of Shp2-dependent signaling systems and target genes, which are involved in senescence and cell cycle programs in PyMT tumor cells.
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and DIl1 mediate the functions of Shp2 in senescence suppression of
PyMT tumor cells. We treated the cells with small molecular inhibi-
tors of the NEDD8-activating enzyme (NAE), which functions as an
activator of the Skp2-Skpl-cullinl-Rbx1 complex, MLN4924, and of
Aurora A, VX-680 (Harrington et al, 2004; Brownell et al, 2010).
Both inhibitors induced senescence and reduced sphere formation
in dosage-dependent manners (Supplementary Fig S2A, A’, B and
B’). We then overexpressed Skp2 and Aurora A in PyMT tumor cells,
followed by Shp2 ablation. Overexpression of both cDNAs reduced
senescence and induced sphere formation (Fig 2C, quantified in
Fig 2D and E). To test whether DIl1-mediated Notch signaling is also
involved in Shp2-controlled senescence, we treated PyMT tumor
cells with the Notch inhibitor DAPT (Micchelli et al, 2003). Senes-
cence was indeed induced, and spheres were reduced (Supplemen-
tary Fig S2C and C’). Moreover, activation of Notch signaling
through the expression of the cDNA of the Notch3 intracellular
domain, N3IC, followed by Shp2 ablation, completely abrogated
senescence and strongly increased sphere formation (Fig 2C, quanti-
fied in Fig 2D and E; summarized in the scheme of Fig 2F).

p27 and p53 represent two important senescence effectors
(Kuilman et al, 2010), and both were activated in Shp2 ko cells (see
above). We therefore examined whether p27 and p53 might act
downstream of Shp2 to execute senescence. We first knocked down
p27 and pS53 by retrovirus-based shRNAs, followed by ablation of
Shp2 (Supplementary Fig S3A and B). Indeed, both p27 and p53
knockdowns reduced senescence and increased self-renewal
(Fig 3A; quantified in Fig 3B and C). We then determined the
protein levels of p27 and p53 in Shp2 ko and cDNA-rescued cells.
Both proteins were elevated in Shp2 ko cells. p27 was reduced by
overexpression of Skp2 but not Aurka or N3IC cDNA, and p53 was
reduced by the overexpression of Aurka and N3IC but not Skp2
cDNA (Fig 3D). We also measured p27 and p53 proteins in PyMT
tumor cells, following treatment with pharmacological inhibitors.
Inhibition of Skp2 by MLN4924 induced p27, and inhibition of
Aurora A by VX-680 or inhibition of Notch by DAPT induced p53
(Fig 3E). These data suggest that p27 acts downstream of Skp2 and
p53 downstream of Aurora A and Notch. Moreover, the induction of
senescence by MLN4924 was prevented by p27 knockdown, and
senescence by VX-680 or DAPT was prevented by p53 knockdown
(Fig 3F-H). Overall, these data show that p27 and p53 indeed act
downstream of Shp2 to control the senescence program and that
their level and activity are modulated by Skp2, Aurka, and DIl1/
Heyl (summarized in the scheme of Fig 2F).

Shp2 activates Src, Fak, and Mek1 signaling to suppress
senescence in PyMT tumor cells

We used pharmacological inhibitors to examine various signaling
systems that had been shown to act downstream of Shp2 (Neel et al,
2003; Grossmann et al, 2009, 2010) in PyMT mammary gland tumor
cells. Inhibition of Shp2 (by GS493), Src (by PP2), Fak (by TAE226),
or Mek1 (by U0126), but not Met, Pi3k, or mTor, induced senescence
in PyMT cells and reduced self-renewal in dosage-dependent
manners (Fig 4A, quantified in Fig 4B and C; dosage dependency is
shown in Supplementary Fig S4A and B; data not shown). We also
detected crosstalk between Shp2 and downstream molecules in
PyMT tumor cells at the level of posttranslational modifications; for
instance, Shp2 inhibition increased Tyr 527 phosphorylation, which
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The EMBO Journal

represents an inhibitory phosphorylation site of Src, and decreased
Tyr 416 phosphorylation, which is an activating phosphorylation site
of Src (Fig 4D) (Grossmann et al, 2009). Moreover, phosphorylation
of Tyr 925 of Fak, which is an activating phosphorylation site
(Grossmann et al, 2009), and Erk1/2 activity were reduced by Shp2
inhibition (Fig 4D). The effects of the pharmacological inhibitors of
Shp2, Fak, Src, and Mek1 were also examined on the regulation of
the newly identified genes Skp2, Aurka, DlUI, and Heyl, which
control senescence and the cell cycle. The Src but not the Mekl
inhibitor reduced the expression of Skp2 and Aurka, the Mek1 but
not the Src inhibitor reduced DIlI and Heyl, and the Fak inhibitor
reduced all four genes, as did the Shp2 inhibitor (Fig 4E, see scheme
in Fig 4F). Apparently, Skp2 and Aurka expression are controlled by
Src, and DIl1 and HeyI expression are regulated by Mek1, while Fak
controls the expression of all four genes (Fig 4F). We have thus
identified the network of expression of crucial genes downstream of
Shp2 that controls senescence and the cell cycle in PyMT tumor cells
(summarized in the scheme of Fig 2F).

Shp2-regulated gene expression programs predict the survival of
breast cancer patients

We performed retrospective Kaplan-Meier survival analyses on
publically available data from 3,935 human patients with invasive
breast cancers (Gyorffy & Schafer, 2009), based on the expression of
Shp2 and Shp2-regulated genes. We found that higher mRNA levels
of Shp2 significantly correlated with shorter survival of patients
(Fig SA). When the overall expression of all Shp2-deregulated genes
was considered, the findings were not predictive of patient outcome
(Supplementary Fig SSA and B). However, the expression of Shp2
target genes that belong to the three overrepresented classes listed
above (cell cycle progression, DNA replication, and p53 targets) was
highly predictive of relapse-free survival times (Fig SB-D). More-
over, the expressions of the single target genes Skp2 or Aurka were
also strong prognostic factors that predict patient survival (Fig SE
and F). Our data thus show that the expression pattern of Shp2 and
of selected Shp2 target genes is highly predictive for human breast
cancer outcome.

Conditional ablation of Shp2 in mice delays the onset of
PyMT-induced mammary gland tumors

To examine the role of endogenous Shp2 in PyMT mammary gland
tumors in mice, we introduced a conditional mutation of Shp2 in the
mammary gland of PyMT mice using MMTV-Cre (PyMT;MMTV-Cre;
Shp2™ subsequently referred to as PyMT;coShp2 mutant) (Guy
et al, 1992; Grossmann et al, 2009). To assess recombination,
MMTV-Cre was used in combination with an EYFP reporter (MMTV-
Cre;RosaEYFP~/™) (Srinivas et al, 2001), where EYFP expression is
generated after Cre-mediated deletion of a stop cassette. MMTV-Cre
efficiently induced EYFP expression in the mammary gland epithe-
lium (Supplementary Fig S6A). PCR analysis confirmed that MMTV-
Cre recombined the floxed Shp2 allele in the mammary gland of
PyMT mice (Supplementary Fig S6B). We found that conditional
Shp2 mutation delayed mammary gland tumor formation induced
by PyMT (Fig 6A). PyMT;coShp2 mice presented with palpable
tumors at 14 weeks (brown curve), whereas control PyMT mice that
either lacked the MMTV-Cre allele (PyMT:Shp2™") or carried a
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Figure 3. Shp2 target genes Skp2, Aurka, and DIl1/Hey1 mediate the suppression of p27- and p53-dependent senescence in PyMT tumor cells.

A SA-B-gal staining on control, Shp2 ko, and Shp2 ko cells with shRNA knockdown of p27 or p53. Scale bar, 50 pum.

Quantification of the numbers of senescent cells shown in (A). Error bars represent SEM (n = 3). **P < 0.01.

Quantification of the numbers of spheres formed by cells shown in (A). Error bars represent SEM (n = 3). **P < 0.01.

Western blot analysis of p27, p53, and a-tubulin in control, Shp2 ko, and Shp2 ko cells with overexpression of Skp2, Aurka, or N3IC cDNAs. The numbers below indicate

the relative ratios of band intensities between p27 and a-tubulin or between p53 and a-tubulin.

E Western blot analysis of p27, p53, and a-tubulin in PyMT cells treated with control (DMSO) or inhibitors against Skp2 (MLN4924), Aurora A (VX-680), or Notch (DAPT)
at the indicated concentrations. The numbers below indicate the relative ratios of band intensities between p27 and a-tubulin or between p53 and a-tubulin.

F  Quantification of the numbers of senescent cells in PyMT cells treated with control, MLN4924, MLN4924 plus p27 knockdown or MLN4924 plus p53 knockdown. Error

bars represent SEM (n = 3). **P < 0.01; NS, not significant.

Quantification of the numbers of senescent cells in PyMT cells treated with control, VX-680, VX-680 plus p27 knockdown, or VX-680 plus p53 knockdown. Error bars

represent SEM (n = 3). *P < 0.05; NS, not significant.

Quantification of the numbers of senescent cells in PyMT cells treated with control, DAPT, DAPT plus p27 knockdown, or DAPT plus p53 knockdown. Error bars

represent SEM (n = 3). **P < 0.01; NS, not significant. Statistical significance was assessed by Student’s unpaired t-test.

B
C
D

Source data are available online for this figure.
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Figure 4. Shp2 activates Src, Fak, and Mek1/Erk to regulate senescence in PyMT tumor cells.
A SA-B-gal staining on PyMT tumor cells treated with control, Shp2 inhibitor GS493 (15 uM), Src inhibitor PP2 (2.5 uM), Fak inhibitor TAE226 (0.5 puM), or Mekl inhibitor

U0126 (20 uM). Scale bar, 100 pm.

B Quantification of the numbers of senescent cells in the presence or absence of the inhibitors, as shown in (A). Error bars represent SEM (n = 3). *P < 0.05; **P < 0.01.

(@}

Quantification of the numbers of spheres in the presence or absence of the inhibitors, as in (A). Error bars represent SEM (n = 3). *P < 0.05; **P < 0.01.

D Western blot analysis of pY527, pY416 and total Src, pY925 and total Fak, pT202/pT204 and total Erk1/2, and a-tubulin in PyMT tumor cells with or without treatment

with 5 pM GS493.

E gRT-PCR analysis of mRNA levels of Skp2, Aurka, DII1, and Hey1 in control cells and those treated with the indicated inhibitors. Error bars represent SEM (n = 3).
F Summary of the deregulated genes by the chemical inhibition of Shp2, Src, Fak, and Mek1 signaling. Arrows represent downregulation of genes. Statistical

significance was assessed by Student’s unpaired t-test.

Source data are available online for this figure.

heterozygous Shp2" allele (PyMT:MMTV-cre;Shp2*'", also referred
to as control PyMT mice) developed palpable tumors at 10 weeks
(blue and green curves, respectively). A much stronger effect on
tumor formation was observed at early stages, with a 75% reduction
in hyperplastic nodules at 5-8 weeks (Fig 6B; quantified in Fig 6C).

We analyzed EYFP expression at different stages of mammary
gland tumor formation in control PyMT (PyMT;MMTV-Cre;Shp2 /")
and PyMT;coShp2 mice that additionally carried the EYFP reporter.
Remarkably, EYFP* cells were gradually lost during tumor develop-
ment in PyMT;coShp2 mice: At the hyperplasia stage, EYFP was
broadly expressed both in areas of the mammary gland that
displayed normal epithelial morphology and in hyperplasia (Fig 7A,
bottom left). At the adenoma stage, EYFP expression was only main-
tained in hyperplastic nodules, but not in adenomas (Fig 7A, bottom
middle; compare arrowheads and arrows). At the carcinoma stage,

© 2015 The Authors

EYFP expression was completely absent (Fig 7A, bottom right). In
contrast, EYFP was widely expressed at all stages of mammary
gland tumors in control PyMT;MMTV-Cre;Shp2 M mice (Fig 7A, top
panel). These data demonstrate that EYFP* cells, in which Shp2
was recombined, were gradually out-competed by non-recombined
PyMT tumor cells. Indeed, staining of late-stage mammary gland
tumors of PyMT;coShp2 mice with anti-Cre antibody revealed
absence of Cre (Fig 7B, top right, see control without MMTV-Cre on
top left). In contrast, Cre was maintained in tumors of control
PyMT;MMTV-Cre;Shp2 M mice at the late stage (Fig 7B, top
middle). Metastases in the lungs were observable starting at
14-18 weeks in control PyMT and PyMT;coShp2 mice (Fig 7B,
bottom panel). Cre was produced in metastases of control PyMT;
MMTV—Cre;ShpZ”ﬂ mice, but was absent in PyMT,;coShp2 mice
(Fig 7B, bottom middle and right, respectively; PyMT mice on the

The EMBO journal 7
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Figure 5. The Shp2-regulated gene expression programs predict the survival of patients with breast cancers.
A Kaplan—Meier survival analysis of human patients (n = 3,935) with invasive breast cancers divided into two groups based on the gene expression level of Shp2 (see

Materials and Methods).

B-D Kaplan—Meier survival analyses of the human patients (n = 3,935) divided into two groups based on the expression level of the genes of each overrepresented class

determined in Fig 2A: cell cycle genes, DNA replication genes, or p53 target genes.

E,F Kaplan—-Meier survival analyses of human patients (n = 3,935) divided into two groups based on the gene expression level of Skp2 or Aurka. HR, hazard ratio.

Data information: Statistical significance was assessed by the log-rank test.

left). Furthermore, we measured mRNA and protein levels of Shp2
in late-stage mammary gland tumors. In control PyMT;MMTV-Cre;
Shp2*" mice, we observed a 50% reduction in the levels of Shp2
mRNA and protein, while high levels were comparable between
PyMT;coShp2 and PyMT;Shp2™" mice (Fig 7C and D; compare
middle with right and left panels). These data confirm that late-stage
tumors and metastases developed from cells that had escaped
recombination, potentially because of initial mosaic patterns of
MMTV-Cre expression. Escape from recombination has also been
observed in other studies using MMTV-Cre and other Cre lines
(Chmielowiec et al, 2007; Marcotte et al, 2012).

Shp2 ablation induces senescence but not apoptosis of PyMT
mammary gland tumors in mice

We also examined senescence in endogenous tumors of control
PyMT;MMTV-Cre;Shp2 ™ and PyMT;coShp2 mice that additionally
carried the EYFP reporter. We performed SA-f-gal staining of tumor
sections: EYFP cells exhibited extensive SA-B-gal staining in
tumors of PyMT;coShp2 mice, showing senescence in areas in which
recombination had occurred and Shp2 was ablated (Fig 8A, right,
compare top and bottom; arrows on the serial sections mark EYFP "

8  The EMBO journal

and SA-B-gal” areas). Conversely, senescent cells were virtually
absent in areas where EYFP was negative and recombination was
prevented (Fig 8A, right, compare top and bottom; arrowheads on
the serial sections mark EYFP-negative and SA-B-gal-negative
areas). Sections of control PyMT tumors showed little SA-B-gal stain-
ing (Fig 8A, left and middle). We then evaluated Ki67, p27, and p53
in tumor sections by immunofluorescence. Ki67 staining revealed
high proliferation in hyperplasias and tumors derived from PyMT;
coShp2 mice in areas where EYFP was absent, that is, where cells
had escaped recombination (Fig 8B, top right, marked by arrow-
heads). In contrast, Ki67 staining was absent in areas that were
EYFP® (Fig 8B, top right, marked by arrows). In control mice
(PyMT;MMTV—Cre;Shp2+/fl), EYFP and Ki67 staining co-localized
extensively (Fig 8B, top middle). Both p27 and p53 staining also co-
localized with EYFP in tumors from PyMT;coShp2 mice (Fig 8B,
middle and bottom right, arrows), whereas p27 and p53 were not
detected in EYFP-negative areas (Fig 8B, middle and bottom right,
arrowheads). These results demonstrate that conditional ablation of
Shp2 in mammary gland tumors blocked cell proliferation and
induced senescence. Further analyses of tissue sections from PyMT;
coShp2;EYFP tumors at different stages (hyperplasia, adenoma,
and carcinoma) clearly showed a gradual loss of EYFP ™ cells and

© 2015 The Authors
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Figure 6. Shp2 ablation inhibits mammary gland tumor formation in PyMT mice.

A Kaplan—Meier analyses of tumor formation for control (Py/\/lT;ShpZﬂ/ﬂ, blue, n = 33), heterozygous Shp2 mutant (PyMT;/\/lMT\/—Cre;ShpZ*/ﬂ, green, n = 15), and
homozygous Shp2 mutant (PyMT:MMTV-Cre;Shp2™", also called PyMT:coShp2, orange, n = 34) mice. ***P < 0.001 (log-rank test).

B Mammary gland whole-mounts from control PyMT and PyMT:MMTV-Cre;Shp2™f mice at indicated ages. The characteristic lymph node of the mammary gland fat pad
is marked by white arrowheads; premalignant lesions are marked by red arrowheads. Scale bar, 4 mm.

C Quantification of premalignant lesions in mammary glands of control PyMT and PyMT:MMTV-Cre;Shp2™7 mice, as shown in (B). Error bars represent SEM (n = 6).

*P < 0.05 (Student’s unpaired t-test).

SA-B-gal” cells and a steady gain of Ki67 * cells during tumor devel-
opment, while the number of cells expressing the pan-epithelial
marker keratin 8 (CK8) remained stable (Supplementary Fig S7A,
top and bottom panel; quantified in Supplementary Fig S7B). Shp2
ablation did not induce apoptosis (Supplementary Fig S7A, middle
panel). These findings show that ablation of Shp2 in PyMT
mammary glands induces senescence in endogenous mouse tumors.

We also examined the expression of Shp2 target genes in the
in vivo settings. Primary tumor cells were freshly isolated from
PyMT;coShp2;EYFP mice; EYFP" and EYFP~ tumor cells were then
separated by FACS and collected for the analysis of gene expression.
Shp2 expression was reduced in EYFP™ cells that had undergone
efficient recombination (Fig 8C). Importantly, the mRNA levels of
Skp2, Aurka, DIl1, and Heyl were also downregulated in EYFP™"
cells that had lost Shp2 (Fig 8C). Taken together, these data on
endogenous tumors confirm that Shp2 activates Skp2, Aurka, and
DIl1/Heyl in senescence suppression.

The Shp2 inhibitor GS493 prevents tumor formation at early
stages and inhibits tumor growth at late stages in PyMT mice

We examined whether GS493 could block tumor formation in
PyMT;coShp2 mice. The compound was injected i.p. for 3 weeks,
starting 7 weeks after birth, that is, before tumors became palpable
and visible. Remarkably, GS493 completely blocked tumor forma-
tion in PyMT;coShp2 mice (Fig 8D, Supplementary Fig S8A, red
curves, compare with blue curves of untreated mice; the treatment
period is marked by black bar). Treatment with the inhibitor in
PyMT;coShp2 animals was well tolerated, as seen by the lack of
effects on body weight (Supplementary Fig S8B; the increase in

© 2015 The Authors

weight at later stages is due to tumors that developed in untreated
but not in treated animals).

We also examined whether the Shp2 inhibitor GS493 could arrest
tumor growth or regress tumors in tumor-bearing PyMT mice. The
compound was administered i.p., starting when tumors were already
palpable, and the kinetics of tumor growth was assessed during
treatment. A significant inhibitory effect of GS493 on the growth of
already existing tumors was seen after 10 days of treatment, and
remarkably, tumor growth was halted at 3 weeks of treatment and
in the following period (Fig 8E, red curve, compared with blue curve
of untreated mice). We carried out SA-B-gal staining as well as
immunohistochemistry of p27 and p53 on tumor sections of the
treated mice. Indeed, tumors from GS493-treated mice contained
10-fold more SA-B-gal™ cells, compared with tumors from untreated
mice (Supplementary Fig S8C, top panel; quantified in Supplemen-
tary Fig S8D). Accordingly, the numbers of p27- and p53-positive
cells were increased by sixfold and 12-fold, respectively (Supplemen-
tary Fig S8C, middle and bottom panel; quantified in Supplementary
Fig S8D). Gene expression analysis revealed downregulation of
mRNA levels of the Shp2 target genes Skp2, Aurka, DIlI, and Heyl
in tumors from GS493-treated mice (Supplementary Fig S8E). Taken
together, these data demonstrate that the Shp2 inhibitor GS493
inhibits tumor growth by inducing senescence in PyMT mice.

Discussion
In this study, we have used techniques from cell biology, biochemis-

try, and genetics to investigate the role of the tyrosine phosphatase
Shp2 in MMTV-PyMT mouse mammary gland tumor cells. Shp2
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Figure 7. Late-stage primary tumors and metastases in PyMT;coShp2 mice develop from tumor cells that escaped recombination.
A Immunostaining of EYFP and CK8 on mammary gland sections from PyMT:MMTV-Cre;Shp2*/M-EYFP~" and PyMT-MMTV-Cre;Shp2™:£yFP~" mice at hyperplasia,

adenoma, and carcinoma stages. Scale bar, 100 um. n = 8.

B Immunohistochemistry analysis of Cre recombinase on paraffin sections of primary tumors (top) and metastases (bottom) from FyMT;ShpZﬂ/ﬂ, PyMT;MMTV—Cre;ShpZ*/ﬂ,

and PYMT:MMTV-Cre;Shp2™7 mice. Scale bar, 100 um. n = 8.

C qRT-PCR analyses of Shp2 mRNA levels in tumor tissues from PyMT:Shp2™7 (n = 8), PyMT:MMTV-Cre;Shp2*/7 (n = 6), and PyMT:MMTV-Cre;Shp2™7 (n = 6) mice. Error

bars represent upper and lower quartiles.

D Western blot analysis of Shp2 protein levels in tumor tissues from PyMT:Shp2™, PyMT-MMTV-Cre;Shp2*", and PyMT-MMTV-Cre;Shp2™" mice.

expression is highly upregulated in PyMT tumor cells, compared
with normal mammary gland epithelial cells. Genetic ablation or
pharmacological blockage of Shp2 inhibited cell proliferation and
self-renewal of PyMT tumor cells. Remarkably, following Shp2
ablation and inhibition, we observed strong induction of

The EMBO Journal

senescence, as evidenced by characteristic markers: high levels of
senescence-associated p-gal (SA-B-gal), p27, phosphorylated serine
18 of p53 (p53-pSerl8), and histone 3 lysine trimethylation
(H3K9me3). In contrast, blocking Shp2 did not lead to apoptosis.
We also evaluated the role of known downstream signaling systems

© 2015 The Authors
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Figure 8. Shp2 ablation induces senescence in mammary gland tumors in PyMT mice.
Shp2 inhibition prevents tumor formation at early states and inhibits tumor growth at late stages in PyMT mice.

A Immunohistochemistry analysis of EYFP (top) and SA-B-gal staining (bottom) on cryosections of mammary gland tumors from control PyMT;Shp2ﬁ/ﬁ;EYFP’/ﬂ, PYMT;
MMTV-Cre;Shp2*™:EYFP~" and PyMTMMTV-Cre;Shp2™/:EYFP~" mice. Note that SA-B-gal activity was present in the EYFP-positive (Shp2-negative) areas (right,
arrows) and was absent in the EYFP-negative (Shp2-positive) areas (right, arrowhead) of mammary gland tumors of PyMT:MMTV-Cre;Shp2™M:EYFp~f mice.
Consecutive sections of EYFP and SA-B-gal staining for each group are shown. Scale bar: 100 um. n = 5.

B Immunofluorescence analysis of Ki67, EYFP and CK8 (pan-epithelial marker) (top panel), p27 and EYFP (middle panel), and p53 and EYFP (bottom panel) on
cryosections of mammary gland tumors from control PyMT:Shp2™™eyFP~f pyMT-MMTV-Cre;Shp2*-EYFP~" and PyMT:MMTV-Cre;Shp2™f-EvEP~ mice. DAPI was
used for nuclear counterstain. Ki67 was absent in EYFP-positive cells (top right, arrows) and was present in EYFP-negative cells (top right, arrowheads); p27 was
present in EYFP-positive cells (middle right, arrows) and was absent in EYFP-negative cells (middle right, arrowhead); and p53 was present in EYFP-positive cells
(bottom right, arrows) and was absent in EYFP-negative cells (bottom right, arrowhead). Scale bar: top panel, 100 pm; middle and bottom panel, 50 pm. n = 5.

C QRT-PCR analysis of mRNA levels of Shp2, Skp2, Aurka, DII1, and Hey1 in EYFP* and EYFP™ cells isolated by FACS from PyMT;MMTV-Cre;Shp2™f:EvFP~" tumors. Error

bars represent SEM (n = 5).

D Kaplan—Meier analysis of tumor formation in control (blue, n = 8) and GS493-pretreated (red, n = 8) PyMT:MMTV-Cre;Shp2™™ mice. The bar indicates the duration of

treatment.

E Tumor growth curves for control (blue, n = 5) and GS493-treated (red, n = 5) PyMT mice. Note that after day 24, all mice in the control group were sacrificed due to

the tumor size. Error bars represent SEM (n = 5).

and identified target genes of Shp2 that are essential in senescence
regulation: Shp2 controls Src, Fak, and Mekl1 to activate the expres-
sion of the genes Skp2, Aurka, and DIll1/Heyl, which in turn block
p27- and p53-mediated senescence (see scheme in Fig 2F).
Senescence also occurs in human breast cancers during therapeutic

© 2015 The Authors

interventions: for instance, PARP inhibition induces senescence in
irradiated breast cancers and xenograft tumors (Efimova et al,
2010). Recently, global genomic and proteomic analyses have
revealed frequent amplification of the senescence suppressors CDK4
and CDKG6 and inactivation of the senescence inducers p53, RbI, and
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p27 (Cancer Genome Atlas Network, 2012). Overall, these data
suggest that inhibition of the senescence program may be a common
event during the development of breast cancer.

We used gene profiling and functional validation to identify
effectors of Shp2 signaling that mediate senescence suppression in
PyMT tumor cells (scheme in Fig 2F). An essential downstream
effector of Shp2 is Skp2, which is an F-box/E3-ubiquitin ligase in
complex with Skp1-cullinl-Rbx1 (SCF), the importance of which we
have confirmed through treatment with a small molecular inhibitor
of cullinl neddylation and overexpression of Skp2 in the context of
Shp2 ablation. The SCF-Skp2 complex targets cyclin-dependent
kinase inhibitors for degradation such as p27 and thus promotes cell
cycle progression (reviewed in Nakayama & Nakayama, 2005). A
senescence-suppressive function of Skp2 has been identified in
several mouse and human tumors such as lymphoma and prostate
cancer (Lin et al, 2010), but so far not in breast cancer. Of particular
relevance are the facts that Skp2 is highly expressed in ER- and
HER2-negative breast cancers (Signoretti et al, 2002), and that
expression correlates with poor prognosis (Traub et al, 2006). A
further effector of Shp2 is Aurora A (scheme in Fig 2F), which is an
important cell cycle regulator that controls mitosis entry and the
assembly of the mitotic spindle (Vader & Lens, 2008). We have
confirmed the importance of Aurora A through treatment with a
new small molecular inhibitor and the overexpression of Aurora A
in the context of Shp2 ablation. Aurora A plays a role in senescence
inhibition in melanoma and colon cancer (Huck et al, 2010), but a
similar function in breast cancer has not been addressed. However,
amplification of Aurka has been reported in a subset of breast
cancers (Anand et al, 2003). Finally, a downstream effector of Shp2
is DIl1/Notch3 (scheme in Fig 2F), whose relevance in senescence
we have confirmed in PyMT tumor cells through treatment with a
specific Notch inhibitor and the overexpression of the Notch3 intra-
cellular domain in the context of Shp2 ablation. A constitutive acti-
vation of Notch3 signaling induces mammary gland tumors in mice
(Guo et al, 2011), and Notch3 expression is associated with poor
survival of breast cancer patients (Reedijk et al, 2005). Note that
N3IC fully rescued Shp2 ko-induced senescence. This may not mean
that Notch signaling solely mediates Shp2 function, since Notch
inhibition only partially phenocopied Shp2 deficiency. Moreover,
N3IC is a constitutively active form of Notch3, and constitutive acti-
vation of Notch may lead to excessive signaling.

We have identified p27 and p53 as downstream mediators of
Shp2-controlled senescence, as demonstrated by the fact that knock-
down of both p27 and p53 in Shp2 ko cells abrogated senescence and
restored proliferation (scheme of Fig 2E). p27 and p53 represent
major executors of senescence in cancer (Salama et al, 2014), and
both p27 and pS53 are frequently mutated in human breast cancers
(Cancer Genome Atlas Network, 2012). We have also established a
link between these senescence executors and Shp2 target genes: p27
is controlled by Skp2, and p53 is regulated by both Aurora A and
DII1/Notch3, since we observed that: (i) overexpression of Skp2
reduced p27, while inhibition induced p27, (ii) overexpression of
Aurora A or N3IC reduced p53, while inhibition of both induced p53,
(iii) senescence by inhibition of Skp2 is prevented by knockdown of
p27, and (iv) senescence by inhibition of Aurora A or Notch is
blocked by knockdown of p53. p27 is a target for ubiquitination and
degradation by Skp2 (Nakayama & Nakayama, 2005), a mechanism
which is likely to be exploited by PyMT tumor cells; however, more
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biochemical data are needed for confirmation. p53 is directly phos-
phorylated by Aurora A in a process, which disrupts p53 stability
and DNA-binding activity (Vader & Lens, 2008). Whether this mech-
anism takes place in PyMT tumor cells remains to be investigated.
How Notch signaling regulates p53 also needs to be studied by
biochemical means.

We have taken efforts to dissect the signaling cascades that act
downstream of Shp2 in PyMT tumor cells to regulate senescence.
Shp2 activates the signaling molecules Src, Fak, and Mek1. These
are crucial in the suppression of senescence in PyMT tumor cells, as
we have shown by using specific pharmacological inhibitors
(scheme in Fig 2F). Our comparison of the gene expression profiles
of cells treated with the different inhibitors revealed distinct Shp2
target genes for each signaling system: Src regulates both Skp2 and
Aurka, and Mekl regulates DIl1 and Heyl, but Fak regulates all
these genes. Apparently, Src, Fak, and Mekl regulate different
subsets of gene expression programs in order to control senescence.
Previous genetic studies in mice have revealed an important func-
tion of Src and Fak in PyMT tumors: Both are essential for PyMT-
induced proliferation and transformation (Pylayeva et al, 2009;
Marcotte et al, 2012). However, Src and Fak may have additional
functions in PyMT tumors, since conditional ablation reduced the
expression of cyclins A, B, and E (in case of Src) and induced apop-
tosis (in case of Fak) (Pylayeva et al, 2009; Marcotte et al, 2012).
We did not observe these changes in the Shp2 ko and Shp2-inhibited
PyMT tumor cells. Shp2 could also modulate Src, Fak, and Mekl
that act downstream of ErbB3 or integrin B1, which are also crucial
for PyMT tumor development (White et al, 2004; Cook et al, 2011).

The functional role of Shp2 in breast cancer has recently been
investigated by others (Zhou & Agazie, 2008; Aceto et al, 2012;
Sausgruber et al, 2014). In human breast cancer, in breast cancer
cell lines that overexpress HER2 (the lines BT474, SKBR3, and
MCF10A-NeuNT), and in triple-negative breast cancer cells (the
lines SUM159 and SUMI1315), Shp2 activated the proliferation-
controlling gene c-Myc and the EMT-inducer Zebl. Moreover, Shp2
knockdown blocked tumor growth and invasion and suppressed
tumor-initiating cells (Aceto et al, 2012). In the present study, we
also observed a strong effect of Shp2 ablation on proliferation and
self-renewal of PyMT mouse mammary gland tumor cells; however,
we did not find an involvement of EMT. Instead, we observed that
Shp2 ablation and inhibition induced senescence in PyMT tumor
cells. The senescence response cannot be due to general imbalances
in growth-promoting signals, because we found that inhibitors
against Met, Pi3k, or mTor blocked proliferation but did not induce
senescence. One explanation for the difference between human and
mouse tumor cells could be that Shp2 regulates the distinct
processes of proliferation, senescence, and EMT in a manner that
depends on the oncogenes and their cellular contexts. Indeed, PyMT
is an extremely potent oncogene, which affects a wide range of
signaling systems including Ras/Mapk, Pi3k/Akt, and Plc-Pkc
(Dilworth, 2002). Therefore, Shp2-mediated senescence suppression
may be particularly critical for the survival of PyMT tumor cells. Of
note, such functions of Shp2 may not be limited to the PyMT
context, since PyMT mimics many potent human oncogenes
such as Ras, Src, and multiple RTKs. We envision that the
senescence-suppressive function of Shp2 may be important for
human cancers that are addicted to strong oncogenes. Moreover,
PyMT tumor cells appear not to undergo EMT (our data; Trimboli
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et al, 2008). In contrast, the cell lines used in the work of Aceto et al
(2012) exhibited mesenchymal properties (Blick et al, 2008), which
were further strengthened and maintained by Shp2.

We also performed retrospective Kaplan—Meier survival analyses
on publically available data from 3,935 human patients with inva-
sive breast cancers (Gyorffy & Schafer, 2009), based on the expres-
sion of Shp2-regulated genes. Remarkably, the expression patterns
of Shp2 and genes of the three overrepresented classes (cell cycle
progression, DNA replication and p53 targets) as well as the expres-
sion patterns of the single genes Skp2 or Aurka were highly predic-
tive for human breast cancer outcome. Whether these genes or gene
classes are prognostically relevant for molecular or therapeutic
subgroups of breast cancer remains to be established. This can be
investigated with larger public collections of gene expression data of
human breast cancers (Mihaly et al, 2013). Interestingly, Shp2 has
been recently shown as an independent prognostic factor in human
breast cancer (Muenst et al, 2013). Gene expression tools such as
Mammaprint and Oncotype DxTM are now used in clinical settings
worldwide, and their application has improved treatment strategies
(Glas et al, 2006; Oakman et al, 2010). Recently, in a basal
mammary gland cancer model in mice, our group identified a Wnt-
Met 322 gene signature, which is predictive of poor survival of
human patients with ER-negative, basal breast cancers (Holland
et al, 2013). The present set of senescence-controlling genes may
likewise be useful in predicting the outcome of human breast
cancer.

Recently, pro-senescence therapy has been suggested as a prom-
ising strategy for cancer treatment (Nardella et al, 2011). The reacti-
vation of p53 in mouse liver carcinomas and sarcomas, for example,
resulted in tumor regression by inducing senescence (Nardella et al,
2011). Several compounds that enhance p53 activity are currently in
phase I clinical trials (Nardella et al, 2011). Our study shows that
inhibition of Shp2 by the small molecule GS493 blocks tumor
growth by inducing senescence in PyMT mice, suggesting that a
therapeutic strategy based on the induction of senescence by using
small molecules targeting Shp2 may be useful in breast cancer.
Although Shp2 plays an essential role in the development and main-
tenance of many tissues (Grossmann et al, 2010), it is commonly
upregulated and highly activated in mouse and human cancers (this
study; Chan et al, 2008; Grossmann et al, 2010). Inhibition of Shp2
at a safe dosage indeed blocked tumor formation without affecting
normal tissues in adult PyMT mice. Establishing the therapeutic
window for Shp2 inhibitors is therefore of particular importance.
Moreover, pro-senescence therapies might also be developed by
using new or existing compounds to modulate components that act
downstream of Shp2, for example, by inhibiting Skp2 and Aurora A,
which are frequently overexpressed in breast cancer (Signoretti
et al, 2002; Nadler et al, 2008). The identification of these new
targets may thus open the door to new therapeutic options in the
treatment of breast cancer.

Materials and Methods

Cloning, virus production, and infection

To generate the pMSCV-CreERT2-IRES-GFP construct, a CreERT2
insert was prepared from the pMSCV-CreERT2-IRES-neo plasmid
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through digestion with EcoRI and then ligated to EcoRI-cut
PMSCV-IRES-GFP. To generate cDNA-expressing vectors, cDNAs
for mouse Skp2, mouse Aurka, human Shp2, and human Notch3
intracellular domain (N3IC) were amplified by PCR and cloned into
the pMSCV-IRES-CFP construct. To generate shRNA-expressing
vectors, DNA oligos for p27 or p53 shRNAs were ligated to the
pPSUPERIOR.retro.puro vector. To produce recombinant retroviruses,
plasmids based on pMSCV or pSUPERIOR were introduced into
Plat-E packaging cells by calcium phosphate transfection, and after
48 h, the supernatants were collected through 0.45-um syringe
filters. Supernatant were then added to cell cultures at 30-50%
confluence, supplemented with 4 ug/ml polybrene. GFP" or CFP*
cells were sorted by FACS, and puromycin-resistant cells were
selected.

Isolation of tumor cells, primary culture, and fluorescence-
activated cell sorting (FACS)

Mammary gland tumors dissected from female mice were chopped
into pieces and then dissociated enzymatically at 37°C for 1 h in
culture medium (DMEM/F12) containing 10 pug/ml insulin (Sigma),
500 ng/ml hydrocortisone (Sigma), 10 ng/ml EGF (Sigma), 20 ng/ml
cholera toxin (Sigma), and 5% fetal bovine serum supplemented
with 300 U/ml collagenase (Worthington) and 100 U/ml hyaluroni-
dase (Worthington). Resulting organoids were collected and
suspended in 0.25% trypsin-EDTA for 2 min. After collecting, the
pellets were digested at 37°C for 1 h in culture medium supple-
mented with 2 mg/ml dispase (Roche Diagnostics) and 0.1 mg/ml
DNase (Worthington). Dissociated cells were then depleted of red
blood cells by suspending in 0.64% NH4CI for 3 min and finally
filtered through a 40-mm mesh. Single cells were stained with fluo-
rochrome-conjugated antibodies and subjected to analysis or sort-
ing using FACS Aria (BD Biosciences). Dead cells were excluded
by gating out 7-AAD-positive cells. The following antibodies were
used: PE-conjugated rat anti-mouse CD24 and APC-Cy7-conjugated
anti-mouse CD90 (BD Pharmingen).

Mammosphere culture

Single cells were plated in poly-HEMA-coated plates at a density of
5,000 cells/ml. Cells were grown in serum-free DMEM/F12 medium
(Invitrogen), supplemented with B27 (Invitrogen), 20 ng/ml FGF,
20 ng/ml EGF, and 4 pg/ml heparin (Sigma-Aldrich) for 7-10 days.
To passage, spheres were collected by gentle centrifugation, dissoci-
ated enzymatically and mechanically, and then filtered through a
40-um sieve. The single cells were reseeded and cultured to form
spheres.

SA-pB-gal staining

SA-B-gal staining was performed as described previously (Dimri
et al, 1995). Cryosections or cultured cells were fixed with 2% form-
aldehyde/0.2% glutaraldehyde in PBS for 15 min, washed with PBS
containing 1 mM MgCl,, and stained for 3—4 h in 40 mM citric acid/
sodium phosphate (pH = 5.5) containing 1 mM MgCl,, 1 mg/ml
X-Gal, and 5 mM of each potassium ferricyanide and potassium
ferrocyanide. Sections were counterstained with eosin and mounted
using Permount (Thermo Scientific).
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Immunostaining and immunoblotting

Tumor cells or tissues were fixed in 4% formaldehyde. Immunofluo-
rescence and immunohistochemistry were performed on cultured
cells, 7-pm paraffin-embedded sections, or 12-um cyrosections. The
following antibodies were used: rabbit anti-Cre (Novagen); rat
anti-EYFP (Nacalai Tesque); rat anti-EYFP (Abcam); guinea pig
anti-CK8 (Progen); rabbit anti-Ki67 (Thermo Scientific); mouse
anti-p27 (BD Transduction Laboratories); rabbit anti-p53 (CMS,
Novocastra), and anti-cleaved caspase-3 (Cell Signaling Technol-
ogy). Secondary antibodies were conjugated with Cy2, Cy3, or Cy5
fluorochromes (Jackson ImmunoResearch Laboratories) or with
peroxidase.

Total proteins were extracted by lysing tumor tissues, freshly
isolated single cells, or cultured cells in RIPA buffer containing
protease inhibitor cocktails (Roche), then separated by SDS-PAGE
and transferred to PVDF membranes (Millipore). The following
primary antibodies were used: mouse anti-Shp2 (BD Transduction
Laboratories), rabbit anti-H3K9me3 (Abcam), rabbit anti-p53 (CMS5,
Novocastra), mouse anti-Src (Upstate), mouse anti-p27 (BD Trans-
duction Laboratories), mouse anti-o-tubulin (Sigma-Aldrich), rabbit
anti-p53-pS15, anti-Src pY527, anti-Src-pY416, anti-Fak pY925, anti-
Fak, anti-pErk1/2, and anti-Erk1/2 (Cell Signaling Technology). For
detection of antibodies, an ECL kit (PerkinElmer) was used. The
intensity of bands was quantified using the ImageJ software.

Quantitative RT-PCR (QRT-PCR)

For qRT-PCR, total RNA from tumor tissues, freshly isolated single
cells, or cultured cells were extracted using TRIzol, RNase-free
DNase treatment (Invitrogen), and phenol/chloroform as specified
by the manufacturer. First-strand cDNA was synthesized using 2 pg
of total RNA and M-MLV reverse transcriptase (Promega) according
to the manufacturer’s instructions. qPCR was performed using a
SYBR GreenER qPCR mix (Thermo Scientific), and relative mRNA
expression was normalized to B-actin (primer sets are listed in
Supplementary Table S5).

Microarray and bioinformatics analysis

For microarray and bioinformatics analyses, total RNA was isolated
from mammospheres using TRIzol (Invitrogen) and the RNeasy kit
(Qiagen). Total RNA (250 ng) was labeled and hybridized to Mouse
Genome 430 2.0 chips (Affymetrix). Microarray data were analyzed
in the R statistics using Bioconductor libraries. Normalization was
performed using MASS5. ANOVA was first applied for class compari-
son to calculate the P-value for each gene. The P-values were then
adjusted according to the Benjamini & Hochberg False Discovery
Rate (FDR) method (Benjamini & Hochberg, 1995). Genes with the
adjusted P-value, P(FDR) < 0.01, and fold-change > 1.5 were
selected for showing significantly differential expression. Gene
ontology annotations were performed using the DAVID tool. Data
are deposited in GEO with the accession number GSE50518.

Kaplan—Meier survival analysis

Retrospective Kaplan—-Meier relapse-free survival analyses of 3,935
human patients with invasive breast cancer, using an updated

14  The EMBO journal

Shp2 in mammary gland cancer  Linxiang Lan et al

version of the previous database (Gyorffy & Schafer, 2009), were
performed with the “survival” Bioconductor (www.bioconductor.
org) package in R (www.r-project.org). Patients were divided into
two groups according to the mean mRNA expression levels of
downregulated genes, upregulated genes, overrepresented
genes of each of three gene ontology classes, or single genes.
Each percentile of expression between the lower and upper quar-
tiles was computed, and the best performing threshold was
used as cutoff for the Kaplan-Meier analyses. Differences in
survival were assessed by computing Cox proportional-hazards
regression.

Mouse strains, compound injection, and mammary gland
whole-mount staining

The mouse strains MMTV-PyMT, MMTV-Cre;Shp2©*, and R26-
EYFP™* and primers for genotyping were described previously (Guy
et al, 1992; Wagner et al, 1997; Srinivas et al, 2001; Grossmann
et al, 2009). MMTV-PyMT mice were kept on a pure FVB/N back-
ground and MMTV-Cre;Shp2™*, and Rosa26-EYFP'™* mice were
backcrossed with FVB/N mice for at least 6 generations. Animal
experiments were performed according to the EU and national
institutional regulations.

The modified Shp2 inhibitor of PHPS1 (Hellmuth et al, 2008),
GS493, was administered in Cremophor (the control was Cremophor
alone) i.p. into mice at 35 mg/kg body weight. In one therapy
experiment with PyMT;coShp2 mice, GS493 was given from the 7t
week on, five times per week for 3 weeks, and tumor formation was
monitored by palpation for the following 3 months. In a second
therapeutic experiment in PyMT mice with existing tumors, GS493
was given when tumors were palpable, and tumor growth was
recorded by measuring the tumor volumes.

Mammary glands were dissected, fixed in Carnoy’s fixative for
2 h, stained in carmine alum solution overnight, de-stained in 70%
ethanol, washed in 100% ethanol, defatted in xylene overnight, and
mounted using Permount (Thermo Scientific).

Supplementary information for this article is available online:
http://emboj.embopress.org
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