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Abstract

Using transgenic mouse models of breast cancer that ablate Src homology and collagen A (ShcA)
expression or oncogene-coupled ShcA signaling, we previously showed that this adaptor is critical
for mammary tumor onset and progression. We now provide the first evidence that ShcA regulates
mammary tumorigenesis, in part, through its ability to regulate the adaptive immune response.
Inactivation of ShcA signaling within tumor cells results in extensive CD4* T-cell infiltration and
induction of a humoral immune response in mammary tumors. This is associated with a robust
CTL response in preneoplastic lesions that are deficient in ShcA signaling. Moreover, mammary
tumor progression of ShcA-deficient hyperplasias is accelerated in a T cell-deficient background.
We also uncover a clinically relevant correlation between high ShcA expression and low CTL
infiltration in human breast cancers. Finally, we define a novel ShcA-regulated immune signature
that functions as an independent prognostic marker of survival in human epidermal growth factor
receptor 2* and basal breast cancers. We reveal a novel role for tumor cell-derived ShcA in the
establishment and maintenance of an immunosuppressive state.

Introduction

Src homology and collagen A (ShcA) couples to receptor and cytoplasmic tyrosine kinases
and relays extracellular signals that govern cell proliferation, survival, invasion, and
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angiogenesis (1). Moreover, clinical studies show that elevated ShcA signaling correlates
with increased nodal status, advanced stage, and relapse in breast cancer patients (2).

Transgenic mouse models have defined important roles for ShcA during breast cancer
progression (3-5). Expression of a mutant polyomavirus middle T (MT) oncogene lacking
the ShcA binding site (MT-Y250F) results in the delayed induction of mammary epithelial
hyperplasia and a prolonged latency period before tumor formation (5). Conversely,
restoration of the ShcA binding site to a mutant ErbB2 lacking its COOH terminal tyrosine
phosphorylation sites is sufficient to restore transforming activity /n vivo (3). We recently
showed that loss of ShcA in the mammary epithelial compartment abrogates tumor
development (4). These observations indicate that oncogene-coupled ShcA signaling is
critical for mammary tumorigenesis.

Although ShcA functions in an autonomous fashion (1), it also regulates paracrine signaling
between cell types. ShcA loss in myocytes impairs synaptic conductivity in la sensory
neurons, leading to a spindle cell defect (6). In fibroblasts, engagement of ShcA downstream
of receptor tyrosine kinases is sufficient to stimulate vascular endothelial growth factor
production and elicit an angiogenic response (7). Finally, impaired ShcA signaling disrupts
the ability of breast cancer cells to induce vasculature recruitment (4). These observations
suggest that ShcA signaling in cancer cells is important for the establishment of a
protumorigenic microenvironment.

To better understand the importance of tumor cell-derived ShcA on breast cancer
progression, we modulated ShcA expression and signaling in well-characterized mouse
models. Our work defines a novel role for ShcA in establishing an immunosuppressive state.
Moreover, analysis of tissue microarrays and published gene expression data sets from
human breast cancers reveal that elevated ShcA signaling is associated with the
establishment of an immunosuppressive state and poor patient outcome. These observations
provide the first evidence that ShcA signaling plays a critical role in modulating the immune
response to favor a protumorigenic microenvironment.

Materials and Methods

Transgenic mice

Transgenic mouse models expressing polyomavirus MT [mouse mammary tumor virus
(MMTV)/MT], a mutant MT lacking the ShcA binding site (MMTV/MT-250F) or a
bicistronic transcript encoding an oncogenic ErbB2 allele coupled to Cre (MMTV/NIC),
have been described (4, 5, 8). Mammary-specific deletion of ShcA in MMTV/NIC mice was
achieved using ShcAf/fl animals (6). FVB and athymic (nu/nu) mice were purchased from
Charles River Laboratories. NIC/ShcAf/fl multiparous females were bred from 8 weeks of
age. All NIC/ShcAf/fl tumors are described (Supplementary Table S1). Animals were
monitored for tumor onset by weekly physical palpation and necropsied 6 weeks
postpalpation. Mammary epithelial cells were isolated from 5-week-old mice as described
(9) and injected (250,000 cells) into the fourth mammary gland of mice. Animal studies
were approved by the Animal Resources Centre at McGill University and comply with
guidelines set by the Canadian Council of Animal Care.

Microarray analysis

Total RNA was isolated from eight NIC/ShcA™/fl tumors, representing five independent
animals, and hybridized against a NIC pool containing equal amounts of RNA from five
NIC tumors onto Agilent whole genome oligo microarrays (4 x 44 K) as previously
described (10). Duplicate hybridizations were done on half of the samples using reverse dye
labeling. Raw probe intensities were background corrected within and between arrays
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normalized using the normexp, loess, and quantile methods in Bioconductor (11).
Differential expression was evaluated using LIMMA. The NIC pool identified genes that
were commonly differentially expressed in NIC/ShcAf/fl tumors. Subsequent validation
used RNA from 10 independent NIC tumors, five of which comprised the NIC pool. The
microarray data are deposited on GEO (GSE18996).

ShcA-regulated immune signature

Results
NIC/ShcAfl/fl

The ShcA-regulated immune signature (SRIS) contains B cell- and T cell-specific genes
that are differentially expressed in at least six of eight NIC/ShcAf/fl tumors (P< 0.01). The
average fold change (logy) for each gene over all tumors or in those displaying differential
expression is shown (Supplementary Table S3). Three genes were included, although they
were not differentially expressed in six tumors, because their overexpression was validated
in NIC/Shc A/l tumors. Human orthologues were examined in 12 publicly available data
sets comprising 2,481 patients (Supplementary Table S5). In each data set, hierarchical
clustering using Euclidean distance and Wards algorithm separated the patients into two
classes: those that increased (SRIS-high) and decreased (SRIS-low) expression of the
signature. The SRIS-high patients were determined by cutting the top node. In the van de
Vijver data set, a lower cluster was deemed more appropriate.

Molecular subtype was determined using correlation to the PAM50 centroids as described
(12). In data sets where human epidermal growth factor receptor 2 (HER2) status was
unavailable, it was determined by clustering expression of genes in the HER2 amplicon
(Neurod2, Ppplrlb, Stard3, Tcap, Pnmt, Perld1, ErbB2, C170rf37, C170rf37, Grb7, and
Ikzf3). Patients were classified as ShcA-high or ShcA-low based on whether SficA levels
were above or below the mean for each data set. Analysis used R/Bioconductor (11), and
Sweave documentation is available on request. Data sets containing overall survival time or
time to relapse were combined in the statistical analysis as time to outcome. Kaplan-Meier
analyses also show that a high SRIS is also associated with good outcome in the majority of
individual data sets (Supplementary Fig. S13). In the multivariate analyses, estrogen
receptor and HER? positivity is based on immunohistochemical staining and was included
given the variability in distribution of patients based on molecular or immunohistochemical
subtyping.

mammary tumors emerge with reduced penetrance and delayed onset

Using a breast cancer mouse model that coexpresses Neu/ErbB2 and Cre from a bicistronic
transcript (MMTV/NIC; Fig. 1A), we showed that mammary epithelial-derived ShcA is
critical for tumor induction (4). In an expanded cohort, we observed tumors in 9% of NIC/
ShcAf virgin mice, albeit with a long latency period (Fig. 1A). Previous studies show that
parity facilitates mammary tumor formation (13). With parity, we observed a 4-fold increase
in the percentage of tumor-bearing NIC/ShcAf/fl mice. These focal tumors arose after a long
latency period and lacked ShcA (Fig. 1A and B; Supplementary Fig. S1A). NIC and NIC/
SheAf tumors were histologically similar, resembling the solid phenotype that is typical of
ErbB2-driven tumors (Fig. 1C). Finally, NIC/ShcAf/fl tumors displayed more collagen
deposition (Fig. 1D) but metastasized at comparable rates relative to NIC tumors
(Supplementary Fig. S2).

A mechanism by which ShcA-null tumors could arise is through elevated expression of
other Shc family members (14, 15). However, neither ShcB nor ShcC was differentially
expressed between NIC and NIC/ShcAf/f! tumors (Supplementary Fig. S1A and B).
Whereas ShcD transcripts were elevated in NIC/ShcAf/fl tumors (Supplementary Fig. S1B),
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ShcD protein levels were low and unaltered regardless of ShcA status (Supplementary Fig.
S1C). Therefore, other Shc family members are not overexpressed in NIC/ShcAf/fl tumors.

Further characterization revealed a modest increase in the proliferative index of NIC/
SheAVl tumors (Supplementary Fig. S3A). This likely reflects the activation of
compensatory pathways in these tumors, which contribute to their emergence. However, the
apoptotic potential and vascular density of tumors were comparable regardless of ShcA
status (Supplementary Fig. S3B and D). Moreover, isolated NIC and NIC/ShcAfl/fl
mammary tumor cells similarly induced CD31* cell recruitment, showing that neither is
debilitated in its ability to elicit an angiogenic response (Supplementary Fig. S3E). Finally,
whereas we observed variable levels of extracellular signal-regulated kinase activation, the
p38 mitogen-activated protein kinase, c-Jun NH, terminal kinase, and AKT pathways were
unaltered between NIC and NIC/ShcAf/fl tumors (Supplementary Fig. S4). Therefore, NIC/
SheAfVl tumors have adopted alternative strategies to activate signaling pathways, which
are normally dependent on ShcA, to support tumor cell proliferation, survival, and
angiogenesis.

Loss of ShcA signaling increases T-cell infiltration

We used gene expression profiling to investigate the mechanism by which mammary tumors
circumvent the requirement for ShcA. Bioinformatics analysis revealed a large number of
differentially expressed chemokines and their receptors between NIC and NIC/ShcAfl/fl
tumors (Supplementary Table S2). Several of these chemokines recruit and activate
macrophages. However, we neither observed differences in their expression nor in
macrophage recruitment between NIC and N1C/ShcAf/fl tumors (Supplementary Fig. S5).
Thus, we focused on CXCL9 and CXCL10, which are overexpressed in NIC/ShcAfl/fl
tumors (Fig. 2A) and are chemotactic for CXCR3-expressing T cells and natural killer (NK)
cells (16). Indeed, NIC/ShcAf/fl tumors overexpress CXCR3 (Supplementary Fig. S7A) and
exhibit a 3.5-fold increase in T-cell infiltration (Fig. 2B). We also used MMTV/MT-Y 250F
mice, which express a mutant MT protein that cannot recruit ShcA due to mutation of the
ShcA binding site (5). MT-Y250F tumors also displayed a 3-fold increase in T-cell
recruitment (Fig. 2C) and increased CXCL9 levels in MT-Y250F hyperplastic tissue
(Supplementary Fig. S6). Thus, loss of ShcA signaling downstream of the transforming
oncogene, in a tumor cell that retains ShcA, is sufficient to augment T-cell recruitment.

Infiltrating T cells in NIC/ShcAf/fl tumors also upregulate costimulatory markers, including
CD28 (2.6-fold) and /COS (2.9-fold; Supplementary Fig. S7A). Significantly, /COS
transcripts are only expressed in antigen-activated T cells (17), and a statistically significant
increase (1.8-fold) in /COS transcripts is retained within NIC/ShcAf/fl tumors following
normalization to CXCR3levels (Supplementary Fig. STA). Thus, the increase in /COS'is
not solely attributed to enhanced T-cell recruitment. We also show that interleukin-2 (IL-2),
which is secreted by antigen-activated T cells (18), is increased in NIC/ShcAf/fl tumors
(Supplementary Fig. S7B). Finally, a higher percentage of proliferating T cells was observed
in NIC/Shc A/l tumors (Supplementary Fig. S7C).

To specify the nature of the T-cell infiltrate, we assessed the extent of CTL and T helper
(Th) cell recruitment into NIC/ShcAf/fl and MT-Y250F tumors. The numbers of granzyme
B* and CD8* cells were exceedingly low in tumors (Supplementary Fig. S8). In contrast,
NIC/ShcAVTl tumors displayed a 3.1-fold increase in CD4™ cell recruitment and a 1.7-fold
increase in the percentage of Ki67*/CD4" T cells relative to controls (Fig. 3A). We also
observed a 4.9-fold increase in CD4* T-cell recruitment and a 1.6-fold increase in the
percentage of Ki67*/CD4™ cells in MT-Y250F tumors compared with MT controls (Fig.
3B). These data suggest that impaired ShcA signaling in tumor cells results in increased
recruitment of CD4* T cells, a subset of which is proliferating and may be antigen activated.
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CD4™" Th cells differentiate into numerous lineages that perform distinct biological
functions, including induction of a CTL response (Th1), activation of humoral immunity
(Th2), immunosuppression (Treg), and proinflammatory signaling (Th17; ref. 19). Cancer
cells co-opt Th responses to favor Treg- and Th2-regulated immunity, which establishes a
chronic inflammatory, protumorigenic state (20). The T-cell infiltrate in NIC/ShcA™/fl or
MT-Y250F tumors does not reflect a strong Th1 response given the virtual absence of CD8*
cells (Supplementary Fig. S8). Moreover, we observe a comparable percentage of FoxP3*
cells between NIC and NIC/ShcAf/fl tumors (Supplementary Fig. S9A).

Given that Th2 cells are required for humoral immunity, we characterized the extent of
immunoglobulin synthesis in these tumors. NIC/ShcA™/fl tumors displayed 15-fold and 10-
fold increases in /lgHM and [lgJtranscript levels, the latter representing the joining chain for
IgM assembly (Supplementary Fig. S10A). This correlated with a robust increase in IgM
protein levels within NIC/ShcAf/fl tumors (Supplementary Fig. S10B). In addition, a 10-fold
increase in /gHGI and IgHGZa transcripts (Supplementary Fig. S10A) and significantly
elevated IgHG1, IgHG?2a, IgHG2b, and IgHG3 protein levels (Supplementary Fig. S10B)
were observed in NIC/ShcAf/fl tumors. This was associated with a 2-fold increase in CD20*
B-cell recruitment into NIC/ShcAfV/fl mammary tumors (Supplementary Fig. S10C).
Moreover, 1gG was also elevated in MT-Y250F hyperplastic mammary glands and tumors
(Supplementary Fig. S11). These data suggest that sustained loss of ShcA signaling within
mammary tumors polarizes the immune response to favor increased Th2 and B-cell
recruitment.

Loss of ShcA signaling relieves immunosuppression

Differentiated Th cells secrete unique cytokines to regulate diverse biological functions (20,
21). IFN+y is produced from Th1l cells and initiates an antitumor immune response. IL-4 is a
Th2-derived cytokine that stimulates B-cell differentiation and chronic inflammation in
cancer cells. IL-10 is secreted from Treg and Th2 cells to mediate immunosuppression (22).
End-stage tumors derived from NIC or NIC/ShcAf/fl mice expressed comparable IFN1y,
IL-4, and IL-10 levels, suggesting that tumors must adjust the steady-state expression of
these cytokines to levels that permit outgrowth (Supplementary Fig. S9B).

We wished to establish the importance of ShcA signaling in regulating T-cell recruitment
early during cancer progression. Mammary glands from tumor-bearing and tumor-free NIC/
ShcAM/fl animals were histologically normal (data not shown). This is not surprising given
the long tumor latency and reduced penetrance observed in virgin and multiparous NIC/
ShcA/fl mice (Fig. 1). This suggests that ShcA signaling is required early during mammary
tumorigenesis, making it difficult to isolate preneoplastic NIC/ShcAf/f! lesions. However,
the MT mouse model is ideally suited to study mammary tumor progression (23). Therefore,
we focused on the MT and MT-Y250F mouse models, which uniformly develop
hyperplasias before overt tumor development (5, 23). MT-Y250F hyperplastic mammary
glands displayed a robust increase in CD3e™ T-cell infiltration relative to MT controls (Fig.
4A). We also examined the cytokine profiles of hyperplastic mammary glands and tumors
from MT and MT-Y250F animals. All tumors possessed low and comparable IFNy and IL-4
levels (Fig. 4B). In contrast, MT-Y250F hyperplastic glands exhibited 3.2-fold and 4.4-fold
increases in IFNy and IL-4 levels, respectively (Fig. 4B). This was associated with a large
and significant increase in the recruitment of granzyme B*, CD8", and CD20™ cells into
MT-Y250F hyperplastic structures (Fig. 4A). However, these cell types were virtually
absent in early preneoplastic MT lesions (Fig. 4A). This suggests that loss of ShcA signaling
relieves an immunosuppressive state early during the transformation process.

To functionally examine the contribution of adaptive immunity to delayed tumor
progression in MT-Y250F mice, we exploited the fact that mammary glands of 5-week-old
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MT females only contain hyperplasias and/or adenomas (23). Therefore, isolated mammary
epithelial cells from 5-week-old MT and MTOY250F animals were injected into the
mammary fat pads of immunocompetent (FVB) or immunocompromised (athymic) mice
that lack T cells. We show that MT tumors emerged with similar kinetics, regardless of the
immune status of recipient animals (Fig. 4C). In contrast, we observed a 2-fold decrease in
the latency of MT-Y250F tumor onset in athymic mice (Fig. 4C). However, once formed,
the growth kinetics of MT and MT-Y250F tumor cells was comparable in both FVB and
athymic mice (Fig. 4D). This suggests that an intact T-cell response contributes to the
delayed tumor onset observed in MT-Y250F animals but cannot impair tumor outgrowth
following progression to carcinoma.

ShcA expression is associated with reduced CTL infiltration and poor outcome in breast
cancer patients

To understand the clinical significance of ShcA signaling and tumor immunity, we stained a
tissue microarray, containing 179 invasive breast carcinomas, with CD4-, CD8-, FoxP3-, or
ShcA-specific antibodies. The tumors were classified into two groups (ShcA-high and
ShcA-low) based on cytoplasmic staining intensity and percentage of positively stained cells
(Fig. 5A). We observed significantly reduced overall survival (Fig. 5B) and an increased
percentage of basal and HER2* tumors within the ShcA-high group (Fig. 5C). Finally, high
ShcA expression within breast tumors correlated with reduced CD8* T-cell infiltration
compared with the ShcA-low group (Fig. 5D). However, we did not observe any differences
in CD4 or FoxP3 positivity within ShcA-low versus ShcA-high tumors (data not shown).
These observations suggest that high ShcA levels are associated with the HER2 and basal
subtypes, reduced survival, and diminished CTL recruitment in breast tumors.

A SRIS predicts good outcome within basal and HER2 breast cancer patients

To further explore the clinical significance of ShcA expression in human breast cancer, we
developed a 43-gene SRIS, representing those genes linked to the B-cell or T-cell response,
which were differentially expressed by gene expression profiling between NIC and NIC/
SheAffl tumors (Supplementary Table S3). We used the SRIS to cluster 2,481 patients from
12 publicly available data sets. Hierarchical clustering consistently segregated the patients
into groups that either overexpressed (ShcA-high; 7= 651) or repressed (ShcA-low; n=
1,830) the signature (Fig. 6A). Importantly, the SRIS discriminated the stromal, but not
epithelial, contribution of the tumor (refs. 24, 25; Supplementary Fig. S12). Molecular
subtype analyses revealed that the SRIS-high group was associated with a statistically
significant increase in the percentage of patients within the HER2 and basal subtypes (P <
2.2 x 10716; Fig. 6B). Consistent with a dependency of the SRIS on ShcA, higher ShcA
levels were specifically observed within the SRIS-low group of HER2 and basal breast
cancer patients (Fig. 6C). Moreover, a high SRIS was associated with good outcome within
these subtypes but had no predictive power for luminal patients (Fig. 7A). The SRIS also
stratified poor and good outcome patients within the HER?2 and triple-negative subtypes
based on immunohistochemical classification (Fig. 7B). Finally, we show that the SRIS
predicted survival in HER2" and basal breast cancer patients independently of grade and
lymph node status (Supplementary Table S4). These data suggest that ShcA signaling favors
immunosuppression in HER2 and basal breast cancers, which may contribute to poor patient
outcome. Low ShcA levels are associated with the acquisition of an immune signature that
predicts survival and may represent a novel prognostic marker within these poor outcome
subtypes.
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Discussion

We show a novel role for tumor cell autonomous ShcA in limiting the T-cell response within
the microenvironment. Reduced ShcA signaling may increase the expression of chemokines
that promote T-cell infiltration. Indeed, CXCL9 and CXCL10 proteins and CXCLSY,

CXCL 10, and CXCL 11 transcripts were overexpressed in NIC/Shc A/l tumors. They are
chemotactic for CXCR3-expressing T cells and NK cells (16), which may influence tumor
cell cytotoxicity. Previous studies show that overexpression of CXCL9 in cancer cells
increased T-cell infiltration, decreased tumor outgrowth, and prolonged survival of
immunocompetent, but not immunocompromised, animals (26).

It is equally plausible that reduced ShcA signaling indirectly establishes an activated stroma
that permits T-cell infiltration. The density of infiltrating leukocytes, including B cells, T
cells, and macrophages, progressively increases during breast cancer progression in clinical
samples and mouse models (22, 27). Moreover, ovalbumin-tagged breast cancer cells that
regress following adoptive transfer of ovalbumin-specific T cells show increased T-cell
infiltration and a proportionally denser, more collagen-rich stroma compared with
progressively growing tumors (28). Finally, PTEN loss in stromal fibroblasts induces
collagen deposition and innate immune cell infiltration (29). N1C/ShcAf/fl and MT-Y250F
(5) tumors contain a denser, more collagen-rich stroma and exhibit increased T-cell
recruitment. This raises the possibility that matrix remodeling provides a conduit for
immune cell recruitment and that tumor cells regulate the expression of chemokines that
dictate the nature of the immune infiltrate.

NIC tumors were derived from virgin females, whereas NIC/Shc A/l tumors were obtained
from virgin and multiparous mice (Supplementary Table S1), raising the question of whether
parity influenced the observed gene expression patterns. However, NIC/ShcAT/fl tumors
from virgin and multiparous mice showed similar increases in collagen deposition,
immunoglobulin synthesis, and B-cell and T-cell recruitment. Moreover, these results were
recapitulated within MT-Y250F tumors, which were derived from virgin females. Although
we cannot exclude the possibility that some differentially expressed genes are affected by
pregnancy, regulation of immune-related genes is likely to be ShcA dependent and
independent of parity.

We hypothesize that loss of ShcA signaling within preneoplastic lesions relieves an
immunosuppressive state. The observation that tumor onset is significantly delayed in MT-
Y250F (5) and NIC/ShcAf/fl animals and MT-Y250-induced tumor onset is accelerated in a
T cell-deficient background supports this model. It has been shown that MT-induced tumor
formation and outgrowth proceeds normally in CD4- and CD8-deficient backgrounds, but
the degree of lung metastasis is severely reduced in CD4~/~ mice (27). However, ShcA
signaling is intact in these tumors, which establishes an immunosuppressive state and
negates any role for the adaptive immune response during cancer progression. We observed
lung metastases in 70% and 75% of NIC and NIC/ShcA™/fl mice, respectively. Given this
high metastatic potential, it may be difficult to see enhanced lung metastases.

There is strong evidence for activation of Th1/CTL-mediated antitumor immunity in
preneoplastic NIC/ShcAf/fl and MT-250F lesions. Significantly increased numbers of
infiltrating CD8" and granzyme B* cells surround MT-Y250F hyperplastic lesions relative
to MT controls. 1gG2a expression is elevated in NIC/ShcAf/fl tumors, and 1gG2a class
switch recombination is dependent on IFN-y signaling (30). In addition, IFN-y levels are
significantly increased in MT-Y250F hyperplastic mammary glands but reduced to
comparable levels in MT and MTY250F tumors. The emergence of MT-Y250F, but not MT,
mammary tumors is accelerated in a T cell-deficient background. These data suggest that a
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Th1/CTL-driven immune response is recruited to ShcA-deficient preneoplastic lesions and
likely contributes to delayed progression to carcinoma. However, established MT-Y 250F
and NIC/ShcAVf tumors lack CD8* T cells, suggesting that a Th1/CTL response is
progressively lost during tumor progression and is replaced by Th2/humoral immunity (Fig.
7C). We hypothesize that this Th1-to-Th2 switch is an adaptive response that permits
emerging tumors to escape cytotoxicity and establishes a chronic inflammatory state that
facilitates tumorigenesis.

Elevated IL-4 levels and increased B-cell recruitment also characterize MT-Y250F
preneoplastic lesions. Moreover, NIC/ShcAf/fl tumors overexpress CXCL13
(Supplementary Table S2), which is chemotactic for B cells. These tumors display increased
B-cell recruitment and elevated immunoglobulin levels, suggesting that humoral immunity
is engaged and sustained throughout tumor progression. Indeed, B cells are most abundant in
DCIS lesions of breast cancer patients but remain elevated in invasive carcinomas (22).
Moreover, in the acute phase, B cells may elicit antitumor immune responses, whereas
chronically activated B cells secrete cytokines and immunoglobulins that exert
proinflammatory functions (22). Thus, sustained B-cell recruitment and elevated
immunoglobulin synthesis in MT-Y250F and NIC/ShcA™/fl tumors may contribute to the
tumorigenic process.

Reduced ShcA signaling in primary breast cancers is associated with increased CTL
infiltration. However, Th cells predominate in ShcA-deficient mouse mammary tumors.
Several reasons can account for this discrepancy. Although CD4 levels do not correlate with
ShcA levels in primary breast cancers, this marker cannot discriminate between Thl, Th2,
and Treg cells, which exert opposing functions during cancer progression. Moreover, in the
transgenic mouse models, ShcA expression or oncogene-coupled ShcA signaling is
completely ablated. In contrast, ShcA levels are diminished, but never absent, in primary
breast cancers. This suggests that a greater selective pressure is exerted on ShcA-deficient
mouse mammary tumors to favor a polarized, Th2-dependent protumorigenic response.
Reduced ShcA levels in human breast cancers are sufficient to permit progression to
carcinoma but may also allow engagement of antitumor immune responses, which would
increase patient survival.

We observe a strong association between ShcA expression with the HER2 and basal
subtypes. Paradoxically, primary tumors overexpressing genes within the SRIS express
lower ShcA levels and yet are also classified within the HER2 and basal subtypes. This
reflects the fact that high ShcA levels select for poor outcome HER2 and basal breast cancer
patients, whereas the SRIS strongly discerns good prognosis patients within these subtypes.
Moreover, the SRIS has no predictive value within the luminal subtypes in a cohort
encompassing over 1,400 patients. This suggests that the SRIS is not a general predictor but
is limited to HER2 and basal breast cancers. The inverse correlation between ShcA
expression, acquisition of the SRIS signature, and outcome within these subtypes suggests
that regulation of ShcA signaling is critical for disease progression in human breast cancers.
ShcA signals downstream of humerous receptor tyrosine kinases in breast cancer cells (1).
Indeed, HER2 and basal breast cancers are associated with amplification, overexpression,
and activation of receptor tyrosine kinases (RTK), including ErbB2, ErbB3, epidermal
growth factor receptor, c-Kit, and Met (31-36), each of which couple to ShcA (37-41). We
provide the first observation that RTK signaling is important for tumor immunosuppression.
Therefore, combining RTK inhibitors with immune-based therapies may have significant
therapeutic potential in the treatment of breast cancer patients.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

NIC/Shc AT tumors emerge with parity. A, percentage of tumor-free mice over time for the
indicated genotypes. B, immunoblot analysis on tumor cell lysates using the indicated
antibodies. C, H&E staining of representative NIC and NIC/ShcAf/fl tumors. D, trichrome-

staining of NIC and NIC/ShcA™/fl tumors. Blue staining shows collagen deposition.

Cancer Res. Author manuscript; available in PMC 2013 May 21.




duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Ursini-Siegel et al.

Page 13

A B B NIC/ShcA** (n=6) c B MT (n=10)
300 B NIC/ShcA™ (n=6) B MT-Y250F (n=10)
14 2.0
P=0.031 4 prav ) o
o | S 8 45
E 2 e
B 200 = -
- o
B i g
£ 5 i
o ES ®
(S}
5
FrRAL
as WA
55
NIC! NIC/
ShcA**ShcA™
(n=9) (n=9)
180
P=0.15
160
3 140
E
g 120
% 100
>
2 g0
-4
3 e
>
O 40
20
NIC/  NIC/
ShcA**ShcA™
(n=9) (n=9)
Figure 2.

Increased T-cell infiltration in NIC/ShcAf/fl and MT-Y250F tumors. A, relative CXCL9 and
CXCL10 levels, as determined by ELISA, in lysates from NIC and NIC/ShcAf/f tumors. B
and C, immunohistochemical staining of tumors with a CD3e-specific antibody. Data are
representative of 6 (B) or 10 (C) tumors (10-20 fields per tumor) and are depicted as
percentage of CD3e™ cells + SE.
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Figure 3.
Increased infiltration of proliferating CD4* T cells in NIC/ShcAf/fl and MT-Y250F tumors.

A, left, immunohistochemical staining of NIC and NIC/ShcATfl tumors with a CD4-specific
antibody. Data are representative of five tumors (10-20 fields per tumor) and are depicted as
percentage of CD4" cells + SE. Right, immunofluorescent staining of NIC and NIC/ShcAflfl
tumors with CD4 (green) and Ki67 (red) antibodies. The percentage of proliferating CD4*
cells were calculated from five NIC and four NIC/Shc A/l tumors and include 145 and 287
CDA4+ cells, respectively. B, immunohistochemical and immunofluorescent staining of MT
and MT-Y250F tumors with a CD4-specific antibody. A total of 264 (MT) and 484 (MT-
Y250F) CD4™ cells were counted.
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Figure4.
Increased CD8* and CD20™ cell recruitment into hyperplastic MT-Y250F mammary glands.

A, CD3e, granzyme B, CD8, and CD20 immunohistochemical staining of mammary glands
from MT and MT-Y250F mice. The percentage of positivity was determined from
hyperplastic lesions retaining a hollow lumen. Data are representative of four to six animals
for each genotype, scoring the following number of hyperplasias: CD3: 176, MT and 158,
MT-Y250F; granzyme B: 138, MT and 103, MT-Y250F; CD8: 125, MT and 143, MT-
Y250F; and CD20: 124, MT and 112, MT-Y250F. Data are depicted as percentage of
positive cells = SE. B, relative IFNy and IL-4 levels, as determined by ELISA, in lysates
from MT and MT-Y250F mammary glands and tumors (/7= 9). Cytokine levels were
normalized to tubulin levels, as determined by fluorescent immunoblotting. C, isolated
mammary epithelial cells from 5-week-old MT and MT-Y250F animals were injected into
the mammary fat pads of FVB or athymic mice (7= 4 each). Mammary tumor onset was
monitored by weekly physical palpation, and the percentage of tumor-free mice over time is
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indicated. D, following first palpation, tumor volumes were determined by caliper
measurements.
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Figureb.

High ShcA expression is associated with diminished CD8 infiltration, basal subtype, and
reduced survival in primary breast cancers. A tissue microarray was stained with a ShcA-
specific antibody. A, the tumors were classified into two groups: ShcA-low (7= 77) and
ShcA-high (n=67). B, Kaplan-Meier analysis of each group with respect to overall survival.
C, distribution of ShcA-low and ShcA-high patients within the five molecular subtypes (P=
0.008). D, the tissue microarray was also stained with a CD8-specific antibody. Tumors

within the ShcA-low group are associated with increased CD8+ T-cell infiltration.
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Figure6.

The SRIS derived from NIC/ShcATf tumors is enriched within the Her2 and basal subtypes.
A, heatmaps of SRIS in 12 publicly available breast cancer data sets, encompassing 2,481
patients. The SRIS segregates the patients into two main clusters: those that display
increased (n= 766; blue) or decreased (/7= 2,269; yellow) expression of the signature. B, pie
charts illustrating the distribution of molecular subtypes within the SRI1S-high and SRIS-low
patients. C, pie charts illustrating the relative ShcA abundance, at the transcript level,
between SRIS-high and SRIS-low patients within each molecular subtype.
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Figure7.

The SRIS predicts good outcome within the Her2 and basal subtypes. Kaplan-Meier analysis
within the SRIS-low (blue) and SRIS-high (red) groups for each of the molecular (A) or
immunohistochemical (B) subtypes. The number of patients within each subtype is shown.
HR, hazards ratio. C, ShcA-deficient mammary epithelial cells are debilitated in their ability
to progress from hyperplasia. Loss of ShcA signaling relieves immunosuppression in early
hyperplastic mammary glands, resulting in the activation of an antitumorigenic Th1/CTL
response. Progressively growing lesions, however, polarize the immune response to favor
Th2-mediated immunity, which establishes a chronic inflammatory state to favor transition
to carcinoma.
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