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Abstract

Dysregulated receptor and non-receptor tyrosine kinase signalling within
malignant cells are central to cancer progression. Previously, the Shc1 scaffold, a critical
downstream effector of numerous oncogenic tyrosine kinases, was shown to be essential
for promoting breast cancer immunosuppression. To define the molecular mechanism(s),
we employed the Polyoma virus middle T (MT) transgenic breast cancer mouse model
(MMTV/MT) harbouring two wild-type Shc1 alleles or a homozygous knock-in of tyrosine-
to-phenylalanine point mutations in key tyrosines (Y239/240 or Y313) that are critical for
Shc1 signaling. Breast cancer cell lines generated from these mice were studied in the
context of cytotoxic T cell or IFNy wild-type or deficient mice to address the tumor intrinsic
function of Shc1 phospho-tyrosine signaling in suppressing anti-tumor responses during
breast cancer progression. We show that Y239/240-Shc1 signaling node activates STAT3
(Y705 and S727) immunosuppressive signals, while Y313-Shc1 impairs the STAT1-
driven anti-tumor immunity in breast cancer. Therapeutically, impaired Y239/240-Shc1
signaling sensitized tumors to immune checkpoint inhibitors and tumor vaccines while
impaired Y313-Shc1 signaling only sensitized tumors to tumor vaccines. Transcriptomic
signatures unique to each Shc1 phospho-tyrosine signaling pathway were used to stratify
TCGA breast cancer patient samples. Proteomic analysis on breast tumors harbouring
wild-type or the phospho-tyrosine deficient Shc1 mutants were done using mass
spectrometry to define the interactome unique to each phospho-tyrosine signaling node.
In particular, we provide evidence that Map4k5 is a novel Shc1 interactor. Finally, given
the importance of STAT3 activation downstream of Shc1 for breast tumor immunity, we
focused our efforts on understanding the mechanistic basis by which both Y705 and
S727-STAT3 contribute to immune evasion. We show that these STAT3 phosphorylation
sites confer important and non-overlapping roles to induce breast cancer immune
suppression. Combined, these data suggest that inhibition of phospho-Y239/240-Shc1
dependent STAT3 signalling may represent a therapeutic strategy to sensitize breast
tumors to multiple immunotherapies. Together, we provide the first experimental evidence
that post-translational modification of an adaptor protein downstream of tyrosine kinases
attenuates anti-tumor immune responses and impairs sensitivity of tumors to various
immunotherapies in a preclinical model of breast cancer.
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Resume

Les signalisations par tyrosine kinases dans les cellules malignes sont essentielles
pour la progression du cancer. Shc1, un régulateur critique et un point de convergence
de la signalisation de la tyrosine kinase, a été ultérieurement montré comme favorisant
la suppression immunitaire du cancer du sein. Cependant, le mécanisme moléculaire
était inconnu. En combinant des modéles in vivo, des techniques de biologie cellulaire et
de la bioinformatique, nous avons identifié des noyaux de signalisation de phospho-
tyrosine spécifiques (Y239/240 ou Y313) de protéines adaptatrices Shc1 qui régulent des
voies inflammatoires importantes, permettant finalement aux tumeurs d'échapper a la
réponse immunitaire anti-tumorale. Nous montrons que la modulation des noyaux
spécifigues de signalisation de l'adaptateur Shc1 pourrait sensibiliser de maniere
différentielle le cancer du sein a l'inhibiteur du point de contrdle immunitaire ou a la
vaccination tumorale. Les biomarqueurs pour les patients qui bénéficieraient de
l'immunothérapie ont été identifiés. Des analyses protéomiques sur des tumeurs du sein
hébergeant Shc1 de type sauvage ou Shc1 déficients en phospho-tyrosine ont été
effectuées en utilisant la spectrométrie de masse pour définir l'interactome unique de
chaque noeud de signalisation de phospho-tyrosine. En particulier, nous apportons la
preuve que Map4k5 est un nouvel interacteur pour Shc1. Additionnellement, nous
montrons que les deux phosphorylations Y705 et S727 de STAT3 conférent des rdles
importants pour induire une suppression immunitaire du cancer du sein. Cette étude met
en évidence Shc1 comme une cible idéale pour surmonter deux obstacles majeurs dans
la thérapie du cancer aujourd'hui: la résistance a une thérapie ciblée, comme les
inhibiteurs de la kinase, et l'immunodétection tumorale qui entrave l'immunothérapie
réussie. A notre connaissance, ce travail fournit la premiére preuve que la modification
post-traductionnelle d'une protéine adaptateur pourrait réguler différentiellement la
sensibilité a I'immunothérapie dans un modéle préclinique et soutient le développement

de méthodes visant a cibler les protéines adaptatrices dans le traitement du cancer.



Original Contributions to Knowledge

1. Posttranslational modification of an adaptor protein regulates an anti-tumor immune
response and sensitivity to immunotherapies in preclinical model of breast cancer.

2. Y239/240-Shc1 signaling node activates STAT3 (Y705 and S727)
immunosuppressive signals, while Y313-Shc1 impairs STAT1-driven anti-tumor
immune response in breast cancer.

3. Impaired Y239/240-Shc1 sensitizes tumors to immune checkpoint inhibitors and
tumor vaccines while impaired Y313-Shc1 sensitizes tumors to tumor vaccines.
Map4k5 is a novel Shc1 interactor
Both phospho-Y705 and S727-STAT3 signaling are important to suppress IFNy

anti-tumor immune during breast cancer progression
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Chapter 1: Literature Review
1.1 Breast architecture
Human Mouse Cross section of duct

stroma nipple mammary fat pad

g

lymph node

terminal ductal-lobular unit

< \w

duct

adipocyte suprabasal cell

Figure 1. Schematic of normal breast architecture in adult human and adult mouse.
Figures extracted from (Polyak and Hu, 2005; Visvader, 2009).

In the normal ducts of human and mouse mammary glands, a continuous layer of
myoepithelial cells surrounds and separates the luminal epithelial cells from the basement
membrane and stroma (Fig. 1) (Gudjonsson et al., 2005; Polyak and Hu, 2005). Stromal
cells in the mammary gland include endothelial cells, macrophages, adipocytes, and
fibroblasts (Neville et al., 1998). In humans, this network of ducts ends in clusters of
terminal ductal lobular units (TDLUs), the milk producing glandular unit of the breast
(Gudjonsson et al., 2005). Mice, instead of having TDLUs, have alveolar bud formation
during each estrous cycle and pregnancy that give rise to milk producing cells (Paine and
Lewis, 2017). While the architecture, adipocyte content, connective tissue amount and
some cell lineage markers differ between mouse and human mammary glands, epithelial
hierarchies of breast development and the expression pattern of key proteins (e.g.
estrogen receptor alpha, progesterone receptor, ErbB2/HER2 receptor) show significant
parallels (Fu et al., 2014; Visvader, 2009).

1.2 Breast cancer
1.2.1 Statistics
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One in eight women are expected to develop breast cancer during their lifetime
and 1 in 31 will die from it in the United States (Waks and Winer, 2019). According to the
Government of Canada online database, breast cancer accounts for approximately 26%
of new cases of cancer and 13% of all cancer deaths in Canadian women, making breast
cancer the most common cancer in women with the exception of nhon-melanoma skin

cancer.

1.2.2 Development and progression

It is postulated that most human breast cancer and benign lesions arise from inside
or proximal to the terminal ductal lobular units (TDLUs) (Bodelon et al., 2017; Figueroa et
al., 2014; Wellings, 1980; Yang et al., 2012). Breast cancer is classified into carcinomas
(arising from ductal or lobular epithelium) and sarcomas (stromal component of breast;
<1% of primary breast cancer) (Feng et al., 2018). Epidemiological and morphological
observations have established a linear model of breast cancer progression where atypical
ductal (or lobular) hyperplasia and ductal (or lobular) carcinoma in situ (DCIS) are
suggested as non-obligate precursors of invasive and metastatic ductal (or lobular)
carcinoma (Bombonati and Sgroi, 2011).

The pathogenesis of breast cancer involves both environmental (e.g. ionizing
radiation, carcinogens, oral contraceptives, hormone replacement therapy, parity and
menstrual history) and genetic risk factors (e.g. mutations, being a female) (Lippi et al.,
2017). Genetic alterations contributing to breast cancer include whole or partial
chromosome copy gain or loss, amplification, deletions, insertions, translocations, and
mutations of single genes (Neve et al.,, 2006). Ultimately, dysregulation of various
signaling pathways in the mammary epithelium leads to breast cancer. Systemic whole
exome or genome sequencing studies of 103 breast cancer patients have identified the
top 21 most commonly mutated genes in all of breast cancer: TP53 (35%), PIK3CA (34%),
GATA3 (9%), MAP3K1 (8%), MLL3 (6%), CDH1 (6%), USHZ2A (5%), PTEN (3%), RUNX1
(3%), MAP2K4 (3%), NCOR1 (3%), RB1 (3%), TBX3 (2%), PIK3R1 (2%), CTCF (2%),
NF1 (2%), SF3B1 (2%), AKT1 (2%), CBFB (1%), FOXA1 (1%), and CDKN1B
(1%)(Banerji et al., 2012). Proteins transcribed by PIK3CA, MAP3K1, PTEN, MAP2K4,
PIK3R1, NF1, and AKT1 are important signaling mediators of oncogenic receptor tyrosine
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kinases (e.g. EGFR, HER2, FGFR, IGF1R) and non-receptor tyrosine kinase (e.g. SRC)
(Polyak and Metzger Filho, 2012). Additionally, BRCA1 and BRCA2 mutations are well
established risk factors of breast cancer development (present in approximately 3% of all

breast cancer patients) (Lippi et al., 2017; Whittemore et al., 1997).

1.2.3 Staging and subtypes

Breast cancer is staged based on the size of tumor, armpit lymph node positive
status, and metastasis status. Stage 0 indicates pre-cancerous DCIS or LCIS, stage 1 to
3 is assigned when malignant cells are within the breast or regional lymph node, and
stage 4 is assigned when metastasis has occurred.

Molecularly, breast cancer is categorized into subtypes based on the status of
estrogen receptor (ER+), progesterone receptor (PR+), and epidermal growth factor 2
(HER2/ErbB2) and Ki67 expression. Luminal A (ER+PR+HER2-Ki67'°%) or luminal B
subtypes (ER+/PR+/HER2-/+Ki67"9") make up 70% of patients. The HER2 subtype (ER-
/IPR-/HER2+) makes up 15-20% of patients and triple negative (ER-/PR-/HER2-; TNBC)
makes up 10-15% of patients. While breast cancer is heterogenous, subsets display
recurrent patterns of transcriptional, genomic, and biological abnormalities (Neve et al.,
2006). The HER2 subtype can be further subdivided into three molecularly and
prognostically distinct groups (Staaf et al., 2010). Similarly, the TNBC subtype can be
further subdivided into six (Lehmann et al., 2011) or four subtypes (Burstein et al., 2015).
Depending on the stage and subtype, patients have varying overall survival (OS) rate
(Table 1) (Polyak and Metzger Filho, 2012; Waks and Winer, 2019).

Table 1. Subtypes, frequency, molecular phenotype, staging and overall survival
(OS) of breast cancer patients.
Adapted from (Polyak and Metzger Filho, 2012)

Subtype Frequency Phenotype stage 5year 10 year
OS (%) OS (%)

DCIS N/A pre-invasive 0 99 98

luminal 70% ER+, PR+ I 98 95
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(non HER2+) I 91 81

1] 72 54

v 33 17

HER2+ 20% ERBB2 gene amplification I 98 95

(estimated and overexpression Il 92 86

using HER2 1 85 75

targeted v 40 15
therapies)

TNBC 10% ER-PR-HER2-, overlaps I 93 90

with basal subtype Il 76 70

(defined by differentiation [ 45 37

state and gene expression v 15 11

profile)

1.2.4 Standard of treatment and the need for improvements

Treatment for breast cancer is determined by subtype, stage, and patient
preference (Waks and Winer, 2019). ER+ and PR+ tumors (hormone receptor positive;
HR+) are treated with endocrine therapy with or without chemotherapy, as these cells rely
on ER and PR to proliferate (Polyak and Metzger Filho, 2012). This involves aromatase
inhibitors (deprives estrogen) and blocking the binding of estrogen to ER using selective
ER modulators (e.g. Tamoxifen in pre- and postmenopausal patients) or ER down-
regulators (e.g. Fulvestrant; binds ER, leads to ER degradation) (Johnston and Cheung,
2018). HER2+ tumors are targeted with a HER2 monoclonal antibody (e.g. Trastuzumab)
or small molecular inhibitor therapy combined with chemotherapy (Waks and Winer,
2019). TNBC patients are treated with chemotherapy (e.g. taxanes, anthracyclines) as
first-line therapy (Schmid et al., 2018). As evident from Table 1, therapeutic challenges
remain in advanced and/or metastatic HR+, HER2+ and TNBC subtypes, and especially
where the disease is refractory to therapy or has relapsed after therapy. Multiple

therapeutic options are being tested in clinical trials as discussed below.

1.3 Cancer and immune response
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The true appreciation of the immune response in suppressing tumor formation
came when mice lacking adaptive immunity (RAG2 knock-out) showed an increased
tumor incidence upon carcinogen exposure (Shankaran et al., 2001). Since then, the
ability of malignant cells to escape from anti-tumor immune responses through promoting
immunosuppression has been established as a key hallmark of cancer (Hanahan and
Weinberg, 2011). To achieve this, malignant cells organize into a complex structure
composed of diverse cell types including stromal cells, immune cells, and endothelial cells,

all of which are in constant communication (Ott and Adams, 2011) (Fig. 2).
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Figure 2. Immune infiltrate and their immune modulatory effect in breast cancer.
Figure extracted from (Kroemer et al., 2015). Breast tumor microenvironment includes

cancer cells, CD8+ T effector cells, dendritic cells (DC), normal breast epithelium, tumor
associated macrophages (TAM), plasma cells, tertiary lymphoid structures (TLS), CD4+
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T helper cells, and myeloid derived suppressor cells (MDSC), and T regulatory cells (Treg).
Immunostimulatory cytokines and immune effectors are listed on the left while those
promoting immunosuppressive tumor microenvironment are listed on the right. The

balance of the two forces influence eradication of tumors. HEV, high endothelial venules.

1.3.1 Tumor elimination by adaptive and innate immune cells
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Figure 3. Antigen processing and presentation by tumor
Figure extracted from (Yarchoan et al., 2017). In order for CD8+ cytotoxic T cells to
recognize tumors, antigens are processed by the immunoproteasome, peptides of size 8-
11 amino acid lengths are generated through processing by peptidases such as ERAP1,
transported into the endoplasmic reticulum (ER) by TAP1/2 proteins, and the antigens
are loaded onto MHC class | complex along with [3-2-microglobulin (B2M). Shared
antigens such as tumor associated antigens (TAA) are overexpressed by both host and
tumor cells while neoantigens (tumor specific antigens; TSA) arise by mutation

specifically in tumor. TCR, T cell receptor. (Yarchoan et al., 2017).

Mechanisms of immune mediated tumor killing include (1) recognition of tumor
associated antigen or tumor specific antigens by the adaptive immune system, and (2)
non-antigen dependent killing by the innate immune system. Cytotoxic T cells
(CD8+CD3+; CTL) are part of the adaptive immune system that eliminates tumors by (1)
recognition of antigens presented in the context of MHC class | expressed on all nucleated
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cells (Fig. 3) and (2) recognition of Fas on tumors via FasL to initiate apoptosis. Upon
being activated by antigen recognition, CTLs form pores on target cells, through secretion
of perforin, permitting the serine protease Granzyme B (GZMB) to be released in the
target cells. Granzyme B mediated proteolysis of intracellular largest leads to apoptosis
of the target cells. CTLs also release cytokines such as TNFa and IFNy to promote cell
cycle arrest in tumors (DeNardo et al., 2010; Dunn et al., 2002; Dunn et al., 2004; Kim
and Cantor, 2014; Zitvogel et al., 2006). While CTLs mount their attacks via T cell receptor
(TCR) mediated recognition of antigen-MHC complexes, natural killer (NK) cells engage
based on the balance of stimulatory versus inhibitory signals expressed by target cells
(Voskoboinik et al., 2015; Wang et al., 2015b). Nonmicrobial cell death (necrosis or
apoptosis) occurring in the context of an unfolded protein response (UPR) and autophagy
can lead to the release of damage associated molecular patterns (DAMPs) which can
elicit immunogenic cell death (ICD), inducing anti-tumor immune response by the innate
immune system. B cells of the adaptive immune system have also emerged as potentially
playing anti-tumorigenic roles through (1) release of tumor antigen specific antibodies
(once B cell differentiates into plasma cells) that trigger antibody dependent cellular
cytotoxicity (ADCC) by NK cells or complement-dependent cytotoxicity (CDC), and (2) B
cell receptor mediated antigen presentation to CD8+ or naive CD4+ cells for tumor killing
(Mahmoud et al., 2012; Tsou et al., 2016; Wouters and Nelson, 2018). ADCC involves
recognition of antibody to its corresponding epitope and recognition of the Fc region of
the antibody by Fc receptors on immune effector cells such as NK cells. Coating of the
tumors with antibodies thus triggers immune cell activation, leading to lysis of tumors
(Boero et al., 2015).

1.3.2 Immune escape, suppression and resistance to therapy

Tumors develop multiple tiers of immunosuppressive mechanisms to escape the
host immune response (Gabrilovich et al., 2012; Kroemer et al., 2015). This involves (1)
secretion of immunosuppressive cytokines that inhibit anti-tumor adaptive (e.g. CTLs) and
innate immune cells (e.g. NK cells) and polarize immune cells to pro-tumorigenic
subtypes (e.g. T regulatory cells; Treg), (2) secretion of chemokines that recruit
immunosuppressive stromal and immune cells (e.g. myeloid derived suppressor cells,

27



tumor associated fibroblasts and macrophages) that in turn secrete immunosuppressive
cytokines (e.g. IL-10, TGF), (3) promotion of anergy and tolerance in anti-tumor immune
cells through expression of surface inhibitory ligands (e.g. PD-L1) and persistent self-
antigen presentation, (4) suppression of antigen presentation through e.g. epigenetic
mechanisms (Heninger et al., 2015), to avoid detection by adaptive immunity through,
and (5) upregulation of signaling pathways that reduce necessary metabolites (e.g. ATP)
for immune cell (e.g. immature DC) activation in the tumor microenvironment (Kroemer
et al., 2015).

Immunosuppressive pathways being successfully targeted in subgroups of
patients include the PD-1/PD-L1 and CTLA4 immune checkpoint pathways (Topalian et
al., 2015; Xia et al., 2015). They are necessary to maintain self-tolerance by limiting
effector T cell function during an immune response (Xia et al., 2015). Normally, PD-1
expressed on T cells restricts peripheral tissue damage and inflammation during infection
(Fig. 4). Once PD-1 binds PD-L1, TCR mediated effector functions of T cells are inhibited
and T cell migration is reduced, leading to suppression of T cell activity (Fig. 4). Tumors
can co-opt this and promote immunosuppression by expressing PD-L1 downstream of
oncogenic signaling pathways (e.g. STAT3, STAT1, Myc, 9p24.1 amplification) or upon
being exposed to IFNy secreted by T cells (Xia et al., 2015) (Fig. 4).
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Figure 4. Tumors express checkpoint ligands to suppress effector T cell function
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Figure extracted from (Xia et al., 2015). IFNy secreted by activated T cells induces STAT1
transcription factor signaling pathway, which lead to expression of PD-L1 on tumors and
tumor associated myeloid cells (e.g. MDSC), leading to effector T cell exhaustion
(Topalian et al., 2015).

1.3.3 Breast cancer and immune response

Stanton et al. in 2016 examined 13,914 patient samples and determined that 5%-
26% of breast cancers have high infiltration of lymphocytes while 16% of cancers showed
no infiltration. Median of 20% triple negative (TN), 16% HER2+, and 6% ER+/PR+/HER2-
(HR+) breast cancers show predominant lymphocyte infiltration (defined as >50%
lymphocytic infiltrate) (Stanton et al., 2016). CD8+ CTLs which are indicative of an anti-
tumor immune response, as well as FOXP3+ Treg cells indicative of a pro-tumorigenic
immune response, were most prominent in TNBC (60% infiltrated with CTLs and 70%
infiltrated with Treg) and HER2+ (61% and 67%) tumors compared to HR+ breast cancers
(43% and 38%) (Stanton et al., 2016). This observation is supported by other studies
establishing that subsets of breast cancers are immunogenic and contain high TILs
(Cimino-Mathews et al., 2016; Loi et al., 2013). Based on this concept of tumors being
immune cold (lack of immune infiltration in part due to lack of tumor antigens, antigen
presenting cell deficiency, absence of T cell priming, and impaired T cell trafficking) and
immune hot (high immune infiltration) have emerged (Bonaventura et al., 2019).
Importantly, high TILs are associated with improved prognosis in early stage TNBCs and
HER2+ breast cancers (Ali et al., 2014; Burstein et al., 2015; Li et al., 2019; Savas et al.,
2016), while the opposite is true in luminal breast cancer (Denkert et al., 2018). Given
that TNBCs and HER2+ subtypes have worse prognosis, it has brought optimism for
immunomodulation benefiting these subgroups of patients. Thus, immunotherapy
approaches have been recently explored in these subtypes and are discussed below.

Not only the quantity of TILs (especially CD8+ T cells) but their spatial organization
contribute to prognostic and predictive stratification in breast cancer (Heindl et al., 2018;
Konig et al., 2019; Li et al., 2019; Nawaz et al., 2015; Saltz et al., 2018). This was also
observed in ovarian cancer (Zhang et al., 2018) and early-stage non-small cell lung
cancer (Corredor et al., 2019). Thus, a distinct immune response to tumors exists
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between breast cancer subtypes, and spatial, quantitative and qualitative differences in
type of immune infiltrates in the tumor microenvironment are prognostic of disease

outcome.

1.3.4 Oncogenic signaling pathways suppress immune response.

Over the past decades, evidence that malignant progression of neoplastic cells not
only relies on intrinsic signaling (loss of tumor suppressors and gain of oncogenes due to
genetic aberrations) but also on extrinsic cellular players from the local microenvironment
have extensively accumulated (Spranger and Gajewski, 2018). With the emergence of
the concept that cancer is a wound that never heals (Dvorak, 1986), studies emerged in
the 1990s demonstrating that tumors co-opt inflammation for survival (Cordon-Cardo and
Prives, 1999; Coussens et al., 1999; Coussens et al., 2000; Hudson et al., 1999). Today,
it is fully established that the tumor cell intrinsic mechanisms continuously shape the
tumor immune landscape to favor cancer progression and therapeutic resistance
(Wellenstein and de Visser, 2018). One of the first demonstrations of an oncogene directly
impacting the immune landscape came in 2004 whereby the H-RasG12V oncogene was
shown to induce CXCLS8 transcription in various cancer cell lines to promote macrophage
infiltration and vascularization in vivo to favor tumor growth (Sparmann and Bar-Sagi,
2004). In 2006, BRAFV6E = 3 constitutively active form of the BRAF serine/threonine
kinase that drives melanoma, was shown to promote IL-6, IL-10, and VEGF secretion in
a STAT3 dependent manner (Sumimoto et al., 2006). This in turn could suppress LPS
induced inflammation by dendritic cells. Numerous other studies directly linking
(proto)oncogene signaling to inflammation have emerged afterward. Loss of Shc1
adaptor protein signaling downstream of ErbB2 and polyomavirus middle T antigen (MT)
led to increased CTL infiltration and IFNy driven immune response during early stages of
mammary tumorigenesis in mice (Ursini-Siegel et al., 2010). In human leukemia and
lymphomas, Myc oncogene has been shown to bind the promoters and regulate
transcription of CD47 and PD-L1, two proteins that suppress anti-tumor immunity (Casey
et al., 2016). Crk, an adaptor protein largely known for being involved in cell adhesion
and growth factor signaling, was demonstrated to promote immunosuppression in 4T1

murine model of breast cancer (Kumar et al., 2017). Deletion of Crk enhances anti-tumor
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immune responses and secretion of cytokines favouring immune surveillance, leading to
reduced tumor growth and metastasis. Loss of Crk also enhanced tumor clearance upon
PD-1 checkpoint inhibition (Kumar et al., 2017). In melanoma, loss of PTEN (tumor
suppressor that negatively regulates AKT/PI3K activity) leads to decreased TIL and
reduced responsiveness to PD-1 checkpoint inhibition and increased immunosuppressive
cytokines secretion (Peng et al., 2016).

In line with studies demonstrating how oncogenic signaling pathways potentiate
immunosuppression, therapies targeting these pathways can elicit and/or depend on
immune responses for their efficacy. In breast cancer patients, inhibition of cyclin-
dependent kinases 4 and 6 (CDK4/6), which are fundamental drivers of cell cycle
progression downstream of oncogenic signaling pathways, induces significant anti-tumor
immune responses (Goel et al., 2017). This is in part due to increased expression of
endogenous retroviral elements and intracellular levels of double stranded RNA (Goel et
al., 2017). In squamous cell carcinoma, nuclear focal adhesion kinase (FAK) regulates
transcription of CCL5 to promote Treg recruitment and exhaustion of CD8+ T cells to
promote tumor growth, and treatment with FAK inhibitors reactivates anti-tumor immune
responses (Serrels et al.,, 2015). Taken together, these studies demonstrate the
immunosuppressive role of oncogenic signaling pathways and how they can be effectively
targeted.

Multiple RTK inhibitors have been shown to elicit anti-tumor immune responses in
cancer. Sunitinib (targets VEGFR, PDGFRa, Ret and Kit; all recruit Shc1) has been
shown to elicit CTL driven anti-tumor immune responses partially through suppression of
the STAT3 signaling pathway in renal cell carcinoma (Xin et al., 2009). Lapatinib (dual
ErbB1/2 inhibitor) treatment of an ErbB2 driven breast cancer mouse model (MMTV/Neu)
increases IFNy driven anti-tumor adaptive immune responses in a STAT1 dependent
manner (Hannesdottir et al., 2013). Ron-selective kinase inhibitor reduces lung
metastases in a breast cancer in mouse model through promoting anti-tumor immune
responses (Eyob et al., 2013). Epidermal growth factor receptor (EGFR) signalling in lung
cancer activates the PD-1 immune checkpoint to promote immune evasion (Akbay et al.,
2013). Inhibition of TAM tyrosine kinase receptors (Tyro3, Axl, Mer) expressed on NK
cells leads to rejection of breast cancer metastasis in mouse models (Paolino et al., 2014).
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Cabozantinib (targets RET and MET) has been shown to increase MHC class | (H-2Db)
and Fas expression in colon cancer cell lines (Kwilas et al., 2014). Mutation or
overexpression of EGFR, in NSCLC have been shown to promote immunosuppression,
and its inhibition (e.g. gefitinib, erlotinib) restores MHC class | expression, reduces PD-
L1 expression or upregulates expression of NKG2D ligands for NK cell tumor killing (Liang
et al., 2018). One high-throughput immune oncology screen identified the EGFR inhibitor
Erlotinib as a potent enhancer of antigen specific CTL tumor cell killing (Lizotte et al.,
2018). They further showed that Erlotinib treatment synergizes with anti-PD-1 checkpoint
inhibition to suppress colon cancer growth (Lizotte et al., 2018). Thus, these studies have
provided bases for combining TK inhibitors with immune-based therapy for the treatment
of cancer.

Effective monoclonal antibody based targeted therapies rely on an intact innate
immune system. EGFR-neutralizing antibody combined with chemotherapy depends on
immunogenic cell death (ICD) for clearance of colorectal cancers (Pozzi et al., 2016).
Trastuzumab, a recombinant humanized monoclonal antibody directed against the
human HERZ2 receptor tyrosine kinase, mediates tumor killing partially through inducing
antibody-dependent cell-mediated cytotoxicity (ADCC) against HER2 overexpressing
tumor cells. Accordingly, the therapeutic effect of trastuzumab is diminished in mice that
lack NK cells or those that have macrophages disabled to bind the Fc region of
trastuzumab (Muntasell et al., 2017). Similarly, NK cell-derived IFNy induced PD-L1
expression in tumors and enhanced cetuximab (EGFR inhibitor)-mediated ADCC

(Concha-Benavente and Ferris, 2015).

1.3.5 Cancer immunotherapy

Cancer immunotherapy aims to reactivate anti-tumor immune responses, turning
cold tumors into hot tumors in order to eradicate cancer (Bonaventura et al., 2019).
Important cancer immunotherapy modalities include: (1) checkpoint inhibitors, (2)
engineered T cells, (3) cancer vaccines, among others (Riley et al., 2019). Checkpoint
inhibitors such as Nivolumab (anti-PD-1 monoclonal antibody) prevent binding of PD-L1
on tumors to PD-1 on immune cells, which normally would lead to inactivation of the

immune cells (Riley et al., 2019). Engineered T cells such as chimeric antigen receptor T
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cells (CAR T cell) are generated by isolating and engineering the T cell collected from
patients to express T cell receptors specific to tumor associated or specific antigens.
Therapeutic cancer vaccines include: (1) dendritic cell (DC) vaccine where DC from
patients are engineered to express tumor associated antigens to directly activate T cells,
(2) nucleic acid based vaccines where DNA or mRNA are delivered to antigen presenting
cells which can then induce antigen expression and presentation to T cells, (3) neoantigen
vaccines where tumor specific antigens from somatic DNA mutations in cancer are
identified and used to the boost patients immune system, and (4) whole tumor lysate
vaccines where tumor derived proteins are used to pulse and prime DC (Chiang et al.,
2015; Riley et al., 2019).

1.3.6 Breast cancer immunotherapy: where are we?

Recently, chemotherapies combined with antibody-drug conjugates (ADC) or
immune checkpoint inhibitors aimed to reinstate immunosurveillance have been explored
in advanced or poorly prognostic breast cancer (Makhoul et al., 2018). As of 2019 May,
only one immunotherapy has been approved by the FDA for breast cancer using
immunotherapy: atezolizumab (anti-PD-L1 monoclonal antibody) with protein-bound
paclitaxel for locally advanced, non-removable TNBC or metastatic TNBC that are PD-L1
positive (IMpassion130 trial) (Schmid et al., 2018). Lessons learned from breast cancer
clinical trials using various treatment modalities in combination with immunotherapy are
(1) tumor mutational burden predicts prolonged survival associated with high (and not low)
immune infiltration in breast cancer (Thomas et al., 2018), especially in TNBC and HER2+
subtypes (Makhoul et al., 2018), which is consistent with observations made in lung
cancer and melanoma (Goodman et al.,, 2017), and (2) only a subset of patients,
especially those expressing high tumor PD-L1, show benefit from immune checkpoint
blockade therapy. Thus, clinical trials using checkpoint inhibitors in combination with
chemotherapy or other agents are mostly being explored in TNBC tumors as this subtype
displays the highest immunogenicity (PD-L1+ TIL, PD-L1+ tumor, mutation, neoantigen
load, and MHC expression) (Makhoul et al., 2018). Efforts to take advantage of
immunotherapy are ongoing in advanced HR+ cancers resistant to tamoxifen
(NCT02779751). Recently, combining cell cycle inhibitors (CDK4/6) with endocrine
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therapy (MONALEESA-7 trial) has shown great promise in this group of patients in need
of options. It will be important to assess how the immune response impacts this treatment
regiment given that CDK4/6 inhibitors have been shown to elicit anti-tumor immune
responses (Goel et al., 2017).

However, key questions remain in the field of immunotherapy. First, what dictates
immunotherapeutic responsiveness (e.g. composition and the landscape of immune cells
in the tumor microenvironment, unique tumor specific signaling mechanisms) or lack
thereof? Second, biomarkers to predict or to readout responsiveness are lacking. Third,
resistance mechanisms conferred by tumor and surrounding stroma and host immune
cells are less understood. Based on the molecular understanding of how tumor intrinsic
signaling alters the immune response, rational combination of chemotherapy, targeted

therapy, and cancer immunotherapy methods need to be explored.

1.3.7 Combination of kinase inhibitors and immunotherapy

Kinase inhibitors inevitably lead to acquired resistance after long-term exposure
due to functional redundancy of the tyrosine kinome (Ha et al., 2016). For example, while
trastuzumab has become a standard treatment option for early and late stage HER2+
breast cancer, intrinsic and acquired trastuzumab resistance remains a challenge. Armed
with the knowledge that oncogenic kinase signaling contribute to immunosuppression and
its blockade induces anti-tumor immune responses, clinical trials that combine kinase
inhibitors with immunotherapy to further boost the anti-tumor immune response are
currently ongoing for various types of cancers including breast cancer (Makhoul et al.,
2018), non-small cell lung cancer (Yang and Tam, 2018), and advanced renal cell
carcinoma (Atkins and Tannir, 2018). Current clinical trials combining kinase inhibitors
with checkpoint inhibitors in breast cancer include: (1) Pembrolizumab with trastuzumab
emtansine (an ADC composed of HER2 targeting trastuzumab covalently linked to the
cytotoxic agent DM1) in HER2+ metastatic breast cancer (NCT03032107). (2)
pembrolizumab with BGB324 (Axl kinase inhibitor) in metastatic TNBC (NCT03184558),
(3) pembrolizumab with JAK2 inhibitor in HR negative or TNBC (NCT03012230), (4)
Pembrolizumab with Binimetinib (MEK inhibitor) in various breast cancer subtypes
(NCT03106415), (5) pembrolizumab with Abemaciclib (CDK4/6 inhibitor) in HR+
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metastatic breast cancer (NCT02779751). The efficacy of these treatments remains to be
assessed. Previously, a single-arm, non-randomized feasibility study in HER2+
metastatic breast cancer patients (n=20) was done using a HER2+ whole-cell breast
cancer vaccine and weekly trastuzumab. This showed a 6 month clinical benefit of 55%,
which was supported by mouse model studies with control groups (Chen et al., 2014).
While the results were encouraging, further studies with bigger cohorts and control arms
are necessary to determine the true benéefit of this treatment. In May 2019, a breakthrough
randomized clinical trial in renal cell carcinoma (JAVELIN Renal 101) showed Avelumab
(PD-L1 checkpoint inhibitor) in combination with axitinib (VEGFR1-3, c-kit, PDGFR
tyrosine kinase inhibitor) resulted in a significant survival benefit compared to standard of
care sunitinib (inhibitor of multiple RTKs including PDGFR and VEGFR), leading to the
FDA approval of this regimen (Motzer et al., 2019). Thus, combination of kinase inhibitors
and immunotherapy hold promise in cancer treatment, and it remains to be seen whether
kinase inhibitors combined with immunotherapy will be effective in different subtypes of
breast cancer. Where efficacy is seen, we must understand if a combination approach -
over single-agent approach - is always preferred, and whether sequential use of the drugs

is as effective.

1.4 Receptor tyrosine kinases signaling
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Figure 5. Receptor tyrosine kinases (RTKs) involved in breast tumorigenesis.
Some of the RTKs involved in breast tumorigenesis or listed and those that have been

shown to directly engage Shc1 (PTB or SH2 domain) or indirectly in a signaling complex
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(by affinity purification or immunoprecipitation) are highlighted in blue (further discussed

in section 2.1.4)

Receptor tyrosine kinases (RTKs) are single-pass transmembrane proteins
expressed on the surface of various cell types that regulate proliferation, differentiation,
survival, metabolism, migration, and invasion (Lemmon and Schlessinger, 2010). There
are 58 known RTKs that fall into 20 subfamilies (Lemmon and Schlessinger, 2010). In
general, upon binding to their cognate ligands, RTKs undergo conformational changes,
receptor dimerization and activation of their tyrosine kinase domains. These activated
kinases then trans-phosphorylate key tyrosine residues in their cytoplasmic tails, leading
to the recruitment of adaptor proteins (containing SH2 or PTB domains) that initiate
downstream signaling pathways such as mitogen-activated protein kinase (MAPK) and
phosphoinositide 3- kinase (PI3K)/AKT pathways (Butti et al., 2018). Overexpression or
mutations in RTKSs leading to their aberrant activation of such downstream pathways have
been causally linked to cancers (Lemmon and Schlessinger, 2010). RTK families that are
aberrantly activated in breast cancer include epidermal growth factor receptors (EGFR,
ErbB2, ErbB3, ErbB4), vascular endothelial growth factor receptors (VEGFR1/2/3),
platelet-derived growth factor receptors (PDGFRa/f), insulin-like growth factor receptors
(IGFRs), and fibroblast growth factor receptors (FGFRs), among others (Butti et al., 2018)
(Fig. 5)

1.5 Shc1 adaptor protein

Adaptor proteins serve as a critical integration point downstream of RTKs in the
cytosol. While adaptor proteins lack enzymatic function, they contain two or more protein
binding modules that link them with other protein binding partners to form signaling
complexes in a spatially and temporally dynamic manner (Flynn, 2001). Their specificity
in signaling is conferred by their domains containing motifs and their post-translational
modifications (PTM). Most common types of PTM in mammalian cells are phosphorylation
of serine (Ser/S), threonine (Thr/T) and tyrosine (Tyr/Y) residues (White and Wolf-Yadlin,
2016). While it is estimated that approximately 500 kinases and 180 phosphatases exist
in the human genome to regulate phosphorylation (and similar number of orthologues in
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mouse genome) (Milanesi et al., 2005), the number of adaptor proteins have not been
estimated in the literature. Through phosphorylation, adaptor proteins can alter their
conformation or have novel motifs that serve as binding sites for protein-protein
interactions. The type of stimuli and concentration of the same stimuli can alter the
duration (transient or prolonged) and the type of signaling complexes formed, leading to
different biological responses (White and Wolf-Yadlin, 2016).

Shc1 (ShcA) is a ubiquitously expressed adaptor protein that serve as a
downstream effector of numerous receptor and non-receptor tyrosine kinase signaling
(Migliaccio et al., 1997). It is one of the first adaptor proteins identified (Pelicci et al., 1992)
and has served as a prototypical model for studying adaptor protein signaling in biology
(Wills and Jones, 2012). It is located on chromosome 1921 in human and chromosome 3
in mouse. Other members of the Shc gene family are ShcB (Shc2/Sli), ShcC (Shc3/Rai)
and ShcD (Shc4/RaLP) (Fagiani et al., 2007; Jones et al., 2007; Ravichandran, 2001;
Wills and Jones, 2012). ShcB and ShcC are highly expressed in neuronal cells while
ShcD is expressed in adult brain and skeletal muscles (Jones et al., 2007) (Liu et al.,
2018).

p52 p46

I—b
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R

Figure 6. Schematic of Shc1 adaptor protein.

In mammals, the Shc1 gene gives rise to three isoforms p46, p52 and p66, named
based on their molecular weight in kDa (Wills and Jones, 2012) (Fig. 6). The isoforms
p46 and p52 are encoded by the same transcript through an alternative use of two in-
frame ATG sites (position 83 and 218) surrounded by consensus translation initiation
sequences (Pelicci et al., 1992). Thus, isoform p52Shc1 is 45 amino acids longer than
p46Shc1 in human. The two isoforms consist of a conserved PTB-CH1-SH2 domain

structure, only distinguished by the length of their N-terminus. The p66 isoform is encoded
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by a distinct promoter and an alternative spliced transcript resulting in an extra 110 amino
acids at the N-terminus, giving p66 isoform a CH2-PTB-CH1-SH2 structure (Lotti et al.,
1996; Pelicci et al., 1992). While selective deletion of the p66 isoform causes a 30%
increased life-span in mice (Pelicci et al., 1992), concurrent deletion of the three isoforms
cause embryonic lethality by day 11.5 (E11.5) due to cardiovascular defects,
underscoring their importance in development (Lai and Pawson, 2000).

Shc1 engages numerous proteins in a temporally and spatially dynamic manner
using its domains and motifs in various combinations. The PTB domain binds NPXY
motifs while the SH2 domain binds YXXL/VV/M motifs. This can occur through phospho-
tyrosine dependent and independent mechanisms (Pawson, 1997). Mouse Shc1 p52 can
be phosphorylated at S29, T214, Y239, Y240, Y313 (Y317 in human) and S335 (S339 in
human) (Zheng et al., 2013). Y239/240 were first identified by Gotoh et al. (Gotoh et al.,
1997) after Y317 was identified (Salcini et al., 1994). In human, the p66 isoform is
phosphorylated at S36, S139, Y340, Y350, Y427, S453. Upon ligand activation, receptor
tyrosine kinases can be autophosphorylated at NXXY motifs to recruit Shc1 through its
PTB2 domain. Shc1 also contains a lysine residue that has been shown to be N-

acetylated. The structure of Shc1 has been studied in fragments by NMR.

1.5.1 Shc1 phospho-tyrosine signaling

Shc1 Y239/Y240 (pYYND) and Y313 (pYVNI) residues in the CH1 domain serve
as substrates for many receptor tyrosine kinases and non-receptor tyrosine kinases (TKs).
For instance, Src phosphorylates Y313 (Zheng et al., 2013). These motifs then serve as
docking site for SH2 domain (Salcini et al., 1994) containing scaffold proteins such as
Grb2 which, through its SH3 domain, can recruit SOS1 or GAB1 proteins (Nicholson et
al., 2001) that initiate Ras-MAP kinase (MAPK) and phosphatidylinositol-3-OH kinase
PI(3)K/AKT pathways (Liu et al., 2012a; Zheng et al., 2013). Upon EGF induction in Rat-
2 cells, the p52 isoform is phosphorylated within 1-2 minute at all three tyrosines and
dephosphorylated at baseline after 60 minutes while other phosphorylation sites at serine
and threonine residues have various peaking time points, which coordinately reflect
binding partners of Shc1 (Zheng et al., 2013). In this context, a significant portion of
phospho-Y239/240/313 mediated signaling have been shown to be through Grb2, since
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when Grb2 is conditionally knocked out, aside from upstream receptor tyrosine kinases,
a majority of binders are lost from Shc1 (Zheng et al., 2013). It is unclear whether there
are specific interactors lost or gained with debilitated phospho-Y239/240 or debilitated
phospho-Y313 in this context, as all three tyrosines were mutated to phenylalanine.

In transgenic mice, homozygous expression of knock-in Shc1 alleles harbouring
tyrosine to phenylalanine mutation at residues Y239/Y240 (Shc12F2F) or Y313
(Shc1313F/313F) appear normal postnatally, while mice harbouring homozygous tyrosine to
phenylalanine mutation at all three residues (Shc13F/3F) exhibit severely defective
postnatal limb coordination (Hardy et al., 2007), possibly suggesting a level of functional
redundancy or complementation between the Y239/Y240 and Y313 residues in motor
function development. Interestingly Shc1313F/313F and Shc13F/3F mice are born at a reduced
Mendelian frequency while Shc1272F mice do not, suggesting the existence of a distinct
function of Y239/240 signaling from Y313 signaling (Hardy et al., 2007).

Numerous studies have further indicated that Y239/Y240 and Y313 play distinct
roles, potentially depending on different downstream effectors recruited to phospho-
Y239/240-Shc1 and phospho-Y313-Shc1 (Table 2). In Middle T oncoprotein (MT)
expressing NIH3T3 fibroblasts, while both Y313 and Y239/240-Shc1 can engage Grb2-
SH2, the latter is the predominant interactor linked to its transformation and colony
forming ability (Blaikie et al., 1997). EGF induced c-Myc activation was significantly
reduced in NIH3T3 cells expressing Y239/240F mutants, but not in those expressing
Y317F mutants (Gotoh et al., 1997). This was also accompanied by a differential MAPK
activating capacity between the two mutants (Gotoh et al., 1997). Induction of EGFR with
EGF in Rat2 fibroblasts in the absence of Grb2 leads to a significantly elevated
phosphorylation of Y239/240 over Y313, suggesting compensation or feedback
mechanisms for the loss of Grb2 exists through Y239/240 (Zheng et al., 2013). In murine
T-cell hybridomas, phospho-Y239/240-Shc1 signaling, and not phospho-Y313-Shc1
signaling is important for ERK activation. Phosphorylation of Y317 (Y313 in mouse) has
been shown to cause structural rigidity in Shc1, suggesting that modulation of this site
can cause changes in potential interactors (Suenaga et al., 2004). Adding to this
complexity, studies have shown differential binding of downstream interactors to
Y239F/Y240 and Y239/Y240F, suggesting singly phosphorylated Y239/240 motif may be
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biologically relevant. The presence of an intact Y239 phosphorylation site lead to
increased Gad adaptor Shc1 binding in 293T cells and this effect is Y240 independent
(Liu and McGlade, 1998).

Table 2. Pathways and/or molecular interactors of Shc1 (p52/p46 isoforms) and

their known roles in tyrosine phosphorylation.

Y239
Context Y313 Details
1240
Mitogenesis in Rat1 fibroblasts expressing insulin
Insulin receptor + +++ receptors. Associated with preferential Grb2

binding (Ishihara et al., 1998)
Ras-dependent cell cycle progression in ErbB2

overexpressing human breast cancer cell lines
Cell cycle .
] ? +++ (e.g. SKBR3), but not in non-transformed
progression S
mammary epithelial cells (Stevenson, 1999 #253}.

Arrests in G2-M checkpoint.

Androgen Prostate cancer cells. Androgen stimulated ErbB2
induced ErbB2 - +++ driven proliferation, but not EGF induced
signaling proliferation. (Lee et al., 2004).

Ras pathway activation in mast cells (Velazquez
IL3Rb + +++

et al., 2000) PTB, not SH2, domain dependent.

c-Myc transcription for survival in Ba/F3 cells
IL3 + +++

(Gotoh et al., 1996)

Interacts with Shc1 when overexpressed and
Socs5 - +++ . _

pulled down. (Linossi et al., 2013)

Fibronectin induced Grb2 recruitment and ERK
B1/av integrins - +++ o

activation (Wary et al., 1998)

Breast tumor growth in vivo. Partially due to
Survival

- +++  stroma phospho-Y313 missing (Ursini-Siegel et

signaling al., 2008)
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+++
v-Src
+++
c-Src +++
CNTF ?
JAK3 ?
+++
?
EGFR
?
+++
+++
ERK +++

+++

+++

+++

Phosphorylates p46-Shc1 (Sato et al., 1997a)
Phosphorylates Shc1 in COS cells. (van der Geer
et al., 1996)

Phosphorylates p46-Shc1 (Sato et al., 19974a;
Sato et al., 1998)

Phosphorylates p52/46-Shc1 in EW-1 ewing
sarcoma cells (Boulton et al., 1994)

Shc1 directly phosphorylated on one tyrosine
residue each in CH1 domain (Mishra and Kumairr,
2014)

TC45 inhibited the EGF-induced association of
p52Shc with Grb2, which was attributed to the
ability of the TC45 to recognize specifically
p52Shc phospho-Y239, but not phospho-Y317
(Tiganis et al., 1998)

Y317 and p705-STAT3 are constitutively
phosphorylated in L858R-EGFR overexpressing
NIH-3T3 fibroblasts (Greulich et al., 2005)
Blocking internal domain of EGFR during EGF-
induced activation leads to reduced
phosphorylation of Y317-p46 and STAT3 (Buerger
et al., 2003)

Used for Grb2 interaction in COS1 cells. (van der
Geer et al., 1996)

Grb2 knocked-out MEFs induced with EGF show
enhanced feedback phosphorylation of Y239/240
than of Y313 (Zheng et al., 2013)

Murine T-cell hybridoma (Pratt et al., 1999)
Y239/240 is more critical for MAPK activation than
Y317
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Endothelial cell recruitment in ErbB2 expressing

TGFB/Crk +++ -

breast cancer (Northey et al., 2012)

Promotes survival in ErbB2 expressing breast
TGFB/Grb2 - +++

cancer cells (Northey et al., 2012)
Angiogenesis +++ - In breast cancer. (Ursini-Siegel et al., 2008)

Lower organism +++ X Nematodes e.g. c. elegans
Higher organism +++ +++ Mammals
P38MAPK and JNK. Myc transcription. Activation-

TCR/CD3 cross-
+++ + induced cell death of Jurkat T cells (Patrussi et al.,

linking

2005)

Breast cancer lung metastasis. All three tyrosines
Metastasis +++

necessary (Northey et al., 2012)

Src dependent phosphorylation. All three
Thrombin +++ +++ isoforms. Induce NFKB activation and IL8 release

in human lung EC (A549 cells) (Lin et al., 2013)
? = not tested or shown; x = proven to not exist; +++ strongly phosphorylated/required. +

weakly phosphorylated/less or independent

1.5.2 Shc1-p66 isoform

The p66-Shc1 (p66) isoform has been generally accepted to negatively regulate
p52/p46 Shc1 function. Multiple studies have suggested this. In lymphocytes, EGFR
activation lead to recruitment of p66/Grb2 complex but unlike p52/p46-Shc1, it does not
lead to activation of the MAPK pathway; instead, it inhibits Fos promoter activation via its
CH2 domain (Migliaccio et al., 1997). Other receptor tyrosine kinases such as INSR and
PDGFR also recruit p66-Shc1/Grb2/SOS complex, leading to downregulation of
Ras/MAPK/Fos pathway (Migliaccio et al., 2006). While high levels of ErbB2 and
phospho-ErbB2 positively correlate with phospho-Y313-p52/46 isoforms, it negatively
correlates with the level of p66 isoform expression (Stevenson and Frackelton, 1998).
Consistently, high levels of phospho-Y313-p52/46 phosphorylation and low expression of
p66 have been shown to correlate with increased risk of relapse in ER+ breast cancer

(Frackelton et al., 2006). Under severe oxidative stress, p66 isoform can bind EGFR
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through Grb2 and suppress p52/p46-Shc1/EGFR driven activation of the Ras/SOS/MAPK
pathway (Arany et al., 2008). This suggests that p66 can act as a negative regulator of
growth promoting pathways of the other two isoforms under stress. Furthermore, p66 can
also be recruited to EGFR through Grb2 to either hinder Grb2/ARF1 GTPase activation
or promote Grb2/ARF6 GTPase activation, ultimately regulating migration and invasion
in breast cancer models (Haines et al., 2014). IL-6 stimulation and phosphorylation of
gp130 causes p66 and Grb2 to directly interact, linking IL-6 signaling with Ras pathway
(Giordano et al., 1997). Using HEK293T cells with exogenous expression of the p66
isoform and MET receptor, a p66/Grb2/Gab1 complex has been shown to interact with
MET receptor constitutively, independently of MET kinase activity (Landry et al., 2016).
Activation of MET receptor in this context leads to phosphorylation (unidentified whether
Y239/240 or Y313) of p66 leading to reduced binding of Grb2/Gab1 to MET receptor itself.

This demonstrates another negative regulatory role of p66 in RTK signaling.

1.5.3 Shc1 in cancer

Since Shc1 was first demonstrated to be able to transform NIH fibroblasts that
formed tumors in nude mice (Pelicci et al., 1992), Shc1 has been demonstrated to play
critical roles during breast tumorigenesis (Ursini-Siegel and Muller, 2008). This is through
its ability to directly or indirectly engage numerous pro-tumorigenic tyrosine kinases (TKs)
in a signaling complex (Fig. 4). The Shc1-PTB domain engages EGFR, ERBB2, ERBB3,
ERBB4, INSR, IGF1R, VEGFR3, TrkA, and RET (Galvagni et al., 2010; Ishihara et al.,
1997; Sasaoka and Kobayashi, 2000; Smith et al., 2006). The Shc1-SH2 domain engages
MET, VEGFR2, c-kit (Foster et al., 2018) and Src (Ha et al., 2016). Shc1 requires an
intact PTB domain to form a signaling complex with FGFR2, but this is indirectly mediated
through Src binding to the SH2 of Shc1 (Schuller et al., 2008). Some TKs have been
found in complex with Shc1: JAK3, EphA2, Alk, PDGFRa, Ron, TrkB, Axl, FGFR1 (Foster
et al., 2018; Klint et al., 1995; Mishra and Kumar, 2014; Smith et al., 2006). Of the 22 TKs
engaged by Shc1, small molecule inhibitors or monoclonal antibody based drugs
approved by the FDA exist against 10 of them (ALK, MET, EGFR, ERBB2, JAKS,
PDGFRa, RET, Src, VEGFR) as of 2018 (total of 39 tyrosine kinase inhibitors have been
approved thus far, being the second most targeted group of proteins after G-protein
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coupled receptors) (Bhullar et al., 2018). Furthermore, Raf and Mek1/2 which are kinases
activated downstream of Shc1 are also targeted by various FDA approved drugs (Bhullar
et al., 2018). Thus, as an integrator of various oncogenic signaling, breast tumor intrinsic
Shc1 signaling has been shown to regulate tumor angiogenesis (Im et al., 2014; Ursini-
Siegel et al., 2008), survival (Ursini-Siegel et al., 2012; Ursini-Siegel et al., 2008),
metabolism (Im et al., 2018), tyrosine kinase inhibitor resistance (Ha et al., 2018a),
initiation (Wright et al., 2019), Neu (ErbB2) driven epithelium transformation (Dankort et
al., 2001; Ursini-Siegel et al., 2008), proliferation (Ahn et al., 2013), invasion and
metastasis (Hudson et al., 2014; Northey et al., 2012), and motility (Northey et al., 2008).

In various cancer cell lines derived from stomach carcinoma, lung carcinoma,
leukemia, thyroid carcinoma, melanoma, glioblastoma, pancreatic carcinoma, bladder
carcinoma, hepatocellular carcinoma, as well as in small cohort of human breast tumor
tissues compared to normal tissues, high levels of Shc1 phosphorylation are seen
(Finlayson et al., 2003; Pelicci et al., 1995). In addition, ErbB2 activation in breast cancer
positively correlates with Shc1 tyrosine phosphorylation (Stevenson and Frackelton,
1998). Further studies of breast tumor tissues revealed that high phospho-Y317-Shc1
status in primary breast tumors alone is associated with a higher incidence of relapse in
breast cancer (Davol et al., 2003). Moreover, an increased ratio of phospho-Y317-Shc1
to p66-Shc1 expression levels positively correlates with nodal status, tumor stage,
disease stage, and is two fold higher in breast cancer patients who relapse (Davol et al.,
2003). Together, these data highlight the importance of Shc1 phosphotyrosine signaling

in the context of breast cancer and possibly other types of cancers.

1.5.3.1 Shc1 in anti-tumor immunity

While Shc1 has become well-established to facilitate cancer progression through
promoting the aforementioned pro-tumourigenic pathways (Section 1.5.3), its ability to
also suppress anti-tumor immunity was only recently demonstrated. It was shown that the
loss of Shc1 signaling downstream of the polyoma virus middle T (MT) oncogene in breast
cancer mouse model leads to significant delays in tumor onset, which is accompanied by
increased CD8+ T cell infiltration, increased granzyme B positive cell presence, and
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increased IFNy levels during the early stages of tumorigenesis (Ursini-Siegel et al., 2010).
Importantly, mammary tumor progression of Shc1 deficient hyperplasias is significantly
accelerated in athymic mice compared to that in immunocompetent mice, suggesting that
Shc1 signaling suppresses T cell immune response to facilitate tumor progression (Ursini-
Siegel et al., 2010). Additionally, in an ErbB2 driven breast cancer mouse model, loss of
Shc1 in the mammary epithelium results in significantly reduced tumor incidence,
accompanied by increased presence of proliferating CD4+ T cells, increased level of
CXCL9 (chemoattractant for memory T cells and NK cells), and increased expression of
inflammatory pathway genes in vivo (Ursini-Siegel et al., 2010). Thus, two transgenic
mouse models of breast cancer have highlighted the role of Shc1 in regulating the tumor
immunity. Supporting the clinical relevance of investigating how Shc1 regulates tumor
immune responses, tissue microarray analysis (TMA) of 144 human breast tumor tissues
revealed that high Shc1 expression is associated with decreased CD8+ T cell infiltration,
(Ursini-Siegel et al., 2010). Furthermore, as highlighted in Section 1.3.4, targeting
pathways closely upstream or downstream of Shc1 (e.g. ErbB2, EGFR, MEK, ERK, PTEN,
PI3K, Crk) by drugs or molecular manipulation have been shown to enhance anti-tumor
immune responses in various studies. Taken together, these data suggest Shc1
suppresses anti-tumor immunity to promote tumor progression through yet to be defined

molecular mechanisms.

1.6 STAT1 and STAT3 transcription factors
1.6.1 STAT3
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Figure 7. STAT3 signaling.
STAT3 signaling downstream of cytokine receptors, receptor tyrosine kinases and non-

receptor tyrosine kinases. Figure extracted from (Yu et al., 2007).

STAT3 was first identified as an IL-6 family cytokine responsive member of the
STAT transcription factor family (Akira et al., 1994). Germline STAT3 deletion leads to
embryonic lethality and conditional deletion of various cell types has demonstrated
extremely diverse functions for STAT3 (Maritano et al.,, 2004). STAT3 is activated
downstream of cytokine receptors and RTKs, toll-like receptors (TLRs), microRNAs
(miRNAs), and G-protein-coupled receptors (GPCR) (Yu et al., 2014). Various ligands
(e.g. IL-6 family cytokines, IL-10 family cytokines, PDGF, EGF, IFNs) trigger STAT3
activation by phosphorylation (Schindler et al., 2007) (Fig. 7, Table 3). For example, IL-6
binding to IL6Ra forms a gp130/IL-6/IL6Ra complex, which activates JAK to
phosphorylate gp130, recruiting cytoplasmic STAT3 to the complex (Yu et al., 2014).
Once recruited, STAT3 is phosphorylated at tyrosine 705 (phospho-Y705) by JAK. This
allows a STAT3 monomer to bind R603 residue within the SH2 domain of another STAT3

46



monomer, resulting in STAT3 dimerization (Bromberg et al.). This dimer can enter the
nucleus to bind DNA and activate transcription of STAT3 targets (Domoszlai et al., 2014).
Two isoforms STAT3a and STAT3[ are generated by alternative splicing of exon 23.

STAT3p is truncated its c-terminus and lacks the S727 phosphorylation site.

Table 3. List of phospho-Y705 or phospho-S727 regulators.

Site POs3 Stimuli Regulating kinase
Y705 + IL-6 JAK (Yang et al., 2005; Yu et al., 2014)
Src family kinases (Buchert et al., 2016; Laird et
+ Growth factors
al., 2003), Abl (Buchert et al., 2016)
+ IFNa (Huynh et al., 2016; Wen et al., 1995)
(Beurel and Jope, 2008),
+ IFNy
Src (Qing and Stark, 2004)
+ LIF (Song et al., 2009)
+ IL-10 (Cheng et al., 2014)
- UvB SHP1, SHP2 (Kim et al., 2010)
- IL-6 PTPRT(Zhang et al., 2007)
- PTPRD (Peyser et al., 2015)
TC45 (ten Hoeve et al., 2002; Yamamoto et al.,
- GCSF, IL-6
2002)
- DUSP2(Lu et al., 2015).
- IL-6, OM, CNTF PIAS3 (Chung et al., 1997a)
S727 (Wen et al., 1995)*(Lim and Cao, 1999a)

Growth factors;
PDGF, FGF, EGF

Erk1/2 (Chung et al., 1997c; Gough et al., 2013;
Huang et al., 2014; Miyakoshi et al., 2014)
(Wen et al., 1995),

+ IFNy
PI3K (Ma et al., 2017; Nguyen et al., 2001)
+ DNA damage CDKS5 (Courapied et al., 2010)
UV MSK1 (Roux and Blenis, 2004; Zhang et al., 2001),
+

RSK2 (Zhang et al., 2003b),
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JNK1* (Lim and Cao, 1999b; Zhang et al., 2001)

+ Arsenic *JNK (Liu et al., 2012b)
+ anisomycin *JNK (Lim and Cao, 1999a)
TNFa *(Lim and Cao, 1999a)

TAK1 (Doerks et al., 2002),
JAK1 (Tang et al., 2017)

+ IL-6 TAK1 (Kojima et al., 2005)
IRAK1(Huang et al., 2004),

+  TGFB

+ LPS
ERK, p70S6k (Park et al., 2008)
. . (Ceresa and Pessin, 1996)
+ insulin
PKC®d (Dhar et al., 2013; Gartsbein et al., 2006)
+ IL32 PKCe (Kang et al., 2012)
+ hypoxia mTORC1(Dodd et al., 2015)
- EGFR Socs5(Kario et al., 2005)
PP2A(Liu et al., 2016; Togi et al., 2009; Woetmann
- others et al., 1999), PP1(Zgheib et al., 2012), DUSP2(Lu
et al., 2015).

POs™ = phosphoryl group added (+) or removed (-). * = independently of phospho-Y705

Numerous positive and negative regulators of STAT3 phosphorylation have been
reported in various cell types in response to diverse stimuli (Table 3). S727 is located
within a PMSP motif, which resembles the PXS/TP motif, a MAPK target (Decker and
Kovarik, 2000). Numerous studies have defined the molecular function of S727-STAT3.
It has been reported that S727 phosphorylation enhances the efficiency but not the
STAT3-DNA binding activity (O'Rourke and Shepherd, 2002; Wen and Darnell, 1997;
Wen et al.,, 1995). S727 also regulates the duration of STAT3 driven transcription
(Wagner et al., 1990; Wakahara et al., 2012), as S727 is necessary for K140 methylation
of the DNA bound STAT3 that leads to downregulation of STAT3 driven transcription
(Yang et al., 2010). Interestingly, phosphorylation of Y705 is negatively regulated by S727
(Wakahara et al., 2012; Yang et al., 2010). Recruitment of STAT3 and its transcription

partners to promoters depend on the type of stimulus. For example, SOCS3, a well-
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studied STAT3 target gene, has both STAT3 and AP1 responsive element at its promoter
(Wiejak et al., 2012). Upon EGF treatment, STAT3 and AP1 are both needed for SOCS3
transcriptional activity whereas upon IFNy treatment, STAT3 is sufficient (Breit et al.,
2015).

1.6.1.1 STAT3 in cancer

STAT3 is constitutively activated, as marked by phosphorylation of Y705, in
various cancers including breast cancer (Yu et al., 2014; Yue and Turkson, 2009). STAT3
promotes tumor progression through transcription of genes involved in tumor survival
(Bcl-xL, Bcl-2, Fas), proliferation (cyclin D1, c-Myc, SERPIN family proteins), invasion
(SERPINEZ2), metabolism (HIF1a), angiogenesis (VEGF), and immunosuppression (PD-
L1) (Beigel et al., 2014; Demaria et al., 2010; Niu et al., 2008; Real et al., 2002; Yu et al.,
2014). All these processes implicated phosphorylation of Y705-STATS3.

Multiple studies have identified a pro-tumorigenic role of S727 independently of
Y705 in various cancers. In melanocytes, STAT3 is phosphorylated on S727 in the
absence of Y705 phosphorylation, and in primary lesions of acral lentiginous melanoma,
phosphorylation of S727 precedes phosphorylation of Y705 in the early stages of
melanoma progression (Sakaguchi et al., 2012). Selective upregulation of phospho-S727
was also seen in tumor initiating cells to enable their survival in suspension (Liu et al.,
2016). In chronic lymphocytic leukemia, constitutively high phospho-S727 has been
observed in the absence of phospho-Y705 (although inducible) and the latter does not
impact the DNA binding and transcriptional activity of phospho-S727-STAT3 (Hazan-
Halevy et al., 2010). In prostate cancer, constitutive activation of S727 in the absence of
phospho-Y705 leads to increased invasiveness, growth advantage following starvation,
and nuclear localization at steady state compared to unphosphorylated STAT3 (Qin et al.,
2008). In colorectal cancer cells, topoisomerase | inhibition leads to phosphorylation of
S727 in the absence of Y705, and phospho-S727-STAT3 selectively associates with the
promoter of Eme1 (endonuclease involved in DNA repair) to reduce DNA damage
(Courapied et al.,, 2010). In glioblastoma, phospho-S727-STAT3 positivity is an
independent unfavorable prognostic factor in patients (Lin et al., 2014) and
phosphorylation of S727 was associated with radiosensitivity independently of phospho-
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Y705-STAT3 (Ouedraogo et al., 2016). In human breast cancer, level of phospho-S727
positively correlates with tumor stage and size (Yeh et al., 2006), and its nuclear
localization positively correlates with PR expression (n=39) (Tkach et al., 2013).
Consistent with this, progestin has been shown to induce S727 phosphorylation through
ERK to promote cyclin D1 gene transcription (Tkach et al., 2013). Taken together,
phospho-S727-STAT3 signaling has been suggested to be a non-canonical STATS3 signal
(i.e. independent of Y705) important in regulating various aspects of cancer, meriting
better understanding (Dimri et al., 2017).

While most studies have shown STAT3 to exert its function in the nucleus or
cytoplasm, some studies have shown that STAT3 functions in the mitochondria. In liver
and heart, STAT3 functions as a transcription factor within the mitochondria to regulate
the electron transport chain (Wegrzyn et al., 2009). In mouse embryonic stem cells, LIF-
activated STAT3 localizes to the mitochondria, transcribes mitochondrial genes (Nd1,
Nd4), and enhances oxidative metabolism (Carbognin et al., 2016). In cancer, STAT3 has
been shown to facilitate Ras driven malignant transformation in part through regulating
metabolic function in the mitochondria (Gough et al., 2009). Interestingly, this was
independent of phospho-Y705 (Gough et al., 2009).

1.6.1.2 Tumor intrinsic STAT3-mediated immunosuppression

Tumor intrinsic STAT3 signaling have several ways of promoting tumor
immunosuppression. First, STAT3 can increase transcription of immune checkpoint
ligands, PD-L1 (Marzec et al., 2008; Song et al., 2018) and PD-L2 (Garcia-Diaz et al.,
2017), in malignant cells to promote effector T cell exhaustion. Second, tumor intrinsic
STAT3 can directly promote transcription of immunosuppressive cytokines such as VEGF
(Loeffler et al., 2005; Niu et al., 2002), IL-6 (Chang et al., 2013; Yoon et al., 2010), TGFB
(Rojas et al., 2016) and IL-10 (Herbeuval et al., 2004) to impede effector functions of T
cells (Kim et al., 1995) and maturation of DCs for proper antigen presentation (Cheng et
al., 2003; Haura et al., 2005; Johnson et al., 2018; Lee et al., 2011). Third, tumor intrinsic
STAT3 can suppress anti-tumourigenic inflammatory signaling pathways initiated by
interferons (Ito et al., 2007; Lu et al., 2018). Consistent with these molecular mechanisms,

inducible loss of STAT3 in a breast cancer mice model leads to increased anti-
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tumourigenic inflammation during early stages of tumor progression (Jones et al., 2015).
Thus, STAT3 serves as an important regulator of immunosuppression exerted by

malignant cells.

1.6.1.3 Unphosphorylated STAT3

Studies have established that canonical STAT3 signaling and transcription
requires Y705 phosphorylation. However, numerous groups have also shown the role of
unphosphorylated STAT3 (U-STAT3) in regulating transcription in the absence of
phospho-Y705 (Braunstein et al., 2003; Meyer et al., 2002; Yang et al., 2005; Yang et al.,
2010).

Unphosphorylated STAT3 can dimerize. Using BRET and FRET,
unphosphorylated STAT3 has been shown to dimerize in an SH2 domain dependent
manner in the absence of stimuli (Domoszlai et al., 2014; Kretzschmar et al., 2004;
Schroder et al., 2004b). Other studies also showed STAT3 can form dimers without being
phosphorylated (Mukhopadhyay et al., 2008; Schroder et al., 2004b; Vinkemeier, 2004).

Nuclear accumulation, DNA binding, and/or transcription by unphosphorylated
STAT3 has also been observed. Angiotensin II/All Type 1 Receptor (AT1R) signaling
stimulates nuclear accumulation of U-STAT3 in myocytes and fibroblasts, where Y705F-
STAT3 binds the OSN promoter (Yue et al., 2010). Constitutive nuclear presence of
STAT3 is seen in various human and monkey cell lines, independently of phospho-Y705-
STATS3 (Liu et al., 2005). This was shown to depend only on amino acid residues 150-
162 (coiled-coil region) of STAT3 and importin-a3 to be imported to the nucleus (Liu et
al., 2005). In prostate and breast cancer cells, U-STAT3 binds regulatory regions of pro-
apoptotic genes and negatively regulates their expression (Timofeeva et al., 2013). In
untransformed, unstimulated human mammary epithelial hTERT-HME1 cells, Y705F-
STAT3 has been shown to form a complex with unphosphorylated NFkB, bind NFkB
elements of gene promoters (e.g. CCL5) and induce their transcription (Yang et al., 2007).
Understanding the role of unphosphorylated STAT3 has important implications as (1)
cancers often overexpress STAT3 and presumably not all STAT3 may be phosphorylated
and (2) therapeutic targeting of kinases that induce STAT3 phosphorylation would lead
to increased expression of unphosphorylated STAT3.
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1.6.2 STAT1
1.6.2.1 STAT1 signaling

STAT1 is a transcription factor belonging to the same STAT family of transcription
factors as STATS. It is activated downstream of cytokines (e.g. IFNa, IFNB, IFNy) (Dunn
et al., 2006) and growth factors (e.g. EGF, PDGF, CSF1; not FGF) (Fu and Zhang, 1993;
Koromilas and Sexl, 2013; Meraz et al., 1996; Schindler and Darnell, 1995; Silvennoinen
et al., 1993) to act as a transcription factor during cell growth regulation, antiviral and

immune defense (Fig. 8).
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Figure 8. Interferon induced STAT1 activation
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Interferon type | and type Il activates STAT1 to regulate cell proliferation and immune
response (Figure extracted from (Dunn et al., 2006)). STAT1 function depends on the
type of cell (e.g. tumor or immune cell) being stimulated. GAS, gamma activated

sequence; ISRE, Interferon-sensitive response element.

In resting cells, STAT1 largely remains in the cytoplasm as inactive homodimers
(parallel form) (Braunstein et al., 2003; HAAN et al., 2000; Mertens et al., 2006; Schindler
et al., 2007). Upon ligand binding to cytokine or certain growth factor receptors, receptor
associated JAKs become activated, leading to phosphorylation of the receptor tyrosine
residues. These residues serve as docking sites for SH2 domain of STAT1, which then
becomes JAK substrates. Activated STAT1 is released from the receptor, reorients into
the anti-parallel dimer where phospho-Y701-STAT1 binds SH2 domain of another
phospho-Y701-STAT1, and translocate to the nucleus. STAT1 homodimers recognize
GAS family of enhancers while type | interferon promote formation of STAT1/STAT2
(another STAT family member) heterodimers, which associates with IRF9, forming a
ISGF3 complex that recognizes ISRE enhancers (Schindler et al., 2007) (Fig. 8).

Unphosphorylated STAT1 (U-STAT1) can migrate to the nucleus as shown by
nuclear fractionation and immunofluorescence staining of cells (Shuai et al., 1992).
Additionally, in normal human fibroblasts or mammary epithelial cells, U-STAT1 can
localize to the nucleus under baseline conditions and induce various interferon responsive
genes (IF127, IF144, OAS, BST2) long after IFNy stimulation is over (Cheon and Stark,
2009). In an adenovirus-infected fibrosarcoma cell setting, U-STAT1/IRF1 complex is
required to activate the LMP2 promoter (Chatterjee-Kishore et al., 2000). This
demonstrates the necessity to assess total as well as the phosphorylated level of STAT1.

In normal cells, the activation of STAT proteins is transient, ranging from between
a few minutes to a few hours, due to negative feedback loops. However, numerous solid
and non-solid tumors display constitutive activation of STAT1, STAT3 and STATS (Haura
et al., 2005). Whether STAT1 plays a pro- or anti-tumorigenic role in cancer has been

heavily studied over the years (Meissl et al., 2015).

1.6.2.2 STAT1 in anti-tumorigenic roles
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Multiple STAT1 target genes are anti-tumorigenic. First, STAT1 increases
expression of antigen processing and presentation machinery (APP) genes (TAP1/2,
B2M) and increases surface expression of MHC class | (Schroder et al., 2004a; Strehl et
al., 2005; Zhou, 2009) on tumors for recognition by cytotoxic T cells. Second, it
suppresses proliferation and promotes apoptosis through transcribing cell cycle inhibitors
such as p27KP! (Dimberg et al., 2003) and p21WAFCPY(Burke et al., 1999). Third, it
stabilizes the interaction of Rb with p16INK4a to promote senescence (Braumuller et al.,
2013; Wang et al., 2014)). Fourth, it promotes apoptosis via regulating caspase 2, 3, and
7 (Sironi and Ouchi, 2004). In line with this, molecular players upstream of STAT1 such
as interferon gamma receptor (IFNyR), JAK1 and JAK2 are mutated or lost in lung cancer
cell lines (Haura et al., 2005).

Various studies established that STAT1 is a tumor suppressor. The
MMTV/Neu/STAT1” model show slightly accelerated tumor onset (Hannesdottir et al.,
2013) and increased tumor burden (Klover et al., 2010). STAT1”- mouse was used in a
landmark paper to highlight a protective role for immune system during tumor formation
(Shankaran et al., 2001). STAT1/ mice display increased susceptibility to 3-
methylcholanthrene induced tumor development, and RAG27-STAT17- mice show
increased spontaneous neoplastic disease compared to RAG2-- or wild-type mice (Haura
et al., 2005; Shankaran et al., 2001). STAT1 deficient mice display defective NK cell
activity and response to IFNy (Haura et al., 2005), and are more prone to tumor
development than controls (Durbin et al., 1996; Yu and Jove, 2004). In ERa positive
cancer, the absence of STAT1 (and therefore SOCS1 expression) allows for persistent
JAK2/STAT3 and STATS pathway activation, leading to continued ERa disease
progression (Chan et al., 2014).

1.6.2.3 STAT1 in pro-tumorigenic roles
Due to the need to limit inflammation, IFNy/STAT1 pathway targets include
immunosuppressive genes such as PD-L1 and IDO1, inadvertently contributing to cancer
progression (Spranger et al., 2013). Constitutive upregulation of STAT1 in type Il
endometrial cancer promotes proliferation, survival and invasion through upregulation of
ICAMI and PD-L1 (Kharma et al., 2014). In breast cancer patients, tissue samples from
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132 breast cancer patients showed that high STAT7 mRNA level (but not phospho-Y701-
STAT1) was associated with high enrichment of immunosuppressive T cells and tumor
associated macrophages, and poor prognosis (Tymoszuk et al., 2014). Co-expression of
STAT1 and immunosuppressive MUC1 was associated with decreased recurrence-free
and overall survival (Khodarev et al., 2010).

Studies have linked tumor intrinsic STAT1 to drug resistance in cancer. STAT1
can mediate resistance to anti-tumor drugs via downregulating protein synthesis (through
upregulation of 4EBP) and promoting cap-independent translation of Bcl-XL (anti-
apoptotic) and p27kP! (suppressor of cell cycle) (Wang et al., 2015a). STAT1 is also
critical for docetaxel resistance in prostate cancer (independently of STAT3 or phospho-
STAT3 expression) (Patterson et al.,, 2006). Resistance to Vorinostat (histone
deacetylase inhibitor; HDACI) in cutaneous T-cell ymphoma is due to constant activation,
accumulation of STAT1 and high levels of phospho-STAT3 in the nucleus (Fantin et al.,
2008).

1.6.3 Interaction between STAT1 and STAT3
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Figure 9. Tumor intrinsic STAT1 and STAT3 signaling pathways in tumorigenesis.
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Under physiological conditions, STAT1 and STAT3 activation are tightly regulated
to control proliferation, cell cycle, survival, angiogenesis, invasion and inflammation as
discussed above, where they often play opposing functions, (Schindler et al., 2007; Yu et
al., 2009) (Fig. 9). In numerous cancers including breast cancer, STAT1 and STAT3 are
both persistently activated (Yu and Jove, 2004). Multiple ligands activate both STAT1 and
STAT3: IFNa, IFNB, IFNy (Ma et al., 2017; Platanias, 2005; Sato et al., 1997b) and EGF,
TGFB, PDGF, CSF1, IL-6, IL-10, amphiregulin (Cao et al., 1996; Darnell et al., 1994;
David et al., 1996; Grandis et al., 1998; Olayioye et al., 1999; Schindler and Darnell, 1995;
Silvennoinen et al., 1993; Stark et al., 1998; Wen et al., 1995; Zhong et al., 1994). This
may reflect their reciprocal modulatory roles (Schindler et al., 2007).

STAT1 and STAT3 have been shown to form heterodimers (how STAT3 was
discovered) (Zhong et al., 1994) in a phospho-tyrosine dependent manner (Yang et al.,
2010). The crystal structure of STAT1 and STAT3 are virtually superimposable (Bromberg
et al.), and they share high sequence homology in their SH2 domains (Zhong et al., 1994).

Multiple studies have demonstrated that STAT3 and STAT1 negatively regulate
each other. In MEFs, STAT3 deficiency leads to an enhanced STAT1, and ISG
expression in response to IFNa/B (Wang et al., 2011), while STAT1 deficiency prolongs
Y705-STAT3 phosphorylation (Qing and Stark, 2004). SOCS1, a STAT1 transcription
target whose promoter is often methylated in gastric cancer, suppresses STAT3
activation (Souma et al., 2012). In multiple myeloma cells, IFNa induces STAT1/STAT3
dimer formation (Thyrell et al., 2007). Studies in immune cells have well established the
reciprocal regulatory roles of STAT1 and STAT3. In myeloid cells, IFNa-activated STAT3
decreases STAT1 driven induction of inflammatory chemokines while promoting antiviral
gene transcription, in part through sequestering STAT1 and preventing STAT1
homodimer formation and DNA binding (Ho and Ivashkiv, 2006). Macrophage specific
deletion of STATS3 leads to significantly enhanced LPS induced inflammation leading to
secretion of TNFa, IL-1, IFNy (Takeda et al., 1999). In CD4+ T cells, STAT1 suppresses
IL-6/STAT3 pathway driven Th17 cell differentiation (Meyer Zu Horste et al., 2018).

Transcriptionally, STAT1 and STAT3 can compensate for each other under certain

circumstances. The SOCS3 gene, which contains a GAS motif in its promoter, can be
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transcribed by both STAT1 and STAT3 and STAT3 can compensate for the absence of
STAT1 (Qing and Stark, 2004). Some negative regulators are shared. Nuclear tyrosine
phosphatases, such as TC45 (a nuclear isoform of the T-cell PTP), dephosphorylate both
STAT1 and STAT3 in the nucleus, but not STATS or STAT6, in HelLa cells (ten Hoeve et
al., 2002). In tumors, both STAT1 (in response to IFNy) and STAT3 (in response to growth
factors) promote transcription of the PD-L1 checkpoint, ultimately promoting

immunosuppression (Garcia-Diaz et al., 2017; Marzec et al., 2008; Song et al., 2018).

1.7 Mouse models used in this thesis

Mice models provide critical insight into host-tumor interaction. Transcriptional
profiles of human and mouse immune cell types demonstrated largely conserved global
expression and underlying regulatory profiles of orthologous genes (Shay et al., 2013).
Critically, mice models have been pivotal in furthering our understanding of immune and
stromal compartment in cancer progression, as well as in metastasis, cancer initiation,
invasion and angiogenesis (Walrath et al., 2010). Transcriptomic and signaling pathway
analysis of oncogene driven breast cancer mouse models have shown significant
molecular similarities with different subtypes of human breast cancers (Hollern and
Andrechek, 2014). On the other hand, numerous differences in immune response
mechanisms have also been well established (Mestas and Hughes, 2004). Altogether,
combinatorial analysis of the observations made in mice models with that of human

patient samples is necessary.

1.7.1 Middle T antigen driven mouse model of breast cancer

Polyomavirus Middle T antigen (MT) is a protein normally encoded by murine
polyomavirus that when expressed in fibroblasts (or in various tissues) can act as a potent
oncogene through assembling and recruiting various host mitogenic signaling molecules,
mimicking an activated form of receptor tyrosine kinases (Dilworth, 1995; Fluck and
Schaffhausen, 2009). We employed the MMTV/MT mouse model of breast cancer where
MT is expressed under mouse mammary tumor virus (MMTV) long terminal repeat (LTR)

(Guy et al.,, 1992). MMTV LTR encodes transcriptional regulatory elements (termed
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mammary gland enhancer region) that direct high and targeted expression of MT in both
lactating and non-lactating mammary epithelial cells (Qin et al., 1999; Ross, 2008; Taneja
et al., 2009) and at low levels in salivary gland and ovaries (Guy et al., 1992). MMTV,
since it was discovered in the 1920’s, has been extensively used as driver of transgene
expression in the mammary epithelium (e.g. Neu/ERBB2, cyclin D1, Ras, Myc, c-Rel) for
various mouse cancer models (Ross, 2008; Taneja et al., 2009). The hormone response
element (located -202 and -59 upstream of LTR transcription start site) is regulated by
glucocorticoids, progestins and androgens (Cato et al., 1987). The tumors significantly
depend on c-Src for tumor formation, and on TGFB for lung metastasis (Hollern and
Andrechek, 2014). The molecular mechanism of MT-driven transformation is well
characterized. Briefly, MT recruits A and C subunits of protein phosphatase 2A (PP2A)
(Dilworth et al., 1994) as well as Src tyrosine kinase family (SFK) members such as c-
Src, c-Fyn and c-Yes to residues 185 to 210 (Glover et al., 1999). MT does not have
endogenous tyrosine kinase activity (Blaikie et al., 1997). SFKs in turn phosphorylates
three tyrosine residues in the c-terminus of MT, Y315, Y322, and Y250. Phospho-Y315-
MT binds the SH2 domain of PI3K, phospho-Y322 binds the SH2 domain of PLCy-1 and
phospho-Y250 binds to the PTB domain of Shc1 (Campbell et al., 1994). These recruited
proteins can in turn be phosphorylated by SFKs to initiate various signalling pathways
that leads to persistent activation of Erk, AKT, AP1 and transcription of c-Myc, thus
allowing MT to act analogous to a permanently activated growth factor receptor (Dilworth
et al., 1994).

MMTV/MT is an ideal model for the current study. First, MMTV/MT driven breast
cancer in mice recapitulates multiple stages of human breast cancer progression
including metastasis (Lin et al., 2003). They first develop early proliferative lesions that
harbour heterogenous malignant potential as seen in human patients (Maglione et al.,
2001). Hyperplastic MT breast epithelium contains 30-40% ERa nuclear stain while
normal mammary epithelium at this age does not (Lin et al., 2003). At the adenoma stage,
50-80% of cells are positive for ERa. As the cells become early stage carcinoma, a mosaic
pattern of high ERa is seen, which disappears as the tumor progresses to late carcinoma
(Lin et al., 2003). It was shown that adenoma contains 70-80% PR+ stain while normal
ducts do not, and as tumors progress to late stage carcinoma, PR is undetectable (Lin et
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al., 2003). At late stages, MT tumors are also marked by significantly increased ErbB2
levels compared to normal tissue. These trends are also seen in human breast tissues:
around 30% of human breast cancer patients lose ER and PR signaling, accompanied by
ErbB2 overexpression, all of which correlate with poor prognosis (Lapidus et al., 1998;
Lin et al., 2003). Importantly, transcriptomic analysis of MMTV/MT tumors revealed they
resemble luminal B subtype of human breast cancer (Guy et al., 1992; Herschkowitz et
al., 2007), demonstrating the clinical relevance of using the MMTV/MT mouse model.
Second, Shc1 engages MT through phosphorylated Y250 of MT (at NPTpY; member of
general NPXpY motif) (Campbell et al., 1994), and this interaction and the subsequent
phosphorylation of Y239/240 and Y313 on Shc1 are critical and sufficient for mammary
gland transformation and progression in mice (Blaikie et al., 1997; Dilworth et al., 1994;
Ursini-Siegel et al., 2008; Webster et al., 1998). This makes MMTV/MT ideal for studying
Shc1 phosphotyrosine signaling in the context of mammary tumorigenesis. On the other
hand, MMTV/MT mice model has important limitations. First, MT is a viral kinase that
does not exist in human breast cancer patients. While it mimics RTK functions by initiating
the PIBK/AKT and Ras/MAPK pathways, the complexity and the dynamics of signaling
complexes formed by MT differ from that of RTKs commonly overexpressed in breast
cancer patients. Second, MMTV/MT tumors carry characteristic chromosome 11
amplification (17g21-25 in human) and chromosome 4 deletions (1p35-36 in human), the
significance of which in relation to human breast cancers are unclear (Hodgson et al.,
2005). Thus, while the MMTV/MT mouse model can extensively contribute to our
understanding of underlying molecular mechanisms and tumor-host interaction at play
during breast cancer progression, it is necessary to validate the findings in various model

systems prior to making therapeutic predictions.

1.7.2 HER2 driven mouse model of breast cancer

HER2 (Neu in rat), a member of epidermal growth factor receptor tyrosine kinase
family, is overexpressed in 20-30% of primary human breast cancer (Igbal and Igbal,
2014). Thus, we employed the MMTV/NIC mouse model of breast cancer (Ursini-Siegel
et al., 2008). In this model, an oncogenic Neu (contains in-frame deletions in extracellular
domain proximal to the transmembrane domain; results in formation of intermolecular
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dimers stabilized by disulfide bonds and constitutive activation; NDL2-5 (Siegel et al.,
1999)) and Cre recombinase are expressed from the same bicistronic transcript where
their cDNA sequences are joined by an internal ribosome entry site. These mice were
then bred with Shc1¥ mice (MMTV/NIC/Shc1™) to delete Shc1 from mammary
epithelium. This eliminates the possibility that stochastic nature of Cre expression
downstream of MMTV will not give rise to select population of cells expressing both
oncogenic ErbB2 and Shc1 (White et al., 2004). The average tumor onset of MMTV/NIC
mice occurs at 146 days and tumors resemble solid or nodular adenocarcinomas (Ursini-
Siegel et al., 2008).

1.7.3 CDS8 null mouse model

CD8, composed of CD8a and CD8b, is a co-receptor to T cell receptor complex on
T cells that recognizes antigens presented in the context of MHC class |. CD8a in
particular engages the a3 chain of MHC class |. Mice homozygous for CD8a mutation
lack functional cytotoxic T cells while having normal to comparable CD4+ helper T cell
thymic development and maturation (Fung-Leung et al., 1991). These mice have (1)
significant debilitation in cytotoxic T cell responses to alloantigens and viral antigens, (2)
normal CD4+ helper cell recognition and response to alloantigens presented on MHC
class Il, and (3) normal IgM and IgG antibody production by B cells, (4) normal lymphoid
organ anatomy and the ratio of T and B cells in lymph nodes (Fung-Leung et al., 1991).
Loss of CD8a leads to as significant reduction in CD8b, suggesting the surface
expression of CD8b is dependent on CD8a, and effectively CD8a mutant mice are null

for surface expression of CD8 co-receptor.

1.7.4 IFNy null mouse model

IFNy is involved in numerous signaling pathways of immune cell development and
function in addition to exerting pleiotropic effects on various tissues expressing IFNyR
(Cantin et al., 1999; Sercan et al., 2006). In cancer, IFNy is well established as a critical
player of anti-tumor immunity (Street et al., 2002). Primarily secreted by CD8+CTLs, NK
cells, and Th1 helper cells (Schroder et al., 2004a), IFNy can (1) increase cytotoxicity,
effector functions and proliferation of NK cells (Biron et al., 1999), (2) increase activation,
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cross presentation, cytokine signalling, maturation and co-stimulation by DCs (Schiavoni
et al., 2013), (3) increase IFNy production, survival, activation, and effector function of
CD4+ and CD8+ T cells (Bhat et al., 2017), (4) decrease Treg driven immunosuppressive
activity (Overacre-Delgoffe et al., 2017), (5) enhance M1 classical macrophages’
cytotoxicity (DeNardo et al., 2009), (6) reduce MDSC’s immunosuppressive functions
(Medina-Echeverz et al., 2014), and (7) increase antigen presentation and MHC |
expression of malignant cells (Propper et al., 2003; Shankaran et al., 2001; Zhang et al.,
2019). Besides being an important regulator of immune effector function and
immunogenicity of the malignant cells, it also has direct antiproliferative, antiangiogenic
and proapoptotic effect on malignant cells (Beatty and Paterson, 2001; Zaidi and Merlino,
2011). Phenotypically, IFNy”- mice (1) have significantly debilitated expansion of CD8+ T
cells (Sercan et al., 2006), (2) reduced macrophage function in response to pathogens
(Dalton et al., 1993), (3) systemically reduced MHC | and Il expression (Goes et al., 1995),
(4) restriction of IgG responses to IgG1 and IgG2b (Kweon et al., 1998), and (5) reduced
natural killer cell activity (Dalton et al., 1993), consistent with its biological role. Thus,
given the broad and extensive roles IFNy play during anti-tumor immune responses, IFNy
l--and IFNy** mice can be used in parallel to interrogate how differential modulation of

tumor intrinsic signaling could sensitize tumors to anti-tumor immunity.

1.8 Experimental rationale

The host immune system is capable of eradicating malignant cells (detailed in
Section 1.3.1) However, malignant cells can establish immunosuppressive
microenvironment that (1) allows tumor evasion from immune surveillance, (2) promotes
tumor progression and (3) aids resistance to cancer immunotherapy (detailed in Section
1.3.2). Improved understanding of how tumors shape the immune landscape to favor their
growth will greatly aid in rationale design of cancer therapy. The Shc1 adaptor protein,
which serves as a substrate to numerous oncogenic receptor and non-receptor tyrosine
kinases in breast cancer, has been implicated in suppressing anti-tumor immune
responses during breast cancer progression through unknown molecular mechanisms
(detailed in Section 1.5.3 and 1.5.3.1). Consistent with this, increased Shc1 expression

has been associated with decreased CD8+ T cell infiltration in human breast tumors.
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Moreover, increased Shc1 phosphotyrosine signaling and its prognostic value in breast
cancer patients have been previously documented. Thus, we set out to elucidate the
mechanisms by which Shc1 suppresses anti-tumor immune responses and how Shc1
phosphotyrosine signaling contributes to this process using various mouse models and
in vitro systems. Furthermore, we aimed to interrogate both transcriptional responses and
protein interactomes associated with Shc1 phosphotyrosine dependent and independent
signaling. We reasoned that this would allow comprehensive identification of effectors
and signaling pathways downstream of tumor intrinsic Shc1 that promote
immunosuppression. Based on this knowledge, we aimed (1) to reveal novel targets that
may be druggable to sensitize breast cancer patients to immunotherapies and (2) to
provide mechanistic insight of how RTKs and TKs that target Shc1 as substrate promote

immunosuppression.
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Chapter 2: Materials and Methods

2.1 Animal work

2.1.1 General mouse husbandry

All animal studies were approved by the Animal Resources Council at McGill University

and comply with guidelines set by the Canadian Council of Animal Care.

2.1.2 Generation of mouse strains

IFNy’- (B6.129S7-IFNy'™7s/J; JAX stock #002287; (Dalton et al., 1993)) and CD8"
(B6;129S2-Cd8atmMaklJ: JAX stock #002665; (Mak et al., 1992)) mice were purchased
from JAX Laboratories and backcrossed onto an FVB background (F8). MMTV/MT (MT)
and MMTV/NIC (NIC) transgenic mice have been described previously(Ursini-Siegel et
al., 2008). Mice expressing a Shc1" allele harbouring tyrosine-to phenylalanine point
mutations at residues 239/240 (Shc2F) and 313 (Shc313F) under the control of Shc1
endogenous promoter have been described previously (Hardy et al., 2007).
MMTV/MT/CD8”, MMTV/MT/Shc?7?F/CD8” and MMTV/MT/Shc3'3F313F/CD8"- were
generated by breeding MMTV/MT, MMTV/MT/Shc?2F and MMTV/MT/Shc313F/313F mice
with CD8 (F8).

2.1.3 Tail DNA extraction and genotyping

Transgenic mice were genotype at weaning and at necropsy. For each mouse, 3mm tail
tissue was removed, resuspended in 500ul of tail extraction buffer (10mM Tris pH 8.0,
100mM NaCl, 10mM EDTA pH 8.0, 0.5% SDS, made with water) containing 20ug/ml
proteinase K and incubated on heat block overnight at 55°C. The next day, sampled were
added with 170ul 5M NaCl, mixed, and spun down at maximum speed for 10 minutes.
Supernatant was moved into a new tube with 900ul 95% ethanol and incubated for 15
minutes or overnight. They were subsequently spun down for 10 minutes at maximum
speed and pellets were dried of any remaining ethanol. Dry pellets were resuspended in
50ul sterile PCR grade water. 1ul of each sample were used for subsequent PCR reaction.
Components of PCR reaction per reaction (Table 4) and the primers used (Table 5) are
listed.
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Table 4. Composition of PCR reaction for each genotype

Components

H20 (ul)

10X Taq polymerase buffer
MgCi2 (1M)
10mM dNTP

Forward primer (10uM)

Reverse primer (10uM)

Third primer (10uM)

Taq (5u/ul)

DNA

Total volume per tube (ul)

MT
19.4
2.5
0.5
0.5
0.5
0.5

0.1
1
25

Neu Cre ShcKl ShcWT IFNy
194 194 194 19.4 5.06
25 25 25 2.5 1.2
05 05 05 0.5 0
05 05 05 0.5 0.24
05 05 05 0.5 2.8
05 05 05 0.5 0.4
1.2
0.1 01 041 0.1 0.1
1 1 1 1 1
25 25 25 25 12

Table 5. List of primers used for PCR genotyping.

Target
MT

Neu

ShcKIl

ShcWT

IFNy

CD8

Name

0IMR6218
o0IMR8284
0IMR8285
o0IMR1098
oIMR1099
0IMR6828

Type
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Mutant
Wild-type
Common
Common
Wild-type
Mutant

Primer (5’-3’)
GGAAGCAAGTACTTCACAAGGG
GGAAAGTCACTAGGAGCAGGG
TTCCGGAACCCACATCAGGCC
GTTTCC GCAGCAGCCTACGC

CD8
18.9
2.5
0.5
0.5
0.5
0.5
0.5
0.1

GGTCGCTACCATTACCAGTTGGTCTGG
TACCCG GTAGAATTAATTCCTCGACCG

CTGCAAAGGGCTTGCAAGTGTG
AACACCATCAAATGCCCAACTTCC
CCTTCTATCGCCTTCTTGACG
AGAAGTAAGTGGAAGGGCCCAGAAG
AGGGAAACTGGGAGAGGAGAAATAT
GACCTGGTATGTGAAGTGTTGG
ACATCACCGAGTTGCTGATG
CATAGCGTTGGCTACCCGTG
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2.1.4 Mammary fat pad (MFP) Injections

Mice were shaved at the injection site. Per fourth mammary fat pad, 0.5 million breast
cancer cells resuspended in 30ul of sterile PBS were injected after wiping down the site
of injection with chlorhexidine and making a small incision. Lidocaine was administered
drop-wise at the incision site prior to it being closed with surgical clips. The clips were
removed 9-10 days after the date of surgery. Carprofen was given during surgery and
day after surgery and for an additional day as needed. Female virgin mice aged between
6 weeks and 12 weeks were used for injections, and the age of the mice were matched
between different experimental groups. Mice were injected at both left and right fourth
mammary fat pads and at least three mice (n = 6-12 tumors) per group were injected.

Number of tumors involved in the experiments are indicated in the figure legends.

2.1.5 Tumor monitoring

Transgenic mice were palpated for tumor onset every week until onset. Mice were
necropsied 6 to 8 weeks after date of tumor onset. Given the multi-focal and metastatic
nature of the transgenic mouse models employed in these studies, mice were necropsied
prior to total tumor burden reaching 6 cm?® and a single tumor did not exceed 2.5 cm?3. For
mammary fat pad injected mice, tumor growth was monitored for biweekly via caliper

measurements. Formula used to calculate the tumor size was

longest width in cm) (shortest width in crn)2
*
2 2

g* (3.14159) * (
2.1.6 Tumor vaccination
For the in vivo immunization experiment, breast cancer cells were mitotically arrested with
225 mM mitomycin C (Abcam) for 3 hours, washed, trypsinized and injected
intraperitoneally into FVB mice (1 x 108 cells per 100ul of sterile PBS) to generate an
immunized cohort. Control groups were mock injected with PBS. This injection schedule
was repeated 7 and 14 days later. On day 21, immunized and non-immunized mice were

subjected to mammary fat pad injection with the cell line that was used for immunization.

2.1.7 Immune checkpoint inhibitor treatment
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Animals were intraperitoneally injected with 100 mg of a neutralizing a-PD1 antibody
(clone RMP1-14, BioXCell) or its corresponding isotype control IgG (InVivoMAb Rat
IgG2a, clone 2A3, BioXCell) 5 days after date of mammary fat pad injection and were
repeatedly treated every 3 days thereafter. Tumour outgrowth was monitored by caliper

measurements (n = 10 per group) every 3 days.

2.1.8 Necropsies and tissue collections

Mouse breast tumors, spleen, and hyperplasic mammary glands were cut to appropriate
size and lungs were separated into five lobes. For transgenic mice, 2-4mm of tail was
collected for second round of genotyping. The tissues were held in embedding tissue
cassettes and fixed in 10% buffered formalin overnight prior to being washed and
resuspended in 70% ethanol. They were kept in 4°C until submission to pathology core

for paraffin embedding. Paraffin embedded tissue samples were stored in 4°C.

2.2Plasmid constructs and cloning

2.2.1 CRISPR/Cas9 against STAT1 and STAT3

Mouse STAT1 and STAT3 were targeted for CRISPR/Cas9 deletion using the CRISPR
Design Tool (http://crispr.mit.edu): STAT1#1 5-GTACGATGACAGTTTCCCCATGG-3,
STAT1#2 5-GGACTCCAAGTTCCTGGAGCAGG-3' within Exon 3; STAT3#1 5'-
GGAACTGCCGCAGCTCCATGGGG-3' within Exon 1. The gBlocks containing U6
promoter, the designed target sequence, gRNA scaffold and termination signal were
purchased from IDT. Clones verified to have lost expression of STAT1 or STAT3 by
immunoblot analysis were pooled for subsequent analysis (n=6). For the STAT71 CRISPR

cohort, the pooled cells were derived from two guide sequences.

2.2.2 BiolD and affinity purification constructs

3XFLAG conjugated wild-type Shc1 (WT), Y239F/Y240F-Shc1 (2F), Y313F-Shc1 (313F),

Y239F/Y240F/Y313F-Shc1 (3F) were amplified out from pMSCV puro retrovirus

expression plasmid (clontech) using forward primer targeting Notl site (in frame with Myc-

BirA; 5 CACGAGCGGCCGCAAAACAAGCTGAGT 3’) and reverse primer targeting

EcoRl site (3 CTGCTACTGTTCACTTTAAGCTTAAGGCCG 5’). Amplified Shc1 WT, 2F,
66


http://crispr.mit.edu/

313F, and 3F — 3XFLAG products were inserted into pcDNA3.1(-) mycBirA-R118G-MCS
plasmid (Addgene # 36047) both digested with Notl and EcoRlI). MycBirA-Shc1-3XFLAG
was amplified out with forward primer containing Agel site (5'-
AGCTGgcaccggtagccaccATGgaacaaaaact-3’) and reverse primer containing EcoRI site
(5 GCCGGAATTCGAATTTCACTTGTCATCGTC-3’). This amplified product was
inserted into pQCXIB-GFP plasmid (Clontech), where GFP was removed upon
subcloning. In pMSCV puro plasmid, Shc3F-3XFLAG construct has restriction enzyme
sites for Scal at nt. 741 and Pstl at nt. 885 destroyed. Shc2F-3XFLAG construct has Scal
at nt. 741 destroyed. Shc313F-3XFLAG has Pstl at nt. 885 destroyed.

2.2.3 STAT3 wild-type and STAT3 mutants

pcDNA3 STAT3 plasmid was purchased from Addgene. STAT3 cDNA was subcloned
into the pMSCV hygromycin plasmid (Clontech) and pQCXIP puromycin plasmid
(Clontech). Mutagenesis of tyrosine 705 to phenylalanine (Y705F), serine 727 to alanine
(S727A), and serine 727 to glutamine (S727E) were done and the plasmids were

sequence verified at GenScript.

2.2.4 Knock-down using shRNA

HEK239T cells were transfected as follows: cells were plated in 10%FBS/DMEM growth
media in 6 well plate such that at the time of transfection, cells were 90% confluent. 1hr
before transfection, media was refreshed to 10%FBS/DMEM. 2ug of lentiviral shRNA
plasmid was combined with packaging plasmids mix 1ug each of psPAX2 and pMD2.G
(2" generation system) to a total volume less than 30ul. 1X HBS buffer (pH 6.95; 40g
NaCl, 25g HEPES, 1.85g KCI, 0.63g Na2HPO4.2H20, 5g Dextrose, made up to 500ml
with water; filter sterilized and stored at 4°C) was used to make the total volume up to
200ul for 6 well plate. Samples were vortexed for 3 seconds. 10.5ul of 2.5M CaCl2z drop
wise and immediately vortexed for 15 seconds and incubated in dark for 20-30min at
room temperature. The mixture was carefully added to the 293T cells drop wise and put
back into the tissue culture incubator. Next morning, refresh the medium (2 ml) for both
phoenix and 293T. Virus was harvested at 24hrs and 36hrs and filter sterilized with
0.45um syringe filter and snap frozen or immediately used (250ul per 6 well plate infection)

67



with polybrene. Grb2 (Gene ID 14784) was knocked down using TRCNO0O00097109,
TRCNO0000097110, and TRCNO0O00097112.

2.3Cell culture

Surgically excised transgenic mice tumors were washed in ice-cold PBS, thinly chopped
with surgical scissors and further minced using a Mcllwain tissue chopper (Campden
Instruments). Subsequently tissues were incubated with 10ml DMEM medium
(supplemented with penicillin and streptomycin) containing 2.4 mg/ml Dispase (Roche;
Neutral protease, grade IlI) and 2.4 mg/ml Collagenase B (Roche) and incubated on a
37°C shaker for 2—3 hours. Cells were washed with 1mM EDTA/PBS and centrifugation
at 800 r.p.m. for 5 minutes (repeated 3 times). Cells were resuspended in 2.5% fetal
bovine serum (FBS)/DMEM growth media containing mammary epithelial growth
supplement (MEGS; 3 ng/ml human epidermal growth factor, 0.5 mg/ml hydrocortisone,
5 mg/ml Insulin and 0.4%v/v bovine pituitary extract) and gentamycin. For passaging cells,
cells were maintained in 5% FBS/DMEM with MEGS and gentamycin. For experimental
purposes, cells were seeded, and their media were changed to 1% FBS/MEGS-
containing DMEM the following day with or without appropriate treatment at specified
concentration and duration prior to lysis. IFNy (485-MI-100; R&D Systems) was used for
treatments. The following inhibitors were used: JAK2/3 inhibitor INCB018424/Ruxolitinib
(Selleckchem, cat# S1378) and Mek inhibitor Trametinib (Selleckchem, cat# S2673) at

doses indicated.

2.3.1 General cell culture

Mycoplasma test (Lonza cat# LT07-318) were carried out every time a cell vial was
thawed from liquid nitrogen and prior to be used in in vivo experiments. Cells were not
used for more than 1.5 months. Mycoplasma contaminated cells were either not used or
were treated with BM-cyclin (Sigma-Aldrich, cat# 10799050001) for a week prior to being
retested.

2.4Flow cytometry
241 Celllines
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Surface MHC class | was measured using 0.5 mg PE-conjugated anti-mouse MHC class
| antibody (H-2Db) (eBioscience, cat#12-5999-83). Per run, 2x10° cells were stained for

30 minutes on ice.

2.4.2 Breast tumor

Tumors (400-500mm?3) were dissociated by passing through Mcllwain tissue chopper
(Campden Instruments) around 7 times. Dissociated samples were collected into 50ml
falcon tube with 5%FBS/DMEM media supplemented 2.4 mg/ml collagenase B (Roche)
and incubate for 2hrs at 37°C on a rocker. After incubation, samples were put in 20ml of
1mM EDTA/PBS and pipetted up and down 4 times to dissociate any visible clumps.
Samples were centrifuge for 7 min at 300g at room temperature. Supernatant was
removed, leaving behind approximately 5ml. Jelly like layer formed on top of the cells
were undisrupted. 6ml of plain DMEM containing DNase | (0.3mg/ml final concentration;
Sigma) was added and incubated for 15-30 minutes on 37°C rocker. After incubation,
samples were centrifuged at 300g for 7 min at 4°C. Supernatant was discarded and cells
were resuspended in 10ml 1mM EDTA/PBS and pipetted up and down 3 times to
dissociate any visible clumps. Cells were filtered through 70um strainer, spun down and
resuspended in ice cold 10ml 2% FBS/PBS and keep on ice until staining. Spleens were
homogenized in PBS using polypropylene pestles (Thomas Scientific, cat#1212M63),
filtered through 70 um mesh cell strainer and further diluted to 5ml total volume with PBS.
Dissociated tumor cells (2 x 107) or spleen (2 x 10°) were stained with Live/Dead Fixable
Aqua 405nm (ThermoFisher, cat# L34957). Samples were blocked in Fc block
CD16/CD32 (BD Biosciences, cat#553142,) and stained with fluorescently conjugated
primary antibodies (Table 6 and Table 7) for 30 min at 4°C. Samples were analysed by
LSR Fortessa Cell Analyzer (BD Biosciences) and FlowJo software. Aggregates were
gated out using FSC-A versus FSC-H and SSC-A versus SSC-H, and total cells were
selected. B220 was used to exclude B cells from the analysis. B220cells were further
subdivided into CD8+CD69+ to determine the percentage of CD8+ CTLs and
CD8+CD69+ activated CTLs. CD45+ population from live immune cells population was
further gated for CD11+Gr1+ population. All percentages were reported as % of total
events analysed.
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Table 6. List of antibodies and reagents used for immune panel flow cytometry

Epitope Fluorophore Cat# Company [Ab] [Ab]
Tumor Spleen
B220 Alexa-488 557669 BD Pharmingen 0.2 ug 0.1 ug
CD8a APC 47-0081-82 Ebioscience 0.1 ug 0.05 ug
CD69 PE 553237 BD Pharmingen 0.4 ug 0.2 yg
Gr1 (Ly6G) Alexa-488 53-5931-82 Ebioscience 6.25 ng 2.125
ng
CD11b APC 17-0112-81 Ebioscience 2.5ng 1.25 ng
CD45 BV785 103149 Biolegend 0.8 ug 0.4 ug

Table 7. List of reagents used for immune panel flow cytometry

Reagents Cat# Company [Ab] Tumor [Ab] Spleen
Mouse Fc Block 553142 BD 2 ug 1 ug
(CD16/CD32) Pharmingen

Live/Dead L34960 Invitrogen 0.6 ylinto 49.4 pl 0.3 pl into 24.7 pl
Fixable PBS PBS

2.5Mass spectrometry

2.51 Coomassie blue staining

To confirm efficiency of affinity purification or immunoprecipitation, purified samples were
subjected to SDS PAGE for immunoblotting and Coomassie blue staining. Gel prepared
for staining was fixed in 100ml solution containing 46% Methanol, 7% acetic acid and
water for 1 hour. The gel was then stained in 100ml solution containing 50% methanol,
10% acetic acid, water and 0.1% Coomassie Brilliant blue-R250 for 1 hour. Gel was
destained in 100ml of 5% methanol, 7.5% acetic acid for 24 hours. Second destain was
done with 46% methanol, 7% acetic acid for 24 hours. Gel was wrapped in saran wrap

and scanned.

2.5.2 BiolD-MS
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Cells were starved overnight (0.5%FBS/DMEM) and were subsequently treated with
50uM Biotin supplemented 10% FBS/DMEM growth media for 24 hours. Per sample, two
15cm plates worth of cells at 70% confluency were used. The next day, cells were
trypsinized, washed with PBS, and spun down at 250xg for 5 minutes. For one 15cm plate,
cells were lysed in 700ul RIPA lysis buffer (1% Triton X-100, 50mM Tris-HCI pH7.5,
150mM NaCl, 1mM EDTA, 1TmM EGTA, 0.1% SDS) supplemented with protease inhibitor
cocktail, 50U benzonase (critical to prevent any RNA binding protein contamination) and
0.5% (final concentration) sodium deoxycholate for 1 hour on ice. Vortexed every 15min
for 10s to improve the lysis. Sonicated lysates at 50% amplitude 2 times 10 sec on ice.
Washed with water and ethanol in between wipes. Centrifuged lysates at max for 30 min
at 4°C. During the centrifugation, prepared the bead solution (equilibrating with RIPA
buffer). Washed the Pierce Avidin agarose beads (30ul per pull-down; cat # 20219) three
times with plain RIPA buffer without the supplements. Spun down the beads at 3000rpm
for 1min and carefully removed supernatant. Washed with 1ml RIPA buffer, inverted 10
times to resuspend, spun at 3000rpm for 1min. Removed supernatant and repeated this
twice. After the last spin, removed all the supernatant. Added appropriate amount of RIPA
buffer so 100ul could be aliquoted per tube. Transferred supernatants from the
centrifuged lysates to a new tube. Removed 6% as input control and added 6X protein
loading dye. Boiled the input control for 10 min at 95°C. To the rest, added 100ul of
prepared bead solution to each sample. Rotated, end-over-end for 3 hours at 4°C. Spun
down the beads at 3000rpm for 1min at 4°C. Removed supernatant, added 1ml of RIPA
buffer, inverted 10x, spun down. Repeated this twice. For elution for MS: washed three
times with RIPA buffer, twice with LIGHT buffer (50mM Tris-HCI pH 7.5 using HPLC grade
water), eluted with 150ul 50mM H3POs (pH 1.5-2) on ice for 10 minutes. Collected the
supernatant. Repeated the elution two more times. Pooled all three elutions in the same
tube for final volume of approximately 500ul. Spun at max speed to remove beads and
kept at -80C until shipment. Mass spectrometry experiment and analysis were carried out
by Dr. Nicolas Bisson and Kevin Jacquet of University of Laval as previously described
(Beigbeder et al., 2016; Jacquet et al., 2018). Myc-BirA (no biotin) and Myc-Shc1 wild-
type-BirA (no biotin) were used as controls for SAINT analysis (Choi et al., 2011; Teo et
al., 2014). Proteins with a SAINT score =20.9 were deemed genuine interactors. Criteria
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for protein identifications were fixed at 299% probability to achieve an FDR £1% and
required at least 1 peptide to be identified. For elution for immunoblot: at the last RIPA
spin, removed supernatant, added 1ml of TAP lysis buffer (2.5ml of 1M HEPES pH 7.5,
5ml of 1M KCI, 5ml of 100% glycerol, 200ul of 0.5M EDTA, 500ul of 10% NP40 and made
up with water to 50ml), inverted 10 times, spun down beads. To elute the biotinylated
proteins from the beads, added 15ul of 2X-Laemmli buffer (620mg DTT, 10ml water, 4ml
1M Tris pH6.8 and 5ml 10% SDS) and 6ul of 6X loading dye and boil beads for 8min at
95°C. Vortexed to mix well, and spun down at max speed to remove beads. Bioinformatics

analysis was done using ProHits Visualization tool online (Knight et al., 2017).

2.5.3 AP-MS

Cells were incubated in 1% FBS/DMEM supplemented with MEGS for 24 hours. Prepared
50mM sodium orthovanadate stock (pH 10). Freshly prepared 100X pervanadate solution
(7.6ml sterile water, 1.9ml 30% hydrogen peroxide, 500ul 50mM sodium orthovanadate)
and let sit on ice for 10 minutes for activation. 10 minutes prior to 24-hour time point, cells
were treated with the 100X pervanadate solution and put back into the tissue culture
incubator for 10 minutes. A few cells detached and floated but mostly stayed adhered.
Cells were lysed with buffer (50mM HEPES-NaOH pH8, 150mM NaCl, 1mM EGTA, 0.5%
NP40, 2.5mM MgCl2, 10% glycerol made up with water) and 2mg of protein lysate was
affinity-purified using Anti-DDDDK (FLAG) tag antibody conjugated agarose beads
(Abcam cat# ab1240) for mass spectrometry. For in vitro validation experiments, affinity
purification by FLAG-agarose beads or immunoprecipitation with anti-FLAG antibody
(ThermoFisher cat# MA1-91878) were done and indicated where applicable. Mass
spectrometry experiment and analysis were carried out by Dr. Nicolas Bisson and Kévin
Jacquet of University of Laval as previously described (Beigbeder et al., 2016; Jacquet et
al., 2018)

2.5.4 ProHits-vis analysis

Dot plot and bait-bait analysis was done using ProHitz-vis online tool (Knight et al., 2015).

Abundance was reflected by Average Spec counts and the score was determined by

BFDR. Parameters were set as follows: primary filter = 0.01, secondary filter = 0.05,
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minimum abundance value of 1, maximum abundance value of 50. Control subtraction
using control counts. Normalization and log transformation were not done. Hierarchical

clustering was done with distance metric of Canberra and Ward’s clustering type.

2.6 Protein analyses

2.6.1 Protein lysis and immunoblot

Cells were removed of media, washed with ice cold PBS, and lysed on ice using PLCy
lysis buffer (50mM HEPES pH7.5, 150mM NaCl, 10% glycerol, 1% Triton x-100, 1mM
EGTA pH8, 1.5mM MgCl2, 10mM NaF, 10mM NaPyrophophate) supplemented with 5mM
NaF, 1mM sodium orthovanadate, and 1000X protease inhibitor cocktail (10ul of 10mg/ml
aprotinin, 10ul of 10mg/ml leupeptin, 100ul of 1mg/ml pepstatin, 1mM PMSF). After being
added with either 100ul (60mm plate) to 300ul (100mm plate) of the lysis buffer, cells
were scraped with a cell scrapper and collected into a 1.5ml tube and incubated on ice
for 10 minutes. Samples were then vortexed for 5 seconds and spun down at maximum
speed for 10 minutes in the 4°C centrifuge. Supernatants were used for protein
concentration determination using Bradford reagent and spectrophotometer. The lysates
were prepared into ready-to-load samples to equal concentration among samples and
were supplemented with DTT (final concentration 40mM), 6X protein loading dye, and

water.

Table 8. List of antibodies used for immunoblotting

Protein Dilution Company Cat#
STAT3 1:3000 CST 9139
Phospho-Y705 STAT3 1:1000 CST 9145
Phospho-S727 STAT3 1:1000 CST 9134
STAT1 1:1000 Santa Cruz Sc-417
Phospho-Y701-STAT1 1:1000 CST 9167
aTubulin 1:20000 Sigma Aldrich T5168
Grb2 1:3000 CST 3972
B2M 1:15000 Abcam ab75853
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FLAG 1:4000 ThermoFisher F3165

MAP4k5 1:1000 ThermoFisher PA5-40649
AKT 1:2000 CST 9272
Phospho-S473-AKT 1:2000 CST 4060
P38 MAPK 1:2000 CST 9212
Phosphor-p38MAPK 1:2000 CST 9211
ERK 1:2000 CST 9102
Phosphor-ERK 1:2000 CST 9101
SOCS1 1:1000 CST 3950
SOCS2 1:1000 CST 2779
SOCS3 1:1000 CST 2932
2.6.2 ELISA

Cells were treated with PBS or IFNy (1ng/ml) for 24hrs. Supernatants were taken for
assessment of CXCL9 protein levels using Mouse CXCL9/MIG DuoSet (DY492) ELISA
kit (R&D Systems).

2.6.3 Immunohistochemistry (IHC)

Formalin fixed paraffin embedded (FFPE) tissues were sectioned to 0.4um using Leica
RM2255. Two types of antigen (ag) retrieval buffers were used depending on the antibody:
Sodium Citrate Buffer (10mM Sodium Citrate in distilled water, pH 6) with 0.05% Tween
20, or TE Buffer (1.21g Tris and 0.37g EDTA in 1000ml distilled water (pH 9.0), 0.05%
Tween 20). Placed the slides in a slides rack, and performed the following washes: Xylene
#1, 2, 3, each 3 minutes, 50:50 Xylene:100% ethanol for 3 minutes, 100% ethanol #1, 2
each 3 minutes, 95% ethanol for 3 minutes, 70 % ethanol for 3 minutes, 50 % ethanol for
3 minutes and left in running cold tap water to rinse for 10 minutes. Filled up to level 6-7
in the pressure cooker with tap water. Added the appropriate antigen retrieval buffer to
the coplin jars with the slides. Put the jars into the pressure cooker and antigen retrieval
was performed at “High pressure” setting for 12 minutes. Slides were cooled down on ice
for 30min and the slides were moved to the humidity chamber. Tissues were marked with

wax pen. Washed the slides 2 x 5 minutes in TBS/0.05% Tween 20 + 0.025% Triton X-
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100 (TBST). Incubated for 10min with avidin solution. Rinsed with TBST. Incubated for
10min with biotin solution. Rinse with TBST. Blocked with 10% BSA for 30min at room
temperature. Added primary antibody (listed in Table 9) diluted in 2% BSA/TBS overnight
at 4°C. Incubated 3 times each 5 minutes in TBST. Washed with TBS twice. Added 3%
H202 (diluted freshly from 30% H202) in TBS and incubate for 15min. Incubated 5 min in
TBST twice. Added biotinylated secondary antibody diluted in 2% BSA/TBS at room
temperature for 30 min. Incubated 5 minutes, three times in TBST. Samples were
incubated in ABC (vectastatin) for 30min at room temperature and washed with TBST for
5 min 3 times. Samples were developed with DAB substrate for appropriate time (between
30 seconds and 4 minutes). 20% hematoxylin (incubate for 30 to 60 sec) was used for
counterstaining and samples were placed under running tap water for 5 min to blue.
Subsequently, slides were incubated for 3 min in 50% ethanol, 3 min in 70% ethanol, 3
min in 95% ethanol, 3min in 100% ethanol (#3, 4), and 3 min in xylene (#4, 5, 6), and

mounted with Clearmount.

Table 9. List of antibodies used for immunohistochemistry

Protein Dilution Type Ag retrieval Company Cat#
STAT1a 1:750 FFPE Sodium citrate Santa Cruz SC-417
Phospho-Y705 1:200 FFPE TE CST 9145
STAT3

CD3 1:200 FFPE Sodium citrate = Abcam Ab16669
Granzyme B 1:200 FFPE Sodium citrate Cedarlane  Ab4059

2.7RNA analyses

2.7.1 RNA extraction for in vitro and in vivo studies

For in vitro studies, RNA extraction was done using Trizol (ThermoFisher). Cells plated
on 6 well plate were lysed using 1ml of Trizol per well and processed. Filtered tips were
used at all times. For RNA-seq, either RNeasy Mini kit (cell lines) or Midi kit (tumor tissue)
from Qiagen was used. In vitro RNA-seq: ShcWT (864, 2196, 4788, 2199), Shc2F (5372,
5835, 5376, 7706) and Shc313F (6203, 6738, 7388, 7389) cell lines were cultured in 1%

FBS/MEGS media for 24 hours prior to lysis. In vivo RNA-seq: MT cell line (4788) that
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were STAT3 null (deleted by CRISPR, clones pooled) and ectopically infected with
pQCXIP empty vector (EV), STAT3 wild-type (WT), STAT3-Y705F (YF), STAT3-S727A
(SA), STAT3-Y705F/S727A (DM) were injected into the mammary fat pads of syngeneic
FVB mice. Tumors were taken at end point, cut into pieces and flash frozen. Flash frozen
tumors of size between 300-500mm?3 were selected, crushed, and 4mm?3 pieces were
homogenized for 20 seconds prior to being subjected to the RNeasy Midi kit protocol (n
= 3 tumors per group; total 15 samples). RNA-seq was performed at the Genome Quebec
Innovation Centre of McGill University. RNA quality was assessed by Agilent 2100
Bioanalyzer (Agilent Technologies). Libraries for RNA-seq were prepared according to
strand-specific lllumina TruSeq protocols. Samples were multiplexed at four samples per

lane and sequenced on an lllumina HiSeq 2000 instrument (100 bp, paired-end reads).

2.7.2 RNA sequencing and analysis

RNA-seq analysis was performed as described in the published manuscript (Ahn et al.,
2017) and is quoted here with modifications appropriate for this thesis: “Sequencing reads
were trimmed using Trimmomatic v0.32 (Bolger et al., 2014), removing low-quality bases
at the ends of reads (phred33030) and clipping the first four bases in addition to lllumina
adaptor sequences using palindrome mode. A sliding window quality trimming was
performed, cutting once the average quality of a window of four bases fell below 30.
Reads shorter than 30 bp after trimming were discarded. The resulting high-quality
RNAseq reads were aligned to the mouse reference genome build mm10 using STAR
v2.3.0e(Dobin et al., 2013). Uniquely mapped reads were quantified using featureCounts
v1.4.4 and the UCSC gene annotation set. Integrative Genomics Viewer was used for
visualization. Multiple quality control metrics were obtained using FASTQC v0.11.2,
SAMtools(Li et al., 2009), BEDtools (Quinlan and Hall, 2010) and custom scripts. RNA-
seq gene expression analysis. Global expression changes were assessed by
unsupervised hierarchical clustering of samples and principal component analysis (PCA).
To this end, expression levels were estimated using exonic reads mapping uniquely within
the maximal genomic locus of each gene and its known isoforms. Normalization (median
of ratios) and variance stabilized transformations of the data were performed using

DESeq2(Love et al., 2014). Pearson’s correlation was used as the distance metric for
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hierarchical clustering and average linkage as the agglomeration method. Bootstrapped
hierarchical clustering was computed using the R package pvclust (Suzuki and
Shimodaira, 2006). Differential expression analysis to identify expression changes with
respect to wild-type (WT) Shc1 controls was performed using DESeq2(Love et al., 2014).
Genes with statistically significant (adjusted P-value < 0.05) and large (fold change > 2)
expression changes, expressed above a threshold (average normalized expression
across samples > 100) were selected to derive gene signatures associated with each
genotype. Human leukocyte antigen genes, genes with no known function and genes with
no human orthologues were removed from downstream analyses. To acquire the Shc1-
regulated gene signatures, we first compared genes that are differentially expressed
between the following groups: (1) ShcWT versus Shc2F and (2) ShcWT versus Shc313F.
We then compared both lists of differentially expressed genes to identify: (a) genes that
are commonly differentially expressed in all Shc2F cell lines relative to the rest (Shc2F-
like), (b) genes that are commonly differentially expressed in all Shc313F cell lines relative
to the rest (Shc313F-like) and (c) genes that are commonly differentially expressed in
both Shc2F and Shc313F cells relative to ShcWT cells. STAT1 and STAT3 gene
signatures, on the other hand, were derived from previously reported validated targets. In
addition, we required that mRNA levels of these across patient samples displayed a
Spearman’s correlation R > 0.1 with STAT1 and STAT3 mRNA levels, respectively. All
gene signatures were projected across 1,215 human breast cancers from TCGA data set
using ssGSEA as described before(Barbie et al., 2009). Briefly, a score is defined to
represent the degree of enrichment of a given gene set in a sample: gene expression
values for each sample are rank-normalized and an enrichment score is produced using
the empirical cumulative distribution functions (ECDF) of genes, with the final score
computed by integrating the difference between a weighted ECDF of genes in the
signature and the ECDF of the remaining genes(Barbie et al., 2009). This calculation is
repeated for each signature and each sample in the data set. To compute ssGSEA scores,
we used the GenePattern software implementation from the Broad Institute,
ssGSEAProjection (v6)(Reich et al., 2006). We first verified that the ssGSEA scores for
reduced gene signatures (containing only genes that have human orthologues) are highly
correlated with the Shc1 genotype in mice. Spearman’s correlations between each
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signature and expression values of specific genes (GZMB, CD8A and PD-L1) were then
computed. For visualization purposes, patients were ranked-ordered and stratified in
quartiles, and the mean expression value for each gene and each quartile was
computed.”(Ahn et al., 2017)

2.7.3 Real time quantitative reverse transcription PCR (RT-qPCR)

RT-gPCR was performed using either goTaq SYBR Green Mix (ThermoFisher, cat#
PRAG6002). or Tagman MasterMix 2x (Life Technologies, Cat#4352042). Per reaction,
SYBR green mix contained 0.4ul of 10uM forward primer, 0.4ul of 10uM reverse primer,
9.2ul PCR grade water, and 10ul SYBR green mix, and 1ul of appropriately diluted cDNA
(between 1/5 and 1/10 diluted cDNA from 1ug RNA starting material).

Table 10. List of mouse primers used for RT-qPCR

Gene Type Direction Primer sequence (5’-3’)
STAT3 SYBR Forward  CAATACCATTGACCTGCCGAT
Reverse  GAGCGACTCAAACTGCCCT
ACTB SYBR Forward GGCTGTATTCCCCTCCATCG
Reverse = CCAGTTGGTAACAATGCCATGT
B2M SYBR Forward TGGTCTTTCTGGTGCTTGTCT
Reverse  ATTTTTTTCCCGTTCTTCAGC
CD274 SYBR Forward = GCTCCAAAGGACTTGTACGTG
Reverse  TGATCTGAAGGGCAGCATTTC
CXCL9 SYBR Forward GGAGTTCGAGGAACCCTAGTG
Reverse = GGGATTTGTAGTGGATCGTGC
DDX60 SYBR Forward TTCCACTGCCCAAAATAGGAAAA
Reverse = GCCAGCAACATGAGTCTTAGGAT
ERAP1 SYBR Forward  TAATGGAGACTCATTCCCTTGGA
Reverse = AAAGTCAGAGTGCTGAGGTTTG
GAPDH SYBR Forward AACGACCCCTTCATTGAC

Reverse = TCCACGACATACTCAGCAC
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IFNIC SYBR Forward TGTGGCCTAATTACTCATGCTC
Reverse ATGGAAAGGCAGAAGCAAAGT

IRF9 SYBR Forward GCCGAGTGGTGGGTAAGAC
Reverse = GCAAAGGCGCTGAACAAAGAG
MUCA1 SYBR Forward TCGTCTATTTCCTTGCCCTG
Reverse  ATTACCTGCCGAAACCTCCT
IRF1 SYBR Forward GGTTTTTGTACCAGGCGAAA
Reverse = GATGTGAACCCTAGGCCAGA
PSMB8 SYBR Forward ATGGCGTTACTGGATCTGTGC
Reverse = CGCGGAGAAACTGTAGTGTCC
TBP SYBR Forward ACCTTATGCTCAGGGCTTGG
Reverse = GCCATAAGGCATCATTGGAC
TAP1 Tagman MmO00443188 m1
TAP2 Tagman MmO01277033_m1

2.8 Data availability

TCGA data used for analysis were retrieved from TCGA Research Network website
(http://cancergenome.nih.gov/). RNA-seq data generated for Chapter 2 are deposited in
the NCBI Sequence Read Archive database under the accession code SRP092760.

2.9 Statistics

Three independent biological replicate experiments were performed for in vitro studies
with number of technical replicates indicated in the legend, unless specified otherwise in
the legend. Data were normalized to the standard or control as appropriate. In vivo
orthotopic tumor studies in wild-type, CD8 or IFNy~’- mice were performed with 3—6 age-
matched mice (inoculated with tumor in both fourth mammary fat pads; n =6 — 12 tumors)
per group and the number of tumors is indicated in the legend. Power analysis was done
using StatMate software: ten tumors per group provided 80% power to detect a difference
between means of 155mm?3 (two-tailed; significance level of 0.05) between two groups.
Significance testing between two groups were done not assuming normal distribution

(nonparametric) with Wilcoxon’s using GraphPad software.
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Chapter 3: Shc1 phospho-tyrosine signaling promotes immunosuppression
3.1 Experimental rationale

Immunotherapy has revolutionized the way cancer patients are treated today.
However, critical challenges remain. First, tumor-mediated immunosuppressive
mechanisms that hinder positive responses to targeted- and immune-based therapies in
cancer patients need to be identified (discussed in Section 1.3.5). Second, biomarkers
that identify patients who are responsive and non-responsive to immunotherapy pre- and
post-treatment are still lacking (discussed in Section 1.3.5). Third, recent studies
demonstrate that oncogenic tyrosine kinase signaling contributes to immunosuppression
and its blockade induces anti-tumor immune responses (discussed in Section 1.3.4).
However, due to functional redundancy and heterogeneity of the tyrosine kinome, TK
inhibitors lead to acquired resistance which remains a critical challenge. Thus,
mechanistic studies that inform rational combination of TK inhibitors and
immunotherapeutic modalities for clinical trials are in great need (detailed in Section
1.3.6).

The Shc1 adaptor protein, a key converging point of many oncogenic tyrosine
kinases in breast cancer, was previously identified as essential for promoting
immunosuppression during breast cancer progression (Ursini-Siegel et al., 2010)
(discussed in Section 1.5.3.1). Coincidently, increased Shc1 expression is associated
with breast cancers of poor prognosis (HER2 and TNBC subtype), and decreased CD8+
T cell presence (Ursini-Siegel et al., 2010). Furthermore, elevated phosphorylation of its
tyrosines (target of numerous oncogenic kinases) are seen in breast cancer and is
associated with increased relapse in breast cancer patients (discussed in Section 1.5.3
and 1.5.4). However, mechanisms by which tumor intrinsic Shc1 suppresses antitumor
immune responses have remained poorly understood.

In Chapter 3, we investigated the mechanisms by which Shc1 suppresses CTL-
and IFNy driven anti-tumor immune responses, and how Shc1 phosphotyrosine signaling
contributes to this process. We show that Shc1 phospho-Y239/240 signaling activates
STAT3 immunosuppressive signals and Shc1 phospho-Y313 signaling impairs STAT1-
dependent immune surveillance in breast cancer cells. Impaired Y239/Y240-Shc1
phosphorylation selectively reduces STAT3 activation in breast tumours and sensitizing
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them to immune checkpoint inhibitors and tumour vaccines. We also show that phospho-
Y239/240 and phospho-Y313 dependent gene signatures created based on RNA-
sequencing can stratify breast cancer patients with increased inflammation. Together, our
data indicate that inhibition of phospho-Y239/240-Shc1-dependent STAT3 signalling may
represent an attractive therapeutic strategy to sensitize breast tumours to immune-based
therapies. Furthermore, we provide possible mechanistic insight into immunosuppression
aided by RTKs and TKs that utilize Shc1 (discussed in Section 1.3.4).

3.2 Phospho-Y239/240-Shc1 signaling suppresses anti-tumor immune response
To establish the importance of Shc1 phospho-tyrosine signaling in regulating tumor
driven immunosuppression, we used mice expressing Shc1 mutant alleles harbouring
tyrosine-to-phenylalanine point mutations at Y239 and Y240 (Y239F/Y240F-Shcf1;
termed Shc?™2F) and Y313 (Y313F-Shc1; termed Shc?'3F/313F) residue, under the control
of the endogenous Shc1 promoter (Hardy et al., 2007). These mice were crossed with
MMTV/MT mice (MT) to generate MT/Shc?M2F and MT/Shc3'3F/313F mice. As previously
reported, median ages at tumor onset of MT/Shc?2F mice (155 days) and MT/Shc313F/313F
mice (110 days) were significantly increased compared to MT/Shc** mice (56 days) (Fig.
10) (Ursini-Siegel et al., 2008). The delayed onset was comparable to a mutant MMTV/MT
mouse model where the Shc1 binding site on MT (Y250) is mutated to a phenylalanine
(median age of mice at tumor onset = 143 days), reinforcing the critical importance of
Shc1  phospho-tyrosine signaling in  promoting MT-induced mammary gland
transformation (Webster et al., 1998). Given that Y250F tumors increased recruitment of
CTLs during the early stages of breast cancer (Ursini-Siegel et al., 2010), questions had
remained whether CTLs contribute to the observed delay in tumor onset. Thus, the tumor
onset study in MMTV/MT mice expressing Shc1 wild-type and phospho-tyrosine mutants
was extended to a CD8” background to establish whether CTLs contributed to the
delayed tumor onset in Shc1 phospho-tyrosine deficient mice. MT/Shc313F/313F/CD8-- mice
took considerably longer to generate, consistent with a previous observation that
Shc313F/313F mice are born with reduced mendelian frequency (Hardy et al., 2007). Trigenic
MT/Shc**/CD8"- mice had a similar tumor onset as MT/Shc** (p=0.21 by multiple t test),
consistent with a previous study (DeNardo et al., 2009). This was also the case for
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MT/Shc1313F/313F (p=0.078 by multiple t test). However, the absence of the CD8+ T cell
compartment significantly accelerated tumor onset in MT/Shc12F/2F/CD8”- when
compared to MT/Shc12F/2F controls, (p <0.001 by multiple t test), indicating that the delay
in tumor onset from impaired Y239/240-Shc1 signaling was in part due to enhanced CTL
driven anti-tumor immunity (Fig. 10).

In order to test the impact of tumor intrinsic phospho-Y239/240-Shc1 signaling on
suppressing CTL-driven anti-tumor immune responses, we generated breast cancer cell
lines from tumor bearing MT/Shc1** (termed ShcWT), MT/Shc1313F/313F (termed Shc313F)
and MT/Shc12F2F mice (termed Shc2F) (n = 4 tumors per genotype, total of 12 cell lines).
The cell morphology observed in vitro was found to be heterogenous and did not stratify
by genotype (Fig. 11). We orthotopically injected two cell lines from each genotype into
the mammary fat pads of syngeneic FVB (IFNy**, CD8**) mice versus mice lacking the
ability to mount IFNy- or CD8-driven anti-tumor immune responses (IFNy”- and CD87").
For each cell line, tumor onset was unchanged between the CD8** and CD8" groups
and IFNy** and IFNy”- groups (Fig. 12a-b). The growth rate of two independent ShcWT
and Shc313F tumors were marginally impacted in an immunocompetent background
compared to IFNy” or CD8” groups, suggesting these tumors were highly
immunosuppressed (Fig. 13a-b). Meanwhile, Shc2F expressing cells were significantly
debilitated in tumor outgrowth in wild-type mice compared to in CD8~- or IFNy~- mice (Fig.
13a-b). These data suggested that the loss of phospho-Y239/240-Shc1 signaling in
mammary tumors sensitized them to IFNy and CTL driven anti-tumor killing, consistent
with the observations made in transgenic animals (Fig. 10). There were significantly
increased Granzyme B+ cell (Fig. 14a) and CD3+ T cell (Fig. 14b) infiltration (p<0.0001
by Mann-Whitney U test) by immunohistochemical staining and evidence for increased
CTL activation (CD8+CD69+) in Shc2F tumors (Fig. 15a-b) compared to ShcWT and
Shc313F tumors by flow cytometric analysis. Given that Granzyme B is also secreted by
NK cells, we cannot exclude that NK cells may also be involved in the anti-tumor immune
response elicited. Interestingly, increased infiltration of CD11b+Gr1+ myeloid-derived
suppressor cells (MDSC) were observed in both Shc2F tumors and spleens of tumor-
bearing mice (Fig. 15a-b), suggesting that MDSC mobilization may represent a
compensatory mechanism to sustain tumor growth in the presence of an elevated anti-
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tumor immune response. Histology of the tumors in vivo assessed by H&E staining did
not stratify tumors by their phenotype (Fig. 11). Altogether, these data demonstrated that
tumor intrinsic phospho-Y239/240-Shc1 signaling inhibits IFNy and CD8 driven anti-tumor

immune responses to enhance tumor growth.

3.3 Phospho-Y313-Shc1 signaling suppresses the antigen presentation
machinery

To understand how tumor intrinsic phospho-tyrosine dependent Shc1 signaling
regulates breast cancer immunosuppression, we performed RNA sequencing (RNA-seq)
on four independent ShcWT, Shc2F and Shc313F cell lines (total of 12 cell lines) in culture.
Differentially expressed genes were identified based on fold change greater than 2 in
each cell line of given genotype, adjusted p-value smaller than 0.05 and average
normalized expression across samples within each genotype bigger than 100. There were
64 differentially expressed genes with loss of Y239/240-Shc1 signaling (Fig. 16a, Table
11) and 98 differentially expressed genes with loss of Y313-Shc1 signaling (Fig. 16a,
Table 12). Commonly upregulated (9 genes) or downregulated (6 genes) in Shc2F and
Shc313F cells were also discovered (Fig. 16a, Table 13). Noticeably, there was a
significant enrichment of MHC complex associated genes located on Chromosome 17
(16 out of 48 upregulated genes; 29.2%) among upregulated genes in Shc2F cells.

Our RNA-seq analysis showed that the cell lines did not stratify by their genotypes
and no global transcriptomic changes unique to each genotype were induced, suggesting
that Shc1 regulates transcription of a discrete set of genes (Fig. 16b-d). Consistent with
this, clustering using a different number of genes changed the hierarchical tree, indicating
that clustering was not robust between different cell lines. Interestingly, 42% of the
differentially expressed genes in Shc313F cells were involved in inflammation and host
defense (Fig. 17a). At baseline and with IFNy treatment, CXCL9 (Fig. 17b) and
components of the antigen processing and presentation (APP) machinery (B2M, TAP1,
TAP2, PSMB8, ERAP1) were upregulated in vitro, consistent with the RNA-seq results
(Fig. 17c-e). In line with this, Shc313F cells significantly upregulated surface expression
of MHC class | when assessed by flow cytometry, compared to ShcWT and Shc2F cells

(Fig. 18a-b). As a second model to support our findings with the MMTV/MT model, we
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employed a Neu (HERZ2 in human) driven mouse model of breast cancer, MMTV/NIC
(Ursini-Siegel et al., 2008). HER2 (Neu in rat), a member of EGFR family, is
overexpressed in 20-30% of primary human breast cancers In this model, an oncogenic
Neu (NDL2-5; contains in-frame deletions in the extracellular domain proximal to the
transmembrane domain; results in the formation of intermolecular dimers stabilized by
disulfide bonds, and constitutive activation (Siegel et al., 1999)) and Cre recombinase are
expressed from the same bicistronic transcript where their cDNA sequences are joined
by an internal ribosome entry site (IRES). These mice were bred with Shc1™ mice
(MMTV/NIC/Shc1™) to delete Shc1 from the mammary epithelium. This eliminates the
possibility that the stochastic nature of Cre expression under the control of the MMTV
promoter will not give rise to a select population of cells expressing both oncogenic ErbB2
and Shc1 (White et al., 2004). Several APP components (B2M, TAP1, TAP2, ERAP1,
PSMB8) were also upregulated in the absence of Shc1, specifically in the mammary
epithelium (MMTV/NIC/Shc1™) (Fig. 18c), further supporting the observation made in the
MMTV/MT model. Together, these observations were seemingly paradoxical as the loss
of phospho-Y313 signaling in vivo failed to increase sensitivity of tumors to IFNy and CD8
driven anti-tumor immune responses.

On the other hand, impaired phospho-Y239/240 signaling did not significantly alter
the expression of APP components or MHC class | in vitro, despite enhancing immune
surveillance in vivo. In fact, MHC B7.2 was one of the most significantly decreased genes
in Shc2F cells compared to ShcWT cells by RNA-seq analysis (fold change = -4.3,
adjusted p-value < 0.001) (Table 11). Thus, while impairing phospho-Y313 signaling
could potentially increase a tumor’s susceptibility to immune surveillance through
enhanced expression of the APP machinery, it alone cannot overcome
immunosuppression in vivo (Fig. 13). In addition, these details suggested that unknown
factors derived from the tumor microenvironment (missing in tissue culture) may be
necessary to trigger an immune surveillance phenotype in Shc2F cells. IFNy and CXCL9
mRNA expression were significantly increased in vivo in Shc2F tumors compared to
ShcWT and Shc313F tumors (Fig. 19), consistent with the increased CTL and Granzyme
B+ cell infiltration in these tumors (Fig. 14a-b). This was coincident with decreased
expression of SOCS2 in tumors in vivo but not in vitro as assessed by immunoblot (Fig.
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20a-b). SOCS2 expressed by mononuclear phagocytes induced in response to IFNy has
been shown to suppress adaptive anti-tumor immune responses and dendritic cell-based
priming of T cells in cancer (Nirschl et al., 2017). It is possible that decreased SOCS2
levels reflect an enhanced anti-tumor immune response due to debilitated tumor intrinsic
phospho-Y239/240-Shc1 signaling.

Taken together, these data suggested that although the Y313 signaling deficiency
renders tumors potentially susceptible to immune surveillance in vitro, additional
immunosuppressive mechanisms are engaged to negate this effect in vivo. Meanwhile,
the loss of Y239/240 signaling is sufficient to render tumors susceptible to immune

surveillance in vivo.

3.4 Shc1 signaling promotes STAT3 signaling and suppresses STAT1 signaling
Given that Shc313F cells in vitro had significantly increased expression of IFN-
responsive genes such as CXCL9, an IFNy/STAT1 inducible gene, we investigated
whether the STAT1 signaling pathway was differentially induced in these cells. We
observed basally elevated levels of total STAT1 (and varying phospho-Y701-STAT1
levels) in Shc313F cells compared to ShcWT and Shc2F cells, consistent with the RNA-
seq data (Fig. 21a). Total STAT1 levels were elevated in two out of four Shc2F cell lines
(Fig. 21a-b). However, Shc2F tumors were similarly susceptible to IFNy or CD8 driven
immune surveillance in vivo regardless of their STAT1 status (high-5376 versus low-5372)
(Fig. 13a-b). Various anti-tumor functions of STAT1 are opposed by pro-tumorigenic
functions of STAT3 (Avalle et al., 2012). We observed that phosphorylation of STAT3-
Y705 (a mark of STAT3 activation) was significantly reduced in all four Shc2F cell lines,
while it was upregulated in Shc313F cells (Fig. 21a-b). In addition, phospho-S727-STAT3
levels were slightly reduced in Shc2F cells compared to ShcWT cells (Fig. 22a-b). To
assess the extent of negative feedback activation and inducibility in response to anti-
tumourigenic cytokine IFNy (discussed in section 1.6.3), STAT3 phosphorylation was
measured in ShcWT, Shc2F, and Shc313F cells upon IFNy treatment. Shc2F cells
showed reduced phosphorylation of Y705-STAT3 compared to ShcWT cells (Fig. 22a-b).
This demonstrated that loss of phospho-Y239/240 signaling reduces the ability of breast
cancer cells to also engage negative feedback loops as well. Taken together, these data
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suggested that Y239/240-Shc1 signaling sustains STAT3 activation while Y313-Shc1
signaling suppresses STAT1 expression and activation in breast cancer cells.

To establish the role of tumor intrinsic Y239/240- and Y313-Shc1 signaling in
regulating STAT1 signaling in vivo, we analyzed the ShcWT, Shc2F and Shc313F tumors
at end-point for STAT1 levels (Fig. 23). Consistent with their enhanced immune
surveillance phenotype (increased IFNy and CXCL9 mRNA levels, activated CTL and
granzyme B+ cell infiltration), Shc2F tumors showed significantly increased nuclear
STAT1 positivity specifically in IFNy** mice compared to ShcWT and Shc313F tumors
(Fig. 23). Interestingly, we observed that 60% of Shc2F (#5372) tumors progressively
grew (PD) while 40% of the tumors regressed or stabilized in their growth rate (SD) (Fig.
24), suggesting the existence of two populations of cells differentially responding to the
presence of an IFNy-dependent immune response (did not occur in IFNy”- mice).

To establish the role of tumor intrinsic Y239/240- and Y313-Shc1 signaling in
regulating STAT3 signaling in vivo, we analyzed the ShcWT, Shc2F and Shc313F tumors
at end-point for phospho-Y705-STAT3 levels by immunohistochemistry. A significant
reduction in phospho-Y705-STAT3 nuclear positivity was observed in Shc2F tumors
compared to ShcWT and Shc313F tumors, consistent with our in vitro observations (Fig.
25). Critically, the regressing Shc2F tumors had virtually no observable phospho-Y705-
STAT3 nuclear staining compared to their progressively growing counterpart (Fig. 23, 25).
In addition, Shc2F tumors that experienced progressive growth in an IFNy** background
had even further increased levels of STAT3 activation compared to tumors grown in IFNy-
I- background. These data suggested that Shc2F tumors actively reactivates STAT3
signaling in vivo, specifically in an immunocompetent background to overcome immune
surveillance (Fig. 25). Altogether, these data indicated that tumors impaired in Y239/240-
Shc1 signaling fail to overcome IFNy driven immune response in part due to reduced
STAT3 activation, and Shc2F tumors that successfully re-engage STAT3 activation in the
presence of IFNy driven immune response can progressively grow. On the other hand,
Shc313F tumors displayed elevated level of phospho-Y705-STAT3 and a concomitant
increased level of STAT1, consistent with observations made in vitro (Fig. 21a, 25).

Taken together, these data indicated that persistent STAT3 activation may allow tumors
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to promote immunosuppression even in the face of constitutively elevated, tumor cell

intrinsic STAT1 signaling.

3.5 STAT1 and STAT3 activation are concomitantly increased and sustained
specifically with phospho-Y313-Shc1 signaling loss.

To establish the role of tumor intrinsic STAT1 signaling in supporting immune
surveillance in STAT3 low (Shc2F) or high (ShcWT, Shc313F) tumors, we used
CRISPR/cas9 to delete STAT1 expression from independent cell lines across each
genotype (Fig. 26a-b). /n vitro, ShcWT cells induced significantly higher phospho-Y705-
STATS3 expression upon IFNy treatment in the absence of STAT1 (Fig. 26a-b). This is
consistent with a previous study showing that the absence of STAT1 induces prolonged
STAT3 Y705 phosphorylation in MEFs (Qing and Stark, 2004). The loss of STAT1,
however, did not elevate phospho-Y705-STAT3 signaling in Shc2F cells, either in the
absence or presence of IFNy treatment, excluding the possibility that any residual STAT1
plays a role in suppressing STATS3 activation in these cells (Fig. 26a-b). In Shc313F cells,
loss of STAT1 did not further enhance the already significantly high levels of activated
STATS, suggesting Y313 signaling engages STAT1 independent mechanisms to support
persistent STAT3 activation (Fig. 26a-b).

To investigate the importance of STAT3 in promoting immunosuppression, we
deleted STAT3 expression using CRISPR/cas9 method in ShcWT and Shc313F cells (Fig.
27). STAT3 absence did not alter STAT1 activity, either in the absence or presence of
IFNy, demonstrating that persistent STAT1 activation in 313F cells is unlikely the result
of heightened STAT3 activation, and that there may be other mechanisms contributing to

this phenotype.

3.6 Y313-Shc1 signaling suppresses STAT1 to decrease expression of APP
machinery and surface MHC class |

We asked whether the increased expression of the APP machinery components

and elevated surface MHC class | levels in Shc313F cells required increased STAT1.

Indeed, by flow cytometry, both baseline and IFNy induced expression of MHC class |

were STAT1 dependent in ShcWT (expression decreased by 1.3 fold in IFNy- and 7.0
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fold in IFNy+) and Shc313F cells (expression decreased by 25.5 fold in IFNy- and 34.7
fold in IFNy+) (Fig. 28a-b). At baseline, Shc313F cells showed reduced MHC class |
expression (2.6 fold; p-value = 0.008) in the absence of STAT3, suggesting that STAT3
may also contribute to increased MHC class | expression. This requires further
confirmation by re-expression of STAT3 in STAT3-deleted Shc313F. In addition, elevated
expression levels of the APP machinery and other IFN stimulated genes (TAP2, IRF9,
DDX60) in Shc313F cells were also STAT1 dependent (Fig. 29). Altogether, this
established STAT1 as a key contributor to enhanced expression of the APP machinery
and surface MHC class | levels in Shc313F cells.

We also assessed the expression of MUCT, a known STAT3 target gene
overexpressed in Shc313F cells as revealed by RNA-seq (Table 12, Fig. 29). MUC1
expression was entirely dependent on STAT3 in Shc313F cells, validating our RNA-seq
studies. MUC1 has been shown to be upregulated downstream of EGFR to potentiate
immunosuppression during cancer progression (Neeraja et al., 2013). Thus, MUC1 may
be one mechanism used by Shc313F cells to exert immunosuppression despite its
elevated STAT1 transcriptional activity and enhanced APP machinery.

To exclude the possibility that the loss of tumor intrinsic Shc1 signaling augments
production of IFN expression from the breast cancer cells themselves which would
upregulate STAT1 in an autocrine manner, we performed ELISA for IFNa, IFNB and IFNy
(cytokines that induce expression of IFN inducible genes) using culture supernatants.
They were undetectable in any of the cells (Table 14). Transcript read numbers of IFNa,
IFNB and IFNy from RNA-seq ranged between 0 and 50 (Table 15). These data indicated
that enhanced STAT1 expression in 313F cells is not due to autocrine IFN-dependent

signaling.

3.7 STAT3 is critical for promoting tumor onset and growth in the presence of
CTL immune response
To assess the functional importance of STAT1 and STAT3 in regulating CTL driven
anti-tumor immune responses downstream of Shc1 phospho-tyrosine signaling, we
injected STAT1 or STAT3 CRISPR-deleted ShcWT, Shc2F and Shc313F cells into the
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mammary fat pads of CD8** or CD8"- mice. Loss in expression of STAT1 and STAT3
within tumor epithelial cells were first confirmed by IHC (Fig. 30a, 31a).

Next, we analyzed the impact of STAT3 loss in ShcWT and Shc313F tumors. In
ShcWT tumors, the loss of STAT3 led to a significant reduction in tumor onset (25% of
mammary glands tumor bearing) (Fig. 32a-b). Histological assessment (by H&E staining)
of CD8** mammary glands inoculated with STAT3 deleted ShcWT cells revealed the
presence of microscopic, non-palpable tumors (Fig. 33). The ShcWT tumors that
palpated showed a similar growth rate to STAT3 proficient controls (Fig. 32a-b). These
data suggested that STAT3 is important for the initial establishment of ShcWT tumors.
For Shc313F tumors, tumor onset was unchanged, but their growth rate was reduced
following the STATS3 loss (Fig. 32a-b). Taken together, these data showed that STAT3 is
critical for breast tumor establishment and/or growth.

We extended our analysis to understand the role of STAT1 in ShcWT, Shc2F and
Shc313F tumors. In Shc2F tumors, loss of STAT1 did not alter tumor onset, but
accelerated tumor outgrowth in CD8** mice (unchanged in CD87 mice). This
demonstrated that STAT1 is important for CTL driven immune surveillance in Shc2F
tumors (Fig. 32a-b). In Shc313F tumors, STAT1 deficiency slightly accelerated tumor
onset but did not impact tumor outgrowth. This suggested that in the presence of
hyperactivated STAT3 signaling, hyperactivated STAT1 is dispensable and fails to confer
an anti-tumorigenic effect. In cells such as Shc2F that were debilitated in STAT3
activation in vitro and in vivo, STAT1 conferred an anti-tumorigenic effect (Fig. 21a-b,
22a-c, 25). On the other hand, in ShcWT tumors, STAT1 loss did not alter tumor
outgrowth. Surprisingly, it resulted in reduced tumor penetrance (40%) uniquely in CD8**
mice (Fig. 32a-b, 33). This suggested that STAT1 activation in tumors with elevated
STATS3 signaling (ShcWT) may also contribute to the development of breast cancer
immunosuppression. This warrants further investigation by re-expression of STAT1 in
these cells for assessment in vivo. Taken together, these results provided evidence that
the STATS3 activation status of breast tumors may influence whether STAT1 plays a pro-
or anti-tumorigenic role, and that Shc1 may regulate this process (Fig. 34).

To characterize the immune modulatory role of tumor intrinsic STAT1 and STAT3
pathways in the context of different Shc1 phospho-tyrosine signaling conditions, we first
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assessed the level of CD3+ T lymphocyte infiltration in the STAT1 or STAT3 CRISPR-
deleted ShcWT, Shc2F and Shc313F tumors (summarized in Fig. 43). CD3+ T cell
infiltration was decreased in STAT1 deleted ShcWT, Shc2F, Shc313F tumors, with the
most pronounced decrease observed in Shc2F tumors (2.1 fold, p-value = 0.021 by Mann-
Whitney U test) (Fig. 35). These results demonstrated that CD3+ T cells are recruited to
the tumor in response to tumor intrinsic STAT1 signaling. Microscopic lesions of STAT3
deleted ShcWT showed increased infiltration of CD3+ T cells, suggesting T cells may be
either (1) suppressing the microscopic lesions from becoming palpable tumors permitted
by the loss of STAT3 or (2) being recruited to promote immunosuppression and aid tumor
outgrowth and dormancy.

We extended the characterization of the immune microenvironment by assessing
the infiltration of Granzyme B+ immune cells (indicative of anti-tumor immune responses
by CTL or NK cells) (Fig. 36). In Shc2F tumors, STAT1 loss did not reduce the significant
increase in Granzyme B+ cell infiltration in Shc2F tumors, suggesting that impaired
phospho-Y239/240-Shc1 signaling can elicit anti-tumor immune response by STAT1
independent mechanisms. However, STAT1 loss still accelerated tumor outgrowth in a
CTL dependent manner (Fig. 32a-b). This suggested that Shc2F tumors may (1) elicit
Granzyme B+ cell infiltration to promote immune-mediated clearance independently of
STATA1, and (2) rely on CTL induced STAT1 for anti-proliferative signaling during tumor
outgrowth. Second hypothesis may be supported by comparing the level of Ki67+ cells

(marker of proliferation) between STAT1 deleted and proficient Shc2F tumors.

3.8 Phosphorylation status of Shc1 impacts breast tumor sensitivity to
immunotherapy

Previous studies have shown that tumors can upregulate PD-L1 expression in
response to IFNy stimulation and bind the PD-1 immune checkpoint on effector T cells to
evade anti-tumor immunity (Hillesheim et al., 2014). PD-L1 is a well-established STAT1
target gene (Bellucci et al., 2015; Garcia-Diaz et al., 2017). By RT-qPCR, we observed
that Shc313F breast cancer cells had significantly increased expression of PD-L1
compared to ShcWT and Shc2F cells in vitro (Fig. 37a), suggesting that tumor intrinsic
PD-L1 expression may contribute to immunosuppression in Shc313F tumors. The
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deletion of STAT1 in Shc313F cells showed significantly reduced PD-L1 expression (1.8
fold, p-value = 0.002) to a level comparable to that of ShcWT cells (Fig. 37a). Interestingly,
PD-L1 mRNA expression was elevated in both Shc2F orthotopic breast tumors and
MT/Shc?2F transgenic breast tumors (Fig. 37b-c). This was strictly dependent on the
presence of an intact CD8+ T cell immune compartment (Fig. 37c).

Some retrospective clinical studies have indicated that response rates to PD-1/PD-
L1 blockade therapy correlate with PD-L1 expression (Herbst et al., 2014; Topalian et al.,
2012), while some have shown no correlations (Yi et al., 2018). The level of tumor-
infiltrating lymphocytes is also a key predictor of response to PD-L1 blockade therapy
(Tumeh et al., 2014) and better patient outcomes during therapies (Galon et al., 2006;
Mahmoud et al., 2011). Given the elevated PD-L1 expression levels were observed with
loss of phospho-tyrosine Shc1 signaling in vivo, we asked whether these tumors would
be sensitive to PD-1/PD-L1 immune checkpoint therapy using anti-PD-1 antibody. Indeed,
PD-1 immune checkpoint blockade led to reduced average tumor size at end point in
ShcWT tumors (1.6 fold) and Shc2F tumors (12 fold), demonstrating that both were
sensitive to PD-1 immune checkpoint blockade. On the other hand, Shc313F tumors did
not show a change in average tumor size at end point (Fig. 38a). Taken together, these
data indicated that loss of phospho-Y239/240-Shc1 signaling sensitizes breast tumors to
PD-1 immune checkpoint inhibition while loss of phospho-Y313-Shc1 signaling does not.

Next, we sought ways to target the Shc313F tumors which were unresponsive to
checkpoint inhibition. Unlike Shc2F tumors, Shc313F tumors were comparable to ShcWT
tumors in the level of CD3+ T cell infiltration (#6203 = 0.3 fold, #6738 = 1.4 fold) (Fig. 14b)
and Granzyme B+ cell infiltration (#6203 = 1.0 fold, #6738 = 3.7 fold) (Fig. 15a-b),
indicating these tumors may be immune cold. Despite the fact that Shc313F tumors
hyper-activate STAT3 to favor immune suppression, they also showed chronically
elevated STAT1 and enhanced expression of the APP machinery. Therefore, we
hypothesized that boosting the antigen specific tumor immunity may re-engage the anti-
tumor immune responses in Shc313F tumors. To test this, we injected immunocompetent
FVB mice with either PBS (control group) or mitotically-arrested (using antimetabolite
mitomycin-c) ShcWT, Shc2F, or Shc313F breast cancer cells as vaccines (Fig. 38b). The
mitomycin-c treatment method to prepare tumor cells as immunogens for mice
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immunization have been previously described (Benjamini et al., 1977; Dai et al., 2019;
He et al., 2011; Nakashima et al., 2011; Rajendrakumar et al., 2018). Immunization by
vaccination was sequentially repeated three times (day 1, 7, 14). On day 21, immunized
and non-immunized mice were subjected to mammary fat pad injection of the cell line that
was used for immunization. Three months after tumor inoculation, 30% of immunized
mice rejected ShcWT tumors, 100% of mice rejected Shc2F tumors, and 80% of mice
rejected Shc313F tumors, compared to their respective non-immunized controls (100%
penetrance for all tumors) (Fig. 38b). Cell cycle arrested tumor cells injected into a mouse
may elicit an immune response through (1) their surface MHC class I-antigens recognized
by the adaptive immune system and (2) cell surface markers recognized by the innate
immune system. This can create either antigen specific T and B cell immune response or
antigen-independent priming of innate immune response for future challenge. This
method excludes induction of immunogenic cell death (Obeid et al., 2007). 70%
penetrance of ShcWT tumors indicated that while some tumors primed the immune
system, the maijority failed to do so and at later challenge could not reject live tumor cells.
Meanwhile, both Shc2F tumors and Shc313F were highly immunogenic, and the host
immune system was primed to reject the live tumor cells in the mammary fat pad. Taken
together, these data indicated that the inhibition of STAT3 signaling (Shc2F) or
hyperactivation of STAT1 signaling (Shc313F) in mammary tumors may render tumors
sensitive to vaccination based immunotherapeutic strategies. Itis yet to be tested whether
vaccination done therapeutically after tumor inoculation could improve tumor clearance.
Nevertheless, these results showed that the immunosuppressive environment created
with the loss of Y313-Shc1 signaling renders tumors insensitive to immune checkpoint
blockade, but their elevated APP machinery and STAT1 expression may be

therapeutically exploited to sensitize them to vaccination-based therapies.

3.9 Shc1 phospho-signaling and immune evasion in human breast cancer
We sought to understand the clinical significance of our observations made on
Shc1 phospho-tyrosine signaling in human breast cancer patients. To do so, differentially
expressed genes specific to Shc2F cells (2F), Shc313F cells (313F), and common in both
(DE) were generated from the RNA-seq data (Fig. 16). The murine genes were converted
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to human orthologues, and only the subset of genes that had human orthologues were
used to create Shc2F (47 out of 89 used), Shc313F (75 out of 102 used) and DE (9 out
of 15 used) specific gene signatures (Table 11-13). We verified that the shortened gene
signature of 2F, 313F and DM still accurately stratified the cell lines by their respective
genotypes (Fig. 39).

Subsequently, single-sample Gene Set Enrichment Analysis (ssGSEA) of each
signature was done in human breast cancer patients from the TCGA dataset (n=1215).
The patients were stratified into quartiles (1st, 2", 3 and 4t") based on low to high
enrichment of each gene signature, and the GZMB, CD8A and CD274 mRNA levels of
each quartile were determined (Fig. 40a). Shc2F-like and Shc313F-like gene signatures
positively correlated with GZMB, CD8A, and PD-L1 levels in patients while the DE-like
gene signature did not. Thus, the transcriptional changes unique to impaired phospho-
Y239/240-Shc1 and phospho-Y313-Shc1 signaling stratified breast cancer patients with
increased anti-tumor immune responses.

We further asked whether Shc2F- and Shc313F-like patient tumors were also
altered in their STAT1 or STAT3 transcriptional programs. STAT1 and STAT3
transcription targets were curated from ChIP data in the literature (Table 16, 17) to
generate STAT1 and STAT3 gene signatures. Supporting that the signatures manually
curated were valid, there was a strong positive correlation (R? Pearson = 0.77, R?
Spearman = 0.89) between the enrichment of STAT1 target gene transcription (measured
by STAT1 ssGSEA scores of patients) and STATT mRNA levels. This correlation did not
exist (R? Pearson = 0.09, R? Spearman = 0.07) with phospho-Y705-STAT3 levels
obtained from the reverse phase protein assay database (Fig. 41a, ¢). STAT3 target gene
transcription (measured by STAT3 ssGSEA of patients using the STAT3 gene signature)
positively correlated with both STAT3 mRNA level and phospho-Y705-STAT3 levels as
expected (Fig. 41b, d). Next, using the STAT1 and STAT3 gene signatures, we carried
out ssGSEA on the Shc2F- and Shc313F-like patient tumors (Fig. 40a). Shc2F-like
tumors negatively correlated (R = -0.16) with the STAT3 transcriptional response (15! to
4t quartile) while Shc313F-like tumors positively correlated (R = 0.61) with the STAT1
ssGSEA score (Fig. 40a). When patient tumors were further stratified based on

STAT1'ewhigh gnd STAT3lewhigh gsGSEA scores, we observed the greatest difference in
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average expression of GZMB (13 fold), CD8A (4.3 fold) or CD274(PD-L1; 2.6fold) genes
between STAT1°% and STAT1"" groups specifically in tumors with a low STAT3
transcriptional response (Fig. 40b). This is supportive of the observation made in Shc2F
(high STAT1, low STAT3) and Shc313F (high STAT1 and STAT3) tumors in vivo whereby
the ability of STAT1 to induce an anti-tumor immune response in Shc2F tumors was
dependent on reduced STAT3 activation (Fig. 34)

We sought to understand the enrichment of STAT1 or STAT3 transcriptional
responses in ShcWT, Shc2F and Shc313F cell lines that were subjected to the RNA-seq
analysis. To do so, we performed STAT1 and STAT3 gene signature ssGSEA on the
RNA-seq transcriptome data generated from the ShcWT, Shc2F, Shc313F breast cancer
cell lines (n=4 per genotype) and compared the ssGSEA scores to the STAT1/STAT3
expression and activation level obtained from immunoblot analysis (Fig. 12a, 42). Overall,
there was a positive correlation for phospho-Y701-STAT1 and STAT1 transcriptional
response (R? Pearson = 0.62, R? Spearman = 0.67). Positive correlation was also
observed between phospho-Y705-STAT3 and STAT3 transcriptional response (R?
Pearson = 0.65, R? Spearman = 0.60). Together, this suggested that the activation
(assessed by phosphorylation) of STAT1 and STAT3 were reflected in the transcriptome
of the cells. The average STAT1 ssGSEA scores of ShcWT (8329), Shc2F (9202) and
Shc313F (10238) cells (n=4 per genotype) indicated the Shc313F cells scored the highest,
in line with high STAT1 activation observed by immunoblot (Fig. 12a). Shc2F cells (#5376,
#7706) that showed increased level of STAT1 and phospho-Y701-STAT1 showed slightly
higher ssGSEA score (#5376 = 9837, #7706 = 9219 compared to #5372 = 8778, #5835
= 8974), suggesting that a higher STAT1 transcriptional response may be engaged in
these cells as expected (Fig. 12a, Fig. 42). These results further highlighted the fact that
STAT1 and STAT3 are key signaling pathways distinguishing Shc2F and Shc313F cells
from control cells and that the activation of these transcription factors is reflected in the
transcriptome of cells.

In conclusion, tumors engage Shc1 to promote STAT3 driven immunosuppression
and suppress STAT1 anti-tumor Killing (Fig. 43). Impairment of phospho-Y239/240-Shc1
signaling debilitates STAT3 signaling, allowing for robust IFNy, STAT1, and CTL
dependent anti-tumor immune responses. This is accompanied by a further enhanced
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response to anti-PD-1 checkpoint therapy and tumor vaccine treatment. Impaired
phospho-Y313-Shc1 signaling upregulates expression of STAT1 regulated genes
commitment with elevated STAT3 signaling in mammary tumors. However, due to
significant STAT3 signaling, these tumors are immunosuppressed in vivo and are not
responsive to anti-PD-1 checkpoint inhibition. This is circumvented in tumor vaccination
strategies, demonstrating a possible node for immunotherapeutic targeting for tumors
displaying high STAT1 and high STAT3 phenotypes, manifested in phospho-Y313-Shc1
deficient tumors. Thus, tumor intrinsic STAT3 signaling is the linchpin to upregulating
STAT1 driven tumor killing.
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Figure 10. Impaired phospho-Y239/240-Shc1 signaling delays breast tumor onset
in in a CD8+ T cell-dependent manner.

MMTV/MT transgenic mice of the indicated genotypes were evaluated for mammary
tumor onset. Percentage of tumor-free mice over time for each genotype is shown.

Number (n) of mice analyzed and the median survival (MS) in days are indicated.
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In vitro (20x) In vivo (H&E)
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ShcWT(864)

Shc2F(5376) |

Shc2F(5372) 8
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Shc313F(6738) |

Figure 11. Morphology of cell lines in vitro and histology of mammary tumors in
vivo.

The morphology of two independent ShcWT (864, 4788), Shc2F (5372, 5376) and
Shc313F (6203, 6738) cell lines were imaged in vitro (left panel; 20x magnification) and
their corresponding tumors that grew in immunocompetent FVB were assessed by H & E

(right panel; scale bar = 50um).
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Figure 12. Tumour onset of Shc1 wild-type and phospho-tyrosine mutant
expressing cell lines in vivo.
Percentage of tumor free mammary glands (by physical palpation) following injection of

ShcWT (864, 4788), Shc2F (53728, 5376) and Shc313F (6203, 6738) into fourth
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mammary fat pads of (a) CD8** or CD8" and (b) IFNy** or IFNy’- mice are plotted.
Representative of n=7-10 tumors per group. Bold lines represent cohort of tumors injected
into immune competent CD8** or IFNy*"* mice and dotted lines represent those injected
into immunodeficient CD8”- or IFNy”’- animals. Note that the CD8’- and CD8** onset
curves are completely overlapping for #5372 Shc2F tumors in a and #4788 ShcWT

tumors in b.
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Figure 13. Phospho-Y239/240-Shc1 signaling suppresses CTL and IFNy driven anti-
tumor immunity.

Cell lines derived from MT-driven transgenic mammary tumors that are homozygous for
Shc1 wild-type (ShcWT; 864, 4788) or Shc1 Y239F/Y240F (Shc2F; 5372, 5376) or Shc1
Y313F (Shc313F; 6738, 6203) were injected into the fourth mammary fat pads of
syngeneic (a, b) FVB (CD8**, IFNy**) and (a) CD8" or (b) IFNy”-mice. Tumour outgrowth
was measured by caliper and represented as mean tumor volume (mm?3) + s.e.m. (n=8—
12).
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Figure 14. Phospho-Y239/240-Shc1 signaling suppresses Granzyme B+ and CD3+
T cell infiltration.

Immunohistochemical staining of tumor tissue (n = 6-12 per group) harvested from the
indicated mice for (a) Granzyme B (GZMB) and (b) CD3 were done. The data are
quantified as % GZMB+ or CD3+ T cells relative to total cells per field £ s.e.m., and the
representative images are shown at the bottom of each quantification. Scale bars = 50

um.
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Figure 15. Phospho-Y239/240-Shc1 signaling suppresses CTL infiltration.

(a) Breast tumors and matching spleens from ShcWT (864), Shc2F (5372) and Shc313F
(6738) tumor bearing mice in Figure 13 were subjected to flow cytometric analysis for
CD8+, CD8+/CD69+ and CD11b+/Gr1+ populations. Data are represented as % of each
cell type relative to total cells analyzed * s.e.m. (b) Representative dot plots and gating

are shown. Significance was determined by Wilcoxon'’s rank-sum test.
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Figure 16. Shc1 phospho-tyrosine signaling do not alter global transcriptome.

RNA-sequencing was performed on ShcWT (864, 2196, 4788, 2199), Shc2F (5372, 5376,
5835, 7706) and Shc313F (6203, 6738, 7388, 7389) primary breast cancer cell lines. (a)
Genes that were significantly differentially regulated in all four cell lines were identified
and stratified into three groups: Shc2F-specific (64 genes), Shc313F-specific (98 genes)
or commonly differentially expressed in Shc2F and Shc313F cells relative to ShcWT (12
genes). Pathways enriched are depicted. (b) Unsupervised clustering done using
normalized, variant stabilized transformed data; based on 1,000 most variant genes. (c)
principal component (PCA) analysis. (d) Multiscale bootstrapping of gene expression
clustering, performed based on 1,000 iterations. Approximately unbiased (AU) p-value

represented in red.
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Figure 17. Antigen processing and presentation machinery (APP) and MHC class |
surface expression are increased with impaired phospho-Y313-Shc1 signaling.

(a) Percentage of IFN-regulated genes identified by RNA-seq within each signature. (b)
Average CXCL9 protein levels (ng/ml) secreted from two independent ShcWT, Shc2F
and Shc313F breast cancer cells (n=5-6 supernatants per cell line) following 24hrs of
PBS or IFNy (1ng/ml) stimulation as determined by ELISA (£s.d.). (¢) Relative PSMBS,
B2m, ERAP1, mRNA levels (normalized to GAPDH) under basal conditions in indicated
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ShcWT (2196, 2199, 4788) Shc2F (5835, 5376, 7706) and Shc313F (6203, 7388, 7389)
breast cancer cells. (d) Relative TAP1 and TAP2 mRNA level of ShcWT (864), Shc2F
(5372), Shc313F (6738) cells assessed by RT-gPCR (GAPDH normalized). (e)
Representative immunoblot analysis of the indicated breast cancer cell lines using B2M
and Tubulin-specific antibodies.
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signaling.

(a) Surface MHC class | levels of independent ShcWT, Shc2F, Shc313F breast cancer
cell lines as determined by flow cytometry. Shown as average fold change relative to

ShcWT (864) + s.d. Representative of two independent experiments. (b) Representative
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histograms for surface MHC class | expression levels. Unstained control in grey. (¢) RT-
gPCR analysis of TAP1, TAP2, ERAP1, PSMB8 and B2M mRNA levels in NIC/Shc1**

and NIC/Shc1™" jn vivo breast tumors at end point.
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Figure 19. Impaired phospho-Y239/240-Shc1 signaling leads to increased /IFNy and
CXCL9 expression in mammary tumors.

ShcWT, Shc2F and Shc313F cell lines (n=2 per genotype) were injected into the fourth
mammary fat pads of syngeneic immunocompetent FVB mice. Tumors were analysed by
RT-gPCR for relative expression of IFNy and CXCL9 (normalized to GAPDH) mRNA %

s.e.m. (n=7 tumors per group).
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Figure 20. STAT1 and STAT3 pathways in tumors and cell lines.
(@) Immunoblot analysis of ShcWT (864) and Shc2F (5372) breast tumors at end point

from two independent mammary fat pad injection experiments for the indicated proteins.
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(b) Immunoblot analysis of primary breast cancer cell lines ShcWT (864, 4788, 2196,
2199) and Shc2F (5372, 5376, 5835, 7706) in vitro.
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Figure 21. Phospho-Y239/240-Shc1 signaling promotes STAT3 activation while
phospho-Y313-Shc1 signaling suppresses STAT1 expression.

(a) Immunoblot analysis of total cell lysates from ShcWT, Shc2F, and Shc313F cell lines
(4-5 per genotype) using STAT1, phospho-Y701-STAT1, STATS3, phospho-Y705-STAT3
and Tubulin antibodies. (b) Densitometric quantification of immunoblots using ImageJ
software. Shown as average fold change in expression levels £s.d. in the individual cell

lines from three independent experiments.
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Figure 22. STAT3 activation at baseline and with IFNy treatment.
(a, b) ShcWT (864, 4788, 2199) and Shc2F (5372, 5376, 7706) were treated with IFNy
(1ng/ml) for 45 minutes prior to being lysed for immunoblot analysis of proteins indicated.

Two independent experiments are shown.
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Figure 23. Impaired phospho-Y239/240-Shc1 induces increased STAT1 signaling in
vivo in an IFNy dependent manner.

Immunohistochemical staining of ShcWT (864, 4788), Shc2F (5372, 5376), and Shc313F
(6203, 6738) mammary tumors that emerged in IFNy** or IFNy” mice using STAT1
specific antibodies (n=6—8 tumors per genotype). The mean percentage of STAT1 stained
nuclei £ s.e.m. is shown. Shc2F tumors were stratified by progressive disease (PD) or
stable disease (SD) phenotypes. Representative of two independent experiments and
significance was analyzed by Wilcoxon’s rank-sum test (*P = 0.05 and **P = 0.01). (Right
panel) Representative images of phospho-Y705-STAT3-stained paraffin-embedded

sections (4um sections). Scale bars = 50um.
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Figure 24. Two groups of tumors arise with loss of phospho-Y239/240-Shc1
signaling.
Growth curves for individual tumor Shc2F (#5372) mammary tumors that emerge in an
immunocompetent background (IFNy**). Each line depicts the change in tumor volume
of one tumor over days after injection. Represents two independent experiments. PD =

progressive disease (red dot), SD = stable disease (pink dot).
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Figure 25. Phospho-Y239/240-Shc1 promotes STAT3 signaling.

Immunohistochemical staining of ShcWT (864, 4788), Shc2F (5372, 5376), and Shc313F
(6203, 6738) mammary tumors that emerged in IFNy** or IFNy’- mice using phospho-
Y705-STAT 3-specific antibodies (n=6-8 tumors per genotype). The mean percentage of
phospho-Y705- STAT3 stained nuclei + s.e.m. is shown. Shc2F tumors were stratified by
progressive disease (PD) or stable disease (SD) phenotypes. Representative of two
independent experiments and significance was analyzed by Wilcoxon’s rank-sum test (*P
= 0.05 and **P = 0.01). (right panel) Representative images of phospho-Y705-STAT3-

stained paraffin-embedded sections (4um sections). Scale bars = 50um
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Figure 26. STAT1 CRISPR/cas9 deletion and its impact on STAT3 activation.
Immunoblot analysis of ShcWT (864), Shc2F (5372) and Shc313F (6738) breast cancer
cell lines stably deleted of STAT1 and treated with PBS or IFNy (0.2 ng/ml) for 24hrs.

Representative image of three independent experiments is shown.
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Figure 27. STAT3 CRISPR/cas9 deletion and its impact on STAT1 activation.
Immunoblot analysis of ShcWT (864), Shc2F (5372) and Shc313F (6738) breast cancer
cell lines stably deleted of STAT3 and treated with PBS or IFNy (0.2 ng/ml) for 24hrs.

Representative image of three independent experiments is shown.
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Figure 28. Enhanced MHC class | expression due to impaired phospho-Y313-Shc1
signaling is STAT1 dependent.

(a, b) ShcWT (864), Shc2F (5372), Shc313F (6738) cells which were deleted for STAT1
or STAT3 by CRISPR/cas9 method (C/c) as indicated were assessed for surface MHC
class | expression levels by flow cytometry after 24hrs of PBS or IFNy treatment (0.2
ng/ml). Fluorescence from stained samples were normalized by that of unstained samples

for each condition. (a) Data represented as fold change in the geometric mean % s.d.
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relative to control cell lines for each genotype (n=6, two independent experiments). (b)

Representative dot plots.
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Figure 29. IFN inducible genes upregulated upon loss of phospho-Y313-Shc1
signaling is STAT1 dependent.

ShcWT (864), Shc2F (5372) and Shc313F (6738) breast cancer cell lines deleted for
STAT1 or STAT3 by CRISPR/cas9 gene editing were treated with PBS or IFNy (0.2ng/ml)
for 24hrs. Subsequently, RT-qPCR was performed to determine relative /IRF9, DDX60,
TAP2 and MUC1 mRNA levels, (normalized to GAPDH levels). The data are shown as
the average fold change relative to PBS-treated ShcWT CRISPR control cells + s.d. (n=5

per group).
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Figure 30. Confirmation of mammary epithelial STAT1 loss in breast tumors in vivo.
Control, STAT1- or STAT3- CRISPR deleted mammary tumors of ShcWT (864), Shc2F
(5372), Shc313F (6738) that emerged in an immunocompetent (FVB; CD8*/*) background
were analyzed for STAT1 levels by immunohistochemical staining of paraffin-embedded
sections. (a) Average percentage of positive pixels (PPC) per total epithelial area £ s.e.m.
(b) Average percentage of positively-stained nuclei per total epithelial area £ s.e.m.
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Microscopic lesions were evaluated (grey). Significance evaluated by Wilcoxon rank-sum
test (**p < 0.01). (c) Representative images of immunohistochemical staining of breast
tumors (BT) and microscopic lesions (ML; non-palpable) as analyzed in a and b. Both a

and b are representative of 4-8 tumors. Ctrl = control.
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Figure 31. Confirmation of mammary epithelial STAT3 loss in breast tumors in vivo.

Control, STAT1- or STAT3- CRISPR deleted mammary tumors of ShcWT (864), Shc2F

(5372), Shc313F (6738) that emerged in an immunocompetent (FVB) background were
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analyzed for phospho-Y705-STAT3 levels by immunohistochemical staining of paraffin-
embedded sections. (a) Average percentage of positive pixels (PPC) per total epithelial
area * s.e.m. (b) Average percentage of positively-stained nuclei per total epithelial area
+ s.e.m. Microscopic lesions were evaluated (grey). Significance evaluated by Wilcoxon
rank-sum test (**P < 0.01). (¢) Representative images of immunohistochemical staining
of breast tumors (BT) and microscopic lesions (ML; non-palpable) as analyzed in a and

b. Both a and b are representative of 4-8 tumors. Ctrl = control.
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Figure 32. STAT3 promotes suppression of CTL tumor killing and STAT1 is
important for CTL anti-tumor immune response upon loss of phospho-Y239/240-

Shc1 signaling.
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ShcWT (864), Shc2F (5372), Shc313F (6738) breast cancer cell lines deleted for STAT1
or STAT3 using CRISPR/Cas9 gene editing was injected into the fourth mammary fat
pads of (a) CD8** or (b) CD8" mice. Percent tumor free glands over the days post
injection were plotted (top) and tumor growth post day of tumor onset was plotted
(bottom) as mean tumor volume (mm3) + s.e.m. (n=10 tumors) (*P=0.05 and **P=0.01;

one-way analysis of variance with Holm—Sidak method).
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Figure 33. STAT1 and STAT3 are both positive regulators of tumor progression in
Shc1-proficient breast cancer cells in a CTL dependent manner.

Control ShcWT (864) breast cancer cells along with its STAT1- or STAT3- deficient
pooled clones were injected into the mammary fat pads of syngeneic immunocompetent
CD8** mice. At endpoint, all animals were necropsied and the tumor burden (no tumor,
unpalpable microscopic lesions or macroscopic tumors) in each mammary gland was
determined by H&E staining. Representative images of microscopic lesions (ML) are

shown.
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Figure 34. STAT3 activation status may dictate whether STAT1 plays pro- or anti-

tumorigenic role, and Shc1 may modulates this process.
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Figure 35. CD3+ T cell infiltration is dependent on tumor intrinsic STAT1 activation.
Control ShcWT (864), Shc2F (5372), Shc313F (6738) tumors and their STAT1 or STAT3

deleted counterparts were assessed for CD3+ cell using immunohistochemical staining.

+

Microscopic lesion in grey. % of positively stained cells s.e.m; n=4-8 tumors.
Representative images of microscopic lesions (ML) and breast tumor (BT) shown at the

bottom.
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Figure 36. Increased Granzyme B+ cell infiltration in phospho-Y239/240-Shc1
deficient tumors is STAT1 independent.

Control ShcWT (864), Shc2F (5372), Shc313F (6738) tumors and their STAT1 or STAT3
CRISPR/cas9 deleted counterparts were assessed for Granzyme B+ cell infiltration using
immunohistochemical staining. Microscopic lesion is colored in grey. % of positively
stained cells £ s.e.m; n=4-8 tumors. Bottom panel: representative images of microscopic

lesions (ML) and breast tumor (BT) in top panel.
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Figure 37. Loss of phospho-tyrosine Shc1 signaling leads to increased PD-L1

expression.
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(a) Control, STAT1- or STAT3-deleted cells of ShcWT (864), Shc2F (5372), Shc313F
(6738) were cultured for 24hrs with PBS or IFNy (0.2ng/ml) and relative PD-L1 mRNA
levels were determined by RT-gPCR (normalized to Actb levels). Mean + s.d. (b) Relative
PD-L1 mRNA levels (normalized to Actb) were assessed by RT-gPCR in mammary
tumors derived from MT/Shc1**, MT/Shc?2F and MT/Shc313F313F transgenic mice (n=7
tumors per genotype) + s.e.m. (c) Relative PD-L1 mRNA levels (normalized to Actb) were
assessed by RT-gPCR in mammary tumors from CD8** and CD8”- mice injected with
breast cancer cells of the indicated genotypes: ShcWT (864), Shc2F (5372) and Shc313F
(6738). Mean = s.e.m. n=6 tumors each (*P=0.05 and **P=0.01; unpaired two-tailed

Student’s t-test for a and Wilcoxon’s rank-sum test for b and c).
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Figure 38. Loss of phospho-Y239/240-Shc1 signaling sensitizes tumors to immune

checkpoint inhibition and tumor vaccination, while loss of phospho-Y313-Shc1

signaling sensitizes tumors to tumor vaccination.
(@) ShcWT (864), Shc2F (5372) and Shc313F (6738) breast cancer cells were injected

into mammary fat pads of immunocompetent FVB mice. On day 5, mice were treated
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intraperitoneally with 100mg anti-PD-1 antibody or IgG isotype control, and every 3 days
thereafter (n=10 tumors per group). Data are represented as mean tumor volume = s.e.m.
(b) FVB mice received three intraperitoneal immunizing (IMM) injections (days 0, 7 and
14) with PBS or mitomycin C-treated breast cancer cells of the indicated genotypes
(ShcWT 864, Shc2F 5372 or Shc313F 6738). On day 21, mammary fat pad (MFP)
injections were performed with breast cancer cells of the same genotype used for
vaccination (n=9-11 mice each). Significance was determined using multiple t-test with
Holm-Sidak method (*p=0.05 and **P=0.01).
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Figure 39. Shortened DM, 2F and 313F gene signatures used for breast cancer
patient TCGA analysis accurately predict their respective Shc1 genotypes in cell
lines.

Using the shortened gene list, we created Shc2F (47 out of 89 used), Shc313F (75 out of
102 used) and DE (9 out of 15 used) specific gene signatures (Table 11-13) which were
used to stratify the TCGA human breast cancer dataset (n=1215). Subsequently, the
shortened gene signature was used to obtain ssGSEA scores of ShcWT, Shc2F and
Shc313F cell lines.
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Figure 40. Relevance of Shc1 gene signature in human breast cancer patients.
Breast tumors from TCGA RNA-sequencing data (n=1,215) were stratified into quartiles

from low to high enrichment (rank ordered by ssGSEA) of gene signatures unique to
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Shc2F (2F), Shc313F (313F) and common to Shc2F and Shc313F (DM). (a) Average
GZMB, CD8A and PD-L1 mRNA levels were evaluated in each patient quartile. Data are
shown as average expression levels = s.e.m. The average STAT1 and STAT3 ssGSEA
scores were determined for tumors in each quartile. (b) Tumors (n=320) were stratified
by STAT1 low/high (15Y4™ quartile) and by STAT3 low/high (15Y4™ quartile) based on
ssGSEA scores and their relative GZMB, CD8A and PD-L1 expression levels are plotted
(= s.e.m.). The number of tumors included in each group indicated above the graph.

Significance was determined unpaired two-tailed Student’s t-test.
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Figure 41. Positive correlation between STAT1, STAT3, phospho-Y705-STAT3

expression and their target gene transcription.
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(a, b) STAT1 and STAT3 mRNA levels were evaluated in TCGA human breast tumors
dataset (n=1,215) and correlated to their STAT1 and STAT3 transcriptional target gene
signature (measured by ssGSEA score). (¢, d) Steady state phospho-Y705-STAT3
protein levels (determined by reverse phase protein analysis) was correlated with the

STAT1 or STAT3 gene signature in a subset of TCGA human breast tumors (N=747).
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Figure 42. STAT1 and STAT3 activation status in mouse breast cancer cell lines

correlate with the level of respective transcriptional target genes.

136



ShcWT (861, 2196, 2199, 4788; black), Shc2F (5372, 5835, 7706, 5376; red) and
Shc313F (6203, 6738, 7389, 7388; blue) cells were analyzed for STAT1, tubulin,
phospho-Y701-STAT1, STAT3, phospho-Y705-STAT3 level by immunoblotting
(quantified in Fig. 12). The ratio between proteins indicated in each cell line was
compared against STAT1 or STAT3 ssGSEA scores on the transcriptome (RNA-seq

result) of each cell lines.
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Figure 43. Schematic diagram of Shc1 driven immunosuppression and impact on
immunotherapy.

Tumors engage Shc1 to promote STAT3 driven immunosuppression and suppress
STAT1 anti-tumor Killing. Impairment of phospho-Y239/240-Shc1 signaling debilitates
STAT3 signaling, allowing for robust IFNy, STAT1, and CTL dependent anti-tumor
immune responses. This is accompanied by a further enhanced response to anti-PD-1
checkpoint therapy and tumor vaccine treatment. Impaired phospho-Y313-Shc1 signaling
leads to an increased STAT1-dependent upregulation of the antigen processing and
presentation machinery along with increased IFNy transcriptional responses. This is
concomitant with a parallel increased in STAT3 signaling in vitro. However, due to
significant STAT3 signaling, tumors are immunosuppressed in vivo and are not
responsive to anti-PD-1 checkpoint inhibition. This is circumvented in tumor vaccination
strategies, which rely on an elevated STAT1 response, demonstrating a possible node
for immunotherapeutic targeting for tumors displaying a high STAT1 and high STAT3
phenotype manifested by Y313-Shc1 deficient tumors. Thus, tumor intrinsic STAT3

signaling is the linchpin to upregulating STAT1 driven tumor killing.

Table 11. Differentially regulated genes in Shc2F (n=4 cell lines) by RNA-seq.

Upregulated in Shc2F Downregulated in Shc2F

mouse human mouse human
Pls3 PLS3 2610035D17Rik
ERVFRD-1 AB339817
C4orf33 AK051008
AB344666 AK138383
Mir100hg AK208354
Sic37a2 SLC37A2 AK210533
Sico2a1 SLCO2A1 Anxa9 ANXA9
Plod2 PLOD2 Aph1b APH1B
Efnb2 EFNB2 Aphic
Tsku TSKU BC019819
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Tnfrsf23
Fosb
Rps18
C100rf10
Klra2
Nipal1
AK079527
Abcb1a
Abcb1b
EPHB2
NOCT
Fosi1
AK205190
Zbtb7c
Nol4
Ltbp1
Sema6b
Rps28
Rps2
Zfp960
H2-T22
H2-T23
G7e
Vars
Rps2
H2-T9
hmga1
hmga1
Hmga1
DYNLT1

FOSB
RPS18

KLRA1
NIPALA1

ABCB1

EPHB2
CCRN4L
FOSL1

ZBTB7C
NOL4
LTBP1

SEMAGB
RPS28

VARS
RPS2
HLA-F

HMGA1
DYNLT1
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BC023719

C920025E04Rik

Cdh13
Col11a2
Cyp46a1

Fgfri1
Gm8909

H2-Q1
H2-Q10

H2-Q2

H2-Q6

H2-Q7
H2-T10
17rb
Lifr
Lmx1b
Lpcat2
Med12I
MHC B7.2
Prelp
Scin
Slc38a3
Sic6a2
Tbc1d16
Tfap2b
Trpv4
Wdr5b
Zfp40

CDH13
COL11A2
CYP46A1

FGFRL1

HLA-A

IL17RB
LIFR
LMX1B
LPCAT2
MED12L

PRELP
SCIN
SLC38A3
SLC6A2
TBC1D16
TFAP2B
TRPV4
WDR5B



Tmem181b-ps
EVA1C
CDHR1

Hmga1-rs1
AK005678
BC098228
Rspo3
hmga2
Hmga2-ps1
AK155734
Slc21a2

CDHR1

RSPO3
HMGA2

Table 12. Differentially regulated genes in Shc313F (n=4 cell lines) by RNA-seq.

Upregulated in Shc313F

mouse
2010002M12Rik
6030419C18Rik
A330035P11Rik
Adamts2
Al607873
Aif1l
AK053109
Ank2
Apol9a
Apol9b
Bach2
Bst2
Cd1d1
Clic6

human

ADAMTS2

AIF1L

ANK?2

BACH2

BST2

CD1D
CLIC6

Downregulated in Shc313F

mouse
Krt14
Espn
Frmd7
Lama3
Lmo7
Evala
Tex2
2610018G03Rik
Efhd1
Fam83g
Fgfbp1
Gna15
Gnai1
Ppfia3
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human
KRT14
ESPN
FRMD7
LAMA3
LMO7

TEX2
MST4
EFHD1
FAM83G
FGFBP1
GNA15
GNAI1
PPFIA3



Cml2
Cmpk2
Cmtm3
Coro2b
Dcdc2a

Ddah1
Ddit3
Ddx60
Dhx58
Eif2ak2
Epsti1
Firt2
Fndc1
Gadd45a
Gadd45g

Gbp2

Gbp3

Gbp7

Gdpd3
Gm11149
Golm1

Gria4

Helz2

Ifi203

Ifi204

Ifi44
Ifi47
Ifih1
Ifit1

lgtp

Casz1

CMPK2 Nr1h5
CMTM3 Semaba
CORO2B Sic5a10

DDAH1
DDIT3
DDX60
DHX58
EIF2AK2
EPSTI1
FLRT2
FNDC1
GADDA45A
GADDA45G
GBP2
GBP3
GBP7
GDPD3

GOLM1
GRIA4

IF144

IFIH1
IFIT1
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CASZ1

SEMAS5A
SLC5A10



Irf7
Irf9
Irgm1
Irgm2
Isg15
Mnda
Mndal
MUCA1
Mx2
Ncam1
Nexn
Oas1a
Oas1b
Oas1g
Oasl1
OIfmi3
Parp12
Pea15a
Pear1
Psmb8
Ptprn
Rmdn2
Rsad2
Rtp4
Sdc3
Sftpd
Sipa1l2
Slfn2
Soga2
STAT1

IRF7
IRF9
IRGM

ISG15
MNDA

MUCA1
MX2
NCAM1
NEXN
OAS1

OASL

PARP12
PEA15
PEAR1
PSMB8
PTPRN

RSAD2
RTP4
SDC3
SFTPD
SIPA1L2

STAT1
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Tgtp1

Tnfsf10 TNFSF10
Trim21 TRIM21
Trim34b
Usp18 USP18
Wisp1 WISP1
Xaf1 XAF1
Zbp1 ZBP1
Zfp467 ZNF467
Zfp612 ZNF23

Table 13. Differentially regulated genes in both Shc2F and Shc313F by RNA-seq

Commonly upregulated in Shc2F and
Shc313F cells

Mouse Human
Agpat4 AGPAT4
Apcdd1 APCDD1
Cd1d2
Cxxc5 CXXC5
Gm4349
Gng11 GNG11
Ifi202b
Sifn8 SLFN11
Stbd1 STBD1

Commonly downregulated in Shc2F

and Shc313F cells

Mouse Human
1700003D09Rik
C130021120Rik
Col9a1 COL9A1
Ppp1rib PPP1R1B
Rps3a1
Tmod4 TMOD4
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Table 14. IFNa, IFNB, and IFNy protein levels detected by ELISA in the supernatants
of ShcWT, Shc2F and Shc313F cells in culture (n=3-4 wells per cell line).
Cells IFNa IFNa IFNB IFNB IFNy IFNy

(pg/ml)  (pg/ml)  (pg/ml)  (pg/ml) (pg/ml)  (pg/ml)
average stddev average stddev average stddev

ShcWT 864 0 0 12.53 1.57 0 0
4788 0 0 8.12 0.55 0 0

2196 0 0 14.31 0.56 0 0

2199 0 0 6.24 0.4 0 0

Shc2F 5372 0 0 9.24 0.69 0 0
5835 0 0 9.21 1.04 0 0

7706 0 0 16.45 0.8 0 0

7707 0 0 9.62 0.64 0 0

Shc313F 6203 0 0 11.79 1.11 0 0
6738 0 0 11.33 0.93 0 0

7388 0 0 10.27 1.9 0 0

7389 0 0 23.52 3.52 0 0

Std dev= standard deviation

Table 15. Number of reads of IFN genes in ShcWT, Shc2F and Shc313F cells based

on RNA-seq analysis.

ShcWT Shc2F Shc313F
Gene © o L) N © T} © ™ © © o
< o o 0 ~ ~ ) o =) ™ © %)
© - - ~ ) ™ 0 ~ N N~ ™ )
) N N < 7] 7] 7] ~ © © N~ ~
Ifnal 0 0 0 0 0 0 0 0 0 0 0 0
Ifna2 0 0 0 0 0 0 0 0 0 0 0 0
Ifna4d 0 2 0 0 0 0 0 2 2 2 5 4
Ifnab5 0 0 0 0 0 0 0 0 0 0 0 0
Ifna6 0 0 0 0 0 0 0 0 0 0 0 0
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Table 16. List of STAT1 target genes that define the STAT1 ssGSEA signature.

Gene
STAT1

PARP14
CXCL10
PARP9

TAP1
GBP5
MX1
DTX3L

GBP1
NLRC5
AIM2
ZBP1
TAP2
BATF2
IDO1
CXCL9
PSMB9

Score*
1

0.83059951
0.79534805
0.79338464

0.78190277
0.75997402
0.71665641
0.71112409

0.71097103
0.68864493
0.68719323
0.68547864
0.6848176
0.68213951
0.67601428
0.67269701
0.65108485

References™

(Bhinge et al., 2007; Chawla et al., 2013; QIAGEN,

2015; Satoh and Tabunoki, 2013)
(Bhinge et al., 2007)
(Satoh and Tabunoki, 2013)
(Bhinge et al., 2007; Satoh and Tabunoki, 2013;
TFsearcher, 2015)
(Satoh and Tabunoki, 2013; TFsearcher, 2015)
(Satoh and Tabunoki, 2013)
(Satoh and Tabunoki, 2013)
(Bhinge et al., 2007; Satoh and Tabunoki, 2013;
TFsearcher, 2015)
(Satoh and Tabunoki, 2013)
(Wang et al., 2010)
(Satoh and Tabunoki, 2013)
(QIAGEN, 2015)
(Satoh and Tabunoki, 2013)
(Bhinge et al., 2007; Satoh and Tabunoki, 2013)
(Satoh and Tabunoki, 2013)
(Satoh and Tabunoki, 2013)
(Satoh and Tabunoki, 2013)
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IRF9

PLSCR1

APOLG6
CCRN4L
APOL1
IF127
TRIM21
IRF1

NMI
PSMB8
PDCD1LG2
RTP4
CIITA
BRCA2
APOL3
CXCL13
WIPF1
IFI35

BST2
TMEM140
LGALS3BP
IDO2
IFI16

IL15RA

0.64794506

0.64664812

0.63641934
0.63529631
0.62604301
0.6189761
0.58228556
0.57598741

0.56423296
0.55738005
0.54932666
0.53875957
0.4689531
0.45651856
0.44997339
0.44906025
0.44532865
0.43718503

0.43643893
0.43144908
0.42831041
0.42663042
0.38574132

0.36595285

(Chawla et al., 2013; Satoh and Tabunoki, 2013;
TFsearcher, 2015; Wang et al., 2010)
(Bhinge et al., 2007; Chawla et al., 2013; Satoh and
Tabunoki, 2013)

(Bhinge et al., 2007; Satoh and Tabunoki, 2013)
(Satoh and Tabunoki, 2013; Wang et al., 2010)
(Satoh and Tabunoki, 2013)

(Satoh and Tabunoki, 2013; TFsearcher, 2015)
(Satoh and Tabunoki, 2013)

(Satoh and Tabunoki, 2013; Wang et al.,
2010),(Bhinge et al., 2007; Chawla et al., 2013)
(Satoh and Tabunoki, 2013; TFsearcher, 2015)
(Satoh and Tabunoki, 2013; TFsearcher, 2015)
(Satoh and Tabunoki, 2013; Wang et al., 2010)
(TFsearcher, 2015)

(Satoh and Tabunoki, 2013)

(Bhinge et al., 2007; Satoh and Tabunoki, 2013)
(Satoh and Tabunoki, 2013)
(QIAGEN, 2015; Satoh and Tabunoki, 2013)
(Satoh and Tabunoki, 2013; Wang et al., 2010)
(Bhinge et al., 2007; Satoh and Tabunoki, 2013;
TFsearcher, 2015)

(Bhinge et al., 2007; Satoh and Tabunoki, 2013)
(Satoh and Tabunoki, 2013; TFsearcher, 2015)
(Satoh and Tabunoki, 2013; TFsearcher, 2015)
(Satoh and Tabunoki, 2013)

(Bhinge et al., 2007; Chawla et al., 2013; Satoh and
Tabunoki, 2013)

(QIAGEN, 2015; Satoh and Tabunoki, 2013)
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MTHFD2

TOP1
KIF2A

PML
MFHAS1
IRF7
BCAT1
ERAP1
EZH2
CAND1
GBP2
SETX
CASP7
PHEX
RAP1A

IL10RB
NUP210
DNMT3B
GLRX
COPG
CCDC60
UHMK1
CLIC2
HM13

CYP1B1
UEVLD

0.34958656

0.34441541
0.34239429

0.33822912
0.33226027
0.325158
0.32212846
0.32094206
0.3108083
0.29682544
0.28108758
0.27760148
0.26854694
0.26788217
0.26093333

0.24953463
0.23707301
0.2259721
0.22103016
0.21878909
0.21652676
0.21045863
0.20880268
0.18924991

0.18806773
0.16493473

(Bhinge et al., 2007; Satoh and Tabunoki, 2013;
Wang et al., 2010)
(Satoh and Tabunoki, 2013; Wang et al., 2010)
(QIAGEN, 2015; Satoh and Tabunoki, 2013; Wang et
al., 2010)
(Satoh and Tabunoki, 2013; Wang et al., 2010)
(Wang et al., 2010)

(Chawla et al., 2013; Satoh and Tabunoki, 2013)
(Satoh and Tabunoki, 2013)
(TFsearcher, 2015)

(Satoh and Tabunoki, 2013; Wang et al., 2010)
(TFsearcher, 2015; Wang et al., 2010)
(Satoh and Tabunoki, 2013; TFsearcher, 2015)
(QIAGEN, 2015; Wang et al., 2010)
(Satoh and Tabunoki, 2013; Wang et al., 2010)
(Satoh and Tabunoki, 2013)

(Satoh and Tabunoki, 2013; Wang et al.,
2010),(Bhinge et al., 2007)

(Satoh and Tabunoki, 2013)

(Wang et al., 2010),(Bhinge et al., 2007)
(Satoh and Tabunoki, 2013)

(Wang et al., 2010)

(Satoh and Tabunoki, 2013),(Bhinge et al., 2007)
(Satoh and Tabunoki, 2013)

(Satoh and Tabunoki, 2013; Wang et al., 2010)
(Satoh and Tabunoki, 2013),(Bhinge et al., 2007)
(Satoh and Tabunoki, 2013; Wang et al.,
2010),(Bhinge et al., 2007)

(Satoh and Tabunoki, 2013; Wang et al., 2010)
(Satoh and Tabunoki, 2013; Wang et al., 2010)
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TRIM25
NCOA7
FYN
CSF1
APAF1
USP3
RDX

ZNF473

IRF2

IPO8

GFM1

KLF3

ATMIN

RDH10

IMPAD1

NOX4

BAZ2A

UBP1

CCDC6
UBR1

MORC3

0.16334499
0.1570198
0.15238024
0.14813757
0.14155321
0.13756893
0.13545045

0.13393581

0.13307439

0.12870036

0.12783804

0.12780589

0.12195655

0.11789259

0.11617159

0.11604627

0.11316689

0.11201484

0.11092008
0.11078076

0.10306528

(Satoh and Tabunoki, 2013)
(Satoh and Tabunoki, 2013; Wang et al., 2010)
(Satoh and Tabunoki, 2013)
(Satoh and Tabunoki, 2013; Wang et al., 2010)
(Satoh and Tabunoki, 2013; Wang et al., 2010)
(Wang et al., 2010)

(QIAGEN, 2015; Satoh and Tabunoki, 2013; Wang et

al., 2010)
(Satoh and Tabunoki, 2013; Wang et al.,
2010),(Bhinge et al., 2007)
(Chawla et al., 2013; Satoh and Tabunoki, 2013;
Wang et al., 2010)
(Satoh and Tabunoki, 2013; Wang et al.,
2010),(Bhinge et al., 2007)
(Satoh and Tabunoki, 2013; Wang et al.,
2010),(Bhinge et al., 2007)
(Chawla et al., 2013; Satoh and Tabunoki, 2013;
Wang et al., 2010)

(QIAGEN, 2015; Wang et al., 2010)
(Satoh and Tabunoki, 2013; Wang et al., 2010)
(Satoh and Tabunoki, 2013; Wang et al., 2010)
(Satoh and Tabunoki, 2013; Wang et al., 2010)

(Satoh and Tabunoki, 2013; Wang et al.,
2010),(Bhinge et al., 2007)
(Chawla et al., 2013; Satoh and Tabunoki, 2013;
Wang et al., 2010)

(Satoh and Tabunoki, 2013; Wang et al., 2010)
(Bhinge et al., 2007; Satoh and Tabunoki, 2013;
Wang et al., 2010)

(Satoh and Tabunoki, 2013; Wang et al., 2010)
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HRH1 0.1013663 (Satoh and Tabunoki, 2013; Wang et al., 2010)
*The frequency with which relative expression levels of each gene are comparable with
STAT1 mRNA levels in individual breast tumors from the TCGA RNA-seq dataset

(n=1215).

Table 17. List of STAT3 target genes that define the STAT3 ssGSEA signature.

Gene Score* References™*
STAT3 1 (Chawla et al., 2013; Dauer et al., 2005; Ehret et al., 2001;
TFsearcher, 2015)
IL6ST 0.43835358 (Oh et al., 2009; TFsearcher, 2015)
NFKB1  0.41621436 (Chawla et al., 2013)
FOSL2  0.41340799 (Chawla et al., 2013; Dauer et al., 2005)
SLC4A7 0.35683991 (Dauer et al., 2005)
UGCG  0.33030354 (Dauer et al., 2005; Oh et al., 2009)
MCLA1 0.30895228 (Alvarez et al., 2005; Oh et al., 2009; QIAGEN, 2015)
PFKFB3 0.30336005 (Dauer et al., 2005)
JAK2 0.27602273 (Alvarez et al., 2005; Dauer et al., 2005)
FEM1C  0.27566194 (Dauer et al., 2005)
SAMD4A 0.27486799 (Dauer et al., 2005)
AKAP2  0.26924854 (Dauer et al., 2005)
AKAP12 0.26716036 (Dauer et al., 2005; Oh et al., 2009)
STOM 0.25314173 (Dauer et al., 2005)
ICAM1 0.25181764 (Dauer et al., 2005)
ABCA1  0.25120452 (Dauer et al., 2005)
FLNB 0.25015441 (Dauer et al., 2005)
MBNL2 0.2470801 (Dauer et al., 2005; TFsearcher, 2015)
SERPINA3 0.2463125 (Dauer et al., 2005; Ehret et al., 2001; Oh et al., 2009;
TFsearcher, 2015)
TGFB2 0.24187624 (Snyder et al., 2008)
SOD2 0.22952525 (Dauer et al., 2005)
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THBS1
BCL6

C3
FGL2
TEK
THBD
MUCA1
NPC1
LAMA3
GFPT2
LDLR
PPAP2B
PELI2
CCND2
FGB
LBP
AGT
A2M
TRIB1
SLC2A14
MMP2
SOCS3

ATF3
SLC2A3
FOS
FGG
ZFP36

0.2255324
0.21904633

0.20114834
0.19811681
0.19164484
0.19113941
0.18890754
0.18613671
0.17806808
0.17546918
0.17146452
0.16594436
0.16552106
0.16316837
0.1544856
0.15409878
0.14964365
0.14909279
0.14849039
0.14756321
0.13652352
0.13617275

0.13325996
0.12961652
0.12886529
0.12710997
0.12528609

(Dauer et al., 2005; Oh et al., 2009)
(Alvarez et al., 2005; Chawla et al., 2013; Dauer et al.,
2005)

(Dauer et al., 2005)
(Snyder et al., 2008)
(Snyder et al., 2008)

(Dauer et al., 2005; Paz et al., 2004)
(Oh et al., 2009)

(Dauer et al., 2005; Oh et al., 2009)
(Dauer et al., 2005)

(Dauer et al., 2005)

(Dauer et al., 2005; Oh et al., 2009)
(Dauer et al., 2005)

(Dauer et al., 2005)

(Paz et al., 2004)

(Dauer et al., 2005)

(Dauer et al., 2005; Ehret et al., 2001)
(Dauer et al., 2005; Oh et al., 2009)
(Ehret et al., 2001; Oh et al., 2009)
(Marie et al., 2012)

(Dauer et al., 2005)

(Oh et al., 2009; QIAGEN, 2015)

(Dauer et al., 2005; Ehret et al., 2001; Oh et al., 2009)
(Alvarez et al., 2005; Przanowski et al., 2014; QIAGEN,
2015)

(Chawla et al., 2013; Dauer et al., 2005; Oh et al., 2009)
(Dauer et al., 2005; Oh et al., 2009)

(Chawla et al., 2013; Ehret et al., 2001; Oh et al., 2009)
(Dauer et al., 2005; Ehret et al., 2001)

(Dauer et al., 2005)
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KLF11 0.1048312 (Chawla et al., 2013)
PLOD2 0.10282667 (Dauer et al., 2005)
IL6 0.10095934 (QIAGEN, 2015) (Przanowski et al., 2014)
*The frequency with which relative expression levels of each gene are comparable with
STAT1 mRNA levels in individual breast tumors from the TCGA RNA-seq dataset
(n=1215).
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Chapter 4: Shc1 phospho-tyrosine dependent interactors that mediate
immunosuppression
4.1 Experimental rationale

Our work presented in Chapter 3 has highlighted the role of Shc1 phosphotyrosine
signaling in balancing STAT1 and STAT3 pathways to suppress anti-tumor immunity in
favor of breast cancer progression. However, the molecular mechanism by which Shc1
phosphotyrosines directly regulate STAT1 expression and STAT3 activation remained
unclear. Furthermore, the existence of other signaling cascades that may confer the
ability of tumor intrinsic Shc1 to promote immunosuppression have not been investigated.
While previous studies have explored Shc1 interactomes on a large scale (Liu and
McGlade, 1998; Patterson et al., 1996; Thomas et al., 1995; Zheng et al., 2013), no
studies have defined a comprehensive Shc1 interactome uniquely dependent on
phospho-Y239/240 or phospho-Y313 in the context of breast cancer. Thus, we set out to
investigate the phospho-tyrosine dependent and independent interactors of Shc1 that
mediate breast cancer immunosuppression using affinity purification (AP) and BiolD
proximity labeling (BiolD) approaches, each followed by mass spectrometry (AP-MS and
BiolD-MS). This two-pronged approach allowed us to identify and validate Map4k5 as a
possible novel interactor of Shc1 that merits further investigation. Furthermore, the results
will serve as important resource to further explore Shc1 signaling in regulating

immunosuppression.

4.2 ldentification of Shc1 phospho-tyrosine dependent and independent
interactome

In the BiolD method, an E. coli derived mutant form of biotin ligase (BirA-R118G;
termed BirA*) is fused to a protein of interest. BirA*, generating a highly reactive biotinoyl-
5-AMP intermediate that promiscuously reacts with accessible lysine side chains of
proteins in proximity to the protein of interest (estimated to be approximately 10nm) (Roux
et al., 2018). This leads to formation of a covalent amide bond between biotin and the
lysine side chain (Varnaite and MacNeill, 2016). The BiolD method allows capturing of (1)
insoluble cellular structures as harsh lysis conditions are allowed, (2) transient or weak
interactors, (3) direct and indirect interactors within a signaling complex, and (4)

153



interactions that occur over a period of time (Roux et al., 2018). On the other hand, AP-
MS method captures stable interactors in the soluble fraction (cytoplasm and
nucleoplasm; excludes interactors in the membrane or those bound tightly to DNA) that
are both direct and indirect within a signaling complex, capturing a snapshot of protein
associations in their cellular context (Gingras et al., 2007; Gingras and Raught, 2012;
Lavallee-Adam et al., 2013; Roux et al., 2018). AP-MS and BiolD-MS methods have been
used together to identify novel interactomes (Lambert et al., 2015). Thus, we reasoned
that using AP-MS and BiolD-MS in parallel allows for a two-pronged approach to capture
multiple Shc1 interactors.

ShcWT breast cancer cells (#4788) were ectopically infected with empty vector
control (control), wild-type Shc1 (termed WT), Y239F/Y240F-Shc1 (termed 2F) Y313F-
Shc1 (termed 313F), and Y239F/Y240F/Y313F-Shc1 (termed 3F) all of which were FLAG
tagged at the C-terminus and conjugated to Myc-tagged BirA* at the N-terminus (Fig. 44).

For the BiolD studies, control, WT, 2F, and 313F cells were serum-starved
overnight and pulsed with 10% FBS growth media supplemented with exogenous biotin
for 24 hours prior to being lysed and affinity purified using avidin conjugated agarose
beads. The ability of Shc1 conjugated BirA* enzyme to successfully biotinylated proteins
was first verified using Streptavidin-HRP immunoblot on input and pull-down samples (Fig.
45a). Comparable expression of each construct was verified using a Myc-tag immunoblot
(Fig. 45b). To confirm proper Shc1 signaling, input and pulled-down samples were
probed by immunoblot for Grb2, a well-established phospho-Y239/240 and Y313-Shc1
interactor (Fig. 45b) (Ravichandran, 2001). Mutation of all three tyrosines (3F) abolished
Grb2 binding (Fig. 45b). While Y313F-Shc1 engaged Grb2 comparably to WT, a
significant reduction in Grb2 interaction was observed in Y239/240F-Shc1, suggesting
that Grb2 predominantly engages Shc1 through phospho-Y239/240 residues in this
model (Fig. 45b), in line with the literature (Ravichandran, 2001).

Using BiolD-MS, 167 unique Shc1 binding partners were captured (SAINT score
= 0.9) (Fig. 46a-b). Three technical replicates were analyzed, and nonspecific
interactions were eliminated using CRAPome analysis (Mellacheruvu et al., 2013) and
SAINT. A Number of known Shc1 interactors were identified, including Ptpn11 (313F
dependent), Asap2 (phospho-Y239/240 dependent), Ptpn12 and Shcbp1 (tyrosine
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independent or requires either one of the tyrosines) (Zheng et al., 2013). In addition, we
discovered interactors of Shc1 that were previously not reported based on BioGRID
analysis (Stark et al., 2006). They included Y239/240- (23 proteins), Y313- (5 proteins),
and all three tyrosines- (34 proteins) dependent interactors of Shc1. We also identified
proteins that interacted with Shc1 (1) independently of the tyrosines or require either
phospho-Y239/240 or Y313 (42 proteins), (2) uniquely when phospho-Y239/240 were lost
(4 proteins) (3) uniquely when Y313 was lost (55 proteins). These data suggested that
each Shc1 tyrosine phosphorylation site allows for the formation of unique signaling
complexes. Interestingly, we observed a high number of interactors that uniquely bound
Shc1 upon loss of Y313 phosphorylation (313F), distinct from what we observed upon
loss of Y239/240. This may suggest (1) Shc313F is included in more diverse signaling
complexes and/or (2) Y313 may regulate signaling events or conformational changes that
promote downregulation, re-localization, degradation of signaling complexes. Altogether,
BiolD method identified known and novel Shc1 interacting proteins. In addition, our BiolD-
MS studies further identified STAT3 as a Shc1 interacting protein, requiring all three Shc1
phospho-tyrosine residues. This further substantiates the importance of the Shc1 tyrosine
phosphorylation sites in regulating the STAT3 pathway.

In order to capture all the Shc1 interactors, we used AP-MS and BiolD-MS in
parallel as a two-pronged approach. Both studies were carried out using the same
constructs and cells (Fig. 44, 47a-b). To maximize the chance of capturing phospho-
tyrosine dependent interactors, WT, 2F and 313F cells were treated with or without
sodium orthovanadate (pan tyrosine phosphatase inhibitor) for 10 minutes prior to being
subjected for affinity purification with agarose beads (conjugated to anti-FLAG
monoclonal antibody). Using AP-MS, 76 unique Shc1 binding partners were captured —
91 less interactors than BiolD-MS had captured. This is consistent with observations
made by previous studies using both approaches in parallel (Couzens et al., 2013;
Varnaite and MacNeill, 2016), and suggestive of the broader reach of BiolD method in
capturing signaling complexes. A number of previously validated Shc1 interactors (AP2A2,
LRRK1, EGFR, ErbB2, Gab1, PIK3R1, Ptpn11, and Inppl1 (Gagnon et al., 2003; Zheng
et al., 2013)) were identified in our MS experiments to be Y313 dependent interactors.
Previously known Shc1 interactors Grb2 and Arhgef5 (Zheng et al., 2013) were identified
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as Y230/240 dependent interactors. Thus, we have provided insight into the Y239/240 or
Y313 dependency of known Shc1 interactors.

To understand which biological processes were enriched in each interactome, we
used STRING online tool (Szklarczyk et al., 2015) to analyze the interactors identified in
AP-MS and BiolD-MS (Table 18). Numerous processes previously linked to Shc1 were
identified (e.g. endocytosis, MAP kinase activity regulation, cytoskeleton organization),
as expected.

We observed that 16 proteins were commonly identified in both AP-MS (21% of
interactors) and BiolD-MS (2% of interactors) experiments (Table 19). Thus, the methods
captured considerably different Shc1 signaling complexes. In addition, some of these
interactors showed discrepancy in requirement of specific tyrosine residues for binding
(Table 19). For instance, By BiolD, Grb2 bound Shc1 via Y239/240 or Y313. By AP, it
required Y239/240 at baseline but bound Y239/240 or Y313 with sodium orthovanadate
(NasVOs) treatment. Thus, at maximally phosphorylated state induced by NasVOa4, Y313
could compensate for the absence of Y239/240 to interact with Grb2. This is consistent
with previous reports that Shc1 can use either Y239/240 or Y313 to engage Shc1, but
with preference to Y239/240 (Ravichandran et al., 1995) (Fig. 45b-c, 46a-b, 47a-b).
Taken together, we have successfully identified both previously known and unknown
interactors of Shc1 and defined which Shc1 tyrosines are required for these interactions

using two mass spectrometry approaches.

4.3 Map4k5 and Grb2 as Shc1 interactor that mediates immunosuppression

To identify the molecular interactors of Shc1 that promote immunosuppression, we
focused our attention on those that were identified by both BiolD-MS and AP-MS methods
(Table 19). We reasoned that they would be most likely to be true Shc1 interactors. Two
candidates Grb2 and Map4k5 were initially selected as potential Shc1 downstream
effectors that regulate immunosuppression.

Grb2 has been shown to bind Gab2 which in turn recruits STAT3, leading to
phosphorylation of Y705-STAT3 (Ni et al., 2007). Gab2 is a well-established recruiter of
p85 regulatory subunit of PI3K, which in turn activates the AKT pathway (Wohrle et al.,
2009). In our model, Impaired phospho-Y239/240-Shc1 signaling led to a significant
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reduction of AKT phosphorylation (T308 and S473) at steady state (Fig. 48a) and
following EGF induction (Fig. 49). Noticeably, Shc2F cells had a baseline elevated ERK
phosphorylation, and EGF induced ERK phosphorylation that were comparable to ShcWT
cells (Fig. 49). This suggests that the reduced phospho-S727-STAT3 (target of ERK)
seen in Shc2F cells is unlikely due to lack of ERK activation. Our BiolD immunoblot (Fig.
45b-c), AP-MS data (Fig. 47a) and subsequent AP validation experiments (Fig. 50)
established that Grb2-Shc1 interaction depends on Y239/240. Thus, we hypothesized
that phospho-Y239/240-Shc1 interacts with a Grb2/Gab2/PI3K complex to regulate
STATS3 phosphorylation (Fig. 48b).

We chose Map4k5 for two reasons. First, Map4k5 (a.k.a. GCKR, KHS1) is a
member of the Ste1 serine/threonine kinase family (Wang et al., 2016) that is activated
by TNFa to phosphorylate JNK (Chin et al., 1999; Shi et al., 1999; Shi and Kehrl, 1997).
It is well established that JNK signaling in response to TNF leads to transcription of c-Jun,
AP1, and ATF2, ultimately allowing transcription of inflammatory cytokines (e.g. IL-6),
synergy with IFNs, and regulation of immune response (Sedger and McDermott, 2014).
TNFa-induced JNK activation has been shown to phosphorylate S727-STAT3 (Lim and
Cao, 1999a). Immunoblot results done on tumors from in vivo (Fig. 20a) and cells in vitro
(Fig. 21a) of our breast cancer model demonstrated that Y239/240-Shc1 signaling
potentiates phosphorylation of S727-STAT3. Thus, we hypothesized that Map4k5 may
regulate immunosuppression downstream of Shc1 through STAT3 phosphorylation (Fig.
51). Second, Map4k5 has been also shown to engage the consensus SH3 binding motif
of CrkL, Crk-1, and Crk-II (Shi et al., 2000). Crk-Shc1 interaction was detected in WT
(average spectral count = 6), 2F (average spectral count = 4) and 313F (average spectral
count = 7), suggesting that either tyrosine can be used for the interaction (slightly reduced
with the loss of Y239/240) or that the interaction is tyrosine independent (Fig. 46a-b). The
Map4k5-Shc1 interaction required Y239/240 or Y313 by BiolD-MS, but only required
Y239/240 by AP-MS (Fig. 46, 47, Table 19). Thus, we hypothesized that Map4k5 may
bind Crk in our model. Importantly, Crk has been shown to specifically bind Y239/240-
Shc1 downstream of TGFf3 signaling to promote migration of breast cancer cells (Northey
et al., 2012), further supporting the hypothesis that Crk and Map4k5 may form complex
with Shc1 through phospho-Y239/240. Strikingly, Crk has been shown to suppress anti-
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tumor immune responses against primary and metastatic tumors in a 4T1 mouse model
of breast cancer, and the deletion of Crk elicits anti-tumor immunity (e.g. increased CD3+
T cellinfiltration, CD8+ T cell infiltration, granzyme B+ expression, IFNy presence, CXCL9
expression, CD11b+ cell infiltration), reminiscent of Shc2F tumors (Kumar et al., 2017).
Thus, we hypothesized that Shc1-Y239/240 may form a Crk/Map4k5 signaling complex
to promote immunosuppression, in part through STAT3 activation (Fig. 51).

We also considered the possibility that Shc1-Y239/240 may form Grb2/Map4k5
signaling complex to promote immunosuppression (Fig. 51). Grb2, a well-established
direct interactor of Shc1, also possesses two SH3 domains, similarly to Crk. Map4k5
appeared in the same category as Grb2 in both AP-MS and BiolD-MS experiments (Table
19). Thus, this supported the idea that Map4k5 may be a true and novel downstream
effector of Shc1 through Grb2.

4.4 Loss of Grb2 leads to STAT3 activation

To interrogate whether Grb2 regulates STAT3 phosphorylation and activations,
Grb2 was knocked-down using shRNAs (Fig. 52). Significant increase in phospho-Y705-
STAT3 levels and unchanged phospho-S727-STAT3 levels were observed in four
different ShcWT cell lines (864, 4788, 2199, 2196) (Fig. 52). These data suggested that
Grb2 negatively regulates phospho-Y705-STAT3 either through Shc1 or through other
signaling interactors. Meanwhile, it suggested S727-STAT3 phosphorylation may be

regulated separately.

4.5 Map4k5 is a novel Shc1 interactor

We also sought to validate the Map4k5-Shc1 interaction observed by AP-MS and
BiolD-MS experiments (Fig. 46a-b, 47a). Therefore, AP and BiolD pull-down experiments
were repeated and followed by immunoblotting for Map4k5. Using BiolD, Map4k5 was
biotinylated by Shc1-WT, 2F, 313F, 3F, regardless of their tyrosine status (Fig. 53a-d),
validating the BiolD-MS result. By AP, the Map4k5-Shc1 interaction was impaired by the
loss of Y239/240 phosphorylation, in line with the AP-MS results, and indicated that
Mapk45-Shc1 interaction preferentially occurs through Y239/240 of Shc1 (Fig. 50a-c).
Interestingly, ectopic expression of ShcWT, Shc2F, Shc313F, Shc3F increased Map4k5
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levels in MT breast cancer cells as detected in the input lanes of the affinity purification
experiments (Fig. 53a-d). This suggested that Shc1 likely regulates Map4k5 expression
either transcriptionally or post-transcriptionally.

To support our hypothesis that Map4kS5 is recruited to Shc1 through Grb2 (Fig. 51),
we asked if Grb2 and Map4k5 share the same requirement for their interaction with Shc1.
By BiolD, Grb2-Shc1 interaction highly depended on Y239/240 (Fig. 45b-c) while
Map4k5-Shc1 interaction did not as indicated by the Map4k5 biotinylation regardless of
the the Shc1 phosphotyrosine status (Fig. 53a-d). Given BiolD-MS revealed Grb2 was
biotinylated as long as either Y239/240 or Y313 was functional, the threshold for positive
identification in BiolD-MS may be lower than that of the BiolD-immunoblot. By AP, both
Map4k5 and Grb2 required Y239/240 at baseline (Fig. 50a-c). Upon NasVO4 treatment,
both Map4k5 and Grb2 engaged Shc1 independently of Y239/240 (Fig. 50a-c). Taken
together, our AP and BiolD data support that Map4k5 comes into proximity or forms a
complex with Shc1 preferentially through Y239/240, possibly using Grb2 or other
scaffolds.

During our validation experiments, we encountered considerable challenge with
the commercially available anti-Map4k5 antibody to obtain consistent results and
interpretation. Frequently, probing for Map4ks5 in the total lysate input control was far less
efficient than in the pulled-down fraction unlike with Grb2 which was detected equally
efficiently in both fractions. This suggested that Map4k5 is significantly less abundant in
cells compared to Grb2. Between twelve independent ShcWT, Shc2F, Shc313F cell lines
previously RNA-sequenced, the normalized mRNA read counts ranged between 5,080
and 8,111 for Map4k5 (average 6,121) while they ranged between 6,065 and 23,552 for
Grb2 (average 15,328). Taken together, we have provided evidence supporting Map4k5
as a novel Shc1 interactor that preferentially binds on phospho-Y239/240 residues of

Shc1, although it does not exclude that Map4k5 can also bind the phospho-Y313 residue.

4.6 MEK pathway and JAK2/3 phosphorylates S727- and Y705-STAT3
Given the well established role of ERK in phosphorylating S727 downstream of
growth factor receptor pathways and JAK2/3 in phosphorylating Y705-STAT3
downstream of cytokine signaling (Table 3), we employed MEK and JAK2/3 kinase
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inhibitors to ask whether these pathways regulate STAT3 activation in our MT model.
First, ShcWT cell lines (864) were treated with a JAK2/3 inhibitor Tofacitinib. Tofacitinib
led to a significant reduction in phosphorylation of Y705 but not S727 of STATS,
suggesting that a considerable amount of Y705-STAT3 phosphorylation is through
JAK2/3 pathway in these cells (Fig. 54a). Reduction in phosphorylation of Y705 did not
alter S727 phosphorylation, demonstrating that S727 phosphorylation is independent of
Y705 phosphorylation in this treatment setting. Treatment of ShcWT cells (4788) with
Trametinib, a MEK inhibitor, led to a significant reduction in phospho-S727-STAT3 levels,
suggesting that significant portion of S727-STAT3 phosphorylation in ShcWT cells is due
to ERK signaling (Fig. 54b). Downregulation of phospho-S727-STAT3 did not alter
phospho-Y705-STAT3 level in this treatment setting. Taken together, these results
suggested S727 and Y705 of STAT3 are regulated in our model in part by the MEK/ERK
and JAK2/3 pathways, respectively.

993nt 2478nt
1 331aa 826aa
il BirARiise) 4 Shct D
Myc 3xFLAG
30nt 2412nt
10aa 804aa

Figure 44. Schematic of Myc-BirA-Shc1-3xFLAG constructs used in the study.

aa, amino acids. nt, nucleotide.
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Figure 45. Validation of BiolD constructs.

(@) Myc-BirA empty vector control, and myc-BirA conjugated WT, 2F, 313F Shc1
constructs were expressed in ShcWT (4788) cells and incubated with or without 50uM
Biotin for 24hrs prior to being lysed, affinity-purified, and immunoblotted (IB) for
biotinylated proteins both in input and pull-down fraction. (b) ShcWT 4788 cells and (c)
ShcWT 864 were infected with myc-BirA empty vector control, and myc-BirA conjugated
Shc1 WT, 2F, 313F, and 3F constructs and incubated in 50uM biotin for 24hrs prior to
being lysed, affinity-purified, and immunoblotted myc tag and Grb2 protein in both input

and pull-down fraction. LE = low exposure, HE = high exposure
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Figure 46. BiolD/MS interactome of Shc1.
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Figure 47. AP/MS interactome of Shc1.

(a) Venn Diagram of AP/MS results with indication of which fraction Grb2 and Map4k5
were discovered in. (b) Bait-bait heat map as analyzed by ProHits-viz. (c) Dot plot as
analyzed by ProHits-viz. AvgSpec = average spectral counts. BFDR (Bayesian false

discovery rate) describes confidence proximity interactions
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Figure 48. AKT activation is impaired with loss of phospho-Y239/240-Shc1
signaling.

(a) ShcWT (864, 4788, 2196, 2199) and Shc2F (5372, 5835, 5376, 7706) cells were
assessed for steady state activation of the AKT and MAPK pathways. (b) Model for
Shc1/Grb2/Gab2 driven STATS3 regulation.
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Figure 49. EGF induced AKT activation is debilitated in phospho-Y239/240-Shc1
impaired cells.

ShcWT (864 or 4788) and Shc2F (5372 or 5376) cells were starved overnight in
0.5%FBS/DMEM and stimulated with EGF (50ng/ml) for the indicated duration before
being lysed and immunoblotted for indicated MAPK and AKT pathway proteins.
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Repeat 1

Repeat 2

Repeat 3

Figure 50. Grb2 and Map4kS5 interaction with Shc1 affinity purification.

WT, 2F, 313F, 3F cells (ShcWT 864 parent) were treated with or without NasVO4 for 10
minutes prior to being lysed, (a, b) Affinity-purified using FLAG agarose beads or (c)
Immunoprecipitated using anti-FLAG antibody. All were immunoblotted for FLAG,

Map4k5, and Grb2. Three biological repeats are shown.
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Figure 52. ShRNA induced knock-down of Grb2.
MMTV/MT derived primary cell lines (4788, 864, 2199, 2196) were infected with pLKO.1
control and Grb2 (#1-3 shRNA) and immunoblotted for the indicated proteins
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Figure 53. Map4k5 engages Shc1 independently of phospho-tyrosine in BiolD
assay.

(a-c) MT cells expressing Shc1-WT, 2F, 313F, 3F fused with myc-BirA* constructs were
incubated in 50uM Biotin for 24 hrs and affinity purified using avidin-agarose beads.

Immunoblot analysis of input and pull-down fractions are shown. (d) MT cells expressing
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Shc1-WT, 2F, 313F, 3F fused with myc-BirA* constructs were incubated in 50uM Biotin
for 24 hrs in the presence of PBS or IFNy (1ng/ml) and were subsequently affinity purified
using avidin-agarose beads. Immunoblot analysis of input and pull-down fractions are

shown.
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Figure 54. ERK and JAK2/3 phosphorylate STAT3.

(@) ShcWT (864) cells were treated with JAK2/3 inhibitor tofacitinib at the indicated dose
for 20hrs prior to being lysed for immunoblot analysis. (b) ShcWT (4788) cells were
treated with MEK inhibitor Trametinib for 21hrs at the indicated dose in 2.5%FBS/MEGS

media and immunoblotted for the indicated proteins.

Table 18. STRING analysis results for each condition (top two GO terms are shown)

OGC/
She1 GO Term FDR
BGC
AP-MS
WT 0006898 receptor-mediated endocytosis 5173 7.86E-06
0031623 receptor internalization 3/56 0.00054
regulation of cellular protein metabolic
0032268 22/2443 1.91E-06
WT+ process
0043405 regulation of MAP kinase activity 10/304 1.91E-06
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oF 0006898 receptor-mediated endocytosis 3173 0.022
0072583 clathrin-dependent endocytosis 2/19 0.022
oF 1903827 regulation of cellular protein localization 12/484 5.62E-08
+
0071495 cellular response to endogenous stimulus  15/997 5.75E-08
313F- N/A*
positive regulation of DNA metabolic
0051054 7/223 6.82E-07
process
313F+
positive regulation of establishment of
1904851 4/10 6.82E-07
protein localization to telomere
BiolD-MS
0016192 vesicle-mediated transport 23/1020 7.16E-07
WT regulation of cellular component
0044087 21/863 7.16E-07
biogenesis
regulation of cellular component
0044087 14/863 3.07E-05
2F biogenesis
0051179 Localization 28/4315 0.00016
313F 0007010 cytoskeleton organization 26/916 9.47E-09

0009987 cellular process

106/12459 9.47E-09

* biological function clustering could not be done. OGC, observed gene count. BGC,

background gene count. FDR, false discovery rate. GO, gene ontology. — or + indicate

the presence or absence of Na3VO4 treatment.

Table 19. List of 16 proteins discovered in both BiolD-MS and AP-MS. Indicated are

the tyrosines requirements for interaction.

Grb2**

BiolD-MS

Y independent or either one sufficient

Map4k5** Y independent or either one sufficient

Pstpip2
Ptpn12

Y independent or either one sufficient

Y independent or either one sufficient
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AP-MS (-/+ Na3VOa)
Y239/240(-), Y independent (+)
Y239/240(+)

Y independent (+)

Y independent (-/+)



Sept7
NME2
PPP2R1A
Cct7

Cct5
Asap2
Arhgef5
Anks1a
Cct8
Ctnna1

Inppl1
Ptpn11

Y independent or either one sufficient

Y239/240/313
Y239/240/313
Y239/240/313
Y239/240/313, Y313 (0.77%)
Y239/240
Y239/240
313F

313F

313F

313F

313F

Y239/240/313(+)
Y239/240/313(+)

2F (+)

313F (+)

Y independent (+)

Y independent (-/+)
Y239/240(-), Y independent (+)
2F (), Y independent (+)
Y independent (+)
Y313(+)

Y313(+)

Y313(+)

* Identified when SAINT score of 0.7 used. Rest are identified by SAINT score of 0.9.

** Selected for further investigation.
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Chapter 5: Mechanism of STAT3 driven immunosuppression
5.1 Experimental rationale

Our work presented in Chapter 3 highlighted the importance of STAT3
phosphorylation and activation downstream of phospho-Y239/240-Shc1 to suppress the
CTL/IFNy-driven anti-tumor immunity and the sensitivity to immune-based therapies in
mice. The canonical STAT3 gene transcription upon stimuli involves phosphorylation of
Y705 of STAT3 monomer which stably engages the R603 within SH2 domain of another
STAT3 monomer, resulting in STAT3 dimerization (Bromberg et al.). This dimer can enter
the nucleus to bind DNA and activate transcription of STAT3 targets. The phosphorylation
of S727 has been shown to enhance homodimerization and DNA binding for maximal
transcriptional activity. Unlike the role of Y705, the role of S727-STAT3 has remained
controversial in the literature (Dimri et al., 2017; Zhang et al., 2001). We observed that
ShcWT and Shc2F tumor tissues (progressively growing) from immunocompetent mice
had comparable phospho-Y705-STAT3 levels by immunoblot and IHC (Fig. 19a, 21).
Interestingly however, Shc2F tumors expressed decreased level of phospho-S727-
STAT3, concomitant with significant increase in phospho-Y701-STAT1 levels (Fig. 19a).
Additionally, immunoblot analysis of the cell lines in vitro showed Shc2F cells expressed
both lower phospho-Y705-STAT3 and phospho-S727-STAT3 compared to ShcWT cells
(Fig. 22a-c). These data suggested that Y239/240-Shc1 promotes both Y705- and S727-
STAT3 phosphorylation and raised the question of whether S727-STAT3 contributes to
immunosuppression downstream of Y239/240-Shc1. Furthermore, emerging evidence in
the literature indicates a possible role of S727 in regulating pro-tumorigenic pathways
independently of Y705 (detailed in Section 1.6.1.2). Therefore, we set out to define the
functional role of both Y705 and S727-STAT3 phosphorylation in suppressing anti-tumor
immune responses. Through combined use of RNA-seq and mice models, we have
highlighted the importance of both Y705 and S727 in regulating IFNy dependent anti-

tumor immune responses during breast cancer progression.

5.2 Phospho-Y705 and phospho-S727 STAT3 signaling suppresses IFNy driven

anti-tumor immunity
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STAT3 CRISPR/cas9 deleted ShcWT cells (4788) were ectopically infected with
an empty vector control (null), STAT3 wild-type (WT), STAT3 tyrosine-to-phenylalanine
mutant (Y705F; YF), STAT3 serine-to-alanine mutant (S727A; SA), STAT3 serine-to-
glutamate phospho-mimetic mutant (S727E; SE), or a STAT3 tyrosine and serine double
mutant (Y705F/S727A; termed DM). The successful STAT3 re-expression and Y705 and
S727 phosphorylation were verified by immunoblot (Fig. 55a-b). The Y705
phosphorylation was upregulated in S727A mutant expressers compared to the wild-type
STAT3 expressing STAT3-CRISPR deleted cells. This is consistent with previous studies
reporting that the S727 site negatively regulates the phosphorylation of Y705 of STAT3
(Chung et al., 1997b; Chung et al., 1997c; Gartsbein et al., 2006; Tian and An, 2004).
Nuclear phosphatase TC45 (TCPTP) may be involved as suggested by one group
(Wakahara et al., 2012). SOCS3, a well established STAT3 target gene (Bluyssen et al.,
2010), was verified for its expression in the wild-type and mutant STAT3 expressing cells
to demonstrate phenotypes consistent with the literature (Fig. 55c).

To investigate the functional role of differentially phosphorylated STAT3 in
suppressing IFNy driven tumor clearance, WT, YF, SA, SE and DM STAT3 expressing
cells, along with the null control, were injected into the mammary fat pads of syngeneic
IFNy** or IFNy’- mice (Fig. 56a-c). In IFNy’ mice, no statistically significant growth
differences were observed between the null and WT (p = 0.93), YF (p = 0.069), SA (p =
0.24), SE (p =0.14) or DM (p = 0.076) (Fig. 56a). As previously observed, loss of STAT3
significantly reduced the tumor growth (p < 0.001) in the presence of intact IFNy signaling
(Fig. 56b). Re-expression of STAT3-WT allowed enhanced tumor growth in IFNy** mice
(p = 0.003) which became comparable to that in IFNy”- mice, indicating that wild-type
STAT3 is necessary and sufficient to overcome IFNy driven anti-tumor immune
responses (Fig. 56b-c). STAT3 null and STAT3-Y705F expressing tumors showed
significantly reduced growth capabilites in IFNy** compared to IFNy” mice,
demonstrating that Y705-STAT3 plays a critical role in suppressing IFNy driven anti-tumor
immune responses (Fig. 56¢). In IFNy** mice, STAT3-S727A expressing tumors showed
increased growth (2.9 fold at end point) compared to STAT3-Y705F expressing tumors,
but decreased growth (0.7 fold at end point) compared to the wild-type STAT3 expressing
tumors (Fig. 56¢). Furthermore, STAT3-S727A expressing tumors growing in IFNy** and
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IFNy~- mice showed pronounced difference in outgrowth capabilities (2.9 fold at end point,
p = 0.008 using Holm-Sidak multiple t-test method), indicating that S727-STAT3 signaling
contributes to suppressing IFNy dependent anti-tumor immune response (Fig. 56c¢).
Together, these data suggested that both Y705 and S727 are important in regulating
tumor driven immune suppression to IFNy.

To delineate the impact of differential phospho-Y705 or phospho-S727 STAT3
signaling on the transcriptome, we performed RNA-seq on null, WT, YF, SA, DM-STAT3
expressing breast tumors excised at end point from the IFNy** mice (Fig. 56d). Thus, we
identified differentially expressed genes unique to each STAT3 activation status, as well
as those that overlap between different STATS3 activation status in mammary tumors. The
differentially expressed genes are currently being investigated and validated. To establish
the proper STAT3 activity in tumors, the expression of SOCS3 mRNA in tumor tissues
were verified by RT-qPCR (Fig. 57). The SOCS3 mRNA expression pattern was
comparable between the cell lines and the tumor tissues (Fig. 55¢, 57), and they were in
line with the well characterized SOCS3 expression pattern by the STAT3 wild-type and
mutants (Yang et al., 2010), suggesting that STAT3 wild-type and mutant proteins behave
as expected. Thus, we have identified genes (stroma and tumor derived) uniquely

regulated by differentially activated STAT3 from breast tumor cells.

5.3 STAT3 localization and phosphorylation status

To understand how STAT3 phosphorylation status differentially impacts
immunosuppression in our model, localization pattern of STAT3 wild-type and mutants to
the nucleus and cytoplasm was assessed by cellular fractionation (Fig. 58). We reasoned
that its cellular localization would reflect whether differentially activated STAT3 confer its
immune regulatory phenotype predominantly as a transcription factor or as a cytoplasmic
signaling protein. STAT3 CRISPR/cas9 deleted ShcWT cells (4788) were infected with
an empty vector control (null), STAT3 wild-type (WT), Y705F-STAT3 (YF), S727A-STAT3
(SA), and Y705F/S727A-STAT3 (DM). By cytoplasmic and nuclear fractionation, STAT3
localized to the nucleus regardless of the mutation status compared to the null control
(Fig. 58). These findings should be further confirmed by co-immunofluorescence assay

of STAT3 and DAPI. Nevertheless, this is consistent with the previous report that
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unphosphorylated STAT3 can localize to the nucleus (Yue et al., 2010) and in the
absence of Y705 phosphorylation (Meyer et al., 2002; Yang et al., 2005; Yang et al., 2010)
(discussed in section 1.6.1.2). Taken together, we provide evidence that at least in vitro,
STAT3 localizes to the nucleus regardless of the mutations and that they may promote

immunosuppression through regulating transcription.

5.4 Summary

In this thesis, we defined for the first time the molecular mechanism of Shc1 driven
breast cancer immune suppression. We demonstrate that tumor intrinsic Shc1 signaling
engages the Y239/240 phospho-site to positively regulate STAT3 activation while Y313
phosphorylation negatively regulate STAT1 expression and activation in breast cancer
cells. Using CRISPR/Cas9 gene deletion method, we provide evidence that STAT3 is a
critical suppressor of a CTL- and IFNy-mediated anti-tumor immune response, and that
STAT3 is a molecular player bifurcating the pro- and anti-tumorigenic functions of STAT1
during breast cancer progression. Thus, we have provided the first functional evidence
that post-translational modifications of adaptor proteins are required to potentiate breast
cancer immunosuppression. To expand our understanding of Shc1 signaling partners that
modulate immunosuppression, we assessed Shc1 phospho-tyrosine independent and
dependent interactors of Shc1 by BiolD-MS and AP-MS. From this we identified Map4k5
as a Shc1 interactor. Furthermore, we explored how differential STAT3 activation by
phosphorylation at Y705 or S727 regulated IFNy-mediated anti-tumor immune responses
in orthotopic mouse models of breast cancer and demonstrated that both phosphorylation

sites contribute to immunosuppression.
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Figure 55. STAT3 wild-type and mutant models successfully generated.

ShcWT (4788) cells deleted of STAT3 by CRISPR/Cas9 were ectopically infected with
empty vector (null), STAT3 wild-type (WT), or Y705F (YF), S727F (SA), S727E (SE),
Y705F/S727A (DM) mutants. Immunoblot was carried out to verify proper expression of
the STAT3 construct in (a) 1%FBS/MEGS growth media or (b) 5% FBS/MEGS growth
media. (c) Cells were assessed for SOCS3 mRNA level by RT-gPCR to validate a target
gene of STAT3 known to be affected by differential phosphorylation of STAT3. mean +
s.d.
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Figure 56. Phospho-Y705-STAT3 and phospho-S727-STAT3 signaling suppresses

IFNy driven anti-tumor immune response.
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STAT3 CRISPR/cas9 deleted cells were infected with pQCXIP STAT3 wild-type (WT),
Y705F (YF), S727A (SA), and Y705F/S727 (DM) were injected into the mammary fat pad
of syngeneic (a) IFNy** or (b) IFNy” mice. (c) The same outgrowth curve from (a) and
(b) are plotted for individual cell line. Tumour outgrowth was measured by caliper and
represented as mean tumor volume (mm3) + s.e.m. (n=6-12) (d) RNA-seq analysis was
done on the breast tumors (n=3 / type) retrieved from IFNy*”* mice. Fold change > 2 and
p.adj < 0.05. Shown is the Venn diagram of differentially expressed genes. Statistical

analysis for a, b, ¢c was done using two-way ANOVA and Bonferroni correction.
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Figure 57. Level of SOCS3 expression in vivo.

STAT3 null, WT, YF, SA, DM expressing tumors were excised at end point and analyzed
by RT-gPCR for relative SOCS3 mRNA level. Data were normalized by GAPDH mRNA.
Significance evaluated by two tailed, parametric, unpaired t-test. Represents average of

n=2 technical replicate of 3 tumors per group.
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Figure 58. STAT3 localizes to nucleus regardless of its phosphorylation status.
Nuclear and cytoplasmic fractionation was carried out on STAT3 null or STAT3 WT,
Y705F, S727A and Y705F/S727A (DM) expressing ShcWT 4788 (STAT3 null by CRISPR;

re-expression vector pQCXIP). LE = long exposure. SE = short exposure.
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Chapter 6: Discussion and future directions
6.1 Mechanism of STAT3 activation by phospho-Y239/240-Shc1 signaling to
promote immunosuppression.

We show that phospho-Y239/240-Shc1 signaling suppresses anti-tumor immune
responses in part by STAT3 dependent mechanisms. The ability of the p52 Shc1 isoform
to potentiate STAT3 activation in vitro was previously shown (Sato et al., 2002). Here we
provide strong evidence that phospho-Y239/240-Shc1 signaling is the potentiator of
STAT3 signaling and immunosuppression. We saw enrichment of MDSCs and increased
T cell infiltration in phospho-Y239/240-Shc1 deficient tumors. This is consistent with the
observation made in a MMTV/MT breast cancer mouse model where mammary epithelial
specific loss of STAT3 led to increased infiltration of tumor associated macrophages while
increasing T cell infiltration (Jones et al., 2015). Critically, we highlight the importance of
a STAT3-Y239/240-Shc1 signaling axis in suppressing CTL-driven immune responses
using both transgenic and orthotopic mouse models. There was a significant delay in
tumor onset with loss of phospho-Y239/240-Shc1 signaling in MMTV/MT breast cancer
model compared to controls (by 110 days) and this was partially rescued in the absence
of a CTL compartment (accelerated by 19 days). Thus, while CTL driven immune
responses were important in delaying the tumor onset of Shc2F tumors, there was still a
significant delay due to CTL independent causes. For instance, we have not excluded the
possibility that loss of Y239/240-Shc1 signaling also elicits NK and NKT cell mediated
tumor clearance. This can be tested using neutralizing antibodies against asialo-GM1 or
NK1.1 in vivo (Chiossone et al., 2018). We can also apply the CIBERSORT method on
the TCGA RNA-seq dataset of breast cancer patients that showed enrichment of 2F
specific gene signature to ask whether 2F signature enrichment is associated with
increased infiltration of NK, NKT, and CTLs in patients (Newman et al., 2015). Importantly,
tumor intrinsic Y239/240-Shc1 signaling has been shown to promote tumor progression
through enhancing angiogenesis (Ursini-Siegel et al., 2008) and survival pathways
(Webster et al., 1998), which likely contributed to the delayed onset.

There are other mechanisms by which phospho-Y239/240-Shc1 signaling may
regulate immunosuppression. First, Shc2F cells showed significant upregulation of
transcription factors HMGA1 (2.8 fold, p.adj = 0.0004) and HMGAZ2 (2.6 fold, p.adj =0.017)
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by RNA-seq. While HMGA2 has been shown to promote invasion and metastasis in
breast cancer (Sun et al., 2013), in part through TGFf driven activation (Thuault et al.,
2006), both HMGA1 and HMGAZ2 act as damage associated molecular pattern (DAMP)
molecules when released into the tumor microenvironment upon cell death, ultimately
recruiting innate immune cells to further promote inflammation (Kang et al., 2014). Thus,
enhanced anti-tumor killing immune responses may further synergize with released
HMGAs in breast cancer cells in response to reduced tumor intrinsic Shc1 signaling.
Second, VEGF-A which promotes angiogenesis has been shown to induce accumulation
of immature DC, MDSCs, Tregs, and suppress T cell infiltration (Chen and Hurwitz, 2018;
Voron et al., 2014). In the MT and ErbB2 driven mouse models of breast cancer, phospho-
Y239/240-Shc1 signaling has been shown to promote angiogenesis and its loss leads to
reduced micro vessel density as a result of decreased VEGF production (Ursini-Siegel et
al., 2008). Thus, this may have contributed to reduced immune suppression. Whether
VEGF-A plays a role downstream of Y239/240-Shc1 to suppress anti-tumor immune
response in our model could be substantiated by verifying the level of VEGF-A in the
tumors using ELISA and repeating the in vivo experiment (in CD8** and CD8- mice)
using Shc2F cells ectopically transfected with VEGF-A. Third, we show preliminary data
that phosphorylation of Y705-STAT3 in our breast cancer cell lines is partly mediated by
JAK kinase activity. These results must be first further substantiated by specific
knockdown of JAK1, JAK2, and JAKS3 (targets of tofacitinib). Phosphorylation of JAKs
(marking activation) in Shc2F and ShcWT cells should be also compared. It is unclear
how Y239/240-Shc1 may regulate JAK activation. One possibility is that phospho-
Y239/240-Shc1 may activate signaling cascades that transcriptionally and translationally
upregulate expression of genes responsible for JAK activation (e.g. cytokines, cytokine
receptors), which in turn activate STAT3. Shc1 phospho-tyrosine signaling has been
previously shown to stimulate translation through promoting AKT pathway (Im et al.,
2014). Thus, it will be interesting to examine the translationally-regulated cytokines and
cytokine receptors by polysome profiling followed by RNA-seq. This may also reveal other
proteins involved in regulating tumor-host interaction and immunosuppression by

Y239/240-Shc1 signaling that were not detected by our RNA-seq experiment.
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6.2Mechanism of phospho-Y313-Shc1 signaling driven suppression of STAT1
signaling

We report that phospho-Y313-Shc1 signaling suppresses STAT1 expression,
STAT1 activation, expression of the APP machinery and IFN/STAT1 responsive genes
(e.g. Ifit1bl2, Ifit1, Ifih1, Ifi44, IRF9, IRF7, Ifi47, Ifi204, Ifi203). In addition, persistent
STAT1 and STAT3 activation led to increased expression of immunosuppressive proteins
such as PD-L1 and MUCH1, respectively. While heightened STAT1 expression did not
confer pro- or anti-tumorigenic properties to Shc313F tumors in vivo as shown by STAT1
CRISPR-deleted tumor injections, STAT3 was critical for both Shc313F (STAT1 high) and
ShcWT (STAT1 low) tumors to suppress CTL-mediated tumor clearance. We propose
that STAT3 is important for dictating whether or not STAT1 can elicit anti-tumorigenic
functions. Furthermore, phospho-Y313-Shc1 signaling deficient tumors demonstrated
resistance to anti-PD-1 checkpoint inhibitor treatment but were sensitive to tumor vaccine
treatment compared to ShcWT tumors. Taken together, we have highlighted the
importance of Y313-Shc1 phosphorylation site in regulating tumor immune suppression.

It has yet to be determined how the loss of phospho-Y313-Shc1 signaling induces
STAT1 expression and phosphorylation. A study by Chakraborty et al., combined with our
observations, may provide a critical explanation for this phenomenon (Chakraborty et al.,
2014). They showed that the overexpression of wild-type EGFR creates two distinct and
mutually exclusive modes of signaling (Chakraborty et al., 2014). At baseline, EGFR
signaling recruits TBK1 kinase and activates the IRF3 transcription factor, leading to the
expression of IFN responsive genes (e.g. [fit1) (Chakraborty et al., 2014), a phenotype
also seen in Shc313F cells. Upon ligand-mediated activation, canonical ERK and AKT
pathways are engaged through EGFR-Shc1 signaling complex (Chakraborty et al., 2014).
The study did not delve into the status of Shc1 phosphorylation. Interestingly, our AP-MS
study of Shc1 mutants showed that the phosphorylation of Y313 is important for Shc1 to
engage EGFR and ERBB2 (Fig. 47). TBK1 or IRF3 did not pull-down in any of our MS
studies. Thus, it is plausible that the loss in phospho-Y313-Shc1 allows EGFR to
predominantly engage TBK1/IRF3 complexes in lieu of Shc1, leading to the upregulation
of STAT1 and IFN inducible genes. We can further explore by validating that Shc313F
has reduced EGFR interaction compared to ShcWT through immunoprecipitating

183



Shc313F and ShcWT signaling complexes and probing for EGFR. We can
immunoprecipitate EGFR and probe for TBK1 and Shc1 in ShcWT and Shc313F
expressing cells to recapitulate what Chakraborty et al. saw using our cell lines.
Additionally, TBK1 phosphorylation can be verified in ShcWT and Shc313F cells. Taken
together, these data will substantiate the hypothesis that the loss in phospho-Y313-Shc1
allows EGFR to predominantly engage TBK1/IRF3 complexes in lieu of Shc1, ultimately
upregulating STAT1.

6.3 Shc1 Interactome

We have characterized distinct Shc1 signaling complexes that are regulated by
Y239/240 and Y313 phosphorylation in breast cancer cells using BiolD-MS and AP-MS.
We highlighted that these two motifs, in line with our observation made in suppressing
anti-tumor immune responses through STAT3 and STAT1 pathways in vivo, serve as
separate and distinct platforms of signaling complex formation. Numerous interactors we
identified were previously known as Shc1 binders (e.g. AP2A2, LRRK1, EGFR, ErbB2,
Gab1, PIK3R1, Ptpn11, and Inppl1) in the literature while some were novel (e.g. Map4k5).
We then further investigated Grb2 and Map4k5 that were phospho-Y239/240-Shc1
dependent interactors of Shc1 in hopes of elucidating signaling pathways downstream of
Shc1 relevant in regulating immunosuppression in breast cancer. Importantly, the
potential interactors identified through the MS studies can serve as foundations for future
exploration of Shc1 signaling.

We interrogated the possibility of Grb2 positively regulating STAT3 activation
downstream of Shc1. Knock-down of Grb2 paradoxically led to increased phospho-Y705-
STAT3 levels, an observation previously seen in one study (Zhang et al., 2003a).
Phospho-S727-STAT3 level did not change, suggesting that phospho-S727-STAT3 may
be regulated independently of Grb2. Zhang et al. argued that STAT3 and Grb2 (through
SH2 domain) likely compete for the Y1068 and Y1086 residues within EGFR, negatively
regulating the phosphorylation of Y705-STAT3 by suppressing the ability of STAT3 to
interact with EGFR (Zhang et al., 2003a). This is further supported by the findings that
EGFR interacts with STAT3 (Olayioye et al., 1999; Park et al., 1996) and this interaction
has been shown to be through Y1068 and Y1086 of EGFR (Shao et al., 2003; Xia et al.,
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2002). We have observed by AP and BiolD that the loss of Y239/240-Shc1 reduces Grb2
binding. It is plausible that this increases the availability of Grb2 for competitive binding
to the STAT3 binding site within EGFR, resulting in overall reduction in STAT3
phosphorylation in Shc2F cells. However, the work by Zhang et al. did not investigate
whether Shc1-Grb2 interaction played a role in their phenotype. In fact, Grb2 has also
been shown to positive regulate STAT3 activation. PEAK1, a Lyn tyrosine kinase
substrate, has been shown to specifically bind and use Grb2 to promote STAT3 activation
(Croucher et al., 2013). Grb2 in complex with SHP2 also competes with SOCS3 to bind
the leptin receptor, ultimately promoting STAT3 activation (Bjorbak et al., 2000; Tups et
al., 2012). Given the multi-faceted role of Grb2 in signal transduction independently of
Shc1 (ljaz et al., 2018), knocking down Grb2 in ShcWT cells likely showed the combined
effects of Shc1 dependent and independent Grb2 pathways that regulate STAT3. Thus,
based on our data and the literature, we cannot yet exclude the possibility that Shc1-Grb2
interaction directly potentiates STAT3 activation.

Using BiolD and AP, we provide preliminary evidence to support that Map4k5 is a
novel Shc1 interactor. It is yet unclear whether Crk or Grb2 mediate this interaction. Three
lines of investigation must be further pursued to define the hypothesized role of
Map4k5/Crk/Shc1 signaling cascade on promoting immunosuppression (Fig. 51). First,
to overcome the challenge encountered with the commercially available anti-Map4k5
antibody that interfered with consistent results, we could use HA tagged Map4k5 to test
whether Map4k5 interacts with Shc1 in a phospho-tyrosine independent (in line with the
BiolD-MS result) or dependent manner (in line with the AP-MS result). This HA-Map4k5
construct would also be useful to test the hypothesis that both Shc1/Crk/Map4k5 or
Shc1/Grb2/Map4k5 complexes are formed in breast cancer cells in a phospho-Y239/240-
Shc1 dependent manner (Fig. 51). Second, Map4k5 CRISPR-deleted or shRNA
knocked-down ShcWT cells are needed to assess the changes in STAT3 activity
compared to controls to establish whether Map4k5 regulates STAT3 activation. Third, if
indeed Map4k5/Crk/Shc1 complexes are formed, we could inject (1) Map4k5, (2) Crk or
(3) Map4k5/Crk double CRISPR-deleted breast cancer cells into the mammary fat pads
of CD8** and CD8-. If our hypothesis is correct, we would observe enhanced CTL driven
anti-tumor immune responses in all three cohorts. We can re-express (1) Map4k5 or (2)

185



Crk or (3) both Map4k5 and Crk into the Map4k5/Crk double CRISPR-deleted cells. Only
when both Map4k5 and Crk are re-expressed would the CTL driven anti-tumor immune
response be reversed. Together, these experiments would establish whether a
Shc1/Crk/Map4k5 signaling cascade plays a role in immune suppression.

Phosphorylation of S727-STAT3 in ShcWT cells was shown to be in part due to
MEK pathway using trametinib. Given Shc2F cells have a baseline elevated and EGF
induced ERK phosphorylation that were comparable to ShcWT (Fig. 49), the reduced
S727-STAT3 phosphorylation observed in Shc2F is likely not through the MEK/ERK
pathway. Multiple Serine/Threonine kinases have been linked to regulating
phosphorylation of S727-STAT3 (Table 3). Of the Serine/Threonine kinases identified
from our BiolD-MS experiment, RSK1 (all pY dependent), and Tab1 (phospho-Y239/240
dependent) have been previously implicated in regulating STAT3 activation. RSK1, which
is dependent on all phospho-Y239/240/313 sites to engage Shc1 by BiolD-MS, had been
shown to phosphorylate MITF to suppress PIAS3 (a STAT3 negative regulator) in
response to IL-6/gp130 activation (Sonnenblick et al., 2004). It would be interesting to
first validate the RSK1-Shc1 interaction and verify the level of MITF phosphorylation in
Shc2F cells. Tab1, which appeared as a phospho-Y239/240 dependent interactor by
BiolD-MS has been shown to constitutively engage and phosphorylate Tak1 which has
been shown to phosphorylate S727 upon TGFB stimulation (Doerks et al., 2002;
Kishimoto et al., 2000) or IL-6 stimulation (Kojima et al., 2005). It may be of interest to
verify the level of Tak1 phosphorylation in ShcWT and Shc2F cells. mTORC1 has been
previously shown to directly phosphorylate STAT3 S727 (Dodd et al., 2015). Given the
reduced AKT signaling upon loss of Y239/240-Shc1 signaling, which would lead to
reduced mTORC1 activation (Saxton and Sabatini, 2017), it will be of interest to
characterize the mTORC1 kinase activity in Shc2F cells.

Surprisingly, well known Y705-STAT3 phosphorylating tyrosine kinases such as
Src family kinases or JAK that have previously shown to interact with Shc1 were not
discovered in either of our MS studies (Mishra and Kumar, 2014; Sato et al., 2002; Wills
and Jones, 2012). Neither did we find known negative regulators of STAT3 pathways
such as SOCS1 (FA et al., 2010) or SOCS5 (Linossi et al., 2013), both of which have
been reported to bind Shc1. Linossi et al. showed that Y317-Shc1 (equivalent to Y313 in
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mouse) binds the SH2 domain of SOCSS5. This was done using surface plasmon
resonance and was validated through an immunoprecipitation condition where in 293T
cells were first transfected with molecularly tagged Shc1 and SOCS5, followed by
treatment with proteasome inhibitor and sodium pervanadate. For our MS conditions, we
neither used proteasome inhibitor nor ectopically overexpressed SOCS5. Thus, the
endogenous SOCSS5 expression level may have been too low for identification of SOCS5
as a Shc1 interactor by MS. These studies were conducted using overexpression of the
bait proteins, contrary to our system, which interrogated binding to endogenous proteins.
In addition, for AP-MS, undetected previously known interactors are possibly transient or
weak Shc1 binders, which may preclude our ability to capture them by AP. For the BiolD-
MS, some interactors may have been excluded from the analysis due to the control Myc-
BirA* being able to significantly biotinylate those proteins, which is one of the pitfalls of
BiolD assay. It is also possible that at their interacting surface with Shc1, BirA on Shc1
did not have access to any lysine residues to biotinylate. Some biotinylated interactors
may have been degraded before 24 hours, evading their capture. We cannot preclude
the possibility that Myc-BirA and FLAG fusion prevented some of the interactors from
engaging Shc1 efficiently. However, our group had previously shown that known
interactors of the Shc1 PTB domain, tyrosines or SH2 domain were not impacted by the
Myc-BirA* and FLAG fusion, and that no gross changes in protein folding were likely
occurring (Ha et al., 2018b).

While the kinases and phosphatases from the MS experiments are reasonable
candidates to investigate, it is possible that there are other scaffold proteins that indirectly
link Shc1 to STAT3 phosphorylation. It is also possible the Y239/240 phosphorylation
engages multiple pathways through multiple downstream effectors that converge on
STAT3 activation, and modulation of one of them in ShcWT cells may not be sufficient to
implicate its role in Shc1 driven STAT3 activation. This may also explain the profound
reduction in STAT3 activation in Shc2F cells as these cells are homozygous for
Y239/240F. In future investigations, CRISPR/Cas9 gRNA library screen or shRNA screen
against these kinases will be useful to further define the critical players in STAT3

phosphorylation and regulation.
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6.4 Shc1 and immunotherapy

While checkpoint inhibitors have been used to treat various cancers resulting in a
high response rate, large proportion of patients still remains resistant or refractory to these
therapies (Sade-Feldman et al., 2018). This begs the question as to why some tumors
are responsive and others are not, and what molecular mechanisms are involved. This
has emerged as a pressing question in immune checkpoint therapy and immunotherapy,
and studies guiding the rational design of combination therapies are needed. Here we
showed that differential phosphorylation of the Shc1 adaptor protein may serve as a
biomarker to predict sensitivity to immunotherapies. Using pre-clinical models of breast
cancer, we have implicated the Shc1 pathway as a mechanism by which breast cancers
create distinct tumor microenvironments with differential responsiveness to two types of
immunotherapy, including vaccination and immune checkpoint inhibitors.

Currently, no Y239/240/313 mutations have been found in patient tumors, and no
drugs can specifically inhibit a tyrosine motif within an adaptor protein (let alone be
delivered to all tumor cells in vivo). However, our model, through mimicking a condition
where all tumors are inhibited with tyrosine kinase inhibitors specifically to reduce
phospho-Y239/240 or phospho-Y313 signaling, demonstrates a proof of principle that
adaptor proteins can regulate tumor driven immunosuppression. It will be clinically
relevant to investigate the phosphorylation status of Shc1 upon receptor and non-receptor
tyrosine kinases inhibition over short and long term to understand whether there is a
preferred inhibition of phosphorylation at phospho-Y239/240 or phospho-Y313 by certain
treatments. Our results suggest that cells primed to re-engage STAT3 signaling would
overcome TK inhibition.

Numerous inhibitors of RTKs that recruit and phosphorylate Shc1 have been
shown to elicit anti-tumor immune responses, consistent with our observations made with
tumors deficient of Shc1 phospho-tyrosine signaling. Sunitinib which targets VEGFR,
PDGFRa, Ret and Kit — all of which recruit Shc1 — has been shown to elicit CTL driven
anti-tumor immune responses partially through suppression of the STAT3 signaling
pathway in renal cell carcinoma (Xin et al., 2009). Mutation or overexpression of EGFR
(recruits Shc1), in NSCLC have been shown to promote immunosuppression, and its
inhibition (e.g. gefitinib, erlotinib) restores MHC class | expression, reduces PD-L1
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expression or upregulates expression of NKG2D ligands for NK cell tumor killing (Liang
et al., 2018). A high-throughput immune oncology screen identified the EGFR inhibitor
Erlotinib as a potent enhancer of antigen specific CTL tumor cell killing (Lizotte et al.,
2018). They further showed that Erlotinib treatment synergizes with anti-PD-1 checkpoint
inhibition to suppress colon cancer growth (Lizotte et al., 2018). Cabozantinib (blocks
RET and MET,; both recruit Shc1) has been shown to increase MHC class | (H-2Db) and
Fas expression in colon cancer cell lines (Kwilas et al., 2014). Given that Shc1 serves as
a substrate for these targeted RTKs (Fig. 5, section 1.4 and 1.5.4), our observations
may provide mechanistical insight into how targeting these RTKs elicits anti-tumor
immune responses and sensitizes tumors to immunotherapeutic modalities. It also argues
that our observations made with Shc1 in breast cancer may extend to other solid cancer
models, warranting further investigation into the role of Shc1 phospho-tyrosine signaling
in other types of cancers in immune suppression.

While these results indicate TK inhibitors are promising agents to reverse
immunosuppression in combination with checkpoint inhibitors, inhibitors of TKs that use
Shc1 as substrate such as sorafenib (VEGFR, PDGFR, c-RAF inhibitor), dasatinib (Src
kinases, Abl inhibitor), tofacitinib (JAK inhibitor), imatinib (c-Abl, Ber-Abl, c-kit, PDGFR
inhibitor) in certain context have also shown to suppress anti-tumorigenic functions of
various immune cells in different types of cancers (Nishioka et al., 2011). Possibly, this
may contribute to the lack of efficacy of these agents in treating breast cancer (Polk et al.,
2018). Thus, it will be critical to test and choose TK inhibitors that simultaneously alleviate
tumor intrinsic immune suppression and elicit anti-tumor immune response in combination
with immunotherapeutic modalities (Kwilas et al., 2015)

Another emerging strategy in immunotherapy is therapeutic cancer vaccination
(Hu et al.,, 2018). Technological advancement in next-generation sequencing and
development of bioinformatics algorithms have made testing of the personalized cancer
vaccination feasible, and several recent studies have brought significant promise (Hundal
et al., 2019; Keskin et al., 2019; Schumacher and Schreiber, 2015). In our study, we have
captured the differential responses to tumor vaccination strategies in vivo based on
differential phosphorylation status of Shc1. Multiple points need further investigations.
First, while the adaptive immune system develops memory through antigen-specific
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immune responses, innate immunity has been proposed to develop heightened reactivity
to stimuli in a non-specific short-lived manner (Boraschi and lItaliani, 2018; Netea et al.,
2011; Sun et al., 2014), using, for instance, epigenetic mechanisms (Kamada et al., 2018).
Thus, we do not know whether the vaccination trained cells require adaptive and/or innate
immunity to generate enhanced immune responses in Shc313F cells. It is also unclear if
the enhanced APP machinery and IFN inducible gene expression in Shc313F cells were
responsible for enhanced responsiveness to tumor vaccination. To test this, the tumor
vaccination study can be repeated using STAT1 null versus wild-type Shc313F cells.
Second, it may be interesting to address whether the differential response to tumor
vaccination depended on the quality or quantity of tumor specific neo-antigens. To answer
this, we can perform whole exome sequencing on the Shc1 wild-type and mutant cell lines
to identify tumor cell specific mutations and use MHC binding prediction software specific
for mouse to identify MHC binding neoantigens as previously done (Laumont et al., 2018;
Matsushita et al., 2012), or perform immunopeptidomic (MHC class | associated peptides)
mass spectrometry analysis to identify the quality of neoantigens expressed on the cell
surface (Schuster et al., 2018).

Another challenge in neoantigen vaccine development is the selection of adjuvants
for optimal stimulation of the host immune system delivered with the neoantigen vaccine
(Hu et al., 2018). What type of soluble immunostimulatory factors are secreted with loss
of phospho-Y239/240-Shc1 signaling? Could combination with these factors activate or
prime the naive antigen specific T cells and the professional APCs? It may be informative
to characterize the secretomes of ShcWT, Shc2F and Shc313F breast cancer cells to
understand the distinguishing cytokine or chemokine profiles between them (Patel et al.,
2014; Shin et al., 2019).

Identifying signaling pathway dependency, redundancy, homeostasis (e.g.
unfolded protein response, protein degradation) and signaling heterogeneity in tumors
will guide cancer treatment strategies (Yaffe and VanHook, 2017). There exists a window
of opportunity in combinatorial targeting of tumor signaling cascades through the use of
small molecule inhibitors and boosting anti-tumor immune responses. We first need to
answer which TK inhibitors can selectively elicit anti-tumor immune responses while
suppressing oncogenic pathways within malignant cells. This can be addressed by
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barcoding mass cytometry by time-of-flight (CyTOF) of both tumors and various immune
cells (local and systemic level) with or without treatment (mono or combination) to study
how the phosphoproteome of both populations are altered. Here, the phosphorylation
status of Shc1 at Y239/240, Y313 and STAT3 phospho-Y705 and phospho-S727,
phospho-Y701-STAT1 can serve as readouts.

6.5 STAT3 and immunosuppression

Multiple scenarios exist for S727 phosphorylation in the regulation of STAT3 driven
immunosuppressive signals. First, it may ensure overall maximal transcription of STAT3
target (Wen et al., 1995) or allow STAT3 homodimers to effectively bind the DNA (Zhang
et al., 1995). Mutating the S727 leads to reduced level of promoter activity and reduced
number of transcripts (e.g. SOCS3) (Wakahara et al., 2012). These data suggest that
S727 phosphorylation may affect quantitative aspects of STAT3 transcription. Second, it
may alter the transcription of certain target genes, adding selectivity and specificity to
STAT3 transcriptional responses. This could be postulated from the fact that the
assessment of total STAT3 or phospho-S727-STAT3 bound to SOCS3, CDCA1, CD14
promoters over 24 hours of IL-6 stimulation do not show the same pattern (Yang et al.,
2010). Yang et al. also reported that the loss of S727-STAT3 phosphorylation alone
significantly reduces K140 dimethylation of DNA bound STAT3 upon IL-6 treatment, and
that the dimethylation event can positively or negatively regulate transcription of different
STAT3 target genes (Yang et al., 2010). Thus, it will be of interest to determine how S727-
STAT3 phosphorylation regulates immunosuppression through differential gene
transcription.

We defined the impact of differential phosphorylation of STAT3 on the global
transcriptome of tumors in vivo by RNA-seq. The results cannot distinguish the
contribution of stromal and immune compartment from that of the tumor where there is
overlap, and the direct and indirect STAT3 driven gene regulation cannot be distinguished.
To address these issues, chromatin-immunoprecipitation RNA-seq (ChlP-seq) can be
performed on the tumor cells in culture and in vivo to exhaustively answer which part of
the genome it bound due to differential phosphorylation. Furthermore, some of the
interesting targets known to be directly regulated by STAT3 can be analyzed by ChIP
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assays, the condition for which have been optimized. It was previously reported that in
hepatocytes, 41%-89% of the orthologous promoters bound by well conserved
transcription factors in human were not bound by the same protein in the mouse within
5kb of the transcription start site (Odom et al., 2007). In addition, when both orthologous
genes were bound by the same transcription factors, two-thirds of the binding sites do not
align (Odom et al., 2007). This emphasizes that genes whose promoters have been
discovered to bind differentially phosphorylated STAT3 in mouse may be significantly
lacking in predictability for how STAT3 would bind genes in human cells. This suggests
that ChiP-seq analysis should be done in human and mouse breast cancer models in
parallel to easily identify the most critical and relevant transcriptionally regulated STAT3
target genes.

Our in vivo studies demonstrated the importance of both phospho-Y705-STAT3
and phospho-S727-STAT3 signaling in suppressing IFNy driven anti-tumor immunity. In
ShcWT cells, reduced Y705 phosphorylation by JAK2/3 inhibition did not alter S727
phosphorylation, similar to what was seen in one study (Huang et al., 2014). This
suggests that tyrosine and serine phosphorylation of STAT3 are regulated separately,
and that tyrosine phosphorylation is not a necessary step for serine phosphorylation.
Interestingly, a study in melanocytes has shown that STAT3 is phosphorylated on S727
in the absence of Y705 phosphorylation and that in primary lesions of acral lentiginous
melanoma S727 phosphorylation precedes Y705 phosphorylation in the early stages of
melanoma progression (Sakaguchi et al, 2012). Selective upregulation of
phosphorylation at S727 was seen in tumor initiating cells to enable their survival in
suspension (Liu et al., 2016). In hepatocarcinoma, increased S727 phosphorylation is
observed in adenoma and late stages of HCC compared to normal tissues, while Y705
phosphorylation is detected mainly in HCC (Miyakoshi et al., 2014). Based on these
reports and our observation, it will be important to investigate how differential
phosphorylation status of STAT3 tyrosine and serine modulates STAT3 transcription
targets and how this confers STAT3 the ability to inhibit the IFNy anti-tumor immune
responses. Performing ChlP-Seq on these cells will indicate how the phosphorylation of
tyrosine or serine differentially regulate STAT3 transcription targets in the presence or
absence of IFNy. It was previously reported that unphosphorylated STAT3 can bind
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regulatory regions of STAT3 target genes (Timofeeva et al., 2013) and that tyrosine
phosphorylation or dimerization is not required for STAT3 import into the nucleus(Liu et
al., 2005) as extensively discussed in Section 1.6.1.3. This is contradicted by another
report showing that phosphorylation of tyrosine is required for nuclear import (Huang et
al., 2014). Future experiments will be important to tease out what holds true in our model

system and how they are implicated in blocking IFNy driven anti-tumor immune responses.
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