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ABSTRACT

STUIDES OF IMPROVING THERAPEUTIC OUTCOMES OF BREAST CANCER
THROUGH DEVELOPMENT OF PERSONALIZED TREATMENTS AND CHARACTERI-
ZATION OF GENE INTERACTIONS

By
Jing-Ru Jhan

With an understanding of the heterogeneity of breast cancer, patients with luminal or
HER?2 breast cancer have more specific treatment options other than traditional chemotherapy,
the standard therapy for triple-negative breast cancer (TNBC) patients. However, the response to
current treatments as well as the prognosis have been clinical challenges. In fact, breast cancer
consists of more than subtypes routinely used based on gene expression. In addition, gene ex-
pression is highly correlated with response to treatment and prognosis. This suggests that the de-
velopment of personalized treatment with targeted therapy could improve the outcomes, espe-
cially for the TNBC subtype. To address this need, | used two approaches, the development of
pathway-guided individualized treatment and an understanding of the interactions of potential
genes for targeted therapy. Considering the complexity of gene and pathway interactions, the
probability of pathway activation was predicted using pathway signatures generated by compar-
ing gene expression differences between cells overexpressing interested genes and those express-
ing GFP. This approach was validated in two subtypes of mouse mammary tumors from MMTV-
Myc mice, and then further validated in human TNBC patient-derived xenografts (PDXs). The
inhibition of tumor growth in mouse mammary tumors and the regression of tumors in PDXs
were observed. These proof-of-principle experiments demonstrated the flexibility of pathway-
guided personalized treatment. Because this approach needs the combination of different targeted

therapies, it is necessary to understand the characteristics of these targeted genes and therapies,



such as gene-gene interactions. To meet this demand, | studied the effects of Stat3 in Myc-driven
tumors. Here, MMTV-Myc mice with conditional knockout Stat3 mice was generated. | noted
that the deletion of Stat3 in MMTV-Myc mice accelerated the tumorigenesis as well as delayed
the tumor growth with an alteration in the frequency of histological subtypes. These tumors also
had deficient angiogenesis. Unexpectedly, mice with this genotype had lactation deficiencies and
the lethality of pups was found.

This model shared some of the same effects of loss of Stat3 in other oncogene-induced
tumors and also had distinct effects compared with other models. This suggests that the onco-
gene drivers determine the roles of Stat3, an oncogene or tumor suppressor, and emphasizes
again the importance of understanding the pathways and interactions in the development of
treatment.

In sum, these studies demonstrate the potential of guiding individualized treatments in
preclinical platforms using bioinformatics analyses. Combined with other genomic profiles, this
approach could offer more complete assessments before being translated to practice. In addition,

this could be further applied in adaptive clinical trials through matching with mouse models.
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CHAPTER 1

GENERAL INTRODUCTION



1-1. Mammary gland development, mammary stem cells, and tumors

Mammary gland development consists of a series of stages. In mouse embryos, the de-
velopment of the mammary gland starts from embryonic day (E) 10.5 to E18.5 (Veltmaat,
Mailleux et al. 2003, Cowin and Wysolmerski 2010). Mammary placodes are formed first, fol-
lowed by the transformation of placodes into buds at E12.5, surrounded by the mammary mesen-
chyme. At E15.5, the mammary sprouts are formed by the elongation of the buds, followed by
the branch growth toward the fat pad. These ducts are composed of the outer layer cells (myoepi-
thelial cells) and the inner layer cells (luminal cells). The second stage of the mammary gland
development occurs during puberty, including formation of terminal end buds (TEB), bifurcation
of TEBs, and side branching (Wiseman and Werb 2002). The TEBs consist of the outer cells
(cap cells) and the inner cells (body cells). The cap cells, also called stem cells, divide into cap
cells and progenitors (discussed later), and the body cells are differentiated into luminal cells as
well as undergo apoptosis to generate the lumen. The TEBs guide the mammary ducts to grow
and invade the fat pad and then disappear. The third stage of the development starts during preg-
nancy, including the increase of side branching and formation of alveolar buds and alveoli, pro-
ducing and secreting milk during lactation (Macias and Hinck 2012). Upon weaning, these al-
veolar cells are removed during involution (Watson 2006). Involution consists of two phases,
including the process of apoptosis and remodeling (Stein, Salomonis et al. 2007). The first 48
hours of involution is apoptosis-only and reversible; in contrast, the second phase, including
apoptosis and tissue remodeling, occurs between 72-144 hours after weaning and is irreversible.
The apoptosis signaling has been found to be initiated at the end stage of lactation, and is medi-
ated by Stat3. Stat3 increases the uptake of mammary fat globules, which are secreted during lac-

tation. These fat globules are then phagocytosed into the lysosomes, followed by the leakage of



proteases and apoptosis (Sargeant, Lloyd-Lewis et al. 2014). On the other hand, adipocytes
around the alveolar cells are differentiated into fat cells to replace their spaces.

The dramatic changes of the structure of the mammary gland occurring at different stages
of mammary gland development are due to the signals stimulating mammary stem cells and dif-
ferentiated mammary epithelial cells. Mammary stem cells divide symmetrically to self-renew
stem cells and divide asymmetrically to generate stem cells and bipotent progenitors. These bipo-
tent progenitors generate luminal progenitors and myoepithelial progenitors. The luminal pro-
genitors are differentiated into ductal or alveolar cells, and the myoepithelial progenitors are dif-
ferentiated into myoepithelial cells (Visvader and Lindeman 2006). Recent lineage-tracing stud-
ies showed that mammary stem cells consist of different lineages of stem cells (Van Keymeulen,
Rocha et al. 2011, Davis, Lloyd-Lewis et al. 2016). The competition between lineages of stem
cells has been observed in duct branching and formation of alveoli (Davis, Lloyd-Lewis et al.
2016). In addition, other cells, such as fibroblasts and vascular cells, are also important in mam-
mary gland development (Inman, Robertson et al. 2015).

Similar with the transformation of normal cells found in the early stage of tumorigenesis,
these stem cells are associated with the emerge of cancer stem cells in breast cancer. For instance,
mammary stem cells, and cancer stem cells (also called tumor-initiating cells) have higher re-
sistance to DNA damage compared to other mammary epithelial cells(Chang, Zhang et al. 2015).
Based on the molecular signatures, mammary stem cells and progenitors have their correspond-
ing subtypes of breast cancer (Lim, Vaillant et al. 2009, Prat and Perou 2009). However, more
studies are needed to understand how these mammary stem cells and progenitors transform into

different subtypes of tumor cells (Prat and Perou 2011).



1-2. Overview of breast cancer

To date, breast cancer is still the top cancer in women in the United States. The probabil-
ity of women being diagnosed with breast cancer during their lifetime is 1 in 8. It is estimated
that, as of 2016, 29% of newly diagnosed cancer patients have breast cancer in 2016. In addition,
the death rate of breast cancer accounts for 14% of women with cancer. Among races, non-
Hispanic white and non-Hispanic black women have higher breast cancer incidence and mortali-
ty (Siegel, Miller et al. 2016). Several known risk factors of breast cancer include gender, age,
race, family history, dense breast tissue, benign breast conditions, and gene mutations. Among
the mutated genes, BRCA1 and BRCA2 mutations are frequently noted in inherited breast cancer
(Wooster, Neuhausen et al. 1994). The stage of breast cancer and the subtypes are important fac-
tors in the determination of the appropriate treatment and evaluation of outcomes. Based on the
American Joint Committee on Cancer staging criteria, breast cancer is categorized into stage 0
(carcinoma in situ) and stage I-1V using the TNM (primary tumor/ regional lymph node/ distal
metastasis) system. The histological and molecular subtypes of breast cancer reveal that breast

cancer is a heterogeneous cancer.

1-2-1. Histological subtypes of breast cancer

Based on the original site, breast cancer can be separated into two groups: in situ carci-
noma and invasive carcinoma (Malhotra, Zhao et al. 2010). In situ carcinoma includes lobular
and ductal carcinoma. Lobular carcinoma in situ (LCIS) represents abnormal cells found in the
lobules, the milk-producing glands. Ductal carcinoma in situ (DCIS) involves abnormal cells in
the ducts connecting the lobules to the nipples. Comedo DCIS, characterized by comedo necrosis

inside the tumor, is a relative aggressive subtype of DCIS. Cribriform DCIS has evenly disturbed



cells among ducts. Both papillary and micropapillary DCIS have finger-like structures; however,
fibrovascular patterns are only present in papillary DCIS (Pal, Lau et al. 2010). Solid DCIS has
cancer cells that fill the ducts completely. Invasive carcinoma, also called infiltrating carcinoma,
is characterized by cancer cells spreading from the original location to the surrounding breast
tissue. Invasive ductal carcinoma (IDC) and invasive lobular carcinoma are the first and second
common subtypes of invasive breast cancer. IDC is further categorized into well-differentiated,
moderately differentiated, and poorly differentiated types. Some IDCs with lobular features are
called invasive ductal lobular carcinoma (Arps, Healy et al. 2013). The rare subgroups of IDCs
include tubular, medullary, mucinous (colloid), and papillary. Mucinous IDCs are clusters of
cancer cells surrounded by mucin. Medullary IDCs are frequently found in patients with BRCA1
or TP53 mutations (Dossus and Benusiglio 2015). Mutations of CDH1-encoding E-Cadherin and
FOXAL, the loss of PTEN, and the activation of AKT are commonly noted in invasive lobular

carcinoma (Ciriello, Gatza et al. 2015, Dossus and Benusiglio 2015).

1-2-2. Molecular subtypes of breast cancer

Using gene expression profiling, breast cancer has been categorized into four major sub-
types (Perou, Sorlie et al. 2000, Sorlie, Perou et al. 2001, Sorlie, Tibshirani et al. 2003). Luminal
subtypes express estrogen receptors (ER) and/ or progesterone receptors (PR), and have enriched
expression of luminal markers (keratin 18 and keratin 19). Luminal A tumors usually have a his-
tologically low grade, and luminal B tumors have a high histological grade. HER2-positive sub-
type has the amplification and overexpression of HER2 as well as a high frequency of gene am-
plification. Some of luminal B tumors also have HER2-positive expression. Basal subtype, also

called triple-negative breast cancer (TNBC), is ER-negative, PR-negative, and HER2-negative.



This subtype has high genomic instability, and high expression of basal markers including kera-
tin 5, keratin 14, and keratin 17. In addition, BRCA1 and BRCA2 mutations were noted in
TNBC (Turner, Tutt et al. 2004). BRCA1-mutant tumors have the expression of cytokeratin (CK)
5 and/ or 6, CK14, and CK17, associated with the basal myoepithelial phenotype. Later, claudin-
low tumors were identified (Herschkowitz, Simin et al. 2007). The characteristics of this subtype
include low expression of claudins, E-cadherin, and luminal genes, and high expression of signa-
ture genes of tumor-initiated cells (TICs). The signature genes of TICs are CD24, CD44, CD49f,
MUC1, and epithelial cell adhesion molecule (EpCAM). Claudin-low tumors have a poor prog-
nosis (Prat, Parker et al. 2010).

The molecular subtypes of breast cancer can be further stratified into more than five clas-
ses based on gene expression pathway signature prediction (West, Blanchette et al. 2001, Bild,
Yao et al. 2006). Gatza and colleagues found that breast cancer consists of seventeen subgroups
(Gatza, Lucas et al. 2010). Basal, HER2, luminal A, and luminal B subtypes contain three, two,
two, and five groups, respectively. There are also four subgroups that represent luminal A/B, and
one subgroup with mixed subtypes. In addition, these subgroups showed different DNA copy
number changes. Indeed, breast tumors were clustered into 10 groups according to the copy
number variation (Curtis, Shah et al. 2012). The deletion of TTK, which is involved in mitosis,
in the group that consisted of most basal subtype tumors could be important for the high genomic
instability of basal subtype. Further analysis of gene expression profiling showed six classes of
TNBC (Lehmann, Bauer et al. 2011).

The heterogeneity of breast cancer has been further studied using multi platforms, includ-
ing MRNA, miRNA, DNA methylation, copy number variation, and protein expression (Cancer

Genome Atlas 2012). Basal and HER2 subtypes are enriched for TP53 mutation. Luminal A, lu-



minal B, and HER2 subtypes have 32-49% PIK3CA mutations. Luminal B, HER2, and basal
subtypes have high genomic instability. Basal subtype has 40% Myc focal (a small portion of the
chromosome arm) gain, and HER2 subtype has 71% focal ERBB2 amplification. In contrast to
the extensive genomic instability in basal and HER2 subtypes, luminal B is enriched for focal
amplification. In DNA methylation, luminal B subtype has more hypermethylation. However,
basal subtype has more hypomethylation sites. In protein expression, luminal A and luminal B
subtypes have high MYB expression, and FOXM1 and MYC, respectively. HER2 subtype has
high expression of HER2 and EGFR. Basal subtype is enriched for the expression of DNA repair

proteins.



1-3. Gene expression in diagnosis, prognosis, and treatment

In addition to stratifying breast cancer into more than five subtypes, gene expression has
been widely used in diagnosis and the prediction of recurrence and drug responses. According to
the new American Society of Clinical Oncology clinical guidelines, several assays are included

in the determination of adjuvant therapy for breast cancer patients (Harris, Ismaila et al. 2016).

1-3-1. Gene expression-based assay in prognosis

The breast cancer index predicts the recurrence rate based on the expression of
HOXB13:IL17BR (Breast cancer gene expression ratio) and the molecular grade index (MGI).
MGl includes BUB1B, CENPA, NEK2, RACGAP1, and RRM2. Patients receiving adjuvant en-
docrine therapy with high HOXB13:IL17BR and MGI haven shown poor survival rates (Ma,
Salunga et al. 2008). Oncotype DX is an assay with sixteen cancer genes and five reference
genes, such as AURKA, BAGL, BCL2, BIRC5, CCNB1, ERBB2, ESR1, and MMP11 (Cronin,
Sangli et al. 2007). The recurrence score generated using Oncotype DX reflects the risks of dis-
tant recurrence in hormone receptor-positive patients receiving endocrine therapy (Dowsett,
Cuzick et al. 2010). Patients with an intermediate risk of recurrence can be further split into those
with a high or low risk by using BreastPRS (a 200-gene signature) (D'Alfonso, van Laar et al.
2013). MammaPrint is a 70-gene platform that determinates the risks of distant metastases in ear-
ly-stage breast cancer, and the response to adjuvant chemotherapy (Knauer, Mook et al. 2010).
Compared with Oncotype DX, a larger population of patients, such as ER-negative ones, are eli-
gible for the MammaPrint test (Ross, Hatzis et al. 2008). PAMS50 (Prediction Analysis of Micro-
array 50; now called Prosigna breast cancer prognostic gene signature assay) contains 50-gene

signatures to stratify patients into four intrinsic subtypes, which are not fully consistent with the



immunochemical staining-oriented subtypes (Parker, Mullins et al. 2009). The genomic grade
index (GGI) includes 97 genes important in histologic grade (Sotiriou, Wirapati et al. 2006), and
the value of GGl is correlated with the therapeutic response to chemotherapy (Liedtke, Hatzis et
al. 2009). The EndoPredict test contains 8 signature genes selected from tamoxifen-treated tu-
mors (Filipits, Rudas et al. 2011), and can be applied in the assessment of early and late recur-
rence (Dubsky, Brase et al. 2013). BluePrint defines the subtypes of breast cancer based on the
80-gene signatures, and predicts sensitivity to chemotherapy (Krijgsman, Roepman et al. 2012,

Gluck, de Snoo et al. 2013).

1-3-2. Immunoassay in diagnosis and prognosis

IHC4 is a common tool routinely used for classification of breast cancer based on ER,
PR, HER2, and ki67. High expression of urokinase plasminogen activator (uPA) and plasmino-
gen activator inhibitor (PAI-1) is correlated with poor relapse-free survival and overall survival
regardless of lymph node status (Look, van Putten et al. 2002). Mammostrat is an assay for de-
tecting the expression of the biomarkers CEACAMS5, HTF9C, NDRG1, p53, and SLC7A5. Bart-
lett and colleagues found that this could be used to evaluate the recurrence risk in ER-positive

patients with tamoxifen treatment (Bartlett, Thomas et al. 2010).

1-3-3. Response to treatment

The combination of gene expression and immunochemistry has predicted the response to
chemotherapy (Hatzis, Pusztai et al. 2011). The signature genes of resistance and sensitivity to
chemotherapy have been selected in ER-positive and ER-negative patients, respectively. In addi-

tion to gene expression, another group also analyzed DNA methylation and microRNA in order



to identify seventeen genes for predicting prognosis in TNBC with neoadjuvant therapy (He, Gu
et al. 2016). An analysis of patients involved in the 1-SPY1 trial (Investigation of Series Studies
to Predict Your Therapeutic Response with Imaging and Molecular Analysis) showed that pa-
tients with activated wound-healing signatures, the p53 mutation signature, amplification at 17q,
or a high ki67 index had a better pathological complete response after neoadjuvant chemotherapy
(Esserman, Berry et al. 2012). In addition, kinesin family member 14 (KI1F14) and talin (TLN1)
were identified to be correlated with the sensitivity to docetaxel treatment through RNA interfer-
ence screening in MDA-MB-231 cells (Singel, Cornelius et al. 2013). To understand the re-
sistance to tamoxifen, Hsu and colleagues used next-generation sequencing to map regions of
distant estrogen response elements (DERE) frequently amplified in luminal breast cancer, and
found that the amplification of these regions could be due to the increase of DNA damage re-

sponse (Hsu, Hsu et al. 2013).
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1-4. Treatment of breast cancer

Treatment for breast cancer include radiation, hormone therapy, chemotherapy, targeted
therapy, and a combination of treatments. Treatments that are given before surgery are neoadju-
vant therapy, and treatments started after surgery are adjuvant therapy. Many factors other than
the presence of hormone and HER2 receptors are involved in the decisions regarding appropriate

treatments (examples described later).

1-4-1. Hormone therapy

Hormone therapy has been used in the prevention of breast cancer, and neoadjuvant and
adjuvant treatment in PR-positive patients. In addition, it is a therapeutic option for patients with
chemotherapy-induced amenorrhea or menopause (Bines, Oleske et al. 1996, Lee, Schover et al.
2006). Hormone therapy consists of drugs that block estrogen functions and target the production
of estrogen. The major drugs used in blocking estrogen functions are selective estrogen receptor
modulators (SERMs). Tamoxifen has been used for over 20 years in breast cancer patients.
Toremifene has been approved for metastatic breast cancer patients. Other SERMs include ralox-
ifene and toremifene. Fulvestrant blocks the actions of estrogen as well as mediates the degrada-
tion of the estrogen receptors (Long and Nephew 2006). Megestrol acetate is a synthetic deriva-
tive of progesterone that interferes with the functions of estrogen. The production of estrogen is
prevented by using aromatase inhibitors and gonadotropin-releasing hormone agonists. Aroma-
tase inhibitors, such as letrozole, exemestane, and anastrozole, prevent the production of estro-
gen. gonadotropin-releasing hormone agonists (ex: Goserlin) suppress the release of pituitary

hormones and decrease the production of estrogen in the ovaries.
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1-4-2. Chemotherapy

Chemotherapy is still the gold standard for TNBC treatment. Based on the mechanisms of
drugs, there are at least five classes, including alkylating agents, antimetabolites, mitotic inhibi-
tors, antifolate drugs, and anthracyclines. Alkylating agents directly attack DNA by attaching to
DNA through their alkyl groups. Platinums, such as cisplatin, lead to the crosslinking of DNA
through similar reactions without alkyl groups. Antimetabolites consist of analogs of purine, py-
rimidine, and nucleoside. Examples include fludarabine and cytarabine which inhibit DNA syn-
thesis, and 5-Fluorouracil which inhibits thymidylate synthase. Taxanes and vinca alkaloids are
well-known mitotic inhibitors, which disrupt microtubules. Ixabepilone, which stabilizes micro-
tubule, improved the response of anthracycline- and taxane-resistant patients when combined
with capecitabine (Thomas, Gomez et al. 2007). Antifolate drugs inhibit the synthesis of DNA
by interfering with the functions of folic acid. Anthracyclines are also called anthracycline anti-
biotics because of their origins. The mechanisms of anthracyclines include the inhibition of DNA
synthesis or topoisomerase I, and the promotion of histone eviction from chromatin (Pang, Qiao

et al. 2013).

1-4-3. Targeted therapy

The majority of the population of patients receiving targeted therapy is HER2-positive
patients. HER2-targeted therapy includes anti-HERZ2 antibodies and small molecule inhibitors.
Both trastuzumab and pertuzumab are monoclonal antibodies. Trastuzumab interferes with the
ligand-independent HER2/HER3/PI3K complexes, and pertuzumab blocks the ligand-induced
HER2/HER3 dimerization (Junttila, Akita et al. 2009). Ado-trastuzumab emtansine (T-DM1) is a

monoclonal antibody that is linked with a chemotherapy drug. Lapatinib is a small molecule ty-
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rosine inhibitor that targets HER2 and EGFR. The combination of trastuzumab, pertuzumab, and
docetaxel has been approved in HER2-positive metastatic patients by the U.S. Food and Drug
Administration (FDA) (Baselga, Cortes et al. 2012). Recently, advanced hormone receptor-
positive and HER2-negative patients have also given options for targeted therapy, such as the
combination of hormone therapy and targeted therapy. In 2012, the FDA approved everolimus
(mTOR inhibitor) plus exemestane (aromatase inhibitor) for postmenopausal patients who re-
ceived hormone therapy previously (ClinicalTrials.gov number, NCT00863655). In early 2015,
palbociclib (CDK4 and CDKG6 inhibitor) plus letrozole (aromatase inhibitor) was approved by
the FDA for use in postmenopausal patients without prior hormone therapy (Finn, Crown et al.
2015). In early 2016, the FDA approved that palbociclib plus fulvestrant for patients treated with

hormone therapy (Verma, Bartlett et al. 2016).

1-4-4. Miscellaneous treatments

Many target therapies and the combination of targeted therapy and other treatments are
recruiting patients or undergoing in clinical trials. For instance, glembatumumab is an antibody-
drug conjugate, containing anti-glycoprotein NMB antibody and monomethyl auristatin E (anti-
mitotic drug) (Yardley, Weaver et al. 2015). With the emergence of cancer immunotherapy, sev-
eral clinical trials have been conducted or proposed for breast cancer. NeuVax (Nelipepimut-S)
is a peptide vaccine for testing the prevention of the recurrence of breast cancer in patients with
HER2 expression (ClinicalTrials.gov number, NCT101479244). Another clinical trial is to assess
the benefits of NeuVax in combination with trastuzumab (ClinicalTrials.gov number,

NCT02297698). Pembrolizumab (MK-3475) is a PD-1 antibody that binds to the PD-1 on the
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surface of T cells to restrain the checkpoint of immune response (ClinicalTrials.gov number,

NCT02555657).
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1-5. Mouse models for breast cancer research

Mouse models offer opportunities to study breast cancer in each stage of tumor develop-
ment from various aspects. During the tumor formation, normal cells become transformed cells,
requiring the mutation/deletion/overexpression/amplification of genes. These transformed cells
need to escape from the immune system to establish their niches (Dunn, Bruce et al. 2002). An-
giogenesis is required for tumor growth and metastasis (Folkman 1974, Folkman 2002). In addi-
tion, the efficiency of drugs could be increased by targeting the receptors of vessels (Arap,
Pasqualini et al. 1998). Though most of models only represent partial of breast cancer, each

model has its unique advantage in studies (Vargo-Gogola and Rosen 2007).

1-5-1. Cell line-derived xenografts

Cancer cell lines have been used for several decades; however, the maintenance of the
original characteristics of cell lines is still controversial (Wistuba, Behrens et al. 1998, Lacroix
and Leclercq 2004, Kao, Salari et al. 2009). The injecting location of cell lines has been found to
be related to the changes of cell behavior. Not surprisingly, tumors grown from cell lines injected
orthotopically have better vascularization than others (Fleming, Miller et al. 2010). Even though
most of cancer cell lines are treated as homogeneous cell lines, some studies have shown the ex-
istence of tumor-initiating cells in these cell lines. These cells are characterized as CD44+/CD24-
[epithelial-specific antigen+ ones. Compared with cancer cells, these tumor-initiating cells can
form tumors from less than a thousand cells (Fillmore and Kuperwasser 2008). However, addi-

tional enrichment will be needed for maintaining these cells.
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1-5-2. Transgenic mice

With the alteration of gene expression manually, mammary tumors are spontaneously
formed in genetically engineered mice. Without the immune barrier between mice and humans,
this model is ideal for studying stromal effects and the microenvironment. In addition, the roles
of genes in normal mammary gland development and the effects of pregnancy on tumors can be
studied. There are four major tissue-specific promoters used in this model, including mouse
mammary tumor virus (MMTYV), whey acidic protein (WAP), beta-lactoglobulin (BLG), and
C3(1). Due to the extensive expression of MMTYV promoter (Henrard and Ross 1988), MMTV-
LTR promoter is used for selective expression in mammary cells. MMTYV promoter was activat-
ed by steroid hormones (Grimm and Nordeen 1998). The expression of WAP promoter is en-
hanced by lactogenic hormones (Andres, Schonenberger et al. 1987). BLG expression is in-
creased during lactation (Simons, McClenaghan et al. 1987). C3(1) promoter represents the 5’
flanking region of the rat prostate steroid binding protein, which is expressed in mammary and
prostate epithelial cells (Maroulakou, Anver et al. 1994). Moreover, the gene expression of
transgenic mice could be also regulated through Tet (Tetracycline)-On/Tet-Off and Cre/LoxP
systems (Gunther, Belka et al. 2002, Blakely, Sintasath et al. 2005). Notably, the heterogeneity
of tumors in some transgenic mice has been found in gene clustering (Vargo-Gogola and Rosen
2007). Comparison of gene expression between transgenic mice and human breast cancer has
shown similarities (Herschkowitz, Simin et al. 2007, Hollern and Andrechek 2014). Additional-
ly, Usary and colleagues showed that transgenic mouse models predicted responses to chemo-

therapy (Usary, Zhao et al. 2013).
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1-5-3. Patient-derived xenografts (PDXs)

PDXs are important tools for translational research in breast cancer. This human-in-
mouse model recaptures many characteristics of human breast cancer, such as histology, bi-
omarkers, and gene expression (Marangoni, Vincent-Salomon et al. 2007, DeRose, Wang et al.
2011, Zhang, Claerhout et al. 2013). More importantly, they maintain the heterogeneity of breast
cancer (Cassidy, Caldas et al. 2015). Though some single nucleotide variations have been noted,
they did not alter the functions of genes (Li, Shen et al. 2013). The sources of tumors for estab-
lishing PDX lines are primary breast tumors, pleural effusion, ascites, and other metastasis tis-
sues. Remarkably, the successful rate of establishing ER+ PDX lines is still low compared with
PDXs with other subtypes (DeRose, Wang et al. 2011, Cottu, Marangoni et al. 2012, Li, Shen et
al. 2013, Zhang, Claerhout et al. 2013). Studies have shown that PDXs also preserve the same
response to therapy (Marangoni, Vincent-Salomon et al. 2007, Li, Shen et al. 2013). In addition,
Cottu and colleagues found various resistance patterns in luminal PDXs carrying acquired re-
sistance to hormone therapy (Cottu, Bieche et al. 2014). Signatures of rapamycin treatment also
predicted the therapeutic responses of mTOR inhibitors in TNBC PDXs (Zhang, Cohen et al.
2014). Mutant p53 sensitized TNBC PDXs to irinotecan (topoisomerase | inhibitor) plus a Chk1
inhibitor treatment (Ma, Cai et al. 2012). The combination of trastuzumab and abemaciclib (a
CDKA4/6 inhibitor) inhibited tumor growth in HER2+ PDXs which are known to be resistant to
trastuzumab (Goel, Wang et al. 2016). Taken together, PDXs are valuable sources for mimicking

the therapeutic responses of human breast cancer.
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1-6. Bioinformatic analysis of gene expression

As mentioned in Chapter 1-2, gene expression has been widely studied in order to ad-
vance our knowledge of breast cancer and improve patient outcomes. Several tools have devel-
oped for understanding the interested gene-related networks of interest. For instance, the Kyoto
Encyclopedia of Genes and Genomics (KEGG) has annotations for genes and pathways based on
literature regardless of organisms (Kanehisa and Goto 2000). Gene Set Enrichment Analysis
(GSEA) integrates gene expression datasets from studies to generate collections of enriched
genes under specific conditions (Subramanian, Tamayo et al. 2005) and has over 180 gene sets
for the oncogenic signatures. This tool ranks genes as well as estimates the false discovery rate.
Due to the sources of the data, these signatures are generated in various normal or cancer cells. A
potential concern is the organ specificity. For instance, the genes of kras signatures vary between
the lung, breast, prostate, and kidney. In this dissertation, | applied another approach: the genera-
tion of the signatures of pathway activation using gene expression data of human mammary epi-
thelial cells infected with adenovirus carrying genes or GFP (green fluorescent protein) (Huang,

Ishida et al. 2003, Bild, Yao et al. 2006). The signatures have been validated in other datasets.

1-6-1. Microarray and batch effects

Prior to the further analysis of gene expression, microarray data need to be normalized
and artificial variance needs to be removed. In Affymetrix microarray, each gene has matched
and mismatched probes. Mismatched probes can be used to assess the non-specific hybridization
in Mas 5 (Microarray Suite 5.0) normalization. In contrast to normalizing each chip separately,
RMA (Robust Multi-Array Analysis) normalizes several chips. In RMA normalization, back-

ground signals are removed form observed signals, and signals are log,-transofrmed. Using

18



guantile normalization, each chip has an equal distribution of signals. Probe sets are summarized
by median polishing. Notably, MAS5.0 and RMA normalizations are for the same batch of mi-
croarray data. When analyzing data from multiple batches, such as the comparison of several
published datasets, batch effects can be observed by principle component analysis (PCA) and
then removed using Bayesian Factor Regression Modeling (BFRM) (Carvalho, Chang et al.

2008).

1-6-2. Signature of pathway activation

For each training dataset, signatures are generated using BinReg. To identify genes with
high linear correlations after genes of interest are overexpressed, singular value decomposition
(SVD) and PCA are used (West, Blanchette et al. 2001). The gene expression data matrix in
SVD consists of gene coefficient vectors, mode amplitudes, and expression level vectors. The
metagene, an eigenvector in SVD, represents the lists of genes with distinct gene expression dif-
ferences between two groups. The number of metagenes is used in Bayesian probit regression
model to split samples into the “1 (high probability of pathway activation)” or “0 (low probabil-
ity of pathway activation)” group. To obtain robust prediction results of the pathway probability
in each training dataset, a leave-one-out cross validation, where one sample is left each time, is

applied (Huang, Ishida et al. 2003, Bild, Yao et al. 2006, Gatza, Lucas et al. 2010).
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1-7. Experimental Rationale

Breast cancer is a heterogeneous disease with both inter-tumor and intra-tumor heteroge-
neity. Gene expression is known to be a crucial factor in determining therapeutic options. In ad-
dition, alterations of genes have been shown to be correlated with the de novo or acquired re-
sistance to current treatments in subtypes of breast cancer. Among these subtypes, traditional
chemotherapy is still the primary option for TNBC patients, especially for those ones without
BRCA1/2 mutations, accounting for 80% of TNBC. Considering the population of patients and
the aggressive status of TNBC, there is an urgent need to improve the therapeutic outcomes of
TNBC. Based on this need, the first aim is to develop a new strategy to guide combinatorial
treatment for TNBC. In the strategy, | integrated bioinformatics methods and the advantages of
mouse models in personalized treatments. Instead of selecting targets based on their own altera-
tions, | focused on the signatures of pathways, including genes affected by target genes. To over-
come inter- and intra-tumor heterogeneity, | used a transgenic mouse model with heterogeneous
tumors. The complete immune system and the similarity of this model to human breast cancer
are its strengths. This approach was further tested in patient-derived xenografts reflecting the
characteristics of human breast cancer to demonstrate its flexibility.

On the other hand, studies of resistance to target therapies, such as HER2-targeted thera-
py, outline that the crosstalk of pathways and interactions of genes are underestimated. In light of
current knowledge on many target therapies still at the early developmental stage, here | studied
the interactions of Myc and Stat3 in a Myc transgenic mouse model with conditional knockout
Stat3 from mammary development to metastases. The findings from this study could lead to a
better understanding of the interaction of Myc and Stat3, and have the potential to be applied in

the assessment of the administration of target therapies in various conditions.
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Taken together, in this thesis, | have worked on advancing the understanding of breast
cancer treatment using mouse models from two aspects: the development of personalized therapy
and the crosstalk/interaction of potential genes for target therapies. The strategy of developing
individualized treatment offers a novel approach to performing a preclinical trial and understand-
ing the potential pitfalls before the clinical trials are started. The details of these studies are

shown in Chapters 3 and 4.
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CHAPTER 2

MATERIALS AND METHODS
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2-1. Animal experiments

All mice were bred and maintained according to guidelines and protocols approved by the Insti-

tutional Animal Care and Use Committee in Michigan State University.

2-1-1. Strains

FVB/NJ mice were purchased from Jackson Laboratories (Bar Harbor, ME). Stat3"" MMTV-
Cre MMTV-Myc and Stat3™" MMTV-Cre mice were generated from interbreeding MMTV-
Myc (Andrechek, Cardiff et al. 2009), MMTV-Cre, and Stat3™" mice generated in the Levy la-
boratory at New York University (Raz, Lee et al. 1999, Humphreys, Bierie et al. 2002).
Stat3™"" mice and MMTV-Cre mice were a generous gift from Dr. William J Muller at McGill
University. SCID/Beige mice were purchased from Charles River Laboratories (Wilmington,

MA).

2-1-2. DNA extraction and PCR

The tail of the mouse was lysed in lysis buffer (10% Tris-HCI, 5mM EDTA, 0.2% SDS, 0.2M
NaCl) with protease K in 55°C. DNA was extracted from the lysates using isopropanol and dis-
solved in distilled water or 1x TE buffer.

2-1-2-1. Myc PCR

The primers are as follows:

Forward: 5’-GTTGTGCTGGTGAGTGGAGA-3’

Reverse: 5>-TCCTGTACCTCGTCCGATTC-3’

The annealing temperature and time is 52°C and 1 minute, and the number of cycle is 30.
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2-1-2-2. Cre PCR

The primers are as follows:

Forward: 5’>-GTCGATGCAACGAGTGATGAG-3’
Reverse: 5’-AACCTGGTCGAAATCAGTGCG-3".

The annealing temperature and time is 52°C and 1 minute, and the number of cycle is 32.

2-1-2-3. Stat3 PCR

The sequences of the primers used in determining Stat3 excision are as follows:

Stat3"“™(1): 5>-GCTGCCAACAGCCACTGCCCCAG-3’

Stat3"“™ (2): 5 GAAGGCAGGTCTCTCTGGTGCTTC-3’

Stat3 knockout: 5’-CAGAACCAGGCGGCTCGTGGCG-3".

The annealing temperature and time is 65°C and 45 second, and the number of cycle is 32. Al-
ternatively, the PCR is started with the denature step, 94°C, 5 minutes, and enter the touchdown
cycle for 10 cycle. The denature step is 94 °C/ 5 minutes. The start annealing condition is 68°C/
45 seconds, and gradually decrease 0.5°C in each cycle. The extend step is 72°C/ 45 seconds.
After that, regular PCR steps are used. The annealing temperature and time is 66°C and 45 sec-

ond.

2-1-2-4. kras mutation PCR

PCR for detection of Kras mutation was performed as previously described (Andrechek, Cardiff

et al. 2009, Hollern, Yuwanita et al. 2013)
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2-1-3. Mammary and human breast tumors

Viably frozen papillary and EMT tumors were collected from MMTV-Myc mice (Andrechek,
Cardiff et al. 2009). Tumors from patient-derived xenografts BCM2147 and BCM3887 were ob-
tained from Dr. Michael Lewis’ laboratory (Zhang, Claerhout et al. 2013). The freezing medium
used were (1) Dulbecco’s Modified Essential Medium supplemented with 3.7g/L sodium bicar-
bonate, 3.5 g/L D-glucose, 10 or 20% fetal bovine serum (FBS), 2.0 mM L-glutamine, and 10%
dimethyl sulfoxide (DMSO), or (2) 90% FBS and 10% DMSO. All tumors were cryopreserved

by slow freezing in -80°C overnight.

2-1-4. Establishment of cell lines from tumors

Tumors were freshly harvested from mice, and minced in 0.25% trypsin-EDTA solution. The
isolated cells were incubated at 37°C with 5% carbon dioxide (Borowsky, Namba et al. 2005).
To establish a histological pure EMT cell lines, the cells were divided into subpopulations based
on the characteristics of cells, including colony, attachment ability and weight. These established
cell lines were injected back to the 4™ mammary gland of WT FVB/NJ mice to check the histol-
ogy. In addition, these cell lines were cryopreserved in the freezing medium as mentioned previ-

ously.

2-1-5. Clear fat pad

3-4 week-old female mice were anesthetized and restrained by taping the limbs. The surgical are
was sterilized using beta-iodine and normal saline (or PBS). The 4™ mammary gland was sepa-
rated from the skin from the nipple region to the Y-shaped blood vessel junction closed to the

lymph node. The connection between separated mammary gland and the remain part of mamma-
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ry gland as well as the blood vessel between the four and fifth mammary gland were cauterized

(DeRose, Wang et al. 2011, Zhang, Claerhout et al. 2013).

2-1-6. Tumor implantation and cell line injection

2-1-6-1. Preparation of tumors and cells

Fresh harvested tumors and thawed frozen tumors were kept on ice, in 1x PBS or DMEM medi-
um.

2-1-6-2. Recipients

EMT and papillary tumors were implanted into 6-8 week-old WT FVB/NJ female mice. EMT
cell lines were injected into the mammary fat pad of WT FVB/NJ female mice. Tumors from
human PDX lines were implanted into 3-4 week-old SCID/Beige female mice.

2-1-6-3. Implantation and injection

Mice were anesthetized. The protocol has been modified based on published methods (DeRose,

Wang et al. 2011, Zhang, Claerhout et al. 2013).

2-1-7. Body weight and tumor measurement

Body weight of pups and adult mice was measured daily. Tumors were monitored at least twice
per week, and were measured using a caliper. Once the diameter of the tumors reached 6 mm,
mice were randomized into vehicle and drug-treated groups. Tumor volume was calculated as the
shortest diameter? x the longest diameter/2. Percentage of tumor volume changes was calculated
as (difference of tumor volume at different time points and initial tumor volume)/ initial tumor
volume*100. When the tumor size reached 2500mm? or the end of the treatment, samples were

collected for further analysis.
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2-1-8. Drug treatments

VX680 (MKO0457), miltefosine, and SB505124 were purchased from Cayman (Ann Arbor, Ml,
USA). WP1066 was obtained from EMD Biosciences (San Diego, CA, USA). Afatinib and tra-
metinib were purchased from LC Laboratories (Woburn, MA, USA). All drugs except miltefo-
sine were dissolved in DMSO (J.T. Baker, Jackson, TN, USA), and miltefosine was dissolved in
PBS. Vehicles here used were poly-ethylene glycol (Sigma-Aldrich #202371, St. Louis, MO,
USA), 0.5% methylcellulose (Sigma-Aldrich #274429), 0.4% Tween 80 (Fisher Scientific
BP338500, Waltham, MA, USA), or PBS. VX680 (50 or 60 mg/kg, 6 days on, 1 day off),
miltefosine (50 mg/kg, 5 days on, 2 days off), and WP1066 (20 mg/kg, 5 days on, 2 days off)
were intraperitoneal injected into mice for 21 or 12 days. Afatinib (15 or 12.5 mg/kg daily), tra-
metinib (1 mg/kg daily) and SB505124 (10 mg/kg daily, or 4 days on, 3 days off) were given

through oral gavage for 21 or 28 days. The detail regimens are described in the figure legends.

2-1-9. Toxicity and health evaluation

In addition to records of body weight and health condition, the AST (aspartate aminotransferase),
ALT (alanine aminotransferase), and creatinine tests were used to evaluate the toxicity of drug
treatments. Intracardiac puncture was used to collect blood. The serum sample should be stored
at -20°C before being analyzed by Diagnostic Center for Population and Animal Health at Mich-

igan State University.

2-1-10. 5-Bromo-2'-Deoxyuridine (BrdU) staining
For BrdU staining, mice were intraperitoneally injected with BrdU (Acros Organics #

10104810; purchased from Acros organic, New Jersey, USA and dissolved in sterile PBS) 100
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mg/kg 2 hours before samples were collected. A piece of guts and tumors were collect and fixed
in 10% formaldehyde. BrdU staining was performed by Investigative Histopathology Laboratory

at Michigan State University.
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2-2. Gene expression, bioinformatics analysis, and statistical methods

2-2-1. RNA, and Microarray

Fresh frozen tumors were homogenized using a Fisher Scientific homogenizer (#14-261-01; Sil-
ver Spring, MD, USA), and RNA extraction was conducted using the Qiagen RNeasy Midi kit
(#75142; Valencia, CA, USA). Mouse 430A 2.0 microarrays were used (Affymetrix, Santa

Clara, CA, USA).

2-2-2. Datasets

Microarray data of mouse mammary tumors includes MMTV-Myc and MMTV-Neu tumors
(GSE15904), and papillary tumors after treatment (GSE81284). Microarray data of human breast
cancer datasets include GSE1456, GSE1561, GSE3494, GSE18864, GSE19615, GSE20194, and

GSE45255. The expression data of patient-derived xenograft samples is GSE46106.

2-2-3. Bioinformatics analysis

Significant analysis of microarrays (SAM) (Tusher, Tibshirani et al. 2001) was used to select
signature genes from Stat3 signature expression data (Dauer, Ferraro et al. 2005), and assess fold
changes of gene expression in papillary and EMT tumors (p value). Unsupervised clustering was
generated using Cluster 3.0 and Java Treeview. Probability of Stat3 pathway activity was gener-
ated as described (Andrechek, Cardiff et al. 2009, Gatza, Lucas et al. 2010). Distant metastasis
free survival rate was generated using KM plots website (http://kmplot.com). The probability of
Myc pathway activity was generated as described previously (Bild, Yao et al. 2006, Gatza, Lucas

et al. 2010). Patients were split into two groups based on the median of Myc pathway activi-
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ty probability. Patients with high Myc probability were split into two groups based on upper and

lower quartile expression of phospho-Stat3 (Y705) from the TCGA RPPA data.

2-2-4. Probability of activation of signaling pathways

To generate probabilities of pathway activation, datasets were first combined and batch
effects were removed using Bayesian Factor Regression Modeling (Carvalho, Chang et al. 2008).
Gene expression signature training data for each pathway was derived from comparisons be-
tween cells overexpressing an oncogene or control cells as previously reported (Gatza, Lucas et
al. 2010). Cell signaling signatures were used to calculate the probability of pathway activation,
and predictions were previously validated. Detailed information for probability of path-
way activation was completed as previously described (West, Blanchette et al. 2001, Bild, Yao et

al. 2006, Gatza, Lucas et al. 2010).

2-2-5. Statistical methods

Statistical analyses were performed by two-tailed unpaired Student’s t test using GaphPad Prism
(GraphPad Software, La Jolla, CA, USA) or Microsoft Excel. Aside from scatter plots showing
heterogeneity of samples, all data with error bars represent mean value and

SD. P<0.05 was considered as statistically significant.
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2-3. Protein extraction, immunoblotting, and immunoprecipitation

2-3-1. Protein extraction

Fresh frozen tumor samples were grinded with a mortar and pestle and liquid nitrogen, and lysed
in TNE lysis buffer (0.05 M Tris HCI pH 8.0, 0.15 M NaCl, 2 mM EDTA, 0.01 N NaF, and 1%

NP40) with proteinase inhibitor (1M Na;VO,, 58 uM PMSF, 10 ug/ml aprotinin, and

10 ug/ml leupeptin) (herein called TNE lysis buffer). Protein was quantified using Bradford pro-

tein assays (Biorad) and a Nanodrop spectrophotometer (Thermo Scientific, Waltham, MA).

2-3-2. Immunoblotting

Anti-c-Myc (ab32072) and anti-phospho-Smad3 (Serine 423/425; ab52903) were obtained

from Abcam (Cambridge, MA). Phospho-Akt (Serine 473; #4060), Akt (#4685), phospho-Erk1/2
(Threonine 202/ Tyrosine 204; #4370), Erk1/2 (#9102), Smad2/3 (#8685; 1:1000), phospho-
Stat3 (Tyrosine705; #9145), Stat3 (#9139), beta-Actin (#4967), and beta-Tubulin (#2128) anti-
bodies were purchased from Cell Signaling Technology (Boston, MA). For detections using ECL
reagents, secondary goat anti-mouse (BD554002; BD Transduction Laboratories; Lexington,
KY) and second goat anti-rabbit antibodies (Abcam ab6721) were used. For samples detect-

ed with Odessey imager (LI-COR Biosciences, Lincoln, NE), IRDye 800CW goat anti-rabbit 19G

(#925-32211) was used as the secondary antibody.
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2-4. Immunohistochemical staining

2-4-1. Immunohistochemical staining

Collected tumor samples were fixed in 4% formaldehyde. Paraffin-embedded sections were used
to perform immunohistochemical analyses. Phospho-Erk1/2 antibody (Threonine 202/Tyrosine
204; #4370) was purchased from Cell Signaling Technology (Boston, MA). Ki-67 anti-

body (Ab15580) was from Abcam (Cambridge, MA, USA). F4/80 antibody (Q61549) was

from Serotec (Oxford, United Kingdom). CD31antibody (DIA-310) was

from HistoBioTec (Miami beach, FL, USA). Secondary anti-rabbit antibody and the following
detection reagents (Vector ABC kit #PK6101 and DAB kit #5K-4100) were obtained from Vec-
tor Laboratories (Burlingame, CA). TUNEL staining kit, In Situ Cell Death Detection Kit, POD
(#11684817910) was obtained from Roche (Indianapolis, IN). BrdU antibody (BD 347580) was
from BD Biosciences (San Jose, CA, USA). Positive signals were quantified using ImageJ soft-
ware (National Institute of Health, Bethesda, MD, USA). When counting and evaluating sam-

ples, the experimenter was blinded to the identity.

2-4-2. Mammary gland whole mount staining
The 4th mammary gland was excised and spread on a glass slide. The fat of the mammary gland

was removed using acetone, and the gland was stained using Harris’s modified hematoxylin.
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CHAPTER 3

EFFECTIVE PERSONALIZED THERAPY FOR BREAST CANCER BASED
ON PREDICTIONS OF CELL SIGNALING PATHWAY ACTIVATION FROM
GENE EXPRESSION ANALYSIS

Current therapeutic outcomes for breast cancer underscore the complexity of treat-
ing a heterogeneous disease. Indeed, studies have shown that differences in gene expression
among patients with the same subtype of breast cancer are correlated with the response to treat-
ment. This strongly suggests that there is an urgent need to treat breast cancer with a personal-
ized approach. Here we employed cell signaling pathway signatures predict pathway activity in
subtypes of MMTV-Myc mammary tumors. We then split tumors into subsets and devel-
oped individualized combinatorial treatments for two subtypes with distinct pathway activation
patterns. Elevation of the EGFR, RAS, TGFp pathways is found in one subtype whereas these
pathways are not predicted to be active in the other subtype predicted with high Myc, Stat3,
and Akt pathway activity. In a proof of principle experiment, treatment of these subtypes with
targeted therapies inhibited tumor growth only in the subtype of tumor where the therapy was
designed to be active in. We then analyzed gene expression profiles of human breast cancer pa-
tients and patient-derived xenograft samples to predict pathway activity, and validated our ap-
proach of developing individualized treatments in mice with PDX tumors. Importantly,
our combinatorial therapy resulted in tumor regression, including in PDX samples from triple
negative breast cancer. Together our data is a proof-of-principle experiment that demonstrates
that cell signaling pathway signature-guided treatment for breast cancer is viable.

**This part has been accepted to publish in Oncogene in Nov 2016.
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3-1. Introduction

Breast cancer is the most common cancer in female patients and is responsible for ap-
proximately 23% of newly diagnosed cancers. Breast cancer has long been established as a can-
cer with subtypes with differences in ER and PR status, HER2 amplification status and histologi-
cal grade. Based on this alone, tumors may be stratified into a number of subtypes with triple-
negative breast cancer being the most aggressive subtype (Dent, Trudeau et al. 2007). Given the
inability to treat these patients with hormone therapy or targeted HER2 therapy, the unfortunate
reality is that only 22% of TNBC patients have a complete response to chemotherapy and a sig-
nificantly worse survival rate at three years following surgery relative to non-TNBC (Liedtke,
Mazouni et al. 2008). This serves to underscore the critical need to improve therapeutic options

in breast cancer.

3-1-1. Heterogeneity of breast cancer

Breast cancer is known to be a heterogeneous cancer in histology and at the molecular
level. In histological classification, breast cancer is comprised of two major groups: in situ carci-
noma and invasive carcinoma. In situ carcinoma consists of lobular carcinoma and five subtypes
of ductal carcinoma. Invasive carcinoma includes seven subtypes. Among these subtypes, infil-
trating ductal carcinoma can be further split into three subgroups dependent on levels of differen-
tiation (Malhotra, Zhao et al. 2010).

At the molecular level, breast cancer is categorized into four subtypes based on the pres-
ence of ER, PR, and HER2. HER2 subtype is HER2 positive, and the remaining HER2-negative
tumors are either ER- and PR-positive, or ER- and PR-negative. Luminal A and luminal B sub-

types are ER-positive and/or PR-positive. Ki67 index and expression of HER2 have been used in
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distinguishing between luminal A and luminal B (Cheang, Chia et al. 2009). TNBC does not ex-
press any of these three molecules. This heterogeneity is also readily observed through gene ex-
pression profiling in which breast cancer is now routinely classified into six major intrinsic sub-
types (Perou, Jeffrey et al. 1999, Perou, Sorlie et al. 2000, Sorlie, Perou et al. 2001,
Herschkowitz, Simin et al. 2007): luminal A, luminal B, HERZ2, basal, normal-like, and claudin-
low. A toal of 73% of TNBC is basal subtype (Rody, Karn et al. 2011). The characteristics of
claudin-low tumors include epithelial-to-mesenchymal transition and cancer stem cell-like mark-
ers. Compared with basal subtype, claudin-low tumors have better response rate to chemotherapy
(Prat, Parker et al. 2010). However, based on unsupervised clustering, six classes are unlikely to
be sufficient for capturing all of the heterogeneity.

The use of gene expression pathway signature predictions (West, Blanchette et al. 2001,
Bild, Yao et al. 2006) in breast cancer samples has revealed seventeen human breast cancer sub-
types based on pathway activity (Gatza, Lucas et al. 2010). Indeed, a closer examination of the
TNBC subtype has resulted in classification into 6 subgroups, including basal-like 1 (BL1), ba-
sal-like 2 (BL2), immunomodulatory (IM), luminal androgen receptor (LAR), mesenchymal, and
mesenchymal stem-like (MSL). Genes enriched in BL1 subgroup are associated with prolifera-
tion and the cell cycle. In contrast, BL2 has high expression of growth factor receptors. Several
immune signaling pathways are found in IM subgroup. LAR is enriched in hormone-associated
pathways. Mesenchymal and MSL subgroups have some common pathways in cell motility and
differentiation; however, MSL has enriched expression of angiogenesis genes and several me-
tabolism pathways. In addition, MSL subgroup shares some gene expressions with claudin-low

subtype (Lehmann, Bauer et al. 2011).
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The heterogeneity of breast cancer is further characterized in genomic stability and cell
populations. The percentages of chromosomal instability in luminal A, luminal B (HER2-
negative), luminal B (HER2-positive), HER2, and basal tumors are 27.9%, 49.5%, 81.2%,
90.2%, and 76.6%, respectively (Yanagawa, lkemot et al. 2012). In cell populations, claudin-low
subtype tumors are enriched for mesenchymal tumor cells, MET-like cancer stem cells
(MCSCs), and bi-lineage cancer stem cells. In contrast, basal, HER2, luminal A, and luminal B
subtypes have more epithelial tumor cells and EMT-like CSCs. Luminal A subtype lacks MCSCs

(Brooks, Burness et al. 2015).

3-1-2. Treatment of breast cancer and resistance

The heterogeneity of breast cancer has been applied in determining treatments. Patients
with luminal A and luminal B tumors receive hormone therapy, including drugs that prevent es-
trogen production and block estrogen functions. Estrogen production is prevented with the use of
gonadotropin-releasing hormone agonists and aromatase inhibitors. SERMs and fulvestrant bind
to estrogen receptors to block estrogen functions. HER2-positive breast cancer patients are treat-
ed with HER2-targeted therapy, such as trastuzumab, pertuzumab, lapatinib, and ado-
trastuzumab emtansine. Compared with other subtypes of breast cancer, TNBC tumors do not
have any applicable targets for hormone therapy and HER2-targeted treatment. Currently, the
main options for patients with TNBC are still chemotherapy, including single agents and combi-
nation of alkylating agents, anti-metabolites, mitotic inhibitors, antifolate drugs, and anthracy-
clines. The response rates to therapies as well as resistance in part explain the effects of the het-

erogeneity of the tumors.
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The mutations in genes demonstrate that heterogeneity affects the therapeutic outcomes.
BRCA1 and BRCAZ are tumor suppressor genes that are involved in DNA damage repair (Patel,
Yu et al. 1998, Cortez, Wang et al. 1999). The mutations in BRCAL/2 are responsible for the in-
herited breast cancer (Ford, Easton et al. 1998), and 19.5% of TNBC patients have these muta-
tions (Gonzalez-Angulo, Timms et al. 2011). Compared with patients with wild type BRCA1,
patients carrying BRCAL mutations are more sensitive to cisplatin. However, they have worse
response to other treatments, such as doxorubicin and docetaxel (Byrski, Gronwald et al. 2010).
Notably, p53 mutations are frequently found together with BRCAL mutations (Schuyer and
Berns 1999). These mutations contribute to the intrinsic resistance to doxorubicin (Aas, Borresen
et al. 1996). Patients with normal p53 have a better pathological complete response when treated
with the combination of fluorouracil, epirubicin and cyclophosphamide. In contrast, patients car-
rying p53 mutations are sensitive to paclitaxel treatment (Kandioler-Eckersberger, Ludwig et al.
2000). In HER2-positive subtype, PIK3CA mutations and PTEN loss lead to the resistance to
trastuzumab (Nagata, Lan et al. 2004, Berns, Horlings et al. 2007). PIK3CA mutant-caused re-
sistance can be overcome with the combination of trastuzumab and a PI3K inhibitor (Junttila,
Akita et al. 2009).

Further studies on resistance of anti-HER?2 targeted therapy in HER2 subtype also show
that other alterations of genes that interact with target genes represent resistance mechanisms
among subjects. Lapatinib, a dual inhibitor of HER2 and EGFR, causes apoptosis in
trastuzumab-resistant cells. In addition, lapatinib reduces IGF-1 signaling pathway activity,
which is known to block the function of trastuzumab (Lu, Zi et al. 2001, Nahta, Yuan et al.
2007). Met is involved in acquired resistance to trastuzumab by decreasing p27 (Shattuck, Miller

et al. 2008). Interestingly, recombinant human erythropoietin, which is given for the side effects
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of chemotherapy, decreases the response to trastuzumab by increasing PI3K pathway activity

(Liang, Esteva et al. 2010).

3-1-3. Development of new therapeutic strategies

The heterogeneity of breast cancer increases the challenges of treatments. Currently, the
main approaches of improving therapeutic outcomes include the identification of new targets and
the development of combination therapy or other therapies. Therefore, some of these new targets
are therefore utilized in the combinatorial therapy.

Several approaches have been reported to identify novel targets. The identification of
genes associated with cancer vulnerability could be further used in developing new therapies.
Mutations in BRCA1/2 in TNBC patients make tumors vulnerable to PARP (poly ADP ribose
polymerase) inhibitors (Farmer, McCabe et al. 2005). Several phase | and Il studies have shown
the benefits of using PARP inhibitors alone or combined with chemotherapy in a subset of
TNBC patients (Tutt, Robson et al. 2010, O'Shaughnessy, Osborne et al. 2011). In TNBC with
p53 mutations, checkpoint kinase 1 (Chk1) is essential in response to DNA damage. The admin-
istration of a Chk1 inhibitor sensitizes p53-deficient TNBC PDXs to irinotecan, a topoisomerase
I inhibitor (Ma, Cai et al. 2012).

The examination of known drug resistance is another approach. Alterations in the recep-
tor tyrosine kinase signaling pathways are correlated with trastuzumab resistance, and the activa-
tion of Src is increased in cells resistant to trastuzumab. The combination of trastuzumab and
saracatinib inhibits tumor growth in vitro and in vivo (Zhang, Huang et al. 2011). In addition, the
analysis of gene expression alterations after drug treatment leads to drug repositioning (Lamb,

Crawford et al. 2006). For instance, valproic acid, which is used in epilepsy is noted to inhibit
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histone deacetylase (Gottlicher, Minucci et al. 2001). Unfortunately, the phase 11 clinical trials of
the combination of valproic acid and chemotherapy in breast cancer were terminated (Clinical-
Trials.gov number, NCT01010854). The new targets also include drug targeting the common
characteristics of TNBC, such as angiogenesis. TNBC expresses higher vascular endothelial
growth factor (VEGF) (Linderholm, Hellborg et al. 2009). The combination of paclitaxel and
bevacizumab has increased progression-free survival for metastatic breast cancer (Miller, Wang
et al. 2007), but has shown no significant improvement in overall survival (Miles, Dieras et al.
2013). In BEATRICE trial, TNBC patients receiving bevacizumab plus chemotherapy did not
have a better invasive disease-free survival rate (IDFS) or disease-free survival rate. However,
patients with higher VEGFR-2 expression measured prior to treatment had increased IDFS
(Cameron, Brown et al. 2013). Taken together, these studies show the requirement of tumor clas-
sification.

The development of novel combination therapy is another strategy for tackling the heter-
ogeneity of breast cancer. Novel combination therapy includes the combination of chemotherapy
and targeted therapy and the combination of various target therapies. Many studies have shown
that the combination of chemotherapy and HER2-targeted therapy led to better outcomes in
HER2-positive breast cancer patients (Slamon, Leyland-Jones et al. 2001, Buzdar, Ibrahim et al.
2005, Romond, Perez et al. 2005). In contrast, the combination of paclitaxel and bevacizumab
only increased progression-free survival, but had no benefits for overall survival (Miller, Wang
et al. 2007). In the combination of various target therapies approach, the four major approaches
are targeting the same target with different mechanisms, targeting upstream and downstream

pathways, targeting parallel pathways, and targeting feedback loops (Dancey and Chen 2006).
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3-1-3-1. Targeting the same target with different mechanisms.

One well-known example of targeting the same target with different mechanisms is the
combination of trastuzumab and lapatinib. Trastuzumab is a monoclonal antibody that targets the
HER?2 receptor (Vogel, Cobleigh et al. 2002), and lapatinib is a small molecule tyrosine kinase
inhibitor (Rusnak, Lackey et al. 2001). The combination of these two inhibitors increases the
progression-free survival of trastuzumab —refractory metastatic breast cancer patients (Blackwell,

Burstein et al. 2010).

3-1-3-2. Targeting upstream and downstream pathways

The PIBK/mTOR pathway is one of the downstream pathways activated by growth factor
receptors, and the deregulation of these pathways, such as PIK3CA mutations, is correlated with
resistance to trastuzumab and lapatinib (Berns, Horlings et al. 2007, Esteva, Yu et al. 2010,
Loibl, von Minckwitz et al. 2014). The use of the dual inhibitor of PI3K and mTOR, NVP-
BEZ235, restores the sensitivity of trastuzumab- and lapatinib-resistant cells to these anti-HER2
therapies (Eichhorn, Gili et al. 2008). The combination of everolimus (mTOR inhibitor),
trastuzumab, and vinorelbine increases the progression-free survival of HER2-positive patients
with known resistance to trastuzumab (Andre, O'Regan et al. 2014).
3-1-3-3. Targeting parallel pathways

The PIBK/mTOR and RAS/ERK pathways transduce HER2 signaling (Dittrich, Gautrey
et al. 2014). The treatment of NVP-BEZ235 alone in HER2-overexpressed cell lines leads to the
increase of phosphorylated ERK due to the dimerization of HER2 and HER3 (Serra, Scaltriti et
al. 2011). The combination of PI3K and MEK inhibitors inhibits various gene engineered mouse
models, including melanoma, and several breast cancer tumor models (Roberts, Usary et al.

2012).
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3-1-3-4. Targeting feedback loops

MTOR is regulated through several mechanisms. mMTORC1 could negatively inhibit the
PI3K/AKT pathway though S6K1, and the inhibition of mMTORCL has increased the activation of
Akt (O'Reilly, Rojo et al. 2006). NVP-BEZ235 prevents the activation of Akt by targeting PI13K
and mTOR at the same time (Maira, Stauffer et al. 2008). In addition, this feedback loop is corre-
lated with the activation of the MEK pathway after mTORCL inhibition (Carracedo, Ma et al.

2008).

3-1-4. Models used in preclinical studies

Determining how to select models in preclinical studies is another challenge of studying
the heterogeneity of breast cancer. The mutations in oncogenes or tumor suppressor genes reflect
this challenge. For instance, the incidence of p53 mutations varies among subtypes of breast can-
cer. Up to 85% of basal and HER2-positive subtypes have p53 mutations. In contrast, only 13%
of luminal A subtypes have been noted to have p53 mutations (Sorlie, Perou et al. 2001). P53
mutations are correlated with resistance to chemotherapy reagents, such as doxorubicin (Aas,
Borresen et al. 1996, Geisler, Lonning et al. 2001). PIK3CA mutations cause resistance to
trastuzumab (Berns, Horlings et al. 2007). Therefore, understanding the characteristics of models
is important in the selection of models as well as in interpretation of results.

The following are the three main models are used in preclinical studies on breast cancer.
3-1-4-1. Cell lines
Cells lines are widely used in preclinical studies, including high-throughput screening for the
identification of synthetic lethal genes and drug combination (Turner, Lord et al. 2008). It has

been reported that breast cancer cell lines retain 73%-100% of the molecular characteristics of
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the original tumors after being cultured for months (Wistuba, Behrens et al. 1998). However,
higher frequency of copy number alterations has been noted in breast cancer cell lines (Kao,
Salari et al. 2009). Notably, the microenvironment could be critical for some cell lines, such as
cell lines representing HER2 subtype. These cells have various responses to trastuzumab or lapa-
tinib depending on whether they have been cultured in a 2D or 3D environment (Weigelt, Lo et
al. 2010). In addition, cell lines are considered as homogeneous populations in general (Gillet,
Calcagno et al. 2011).
3-1-4-2. Transgenic mice

Genetically engineered mouse models offer opportunities to systematically evaluate the
roles of oncogenes or tumor suppressors in the progression of breast cancer (Hutchinson and
Muller 2000). The similarities of the gene expressions of mouse mammary tumors and human
breast cancer have been noted (Herschkowitz, Simin et al. 2007). In addition, some transgenic
mice share common genomic expressions with subtypes of breast cancer (\VVargo-Gogola and
Rosen 2007, Hollern and Andrechek 2014). For instance, tumors from BRCA1- and p53-
knockout transgenic mice recaptured some characteristics of basal subtype with a BRCA1 muta-
tion (Liu, Holstege et al. 2007). Similar to cell lines, most of tumors in transgenic mice only have
one subtype and are considered as homogeneous tumors. In contrast to cell line-derived xeno-
grafts, these transgenic mice still have their own immune system.
3-1-4-3. Patient-derived xenografts (PDXs)

Among the three models, the PDX model is the one that recaptures most of the character-
istics of human breast cancer. Several groups have established transplantable breast cancer PDXs
and shown that PDXs retained the characteristics of their patients’ tumors after serial passages

(Marangoni, Vincent-Salomon et al. 2007, DeRose, Wang et al. 2011, Zhang, Claerhout et al.
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2013). For instance, these PDXs have the same therapeutic response to hormone therapy or
chemotherapy (Cottu, Marangoni et al. 2012, Zhang, Claerhout et al. 2013). Interestingly, estro-
gen supplement was found to be important in mice initially grafted with either ER-positive or
ER-negative breast cancer (lyer, Klebba et al. 2012). Similar to xenografts bearing cell lines,
PDXs are an outstanding model for the preclinical assessment of responses to drugs. However,

the tumors in PDXs still have the heterogeneity (Cassidy, Caldas et al. 2015).

3-1-5. The development strategy of personalized treatment for breast cancer

Some studies have demonstrated that the benefits of target therapies and combinatorial
therapy in breast cancer. For instance, the combination of iniparib (PARP inhibitor) and chemo-
therapy has increased the overall response of TNBC patients with BRCAL/2 mutations by 20%
(O'Shaughnessy, Osborne et al. 2011). However, the remaining 80% of TNBC patients that
lack BRCAL/2 mutations are therefore without targeted therapy for their cancers.

When developing targeted therapy for TNBC, it has been shown that the examination of
known drug resistance mechanisms as well as the common characteristics of TNBC tumors
needs to be considered in addition to defining the subset of patients that will benefit from pro-
posed treatments (Cameron, Brown et al. 2013, Bear, Tang et al. 2015, Bertucci, Fekih et al.
2016). Closer examination of the resistance mechanisms to targeted therapy suggests that cross-
talk between targets and pathways varies in both cell lines and patients (Nahta, Yuan et al. 2005,
Berns, Horlings et al. 2007, Xia, Husain et al. 2007, Shattuck, Miller et al. 2008). Taken together,
these studies suggest that the development of therapeutic options needs to consider the interac-
tion of targets, signaling pathways and appropriate selection of experimental model systems for

SUCCESS.
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To address the requirement for the development of therapies targeted to TNBC, we have
hypothesized that the activation of cell signaling pathways could stratify subjects into groups
where the development of personalized combinatorial therapy would be effective. Here we have
sought to test this hypothesis in a proof-of-principle experiment. Initially, we tested this hypothe-
sis in mammary tumors from MMTV-Myc transgenic mice where we used gene expression and
pathway signatures to guide therapy selection (Figure 3.1). We then tested this approach in breast
cancer patient-derived xenograft models (Figure 3.2). Through this approach, we could take ad-
vantage of both transgenic mouse models and patient-derived xenografts, the former having an
innate immune system and heterogeneous tumors and the latter one recapturing the characteris-
tics of human breast cancer. Taken together, our data demonstrate that the development of indi-
vidualized therapy using pathway signatures is a viable therapeutic strategy for triple-negative

breast cancer.
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3-2. Results

3-2-1. Use of cell signaling pathway signatures to design individualized therapies for sub-
types of breast cancer in a mouse model system.

With the advent of genomic characterization of breast cancer, the individual nature of
each tumor has become apparent and underscores the need for individualized treatment. To test
the hypothesis that gene expression patterns could be used to direct breast cancer therapy we
started by comparing tumor subtypes from the MMTV-Myc transgenic tumor model. Tumors in
this model are spontaneous, minimizing the background effects associated with use of human
tumor cell lines. MMTV-Myc mice developed tumors with papillary (Figure 3.3A) and epithelial
to mesenchymal transition (EMT) histological characteristics (Figure 3.3B). Gene expression
from MMTV-Myc papillary and EMT tumors revealed clear expression differences at the fold
change level (Figure 3.3C). With these differences in gene expression, we assessed pathway sig-
natures in the various major subtypes of MMTV-Myc tumors. This used previously defined
training data and bioinformatic methods to predict whether each of the individual pathways were
active in the Myc induced tumor samples. The activity (blue for low probability of pathway ac-
tivity to red for a high probability of pathway activity) was then assessed in each of the Myc in-
duced tumor subtypes. The probability of pathway activation is presented in
a heatmap and revealed that each tumor subtype had a characteristic pattern
of predicted signaling pathway activation (Figure 3.3D). Similar to the differences observed in
histology and gene expression fold change, EMT and papillary tumors have distinct pathway ac-
tivation patterns. The papillary tumors were noted to have an elevation in predicted AKT, Myc
and Stat3 pathway activity (shown in red) while the EMT tumors had a high probability of Ras,

EGFR and TGFp pathway activity. Consistent with these predictions of pathway activation,
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Myc, activation of Stat3, AKT, and TGFf3, and phosphorylated EGFR differences were noted
between these tumor types by Western blot (Figure 3.3E). In addition, the predicted Ras pathway
activation in EMT tumors correlated with a high percentage of activating mutations

in Kras relative to tumors with low predicted Ras pathway activity (Figure 3.4). To use these
pathway predictions to derive a targeted treatment plan, characteristic pathway activation pat-
terns unique to a tumor subtype were determined (Figure 3.3F).

Based on predictions of cell signaling pathway activity we predicted specific therapeutic
opportunities for two subtypes of breast cancer. To prove the principle that this approach could
be used to direct therapy, we then sought to test whether these therapies were effective and spe-
cific. Based on the gene expression signatures we selected therapeutic compounds
to specifically treat EMT and papillary tumors. When selecting compounds, key factors includ-
ed drugability of pathways, FDA approval or entry into clinical trials, efficacy, toxicity and
known mechanisms of action (Figure 3.5). Given that we sought to use a combinatorial ap-
proach, we used low dosages for each compound. These selection criteria resulted in the identifi-
cation of drugs targeting Myc, Akt and Stat3 for papillary tumors and EGFR, Ras and TGFp in-
hibitors for EMT tumors (Figure 3.3F). Drugs to target these pathways includ-
ed WP1066 which inhibits phosphorylation of Stat3 (Iwamaru, Szymanski et al. 2007) and
miltefosine, which inhibits phosphorylation of AKT (Bhatt, Bhende et al. 2010). Due to the diffi-
culty of targeting Myc we used VX680 in a synthetic lethal approach, selectively inhibiting auro-
ra B kinase in cells with high Myc expression (Yang, Liu et al. 2010). From the FDA-approved
anti-EGFR inhibitors, we chose afatinib based on its efficacy and its multi-target characteris-
tic mechanism of action (Li, Ambrogio et al. 2008). Targeted therapies for Ras

are unavailable and therefore we searched inhibitors of upstream and downstream targets
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of the Ras pathway, selecting a MEK inhibitor (Trametinib) (Yamaguchi, Kakefuda et al.
2011). We also selected SB505124 for inhibition of TGFf receptors, ALK4 and ALKS5 (DaCosta
Byfield, Major et al. 2004, Tang, Wu et al. 2009). Together, pathway signatures guided targeted

inhibitor selection for two subtypes of Myc induced breast cancer in a mouse model system.

3-2-2. Efficacy and specificity of papillary-specific combinatorial treatment in mice
In a proof of principle experiment to validate the approach of developing therapeutic op-

tions based on predicted cell signaling pathway activity, we tested the papillary-specific combi-
natorial treatment. Using a combination of inhibitors for the Myc (VX680), Stat3 (WP1066), and
Akt (miltefosine) pathways, we initiated safety trials in control FVB/NJ female mice. Dosage
was based on efficacy in published studies and we used the lowest dosage possible. Individual-
ly, or in combination, we noted no significant health issues with body weight changes of less
than 15% (Figure 3.7-3.9) or organs (Figure 3.10 and Table 3.1). To test the utility of the combi-
nation therapy, we began by assessing the efficacy of the individual drugs in the therapeutic reg-
imen. The scheme for drug treatment (Figure 3.6A), illustrates our approach where viably frozen
papillary tumors were implanted into the mammary gland of 6-8 week old female mice. Once
these tumors reached 6mm in the largest dimension, single agent therapy for three weeks was
initiated. This revealed that tumors grew slightly more slowly with VX680 treatment relative to
vehicle treated controls (Figure 3.6B). However, tumors treated with either miltefosine (Figure
3.6C) or WP1066 (Figure 3.6D) did not have obvious differences in growth compared
to controls receiving vehicle alone.

To then test the personalized combination therapy, the combination of these three drugs

was given to mice bearing papillary tumors. As shown in Figure 3.6E, growth of established
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papillary tumors was arrested or these tumors grew significantly more slowly after treat-

ment with the papillary-specific combination. The alterations to tumor growth were highly sig-
nificant (p=0.0001). The specificity of this papillary combination therapy was then validated in
mice implanted with EMT tumors, which were not predicted to respond to this targeted thera-
py. Treatment of EMT tumors with the papillary treatment demonstrated that these tumors were
not responsive to this therapy (Figure 3.6F), with only minor effects on tumor growth being ob-
served. These results demonstrate that we were able to use cell signaling pathway signatures to
design a specific and effective therapy for a subtype of breast cancer.

To evaluate changes in gene expression in the tumors following treatment, we placed tu-
mors with vehicle alone or with the combination therapy on microarray. We performed unsuper-
vised hierarchical clustering on the gene expression data (Figure 3.6G and Figure 3.11). Given
the minor differences we also analyzed changes in probability of pathways with treatment. Inter-
esting, drug treated tumors were observed to have increased predicted EGFR and RAS path-
way activation using the gene expression signatures (Figure 3.6H and 3.61) (p=0.07 and
p=0.06, respectively). The increase in RAS pathway activity in drug-treated tu-
mors was validated using immunohistochemical staining (Figure 3.6J), where we observed an
increase in phospho-ERK staining in drug treated tumor samples (p=0.05). Notably, significant
heterogeneity was observed in phospho-Erk staining (Figure 3.6H, right panel, top and bottom).

Given the excellent response of the papillary tumors to the low dose combination therapy,
we sought to increase the dose to a level that would result in a reduction in the tumor bur-
den. Accordingly, we increased the dose of VX680 from 50 mg/kg to 60 mg/kg and administered
the new combinatorial therapy to mice implanted with papillary tumors. As expected, with an

increased dosage the tumor burden was reduced and average tumor size dropped from 216
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mm? to 15.75 mm? after ten days of treatment (Figure 3.12A). Despite this initial reduction in
tumor size, the tumors began to grow again by the end of the treatment regimen. To explore the
differences in proliferation and apoptosis we examined the tumors through BrdU and

TUNEL stainings (Figure 3.12B). As expected, samples treated with vehicle alone had consistent
elevation of BrdU at 7, 14 and 21 days after initiation of treatment. Conversely, tumors in the
treatment arm had a significant reduction in BrdU positive cells at each measured time point,
with a slight increase at day 21 (Figure 3.12B and 3.12C). In addition, there were only slight-

Iy more cells undergoing apoptosis in the combination drug treatment samples relative to vehicle
alone (Figure 3.12B and 3.12D). Together, these data support the premise of designing therapy

based on gene expression patterns.

3-2-3. Efficacy and specificity of EMT-specific combinatorial treatment in mice

To ensure that the strategy of using gene expression to direct therapy would be effective
in other breast cancer subtypes, we next tested the EMT specific combinatorial treatment. This
treatment consisted of inhibitors of EGFR (afatinib), RAS (trametinib), and TGFp (SB505124)
pathways. Mice with EMT tumors implanted into the mammary gland of 6-8 week old mice were
allowed to grow until tumors reached 6 mm in diameter, at which point the EMT specific drugs
were administered (Figure 3.13A). None of the single agent therapies had a dramatic effect in
tumor growth and health (Figure 3.13B-D and Figure 3.14). The drop in tumor volume later in
the treatment course noted in Figure 3.13B-D was due to removal of mice from the study as they
reached endpoint. However, the combination of these three drugs significantly slowed EMT tu-
mor growth (Figure 3.13E) without significant effects of health (Figure 3.15). The drop in the
tumor curve in the vehicle control was due to removal of individual mice being removed from

treatment as they reached endpoint. Importantly, papillary tumors treated with the EMT treat-
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ment did not show a significant response (Figure 3.13F). Taken together, these data demonstrate
the utility of using gene expression to direct precision medicine in a proof of principle mouse

experiment.

3-2-4. Individualized combinatorial treatment in patient-derived breast cancer xenografts.
To extend the method of using gene expression signatures to direct therapy we sought to
test this approach in human breast cancer, using PDX. Here we focused on developing personal-
ized therapy for triple negative breast cancer given that this subtype of breast cancer is associated
with poor outcome and lacks effective targeted treatment. To first uncover potential therapies,
we combined seven publicly available datasets of human breast cancer with one PDX gene ex-
pression dataset (Figure 3.16). After predicting PAM50 subtypes, we selected basal breast can-
cers for further study. Using cell signaling pathway signatures, we then predicted activity for key
pathways in both basal breast cancer samples and basal PDX samples. After predicting pathway
activity, the resulting probabilities of pathway activation were then used in a clustering analysis
(Figure 3.17A). This separated the basal breast cancer samples into several subgroups. PDX
samples, denoted with the black lines between the heatmap and the dendrogram, were noted to
be interspersed with several of the basal breast cancer subtypes. Interestingly, this analysis re-
vealed that some basal breast cancers were elevated for EGFR, Ras and the TFGp pathways. For
the two indicated PDX lines, we noted that there were clear differences in these signaling path-
ways (Figure 3.17B), with BCM2147 having high EGFR, RAS, and TGF-beta path-
ways activation than BCM3887. The prediction of pathway activity was validated by examining
levels of phosphorylation of ERK1/2 protein using immunohistochemical staining (Figure

3.17C) and through western blotting (Figure 3.17D). Combined EGFR, RAS, and TGFJ inhibi-

50



tors were tested in SCID mice for safety and no adverse effects were noted. As bio-
informatically predicted, mice implanted with PDX line BCM2147 and treated with

the combinatorial therapy were noted to have a significant reduction in tumor volume relative to
vehicle controls, ranging from 30.6% to 63%, in the first 14 days of treatment (Figure 3.17E-
G). Of note, after 27 days of treatment, the average decrease in tumor volume was

20.9%. Inhibition of EGFR and Ras pathways was confirmed by decreased phosphorylation of
Erk1/2 (Figure 3.171). To establish specificity of this treatment, mice implanted with PDX
BCM3887 were treated with the same combination of drugs, which was not predicted to be as
effective as in BCM2147 (Figure 3.17B). This combinatorial treatment only has limited tumor
growth inhibition effects in this PDX (Figure 3.17H). Taken together, these data demonstrate that
the use of gene expression signatures can be used to specifically and effectively design a person-

alized therapy.
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3-3. Discussion

One of the primary challenges in breast cancer treatment is tumor heterogeneity. In addi-
tion, response to targeted therapies varies in subtypes of breast cancer. For instance, HER2+ve
patients are recognized to have a varied response to anti-HER2 therapy. Indeed, a poor response
to trastuzumab was observed in PTEN-deficient HER2+ve patients (Nagata, Lan et al. 2004).
Resistance to trastuzumab is also known to be associated with expression of EGFR or HER3 in
vitro (Narayan, Wilken et al. 2009). In TNBC, heterogeneity and
drug resistance are compounded by having few targeted therapies, instead relying upon chemo-
therapy with limited therapeutic efficacy. Currently, the major strategy to address the need of
treating TNBC is to increase the sensitivity of chemotherapy by combining it with target-
ed therapy. For instance, BRCA1/2 mutation patients who failed to chemotherapy were treat-
ed with olaparib (a PARP inhibitor), resulting in 22-41% objective response rate (Tutt, Robson et
al. 2010). Nevertheless, several clinical trials suggest that further assessment is required in
the combination of bevacizumab (anti-vascular endothelial growth factor antibody) and chemo-
therapy to determine the benefits in subtypes of breast cancer (Cameron, Brown et al. 2013,

Bear, Tang et al. 2015). Together these data indicate that developing personal-
ized combinatorial treatment for subtypes of breast cancer will have the greatest efficacy and that
this approach is urgently required in TNBC.

Here we have used genomic signatures to predict signaling pathway activation patterns that
were used to guide individualized treatment of breast cancer, with a focus on the proof of con-
cept experiments and TNBC. In our initial proof of concept experiments, we selected two sub-
types of MMTV-Myc transgenic tumors with distinct cell signaling pathway activities. The

mammary tumors in this model not only are heterogeneous in subtypes of tumors (Andrechek,
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Cardiff et al. 2009) but have clear similarities to human breast cancer (Hollern and Andrechek
2014). Thus, this approach has the potential to bridge between preclinical studies and clinical
trials.

In the experimental criteria for combinational therapy to target subtypes of breast cancer,
we took advantage of current approaches, including therapy for combination of different path-
ways, targeting upstream and downstream of the identified pathways and gene-expression based
strategies. Importantly, we sought to include FDA-approved drugs, drugs with multiple targets,
and potentially repurposed therapies using connectivity map (Lamb, Crawford et al. 2006). How-
ever, using connectivity map, the majority of targets were anti-inflammatory agents and antibiot-
ics. In our papillary-specific combinatorial treatment, we targeted Myc, Stat3 and AKT.

The Myc pathway was targeted using VX680. Based on the synthetic lethal approach of using
PARP inhibitor in PTEN-deficient cells (Farmer, McCabe et al. 2005), VX680 selectively kills
cells with high Myc expression through inhibiting aurora B kinase activity (Yang, Liu et al.
2010). For the Stat3 pathway, WP1066 was selected since it inhibits both Stat3 as well Janus Ki-
nase 2 (JAK2) upstream of Stat3 (lwamaru, Szymanski et al. 2007). Lastly, Miltefosine is an Akt
inhibitor that has been approved by FDA for treatment of Leishmaniasis. In our EMT-specific
combinatorial therapeutic strategy, we targeted EGFR, Ras, and TGF pathways. The depend-
ence and crosstalk of EGFR and Ras have been observed, and the synergistic effects of combin-
ing EGFR inhibitor and MEK inhibitors have been observed in vitro and in vivo (Li, Ambrogio
et al. 2008, Sun, Hobor et al. 2014). In addition, HER2 expression is associated with the re-
sistance to EGFR inhibitor (Wang, Narasanna et al. 2006). Thus, we elected to

use afatinib which targets both wild type and mutant EGFR, HER2 and is currently used for

EGFR pathway inhibition (Li, Ambrogio et al. 2008). Given the Ras activity and the inability to
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target Ras, we used trametinib to target MEK downstream of Ras. The concept of cotargeting the
same pathway at both upstream and downstream nodes led to an en-couraging result in a phase
I11 trial where melanoma patients received dabrafenib (BRAF inhibitor) and trametinib (Grob,
Amonkar et al. 2015). Importantly in human TNBC, expression of these targets is increased in
the residue breast cancer after chemotherapy (Balko, Giltnane et al. 2014).

Our proof of principle individualized treatment for transgenic mouse tumors demonstrated
that we were able to inhibit tumor growth effectively with specificity and safety. Importantly,
this was also true in basal PDXs. In the transgenic mouse tumors, we noted no reduction of tu-
mor size in either papillary or EMT specific combinatorial treatments. One possible reason for
the lack of tumor regression is that with the innate characteristics of mouse tumor cells, the
growth of these tumors are significantly faster than those from human cancer cell lines and the
derived xenografts, in which most of the drugs are tested for determining doses. Based on this
assumption, we increased the VX680 dose in the papillary-specific combination and ob-
served tumor regression. An additional possibility is that the intratumor heterogeneity in papil-
lary tumors results in a population selection effect during treatment. Similar to intratumor heter-
ogeneity noted in human cancers (Yates, Gerstung et al. 2015, Hoefflin, Lahrmann et al. 2016),
we also noted sub populations in treated tumors in proliferation and pERK expression (Figure
3.6J and Figure 3.12B-C). Gene expression differences after the vehicle or combinatori-
al treatment largely split samples based on treatment. However, one drug-treated tumor was not-
ed to cluster with vehicle treated tumors (Figure 3.6G). Compared to the other drug-treated tu-
mors, this tumor grew significantly more quickly, in line with the vehicle treated controls. In ad-
dition, we examined whether tumors had compensatory changes in pathway activity following

treatment. Given that the EGFR and Ras pathways have a strong tendency to be increased after
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drug treatment, we examined phospho-Erk1/2 protein expression in drug-treated tumors and not-
ed a significant increase. Considering that the increase of activated Erk was observed after the
short-term treatment in mice implanted with mouse tumors, it is possible that the apparent activa-
tion of Erk could be caused by population selection rather than induction due to acquired re-
sistance. Tumor populations with increased phospho-Erk1/2 would then be observed due

to transcriptional changes after combinatorial treatments, mutations in the Ras pathway (Emery,
Vijayendran et al. 2009), and the crosstalk between the Ras and Akt pathways through

S6 (Carracedo, Ma et al. 2008) and Akt (Zimmermann and Moelling 1999). In addition, it has
been reported that treatment of MEK inhibitors alone led to activation of Akt (Turke, Song et al.
2012). Therefore, it is plausible that the drug-induced selection pressure in papillary tu-

mors would increase activated Erk1/2. Despite this selection pressure on the papillary tumors and
activation of pathways present in the EMT subtype, we did not note EMT histological character-
istics in the papillary treated tumors. This finding also raises the possibility that repeated biopsies
will be required to continue to refine the optimal treatment for an individual tumor.

Translating the mouse studies to human breast cancer was done with the mouse EMT-
specific treatment of the PDX line BCM2147. While we decreased the dose of afatinib in the
PDX system and decreased dosing frequency of SB501524 in the PDX model due
to toxicity concerns, the comparison is still instructive. Despite the reduction in dosage in the
PDX model, the same combinatorial treatment that inhibited EMT tumor growth in mice resulted
in tumors that were reduced by at least 30% in volume in the BCM 2147 model after two
weeks. Together, these data convincingly demonstrate that cell signaling pathway-guided thera-

peutic strategies are able to inhibit tumor growth.
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In summary, we have demonstrated proof-of-principle experiments where individualized
treatments for breast cancer were developed based on cell signaling pathway activity pat-
terns derived from gene expression microarray data. The systematic analysis of targets and path-
ways combined with current drug treatment regimens is a method with strong potential
to improve therapeutic outcomes in cancer. However, it is critical that other genomic factors
should be taken into consideration in selections of targets and available drugs. For in-
stance, both MET amplification and mutations in EGFR are correlated with resistance to EGFR
inhibitors (Riely, Pao et al. 2006, Bean, Brennan et al. 2007), suggesting that copy number and
sequencing data are critical to consider. Taken together, in the future our approach
could be combined with an examination of the alterations in individual tumors in order to use

a comprehensive assessment in the process of developing and modifying treatment options.
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CHAPTER 4

STAT3 REGULATES TUMOR LATENCY AND GROWTH RATE BUT NOT
METASTASIS IN MYC INDUCED BREAST CANCER

Alterations in Myc expression are noted in basal breast cancer. As a transcription factor
and potential drug target, it is crucial to characterize the interaction of Myc with other genes. In
this study, we focused on the interaction of Myc and Stat3 signaling pathways, potential thera-
peutic targets important in metastasis. We found that deletion of Stat3 in the mammary glands of
MMTV-Myc mice unexpectedly resulted in increased and earlier hyperplasia and expedited tu-
morigenesis. Conversely, Myc tumors lacking Stat3 grew slowly with alterations in the resulting
histological subtypes, including a dramatic increase in EMT-like tumors. We also observed that
these tumors have impaired angiogenesis and a slight decrease in lung metastases. During normal
mammary function, loss of Stat3 in Myc transgenic dams resulted in lethality of pups due to the
lactation deficiencies. Together, the literature and our current research demonstrate that Stat3 can
function as an oncogene or as a tumor repressor depending on the oncogene driver. Interestingly,
in primary breast cancer patients with high Myc pathway activity, low expression of activated
Stat3 is related to poor survival, suggesting careful consideration be given to clinical inhibition
of Stat3 dependent upon the other genetic mutations driving tumor growth, development and

progression.

**This part was published. Jhan JR and Andrechek ER. Stat3 accelerates Myc induced tumor

formation while reducing growth rate in a mouse model of breast cancer. Oncotarget. 2016. doi:

10.18632/oncotarget.11667
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4-1. Introduction

The identification of new targets, including hormone receptors and HER2, improves the
therapeutic outcomes of some populations of breast cancer patients. More biomarkers and targets
have been studied for TNBC patients still receiving traditional chemotherapy or patients devel-
oping a resistance to current treatment regimens. However, not all of these targets are druggable
due to their intrinsic properties, such as the complexity of the structures and location. For in-
stance, many transcription factors are located inside the nucleus and do not have enzymatic ac-
tivity for direct targeting (Yan and Higgins 2013). In addition, studies of drug resistance suggest
that interactions of genes or targets should be taken into consideration. To address these issues,
in this chapter we focus on the interactions of c-Myc (herein termed Myc) and Stat3 in a breast
cancer transgenic mouse model. The alteration of c-Myc expression has been noted in breast
cancer patients, especially in basal-like-subtype patients (Perou, Sorlie et al. 2000, Sorlie, Perou
et al. 2001). Considering that Myc is an undruggable transcription factor and regulates the ex-
pression of many genes, dissecting the interactions of Myc and other genes in transgenic mice
will lead to a better understanding of these interactions as well as offer opportunities to target
Myc efficiently. In this study, we focused on one of the transcription factors that regulate the
MRNA level of Myc, Stat3 (Kiuchi, Nakajima et al. 1999). Stat3 is also important in mammary
gland involution. However, the effects of a lack of Stat3 in Myc-driven breast cancer are still un-
clear. Through transgenic models, we observed the consequence of the loss of Stat3 in Myc-

driven tumorigenesis, progression, and metastasis.
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4-2. Overview of Myc

4-2-1. Myc in breast cancer

Te altered regulation of Myc is associated with tumorigenesis, metastasis, and survival in
many cancers, including leukemia, breast cancer, colon cancer, liver cancer, and ovarian cancer
(Figure 4.1). Among breast cancer patients, Myc amplification is noted in 15.7% of cases, and
correlated with some prognostic factors, such as lymph node metastasis and tumor grades
(Deming, Nass et al. 2000). In Myc mRNA expression, 22% of breast cancer patients have 3.2-
19-fold higher expression compared with normal breast tissue (Bieche, Laurendeau et al. 1999);
in Myc protein expression, 45% of cases have overexpression(Naidu, Wahab et al. 2002).
Among the subtypes of breast cancer, elevated Myc expression has been found in basal breast
cancer, the most aggressive molecular subtype (Perou, Sorlie et al. 2000, Sorlie, Perou et al.

2001).

4-2-2. Myc functions in physiological conditions and cancer

Myc is a pleiotropic transcription factor involved in different physiological conditions,
including the cell cycle and proliferation, apoptosis, ribosome biogenesis, protein synthesis, de-
velopment, stem cells, and miRNA expression. Through its helix-loop-helix leucine zipper do-
main, Myc protein can bind to DNA and also form dimerization with other proteins, such as
Myc-associated factor X (Max) and Myc-interacting zinc finger protein-1 (Mizl), to regulate the

expressions of other genes.
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4-2-2-1. Cell cycle, apoptosis, and proliferation

The cell cycle is tightly regulated, and Myc is known to be involved in the G1-S progres-
sion of the cell cycle. Stimulated by mitogens, Myc increases the expression of cyclin D and
CDK4, and the formation of the cyclin D-CDK4 complex. The complex phosphorylates RB pro-
teins and then causes the release of E2Fs from the RB-E2Fs complex. These E2Fs induce the
transcription of cyclin E, and the assembled cyclin E-CDK2 complex enhances the phosphoryla-
tion of RB. Once more E2Fs are released, the expression of E2F target genes are increased,
which promotes cell-cycle entry into the S phase (Heikkila, Schwab et al. 1987, Mateyak, Obaya
et al. 1999, Hipfner and Cohen 2004). The downregulation of Myc expression causes cell-cycle
arrest or abnormal cell-cycle progression in vitro (Heikkila, Schwab et al. 1987, Hanson, Shichiri
et al. 1994, Alexandrow, Kawabata et al. 1995, Wang, Liu et al. 2005). However, the absence of
the stimulation of mitogens in cells with constitutively activated Myc leads to apoptosis (Evan,
Wyllie et al. 1992). In addition, Myc is required for apoptosis induced by some stimulations,
such as TNF-alpha (Janicke, Lee et al. 1994), radiation-caused DNA damage (Rupnow, Murtha

et al. 1998), and chemotherapy (Dong, Naito et al. 1997).

4-2-2-2. Stem cells and development

Myc is also required in different development processes. Together with Oct4, Sox2, and
KIf4, Myc is responsible for stem cell reprogramming, including maintaining self-renewal and
pluripotency ability (Takahashi and Yamanaka 2006, Wernig, Meissner et al. 2007). Later, it was
reported that Myc is not required for inducing pluripotent stem cells in mouse and human fibro-
blasts (Nakagawa, Koyanagi et al. 2008). The depletion of Myc causes dormancy in mouse em-
bryonic stem cells (Scognamiglio, Cabezas-Wallscheid et al. 2016); however, the loss of Myc

leads to embryonic lethality in mice (Davis, Wims et al. 1993). The lethality is known to be as-
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sociated with retarded growth and defective development in hematopoiesis and vasculogenesis
(Davis, Wims et al. 1993, Baudino, McKay et al. 2002). Indeed, Myc mRNA expression varies
among organs in mouse embryos. For instance, Myc is highly expressed in the thymus during
gestation (Schmid, Schulz et al. 1989). The conditional deletion of Myc in the endothelial cells
of mouse embryos also shows that Myc is essential for angiogenesis (He, Hu et al. 2008). In con-
trast, the overexpression of Myc leads to increased VEGF-A expression and impaired vessel re-

modeling (Kokai, Voss et al. 2009).

4-2-2-3. Mammary gland development

Myc plays important roles in multiple development stages in the mammary gland, includ-
ing pregnancy, lactation, and involution. During pregnancy, Myc mRNA expression is increased
from day 6 to 12.5 (Blakely, Sintasath et al. 2005). In WAPiCre-Myc " mice, the prolifera-
tion of alveolar cells is delayed during pregnancy, and the production of milk were reduced dur-
ing lactation (Stoelzle, Schwarb et al. 2009). The aberrant Myc expression from days 12.5 to
15.5 of pregnancy found in MMTV-Myc mice causes the precocious lactation and involution.
Studies have shown that Myc is involved in apoptosis during involution in MMTV-Myc mice
(Blakely, Sintasath et al. 2005) as well as in conditional deletion of Socs3 in mice (Sutherland,
Vaillant et al. 2006). Consistent with these findings, the expression of the Myc pathway is low

before lactation and high in involution (Andrechek, Mori et al. 2008).

4-2-2-4. Transformation, tumorigenesis, and genomic instability

As an oncogene, Myc is able to transform some types of cells into tumor cells (Stone, de
Lange et al. 1987, Eilers, Picard et al. 1989). However, this transformation can be reversible after
the withdrawal of Myc (Eilers, Picard et al. 1989). In contrast, most normal cells require Myc

and another oncogene to be transformed (D'Cruz, Gunther et al. 2001). For instance, studies
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show that collaboration between Myc and Ras is required for transformation (Land, Parada et al.
1983, Leone, DeGregori et al. 1997, Sears, Leone et al. 1999). Ras can enhance the stability of
Myc through inhibition of the degradation of the Myc protein (Sears, Leone et al. 1999). In addi-
tion, studies have reported that Myc drives tumorigenesis in transgenic models (Leder,
Pattengale et al. 1986, Harris, Burns et al. 1988). The genomic instability caused by Myc is
known to be associated with tumorigenesis and transformation (Felsher and Bishop 1999, Vafa,
Wade et al. 2002). The overexpression of Myc might cause the acceleration of the G1/S phase

and abolish the G1/S checkpoint (Felsher and Bishop 1999).

4-2-3. Regulation of Myc

From the embryos to adult stages, Myc is known to be tightly controlled in terms of
MRNA and protein levels as well as in location. However, in human cancers, Myc expression is
dysregulated via amplification (Beroukhim, Mermel et al. 2010), chromosomal translocation
(Taub, Kirsch et al. 1982), single nucleotide polymorphism (Wright, Brown et al. 2010), and in-
creased protein stability (Takeda, Noguchi et al. 1997). Some genes or proteins have been re-
ported to regulate the transcription and translation of Myc. For instance, Fan and colleagues
found that the histone demethylase JMJD1A increases transcription of Myc mRNA and attenu-
ates the degradation of the Myc protein (Fan, Peng et al. 2016).
4-2-3-1. Transcriptional and post-transcriptional regulators

To activate or repress the transcription of Myc, transcription factors bind to the promotor
of Myc directly and/or occupy the promoter region (Wierstra and Alves 2008). The stability of
Myc mRNA is determined primarily by the 5> UTR and exon 1, and 3’ UTR regions. Without

the exon 1 region, Myc mRNA becomes more stable (Rabbitts, Forster et al. 1985). 3°’UTR and
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the coding region determinant (CRD), which is located in the carboxyl-terminal of the coding
region are also related to the instability of Myc mRNA (Wisdom and Lee 1991). Truncation or
deletion in these regions increases the half-life of Myc-mRNA (Jones and Cole 1987, Aghib,
Bishop et al. 1990, Herrick and Ross 1994). In addition, CRD-binding protein (CRD-BP) pro-
tects Myc mRNA from being degraded by an endonuclease attack (Bernstein, Herrick et al.
1992), especially in the translational pausing of Myc mRNA translation (Lemm and Ross 2002).
Similar to the role of CRD-BP, the RNA-binding protein IGFII mRNA binding protein 1
(IGF2BP1) also collaborates with proteins to protect Myc mRNA in translation (Weidensdorfer,
Stohr et al. 2009). Moreover, several pathways including Hedgehog, WNT, Notch, and JAK-
STAT3 increase the transcription of Myc, and TGFbeta signaling blocks the transcription (Kress,
Sabo et al. 2015). In addition, miRNAs have been reported to regulate Myc mRNA expression

(Kim, Kuwano et al. 2009, Sachdeva, Zhu et al. 2009).

4-2-3-2. Translational and post-translational regulators

The translation control of Myc mRNA is directed by the MAPK (Mitogen-activated pro-
tein kinase)/HNRPK, mTORC1/S6K1, and MAPK/FOXO3A pathways (Kress, Sabo et al. 2015).
Under normal conditions, the half-life of Myc protein is about 30 minute (Ramsay, Evan et al.
1984). The stability of Myc protein is determined by post-translational modifications. Phosphor-
ylation on residues of Myc protein causes stabilization or degradation via the ubiquitina-
tion/proteasome pathway. MAPK can phosphorylate serine 62 (S62) residue to stabilize Myc
(Seth, Gonzalez et al. 1992). Once Myc is phosphorylated at S62, the residue of threonine 58
(T58) can be phosphorylated by glycogen synthase kinase-3 (GSK3) (Lutterbach and Hann
1994). Subsequently, S62 can be dephosphorylated by protein phosphatase 2A (PP2A) (Yeh,

Cunningham et al. 2004), and F-box and WD repeat domain-containing 7 (FBW7) or S-phase

63



kinase-associated protein 2 (SKP2) triggers ubiquitination (Kim, Herbst et al. 2003, Welcker and
Clurman 2008). Notably, Ras can stabilize Myc protein by activating the MAPK pathway to
phosphorylate S62, and prevent the degradation of Myc protein by inhibiting AKT through
GSK3 (Sears, Nuckolls et al. 2000). The T58A mutation accumulates Myc protein and increases
the transformation potential (Bahram, von der Lehr et al. 2000, Wang, Cunningham et al. 2011).
Interestingly, the T581 mutation frequently found in lymphoma also impedes the phosphorylation
of S62 and decreases the transformation ability of Myc (Chang, Claassen et al. 2000). Studies on
mutations at other residues, such as S7T1A/S81A, suggest that the phosphorylation of these resi-
dues blocks transformation (Wasylishen, Chan-Seng-Yue et al. 2013). In addition, it has been
reported that T58 can be glycosylated, and the consequent effects need to be further studied

(Chou and Hart 2001, Kamemura, Hayes et al. 2002).

4-2-4. Regulation of Myc target genes and non-coding RNAs (ncRNAS)

About 15% of human genes are transcriptionally regulated by Myc (Li, Van Calcar et al.
2003), and these genes are known to be involved in diverse biological processes (Dang,
O'Donnell et al. 2006), such as cell growth (Schmidt 1999), the cell cycle (Hanson, Shichiri et al.
1994, Menssen and Hermeking 2002), apoptosis (Hoffman and Liebermann 2008), DNA replica-
tion and transcription (Gomez-Roman, Grandori et al. 2003), and metabolism (Dang 1999). As a
transcription factor, Myc forms a heterodimer with Max using its basic helix-loop-helix leucine
zipper domain. This dimer binds to the consensus sequence of the E box CACGTG, and activates
transcription (Blackwood and Eisenman 1991). This dimerization is essential for transformation
induced by Myc (Amati, Brooks et al. 1993). However, Max can also form homodimers or het-

erodimers with other proteins, including Mad and Mnt, to suppress transcription (Ayer, Kretzner
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et al. 1993, Hurlin, Queva et al. 1997). In addition, Myc can repress the transcription of its target
genes by binding to Miz-1) (Claassen and Hann 1999), or sequestering other transcription factors,
such as specificity protein 1 (Spl) (Gartel, Ye et al. 2001). Furthermore, it has been reported that
Myc-induced mRNA cap methylation increases the transcription and translation of Myc target
genes (Cowling and Cole 2010).

Myc also regulates the expression of ncRNAs directly and indirectly. Myc triggers the
expression of the miR-17-92 cluster as well as represses the expression of many miRNAs in
lymphoma (Chang, Yu et al. 2008). Notably, some of miRNAs regulated by Myc decreases the
expression of E2F1, another Myc target gene (O'Donnell, Wentzel et al. 2005). In addition, Myc
regulates the expression of 5S ribosomal RNAs and transfers RNAs indirectly by activating

RNA polymerase 111 (Gomez-Roman, Grandori et al. 2003).

4-2-5. Transgenic mouse models of Myc-induced tumors

Deregulated Myc expression has been found in many human cancers. Considering the
embryonic lethality noticed in Myc knockout mice (Davis, Wims et al. 1993) and the complexity
of Myc functions, transgenic mouse models with tissue-specific Myc expression are widely used
in studying the roles of Myc in different stages of tumor development. These transgenic mice
represent certain types of cancers, including MMTV-Myc (mammary tumors) (Stewart,
Pattengale et al. 1984), Eu-Myc (lymphoma) (Harris, Burns et al. 1988), and probasin-Myc
(prostate cancer) (Ellwood-Yen, Graeber et al. 2003). Later, Myc expression in mice could be
controlled in some models using the Tet-On/ Tet-Off system (D'Cruz, Gunther et al. 2001,
Gunther, Belka et al. 2002). A lack of constitutively overexpression of Myc in mice causes tumor

regression (D'Cruz, Gunther et al. 2001), and this regression can be interrupted with the re-
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activation of Myc expression or through a Myc-independent mechanism (Boxer, Jang et al.
2004).

A causative role for Myc in breast cancer is demonstrated in Myc transgenic mice using
MMTYV (Stewart, Pattengale et al. 1984) and WAP promoters (Schoenenberger, Andres et al.
1988). Both of these models spontaneously develop mammary adenocarcinoma. The expression
of Myc varies among MMTV-Myc strains (Stewart, Pattengale et al. 1984), and the onset of
some tumors in WAP-Myc mice occurs 2 months after Myc is overexpressed (Schoenenberger,
Andres et al. 1988). Later, MMTV-Myc T58A transgenic mice were found to recapture the het-
erogeneity of human breast cancer in histology (Andrechek, Cardiff et al. 2009). The overexpres-
sion of Myc in the mammary gland results in tumors after a long latency; however, the tumors
have not been noted as highly metastatic (Yuwanita, Barnes et al. 2015). In addition, crossing
MMTV-Myc strains with other transgenic mice results in accelerated tumorigenesis. For instance,
the latency of mammary tumors in mice carrying MMTV-Myc and MMTV-Ras is shortened
(Sinn, Muller et al. 1987). Similar results have been found in bitransgenic MMTV-Myc/ WAP-
Bcl-2 (Jager, Herzer et al. 1997) and MMTV-Myc/ p53 null mice (McCormack, Weaver et al.

1998).

4-2-6. Drugs targeting Myc

The prevalence of Myc deregulation in many cancers leads to the development of treat-
ments targeting Myc. The majority of Myc deregulation in human cancers is amplification and
overexpression; however, Myc is essential for diverse physiological functions and the half-life of
Myc mRNA and protein is short (Dani, Blanchard et al. 1984, Hann and Eisenman 1984). It is

challenging to target Myc efficiently without seriously impeding normal biological functions se-
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riously. The approaches for developing Myc-targeted therapy include (1) targeting Myc directly
by inhibiting Myc expression, and targeting the genes and proteins involved in Myc transactiva-
tion, and (2) targeting Myc indirectly using synthetic lethal methods or inhibiting other members
in the same pathway.

The first approach is to targeting Myc directly. The stabilization of the G-quadruplex
structure in the Myc promoter results in the repression of Myc transcription in vitro (Brooks and
Hurley 2010). Omomyc is a domain mutant form of Myc with mutations in regions that are im-
portant in the dimerization of Myc and other proteins; thus, it inhibits Myc-dependent transacti-
vation (Soucek, Jucker et al. 2002). 10058-F4 is a small molecular inhibitor that hinders the
binding of the Myc/Max dimers that bind to DNA (Huang, Cheng et al. 2006).

The second approach is to targeting Myc indirectly. Targeting cell cycle kinases is an ex-
ample of the application of the synthetic lethal ideas in targeting Myc. In breast cancer cell lines,
cells with high Myc expression are much more sensitive to CDK1 inhibition (Kang, Sergio et al.
2014). VX-680, an aurora-B kinase inhibitor, selectively kills cells with Myc overexpression
(Yang, Liu et al. 2010). Several genes have been identified with synthetic lethal interactions with
Myec using the high-throughput siRNA screening (Kessler, Kahle et al. 2012, Toyoshima, Howie
et al. 2012). Notably, the BET bromodomain, which is targeted by JQ1, regulates Myc-driven
transcription as well as the transcription of Myc (Delmore, Issa et al. 2011, Mertz, Conery et al.

2011).
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4-3. Overview of Stat3

4-3-1. Stat3 in breast cancer

In normal cells, the phosphorylation and activation of Stat3 is transient. Persistent activa-
tion of Stat3 has been observed in various types of cancer, including breast cancer (Watson and
Miller 1995, Bromberg 2002). However, the roles of Stat3 in breast cancer are ambiguous. The
increased activation of Stat3 is correlated with an incomplete response to chemotherapy (Diaz,
Minton et al. 2006). In contrast, the expression level of phosphorylated Stat3 in the nucleus is
associated with the overall survival in node-negative breast cancer patients (Dolled-Filhart,
Camp et al. 2003, Berishaj, Gao et al. 2007). Abundant Stat3 mRNA expression is also correlat-
ed with smaller tumor size (Aleskandarany, Agarwal et al. 2016). In addition, the activated Stat3
is essential for the growth and maintenance of breast cancer stem-like cells (Zhou, Wulfkuhle et

al. 2007, Marotta, Almendro et al. 2011).

4-3-2. Stat3 functions in physiological conditions and cancer

Similar to other members of the STAT family, Stat3 is a transcription factor that regu-
lates the expression of diverse genes, such as apoptosis (Fukada, Hibi et al. 1996), differentiation
(Snyder, Huang et al. 2008), and wound healing (Dauer, Ferraro et al. 2005). Stat3 is also im-
portant in the early stage of embryonic development, and the knockout of Stat3 leads to embry-
onic lethality (Takeda, Noguchi et al. 1997). In addition, Stat3 induces programmed cell death
(PCD) during mammary gland involution (Chapman, Lourenco et al. 1999). Instead of relying on
caspase cascades, this kind of PCD is lysosomal-dependent (Kreuzaler, Staniszewska et al. 2011).
The mammary-specific deletion of Stat3 significantly delays involution in BLG-Cre/Stat3™"

(Chapman, Lourenco et al. 1999) and WAP-Cre/Stat3™™ mice (Humphreys, Bierie et al. 2002).
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Studies have shown that the constitutive activation of Stat3 and somatic mutations are
important in transformation (Bromberg, Wrzeszczynska et al. 1999), tumorigenesis (Dechow,
Pedranzini et al. 2004), apoptosis (Gritsko, Williams et al. 2006), angiogenesis (Niu, Wright et al.
2002), and immune evasion (Yu, Kortylewski et al. 2007). Stat3 inhibits apoptosis by increasing
the expression of the anti-apoptotic proteins, including Bcl-xL (Catlett-Falcone, Landowski et al.
1999), Mcl-1 (Epling-Burnette, Liu et al. 2001), and survivin (Aoki, Feldman et al. 2003). Stat3
promotes angiogenesis by increasing the transcription of VEGF and also mediates v-Src-induced
VEGF expression (Niu, Wright et al. 2002). In immune evasion, constitutive activation of Stat3
inhibits the expression of pro-inflammatory mediators and elevates the expression of immuno-
suppressive factors (Wang, Niu et al. 2004, Kortylewski, Kujawski et al. 2005). In tumor-
initiating stem cells, VEGF upregulates the expression of Myc and Sox2 via Stat3 activation

(Zhao, Pan et al. 2015).

4-3-3. Activation and regulation of Stat3

The stimulation of cytokines and tyrosine kinases leads to the transient activation of Stat3
through phosphorylation. The activated Stat3 is then translocated into the nucleus, and binds to
DNA to regulate the expression of its target genes (Ihle 2001). IL-6 is a well-studied cytokine
involved in this process (Heinrich, Behrmann et al. 1998). Followed by the binding of IL-6 to the
IL-6 receptor, gp130 proteins form complexes with IL-6 receptors. The cytokine-activated tyro-
sine kinase JAK phosphorylates gp130, and induces the Y705 phosphorylation of Stat3. In addi-
tion, some serine/threonine kinases, such as MAPK, can phosphorylate the serine 727 residue of
Stat3 to modulate Stat3 transcription activity (Yokogami, Wakisaka et al. 2000). Stat3 activation

can also be mediated by receptor tyrosine kinases or non-receptor tyrosine kinases. Growth fac-
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tors activate the phosphorylation of Stat3 directly by binding to growth factor receptors, such as
EGFR (Park, Schaefer et al. 1996), and Src mediates Stat3 activation and transformation
(Turkson, Bowman et al. 1998).

In normal cells, the activation and deactivation of Stat3 is tightly controlled. The negative
regulators of Stat3 include tyrosine phosphatases, protein inhibitors of activated STATSs (PIAS),
and suppressors of cytokine signaling (SOCS) proteins. CD45 deceases the expression of acti-
vated Stat3 by dephosphorylating JAKSs (Irie-Sasaki, Sasaki et al. 2001). PIAS3 hampers the
transcription of Stat3-targeted genes by blocking the binding of Stat3 to DNA (Chung, Liao et al.
1997). SOCS regulates the phosphorylation of Stat3 by binding to JAKs or inducing proteasomal
degradation (Alexander and Hilton 2004). Studies have found that several mechanisms contrib-
ute to the constitutive activation of Stat3 in cancer. First, increased stimuli: the mutations in
EGFR increases IL-6 expression in lung adenocarcinoma (Gao, Mark et al. 2007). Second, so-
matic mutations of Stat3: the three nucleotide mutations of Stat3 that cause the persistent activa-
tion of Stat3 have been identified in hepatocellular carcinoma (Pilati, Amessou et al. 2011).
Third, positive feedback: Stat3 increases the expression of shingsosine-1-phosphate receptor-1
(S1PR1), and increases S1PR1-activated Stat3 as well as leads to persistent Stat3 activation (Lee,
Deng et al. 2010). Finally, deficient negative regulators of Stat3. Hypermethylation in the
SOCS3 promoter causes the transcriptional silencing of SOCS3 and constitutive activation of
Stat3 in lung cancer (He, You et al. 2003).

4-3-4. Treatments targeting Stat3

Stat3 is an attractive target for cancer therapy because of the persistent activation of Stat3

in various types of cancer. Several approaches have been developed for targeting Stat3 directly

or indirectly. The phosphorylation of Stat3 is decreased by using a Stat inhibitor, OPB-31121
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(Hayakawa, Sugimoto et al. 2013). In addition, Stat3 is directly inhibited by targeting certain
domains of Stat3, completing with the dominant-negative form of Stat3, or using oligonucleo-
tides. The SH2 domain of Stat3 is required for Stat3 activation. PpYLKTK hinders the dimeriza-
tion of Stat3 and reduces the transactivation ability of Stat3 (Turkson, Ryan et al. 2001). Some
platinum complexes, such as CPA-7, blocks the DNA-binding ability of Stat3 in colon cancer
(Turkson, Zhang et al. 2004). ST3-H2AZ2 inhibits the Stat3 N-terminal domain and increases the
transcription of Stat3-regulated proapoptotic genes (Timofeeva, Tarasova et al. 2013). Stat3beta
lacking the transactivation domain of Stat3 induces apoptosis in cells and in xenografts (Niu,
Heller et al. 1999). The Stat3 decoy, a 15 bp double-stranded oligonucleotide, blocks Stat3-
mediated transactivation by binding to the cis-elements of Stat3 (Leong, Andrews et al. 2003).
This inhibitor decreased Stat3-regulated gene expression in patients with head and neck squa-
mous cell carcinoma in a phase 0 clinical trial (ClinicalTrials.gov number, NCT00696176) (Sen,
Thomas et al. 2012). On the other hand, strategies for targeting Stat3 indirectly involve inhibiting
a different upstream component of Stat3 activation or inducing the negative regulators of Stat3.
KDI1 attenuates EGF-mediated Stat3 activation (Buerger, Nagel-Wolfrum et al. 2003). AG490
and WP1066 are JAK inhibitors that represses the phosphorylation of Stat3 (Ferrajoli, Faderl et
al. 2007). Dasatinib inhibits the phosphorylation of Src and Stat3 in synovial sarcoma cells
(Michels, Trautmann et al. 2013). Trichostatin A represses the activation of Stat3 by increasing
the expression of SOCS3 (Xiong, Du et al. 2012).
4-3-5. Effects of loss of Stat3 in transgenic mouse models

The versatile characteristics of Stat3 have been further studied in transgenic mouse mod-
els. The absence of Stat3 caused embryonic lethality at embryonic days 6.5 (E6.5)-7.5 (Takeda,

Noguchi et al. 1997). In T cells, the deletion of Stat3 suppressed IL6-stimulated T cell prolifera-
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tion (Takeda, Kaisho et al. 1998). In the mammary gland, Stat3 deficiently resulted in the de-
layed involution (Chapman, Lourenco et al. 1999, Humphreys, Bierie et al. 2002). When one of
the cytokines activating Stat3 in mice, leukemia inhibitory factor, was deleted in mice, delayed
involution and absence of the Stat3 activation were observed (Kritikou, Sharkey et al. 2003). In
Neu induced tumors, Stat3 was noted to regulate the metastatic progression of breast cancer. This
is associated with the decreased expression of Stat3-targeted genes in angiogenesis (Ranger,
Levy et al. 2009). Impaired immune responses in MMTV-PyVmT (polyomavirus middle T anti-
gen) tumors without Stat3 led to defective metastases (Jones, Broz et al. 2016). Notably, the
Stat3-deficient tumor onset was delayed only in PyVmT tumors, not in Neu ones. This suggests
that Stat3 could have different effects depending on the oncogenic drivers.

Given the known functions of Stat3 and widespread effects of Myc in breast cancer, it is
clear that the interactions of these two oncogenes should be examined in vivo. As mentioned pre-
viously, Stat3 might have distinct impacts on various oncogene-driven tumors. Additionally,
studies have shown that Myc and Stat3 regulate each other in cases. Therefore, here
we investigate the roles of Stat3 in Myc-induced mammary tumors in MMTV-Myc mice with the

conditional knockout of Stat3.
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4-4. Results

4-4-1. Stat3 has diverse functions in MMTV-Myc and MMTV-Neu tumors

To investigate the role of Stat3 in different oncogene-driven tumors, we compared gene
expression profiles of MMTV-Myc and MMTV-Neu tumors. First, significant up-regulated and
down-regulated genes from Stat3 pathway activation (Dauer, Ferraro et al. 2005) were isolated.
Gene expression from Myc and Neu mediated tumors were then filtered to this list of Stat3 genes
and were then used for unsupervised clustering. As shown in Figure 4.2A, MMTV-Neu tumors,
and the various subtypes of Myc induced tumors were clustered into their histological
groups. Analysis of the Stat3 genes enriched in MMTV-Neu tumors revealed that some of these
genes are associated with metastasis. Indeed, patients with high expression of these genes are
more susceptible to metastasis relative to patients with lower levels of these genes (Figure 4.2B).
In contrast, the Stat3 regulated genes enriched in papillary tumors are not able to stratify patients
for metastasis effects (data not shown). This result indicates that Stat3 might have different ef-
fects in MMTV-Myc tumors relative to Neu induced tumors. To test the role of the
Stat3 genes in a predictive manner, we used the Stat3 pathway signature to test for activation in
subtypes of MMTV-Myc tumors. Using the Stat3 signature (Dauer, Ferraro et al. 2005, Gatza,
Lucas et al. 2010) in a binary regression approach (Bild, Yao et al. 2006), we predicted Stat3 ac-
tivity in the Myc induced tumors. Compared to other subtypes, the majority of papillary tumors
have elevated Stat3 pathway probability (Figure 4.2C). To explore the relation of Stat3 with Myc
and knowing that Stat3 regulation functions through the active phosphorylated form, we ana-
lyzed effects of co-expression of phosphoStat3 and Myc in human breast cancer. In pa-
tients where we predicted high Myc pathway activity phosphoStat3 is correlated with overall

survival (Figure 4.2D). Taken together, these data suggest the hypothesis that Stat3 has various

73



roles in MMTV-Myc tumors and that these roles are different from those previously observed in

MMTV-Neu tumors.

4-4-2. Roles of STAT3 in physiological functions

To study roles of Stat3 in MMTV-Myc tumors, we interbred MMTV-Myc, MMTV-Cre,
and Stat3™" mice to generate Stat3 conditional knockout mice in MMTV-Myc background
(Stat3"™ MMTV-Cre MMTV-Myc; Myc Stat3 CKO). We noticed that pups from the Myc
Stat3 CKO dams were smaller than usual or died before being weaned. These pups were rescued
by using other dams to foster them, demonstrating that lethality was due to defects in the
dams. To study effects of Stat3 in normal development functions where Myc was overexpressed,
we monitored the first litters of Myc Stat3 CKO, Stat3 CKO, and Myc dams. The size of litters
was normalized to 6 by the end of the day after delivery and pup weights were tracked (Figure
4.3A). For the first and second litter of each group we found that there was a significant reduc-
tion in average weight from the Myc transgenic dams lacking Stat3. For the first litter, control
Myc transgenic dams reared pups with an average weight of 3.7g 5 days postpartum. There was a
significant reduction in the Myc transgenics lacking Stat3 to 3.4g. In the second litter, this differ-
ence was more pronounced with a reduction to 2.4g in the Myc transgenic Stat3 conditional
knockout dams. Indeed, some of the pups from Myc Stat3 CKO dams did not have any visible
milk spots on postpartum days 1-5. In the third litter of this group, several pups from Myc
Stat3 CKO dams died before day 5. These data showed that deletion of Stat3 in dams is associat-
ed with the lower pup body weight, and the presence of the
Myc transgene exacerbates this defect and suggested that Stat3 might have other roles in normal

mammary gland development.
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To examine the role of Stat3 in Myc transgenic mammary glands,
we compared morphology changes in 10- and 20-week-old virgin mice using whole mount stain-
ing and histology (Figure 4.3B). At both 10 and 20 weeks, the Myc transgenics had more side
branches than their Stat3 CKO counterparts. Interestingly, the Myc Stat3 CKO mice had pro-
gressed to hyperplasia by 20 weeks of development. The histology of these various strains was
consistent with the whole mounts. Taken together, these results suggest that loss of Stat3 in dams
influences body weight of their pups, and expedites hyperplasia in the transgenic Myc back-

ground.

4-4-3. Loss of STAT3 alters tumor onset, tumor growth and histology

Given the hyperplastic phenotype in the Myc Stat3 CKO mice, we investigated if loss of
Stat3 in MMTV-Myc mice accelerated tumor formation. Consistent with the mammary gland
histological findings, Myc Stat3 CKO mice developed mammary tumor significantly more
quickly than Myc transgenics (p<0.001) (Figure 4.4A). Median tumor onsets are 294 days
in Myc Stat3 CKO mice and 360 days in Myc mice. Interestingly, we noticed that once tu-
mors were palpable in the Myc Stat3 CKO mice, the majority of tumors grew relatively slowly
compared to the Myc control tumors (Figure 4.4B). Measuring the time from initial palpation
to 2500 mm?® in Myc, and Myc Stat3 CKO mice revealed an average of 36 and
109 days respectively (Figure 4.4C). Consistent with this, Ki67 staining results support that tu-
mors in Myc mice proliferate faster than those in Myc Stat3 CKO mice (Figure 4.4D and 4.4E,
p=0.04).

While the delay in growth rate was substantial with loss of Stat3, we noted a several tu-

mors that appeared to grow at the same rate as the Myc control tumors. Given the previous ob-
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servation that tumors with MMTV-Cre directed excision could select against tumor progenitors
with Cre expression (White, Junor et al. 2004), we examine tumors from Myc Stat3
CKO mice for excision. Using PCR on primary tumors to test for Stat3 excision revealed a num-
ber of tumors with and without excision (Figure 4.5A). Indeed, of the 38 tumors exam-
ined, 10 lacked Stat3 excision (Figure 4.5B). Tracked back to tumor growth of Myc Stat3
CKO mice with these tumors, mice with non-excised Stat3 in tumors have faster tumor growth
compared to other mice with Stat3-excised tumors (Figure 4.5C). At the same time, protein ex-
pression of Stat3 from tumors with Stat3 excision was tested, confirming the knockout (Figure
4.5D). While there is a weak signal in the excised tumor samples, it is important to note that the
MMTV-Cre transgene only directs expression to the mammary epithelial cells and that there are
a number of additional cell types in a tumor. As a further confirmation of functional excision, we
performed immunohistochemical staining of phosphorylated Stat3 (Tyrosine 705) to detect the
active form of Stat3. As shown in Figure 4.5E, tumors in Myc and unexcised-Stat3 tumors
in Myc Stat3 CKO mice had strong pStat3 signals. Importantly, Stat3-excised tumors in Myc
Stat3 CKO mice did not have detectable pStat3.

Given the alterations to growth rate of the tumor and the selective pressure to maintain
Stat3 expression, we hypothesized that loss of Stat3 may result in alterations to the histology of
the tumors. Examining the tumors histologically we noted changes in histology of these tumors
(Figure 4.6A). Notably, for the strain we used, 40% of MMTV-Myc tumors typically have a pa-
pillary pattern (Figure 4.6A and B). With the loss of Stat3, this was reduced to 20.5%. In addi-
tion, MMTV-Myc tumors frequently developed a squamous pathology, readily detected through
the accumulation of keratin pearls. Interestingly, this subtype was not detected in tumors lacking

Stat3 (Figure 4.6A). Moreover, the EMT tumors that were detected at a low frequency in
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the Myc transgenics (2.7%) were significantly enriched (15.4%) after loss of Stat3 (Figure 4.6A
and C). In addition, we noted an increase in myoepitheliomas after loss of Stat3 in these tumors
(Figure 4.6A and D). Together these results indicate that loss of Stat3 resulted in significant his-
tological alterations to the Myc induced tumors in addition to the acceleration of tu-

mor initiation and decreased tumor growth rate.

4-4-4. STAT3 ablation affects angiogenesis and inflammation

With the increase of the EMT subtype and given the previously identified role of Stat3 in
breast cancer metastasis (Ranger, Levy et al. 2009), we investigated how loss of Stat3 affected
metastasis in the MMTV-Myc strain. Surprisingly, we noted that there was not a significant dif-
ference in tumor bearing mice with pulmonary metastasis when mice reached the endpoint of
2500 mm? (Figure 4.7A). In addition, we noted no differences in the size or number of metastatic
lesions in the lung. While there were no significant differences, it is important to consider that
the alterations to growth rate in the Myc Stat3 CKO mice resulted in tumors that were in the
mouse for over twice the length of time of MMTV-Myc controls and it is thus possible that Stat3
does impact metastasis.

To support this idea, we first examined the impact of Stat3 loss on tumor vasculature.
Based on results of CD31 staining, we noticed that tumors with Stat3 excision have less vessels
than those with endogenous Stat3 (Figure 4.7B). After quantification, tumors lacking Stat3 were
noted to be trending towards lower CD31-positive signals than those with Stat3 (Figure 4.7C).
Next, we examined if tumors without Stat3 in the Myc transgenic background had al-
tered inflammation. Presence of macrophages was tested through F4/80 staining. As predicted,

tumors in MMTV-Myc mice have more macrophages than those in Myc Stat3 CKO mice (Figure
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4.7D and 4.7E). Taken together, these results suggest that Stat3 affects angiogenesis and is in-

volved in inflammation in tumors.
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4-5. Discussion

The heterogeneity of breast cancer has been well characterized at the gene expression
level, leading to the development of numerous classes of breast cancer (Perou, Sorlie et al. 2000,
Sorlie, Perou et al. 2001). The heterogeneity is also reflected in the cell signaling pathways that
are activated in tumor samples in both human breast cancer and mouse models (Andrechek,
Cardiff et al. 2009, Gatza, Lucas et al. 2010, Hollern and Andrechek 2014). Given the potential
for activation of other signaling pathways to compensate when one pathway is targeted (D'Cruz,
Gunther et al. 2001), and for the ability of pathways to be involved in evolution of drug re-
sistance (Yakes, Chinratanalab et al. 2002), it is therefore critical to characterize gene interac-
tions in tumor development and progression. Here we have used a bioinformatics method to
identify and focus on two transcription factors, Myc and Stat3. The proteins encoded by these
genes have been found to be associated with the resistance to both endocrine therapy (Miller,
Balko et al. 2011) and chemotherapy (Gritsko, Williams et al. 2006). In addition, their interac-
tion has been noted in tumor-initiating cells resistant to chemotherapy (Zhao, Pan et al. 2015).

To understand the importance of the Myc / Stat3 interaction, we generated a mammary
specific knockout of Stat3 in MMTV-Myc transgenic mice. Unexpectedly, we noted mammary
gland effects that were apparent during lactation. Pups nursed by a Myc Stat3 CKO dam grew
abnormally slowly or died after litter sizes were standardized and litters contained several differ-
ent genotypes. Growth of these pups was similar to other pups after being fostered by dams of
other genotypes. While Stat3 is known to initiate involution after weaning (Philp, Burdon et al.
1996), where deletion of Stat3 in the mammary gland resulted delayed involution, we were sur-
prised to note the pup death. Epithelial apoptosis was decreased in BLG-Cre-Stat3 CKO mice

(Chapman, Lourenco et al. 1999) and involution was delayed for 3 days in WAP-Cre-
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Stat3 CKO mice (Humphreys, Bierie et al. 2002). On the other hand, mice lacking Socs3, a nega-
tive regulator of Stat3, have been found with precocious involution due to increased apoptosis
with elevated expression of Myc and Stat3 (Sutherland, Vaillant et al. 2006). Similarly, overex-
pression of Myc resulted in accelerated lactation, and earlier onset of involution during pregnan-
cy through activation of Stat3 (Blakely, Sintasath et al. 2005). However, in our study,

there was no dramatic change in morphology at day 17.5 of pregnancy among Myc, Stat3 CKO,
and Myc Stat3 CKO mice. Premature involution also caused pup death in MMTV-Myc mice
(Blakely, Sintasath et al. 2005); however, we did not observe this phenomenon in the MMTV-
Myc strain that we employed. These results suggest that deletion of Stat3 together with Myc
overexpression leads to more severe impaired remodeling of mammary gland.

Interestingly, compared to wild-type MMTV-Myc mice, loss of Stat3 increased the for-
mation of hyperplastic areas in the mammary glands, accelerated tumorigenesis, and slowed tu-
mor growth. MMTV-Myc mice were initially reported to develop adenocarcinoma spontaneous-
ly (Stewart, Pattengale et al. 1984), and further studies revealed that additional mutations, such
as Kras, were accumulated in Myc-driven tumors (D'Cruz, Gunther et al. 2001). Interestingly,
the overexpression of the activated form of Stat3 transformed fibroblasts and resulted
in development of mammary tumor in mice (Dechow, Pedranzini et al.

2004). Stat3 has also been shown to sensitize cells to DNA damage (Barry, Townsend et al.
2010). Thus, it is plausible that Stat3 activates DNA repair pathways to repair DNA damage
caused by Myc, thereby delaying tumor onset. Without Stat3, these tumorigenic cells are

able to continuously grow, resulting in the accelerated tumor detection that we described. Simi-
larly, overexpression of the anti-apoptotic gene Bcl-2 in WAP-Myc mice reduced apoptotic cells

and expedited tumorigenesis (Jager, Herzer et al. 1997). During proliferation, Myc is known to
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shorten G1 phase and accelerate the cell cycle (Facchini and Penn 1998), and Stat3 could be ac-
tivated after stimulation of growth factor through JAK2. Expression of dominant-negative Stat3
or treatment of a JAK2/Stat3 inhibitor in breast cancer cell lines inhibited cell growth (Li and
Shaw 2002). Consistent with these findings, these tumors in the Myc Stat3 CKO mice

grew more slowly than the controls.

Another important characteristic of tumor progression regulated by Myc and Stat3 is me-
tastasis and angiogenesis. While Myc has been shown to be essential in angiogenesis (Baudino,
McKay et al. 2002), MMTV-Myc mice metastasize at a low frequency (Yuwanita, Barnes et al.
2015). Activated Stat3 regulates key factors in angiogenesis, including VEGF and HIF-

1o (Hypoxia-Inducible Factor) (Niu, Wright et al. 2002). Indeed, HER2 activation increased ex-
pression of VEGF and HIF-1a through pathways mediated by Stat3 (Xu, Briggs et al. 2005). In
agreement with this, ablation of Stat3 in MMTV-Neu mice has been reported to impair angio-
genesis and reduce metastasis (Ranger, Levy et al. 2009). Here we demonstrated that deletion of
Stat3 in MMTV-Myc mice slightly decreased the percentage of mice with lung metastasis,

and was associated with a reduction in CD31-positive cells. Notably, these tumors took a two-
fold longer period of time after detection to reach the end point, suggesting that

the metastatic effects were more significant than measured. These results indicate that loss of
Stat3 in Myc-driven tumors leads to defective angiogenesis. In addition, solid tumors require an-
giogenesis factors to grow beyond 2 mm (Folkman 1974) and this was consistent with the tu-
mor growth curve in Myc Stat3 CKO mice.

In contrast to the Neu Stat3 CKO results, we noted that loss of Stat3 in Myc background
only shared some effects on tumor development and progression (Ranger, Levy et al. 2009). In

contrast to the Myc results, loss of Stat3 did not affect tumor onset of Neu induced tumors, and
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led to significantly reduced metastasis. This is consistent with genes enriched in the Stat3 path-
way in Neu induced tumors being correlated with distant metastasis in human breast cancer pa-
tients (Figure 4.2B). In another highly metastatic mammary tumor model, PyMT, ablation

of Stat3 also abrogated metastasis (Chang, Bournazou et al. 2013). These data showed that inter-
action of Stat3 with other oncogenes led to various consequent effects. More recent stud-

ies support the theory that Stat3 acts as an oncogene as well as a tumor suppressor in oncogene-
driven tumors. Constitutive activated Stat3 blocked the transformation of mouse embryonic fi-
broblast triggered by Myc, but did not suppress transformation driven by Harvey rat sarcoma vi-
ral oncogene homolog (Hras) (Ecker, Simma et al. 2009). Moreover, lack of Stat3

in Kras induced lung adenocarcinoma accelerated tumorigenesis (Grabner, Moll et al. 2016).
Herein we reported that knockout Stat3 in Myc-driven mammary tumor also caused early tumor-
igenesis.

In summary, Stat3 acts as both an oncogene or a tumor suppressor dependent upon the
oncogenic driver and tumor stage. While Stat3 CKO alone did not develop tumors, Stat3 loss in
Myc transgenic mice accelerated tumor onset relative to Myc transgenic controls. Surprising-
ly, we showed that breast cancer patients with low Stat3 by IHC and high Myc pathway activa-
tion have poor survival. These findings suggest that strategically targeting Stat3 in breast can-
cer should be done in careful consideration of other oncogenes when developing personalized

treatment.
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CHAPTER 5

FUTURE DIRECTIONS
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The pathway-guided personalized treatment has led to the inhibition of tumor growth in a
mouse mammary tumor model and tumor regression in human breast cancer-derived xenografts.
These encouraging results show that it is practical to tackle the inter-tumor heterogeneity chal-
lenges. In addition, the continued uses of these mouse models could lead to the evaluation of new
therapy agents and regimens as well as reveal the potential problems. However, more studies will
be needed to modify this approach to fit more samples and derive better therapeutic outcomes.

Additional genomics data of subjects will be required for the development of tailored
treatment. For instance, most of EMT tumors have high RAS pathway activation regardless of
KRAS mutations. Concerning mutually exclusive mutations of genes in the same pathway and
crosstalk between pathways, the possible compensation pathways or genes after treatment in tu-
mors with various mutations might lead to distinct transcriptomic changes. In addition, it has
been proposed that alterations of the genes involved in DNA damage responses has been pro-
posed to cause the amplification in certain chromosome regions in luminal subtype. These data
could be compared with alterations found in patients before and after chemotherapy. These re-
sults could be applied in the rationalization of the combination of chemotherapy and targeted
therapy and then facilitate the transition of preclinical findings to clinical trials.

Additional characteristics of targets or drugs used in the development of personalized
treatment could enhance therapeutic effects. In the pilot tests, only some two-drug combinations
had synergistic effects on tumor growth. This could indicate the existence of some common tar-
gets and crosstalk. In addition, it could be due to the impacts of genes/targets on tumor growth.
Numerous studies have shown that the weight of oncogenes and tumor suppressors in tumor de-
velopment varies in cancers. With this understanding, the evaluation of the benefits of adding

these repurposed FDA-approved drugs in the combinatorial treatments could be more complete.
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On the other hand, stromal effects and the tumor microenvironment also contribute to the sensi-
tivity to treatment, especially for those targets involved in inflammation or that have paracrine
functions. The role of Stat3 in cancer immunosurveillance has been reported. In Chapter 4, |
found that the deletion of Stat3 in the Myc-induced tumor accelerated tumorigenesis as well as
delayed tumor growth. It is plausible that Stat3 in the surrounding regions relieves the conse-
quent effects caused by targeting Stat3 in tumors. Further studies will be needed to address this

concern.
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Table 3.1. The values of ALT, AST, and creatinine in papillary tumor mice with drug or
vehicle treatment. The value marked with an asterisk represents the value is higher than normal
range.

Treatment ALT (U/L) AST (U/L) Creatinine (mg/dL)
No 94* 430* 0.2
121* ATT* 0.2
140* 524* 0.2
Vehicle_VX-680 105* 369* 0.2
52 198 0.2
98* 302* 0.2
VX-680 75 230 0.2
100* 204 0.2
54 140 0.2
Vehicle_Miltefosine | 116* 307* 0.2
144* 347* 0.2
142* 455* 0.2
Miltefosine 108* 254 0.2
102* 299* 0.2
56 226 0.2
No 83 302* 0.2
132* 365* 0.2
114* 370* 0.2
Vehicle_WP1066 152* 464* 0.2
117* 375* 0.2
28 190 0.2
WP1066 124* 390* 0.2
275* 803* 0.2
106* 289 0.2
Vehicle_Miltefosine | 104* 318* 0.2
plus VX-680 42 932* 0.2
75 234 0.2
Miltefosine plus VX- | 45 202 0.2
680 61 230 0.2
62 210 0.2
No 138* 315* NA
100* 169 NA
82* 225 NA
Vehicle_VX-680 plus | 115* 803* NA
WP1066 199* 373* NA
12 192 NA
VX-680 plus 11 148 NA
WP1066 80* 213 NA
78* 155 NA
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Table 3.1. (Cont’d)

Treatment ALT (U/L) AST (U/L) Creatinine (mg/dL)
No 100* 345* NA
158* 392* NA
144* 232 NA
Vehicle_Miltefosine | 64 183 NA
plus WP1066 80* 164 NA
93* 227 NA
Miltefosine plus 240* 347* NA
WP1066 82* 247 NA
197* 352* NA
Vehicle_Miltefosine | 116* 307* NA
144> 347* NA
142* 455* NA

88




Figure 2.1. Isolation of EMT cell lines and the relative application.
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The original tumors with mixed histology were from MMTV-Myc mice. After the histology
phenotype was confirmed, the frozen tumors were implanted back into WT FVB/NJ mice. Once
the tumor grew consistently, the tumors were harvested and cells were isolated. After the cell
lines were established, these cells were injected back to WT FVB/NJ mice to check if the tumors

are EMT or not.
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Figure 3.1. Overview of development of subtype-specific combinatorial treatments in
MMTV-Myc mouse model.
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The RNA microarray data from tumors obtained from MMTV-Myc mice were analyzed to gen-
erate the probabilities of pathway activations. Based on the pathway activation patterns, targets
and drugs were selected. The pilot test of the safety trials was performed in wild-type FVB/NJ,

and the safety and efficacy trials were tested in wild-type FVB/NJ female mice implanted with
one subtype of tumors from MMTV-Myc mice.
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Figure 3.2. Overview of development of individualized combinatorial treatments in patient-

derived xenograft model.
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The RNA microarray data from human breast cancer and patient-derived xenografts were ana-
lyzed to generate the probabilities of pathway activations. The selection of targets and drugs
were based on the availability and characteristics of patient-derived xenografts and pathway acti-
vation patterns. The pilot test of the safety trials was performed in wild-type FVB/NJ, and the
safety and efficacy trials were tested in SCID/Beige female mice implanted with the tumor from

one patient-derived xenograft line.
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Figure 3.3. Designing breast cancer therapy based on gene expression patterns.
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Histology of two major subtypes of MMTV-Myc tumors includes
both (A) papillary and (B) EMT. (C) Comparison of these two subtypes for gene expression dif-
ferences in a volcano plot reveals significant differences in fold change.
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Figure 3.3. (Cont’d)
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(D) Probability of pathway activation prediction in major subtypes of MMTV-Myc tumors
demonstrates differences in signaling pathways. The black bars on the top show identity of the
subtypes. In the heatmap, each column represents one tumor sample and each row represents
a cell signaling pathway (identified at the right). The color of position in the heatmap indicates
the probability of the activity of the cell signaling pathway in comparison to the training data for
each pathway, and the color map represents the corresponding value of probability. For example,
in the first row for the EMT samples at the left, there is a very low probability of E2F1 activa-
tion. However, to the right of those samples there is a high probability that E2F1 is active in the
papillary samples.
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Figure 3.3. (Cont’d)
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Western blots for the indicated pathways validate the probability of pathway activation in EMT
and papillary subtypes (E). Extracting pathways with major differences in papillary and EMT
tumors reveals the extent of the predicted difference. Compounds targeting these pathways and
their FDA approval status are also shown (F).
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Figure 3.4. Kras mutations in EMT and papillary tumors.
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The probability of Ras pathway activation was plotted for tumors where Kras was sequenced
across codon 12, 13, and 61. EMT tumors with a wild type Kras (EMT-WT) and a mutation in
Kras (EMT-mutation) were both noted to have elevated predicted activity for Kras. The EMT-
WT samples were also sequenced for Braf where activating mutations were noted. The EMT
samples were compared to papillary with wild type Kras (Pap-WT) and papillary with activating
mutations in Kras (Pap-mutation). This revealed a significant correlation of Kras activity with
activating mutations in Kras.
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Figure 3.5. Strategy of development of subtype-specific combinatorial therapies.
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Based on the availability of drugs targeting pathways directly, pathways were split into two
groups. For the pathways with available direct targeted drugs, the dose and efficacy of drugs
were compared with each other. In addition, FDA-approved status is another important factor.
Drug contradictions and interactions were also considered. Finally, the combinatorial therapy
options were formed and modified according to the characteristics of drugs. However, if drugs
targeting pathway directly are not available, the three major solutions include 1) drugs targeting
pathways through synthetic lethal, 2) drugs targeting upstream or downstream of pathways, and
3) drugs with multiple targets. When comparing the dose and efficacy of drugs, these solutions
would be used again in ranking the priority of drugs. After generation of a list of drugs, the same
selection process which was used in the “direct drug available” group was taken.
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Figure 3.6. Papillary-specific combinatorial treatment in mice implanted with papillary or
EMT tumors.
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The trial design to test the therapeutic regimens for papillary tumors is shown (A). Each drug in
the papillary-specific combinatorial treatment was given individually to mice orthotopical-
ly implanted with papillary tumors for 21 days.

97



Figure 3.6. (Cont’d)
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Effects of tumor growth rate are shown for the (B) Aurora B kinase inhibitor (VX680 50 mg/kg,
6 days per week, intraperitoneal injection (i.p.)), (C) Akt inhibitor (miltefosine 50 mg/kg, 5 days
per week, i.p.), and (D) Stat3 inhibitor (WP1066 20mg/kg, 5 days per week, i.p.), n=3 in each
group.
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Figure 3.6. (Cont’d)
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(E) Effect on tumor growth in mice orthotopically implanted with papillary tumors receiving the
papillary-specific three-drug combinatorial therapeutic composed of the same dose and dosage
regimen of each drug used in panels B-D for 21 days is shown. p=0.001, n=6 in each group. (F)
Specificity of the papillary-specific combinatorial treatment was tested in mice implanted with
EMT-subtype tumors for 12 days (n=4 in each group).
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Figure 3.6. (Cont’d)
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(G) Comparison of gene expression between mice in vehicle-treated group versus those in the
combinatorial therapeutic-treated group after 21-day treatment using unsupervised hierarchical
clustering. The dendrogram is shown and n=3 in each group. (H) Relative probability of EGFR
pathway activation in mice treated with vehicle or the combinatorial treatment for 21 days was
calculated from the gene expression data, with the same methods as shown in Figure 1D, p=0.07.
() Relative probability of RAS pathway activation in mice treated with vehicle or the combina-
torial treatment for 21 days was also calculated using the genomic signature method, p=0.06. (J)
Immunohistochemical staining of pERK1/2 in mice implanted with papillary tumors receiving
vehicle or the combinatorial therapeutic for 21 days is shown. Representative images are

shown for each treatment arm. (K) Quantification of pERK1/2-positive cells was completed with
n=5 for each of the three samples. p=0.05. All data are mean £ S.D. Statistical analysis were per-
formed with two-tailed Student's t test. *p<0.05, **p<0.01, and ***p<0.001.
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Figure 3.7. Percentage of body weight changes in papillary tumor mice receiving single-
drug or vehicle treatment.
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To test for side-effects associated with single-drug treatments mice receiving treatment were as-
sessed for changes to body weight. Body weight changes in mice with papillary tumors that re-
ceived vehicle control or drug treatment were recorded as a percentage of the weight of the mice
at the start of the trial with a 6mm tumor. This revealed no significant differences. Data presents
median. N=3 in each group.
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Figure 3.8. Percentage of body weight changes in papillary tumor mice receiving two-drug
combinatorial or vehicle treatment.
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To test for side-effects associated with single-drug treatments mice receiving treatment were as-
sessed for changes to body weight. Body weight changes in mice with papillary tumors that re-
ceived vehicle control or drug treatment were recorded as a percentage of the weight of the mice
at the start of the trial with a 6mm tumor. This revealed no significant differences. Data presents
median. N=3 in each group.
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Figure 3.9. Body weight change (shown in %) of mice received papillary-specific combina-
torial treatment.
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To test for side-effects associated with combinatorial treatment mice receiving treatment were
assessed for changes to body weight. Body weight changes in mice with papillary tumors that
received vehicle control or papillary-specific treatment were recorded as a percentage of the
weight of the mice at the start of the trial with a 6mm tumor. For each group, n=6. This revealed
no significant differences. All data are mean + S.D.
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Figure 3.10. Health condition of papillary tumor mice.
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The health effects of the papillary-specific treatment in papillary tumor mice were shown using
AST and ALT labels. Blood samples were collected after 21-day treatment. The black dots rep-
resent tumor only, the green dots represent vehicle-treated tumors, and the orange dots represent
drug-treated tumors. The dash lines are the cut-off levels of AST and ALT. The value above the
line indicates abnormal.
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Figure 3.11. Heatmap of gene expression data from papillary tumors after vehicle or papil-
lary-specific combinatorial treatment.
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Unsupervised heretical clustering of papillary tumors after treatment with vehicle control or
combinatorial treatment specific for papillary tumors. N=3 in each group. V represents Vehicle-
treated mice, and D represents Drug-treated mice. The colorbar indicated the differences in gene
expression.
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Figure 3.12. Increased dose of VX680 in the papillary-specific combinatorial treatment.
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The dose of VX680 in the papillary-specific combinatorial treatment was increased from 50
mg/kg to 60 mg/kg. This modified combinatorial treatment consists of 60 mg/kg VX680, 50
mg/kg miltefosine, 20 mg/kg WP1066, and the same dosage regimenand administration
route for each drug as was described in Figure 2. The effect of this modified papillary-specific
combinatorial therapeutic strategy in mice implanted with papillary tumors is shown. The tumor
growth rate demonstrated tumor regression (A). ***p=0.004, n=3 in the vehicle-treated group
and n=4 in the drug-treated group.
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Figure 3.12. (Cont’d)
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(B) Effects of this modified therapeutic strategy on proliferation and apoptosis in mice implanted
with papillary tumors is shown. BrdU staining for mice after 7, 14, and 21 days of treatment, and
TUNEL staining for mice after 21 days of treatment is depicted, scale bar = 20 um. (C) Quantifi-
cation of BrdU staining in vehicle- or drug-treated mice implanted with papillary tu-
mors. Number of mice that received the 7, 14, and 21 day treatment are 4, 3, and 4.3
to 5 representative sections were examined for each tumor, *p=0.03, and ***p=0.003. Data is
shown as meanz S.D. (D) Quantification of TUNEL staining in vehicle- or drug-treated mice
implanted with papillary tumors receiving 21 days of treatment is shown with n=3 in the vehicle-
treated group and n=4 in the drug-treated group. 5 sections per tumor were used for quantifica-
tion. *p=0.02. All data were analyzed by two-tailed Student's t test.
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Figure 3.13. EMT-specific combinatorial treatment in mice implanted with EMT or papil-
lary tumors.
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The design to test the therapeutic regimens for EMT tumors is shown (A). Each drug in the
EMT-specific combinatorial treatment was given individually to mice orthotopically implanted
with EMT tumors for 21 days.
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Figure 3.13. (Cont’d)
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Effects of tumor growth rate are shown for (B) EGFR inhibitor alone (afatinib 15 mg/kg daily,

oral), (C) MEK inhibitor alone (trametinio 1 mg/kg daily,

oral),

and (D) TGF-

beta inhibitor alone (SB505124 10mg/kg daily, oral). n=4 for each group receiving each drug

treatment.
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Figure 3.13. (Cont’d)
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(E) Effects on tumor growth in mice orthotopically implanted with EMT tumors receiving the
EMT-specific combinatorial therapeutic composed of the same dose and dosage regimen of each
drug used in B-D for 21 days. p=0.008, n=5 for both vehicle and drug treated groups. (F) Speci-
ficity of the EMT-specific combinatorial treatment was tested in mice implanted with papil-

lary subtype tumors for 21 days (n= 4 for each group). All data are mean + S.D, and statistical
analysis was performed with two-tailed Student's t-test.
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Figure 3.14. Percentage of body weight changes in papillary tumor mice receiving revised
papillary-specific combinatorial treatment.
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Compared to the original papillary-specific treatment, the dose of VX-680 was increased from 50
mg/kg to 60 mg/kg in this combinatorial treatment. N=4-6 in each group. All data are mean +
S.D.
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Figure 3.15. Body weight change (shown in %) of mice received EMT -specific combinatori-
al treatment.
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To test for side-effects associated with combinatorial treatment mice receiving treatment were
assessed for changes to body weight. Body weight changes in mice with EMT tumors that re-
ceived vehicle control or EMT-specific treatment were recorded as a percentage of the weight of
the mice at the start of the trial with a 6mm tumor. For each group, n=5. This revealed no signifi-
cant differences. All data are mean + S.D.
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Figure 3.16. Unsupervised clustering of pathway activation patterns of human breast cancer and patient-derived xenografts
(PDXGs).
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Figure 3.17. Individualized combinatorial treatment in patient-derived breast cancer xeno-
grafts.
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(A) Probability of cell signaling pathway activation was calculated for breast cancer samples and
PDX lines. The resulting probabilities were used in an unsupervised clustering analysis to deter-
mine which PDX samples most closely represented the basal breast cancer samples
from patients. The horizontal and vertical dendrograms show hierarchical clustering of samples
and pathways, respectively. The black bars between the upper dendrogram and
the heatmap identify samples from patient-derived xenografts and the white regions between the
black bars identify breast cancer samples. The two patient-derived xenografts used in this study
are marked with black triangles below the heatmap. The color map shows the probability of
pathway activation with blue being a low probability of a pathway being active and red repre-
senting a high probability of a pathway being active.
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Figure 3.17. (Cont’d)
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(B) In order to highlight the probability of pathway activation in the patient-derived xeno-
grafts samples selected for further study (labeled with triangles in (A)), the probability of path-
way activation is shown. (C) Immunohistological staining and (D) Western blots of phospho-
Erk1/2 in patient-derived xenografts confirm the predictions and are shown with each lane repre-
senting one tumor sample after growth in a mouse. Scale bar= 20 um
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Figure 3.17. (Cont’d)
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(E) Percentage change in tumor volume is depicted after the combinatorial treatment (12.5
mg/kg afatinib daily, 1 mg/kg trametinib daily, and 10 mg/kg SB505124 for 4 days per
week) was given via oral gavage to mice orthotopically implanted with patient-derived xenograft
BCM2147 (n=6 for each group). ***p=0.002. (F) The bar plot shows tumor volume change as
a percentage in mice implanted with patient-derived xenograft BCM2147 after 14, 21, and 27
days of treatment. **p<0.05 and ***p<0.001. (G-H) Waterfall plots of percentage change in tu-
mor volume after 14 days of treatment in mice orthotopically implanted with patient-derived
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xenograft BCM2147 (G) and BCM3887 (H). Numbers of mice used in vehicle-treated BCM2147
or BCM3887, drug-treated BCM2147, and drug-treated BCM3887 are 6, 6, and 5 respectively.
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Figure 3.17. (Cont’d)
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(I) Immunohistochemical staining of phospho-Erk1/2 in patient-derived xenografts
BCM2147 receiving 21 days of drug or vehicle treatment. Scale bar= 20 um. All data are mean+
S.D., and analyzed by two-tailed Student’s t-test.
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Figure 4.1. Alteration frequency of Myc in cancers.
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Figure 4.2. Stat3 has diverse functions in MMTV-Myc and MMTV-Neu tumors.

A

Microacinar
Squamous
EMT

Neu

(A) Unsupervised clustering of the top up and down-regulated genes from the Stat3 pathway in
MMTV-Myc and MMTV-Neu tumors. The dendrogram on the top shows the relationship
among the individual tumors. The annotated information for histological subtypes of MMTV-
Myc tumors and MMTV-Neu is shown at the bottom where a black bar represents a tumor sam-
ple. The wvertical dendrogram represents clusters of genes. Black clusters represent
genes downregulated by Stat3 activation. Purple and green clusters include genes up-
regulated by Stat3 activationin MMTV-Neu tumor and in Myc papillary subtype tu-
mors respectively.
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Figure 4.2. (Cont’d)
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(B) A Kaplan-Meier plot demonstrates distant metastasis free survival in human breast cancer
patients with clustered genes that are upregulated in the Stat3 pathway signature (shown in pur-
ple in panel A) in MMTV-Neu tumors. HR=1.62 (1.15-2.29) and logrank P = 0.0052. (C) Proba-
bility of Stat3 pathway activation in subtypes of MMTV-Myc tumors. ***p<0.001, two-tailed
Student’s t test. (D) A Kaplan-Meier plot showed overall survival of patients with
high (MPHPSH) or low level of phosphorylated Stat3 (MPHPSL) in samples with high Myc
pathway activity probability (p=0.047).
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Figure 4.3. Physiological effect of STAT3 loss on mammary function.
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(A) Effects of STAT3 loss on the body weight of pups nursed by different genotypes of
dams including MMTV-Myc, Stat3 CKO and Myc Stat3 CKO. The litter size was normalized to
Six pups one day post-partum. The average body weights of the first and second litter pups on
Day 5 are shown with an n of at least six per group. Data were analyzed by two-tailed t-test. *
p<0.05; **p<0.01; ***p<0.001. (B) Whole mount staining (top and middle rows) in 10- and 20-
week-old virgin mice as well as hematoxylin and eosin staining (bottom row) of mammary
glands in 20-week-old virgin mice are shown. Representative images were chosen for each.
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Figure 4.4. Loss of STAT3 alters tumor onset and tumor growth.
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(A)A Kaplan-Meier  plot of tumor-free  survival
and Myc Stat3 CKO (n=22). (B) Tumor growth curves are shown for individual tumors. MMTV-

Myc mice are shown with dashed lines (n=20). Myc Stat3 CKO mice are shown with solid black
lines (n=18).
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Figure 4.4. (Cont’d)
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(C) A box plot of days from palpation to 2500 mm?reveals slowed tumor growth in the
Myc Stat3 CKO mice with an average of 36 days from palpation to endpoint in MMTV-Myc
mice (n=32), and 109 days in the Myc Stat3 CKO mice (n=20). ***p<0.001. (D) Ki67 staining
of mammary tumors in MMTV-Myc and Myc Stat3 CKO mice reveals a reduction in Ki67 stain-
ing. Representative pictures (D) and quantification results (E) are shown. Data are mean *
S.D.*p<0.05. ***p<0.001, two-tailed Student’s t test.
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Figure 4.5. Incomplete excision of Stat3 in mammary tumors.
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(A) Excision of Stat3in tumors was tested using PCR with tail DNA of STAT3"" mice
as a control. (B) Excision PCR demonstrated that 16% (6 out of 37) tumors did not
have detectable STAT3 excision. (C) Examination of tumor growth rate showed that excision of
Stat3 in Myc induced tumors was associated with delayed growth rate. *p= 0.04, two-tailed Stu-
dent's t test. (D) To ensure excision was associated with protein loss, western blot of STAT3 in
mammary tumors from MMTV-Myc and Myc with excised Stat3was conduct-
ed. (E) Representative ~ images are  shown from immunohistochemistry ~ for pSTAT3
(Y705) conducted on Myc tumors and Myc Stat3 CKO tumors without and with excision.
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Figure 4.6. Loss of Stat3 alters tumor histology.
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(A) Quantification of the histological subtypes of mammary tumors observed in MMTV-Myc
and Myc Stat3 CKO mice reveals histological differences in Myc induced tumors lacking
Stat3. EMT - Epithelial to Mesenchymal Transition, NOS — Not otherwise speci-
fied. Representative images with hematoxylin and eosin staining from various subtypes including
papillary (B), EMT (C), and myoepithelioma (D) are shown.
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Figure 4.7. STAT3 ablation affects angiogenesis and inflammation.
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(A) The percentage of mice with lung metastases at end point (tumor volume reaches 2500
mm?) did not reveal an alteration in metastatic capacity with loss of Stat3.

(B) Immunohistochemistry for CD31 in mammary tumors from MMTV-Myc and Myc Stat3
CKO mice reveals a decrease in CD31 staining. (C) Quantification of CD31 staining was deter-
mined by CD31+ per tumor area (mm?®). n=5 per genotype and n=5 per mouse. Data are mean +
S.D. (D) F4/80 staining of mammary tumors in MMTV-Myc and Myc Stat3 CKO mice revealed
a reduction in F4/80 staining with the loss of Stat3. The percentage of F4/80 was calculated by
F4/80+ per tumor area (mm?®) and quantification is shown (E). *p<0.05.
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