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Abstract
The Role of Growth Differentiation Factor 15 in Breast Cancer

By Bridgette F. Peake

This dissertation seeks to uncover the mechanism by which the inflammatory cytokine
growth differentiation factor 15 (GDF15) drives tumorigenesis in breast cancer. GDF15
has been implicated as a biomarker of poor prognosis and decreased survival in several
malignancies. However, few studies have examined GDF15 expression, signaling, or
function in breast cancer. GDF15 is significantly elevated in many tumor types in
association with epithelial mesenchymal transition (EMT), drug resistance, and
progressive disease. Our studies demonstrate that GDF15 overexpression is associated
with upregulation of mitogenic signaling pathways (TGF-B, MAPK, and FOXM1).
GDF15 expression is further associated with high tumor grade, ER-negativity, and HER2
overexpression in patients with breast cancer. Stable overexpression of GDF15 resulted
in upregulation of mesenchymal markers and transcription factors, including FOXMI,
and increased cellular invasion. GDF15 stable clones and breast cancer cells stimulated
with recombinant human GDF15 demonstrated activation of insulin-like growth factor-1
receptor (IGF-1R). Pharmacologic inhibition of IGF-1R blocked GDF15-mediated
FoxM1 up-regulation, EMT, and invasion. Knockdown of FOXM1 dramatically reduced
GDF15-mediated invasion and suppressed expression of matrix metalloproteinases
MMP2 and MMP9. Finally, knockdown of GDF15 significantly inhibited invasion of
HER2-overexpressing and triple-negative breast cancers. Preliminary optimization
studies using DZGDF15NPs for targeted GF15 mRNA neutralization show therapeutic
promise in the future. The collective findings presented herein provide further insight
into the mechanism by which GDF15 drives cancer progression, and suggest potential

therapeutic strategies that could benefit patients with breast cancer.
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Chapter 1

Introduction and Background

Portions of this chapter were previously published.

Bridgette F. Peake and Rita Nahta. Resistance to HER2-targeted therapies: a potential
role for FOXM1. Published in final edited form as: Breast Cancer Manag. 2014; 3(5):
423-431. doi: 10.2217/bmt.14.33. Available from:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4294221




1. Breast cancer

Essentially all cancers, including breast cancer, originate due to alterations in
gene function (1; 2). Mutations associated with breast cancer can be inherited or sporadic
(3). Sporadic breast cancer forms as a result of mutated oncogenes, resulting in oncogene
activation, and is characterized by uncontrolled cell proliferation. In inherited breast
cancer, there is a combination of allele inactivation and germline mutation in a tumor
suppressor gene (4; 5). The process of malignant transformation in breast cancer has yet
to be fully elucidated. However, breast cancer progression is characterized by an increase
in cell proliferation rates and abnormal cell growth. This process promotes the acquisition
of mesenchymal characteristics, a process by which cells lose polarity and cell-cell
adhesion (6). Recently, the migratory phenomenon known to drive embryonic
development under normal conditions called epithelial to mesenchymal transition (EMT)
has been shown to play a pivotal role in breast cancer invasion and metastasis (7)
Metastases cause the vast majority of cancer-related deaths (8), and are the most poorly

understood hallmark of cancer (9).

Breast cancer remains one of the most common cancers worldwide and is a major
cause of cancer-related deaths among adult females in the United States. Approximately
12.4 percent of women born in the US will develop breast cancer (10). Breast cancer is a
complex heterogeneous disease, having several pathological subtypes, each distinguished
by its own pathological and clinical characteristics (11). Breast cancer diagnosis
comprises a combination of clinical examination, mammography, histopathological

analysis, and molecular techniques, including immunohistochemistry (IHC) and



fluorescence in situ hybridization (12). Diagnosis, allows individual assessment of
patient prognosis based on staging characteristics (i.e. tumor grade and receptor status)
(13). Stage 0 is the earliest stage, represents localized disease and stage IV represents
metastatic breast cancer (MBC), the most advanced stage of disease (13). Noninvasive, or
stage 0, includes the earliest stage of disease. Patients that fall into this category typically
have good prognosis and a 5-year relative survival rate of 99% (14). Early stage invasive
breast cancers (stages I and II) have a relative survival rate of approximately 85%.
Locally advanced breast cancer (LABC or stage III) has spread beyond the breast to the

chest wall and/or lymph [http://www.nccn.org/]. Stage III is characterized by poor

prognosis and has a long-term survival of approximately 72%

[http://www.nccn.org/].Patients having breast cancer progression to distant sites beyond

the breast (organ metastasis) are categorized as stage IV or advanced breast cancer (15).
The 5-year relative survival after stage IV diagnosis is roughly 22%, however prognosis
is dependent on the location of organ metastasis (10). Although there is no cure for stage

IV breast cancer, symptoms of disease can be alleviated with palliative treatment.

Within the past two decades, the advances in early detection and treatment
options have caused a steady decline in breast cancer mortality rates (16). Yet, MBC
remains an incurable disease, as 5—10% of those patients survive more than 5 years, and
2-5% survives more than 10 years (17). Recent, advancements in tumor grading and
comprehension of disease heterogeneity have allowed for the progression of targeted
therapy and personalized medicine. However, understanding the mechanisms that drive

resistance and metastasis remains a major therapeutic challenge.



2. Subtypes of breast Cancer
Gene expression profiling has identified at least five major subtypes of breast
cancer- luminal type A (estrogen receptor (ER)+ and/or progesterone receptor positive
(PR)+, human epidermal growth factor receptor 2 (HER2)—, low Ki67), luminal B (ER+
and/or PR+, HER2+ or HER2— with high Ki67), ER— and HER2+, triple negative
(TNBC) and basal-like (ER—, PR—, HER2—) (18-23) . Histopathological and molecular
classifications improve the abilities to predict outcomes and direct appropriate targeted
treatment options to patients.
Luminal type breast cancer
The most common subtype of breast cancer, luminal tumors express hormone
receptors, reminiscent with luminal epithelial cells originating from the inner layer of the
mammary duct lining (18). Both Luminal type A and Luminal type B breast cancers are
characterized as being ER+ and PR+. Luminal type A cancers are (HER2-negative and
account for 54.3% of all patients (24-26). Luminal type A patients respond well to
hormone therapy and have the most favorable outcome of all subtypes. Tamoxifen, a
selective estrogen receptor modulator (SERM), is a competitive inhibitor of estrogen
binding to ER in breast tissue. Contrarily, luminal type B breast cancer is more complex.
Luminal type B breast cancer can be either HER2- or HER2+, have lower expression of
ER as compared to luminal type A, as well as low expression of PR and higher
expression of proliferation cluster genes (e.g., MKI67) and cell cycle—associated genes
(e.g., CCNBI and MYBL2) Thus, luminal type B breast cancer has a worse prognosis
compared with luminal A, and is most effectively treated with a combination of

therapeutic strategies, such as hormonal treatment plus chemotherapy (27).
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Basal-like and triple-negative breast cancer (TNBC)

Accounting for approximately 15% of all breast cancer patients, basal-like breast
cancer is more prevalent in pre-menopausal African-American women (28). Basal-like
breast cancer is the most genetically complex subtype of breast cancer, and is defined by
(1) lack of ER, PR, and HER2 expression (‘triple-negative’ immunophenotype), (2)
expression of one or more high molecular weight basal cytokeratins (CK5/6, CK14, and
CK17), (3) lack of expression of ER and HER2 in conjunction with expression of CK5/6
and/or epidermal growth factor receptor (EGFR), and (4) lack of expression of ER, PR,
and HER2 in conjunction with expression of CK5/6 and/or EGFR (19). Basal-like breast
cancer poses a significant treatment challenge given its aggressive phenotype and lack of
available targeted therapy options. Treatment with chemotherapy is limited by
nonspecific cytotoxicity, significant side effects and the high potential for residual
disease progression. Recently, there have been developments of promising targets (eg,

FGFR2, TRAIL, antiangiogenic agents) for subgroups of basal-like breast cancers (28).

Oftentimes used synonymously, TNBC and basal-like breast cancer are not the same.
Both basal-like and TNBCs lack ER, PR, and HER2 expression, and are associated with
aggressive pathologic features, high occurrence in younger African-American women
and poor clinical outcomes. Gene expression profiling studies (29); (30) identified
approximately 70% of TNBCs as belonging to the basal-like subtype, whereas 8-29%
were classified as having extensive heterogeneity (31-34). Given the complexity of this
disease, the therapeutic strategies for treating TNBC include targeting DNA repair

complexes (platinum compounds and taxanes), P53 (taxanes), cell proliferation



(anthracycline containing regimen) and Poly-(ADP-ribose) polymerase (PARP1) repair.
These targeted strategies, when combined with cisplatin, have shown promise in terms of

improved progression-free survival (35; 36) .

iii. HER2 and breast cancer

Discovered by Shih et al., in the 1980s, HER2-neu (c-ERBB-2) is a proto-
oncogene that encodes HER2, a 185-kilodalton type 1 glycoprotein with tyrosine kinase
activity (37). The epidermal growth factor receptor (EGFR) family is a group of 4
transmembrane glycoproteins (Figure 1-1) EGFR (ErbB1), HER2 (ErbB2), HER3
(ErbB3), and HER4 (ErbB4) comprised of an extracellular binding domain, an a-helical
transmembrane domain and an intracellular receptor tyrosine kinase (RTK) domain (38).
HER3 is a pseudokinase having a unique intracellular kinase domain that binds ATP with
high affinity, but possesses weak kinase ability to promote autophosphorylation. Ligands
bind to the extracellular domain of these receptors causing a conformational change
resulting in homo- or-heterodimerization followed by phosphorylation of tyrosine
residues within the intracellular region. There is no known ligand for HER2, yet it is the
preferred dimerization partner for all erbB receptors (39; 40) . Interestingly, HER2 has
the strongest catalytic kinase activity and HER2-containing heterodimers cause potent
mitogenic signaling, particularly HER2:HER3 heterodimers (39; 41). The phosphorylated
tyrosine residues then become docking sites for src homology 2 (SH2) and
phosphotyrosine binding domain (PTB) containing proteins. This process results in the
recruitment and activation of downstream second messenger (42) signaling pathways.
Activation of intracellular signaling pathways is dependent on phosphorylation of

specific receptor residues.
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Figure. 1-1. EGFR/HER family tyrosine kinase receptors.

EGFR/HER receptors and their respective ligands. Each receptor shows an extracellular
domain, a helical transmembrane segment, and an intracellular protein tyrosine kinase
domain. Once the ligand is bound, these receptors can homodimerize or heterodimerize
with each other to form several receptor combinations, which leads to activation of a

variety of downstream signaling pathways.



These pathways include the 1) mitogen-activated protein kinase (MAPK) cascade
responsible for growth, differentiation and apoptosis, 2) phosphatidylinositol-3 kinase
(PI3K/AKT), which regulates anti-apoptotic signaling, 3) other pathways like the
mammalian target of rapamycin (mTOR), and the signal transducer and activator of
transcription (STAT) pathways (39; 40; 44). Currently, there are 11 known ligands for
this family: epidermal growth factor (EGF), transforming growth factor alpha (TGF-a),
epiregulin, herparin-binding epidermal growth factor (HBEGF), betacellulin,
amphiregulin, epigen, neuregulin-1 (NRG-1)/Heregulin (HRG), NRG-2, NRG-3 and
NRG-4 (Fig 1.1) (43).

Under normal physiological conditions, HER2 is expressed in pulmonary
bronchial epithelial cells and is involved in multiple physiologic processes, including cell
proliferation, wound repair, neuregulin signaling and nervous system development (45).
Interestingly, in 1989, studies by Margolis and colleagues determined that HER2
authophosphorylation tyrosine sites are located within the C-terminus, and are identical to
EGFR phosphorylation sites (46). In 1990, the HER2 phosphorylation sites were
identified as follows: Y1248, Y1023, Y1112, Y1127, Y1139, Y1196, Y1221, and Y1222
(46). Further studies determined that, even in the absence of its intracellular domains,
HER2 is capable of dimerization (47; 48). The robust signaling mediated by HER2-
containing dimers has been attributed in part to the extracellular domain of HER2, which
constitutively exists in an activated conformation (49; 50) with kinase function
unnecessary for homodimerization (39; 51).

Among newly diagnosed breast cancer patients, an estimated 15-20% of breast

tumors have amplification of the HER?2 gene (25-50 copies) and up to 40- to 100— fold
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increase in HER2 protein expression (52-54). HER2 amplification is associated with a
more aggressive tumor biology (55) and an increased incidence of metastasis (56) due to
the constitutive activation of numerous downstream signaling networks involved in
migration, cell-cycle regulation, proliferation, inhibition of apoptosis, and angiogenesis
(57; 58). The increased expression of this cell-surface molecule specifically in tumor
cells and its association with unfavorable outcomes in patients with breast cancer provide

rationale for selectively inhibiting this molecular target.

HER?2-targeted therapies

Given the dynamic role of HER2 in the oncogenesis and progression of breast
cancer, a significant amount of research has focused on developing HER2-targeted
therapies. The first anti-HER2 antibody to be translated to clinical use was trastuzumab
(59), which is currently the main first-line therapy for patients with HER2-overexpressing
breast cancer. Other methods of treatment include second-generation humanized
monoclonal antibodies, as well as both reversible and irreversible small molecule tyrosine
kinase inhibitors, which can bind to ATP and prevent phosphorylation of target proteins.
Each inhibitor has demonstrated significant clinical response in certain patients; however,

the development of resistance remains a major challenge (60).

Trastuzumab
Trastuzumab is a humanized monoclonal antibody (mAb), that binds to domain
IV of the HER2 extracellular domain and disrupts downstream PI3K signaling (61)and

Ras-MAPK signaling (62). Trastuzumab-mediated tumor regression appears to be
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partially dependent on the abilities to block angiogenesis (63; 64), induce antibody-
dependent cellular cytotoxicity (65; 66) and suppress invasion and metastasis (67; 68),
which may be related to the ability to target a HER2-positive stem cell population
(69)(Figure 1-2) (70). In addition, the combination of trastuzumab with chemotherapy
has been shown to improve both survival and response rate, in comparison to trastuzumab
alone (71). As of 2017, there were over 150 active interventional studies incorporating
trastuzumab (https://clinicaltrials.gov). Currently, there are several studies investigating
the benefits of novel agents, including Hsp90 inhibitors, P13K/AKT/mTOR inhibitors,
vascular endothelial growth factor (VEGF) inhibitors, insulin-like growth factor-I

receptor (IGF-IR) inhibitors and aromatase inhibitors in combination with trastuzumab.

Lapatinib

Lapatinib (Tykerb ®, GlaxoSmithKline) is a potent, orally active, dual tyrosine
kinase inhibitor that blocks both EGFR and HER2. Lapatinib binds to the ATP-binding
site of both receptors and prevents signal transduction through MAPK and PI3K/AKT
pathways. Lapatinib is commonly used in patients with HER2-positive metastatic breast
cancer who have progressed on treatment regimens that included trastuzumab with taxane
or anthracycline treatment (72). Clinical trials using trastuzumab and lapatinib in
combination with chemotherapy or endocrine therapy have shown a significant
improvement in outcome, as compared to single-agent chemotherapy treatment regimens
(40; 73; 74). In addition, lapatinib monotherapy induces apoptosis and increases

sensitivity to radiation in trastuzumab-resistant cells (75).
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Figure 1-2. Mechanism of action for trastuzumab in HER2-expressing breast cancer
In breast cancer, constitutively active HER2 receptors dimerize with other EGFR/HER
receptors, activating downstream signaling pathways that promote tumorigenesis.
Trastuzumab prevents constitutive activation of HER2, induces internalization and
degradation of the protein, and stimulates the immune system to recognize HER2-

overexpressing cells.
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Lapatinib is also being examined in clinical trials with inhibitors of angiogenesis,
P13K/mTOR and cytotoxic agents (76). Lapatinib is currently approved as a second-line
therapy in combination with chemotherapy for trastuzumab-refractory metastatic breast
cancer.

However, a majority of patients who received prior trastuzumab therapy
demonstrate resistance to lapatinib. Thus, improved understanding of the molecular
mechanisms contributing to resistance to both trastuzumab and lapatinib is critical for
developing new therapies and for identifying those who are most likely to respond to

currently available agents.

Other HER2-targeting agents

In addition to the HER2-targeting agents detailed above, there are other agents in
use which target HER2 signaling. Pertuzumab is a second-generation humanized mAb
that targets the HER2 domain involved in HER2/HER3 dimerization, preventing tumor
development (50; 77; 78). In 2012, Keating and colleagues reported that the addition of
pertuzumab to trastuzumab and docetaxel for the first-line treatment of HER2-positive
metastatic breast cancer prolonged progression-free survival in the randomized, double-
blind, multinational, phase Il CLEOPATRA trial (79). The antibody-drug conjugate T-
DMI1, Ado-trastuzumab emtansine, consists of trastuzumab and the chemotherapeutic
agent emtansine. Emtansine is a cytotoxic microtubule-depolymerizing agent (80). T-
DM1 is specifically approved for patients who have previously been treated with

trastuzumab and taxane, separately or in combination, and have metastatic breast cancer
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or tumor recurrence within six months of completing adjuvant therapy (Kadcyla (ado-

trastuzumab emtansine [T-DM1]) Genentech/Roche; May, 2013.)

Resistance to HER2-targeted therapy

Despite the tremendous efficacy of trastuzumab against HER2-overexpressing
metastatic breast cancers, a significant fraction of women demonstrate progressive
disease during treatment. There are many proposed mechanisms of resistance (Figure 1-
3) (81). One potential mechanism is masking of the HER2 epitope to which trastuzumab
binds, which has been described as a result of overexpression of the mucin cell-surface
protein MUC4 (82). Compensatory signaling and receptor cross-talk have also been
proposed as mechanisms through which HER2 signaling is sustained in resistant cells; for
example, the IGF-1R (83; 84) and the hepatocyte growth factor receptor MET (85) have
been shown to cluster and crosstalk with HER2. Previous studies have shown that,
crosstalk from IGF-1R to HER2 results in sustained HER2 phosphorylation in the
presence of trastuzumab resistance (86-89). Moreover, the inhibition of IGF-1R signaling
blocks HER2 phosphorylation and restores sensitivity to trastuzumab (83). Moreover,
activation of IGF-1R using IGF-1 stimulation results in the phosphorylation of HER2 and

activation of PI3K (87; 90).
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Figure 1-3. Mechanisms of Trastuzumab Resistance

Relevant mechanisms of trastuzumab resistance in breast cancer include: (a) impaired
trastuzumab binding to HER2 (i.e. truncated HER2 and epitope masking). (b)
upregulation of HER2 downstream signaling pathways: PTEN loss, increased PI3K/Akt
activity and PDK1 changes. (c) alternative signaling pathways: Increased signaling from

HER family and other receptors. (d) impaired immune-mediated mechanisms.
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Increased signaling through the PI3K pathway is recognized as one of the most
clinically relevant mechanisms of resistance and may occur due to down-regulation of
PTEN (91), hyperactivating mutations in the catalytic subunit of PI3K (92) or subsequent
to increased upstream growth factor receptor signaling. Further downstream, reduced
expression or cellular relocalization of the p27 protein (19; 71; 93) or increased
expression of anti-apoptotic regulators, including Bcl-2 (94), have been described in
models of trastuzumab resistance. Another potential mechanism is up-regulation of
ligands that increase phosphorylation of HER2, such as the EGFR ligand TGF-alpha (95),
HER3 ligand heregulin (95), and the cytokine growth differentiation factor 15 (96).

Lastly, aberrant HER2 signaling constitutively activates multiple downstream
signaling pathways, including; those which enhance Forkhead box MI (FOXMI)
transcription factor signaling (97). FOXMI regulates proliferation, mitosis, metastasis,
tumor development, and progression in breast cancer (58; 59; 61-63). Thus, FOXM1-

mediated trastuzumab resistance may occur through a variety of molecular mechanisms.

FOXM1 and breast cancer
FOXM1I, a downstream target of HER?2 signaling
Forkhead box MI (FoxM1) is a member of the forkhead family of transcription
factors (98). There are more than 100 proteins in the forkhead family, which represents a
subgroup of the helix-turn-helix class of transcription factors; this name refers to the

winged nature of the DNA-binding domain, which is flanked by two side loops (98).
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Figure 1-4. The role of FOXM1 in normal cells and the effects of its deregulation in

tumor cell chemoresistance.

FoxM1 has several mechanisms of activation. Under normal conditions FOXM1
transcriptional activity and expression are tightly regulated. FOXM1 controls a variety of
biological processes by driving the transcription of target genes that regulate cell cycle
progression/arrest, cellular responses to oxidative stress, DNA damage and cell death. In
tumor cells, FOXM1 homeostatic regulation is compromised due to dysregulation of cell
signaling pathways. For example, upregulation of Wnt, PI3K, and/or Rass/MEK/ERK
signaling has been shown to increase FOXMI1 expression and activation. Sustained
FOXM1 signaling promotes increased expression of FOXM1 target genes and evasion of
cell death in tumor cells, resulting in chemoresistance and tumorigenesis. Thus, FOXM1
antagonizes the effects of chemotherapy by upregulating DNA repair, self-renewal,

proliferation, and migration.
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There are three known isoforms of human FOXM]1, which are referred to as FOXMIla,
FOXM1b, and FOXMIc; these isoforms result from alternative splicing of the transcript
of the 25-kb foxm1 gene, which contains 10 exons and is found at chromosomal location
12p13.33 (98). The FOXM1 isoforms are characterized by a highly-conserved DNA-
binding domain, an N-terminal repressor domain, and a strong transactivation domain.
FOXM1b and FOXMIc recognize and activate transcription from consensus sequence 5'-
A-C/T-AAA-C/T-AA-3" (98). Both are regulated by MEK signaling, but FOXMIc has
two Erk1/2 phosphorylation sites, S330 and S703 (98); thus, FOXMlc may be more
dependent upon MEK signaling. The functions of FOXM1 are related to the functions of
its target genes, of which there are more than 200; these targets regulate the majority of
cancer-related processes, including proliferation, invasion, angiogenesis, senescence,
stem cell function, and DNA repair (Figure. 1-4) (98). Normal physiological functions
include regulation of replication, mitosis, and repair.

FOXMI1 upregulation is associated with poor prognosis in breast cancer (99).
FOXMI1 transcript levels are significantly elevated in multiple breast cancer tissue data
sets (Figure 1-5). FOXMI plays a role in most subtypes of breast cancer, not just HER2-
overexpressing forms. In triple negative breast cancer (TNBC), FOXM1 overexpression
protects cancer cells from DNA double-strand breaks, by interacting with NFkB to
promote doxorubicin chemoresistance (100). Accordingly, it has been shown that
FOXM1 inhibition decreases transcription of DNA repair genes and restores Doxorubicin

sensitivity in TNBC (100).
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Figure 1-5. Increased FOXMI1 transcript levels in breast cancer tissues

(a) FoxM1 transcript levels in breast cancer tissues versus normal breast tissues are
shown for the Curtis breast data set retrieved from Oncomine; this data set included 2,136
samples examined on the Illumina Human HT-12 V3.0 R2 Array consisting of 19,273
measured genes. Fold change = 2.21, **p<0.005 (b) FoxM1 transcript levels in breast
cancer tissues versus normal breast tissues are shown for the TCGA breast data set
retrieved from Oncomine; This data set included 593 samples; the array measured 20,423
genes, but the name of the array platform was not provided in the Oncomine database.
Fold change = 5.213, **p<0.005 (¢) FoxMI transcript levels in breast cancer tissues
versus normal breast tissues are shown for the Richardson breast 2 data set retrieved from
Oncomine; This data set included 47 samples examined on the Human Genome U133
Plus 2.0 Array consisting of 19,574 measured genes. Fold change = 17.629, **p<0.005;

[www.oncomine.org]
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Constitutive overexpression of FOXM1 in MCF-7 breast cancer cells promotes
acquired cisplatin resistance, by enhancing the expression of the DNA damage response
genes; breast cancer-associated gene 2 (BRCA2) and X-ray cross complementing group 1
(XRCC1). Furthermore, in ERa positive and negative breast cancer cells, FOXM1 has
been shown to interact with the coactivator CARMI1 to regulate ERa transcription (101).
Increased FOXM1 levels amplify estrogen-mediated mitogenic actions and promote
endocrine therapy resistance in ERa positive breast cancer (102). FOXMI1 inhibition has
been demonstrated to decrease expression of ERa-regulated genes, suppress estrogen-
induced breast cancer cell proliferation, and restore tamoxifen sensitivity (102; 103).

Studies investigating FOXM1 as a downstream target of HER2 signaling have
demonstrated a direct correlation between HER2 and FOXM1 expression levels in vivo
and in vitro (104; 105). Stable overexpression of FOXM1 in HER2-overexpressing cell
lines effectively diminished trastuzumab sensitivity, increased colony formation, and
inhibited lapatinib-induced cytotoxicity (104; 106). Interestingly, inhibition of
EGFR/HER2 with lapatinib had no observable effect on FOXMI1 protein levels in
lapatinib-resistant lines. In contrast, combined inhibition of MEK signaling plus lapatinib
diminished nuclear FOXMI levels (105). Consistent with these findings, inhibition of
Raf/MEK/ERK signaling delays G2/M transition and inhibits expression of FOXM1
target genes (107). Additionally, treatment of sensitive and resistant breast carcinoma
lines with the anti-EGFR tyrosine kinase inhibitor gefitinib reduces FOXM1 and HER2
phosphorylation only in sensitive cell lines (108). Moreover, FOXM1 blocks paclitaxel-
induced apoptosis due to reduced levels of the microtubule-destabilizing protein stathmin

in HER2-positive breast cancer cells (104). Aberrant FOXMI1 signaling can promote a
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drug-resistant phenotype, characterized by activation of anti-apoptotic proteins Bcl-2, up-
regulation of genes important for homologous recombination, and promotion of epithelial
to mesenchymal transition (EMT) (102; 109). Furthermore, FOXMI1 has been shown to
sustain TGFB-induced formation of a SMAD3/SMAD4 nuclear transcription complex
that up-regulates the downstream EMT target SLUG to promote breast cancer metastasis
(110; 111). This process may also be mediated by growth differentiation factor 15
(GDF15), a divergent member of the TGF superfamily, which promotes invasion, EMT,
and is increased in the setting of acquired trastuzumab resistance (96). Collectively, these
studies provide rationale for further investigation into the mechanisms of FOXMI-

mediated chemoresistance in HER2-positive breast cancer.

Targeting FOXM!1 in resistant breast cancer

FOXMI1 deregulation is a potential diagnostic and prognostic biomarker of
oncogenic potential in several malignancies (112). Aberrant HER2 signaling
constitutively activates multiple downstream signaling pathways, including PI3K/Akt,
and ERK, which enhance FOXMI signaling (97). FOXM1 regulates proliferation,
mitosis, metastasis, tumor development, and progression in breast cancer (58; 59; 61-63).
Thus, FOXM Imediated trastuzumab resistance may occur through a variety of molecular
mechanisms. Treatment of HER2-positive breast cancer cells with thiostrepton, a
selective inhibitor of FOXM1 mRNA, causes increased sensitivity to lapatinib.
Furthermore, thiostrepton diminishes proliferation, invasiveness, and transformation, and
induces apoptosis in breast cancer cells that express FOXMI, regardless of HER2

overexpression status, indicating that FOXMI-targeting is a relevant approach for
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multiple subtypes of breast cancer (101; 106). Knockdown of FOXM1 with thiostrepton
in micelle nanoparticles administered to MDA-MB-231 breast cancer xenografts reduced
tumor growth rates and increased apoptosis (113). Additionally, co-administration of
thiostrepton and lapatinib reduces the survival of HER2-positive breast cancer cells. The
natural nontoxic agent 3, 3'-diidolylmethane (DIM) combined with trastuzumab causes
down-regulation of Akt, NFkB, and FOXMI in breast cancer cells (114). DIM enhances
trastuzumab efficacy by selectively reducing FOXM1 expression and inhibiting tumor
growth without toxicity (115). Injection of FOXMI-specific siRNA into tumor
xenografts suppresses tumor growth and reduces expression of FOXMI transcriptional
targets (6). Similarly, treatment of resistant and sensitive breast cancer cells with the
ARF-derived peptide, which is a FOXMI inhibitor, decreases proliferation and restores
sensitization to trastuzumab (104). Knockdown of FOXM1 with shRNA diminishes
proliferation, anchorage independence, and tumorigenesis of breast cancer cells in vitro
and in vivo (111). These studies demonstrate the therapeutic potential of co-targeting

FOXM1 in drug-refractory breast cancer.

Scope of Dissertation

This dissertation aims to further understand the mechanisms that drive resistance
and metastasis in breast cancer. We have previously shown upregulation of GDF15 in the
presence of acquired trastuzumab resistance, and investigated the implications of IGF-1R
signaling as a mechanism of compensatory signaling and sustained resistance in HER2
positive breast cancer. In this study, I hypothesize that overexpression of GDF15 is

driving activation of IGF-1R/FOXMI signaling, which drives resistance and cancer
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progression. My preliminary studies reveal increased proliferation, invasion, migratory
potential and EMT in the presence of GDF15 overexpression. By characterizing the
acquired phenotype in the presence of constitutively expressed GDF15, I was able to
identify several signaling pathways activated in this setting. The data revealed that
GDF15 overexpression promotes increased activation of multiple pathways downstream
of HER2 and IGF-1R, such as MEK/ERK, FAK/SRC, PI3K/AKT, and SMAD2/3.
Moreover, I determined that GDF15 overexpression promotes activation of receptors that
play a key role in mitogenic signaling and tumorigenesis (IGF-1R and TGFf-R). Lastly,
activation of these receptors displayed an increase in protein levels of the proliferation
associated transcription factor FOXM1. I proposed targeting these signaling pathways
and receptors both individually and in combination to identify the mechanisms by which
GDF15 drives resistance and cancer progression. An investigation of TGFf-R signaling
revealed that GDF15 stimulation activates the SMAD2/3 signaling pathway, resulting in
increased invasion and mesenchymal markers. However, studies investigating the
knockdown of TGFf-R signaling demonstrated modest restoration of epithelial markers
and partial regulation of IGF-1R activation. Inhibition of TGFB-R signaling was able to
partially attenuate invasive potential, but did not restore the epithelial phenotype. These
findings suggest that TGFB-R signaling plays a partial role in GDF15-mediated cancer
progression. Moreover, targeting downstream signaling pathways, such as MEK/ERK,
SRC/FAK and P13K/AKT, either individually or in combination, does not decrease
invasive potential, migration, or EMT status in the presence of GDF15 overexpression.
Studies investigating the role of IGF-1R show that stimulation with recombinant GDF15

(rhGDF15) activates IGF-1R with subsequent upregulation of FOXMI protein levels in
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breast cancer cells that express normal levels of GDF15. Further, inhibition and or
knockdown of IGF-1R attenuates invasive potential, restores epithelial markers and
decreases FOXM1 levels, suggesting that IGF-1R/FOXM1 signaling plays a vital role in
GDF15-mediated cancer progression. This dissertation provides insights into the role of
GDF15 as a potential biomarker and mediator of invasive potential in breast cancer.
Lastly, the data revealed here strongly supports future studies investigating the potential
role of targeting IGF-1R/FOXM1 signaling in the presence of GDF15 overexpression and
the possibility of further investigation into the signaling pathways activated by GDF15 in

breast cancer.
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1. General Methods
i Reagents

Trastuzumab (Herceptin' , Genentech, South San Francisco, CA) was purchased
from the Winship Cancer Institute pharmacy and dissolved in sterile water at a stock
concentration of 20 mg/mL. HER?2 kinase inhibitor AG879 (Sigma-Aldrich, St. Louis,
MO) was dissolved in DMSO at a stock concentration of 10 mM. Lapatinib (Santa Cruz,
Biotech, Santa Cruz, CA) was dissolved in DMSO at a stock concentration of 10 mM.
SB431542 (Sigma-Aldrich, St. Louis, MO) was dissolved in DMSO at a stock
concentration of 10 mM. The TGF-beta receptor I kinase inhibitor LY364947 (Cayman
Chemical; Ann Arbor, MI) was dissolved in DMSO at a final concentration of 1 mg/mL.
The insulin-like growth factor-1 receptor (IGF-1R) antibody alpha IR3 (Calbiochem; San
Diego, CA) was provided at a stock concentration of 1 mg/mL. The pan-MMP inhibitor,
GM6001 (Millipore; Temecula, Ca) was provided at a stock concentration of 1 mg/mL
(2.5mM) in DMSO. In-Solution Src kinase inhibitor PP2 (Calbiochem; San Diego, CA)
was provided at a stock concentration of 10 mM in DMSO. IGF-1 ligand (Sigma; St
Louis, MO) was dissolved in sterile water to a stock concentration of Img/mL. NVP-
AEW541 (Cayman Chemical; Ann Arbor, MI) was dissolved in DMSO to a final
concentration of 10 mM. Lyophilized recombinant human TGF-BI (thTGFpI; Sigma
Aldrich; St. Louis, MO) was reconstituted in 0.2 pm-filtered distilled water at a final
concentration of 50 pg/mL. Lyophilized recombinant human GDF15 (thGDF15; R&D
Systems, 614 McKinley Place NE, Minneapolis, MN 55413) was dissolved in 4 mM HCl
containing 0.1% BSA at a final concentration of 100 pg/mL; the solvent (HCI-BSA) was

used as vehicle control. The pLKO.1-IGF1R-a/B short hairpin RNA (shRNA) plasmid
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and pLKO.1 empty vector plasmid (negative control) were purchased from Open
Biosystems (Huntsville, AL, USA). The pGFP-C- FoxM1 B
(CTTGCAGCCAATCGTTCTCTGACAGAAGG) and D
(CCTTGAATCACCGCAAAGGCTCCTCAGTT) short hairpin (shRNA) and scrambled
negative control non-effective pGFP-C-shLenti plasmid were purchased from OriGene
(Rockville, MD).
ii. Bacterial transformations

Expression vectors for each gene were used for protein expression in mammalian
cells. Transformations were done using MAX Efficiency DH5a cells (Invitrogen; Grand
Island, NY), according to the manufacturer’s protocol. Briefly, DNA was added to
competent cells, incubated on ice for 30 minutes, heat shocked for 45 seconds, followed
by incubation on ice for 2 minutes. SOC Medium (Invitrogen) was added, then shaken at
225 rpm 37°C for 1 hour. Reaction containing plasmid DNA was diluted into SOC
medium and incubated overnight at 37°C under selective pressure with ampicillin. The
following morning, cells were harvested by centrifugation, and purified using a Midi-
Prep (Qiagen; Valencia, CA), according to the manufacturer’s instructions. Briefly,
The bacterial pellet was resuspended in buffer P1(50 mM Tris-HCI pH 8.0, 10 mM
EDTA, 100 g/ml RNase A), lysed in buffer P2 (200 mM NaOH, 1% SDS), and
neutralized in buffer P3 (3M potassium acetate pH 5.5). The lysate was incubated in a
cartridge that allowed the separation and precipitation of genomic DNA, proteins, and
detergent. Contaminants were removed by washing with buffer QC (1 M NacCl, 50 mM
MOPS pH 7.0, 15% isopropanol), and DNA eluted using buffer QF (1.25 M NacCl, 50

mM Tris-HCI pH 8.5, 15% isopropanol). DNA was precipitated by adding 70% ethanol,
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concentrated using a QIA-Precipitator, and washed using 70% ethanol. DNA was eluted

with sterile water.

iii. Cell culture

JIMT-1 cells were purchased from DSMZ (Braunschweig, Germany); all other
cell lines were purchased from American Type Culture Collection (Manassas, VA).
MDA-MB-231, MDA-468, JIMT-1, and BT474 cells were maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM) with 4.5 g/L glucose, glutamine, and sodium
pyruvate (Corning; Manassas, VA) with 10% FBS and1% penicillin/streptomycin (P/S).
The HCC1954 breast cancer cells were maintained in RPMI with 10% FBS and 1% P/S.

All cells were cultured in humidified incubators at 37°C with 5% CO,.

iv. Creation of trastuzumab-resistant cells

BT474 cells were maintained in 4-pg/ml trastuzumab for three months, at which
point surviving pools or clones were selected. All of the acquired resistant cells were
maintained on 4 pg/mL trastuzumab, but the drug was removed from culture for 24 hours

prior to performing experiments.

V. Creation of stable GDF15-over-expressing clones
GDF15 stable clones were created by transfecting BT474 cells with 3 pg of
pCMV empty vector or pPCMV-myc-GDF15, both from Origene (Rockville, MD), using

Lipofectamine (Invitrogen, Carlsbad, CA) combined with DMSO shock and selecting
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cells in 200 pg/mL G418. After approximately 2—-3 weeks, surviving clones were isolated

and tested by real-time PCR for GDF15 expression.

Vi. Creation of stable GDF15-knockdown clones

Lentiviral shRNA constructs for GDF15, or control shRNA in pLKO1 vector
were purchased from Open Biosystems (RHS4078) (Huntsville, AL). Lentiviral helper
plasmids (pCMV-dR8.2 dvpr and pCMV-VSV-G) were obtained from Addgene (8455
and 8454) (Cambridge, MA). Transient lentivirus stocks were prepared following the
manufacturer’s protocol. Briefly, 2.5x10° 293T cells were plated in 10-cm dishes. Cells
were co-transfected with shRNA construct (3 pg) together with 3 pg pCMV-dR8.2 dvpr
and 0.3 pg pCMV-VSV-G helper constructs. Culture medium containing virus was
harvested, and breast cancer cells were infected with shGDF15 or control ShARNA for 72

h. Virus-containing cells were selected for 1 week in media containing puromycin (2

pg/ml).

Vii. Creation of stable IGF-1R-knockdown clones

HEK-293T cells (1.5x10°) were seeded in 100-mm dishes for 24 h and co-
transfected with 3 pg shRNA construct (pLKO.1-IGF1R-a/p shRNA (KD) or pLKO.1
empty vector control plasmids), 3 pg pCMV-dR8.2, and 0.3 pg pCMV-VSV-G helper
constructs using TransIT-LT-1 transfection according to the manufacturer’s instructions
(Mirus Bio LLC, Madison, WI, USA). Viral stocks were harvested from culture media by
centrifugation 48 h after transfection and were syringe-filtered. JIMT-1 cells were seeded

at sub-confluent densities and infected with lentiviral vectors (1:20 dilution) in fresh
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culture media. Culture media was replaced with media containing 5 pg/ml puromycin 48
h after lentiviral infection to select for cells stably expressing the shRNAs (IGF1R-KD or
EV control plasmid). Stable knockdown was confirmed by western blotting for IGF-1R.
The IGFIR-KD cells or EV control cells are routinely maintained on 5 pg/ml puromycin

in DMEM.

viii. DNA/siRNA Transfection

Cells were plated in antibiotic-free media at a concentration of 2x10° cells/mL in
antibiotic-free media. The next day, cells were transfected using Lipofectamine 2000
(Invitrogen; Carlsbad, CA) with 10 pg/mL of one of the following plasmids:
constitutively active (CA) Src or pcDNA3 empty vector control (kind gifts from Dr.
Sumin Kang, Emory); or 100 nM FOXMI1 siRNA (Cell Signaling; Danvers, MA), 100
nM GDF15 siRNA (s¢-39798), 100 nM control siRNA (sc-37007) (Santa Cruz
Biotechnology; Santa Cruz, CA), 100 nM MEKI1 siRNA plus 100 nM MEK2 siRNA),
according to the manufacturer’s protocol. Media was changed after 6 h of transfection

and replaced with complete media; cells were harvested after 24 h or 48 h.

ix. Cell cycle analysis.

For cell cycle analysis, cells were harvested, washed twice with DPBS+10% FBS,
fixed in ice-cold 80% ethanol, and stored at -20°C for at least 24 hours. Fixed cells were
incubated in 50 pL of propidium iodide buffer (20 pug/mL PI (Sigma), 0.1% Triton-X
100, 200 pg/mL RNaseA (Promega) in DPBS) for 30 minutes in the dark. The cells were

then resuspended in 400 pL DPBS for flow cytometric analysis. Samples were analyzed



35

using a BD FACS Canto II cytometer (BD Biosciences; San Jose, CA) and BD FACS
Diva software; experiments were performed in triplicate and repeated twice with

reproducible results.

X. Immunofluorescence.

Cells were plated on no. 1.5 coverslips placed in tissue culture plates and were
allowed to adhere overnight. Cells were fixed in pre-warmed 37°C PHEMO buffer,
(3.7% formaldehyde, 0.05% glutaraldehyde, 60 mM PIPES, 25 mM HEPES, 10 mM
EGTA, and 4 mM MgCl; for 10 minutes). Cells were then washed in PBS 3 times and
blocked with 10% BSA for 10 minutes. The coverslips were incubated with a
combination of rabbit anti-GDF15 (Santa Cruz Biotechnology, sc66904; 1:100) or rabbit-
anti TGFpI (Santa Cruz Biotechnology, sc146; 1:250) and mouse anti-TGFBRII (Santa
Cruz Biotechnology, sc17791; 1:250) overnight at 4°C with gentle shaking. After 3
washes with PBS, cells were incubated with appropriate Alexa Fluor-conjugated
secondary antibody 488 and 555 (Invitrogen) at 1:500 dilution for 1h at room
temperature. Nuclear staining was performed by incubating cells with DAPI (350nM)
prior to mounting slides with Prolong Gold (Life Technologies) on microscope slides.
Slides were then imaged using Zeiss LSMs;o META confocal microscope with a 40x oil
objective lens. Z-stacks were taken from 4 different areas per sample and an average of
the overlap coefficient was used to determine co-localization. Experiments were repeated

at least twice with reproducible results.
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Xi. Immunohistochemistry (IHC)

Paraffin-embedded breast tumor tissues from 605 patients were spotted in
triplicate per patient to create tumor microarrays (TMAs). TMAs were kindly provided
by Dr. Fabrice Andre (Gustave Roussy Cancer Center, Villejuif, France). IHC staining
was performed using a standard immunoperoxidase procedure as previously described.
Tissues were deparaffinized by heating at 60 °C, passaging through xylene and alcohol
grades, and ultimately to water. Antigen retrieval was performed by boiling in 10 mM
citrate buffer, pH 6.0 for 10 minutes (min), and cooling in the same buffer for 30 min.
Endogenous peroxidase was quenched by incubating with 0.3% H,0, in methanol for 15
min. After washing with water and PBS/TBS, TMA slides were incubated in 10% swine
serum (Dako North America, Inc., 6392 Via Real, Carpinteria, CA 93013) for 1 hour to
block nonspecific background staining. TMAs were then stained with rabbit polyclonal
anti-human GDF15 (also known as Mic-1; Cell Signaling 3249; dilution 1:100; Cell
Signaling Technology, Inc., 3 Trask Lane, Danvers, MA 01923) overnight at 4 °C.
Secondary antibody staining was then performed with biotinylated anti-rabbit antibody
(Dako), followed by visualization with 3,3-diaminobenzidine solution (DAB+
chromogen; Dako North America, Inc.) and hematoxylin as a counterstain. Slides were
washed in water, dehydrated by passing through alcohol grades and xylene, and mounted
with Permount (Fisher Scientific, 300 Industry Dr., Pittsburgh, PA 15275). GDF15
staining intensity was viewed under a light microscope, and scored on a 0 to 3 scale by a
breast pathologist in a blinded manner; the pathologist had no knowledge of any of the
molecular or clinical characteristics of the tumor samples. Correlations between GDF15

score and clinical characteristics were determined by two-tailed Fisher’s exact test, with



37

P<0.05 considered statistically significant. Univariate survival analyses were performed
by the Kaplan-Meier method and log-rank test, comparing negative staining with positive
staining.

Xii. Spheroid migration assays.

Stable BT474 pCMV empty vector control or BT474 GDF15 stable
overexpressing clones 2, were seeded (5%10%) in 1% agar-coated 96-well plates and
cultured for 48 h in a humidified atmosphere containing 5% CO, at 37°C. Intact tumor
spheroids were carefully transferred to a 96-well plate and cultured in complete media for
24 h. Spheroids and migrated cells were fixed with 100% methanol, stained with 0.05%
crystal violet, and observed using a normal light microscope (20x) and Olympus DP-
30BW digital camera. Experiments were repeated three times with eight replicates per

group; representative images are shown for all groups.

xiii.  Invasion chamber assays.

Cells were plated in serum-free media in BD BioCoat Matrigel Invasion
Chambers (BD Biosciences; Franklin Lakes, NJ) (1 x 10> cells/mL) with 0.75 mL of
chemoattractant (culture media containing 10% FBS) in the wells. Depending on the
experiment, cells were pre-treated with control mouse IgG or alpha IR3 (0.25 pg/mL) or
were transfected with control siRNA, GDF15 siRNA or FoxM1 siRNA overnight prior to
placing cells in invasion chambers. Treatments were added directly to chambers in non-
transfection experiments. Non-invading cells were removed from the interior surface of
the membrane by scrubbing gently with dry cotton tipped swab. Each insert was then

transferred into 100% methanol for 10 minutes followed by Crystal Violet staining for 20
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minutes. Membranes were then washed in water and allowed to air dry completely before
being separated from the chamber. Membranes were mounted on slides with permanent
mounting medium Permount (Fisher Scientific). Multiple photographs of each sample
were taken at 20x magnification, with triplicates performed per treatment group. The
number of cells was counted in each field; the sum total of the fields was calculated for

each sample. Experiments were performed twice with reproducible results.

xiv.  Stimulation experiments

Cells were plated and serum starved for at least 24 hours. Cells were then
stimulated with vehicle control, 100 ng/mL IGF-1, 2 or 20 ng/mL recombinant human
TGF-BI (thTGFBI; Sigma Aldrich; St. Louis, MO), or 2 or 20 ng/mL of thGDF15 for

varying time points. Experiments were repeated at least twice with reproducible results.

xv. Quantitative RT-PCR analyses.

Total RNA was extracted using the RNeasy purification kit (Qiagen; Valencia,
CA) and treated with DNase (Invitrogen; Carlsbad, CA). Total RNA was used to prepare
cDNA using random primers and the Superscript III first strand synthesis Kit (Invitrogen;
Carlsbad, CA). Relative levels of mRNA were determined by real-time quantitative PCR
using an Applied Biosystems cycler and the TagMan Universal PCR master mix
(4304437; Applied Biosystems; Carlsbad, CA). Primers for RPLPO (Hs99999902 M1),
FOXM1 (Hs01073586 _M1), GDF15 (Hs00171132 m1), MMP2 (Hs01548733 ml),
MMP9 (Hs00234579 ml), SNAIL (Hs00195591 ml), SLUG (Hs00950344 ml), and E-

Cadherin (Hs01023894 ml), were obtained from Applied Biosystems (Tag-Man Gene
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Expression Assays; Carlsbad, CA). After amplification, the data was normalized with
RPLPO levels and analyzed by delta Ct method. Samples were run in triplicate, and

experiments were repeated twice to ensure reproducibility.

XVI. Western blot analyses.

Cells were lysed in RIPA buffer (Cell Signaling; Danvers, MA) supplemented
with protease and phosphatase inhibitors (Sigma-Aldrich). Total protein extracts were run
on SDS-PAGE and blotted onto nitrocellulose. Blots were probed overnight using the
following antibodies from Cell Signaling: rabbit anti-phospho-IGF-1 receptor 3
(Tyr1131) (#3021, 1:200); rabbit anti-IGF-1 receptor B (#3018, 1:250); p-Thr202/Tyr204
p42/p44 ERK1/2 (1:1000), total p42/p44 ERK1/2 (1:1000); rabbit-anti-N-Cadherin
(#4061, 1:1000); rabbit anti-phospho-FAK (Tyr397) (#8556, 1:250); rabbit anti-FAK
(#3285, 1:500); rabbit anti-phospho-Src (Tyr416) (#2101, 1:1000); rabbit anti-Src
(#2123, 1:1000). The following antibodies were purchased from AbCam (Cambridge,
MA): rabbit anti-GDF15 (#8479, 1:200); rabbit anti-phospho-ErbB2 (Y877)
(ab108371, 1:200); and mouse anti-ErbB2 (ab16901, 1:200). Rabbit anti-TGF-BRII
(Santa Cruz Biotechnology, sc-400) was used at 1:200; rabbit anti-phospho-SMAD?2
(Ser245/250/255) (#3104, 1:200); rabbit anti-SMAD2 (#5339, 1:200); rabbit anti-FoxM1
(#5436, 1:200). Rabbit anti-TGF-beta receptor II (Santa Cruz Biotechnology, sc-400) was
used at 1:200. Mouse anti-E-Cadherin was purchased from BD Biosciences (#610181,
1:1000). Mouse anti-vimentin (Sigma-Aldrich; V6630) was used at 1:1000. Mouse anti-
B-actin monoclonal AC-15 (Sigma-Aldrich) was used at 1:10,000 to control for variations

in gel loading. All primary antibodies were diluted in 5% BSA/TBS-T. Goat anti-mouse
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secondary IRDye 800 antibody (#926-32210, 1:10,000) was purchased from Li-Cor
Biosciences (Lincoln, NE). Goat anti-rabbit alexa-fluor 680 secondary antibody
(#1027681, 1:10,000) was purchased from Invitrogen (Grand Island, NY). Protein bands
were detected using the Odyssey Imaging System (Li-Cor Biosciences, Lincoln, NE). All
blots were repeated at least 3 times with reproducible results.
xvii.  ELISA

To quantify the amount of GDF15 and TGF-fI released into the media from cells,
human GDF15 or human TGF-BI immunoassay (R&D Systems; Minneapolis, MN) were
used according to the manufacturer’s directions. Media from cells was briefly incubated
in GDF15 or TGF-BI antibody-coated microplate for 2 hours. The plate was then washed
4 times and incubated with GDF15 or TGF-BI antibody conjugated to horseradish
peroxidase for 1 hour. After washing the wells 4 times, the plate was incubated with
hydrogen peroxide-chromagen mix (a color reagent) for 30 minutes, at which point the
stop solution was added. Optical density of each well was determined using a microplate
reader set to 450nm. The concentrations were calculated according to the standards

supplied with the kits by creating four parameter logistic curve-fit.

xviii. ~ Statistics

Relative quantities of mRNAs were calculated using the AAC; method and
normalized using human Ribosomal Protein, Large, PO (RPLPO) as an endogenous
control. Error bars for data are shown as + SEM or as mean £+ SD (RT-PCR only).
Significant differences were determined by two-tailed student’s t-test. P value was shown

as: ns (p>0.05, not significant), * (0.05>P>0.01, significant), ** (0.01>P>0.001, very
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significant), *** (P<0.001, extremely significant). Experiments were performed at least
three times independently with similar results. IHC staining correlations were determined

by two-tailed Fisher’s exact test.

2. GDF15 DNAzyme assays

Synthesis of gold nanoparticles

Modified from (116)

A 500 mL solution of 1 mM hydrogen tetrachloroaurate (III) trihydrate solution
was brought to a vigorous boil, and once boiling, 50 mL of a 38.8 mM sodium citrate
tribasic dihydrate solution was added and allowed to reflux for 15 minutes. The reaction
mixture was filtered using a 0.45-um acetate filter, producing monodisperse AuNPs. The
resonance wavelength of the gold nanoparticles was determined using UV-vis
spectrometry and particle size was determined using transmission electron microscopy
(TEM).

Preparation of deoxyribozyme-functionalized gold nanoparticles

Modified from (116)

Disulfide-modified oligonucleotides at either the 5" or 3" end were purchased from
Integrated DNA Technologies (IDT). The disulfide was reduced to a free thiol by
incubating 35 nmols of lyophilized oligonucleotide with 700 pL of disulfide cleavage
buffer (0.1 M dithiothreitol (DTT), 170 mM phosphate buffer at pH = 8.0) for 3 hours at
room temperature. The reduced oligonucleotides were purified using a NAP"-25 column
(GE Healthcare, Piscataway, NJ) with Nanopure water as the eluent. Subsequently, 30

nmols of DNA were added to 7.5 mL of 14 nm gold nanoparticles (10 nM) bringing the
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final concentration of oligonucleotide, and gold nanoparticles to ~3.2 uM, and ~7.3 nM,
respectively. The pH of the solution was adjusted to pH = 7.4 by adding 93.8 pL of 100
mM phosphate buffer, thus bringing the phosphate buffer concentration to 9 mM. The
particles were stabilized by adding sodium dodecyl sulfate (SDS) to the solution and
bringing its final concentration to 0.1% (g/ml) by using a stock solution of 10% SDS. The
particles were successively salted with eight NaCl additions that were spaced 20 minutes
apart using a stock solution of 2.0 M NaCl and 10 mM phosphate buffer. The final NaCl
concentration of the DNA-AuNP solution was increased to 0.7 M. The first two NaCl
additions increased the concentration by 0.05 M increments while the remaining six NaCl
additions increased the NaCl concentration by 0.1 M increments. The particles were
immediately sonicated for 10 seconds after each salt addition to maximize DNA packing.
The fully salted particles were then incubated overnight, in the dark and at room
temperature. We found that the 10-23 active catalytic core of the DNAzyme had a
tendency to drive the formation of nanoparticle aggregates at 0.7 M NaCl due to partial
self-complementarity of sequences. The following day, the particles were centrifuged
four times, reconstituted in Nanopure water each time, and stored at 4 °C for future use

for a maximum duration of 1 month.

iii. Confirmation of DNAzyme (DZNP) catalytic activity
Modified from (116)
In a typical DzNP synthesis, we reduced 3'thiol-modified oligonucleotides (50
uM), then mixed with gold nanoparticles suspended in phosphate buffered saline (pH 7.4)

at a final DNA, and particle concentration of 3 uM, and 6 nM, respectively. The solution
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was then stabilized with sodium dodecyl sulfate and salted to 0.7 M NaCl over a period
of 3 hours with intermittent sonication. The oligonucleotide density of the purified
DzT,oNPs, where T refers to the thiolated poly T spacer linking the DNAzyme to the
nanoparticle, was 160 =10 oligonucleotides/particle based on a fluorescence DNA
quantification kit (Invitrogen). To verify particle integrity, TEM and UV-Vis analysis
were performed before and after particle functionalization, and indicated that the particles
remained dispersed following modification with DNAzymes. The catalytic activity of
these particles was determined by measuring the rate of hydrolysis of a diribonucleotide
within a DNA substrate that was functionalized with a 5’ 6-fluorescein (FAM®6) and a 3’

black hole quencher (BHQ") hydrolysis.

iv. Cell culture and DzNP-mediated gene knockdown

Modified from (116)

HCC1954 were maintained in RPMI supplemented with 10% FBS and 1%
penicillin-streptomycin in standard culture conditions (37 °C, 5% CO,). Cells were
seeded in a 12-well plate at a concentration of 30,000 cells/well and were allowed to
adhere overnight under standard cell culture conditions. Nanoparticles were sterilized by
filtering through a 0.2-pm filter prior to addition to the cell media. To achieve the desired
nanoparticle concentration, the filtered particles were centrifuged at high speed (13,200
rpm) for 40 min and then resuspended in a known volume of complete RPMI medium.
Cells were incubated with 5 nM Dz-gold nanoparticle solution for 48 hours. The medium
containing particles was subsequently removed and the cells were gently washed with

PBS. This procedure was repeated twice to remove any potential remaining residual
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traces of nanoparticles. Total RNA was then isolated using an RNA isolation kit (Sigma,
Cat. # RTN-70) and used following the manufacturer’s instructions. RNA (48 ng) was
used to synthesize cDNA using the Qiagen Sensiscript cDNA synthesis kit (Cat
#205213). Real-time PCR was performed using Tagman gene expression primers for
GDF15and housekeeping gene, RPLPO. The data was analyzed using the ACr method

and reported as such.



Chapter 3

The Characterization of Growth Differentiation Factor 15 in Breast Cancer
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1. Introduction

Growth differentiation factor 15 (GDF15; also referred to as macrophage inhibitory
cytokine-1, MIC-1, and nonsteroidal anti-inflammatory drug activated gene-1, NAG-1) is
a stress-induced cytokine that shares structural features with members of the transforming
growth factor-beta (TGF-B) superfamily and bone morphogenic proteins (BMP) (117;
118). All members of the TGF-f superfamily function as ligands to regulate cellular
response signaling, including differentiation, adhesion, growth, apoptosis and migration
(119). TGF-B ligands bind to type II receptors and regulate cell response by causing
heterodimerization with type I receptors, resulting in activation of serine/threonine
kinases, which then activate intracellular proteins, such as Smad proteins (Figure 3-1)
(120; 121). Recent studies suggest that alternate regulatory mechanisms can be induced
by TGF-B ligands via non-Smad signaling pathways activated directly by ligand-
occupied receptors that regulate downstream cellular responses. Non-Smad signaling
pathways can be regulated by inhibitory Smads, including Smad6 and Smad7. Inhibitory
Smads play a critical role in the regulation of TGF-B/BMP signaling by regulating
negative feedback loops (122). For example, TGF-f has been shown to recruit
intracellular kinase signaling via activation of MAPK, TGF-B-activated kinase 1 (MAPK-
TAK1), (123; 124). Activation of TAK1 has also been implicated in regulation of the

NF«B pathway (125).
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Figure 3-1. TGF-p signaling pathway. TGFf dimers induce heteromeric formation
between type II and type I receptors (such as TGFp receptor type II (TBRII) and TBRI,
respectively).  Type II receptors then transphosphorylate type I, resulting in
phosphorylation of TGFp receptor-specific SMADs, which can then form complexes and
translocate to the nucleus to drive transcription. Inhibitory SMADS (SMAD6 or SMAD7)
inhibit the TGFP pathway through multiple mechanisms, driving non-SMAD-dependent

cellular responses.
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Additionally, other non-Smad pathways have been shown to promote activation of the
phosphatidylinositol 3-kinase (PI3K)-Akt signaling pathway and Rho-like GTPase

signaling pathways (126).

Thus, the TGF-B superfamily plays a diverse role in cytokine-activated regulation of
intracellular signaling mechanisms that can be influenced by either a classical Smad
pathway or by a growing number of non-Smad pathways. Similar to TGF-p, GDF15 has
been shown to induce phosphorylation of Smad2/3 and drive transcriptional activity
(127). Further studies have also demonstrated that GDF15 can activate or transactivate
HER2, AKT, ERK1/2 (128) and steroid receptor coactivator (Src) signaling via non-
Smad-dependent signaling pathways (129). Although, GDF15 has structural similarity to
TGF-p, particularly sharing the conserved cysteine-rich domain, it is unique in that it
shares less than 30% amino acid homology with members of the TGF-f superfamily

(117; 130; 131).

The GDF15 gene is localized on chromosome 19p12-13.1; it is 2,746 base pairs
and is comprised of two exons separated by an intron (Figure 3-2) (132). Several
regulatory sites have been identified upstream of the open reading frame (ORF) region,
comprised of multiple Ap-1 and SP-1 sites, in addition to WT-1, NF-xB, AP-2, PUR
factor, HiNF-c and MIG-1 binding sites (131). Furthermore, the SP-1C site plays a
crucial role in recruiting transcription factors downstream of the AKT signaling pathway

(133).
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Figure 3-2. Genomic and proteomic schematics of GDF15. Gene described in above
text. The precursor GDF protein consists of 308 amino acids that contain a 29 amino acid
signal peptide, a 167-amino acid pro-peptide, and a 112-amino acid mature protein. The
mature protein is secreted as a disulfide-linked homodimer and is released from the
following intracellular cleavage at RXXR furine-like cleavage site. The mature peptide of
GDF-15 contains the seven conserved cysteines necessary for the cysteine knot, a

structural hallmark of the TGF-f superfamily.
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Current evidence suggests that GDFI5 is a target gene of p53 (134) and early growth
response-1 (Egr-1) (135). Although these transcription factors have been shown to induce
expression of GDF15, the exact conditions that determine the regulation of GDF15 are
still being explored.

GDF15 is expressed in the cytoplasm anchored to the endoplasmic reticulum as a
40-kDa propeptide, that is proteolytically cleaved by a furin-like proconvertase at the
conserved RXXR site (amino acid 196) and undergoes disulfide-linked dimerization to
circulate as a 25-kDa protein (136-138) . It has been shown that the unprocessed (pro-
peptide) form can be secreted and bind to the extracellular matrix (ECM) (139) and act as
a regulator of GDF15 distribution between the circulation and stroma. The mature protein
contains two cysteine residues and the typical seven cysteines required to form the
cysteine knot, a conserved feature throughout the entire TGF-B superfamily (120; 140).
An interesting study by Fairlie and colleagues found that a single nucleotide
polymorphism in the GDF15 coding region of histidine (H) to aspartic acid (D) called
HS5D can significantly impact susceptibility for cancer and patient survival (138; 141).

In normal physiologic conditions, GDF15 expression is restricted primarily to
placenta, prostate and colon (142). Elevated serum concentrations of GDF-15 can be
detected in pregnant women (143; 144), although the mechanism driving this elevated
GDF15 expression in the placenta has yet to be extensively studied. Contrarily, the
expression and regulation of GDF15 under pathological conditions has received far more
attention. Elevated serum concentrations of GDF15 have been implicated in tumor
progression, and associated with development and resistance to chemotherapy in breast,

prostate, ovarian, and colorectal cancer (145-150) . Similar to other members of the TGF-
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B superfamily, GDF15 plays a pleiotropic role in cytoprotection, tumorigenesis (Figure 3-
3) (132; 147; 151-153). In advanced-stage disease, GDF15 expression levels are
significantly increased in the presence of malignancy, inflammation and injury (118; 154-
157). In 2003, Liu and colleagues (158) reported GDF15-mediated morphological and
pro-apoptotic regulation in prostate cancer cell lines in vitro. This pro-tumorigenic, pro-
apoptotic phenomenon has also been recorded in colorectal cancer (159), colon
carcinoma (70) and endometrial cancer (160). Thus, GDF15 can induce positive or
negative cellular responses depending on the cellular context, microenvironment and
disease stage. Moreover, the receptor for GDF15 is unknown, so identifying the signaling
pathways and mechanisms by which these responses are regulated is difficult.

There is a substantial amount of clinical evidence linking GDF15 expression with
disease progression and resistance to chemotherapy in breast, prostate, ovarian, and
colorectal cancers (25; 147-150), suggesting that GDF15 may serve as a diagnostic

biomarker of advanced disease or predictor of therapeutic resistance.
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Figure 3-3. The role of GDF15 in tumorigenesis. GDF15 plays a divergent role in
cellular response to stimuli. Opposite effects have been recorded in response to cellular
environment, disease stage, or microenvironment (e.g., protumoral or antitumoral).
However, the protumoral effects seem to be more prevalent when GDF15 is expressed.

Abbreviation: GDF15, growth differentiation factor 15.
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Furthermore, GDF15 expression levels are significantly increased in patients with
advanced-stage (161) breast, prostate, ovarian, and colorectal cancers (147-150; 158).
Studies have reported increased expression of GDF15 transcript, endogenous and
secreted forms, in HER2-overexpressing breast cancer cell lines having either acquired or
intrinsic  trastuzumab resistance (96). Additionally, studies report that stable
overexpression of GDF15 promotes an EMT in ovarian cancer cells, which is associated
with increased cellular invasiveness (48). Exogenous stimulation with rhGDF15
promotes increased survival of stroma-dependent myeloma cells (162), thus supporting

the role of GDF15 in tumorigenesis.

The MAPK signaling pathway plays a critical role in response to extracellular
stimuli and drives pathways that regulate gene expression, morphology, cell division and
survival (163; 164). There are 3 members of the MAPK family: MAPK (ERK), C-Jun N
terminal kinase/stress-activated protein kinase (JNK/SAPK), and p38 kinase. Boyle and
colleagues reported in 2009 that expression of GDF15 is partially dependent on mitogen-
activated protein kinase (MAPK) signaling (70). In addition, it has been reported that
there is a high correlation between GDF15, MAPK 1/2, urokinase-type plasminogen
activator (uPA), and invasive potential in gastric cancer cells. It has been previously
reported that GDF15 activates p38-MAPK in HER2-positive cells and promotes
invasiveness (88). In addition, immunohistochemical analysis of a breast tumor tissue
array (TMA) revealed a significant (p=0.0053) correlation between HER2 and
phosphorylated p38-MAPK in tissues with GDF15-positive staining (88). Functionally,
p38-MAPK has been implicated in a plethora of fundamental biological processes,

including inflammation, proliferation, differentiation, and cell cycle regulation (165;



57

166). High levels of p38-MAPK in breast cancer patients are associated with poor
prognosis and unfavorable outcome (166). In 2011, Tanizaki and colleagues
demonstrated that treatment of HER2-positive breast cancer with lapatinib inhibits
MEK/ERK signaling. (167). It was previously reported that stimulation of Tov21 ovarian
cancer cell lines with GDF15 promotes activation of ERK1/2 (48). Several reports
demonstrate that GDF15 induces downstream signaling through both PI3K and MAPK
pathways (168-170). For example, in human gastric and breast cancer cells, GDF15 has
been shown to activate Akt and ERK-1/2 (128). This co-activation has been attributed to
GDF15-mediated induction of HER2 in SK-BR-3 breast cancer and SNU-216 gastric
cancer cells (128). It has been suggested that GDF15 drives breast cancer progression by
activating several signaling pathways simultaneously, including those that upregulate
estrogen receptor alpha (ERa) (133). ERa is a transcription factor that drives expression
of many target genes by directly binding to estrogen-response elements in the target gene
promoter.

The Forkhead box transcription factor M1 (FoxM1) is an ERa target gene and
proliferation-associated transcription factor downstream of MEK/ERK  signaling
pathway. The FoxM1 transcription factor regulates the expression of proteins that induce
proliferation, cell survival, EMT, and invasion (171). MEK inhibition causes diminished
FoxM1 levels and restores sensitivity to the dual EGFR/HER?2 kinase inhibitor lapatinib
(106). However, the exact regulator(s) of MEK/ERK/FoxMI1 signaling in breast cancer

have yet to be determined.

Interestingly, studies in myeloma have demonstrated that GDF15 bioactivity can

be attributed to an Akt-dependent mechanism independent of ERK1/2 and Src signaling
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(162). The PI3K family is a lipid kinase family that phosphorylates inositol
phospholipids, which then interact with Akt to drive second messenger signaling within
the cell (172). Under normal and pathological (e.g., cancer) conditions, the PI3K/AKT
signaling pathway participates in aspects of cell growth and survival (173). Crosstalk
between the PI3K and the TGF-B/BMP signaling pathways is crucial for the regulation of
numerous responses, including proliferation, apoptosis, and migration (174). In 2005,
Wollmann and colleagues discovered an AKT response element located on the GDF15
promoter, and that AKT directly increases GDF15 expression in breast cancer cells (133).
Moreover, in breast cancer, the pharmacologic inhibition of HER2 kinase has been shown
to prevent GDF15-mediated Akt signaling (96). Thus, although some studies suggest that
GDF15 contributes to malignant progression in cancer and promotes chemoresistance,
more experiments are required to elucidate this complex paradigm. Here we investigated
the effect of stable GDF15 overexpression in HER2-positive breast cancer cell lines
having acquired trastuzumab resistance. First, we performed baseline western blots
comparing receptor and signaling pathway activation between pCMV empty vector
control and the GDF15 stable transfectants. Transfection of BT474 parental cells with
GDF15 caused a noticeable increase in total protein levels of multiple signaling pathways
(Figure 3-4). Based on these findings, we chose to investigate roles of MEK/ERK,

FoxM1 and TGF-BR in GDF-15 signaling.

2. Results
i Receptors and signaling pathways associated with overexpression of GDF15 in

BT474 breast cancer cells.
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To further elucidate the potential signaling pathways activated in the presence of
GDF15 overexpression (Figure 3-4B), RT-PCR was performed to confirm stable
transfection in BT474 breast cancer cells. Previous studies have implicated GDF15 in the
activation of several signaling cascades including Smad2/3, PI3K/Akt, and MAPK/ERK
(161; 169). Since GDF15 shares structural similarity to TGF-, we probed for TGF-RII
and Smad2 phosphorylation. Both TGF-BRII and Smad2 phosphorylation have a
noticeable increase in protein expression when GDF15 is overexpressed (Figure 3-4B). It
has been shown that HER2-positive breast cancer cells having both acquired and intrinsic
resistance display hyperactive IGF-1R signaling and subsequent up-regulation of the
transcription factor FoxM1 (87) Consistent with these findings, our results indicate
increased activation of the IGF-1R receptor (Figure 3-4C). FoxMI, is located
downstream of IGF-1R signaling and plays a major role in drug resistance and EMT.
Moreover, ER-a binds directly to the promoter for FoxM1 and contributes to mitogenic
function in cancer (102). Here we show upregulation of both FoxM1 and ER-a in stable
GDF15 transfectants (Figure 3-4D). These preliminary findings support further
investigation into the mechanisms by which GDF15 drives carcinogenesis in breast

cancer.
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Figure 3-4. Receptors and signaling pathways associated with overexpression of
GDF15 in BT474 breast cancer cells. (A) Real-time PCR was performed for GDF15 in
BT474 PCMV control clone and three GDF15 stable clones (C2, C3 and C5). Total
protein lysates were collected from the BT474 pCMV empty vector control clone
(pCMV) and GDF15 stable clones 2, 3, and 5 (C2, C3, and C5). Western blots were
performed for (B) TGF-BRII and Smad?2, (C) pIGF-1R/IGF-1R and (D) FoxM1 and ER-

a. Blots were repeated at least three times, and representative blots are shown.
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Figure 3-5. Sustained MEK signaling is associated with GDF15 overexpression. .
(A) Whole cell protein lysates were isolated from BT474 PCMV empty vector control
clone and three GDF15 stable clones (C2, C3 and C5) and immunoblotted for p-ERK,
total ERK or actin loading control. Blots were repeated at least three times with
reproducible results. A noticeable increase in total ERK was observed in the presence of
GDF15 overexpression . (B) BT474-myc-GDF15 clone 2 cells were transfected with
100 nM control siRNA (si-CTRL), in combination with 100 nM siRNA MEKI and
siRNA MEK2 or 100 nM siRNA FOXMI1. Whole cell protein lysates were isolated and
probed for MEK, FOXMI and actin loading control to confirm successful siRNA
knockdown. (C) Real-time PCR was performed for GDF15 in the presence of siMEK
and siFOXM]1. There was no observable difference in GDF15 expression during transient
FOXM1 knockdown, however transient knockdown of MEK caused a 1.5 fold increase in
GDF15 mRNA expression.(D) GDF15 stable clones (C2) were treated with vehicle
control, 10 nM, 100 nM or 1000 nM of the MEK kinase inhibitor PD0325901 for 48 h.
There was no observable increase in FOXM1 expression in the presence of PD0325901
treatment, suggesting that FOXM1 is regulated via a MEK-independent mechanism in the

presence of GDF15 overexpression.
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ii. GDF 15 overexpression is associated with Sustained MEK/ERK signaling.

Stable GDF15 transfectants derived from BT474 were used to investigate the role
of GDF15 overexpression in MEK/ERK signaling. GDF15 promoted increased total
ERK; however, there was no observable increase in ERK phosphorylation in the presence
of GDF15 overexpression (Figure 3-5A). Next, transfection of siRNA oligonucleotides
against MEK1, MEK2 and FOXM1 was used to achieve transient knockdown and
confirmed by Western blotting (Figure 3-5B). Knockdown of FOXMI1 caused no
observable change in GDF15 transcript levels, while knockdown of MEK resulted in
approximately a 2-fold increase of GDF15 transcript levels (Figure 3-5C). Interestingly,
treatment of stable GDF15 clone 2 with concentrations of the MEK kinase inhibitor
PD0325901 up to 1000 nM failed to reduce FOXM1 protein expression (Figure 3-5D).
These findings suggest the involvement of a MEK-independent pathway that drives
activation of FOXMI1 in the presence of GDF15 overexpression. The observed
upregulation of GDF15 transcript in response to MEK knockdown could be the result of
an unknown oncogenic feedback loop caused by crosstalk between MEK and FOXM1
signaling. For example, increased FOXM1 levels have been observed in the presence of
constitutively active MEK/ERK in ovarian cancer cells (175). Thus, inhibiting MEK
could be a mechanism by which this system overrides inhibitory signals and drives
GDF15 expression. Further studies are required to fully elucidate the role of MEK

signaling in the presence of GDF15 overexpression.
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Figure 3-6. GDF15 and TGF-beta 1 co-localize with TGF-beta receptor II.

Co-immunofluorescence staining was performed for (A) GDF15 and TGF-beta receptor
IT or (B) TGF-beta 1 and TGF-beta receptor II in BT474 GDF15 stable clone 2 (BTGC2)
and parental BT474 cells. Representative images are shown at a magnification of 40x.
The average of the overlap coefficient percentages was calculated from three different z-
stacks. The average percentage of co-localization is shown, with error bars representing
standard deviation between replicates. All groups were run in triplicate, and
immunofluorescence experiments were performed three times. Significance of
differences between GDF15-overexpressing cells and parental cells was determined by

student’s t-test (*p<0.05).
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iii. GDF15 and TGF-beta I co-localize with TGF-beta receptor IL.

Based on structural homology between GDF15 and TGF-beta I, we examined if
GDF15 co-localized with TGF-beta receptor II (Figure 3-6A). We also examined co-
localization of TGF-beta I with TGF-beta receptor II as a positive control (Figure 3-6B).
Immunofluorescence staining for GDF15 or TGF-beta 1 showed a high degree of overlap
with staining for TGF-beta receptor II, which is reported as percentage of co-localization.
GDF15-overexpressing cells showed a higher percentage of GDF15/TGF-beta receptor 11
co-localization compared to that of the parental cell line. A similar pattern of co-
localization was observed for TGF-beta 1 and TGF-beta receptor II in GDFI15-

overexpressing cells.

iv. TGF-beta receptor kinase inhibition blocks IGF-IR signaling in stable GDF15-

overexpressing cells.

We previously showed that GDF15 stimulates phosphorylation of the TGF-beta
receptor substrate Smad2 (96). This is consistent with our current data demonstrating that
GDF15 and TGF-beta receptor co-localize. We examined if TGF-beta receptor signaling
was required for the induction of IGF-1R phosphorylation and FoxM1 expression in
stable GDF15-overexpressing cells. Treatment with the pharmacological TGF-beta
receptor II kinase inhibitor LY364947 decreased IGF-1R phosphorylation and FoxM1

expression in GDF15-overexpressing cells (Figure 3-7A).
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Figure 3-7. TGF-p receptor inhibition reduces IGF-1R phosphorylation and FoxM1
expression in GDF15-overexpressing cells. BT474 GDF15 stable clone 2 cells were
treated with vehicle control (DMSO) or 500 nM LY364947 (LY) for 48 h. (A)Western
blots of total protein lysates were performed for p-Tyr1131 IGF-1R, total IGF-1R, p-
Ser245/250/255 Smad?2, total Smad2, FoxM1, vimentin, or actin. Blots were repeated at
least three times; representative blots are shown. Densitometry was performed, and the
averages of at least two replicates of each blot were calculated. The ratios of
phosphorylated to total protein are shown for IGF-1R and Smad2, and the ratio of total
protein to actin is shown for FoxM1 and vimentin. (B) Real-time PCR was performed for
E-cadherin, SLUG, and SNAIL. Values were normalized to the RPLPO housekeeping
gene and reflect the fold change in each transcript in the LY-treated group relative to

control group.
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However, despite the well-documented role of TGF-beta receptor signaling in EMT,
inhibition of TGF-beta receptor kinase II did not reduce expression of the mesenchymal
markers vimentin (Figure 3-7A), Snail, or Slug (Figure 3-7B) and did not induce
expression of the epithelial marker E-cadherin (Figure 3-7B). Thus, TGF-beta receptor
signaling regulates IGF-1R phosphorylation and FoxMI1 expression in GDFI15-
overexpressing cells. However, other mechanisms seem to drive EMT in the presence of

GDF15 overexpression.

3. Discussion

GDF15 overexpression has been reported in multiple tumor types in association
with advanced-stage and/or metastatic disease. Many reports demonstrate that GDF15
induces downstream signaling through the PI3K, mTOR, and/or MAPK pathways (43;
48; 176; 177). Inhibition of these signaling pathways can partially rescue the proliferative
and invasive effects of GDF15. In addition, GDF15 shares a high degree of structural
similarity with TGF-beta 1 (178) and induces phosphorylation of the TGF-beta receptor
substrates Smad2/3 (96; 130). However, other than studies that have reported activation
of EGFR/HER2 (88; 96; 129; 179), few studies have directly examined the upstream
signaling events activated by GDF15. The findings here provide mechanistic insights into
the upstream signaling pathways regulated by GDF15.

Co-immunofluorescence demonstrated a high degree of overlap (80-90%) between
GDF15 and TGF-beta receptor II fluorescence in GDF15-overexpressing cells. Control
BT474 cells also showed co-localization of GDF15 and TGF-beta receptor II, although to

a lesser degree, most likely due to the relatively low level of endogenous GDF15
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expression in this line. Pharmacological inhibition of TGF-beta receptor I kinase with
LY364947 did not restore E-cadherin expression or reduce expression of mesenchymal
markers in GDF15 stable cells. However, TGF-beta receptor inhibition did partially
overcome the increased IGF-1R phosphorylation and FoxM1 expression in these cells.
These data suggest that TGF-beta receptor signaling contributes to IGF-1R-FoxMI
signaling in breast cancer cells that express high levels of GDF15, but TGF-beta receptor
inhibition alone is not sufficient for restoring the epithelial phenotype.

We are the first to report that GDF15 induces IGF-1R phosphorylation. Our data
suggest that TGF-beta receptor signaling contributes to IGF-1R phosphorylation and
FoxM1 up-regulation. Crosstalk between TGF-beta receptor signaling and IGF-1R has
previously been reported (180) and directly supports a potential connection between
GDF15 and IGF-1R signaling. Elevated FoxM1 levels promote invasiveness and
correlate with poor prognosis (181; 182). Other studies have demonstrated that elevated
FoxM1 levels are associated with HER2 overexpression (105; 183) and TGF-beta 1-
induced EMT (184). Moreover, it has been shown that IGF-1R and HER2 co-regulate
FoxM1 expression and drive invasiveness in the presence of trastuzumab resistance (87).
Here, we show that FoxM1 levels are elevated in the presence of stable GDFI15
overexpression. However, the mechanisms by which GDF15 overexpression activates

TGF-BR/IGF-1R signaling and increases FoxM1 expression remain to be determined.

In summary, we have identified a novel TGF-beta receptor-IGF-1R-FoxM1
signaling mechanism. These findings provide information regarding the cellular effects of

GDF15 overexpression and indicate a previously unknown link between GDF15 and
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IGF-1R-FoxM1 activation. Future studies should examine co-targeting of TGF-beta

receptor signaling and IGF-1R in models of GDF15-overexpressing breast cancer.



Chapter 4

Correlative Analyses of Growth Differentiation Factor 15 in Breast Cancer

73
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1. Introduction

The stress-induced cytokine growth differentiation factor 15 (GDF15) is a distant
member of the transforming growth factor-beta (TGF-beta) superfamily and bone
morphogenic proteins (117; 145) . These cytokines are ubiquitous, versatile in regulation
of cellular response, and essential for survival. In normal physiologic conditions, GDF15
expression is restricted primarily to placenta, prostate, and colon (145). The placenta is
the only tissue that normally expresses GDF15 in large amounts (149). Given that GDF15
promotes viability within the maternal-fetal interface, a causal link has been shown
between low GDF15 levels and likelihood of miscarriage (144; 149).

Serum levels of GDF15 have been stratified into three categories, normal (<1200
pg/mL), moderately elevated (1200-1800 pg/mL), and highly elevated (>1800 pg/mL)
(185). The vast majority of data available investigating the role of GDF15 serum levels
has been associated with cardiovascular function. In patients with acute heart failure,
circulating levels of GDF15 are increased (186). Moreover, gradual increases in GDF15
serum levels can be used as a sign of adverse outcome in heart failure (187). High
expression levels of circulating GDF15 are also an indicator of myocardial infarction and
the presence of atherosclerotic lesions (186; 188; 189). Interestingly, induction of GDF15
upon injury is thought to be a protective response, to prevent further apoptosis or tissue
injury (186). For example, GDF-15 has been shown to prevent hypertrophy and loss of
ventricular function (130). Thus, in cardiovascular disease, increased circulating GDF15
levels act as an indicator of cardiometabolic risk.

GDF15 is an independent predictor of prostate cancer and high-grade tumors

(146). GDF15 serum levels have been implicated in prostate tumor progression and bone
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metastases (190). In patients with dysplastic colonic polyps and colorectal cancer, GDF-
15 serum levels are elevated and associated with decreased overall survival (146).
GDF15 plasma levels have been shown to correlate with poor prognosis in endometrial
cancer (149). Increased serum levels of GDF15 also influence tumor-associated
“cachexia syndrome”, via hypothalamic appetite suppression, as a result of
downregulation in neuropeptide Y and an increase in pro-opiomelanocortin (POMC)
(191). Fascinatingly, the GDF15 propeptide can interact with the latent stromal stores to
regulate diffusion of GDF15 into the bloodstream after secretion (139). Taken together,
elevation of GDF15 serum levels are closely associated with various pathologic
conditions, including diabetes, cardiovascular disease, neurodegeneration and
malignancies.

Although few studies have measured GDF15 in breast cancer, two studies
indicated that serum (170) and tumor tissue (133) levels of GDF15 were elevated in
patients with breast cancer when compared with normal controls. The current study aims
to investigate potential correlations between GDF15 expression and clinical
characteristics, including molecular subtype and patient survival. Moreover, the purpose
of the current study is to evaluate expression of GDF15 in breast tumors (Figure 4-1) and

an in vitro model of elevated levels of secreted GDF15.
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Figure 4-1. IHC of tumor tissue microarray (TMA) of breast tumors. TMAs
consisting of tumor tissue samples representing 605 patients were stained for GDF15.
Staining intensity was scored blindly by a breast pathologist, Dr. Amy Adams, Emory
University School of Medicine. Photos (left to right) represent staining intensity of
negative (0), intermediate, (1-2) and positive (3). Photos were taken at 10x magnification

under the microscope, and representative photos of GDF15 staining are shown.
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2. Results

i. GDF15 expression correlates with ER-negative and HER2-positive status

Among 605 patients represented on the TMAs, 592 had recorded information for
all of the following characteristics available: age, grade, lymph node number (< 3 vs > 3),
ER and HER2 status. Clinical characteristics and correlations with GDF15 expression are
presented for the cohort (N=592) in Table 4-1. The majority (75%) of patients was older
than 50 years and had low-grade tumors. GDF15 expression (staining score > 1) was
observed in approximately two-thirds (66%) of patients. GDF15 positivity correlated
with high tumor grade (P=0.002), with approximately 75% of patients with high-grade
tumors exhibiting GDF15 score of 1+ versus 61% with low-grade tumors. Most (87%)
patients in the cohort had fewer than four lymph node metastases. Stratification of
patients based on < 3 lymph node metastases versus > 3 lymph node metastases did not
show significant correlation with GDF15 staining. The molecular subtypes of breast
cancers represented in the cohort were consistent with published literature with ~70%
estrogen receptor (ER)-positive disease and ~15% human epidermal growth factor
receptor 2 (HER2)-positive. Statistically significant correlations were observed between

GDF15 expression and ER-negative (P=0.03) or HER2-positive (P=0.03) status.
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Table 4-1. Correlations between GDF15 IHC score and clinical characteristics in
subgroup with all clinical data available

Characteristic, n

GDF15 IHC score

o N=592 0 1+ P value

(7o) (n=204) (n=388)

Age (years)
<50 147 (24.8) | 48 (32.7) 99 (67.3) 0.7
> 50 445 (75.2) | 156 (35.1) 289 (64.9)

Grade
1-2 402 (67.9) | 156 (38.8) 246 (61.2) 0.002
3 190 (32.1) | 48(25.3) 142 (74.7)

Lymph node (#)
<3 515(87.0) | 173 (33.6) 342 (66.4) 0.3
>3 77 (13.0) | 31(40.3) 46 (59.7)

ER
Negative 192 (32.4) | 54 (28.1) 138 (71.9) 0.03
Positive 400 (67.6) | 150 (37.5) 250 (62.5)

HER2
Negative 517 (87.3) | 187 (36.2) 330 (63.8) 0.03
Positive 75(12.7) |17 (22.7) 58 (77.3)

Abbreviations: ER, estrogen receptor; GDF15, growth differentiation factor 15; HER2,

human epidermal growth factor receptor 2; IHC, immunohistochemistry
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Table 4- 1. Correlations between GDF15 IHC score and clinical characteristics in
subgroup with all clinical data available. IHC for GDF15 (Cell Signaling antibody
3249) was performed on arrays consisting of breast tumor tissues from a subgroup of 592
patients. Staining intensity was scored blindly by collaborating breast pathologist, Dr.
Amy Adams, as negative (no staining) or positive (scored as intensity levels of 1, 2, or 3).
The number (and percentage) of GDF15-positive tissues is shown based on HER2-
overexpression (positive) or non-overexpression (negative) status, ER-negative or ER-
positive status, and tumor grade (grades 1-2 or grade 3). P-values were determined by

two-tailed Fisher’s exact test.
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Figure 4-2. Kaplan-Meier survival plots stratified by GDF15-positive vs negative
staining in patients with breast cancer. Survival analysis was performed to correlate

the levels of GDF15 with overall patient survival; GDF15 score 0 and GDF15 score 1"
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Figure 4-3. Kaplan-Meier survival plots stratified by GDF15 IHC score 0, 1, and 2+
in patients with breast cancer. Survival analysis was performed to correlate the levels
of GDF15 with overall patient survival; GDF15 score 0, GDF15 score 1 and GDF15

+
score 2.
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ii. GDF15 expression correlates with reduced overall survival

Among all patients, GDF15 expression (score 1+) demonstrated a modest but
significant (P=0.046) correlation with reduced survival versus patients with GDF15-
negative staining (84% vs 79% 5-year survival; 33% vs 29% 10-year survival) (Figure 4-
2). Stratification of GDF15-positive subgroups demonstrated a significant (P=0.021)
correlation between GDF15 score 2+ and reduced survival versus patients with GDF15-
negative staining (84% vs 76% 5-year survival) (Figure4- 2). Although survival was also
slightly lower in patients with GDF15 score 1 versus GDF15 score 0 (84% vs 79% 5-year
survival), the correlation did not reach statistical significance (P=0.115). Therefore, the
highest expression levels of GDF15 may predict for reduced survival among patients with

breast cancer.

iii. GDF15 transcript and secretion are increased in an in vitro model of HER2-

positive/ER-negative breast cancer.

HCC1954 is an ER-negative/ HER2-positive epithelial breast cancer cell line that
displays primary resistance to trastuzumab. We examined HCC1954 for expression
levels of GDF15 transcript and observed a noticeable increase compared with the ER-
positive/HER2-positive BT474 breast cancer cell line, which is sensitive to trastuzumab.
As expected, the stable BT474 GDF15 transfectant C2 displayed noticeably higher

transcript levels compared with HCC1954 (Figure 4-4A).
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Figure 4-4. HCC1954 breast cancer cells express increased levels of GDF15.

(A) Total RNA was extracted from BT474 parental (BT474), BT474 stable GDF15
transfectant clone 2 (C2), and HCC1954. RNA was converted to cDNA and analyzed by
real-time PCR for GDF15 transcript level. Results are reported as fold increase in GDF15
transcript level versus parental counterpart. Values were normalized to RPLPO
housekeeping ribosomal gene transcript levels as internal control. (B) ELISA using cell
culture media only from BT474 parental (BT474), BT474 stable GDF15 transfectant
clone 2 (C2), and HCC1954. Error bars represent standard deviation between triplicates.
P-values were calculated by student’s t-test for each resistant line versus the parental line;
*p<0.05, **p<0.005. Results were confirmed on three separate occasions. (C) BT474
stable empty vector control clone (pCMV) or BT474 stable GDF15 clone 2 (C2) were
plated in BD Matrigel-coated Boyden chambers. After 48 hours, cells were stained, and
images were taken at 10x magnification. The total number of invading cells was counted
in ten random fields, and the average from triplicate cultures is shown for each group.
The experiment was performed twice; Ge2 versus control was compared by student’s t-

test, **p<0.005.
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Since GDF15 is believed to become bioactive as a secreted cytokine, we performed
ELISAs for secreted GDF15 protein in BT474, HCC1954 and GDF15 stable transfectant
C2 (Figure 4-4B). GDF15-specific ELISA was performed on media collected from cells
and showed that concentration of secreted GDF15 was approximately 5-fold higher in

HCC1954 vs BT474 and stable GDF15 transfectant C2.

Thus, although stable GDF15 transfectants display high levels of GDF15
transcript, secreted forms of GDF15 are dramatically higher endogenously in HCC1954.
Moreover, it has previously been shown that GDF15 stimulates ovarian cancer cell
growth and invasion (48). Similarly, we observed a significant increase in cell invasion in
both stable GDF15 transfectants (p<.001) and HCC1954 (p<.05) in comparison to BT474
pCMYV empty vector controls (Figure 4-4C). These results suggest that HCC1954 could
be used as model of endogenous GDF15 overexpression in future studies. In addition, we
observed that GDF15 drives invasive potential in both stable transfectants and HCC1954.
Interestingly, the strong increase observed in HCC1954 GDF15 serum levels suggests
that variations in protein/transcript or secreted expression could regulate cancer

progression and phenotypic changes.

iv. GDF15 and TGFpI colocalize with TGFp-RII in HCC1954 breast cancer cells

Next, we investigated the colocalization of GDF15 with TGFB-RII in HCC1954
breast cancer cells. Colocalization of GDF15 and TGFB-RII was significantly lower in
control BT474 parental and HCC1954 cells compared with stable GDF15 overexpressing
clones (Figure 4-5). GDF15 colocalization may vary based on differential gene

expression and sera levels, but the overall mechanisms contributing to potential
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colocalization of GDF15 with TGFB-RII remain unclear. Moreover, there is a possibility
that in the presence of stable GDF15 overexpression, there is more robust signaling to
latent GDF15 stores on the extracellular membrane, increasing available GDF15 and
localization with TGFB-RII (118). However, the relevant pathways driving the observed
changes have yet to be elucidated.

v. GDF15 pharmacologic inhibition has no effect on downstream signaling in HCC1954
breast cancer cells.

To determine the effects of GDF15 neutralization, HCC1954, BT474, pCMV and
stable GD15 clone 2 (C2) breast cancer cells were treated with GDF15 monoclonal
antibody (mAb). This resulted in the neutralization of secreted GDF15 as compared to
control IgG treated cells (Figure 4-6A and D). Based on previous findings that GDF15
drives upregulation of downstream signaling pathways, we performed Western blotting
for a multitude of signaling molecules in cells treated with mAb. Neutralization of
secreted GDF15 had no effect on protein expression levels (Figure 4-6B and D).
Treatment with GDF15 mAb had no effect on transcript expression of invasion markers
MMP2 and MMP?9 or the proliferation associated transcription factor FoxM1 (Figure 4-
6C). Western blots were performed on protein lysates from BT474, pCMV and C2 cells
treated with GDF15 mAb, but there were no observable effects on protein expression in
response to mAb treatment. The apparent lack of effect of GDF15 neutralization on
downstream signaling may be due to sustained regulation by factors other than GDF15.
These factors would not be suppressed by the GDF15 mAb, and would thus sustain

signaling.
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Figure 4-5. GDF15 & TGFBI co-localizes with TGFBRII. BT474 GDF15 stable clone
2 (C2), BT474, and HCC1954 cells were plated on glass coverslips and allowed to
recover 24 h prior to being harvested. Immunofluorescence was performed to determine
the co-localization of GDF15 and TGFBRII. Cells were observed at a magnification of
40x using z-stack. The average of the overlap coefficient percentages was calculated

using 3 different z-stacks. The average percentage of co-localization was graphed.
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Figure 4-6. Pharmacologic inhibition of GDF15 in HCC195. (A) HCC1954 cells
treated with control IgG or GDF15 mAb for 24 h. The concentration of GDF15 in media
was measured by ELISA in triplicates. Values reflect average fold expression. (B)
HCC1954 cells were treated with control IgG or GDF15 mAb for 24 h. Western blots of
total protein lysates were performed for pIGF-1/IGF-1R, pSmad2/Smad2, pSrc/Src,
pFak/Fak, E-cadherin, Vimentin and FoxMI1. (C) Real-time PCR was performed for
MMP-2, MMP-9, and FoxM1, and normalized to RPLPO. Values reflect the average fold
change in normalized transcript. (D) BT474, pCMYV and GDF15 stable clone (C2) were
treated with control IgG or GDF5 mAb for 24h. The concentration of GDF15 in media
was measured by ELISA in triplicates. Values reflect the average fold expression. (E)
BT474, pCMV and GDF15 stable clone (C2) were treated with control IgG or GDF15
mAb for 24h. Western blots of total protein lysates were performed for pIGF-14/IGF-1R,

pSmad2/Smad2, pSrc/Src, pFak/Fak, E-cadherin, Vimentin and FoxM1.
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Alternatively, GDF15 mAb treatment may trigger compensatory signaling, which
in turn activates and sustains downstream signaling. Finally, it is conceivable that
endogenous GDF15 drives signaling, such that neutralization of secreted GDF15 alone
would have no effect on these downstream pathways. Further studies are needed to gain
insights into the regulation of GDF15-mediated signaling and differential molecular and

biological effects of secreted vs endogenous GDF15.

3. Discussion

Although increased expression of GDF15 is associated with advanced disease in
patients with multiple types of malignancies, limited data is available regarding the
expression levels of GDFI15 in breast cancer. (150). Welsh and colleagues examined
changes in gene expression of secreted proteins in the sera of cancer patients representing
10 different tumor types. Serum levels of GDFI5 were elevated in patients with
metastatic colorectal (8/8), prostate (8/9), and breast (6/10) cancers when compared with
sera from normal controls (150) (133) compared GDF15 transcript levels in 10 breast
tumor samples matched with adjacent normal tissue controls, and found higher GDF15
expression in half of the tumor samples. Thus, according to these studies, which included
a relatively small number of patient samples, GDF15 expression was elevated in 50% to
60% of serum or tumor tissue specimens from patients with breast cancer. Consistent
with those studies, we demonstrate by IHC staining that GDF15 is expressed in 66%
(397/605) of patients with breast cancer.

Sasahara et al. recently reported that GDF15 expression was higher in breast cancer
tissues compared with normal controls, with HER2-positive tumors demonstrating the

highest expression levels of GDF15(192). We examined potential associations between
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GDF15 IHC staining and available clinical data, which included age, tumor size, tumor
grade, disease involving >3 lymph nodes, ER and HER2 positivity, and overall survival.
GDF15 expression was significantly associated with high tumor grade, and ER-negative
or HER2-positive status. A limitation of our IHC study was that most patients in this
cohort had low-grade tumors with either non-metastatic disease or fewer than 3 lymph
node metastases. Thus, this cohort may represent a relatively low-risk population or
subgroup with primarily localized or locally invasive disease. Another potential
limitation to our study is that IHC analysis of tumor tissue does not account for
contributions from circulating or stroma-derived GDF15. Future analyses should
examine cohorts that include a greater percentage of patients with lymph node-positive or
metastatic disease to determine if GDF15 overexpression is associated with metastasis,
recurrence, or reduced survival rates in patients with advanced-stage disease, as is
reported in other tumor types (193; 194). These studies should also evaluate potential
subtype-specificity of GDF15 expression in HER2-positive and ER-negative breast
cancer, based on results presented here, and associations between GDF15 expression and

treatment response or survival.

Our in vitro findings support further investigation into the relationship between
GDF15 and HER2. These studies may help validate preclinical implications that GDF15
activates HER2, increases signaling through downstream proliferative and mitogenic
pathways, and promotes resistance to HER2-targeted agents (96). Previous studies
demonstrate that secreted GDF15 derived from stroma or tumor cells can promote
metastasis and is a potential biomarker of disease progression in cancers, including

prostate and ovarian cancer (145; 149). Given that GDF15 expression can take on a
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multitude of forms, future studies should include detailed analyses that measure GDF15
serum concentration and gene expression from breast cancer patients to evaluate potential

correlations with metastasis and survival.
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Chapter 5
Growth Differentiation Factor 15 Mediates Epithelial Mesenchymal Transition and

Invasion of Breast Cancers through IGF-1R-FoxM1 Signaling
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1. Introduction

Epithelial-to-mesenchymal transition (EMT) is an essential part of tumor progression.
EMT is characterized by a process by which, the cell takes on a plethora of phenotypic
changes, including a change in polarity, loss of epithelial cell-cell contact, and acquisition
of migratory behavior (195). A critical hallmark in EMT is loss of the epithelial marker
E-cadherin, which results in the induction of cytoskeletal reorganization (196). Growth
differentiation factors, such as TGF-, have been shown to induce EMT during cancer
progression, embryogenesis and fibrosis (195). Growth differentiation factor 15
(GDF15), a distant member of the TGF-3 superfamily, has been shown to enhance the
EMT process in colorectal cancer via activation of Smad2 and Smad3 pathways (197).
Pathologic conditions, such as insulin resistance, diabetes, cardiovascular diseases,
impaired cognitive ability, and malignancies, are associated with elevated levels of
circulating GDF15 (170; 191; 198; 199).

Although GDF15 shares structural features with members of the transforming growth
factor-beta (TGF-beta) superfamily (117), the receptor for GDF15 remains unidentified,
and the signaling and phenotypic effects induced by GDF15 occur through TGF beta
receptor/SMAD-independent and -dependent mechanisms (170; 200). GDF15
overexpression stimulates PI3K/Akt/mTOR and MEK/ERK signaling (96; 130; 192; 201)
and promotes EMT in ovarian cancer cells (48; 197)(Griner et al., 2013; Li et al., 2016a).
We previously demonstrated that GDF15 drives resistance to targeted therapy in breast
cancer (96). Furthermore, it has been reported that GDF15 promotes the acquisition of
cancer stem cell-like properties in breast cancers (192). In the current study, we

demonstrate that GDF15 promotes EMT and invasiveness of breast cancers through a
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unique mechanism involving activation of the insulin-like growth factor-1 receptor (IGF-

1R) and upregulation of transcription factor FoxM1.

2. Results.
i. GDF15 overexpression alters cell cycle profiles and induces EMT in breast cancer.
BT474 and JIMT]1 breast cancer cells express low levels of GDF15, whereas
MDAZ231 breast cancer cells express high levels of GDF15 (Figure 5-1A). Stable
overexpression of GDF15 in BT474 (Figure 5-1B) resulted in a 3-fold increase in the
percentage of cells in S phase compared with parental and empty vector control cells
(Figure 5-1C-D). We previously found that GDF15 induces EMT in ovarian cancer cells
(48). To determine if stable GDF15 overexpression also promotes EMT in breast cancer
cells, we examined expression of mesenchymal and epithelial markers by western
blotting. Stable GDF15-overexpressing clones exhibited dramatic downregulation of the
epithelial marker E-cadherin, whereas mesenchymal markers N-cadherin, vimentin, and
transcription factor FoxM1 were upregulated (Figure 5-A). Expression levels of
mesenchymal transcription factors Snail, Zeb-1, and Slug were also increased (Figure 5-
2B), with phenotypic morphological changes consistent with acquisition of a
mesenchymal phenotype noted (Figure 5-2C). EMT is associated with increased potential
for tumor development and migration. Consistent with this concept, stable overexpression
of GDF15 conferred spheroid-forming capabilities compared with parental cells, which

did not form spheroids in 3-d culture (Figure 5-2D).
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Figure 5-1. GDF1S5 overexpression alters cell cycle profile.

(A) Real-time PCR for parental BT474, JIMT1 and MDA231 breast cancer cell lines.
Values reflect fold change in GDF15 transcript level normalized to RPLPO housekeeping
gene level. Error bars represent standard deviation between triplicate samples;
experiments were repeated at least 3 times. (B) Real-time PCR for GDF15 in BT474
pCMV stable empty vector control clone (pCMV) and GDF15 stable clones 2, 3, and 5
(C2, C3, and C5). Values reflect fold change in GDF15 transcript level normalized to
RPLPO housekeeping gene level. Error bars represent standard deviation between
triplicate samples; experiments were repeated at least 3 times. (C-D) BT474 parental,
pCMV empty vector control clone (pCMYV), and GDF15 stable clones 2 and 3 (C2, C3)
were fixed, stained with propidium iodide, and analyzed for DNA content by flow
cytometry. The percentage of cells in each cell cycle phase is shown per cell line (C)
(white bar, GO/G1; gray bar, S; black bar, G2/M). Error bars represent standard deviation
between triplicate samples; experiments were repeated at least 3 times. Representative

cell cycle histograms are shown per line (D).
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Figure 5-2. GDF1S5 induces epithelial mesenchymal transition and invasion in breast
cancer cells. (A) Total protein whole-cell lysates were collected from BT474 pCMV
stable empty vector control clone (pCMV) and GDF15 stable clones 2, 3, and 5 (C2, C3,
and C5). Western blots were performed for E-Cadherin, N-Cadherin, Vimentin, and
FoxM1; blots were probed for actin as loading control. Blots were repeated at least three
times, and representative blots are shown. (B) Real-time PCR for Snail, Zeb-1 and Slug
in BT474 parental, pCMV stable empty vector control clone (pCMV) and GDF15 stable
clones 2, 3, and 5 (C2, C3, and C5). Values reflect fold change in transcript normalized to
RPLPO housekeeping gene. Error bars represent standard deviation between triplicate
samples; experiments were repeated at least 3 times. (C) BT474 pCMV empty vector
control clone (pCMV) and GDF15 stable clones 3 and 5 (C3 and C5) were imaged at 10x
magnification to evaluate changes in morphology. (D) Representative images of
spheroids are shown at 4x magnification for BT474 parental and GDF15 stable clone 2
(C2). (E) BT474 stable empty vector control clone (pCMV) and GDF15 stable clones 2,
3, and 5 (C2, C3, and C5) were plated in basement membrane matrix (Matrigel)-coated
Boyden chambers in serum-free media; 10% FBS was added to the well below each
chamber as a chemo-attractant. After 24 hours, chambers were fixed and stained.
Representative photos of invading cells are shown at 20x magnification. The total
number of invading cells was counted in 10 random fields; the average number of
invading cells is shown for triplicate cultures per cell line; student’s t-test, **p<0.005,

*p<0.05.
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Figure 5-3. IGF-1R activation mediates EMT and invasion of GDF15-
overexpressing breast cancer cells. (A) Total protein lysates were collected from
BT474 stable empty vector control clone (pCMV) and GDF15 stable clones 2, 3, and 5
(C2, C3, and C5). Western blots were performed for p-Tyr1131 IGF-1R and total IGF-
IR; actin was probed as loading control. Experiments were repeated 3 times;
representative blots are shown. Quantification (shown beneath each band) was
normalized to actin and performed using Odyssey Li-Cor imaging software. (B) JIMT1
cells were serum-starved for 24 hours, and then stimulated with 2 or 20 ng/mL of
recombinant human GDF15 (thGDF15) for another 24 hours. Western blots of total
protein lysates are shown for p-Tyr1131 IGF-1R and total IGF-1R; actin was probed as
loading control. Experiments were repeated 3 times; representative blots are shown.
Quantification (shown beneath each band) was normalized to actin and performed using
Odyssey Li-Cor imaging software. (C) BT474 GDF15 stable clone 2 (C2) cells were
treated with normal mouse IgG control or 0.25 pg/mL alpha IR3 (alR3) IGF-1R
monoclonal antibody for 48 hours. Western blots of total protein lysates were performed
for total IGF-1R, Vimentin, FoxM1, and E-Cadherin. Bar graphs show quantification
relative to actin loading control, and was performed using Odyssey Li-Cor imaging
software. Error bars represent standard deviation between triplicates; experiments were
performed at least 3 times. (D) BT474 stable empty vector control clone (pCMV) and
BT474 GDF15 stable clone 5 (C5) cells were pre-treated with normal mouse IgG or 0.25
png/mL alpha IR3 (alR3) IGF-1R monoclonal antibody for 24 hours. Cells were then
seeded in Matrigel-coated Boyden chambers in serum-free media plus control IgG or

alR3; 10% FBS was added to the well as a chemo-attractant. After 24 hours of invasion,
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cells in chambers were fixed and stained. Representative photos of invading cells are
shown at 20x magnification. The total number of invading cells was counted in 10
random fields; the average number of invading cells is shown for triplicate cultures per

cell line; student’s t-test, *p<0.05.
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Figure 5-4. Matrix metalloproteinases (MMPs) mediate invasion of GDF15-
overexpressing breast cancer cells. (A) Real-time PCR of total RNA from BT474
pCMV empty vector control clone (pCMV) and GDF15 stable clones (C2, C3, and C5)
for MMP2 (left graph) and MMP?9 (right graph). Values reflect average fold in transcript
normalized to internal control RPLPO relative to pCMV group. Error bars represent
standard deviation between triplicate samples; experiments were repeated 3 times. (B)
BT474 pCMV empty vector control clone (pCMV) and GDF15 stable clones (C2, C3 and
C5) were plated in serum-free media in Matrigel-coated Boyden chambers and treated
with vehicle control or 1 pg/mL pan-MMP inhibitor GM6001 for 24 hours, after which
cells were fixed and stained. Representative photos of invading cells are shown at 20x
magnification. The total number of invading cells was counted in 10 random fields; the
average number of invading cells is shown for triplicate cultures per cell line; student’s t-

test, **p<0.005, *p<0.05.
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ii. GDF1I5 activates IGF-IR signaling.

IGF-1R is a major upstream mediator of breast cancer cell invasion (87; 202). Stable
overexpression of GDFI15 resulted in a 1.5- to 2.5-fold increase in total and
phosphorylated IGF-1R relative to empty vector control (Figure 5-3A). Similarly,
exogenous stimulation of JIMT1 cells with recombinant human GDF15 (thGDF15)
induced IGF-1R expression and phosphorylation by 1.5- to 2-fold (Figure 5-3B).
Treatment of stable GDF15-overexpressing cells with IGF-1R-targeted antibody alpha
IR3 reduced expression of IGF-1R and FoxM1 (Figure 5-3C). Pharmacologic inhibition
of IGF-1R using alpha IR3 treatment significantly downregulated protein expression of
mesenchymal marker vimentin and induced expression of epithelial marker E-cadherin.
Consistent with these changes in expression of EMT markers, alpha IR3 inhibited the
invasiveness of GDF15-overexpressing cells without significantly affecting control cells
(Figure 5-3D). These results suggest that IGF-1R activation contributes to FoxMI

upregulation, EMT, and invasiveness of GDF15-positive breast cancers.

Matrix metalloproteinases MMP2 and MMP9 are upregulated in GDFI5-

overexpressing breast cancer cells.

To further elucidate the molecular mechanism through which GDF15 enhances
breast cancer cell invasion, we measured expression levels of MMP2 and MMP9, which
are transcriptional targets of FoxM1 and mediators of cancer cell invasion. Stable
GDF15-overexpressing clones demonstrated significant upregulation of MMP2 and

MMP9 (Figure 5-4A). Treatment with the broad-spectrum MMP inhibitor GM6001
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significantly reduced invasiveness of stable GDF15-overexpressing clones (Figure 5-4B).
These data suggest that upregulation of MMP2 and MMP9 contributes to the invasive

phenotype of GDF15-overexpressing breast cancer cells.

iv. Knockdown of FoxMI1 or GDFI15 inhibits invasion of GDFI5-overexpressing
cells.

Increased FoxM1 expression contributes to cancer cell invasiveness (171). To
determine if FoxM1 upregulation contributes to the increased invasiveness of GDF15-
overexpressing cells, we transiently knocked down FoxMI1 expression (Figure 5-5A).
Downregulation of FoxM1 significantly decreased invasion (Figure 5-5B) and reduced
expression of MMP2 and MMP9 (Figure 5-5C).

GDF15 expression was knocked down in HER2-overexpressing BT474 empty vector
control, BT474 GDF15 stable clone, and triple-negative MDA-MB-231 breast cancer
cells (Figure 5-6A). Downregulation of GDF15 significantly reduced invasion through a
basement membrane matrix (Figure 5-6B), supporting a functional role for GDF15 in

breast cancer cell invasion.

3. DISCUSSION

In the current study, we provide mechanistic insights into the signaling pathways
driving GDF15-mediated EMT and invasion in breast cancer. GDF15 overexpression
activated IGF-1R signaling with subsequent upregulation of FoxM1 and target MMPs,

increased expression of EMT mediators, and increased cellular invasion (Figure 7).
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Figure 5-5. FoxM1 promotes invasion and upregulation of MMP2 and MMP9 in
GDF15-overexpressing breast cancer cells. (A) BT474 stable empty vector control
clone (pCMV) and GDFI15 stable clone 5 (C5) was transfected with 100 nM control
siRNA (siCtrl) or FoxM1 siRNA (siFoxM1). Representative Western blots of total
protein lysates are shown for FoxM1; actin was probed as loading control. (B) BT474
stable empty vector control clone (pCMV) and GDF15 stable clone 5 (C5) were
transfected with 100 nM control siRNA (siCtrl) or FoxM1 siRNA (siFoxM1) for 48
hours, and then plated in serum-free media in Matrigel-coated Boyden chambers. After
24 hours, cells were fixed and stained. Representative photos of invading cells are shown
at 20x magnification. The total number of invading cells was counted in 10 random
fields; the average number of invading cells is shown for triplicate cultures per cell line;
student’s t-test, **p<0.005. (C) BT474 GDF15 stable clone 5 (C5) cells were transfected
with 100 nM control siRNA (siCtrl) or FoxM1 siRNA (FoxM1) for 48 hours. Real-time
PCR was performed for FoxM1, MMP2, and MMP9. Values reflect average fold in
transcript normalized to internal control RPLPO. Error bars represent standard deviation

between triplicate samples; experiments were repeated 3 times.
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Figure 5-6. GDF15 knockdown inhibits invasion of breast cancer cells. (A) BT474
stable empty vector control clone (pCMV) and BT474 GDF15 stable clone 5 (C5), and
MDA-MB-231 cells were transfected with 100 nM siRNA control (siCtrl) or GDF15
siRNA (siGDF15). After 24 hours, transfected cells were plated in serum-free media in
Matrigel-coated Boyden chambers with 10% FBS in the wells as a chemo-attractant.
After 24 hours, cells were fixed and stained. Representative photos of invading cells are
shown at 20x magnification. The total number of invading cells was counted in 10
random fields; the average number of invading cells is shown for triplicate cultures per
cell line; student’s t-test, * p<<0.05. (B) BT474 stable empty vector control clone (pCMYV)
and BT474 GDF15 stable clone 5 (C5), and MDA-MB-231 cells were transfected with
100 nM siRNA control (siCtrl) or GDF15 siRNA (siGDF15) for 48 hours. Real-time
PCR was performed to confirm GDF15 knockdown. Values reflect the fold change in
transcript normalized to RPLPO housekeeping gene. Error bars represent standard

deviation between triplicate samples; experiments were repeated twice.
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Figure 5-7. Schematic summarizing model.
GDF15 overexpression activates the IGF-1R signaling pathway, resulting in upregulation
of FoxM1 and downstream markers MMP2 and MMP9, which degrade the basement

membrane, a vital process in EMT, proliferation and invasion.
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These data suggest that the inflammatory cytokine GDF15 contributes to breast cancer
progression in part by activating signaling pathways that control EMT and cellular
invasion.

IGF-1R activation and overexpression promote EMT in many tumor types. In breast
cancer, IGF-1R signaling induces EMT, migration, and invasion in HER2-positive and
triple-negative breast cancer (87; 88). Acquisition of a mesenchymal phenotype has been
reported to confer stem cell-like and migratory characteristics, resulting in recurrent
metastases and drug resistance in multiple tumor models (203; 204). Consistent with the
GDF15-driven EMT we observed in our studies, GDF15 was recently shown to maintain

stem cell characteristics in breast cancer cell lines (201; 205)

The mechanisms through which IGF-1R promotes a switch to a mesenchymal
phenotype are not fully understood. However, IGF-1R activation is known to stimulate
MEK-Erk1/2 and PI3K-Akt signaling, which in turn regulate EMT transcription factors.
We previously demonstrated that GDF15 induces PI3K and Erk1/2 phosphorylation in
HER2-overexpressing breast cancer cells, in association with drug resistance (205).
Further, MEK inhibition blocked the ability of GDF15 to induce tumor sphere formation
(192), indicating that MEK activation downstream of IGF-1R activation may contribute
to GDF15-stimulated EMT. These data provide rationale for evaluating IGF-1R and
MEK inhibition as a potential therapeutic strategy in mesenchymal GDF15-positive

breast cancers.

In addition to regulating expression of EMT markers, IGF-1R inhibition decreased
expression of the transcription factor FoxM1 and blocked invasion of GDFI15-

overexpressing cells. We previously reported that FoxM1 is a critical mediator of IGF-
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IR-stimulated invasion in breast cancer cells (87). The current study further supports
FoxM1 as a major mediator of IGF-1R-mediated invasion. FoxM1 knockdown reduced
invasion and overcame upregulation of MMP2 and MMP9 in GDFI5 stable
clones. These data demonstrate that GDF15-1GF-1R-FoxM1 signaling plays an important
role in breast cancer invasion, with IGF-1R and FoxMI1 representing potential

downstream targets for inhibiting GDF15-mediated invasion.

Additional mechanisms are likely to contribute to GDF15-mediated EMT and
invasion. GDF15 induces phosphorylation of the TGF-f signaling effectors Smad2 and
Smad3 (96; 130). GDF15 also activates focal adhesion kinase (FAK) signaling, driving
prostate cancer metastasis (206). We previously reported that IGF-1R regulates FAK
signaling and EMT in triple-negative breast cancer. Further, we and others previously
have shown that GDF15 activates HER2 kinase activity (88; 96; 129), resulting in
acquired and intrinsic resistance to HER2-targeted antibody therapy. These results are
consistent with previous reports that IGF-1R/HER2 cross-signaling causes trastuzumab
resistance (205), and suggest that GDF15 overexpression may represent one mechanism
driving activation of the HER2 and IGF-1R receptor kinase signaling network and drug

resistance.

In summary, while GDF15 exhibits pleiotropic effects in cancer cells (147), the
majority of studies support a role for GDF15 in disease progression, with overexpression
linked to EMT, invasion and metastasis. Our studies are the first to report activation of
IGF-1R-FoxM1 as a mechanism of invasion in GDF15-overexpressing breast cancers,
providing rationale for preclinical evaluation of treatments that co-target IGF-1R and

FoxM1. Further, based on the dramatically reduced invasiveness of HER2-positive and
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triple-negative breast cancers in response to GDF15 knockdown, future studies should

evaluate GDF15 as a potential molecular target in breast cancer.
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Chapter 6

Targeting GDF15 in Breast Cancer Using Catalytic Deoxyribozyme Down-
Regulation
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1. Introduction

Gene regulation differs between cancer cells and normal cells, but can also differ
amongst patients with histologically identical tumors. Improved understanding of
variability in gene expression may help predict divergent responses to treatment and aid
in the identification of more effective alternatives to targeted therapy. Thus, manipulation
of gene regulation has the potential to enhance treatment options and improve patient

outcomes.

Several methods are used for gene knockdown, and some have previously been
discussed in detail. Here we use RNA interference (RNA1) a process that allows specific
and selective knockdown of a target gene. Conceptually, this method uses chemically
synthesized double-stranded small interfering RNAs (siRNAs) and recruitment of RNA-
induced silencing complex (RISC) to hybridize with the mRNA of interest and target it
for cleavage (207). siRNAs are efficient for preliminary studies aimed at determining
transient molecular and functional effects of gene inhibition. However, more
complementary downstream experiments include the use of bacterial and viral carriers
that express short-hairpin RNAs (shRNAs), which are processed into siRNAs by
endogenous RNAi machinery and allow continuous (stable) siRNA production. Lentiviral
carriers of shRNA are typically delivered to target cell ex vivo, and then modified cells
are injected into the target (i.e. patient or mouse model) (208). Although, both siRNA and
shRNA have been shown to be effective, delivery methods in vivo pose a challenge.
Because systemic administration can make it difficult to target organs, studies have tried
to optimize in vivo delivery by conjugating siRNA to aptamers (209; 210), vitamins,

antibodies, and other targeting ligands (211).
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Deoxyribozymes (also called DNA enzymes or DNAzymes) are catalytic DNA
molecules that bind their RNA substrate via Watson-Crick base pairing, forming a DNA:
RNA interaction (212). Next, the DNA promotes transesterification and cleavage of its
target RNA backbone. The *10-23” DNAzyme is the most commonly used catalytic
oligonucleotide in animal models, given its ability to inhibit translation of genes that
promote tumorigenesis (213-216). Thus DNAzymes provide a relatively stable alterative
to selectively target and cleave RNA. However, since DNAzymes are composed of
nucleic acids, they are prone to nuclease degradation. Functionalized gold nanoparticles
have been shown to be an effective method of delivering DNAzymes for cellular uptake.
Here, we investigate the utility of GDF15 DNAzyme-gold nanoparticle (DzNP)

conjugates as a tool for effective inhibition of GDF15 in vitro.

2. Results

i. GDF 15 gene silencing in breast cancer

To examine the effects of GDF15 siRNA gene silencing we transfected 100 nM
of GDF15 siRNA into BT474, BT474 stable GDF15 transfectant clone 2 (C2) and
HCC1954 breast cancer cells for 48 hours (h). As shown in Figures 6-1A and 6-1B,
GDF15 gene silencing by siRNA caused significant inhibition of GDF15 expression,

while the control siRNA had no effect on GDF15 gene expression.
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Figure 6-1. GDF15 gene silencing. (A) BT474, BT474 stable GDF15 clone 2 (C2) and
HCC1954 (B) were transfected using Lipofectamine and 100 nM GDF15 siRNA for 48
hours. Real-time PCR was performed for GDF15. Values reflect average fold in
transcript normalized to internal control RPLPO. (C and D) GDF15 clone 2 (C2) and
HCC1954 cells were infected with lentiviral control shRNA (shCTRL) or GDF15 shRNA
(shGDF15); knockdown of GDF15 was confirmed by real-time PCR. Results are reported
as fold change in GDF15 transcript level versus control shRNA. Values were normalized

to RPLPO housekeeping ribosomal gene transcript levels as internal control.
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We also tested the knockdown of GDF15 expression using GDF15-specific ShRNA.
BT474 parental, stable GDF15 transfectant clone 2 (C2) and HCC1954 breast cancer
cells were infected with GDF15-shRNA in a lentiviral backbone or with corresponding
control shRNA in the same lentiviral vector backbone. RT-PCR was performed to
confirm GDF15 knockdown. However, there was no observed effect on GDF15 gene
expression when stable GDF15 transfectant clone 2 (C2) (Figure 6-1C and D) and
HCC1954 were infected with shGDF15. Following these results, we chose to explore
several routes of troubleshooting, including: making sure that 12 hours after transfection,
at least >90% of our HEK293T cells were fluorescence-positive, selecting various titers
for viral stock, investigating promoter regions and trying a variety of packaging methods.
We did not explore inadequate transduction efficiency as a potential problem, because

cells were fluorescent.

il. DNAzyme catalytic activity

We have previously shown correlation between GDF15 levels and HER2-
positivity using immunohistochemical analysis of a tumor tissue array (96). In
collaboration with Dr. Khalid Salaita and his laboratory in the Emory University
Department of Chemistry, we evaluated the utility of gold nanoparticle catalytic
deoxyribozyme (GDF15 DNAzyme) conjugates. Conceptually, the DNAzyme
hydrolyzes GDF15 mRNA. To improve target selectivity, we conjugated a HER2-

targeting aptamer to the complex to enhance tumor (HER2-positive) selectivity.
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Figure 6-2 Measurement of DzNP Catalytic Activity. (A) Schematic showing
representative image of GDF15 (HER2 aptamer) DNAzyme. (B) A kinetic plot showing
rate of catalysis for GDF15 DNAzyme density on particle surface in ratio to HER2. (C)
A kinetic plot showing the DNAzyme surface density (%DNAzyme) as determined in
ratio to HER2 aptamer. Open circles represent oligonucleotide fluorescence at 23°C. Red
circles represent oligonucleotide fluorescence at 37°C. Error bars represents the standard

deviation of three measurements.
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The effects of GDF15 DNAzyme density on particle surface in ratio to HER2 on catalysis
was determined by measuring the fluorescence intensity as a function of time (Figure 6-

2B).

The HER2 aptamer was cofunctionalized to the GDF15 gold nanoparticles (Dz
cpr1sNPs) conjugate in the following ratios, 0/100, 20/80, 40/60, 60/40, 80/20 and 100/0.
Fluorescence intensity was used as an indicator of rate of hydrolysis of DNA/RNA
chimera substrate that was functionalized with a 5’6-fluorescein (FAM6) and 3’ Black
Hole Quencher ™ (BHQ). Thus, if DNAzyme is catalytically active, the FAM-Quencher-
tagged GDF15 substrate (GDF15 mRNA target sequence) will be cleaved and emit a
fluorescent signal. Particles with 100% (Figure 6-2B) GDF15 DNAzyme (no aptamer)
demonstrated highest catalytic activity. Moreover, as GDF15 DNAzyme concentration
decreased, so did fluorescent signal. Next, we controlled the DNA density on particle
surface in ratio to the HER2 aptamer, and assessed dependence of cleavage on
temperature. Particle activity was tested at 37°C and 27°C respectively (Figure 6-2C).
From these findings we were able to determine a 3-fold decrease in particle activity when
80% HER?2 aptamer was present. However, the HER2 aptamer did not completely inhibit

DNAzyme activity.
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Figure 6-3. Cellular uptake of GDF15 DNAzyme>-loaded HER2 AUNP.
Fluorescent microscope images of HCC1954 and MDA468 breast cancer cells treated
with GDF15 DNAzyme™-loaded HER2 AUNP at ratios of 0/100, 20/80, 40/60, 60/40,

80/20 and 100/0. Fluorescence images were collected at 6 hours.
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iii. GDF15 DNAzyme-HER?2 aptamer cellular uptake

To determine the cellular uptake and gene regulation of particles in mammalian
cells, we coupled the HER2/GDF15 functionalized DNAzymes to Cyanine 5 (Cy5). For
this experiment, we chose HER2-positive HCC1954 as our experimental group and
HER2-negative MDA468 as our control group. Both breast cancer cells were seeded at
the same density and treated with equal amounts of each GDF15/HER?2 ratio. After 6

hours, cells were viewed by microscopy, and uptake was measured (Figure 6-3).

To demonstrate HER2 selectivity, we would expect increased Cy5 fluorescence as
HER2 aptamer ratio increases in HCC1954 HER2-positive cells). Our data demonstrated
1.6-fold increase in selective uptake at 80% HER2: aptamer. However, our negative
control, MDAA468, also showed increased cellular uptake at 80% HER2: aptamer. These
findings suggest the need for further studies and optimization of cellular uptake and
targeting. Other questions that remain unanswered include the potential limitations of
steric hindrance, as well as the optimization of seeding density in accordance with

proliferation rates for breast cancer cells.

iv. Dz pr1sNP regulation of gene expression

After confirming cellular uptake, a dose response was performed using HCC1954
breast cancer cells. Cells were treated with control (untreated), 5 nM, 10 nM, and 20 nM
Dz gprisNPs for 48 h. We then analyzed GDF15 mRNA expression using real-time PCR
relative to housekeeping gene RPLPO (a component of the 60S ribosomal subunit). We

observed a dose-dependent knockdown using the catalytically active Dz gpr1sNP (Figure
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6-4A). However, our control, a nonspecific catalytic DNAzyme, showed a dose-
dependent increase in GDF15 expression. To assess dose toxicity, viable cells were
counted by trypan blue exclusion. The 5 nM dose was selected for further studies, as 20

nM was associated with significantly reduced viability, suggesting toxicity (Figure 6-4B).
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Figure 6-4. Inhibition of GDF1S5 using Dz gprisNP.

(A) Real-time PCR analysis of GDF15 mRNA expression of HCC1954 cells, untreated or
treated with 5 nM, 10 nM or 20 nM of catalytic Dz gpr1sNPs for 48 h. (B) After 48 h,
viable cells were counted by trypan blue exclusion. Viability is presented as a percentage
of untreated cells vs DZNP negative control, Dz gpr1sNP inactive or Dz gpr1sNP active.
Data reflect the average of 3 replicates per treatment group. Error bars represent standard
deviation between replicates. P-values were determined by t-test. (C) Real-time PCR
analysis of GDF15 mRNA expression of HCC1954 cells. Cells were either untreated
(control), treated with in non-catalytic (i-Dzgpr1sNP) and nonspecific catalytic (DzncNP)
DzNPs and catalytic (DzgprisNP) at concentration of 5 nM for 48 h. The catalytic
particles down regulated GDF15 mRNA by approximately 45% relative to nonspecific

particles (»p<0.005).
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These studies provide preliminary data related to the design and optimization of target-
specific DNAzyme-conjugated nanoparticles. Moreover, this study suggests that Dz NPs

may effectively inhibit gene expression.

3. Conclusion

In this study, we investigated different methods of inhibiting GDF15 gene
expression. GDF15 siRNA transfection demonstrated robust knockdown of GDF15.
Although effective this method is transient and does not allow investigation of effects
associated with stable knockdown of GDF15. Next, we tried lentiviral ShRNA infection;
however, our efforts to knockdown GDF15 were unsuccessful. According to Fellman and
colleagues, in addition to off-target effects, it is difficult to identify potent sShRNA given
the immense possibility of options. As a result many shRNA predictions can oftentimes
be inefficient, and lead to false results in functional screens (217). Moreover, the major
challenges using RNAi1 have been overcoming instability in vivo and undesirable off-
target effects. Fortunately, within the past decade major advancements have been made
in the optimization of RNAi (218). In 2012, Hamasaki and colleagues discovered a novel
class of RNAi agents (nkRNA®, PnNKRNATM) that are resistant to degradation and
effectively suppress TGF-B mRNA with no off-target side effects in models of lung
disease. (219). One challenge with members of the TGF- family has been identifying

tissue-specific profiles and the potential for variable expression of isoforms.
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Our data demonstrate successful synthesis and optimization of gold nanoparticle
Dz gpr1sNPs in vitro. Our oligonucleotide sequence successfully cleaved the GDF15
target gene and resulted in decreased expression. This data is supported by previous
studies that demonstrated the ability of Dz gprisNPs to effectively enter cells and regulate
GDF15 gene expression (116). Previous studies using optimized lentiviral sShRNA
knockdown of GDF15 reported approximately a 50% reduction in GDF15 expression
(96), a reduction comparable to that observed with 5 nM Dzgpr1sNPs (116). These data
indicate the importance of further studies using Dz gprisNPs in targeted therapy and

breast cancer.
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Chapter 7

Conclusions
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i Summary & conclusions

My research describes investigation of the mechanisms that drive metastatic
breast cancer. Here, I provide evidence for the regulation and function of GDF15 in
breast cancer. Overexpression of GDF15 correlates with poor prognosis in multiple
pathologies. Moreover, GDF15 serum levels serve as a prognostic marker for
cardiovascular disease, colorectal cancer, prostate cancer and cancer-associated
anorexia/cachexia. My findings demonstrate that GDF15 promotes activation of critical
pathways that drive resistance, proliferation, invasion and EMT in breast cancer. Further
investigation into these signaling pathways revealed that IGF-1R, TGFBR, and FoxM1
are key players in promoting metastatic potential in the presence of GDF15
overexpression. Importantly, the data presented here identifies GDF15 overexpression as
a mediator of invasion and EMT.

Chapter 1 provided a detailed overview on breast cancer and summarized
subtypes, focusing on HER2-positive breast cancer treatment approaches and
mechanisms of resistance. The proliferation associated transcription factor FoxM1 is
increased in HER2-postive breast cancer and mediates trastuzumab resistance. Inhibition
of Raf/MEK/ERK signaling prevents FoxM1-medited chemoresistance. While activation
of FoxM1 sustains TGF-f signaling Smad3/Smad4 nuclear translocation and subsequent
activation of EMT transcription factors SLUG and SNAIL. Results from preceding
chapters suggest that the TGF-B superfamily cytokine GDF15 is a major inducer of
FoxM1 expression via IGF-1R activation.

Chapter 3 provides evidence for the in vitro characterization of GDF15 in breast

cancer. First, [ provide a detailed overview of GDF15 expression, regulation and
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function. Importantly, I elaborate on the genomic and proteomic processing of GDF15.
Located on chromosome 19p12-13.1; GDF15 has a number of regulatory sites, including
p53, Egr-1 and sites that recruit transcription factors that drive differentiation and
mitogenesis. Moreover the MAPK signaling pathway has been implicated in partial
regulation of GDF15. Additionally GDF15 enhances p38-MAPK in HER2-positive
breast cancer cells and promotes invasion. Fascinatingly, the MAPK-MEK/ERK has been
shown to phosphorylate FoxM1 and promote nuclear translocation. Pharmacologic
inhibition of FoxM1 using DIM has been shown to downregulate AKT and increase
trastuzumab efficacy in breast cancer. The GDF15 promoter has an AKT response
element and AKT/TGF-f signaling crosstalk has been shown to play a major role in
regulation of cell response. Given the influence of GDF15 on multiple signaling
pathways, we sought to determine the effects of stable GDF15 overexpression in vitro.
Our data demonstrated that transfection of constituently active GDF15 drives
upregulation of ERK, TGF-BR, Foxm1 and IGF-1R signaling. Knockdown of Foxm1
using transient siRNA transfection reduced GDF15 transcript levels. In vitro studies,
examining co-localization of GDF15 stable transfectants revealed significant overlap
with TGF-BRIIL These findings cannot conclusively determine that GDF15 is binding to
the TGF-BRIIL; however they do suggest that GDF15 is in exceptionally close proximity
to TGF-BRIIL. Pharmacologic inhibition of TGF-BR partially blocked IGF-1R
phosphorylation and FoxM1 expression. However, inhibition of TGF-BR did not reduce
expression of mesenchymal markers, suggesting that GDF15-mediated EMT is

independent of TGF-f signaling.
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In chapter 4, we proceeded to investigate a potential relationship between GDF15
and clinical characteristics of patients having breast cancer. Patient data revealed a high
correlation between GDF15 expression and reduced survival among patients having
HER2-positive/ER-negative breast cancer. Next, I further investigated the mechanistic
influence of these findings in vitro using the HER2-postive/ER-negative HCC1954 breast
cancer cells. Our data indicates that GDF15 transcript and serum levels are significantly
increased in HCC1954 breast cancer cells. This observation is of interest because our
stable transfectants display no observable increase in GDF15serum levels. However, in
both stable GDF15 transfectants and HCC1954 cells we observed increased invasive
potential. We went on to show that GDF15 colocalization with TGF-BRII is significantly
less in HCC1954 compared to stable clones. Lastly, pharmacologic inhibition of secreted
GDF15 using a neutralizing monoclonal antibody shows no change in expression of
GDF15-mediated activation of downstream signaling proteins or transcription factors.
Our data suggest that GDF15 can be differentially regulated as a result of how it is
expressed. These finding support further studies into the individual roles of GDF15
precursors and mature proteins.

Chapter 5 presents my studies investigating the process by which GDF15
promotes EMT and invasion in breast cancer. Our data indicates that GDF15
overexpression drives proliferation and acquisition of mesenchymal markers in breast
cancer. Moreover we observe changes in cell morphology and migratory potential in
vitro. Exogenous stimulation with recombinant GDF15 promotes activation of IGF-1R
and upregulation of FoxM1, both key players in activation of EMT and proliferation. In

addition GDF15 drives upregulation of matrix metalloproteinases MMP2 and MMPO9.
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While pharmacological and inhibition of MMP2 and MMP9 attenuates invasion in the
presence of GDF15 overexpression. Genetic inhibition of FoxM1 inhibits MMP2 and
MMP9 as well as invasive potential. These findings suggest that GDF15 overexpression
drives IGF-1R/FoxMI1 signaling and subsequent activation of MMP2 and MMP9 to drive
invasion and EMT in breast cancer (Figure 7-1).

We went on to show that genetic knockdown of GDF15 inhibits invasion in breast
cancer. We also explored using shGDF15 for stable knockdown of GDF15 in stable
GDF15 clones and HCC954 cells, but our infection was unsuccessful. These findings
sparked our interest in alternative methods of gene knockdown. Our goal was to optimize
deoxyribozymes for knockdown of GDF15. We optimized studies using a catalytic
deoxyribozyme targeting GDF15 functionalized to a HER2 aptamer for target specificity.
Our data demonstrated successful catalytic activity and cellular uptake of our DNAzyme.
Interestingly, conjugation to the HER2 aptamer did not significantly increase efficiency
of cellular uptake. Finally, we performed a dose response in vitro and determined the
effective non-toxic dose was 5 nM of particles. These preliminary findings also revealed
inhibition of GDF15 expression with 5SnM particle treatment. Our data suggest that
DNAzyme treatment is an alternative to RNAi and demonstrate the potential of

optimizing DNAzymes for targeted therapy in GDF15 overexpressing breast cancer.
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Figure 7-1 Summary of Key Results. We propose that GDF15 overexpression drives
activation of key mitogenic signaling pathways (HER2, IGF-1R and TGF-R) and
activates signaling cascades (MEK/ERK, PI3K, and Smad) that drive tumor progression.
GDF15 appears to activate IGF-1R and has been previously linked to the activation of
HER?2 (joshi et al., 2011). GDF15 also activates TGF-R, as measured by
phosphorylation of the TGF-f substrate Smad2. Our findings suggest some unknown
mechanism of crosstalk between IGF-1R and TGF- . Previous studies have indicated
that GDF15 activates Src in a TGF- B dependent manner, promoting cross talk amongst
other receptor tyrosine kinases. Inhibition of TGF-BR partially inhibits GDF15 —
mediated activation of IGF-1R, but does not prevent EMT or invasive potential.
Furthermore inhibition of IGF-1R signaling and the proliferation associated transcription
factor FOXM1 abrogates invasive potential and restores epithelial marker E-cadherin.
These findings suggest that GDF15-mediated activation of IGF-1R and TGF-R, may be
due to intracellular crosstalk that drives a variety of downstream signaling pathways that

promote cancer progression.
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ii. Clinical implications

Elevated circulating levels of GDF-15 have been used as an indicator of poor
prognosis and progression of colorectal cancer, prostate cancer, ovarian cancer diabetes,
cardiovascular disease and metabolic disorders (147; 156; 220). A pancreatic ductal
adenocarcinoma (PDAC) study having over 1,400 participants reported that serum
GDF15 was dramatically elevated in tissue and serum samples. Moreover, increased
circulating GDF15 levels were determined to be a predictive marker of early-stage PDAC
and relapse (221). A blinded colorectal cancer study evaluating 987 serum samples
revealed that GDF15 circulating levels are significantly increased in patients with tumor
recurrence and liver metastasis (222). A recent study evaluated a group of patients with
prostate, breast, lung and colorectal cancer for correlation and determined that increased
circulating levels of GDF15 were associated with bone metastasis. These in vivo findings
suggest that assessment of circulating GDF15 levels can potentially serve as a prognostic

indicator for metastatic progression.

Currently, limitations exist in elucidating the full role of GDF15, because the
receptor remains to be identified. It is assumed that GDF15 regulates cellular response
through TGF-f receptor signaling. However, further studies are necessary to fully
confirm a direct link between GDF15 and the TGF-f receptor complex (223).
Interestingly, studies investigating the autocrine/paracrine signaling of GDF15 have
shown that GDF15, but not TGFp, is able to induce its own expression (192).

Additionally, GDF15 is suggested to maintain cancer stem-like cells in breast cancer and
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induce tumor growth (192). Thus, studies targeting GDF15 expression may lead to
inhibition of tumor formation. However, similar to other members of the TGF-f3
superfamily, GDF15 has been shown to have opposite (anti-tumorigenic) effects, thus
controversial data exists. Murine models of TRAMP prostate cancer with deletion of the
MIC-1/GDF15 gene (TRAMP™ ") displayed a significant increase in tumor size and
decreased survival as compared to wild type. Moreover, the expression of GDF15 in
transgenic murine models was shown to promote a p53-dependent cell cycle arrest, and
GDF15 inhibits apoptosis (224) in wild-type p53 MCF-7 breast cancer cells. However,
given that p53 is a significant regulator of GDF15 expression, it is likely that cancers
having mutated p53 may be differentially regulated. Additionally studies have suggested
that p53-dependent regulation of GDF15 is influenced by the environment (i.e. age,
oxidative stress), rather than genetic influence (225). Further studies in bladder cancer
show that the p53 overexpression induces GDF15 expression; however, knockdown of
GDF15 demonstrated that p5S3 was not a downstream target of GDF15 (226). These
findings suggest that regulation of GDF15 is multifaceted, having tissue- and cell-specific

functions.

Interestingly, studies involving models of p53 mutation show a pro-tumorigenic
function for GDF15 as compared to the p53-dependent regulation. For example, studies
using the p53 mutant LM2 mouse breast cancer cells suggest that GDF15 plays a role in
promoting cell survival and preventing radiation-induced cell death (227). Studies in
glioma and myeloma cells demonstrate that GDF15 overexpression contributes to tumor
growth and survival (148; 162). In prostate cancer cell lines DU145 and PC3 (both

having p53 mutations), stimulation with recombinant GDF15 resulted in chemoresistance
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(228). It is suggested that GD15 promotes pro-tumorigenic signaling via activation of
mitogenic signaling pathways, such as ERK, AKT and ErbB family members. Previous
studies in HER2-positive breast cancer show that both exogenous and endogenous
GDF15 overexpression drive trastuzumab resistance (96). HER2 tyrosine kinase
inhibition blocked GDF15-mediated trastuzumab sensitivity (96). Moreover, stimulation
of SK-BR-3 cells with GDF15 was shown to increase the activation of Src kinase and
promote invasiveness. Pharmacologic inhibition of Src activity prevents GDF15-
mediated phosphorylation of EGFR signaling and MMP-9 in SK-BR-3 breast cancer cells
(104). Thus, in order to adequately target GDF15 we must further investigate the
mechanisms, genetic conditions and cancer subtypes that drive differential regulation of
GDF15. More importantly, we should identify the transcription factors that are regulated
under multiple conditions via DNA binding assays. For example, chromatin
immunoprecipitation (chIP) assays could be performed to investigate direct interaction of

transcription factor candidates with the GDF15 promoter.

Our findings together with those previously reported suggest that GDF15 is
elevated in a majority of breast cancers. However, few studies have been published about
the role of GDF15 in breast cancer. Future studies will examine a larger set of patient
tissues to determine whether the relationship between GDF15 expression, tumor grade,
survival or response to treatment correlates with subtypes of breast cancer other than
HER2-positive and ER-negative, which was discussed here. Studies in prostate cancer
have shown that GDF15 plays a protective role in early primary tumor development;
germ-line gene deletion caused an increase in local tumor growth and decreased survival

(223). Whereas in advanced disease; GDF15 overexpression induced local invasion and
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metastatic spread. There is a need for further patient analysis of GDF15 expression in
intrinsic vs. acquired resistance in the setting of HER2-positive breast cancer. Here, we
show that stable overexpression of GDF15 in HER2-positive cells was sufficient to
induce a change in proliferation, invasion, morphology and expression of mesenchymal
markers. We observed restoration of the epithelial marker E-cadherin and attenuation of
invasive potential in the presence of IGF-1R inhibition. The results presented here
support a potential for co-targeting IGF-1R/ TGF-BR/FoxM1 in HER2-positive breast
cancer. Moreover, upregulation of compensatory signaling pathways is a known
mechanism of trastuzumab resistance. Previous studies have shown that GDF15-mediates
activation of TGFBR-Src-HER2 crosstalk (96), and that Src is essential for IGF-1R /
HER?2 crosstalk (87). Moreover, phosphoactivation of the serine/threonine kinase Akt,
which is downstream of IGF1-R, has been shown to promote corsstalk with the TGF-3
signaling pathway. In addition, both TGF-BR and IGF-1R have been implicated as key
signaling pathways involved in the induction of epithelial-to-mesenchymal transition
(EMT) (194; 229).

In conclusion, more studies are required to fully elucidate the pleiotropic role of
GDF15 in breast cancer. Further studies investigating tissue and cell specific regulation
of GDF15 and the subsequent effects that GDF15 expression levels have on gene
transcription will increase our knowledge of GDF15 as a molecular target in breast

cancer.
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iii.  Limitations and Future Directions

In this dissertation, we investigate the role of GDF15 in breast cancer in vitro
using methods of nanotechnology, pharmacologic inhibition, and genetic knockdown.
We also present immunofluorescence and immunohistochemical analysis of human
breast cancer cells and patient tissue samples, respectively. Whilst the methods utilized
in this dissertation serve as useful tools, in vitro studies have limitations for the
development of targeted therapeutics and drug delivery. Breast cancer is a
heterogeneous disease having diverse histopathological characteristics that drive genetic
diversity and determines prognosis. Thus, the in vitro models used in this study do not
completely recapitulate the conditions in the cellular environment that would exist
within the patient. Here we have shown that GDF15 mRNA levels and secreted levels
can both drive cell invasion. However, we also show that GDF15 drives proliferation via
cell cycle analysis. It is possible that these invasive cancer cells are proliferating, but
may not be proliferating while actively moving; for example halting migration while
proliferating for a transient time period then switching back to migration post-
proliferation. The best way to asses this process occurring in vitro would be to
investigate invasive potential and proliferation during certain time points. These future
experiments would allow us to determine if GDF15 is driving invasion, proliferation or

both processes uncoupled within the same cell.

Interestingly, the HCC 1954 cell line is HER2-positive and ER-negative, while

the BT474 GDF15 stable clones are HER2-positive and ER-positive. These results



150

confirm the pleiotropic role of GDF15 signaling and suggest a need to further
investigate how GDF15 precursors impact intracellular signaling. Neutralizing antibody
successfully inhibited secreted levels of GDF15, but had no influence on phenotypic
changes or mRNA levels of GDF15. These findings suggest an unknown mechanism
that may be regulating GDF15 transcription and proteolytic cleavage in the HCC1954
cell line. Future studies should investigate GDF15 expression in all breast cancer
subtypes to further understand the mechanisms driving differential signaling.

Moreover, studies have shown that metastasis and invasion of breast cancer into
the surrounding stroma microenvironment promotes crosstalk and interaction between
paracrine signaling and biochemical cues (230). Thus, failure to incorporate these
complexities into our studies may cause future difficulties in accurately determining cell
response to targeted therapy in the presence of GDF15 overexpression. Future in vitro
studies could investigate the complex interrelation between the tumor and the
microenvironment, by using in vitro co-culture models. Current transwell systems allow
for the simultaneous culture of two different cell types sharing the same culture medium

but without direct contact.

Another limitation is the minimal consideration of the immunomodulatory effects
of GDF15 on tumor response. Increased secretion of GDF15 has been shown to suppress
immune cell function and simultaneously enhance cancer cell growth via autocrine
signaling (231; 232) . Moreover, endogenous GDF15 expression has been shown to
induce immune escape and promote tumorigenecity of glioma cells (148). In summary,

there is a need to further investigate GDF15-mediated effects on the tumor stroma
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microenvironment and immune function. Within the last decade, advancements in
immunotherapies have demonstrated the importance of the immune system and
heterogeneity of the tumor environment (233). Patient-derived tumor xenograft (PDX)
models are an emerging platform for translational cancer research. PDX models are
advantageous in the prediction of clinical outcomes, drug evaluation and biomarker
identification (234). Moreover, recent studies have proposed the use of PDX models to
investigate the role of immunity-cancer interactions, by using human hemato-lymphoid
chimeric mice or human immune system models (235). Future studies should utilize
HER2-positive trastuzumab resistant PDX models to investigate the role of GDF15
overexpression in vivo. We propose treatment with optimized DNgpr15ZPs conjugated
to pharmacologic inhibitors of IGF-1R and/or TGF-fB. These studies will provide
preclinical evidence for GDF15-targeted therapy and future drug development in breast

cancer.
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