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Summary

Obesity, type 2 diabetes and the metabolic syndrome are associated with an
increased risk of developing breast cancer. In addition, these conditions are
associated with more aggressive forms of breast cancer and greater breast cancer
mortality. All three conditions are associated with insulin resistance and
endogenous hyperinsulinemia. Breast cancers express the insulin receptor (IR),
therefore we hypothesize that endogenous hyperinsulinaemia promotes breast
cancer growth and metastases by acting directly on the IR on the tumour cells,
and by causing epithelial to mesenchymal transition in the tumour. We found that
hyperinsulinaemia led to increased growth and metastasis of both murine and
human breast cancers in an animal model of hyperinsulinaemia. We found that the
increase in tumour metastasis was associated with increased vimentin expression
in the primary tumours. We found that silencing the IR reduced the growth of
human breast cancer xenografts in the animals, associated with a decrease in
vimentin expression. Silencing vimentin in breast cancer cells reduced their ability
to invade in vitro and decreased their metastatic capabilities in the
hyperinsulinaemic mice. Examining human breast cancer cell lines, we found that
triple negative breast cancer cell lines had higher IR expression than oestrogen
receptor positive breast cancer cell lines, and that the main isoform of the IR in
both human breast cancer specimens and cell lines was the IR-A isoform. Higher
levels of IR-A and lower levels of IR-B correlated with changes in the expression of
splicing factors, SRSF3 and MBNL2 in both the breast cancer cell lines and the
human breast cancer specimens. We found that none of the insulin analogues in
clinical use increased tumour growth, but a mitogenic analogue AspB10 stimulated
tumour growth by activating the IR. These data show that endogenous
hyperinsulinaemia and IR signaling are important regulators of breast cancer

growth and progression.
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1. Introduction

Cancer cells are not independent of their host. While there are specific hallmarks
of cancer cells, they require nutrients, hormones and growth factors, and signals
provided by the circulation and surrounding cells of their host, in a similar manner
to any other cell of the human body. These factors influence their survival, growth
and spread. The characteristics of cancer cells and the metabolic abnormalities of

their host may influence how they survive, proliferate and spread (Figure 1).

An increased incidence of many cancers and cancer mortality has been observed
in individuals with obesity and type 2 diabetes. While there are many metabolic
factors that may contribute to cancer progression in these conditions (Figure 2),

the focus of the work in this thesis is the role of hyperinsulinaemia.

Sustaining proliferative
signaling

Resisting Evading growth
cell death suppressors

Inducing Activating invasion
angiogenesis and metastasis

Enabling replicative
immortality

Deregulating cellular Avoiding immune
energetics destruction

Genome instability = Tumor-promoting
and mutation - Inflammation
Enabling Characteristics

Figure 1 Hallmarks of Cancer

This illustration encompasses the six hallmark capabilities of cancer
originally proposed in the year 2000 by Hanahan and Weinberg (A). (B)
The hallmarks of cancer that have emerged in recent years and are the
subject of ongoing investigation, and the characteristics of cancers that
enable the core and emerging hallmarks. Hanahan D, Weinberg R. Cell

2001; 144(5): 646-674 (63). Reproduced with permission.
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Figure 2 Biological Mechanisms Linking Obesity Diabetes and Cancer
Biological abnormalities associated with obesity and type 2 diabetes
that may contribute to cancer growth and progression. From Gallagher
EJ and LeRoith D Physiol Rev 2015; 95(3):727-748. Reproduced with

Permission.

Insulin Resistance and Hyperinsulinaemia in Obesity and Type 2 Diabetes
Obesity, specifically abdominal obesity, and type 2 diabetes are associated with
multiple metabolic abnormalities (Figure 2). Abdominal obesity is associated with
increased adipose tissue inflammation with the production of cytokines and
changes in the circulating concentrations of adipokines. These changes can
contribute to insulin resistance in metabolic tissues, necessitating an increase in
the production of insulin from the pancreatic beta cells to maintain normal glucose
levels, leading to circulating hyperinsulinaemia. Eventually, the beta cell failure
occurs, and hyperglycaemia develops, sometime after which diabetes is
diagnosed (Figure 3).
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Figure 3 Insulin Resistance and Hyperinsulinaemia Precede the
Development of Hyperglycaemia in Type 2 Diabetes.

These two graphs illustrate the insulin resistance and hyperinsulinaemia
that are present for many years prior to the diagnosis of type 2
diabetes. The upper graph represents the initial development of
impaired glucose tolerance, with an increase in post-meal glucose (blue
line) followed by the increase in fasting glucose (red line). The
horizontal dotted line indicates the threshold fasting glucose level for
the diagnosis of diabetes. The vertical dotted red line represents the
time of diabetes diagnosis. The y-axis indicates glucose levels in
mg/dL. Equivalent values in mmol/L are 2.8mmol/L (50mg/dL),
55mmol/L  (100mg/dL), 8.3mmol/L  (150mg/dL), 11.1mmol/L
(200mg/dL), 13.9mmol/L  (250mg/dL), 16.7mmol/L  (300mg/dL),
19.3mmol/L (350mg/dL). The x-axis on the upper and lower graphs
represents the years before, or after the development of glucose levels
that define diabetes. The lower graph indicates the development of
insulin resistance (dotted black line) and hyperinsulinaemia (solid black
line) many years before the development of hyperglycaemia. The y-axis
indicates beta cell function. Figure provided by Dr. Derek LeRoith,

Mount Sinai, New York, NY.
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Insulin resistance is frequently calculated using the HOMA-IR ((homeostasis
model assessment of insulin resistance) [fasting plasma glucose (mmol/L) x
fasting serum insulin (uU/mI)]/22.5) (143), HOMA-IR positively correlates with
abdominal obesity (141). Of individuals with type 2 diabetes (who comprise 90% of
all diabetes cases worldwide), almost all patients are insulin resistant (124). High
circulating insulin levels correlate strongly with insulin resistance, and have been

found to do so in women with breast cancer (61).

Cancer Site RR (95% Cl)
Men and Women RRIO.5 RR1.0 RR'Z‘O RR.3'0
Liver : . f 2.51(1.90-3.20)
Pancreas , — ' 1.82(1.66-1.89)
Colorectal E .- ; 1.30(1.20-1.40)
Bladder : —e ' 1.24(1.08-1.42)
NHL | — : | 1.19(1.04-1.35)
Men : E !
Colorectal i —e— ; ! 1.29(1.15-1.44)
NHL . —— ] i 0.98(0.79-1.22)
Prostate A § | 0.84(0.76-0.93)
Women : !
Endometrial E e E 2.10(1.75-2.53)
NHL — § 1.38(1.06-1.80)
Colorectal 5 - ; ! 1.33(1.23-1.44)
Breast : e ; E 1.20(1.12-1.28)

Figure 4 Risk of Cancer with diabetes

Results from meta-analyses examining the relative risk (RR) of cancers
at specific sites in individuals with diabetes. Breast cancer risk is
highlighted by the red arrow, and has a 20% increased risk in women
with diabetes. From Gallagher EJ et al. Endocrine Practice 2010; 16(5):
864-873 (52). Reproduced with Permission.

The association between obesity, diabetes and cancer has recently received much
attention due to the alarming increases in the prevalence of obesity and type 2
diabetes worldwide. There is a large body of evidence linking obesity, type 2
diabetes and the risk and mortality from many cancers (Figure 4). In the next

sections | will discuss the historical studies that tied obesity and diabetes to
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cancer, and the more recent population studies. | will then discuss the previously
published human and animal studies linking hyperinsulinaemia and cancer

progression.

Historical Context

The first reported case of diabetes associated with cancer has been attributed to
the 19" century English physician, Dr. Richard Bright. In 1832, he reported the
case of a patient with polyuria, polydipsia, sweet urine and carcinoma of the
pancreas. This case was described years before the identification of the Islets of
Langerhans as the source of insulin secretion. In 1910, the South African
epidemiologist Mr. George Darell Maynard reported that diabetes was associated
with an increased risk of many cancers. His findings were controversial, and
disputed by many epidemiology and diabetes experts following his publication
(107). By 1957 Dr. E.T. Bell, the renowned pathologist from the University of
Minnesota stated that it was “well known” that carcinoma of the pancreas was
frequently associated with glycosuria and hyperglycaemia; however, it was not
known whether there was an increased incidence of “true” diabetes in subjects
with pancreatic carcinoma, or if subjects with “true” diabetes demonstrated an
increased incidence of carcinoma of the pancreas; a question that was debated

subsequently for many years (15).

In 1926, Otto Warburg and colleagues reported that cancer cells have the ability to
obtain energy both from aerobic respiration and anaerobic glycolysis with the
formation of lactic acid, in the presence of oxygen, (a characteristic known as the
Warburg phenomenon) (144). He reported that this ability to produce energy from
aerobic respiration and glycolysis enhanced the survival of cancer cells in glucose-
or oxygen-deprived conditions. In recent years, a greater understanding has
developed of the mechanisms that lead to the Warburg phenomenon In addition, it
has emerged that changes in glucose uptake and metabolism are not the only
metabolic idiosyncrasy of cancer cells. In fact, cancer cells are influenced by the
nutrients in the environment in which they reside, and the hormonal signals to
which they are subjected. It is these interactions between an individual’s metabolic
status and the distinct characteristics of tumours that are believed to underlie the

associations between obesity, diabetes and cancer.

18



Obesity, calorie restriction and cancer links have been explored in animal studies
since the 1940’s. An increase in toxin-induced cancers was found in obese
animals, and a decrease in calorie restricted animals (145). In the 1960’s it was
recognised that obese women had a greater incidence of endometrial cancer than
their lean counterparts. This association was attributed to an increase in oestrogen
synthesis from adipose tissue in overweight / obese women (149), and weight loss
was proposed by the authors as the most practical preventative measure for

endometrial cancer.

Since the time of these groundbreaking clinical observations and research studies,
much work has been done to understand the links between obesity, diabetes and
cancer. As type 2 diabetes and obesity are a global epidemic, an urgent need to
understand the interactions between these metabolic conditions and cancer has

emerged.

Epidemiology

The initial clinical observations and studies discussed above, paved the way for
the many recent large cohort studies examining the links between obesity,
diabetes and cancer incidence and mortality.

Obesity and Cancer

The large cohort studies that have provided much of our knowledge today on the
links between obesity and cancer have been performed since the 1990’s. The
Cancer Prevention Study Il (CPS II) was one such study that followed patients
from 1982 to 1996 and included over 1 million adults in the United States. The
study examined the association between body mass index (BMI), calculated from
patients self-reported height and weight, and cancer mortality. The authors found
that the most obese men and women had a 40-80% increased risk of dying from
cancer (29). The same group subsequently published a more detailed analysis of
the CPS Il cohort and the association between BMI and mortality from cancer at
specific sites after 16 years of follow up. They found a linear trend of increased
overall cancer mortality with increasing BMI for multiple cancers, one of which was
breast cancer in women (28). Multiple subsequent studies and meta-analyses
have been performed that have confirmed these findings that obesity is associated
with greater mortality from breast cancers.
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The incidence of certain cancers is also higher in obese individuals. A
comprehensive meta-analysis was performed in 2007, including 221 datasets from
different populations. The authors of this study found that in men and women, for
every 5kg/m? increase in BMI, there was an increased risk of many cancers, with

an increased risk of postmenopausal breast cancer in this cohort (126).

Although BMI is most frequently used as a measure of obesity, it is well
recognised in the field of endocrinology that when obesity is measured by BMI, a
number of individuals who are metabolically unhealthy are classified as not obese.
Waist circumference is preferred over BMI as measure of obesity, as it correlates
better with visceral adiposity and insulin resistance, as well as other markers of
metabolic “unhealthiness” including dyslipidemia, glucose intolerance and
hypertension, which are all associated with the metabolic syndrome and the risk of
developing of type 2 diabetes (6). Furthermore, specific populations including
South-East Asian populations frequently have these metabolic abnormalities

despite the fact that their BMI falls into the normal range (6).

Few studies have specifically examined the contribution of waist circumference to
cancer risk and mortality, compared with the number of studies that used BMI as a
marker of obesity. In the CPS Il study of predominantly white women in the United
States, waist circumference did correlate with post-menopausal breast cancer risk,
but did not offer a greater predictive power than BMI in this population (56).
However, in the Nurses’ Health Study population, it was found that waist
circumference was associated with post-menopausal breast cancer risk,
specifically in women who had never received post-menopausal hormone
replacement therapy (72). A meta-analysis of studies found that adjusting for BMI
actually revealed that waist circumference may be specifically associated with
breast cancer risk in pre-menopausal women while BMI was not (66). These
studies suggest that it is not simply obesity, but abdominal obesity that is
associated with insulin resistance, is specifically linked to the increased risk of

breast cancer.

If obesity is associated with increased cancer incidence and mortality, then can
intentional weight loss reduce the risk of cancer and cancer mortality? When
evaluating the effect of weight loss on cancer risk and mortality, it is important to
distinguish between intentional and unintentional weight loss, as cancer cachexia,
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associated with anorexia and weight loss is associated with significant mortality
(69). A recent review of 34 published articles covering this field was published by
Birks and colleagues in 2012 (19). They separately examined the effects of
intentional surgical weight loss, intentional non-surgical weight loss, and weight
loss that was unintentional, or undefined, on cancer incidence and mortality. The
three studies examining the effect of surgical weight loss on cancer incidence
found that there was a 24-78% reduction in overall cancer incidence in the
bariatric surgery population compared to the obese control group (1, 33, 132).
After further analysis the Swedish Obesity Study (132) and a study from Utah in
the United States (1) found that the decreased risk was only apparent in women.
The Utah study also specifically examined the risk of obesity-related cancers and
found a significant 38% risk reduction in the bariatric surgery group. The authors of
this study also examined cancer mortality and found a 46% decrease in cancer
mortality in the group who had undergone bariatric surgery (1). Birks and
colleagues examined 3 cohort studies investigating the effect of non-surgical
weight loss on the incidence and mortality from cancer. In these studies, 17-19%
of the study populations achieved intentional weight loss and the results were
examined based on the degree of weight loss (148). The prospective cohort from
the lowa Women’s Health Study reported a decrease in the incidence of all
cancers, breast cancer and obesity-related cancer in the population that lost 29kg
(121). Overall, these studies support the association between obesity, and breast
cancer incidence and mortality, and suggest that intentional weight loss may

reduce the risk of certain cancers, particularly in women.

Diabetes and Cancer

Along with the increasing prevalence of obesity worldwide, there is an increasing
prevalence of Type 2 diabetes. Large prospective cohort studies to re-explore
Maynard'’s initial observations on the association between diabetes and cancer
were not performed until relatively recently. The Nurses’ Health Study was one
such study. In this study they enrolled women in 1976 and followed them biennially
to determine potential risk factors for cancer, amongst other diseases. In 2003, the
investigators reported a 17% increased risk of breast cancer incidence (HR 1.17,
Cl 1.01-1.35) in women with diabetes, compared to women without diabetes. This
association remained after adjustment for multiple factors, and was found to be

independent of age, and obesity. The researchers reported that the association
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was predominant among postmenopausal women, and women with oestrogen
receptor (ER)-positive breast cancer (109). One of the largest cohorts with the
longest duration of follow up is the CPS Il cohort (30). After following these
patients for 26 years, an increased risk of death from multiple cancers was seen,
including breast, which was observed in diabetic women and men (30). Many
other studies and meta-analyses have been performed to examine breast cancer
incidence and mortality in diabetic patients, compared to the general population.
Overall, a consistent increase in the risk of breast cancer has been reported in
women with diabetes (48, 89). Furthermore, studies on cancer mortality have
revealed that patients with diabetes have greater cancer mortality compared to
their non-diabetic counterparts (12, 30).

Type 2 diabetes is preceded by many years by pre-diabetes, which is defined as
an elevated fasting glucose level or abnormal glucose tolerance, but without blood
glucose levels in the diabetic range (Figure 3). It has been reported in some
studies that the incidence of cancer is greatest within the first months to years
following diabetes diagnosis. This observation was reported in a retrospective
study of breast cancer incidence from Australia (118), and in a study from Canada
that reported that 9.7% of 24,976 patients diagnosed with breast cancer were
diagnosed with diabetes within 5.5 years of follow up (93). The authors of these
studies suggest that the increased incidence of breast cancer around the time of
diabetes diagnosis is because of the risk of cancer being greatest in the
prediabetes (hyperinsulinaemic) phase (93, 118). These results suggest that the
metabolic abnormalities associated with pre-diabetes, which include insulin
resistance and endogenous hyperinsulinaemia may contribute to breast cancer

development.

Hyperinsulinaemia and Breast Cancer

As discussed previously, insulin resistance and hyperinsulinaemia are common in
individuals with obesity and type 2 diabetes. Large cohort studies have examined
whether endogenous hyperinsulinaemia is associated with cancer risk and
mortality. These studies have examined serum insulin or C-peptide levels as
markers of insulin secretion. C-peptide is co-secreted with insulin and has a longer
half-life than insulin, as unlike insulin, it is not extracted by the liver (104). C-

peptide is therefore a more stable marker of insulin secretion than insulin. The
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Nurses’ Health Study cohort found an association between C-peptide and invasive
breast cancer, particularly oestrogen receptor alpha (ERa)-negative disease (4). In
the Healthy Eating, Activity and Lifestyle (HEAL) Study, C-peptide was associated
with a 35% increased risk of breast cancer death, particularly in women with ERa-
positive tumours (76). The European Prospective Investigation into Cancer and
Nutrition (EPIC) study found a 2 fold increased risk of breast cancer in women
over the age of 60 years with elevated C-peptide levels (140). Furthermore, in
women with newly diagnosed early stage breast cancer, having a fasting insulin
level in the highest quartile of the population was associated with the greatest
disease recurrence and mortality over 7 years of follow up (Figure 5). Therefore,
the epidemiological studies support the role of endogenous hyperinsulinaemia, in

promoting tumour growth and progression.
Insulin and Insulin-Like Growth Factor Signaling

The insulin-like growth factor system consists of the insulin receptor (IR), insulin-
like growth factor-1 receptor (IGF-1R), the insulin-related receptor and the IGF-2R,
along with the ligands insulin, IGF-1 and IGF-2, and the insulin like growth factor
binding proteins (IGFBP’s, 1-6) that bind IGF-1 and IGF-2, but not insulin (Figure
6).
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Figure 5 Fasting Insulin and Breast Cancer Survival

Kaplan-Meier estimates of distant recurrence-free survival (upper panel)

and OS (lower panel) according to quartiles (Q) of fasting insulin (ng/L).

Hazard ratio and P values are taken from Cox models of DDFS and OS,

in which

insulin was treated as a continuous variable. Pamela J.

Goodwin et al. JCO 2002;20:42-51. Reproduced with permission.
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Figure 6 The Insulin-Like Growth Factor System

The ligands, receptors and binding proteins of the insulin-like growth
factor system. Figure provided by Dr. Paul Haluska, Mayo Clinic,
Rochester, MN.

The IGF-1R was initially found to be overexpressed in a number of childhood
cancers, such as Wilms’ Tumour, osteosarcoma and rhabdomyosarcoma (91),
and subsequently found to be overexpressed in a number of other cancers
including breast cancers. In addition, many tumours overexpress IGF-2 due to loss
of imprinting, which signals through the IGF-1R and the mitogenic form of the IR
(152). In addition, many tumours express IGF-1, which is the main ligand for the
IGF-1R. The loss of tumour suppressor genes BRCAL, p53 and PTEN were found
to lead to an increase in IGF-1R expression (151, 152, 154), and similarly IGF-1
stimulation of tumour cells was found to down-regulate tumour suppressor genes
such as WT1 (17). In animal models, high doses of exogenous IGF-1 have been
found to increase tumour growth and metastases. Reduced tumour growth was
seen in mice with liver-specific IGF-1 deletion (LID) mice and low circulating IGF-1
levels, and in the lit/lit mice that have low circulating IGF-1 due to decreased

growth hormone production (151). A number of epidemiological studies reported
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that circulating IGF-1 levels in the upper quartile of the normal population range
were associated with an increased risk of cancer. In addition in a population of
individuals from Ecuador with growth hormone receptor mutations, who have very
low circulating IGF-1 levels appear to be protected from cancer development
compared to the normal population (62). These human and animal data suggested
that blocking the IGF-1R would be an effective target for anti-cancer therapy.
However, clinical trials that targeted the IGF-1R have not been successful (153).
The postulated reasons for their failure are numerous. Firstly, the trials didn’t
specifically target people with tumours that overexpressed the IGF-1R. In addition,
inhibiting the IGF-1R leads to elevated circulating levels of IGF-1, which from in
vitro and in vivo studies is known to be capable of activating the IR. Furthermore,
inhibiting the IGF-1R leads to impaired feedback on GH secretion, causing
elevated circulating levels of GH, which causes insulin resistance and
hyperinsulinaemia. Hyperinsulinaemia through activation of the IR on tumour cells
may also contribute to tumour growth and progression (153).

The insulin receptor (IR) is expressed in many tissues, not only metabolic tissues.
It is also expressed in the foetus, where insulin is important for growth, and
hyperinsulinaemia, secondary to maternal gestational diabetes, leads to
macrosomia (81). Many tumours, including breast cancers overexpress the IR (14,
34). Insulin receptors are not downregulated in the foetus in response to
hyperinsulinaemia, nor are they downregulated in breast cancers of
hyperinsulinaemic women (81, 113). Although the IGF-1R has traditionally been
thought of as a mediator of mitogenic signaling, and the IR as an activator of
metabolic signaling, IR phosphorylation actually activates both metabolic and

mitogenic signaling pathways (14).

There are two splice variants of the IR, IR-A and IR-B (Figure 7). IR-A lacks exon
11 and is predominantly expressed in foetal and cancer tissues, while IR-B is
predominantly expressed in the liver, skeletal muscle, adipose tissue and kidney.
The expression of certain splicing factors in cells determines the ratio of IR-A to
IR-B in the cell (14). Recent studies have found that activation of the
EGFR/mitogen-activated protein kinase (MAPK) pathway increases the IR-A / IR-B
ratio in hepatocellular carcinoma cell lines by upregulating expression of certain
splicing factors in the tumour cells, but not in regenerating normal liver (31).

Decreased expression of some splicing factors such as serine /arginine splicing
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factor 3 (SRSF3), led to increased expression of IR-A, and promoted the growth of

hepatocellular carcinoma (130).

Studies in different cell lines have revealed that the different IR isoforms have
different affinity for insulin, IGF-1 and IGF-2. IR-A has a 1.7 fold greater affinity for
insulin than IR-B (112). IR-A binds IGF-2 with approximately 40 times greater
affinity than IR-B, and IGF-1 with approximately 10 times higher affinity than IR-B
(14). Signal transduction after ligand binding to IR-A or IR-B differs greatly, and
differs depending on the ligand that is bound to the receptor isoform. In murine
32D haematopoetic cells, IR-A has been shown to activate mitogenic, anti-
apoptotic signaling, while IR-B activation leads to cell differentiation. Therefore, in
tumours aberrant signaling, leads to changes in the expression of splicing factors,
leading to an increase in IR-A expression, and this is hypothesized to be

responsible for the effects of hyperinsulinaemia on tumour growth (14).

IR-A IR-B
Ex10 Ex12 Ex10 Ex11 Ex12

IR-A IR-B

Metabolic Metabolic
and
Mitogenic

Figure 7 Insulin Receptor Isoforms

Splice variants of the insulin receptor, insulin receptor isoform A (IR-A)
and insulin receptor isoform B (IR-B). The red bar represents exon 11,
encoded by 36 base pairs, that is located in the transmembrane domain
of the IR isoform B, but not IR-A.
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A Non-Obese Mouse Model of Hyperinsulinaemia and Breast Cancer

A common method of inducing insulin resistance and hyperinsulinaemia in mice is
through diet-induced obesity. High-fat diet feeding of mice induces obesity, and
elevations in circulating cytokines, including TNF-a, IL-13, and IL-6 (96). It is also
associated with increased circulating IGF-1, decreased IGFBP-3, glucose
intolerance, increased leptin, resistin and decreased adiponectin in mice (117). An
increase in growth of breast cancer has been found in diet-induced obesity models
(57, 82, 92, 96). However, in these models, it is difficult to tease apart which
abnormality, or if all of the abnormalities resulting from high fat diet feeding,

contribute to the cancer.

A mouse model of hyperinsulinaemia and Type 2 diabetes was previously
developed in the LeRoith lab using a transgenic approach (45). By overexpressing
a dominant-negative insulin-like growth factor-1 receptor (IGF-1R) specifically in
skeletal muscle (named MKR for muscle (M) lysine (K) to arginine (R) substitution
in the tyrosine kinase motif of the IGF-1R), the mice developed severe muscle
insulin resistance, leading to beta cell compensation and hyperinsulinaemia two
weeks after birth. Insulin resistance developed in fat and liver by 3-4 weeks of age.
At 6 to 8 weeks of age, the male mice demonstrated a beta cell defect (loss of first
phase insulin release) and the male mice became hyperglycaemic and
hyperlipidemic, but were not obese (Figure 8) (45).

The female MKR mice developed a similar degree of insulin resistance and
hyperinsulinaemia (2-3 fold higher insulin concentration than normal) as the male
mice, but did not develop hyperglycaemia or hyperlipidemia. The female MKR
mouse has normal circulating lipids, IGF-1, and levels of the inflammatory
cytokines, interleukin-6 (IL-6) and tumour necrosis factor-alpha (TNFa) (46, 115).
Therefore, the female MKR mice have allowed for the study of the effect of
hyperinsulinaemia on breast cancer development and progression, independent of
hyperglycaemia, dyslipidemia and increased circulating inflammatory cytokines
(115).
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Figure 8 The Progressive Development of Type 2 diabetes in the Male
MKR mice.

The graphic represents (from left to right) the initial genetic defect in the
MKR mouse that leads to progressive insulin resistance in other organs,
initially leading to beta cell compensation, but subsequently leading to
beta cell decompensation, with impaired glucose tolerance, and

eventually fasting hyperglycaemia indicative of type 2 diabetes.

When mammary tumours were induced in the female MKR mice, by crossing them
with mice expressing the polyoma virus middle T antigen (PyVmT) oncogene in
mammary epithelium (a mouse model of luminal B type human breast cancer
(25)), the MKR mice developed larger tumours (115). Similarly, when cells
overexpressing the Neu (ortholog of human epidermal growth factor receptor 2,
HER?2) or c-myc/vegf oncogenes were injected orthotopically into mammary
glands the tumours grew more rapidly in the hyperinsulinaemic female MKR mice
(44, 115). In all of the models we found that the tumours from the
hyperinsulinaemic mice had increased activation of PI3K / Akt signaling, compared
to WT mice. Reducing insulin levels in the MKR mice using a -3 adrenergic
receptor agonist (CL-316,243) or blocking the IR and IGF-1R using a tyrosine

kinase inhibitor, reduced the growth of the primary tumours in the female MKR
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mice (44, 46, 51, 115). The female MKR mice develop more numerous lung
metastases than wild-type mice after orthotopic injection of c-myc/vegf
overexpressing (MVT1) cells (44). Reducing the insulin levels using the 3-3
adrenergic agonist CL-316,243 reduced the number of metastases to the number
seen in the wild-type mice (28). These results support the hypothesis that
endogenous hyperinsulinaemia enhances primary breast cancer growth by
activation of the IR and/or IGF-IR. However, these studies were all performed in
mouse tumours, therefore, we aimed to expand the studies to other transgenic

models, and to tumours derived from human breast cancer cell lines.

Challenges with Inhibiting the IR/IGF-1R Signaling Pathway

Although lowering circulating insulin levels in the MKR mice was a successful
strategy to reducing breast cancer growth and metastases, the use of the
compound CL-316,243 does successfully improve insulin resistance and reduce
hyperinsulinaemia in humans in the same way. Therefore, this compound is not in
clinical use for insulin resistance. However another insulin sensitizing agent
metformin has been reported to reduce mortality from cancer in epidemiological
studies in individuals with type 2 diabetes (42). Prospective clinical trials are
ongoing to determine if metformin has beneficial effects as an adjuvant therapy in

patients with breast cancer.

Another method of blocking insulin signaling is by targeting the IGF-1R / IR or
downstream signaling proteins. Prior to starting the work described in this thesis, |
investigated the effect of inhibiting phosphatidylinositol 3-kinase (PI3K) signaling
on primary breast tumour growth in the hyperinsulinaemic mice, using a pan Class
| PI3K inhibitor, BKM120 (53). In that study, we found that systemic administration
of the PI3K inhibitor led to a significant reduction in the growth of Metl and
MCNeuA tumours in the MKR mice (Figure 9), with reduction in Akt
phosphorylation (Figure 10). However, there was significant worsening of the
hyperinsulinaemia, with the development of frank hyperglycaemia in the MKR mice
treated with BKM120 (Figure 11) (53).

Clinical studies with this compound found similar results, with frequent
development of hyperglycaemia in those treated with BKM120 (16). These results
prompted us to investigate whether there were downstream changes in proteins or
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gene expression in the tumours, as a result of hyperinsulinaemia, that could be

targeted without worsening the metabolic status of the animal.

As we had observed an increase in breast cancer metastases, along with an
increase in PI3K / Akt signaling, we hypothesized that hyperinsulinaemia may
increase tumour progression by promoting epithelial to mesenchymal transition
(EMT) in the tumours from the MKR mice. EMT is the process through which cells
lose their epithelial markers and gain mesenchymal markers, as shown in Figure
12. EMT is believed to be a key feature of invading and metastasizing cancer
cells. Recent studies have reported that PI3K / Akt activation may promote EMT,
therefore, we aimed to study if hyperinsulinaemia led to an increase in

mesenchymal characteristics of the tumours in the MKR mice (150).
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Figure 9 Inhibiting PI3K Reduced Tumour Growth in the MKR Mice
Treatment with NVP-BKM120 reduced the accelerated tumour growth in
the MKR mice. (a, c): Met-1 cells (0.5 x 10°) and MCNeuA cells (1 x
10°% were injected into the 4th mammary fat pad of 8—10-weeks old
virgin WT and MKR mice on day 0. Treatment with NVP-BKM120
(BKM) or vehicle (V) began 2 weeks after Met-1 cell injection and 3
weeks after MCNeuA cell injection (arrows). Tumour volume was
measured during the 2 weeks of treatment with NVP-BKM120 or
vehicle. (b, d): Tumour weight was measured at necropsy. All data are
expressed as meantSEM. *P value <0.05 between WT and MKR
groups. **P<0.05 between MKR NVP-BKM120 and MKR vehicle
groups. #P<0.05 between the MKR vehicle group and the WT vehicle
group. ##P<0.05 between the WT NVP-BKM120 and WT vehicle-
treated groups. n=8-9 mice per group. Reproduced with permission
from Gallagher EJ et al. Oncogene 2012;31:3213-3222 (53).
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Figure 10 BKM120 Inhibited Akt phosphorylation in the tumours of the
MKR mice

Treatment with NVP-BKM120 reduced phosphorylation of Akt and S6
ribosomal protein (S6rp) in MCNeuA and Met-1 tumours. Protein
extracts from MCNeuA and Met-1 tumours from WT and MKR mice
were immunoblotted against phospho(Ser473) and total Akt
phospho(Ser235/236) and total S6rp, and phospho(Thr202/Tyr204) and
total Erk1/2 (a, b, g, h) . Representative western blots are displayed for
MCNeuA tumours (a, g) and Met-1 tumours (b, h). c—f, i, ] Densitometric
analyses of phosphorylated Akt normalised to total Akt, phosphorylated
S6rp normalised to total S6rp levels and phosphorylated Erk1/2
normalised to total Erk1/2 for MCNeuA and Met-1 tumours. Data in (c—f,
i, ) are presented as a fold change in the mean (+SEM) of each group
compared with the WT vehicle-treated group. *P<0.05 between groups.
BKM, NVP-BKM120 treated; V, vehicle treated. Reproduced with
permission from Gallagher EJ et al. Oncogene 2012;31:3213-3222 (53).
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Figure 11 The Effects of PI3K Inhibition on Metabolic Parameters in the
MKR mice

NVP-BKM120 treatment led to hyperglycaemia, hypertriglyceridaemia
and exacerbated hyperinsulinaemia in MKR mice. (a) Mean random

glucose levels at the start of treatment with NVP-BKM120 or vehicle

and after 2 weeks of treatment. (b) Results of the 1.5 g/kg glucose

tolerance test. Glucose was injected at time 0O and glucose
measurements were taken at 0, 15, 30, 60 and 120 min. (c) Plasma
insulin concentrations of the WT and MKR mice after 2 weeks of
treatment with NVP-BKM120 or vehicle. The y-axis is broken at the
parallel lines to aid visualization of the groups. (d) Serum triglyceride

concentration in WT and MKR mice after 2 weeks of treatment with
NVP-BKM120 or vehicle. All data are presented as the meantSEM.,

*P<0.05 between the WT NVP-BKM120 treated mice and WT vehicle

group. #P<0.05 between MKR NVP-BKM120-treated mice and MKR

vehicle-treated group. BKM, NVP-BKM120 treated; TG, serum
triglyceride; V, vehicle treated. Reproduced with permission from
Gallagher EJ et al. Oncogene 2012;31:3213-3222 (53).
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Figure 12 Epithelial to Mesenchymal Transition

EMT involves the change of polarised epithelial cells into mobile
mesenchymal cells. On the left is a list of the markers expressed by
epithelial cells, and on the right are proteins commonly studies for their

expression by mesenchymal cells.

Controversies Regarding Insulin Analogues and Breast Cancer

All individuals with Type 1 diabetes, and many individuals with Type 2 diabetes
require exogenous insulin therapy to prevent and treat hyperglycaemia. The
advent of recombinant DNA technology allowed for the production of recombinant
human insulin, which largely replaced porcine and beef insulin in clinical use in the
1980’s (54). A number of insulin analogues were developed to create a more
physiological meal-related insulin profile and to reduce hypoglycaemia (43, 80). In
broad terms these insulin analogues fall insulin two categories, those with a more
rapid onset of action and peak effect than human insulin, and those with a longer
duration of action. A number of such analogues are in clinical use today (Figure
13). One such analogue that is not in clinical use is known as AspB10, as it has an
amino acid substitution of aspartic acid in place of histidine at position 10 on the B
chain of insulin. This insulin analogue was found to induce spontaneous mammary
tumours in rats, and has subsequently been shown to be mitogenic in human

breast cancer cells in vitro (110).
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Figure 13 Amino Acid Sequences of Human Insulin and Insulin
Analogues

The amino acid sequences of human insulin and the analogues used in
this study. Mature human insulin is comprised of an A chain with 21
amino acids, and a B chain with 30 amino acids. The modification to
each amino acid in the respective analogue that is different from human
insulin is highlighted by a box around the altered, removed or added
amino acid. K+ at position 29 on the B chain of insulin degludec and
insulin detemir indicate the addition of a fatty acid to the lysine. In the
case of insulin degludec it is a hexadecanedioic acid. For insulin
detemir, it is a tetradecanoic acid. In vivo insulin glargine is metabolised
by carboxypeptidases that remove one of the C-terminal arginines on
the B chain, yielding the M1 metabolite. The insulin analogue
A21Gly,DiD-Arg has the same amino acid sequence as insulin glargine.
The C-terminal arginines are italicised to distinguish that they are D-
isomers, rather than L-isomers or arginine, as in insulin glargine. It is

not metabolised by carboxypeptidases in vivo.
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Human registry studies and retrospective cohort studies published in 2011-2012
reported that other insulin analogues may increase the risk of certain cancers,
including breast cancer (67, 127, 139). However, a number of methodological
flaws have been found in these studies (125). A follow up publication to one of the
studies that initially reported an increased risk of cancer with insulin glargine use
during the three year follow up study found that in the four year follow up study no
increase in breast cancer was found with subsequent follow up (97). Furthermore,
in the only prospective study to date of insulin glargine, no increase in the risk of
developing cancer was found in those being treated with insulin glargine compared
to the standard treatment group (22). These studies raised an important question:
why is AspB10 more mitogenic than human insulin, while other insulin analogues

are not?

New insulin analogues are currently in development, and understanding the
mitogenic activity of AspB10 is important so that other analogues that come into
clinical use do not have this effect. In this thesis, | undertook to determine whether
high doses of insulin analogues would increase tumour growth in the MKR mouse

model.

Insulin Resistance, Hyperinsulinaemia and Racial Disparities in Breast
Cancer Mortality

Although breast cancer mortality has been declining overall, there is an increasing
disparity in the mortality between Black and White women (73). A number of
biologic and socio-economic factors may contribute to greater mortality in Black
women with breast cancer (Figure 14) (18). Mortality in breast cancer is primarily
predicted by the characteristics of the cancer, including stage at presentation, and
histological findings including ER and progesterone receptor (PR) and HER2
status (40, 41). Patient characteristics including advanced age at the time of
diagnosis, overweight or obesity and the presence of co-morbidities, including
diabetes, also impact survival (12, 26, 28, 122). Traditional breast cancer risk
factors as well as access to breast cancer screening and treatment contribute to
some of the survival disparities, but do not provide a complete explanation (75,
86). Compared to White women with breast cancer, Black women are more likely
to have tumour characteristics associated with poor prognosis (as summarised in

Figure 14), including more advanced stage at presentation and ER and PR
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negative cancers (75). In addition, there are greater rates of obesity and Type 2
diabetes in the Black population, compared with the White population (95).

Race
White Black
Tumor Characteristics
ER+ ER-
NPl 4.4 NPI>4.4
Biological Factors
BMI 18.5-24.9kg/m? BMI 225kg/m?
No Insulin Resistance Insulin Resistance

Socioeconomic Factors
Screening’ No Screening

< >

| Better Prognosis Worse Prognosis |

Figure 14 Clinical and Biological Factors Potentially Contributing to the
Racial Disparities in Breast Cancer Prognosis in Black and White
Women.

The Healthy Eating And Lifestyle (HEAL) study found that Black women with
breast cancer had higher insulin resistance scores than White women when
measured by the HOMA-IR (76). The prevalence of insulin resistance and
endogenous hyperinsulinaemia is greater in Black than White women; however
the studies examining circulating insulin levels and breast cancer incidence and
recurrence have largely been performed in White populations. Increased IR
expression in pathological breast cancer tissues and increased phosphorylation of
the IR/ IGF-1R has been associated with a worse prognosis in some studies (90).
Certain breast cancer cell lines derived from Black women express higher levels of
the IR (3), but it is unknown whether there is higher IR expression in pathological
specimens from Black women compared to White women. Therefore, it is
important to understand whether endogenous hyperinsulinaemia and IR signaling
are key factors contributing to the racial disparity in breast cancer mortality
between Black and White women. If insulin resistance and hyperinsulinaemia are

important factors, then strategies to improve the metabolic health of these women
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and reduce endogenous hyperinsulinaemia or the use of adjuvant therapies to
target hyperinsulinaemia and the IR signaling pathway may improve survival.

Hypothesis
We hypothesize that endogenous hyperinsulinaemia promotes breast cancer
growth and metastases by acting directly on the insulin receptor on the tumour

cell, and by causing epithelial to mesenchymal transition in the tumour.

Aims

1. To determine if hyperinsulinaemia promotes the growth and metastasis of a
transgenic HER2 model of breast cancer

2. To explore if hyperinsulinaemia increases the metastases of human triple
negative breast cancer xenografts.

3. To detect downstream changes associated with epithelial to mesenchymal
transition, caused by hyperinsulinaemia, and establish their importance in
cancer metastasis.

4. To examine the importance of the IR in mediating the effects of
hyperinsulinaemia on the murine mammary gland and human breast cancer.

5. To understand if insulin analogues in clinical use increase breast cancer
growth.

6. To determine if insulin resistance, endogenous hyperinsulinemia and IR
signaling play a role in the breast cancer survival disparities between Black
and White women.
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2. Materials and Methods

Cell Culture

The mouse MVT1 cells were a donation from K. Hunter at the Center for Cancer
Research in the National Institute of Health. The MVT1 cells were derived from
MMTYV c-Myc/Vegf transgenic female mice (123). Metl murine mammary tumour
cells were derived from MMTV-Polyoma virus middle T antigen (PyVmT)
transgenic mice (23). The human MDA-MB-231 cells were purchased from the
American Type Culture Collection (ATCC, Manassas, VA). The human MDA-MB-
468 cells were a donation from Dr. Ramon Parsons at the Department of Oncology
at the Icahn School of Medicine at Mount Sinai (New York, NY). The LCC6
parental, LCC6 noncoding control and LCC6 insulin receptor knockdown (IRKD)
cells were a donation from Dr. Douglas Yee at Department of Medicine at the
University of Minnesota (Minneapolis, MN). Metl, MVT1, MDA-MB-231, LCC6 and
MDA-MB-468 cells were grown in Dulbecco’s Modified Eagles Medium (DMEM)
supplemented with 10% Foetal Bovine Serum (FBS) (Invitrogen Life Technologies,
Grand Island, NY), 100 U/ml penicillin and 100ug/ml streptomycin (Mediatech,
Manassas, VA). MCF-7 human mammary carcinoma cell lines were obtained from
ATCC (Rockville, MD, USA) and were cultured in Improved Minimal Essential
Medium (IMEM) supplemented with 10% FBS, 100 units/mL penicillin and 100
Mg/ml streptomycin (1% penicillin / streptomycin). All cells were grown at 37C in
5% CO2 atmosphere. All cell culture work was performed using Biosafety Level 2

(BSL2) protocols, as approved by Mount Sinai Environmental Health and Safety.
Lentiviral-mediated shRNA Gene Silencing

Vectors (GIPZ) encoding the following microRNA-adapted short hairpin RNAs
(shRNA) 5’-TGACTGTGAAATCTTCGGC-3’ (human IGF-1R), 5'-
CTTACCAAGGCCTGTCTAA-3’ (human IR) packed in high titer lentiviral particles
were purchased from Open Biosystems (Huntsville, AL, USA). These vectors or a
vector containing a noncoding shRNA sequence (control sShRNA; Open
Biosystems) were transfected in the presence of 8mg/ml polybrene (Sigma-
Aldrich, Rehovot, Israel) into MCF7 cells. All 3 vectors contained a GFP marker

and puromycin resistance gene.

Glycerol stocks of lentiviral ShRNA targeting vimentin were obtained from Sigma-
Aldrich (St. Louis, MO). A non-coding shRNA was 5’-
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CAACAAGATGAAGAGCACCAA-3'. The sequence of the vimentin RNA of clone
TRC 317673 was 5’-GCTTCAAGACTCGGTGGACTT-3’, and of vimentin RNA of
clone TRC 317676 was 5’- GCGCAAGATAGATTTGGAATA-3'. The shRNA of the
vimentin targets and the non-coding control were struck out onto lysogeny broth
(LB) agar plates with 100ug/ml carbenicillin. Colonies were picked and inoculated
in 5mL LB and carbenicillin medium. 3.5mL of the culture was used with the
QlAprep Spin Miniprep kit (Qiagen, Valencia, CA) to obtain plasmid DNA following
the manufacturer’s protocol. After the DNA concentration of the plasmid DNA was
measured using spectrophotometry (NanoDrop ND-1000 Spectrophotometer,
Thermo Scientific; Wilmington), 500ng-1ug of the sample was used with EcoRl
and Ncol restriction enzymes to verify the correct fragment sizes of the plasmid
DNA by separation on a 0.8% agarose gel. Once the insert was confirmed to
contain the correct plasmid DNA, the 1mL culture was used to obtain a larger
quantity of the plasmid DNA by overnight culture in LB and carbenicillin medium,
and DNA isolation using the Qiagen Plasmid Maxi Kit (Qiagen, Valencia, CA)
following the manufacturer’'s protocol. HEK293FT cells were transfected with 20ug
of lentiviral DNA and 10ug of each helper plasmid (gag/pol and env). The virus
was concentrated by centrifugation and the target cells were infected in duplicate

with lentiviral non-coding control or vimentin shRNA lentivirus.

To generate the GFP expressing cell line, a construct containing GFP (NV-SV-40-
puro-linkek-Ins-PGK-eGFP) was received as a gift from Dr. Neufeld, Technion,
Haifa, Israel. The plasmid DNA was transfected into the Lentiviral packaging cell
line HEK293FT together with ViraPower packaging mix (Invitrogen, Carlsbad, CA)
by using the Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA). The virus

was concentrated and the target MVTL1 cells were infected.

Stable selection of cells was obtained by puromycin selection. After the infection, 2
weeks of 2.5ug/ml puromycin (Sigma-Aldrich, St. Louis, MO) was used for
selection and to ensure stable knockdown of the target gene. Successful gene and
protein knockdown was confirmed by Real Time gPCR and Western Blot analysis.
After 2 weeks cells were maintained in DMEM with 10% FBS, 1%

penicillin/streptomycin with 1ug/ml puromycin.
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Cell Stimulations

Prior to stimulation, cells were grown in full medium to 70-80% confluency, then
serum-starved overnight in media (DMEM or IMEM) supplemented with 0.1%
Bovine Serum Albumin (BSA) (Sigma Aldrich, St Louis, MO, USA) and 1%
penicillin / streptomycin. Cells were stimulated with vehicle (PBS+0.1% BSA),
10nM of insulin (Humulin R, Lilly, Indianapolis, IN, USA), or one of the insulin
analogues, as described below in the “Insulin Analogues” section of the Materials
and Methods.

Cell Proliferation

Cell proliferation was performed using two methods. As indicated, for some
studies, the Cell Counting Kit-8 (CCK-8) was used (Dojindo Molecular
Technologies Inc, Rockville, MD). A cell number to absorbance curve was
generated per the manufacturer’s protocol, by plating cells in triplicates in serial
dilutions from 125,000 to 1953 cells. Where no difference was found in the
absorbance between cell lines, this method was used for cell proliferation assays.
5,000 cells were plated in 96-well plates in phenol free DMEM with 10% FBS, 100
U/ml penicillin and 100ug/ml streptomycin. The cells analyzed for cell proliferation
at 24, 48, and 72h, taking the absorbance readings 3 hours after the addition of
CCK-8 reagent.

As CCK-8 measures cell proliferation by measuring NADH production, certain cell
lines had significant differences in CCK-8 readings for the same cell number. For
cell lines that had significant differences in absorbance or in those stimulated with
insulin analogues, cells were seeded in 24-well plates and grown in standard
growth medium overnight and then changed to DMEM with 1% FBS, 1%
penicillin/streptomycin. Cells were stimulated as indicated in the experimental
results. After 72 hours, cells were then trypsinised, diluted in trypan blue (1:1) and

counted using a hemocytometer, or with the BioRad TC20 cell counter.
Cell Migration and Invasion

For the migration assay, transwell permeable inserts with 8um sized-pores were

used (Corning Inc., Corning, NY). 500uL of DMEM supplemented with 10% FBS,

1% penicillin/streptomycin was added to the lower chamber. 150,000 MVT1 cells

were seeded in 300pl of DMEM with 10% FBS, 1% penicillin/streptomycin in the
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insert. For the invasion assay, 24 well Corning BioCoat Tumour Invasion System
with 8um pore inserts was used. Similar to the migration assay, 500uL of DMEM
with 10% FBS or when appropriate 0.1% BSA (with or without 10nM insulin) was
added to the lower chamber. The insert was seeded with 400,000 cells in 300ul of
DMEM with 10% FBS or in serum free medium with 0.1% BSA and 1% penicillin /
streptomycin. For the insulin stimulation studies, the standard DMEM was
exchanged for serum-free DMEM contained 0.1% BSA, 1% penicillin /
streptomycin. 400,000 cells treated with 10nM insulin diluted in PBS with 0.1%
BSA or vehicle. For both assays cells were allowed to invade for 24 hours. For the
migration and invasion assays, the number of cells migrated and invaded was
analyzed as previously described (105), with the modification of measuring the
absorbance of the eluted crystal violet dye at 595nm on a plate
spectrophotometer. For both the migration and invasion assays, cell number was
extrapolated by performing serial dilutions from 64,000 to 250 cells in a 96-well
plate following previously described methods (105). The absorbance versus cell

number standard curve was generated to calculate the number of invaded cells.

Animal Studies

Animal Care and Housing

All animal study protocols were approved by the Mount Sinai School of Medicine
Institutional Animal Care and Use Committee (IACUC). Mice were housed in The
Icahn School of Medicine at Mount Sinai Center for Comparative Medicine and
Surgery, Association for Assessment and Accreditation of Laboratory Animal Care
International and Office of Laboratory Animal Welfare (OLAW) accredited facility,
where animal care and maintenance were provided. Mice were kept on a 12-h
light/dark cycle, had free access to standard mouse chow (Picolab rodent diet
#5053; LabDiet, St. Louis, MO, USA) and fresh water. Immunodeficient Ragl-/-
and Ragl-/-/MKR mice were maintained on trimethoprim / sulfamethoxazole

impregnated regular lab diet from LabDiets.

Genetically Engineered Mouse Models

All mice used for tumour studies were female, on the Friend Virus B/National
Institutes of Health (FVB/N) background and were 8-12 weeks old when studies

began.
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MKR Mouse Model

We used a previously described mouse model of insulin resistance for these
studies, the MKR mouse (Figure 8). The generation and characteristics of the
MKR mouse have been previously described in detail (45, 115). Briefly, the muscle
(M)-IGF-1R-lysine (K)-arginine (R) mice (MKR) transgenically express a human
dominant negative (dn)IGF-1R with a lysine to arginine point mutation in the ATP
binding site in the tyrosine kinase domain (45). The dnlGF-1R is expressed in
skeletal muscle under the muscle creatine kinase (MCK) promoter. The dnIlGF-1R
forms hybrids with the IR, leading to skeletal muscle insulin resistance, with
subsequent whole body insulin resistance, as described in the Introduction Section
of this thesis, and illustrated in Figure 8 (45). Homozygous female MKR mice are
insulin resistant and hyperinsulinaemic (46, 115). Mouse genotype was confirmed

as described below.
Neu-NT Mouse Model

The Neu-NT mice were a gift from Dr. Louis Chodosh, Perelmann School of
Medicine, University of Pennsylvania (111). The generation of the NeuNT mice
has been previously described (111). The NeuNT is constitutively active due to a
point mutation in the transmembrane domain of the Neu receptor (rodent ortholog
of HER2). These mice express constitutively active Neu (NeuNT) under the control
of a tetracycline and were generated by cloning the NeuNT coding sequence
downstream of the minimal tet operator (TetO) to generate TetO Activated Neu
(TAN) mice. The TAN mice were crossed with mice carrying the mouse mammary
tumour virus-long terminal repeat (MMTV-LTR) to drive expression of the reverse
tetracycline-dependent transactivator (rtTA) to generate MTB/TAN mice (111). We
then generated the hyperinsulinaemic MKR/MMTV-rtTA/TetO-NeuNT
(MTB/TAN/MKR) mice by crossing the MMTV-rtTA/TetO-NeuNT (MTB/TAN) mice
with MKR mice to generate MTB/TAN/MKR mice, and control MTB/TAN mice
(Figure 15).
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MMTV-rtTA NeuNT Mouse MKR Mouse
(MTB/TAN)

l

MMTV-r{TA NeuNT Mouse MKR MMTV-r{TA NeuNT Mouse
(MTB/TAN) (MTB/TAN/MKR)

™~ o

+Doxycycline

Mammary Tumour Development

Figure 15 Generation of the Hyperinsulinaemic Transgenic Inducible
Activated Neu Mouse Model of Breast Cancer

lllustration of the generation of the MKR MMTV-rtTA (MTB) Tetracycline
operator (TetO) activated Neu (NeuNT) (TAN) mice. Tumours were
generated by treating the mice with doxycycline in their drinking water

from 8 weeks of age.

Immunodeficient Ragl-/- Mouse Model

The V(D)J recombination activation gene 1 (Ragl) knockout (Ragl”) mice on an
Friend Virus B (FVB) background were a gift from Dr. Lisa Coussens, Oregon
Health and Science University, Portland, Oregon. Ragl™ mice lack mature T and
B lymphocytes and were used to study the role of hyperinsulinaemia in the growth
and metastasis of tumours derived from human breast cancer cell lines. The Ragl”
" mice were crossed with the MKR** mice to generate a homozygous line (Ragl™

MKR*"), Ragl™” mice were used as controls (Figure 16).
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Figure 16 Generation of Immunodeficient Hyperinsulinaemic mice
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The figure depicts the generation of the Ragl” / MKR*" mice and the
induction of tumour xenografts in these mice by injection of human

breast cancer cells into the 4™ mammary fat pad of the mice.

MMTYV Cre Insulin Receptor floxed mice

The MMTV Cre Line A mice were obtained from Dr. Lothar Hennighausen and Dr.
K.U. Wagner, NIH, Bethesda, MD (142). The IR floxed mice were obtained from
Dr. Ronald Kahn, Joslin Diabetes Center, Boston, MA (24) and were backcrossed
for 8 generations to an FVB/n background. After backcrossing the IR floxed (IRLL)
mice, they were crossed with the MMTV-Cre Line A (MMTV-Cre) and MKR mice.
As described by K.U Wagner, a breeding strategy was employed as shown in
Figure 17A to maintain the line, and as shown in Figure 17B to produce mice with
the IR deleted in the mammary epithelial cells. The primer design strategy for

detecting the floxed alleles and recombined “null” allele are shown in Figure 17C.
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Figure 17 Generation of the MMTV Cre IR floxed mice.

K.U. Wagner and colleagues described that MMTV Cre leads to
recombination of the gene of interest in the germline, of the female
mice. As total body knockout of the IR is fatal to mice, in order to
maintain the line and generate control mice MMTV Cre negative
females were crossed with MMTV Cre+/- male mice (A). To generate
study mice with loxP site recombination and excision of exon 4 of the
IR, MMTV Cre+/- IRLL females were crossed with MMTV Cre+/- IRLL
male mice (B). 50% of female pups would receive a recombined “null”
allele from the mother, however this was not detected by usual
genotyping with the IR1 / InsR3/IR2 genotyping primers, as shown in
the schematic (C). Using the InsR1/IR2 primers we could detect the null

allele in the female pups.

Mouse Genotyping

At or before 3 weeks of age mouse genotype was analyzed by isolating DNA from
a 3mm snip of tail. DNA was isolating by overnight digestion in Proteinase K at a
concentration of 2mg/ml in 200mMTris-HCI, 5mM EdTA, 200mM Sodium Chloride

with 0.2% SDS buffer (pH8.0) at 56C in a horizontal shaker. The digest was
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centrifuged at 13000rpm for 15 minutes in a benchtop microcentrifuge, isopropanol

was added at a 1:1 ratio to the supernatant, and DNA was precipitated by

microcentrifugation for 5 minutes, and washed once with 70% ethanol, air-dried

and resuspended in 100ul of molecular grade water for subsequent PCR.

The PCR primers for mouse genotype determination are shown in Table 1. The

PCR products were run on 1-1.5% agarose gels with 10ug/uL ethidium bromide.

Table 1 Primers for Mouse Genotype Determination

Forward Primer Reverse Primer
NeuNT TTTCCTGCAGCAGCCTACGC CGGAACCCACATCAGGCC
rnTA CGCTGTGGGGCATTTTACTTTAG | CATGTCCAGATCGAAATCGTC
MKR GTCTGAACCCGGTCTGCTCGC CAGCAATCACCGTGCAGTT
RAG1 AGACACCAAGGCTTGCAACACAG | TGCCGAGAAAGTCCTTCTGCCAG

GTGGAATGAGTGCGAGGCCAGA

Cre AATGCTTCTGTCCGTTTGCCGGT | CAGGCTAAGTGCCTTCTCTACA
IR IR1: IR2: CTGAATAGCTGAGACCACAG

TCTTTGCCTGTGCTCCACTCTCA

InsR1:

CACACACACACGCCTACAC

In Vivo Tumour Studies

MKR/MTB/TAN Model

For induction of NeuNT, mice were administered 1.5mg/ml doxycycline (Sigma-

Aldrich, St Louis, MO, USA) in drinking water for the duration of the period of

tumour growth from two weeks up to twelve weeks. Doxycycline water was

changed twice per week. Mice were followed on a daily basis and body score

conditions were recorded. To determine tumour mass, each animal was

euthanised and mammary tumours from all thoracic and inguinal glands were

carefully dissected and weighed.
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Orthotopic / Xenograft / Intravenous Tumour Models

When the mice were 8-12 weeks of age, 100,000 MVT1 or 250,000 Metl cells
resuspended in 100pL of sterile PBS were injected into the 4™ mammary fat pad of
mice anaesthetised with isoflurane. 1,000,000 MDA-MB-231 cells resuspended in
100ul of 1:1 sterile PBS and Matrigel (Trevigen, Gaithersburg, MD) or 5,000,000
LCC6 noncoding control or LCC6 insulin receptor knockdown cells resuspended in
100ul of DMEM were injected into the 4™ mammary fat pad. To determine the
effect of cell manipulations on pulmonary metastases independent of the primary
tumour, we performed tail vein injections of 10,000 MVT1 cells that had lentiviral

mediated transduction of vimentin shRNA or a noncoding control shRNA.
Mouse Monitoring and Tumour Measurement

For all studies, body weight was monitored weekly, body condition was monitored
twice weekly and tumour size was measured twice weekly with calipers. The
formula used for the calculating tumour volume was: Vol = 4/3 x 11 x (length/2 x
width/2 x depth/2). For intravenous tumour studies, the mice were monitored for
signs of loss of body condition or body weight. All mice were euthanised as soon

as body weights reduced by 10% of baseline.
Pulmonary Metastases

In order to analyze the pulmonary metastasis, post mortem lungs were inflated

with 10% formalin, removed and surface macrometastasis were counted.

Metabolic Studies

Body weights were measured weekly during all studies. Body composition analysis
was performed using the EchoMRI 3-in-1 NMR system (Echo Medical Systems,
Houston, TX, USA), before tumour cell injection and at the end of treatment.
Nonfasted blood glucose measurements were performed on tail vein blood during
tumour studies using a Bayer Contour Glucometer (Bayer Healthcare, Mishawaka,
IN, USA), prior to commencing treatment and weekly thereafter. Plasma insulin
levels were measured at the end of the studies using the Sensitive Rat Insulin
radioimmunoassay (RIA) kit (Millipore, St. Charles, MO, USA). Serum IGF-1 levels
were measured by RIA (ALPCO, Salem, NH, USA). All radioimmunoassays were

performed in compliance with the Radiation Safety Protocols at Mount Sinai.
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For the insulin tolerance test (ITT), mice were fasted of food, but had free access
to water for two hours prior to the test, blood glucose was measured from the tail
vein using a Bayer Contour Glucometer (Bayer Healthcare, Mishawaka, IN, USA)
at time 0, immediately before PBS, human insulin (Humulin R, Eli Lilly,
Indianapolis, IN), or insulin analogue injection, and at the times indicated after

injection, after which time the mice were refed.

WT FVB/n mice were injected with 1 unit / kg of human insulin, insulin glargine or
A21Gly,DiD-Arg insulin by i.p. injection. MKR mice were injected with 1 unit / kg or

12.5 units / kg of each insulin analogue, as indicated in the Results section.

Insulin Analogues

All insulin analogues were provided by Sanofi R&D Diabetes Division, Frankfurt
am Main, Germany, except where indicated. Recombinant human insulin
(Insuman Rapid), insulin degludec, insulin glargine and A21Gly,DiD-Arg insulin
were produced by recombinant DNA techniques or enzymatic semi-synthesis,
purified homogeneity and made available by Process Development Biotechnology
(Sanofi, Frankfurt, Germany). Insulin detemir (Levemir) was produced by
NovoNordisk A/S, Denmark, and obtained commercially. The details of the amino
acid sequences of these insulin analogues compared to human insulin are shown
in Figure 13. Insulin degludec was generated by the addition of a fatty acid
(hexadecanedioic acid) by a y-L-glutamic acid linker acylated to lysine at B29 of
the truncated form of insulin, lacking the C-terminal threonine of the B chain (79).
Insulin glargine has two arginine residues added to the C-terminal of the B chain
and an amino acid substitution of glycine (instead of asparagine) at position 21 of
the A chain (8). A21Gly-DiD-Arg insulin has the same amino acid sequence as
insulin glargine but with D-arginine residues at B31 and B32 instead of L-arginine
residues (147). Insulin detemir is also a truncated form of human insulin, lacking
threonine at position 30 of the B chain, and with the addition of a tetradecanoic
(myristic) acid, acylated to lysine at B29 (87). Prior to injection into the mice,
insulin analogues were diluted in phosphate buffered saline (human insulin,
AspB10, IGF-1, insulin degludec insulin detemir), or in a placebo solution
containing water, glycerol and adjusted to pH4 with HCl and NaOH (insulin
glargine, or A21Gly,DiD-Arg). For in vitro studies recombinant human insulin

Humulin R (Lilly, Indianapolis, IN).
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Insulin Glargine and A21Gly-DiD-Arg Metabolite Measurements

Plasma was isolated from mice 60 minutes after insulin glargine, or A21Gly-DiD-
Arg insulin injection. The plasma concentrations of insulin glargine and its M1 and
M2 metabolites were determined by liquid chromatography-tandem mass

spectrometry (LC/MS) using methods previously described (20).

Histological Analysis

Mammary gland whole mount analysis

Inguinal mammary glands were removed, placed on a glass slide and fixed for four
hours in Carnoy’s fixative (60% ethanol 30% chloroform and 10% glacial acetic
acid). Glands were serially rehydrated in 100%, 95%, 70%, 50% and 30% ethanol
for 15 minutes each, rinsed in water for 5 minutes and stained overnight with
carmine alum stain. Glands were then serially dehydrated in 30%, 50%, 70%,
95%, and 100% ethanol for 15 minutes each and cleared overnight in xylenes.
Glands were then covered by Mount-Quick mounting medium (Daido Sangyo,
Japan), before a glass cover slip was placed on top. Photographs were carried out
using a stereomicroscope (Zeiss, Thornwood, NY, USA) at 4X magnification.
Quantification of the relative area of end buds was performed using Image J by
measuring the mean end bud area of four random images at 4X objective taken

from each whole mount.
Immunofluoresence and Immunohistochemistry

For immunofluorescence studies, mammary tumours were cut in cross section at
time of sacrifice, fixed in 10% formalin before being embedded in paraffin and
sectioned at the Mount Sinai Histology Shared Resource Facility, or the Columbia
University Diabetes Education and Research Center histology core facility.
Sections were deparaffinised with xylenes and rehydrated through serial ethanol
washes. Tissues were subjected to antigen retrieval by heating in a microwave for
20 minutes in sodium citrate buffer (pH 6.0). Tissues were then blocked with TGB
superblock [10% BSA, 0.05% NaN3, 10% goat serum (Dako North America,
Carpinteria, CA) and 0.5M Tris (pH 7.6)], incubated with primary antibody
overnight at 4C. Primary antibodies used for immunofluorescence were anti c-Myc
antibody, anti- Vimentin antibody, anti-GFP antibody (Cell Signaling Cell Signaling
Technologies, Danvers, MA, USA) and anti-Neu antibody (Abcam, Cambridge,
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MA, USA. Secondary antibodies used were AlexaFluor568-conjugated goat anti-
rabbit IgG and Alexa-Fluor488 conjugated goat anti-mouse 1gG (Invitrogen,
Molecular Probes, Eugene, OR, USA) at 1:500 dilution for 2 hours. Nuclei were
counterstained with 0.2 ug/ml 4',6-diamidino-2-phenylindole (DAPI), (Sigma-
Aldrich, St Louis, MO, USA). Sections were then mounted using Fluorogel
mounting medium (Electron Microscopy Sciences, Hatfield, PA). Stained slides
were photographed using the Olympus AX70 fluorescent microscope at 40X

objective, and quantified using CellSens software (Olympus).

For immunocytochemistry, 5000 cells were seeded in usual medium as described
above on sterilised glass coverslips in a 24 well plate for 24 hours. They were then
serum starved in DMEM with 0.1% BSA overnight and stimulated with 10nM
insulin for 1 hour. After stimulation, cells were washed with PBS, fixed in 4%
paraformaldehyde and blocked with TBG superblock, incubated with primary and
secondary antibodies as above, and nuclei were counterstained with DAPI as

above. Coverslips were mounted on slides using Fluorogel and imaged as above.

For immunohistochemistry (IHC) staining, slides were processed and subjected to
antigen retrieval, as described in the immunofluorescence protocol. Slides were
stained using the ABC Elite Universal Kit and protocol (Vector Labs, Burlingame,
CA). After antigen retrieval, slides were blocked for an hour in dilute horse serum,
and the incubated overnight with anti-IRB antibody at 4C. Slides were then
washed, and incubated with secondary antibody, avidin-biotin complex (ABC)
reagent and stained with 3,3’-diaminobenzidine (DAB), counterstained with
haematoxylin, and dehydrated through increasing concentrations of ethanol.
Slides were then washed with xylenes and mounted with Eukitt Mounting Medium
(EMS, Hatfield, PA). Stained slides were photographed by brightfield microscopy
using the Olympus AX70 microscope.

Mammary Epithelial Cell Isolation
At 12 weeks of age, MMTV Cre+/- IRL/- and MMTYV Cre-/- IRLLmice were

anaesthetised with isoflurane, and after careful removal of the lymph nodes, the
mammary glands were removed, minced and digested in collagenase solution
(300U/ml) for 2-4 hours until glands were visibly digested, and the epithelial cells
were separated by differential centrifugation and washed with PBS (115, 156).
Protein and DNA were isolated from the fresh cell pellets.
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Protein Isolation and Analysis

Protein Extraction from cells

After stimulation, medium was removed from the plates, the cells were washed
with ice-cold PBS, and cells were subsequently lysed in freshly-made lysis buffer
(pH 7.4; 50 mM Tris, 150 mM NaCl, 1 mM EDTA, 1.25% CHAPS [3-[(3-
cholamidopropyl) dimethylammoniom-1-propanesulfonate](Roche, Indianapolis,
IN, USA), supplemented with phosphatase inhibitors 2mM sodium fluoride, 1 mM
sodium orthovanadate, 10 mM sodium pyrophosphate, 8 mM 3-glycerophosphate
and Complete EDTA-free Protease Inhibitor Cocktail (Roche, Indianapolis, IN,
USA).

Protein Extraction from Tumours

At the time of sacrifice of the mice, the tumours were flash frozen in liquid nitrogen.
Protein was isolated from the tumours by lysis in freshly made lysis buffer, as
described above. Tumour tissue was placed in 1ml of ice cold lysis buffer, and

homogenized on ice.

The protein concentration of the cells and tumours was measured using the BCA

protein assay kit (Thermo Scientific, Rockford, IL).
SDS Page and Western Blotting

20-25ug of protein was prepared for SDS-PAGE in SDS loading buffer and
dithiothreitol (DTT) (Cell Signaling Technologies, Danvers, MA, USA) and boiled
for 5 minutes. Samples were then run on 8% or 8-12% Tris-Glycine gels,
(Invitrogen, Carlsbad, CA, USA) and then transferred to a nitrocellulose membrane
(Bio-Rad, Hercules, CA, USA) at 100V for one hour on ice. Membranes were
blocked in 5% nonfat milk or LICOR blocking buffer (LICOR Biosciences, Lincoln,
NE, USA), incubated overnight with primary antibodies for anti-phospho IGF-1R-
p(Tyr1135/1136) p_R(TYrA150MISD) anti-total IGF-1R-B, anti-cMyc, anti-phospho
AKT®®7) anti-total Akt at manufacturers recommended dilutions (Cell Signaling
Technology, Danvers, MA, USA), anti-total IR-B at 1:200 dilution (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), anti-B-actin (Sigma Aldrich, St Louis, MO,
USA) and then with Odyssey anti-mouse or anti-rabbit secondary antibodies
(LICOR Biosciences, Lincoln, NE, USA), before exposure and detection with the
LI-COR Biosciences infrared detection system. The western bands were quantified
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using open source Image J software (National Institutes of Health, Bethesda, MD)
or Licor Image Studio Software.

Immunoprecipitation and Proteomic Analysis

Immunoprecipitation of proteins was performed following the manufacturer’s
protocol using magnetic Dynabeads Protein G (Invitrogen Life Technologies,
Grand Island, NY). The protocol was modified by utilizing 1000ug of protein lysate
with 10ug of antibody incubated at 4°C overnight with rotation. The samples were
incubated with the magnetic beads for 4 hours at 4°C with rotation and then
washed with ice-cold tris buffer (pH 7.4). Then, the antigen was eluted in 3X
loading buffer supplemented with dithiothreitol (DTT). The samples were
denatured at 96°C for 5 minutes and loaded on an 8% Tris-Glycine gel. For total
IRB and total IGF-1R[3 immunoprecipitation, the proteins were transferred to a
nitrocellulose membrane, and the gel was probed for phospho IGF-

1 RB(TY138/1136) R(TYAIS0LISD) thta] IRB and total IGF-1RB. For vimentin, the
membrane was probed with mouse monoclonal anti-Vimentin (Santa Cruz
Biotechnology, Dallas, TX) after transfer. Secondary antibodies and imaging
techniques were performed as described in the SDS Page and Western Blotting

section of the Materials and Methods.

For proteomic analysis of vimentin, the gel was stained in 0.025% Coomassie G-
250 blue dye (Amresco, Solon, OH), 10% acetic acid and 50% methanol for 1hour,
destained in 10% acetic acid and 50% methanol and stored in ddH20. The Mount
Sinai Proteomics Shared Resource Facility then analyzed the bands of interest.
The vimentin double band was excised from the gel, reduced with tris(2-
carboxyethyl)phosphine (TCEP) and alkylated with iodoacetamide and analyzed
by mass spectrometry after trypsin digestion. The analysis was performed using
reversed-phase liquid chromatography (LC) over a Waters BEH130 C18 column
(200 pm x 100 mm, 1.7 ym particle size) in a Waters NanoAcquity UPLC system
(Waters, Milford, MA) interfaced to a Thermo LTQ-Orbitrap mass spectrometer
(Thermo Scientific, San Jose, CA).

RNA Isolation and Analysis
For RNA isolation from formalin fixed paraffin embedded (FFPE) tissues, four 5um
sections were cut from FFPE tissue blocks at the Mount Sinai Histology Core
Facility, and RNA was isolated from the samples using the RNeasy FFPE Kit
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(Qiagen, Valencia, CA), as per the manufacturer’s protocol. RNA concentrations
were measured using the Nanodrop ND-1000 (Thermo Scientific, Wilmington, DE).
Gene expression was performed using the digital mRNA profiling technology,
Nanostring (Nanostring Technologies, Seattle, WA). The principle of Nanostring
MRNA analysis is shown in Figure 18, and its comparison to SyBr Green and
TagMan gPCR have been validated previously (47, 59). We designed a Custom
CodeSet of genes which included the IR, the IR-A and IR-B isoforms, and a
number of splicing factors that have been previously described in the literature to
regulate IR splicing, or have been previously correlated with IR slicing in gene
expression studies. Gene target sequences were designed from the NCBI
accession numbers in collaboration with the Nanostring technicians, and were
generated by Nanostring Technologies (Seattle, WA). In addition to the IR
isoforms, and splicing factors, we included probes for expression of IGF-1R and
IGF-2 and Ki67 to determine if IR-A or IR-B expression correlated with Ki67
expression. 150ng of RNA from each sample was subjected to gene expression
analysis using Nanostring nCounter at the Mount Sinai gPCR Core Facility. The
results were normalised to negative controls and housekeeping genes and
analyzed using the nSolver Analysis Software 2.5 (Nanostring, Seattle, WA).
Differences in the expression of IR and the expression ratio of IR-A and IR-B were
compared between the patients’ samples, and correlated with laboratory and
anthropometric measurements of obesity, the metabolic syndrome, insulin
resistance and pre-diabetes (described below in the Materials and Methods
section entitled, Hyperinsulinaemia and IR Signaling in Breast Cancer Survival

Disparities Between Black and White Women).
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Figure 18 Nanostring mRNA Gene Expression Analysis

This schematic explains the analysis of mMRNA gene expression using

Nanostring. (a) Total RNA is mixed directly with nCounter reporter and

capture probes. No cDNA synthesis or amplification of the target is

required. (b—d) After hybridization (b), excess reporters and capture

probes are removed (c) and the purified ternary complexes are bound

to the imaging surface, elongated and immobilised (d). (e) Reporter

probes, representing individual copies of mMRNA, are tabulated for each

gene. Figure from Fortina P, Surrey S. Nature biotechnology 2008;

26(3):293-294. Reproduced with permission.
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Statistical Analysis For In Vitro and Pre-Clinical Studies

All data are expressed as mean + SEM, unless otherwise noted. Student’s t-test
was performed to compare two groups with equal variance. Welch’s t-test was
used to compare two groups with unequal variance. A one-way ANOVA followed
by Holm-Sidak post-hoc test was used for comparing more than 2 groups. A p
value < 0.05 was considered significant. Analysis was performed using the

statistics software package SPSS Statistics (IBM, Armonk, NY).

Hyperinsulinaemia and IR Signaling in Breast Cancer Survival Disparities
Between Black and White Women

This study was approved by the Institutional Review Board of the Icahn School of
Medicine at Mount Sinai. This study is ongoing and the protocol details are
currently under review for publication in Diabetes/Metabolism Research and
Reviews (DMRR). The manuscript for the protocol is attached in Appendix I. It was
designed by Dr. Derek LeRoith, Dr. Nina Bickell and myself and is funded by the
NIH. Dr. Nina Bickell is recruiting the patients at multiple US hospital sites.
Research co-ordinators are collecting the anthropometric data and blood. The
pathologists at the patients’ hospitals will assess ER, PR and Her2 status of the
tumours. The blood tests are being performed at Mount Sinai Hospital clinical
laboratory. We, at the LeRoith lab, are receiving de-identified tissue sections cut
from the FFPE tumour blocks for IHC staining and RNA isolation and analysis
using Nanostring, as described in the RNA Isolation and Analysis section of the

Materials and Methods, and are performing IHC and RNA analysis.

In this thesis, the initial clinical data is presented from the first 101 recruited
patients. In addition, we present the results from the RNA analysis of the first 47
deidentified FFPE breast cancer samples that were analyzed for IR isoform and

splicing factor expression.

The complete details of the recruitment of patients, anthropometric data, lab
measurements, and determination of prognosis are described in the DMRR
manuscript that is under review. In the following sections are the details relevant to

the data presented in the Results section, Chapter 6.

Patient Accrual
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The study aims to recruit 350 Black women and 936 White women (see Statistical
Analysis section below for power calculations). At each participating site, all
women over the age of 21 years with a primary diagnosis of breast cancer will be
identified from the surgery schedule or diagnostic biopsy and contacted by letter
and telephone, to ascertain their willingness to participate. Bloods will be drawn
with intravenous catheter insertion at surgery, prior to medication and fluid
administration. Patients’ demographic characteristics, access to care, factors
affecting breast cancer prognosis, overall health status and prognosis and factors
affecting insulin resistance will be assessed using a validated questionnaire.
Women who have undergone bariatric surgery for weight loss, organ
transplantation, have Type 1 diabetes or medically treated Type 2 diabetes, have
been taking oral glucocorticoid treatment within two weeks of blood draw and
tumour resection, have taken neoadjuvant therapies, have end stage renal
disease or hepatic cirrhosis, or are receiving neoadjuvant therapy will be excluded
as these conditions can affect insulin levels. The study design is summarised in
Figure 19.

Women identified with new
primary invasive breast cancer

A

Women contacted and
informed of study details

Exclusion Criteria: Hx of

bariatric surgery, organ
transplantation, previous
diagnosis of cancer,

A 4

glucocorticoid use within <

previous 2 weeks, hx of DM

requiring medication, hispanic
white, nonwhite / nonblack
race

Study Visit — Informed
consent, history, body
measurements: weight,
height, waist circumference,
blood pressure, fasting bloods

Record history and
body measurements

Fasting Bloods: Serum
insulin, glucose, lipids,
C-peptide, IGFBP-1,
Alc

Pathology Report for
ER, PR, Her2 status,
lymph node status and
tumor grade

Immunohistochemistry:
IR, IGF-1R, pAkt, pErk

Figure 19 Study Design for Study Examining Disparities in Breast

Cancer Mortality

Schematic of the study design.
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Anthropometric Data

Participant’s height and weight are recorded using a stadiometer. Body mass
index (BMI) is calculated from weight (kg)/height? (m?). Waist circumference is
measured at the umbilical level and blood pressure will be recorded using
standard National Health and Nutrition Examination Study (NHANES) procedures.

Determining Prognosis

The final pathology report will be obtained which contains the tumour size,
histological grade, nodal status, ERa, PR and HER2 status. Where available,
Oncotype Dx reports will be recorded. Pathological data is used to calculate the
Nottingham Prognostic Index (NPI). The NPI score is calculated as [0.2 x tumour
size(cm)+lymph-node stage (1, node negative; 2, 1-3 positive lymph nodes; 3, 24
positive lymph nodes) + histological grade (1, well differentiated; 2, moderately
differentiated; 3, poorly differentiated)] (50). Tumour grade will be defined by the
Nottingham combined histological grade (NCHG), as recommended by the
American Joint Committee on Cancer (AJCC) (41). Based on a recent U.S. study
that dichotomised NPI at 4.4 (poor prognosis >4.4 and good prognosis <4.4) and
showed significant differences in biomarkers (e.g., hormone receptor, Her2) in
these groups (11, 120), we will define good prognosis as those women with an
NPI score of 4.4, and poor prognosis as an NPI score >4.4. Therefore, we will
determine whether insulin resistance is associated with a poor prognosis, defined

primarily by NPI >4.4.
Laboratory Measurements

Blood was drawn after an overnight fast on the morning of surgery for preserved
plasma glucose, serum lipids (total cholesterol, low-density lipoprotein (LDL)
cholesterol, high-density lipoprotein (HDL) cholesterol, triglycerides (TG)),
hemoglobin Alc (HbAlc), serum insulin, C-peptide, IGF-1, insulin-like growth
factor binding protein-1 (IGFBP-1). Insulin resistance will be calculated from the
HOMA-IR ([fasting plasma glucose (mg/dL) x fasting serum insulin (uU/ml)]/405)
(143), a widely used and validated measure of insulin resistance (21). Insulin
resistance is defined as a HOMA-IR >2.8, the upper quatrtile of insulin resistance
in the U.S. population, reported by the NHANES (10). We will assess the presence
of the metabolic syndrome, defined by the 2009 International Diabetes Federation
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(IDF), National Heart, Lung and Blood Institute (NHLBI), American Heart
Association (AHA), World Heart Federation (WHF), International Atherosclerosis
Society (IAS) and International Association for the Study of Obesity (IASO) joint
position statement, as the presence of 3 or more of the following features: waist
circumference 288cm; triglycerides (TG) 2150mg/dL; high density lipoprotein
(HDL) cholesterol <560mg/dL; systolic blood pressure 2130mmHg or diastolic blood
pressure 285mmHg; fasting glucose 2100mg/dL or the use of medication to treat

elevated TG, low HDL or blood pressure (6).

Immunohistochemical and RNA Analysis of Formalin Fixed Paraffin Embedded

Tissue Sections

All recruitment sites will fix tissue specimens in 10% formalin for 48-72 hours
before processing and embedding in paraffin. 5um thick sections will be obtained
for each patient’s tumour paraffin block that was used by the hospital’s pathology
department to determine tumour ER/PR/HER?2 status to maximise the sample’s
tumour tissue. Immunohistochemistry staining will be performed as described in
the Histological Analysis section of the Materials and Methods to detect the
presence of the total IRB, IGF-1R[, phosphorylation Akt(Ser473) and
phosphorylation of ERK1/2(Thr202/Tyr204) in the tumour. RNA will be isolated
and analyzed as described in the RNA Isolation and Analysis section of the

Materials and Methods.
Outcomes and Statistical Analysis

We will use the NPI rather than cancer stage at presentation to determine
prognosis at the time of tumour resection, as the NPI is less affected by health
care access than tumour stage and has been validated in several different
countries (5, 11, 13).

Descriptive analyses will be performed to profile Black and White women
separately including examination of proportions, means, and medians, as well as
estimates of variability including standard errors, ranges, and confidence intervals.
Continuous data distributions will be evaluated for appropriateness of scale, and
transformations will be used where appropriate. For each racial group, we will
compute appropriate summary statistics for women who have good prognosis
(NPI<4.4; iNPI<5.4) and poor prognosis (NPI>4.4; iNPI1>5.4). For each population
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(White and Black), we will compare good and poor prognosis patients with respect
to age at diagnosis, year of diagnosis, income, education, access to care, stage at
diagnosis family history of breast cancer, smoking status, BMI, waist
circumference, blood pressure, lipid profile, medications, use of oestrogen, fasting
serum insulin, plasma glucose, HbAlc, C-peptide, IGFBP-1, tumour IR, tumour
IGF-1R[, pAkt, pErk.

Multivariable analyses for each racial group will be performed to examine the
association between insulin resistance (HOMA-IR>2.8) and poor tumour prognosis
(NPI>4.4) using logistic regression, adjusting for potential confounding factors and

assessing mediating factors for each group.

This study is powered to detect a significant interaction by race of the association
between insulin resistance (HOMA-IR) and poor prognosis breast cancer (NPI
>4.4). Based on the power analysis, 936 White women and 350 Black women
would need to be recruited over 4 years to detect a significant interaction between
insulin resistance and poor prognosis in breast cancer by race. A prior study
examining the relationship between insulin resistance and mortality among a
sample of predominantly White women with breast cancer found a hazard
ratio=1.6 among women with HOMA-IR scores >2.7 (39). With a sample size of
936 White women, we will have adequate power to detect a main effect OR>1.6 in
White women. Under the specified assumptions, this study will have >80% power
to detect a significant interaction ratio of = 1.5, comparing the effect size in Black

women to the effect size in White women (Type | error =0.05).
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3. Results

Chapter 1. Hyperinsulinaemia and Breast Cancer Metastasis in a Transgenic
NeuNT model.

Generation and Characterization of the MTB/TAN/MKR mouse model.

The generation of the tetracycline-inducible NeuNT mouse model (MTB/TAN) and
MTB/TAN/MKR Is described in the Materials and Methods section.

After generation of the MTB/TAN/MKR line, we characterized the metabolic
phenotype of the mice, to determine if the mice maintained the pre-diabetic
phenotype observed in the female MKR mice (115). Female MTB/TAN/MKR mice
demonstrated decreased body weight compared to the MTB/TAN control females,
consistent with the MKR mice (Figure 20A), In addition, they demonstrated
increased plasma insulin concentrations (Figure 20C), and severe insulin

resistance to a 0.75U/kg insulin tolerance test (Figure 20D).

MTB/TAN/MKR mice show augmented NeuNT-induced abnormalities of the
mammary gland at eight weeks compared to MTB/TAN control mice.

The Chodosh Lab has shown that doxycycline-induced NeuNT expression results
in noticeable hyperplastic abnormalities in the mouse mammary gland such as the
presence of cellular masses along the length of ducts, as well as terminal end bud
enlargement due to the presence of acinar-like structures (111). We investigated
whether or not hyperinsulinaemia would have an additive effect on these early
NeuNT-mediated hyperplastic abnormalities. We induced NeuNT expression for
three days in eight week-old MTB/TAN/MKR and MTB/TAN mice, at which point
we euthanized the animals and compared mammary gland morphology by whole
mount analysis. Since MKR mice have precocious mammary gland growth and
differentiation compared to control mice at both three and fifteen weeks (115), we
also performed whole mount analysis and H&E staining of mammary glands from
eight week-old MTB/TAN/MKR and MTB/TAN mice which had not been
administered doxycycline (Figure 21A and Figure 21B, upper panels). In
MTB/TAN/MKR mice, we found NeuNT mediated abnormalities to be enhanced
compared to MTB/TAN controls, with larger cellular masses growing on ducts,
greater terminal end bud enlargement and precocious lobular development (Figure
21A, Figure 21C). This finding was further confirmed by histological evaluation of

62



H&E stained sections of the mammary gland (Figure 21B) where we observed
advanced ductal hyperplasia in MTB/TAN/MKR mice compared to MTB/TAN

controls.
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Figure 20 Metabolic Characterization of the MTB/TAN/MKR mice.

(A) Body weight (MTB/TAN, n=14; MTB/TAN/MKR""*, n=10), (B) blood
glucose (MTB/TAN, n=30; MTB/TAN/MKR™*, n=22), and (C) serum
insulin (MTB/TAN, n=13; MTB/TAN/MKR™", n=20) of MTB/TAN and
MTB/TAN/MKR™ mice at 8 weeks of age. (D) An ITT was performed on
8 week-old MTB/TAN/MKR™* (n=5) and MTB/TAN mice (n=5) after
intraperitoneal injection of insulin (0.75 Units/kg). Blood samples were
obtained from the tail vein and glucose concentrations were determined
at the indicated time points. Graphs represent mean values of each

group, error bars represent the SEM. *P value <0.05.

63



MTB/TAN MTB/TAN/MKR

-Dox

(o3 50 » End Bud Area

Area of end buds as
percentage of total gland area
(%)

N .
0

MTB/TAN MTB/TAN/MKR

Figure 21 Effects of Hyperinsulinaemia on NeuNT-mediated Mammary
Gland Hyperplasia

(A) Whole mount analysis of mammary glands obtained from eight
week-old female MTB/TAN and MTB/TAN/MKR™* mice without
doxycycline (-Dox) and after three days of doxycycline treatment
(+Dox). (B) Histological analysis (H & E staining) of mammary glands
after three days of doxycycline treatment. (C) Quantification of
percentage area of mammary gland whole mounts composed of end
buds (MTB/TAN, n=3; MTB/TAN/MKR, n=3. Arrows, End buds (A) and
ductal hyperplasia (C) At least five animals per group were analyzed
and the representative images are shown. Original magnification, x 4
(A) and x 40 (B). Graph represents mean for each group, error bars
represent SEM. * P value <0.05.
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NeuNT-induced mammary tumour burden is greater in MTB/TAN/MKR mice than
MTB/TAN mice, and is regulated through IR/IGF-IR signaling pathways.

When administered doxycycline for several weeks, MTB/TAN mice developed
multiple invasive mammary adenocarcinomas with tumours arising in all inguinal
and thoracic glands (111). We administered doxycycline to eight-week-old
MTB/TAN and MTB/TAN/MKR mice for two, four, six or twelve weeks. Mice were
euthanised at each time-point and the combined tumour weight from all inguinal
and thoracic glands from each mouse was recorded. As shown in Figure 22A,
MTB/TAN/MKR mice exhibited significantly higher total tumour mass than
MTB/TAN controls at all time-points with the exception of the twelve week time-
point, suggesting that hyperinsulinaemia augments NeuNT-driven mammary
tumour growth. We extracted proteins from tumour tissues to examine whether
IR/IGF-IR activation was upregulated in MTB/TAN/MKR mice compared to
MTB/TAN controls. As shown in Figure 22B and Figure 22C, mammary tumour
tissues from MTB/TAN/MKR mice demonstrated higher levels of phosphorylated
insulin receptor/insulin-like growth factor receptor (IRB/IGF-IRpB) after two, four and
six weeks of NeuNT upregulation, suggesting that these receptors are involved in
mediating the additional tumour growth present in MTB/TAN/MKR mice. In
MTB/TAN/MKR and MTB/TAN mice, which had been administered doxycycline for
a period of 12 weeks, we observed an increase in IR/IGF-IR phosphorylation in
mammary tissues of MTB/TAN/MKR mice which was not statistically significant
(Figure 22B and Figure 22C). There was no significant difference in tumour
weights after 12 weeks of doxycycline administration, possibly due to tumours
reaching their physiologically maximal size after this time period (Figure 22A). We
also compared Ser473 phosphorylation of Akt, which lies downstream in the
signaling pathway of both the IR/IGF-IR and Her2 and found that at 2 weeks there
was a significant upregulation of phosphorylated Akt in tumours from
MTB/TAN/MKR mice compared to MTB/TAN mice (Figure 22D and Figure 22E).
At later stages of tumour development, levels of Akt phosphorylation in the

tumours appeared to be similar in the two groups.
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Figure 22 Tumour growth, IRB/IGF-IRB and Akt signaling are enhanced
in tumours from MTB/TAN/MKR mice compared to MTB/TAN controls.
(A) MTB/TAN and MTB/TAN/MKR mice were maintained on
doxycycline for two, four, six or twelve weeks. Mice were euthanised
and the combined tumour mass from all mammary glands was
guantified. At two week time-point, MTB/TAN, n=11; MTB/TAN/MKR,
n=4. At four week time-point, MTB/TAN, n=11; MTB/TAN/MKR, n=7. At
six week time-point, MTB/TAN, n=16; MTB/TAN/MKR, n=6. At twelve
week time-point, MTB/TAN, n=12; MTB/TAN/MKR, n=11. (B) Western
blot analysis of tumour tissue, probed with antibodies to pIR
RSB pIGF-IRBH38)  |IRB. (D) Western blot analysis of tumour
tissue from mice on doxycycline for 2 weeks probed with antibodies to
pAkt>®#" and total Akt. Using densitometry, protein expression was
quantified (C, E). Error bars represent SEM *, P<0.05. At two week
time-point, Western blot is representative of MTB/TAN, n=9;
MTB/TAN/MKR, n=4 samples. At four and six week time-points,
MTB/TAN, n=7; MTB/TAN/MKR, n=7 samples. At twelve week time-
point MTB/TAN, n=10; MTB/TAN/MKR*"*, n=10.

66



NeuNT-induced spontaneous lung macrometastases is enhanced in
MTB/TAN/MKR """ mice after 12 weeks of tumour growth.

MTB/TAN mice were reported to harbor Neu-NT-dependent spontaneous lung
macrometastases (111). We removed the lungs of euthanized MTB/TAN/MKR and
MTB/TAN mice after two, four, six or twelve weeks of doxycycline induced NeuNT
expression in mammary epithelium and recorded the numbers of visible
macrometastases. We also examined H&E stained sections of lung at all time-
points for both micrometastases and macrometastases. After two, four or six
weeks of NeuNT expression and mammary tumour growth, no visible
macrometastases were observed in either MTB/TAN/MKR or MTB/TAN mice.
However, H&E staining revealed the presence of micrometastases in lungs of both
groups of mice after six weeks of NeuNT expression. Although there was a trend
for the number of micrometastases to be increased in MTB/TAN/MKR mice (0.3
micromets/lung section in MTB/TAN vs 0.8 micromets/lung section in
MTB/TAN/MKR) this did not reach statistical significance. In contrast, after 12
weeks of NeuNT expression in mammary tissue, macrometastases could be
clearly observed in the lungs, and these were significantly increased in
MTB/TAN/MKR compared to MTB/TAN mice (Figure 23A and Figure 23B)
suggesting that hyperinsulinaemia increases the metastatic potential of NeuNT-

driven mammary cancer.

Increased expression of vimentin was found in the NeuNT-induced mammary

tumours in hyperinsulinaemic MTB/TAN/MKR mice

To determine whether hyperinsulinaemia enhances the progression of NeuNT-
mediated primary tumours to lung metastases by increasing EMT, we analyzed
tumour tissue for the expression of vimentin protein, a marker of mesenchymal
cells. As shown in Figure 24A and Figure 24B, western blot analysis of tumour
lysates demonstrated increased vimentin expression in tumours from 6 week old
MTB/TAN/MKR mice, compared to MTB/TAN mice. We additionally, analyzed
vimentin expression in six-week tumour tissues by immunofluorescent staining of
paraffin-embedded sections. As shown in Figure 24B and Figure 24C, vimentin
levels as measured by immunofluoresence were significantly elevated, indicating
that more mesenchymal cells were present in MTB/TAN/MKR mice at this time
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point. The vimentin positive cells generally did not stain positive for NeuNT,
indicating that these were either cells that had undergone EMT and lost Neu

expression, or were cancer associated fibroblasts.
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Figure 23 Lung Metastases in MTB/TAN and MTB/TAN/MKR mice

After 12 weeks on doxycycline, MTB/TAN and MTB/TAN/MKR™* mice
were euthanised, lungs removed and inflated and (A) number of lung
macrometastases were recorded. (B) Lungs were paraffin-embedded,
sectioned and stained with H&E to reveal macrometastases. Original

magnification 4X. Arrows indicate metastatic cells.

68



nN

o
'

A MTB/TAN MTBITANMKR g
16 1
e —— Vimentin (57kDa) gg
= Ew 124
. o w
- e W e w e e @ e — (-actin o2
58081
=3 @
z
(=]
w

o

MTB/TAN MTB/TAN/MKR

Percent

Vimentin positive cells /

20 H

MTB/TAN  MTB/TAN/MKR

MTB/TAN MTB/TAN/MKR

Figure 24 Vimentin expression is enhanced in NeuNT Tumours from
MTB/TAN/MKR mice.

(A). After six weeks Neu-NT upregulation, mammary tumours were
removed from MTB/TAN and MTB/TAN/MKR"" mice, tumour lysates
were subjected to western blot analysis and probed with anti-vimentin
antibodies. Using densitometry, vimentin protein expression / beta actin
was quantified (B). Tumour tissue was paraffin embedded, sectioned
and analyzed by immunofluorescence microscopy for the expression of
vimentin (red) and Neu (green) proteins, nuclei were stained with DAPI
(blue) (C). Vimentin expression was analyzed using ‘Image J' program
to quantify expression of vimentin protein in six-week tumours from
MTB/TAN and MTB/TAN/MKR" mice (D). Photographs are
representative of at least four mice from each group. Five high power
fields were photographed on every slide and each image was
guantified. Original magnification 40X. Graphs represent the mean for

each group, error bars represent SEM. * P value <0.05.
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In summary, these data show that hyperinsulinaemia promotes mammary gland
hyperplasia, primary tumour growth and lung metastasis in a Her2/Neu model of
breast cancer. These results demonstrate that hyperinsulinaemia increases the
growth of the MTB/TAN tumors particularly at early timepoints by increased
activation of Akt above that of activated Neu. However, at later timepoints it is
possible that the transgenic activation of Neu leads to maximal activation of Akt,
leading to catchup growth of the tumors in the MTB/TAN mice to the
MTB/TAM/MKR mice by 12 weeks.

However, our results also raised certain questions. In this study we do not
demonstrate that it is a direct effect of insulin on the IR of the tumours that is
promoting tumour growth and progression. Under conditions of hyperinsulinaemia,
IGF binding proteins (IGFBP)-1 and -2 are repressed (27) which may lead to an
increase in circulating or local “free” IGF-1. In the MTB/TAN/MKR mouse model,
increased IGF-1 levels at the level of the target tissue could lead to increased
activation of the IGF-IR, thus directly increasing tumour growth. The Neu receptor
tyrosine kinase has no known ligand, depending for its activation upon
dimerization with either ErbB3 or ErbB1 (32, 55). Interestingly, Neu also dimerises
with the IGF-IR, an occurrence which provides a significant source of resistance to
Her2-mediated therapies in humans (98). Thus, in our MTB/TAN/MKR mouse
model, it is possible that elevations of either insulin or “free” IGF-1 could promote

tumour growth through increased activation of Neu/IGF-IR hybrids (98).

Our finding of greater numbers of lung metastases in MTB/TAN/MKR mice
suggests that as well as promoting primary tumour growth, insulin may also
enhance primary tumour progression and/or circulating tumour cell survival in the
lung. The EMT permits tumour cells to gain the plasticity required to extravasate
from the primary tumour site. During extravasation cells become increasingly
mesenchymal in nature due to numerous changes in cytoskeletal scaffolding
protein structures. Vimentin belongs to the intermediate filament (IF) family of
proteins and has recently been shown to be an important marker of the EMT in
epithelial cells, which normally express only cytokeratin-type IFs (129). However,
vimentin is not specific for EMT, and is also a marker of cancer-associated
fibroblasts (135, 138).

Therefore, this study raised the following questions:
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1. Does hyperinsulinaemia increase tumour growth by directly activating the
IR?

2. Does hyperinsulinaemia increase vimentin expression in tumour cells, or
increase tumour-associated fibroblasts?

These questions are addressed in subsequent chapters.

Chapter 2. Human Tumour Xenografts in an Immunodeficient Mouse Model
of Hyperinsulinaemia

Generation and Metabolic Phenotyping of the Rag/MKR mice

We developed the Ragl-/-/MKR+/+ (Rag/MKR) mouse line to facilitate our studies
on the role of hyperinsulinaemia on the progression of human breast cancer
xenografts. As the immune system may play a role in the development of insulin
resistance, we characterised the metabolic phenotype of the Rag/MKR and Ragl™”
(Rag/WT) male and female mice.

Male and female Rag/MKR mice demonstrated lower body weight, of
approximately 3-4 g, compared to age and gender matched Rag/WT control mice
from 3-8 weeks of age; characteristic of MKR mice (Figure 25A). NMR body
composition analysis revealed that the Rag/MKR mice had decreased body fat
compared to Rag/WT control mice, again characteristic of the MKR mice (Figure
25B). Insulin tolerance tests were performed in all four groups and Rag/MKR male
and female mice demonstrated severe insulin resistance, with no glucose
reduction in response to the 0.75IU/kg insulin injection over 60 minutes, while in
Rag/WT control mice blood glucose levels rapidly fell to less than 50% of baseline,
60 minutes after the insulin injection (Figure 25C). The presence of endogenous
hyperinsulinaemia was confirmed by the measurement of non-fasting plasma
insulin levels; 4.64 + 0.69 in x week old female Rag/MKR mice compared with 0.61
+ 0.08 in Rag/WT mice (p<0.01) (Figure 25D). Glucose levels were higher in the
Rag/MKR male mice than Rag/WT male mice after an 8 hour fast (Figure 25E),
however female Rag/MKR mice did not demonstrate frank hyperglycaemia. The
GTT demonstrated that the Rag/MKR male mice had severe glucose intolerance,
while Rag/WT female mice had mild glucose intolerance, compared to control
Rag/WT mice (Figure 25E).
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Figure 25 Metabolic Characteristics of Rag/MKR mice

(A) Body weight Rag/MKR and Rag/WT male and female mice (n=5-8
per group). (B) Body fat mass, measured by NMR (n=5 per group). (C)
An ITT was performed on 8 week-old Rag/MKR and Rag/WT male and
female mice (n=5 per group) after intraperitoneal injection of insulin
(0.75 Units/kg). Blood samples were obtained from the tail vein and
glucose concentrations were determined at the indicated time points.
(D) Plasma insulin in the Rag/WT and Rag/MKR mice measured at 8
weeks of age (n=5 per group). (E) A glucose tolerance test was
performed after 8 h of fasting using a glucose bolus of 2g/kg body
weight administered by intraperitoneal injection. Blood glucose was
measured from the tail vein immediately before (Time 0) and 15, 30, 60,
and 120 minutes after glucose injection (n=5 per group). Graphs
represent mean values of each group, error bars represent the SEM. *P

value <0.05.
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Human triple negative breast cancer xenografts grow larger and develop more

pulmonary metastases in the hyperinsulinaemic Rag/MKR mice.

1 x 10° MDA-MB-231 human triple negative breast cancer cells were injected into
the 4™ mammary fat pad of female Rag/MKR and control Rag/WT mice. Tumour
size was measured twice weekly until tumours reached a size no greater than 10%
of the mouse’s body weight (as determined by our previous studies), and as per
our animal protocols. At the time of euthanasia tumour weights were measured,
lungs were inflated with formalin for subsequent quantification of lung

macrometastases.

MDA-MB-231 tumours grew more rapidly in Rag/MKR mice compared to Rag/WT
controls, measuring 748.9mm? + 39.6 and 393.9mm?® + 19.37, respectively, p<0.05
(Figure 26A). Tumour weights were significantly greater in the Rag/MKR mice
compared to Rag/WT mice, weighing 0.49+03g and 0.33+£0.02g respectively,
p<0.05 (Figure 26B). An increase in lung metastases (Figure 26C) was found in
the Rag/MKR mice 13.2 £2.22 surface macrometastases per mouse, compared
with 7.38 £1.38 surface metastases per mouse in Rag/WT mice (p<0.05). Each
study was performed with 8-10 mice in each group.

Increased activation of the IR/IGF-1R signaling pathway was found in the tumours
from the Rag/MKR mice.

Compared to tumours from the Rag/WT mice, an increase in Akt(Ser473)
phosphorylation was observed in the tumours from the Rag/MKR mice (Figure
27A, Figure 27B), consistent with our previous studies showing increased PI3K /
Akt activation in tumours from the hyperinsulinaemic mice. was observed in the
tumours from the Rag/MKR mice, compared to the Rag/WT mice. In addition, we
found an increase in the expression of total IRp and total IGF-1Rp in the tumours
from the Rag/MKR mice, compared with Rag/WT mice (Figure 27C, D, E). These
data demonstrate the human triple negative breast cancer xenografts grow larger
and develop more metastases in an immunodeficient hyperinsulinaemic mouse
model. This increase in tumour growth was associated with increased activation of

the IR/IGF-1R signaling pathway.
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Figure 26 MDA-MB-231 Tumours in Hyperinsulinaemic Mice

(A) Rag/MKR and Rag/WT mice were injected with MDA-MB-231
tumour cells at day 0 and tumours were measured twice weekly
thereafter until tumours reached a volume of 1cm®. (B) Tumour weight
was measured at the end of the study. (C) Lung macrometastases were
guantified in the lungs of Rag/WT and Rag/MKR mice after inflation with
10% formalin. Graphs represent the mean of each group and error bars

indicate the SEM. *P value <0.05 between groups.
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Figure 27 Insulin Receptor Signaling in MDA-MB-231 Tumours from
Rag/WT and Rag/MKR Mice

(A) Western blot analysis of tumour lysates from MDA-MB-231 tumours
from Rag/WT and Rag/MKR mice immunoblotted for (A) pAkt(Ser472),
total Akt and beta actin, (B) total IR, total IGF-1Rp and beta actin. (C)
Densitometric quantification of pAkt(Ser473)/Total Akt, total IRB/beta
actin, and total IGF-1Rp/beta actin. n=7 per group. Graphs represent
mean of each group and error bars indicate SEM. *P value <0.05

between groups.

Increased expression of EMT markers were found in the human tumour xenografts

from the Rag/MKR mice, compared with Rag/WT mice.

We examined protein expression of known EMT proteins in the tumours of the
Rag/MKR and Rag/WT mice. Similar to our findings in the MTB/TAN/MKR
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tumours, we again found an increase in vimentin protein expression in the tumours
from the Rag/MKR mice (Figure 28B, D). In addition, an increase in other EMT
markers, including Zeb1 (Figure 28A, C) and MMP-9 (Figure 29A, C) were
observed. Consistent with our previously published studies on MVT1 tumours in
MKR mice (44), increases in c-myc and VEGF-A were observed in the MDA-MB-
231 tumours from Rag/MKR mice compared with Rag/WT mice (Figure 29A, D, E).
We also found increased protein expression of Foxo3a (Figure 29A, B) in the

tumours from the Rag/MKR mice.
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Figure 28 Vimentin and Zeb-1 expression in MDA-MB-231 tumours from
Rag/WT and Rag/MKR mice

(A) Western blot analysis of tumour lysates from MDA-MB-231 tumours
from Rag/WT and Rag/MKR mice immunoblotted for (A) Zeb-1 and beta
actin, (B) vimentin and beta actin. (C) Densitometric quantification of
Zeb-1/beta actin, and (D) vimentin/beta actin. n=7 per group. Graphs
represent mean of each group and error bars indicate SEM. *P value

<0.05 between groups.
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Figure 29 Changes in EMT-related proteins in MDA-MB-231 Tumours

from Rag/WT and Rag/MKR mice.

(A) Western blot analysis of tumour lysates from MDA-MB-231 tumours

from Rag/WT and Rag/MKR mice immunoblotted for

(A) Foxo3a,

MMP9, c-myc, VEGF and beta actin, (C-E) Densitometric quantification
of (B) Foxo3a/beta actin, (C) MMP9/beta actin, (D)c-myc/beta actin, (E)
VEGF/beta actin. n=7 per group. Graphs represent mean of each group
and error bars indicate SEM. *P value <0.05 between groups.
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Insulin increases the invasion of MDA-MB-231 cells in vitro.

To examine if insulin directly increased the invasion of human triple negative
breast cancer cell lines in vivo, we performed a transwell migration assay. As
described in the Materials and Methods section, 400,000 MDA-MB-231 cells were
seeded in the upper chamber of a transwell plate in serum free DMEM with 0.1%
BSA, with and without supplementation with 10nM insulin in the lower chamber.
An increase in the invasion of MDA-MB-231 cells was observed in response to

insulin (Figure 30).
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Figure 30 Invasion of MDA-MB-231 cells in response to insulin in vitro
Number of cells that invaded through matrigel invasion chamber after
24 hours. Cells were stained with crystal violet and the cell number was
calculated from a standard curve of crystal violet absorbance to cell
number in a 96 well plate. The graph represents a mean of 3 plates per
group, and error bars represent SEM. The assay was performed on two

separate occasions with consistent results.

Overall, these data demonstrate that the tumour xenografts from the human triple
negative breast cancer cell line, MDA-MB-231 grow larger and form more
metastases in hyperinsulinaemic mice. The increase in metastases was
associated with protein expression changes in the primary tumour, including an
increase in vimentin and c-myc protein expression, consistent with our previous
findings of increased vimentin in the NeuNT tumours, as described in Chapter 1,

and the increase in c-myc previously found in our published studies (44).
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Therefore, we next aimed to determine whether insulin directly regulates vimentin
and c-myc expression, and if vimentin is merely a marker of EMT or has a
functional role in mediating breast cancer metastasis in setting of
hyperinsulinaemia.
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Chapter 3. Vimentin in Hyperinsulinaemia-mediated Breast Cancer
Metastasis.

As described in Results Chapters 1 and 2, we found an increase in vimentin
protein expression in the transgenic NeuNT tumours in the MTB/TAN/MKR mice,
and in the MDA-MB-231 tumours of the Rag/MKR mice compared with their
respective controls. However, the immunofluorescent co-staining with anti-
vimentin and anti-Neu antibodies in the MTB/TAN/MKR and MTB/TAN mice
demonstrated that most of the vimentin-positive cells in the tumours did not stain
for Neu, and conversely, the Neu-positive cells did not stain for vimentin. This
raised the possibility that the vimentin-positive cells were tumour invading
fibroblasts, rather than tumour cells that had undergone EMT. We therefore
wished to determine if hyperinsulinaemia led to increased vimentin expression
within the tumour cells, and if silencing vimentin affected tumour metastasis in the

setting of hyperinsulinaemia.

MVT1 Tumours from Hyperinsulinaemic Mice have Increased Vimentin Protein

Expression

For these studies we used the MVT1 breast cancer cell line, this cell line, as
described in the Materials and Methods section was derived from explant culture
from mammary tumours from the MMTV-c-myc/vegf mouse model. The LeRoith
lab has previously found that these tumours grow more rapidly in the
hyperinsulinaemic MKR mice, and develop more numerous pulmonary metastases

after orthotopic or intravenous injection (44).

We first aimed to determine if the MVT1 tumours from the MKR mice expressed
increased vimentin, compared to tumours from WT mice. For this study we used
immunocompetent female MKR mice and at 8 weeks of age mice were injected
with 100,000 MVT1 cells into the 4™ mammary fat pad, as previously described
(46, 115). Consistent with our previous studies, there was a significant increase in
tumour size in MKR mice when compared to the tumours from the WT mice
(Figure 31A) (44). We also observed significant an increase in average number of
pulmonary macrometastasis per mouse in the MKR mice compared to WT mice
(Figure 31B). At the end of the study, the primary tumours from WT and MKR mice
were flash frozen and protein was extracted, and fixed in formalin for paraffin

embedding, processing and subsequent immunofluorescence analysis. We found
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an increase in vimentin protein expression in the MVT1 tumours from the MKR
mice compared with tumours from WT mice by western blot (Figure 31C, D) and

immunofluorescent staining of FFPE tumours (Figure 32A, B).
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Figure 31 MVT1 Tumours have increased growth and metastasis in the
MKR mice, associated with increased vimentin expression.

(A) 100,000 MVT1 tumour cells were injected at Day O into the 4"
mammary fat pad of WT and MKR mice. The tumour was measured
twice weekly thereafter until termination of the study. (B) Pulmonary
macrometastases were greater in the MKR compared to WT mice. (C)
Representative western blot of vimentin expression in the WT and MKR
mice. (D) Densitometric analysis of vimentin / beta actin protein
expression in MVT1 tumours from WT and MKR mice (n=8-11 per
group). Graphs represent the mean of each group and error bars are
SEM. * P value <0.05.
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Figure 32 Vimentin expression in MVT1 Tumours by Immunofluorescent
Staining.

(A) Representative images of MVT1 tumour sections stained with anti-
vimentin primary antibody (Red) and counterstained with DAPI (blue)
(upper panels) and vimentin negative controls (lower panels). (B)
Quantification of vimentin expression in the tumours (n=10 per group). *

P value <0.05. Graphs represent mean per group and error bars are
SEM.

As previously discussed in Chapter 1, tumours may be invaded by tumour
associated fibroblasts that also are vimentin positive. Therefore, we aimed to
determine that it was the tumour cells that expressed vimentin, and had increased
vimentin expression in the MKR mice, rather than infiltrating cells. To do this, we

introduced an EGFP expression vector into the MVT1 cells by lentiviral
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transduction, and after puromycin selection, we injected the EGFP expressing
MVT1 cells into the MKR and WT mice. Tumours were allowed to grow in both WT
and MKR mice, and at the end of the study, tumours were fixed in formalin,
processed embedded in paraffin, and sectioned for immunofluorescence staining
with anti-GFP antibody and anti-vimentin antibody. Immunofluorescence staining
of these sections showed that the GFP positive cells also stained for vimentin,
demonstrating that increase in vimentin in the MVT1 tumours is from increased
expression in the primary tumour cells and not from invading fibroblasts (Figure
33).

Vimentin Vimentin Negative Control

GFP Negative Control

Vimentin + GFP Vimentin + GFP + DAPI

Figure 33 GFP and Vimentin co-Staining of MVT1 Tumours.
Representative images of anti-vimentin (red) and anti-GFP (green)
antibody immunofluorescence staining of MVT1 tumours with respective

negative controls and DAPI (blue) nuclear counterstaining.

Insulin Increases Vimentin Protein Expression in Vitro

To determine whether the increase in vimentin expression was a direct effect of
insulin on the tumour cells, we examined the effect of insulin on vimentin protein
expression in vitro. We plated MVT1 cells to 70% confluency in 10cm plates. The

cells were serum starved overnight and stimulated with 10nM of insulin for 48
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hours. We observed a significant increase in vimentin protein expression following

the insulin stimulation (Figure 34).

A 48h 48h
Vehicle 10nM Ins

Vimentin |G w— — - S - | 07kDa

BActin | W S S — - —( £2/Da
B

Vimentin Protein Expression

*

-
[<2]

—

-
L

Fold Change to Vehicle
[= 2= I = I =]
oM Bhr®»oo b

Vehicle 48h 10nM Ins 48h

Figure 34 Insulin Stimulation Increases Vimentin Protein Expression in
Vivo

(A) Representative western blot demonstrating insulin stimulation
increasing vimentin expression at 48 hours. (B) Densitometric
guantification of vimentin / beta actin on western blot. * P value <0.05
between groups. Graph represents the mean of each group, and error
bars are SEM. n=3 per group per experiment. Experiment was

performed on three occasions with consistent results.

Vimentin Protein Bands Displayed Multiple Different Post-Translational

Modifications and Co-Immunoprecipitated with ATP Synthase.

As we consistently observed two bands of different molecular weights on the
western blots upon immunoblotting with anti-vimentin antibody, and found an
increase in the band of higher molecular weight consistently in our in vivo tumour
studies. We aimed to determine if these bands represented different isoforms of
vimentin, or if there were different post-translational amino acid modifications in

the two vimentin bands, causing an increase in the molecular weight of the protein.
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We therefore immunoprecipitated vimentin from MVT1 cell protein lysate and
analyzed the bands by LC-MS at the Mount Sinai proteomics core facility. As
shown in Figure 35, the vimentin band of higher molecular weight had two
phosphorylation sites at Thr417 and Ser420, not present on the lower band. In
addition, there were multiple asparagine (N) and glutamine (Q) deamidation sites,
histidine (H) and glutamine (Q) oxidation sites, and a single glutamine to
pyroglutamate transformation on the higher molecular weight band, not found on
the lower molecular weight band. In addition, vimentin co-immunoprecipitated with

the ATP synthase alpha and beta subunits.
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Figure 35 Amino acid sequence and modifications of vimentin bands as
determine by LC-MS.

The green highlighted amino acids are the amino acids that were
modified in one or other of the vimentin bands. The red and pink arrows
indicate amino acids that are modified on the top (higher molecular
weight) band and not on the bottom (lower molecular weight) band, and
the blue arrows indicate amino acids that are modified on the bottom
band but not the top band. The numbers on the bottom indicate the
number of the amino acid in the mouse vimentin protein and the
modification is denoted on the top or bottom band, depending on where
it was observed. (Glu ->pyro-Glu indicates a glutamine to pyroglutamate

modification).
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Silencing Vimentin in MVT1 Cells Decreased Cell Invasion But Did Not Alter

Insulin Signaling or Cell Proliferation

To determine if vimentin was a marker of EMT, or had a functional role in insulin-
mediated cell migration, MVT1 cells were transduced with lentiviral plasmid DNA
with non-coding shRNA sequence or vimentin ShRNA sequences, as described in
the Materials and Methods section. After puromycin selection, the cells were
analyzed for the degree of vimentin knockdown by protein and RNA analysis. The
vimentin protein from the non-coding control showed no difference when
compared to the parental (non-transduced) MVT1 cells line (Figure 36). Two
vimentin shRNA sequences led to significant decrease in vimentin protein
expression. We observed a 60% knockdown of vimentin protein expression in
clone Vimentin-317673 and a 77% knockdown of vimentin protein expression in
clone Vimentin-317676 (Figure 36A). Quantitative Real Time PCR analysis
showed a 60% and a 90% decrease in vimentin gene expression in the clones
Vimentin-317673 and Vimentin-317676, respectively (Figure 36B).

As vimentin has been reported to be involved in signal transduction (128, 155), we
next determined if silencing vimentin affected the insulin-signaling pathway. The
MVT1 control and MVTL1 vimentin knockdown cells were plated in 6cm plates,
serum starved overnight and stimulated with 10nM insulin for 15min. Following the
insulin stimulation we observed an increase in AKT (Ser473) and ERK
(Thr202/Tyr204) phosphorylation in both the MVT1 control and MVT1 vimentin
knockdown cells (Figure 36C and D). This indicated that the vimentin knockdown

did not alter the insulin-mediated activation of the PI3K/Akt and MAPK pathways.

The MVT1 control and vimentin knockdown cells were analyzed for proliferation,
migration and invasion. 5,000 MVT1 control and vimentin knockdown cells were
plated in 96-well plates and analyzed for cell proliferation at 24, 48, and 72h.
There was no difference in calculated cell number between the MVT1 control and
MVT1 vimentin knockdown cells at each time point using the CCK8 cell
proliferation assay (Figure 37A). There was no difference in the MVT1 control or
vimentin knockdown migration capacity through an 8um pore (Figure 37B).
Interestingly, we did observe a significant decrease in the invasion capacity of the
MVT1 vimentin knockdown cells compared to the MVT1 control cells in full serum
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(Figure 37C). Stimulation with insulin in serum free conditions led to an increase in
invasion of MVT1 control cells, but did not significantly increase the invasion of

MVT1 vimentin knockdown cells (Figure 37D). Our data demonstrate that vimentin
is important for mediating insulin’s effect on cell invasion, but is not a key mediator

of insulin receptor signal transduction, or cellular proliferation.

Knockdown of vimentin in MVT1 tumours led to a decreased number of pulmonary

metastases in the hyperinsulinaemic MKR mice

In order to study the effects of knocking down vimentin on tumour growth and lung
metastases, WT and MKR mice were split into 4 groups and orthotopically injected
with 100,000 MVT1 control cells (8-10 mice per group) and 100,000 MVT1
vimentin knockdown (Vimentin-317676 clone) cells (10-13 mice per group). The
four groups were the WT-noncoding control, WT-vimentin knockdown, MKR-
noncoding control, and MKR-vimentin knockdown. A significant increase in
primary tumour size was found in the MKR-noncoding control mice compared with
the WT-noncoding control mice (Figure 38). However, no significant difference
was observed between the tumour volume of the vimentin knockdown and

noncoding control tumours in MKR or WT mice (Figure 38A).

We observed a significant increase in average number of surface pulmonary
metastases per mouse from the MVT1 noncoding control tumours in the MKR
group compared to WT group, consistent with our previous studies on non-
transduced MVT1 tumours (Figure 38B). There was a significant decrease in
pulmonary macrometastases in the MKR-vimentin knockdown group compared to
the MKR-noncoding control group (Figure 38B).

Western blot of the protein lysates from the primary tumours of the four groups
revealed an increase in vimentin protein expression in the MKR-noncoding control
group compared to the WT-noncoding control group. We also confirmed that the
primary tumours derived from the MVT1 vimentin knockdown cells, showed a
significant decrease in vimentin protein expression at the end of the in vivo study
(Figure 38C).

To evaluate the importance of vimentin in the extravasation of tumour cells from
the circulation into lungs, we performed tail vein injections on the WT and MKR
mice, again with four groups of mice: WT-noncoding control, WT-vimentin
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knockdown, MKR-noncoding control, and MKR-vimentin knockdown. We observed
a similar, but not statistically significant, decrease in lung macrometastases in the

vimentin knockdown groups, compared to the control groups (Figure 38D).

Overall, these results demonstrate that insulin increases vimentin protein
expression in vitro and in vivo, and that vimentin is an important regulator of
pulmonary metastases in this c-myc / vegf driven breast cancer model in the
setting of hyperinsulinaemia. Interestingly, silencing vimentin led to decreased
pulmonary metastases to a similar extent in both the WT and MKR mice after tail
vein injection, but led to a greater relative reduction in metastases in the MKR
mice after orthotopic tumour cell injection. This suggests that in the setting of
hyperinsulinaemia, the higher vimentin expression, promotes the invasion of the
primary tumour cells and/or migration toward blood vessels, rather than increasing
the extravasation of tumour cells into distant organs. However, the reduction of
metastases in both WT and MKR mice after tail vein injection suggests that
vimentin also plays a role in extravasation into metastatic sites. In the primary
tumours of the MKR mice, an increase in vimentin expression was found in the
tumours with the vimentin knockdown, compared to WT mice. This increase may
be due to hyperinsulinaemia stimulating vimentin expression, even in the presence
of sShRNA gene silencing, due to incomplete silencing. Alternatively, it may be due
to the presence of other vimentin positive cells within the tumours that are more
prevalent in the tumours of the MKR mice. Despite this increase, there were less
pulmonary metastases in the MKR mice with vimentin silencing, implying that an
incomplete reduction of vimentin levels is sufficient to reduce metastases. Future
studies are required to determine the precise mechanisms by which insulin
increases vimentin expression. In addition, further studies should be performed on
different breast cancer cell lines to determine if silencing vimentin leads to
decreased metastases in all cell lines, or only in c-myc driven tumours. In this
study, we did not explore the effect of insulin on the post-translational
modifications of vimentin discovered by LC-MS, or the importance of the
interaction between vimentin and ATP-synthase. These results will be the subject
of further investigation. Finally, pharmacological agents that target vimentin should
be explored in pre-clinical studies to determine the value of reducing vimentin
expression is an important strategy to reduce lung metastases in individuals with

hyperinsulinaemia and breast cancer.
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Figure 36 Silencing vimentin in MVT1 cells did not alter insulin-
mediated activation of Akt and Erk in vitro.

(A.) Lentiviral shRNA for vimentin and control non-coding (NC)
sequences was used to generate MVT1 cells with a knockdown of
vimentin protein expression, and control cell lines (A) Western blot
analysis of vimentin expression in MVT1 cell lines after lentiviral
transduction compared to the non-transduced (parental) cell line (upper
panel) and densitometry analysis of protein expression of the parental,
noncoding control, Vimentin 317673 clone, and Vimentin 317676 clone
(lower panel). (B) Real Time PCR gene expression analysis by SyBr
from transduced MVTL1 cell lines. (C) Western blot analysis of cell
lysates from MVT1 non coding and 317676 clone after fifteen minute
stimulation with insulin (10nM Ins) after overnight serum starvation. (D)
Densitometry analysis of western blot of pAKT/AKT and pERK/ERK. *
p<0.05 between the vimentin knockdown (VimKD) cells and the
noncoding shRNA transduced control (NC) cells (B) or between the
insulin stimulated group and their respective unstimulated control (D)

Graphs represent mean per group and error bars are SEM.
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Figure 37 Proliferation, migration and invasion assays in MVT1 cells
with vimentin knockdown.

(A) CCK-8 was used to assess cell proliferation in MVT1 non-coding
control (NC) and MVT1 vimentin knockdown (VimKD) cells. 5,000
cells were plated and analyzed for cell proliferation at 24, 48 and 72
hours. (B) 150,000 MVT1 NC and MVT1 VimKD cells were plated in
0.8um inserts. The number of cells that migrated through the insert
after 24 hours was quantified by crystal violet staining. (C) 400,000
MVT1 NC and MVT1 VimKD cells were plated into 0.8um inserts
coated with matrigel in DMEM with 10% FPS and 1% penicillin
streptomycin, or (D) in serum free medium stimulated with PBS+0.1%
BSA (vehicle) or 10nM insulin. The number of cells that invaded
through the matrigel-coated insert after 48 hours was quantified by
crystal violet staining. Graphs represent the mean of each group,
error bars are SEM. *P value <0.05 between groups. Each

experiment was performed 2-3 times with consistent results.
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Figure 38 Vimentin knockdown reduced pulmonary metastases in
the MKR mice

Wild type (10 per group) and MKR (13 per group) mice were
injected with 100,000 of MVT1 noncoding control (NC) and 100,000

of MVT1 vimentin KD (VimKD) into the 4thmammary fat pad. (A)
Tumour volumes were measured with calipers. Significant
difference between the tumour sizes of MKR-NC and WT-NC group
was observed. (B) Numbers of surface pulmonary
macrometastases in WT and MKR mice. (C) Tumour tissue was
extracted and analyzed for Western Blot for vimentin antibody.
Representative blot is shown. Densitometry of vimentin/beta actin
of representative blot n=3 WT-NC, n=4 WT-VimKD, n=3 MKR-NC,
and n=4 MKR-VimKD. (D) Number of pulmonary metastases after
intravenous tail vein injection of 10,000 MVT1 cells. Graphs
represent mean per group and error bars are SEM. * P value <0.05.
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Chapter 4. The role of the Insulin Receptor in Mammary Gland Development
and Breast Cancer Growth in the Setting of Hyperinsulinaemia

As discussed in Chapter 1, while we have found that hyperinsulinaemia increases
the growth of many different orthotopic and xenograft tumours, as well as
transgenic tumours in our animal model, we have not demonstrated that the
effects of insulin are directly mediated through the IR, rather than indirectly by
changes in IGFBP’s and bioavailable IGF-1. Therefore, in this Chapter we aimed
to determine some of the in vitro and in vivo effects of silencing the IR on the

growth and characteristics of mammary epithelial cells and cancer cells.

MMTV-Cre mediated deletion of the IR leads to decreased side-branching of the

mammary epithelium in WT and MKR mice.

The LeRoith lab had previously described that the MKR mice had increased
terminal end bud formation and increased branching of the mammary epithelium,
when compared to WT mice. This was associated with an increase in IR mMRNA
expression (115). The role of the IR in mammary gland development has not been
previously explored because whole body knockout of the IR in mice is fatal shortly
after birth (83). One recent mouse study using a Blg-Cre to delete the IR in mouse
mammary epithelial cells demonstrated that the IR is important for lactation (114).
We generated the MMTV-Cre+/+ IRL/- and MMTV-Cre-/- IRLL mice as described
in the Materials and Methods section and Figure 17. In order to identify mice with a
single floxed allele and a null allele (indicating Cre-mediated recombination of the
IR), we analyzed tail DNA and selected MMTV-Cre positive mice with one floxed
and one null allele as study mice, and used MMTV-Cre negative IRLL mice as

controls.

To validate the IR deletion in the mammary epithelial cells, we digested the
mammary glands from 8-12 week old MMTV-Cre+/+ IRL/- and MMTV-Cre-/- IRLL,
and separated the mammary epithelial cells from the adipose tissue and
fibroblasts by serial centrifugation. DNA and protein were isolated from the
mammary epithelial cells to confirm Cre-mediated IR loxP recombination (Figure
39A), and a loss or the IR protein expression in the mammary epithelial cells
(Figure 39B). In addition immunohistochemistry staining for IR was performed on
FFPE mammary glands from the MMTV-Cre-/- IR" and MMTV-Cre+/+ IR" mice
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(Figure 39C). In MMTV-Cre+/+ IRL/- mice, a decrease in IR protein was found on

both western blotting and IHC staining, compared to control mice (Figure 39C).
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Figure 39 IR expression in the mammary epithelial cells of MMTV Cre IR
floxed mice.

(A) DNA was isolated from the mammary epithelial cells of MMTV Cre
negative (Cre-) IR heterozygous WT/Loxp, homoxygous IRLL, and
MMTV Cre+/- (Cre+) IR Loxp/null (L/-) mice, subjected to PCR using
the primers in Table 1, and run on an agarose gel. The LoxP band is
334bp, the WT band is 300bp and the Null band is 284bp. (B) Western
blot of mammary epithelial cells immunoblotted for IRB, E-cadherin (a
marker of epithelial cells) and cytokeratin 8 (CK8). (C)
Immunohistochemistry staining for IRB in the mammary epithelial cells
from control (MMTV-Cre-/- IRLL) and mammary epithelial cell specific
knockout (MMTV-Cre+/+ IRL/-) mice. Pictures were taken at 40X
magnification, and cropped to display comparable representative

transverse sections of similar ducts.
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Whole mount analysis was performed on 12 week old female MMTV-Cre-/- IR"™,
MMTV-Cre+/+ IR" and MKR/MMTV-Cre-/- IR and MKR/MMTV-Cre+/+ IR"" mice
48 hours after estradiol and progesterone injection and revealed that MMTV-
Cre+/+ IR" and MKR/ MMTV-Cre+/+ IR" mice had decreased side branching,
compared to their respective MMTV-Cre-/- controls (Figure 39A). IR knockout in
the mammary epithelial cells of the MKR mice, partially reversed the
hyperbranching mammary epithelial phenotype. As the progesterone receptor
(PR) is important for mammary epithelial side branching (9), and as cross talk
between IGF and PR signaling pathways have previously been described (35), we
hypothesized that the decrease in mammary gland side branching was due to
decreased PR expression in the mice with MMTV-Cre mediated IR deletion.
However, immunofluorescence analysis of PR expression in the MMTV-Cre-/-
IR"™ MMTV-Cre+/+ IR" mice revealed no difference in PR expression between
the mice (Figure 39B upper panels). Similarly, no changes were observed in the
expression of cytokeratin 8 (CK8), a marker of luminal epithelial cells, or
cytokeratin 5 (CK5), a marker of myoepithelial cells in the MMTV-Cre-/- IR",
MMTV-Cre+/+ IR" mice (Figure 39B lower panels). These data indicate that the
IR is important for excess mammary epithelial side branching of the MKR mice, as
the increased branching is partially reversed in the IR knockout mice. However the
reduction in side branching is not mediated by a reduction in PR expression.
Further, loss of the IR does not disrupt the luminal or myoepithelial cells in the

normal mammary epithelial ducts.
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Figure 40 Whole mount and immunofluorescence analysis of the
mammary epithelial cells of the MMTV Cre IR floxed mice.

(A) Whole mount analysis of the 4™ mammary gland of MKR negative
and positive mice with normal IR expression and with IR knocked out in
the mammary epithelial cells. Photographs were taken at 2.5X
magnification. (B) Immunoflourescence staining of progesterone
receptor (red) and cytokeratin 8 (green) upper panels, and of
cytokeratin 8 (green) and cytokeratin 5 (red) lower panels, both with
nuclear DAPI (blue) counterstain. Pictures were taken at 40X
magnification, and cropped to display comparable representative

transverse sections of similar ducts.
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Silencing the IR attenuates the growth of human triple negative LCC6 breast

cancer xenografts in the hyperinsulinaemic Rag/MKR mice.

We examined the effect of hyperinsulinaemia and silencing the IR on the growth of
a human triple negative breast cancer xenograft model, derived from the LCC6
cells. We injected 5 x 10° LCC6 cells with normal IR expression (transduced with
lentiviral particles with noncoding shRNA) and shRNA mediated IR knockdown
into the 4™ mammary fat pad of the Rag/WT and Rag/MKR mice. Similar to our
findings in the MDA-MB-231 (as described in Results Chapter 2), we found a
significant increase in the growth of the LCC6 tumours carrying the noncoding
shRNA (NC) in the Rag/MKR mice, compared to Rag/WT mice (Figure 41).
However, tumours derived from the LCC6 IR shRNA (IRKD) in the Rag/MKR mice
were significantly smaller in volume than the LCC6-NC tumours, and were of
similar size to tumours in the Rag/WT mice (Figure 41). At the end of the study
tumour weights were also significantly smaller in the LCC6-IRKD xenografts in the

MKR mice, compared to the LCC6-NC xenografts (Figure 41).

Western blot analysis of the tumour lysates revealed a decrease in pAkt signaling
in the LCC6 IR-KD xenografts from both Rag/WT and Rag/MKR mice, compared
to their respective LCC6-NC controls (Figure 42A, Figure 42B). No decrease in
Erk1/2 phosphorylation was seen in the LCC6-IRKD tumours, but an increase in
total Erk1/2 was observed in the LCC6-IRKD tumours in both Rag/WT and
Rag/MKR mice. Decreased protein expression of c-myc and vimentin were
observed in the LCC6-IRKD tumours compared to the LCC6-NC tumours (Figure
42). Therefore, silencing the IR in human triple negative breast cancer xenografts
leads to reduced tumour growth in the hyperinsulinaemic mice and decreased
expression of c-myc and vimentin, that we have previously found to be increased

in a number of breast cancer subtypes in the setting of hyperinsulinaemia.
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Figure 41 LCC6 tumour xenograft volume and weight in cells with
normal and shRNA mediated silencing of the IR

(A) LCC6 tumour volumes after injection of cells on day 0. Rag/WT and
Rag/MKR mice were divided into two groups that received either LCC6
cells transduced with lentiviral particles carrying non-coding shRNA
(NC), or IR targeting shRNA (IRKD). * P value <0.05 between
Rag/MKR-NC and Rag/WT-NC, # P value <0.05 between Rag/MKR-NC
and Rag/MKR-IRKD, & P <0.05 between Rag/WT-NC and Rag/WT-
IRKD. (B) Tumour xenograft weights at euthanasia. *P value <0.05
between the groups as indicated with the horizontal bars. Graphs

represent the mean of each group and error bars are SEM. n=10 per

group.
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Figure 42 Protein expression in LCC6 xenografts with normal and
reduced IR expression.

(A) Representative western blot analysis of protein lysates from LCC6
tumours from Rag/WT and Rag/MKR mice immunoblotted for pAkt
(Serd73), total Akt, pErk1/2(Thr202/Tyr204), total Erk1/2, vimentin, c-
myc and beta actin. (B-E) Densitometric analysis of pAkt / total Akt, total
Erk1/2 / beta actin, c-myc / beta actin, vimentin / beta actin. Graphs
represent mean of each group, error bars are SEM, *P value <0.05

between groups as indicated (n=10 per group).

In the LCC6 cells in 2D culture, silencing the IR did not lead to a reductions in
vimentin or c-myc protein expression in full medium (DMEM with 10% FBS) or in
serum free conditions (DMEM+0.1% BSA) for 24 hours. This apparent

discrepancy is likely a reflection of the known differences in gene expression that
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exist between monolayer culture of cells, and tumour xenografts where an
increase in the expression of certain proteins including vimentin and c-myc may
occur (70).

Silencing the IR in MCF-7 Cells leads to decreased c-myc expression in vitro and

decreased proliferation.

We then examined if silencing the IR would alter the expression of c-myc in a
breast cancer cell line known to express high levels of c-myc. For these studies we
used the human ERa-positive MCF-7 breast cancer cell line, as it has previously
been shown to express high levels of c-myc protein compared to other human
breast cancer cell lines (94). We silenced the IR in the MCF-7 cells using lentiviral
mediated transduction of shRNA, and transduced a non-coding (Scr) sequence as
a control cell line. We found that silencing the IR led to a reduction in c-myc
expression in MCF-7 cells (Figure 43A, B), and this decrease in c-myc was
associated with a decrease in cell proliferation (Figure 43C).

These data show that the IR plays an important role in normal development of the
murine mammary gland, and in xenograft formation from human LCC6 breast
cancer cells in the hyperinsulinaemic mice. Silencing the IR leads to decreased
cell proliferation in vitro and decreased expression of c-myc and vimentin.
Interestingly, in each of the models silencing or knocking out the IR led to changes
in both the control and hyperinsulinaemic mice, suggesting that the IR plays an
important role in mammary gland development and tumor growth in the setting of
normal circulating insulin levels. In fact, the changes in WT and hyperinsulinaemic
mice were similar in the setting of IR silencing, suggesting that in addition to
signaling through the IR, hyperinsulinaemia may alter mammary gland

development and tumor growth through indirect mechanisms.
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Figure 43 Silencing the IR led to decreased c-myc expression in the
MCF7 cells.

(A) Western blot of protein lysates from MCF7 cells transduced with a
non-coding shRNA (control) or IR targeted shRNA (IR shRNA)
immunoblotted with antibodies to total IRB, pAkt(Ser473), total Akt, c-
myc and beta actin. (B) Densitometric analysis of c-myc/beta actin
expression in control cells transduced with non-coding shRNA (MCF7-
Scr) and those transduced with IR targeting shRNA (IRKD). (D) 72 hour
proliferation assay demonstrating the number of cells as a percent of
the control cells. These graphs represent the mean and error bars are
SEM. n=3 per group. Each study was performed in triplicate, with

consistent results.
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Chapter 5. The effects of insulin analogues on breast cancer progression in
an animal model

Having found that the insulin receptor plays an important role in breast cancer
xenograft growth in vivo, we next aimed to explore if stimulating the insulin
receptor by administering insulin analogues would promote tumour growth in the
MKR mice. We used the MKR mice for these studies because of their insulin
resistance and tolerance to high dose insulin injections.

Human insulin and AspB10 lead to IR phosphorylation, while IGF-1 led to IGF-1R /

hybrid receptor activation in vitro

We first aimed to determine if differences in IR and IGF-1R phosphorylation could
be found in vitro in the MVT1 and Metl cell lines after stimulation with recombinant
human insulin, the mitogenic analogue AspB10 and rhIGF-1. MVT1 and Met1 cells
were stimulated with PBS, or 10nM of insulin, AspB10 or IGF-1 for 10 minutes
(Figure 44). Western blot analysis using the primary pIGF-

1 RB(TY138/1136) 1| RR(VILSULISL) ntibody suggested that insulin and AspB10
stimulation led to IRB phosphorylation, observed as a distinct band on the
membrane at 95kDa (78). IGF-1 stimulation led to phosphorylation of the IGF-1Rf
at 97kDa, as well as the IRB at 95kDa (78). These findings suggested that in both
MVT1 and Metl cells, IGF-1 mediated phosphorylation of the IGF-1R and the
IRB, and probably the IR/IGF-1R hybrids. To confirm the western blot findings, we
performed immunoprecipitation of the IRB and IGF-1R( from the Met1 cell lysates.
We found that insulin and AspB10 were indeed phosphorylating the IR[3, but not
the IGF-1R[ (Figure 44E, H), while IGF-1 stimulation led to phosphorylation of the
IGF-1RpB and probable IGF-1R/IR hybrids (Figure 44E, H). Importantly, we noted
that AspB10 stimulation led to greater IRB phosphorylation than insulin in Metl
cells (Figure 44D). These results show that it is possible to distinguish differences
in IRB and IGF-1RB phosphorylation in response to insulin, IGF-1 and AspB10 by
western blot as confirmed by immunoprecipitation in Metl and MVTL1 cell lines in

vitro.
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Figure 44 Insulin and AspB10 led to IR phosphorylation but not IGF-1R

phosphorylation in vitro.

MVT1 and Metl cells were stimulated with 10nM of insulin (Ins) the
insulin analogue AspB10, rhiIGF-1 (IGF-1) or PBS. Western blot of
protein lysates and densitometry from MVT1 (A, C) and Metl cells (B,
D) demonstrated that insulin and AspB10 led to phosphorylation of
IRB(Y" 13UL13D) ot 95kDa, while IGF-1 stimulation led to phosphorylation
of IGF-1RB™" 11351130) at 97kDa and IRB™" 1°U11%D at 95kDa (A, B).
Immunoprecipitation of IRB in Metl cell lysates after in vitro stimulation
with PBS, 10nM of insulin (Ins), IGF-1 or AspB10 confirmed that insulin
and AspB10 caused phosphorylation of IRB(M" 1159115 " \while IGF-1 led
to phosphorylation of IGF-1Rp(™" 11351136) gng |RR(MYF 115015L) (B F), with
densitometry (G, H). Representative blots are shown. All experiments
were performed 2-3 times. Bar graphs display means and SEM. *PBS
group lower than all other groups, p<0.05; # IGF-1 group higher than all
other groups, p<0.05; & AspB10 group higher than insulin group,
p<0.05; ® IGF-1 group higher than insulin group, p<0.05; ¥ human
insulin greater than PBS, p<0.05; 1 AspB10 greater than PBS, p<0.05;
T IGF-1 group greater than PBS, p=0.05.
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Endogenous hyperinsulinaemia leads to phosphorylation of the IR in vivo, and
exogenous rhiGF-1 increase the growth of Metl and MVT1 tumours with IR/IGF-
1R phosphorylation

We next aimed to determine whether endogenous hyperinsulinaemia stimulated
Metl and MVT1 tumour growth by acting directly on the IR in vivo, or by indirect
mechanisms, namely through phosphorylation of the IGF-1RB. To assess the
effect of endogenous hyperinsulinaemia on tumour growth and receptor
phosphorylation, compared to rhIGF-1 in vivo, we studied Metl and MVT1
tumours from WT mice and MKR mice treated with rhIGF-1 or vehicle. WT and
MKR mice were orthotopically injected with 100,000 MVT1 or 250,000 Metl
tumour cells. Consistent with our previous studies, MKR mice developed larger
MVT1 and Metl tumours than WT mice (Figure 45A, B). MVT1 and Metl tumours
were then induced in MKR mice, and when tumours were measurable, the MKR
mice were divided into two groups with equal mean tumour size. From that time,
rhiIGF-1 (1mg/kg twice daily i.p). or vehicle were administered for 2 weeks. Serum
IGF-1 levels were measured two hours after injection at the end of the study and
were 2.6 times higher in the rhIGF-1 treated mice (806+/- 59.05 ng/mL) than
vehicle treated mice (302 £ 8.75 ng/mL), p<0.05 (Figure 45C). rhIGF-1 treated
MKR mice developed significantly larger tumours than the vehicle treated MKR
mice (Figure 45D-E). Repeated studies demonstrated a non-significant increase in
the number of MVT1-derived pulmonary macrometastases in the rhiIGF-1 treated
group compared to the MKR vehicle treated group (Figure 45F). Western blot
analysis of tumour lysates demonstrated that rhIGF-1 treatment led to
phosphorylation the IGF-1Rp at 97kDa and IR at 95kDa, in both Metl and MVT1
tumours (Figure 45F, G). In contrast, tumours from vehicle treated MKR mice had
only IRB phosphorylation at 95kDa (Figure 45G-1). These results suggest that
endogenous hyperinsulinaemia increases mammary tumour growth by directly
acting on the IR of the tumours and not by indirectly activating the IGF-1R. IGF-1
in contrast leads to phosphorylation of the IGF-1RB and IRB, most likely through
IGF-1R/IR hybrid receptors.
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Figure 45 IGF-1 increased orthotopic MVT1 and Metl tumour growth in
the hyperinsulinaemic MKR mice by increasing IGF-1R
phosphorylation.

(A, B) WT and MKR mice were injected with tumour cells on Day 0.
MKR mice developed larger MVT1 and Metl tumours than WT mice.
(D, E) MVT1 and Metl tumour cells were orthotopically injected into
MKR mice, mice were divided into 2 groups with equal mean tumour
size and mice were administered either rhiIGF-1, or vehicle (vertical
arrow indicates when treatment began). Administration of rhIGF-1 led to
a further stimulation in tumour growth, over endogenous
hyperinsulinaemia (D, E). (C) Serum IGF-1 concentration in the rhIGF-1
treatment group was 2.6 times the control group. (F) Mean number of
pulmonary macrometastases. (G-J) Western blot analysis of tumour
lysates demonstrated that MKR mice show IRB phosphorylation at
95kDa, rhiIGF-1 treatment led to increased IGF-1Rp and IRB or hybrid
receptor phosphorylation in MVT1 and Metl tumours. Representative
images from three repeated experiments of tumour volume and western
blots are displayed. The graphs represent the average for each group;
error bars indicate SEM. * indicates statistically significant differences

(P<0.05) between the groups. n=8-11 mice per group.
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Chronic administration of the insulin analogue AspB10 increased Metl and MVTL1
tumour growth

Our in vitro studies had shown that AspB10 increased IR phosphorylation in both
Metl and MVT1 cells, without increasing IGF-1R[3 phosphorylation (Figure 44).
Therefore, to investigate whether IR activation could truly increase tumour growth
independent of IGF-1R activation, we used the insulin analogue AspB10 to
chronically activate the IR of the tumours in vivo. After orthotopic injection with
MVT1 or Metl tumour cells, mice were treated with AspB10 (12.5 1U/kg twice daily
sc) or vehicle for approximately 2 weeks after the tumours became measurable.
AspB10 treatment led to a significant increase in the size of both MVT1 and Metl
tumours (Figure 46A, B). The increased average number of surface pulmonary
macrometastases in the AspB10 treated group did not reach statistical significance
(Figure 46C). AspB10 treatment significantly increased plasma insulin
concentrations to 70.2 £21.2ug/L, compared to vehicle treated mice
(1.08+£0.3pg/L), p<0.05, when measured two hours after insulin or vehicle
injection. An insulin tolerance test revealed that AspB10 (12.5 units / kg sc) led to
a reduction in blood glucose similar to human insulin from 30 minutes to four hours
after injection that reached a nadir (43.91£6.1% baseline) two hours after injection
(Figure 46D). No differences in body weight was observed between the AspB10
and vehicle treated group before or after two weeks of treatment (Figure 46E).
Although overall body weight was not different between the treatment groups, both
vehicle and AspB10 treated mice showed a relative loss of lean mass and a
relative gain in fat mass; however, the change in lean and fat mass did not differ
between vehicle and AspB10 treated groups (Figure 46F-G).

Endogenous hyperinsulinaemia and AspB10 increased mammary tumour growth
by directly activating the IR, but not the IGF-1R

To ascertain whether AspB10 stimulated tumour growth in vivo by acting directly
on the IR, we examined IRB and IGF-1Rp phosphorylation in Met1 and MVT1
tumours after 2 weeks of AspB10 or vehicle treatment. Western blot analysis of
the tumour lysates revealed that AspB10 treatment led to phosphorylation of the
IRB, but not the IGF-1Rp in both MVT1 and Metl tumours (Figure 47A-D). To
confirm these findings, the tumour lysates of MVT1 and Metl tumours from WT
mice, vehicle treated MKR mice, IGF-1 treated MKR mice and AspB10 treated
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MKR mice were subjected to immunoprecipitation of the IRp and the IGF-1Rj, and
immunoblotted for the phosphorylated IGF-1Rp/IRB. Tumours from vehicle treated
MKR mice demonstrated 1.38+0.17 fold increase in phosphorylation of the IR
compared to tumours from WT mice (Figure 47E), but no increase in IGF-1Rf3
phosphorylation was seen in the vehicle treated MKR mice (Figure 47F). Similarly,
AspB10 treatment led to 1.81+0.17 fold increased phosphorylation of the IR3
compared to WT mice, as demonstrated by immunoprecipitation (Figure 47E), but
not the IGF-1RB (Figure 47F). In contrast, rhIGF-1 administration led to
phosphorylation of both the IGF-1RB and IRB (Figure 47E, F). Taken together,
these data demonstrate that endogenous hyperinsulinaemia directly increases
tumour growth by acting on the IR of the tumours, but not the IGF-1R and that
stimulating the IR, independently of the IGF-1R, further exacerbates tumour
growth.

AspB10-induced IR phosphorylation and rhIGF-1-induced IGF-1R / hybrid receptor
phosphorylation led to increased Akt phosphorylation in tumours

In order to examine whether differences in receptor activation in vivo led to
differences in downstream signaling, we examined Akt and Erk1/2 phosphorylation
in the two tumour types from mice treated with AspB10 or IGF-1. Despite the
differences in receptor phosphorylation resulting from AspB10 and rhIGF-1
administration, increased Akt phosphorylation was observed in MVT1 tumours
after treatment with both AspB10 and rhIGF-1 (Figure 48A-D), although a greater
fold change was observed in the rhIGF-1 treated group. In Metl tumours, a 2.5
fold increase in Akt phosphorylation after rhiIGF-1 treatment, p<0.05 and a 15%
increase was observed after AspB10 treatment that did not reach statistical
significance. No increase in Erk1/2 phosphorylation was found in MVT1 or Metl
tumours after either rhiIGF-1 or AspB10 treatment (Figure 48A, B). These results
show that in tumours with certain oncogenes, despite differences in IR and IGF-1R
activation, both rhiIGF-1 and AspB10 led to activation of the Akt signaling, rather
than MAPK.
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Figure 46 Chronic activation of the IR by the insulin analogue AspB10,
increased orthotopic Metl and MVT1 tumour growth.

(A, B) MKR mice were injected with MVT1 or Metl tumour cells on Day
0. Treatment was started with AspB10 (12.5 IU/kg twice daily sc) or
vehicle, indicated by vertical arrow. AspB10 led to increased growth of
both  MVT1 and Metl tumours. (C) The number of pulmonary
macrometastases showed a non-significant increase in the AspB10
treated group. An insulin tolerance was performed with AspB10 (12.5
IU/kg sc), regular human insulin (12.5 IU/kg sc) and PBS (vehicle).
Blood glucose was measured at time 0.5, 1, 2, 4, 7 and 10 hours after
injection. # p value <0.05 between PBS and AspB10 and human insulin
groups, & p value<0.05 between PBS and AspB10 treated groups. n=4
per group. # PBS group significantly greater than other groups, p<0.05;
& PBS significantly higher than AspB10 group, p<0.05. (F-H) No
change in body weight, or difference in relative lean or fat mass was
observed after 2 weeks of AspB10 administration. Graphs are
representative of two studies. All graphs show the mean for each group
and error bars represent the SEM. *p value < 0.05 between groups.

n=9-11 mice per group.
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Figure 47 Endogenous hyperinsulinaemia and AspB10 treatment led to

increased IR phosphorylation in MVT1 and Metl tumours.

(A, B) Representative western blot analysis and (C, D) densitometry of
MT1 and Metl tumour lysates revealed that chronic AspB10 treatment
led to increased IRB phosphorylation at 95kDa. (E) Immunoprecipitation
of the IRB and (F) IGF-1R was performed on MVT1 and Metl tumour
protein lysates. They were immunoblotted for the phosphorylated IGF-
1RB/ IRB. Endogenous hyperinsulinaemia (MKR V) and chronic AspB10
administration (MKR AspB10) led to increased IR phosphorylation (E).
rhiGF-1 administration led to increased IGF-1RB and IRB
phosphorylation (F). Graphs are representative of two studies. All
graphs show the mean for each group and error bars represent the

SEM. *P value < 0.05 between groups. n=9-11 mice per group.
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Figure 48 Chronic administration of IGF-1 and AspB10 led to increased
phosphorylation of Akt, but no change in Erk1/2 phosphorylation.

(A-D) Western blot analysis and densitometry of MVT1 tumour lysates

at the end of the treatment periods with (B) rhIGF-1 and (A) AspB10
revealed that rhiIGF-1 and AspB10 treatment let to increased Akt
phosphorylation and no change in Erk1/2 phosphorylation. Graphs are
representative of two studies for AspB10 treatment and three studies for
rhiIGF-1 treatment. All graphs show the mean for each group and error
bars represent the SEM. *P value < 0.05 between groups. n=9-11 mice

per group.

No increase in primary MVT1 tumour growth was observed after treatment with

insulin glargine, insulin detemir or insulin degludec

We then proceeded to examine if other insulin analogues in clinical use would
promote tumour growth in this model. We compared the in vivo effects of the long
acting basal insulin analogues insulin glargine, insulin determir and insulin
degludec on breast cancer growth to determine if glargine would increase tumour

growth in this model. AspB10 insulin and rhIGF-1 served as positive controls. Mice
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were injected with 100,000 MVTL1 cells, as described in the Materials and
Methods. When tumours measured 2-3mm in diameter, mice were divided into
groups with equal tumour sizes and treated with 12.5 units / kg twice daily of one
of insulin glargine, insulin detemir, insulin degludec, or the mitogenic insulin
analogue AspB10 (12.5units/kg twice daily), or IGF-1 (1mg/kg twice daily), or
vehicle for 2 weeks. Compared to vehicle treated mice, no increase in MVT1
tumour growth was seen with insulin glargine, insulin detemir or insulin degludec.
However, both AspB10 and IGF-1 administration stimulated MVT1 tumour growth
to a similar extent, more than vehicle treatment with significantly larger volumes
and greater weight at the end of the study (Figure 49A, B). Three separate
tumours studies were performed in the MKR mice, using insulin glargine, insulin
detemir and insulin degludec. None of the studies found any increase in MVT1
tumour growth over vehicle or human insulin, and no difference in tumour growth

was found between the three analogues.

Chronic administration of insulin glargine led to phosphorylation of the insulin

receptor in tumours in the MKR mice.

Previous in vitro studies have reported that insulin glargine has greater affinity for
the IGF-1R than human insulin, and may mediate mitogenic effects in tumours that
express the IGF-1R. MVT1 cells and tumours express both the IR and IGF-1R.
After two weeks of treatment, mice were dissected one hour after the last insulin
analogue, vehicle or IGF-1 injection, and tumours were flash frozen in liquid
nitrogen for subsequent protein isolation. Protein lysates were analyzed by
western blot (Figure 50). Consistent with our previous in vivo studies, chronic
rhiIGF-1 administration led to IGF-1R/IR phosphorylation (Figure 50A). In contrast,
AspB10 insulin, insulin glargine, insulin detemir and insulin degludec all led to IR
phosphorylation. Greater IR phosphorylation was observed in tumours from the
AspB10 treated mice (Figure 50B), compared to the other insulin analogues. This
finding is consistent with previous studies that report the mitogenic effects of

AspB10 are mediated by sustained IR phosphorylation (64).
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Figure 49 The effect of insulin analogues on MVT1 tumour growth
(A) No increase in tumour growth was observed over vehicle in MKR
mice treated with insulin glargine, insulin detemir, or insulin degludec,
while AspB10 and IGF-1 significantly increased tumour volume.
100,000 MVT1 cells were injected into the 4™ mammary fat pad of MKR
mice at day 0. Tumours were measured, and insulin injections were
begun when tumours measured 2-3mm in diameter. Injections began as
indicated by the vertical arrow. Injections continued until the largest
tumour volumes reached 10mm in diameter. (B) Tumour weights were
measured at the end of the study. The graphs represents the mean of
each group and error bars represent the SEM. * Indicates a statistically
significant difference between the volume of the AspB10 and the
vehicle group (p<0.05). # Indicates a statistically significant difference
between the IGF-1 treated group and the vehicle treated group
(p<0.01). n=9-12 mice per group.
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Figure 50 Western blot analysis revealed that all of the insulin
analogues led to IR phosphorylation.

AspB10 led to significantly greater IR phosphorylation than the other
analogues, while IGF-1 led to IGF-1R/IR phosphorylation. (A)
Representative western blot of MVT1 tumour lysates from MKR mice
treated with vehicle (Veh), AspB10 insulin (AB10), insulin degludec
(Degl), insulin detemir (Det), insulin glargine (Gla) all at 12.5units/kg
twice daily, and IGF1 (IGF1) 1mg/kg twice daily. (B) Densitometric
analysis of western blots of receptor phosphorylation corrected to total
IRB expression in the tumours is expressed relative to vehicle treated
mice, n=12 per group. * indicates P value<0.05, ** indicates P<0.01, #
p<0.05, ##p<0.01 between groups as indicated. No statistically
significant differences in receptor phosphorylation were found between

insulin degludec, insulin detemir, or insulin glargine. n=9-12 mice per

group.
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Treatment with (A21Gly,DiD-Arg) insulin did not increase MVT1 tumour growth

compared to insulin glargine or vehicle.

Human studies in individuals with Type 2 diabetes have found that insulin glargine
is rapidly metabolized by peptidases that cleave the carboxy terminal arginines of
the B chain, yielding M1 and M2 metabolites (99). In vitro studies using human
plasma and in vivo studies have found that there is inter-individual variability in the
rate of conversion from glargine to the M1 metabolite (2, 99). Therefore, some
individuals may have higher exposure to the parent glargine compound than
others, particularly at high doses. It has been hypothesized that exposure to the
parent compound may lead to mitogenic effects by IGF-1R activation in tumours
expressing high levels of IGF-1R. As described in the Materials and Methods, a
non-metabolizable form of insulin glargine was generated by replacing the L-
arginine residues at position 31 and 32 on the B chain of insulin with D-arginine
residues (A21Gly, DID-Arg) (147). The differences in amino acid sequence
between human insulin, insulin glargine, the M1 metabolite of glargine and
A21Gly, DiD-Arg are shown in Figure 13.

To examine the biological activity of A21Gly, DiD-Arg on glucose lowering
compared to insulin glargine, an insulin tolerance test was performed in wild type
FVB/n mice (Figure 51A). An insulin tolerance test was performed using human
insulin, insulin glargine and A21Gly, DiD-Arg using 1unit / kg. Glucose levels
declined to 29.3+5.4% of baseline in the human insulin treated group, 36.3+6.2%
in the glargine treated group, and to 50.6+7.7% in the A21Gly,DiD-Arg treated
group at 60 minutes, with no statistically significant difference between the three
groups at any time point (Figure 51A). To determine the concentrations of parent
glargine and its M1 metabolite rats were subcutaneously injected with each 12.5
U/kg insulin glargine or A21, DiD-Arg the plasma levels of glargine parent
compound and glargine metabolites M1 and M2 were measured by LC/MS 60
minutes after subcutaneous injection. After this time period there is only 7% of
glargine parent compound left while 91% is converted to M1 (= A21Gly human
insulin) with insulin glargine. In contrast after injection of A21, DiD-Arg almost all
circulating insulin consists of the DiD-Arg glargine parent compound while no M1
is detectable in plasma. With both treatments only minor concentrations (3% and
1%) of the second metabolite M2 (=A21Gly,des-B30 human insulin) were

detectable (Figure 51B).
113



To determine if this non-metabolizable form of insulin glargine would lead to
mitogenic effects in vivo, MKR mice were orthotopically injected with MVT1 cells
and divided into three treatment groups once tumours became 2-3mm in size.
Mice were then treated with vehicle, insulin glargine or A21Gly, DiD-Arg for 2
weeks. Consistent with our previous studies, no difference in the growth of MVT1
tumours was found between vehicle and insulin glargine treated mice (Figure
52A). Furthermore, A21Gly, DiD-Arg treatment did not increase tumour MVT1
tumour growth in the MKR mice (Figure 52A). This experiment was repeated and
compared to human insulin. No increase in MVT1 tumour growth was found with
either analogue above that of human insulin. Western blot analysis revealed that
insulin glargine and A21Gly, DiD-Arg both led to IR phosphorylation in tumours,
rather than IGF-1R phosphorylation (Figure 52B). These results demonstrate that
in vivo, a non-metabolizable form of insulin glargine, A21Gly, DiD-Arg does not
promote tumour growth and does not lead to IGF-1R phosphorylation in murine
breast tumours that express both the IR and IGF-1R.
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Figure 51 Insulin tolerance and metabolism with insulin glargine and
A21Gly,DiD-Arg

(A) An insulin tolerance test was performed in wild type FVB/n mice
using 1 unit / kg of each of the insulin analogues, as indicated. No
statistically significant difference was found in the percent reduction in
capillary glucose measurements between the groups. (B) The
metabolites of insulin glargine found in mice 60 minutes after injection

of insulin glargine and A21Gly, DiD-Arg insulin 12.5units/kg.
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Figure 52 MVT1 Tumour growth in response to A21Gly, DiD-Arg

(A) No increase in MVT1 tumour volume was found after treatment with
insulin glargine or A21Gly, DiD-Arg compared to vehicle treatment. (n=8
per group). The arrow indicates the time when insulin injections were
started. 12.5units / kg of insulin glargine and A21Gly, DiD-Arg or vehicle
were administered twice daily. (B) Representative western blot and (C)
densitometry compared IR/IGF-1RB phosphorylation of MVT1 tumours
derived from MKR mice after chronic treatment with AspB10 (AB10),
insulin glargine (Glargine), A21Gly, DiD-Arg (A21G, DiD-R) or human
insulin (HI) 12.5 units /kg twice daily. All analogues were found to lead
to IR rather than IGF-1RB phosphorylation. * P value <0.01 between
AspB10 and other groups. No difference in IR/IGF-1R phosphorylation
was found between insulin glargine, A21Gly, DiD-Arg or human insulin

(n=8 per group).
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The results of these studies do show that IGF-1 can drive primary MVT1 tumour
growth in the setting of endogenous hyperinsulinaemia, by activating the IR and
IGF-1R. AspB10, the mitogenic insulin analogue also leads to significant increase
in tumour growth, but mediates its effects through the IR. None of the other insulin
analogues increased tumour growth over endogenous hyperinsulinaemia in the
MKR mice. These analogues caused significantly less IR phosphorylation in the
MVT1 tumours than AspB10 an hour after injection, consistent with previous in
vitro studies that have attributed the mitogenic effects of AspB10 to prolonged
activation of the IR (37). In addition, in this in vivo model, neither glargine nor the
non-metabolizable form of glargine activated the IGF-1R, or promoted tumour
growth, demonstrating the limitations of in vitro assessments of the mitogenic

potential of insulin analogues.
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Chapter 6. Human Breast Cancer, Hyperinsulinaemia and IR Splicing.

Is hyperinsulinaemia associated with a worse prognosis in breast cancer?

The results presented for this study are preliminary data on a study that will
continue over the next two years. The characteristics of the first 101 recruited
patients are shown in Table 2. White and Black women recruited were of similar
age at presentation. The Black women had a tendency to have more triple
negative tumours, but the numbers were small in these groups (n=6 in White
population and n=3 in Black population). Despite the small numbers, a significantly
larger number of Black women were obese and the increase in insulin resistance
approached statistical significance. Although there was a tendency of the Black
women to present with more stage 2 and less stage 1 breast cancers, and to have
a higher NPI, these trends did not reach statistical significance. The recruitment of
patients for this study is ongoing. These patients were the source of the de-
identified FFPE sections from which we isolated and analyzed RNA in the

following sections.

Table 2 Characteristics of Patients

Total White Black (N=17, |P
(N=101) | (N=84, 17%)
83%)
Age, mean (SD) years 59.9 60.0 59.1 (12.6) 0.77
(12.1) (12.1)
Tumour size, mean (SD)cm | 1.46 1.37(0.8) |1.93(1.3) 0.11
(0.95)
Triple negative tumour * 9 (9%) 6 (7%) 3 (19%) 0.14
Obese (BMI230)* 17 (17%) |9 (11%) 8 (47%) 0.002
Waist Circumference Mean 94.1 92.6 100.5 (8.8) 0.01
(SD) cm (11.7) (11.8)
Stage 0.66
I 66 (65%) | 56 (67%) | 10 (59%)
Il 32 (32%) | 25 (30%) | 7 (41%)
11 3 (3%) 3 (4%) 0
Insulin Resistant 10 (10%) | 6 (7%) 4 (24%) 0.06
(HOMA > 2.8)
Poor prognosis 19 (19%) | 15 (18%) |4 (24%) 0.73
(NP1 > 4.4)
Inadequate Screening 14 (15%) | 11 (14%) | 3 (19%) 0.70
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Insulin Receptor Expression in Human Breast Cancers and Breast Cancer Cell

Lines

RNA was isolated from de-identified FFPE breast cancers from this study and
subjected to Nanostring RNA analysis, as described in the Materials and Methods
section. 47 individual patient RNA samples were analyzed using nSolver Analysis
software. Data were normalised to beta actin, RPL19 and RPLPO and to positive
and negative controls. One sample was excluded due to an abnormality in
normalization, and so further analysis was performed on 46 patient samples. The
IR was expressed in all cases. To put into context the level of IR expression in
these cases, we compared IR expression to IGF-1R expression (Figure 53). We
found that in 32.6% of cases the IR expression was greater than the IGF-1R

expression.
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Figure 53 Relative Expression of IR and IGF-1R in Human Breast Cancer
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The IR and IGF-1R expression patterns in individual patient breast
cancer samples from which RNA was isolated. The individual bars
represent the individual cases ranked in order of low to high of IR/IGF-
1R expression ratio, with blue indicating IGF-1R expression and the red
bars indicating IR expression. The y-axis is the total counts per gene as
measured by the Nanostring nCounter. The bars breaking the y axis are
to account for one sample that had 10 fold higher IGF-1R vs IR

expression

IR-A is the dominant IR isoform in all breast cancer cases.

We then examined the IR-A and IR-B isoform expression across the different
cases (Figure 54). In every case the IR-A was the predominant isoform observed
in the cancers, and was detectable in all cases. IR-B had much lower expression
across cases and in some cases was just above the limit of detection. A heatmap
was generated by z-score transformation of genes, and calculated using Euclidean
distance. Samples and genes were then clustered (Figure 55). The strongest
correlation on initial analysis was between IR-A and total IR (correlation coefficient
0.65), which both correlated with IR-B and the splicing factors MBNL1, MBNL2,
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SF3A1 and SRSF3 (Figure 55A). To remove the high correlation cluster between
IR-A and the total IR, we regenerated the heatmap after removal of total IR (Figure
55B). After removal of total IR, IR-B no longer correlated with IR-A, but remained
correlated with MBNL1, MBNL2, SF3A1 and SRSF3, while IR-A clustered with the
IGF-1R and HNFNPAL. Neither IR-A nor IR-B isoforms, nor any of the splicing
factors were correlated with Ki67 expression in the breast cancer specimens.
During the course of this study, further samples will be analyzed for IR isoform and
splicing factor expression, and will be correlated with breast cancer subtypes, race
and prognosis to determine if the differential expression of the different IR isoforms

plays an important role in this regard.
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Figure 54 Insulin Receptor Isoform Expression in Human Breast Cancer
Specimens.

The IR-A and IR-B expression patterns in individual patient breast
cancer samples from which RNA was isolated. The individual bars
represent the individual cases ranked in order of low to high IR-A
expression, with blue indicating IR-A expression and the red bars
indicating IR-B expression. The y-axis is the total counts per gene as

measured by the Nanostring nCounter.
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Figure 55 Heatmap of clustered genes and cases from FFPE breast

cancer samples
Using the nSolver analysis software patient samples (x-axis) and genes (y-axis)
were clustered together. (A) Heatmap of clustered genes and cases including all
genes. The most highly correlated genes were total IR and IR-A (correlation 0.65),
and they clustered with IR-B, and the splicing factors MBNL1, MBNL2, SF3A1,
and SRSF3. (B) Analysis was repeated excluding the total IR to determine if
specific genes clustered with the IR isoforms. IR-B correlated with SRSF3 (0.36)
and clustered with MBNL1, MBNL2 and SF3A1. IR-A correlated with IGF-1R
expression (0.32) and clustered with the splicing factor HNFNPAL. (n=46 cases).
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Insulin Receptor and Isoform Expression in Human Breast Cancer Cell Lines

In order to gain further insights into the role of the IR and these splicing factors in
regulating IR-A and IR-B expression, we then analyzed the expression of the IR
compared to the IGF-1R, and the IR isoforms in a number of human breast cancer
cell lines, all grown in full medium with serum. We found that the non-tumourigenic
MCF-10A cell line, expressed relatively low levels of both IGF-1R and IR, and
expressed both receptors to a similar degree. The ERa positive cell lines (MCF7
and T47D) had higher IGF-1R than IR, while the triple negative breast cancer cell
lines (SUM159, MDA-MB-231 and MDA-MB-468) had relatively more IR than IGF-
1R (Figure 56). While the SUM149 breast cancer cell line is not traditionally
considered to be ERa positive, it has recently been found to express an ERa
variant (116). These data suggest that ERa expression or signaling plays a role in

regulating IR expression.

We next analyzed the IR isoform expression in these human breast cancer cell
lines. Similar to our findings with the human breast cancer cases, we found that
the IR-A isoform was the predominant IR isoform in all breast cancer cell lines,
and the expression of IR-A was lowest in the non-tumourigenic MCF10A epithelial
cell line, and the next lowest ranking cell lines were the ERa positive cell lines
(MCF7 and T47D) (Figure 57). Similar to the human samples, the expression of
the IR-B was variable, in some samples the expression of IR-B was very low,
being just above the lower threshold of detection in many of the cell lines. We
further analyzed the gene expression profiles for clustering of genes and cell lines
(Figure 58A), and found again that total IR correlated highly with IR-A (correlation
coefficient 0.68) and less strongly with IR-B (correlation coefficient 0.54) and these
genes clustered with splicing factors MBNL2 and SRSF3 (correlation coefficient
0.54). We then reanalyzed the data after removing total IR from the analysis and
found that IR-A most closely correlated with SRSF3 expression (correlation
coefficient 0.62) and IR-B correlated with MBNL2 (correlation coefficient 0.57). In
the cell lines Ki67 weakly correlated with IR-A and IR-B expression and the
expression of MBNL2 and SRSF3 (correlation coefficient 0.24).

From these human samples and human breast cancer cell lines it appears that the
IR-A is highly expressed and is the dominant form of the IR in human breast
cancer. The cell line data suggests that the oestrogen receptor may play a role in
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suppressing IR-A expression. We will correlate the RNA data from the FFPE
breast cancer samples with the pathological data to determine if the patient
sample clusters correlate with breast cancer subtype splicing factors consistently
correlated with IR-B expression is MBNL2 and the splicing factor consistently
correlated with IR-A is SRSF3. The role of these splicing factors in breast cancer
has not been well defined. Therefore, in future studies | aim to further understand
the importance of IR-A and IR-B splicing and the expression of these splicing

factors in human breast cancers.
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Figure 56 Insulin Receptor and IGF-1R expression in human breast
cancer cell lines.

RNA expression of IR and IGF-1R in human breast cancer cell lines
assessed by Nanostring and ordered from left to right based on the ratio
of IGF-1R / IR expression. Blue bars represent the IGF-1R, red bars
represent the IR expression. The y-axis is total counts per gene as
measured by the Nanostring nCounter.
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Figure 57 Insulin Receptor A and B expression in human breast cell

IRA

lines.

The RNA expression of IR-A and IR-B in different human breast cell
lines assessed by Nanostring, and ordered from left to right based on
lowest to highest IR-A expression. The blue columns represent IR-A
expression and the red columns are IR-B expression. The y-axis is the

total counts per gene as measured by the Nanostring nCounter.
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Figure 58 Heatmap of clustered genes and human breast cell lines
(A) Heatmap of clustered genes and cases including all genes. The most highly
correlated genes were total IR and IR-A (correlation 0.65), and they clustered with
IR-B, and the splicing factors MBNL1, MBNL2, SF3A1, and SRSF3. (B) Analysis
was repeated excluding the total IR to determine if specific genes clustered with
the IR isoforms. IR-B correlated with SRSF3 (0.36) and clustered with MBNL1,
MBNL2 and SF3AL. IR-A correlated with IGF-1R expression (0.32) and clustered
with the splicing factor HNFNPAL.
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4. Discussion

The results presented in this thesis demonstrate the importance of
hyperinsulinaemia and IR activation in promoting the growth and metastasis of
murine breast cancer orthografts and human breast cancer xenografts. This
increase in growth and metastasis was consistently associated with an increase in
Akt phosphorylation and an increase in c-myc and vimentin expression in different
models. Deleting or reducing expression of the IR led to alterations in mammary
gland development, most notably, a reduction in side branching. Silencing the IR
in human triple negative breast cancers led to a decrease in tumour growth in the
setting of hyperinsulinaemia, with decreased c-myc and vimentin expression in the
xenografts. Silencing the IR in ERa positive human breast cancer cells, led to
decreased proliferation and a decrease in c-myc expression. Conversely,
activating the IR using the mitogenic insulin analogue (AspB10) increased the
growth of orthotopic murine breast cancers. We have extended these studies into
human breast cancers, and found that compared to the IGF-1R, the IR has higher
expression in almost a third of cases. In all cases we found that the IR-A isoform
of the IR is the predominant isoform. Further in the human breast cancer cell lines,
we found that the ERa positive breast cancer cell lines had higher IGF-1R
expression, while the ERa negative breast cancer cell lines had higher IR
expression. These data suggest that endogenous hyperinsulinaemia is capable of

driving breast cancer growth and metastasis.

These results support the epidemiological studies that suggest a causal
relationship between type 2 diabetes and the incidence, recurrence and mortality
from breast cancer. Hyperinsulinaemia has been identified as a specific factor that
may drive breast cancer cell proliferation, but data in human patients which
focuses on how specific subtypes of breast cancer respond to elevated circulating
insulin are limited. In these studies we found that in ERa negative breast cancer
subtypes of murine and human breast cancer, hyperinsulinaemia promoted tumour
growth and metastasis. These data are the first time that this it has been shown in
an animal model that endogenous hyperinsulinaemia significantly affects the rate
of Neu-NT-mediated mammary tumour development as well as the progression of
breast cancer metastasis to the lungs, and human triple negative breast cancer

xenograft growth.
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Previously we have employed the MKR mouse model to demonstrate that PyVmT-
driven mammary gland hyperplasia at 3 and 15 weeks postnatal development is
more advanced under conditions of hyperinsulinaemia (115). Hyperplasia of the
mammary gland has previously been shown to occur rapidly (3-4 days) after
conditionally-activated Neu-NT-expression (111). In MTB/TAN/MKR** mice, we
observed that in the presence of elevated insulin, mammary gland hyperplasia
was more advanced after 3 days, suggesting that hyperinsulinaemia can enhance
the mitogenic effect of Neu oncogenic transformation on terminal end buds during
mammary growth and development. The MMTV-c-Neu mouse model has been
previously used to determine the effect of a high fat diet (HFD) on mammary gland
hyperplasia. Although the c-Neu is a different model from ours (NeuNT), having a
much longer tumour latency, it is interesting to note that either 5 or 10 weeks of
HFD treatment in FVB/N mice had no effect upon mammary gland hyperplasia in
MMTV-c-Neu mice compared to controls suggesting that at very early stages of
tumour development, insulin may have a more potent effect than dietary fat in
promoting terminal end bud hyperplasia. In the same model it was shown that a
HFD based on corn oil resulted in shorter tumour latency than a HFD based on
fish oils. Fish oil has been show to lead to improved insulin sensitivity in some
studies, when compared to corn oil, suggesting that hyperinsulinaemia may have

played a role in the different tumour latency described in this study (100).

The role of hyperinsulinaemia in promoting the growth and metastasis of human
triple negative breast cancers has been less clear from the literature. Previous
studies linked obesity and type 2 diabetes with post-menopausal ERa-positive
breast cancers, however more recent studies have found that syndromes of insulin
resistance (obesity, type 2 diabetes and the metabolic syndrome) are associated
with an increased risk of pre-menopausal triple negative breast cancer, and with a
worse prognosis in those with early stage triple negative breast cancer (36, 77,
101, 102). Our animal models of human triple negative breast cancer (MDA-MB-
231 and LCC6) in the hyperinsulinaemia mice support the hypothesis that
hyperinsulinaemia increases tumour growth and progression in triple negative
breast cancers. In contrast to the NeuNT model, which is a transgenic model,
driven by overexpression of activated Neu, the MDA-MB-231 and LCC6 cell lines
do not have activating mutations in Neu or other tyrosine kinase receptors.

Hyperinsulinaemia may lead to increased tumour growth in the MDA-MB-231 and
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LCC6 models by activating the PI3K/Akt pathway which may promote tumor
growth in synergy with other tumor promoting mutations. We have not yet
demonstrated in vivo if hyperinsulinaemia promotes the growth of ERa-positive

breast cancers, or if hyperinsulinaemia alters ERa expression in vivo.

The mechanism by which insulin could increase tumour growth in the Neu-NT and
triple negative models model may be complex. Our results demonstrate that
MTB/TAN/MKR™* mice demonstrate higher levels of phosphorylated IR/IGF-IR
than MTB/TAN control mice, suggesting that insulin is acting through its cognate
receptor and/or the highly homologous IGF-IR to promote mammary tumour
growth. In human breast cancer phosphorylated IR/IGF-IR has been reported to
be a prognostic marker of poor outcome for breast cancer, regardless of subtype
(90). Challenges exist with the reliability of quantifying IR / IGF-1R phosphorylation
in clinical breast cancer specimens, due to the variability introduced in fixation
times of tissues in surgical operating rooms and the rapid dephosphorylation of the
receptors. Furthermore, immunohistochemistry cannot detect whether it is the
insulin receptor or IGF-1R that is phosphorylated, using currently available
antibodies. Total IR expression has also been quantified in clinical studies by
immunohistochemistry, and in some studies has been associated with a worse
prognosis in breast cancer (106). Increased RNA expression of the IR has
previously reported to occur sporadically in 8.6% of breast cancer specimens (n-
93), and in MDA-MB-231 cells (119). In addition, the oncogenes Neu, Wntl and
Ret, as well as loss of the tumour suppressor p53 have been found to amplify IR
expression in breast cancers (49, 146). We have observed an increase in IR
expression, relative to IGF-1R expression in human triple negative breast cancer
cell lines that are ERa-negative with different oncogenic mutations. Furthermore,
we have seen an increase in IR protein expression in tumours from
hyperinsulinaemic mice, compared to WT mice. In our animal models, we
consistently see an increase in c-myc protein expression. Therefore, in future
studies we will examine the effects of hyperinsulinaemia on the growth of human
ERa-positive (MCF7) breast xenografts. We will also further examine the role of
insulin on regulating ERa expression, and the effect of inhibiting ERa on IR
expression. We will examine if c-myc regulates IR expression, and if insulin

increases expression of its own receptor through c-myc.
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The ratio of IR isoform A (IR-A) to isoform B (IR-B) is also important in breast
cancer, and recently a higher IR-A/IR-B ratio has been observed in the luminal B
subtype of breast cancer, and in human breast cancers resistant to hormonal
therapy (65, 71). We found that the non-tumourigenic MCF10A cell line had lower
levels of the IR-A isoform compared to the tumourigenic cell lines, and in both the
cancer cell lines and the human breast cancer cases the IR-A isoform was the
predominant isoform. There are a number of splicing factors that regulate the
splicing of various pre-mRNAs. We found that MBNL2 and SRSF3 consistently
clustered with the IR isoforms in the breast cancer cases, and cancer cell lines.
There is one previous study showing that the expression of MBNL2 correlates with
IR splicing in a mouse model of colon cancer, but there are no published studies
examining its significance in breast cancer (7). MBNL2 and SRSF3 have been
shown in other cell lines to enhance exon 11 inclusion, and thus increase IR-B
expression (68, 130). We plan to further investigate the importance of the IR
isoforms and their splicing factors in the growth and metastasis of human breast

cancers in the setting of hyperinsulinaemia.

A further complicating aspect of the link between endogenous hypeinsulinaemia
and cancer progression, is that under conditions of hyperinsulinaemia, IGF binding
proteins (IGFBP)-1 and -2 are repressed, which may lead to an increase in
circulating “free” IGF-1 (27). In these studies we found that the IGF-1R protein
expression is also increased in our tumour xenografts and orthografts from the
hyperinsulinaemic mice, and administration of high doses of IGF-1 further
promoted tumour growth in the setting of hyperinsulinaemia by activating the IGF-
1R and IR, we believe through activating the hybrid receptors. We therefore used
the LCC6 tumour cell line with a knockdown of the IR to determine if the major
effect of insulin on tumour cell growth was through the IR or indirectly by
increasing free IGF-1. We found that silencing the IR reduced the growth of the
LCC6 tumours in the hyperinsulinaemic mice and the control mice, demonstrating
that the IR plays a key role in tumour progression. However, as silencing the IR
led to a reduction in tumour growth to a similar extent in the control and
hyperinsulinaemic mice, these results suggest that while the IR is clearly an
important receptor for tumour growth, hyperinsulinaemia may be driving tumour

growth in addition by indirect mechanisms.
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Although primary tumour size and growth is important in breast cancer, ultimately
mortality from breast cancer is not from the primary tumour, but rather from tumour
metastases. Hyperinsulinaemia, as shown in Figure 5, is associated with
increased mortality from breast cancer and greater recurrence. Therefore, in these
studies we also aimed to understand the role of hyperinsulinaemia in breast
cancer metastasis. We found that hyperinsulinaemia led to an increase in breast
cancer metastasis in three of our models (MDA-MB-231 xenografts, MTB/TAN
tumours, and MVT1 orthotopic tumours). In all three models we found an increase
in the protein expression of vimentin. Vimentin belongs to the intermediate filament
(IF) family of proteins and has recently been shown to be an important marker of
the EMT in epithelial cells, which normally express only cytokeratin-type IFs (129),
Vimentin is not specific for EMT, and is also a marker of cancer-associated
fibroblasts (138) Additionally, there is an interaction between the tumour cells and
these cancer-associated fibroblasts that induces EMT in breast cancer cells (135)
In breast cancer cells, vimentin expression correlates with increased migration and
invasion (60, 85). In human breast cancer specimens, several studies have
reported overexpression of vimentin as a marker of poor prognosis (84). These
studies are the first to show that hyperinsulinaemia increased vimentin expression,
and that in vivo orthotopic injection of tumour cells with vimentin knockdown
decreased breast cancer metastasis in the setting of hyperinsulinaemia. In the
transgenic model in these studies, the MTB/TAN model, the majority of the
vimentin positive cells did not co-stain with Neu, meaning that the
hyperinsulinaemic mice may have had a greater desmoplasmic reaction to the
tumours, leading to the infiltration of more cancer associated fibroblasts.
Alternatively, or coincidentally, these vimentin positive cells could have been
tumour cells that underwent EMT and lost Neu expression. In our orthotopic and
xenotopic models, the tumour cells already expressed vimentin, prior to being
injected into the mice, therefore insulin enhanced their vimentin expression. We
did not examine whether the microenvironment around the tumours in orthotopic
or xenograft tumours in the MKR mice were also associated with an increase in
the infiltration of vimentin-positive cells. These results also reveal novel
phosphorylation sites on vimentin, and a number of deamidation sites. Protein
deamidation is associated with immune responses in other conditions such as
celiac, but its role in cancer immunity has been not been well explored (38).

Interestingly, vimentin and ATP synthase (that co-immunoprecipitated with
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vimentin), are both recognised as autoantigens that trigger T cell responses in
immune diseases (131, 137). Therefore, the interaction between vimentin and ATP
synthase may be involved in mitochondrial ATP synthesis, or they may be
autoantigens in the tumour that alter the T cell response. Post-translational
modifications of vimentin are also known to alter the cytoskeletal function of the
protein, but again this area of research has not been well explored in cancer (133).
In our future studies we plan to determine how insulin regulates vimentin protein
levels, to determine if insulin alters the novel phosphorylation sites identified on
vimentin by LC/MS, if insulin alters vimentin deamidation, and if vimentin plays an
important role in cancer progression by interacting with T lymphocytes or cancer
associated fibroblasts.

Examining the role of the insulin analogues in breast cancer growth had important
translational implications. Over 25% of adult patients with diabetes in the US take
insulin therapy (103), and it is used by millions of people worldwide. In addition,
using these insulin analogues allowed us to further explore the role of insulin
receptor activation and breast cancer growth in vivo. As discussed above, insulin
downregulates the expression of IGFBP’s and therefore, may result in more free
IGF-1, which may indirectly be the mechanism through which insulin leads to
tumour progression. In the LCC6 tumours we found that silencing the IR did
reduce tumour growth in vivo in the hyperinsulinaemic mice, demonstrating that
the IR is the main mediator of insulin’s effects in vivo. With the
immunoprecipitation studies, we demonstrated that it is the IR, rather than the
IGF-1R that is activated in the tumours in the MKR mice. Furthermore, we found
that activating the IR, using the mitogenic insulin analogue AspB10 further
increased IR phosphorylation in vivo, and increased MVT1 tumour growth. AspB10
has previously been shown to induce spontaneous mammary tumours in rats [17].
Some in vitro studies report increased IR phosphorylation after AspB10 stimulation
[22], although others have reported that AspB10 stimulates cell proliferation by
acting through the IR and IGF-1R [20]. These in vitro studies found significantly
greater IGF-1R phosphorylation compared to human insulin when using
concentrations of AspB10 ten times higher than those used in our studies [20]. At
concentrations of 10nM, IGF-1R phosphorylation by AspB10 was comparable that
seen in response to human insulin in MCF7 cells [20], findings consistent with

those from 5nM insulin or AspB10 stimulation in mouse embryonic fibroblasts [19].

131



Differences between in vitro and in vivo potency of AspB10 have been previously
described [35] and highlight the need for caution when interpreting the results of in
vitro studies. In vivo studies have not previously demonstrated whether AspB10
exerts its mitogenic effects through the IR or IGF-1R [21, 25]. Understanding the
mechanism through which AspB10 promotes tumour growth is important for the
development of new insulin analogues to ensure they are not mitogenic. While
AspB10 increases mammary tumour growth in the dose range used in our study,
no increase in rodent tumour growth with similar doses of human insulin has been
found; this may be due to differences in IR affinity or dissociation rates between
human insulin and AspB10, as previously described by others in in vitro studies
[22].

Using the long acting basal insulin analogues in current clinical use, we found that
none promoted the growth of MVT1 tumours in the MKR mouse, when compared
to human insulin or vehicle treatment. Furthermore, all of these analogues led to
phosphorylation of the IR in vivo, rather than the IGF-1R that was only activated by
IGF-1.

This is the first in vivo study examining the effects of a non-metabolizable form of
insulin glargine on tumour growth and receptor phosphorylation. We found that in
vivo, A21Gly,DiD-Arg does not have mitogenic effects over vehicle, or human
insulin. In addition, treating animals with this non-metabolizable form of insulin
glargine did not lead to activation of the IGF-1R in the tumours. Overall, these
findings are reassuring, given the large number of patients with breast cancer who
have Type 2 diabetes, and the high percent of patients with Type 2 diabetes who
are treated with basal insulin analogues. Our findings showing the lack of
mitogenicity with insulin glargine are consistent with the pre-marketing rodent
insulin glargine carcinogenicity studies (136), and also with a prospective human
study on insulin glargine demonstrating no increase in the incidence of breast or

any cancers or cancer deaths in new users of insulin glargine (74).

However, previous pre-clinical carcinogenicity studies and also the human study
were designed to study whether insulin glargine led to the development of
spontaneous tumours rather than to the progression of established cancers.
Insulin glargine has been shown in vitro to have mitogenic effects on specific cell
lines that express high levels of the IGF-1R (88, 134). The lack of mitogenicity of
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insulin glargine in vivo however, was believed be due to the rapid metabolism of
glargine to its M1 metabolite (99, 134). This M1 metabolite has not demonstrated
mitogenicity in previous in vitro studies on cancer cell lines and has no greater
affinity for the IGF-1R than human insulin (134). Therefore, even after
administration of high doses of insulin glargine, we found that glargine is
metabolized into the M1 metabolite and did not lead to tumour progression.

More surprising is our finding that the non-metabolizable analogue A21Gly,DiD-
Arg also did not promote tumour growth in vivo. Previous in vitro studies have
found that A21,Gly,DiD-Arg has similar affinity for the IGF-1R as insulin glargine,
with similar mitogenic potency to insulin glargine in SAOS-2 cells (147). This
insulin analogue is not metabolized in vitro by the carboxypeptidases that
metabolize insulin glargine, therefore retaining its greater affinity for the IGF-1R
than human insulin in vivo. This compound allowed us to mimic, in our mouse
model, the effects that insulin glargine may have in a tumour-bearing person with
the postulated slow rate of metabolism of insulin glargine, and therefore greater
exposure to higher circulating levels of the parent glargine than the M1 metabolite.
In clinical studies some variability has been observed in the inter-individual rates of
metabolism of insulin glargine into the M1 metabolite (13), These findings have
called into question if circulating concentrations of the glargine parent compound
could be reached to activate the IGF-1R in some patients on chronic high doses of
insulin glargine. In SAOS-2 and MCF-7 cell lines, although the mitogenic potency
of both insulin glargine and A21Gly,DiD-Arg is higher than human insulin and the
M1 metabolite of glargine, they have significantly lower mitogenic potency
compared to IGF-1 (147). Similarly, although the affinity of insulin glargine and
A21Gly-DiD-Arg for the IGF-1R is significantly higher than human insulin, it
remains substantially lower than IGF-1 (134, 147). Therefore, while in vitro these
compounds have a higher affinity for the IGF-1R than human insulin, in vivo where
systemic and local IGF-1 are present, their relatively higher affinity for the IGF-1R
in vitro does not translate into in vivo IGF-1R phosphorylation, nor into increased
mammary tumour growth. These findings again highlight the need for
complimentary in vitro and in vivo studies in examining the role of insulin, insulin

analogues and IGF’s in tumour progression.

New insulin analogues, and new methods of insulin delivery continue to be

developed and it is important to determine if these new analogues may promote
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cancer cell growth in vitro and in vivo. Our understanding of the complex
interactions between insulin, its analogues and the IR and IGF-1R is still evolving
(58, 108). We have learned that certain amino acid modifications to human insulin
lead to increased mitogenicity in vitro and in vivo, such as with AspB10 insulin (51,
110, 134) and other modifications change the affinity of insulin for the IR and IGF-
1R (58, 88).

Overall, with the greater risk of breast cancer mortality in patients with Type 2
diabetes, we need to further understand the pathophysiology linking these
conditions, and ideally find therapies that may provide benefit to both the
metabolic and oncological conditions of the patient. The findings of this study are
reassuring for patients and for those treating patients with breast cancer and

insulin-requiring diabetes.

Our human study aims to translate our pre-clinical work into meaningful
improvements in patient survival. We are focusing on the survival disparity
between the Black and White women with breast cancer in the US, due to the
coincidently high rates of obesity and insulin resistance in this population. We
anticipate finding that insulin resistance and hyperinsulinaemia are associated with
poor prognostic indices in Black and White women, and that these conditions are
more prevalent in the Black population. We also anticipate finding the presence of
the IR and IGF-1R in breast cancer tissue, we anticipate finding an increase in
total IR, specifically the IR-A isoform in women with insulin resistance. In addition,
we do expect to find an association between insulin resistance and the presence
of increased IR signaling in the tumours. We also expect to find an association
between the greater IR/IGF-1R signaling and poor breast cancer prognosis. We
expect that the phosphatidylinositol 3-kinase (P13-K)/Akt pathway, rather than the
ERK1/2 pathway will be the main signaling pathway activated by the IR in breast
cancers from hyperinsulinaemic patients. These results would be in keeping with

our previous pre-clinical studies (44, 115).

There are certain limitations to this clinical study that we recognise. We ask
patients to self-identify race. We are not conducting genetic tests to determine
biologic racial categories due to budgetary constraints and the uncertain utility of
ancestry information markers. This study is cross-sectional, not longitudinal. Our
outcome variable, a pathology measure of poor prognosis breast cancer, is a
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proxy of survival. We do not conduct a complete follow-up survey to ascertain
recurrence because: 1) tumour size, nodal status, ER and Her2 status have been
validated measures of prognosis in studies ascertaining survival and 2) given an
expected 2 year recurrence rate of 12%, we would not have adequate power to
revalidate these prognostic indices. This study will not assess the ability of
endogenous hyperinsulinaemia to stimulate the development of new incident
cancer, but rather its potential mechanistic link to cancer progression and
mortality. As our primary focus is on the role of hyperinsulinaemia and insulin
receptor signaling pathways, we do not include tests of chronic inflammation and
adipose tissue factors. However, with the patients’ consent, we will bank frozen
serum to enable future studies on novel markers in obesity, insulin resistance and

cancer.

A randomized controlled trial (RCT) trial testing metformin treatment for breast
cancer in the adjuvant setting is currently underway (NCT01101438,
https://clinicaltrials.gov/ct2/show/NCT01101438?term=NCT01101438&rank=1 last
accessed 5" October 2015). The driving hypothesis is that metformin reduces
signaling through the PI3K/Akt signaling pathway, activates 5’ adenosine
monophosphate activated protein kinase (AMPK) which in turn, inhibits
mammalian target of rapamycin (MTOR), a protein activated by the IR signaling
pathway that helps control cell division and survival. However, the metformin trial
will leave unanswered the relationship between insulin resistance, race and poor
prognosis breast cancer for two key reasons: 1) typically, only 2.5% of patients
recruited for clinical trials are Black and 2) based on their target accrual of 3,582,
the metformin study will not have sufficient power to ascertain racial differences in
the relationship between insulin resistance and poor prognosis breast cancer. In
addition, women in this study are unselected for the presence of insulin resistance,
or being tested for the presence of the organic cation transporters (OCTSs) on their

tumours that would allow metformin to enter the tumour.

Ultimately, the results of these studies have provided novel insights into the
importance of hyperinsulinaemia and IR expression and activation in the
progression of breast cancer. Through our ongoing clinical studies, we will
advance our understanding of the role of hyperinsulinaemia, the insulin receptor
and its isoforms in breast cancer progression. We will also examine how the IR

isoforms are regulated in breast cancers, and their importance to cancer
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progression. We will further explore the role of hyperinsulinaemia and IR signaling
in regulating downstream proteins including vimentin and how these proteins may
be interacting with the tumour microenvironment to induce a tumour promoting
lymphocyte reaction. Developing a greater understanding of these aspects of the
link between hyperinsulinaemia and cancer will allow us to identify the specific
therapies that will improve the survival of women with obesity, diabetes, the
metabolic syndrome and breast cancer.
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Abstract

The Her2 oncogene is expressed in ~25% of human breast cancers and is associated with
metastatic progression and poor outcome. Epidemiological studies report that breast cancer
incidence and mortality rates are higher in women with type 2 diabetes. Here, we use a
mouse model of Her2-mediated breast cancer on a background of hyperinsulinemia to
determine how elevated circulating insulin levels affect Her2-mediated primary tumor
growth and lung metastasis. Hyperinsulinemic (MKR ™) mice were crossed with
doxycycline-inducible Neu-NT (MTB/TAN) mice to produce the MTB/TAN/MKR ™/ mouse
model. Both MTB/TAN and MTB/TAN/MKR ™/* mice were administered doxycycline in
drinking water to induce Neu-NT mammary tumor formation. In tumor tissues removed at
2, 4, and 6 weeks of Neu-NT overexpression, we observed increased tumor mass and higher
phosphorylation of the insulin receptor/IGF1 receptor, suggesting that activation of these
receptors in conditions of hyperinsulinemia could contribute to the increased growth of
mammary tumors. After 12 weeks on doxycycline, although no further increase in tumor
weight was observed in MTB/TAN/MKR"/* compared with MTB/TAN mice, the number of
lung metastases was significantly higher in MTB/TAN/MKR ™'+ mice compared with controls
(MTB/TAN/MKR /" 16.41 +4.18 vs MTB/TAN 5.36 +2.72). In tumors at the 6-week time point,
we observed an increase in vimentin, a cytoskeletal protein and marker of mesenchymal
cells, associated with epithelial-to-mesenchymal transition and cancer-associated fibroblasts.
We conclude that hyperinsulinemia in MTB/TAN/MKR*'* mice resulted in larger primary
tumors, with more mesenchymal cells and therefore more aggressive tumors with more
numerous pulmonary metastases.
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Introduction

Over the last three decades, the relationship between type  a positive association between diabetes and breast cancer,
2 diabetes and breast cancer has been evaluated by  with several recent meta-analyses suggesting that women
numerous epidemiological studies. Most of these support  with type 2 diabetes are at significantly greater risk of
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developing, relapsing with, and dying from breast cancer
than women who do not have diabetes (Larsson et al.
2007, Peairs et al. 2011, Boyle et al. 2012). The relationship
between insulin, specifically, and breast cancer has been
assessed by several epidemiological studies. Independent
of all other confounding factors, hyperinsulinemia was
reported to be a significant factor for incident breast
cancer (Pisani 2008, Gunter et al. 2009), while another
study reported an association between raised insulin levels
and breast cancer metastasis and mortality (Goodwin et al.
2002). Both raised C-peptide (a marker of secreted insulin
levels) and insulin resistance have been recently reported
to be linked to breast cancer-specific death (Duggan et al.
2011, Irwin et al. 2011). High circulating insulin levels
have also been associated with a risk of breast cancer
recurrence (Formica et al. 2012). After breast tumor
surgery, elevated insulin levels in the circulation have
been reported to be associated with an adverse prognosis
during the first 5 years after diagnosis (Goodwin et al.
2012). While epidemiological studies only suggest a link
between hyperinsulinemia and accelerated tumor growth,
some proof-of-concept experimental studies indicate that
hyperinsulinemia indeed promotes tumor development
(Fierz et al. 2010, Novosyadlyy et al. 2010).

In our previous studies, we have specifically focused
on the impact of hyperinsulinemia on breast cancer
progression using the MKR mouse model. Female MKR
mice are insulin resistant and hyperinsulinemic while the
remaining are nonobese and only mildly hyperglycemic.
Using this hyperinsulinemic model, we have observed
significantly increased growth of transgenic (PyVmT)
and orthotopically induced mammary tumors and have
demonstrated a mechanistic link between hyper-
insulinemia and increased cancer progression through
increased activation of the insulin receptor (IR)/IGF1
receptor (IGF1R) and the phosphatidylinositol 3-kinase
(PI3-K)/Akt/mTOR pathway (Novosyadlyy et al. 2010).

In the clinical setting, the differential influence of
type 2 diabetes and its complications on subtype-specific
breast cancer warrants further investigation. Around 25%
of breast cancers belong to the subtype characterized
by amplification of the gene encoding human epidermal
growth factor receptor 2 (Her2), which is associated with
high risk of metastasis and poor outcome (Slamon et al.
1989, Seshadri et al. 1993). Recently, a retrospective study
has evaluated the benefit of the antidiabetic treatments
metformin and thiazolidinediones on women with type 2
diabetes and Her2 + breast cancer. Initial analysis of the
study cohort revealed that type 2 diabetes was a significant
predictor of reduced overall survival in women with
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stage 2 or higher Her2+ breast cancer, independent of
other confounding factors such as age, estrogen receptor
(ER)/progesterone receptor (PR) expression, and BMI.
Furthermore, the antidiabetic therapies significantly
increased overall survival and significantly reduced the
risk of Her2+ breast cancer-specific mortality (He ef al.
2012). Although insulin levels in these patients were not
reported, both metformin and thiazolidinediones are
insulin sensitizers, suggesting that improvements in
insulin resistance in type 2 diabetics could have an impact
on Her2 + breast cancer progression.

Her2 (also known as ErbB2 or Neu in rodents) belongs
to the epidermal growth factor receptor family of receptor
tyrosine kinases (RTK), which includes Herl (also known
as EGFR or ErbB1), Her3 (or ErbB3), and Her4 (or ErbB4).
Unlike the other family members, no specific ligand has
been identified for Her2 and its activity is dependent
on its dimerization with either ligand-activated EGFR
or Her3. At high expression levels resulting from ERBB2
amplification, homodimers are also activated (Harari &
Yarden 2000, Yarden 2001). Despite the lack of kinase
activity of Her3, dimers of Her2/Her3 constitute the most
potent signaling combination of all EGFR family dimers
(Pinkas-Kramarski et al. 1996, Holbro et al. 2003), and a
prevention of Her2/Her3 heterodimerization provides a
significant clinical benefit in patients with Her2+ breast
cancer (Baselga & Swain 2010). Activation of Her2/Her3
dimers leads to upregulation of multiple downstream
pathways including the canonical PI3-K/Akt/mTOR
signaling cascade and the mitogen-activated protein
kinase (MAPK) pathway (Jin & Esteva 2008). Importantly,
these two pathways are also the principal signaling
pathways involved in the growth-promoting effects of
the activated IR/IGFIR in tumorigenesis. Indeed, Her2
also dimerizes with the IGF1R leading to the emergence
of resistance to Her2 pharmacotherapies (Lu et al. 2001).

Transgenic mouse models of Her2 (Neu)-mediated
mammary carcinogenesis include those with constitutive
activation of wild-type Neu (c-Neu) or oncogenic (acti-
vated) Neu (Neu-NT) under control of the MMTV
promoter. Both ¢-Neu and Neu-NT overexpression result
in invasive mammary carcinomas with latency periods of
around 7 and 3 months respectively (Ursini-Siegel et al.
2007). A conditionally activated model of mammary-
specific Neu-NT has also been engineered by crossing
MMTV-reverse tetracycline transactivator (1tTA) (MTB)
transgenic mice with mice bearing the TetO-Neu-NT
transgene (TAN) to generate MTB/TAN offspring (Moody
et al. 2002). Tumor latency in this model is short, with
development of multiple mammary tumors with 100%
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penetrance within a few weeks and further progression to
spontaneous lung metastasis (Moody et al. 2002).

Given that in mammary tumors from Neu-NT trans-
genic mice, the PI3-K/Akt/mTOR signaling pathway
should already be active, an interesting question that
arises is whether the induction of systemic hyperinsuline-
mia in these mice could enhance Neu-NT-mediated tumor
growth via IR/IGF1R activation. To address this issue, we
crossed homozygous MKR*/* mice with MTB/TAN mice
to yield MTB/TAN/MKR™/" offspring, thus generating
hyperinsulinemic mice expressing a doxycycline-induci-
ble Neu-NT transgene. When induced with doxycycline,
MTB/TAN/MKR ™" mice develop early Neu-NT-mediated
mammary gland hyperplastic changes more rapidly than
controls and go on to develop larger mammary tumors.
Furthermore, MTB/TAN/MKR™/* mice exhibit higher
numbers of lung macrometastases, suggesting that
chronic hyperinsulinemia can augment Neu-NT-mediated
primary tumor growth as well as the progression to lung
metastasis.

Materials and methods
Animal studies

Animal care and maintenance were provided by the
Mount Sinai School of Medicine AAALAC Accredited
Animal Facility. All procedures were approved by the
Institutional Animal Care and Use Committee of the
Mount Sinai School of Medicine according to the National
Institute of Health Guidelines. All mice used in this study
were on Friend Virus B (National Institute of health)
(FVB/N) genetic background. Mice were housed four per
cage in a clean mouse facility and fed a standard mouse
chow (PicoLab Rodent Diet 20, 5053; LabDiet, Brentwood,
MO, USA) ad libitum on a 12 h light:12 h darkness cycle.
Plasma insulin levels were measured by the sensitive rat
insulin RIA kit (Millipore, St Charles, MO, USA). An
insulin tolerance test was performed on animals pre-
viously fasted for 4 h. Insulin (0.75 units/kg of body
weight) was injected intraperitoneally and blood glucose
values were measured immediately before and 15, 30, and
60 min after insulin injection. For induction of Neu-NT,
mice were administered 1.5 mg/ml doxycycline (Sigma-
Aldrich) in drinking water for the duration of the period of
tumor growth from 2 weeks up to 12 weeks. Doxycycline
water was changed twice per week. Mice were followed
on a daily basis and body score conditions were recorded.
To determine tumor mass, each animal was Killed and
mammary tumors from all thoracic and inguinal glands
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were carefully dissected and weighed. For analysis of
pulmonary metastases, mice were killed and lungs were
inflated via the trachea with 10% formalin, removed, and
examined for macrometastatic lesions.

Mammary gland whole mount analysis

Inguinal mammary glands were removed, placed on a
glass slide, and fixed for 4 h in Carnoy’s fixative (60%
ethanol (100%), 30% chloroform, and 10% glacial acetic
acid). Glands were serially hydrated in 100, 95, 70, 50, and
30% ethanol for 15 min each, rinsed in water for 5 min,
and stained overnight with carmine alum. Glands were
then serially dehydrated in 30, 50, 70, 95, and 100%
ethanol for 15 min each and cleared overnight in xylene.
Glands were then covered by Mount-Quick mounting
medium (Daido Sangyo, Tokyo, Japan), before a glass
coverslip was placed on top. Photographs were carried out
using a stereomicroscope (Zeiss, Thornwood, NY, USA)
at 4 X magnification. Quantification of the relative area of
end buds was performed using Image ] by measuring the
mean end bud area of four random images at 4 X objective
taken from each whole mount.

Histology and immunofluorescence

Lungs were fixed in 10% formalin before being embedded
in paraffin and sectioned and stained using hematoxylin
and eosin (H&E). For immunofluorescence studies,
mammary tumors were cut in cross section at the time
of killing, fixed in 10% formalin before being embedded
in paraffin, and sectioned. Five-micron sections were
deparaffinized, rehydrated, and subjected to antigen
retrieval. Primary antibodies used were a rabbit polyclonal
antibody to vimentin (Cell Signaling Technologies,
Danvers, MA, USA) and a mouse MAB to Neu (Abcam,
Cambridge, MA, USA). Secondary antibodies used
were AlexaFluor-568-conjugated goat anti-rabbit IgG
and Alexa-Fluor-488-conjugated goat anti-mouse IgG
(Invitrogen, Molecular Probes, Eugene, OR, USA). Nuclei
were counterstained with 0.2 pg/ml 4/,6-diamidino-
2-phenylindole (DAPI; Sigma-Aldrich).

Western blotting

Tumor tissues were lysed in chilled lysis buffer (pH 7.4)
containing 50 mM Tris, 150 mM NaCl, 1 mM EDTA,
1.25% CHAPS, 1 mM sodium orthovanadate, 10 mM
sodium pyrophosphate, 8 mM B-glycerophosphate, and
Complete Protease Inhibitor Cocktail tablet. Protein
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concentration of samples was measured using the BCA
protein assay kit (Thermo Scientific, Rockford, IL, USA).
Protein samples were resuspended in 3X loading
buffer containing DTT (Cell Signaling Technologies)
and denatured by boiling for 5 min at 96 °C. Samples
were then subjected to SDS-PAGE (8 or 8-16% Tris—glycine
gel; Life Technologies) and transferred to a nitro-
cellulose membrane. Membranes were probed with
the appropriate primary antibodies: anti-phospho
IR_B(YI150/51)/IGF1RB(Y113S/36)' anti-phospho AktSer473’
anti-total Akt, and anti-vimentin (Cell Signaling Tech-
nologies) and then reblotted with B-actin (Sigma-Aldrich)
or anti-IRp (Santa Cruz Biotechnology) before being
incubated with secondary antibodies (LI-COR Biosciences,
Lincoln, NE, USA) and being exposed to the LI-COR
infrared detection system (LI-COR Biosciences).

Statistical analysis

Statistical analyses were conducted using the Student’s
t-test. Results are expressed as means +s.E.M.

Results

MTB/TAN/MKR /™ mice express the same metabolic
phenotype as the parental MKR™/* mouse strain

Transgenic MMTV-rtTA (MTB) and TetO-Neu-NT (TAN)
mice were previously crossed to yield bitransgenic
MTB/TAN offspring demonstrating doxycycline-depen-
dent Neu-NT expression in luminal mammary epithelial
cells and subsequent development of gross mammary
tumors and pulmonary macrometastases (Moody et al.
2002). We crossed MTB/TAN with homozygous MKR
mice to yield MTB/TAN/MKR*/* mice. Female
MTB/TAN/MKR*/* mice showed the same metabolic
abnormalities as the homozygous female MKR™/* mice
(Novosyadlyy et al. 2010) namely lowered body weight,
mild hyperglycemia, increased systemic insulin, and
severe insulin resistance (Fig. 1A, B, C, and D).

MTB/TAN/MKR "/™ mice show augmented
Neu-NT-induced abnormalities of the mammary
gland at 8 weeks compared with MTB/TAN controls

Others have shown that doxycycline-induced Neu-NT
expression results in noticeable hyperplastic abnormalities
in the mouse mammary gland such as the presence of
cellular masses along the length of ducts, as well as
terminal end bud enlargement due to the presence of
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Figure 1

Metabolic characterization of the MTB/TAN/MKR*/* mouse model.

(A) Body weight (MTB/TAN, n=14; MTB/TAN/MKR ™/, n=10), (B) blood
glucose (MTB/TAN, n=30; MTB/TAN/MKR ™/*, n=22), and (C) serum
insulin (MTB/TAN, n=13; MTB/TAN/MKR*/*, n=20) of MTB/TAN and
MTB/TAN/MKR*/* mice at 8 weeks of age. (D) An insulin tolerance test was
performed on fasted 8-week-old MTB/TAN/MKR '™ (n=5) and MTB/TAN
mice (n=5) after i.p. injection of insulin (0.75 units/kg). Blood samples were
obtained from the tail vein and glucose concentrations were determined at
the indicated time points. Graphs represent mean values of each group,
error bars represent the s.e.m. *P value <0.05.
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acinar-like structures (Moody et al. 2002). We investigated
whether hyperinsulinemia would have an additive
effect on these early Neu-NT-mediated hyperplastic
abnormalities by induced Neu-NT expression for 3 days
in 8-week-old MTB/TAN/MKR*/* and MTB/TAN mice,
killing the animals and comparing mammary gland
morphology by whole mount analysis. As MKR*/* mice
have precocious mammary gland growth and differen-
tiation compared with control mice at both 3 and 15
weeks (Novosyadlyy & LeRoith 2010), we also performed
whole mount analysis and H&E staining of mammary
glands from 8-week-old MTB/TAN/MKR*/* and MTB/TAN
mice, which had not been administered doxycycline
(Fig. 2A and B, upper panels). In MTB/TAN/MKR*/* mice,
we found Neu-NT-mediated abnormalities to be enhanced
compared with MTB/TAN controls, with larger cellular
masses growing on ducts, greater terminal end bud
enlargement, and precocious lobular development
(Fig. 2A, lower panels and C). This finding was further
confirmed by histological evaluation of H&E-stained
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sections of the mammary gland (Fig. 2B, lower panels)
where we observed advanced ductal hyperplasia in MTB/
TAN/MKR*/* mice compared with MTB/TAN controls.

Neu-NT-induced mammary tumor burden is greater in
MTB/TAN/MKR*/* mice than in MTB/TAN mice and is
regulated through IR/IGF1R signaling pathways

When doxycycline was administered for several weeks,
MTB/TAN mice developed multiple invasive mammary
adenocarcinomas with tumors arising in all inguinal
and thoracic glands (Moody et al. 2002). We admini-
stered doxycycline to 8-week-old MTB/TAN and
MTB/TAN/MKR*/* mice for 2, 4, 6, or 12 weeks. Mice
were killed at each time point and the combined tumor
weight from all inguinal and thoracic glands from
each mouse was recorded. As shown in Fig. 3A, MTB/
TAN/MKR*/* mice exhibited significantly higher total
tumor mass than MTB/TAN controls at all time points
with the exception of the 12-week time point, suggesting

B MTB/TAN MTB/TAN/MKR

+Dox

Figure 2

Effect of hyperinsulinemia on Neu-NT-mediated mammary gland
hyperplasia. (A) Whole mount analysis of mammary glands obtained
from 8-week-old female MTB/TAN and MTB/TAN/MKR*/* mice without
doxycycline (—Dox) and after 3 days of doxycycline treatment (+ Dox).
(B) Histological analysis (H&E staining) of mammary glands after 3 days of
doxycycline treatment. (C) Quantification of percentage area of mammary

N .
0

MTB/TAN

MTB/TAN/MKR

gland whole mounts composed of end buds (MTB/TAN, n=3;
MTB/TAN/MKR, n=3). Arrows, End buds (A) and ductal hyperplasia.

(C) At least five animals per group were analyzed and the representative
images are shown. Original magnification, X4 (A) and x40 (B).

Graph represents mean for each group, error bars represent s.e.m.

*P value <0.05.
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Figure 3

Tumor growth, IRB/IGF1RB, and Akt signaling are enhanced in tumors from
MTB/TAN/MKR '+ mice compared with MTB/TAN controls. (A) MTB/TAN and
MTB/TAN/MKR '™ mice were maintained on doxycycline for 2, 4, 6, or 12
weeks. Mice were killed and the combined tumor mass from all mammary
glands was recorded. For the 2-week time point, MTB/TAN, n=11;
MTB/TAN/MKR*/*, n=4. For the 4-week time point, MTB/TAN, n=11;
MTB/TAN/MKR*/*, n=7. For the 6-week time point, MTB/TAN, n=16;
MTB/TAN/MKR*/*, n=6. For the 12-week time point, MTB/TAN, n=12;
MTB/TAN/MKR*/*, n=11. (B) Tumor tissue was subjected to western blot

that hyperinsulinemia augments Neu-NT-driven mammary
tumor growth. We extracted proteins from tumor tissues
to examine whether IR/IGF1R activation was upregulated
in MTB/TAN/MKR"™/* mice compared with MTB/TAN
controls. As shown in Fig. 3B and C, mammary tumor
tissues from MTB/TAN/MKR"/* mice demonstrated
higher levels of phosphorylated IR/IGF1R (IRB/IGF1Rp)
after 2, 4, and 6 weeks of Neu-NT upregulation, suggesting
that these receptors may be involved in mediating the
additional tumor growth present in MTB/TAN/MKR*/*
mice. In MTB/TAN/MKR*/* and MTB/TAN mice that had
been administered doxycycline for a period of 12 weeks,
we observed an increase in IR/IGF1R phosphorylation
in mammary tissues of MTB/TAN/MKR™/* mice, which
was not statistically significant (Fig. 3B and C). There was
no significant difference in tumor weights after 12 weeks

analysis and probed with antibodies to phosphorylated
IRRY115511GF1RBY113538) and then reblotted with antibodies to IRB.
(D) Western blot analysis of tumor tissue from mice maintained on
doxycycline for 2 weeks probed with antibodies to phosphorylated Al
and total Akt. Using densitometry, protein expression was quantified (C and
E). Error bars represent s.e.m. *P<0.05. For the 2-week time point, western
blot is representative of MTB/TAN, n=9; MTB/TAN/MKR ™", n=4 samples.
For 4- and 6-week time points, MTB/TAN, n=7; MTB/TAN/MKR*/*, n=7
samples. For 12-week time point MTB/TAN, n=10; MTB/TAN/MKR */*, n=10.

ktSer473

of doxycycline administration, possibly due to tumors
reaching their physiologically maximal size after this time
period (Fig. 3A). We also compared activation of Akt,
which lies downstream of both the IR/IGF1R and Her2
and found that at 2 weeks there was a significant
upregulation of phosphorylated Akt in tumors from
MTB/TAN/MKR /" mice compared with MTB/TAN mice
(Fig. 3D and E). At later stages of tumor development,
levels of activation of Akt in the tumors appeared to be
similar in the two groups.

Neu-NT-induced spontaneous lung macrometastases
are enhanced in MTB/TAN/MKR*/* mice after
12 weeks of tumor growth

MTB/TAN mice were reported to harbor Neu-NT-dependent
spontaneous lung macrometastases (Moody et al. 2002).
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We removed the lungs of killed MTB/TAN/MKR /" and
MTB/TAN mice after 2, 4, 6, or 12 weeks of doxycycline-
induced Neu-NT expression in mammary epithelium
and recorded the numbers of visible macrometastases.
We also examined H&E-stained sections of lung at all
time points for both micrometastases and macro-
metastases. After 2, 4, or 6 weeks of Neu expression and
mammary tumor growth, no visible macrometastases
were observed in either MTB/TAN/MKR /" or MTB/TAN
mice. However, H&E staining revealed the presence of
micrometastases in lungs of both groups of mice after
6 weeks of Neu expression (data not shown). Although
there was a trend for the number of micrometastases to
be increased in MTB/TAN/MKR ™™ mice (0.3 micromets/
lung section in MTB/TAN vs 0.8 micromets/lung section
in MTB/TAN/MKR*/"), this did not reach statistical
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significance. In contrast, after 12 weeks of Neu expression
in mammary tissue, macrometastases could be clearly
observed in the lungs, and these were significantly
increased in MTB/TAN/MKR */* compared with MTB/TAN
mice (Fig. 4A and B), suggesting that hyperinsulinemia
increases the metastatic potential of Neu-driven mammary
carcinogenesis.

Neu-NT-induced mammary tumors in MTB/TAN/MKR "/
mice express higher levels of vimentin

To determine whether hyperinsulinemia enhances the
progression of Neu-NT-mediated primary tumors to lung
metastases, we analyzed tumor tissue for the expression
of vimentin protein, a marker of mesenchymal cells.
As shown in Fig. 5A and B, western blot analysis of tumor

MTB/TAN/MKR

MTB/TAN

Figure 4

Metastatic progression is enhanced in MTB/TAN/MKR*/* mice. After 12
weeks on doxycycline, MTB/TAN and MTB/TAN/MKR */* mice were killed,
lungs were removed and inflated, and (A) number of lung macrometas-
tases were recorded. Graph represents the mean for each group, error bars

MTB/TAN/MKR

represent S.E.M. *P value <0.05. (B) Lungs were paraffin embedded,
sectioned, and stained with H&E to reveal macrometastases. Original
magnification 4X. Arrows indicate metastatic cells.
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lysates demonstrated increased vimentin expression in
tumors from 6-week-old MTB/TAN/MKR*/* mice
compared with MTB/TAN mice. We additionally analyzed
vimentin expression in 6-week tumor tissues by immuno-
fluorescent staining of paraffin-embedded sections.
As shown in Fig. 5B and C, vimentin levels as measured
by immunofluoresence were significantly elevated, indi-
cating that more mesenchymal cells were present in
MTB/TAN/MKR*/* mice at this time point. The vimentin-
positive cells generally did not stain positive for Neu,
indicating that these were either cells that had undergone
epithelial-to-mesenchymal transition (EMT) and lost Neu
expression, or were cancer-associated fibroblasts. At 4 and
12 weeks of tumor development, we did not observe signi-
ficant differences in vimentin expression (data not shown).

A MTB/TAN MTB/TAN/MKR

- - = @ ww = $-Actin

MTB/TAN MTB/TAN/MKR

Figure 5

Vimentin expression is enhanced in MTB/TAN/MKR */* mice. (A). After
6-weeks Neu-NT upregulation, mammary tumors were removed from
MTB/TAN and MTB/TAN/MKR*/* mice, tumor lysates were subjected to
western blot analysis, and probed with anti-vimentin antibodies. Using
densitometry, protein expression was quantified (B). Tumor tissue was
paraffin embedded, sectioned, and analyzed by immunofluorescence
microscopy for the expression of vimentin (red) and Neu (green) proteins,

—— Vimentin (57 kDa)
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Discussion

Epidemiological evidence suggests a causal relationship
between type 2 diabetes and the incidence, recurrence,
and mortality from breast cancer. Hyperinsulinemia has
been identified as a specific factor that may drive breast
cancer cell proliferation, but data on human patients that
focus on how specific subtypes of breast cancer respond to
elevated circulating insulin are limited. Overexpression of
ErbB2/Her2 is responsible for around 25% of all human
breast cancers and results in aggressive primary tumors,
which commonly metastasize to the lungs. In this study,
we have employed the MKR mouse model with a
conditionally activated Neu-NT to represent this subtype
of breast cancer. We have demonstrated for the first time

1.6 |
1.2
0.8

0.4 1

Fold change in protein @
expression

MTB/TAN MTB/TAN/MKR

70 1
60 -
50 -
40 ~
30 -
20 ~
10 -~

Percent
vimentin positive cells / DAPI

MTB/TAN MTB/TAN/MKR

nuclei were stained with DAPI (blue) (C). Vimentin expression was analyzed
using ‘Image J' program to quantify expression of vimentin protein in
6-week tumors from MTB/TAN and MTB/TAN/MKR ™'+ mice (D). Photo-
graphs are representative of at least four mice from each group. Five high-
power fields were photographed on every slide and each image was
quantified. Original magnification 40X. Graphs represent the mean for
each group, error bars represent s.e.m. *P value <0.05.
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in an animal model that hyperinsulinemia significantly
affects the rate of Neu-NT-mediated mammary tumor
development as well as the progression of breast cancer
metastasis to the lungs.

Previously, we have employed the MKR mouse model
to demonstrate that PyVmT-driven mammary gland
hyperplasia at 3 and 15 weeks’ postnatal development is
more advanced under conditions of hyperinsulinemia
(Novosyadlyy et al. 2010). Hyperplasia of the mammary
gland has previously been shown to occur rapidly
(3-4 days) after conditionally activated Neu-NT expression
(Moody et al. 2002). In MTB/TAN/MKR"/* mice, we
observed that in the presence of elevated insulin,
mammary gland hyperplasia was more advanced after
3 days, suggesting that hyperinsulinemia can enhance
the mitogenic effect of Neu oncogenic transformation on
terminal end buds during mammary growth and deve-
lopment. The MMTV-c-Neu mouse model has been
previously used to determine the effect of a high-fat diet
(HFD) on mammary gland hyperplasia. Although this is a
different model from ours, having a much longer tumor
latency, it is interesting to note that either 5 or 10 weeks
HFD treatment in FVB/N mice had no effect on mammary
gland hyperplasia in MMTV-c-Neu mice compared with
controls, suggesting that at very early stages of tumor
development, insulin may have a more potent effect than
dietary fat in promoting terminal end bud hyperplasia.
In the same model, it was shown that an HFD based on
corn oil resulted in a shorter tumor latency than an HFD
based on fish oils, suggesting that at later stages of tumor
development, fats may play a role in tumor development
but individual dietary components have different effects
(Luijten et al. 2007).

We found that chronic (2-6 weeks) elevations of
Neu-NT led to significantly larger mammary tumors in
MTB/TAN/MKR*/* mice compared with controls, sugges-
ting that hyperinsulinemia enhances Neu-NT-mediated
tumor formation and growth. This result is in agreement
with our previous finding that orthotopic inoculation of
three different mammary tumor cell lines (one over-
expressing Neu) each resulted in larger tumor formation
in MKR mice compared with controls (Novosyadlyy et al.
2010, Ferguson et al. 2012) and demonstrates that
Neu-NT-mediated mammary tumor growth can be speci-
fically enhanced by hyperinsulinemia. The mechanism by
which insulin could increase tumor growth in the Neu-NT
model may be complex. Our results demonstrate that
MTB/TAN/MKR /" mice demonstrate higher levels of
phosphorylated IR/IGF1R than MTB/TAN control mice,
suggesting that insulin is acting through its cognate

Hyperinsulinemia in 20:3 399
Her2-mediated breast cancer

receptor and/or the highly homologous IGF1R to promote
mammary tumor growth. In human breast cancer tissues,
phosphorylated IR/IGF1R has been reported to be a
prognostic marker of poor outcome for breast cancer,
regardless of subtype (Law et al. 2008). The ratio of IR
isoform A (IR-A) to isoform B (IR-B) is also important in
breast cancer, and recently, a higher IR-A:IR-B ratio has
been observed in the luminal B subtype of breast cancer
(Huang et al. 2011). Breast cancer cells in culture have also
been reported to express higher levels of the IR (Osborne et
al. 1978) and proliferate directly in response to insulin
(Bollig-Fischer et al. 2011). The signaling pathways
activated by the Neu-NT tyrosine kinase significantly
overlap with those of the IR/IGFIR and include the
canonical PI3-K/Akt/mTOR and MAPK signaling
pathways. It is thus possible that activation of the
IR/IGF1R causes amplification of the canonical Neu
signaling pathways, which could possibly lead to
increased tumor cell proliferation and/or survival.

Under conditions of hyperinsulinemia, IGF binding
proteins (IGFBP)-1 and -2 are repressed (Calle & Kaaks
2004), which may lead to an increase in circulating ‘free’
IGF1. In the MTB/TAN/MKR*/* mouse model, increased
IGF1 levels at the level of the target tissue could lead to
increased activation of the IGF1R, thus directly increasing
tumor growth. The Neu RTK has no known ligand,
depending on its activation upon dimerization with either
ErbB3 or ErbB1 (Cho et al. 2003, Garrett et al. 2003).
Interestingly, Neu also dimerizes with IGF1R, an occur-
rence that provides a significant source of resistance to
Her2-mediated therapies in humans (Lu et al. 2001, 2004).
Thus, in our MTB/TAN/MKR*/* mouse model, it is
possible that elevations of either insulin or ‘free’ IGF1
could promote tumor growth through increased acti-
vation of Neu/IGF1R hybrids (Nahta et al. 2006).

Our finding of greater numbers of lung metastases in
MTB/TAN/MKR*/* mice suggests that, as well as promot-
ing primary tumor growth, insulin may also enhance
primary tumor progression and/or circulating tumor cell
survival in the lung. Our previous work has demonstrated
that murine mammary tumor cell line Mvt1 is able to form
more lung metastases in MKR mice as a result of whether
an orthotopic cell inoculation or an intravenous injection
(Ferguson et al. 2012). Evidence that the IR specifically is
involved in either homing to or survival in the lung has
come from a report by Zhang et al. (2010), who showed
that shRNA knockdown of the IR in breast cancer cell line
LCC6 resulted in reduced ability of these cells to form lung
metastases following intravenous injection into nude
mice. The EMT permits tumor cells to gain the plasticity
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required to extravasate from the primary tumor site.
During extravasation cells become increasingly mesench-
ymal in nature due to numerous changes in cytoskeletal
scaffolding protein structures. Vimentin belongs to the
intermediate filament (IF) family of proteins and has
recently been shown to be an important marker of the
EMT in epithelial cells that normally express only
cytokeratin-type IFs (Zeisberg & Neilson 2009, Satelli &
Li 2011). Vimentin is not specific for EMT and is also a
marker of cancer-associated fibroblasts (Sugimoto et al.
2006). Additionally, recent studies have demonstrated that
cancer-associated fibroblasts induce EMT in breast cancer
cells (Soon et al. 2013). In breast cancer cells, vimentin
expression has been shown to be correlated with increased
migration and invasion (Gilles et al. 2003, Korsching et al.
2005), and in human breast cancer specimens, several
studies have reported overexpression of vimentin as a
marker of poor prognosis (Kokkinos et al. 2007). In this
study, we observed elevated expression of vimentin as
early as 6 weeks of Neu-NT upregulation. The majority
of the vimentin-positive cells did not co-stain with Neu.
This suggests the MTB/TAN/MKR"/* mice have a greater
desmoplastic reaction to the tumors, with more numerous
cancer-associated fibroblasts. Another explanation that
we cannot exclude is that these vimentin-positive cells
are tumor cells that have undergone EMT and have lost
Neu expression. Our finding of hyperinsulinemia leading
to greater lung metastasis could thus be due to an increase
in the dissemination of tumor cells from the primary
tumor associated with increase in the number of cancer-
associated fibroblasts, or due to a direct effect of insulin
on the tumors, inducing EMT. It is also possible that
hyperinsulinemia may lead to greater cell survival, intra-
vasation, and proliferation in lung tissue.

In summary, we have shown that hyperinsulinemia
promotes advanced mammary gland hyperplasia, primary
tumor growth, and lung metastasis in a Her2/Neu model
of breast cancer. Further studies are required to determine
whether, in promoting lung metastases, hyperinsulinemia
enhances cell dissemination from the primary tumor, cell
survival/adhesion in the lung, or both of these processes.
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Insulin Receptor Phosphorylation by Endogenous Insulin
or the Insulin Analog AspB10 Promotes Mammary Tumor
Growth Independent of the IGF-I Receptor

Emily Jane Gallagher,! Nyosha Alikhani,’ Aviva Tobin-Hess,' Jeffrey Blank,' Nicholas J. Buffin,"
Zara Zelenko,l Norbert Tennagels,2 Ulrich Werner,2 and Derek LeRoith!

Endogenous hyperinsulinemia and insulin receptor (IR)/IGF-I
receptor (IGF-IR) phosphorylation in tumors are associated with
a worse prognosis in women with breast cancer. In vitro, insulin
stimulation of the IR increases proliferation of breast cancer
cells. However, in vivo studies demonstrating that IR activation
increases tumor growth, independently of IGF-IR activation, are
lacking. We hypothesized that endogenous hyperinsulinemia
increases mammary tumor growth by directly activating the
IR rather than the IGF-IR or hybrid receptors. We aimed to
determine whether stimulating the IR with the insulin analog
AspB10 could increase tumor growth independently of IGF-IR
signaling. We induced orthotopic mammary tumors in control
FVB/n and hyperinsulinemic MKR mice, and treated them with
the insulin analog AspB10, recombinant human IGF-I, or vehicle.
Tumors from mice with endogenous hyperinsulinemia were
larger and had greater IR phosphorylation, but not IGF-IR
phosphorylation, than those from control mice. Chronic AspB10
administration also increased tumor growth and IR (but not IGF-IR)
phosphorylation in tumors. IGF-I led to activation of both the IGF-
IR and IR and probably hybrid receptors. Our results demonstrate
that IR phosphorylation increases tumor growth, independently of
IGF-IR/hybrid receptor phosphorylation, and warrant consideration
when developing therapeutics targeting the IGF-IR, but not the IR.
Diabetes 62:3553-3560, 2013

ndividuals with obesity, the metabolic syndrome

(MetS), and type 2 diabetes (T2D) have increased

breast cancer incidence and mortality (1-3). Endog-

enous hyperinsulinemia appears to be an important
factor linking obesity, T2D, MetS, and breast cancer (4-6).
The association between endogenous insulin concentration
and breast cancer risk seems to be independent of obesity
(6,7). In women without diabetes, with early-stage breast
cancer, hyperinsulinemia is associated with a lower disease-
free and overall survival (8).

It is hypothesized that hyperinsulinemia may increase
tumor growth by direct and/or indirect mechanisms. Direct
mechanisms involve insulin acting on the insulin receptor
(IR) or IGF-I receptor (IGF-IR) on tumor cells, activat-
ing signaling pathways and tumor growth (9,10). Indirect
mechanisms include hyperinsulinemia stimulating hepatic
IGF-I synthesis, decreasing IGF binding protein-1 synthesis,
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and thus increasing local IGF-I concentrations to act on the
tumor (10,11). In vitro studies are unable to distinguish
these potential direct and indirect effects. Studies have
reported that increased IR expression in breast cancers is
associated with decreased survival (12). The presence of
phosphorylated IR/IGF-IR in the primary tumor is also
associated with a worse prognosis (12). However, these
studies have not been able to discriminate between IR and
IGF-IR phosphorylation. Additionally, human studies provide
associations, but not mechanistic links between hyper-
insulinemia and breast cancer growth.

In vivo studies demonstrating that hyperinsulinemia
increases tumor growth by acting directly on the tumor IR
are lacking. We previously reported that, in an animal
model, endogenous hyperinsulinemia increases mammary
tumor growth by increasing phosphorylation of the IR/IGF-
IR (9). We have shown that decreasing endogenous insulin
levels and blocking the IR/IGF-IR using a tyrosine kinase
inhibitor decreased tumor growth and metastases (9,13,14).
However, we have not previously demonstrated that the
greater tumor growth in these mice is a result of insulin
acting directly on the IR, rather than through the IGF-IR (9).
Previous studies of exogenous human insulin administra-
tion have not demonstrated an increase in mammary tu-
mor growth in rodents (15,16). However, the insulin analog
AspB10, a rapid-acting insulin analog, has been shown to
increase mammary tumor development in rats (17,18).
AspB10 binds the IR with greater affinity than human in-
sulin and has a slower rate of dissociation from the IR in
vitro, raising the possibility that activation of the IR is
mediating its tumor-promoting effects (19-25).

We hypothesized that hyperinsulinemia increases mam-
mary tumor growth through the direct effects on the IR.
We also hypothesized that chronic activation of the IR in
vivo is capable of promoting tumor growth independently of
IGF-IR activation. For this study, we used the female MKR
mouse, a nonobese mouse model of endogenous hyper-
insulinemia (9). The female MKR mice demonstrate no hy-
perglycemia or dyslipidemia; have normal circulating levels
of cytokines and IGF-I; and have no increase in leptin or
decrease in adiponectin (9,13). Therefore, this animal model
has allowed us to determine the effects of hyperinsulinemia
in isolation from many of the other factors reported to
contribute to breast cancer growth with obesity, T2D, and
the MetS (10).

In this study, we found that in mice with endogenous
hyperinsulinemia orthotopic mammary tumors had IR phos-
phorylation, but not IGF-IR phosphorylation. Additionally,
we report that chronic stimulation of IR phosphorylation,
without increased IGF-IR phosphorylation, enhanced mam-
mary tumor growth in these models. Our findings indi-
cate that, in the setting of endogenous hyperinsulinemia,
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INSULIN RECEPTORS AND TUMOR GROWTH

insulin is directly driving tumor growth by acting on the IR,
rather than through indirect effects mediated by IGF-I or
the IGF-IR.

RESEARCH DESIGN AND METHODS

Animals. Animal study protocols were approved by the Mount Sinai School of
Medicine Institutional Animal Care and Use Committee. Mice were housed in
The Mount Sinai School of Medicine Center for Comparative Medicine and
Surgery, an Association for Assessment and Accreditation of Laboratory An-
imal Care International-accredited facility. Mice had a 12-h light/dark cycle, free
access to mouse chow (Picolab rodent diet #5053; LabDiet, St. Louis, MO) and
water. All mice were female, on the FVB/N background, and 8-12 weeks old.
The MKR mice express a human dominant-negative IGF-IR expressed in
skeletal muscle only that forms hybrids with the IR, leading to skeletal muscle
insulin resistance, with subsequent whole-body insulin resistance (26). The
generation and characteristics of the MKR mice have been previously de-
scribed (9,26).

In vitro studies. The MVT1 murine mammary carcinoma cell line was derived
from an explant tumor culture from MMTV-c-Myc/Vegf transgenic mice (27).
Metl murine mammary tumor cells were derived from MMTV-Polyoma virus
middle T antigen (PyVmT) transgenic mice (28). Metl and MVT1 cells were
cultured as previously described (9,14). Cells were stimulated with PBS, 10
nmol/L insulin (Humulin R; Eli Lilly, Indianapolis, IN), AspB10 (provided by
Sanofi-Aventis, Frankfurt am Main, Germany), or recombinant human IGF-I
(rhIGF-I) (Ipsen, Brisbane, CA) for 10 min. After treatment, cells were lysed
for protein extraction.

Orthotopic tumor models. Met-1 and MVT1 cells were prepared for injection
as described previously (9,14). A total of 250,000 Met-1 cells or 100,000 MVT1
cells were inoculated into the fourth mammary fat pad of 8-10-week-old fe-
male virgin MKR and WT mice. Mice were treated with rhIGF-I (Ipsen, Bris-
bane, CA) (1 mg/kg, twice daily ip.), AspB10 (12.5 IU/kg, twice daily s.c.;
provided by Sanofi-Aventis, Frankfurt am Main, Germany), or PBS (vehicle).
Tumor growth was measured in three dimensions using calipers. Tumor vol-
ume was calculated as follows: 4/3 X 7 X 11 X 13 X r3 (r = radius). At the end
of the study, mice were Kkilled; tumors were removed and flash frozen in liquid
nitrogen. Lungs were inflated and fixed with formalin; the number of surface
macrometastases was quantified.

Body weights, composition, blood glucose, insulin, and IGF-I measure-
ment. Body weights were measured weekly. Body composition analysis was
performed using the EchoMRI 3-in-1 nuclear magnetic resonance system (Echo
Medical Systems, Houston, TX), before tumor cell injection and at the end of
treatment. Fed blood glucose measurements were performed on tail vein blood
during tumor studies using a Bayer Contour Glucometer (Bayer Healthcare,
Mishawaka, IN), prior to commencing treatment and weekly thereafter. Plasma
insulin levels were measured at the end of the studies using the Sensitive Rat
Insulin RIA kit (Millipore, St. Charles, MO). Serum IGF-I levels were measured
by radioimmunoassay (ALPCO, Salem, NH).

Insulin tolerance test. MKR mice were fasted for 2 h prior to the insulin
tolerance test, blood glucose was measured from the tail vein using a Bayer
Contour Glucometer at time 0, immediately before PBS, human insulin
(Humulin R; Eli Lilly, Indianapolis, IN), or AspB10 injection, and at 0.5, 1, 2, 4, 7,
and 10 h after injection, at which time the mice were refed.

Protein extraction, Western blot, and immunoprecipitation. Protein ex-
traction and Western blot analysis were performed as previously described
(9,13). The following antibodies were used: anti-phospho-IGF-IRR(™¥113¥1136)
[RRMYTHBVIIED “total IGFIRB, phospho®™™ and total Akt, phospho(T20¥y1200)
and total p44/42 mitogen-activated protein kinase (Erkl/2) (Cell Signaling
Technology, Danvers, MA), total IRB and total IGF-IRB (Santa Cruz Bio-
technology, Santa Cruz, CA), and B-actin (Sigma-Aldrich, St. Louis, MO).
Densitometric analysis was performed using ImageJ V1.44 software (National
Institutes of Health). Immunoprecipitation of the IRB and IGF-IRf were per-
formed using magnetic Dynabeads Protein G (Invitrogen Dynal, Oslo, Norway)
as per the manufacturer’s protocol, with the following modifications: 10 g
anti-IRB antibody or anti-IGF-IRB was added to 1,000 pg protein lysate, in-
cubated with rotation overnight at 4°C; samples were incubated with the
magnetic beads with rotation for 4 h at 4°C, after which they were washed
with ice-cold Tris buffer (pH 7.4); and antigens were eluted using 3X loading
buffer supplemented with dithiothreitol, boiled at 96°C for 5 min, separated
from the beads on a magnet (DynaMag; Invitrogen Dynal, Oslo, Norway), and
loaded on an 8% Tris-Glycine gel (Novex; Life Technologies, Carlsbad, CA).
The gel was probed for phospho-IGF-IRg(TY 11351360 [Ra(IyrlIb0LIEL) ' t4¢q) TRE,
and total IGF-IRB.

Statistical analysis. Differences between groups were calculated by the two-
tailed Student ¢ test when comparing two groups with equal variance and
a one-way ANOVA with Holm-Sidak post hoc test when comparing more than
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two groups, using the statistics software package SPSS Statistics (IBM,
Armonk, NY). P values <0.05 were considered statistically significant.

RESULTS

Insulin and AspB10 led to IR phosphorylation, while
IGF-I led to IGF-IR/hybrid receptor activation in
vitro. We first aimed to determine whether differences
in IR and IGF-IR phosphorylation could be detected in
two different murine tumor cell lines, with different onco-
genes, in response to insulin, rhIGF-I, and the insulin
analog AspB10. MVT1 and Metl cells were stimulated
with PBS or 10 nmol/L insulin, AspB10, or IGF-I for 10 min
(Fig. 1A-D). Western blot anal¥sis using the primary
pIGF-IRB(TYr185/1136) (TR (VILISWHSL - antibody  suggested
that insulin and AspB10 stimulation led to IR phosphor-
ylation, observed as a distinct band on the membrane at
95 kDa (Fig. 14 and B) (29). IGF-I stimulation led to phos-
phorylation of the IGF-IRB at 97 kDa, as well as the IR at
95 kDa (Fig. 1A and B) (29). These findings suggested that
in both MVT1 and Metl cells, IGF-I-mediated phosphory-
lation of the IGF-IRB and the IR(3, and probably the IR/IGF-
IR hybrids. To confirm the Western blot findings, we per-
formed immunoprecipitation of the IR and IGF-IRB from
the Metl cell lysates. We found that insulin and AspB10
were indeed phosphorylating the IRB, but not the IGF-IR
(Fig. 1E-H), whereas IGF-I stimulation led to phosphory-
lation of the IGF-IRB and probable IGF-IR/IR hybrids (Fig.
1E-H). Incidentally, we noted that AspB10 stimulation led
to greater IRB phosphorylation than insulin in Metl cells
(Fig. 1D). These results show that it is possible to distin-
guish differences in IRB and IGF-IRB phosphorylation in
response to insulin, IGF-I, and AspB10 by Western blot as
confirmed by immunoprecipitation in Metl and MVT1 cell
lines in vitro.

Endogenous hyperinsulinemia and exogenous rhIGF-I
increase the growth of Metl and MVT1 tumors. We
have previously shown that MKR mice with endogenous
hyperinsulinemia develop larger primary tumors and more
metastases than WT mice using a variety of orthotopic and
transgenic tumor models with different oncogenes (9,14).
We aimed to determine whether endogenous hyperin-
sulinemia stimulated Metl and MVT1 tumor growth by
acting directly on the IR in vivo or by indirect mechanisms,
namely through phosphorylation of the IGF-IR. To assess
the effect of endogenous hyperinsulinemia on tumor growth
and receptor phosphorylation, compared with rhIGF-I in
vivo, we studied Metl and MVT1 tumors from WT mice
and MKR mice treated with rhIGF-I or vehicle. WT and
MKR mice were orthotopically injected with 100,000 MVT1
or 250,000 Metl tumor cells. Consistent with our previous
studies, MKR mice developed larger MVT1 and Metl
tumors than WT mice (Fig. 24 and B). MVT1 and Metl
tumors were then induced in MKR mice, and when tumors
were measurable, the MKR mice were divided into two
groups with equal mean tumor size. From that time, rhIGF-I
(1 mg/kg, twice daily i.p.) or vehicle was administered for
2 weeks. Serum IGF-I levels were measured 2 h after in-
jection at the end of the study and were 2.6 times higher in
the rhIGF-I-treated mice (806 % 59.05 ng/mL) than vehicle-
treated mice (302 £ 8.75 ng/mL, P < 0.05) (Fig. 2C). rhIGF-
I-treated MKR mice developed significantly larger tumors
than the vehicle-treated MKR mice (Fig. 2D and E). Re-
peated studies demonstrated a nonsignificant increase in the
number of MVTI1-derived pulmonary macrometastases in
the rhIGF-I-treated group compared with the MKR vehicle-
treated group (Fig. 2F"). Western blot analysis of tumor
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FIG. 1. Insulin and AspB10 led to IR phosphorylation but not IGF-IR phosphorylation in vitro. MVT1 and Met1 cells were stimulated with 10 nmol/L
insulin (Ins), the insulin analog AspB10 (AspB10), rhIGF-I (IGF-I), or PBS. Western blot (WB) analysis of protein lysates (from MVT1 cells, A;

from Metl

cells, B) and densitometry (from MVT1 cells, C; and from Metl cells, D) demonstrated that insulin and AspB10 led to phosphorylation of the

IRB(Tyr 1150/1151) 5t 95 kDa, whereas IGF-I stimulation led to phosphorylation of the IGF-IRp(T¥* 1135/1136) 3¢ 97 kDa and the IRB(TY* 1150/1151) 5
95 kDa, most likely through hybrid receptor phosphorylation (A and B). Immunoprecipitation (IP) of the IR in Metl cell lysates after in vitro stim-
ulation with PBS, 10 nmol/L Ins, IGF-I, or AspB10 confirmed that insulin and AspB10 caused phosphorylation of the IRB(™>* 501151 ' whereas IGF-I led
to IGF-IRB(Tyr 1135/1136) g JRB(Tyr 1150/1151) peceptor phosphorylation, the latter likely through IR and hybrid receptor (E and F') with densitometry
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significantly greater than PBS, P < 0.05; 1AspB10 significantly greater than PBS, P < 0.05; {IGF-I group greater than PBS, P = 0.05. p, phosphorylated.

lysates demonstrated that rhIGF-I treatment led to phos-
phorylation of the IGF-IRP at 97 kDa, and of IRB at 95 kDa,
in both Metl and MVT1 tumors (Fig. 2G and I). In contrast,
tumors from vehicle-treated MKR mice had only IR(B
phosphorylation at 95 kDa (Fig. 2G—I). These results sug-
gest that endogenous hyperinsulinemia increases mammary
tumor growth by directly acting on the IR of the tumors and
not by indirectly increasing IGF-IR phosphorylation. IGF-I
in contrast leads to phosphorylation of the IGF-IR3 and IR,
most likely through IGF-IR/IR hybrid receptors.

Chronic administration of the insulin analog AspB10
increased Metl and MVT1 tumor growth. Our in vitro
studies had shown that AspB10 increased IR phosphor-
ylation in both Metl and MVT1 cells, without increasing
IGF-IRB phosphorylation (Fig. 1A-H). Therefore, to in-
vestigate whether IR activation could truly increase tumor
growth independently of IGF-IR activation, we used the
insulin analog AspB10 to chronically activate the IR of the
tumors in vivo. After orthotopic injection with MVT1 or
Met1 tumor cells, mice were treated with AspB10 (12.5 IU/kg,
twice daily s.c.) or vehicle for ~2 weeks after the tumors
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became measurable. AspB10 treatment led to a significant
increase in the size of both MVT1 and Metl tumors (Fig. 34
and B). The increased average number of surface pulmo-
nary macrometastases in the AspB10-treated group did not
reach statistical significance (Fig. 3C). AspB10 treatment
significantly increased plasma insulin concentrations to
70.2 = 21.2 pg/l, compared with vehicle-treated mice
(1.08 = 0.3 pg/L, P < 0.05), when measured 2 h after
insulin or vehicle injection. An insulin tolerance test
revealed that AspB10 (12.5 units/kg s.c.) led to a reduction
in blood glucose levels, similar to those for human insulin,
from 30 min to 4 h after injection that reached a nadir
(43.9 = 6.1% baseline) 2 h after injection (Fig. 3D). No dif-
ferences in body weight were observed between the
AspB10- and vehicle-treated groups before or after 2 weeks
of treatment (Fig. 3E). Although overall body weight was
not different between the treatment groups, both vehicle-
and AspBl0-treated mice showed a relative loss of lean
mass and a relative gain in fat mass; however, the change in
lean and fat mass did not differ between the vehicle- and
AspB10-treated groups (Fig. 3F and G).
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FIG. 2. IGF-I increased orthotopic MVT1 and Metl tumor growth in the hyperinsulinemic MKR mice by increasing IGF-IR phosphorylation. WT and
MKR mice were injected with tumor cells on Day 0. MKR mice developed larger MVT1 and Metl tumors than WT mice (A and B). MVT1 and Metl
tumor cells were orthotopically injected into MKR mice, mice were divided into two groups with equal mean tumor size, and mice were admin-
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tumor growth, over endogenous hyperinsulinemia (D and E'). Serum IGF-I concentration in the rhIGF-I treatment group was 2.6 times that of the
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compared with vehicle-treated MKR mice (F'). Western blot analysis of tumor lysates demonstrated that MKR mice with endogenous hyper-
insulinemia (MKR V) show IRf phosphorylation at 95 kDa, and rhIGF-I treatment led to increased IGF-IRB and IRB or hybrid receptor phos-
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Endogenous hyperinsulinemia and AspB10 increased endogenous hyperinsulinemia directly increases tumor
mammary tumor growth by directly activating the IR, growth by acting on the IR of the tumors, but not the IGF-IR
but not the IGF-IR. To ascertain whether AspB10 stim- and that stimulating the IR, independently of the IGF-IR,
ulated tumor growth in vivo by acting directly on the IR, further exacerbates tumor growth.

we examined IRB and IGF-IRB phosphorylation in Metl AspBl0-induced IR phosphorylation and rhIGF-I-
and MVT1 tumors after 2 weeks of AspB10 or vehicle induced IGF-IR/hybrid receptor phosphorylation led
treatment. Western blot analysis of the tumor lysates to increased Akt phosphorylation in tumors. In order
revealed that AspB10 treatment led to phosphorylation of to examine whether differences in receptor activation in vivo
the IRB, but not the IGF-IRB, in both MVT1 and Metl led to differences in downstream signaling, we examined Akt
tumors (Fig. 4A-D). To confirm these findings, the tumor and Erkl/2 phosphorylation in the two tumor types from
lysates of MVT1 and Metl tumors from WT mice, vehicle- mice treated with AspB10 or IGF-I. Despite the differences in
treated MKR mice, IGF-I-treated MKR mice, and AspB10- receptor phosphorylation resulting from AspB10 and rhIGF-I
treated MKR mice were subjected to immunoprecipitation administration, increased Akt phosphorylation was observed
of the IRB and the IGF-IR, and were immunoblotted for in MVT1 tumors after treatment with both AspB10 and rhIGF-I
the phosphorylated IGF-IRB/IRB. Tumors from vehicle- (Fig. 5A-D), although a greater fold change was observed in
treated MKR mice demonstrated 1.38 = 0.17-fold in- the rhIGF-I-treated group. In Metl tumors, a 2.5-fold increase
creased phosphorylation of the IRB compared with tumors in Akt phosphorylation after rhIGF-I treatment (P < 0.05) and
from WT mice (Fig. 4F), but no increase in IGF-IRB a 156% increase after AspB10 treatment, which did not reach
phosphorylation was seen in the vehicle-treated MKR mice statistical significance, were observed. No increase in Erk1/2
(Fig. 4F). Similarly, by immunoprecipitation AspB10 phosphorylation was found in MVT1 or Metl tumors after
treatment led to 1.81 = 0.17-fold increased phosphoryla- either rhIGF-I or AspB10 treatment (Fig. 5A and B). These
tion of the IRB compared with WT mice (Fig. 4F), but not results show that, in tumors with certain oncogenes, despite
the IGF-IRB (Fig. 4F). In contrast, rhIGF-I administration differences in IR and IGF-IR activation, both rhIGF-I and
led to phosphorylation of both the IGF-IRB and IRB (Fig. AspBl10 led to activation of the Akt signaling, rather than
4F and F). Taken together, these data demonstrate that mitogen-activated protein kinase signaling.
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mice with endogenous hyperinsulinemia.

DISCUSSION

In this study, we aimed to establish whether endogenous
hyperinsulinemia increases mammary tumor growth by
directly acting on the IR, rather than through direct or in-
direct activation of the IGF-IR (9). Additionally, we aimed to
determine whether chronic stimulation of the IR increased
mammary tumor growth in the absence of IGF-IR phos-
phorylation. Our results demonstrate that endogenous hy-
perinsulinemia increases mammary tumor growth by acting
directly on the IR. We observed no increase in IGF-IR
phosphorylation in tumors from mice with endogenous
hyperinsulinemia. Furthermore, we demonstrate that chronic
stimulation of the IR, without IGF-IR activation, is capable
of driving orthotopic mammary tumor growth in vivo.
Our findings add to the understanding of the link among
obesity, T2D, the MetS, and breast cancer. Chronic en-
dogenous hyperinsulinemia has been reported as a major
factor linking these conditions (4,6-8,10). Our previous
studies have demonstrated that MKR mice with endoge-
nous hyperinsulinemia develop increased transgenic and
orthotopic mammary tumor growth and metastases, with
increased IGF-IRB/IRB phosphorylation, compared with
tumors from WT mice (9,14). Lowering insulin levels or
blocking IGF-IRB/IRB phosphorylation reduced tumor
growth (9,13,14). It has been a matter of debate whether
endogenous hyperinsulinemia in vivo has direct effects on the
breast cancer IR, or whether endogenous hyperinsulinemia
increases tumor growth by increasing the availability of
local IGF-I to bind to and activate the IGF-IR. Our findings
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are important, because in women with hyperinsulinemia,
increased activation of the IR, rather than the IGF-IR, may
be responsible for promoting tumor growth. Increased IR
signaling may also be responsible for the increase in breast
cancer risk and mortality in women with T2D, the MetS,
and obesity, conditions associated with insulin resistance
and hyperinsulinemia.

Our study is the first study demonstrating that IR acti-
vation, independent of IGF-IR activation, increases tumor
growth in vivo.

Previous in vitro studies on breast cancer cell lines have
shown that insulin stimulation increases IR phosphoryla-
tion and cell proliferation (14,30,31), suggesting that a di-
rect effect of insulin on the IR is responsible for increasing
tumor growth. Studies in human cancers have not been
able to distinguish between IR and IGF-IR phosphorylation
in breast cancer specimens (12). Although there are cor-
relations between high levels of IR expression in human
breast cancer specimens and poor prognosis, these studies
have not shown that IR signaling increases breast cancer
growth (12). Our findings are consistent with the studies
by Zhang et al. (32), who reported that knocking down the
IR in tumor cell lines reduced tumor growth and metas-
tasis in vivo. It has been reported that IR signaling com-
pensates when IGF-IR is downregulated in breast cancer
cell lines (33). Establishing that IR activation is capable of
driving tumor growth is important, because cancer thera-
pies targeting the IGF-IR have been less effective than
expected, possibly because of compensatory IR signaling
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dogenous hyperinsulinemia.

(34). Additionally, we found that rhIGF-I administration led
to phosphorylation of the IGF-IR, IR, and probably hybrid
receptors, as previously reported in in vitro studies (30).
Therefore, it appears plausible that the IR is capable of
driving tumor growth if the IGF-IR is selectively inhibited.
We used the insulin analog AspBl0 to determine
whether increased activation of the IR is capable of driving
tumor growth, because it has previously been shown to
induce spontaneous mammary tumors in rats (17) and
our in vitro studies demonstrated increased IR phosphor-
ylation after AspB10 stimulation. Some in vitro studies
have reported increased IR phosphorylation after AspB10
stimulation (22), although others have reported that
AspB10 stimulates cell proliferation by acting through the
IR and IGF-IR (20). These in vitro studies found signifi-
cantly greater IGF-IR phosphorylation compared with hu-
man insulin when using concentrations of AspB10 that
were 10 times higher than those used in our studies (20).
At concentrations of 10 nmol/L, IGF-IR phosphorylation
was comparable to that seen in response to human insulin
in MCF7 cells (20), findings consistent those from 5 nmol/L
insulin or AspB10 stimulation in mouse embryonic fibro-
blasts (19). Differences between in vitro and in vivo po-
tency of AspB10 have been previously described (35) and
highlight the need for caution when interpreting the results
of in vitro studies. In vivo studies have not previously
demonstrated whether AspB10 exerts its mitogenic effects
through the IR or IGF-IR (21,25). Understanding the mech-
anism through which AspB10 promotes tumor growth is
important for the development of new insulin analogs to
ensure they are not mitogenic. While AspB10 increases
mammary tumor growth in the dose range used in our
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study, no increase in rodent tumor growth with similar
doses of human insulin has been found; this may be due to
differences in IR affinity or dissociation rates between hu-
man insulin and AspB10, as previously described by others
in in vitro studies (22).

Consistent with the findings of previous studies (19,21),
we found increased phosphorylation of Akt in the MVT1
and Metl tumors from hyperinsulinemic MKR mice after
chronic treatment with AspB10 and rhIGF-I. Erk1/2 phos-
phorylation was not increased after treatment with AspB10
or IGF-I in either Metl or MVT1 tumors. Previous studies
have reported increased Erkl/2 phosphorylation in myo-
blasts and cardiomyocytes in response to AspB10 (36), and
in multiple cell lines in response to rhIGF-I. Our previous
studies found no increase in Erkl/2 phosphorylation in
MVT1 tumors in the setting of endogenous hyperinsulinemia,
and no increase in Erk phosphorylation in response to
insulin in vitro (14). Our in vitro studies found that MVT1
cells (expressing the c-myc/vegf oncogene) have consti-
tutively active Erk. While Erk phosphorylation is known to
lead to increased c-myc expression, some recent studies
report feedback interactions between c-myc and Erk in
different cell types, although the mechanism through
which this feedback may occur in MVT1 cells has not been
elucidated (37-40).

Our previous studies have demonstrated that the MKR
mice develop more numerous pulmonary metastases after
orthotopic and intravenous tumor cell injection (14). Ad-
ditionally, rhIGF-I increased metastases from colon cancer
orthografts in our previous studies (41).

In this study, the difference in the number of metastases
seen after treatment with rhIGF-I or AspB10 showed an
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hyperinsulinemia.

increase that did not reach statistical significance; how-
ever, our study was underpowered to detect a difference in
the number of pulmonary metastases.

We did not address the issue of which IR isoform is
driving tumor growth in the setting of hyperinsulinemia or
AspB10 administration. Two isoforms of the IR exist: IR-A,
in which exon 11 is spliced; and IR-B, which contains exon
11 (42). IR-A is preferentially expressed in fetal tissues and
certain tumors (42). Different signaling pathways may be
activated by insulin stimulation of IR-A and IR-B in different
tissue (43-45). Furthermore, activation of IR-A by different
ligands (insulin or IGF-II) leads to the differential signaling
effects (42). Many breast cancers express higher levels of
IR-A than IR-B, and therefore increased binding of insulin to
IR-A is hypothesized to drive tumor growth and resistance to
chemotherapeutic agents (44,46). It was hypothesized that
AspB10 has a higher affinity for IR-A than IR-B, but recent
studies demonstrate that AspB10 has a similar affinity for
IR-A and IR-B (19). In the same study, in cells expressing the
IR-A isoform, AspB10 led to more cell transformation than
human insulin (19). Therefore, the transformational effects
of AspB10 may be more pronounced in mammary tumors
where the IR-A:IR-B ratio is increased. Future in vivo studies
should establish whether activation of IR-A or IR-B signaling
is responsible for increasing tumor growth.

Overall, the MKR mouse has provided us a unique op-
portunity to study the effects of endogenous hyperin-
sulinemia on mammary tumor growth in the absence of
other confounding factors. The results of our study show
that in the setting of endogenous hyperinsulinemia, in-
sulin causes IR, but not IGF-IR, phosphorylation. Our study

diabetes.diabetesjournals.org

demonstrates for the first time, that direct stimulation of the
IR, without IGF-IR activation, increases orthotopic mam-
mary tumor growth. Therefore, in women with endogenous
hyperinsulinemia, stimulation of the IR in breast tumors
may increase tumor growth and metastases. This finding is
an important consideration for the development of tailored
treatments for women with obesity, T2D, the MetS, or en-
dogenous hyperinsulinemia who develop breast cancer.
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Inhibiting PI3K reduces mammary tumor growth and induces
hyperglycemia in a mouse model of insulin resistance and hyperinsulinemia

EJ Gallagher', Y Fierz', A Vijayakumar, N Haddad, S Yakar and D LeRoith

Division of Endocrinology, Diabetes and Bone Disease, Mount Sinai School of Medicine, New York, NY, USA

Women with type 2 diabetes mellitus (T2DM) are at a
greater risk of developing and dying from breast cancer
than women without T2DM. Insulin resistance and
hyperinsulinemia underlie the pathogenesis of T2DM.
In the MKR mouse model of insulin resistance, we have
previously shown increased activation of the phosphatidy-
linositol 3-kinase (PI3K)/Akt/mTOR pathway in associa-
tion with accelerated mammary tumor growth. In this
study, we demonstrate that inhibiting PI3K with the
oral pan-class I PI3K inhibitor, NVP-BKM120 reduced
the growth of Met-1 and MCNeuA mammary tumor
orthografts in the MKR mouse. NVP-BKM120 treatment
decreased phosphorylation of Akt and S6 ribosomal
protein (S6rp); no change in Erk1/2 phosphorylation
was seen. Hyperglycemia, hypertriglyceridemia and great-
er hyperinsulinemia developed in the MKR mice treated
with NVP-BKM120. We previously reported reduced
tumor growth using intraperitoneal rapamycin in the
MKR mouse, with the development of hyperglycemia and
hypertriglyceridemia. Therefore, we examined whether
the oral PI3K/mTOR inhibitor NVP-BEZ235 augmented
the tumor suppressing effects of PI3K inhibition. We also
investigated the effect of targeted PI3K/mTOR inhibition
on PI3K/Akt/mTOR and Erkl/2 signaling, and the
potential effects on glycemia. NVP-BEZ235 suppressed
the growth of Met-1 and MCNeuA tumor orthografts,
and decreased Akt and Sé6rp phosphorylation, despite
increased Erk1/2 phosphorylation in Met-1 orthografts
of MKR mice. Less marked hyperglycemia and hyper-
insulinemia developed with NVP-BEZ235 than NVP-
BKM120. Overall, the results of this study demonstrated
that inhibiting PI3K/Akt/mTOR signaling with the oral
agents NVP-BKM120 and NVP-BEZ235 decreased
mammary tumor growth in the hyperinsulinemic MKR
mouse. Inhibiting PI3K alone led to more severe metabolic
derangement than inhibiting both PI3K and mTOR.
Therefore, PI3K may be an important target for the
treatment of breast cancer in women with insulin resistance.
Monitoring for hyperglycemia and dyslipidemia should
be considered when using these agents in humans, given
the metabolic changes detected in this study.
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Introduction

Women with type 2 diabetes mellitus (T2DM) and the
metabolic syndrome (a syndrome of insulin resistance
and hyperinsulinemia) are at a greater risk of developing
and dying from breast cancer than women without these
conditions (Agnoli et al., 2010; Patterson et al., 2010;
Peairs et al., 2011). Even in the absence of T2DM or the
metabolic syndrome, having a fasting insulin level that
lies in the upper quartile of the normal population range
has been reported to increase the risk of breast cancer
recurrence and death, in women with early stage breast
cancer (Goodwin et al., 2002). In human breast cancer,
insulin receptor (IR) content is frequently increased
(Papa et al., 1990), and therefore in the setting of insulin
resistance and hyperinsulinemia, activation of the IR
and its downstream signaling pathways may promote
breast cancer growth. In our previous studies, we have
employed the female MKR mouse to investigate the
mechanisms underlying the link between hyperinsuline-
mia and breast cancer. The female MKR mouse has
significant insulin resistance and hyperinsulinemia with
mild glucose intolerance (Novosyadlyy et al., 2010). Our
previous studies have demonstrated that female MKR
mice develop larger mammary tumors than wild type
(WT) mice. The IR/insulin-like growth factor-1 recep-
tor/phosphatidylinositol 3-kinase (PI3K)/Akt/mTOR
pathway was the main signaling pathway that demon-
strated increased activation in tumors from the MKR
mice (Novosyadlyy et al., 2010).

The PI3K/Akt/mTOR signaling pathway and its
activation by IRB/IGF-IRB phosphorylation has re-
cently received intense investigation with the emergence
of resistance to current chemotherapeutic agents, and
the identification of mutations that lead to dysregulation
of this pathway (Junttila et al., 2009; Creighton et al.,
2010; Lopez-Knowles et al., 2010). PI3K consists of two
subunits, a p110 catalytic subunit and its regulatory p85
subunit. After receptor phosphorylation, binding of
adaptor proteins, such as insulin receptor substrate-1, to
the p85 subunit releases the p110 catalytic subunit from
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its inhibitory regulation and allows for the phosphor-
ylation of phosphatidylinositol-4,5-bisphosphate to
generate phosphatidylinositol-3,4,5-triphosphate . Phos-
phatidylinositol-3,4,5-triphosphate phosphorylates Akt
leading to the activation of a plethora of signaling
molecules. Multiple gene mutations can increase signal-
ing through the PI3K/Akt/mTOR pathway in breast
cancers, for example, loss of activity of the tumor
suppressor gene phosphatase and tensin homolog
deleted on chromosome ten, amino-acid substitutions
in PI3KCA (encoding the pll0a catalytic subunit
of PI3K), overexpression of human epidermal growth
factor receptor-2 (HER-2) and mutations in Akt. In cell
lines, increased PI3K signaling has been shown to confer
resistance to the monoclonal antibody trastuzumab that
is directed against HER-2, and is used to treat HER-2
receptor-positive breast cancers in women (O’Brien
et al., 2010). Additionally, in estrogen receptor (ER)-
positive breast cancer cells, PI3K activity is associated
with decreased expression of ER and ER target genes.
This decreased ER expression in ER-positive tumors
is associated with resistance to hormonal therapy
(Creighton et al., 2010). Therefore, insulin resistance
and endogenous hyperinsulinemia, leading to increased
activation of the PI3K signaling pathway, may result in
resistance to HER-2 and ER targeted therapy, and so
may be an important therapeutic target in individuals
with breast cancer who have increased insulin levels, the
metabolic syndrome or T2DM.

However, two particular concerns have arisen with
regard to inhibiting the PI3K/Akt/mTOR pathway.
First, that inhibition of PI3K signaling in HER-2-
overexpressing tumors will lead to a compensatory
increase in Erk1/2 signaling, as was recently described
with the PI3K inhibitors, GDC-0941 and PIK-90 in cell
lines and the dual PI3K/mTOR inhibitor, BEZ235 in
xenografts inoculated into mice (Serra et al., 2011).
Second, that inhibiting PI3K may result in significant
hyperglycemia. We have previously demonstrated that
inhibiting mTOR with rapamycin led to increased
glucose and triglyceride levels in MKR mice, but did
not lead to a further increase in the already elevated
plasma insulin levels and did not affect Ser*”* phosphor-
ylation of Akt in tumors (Fierz et al., 2010). PI3K
inhibition would be expected to lead to different
metabolic effects than rapamycin because of the effects
of PI3K inhibition on the phosphorylation of Akt and
on atypical isoforms of protein kinase C {. Both Akt and
atypical isoforms of protein kinase C { are important for
insulin-mediated glucose uptake in muscle and adipose
tissue by glucose transporter 4 (GLUT4) (Kohn et al.,
1996; Liu et al., 2006).

Therefore, we aimed to examine the effect of
inhibiting PI3K on tumor progression and metabolic
parameters in a mouse model of hyperinsulinemia.
In this study we inhibited PI3K with the oral pan-class
I inhibitor of PI3K, NVP-BKM120, and evaluated the
growth of mammary tumor orthografts in the hyper-
insulinemic MKR mouse. We examined the PI3K/Akt/
mTOR signaling pathway to determine whether this
inhibitor could adequately block signaling in tumors

Oncogene

from the MKR mouse, where the activity of this
pathway is known to be increased. We also studied the
phosphorylation of Erk1/2 to determine whether inhibi-
tion of PI3K led to a compensatory increase in Erk1/2
signaling in the MKR mouse. Additionally, we exam-
ined the effects of inhibiting PI3K on metabolic
parameters, including glucose, insulin and triglyceride
levels. Finally, in view of our previous study demon-
strating that inhibiting mTOR with rapamycin led to
hyperglycemia in the MKR mouse, but reduced tumor
growth (Fierz et al., 2010), we were interested to know
whether inhibiting both PI3K and mTOR with the
targeted dual inhibitor, NVP-BEZ235 would lead to an
additional suppression of tumor growth, and whether it
would affect insulin and glucose levels in the MKR
mouse. We also aimed to discover whether the dual
PI3K/mTOR inhibitor would lead to a compensatory
increase in Erk1/2 signaling in this model, similar to the
results from animal models without insulin resistance
(Serra et al., 2011).

Results

Inhibiting PI3K reduces tumor growth in the MKR mouse
The MKR mouse is a nonobese animal model of
type 2 diabetes. The female MKR mouse has marked
hyperinsulinemia, but only mild dysglycemia. We
have previously demonstrated that after orthotopic
inoculation of Met-1 and MCNeuA cells into the fourth
mammary fat pad, MKR mice develop larger tumors
than WT mice (Novosyadlyy et al., 2010). Met-1
mammary tumor cells were initially derived from
MMTV-Polyoma Virus middle T antigen transgenic
mice (Borowsky et al., 2005) and MCNeuA mammary
tumor cells were derived from MMTV-Neu transgenic
mice, the rodent equivalent of the human ErbB2 or
HER-2 gene (Campbell et al., 2002). Met-1 cells have a
high proliferation rate and have a mesenchymal
phenotype. MCNeuA cells have an epithelial phenotype
and have a low proliferation rate.

We orthotopically inoculated MKR mice and WT
mice with Met-1 and MCNeuA cells, as previously
described (Novosyadlyy et al., 2010). Cells were injected
1 week apart, to allow for the lower proliferation rate of
the MCNeuA cells. At 2 weeks after injection of the
Met-1 cells and 3 weeks after injection of MCNeuA
cells, the MKR and WT mice were divided into two
treatment groups that were matched for respective
tumor size (Figures la and c). Mice were treated with
NVP-BKM120 (50 mg/kg) by oral gavage, or the same
volume of the vehicle. Treatment continued for 2 weeks
with interval measurement of tumor growth over that
time and measurement of tumor weight at the end of the
study. The volumes of both Met-1 and MCNeuA
tumors were significantly lower in the MKR mice
treated with NVP-BKM120, compared with the MKR
vehicle-treated group (Figures la and c). Similarly,
the weights of MCNeuA and Met-1 tumors were
significantly reduced in the MKR group treated with
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Figure 1 Treatment with NVP-BKM 120 reduced the accelerated tumor growth in the MKR mice. (a, ¢): Met-1 cells (0.5 x 10°) and
MCNeuA cells (1 x 10°) were injected into the fourth mammary fat pad of 8-10-weeks old virgin WT and MKR mice on day 0.
Treatment with NVP-BKM 120 (BKM) or vehicle (V) began 2 weeks after Met-1 cell injection and 3 weeks after MCNeuA cell injection
(arrows). Tumor volume was measured during the 2 weeks of treatment with NVP-BKM120 or vehicle. (b, d): Tumor weight was
measured at necropsy. All data are expressed as mean £s.e.m. *P<0.05 between WT and MKR groups. **P<0.05 between MKR
NVP-BKM120 and MKR vehicle groups. #P<0.05 between the MKR vehicle group and the WT vehicle group. #P<0.05 between the

WT NVP-BKM120 and WT vehicle-treated groups. n=_8-9 mice per group.

NVP-BKM120, and the MCNeuA tumor weights were
also significantly reduced in the WT group (Figures 1b
and d). Therefore, in the insulin resistant, hyperinsuli-
nemic mouse, inhibiting PI3K with NVP-BKM120
decreases the growth of mammary tumors known
to have increased activation of the PI3K/Akt/mTOR
signaling pathway.

Blocking PI3K signaling with NV P-BKM 120 reduces
tumor growth by inhibition of Akt signaling in the

MKR mouse

Our previous studies have demonstrated an increase in
phosphorylation of IRBM™rS0SD/IGE-IR BTyr113/1136)
and Akt®*™ in Met-1 and MCNeuA tumors inoculated
into MKR mice, compared with those injected into WT
FVB/N mice (Novosyadlyy et al., 2010). No change
was seen in phosphorylation of Akt®’® in response
to treatment with the mTOR inhibitor rapamycin (Fierz
et al., 2010). In this study, we again observed a
statistically significant increase in Akt®S#’® phosphor-
ylation in the MKR vehicle-treated group compared
with the WT vehicle-treated groups (Figures 2a and b,

this difference is not marked with an asterisk on the
densitometry 2C and 2E). Inhibiting PI3K resulted
in decreased phosphorylation of Akt in both WT
and MKR mice, along with decreased phosphorylation
of S6 ribosomal protein (S6rp)©=23¥2% (Figures 2a—f).
No change in Erk1/2(™r202209 phosphorylation was seen
in either WT or MKR mice treated with NVP-BKM 120
(Figures 2g—j). Overall, NVP-BKMI120 successfully
reduces phosphorylation of Akt and S6rp in tumors
from the MKR mouse that is known to have increased
activation of Akt signaling. No change in Erkl/2
signaling was seen after treatment with NVP-BKM120
in either cell type in MKR or WT mice.

Inhibiting PI3K led to reduced proliferation in Met-1
tumor orthografts in MKR mice

We have previously demonstrated increased prolifera-
tion in the Met-1 tumors in MKR mice by evaluation of
protein extracts for proliferating cell nuclear antigen on
western blot (Fierz et al., 2010). To examine whether
this increase in S phase growth was inhibited with NVP-
BKMI120, the mice were injected with 5-bromo-2'-
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Figure 2 Treatment with NVP-BKM120 reduced serine phosphorylation of Akt and S6rp in MCNeuA and Met-1 tumors treated
with NVP- BKM120. Protein extracts from MCNeuA and Met-1 tumors from WT and MKR mice were size fractionated
and immunoblotted against phospho®™7 and total Akt, phospho®3523% and total Sé6rp, and phospho™202T¥204 and total Erk1/2
(a, b, g, h) . Representative western blot analyses are displayed for MCNeuA tumors (a, g) and Met-1 tumors (b, h). ¢, i, j) display the
densitometric analyses of phosphorylated Akt normalized to total Akt, phosphorylated Sérp normalized to total Sérp levels and
phosphorylated Erk1/2 normalized to total Erk1/2 for MCNeuA and Met-1 tumors. Data in (¢, i, j) are presented as a fold change in
the mean (+s.e.m.) of each group compared with the WT vehicle-treated group. *P<0.05 between groups. BKM, NVP-BKM 120

treated; V, vehicle treated.

deoxyuridine (BrdU) 2h before tumor tissue collection.
The percent of cells that stained positive for BrdU in
the Met-1 tumors was evaluated by immunofluores-
cence. We found a significantly higher percent of
BrdU-positive cells in the vehicle-treated MKR mice
(9.9+0.76%), compared with vehicle-treated WT
mice (7.8+0.35%) (Figure 3a). Treatment of the
MKR mice with NVP-BKM120 led to a significantly
lower percent of BrdU-positive cells (5.8 +1.13%),
compared with vehicle-treated MKR mice (P =0.001).
The percent of BrdU-positive cells in the Met-1 tumors
from the MKR mice treated with NVP-BKM120 was
comparable to the percent of BrdU-positive cells in
the WT NVP-BKM120-treated group (5.8+0.63%).

Oncogene

Therefore, in the MKR mice, inhibiting PI3K with
NVP-BKM120 attenuated the increased cellular prolif-
eration in Met-1 tumors from the MKR mice
(Figure 3b). Western blot analysis of apoptosis, using
the antibody to the anti-apoptotic protein Bcl-2 revealed
decreased levels of Bcl-2 when normalized to B actin, in
the MKR vehicle-treated group, compared with the
MKR NVP-BKM120-treated group (data not shown).

Mice treated with NVP-BKM 120 developed metabolic
derangements

Before treatment, MKR mice had mildly elevated blood
glucose levels (10.6 = 0.5 mmol/l), compared with WT mice
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Figure 3 NVP-BKM120 reduces the increased proliferation of Met-1 cell orthografts in MKR mice. Assessment of proliferation of
Met-1 orthografts by BrdU incorporation, after intraperitoneal injection of BrdU (10pul/g body weight) and detection by
immunofluorescence (mouse monoclonal antibody against BrdU, secondary antibody AlexaFluor 488-conjugated goat anti-mouse IgG
(green) and nuclear counterstaining with DAPI (blue). (a): Representative 40 x objective images of BrdU-positive Met-1 tumors
(top row) and composite images of DAPI- and BrdU-positive Met-1 tumors (bottom row). White arrows point to BrdU-positive cells.
(b): Quantitative analysis representing the percent of BrdU-positive cells to total number of DAPI-positive cells, expressed as
means £ s.e.m. *P<0.05 between MKR vehicle-treated group and all other groups (n =2-3 mice per group, with six 40 x fields per
mouse). BKM, NVP-BKM120 treated; V, vehicle treated. A full colour version of this figure is available at the Oncogene journal

online.

(7.2£0.2mmol/l) (Figure 4a). Following 2 weeks of
treatment, significant hyperglycemia developed in the
WT and MKR groups treated with NVP-BKM120
(Figure 4), and was demonstrated during the glucose
tolerance test (Figure 4b). Plasma insulin levels revealed
that WT and MKR mice treated with NVP-BKM 120 had
significant hyperinsulinemia, compared with the vehicle-
treated mice, with the levels for the WT mice increasing
at an ~seven fold and for MKR mice rising >ten fold
(Figure 4c). Triglyceride levels also increased in the MKR
mice treated with NVP-BKM120 to a modest (1.5-fold
increase) but significant degree, although no increase was
seen in the WT mice (Figure 4d).

Comparison of PI3K inhibition alone with the PI3K and
mTOR dual inhibitor NVP-BEZ235

We were interested to discover the effects of inhibiting
both PI3K and mTOR on the tumor growth and glucose
control in the MKR mice. Our previous studies had

demonstrated that the mTOR inhibitor rapamycin
reduced tumor growth, but increased glucose levels in
the MKR mice, whereas our current study demonstrated
that inhibiting PI3K with NVP-BKM120 also reduced
tumor growth, but led to more severe hyperglycemia
and hyperinsulinemia than rapamycin. We therefore
speculated that inhibiting both PI3K and mTOR could
have a synergistic effect on the reduction in tumor
growth. Analogous to the study with NVP-BKM 120, we
inoculated the fourth mammary fat pad of WT and
MKR mice with Met-1 and MCNeuA cells, and divided
them into treatment groups, with the dual PI3K/mTOR
inhibitor NVP-BEZ235 (40 mg tosylate salt/kg body
weight) or the vehicle (10% NMP: 90% PEG300), by
daily gavage for 2 weeks. Before treatment began, the
groups were matched for tumor size, and serial
measurements were taken during the study to calculate
the tumor volume. At the end of the study tumor
weights were also recorded. Proteins from the MCNeuA
and Met-1 tumors were isolated, as previously described
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and again phosphorylation of the Akt, S6rp and Erk1/2
were examined relative to their total protein levels.
The volumes of both MCNeuA and Met-1 tumors
were again significantly decreased in the MKR
mice treated with the dual PI3K/mTOR inhibitor
NVP-BEZ235 (Figures 5a and b); tumor weight was
not significantly different in the treatment groups, as
there was a wide distribution in the tumor weights
because of variable areas of necrosis (Figures 5c and d).
Analysis of tumor proteins revealed a significant
decrease in phosphorylation of Akt and Sérp in the
MKR and WT NVP-BEZ235-treated group, compared
with the vehicle-treated groups (Figures Se—g and 1).
In contrast to the PI3K inhibitor NVP-BKM120, an
increased Erk1/2 phosphorylation was seen in the Met-1

tumors from MKR mice treated with NVP-BEZ235,
when compared with those treated with the vehicle
(Figure 5j). Glucose intolerance and hyperinsulinemia
developed in the MKR mice treated with NVP-BEZ235
(Figures 6a and b), but the degree of glucose intolerance
and hyperinsulinemia was not as great as with NVP-
BKM120 treatment. No significant hyperinsulinemia
developed in the WT group treated with NVP-BEZ235,
compared with controls (Figure 6b).

Discussion

Our results demonstrate that in the MKR mouse model
of insulin resistance, inhibiting PI3K with NVP-
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Figure 4 NVP-BKMI120 treatment led to hyperglycemia, hypertriglyceridemia and exacerbated hyperinsulinemia in MKR mice.
(a): Mean random glucose levels at the start of treatment with NVP-BKM 120 or vehicle and after 2 weeks of treatment. (b): Results of the
1.5g/kg glucose tolerance test. Glucose was injected at time 0 and glucose measurements were taken at 0, 15, 30, 60 and 120 min.
(c): Plasma insulin concentrations of the WT and MKR mice after 2 weeks of treatment with NVP-BKM 120 or vehicle. The y-axis is
broken at the parallel lines and the bar for the MKR BKM group is broken at the same point to aid visualization of the WT groups.
(d): Serum triglyceride concentration in WT and MKR mice after 2 weeks of treatment with NVP-BKM120 or vehicle. All data are
presented as the mean *s.e.m., *P<0.05 between the WT NVP-BKM120 treated mice and WT vehicle group. #P<0.05 between MKR
NVP-BKM120-treated mice and MKR vehicle-treated group. BKM, NVP-BKM120 treated; TG, serum triglyceride; V, vehicle treated.

Figure 5 NVP-BEZ235 treatment reduced tumor volume in the MKR treated group, and decreased Akt®™7® and S6rp (er235/230)
phosphorylation.(a, b): MCNeuA cells and Met-1 cells were injected into the fourth mammary fat pad as outlined in the methods
section and Figure 1. NVP-BEZ235 (BEZ) and vehicle (V) treatment began 2 weeks after Met-1 injection and 3 weeks after MCNeuA
injection (arrows). (a, b): Tumor volumes were measured during the 2 weeks of treatment. #P<0.05 between MKR NVP-BEZ235 and
vehicle treated groups. **P <0.05 between MKR NVP-BKM 120 and MKR vehicle groups. No. P<0.05 between MKR vehicle group
and WT vehicle group. #P<0.05 between WT NVP-BKM120 and WT vehicle treated group. (c,d) Tumor weight was measured at the
end of the study. (e,f) Representative western blots demonstrating protein extracts from MCNeuA and Met-1 tumors from WT and
MKR mice treated with V and BEZ. (g—i): Densitometric analysis for MCNeuA and Met-1 tumors of the relative phosphorylation of
Akt to total Akt and phosphorylation of Erk1/2 to total Erkl/2. Results are displayed as mean * s.e.m. and are presented as a fold
change compared with the WT vehicle treated group. *P<0.05 between groups.
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BKM120 decreased the growth of tumor orthografts
known to have increased activation of the PI3K/Akt/
mTOR pathway in the hyperinsulinemic mouse. In
the MKR mouse, inhibiting PI3K alone reduced Akt
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&

phosphorylation and did not lead to a compensatory
increase in Erk1/2 signaling. In contrast to our study of
rapamycin, inhibiting both PI3K and mTOR led to a
reduction in Akt phosphorylation as well as a decrease
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Figure 6 Metabolic investigations demonstrated worsening glucose tolerance and hyperinsulinemia in the MKR mice treated with
NVP-BEZ235. (a): Results of the 1.5 g/kg glucose tolerance test. Glucose was injected at time 0 and glucose measurements were taken
at 0, 15, 30, 60 and 120 min. *P < 0.05 between glucose levels of the MKR NVP-BEZ235 treated mice compared with MKR vehicle
treated group. (b): Plasma insulin concentrations of the WT and MKR mice after 2 weeks of treatment with NVP-BEZ235 or vehicle.
*P<0.05 between the MKR NVP-BEZ235 treated mice and MKR vehicle treated group and WT groups.Results are expressed as

mean +s.e.m. V, vehicle treated, BEZ, NVP-BEZ235 treated.

in Sérp phosphorylation; however, increased activation
of Erkl/2 signaling in Met-1 tumors from the
MKR mouse treated with NVP-BEZ235 was seen.
These results are partially consistent with the findings
of other groups who reported that inhibition of PI3K
alone (with GDC-0941 and PIK90), or in combination
with mTOR (NVP-BEZ235) led to a compensatory
increase in Erkl/2 signaling in tumor xenografts
(Serra et al., 2011). Notably, the PI3K inhibitors used
were different as were the cell lines and animal models,
all of which could account for different findings
regarding Erk1/2 phosphorylation.

Other studies, in addition to ours, have reported that
inhibiting PI3K results in no change, or in some cases, a
reduction in Erkl/2 signaling (Wells ez al., 2007). As
well as differences in cellular characteristics, different
pharmacological agents possess varying activity against
the different class 1A p110 isoforms of PI3K. Although
in breast cancer, the PI3KCA gene that encodes for the
pl10a is the most commonly mutated of the three class
1A isoforms (p110a, p110B and p1105), evidence from
other cell lines show that inhibiting two of these three
isoforms is insufficient to inhibit cell proliferation and
survival (Foukas et al., 2010). Therefore, PI3K inhibi-
tors that preferentially target pl10a (GDC-0941 and
PIK90) may not be as effective at preventing cellular
proliferation and cell cycle progression as pan class 1A
inhibitors, such as NVP-BKM120 and XL147.

The more pronounced glucose and insulin derange-
ments in the WT and MKR mice treated with the
PI3K inhibitor NVP-BKM120, may be the result of
more pronounced PI3K and Akt inhibition with this
compound than with the dual PI3K/mTOR inhibitor
NVP-BEZ235. Our protein analysis demonstrated that
the inhibition of Akt phosphorylation with NVP-
BEZ235 was less marked than with the PI3K inhibitor
NVP-BKM120. Similar findings regarding Akt phos-
phorylation have previously been reported, and other
studies have demonstrated an increase in Akt phosphor-
ylation at lower doses of NVP-BEZ235 (Serra et al.,
2008, 2011). At low concentrations, NVP-BEZ235
predominantly inhibits mTORCI activity, whereas at
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higher concentrations it inhibits PI3K and mTORC1/2.
Therefore, in our study, the disproportionately greater
suppression of S6rp phosphorylation, compared with
Akt phosphorylation in NVP-BEZ235-treated tumors,
may be the result of the different inhibitory concentra-
tion of NVP-BEZ235 on mTOR and Akt.

Insulin signaling is important for glucose uptake into
skeletal muscle and adipose tissue by the glucose
transporter GLUT4. Previous studies have demon-
strated that inhibiting PI3K with wortmannin and
LY294002 prevents the translocation of GLUT4 to the
cell surface and glucose uptake into cells. Akt and
atypical protein kinase C { are important downstream
targets of PI3K that mediate this glucose uptake
(Liu et al., 2006). Inhibitors of Akt have also been
reported to cause hyperglycemia by GLUT4-dependent
and independent mechanisms (Tan et al., 2010). Only
very low levels of Akt appear to be necessary to
maintain GLUT4 function in certain cells, suggesting
alternative unknown mechanisms are also in play (Tan
et al., 2010). The difference in Akt inhibition between
NVP-BKM120 compared with NVP- BEZ235 may
partly explain the more dramatic hyperglycemia that
was observed with NVP-BKM120. Some studies using
PI3K inhibitors have not reported dramatic hypergly-
cemia, an affect that may be related to the p110 isoform
of PI3K that is inhibited: a pan class IA inhibitor may
lead to more severe glucose derangement than a selective
pl10a inhibitor, although the roles that the different
pl10 isoforms play in the metabolic effects of insulin
remain to be determined (Jia et al., 2008; Sopasakis et
al., 2010).

In addition to more severe hyperglycemia, we noted
more dramatic hyperinsulinemia with the PI3K inhibi-
tor compared with the dual PI3K/mTOR inhibitor,
which caused greater hyperinsulinemia than rapamycin
(Fierz et al., 2010). Inhibition of PI3K and Akt will
directly lead to insulin resistance by preventing signal
transduction through this pathway. Inhibiting mTOR in
addition to PI3K may in fact improve insulin sensitivity,
as the mTOR/S6 Kinase pathway causes serine phos-
phorylation of insulin receptor substrate-1, which



attenuates signaling. Therefore, inhibiting mTOR/S6
Kinase activity may reduce some of the insulin
resistance caused by PI3K inhibition by relieving the
inhibition of serine phosphosylation of insulin receptor
substrate-1, allowing tyrosine phosphorylation of
insulin receptor substrate-1 and activation of the insulin
signaling pathway (Um et al., 2006).

In conclusion, our study demonstrates that PI3K
inhibitors reduce tumor growth in an animal model of
insulin resistance and hyperinsulinemia. These results
may be particularly relevant in individuals with insulin
resistance, the metabolic syndrome and T2DM, who
may have dysregulation of the PI3K pathway in breast
cancer, as demonstrated in our mouse model. In our
model, we demonstrate that with pan class 1 PI3K
inhibition, there is no increase in activation of Erkl1/2
signaling. Our data demonstrates a similar reduction in
tumor growth with the dual PI3K/mTOR inhibitor and
PI3K inhibition alone. However, dual inhibition
of PI3K and mTOR importantly led to less severe
hyperglycemia and hyperinsulinemia, which may be due
to either less potent inhibition of Akt by NVP-BEZ235
or due to a reduction in insulin resistance by inhibiting
mTOR. Based on the results of our study and other
similar studies, many questions regarding the role of
PI3K in tumor growth and metabolism have emerged.
Future studies are needed to address the roles of
hyperinsulinemia and diabetes in breast cancer mortality
in women (Peairs et al., 2011). Understanding more
about the specific p110 isoforms in tumor growth and
metabolism is necessary so that targeted therapy can
lead to maximal tumor inhibition with minimal adverse
metabolic consequences. This is particularly important
as the PI3K/Akt/mTOR signaling pathway may be
an important target in hyperinsulinemic women with
breast cancer.

Materials and methods

Animals

The mice used in this study were all on the FVB/N
background. WT FVB/N mice and MKR mice that have been
characterized previously were used (Fernandez er al., 2001;
Novosyadlyy et al., 2010). The mice were kept on a 12-h light/
dark cycle, had free access to a standard mouse chow (Picolab
rodent diet 5053; LabDiet, St Louis, MO, USA) and fresh
water ad [libitum. The Mount Sinai School of Medicine
AAALAC-accredited animal facility provided animal care
and maintenance.

Orthotopic tumor models

Met-1 mammary tumor cells were initially derived from
MMTV-Polyoma Virus middle T antigen (FVB/N) transgenic
mice (Borowsky et al., 2005), and MCNeuA mammary tumor
cells were derived from MMTV-Neu (FVB/N) transgenic mice,
the rodent equivalent of the human ERBB2 gene (Campbell
et al., 2002). Cell culture, preparation and injection were
performed as described previously (Fierz et al., 2010;
Novosyadlyy et al., 2010). Tumor cells were inoculated into
the fourth mammary fat pad of 8-10-week-old female virgin
homozygous MKR and WT FVB/N mice. Two weeks after
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Met-1 cell and 3 weeks after MCNeuA cell inoculation, tumors
were matched according to size between groups, and mice were
treated with either the pan-class I PI3K inhibitor NVP-
BKM120 (50mg/kg body weight per day by oral gavage)
dissolved in 1-methyl-2-pyrrolidone (NMP, Sigma-Aldrich, St
Louis, MO, USA) and PEG300 (Sigma-Aldrich) to a ratio of
10% NMP: 90% PEG300, or the vehicle (10% NMP: 90%
PEG 300). Similarly, treatment with the dual PI3K and mTOR
inhibitor, NVP-BEZ235 (40mg tosylate salt/kg body weight
per day by oral gavage) dissolved in NMP and mixed in
PEG300 (10% NMP: 90% PEG300) or vehicle (10% NMP:
90% PEG300), began 2 and 3 weeks after Met-1 and MCNeuA
inoculation, respectively. Treatment continued in all groups for
14 days. Before and during treatment, tumor growth was
measured in three dimensions (cranio-caudal, transverse and
antero-posterior) using calipers. Tumor volume was calculated
by the formula: 4/3 X © X r; X r, X r3 (r=radius). At the end of
the study, mice were sacrificed, and tumors were removed and
weighed. NVP-BKM120 and NVP-BEZ235 were obtained free
of charge through material transfer agreements with Novartis
Pharma (Basel, Switzerland).

Protein extraction and western blot analysis

Protein extraction and western blot analysis were performed as
previously described (Fierz er al., 2010; Novosyadlyy et al.,
2010). Phospho®e*¥%9 and total S6rp, phospho®*™» and total
Akt, phospho™202Ty209 and total p44/42 MAPK (Erkl/2)
and Bcl-2 were purchased from Cell Signaling Technology
(Danvers, MA, USA). The anti-B-actin antibody was pur-
chased from Sigma-Aldrich. Densitometric analysis was
performed using ImageJ V1.44 software (National Institutes
of Health, Bethesda, MD, USA).

Immunofluorescence

To quantify BrdU incorporation (as detected by immuno-
fluorescence), MKR and WT FVB/N mice were injected
intraperitoneally with BrdU (Sigma-Aldrich) at 10 pl/g of body
weight, 2h before killing of mice. Glands were fixed in 4%
paraformaldehyde and embedded in paraffin. Sections were
deparaffinized, rehydrated and subjected to antigen retrieval,
as previously described (Cannata et al., 2010). A mouse
monoclonal antibody against BrdU (IIBS5; 1:250; Santa Cruz
Biotechnology, Santa Cruz, CA, USA) was used. Immuno-
fluorescence staining was detected by incubation with second-
ary AlexaFluor 488-conjugated (green) goat anti-mouse 1gG
(1:500; Invitrogen, Eugene, OR, USA) for 2h. Nuclei were
counterstained with (4’,6-diamidino-2-phenylindole) DAPI
(0.2 ug/ml; Sigma-Aldrich). At least twelve individual x 40
objective fields per group were captured for counting BrdU-
positive cells. The total number of DAPI-positive cells and
BrdU-positive cells were counted and recorded. Results were
expressed as the percent of BrdU/DAPI staining cells (Arpino
et al., 2007).

Metabolic assays

Blood glucose levels were checked weekly with an automated
glucometer (Bayer Contour, Mishawaka, IN, USA). Plasma
insulin levels were measured by ELISA (Mercodia AB, Upsala,
Sweden). A glucose tolerance test was performed after 8 h of
fasting using a glucose bolus of 1.5g/kg body weight
administered by intraperitoneal injection. Blood glucose was
measured from the tail vein immediately before (time 0) and
15, 30, 60 and 120 min after glucose injection. Serum triglyceri-
des were assayed by the triglycerides reagent set and
manufacturers specifications (Pointe Scientific, Canton,
MI, USA).
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Statistical analysis

Results are expressed as the mean * s.e.m. Statistical analyses
were performed using the ANOVA (analysis of variance)
followed by a Fisher’s test. A P-value of <0.05 was used to
define statistical significance.
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Abstract

Background:

Women with obesity and Type 2 diabetes (T2D) are at greater risk of dying from breast cancer than
women without these conditions. Obesity and T2D are associated with insulin resistance and
endogenous hyperinsulinemia, and are more common in Black women. There is increasing disparity
in breast cancer mortality between Black and White women in the U.S. We hypothesize that insulin
resistance and endogenous hyperinsulinemia in Black women with breast cancer contribute to their
greater breast cancer mortality and are associated with increased insulin receptor signaling in tumors.
Methods:

We will recruit 350 Black women and 936 White women with newly diagnosed breast cancer. We
will determine the presence or absence of the metabolic syndrome / pre-diabetes, and insulin
resistance-by measuring body mass index (BMI), waist circumference, lipids, blood pressure, glucose,
insulin-like growth factor binding protein 1 and insulin. Breast cancer prognosis will be determined
by a Nottingham Prognostic Index (NPI), with poor prognosis being defined as NP1 >4.4. Tumor
insulin receptor signaling will be determined by immunohistochemistry. Insulin receptor subtype
expression will be measured using Nanostring. Analysis of these factors will determine whether
endogenous hyperinsulinemia is associated with a worse prognosis in Black women than White
women, and increased tumor insulin receptor signaling.

Conclusions

The results of this study will determine if the metabolic syndrome and pre-diabetes contribute to racial
disparities in breast cancer mortality. It may provide the basis for targeting systemic insulin resistance

and/or tumor insulin receptor signaling to reduce racial disparities in breast cancer mortality.

Key Words: Diabetes, Metabolic Syndrome, Breast Cancer, Racial Disparities, Insulin Resistance,

Insulin Receptor
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Background

The Cancer Prevention Study Il found that overweight and obese women had an increased
relative risk of breast cancer mortality compared to women of normal weight, defined by body mass
index (BMI) [8]. Similarly, women with Type 2 diabetes also have greater breast cancer mortality
than non-diabetic women [6, 9]. Further, individuals with the metabolic syndrome, a syndrome
associated with abdominal obesity, impaired glucose tolerance, hypertension and dyslipidemia, also
have worse breast cancer outcomes [13]. Previous human studies have found that women with insulin
resistance and endogenous hyperinsulinemia have a worse prognosis when diagnosed with early stage
breast cancer [16]. Furthermore, animal models have also found that hyperinsulinemia is associated
with an increase in primary breast cancer growth and metastasis [17, 18]. Chronically elevated insulin
levels may lead to activation of the IR, which is expressed on many cancer cells.

The Health, Eating, Activity and Lifestyle (HEAL) study found that Black women with breast
cancer had higher insulin resistance scores than White women when measured by the homeostasis
model assessment-estimated insulin resistance (HOMA-IR) [19]. The prevalence of insulin resistance
and endogenous hyperinsulinemia is greater in Black than White women in the U.S.; however the
studies examining circulating insulin levels and breast cancer incidence and recurrence have largely
been performed in White populations. Increased IR expression in pathological breast cancer tissues
and increased phosphorylation of the IR/ IGF-1R has been associated with a worse prognosis in some
studies [20]. Certain breast cancer cell lines derived from Black women express higher levels of the
IR [21], but it is unknown whether there is higher IR expression in pathological specimens from Black
women compared to White women. Therefore, it is important to understand whether endogenous
hyperinsulinemia and IR signaling are key factors contributing to the racial disparity in breast cancer
mortality between Black and White women. If insulin resistance and hyperinsulinemia are important
factors; then strategies to improve the metabolic health of these women and reduce endogenous
hyperinsulinemia or the use of adjuvant therapies to target hyperinsulinemia and the IR signaling
pathway may improve survival.

Breast cancer is the second leading cause of cancer death in women in the U.S. [1]. Although

breast cancer mortality has been declining overall, there is an increasing disparity in the mortality
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between Black and White women [2]. A number of biologic and socio-economic factors may
contribute to greater mortality in Black women with breast cancer [3]. Mortality in breast cancer is
primarily predicted by the characteristics of the cancer, including stage at presentation, and
histological findings including hormone receptor (estrogen receptor (ER) and progesterone receptor
(PR)) and HER?2 status [4, 5]. Patient characteristics including advanced age at the time of diagnosis,
overweight or obesity and the presence of co-morbidities, including diabetes, also impact survival [6-
9]. Traditional breast cancer risk factors as well as access to breast cancer screening and treatment
contribute to some of the survival disparities, but do not provide a complete explanation [10, 11].
Compared to White women with breast cancer, Black women are more likely to have tumor
characteristics associated with poor prognosis (as summarized in Figure 1), including more advanced
stage at presentation and ER and PR negative cancers[10]. In addition, there are greater rates of
obesity and Type 2 diabetes in the Black population, compared with the White population [12]. Until
we understand why Black women with breast cancer have a worse prognosis than White women, we

will not be able to improve the prognosis of Black women and prolong their survival.

In this study we aim to determine whether metabolic factors associated with obesity, the
metabolic syndrome and Type 2 diabetes are more common in Black women with newly diagnosed
breast cancer than White women, and whether these metabolic abnormalities are associated with
tumor characteristics associated with a poor prognosis and with increased IR and IGF-1R expression
and signaling in the tumors.

Methods / Design:

This study was approved by the Institutional Review Board of the Icahn School of Medicine
at Mount Sinai.
Patient Accrual

Women over the age of 21 years with newly diagnosed breast cancer will be eligible for the
study. Women who self-identify as Black or White race will be recruited. Individuals who identify as
Hispanic Black will be included, as prognostic differences between non-Hispanic and Hispanic Black

women have not been definitively described. However, we will exclude those who identify as
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Hispanic White, as this group is more likely to have ER/PR negative tumors than non-Hispanic White
women (26% vs 19%, respectively) and would potentially attenuate the association between hormone
receptor status and race.

At each participating site, all women over the age of 21 years with a primary diagnosis of
breast cancer will be identified and consented prior to their surgery. Patients’ demographic
characteristics, access to care, factors affecting breast cancer prognosis, overall health status and
prognosis and factors affecting insulin resistance will be assessed using a validated questionnaire.
Waomen who have undergone bariatric surgery for weight loss, organ transplantation, have Type 1
diabetes or medically treated Type 2 diabetes, have been taking oral glucocorticoid treatment within
two weeks of blood draw and tumor resection, have taken neoadjuvant therapies, have end stage renal
disease or hepatic cirrhosis, or are receiving neoadjuvant therapy will be excluded as these conditions
can affectinsulin levels. The study design is summarized in Figure 2.

Anthropometric Data

Participant’s height and weight will be recorded using a stadiometer that will be used
throughout the study. Body mass index (BMI) will be calculated from weight (kg)/height? (m?). Waist
circumference will be measured at the umbilical level and blood pressure will be recorded using
standard National Health and Nutrition Examination Study (NHANES) procedures. Waist
circumference and blood pressure along with the fasting preserved blood glucose and lipid
measurements will be used to define the metabolic syndrome as described in the Laboratory
Measurements section.

Laboratory Measurements

Blood will be drawn after an overnight fast for preserved plasma glucose, serum lipids (total
cholesterol, low density lipoprotein (LDL) cholesterol, high-density (HDL) cholesterol, triglycerides
(TG)), hemoglobin Alc (HbAlc), serum insulin, C-peptide, IGF-1, insulin-like growth factor binding
protein-1(IGFBP-1). Insulin resistance will be calculated from the HOMA-IR ([fasting plasma
glucose (mg/dL) x fasting serum insulin (uU/ml)]/405) [22], a widely used and validated measure of
insulin resistance [23]. Insulin resistance is defined as a HOMA-IR >2.8, the upper quartile of insulin

resistance in the U.S. population, reported by the NHANES [24]. We will assess the presence of the
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metabolic syndrome, defined by the 2009 International Diabetes Federation (IDF), National Heart,
Lung and.Blood Institute (NHLBI), American Heart Association (AHA), World Heart Federation
(WHF), International Atherosclerosis Society (IAS) and International Association for the Study of
Obesity (IASO) joint position statement, as the presence of 3 or more of the following features: waist
circumference >88cm; triglycerides (TG) >150mg/dL; high density lipoprotein (HDL) cholesterol
<50mg/dL; systolic blood pressure >130mmHg or diastolic blood pressure >85mmHg; fasting glucose
>100mg/dL or the use of medication to treat elevated TG, low HDL or blood pressure [25].
Determining Prognosis

The final pathology report will be obtained which contains the tumor size, histological grade,
nodal status, ER, PR and HER2/Neu status. Where available, Oncotype Dx reports will be recorded.
Pathological data is used to calculate the Nottingham Prognostic Index (NPI). The NPI score is
calculated-as [0.2 x tumor size(cm)+lymph-node stage (1, node negative; 2, 1-3 positive lymph nodes;
3, >4 positive lymph nodes) + histological grade (1, well differentiated; 2, moderately differentiated,;
3, poorly differentiated)] [26]. The NPI has maximal prognostic benefit in ER positive, early stage
disease, as it measures the intrinsic biological features of a tumor and its probability of metastasizing
[27]. Tumor grade will be defined by the Nottingham combined histological grade (NCHG), as
recommended by the American Joint Committee on Cancer (AJCC) [5]. Based on a recent U.S. study
that dichotomized NPI at 4.4 (poor prognosis >4.4 and good prognosis <4.4) and showed significant
differences in biomarkers (e.g., hormone receptor, Her2) in these groups [28, 29], we will define good
prognosis-as those women with an NPI score of <4.4, and poor prognosis as an NPI score >4.4. The
improved NPI (iNPI1) has been suggested to be an even stronger predictor of prognosis than the NPI.
The iNPI is calculated by adding 1 point to the NPI for HER2 positivity and subtracting 1 point for
PR positivity, with a score of >5.4 signifying a poor prognosis [30]. Therefore, we will determine
whether insulin resistance is associated with a poor prognosis, defined primarily by NPI >4.4, and
secondarily by iNPI. Because the NPI and iNPI components ER/PR and HER2 status are proven to
predict breast cancer survival, these indices will be used as proxy measures of survival to assess the
relationship of insulin resistance, metabolic factors and tumor insulin receptors and signaling pathway

on poor cancer prognosis.
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Immunohistochemical Analysis of Formalin Fixed Paraffin Embedded Tissue Sections

All recruitment sites will fix tissue specimens in 10% formalin for 48-72 hours before
processing and embedding in paraffin. 5um thick sections will be obtained for each patient’s tumor
paraffin block that was used by the hospital’s pathology department to determine tumor ER/PR/HER2
status to maximize the sample’s tumor tissue. Immunohistochemistry staining will be performed using
previously described methods to detect the presence of the total IRpB, IGF-1Rf, phosphorylation
Akt(Ser473) and phosphorylation of ERK1/2(Thr202/Tyr204) in the tumor. Staining will be assessed
by an Olympus AX70 microscope and automated CellSens imaging analysis software (Olympus,
Center Valley, PA, USA) to determine the percent of positive cells in tumor regions of the slide and
the intensity of staining, with random samples also assessed by an investigator, blinded to the clinical
information of the patient from whom the sample was obtained. The prevalence of IRp and IGF-1Rp
positive cells, the prevalence of the phosphorylated receptors (pIGF-1R/pIR), Akt phosphorylation
(pAkt) and Erk1/2 phosphorylation (pErk1/2) between the two breast cancer prognosis groups will be
assessed. For these intracellular markers, the Allred staining system will be used. The Allred score
involves assessment of the proportion of positive stained cells and the intensity of staining. The
proportion of positive stained cells is rated as 0 = no cells stained positive, 1 = between 0% and 1%
stained positive, 2 =between 1% and 10% stained positive, 3 = between 10% and 30% stained
positive; 4 = between 33% and 66% stained positive and 5 = between 66% and 100% stained positive.
The intensity score is made based on the average intensity of staining, with 0 = negative, 1 = weak, 2
= intermediate and 3 = strong. The intensity score and proportion score will be added together to
obtain the Allred score. A score of 0 or 2 will be interpreted as negative [31, 32].
RNA Isolation and Gene Expression Analysis

Four 5um sections will be cut from formalin fixed paraffin embedded blocks and RNA will
be isolated from the samples using the RNeasy FFPE Kit (Qiagen, Valencia, CA), as per the
manufacturer’s protocol. RNA concentrations will be measured using the Nanodrop ND-1000
(Thermo Scientific, Wilmington, DE). A Custom CodeSet of genes has been designed and generated
by Nanostring Technologies (Seattle, WA) to examine the expression of Insulin Receptor (IR) and the

Insulin Receptor Isoforms, IR-A and IR-B, in addition to related splicing factors and the proliferation
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gene Ki67. 150ng of RNA from each sample is subjected to gene expression analysis using
Nanostring nCounter at the Mount Sinai qPCR Core Facility. The results will be normalized and
analyzed using the nSolver Analysis Software 2.5. Differences in the expression of IR and the
expression ratio of IR-A and IR-B will be compared between the White and African American
patients, and correlated with laboratory and anthropometric measurements of obesity, the metabolic
syndrome, insulin resistance and pre-diabetes.

Outcomes and Statistical Analysis

We will use the NPI rather than cancer stage at presentation to determine prognosis at the
time of tumor resection, as the NPI is less affected by health care access than tumor stage and has
been validated in several different countries [33, 28, 34]. To ensure the NPI is accurately portraying
recurrence risk, we will conduct a small validation study in Year 4 of the study as the majority of
early recurrences occur within the first two years of initial treatment [35]. We will call women
recruited in Year 2 to ascertain and compare rates of recurrence between women with NP1 >4.4 vs,
NPI <4.4. We will calculate percent agreement, kappa, sensitivity and specificity measures comparing
NPI to recurrence in this sample.

Descriptive analyses will be performed to profile Black and White women separately
including examination of proportions, means, and medians, as well as estimates of variability
including standard errors, ranges, and confidence intervals. Continuous data distributions will be
evaluated for appropriateness of scale, and transformations will be used where appropriate. For each
racial-group, we will compute appropriate summary statistics for women who have good prognosis
(NPI=4.4; iNPI<5.4) and poor prognosis (NPI>4.4; iNPI>5.4). For each population (White and
Black), we will compare good and poor prognosis patients with respect to age at diagnosis, year of
diagnosis, income, education, access to care, stage at diagnosis family history of breast cancer,
smoking status, BMI, waist circumference, blood pressure, lipid profile, medications, use of estrogen,
fasting serum insulin, plasma glucose, HbAlc, C-peptide, IGFBP-1, tumor IRp, tumor IGF-1Rp,
pAkt, pErk.

Bivariate associations between high endogenous insulin levels and the presence of metabolic

syndrome and obesity in each racial group will be explored to determine whether the association
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between insulin resistance and tumor prognosis for each racial group is mediated by any of these
factors. As lack of access to medical care and lower SES are well known to be associated with poor
prognosis in breast cancer, due to later stage at diagnosis, different treatment and follow up, we will
assess the relationship between preventative screening receipt, access to care and the NPI.

Multivariable analyses for each racial group will be performed to examine the association
between insulin resistance (HOMA-IR>2.8) and poor tumor prognosis (NP1>4.4) using logistic
regression, adjusting for potential confounding factors and assessing mediating factors for each group.
Logistic regression will be used to model a binary outcome (poor/good prognosis) and covariates that
are significantly associated with insulin resistance and poor prognosis in the sample will be included
in the models, as well as those demonstrated in the literature to be strong confounders or mediators.
Using the Wald test to identify significant interaction by race (significance level p<0.05), we will
determine-whether the association between insulin resistance and poor tumor prognosis differs
significantly across racial groups. Further, we will assess whether the association between tumor IR
and IGF-1R, pAkt and pERK1/2 correlate with tumor prognosis, and whether the degree of insulin
resistance (HOMA-IR), serum insulin concentration, and poor tumor prognosis differ significantly
between racial groups. In exploratory analyses, we will also further stratify our analyses according to
measures of metabolic syndrome to determine whether the associations between IR expression and
tumor prognosis for each racial group are mediated by any of these factors.
Power Analysis

This study is powered to detect a significant interaction by race of the association between
insulin resistance (HOMA-IR) and poor prognosis breast cancer (NP1 >4.4). Power calculations
considered the following factors: the national U.S. prevalence of HOMA-IR>2.8 among healthy, non-
diabetic women is 23% in White women, and 33% in Black women; the prevalence of poor prognosis
breast cancer, defined as NPI>4.4, in a large, racially and ethnically diverse Health Maintenance
Organization (HMO) population of breast cancer patients is 33% in White women and 44% in Black
women (unpublished data from Kaiser Permanente Northern California). The power calculation was

based on the NPI rather than the iNPI because there is validating data for the NPI. Based on the power
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analysis, 936 White women and 350 Black women would need to be recruited over 4 years to detect a
significant interaction between insulin resistance and poor prognosis in breast cancer by race.

A prior study examining the relationship between insulin resistance and mortality among a
sample of predominantly White women with breast cancer found a hazard ratio=1.6 among women
with HOMA-IR scores >2.7 [36]. With a sample size of 936 White women, we will have adequate
power to detect a main effect OR>1.6 in White women. As research involving other types of chronic
disease has identified differential effect sizes by race, with ratios >1.5 comparing effect sizes between
Black and White populations, our study is powered to be able to detect a ratio of similar magnitude
(=1.5) comparing the strength of association between insulin resistance and poor prognosis breast
cancer between Black and White women. Under the specified assumptions, this study will have >80%
power to detect a significant interaction ratio of > 1.5, comparing the effect size in Black women to
the effect size in White women (Type | error =0.05). It is also powered (>80%) to detect an
interaction of this magnitude under several alternative scenarios, given a variety of different
prevalences of insulin resistance (range: 10-50%) and a variety of distributions of poor prognosis
(range: 20-50%) for White and Black women.

Discussion

The linked epidemics of obesity and diabetes mellitus that disparately affect Black women, coupled
by Black women’s greater mortality from breast cancer require exploration of possible mechanistic
links. How do obesity, the metabolic syndrome, pre-diabetes, insulin resistance, hyperinsulinemia and
insulin signaling in tumors result in more aggressive, poorer prognostic breast cancers? This study
anticipates finding that insulin resistance and hyperinsulinemia are associated with poor prognostic
indices in Black and White women with these conditions more prevalent in the Black population. We
also anticipate finding the presence of the IR and IGF-1R in breast cancer tissue, but do not
necessarily expect to see any association between the presence of these receptors and the presence of
systemic-insulin resistance. Rather, we expect to find a racial difference in ratio of IR-A to IR-B,
related to the severity of hyperinsulinemia and insulin resistance, and the prognostic index of the
cancer, as other have reported increased IR-A to IR-B ratio in subtypes of breast cancer with a worse

prognosis [37, 38]. In contrast to those studies, we expect to find an association between insulin
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resistance and the presence of increased IR signaling in the tumors. We expect that the
phosphatidylinositol 3-kinase (P13-K)/Akt pathway, rather than the ERK1/2 pathway will be the main
signaling pathway activated by the IR in breast cancers from hyperinsulinemic patients. These results
would be in keeping with our previous pre-clinical studies [17, 18]. In addition, we anticipate that
there will be differences in the expression of IR-A / IR-B ratios, that will be associated with increased
insulin resistance and breast cancer with a worse prognostic index.

There are certain limitations to our study that we recognize. In this proposal, we treat race as
more of a biologic than a social construct. We ask patients to self-identify race. We are not conducting
genetic tests to determine biologic racial categories due to budgetary constraints and the uncertain
utility of ancestry information markers. This study is cross-sectional, not longitudinal though we will
assess recurrence rates in an early recruited subgroup of women who will have had up to two years
time to develop a recurrence. Our outcome variable, a pathology measure of poor prognosis breast
cancer, is a proxy of survival. We do not conduct a complete follow-up survey to ascertain recurrence
because: 1) tumor size, nodal status, ER and Her2 status have been validated measures of prognosis in
studies ascertaining survival and 2) given an expected 2 year recurrence rate of 12%, we would not
have adequate power to revalidate these prognostic indices.

This study will not assess the ability of endogenous hyperinsulinemia to stimulate the development of
new incident cancer, but rather its potential mechanistic link to cancer progression and mortality. As
our primary focus is on the role of hyperinsulinemia and insulin receptor signaling pathways, we do
not include tests of chronic inflammation and adipose tissue factors. However, with the patients’
consent, we will bank frozen serum to enable future studies on novel markers in obesity, insulin
resistance and cancer.

The novel aspect of this study is that it will explore whether insulin resistance, endogenous
hyperinsulinemia and IR signaling differ across racial groups, and whether insulin resistance and
increased signaling through the IR in breast cancer cells can explain the differences in the breast
cancer prognosis in White and Black women. Results may lead to strategies or treatments to reduce
the disparity between these groups. Overall, understanding in which patients insulin resistance,

hyperinsulinemia and the insulin signaling pathway is important for tumor growth would allow for
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targeted therapy in this group and could reconcile the disparities in breast cancer mortality between
White and Black women.

A randomized controlled trial (RCT) trial testing metformin treatment for breast cancer in the
adjuvant setting is currently underway (NCT01101438,

https:/clinicaltrials.gov/ct2/show/NCT01101438 last accessed 4™ April 2015). The driving hypothesis

is that metformin reduces signaling through the PI3K/Akt signaling pathway, activates 5° adenosine
monophosphate activated protein kinase (AMPK) which in turn, inhibits mammalian target of
rapamycin (mTOR), a protein activated by the IR signaling pathway that helps control cell division
and survival. However, the metformin trial will leave unanswered the relationship between insulin
resistance, race and poor prognosis breast cancer for two key reasons: 1) typically, only 2.5% of
patients recruited for clinical trials are Black and 2) based on their target accrual of 3,582, the
metformin:study will not have sufficient power to ascertain racial differences in the relationship
between insulin resistance and poor prognosis breast cancer. In addition, women recruited for the
study will have already completed primary cancer treatments which are known to affect insulin
resistance. Furthermore, patients who end up in RCTs are highly selected and may not be
representative of breast cancer patients in the community.

Ultimately, if we discover in humans that hyperinsulinemia and the IR signaling pathway are
of importance in breast cancer prognosis, then in the future, examining breast cancer specimens for
activation of the IR signaling pathway would allow for the use of therapy targeting this pathway in
patients who are refractory to current treatment.

Conclusions

This study is the first specifically designed to address the role of obesity, the metabolic
syndrome, pre-diabetes, and concomitant insulin resistance and hyperinsulinemia in racial disparities
in breast cancer prognosis with adequate power to detect an interaction by race of the effect of insulin
resistance on breast cancer prognosis. If insulin resistance and hyperinsulinemia can explain the
differences in prognosis between Black and White women (beyond any differences in SES, access to
medical care and other known risk factors for breast cancer survival), then therapies that decrease

insulin resistance and block IR signaling may be used to reduce disparities in breast cancer survival.
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Figure 1.
Clinical and Biological Factors Potentially Contributing to the Racial Disparities in Breast Cancer

Prognosis in Black and White Women.
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Figure 2.

Schematic of the study design.
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Insulin Receptor A and Insulin Receptor B Expression
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Figure 5.
Gene Expression analysis of Insulin Receptor Isoform A and B.
Insulin Receptor isoform A and B gene expression as determines by Nanostring nCounter analysis in

initial 12 patient samples demonstrating the variation in IR-A and IR-B ratios between patients.
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