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Abstract

A Role for Collagen Density in Breast Cancer Metabolism and Metastatic Potential

Brett Morris
under the supervision of Dr. Patricia J. Keely at the University of Wisconsin-Madison

Increased mammographic density, caused by increased extracellular collagen matrix
deposition in the breast, is associated with a 4-6 fold increased risk in the incidence of breast
cancer. Interestingly, changes in the composition of the extracellular matrix can also alter
various metabolic pathways in cancer cells. Here we investigate the role of collagen matrix
density in regulating the metabolic pathways utilized by mammary carcinoma cells. We find
changes in functional metabolism of mammary carcinoma cells in response to changes in
collagen matrix density. Further, mammary carcinoma cells grown in high density collagen
matrices display decreased glucose metabolism via the tricarboxylic acid (TCA) cycle compared
to cells cultured in low density collagen matrices. Despite decreased glucose entry into the TCA
cycle, levels of glucose uptake are not different between high and low density matrices.
Interestingly, under high density conditions the contribution of glutamine as a fuel source to
drive the TCA cycle is significantly enhanced. This study highlights the broad importance of the

collagen microenvironment in modulating metabolic shifts of cancer cells.

While changes in the composition of the tumor microenvironment can alter the
metabolism of mammary carcinoma cells, the interaction between the microenvironment and
tumor cells can have larger impacts on the ability of tumor cells to proliferate. While the
recurrence risk in patients with definitively treated breast cancer is highest in the first five years
after treatment, some patients have late recurrence of metastatic disease many years after
definitive treatment. This has led to the recognition of a dormant tumor cell population that can

exist in definitively treated cancer patients. Here we show that placing dormant tumor cells into



an aged microenvironment is able to reactivate dormant tumor cells. Interestingly, this
reactivation of dormant tumor cells is due to a combination of decreased immune surveillance in
aged animals coupled with increased fibrosis at the metastatic site. In addition we identify an
intracellular pathway regulated by the transcription factor Maccl which plays a role in regulating
the metastatic potential of mammary carcinoma cells. These studies provide important insight

into both intra and extracellular cues responsible for metastasis and tumor dormancy.
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Chapter 1:

Introduction



I.I Breast Cancer Risk Factors

Breast cancer is the most common cancer in women in the United States, representing
approximately 29% of all new diagnoses annually (1). During their lifetime, 1 in 8 women will
develop invasive breast cancer (2). Advances in treatment options over the past 30 years have
markedly decreased the mortality rate for patients with breast cancer (3). The 5 year survival
rate for breast cancer has increased from 78% in 1985 to over 90% in 2008 (4). However,
breast cancer remains the second leading cause of cancer deaths in women in the United

States, accounting for 40,000 deaths annually (4).

The greatest risk factor for developing breast cancer is gender (1). Women are 100
times more likely to develop breast cancer than men. The second greatest risk factor for
developing breast cancer is aging (1). More than 75 percent of new breast cancer diagnoses
occur in women above the age of 55 (2, 5). The 10 year probability for developing invasive
breast cancer rises from 1.5 percent at the age of 40 to greater than 4 percent at the age of 70
with a cumulative lifetime risk of 13.2 percent (2). Several additional risk factors have been
identified that increase the incidence of breast cancer, including but not limited to age, stromal
density, obesity, alcohol consumption, early menarche, late menopause and nulliparity (6).
Interestingly, some lifestyle habits seem to be protective against the incidence of breast cancer.
These factors include exercise, having children at a young age and breast feeding for an
extended duration of time (1). Another important risk factor that increases the incidence of

breast cancer is increased breast density seen by mammography.

I.IlMammographic Density and Breast Cancer

X-ray mammography has become an important screening tool for the detection of breast
cancer (7). The appearance of tissue on a mammogram changes based upon the radiographic

density of the tissue being imaged. Tissue composed of adipocytes or fatty tissue is radio-lucent



and appears dark on a mammogram while tissue composed of connective tissue or epithelial
tissue is radio-opaque and appears white on a mammogram (8). The density of the breast as
seen on x-ray exam of the breast is a key component of the screening mammogram process
(7). The role of breast density in the incidence of breast cancer was first observed in the 1970s
by John Wolfe (9). Using his classification schema for determining breast density, he found that
women with an extremely dense parenchyma had the greatest risk of developing breast cancer.
Following up on this work, Norman Boyd and his group sought to correlate the changes in
breast cancer risk with the percentage of the breast that appeared dense on the mammogram
(10, 11). By simply calculating the percentage of the total breast that was radio-opaque and
correlating the percent mammographic density with the risk of developing breast cancer, Boyd
found that women with greater than 75% mammographic density had a 4 — 6 fold increased risk
of developing breast cancer compared to women with less than 20 percent mammographic
density. Subsequent studies have examined these two classification methods together (Wolfe
parenchymal classification and mammographic percent density) and found that they correlate
with one another such that high percent mammographic density breasts have highly dense
parenchyma via Wolfe's classification method (12). Within areas of high percent mammographic
density, the density of the parenchyma can be different but the highest regions of risk for
development of breast cancer are regions of extremely dense parenchyma within a given

percent mammographic density area (13).

Increased mammographic density is the result of increased deposition of extracellular
matrix (ECM) components. Specifically, studies have found that areas of increased
mammographic density are associated with increased deposition of collagen | (14). Collagen | is
a fibrous, structural component of breast architecture that provides support to the underlying
epithelium. Interactions between collagen | and cell surface integrin receptors play a key role in

normal mammary gland function and development (15). Interestingly, studies looking at the role



of collagen in tumorigenesis have found that increased collagen density can alter cellular
morphology to a more invasive and proliferative phenotype in vitro (16). These changes are
associated with alterations in cell signaling pathways and gene expression in mammary
epithelial cells (16, 17). In addition, the clinical correlation between breast density and tumor
incidence has been recapitulated using a mouse model for increased collagen density (18).
Specifically, using a mouse model with a mutation in the alpha 1 chain of collagen | rendering it
uncleavable by collagenase, total body collagen can be increased throughout the entire mouse
due to decreased remodeling (18). By crossing these collagen dense mice to a mouse model of
spontaneous mammary carcinoma (Collal™u2¢ x MMTV — PyVT), Provenzano et al. observed a
3-fold increase in the incidence of mammary carcinoma in the collagen dense mice compared to
wild-type control animals (19). Moreover, a different study utilizing a spontaneous mammary
carcinoma mouse model (MMTV — Neu/HER?2) showed that mammary carcinoma progression
was characterized by stiff tumors with increased collagen deposition that was organized linearly
with increased collagen cross linking driven by lysyl oxidase (20). These in vivo studies have
strengthened the clinical correlation between mammographic density and breast cancer
incidence and have demonstrated increased collagen deposition causes the increased risk of

developing breast cancer.

While the relationship between mammographic density and breast cancer incidence is
well established, the role of mammographic density in the progression of breast cancer is more
controversial. Mouse models have shown that metastatic lesions are 3 times more frequent in
collagen dense animals compared to wild type animals (19). However, this model causes
animals to spontaneously develop mammary carcinoma. The authors found that incidence of
the mammary carcinomas was also 3 times higher in collagen dense mice compared to wild
type animals. Therefore, it is difficult to determine whether the increase in metastatic disease is

due to increased progression of the disease or a byproduct of the increased tumor incidence



leading to more opportunity for metastatic spread. Clinical data are even less clear with regards
to mammographic breast density and cancer progression. Using the percent density calculation
found in Boyd'’s studies, Maskarinec and colleagues found that increased percent
mammographic density was correlated with a shorter progression-free survival in breast cancer
patients (21). However, using a separate qualitatively determined density classification system,
two other studies found no correlation between mammographic breast density and breast
cancer progression (22, 23). Surprisingly, a recently published study found that women with
very low mammographic density had a worse prognosis than women with higher
mammographic density even though incidence of the disease was less (24). However, this
study compared women with lower than 10% mammographic density to women with greater
than 10% mammographic density to evaluate disease progression, which groups women with
relatively low mammographic density (10-50%) with women who have very high mammographic
density (>50%). At the level of x-ray mammography, the role of breast density in breast cancer

progression remains unclear.

I.Ill The Role of Collagen Density and Alignment in Breast Cancer Progression

Studies from the Keely lab have previously elucidated both the interaction between
collagen in the tumor microenvironment and breast cancer cells as well as the role of collagen in
breast cancer progression. Using the Collal'™¥@ x MMTV — PyVT mouse model, changes in
stromal collagen organization were characterized and 3 unique collagen signatures, termed
tumor associated collagen signatures (TACS), were observed and described (25). TACS-1
refers to increased accumulation of collagen around a mammary tumor. TACS-2 describes a
straightening of collagen fibers and alignment of these fibers parallel to the tumor boundary.
TACS-3 refers to the reorientation of these collagen fibers perpendicular to the tumor boundary
(25). TACS-3 alignment was found more frequently around tumors in collagen dense mice

compared to wild-type mice suggesting increased breast density promoted increases in TACS-3



development (19). Clinical studies further elucidated the significance of this stromal realignment
by cancer cells. Evaluation of more than 200 breast carcinoma patient samples using second
harmonic generation microscopy to qualitatively analyze collagen alignment found that TACS-3
alignment of collagen fibers was associated with increased risk of disease progression and an
overall poorer prognosis compared to TACS-1 or -2 (26). These studies suggest that both high
collagen density and the interaction between collagen and cancer cells is important to not only

breast cancer incidence but also breast cancer progression.

Further studies have helped elucidate the mechanism by which collagen orientation and
alignment alters cancer progression. In vitro studies have shown that collagen fiber alignment
enhanced breast cancer cell migration by increasing the directional persistence of the cells
leading to a greater distance travelled (27). Moreover, aligned collagen fibers limited the number
of stabilized cellular protrusions, with protrusions primarily occurring along the direction of
collagen alignment. These changes in cellular migration were driven by increased Rho activity in
aligned matrices. Interestingly, previous studies have shown that Rho activity is also increased
in high density collagen extracellular matrices (28-30). This high level of Rho activity was
associated with changes in focal adhesion kinase (FAK) activity and the protrusive and
migratory behavior of cancer cells in high density collagen matrices (16, 28, 30). Moreover,
these changes in cellular signaling pathways were associated with global gene expression
changes in cells grown in high density collagen matrices compared to low density collagen
matrices (16). In fact, the entire set of genes identified as the human breast carcinoma-
associated proliferation signature (31) was upregulated in cells cultured in a high density
collagen matrix compared to a low density collagen matrix (16). This gene signature predicts not
only survival but also metastasis free survival (16), suggesting that increased collagen density

promotes both proliferation and cell migration.



Additional unpublished analysis of the changes in gene expression in response to
changes in collagen matrix density found that gene expression of many cellular pathways was
altered in response to changes in matrix density. Surprisingly, some of the largest changes in
gene expression involved enzymes of glucose metabolism and oxidative phosphorylation. Our
analysis showed that in a high density collagen matrix, enzymes of aerobic glycolysis were
downregulated while enzymes of the tricarboxylic acid cycle and the electron transport chain
were upregulated compared to a low density collagen matrix. Changes in collagen density
altered not only cellular proliferation and migration but also regulated the expression of cellular

metabolic pathways.

I.IV Cancer and Metabolism:

Dysregulation of cellular metabolism is a hallmark of cancer development (32).
Alterations in cancer metabolism were first described in the 1920s by Otto Warburg (33).
Warburg found that even in the presence of ample oxygen, cancer cells preferentially utilized
aerobic glycolysis over oxidative phosphorylation to metabolize glucose (33, 34). This
phenomenon, known as the Warburg effect, has become a cornerstone of cancer metabolism
research. Warburg would go on to postulate that cancer cells relied upon lactic acid
fermentation even in the presence of oxygen due to damage within the aerobic respiration
pathway and that this damage was essential for cancer development and progression (33-35).
His observations impacted cancer screening and treatment over the past century. Indeed, FDG-
PET scans, used to detect tumors in the body, are based upon Warburg’s findings. As cancer
cells use a less efficient means of ATP production, they are reliant on utilizing more glucose to
meet energy demands. Therefore, tumors will take up more 18F-deoxyglucose and show up
more readily on PET scans (36, 37). This technique is widely employed in the clinic to detect

tumors and monitor metastatic spread of disease.



Warburg reasoned that mitochondrial respiration must be damaged in cancer cells
because high levels of oxygen were unable to switch these cells from aerobic glycolysis to
oxidative phosphorylation (35). Indeed mutations have been identified in a number of
mitochondrial enzymes that can drive tumor development. Specifically, mutations in the subunits
of succinate dehydrogenase have been shown to lead to tumorigenesis in paragangliomas and
pheochromocytomas (38, 39). Mutations in fumarate hydratase contribute to tumor development
in multiple tumor models, including leiomyoma and renal cell carcinoma (40, 41). Moreover,
mutations in isocitrate dehydrogenase have been found in a high percentage of gliomas and

leukemias, suggesting a role in tumorigenesis for these diseases (42-44).

Interestingly, mutations in succinate dehydrogenase, fumarate hydratase and isocitrate
dehydrogenase are known to alter the expression and stability of the transcription factor hypoxia
inducible factor 1 (HIF-1). Increased levels of succinate and fumarate block the oxygen
dependent degradation of HIF-1a, constitutively increasing HIF-1a production even in the
presence of oxygen. Moreover, mutations in isocitrate dehydrogenase are thought to lead to
decreased amounts of a-ketoglutarate which is required for degradation of HIF-1a (45, 46). HIF-
1 is a heterodimer transcription factor composed of the constitutively expressed HIF-1f subunit
and the hypoxia regulated HIF-1a subunit. HIF-1 activates expression of many glycolytic genes
and lactate dehydrogenase in the absence of oxygen to reduce glucose-derived pyruvate to
lactate (45). Thus, mutations that increase HIF-1 expression or stability in normoxic conditions

lead to Warburg effects in cancer cells.

While there are examples of the Warburg effect occurring in response to damaged
respiration enzymes, there are also many examples of aerobic glycolysis occurring concurrently
with aerobic respiration in cancer cells. In fact, Warburg observed this in his own samples,
noting that 66 percent of the glucose in his samples was used for aerobic glycolysis with the rest

being utilized for aerobic respiration via oxidative phosphorylation (34). Moreover, he observed



that animals with tumors subjected to low oxygen conditions had nearly complete regression of
tumors. He noted that a “want of oxygen” was far more detrimental to cancer cell growth than a
“want of glucose” in vivo (34). The relative increase in glycolysis exhibited by cancer cells under
aerobic conditions can be in addition to, not at the expense of aerobic respiration and points not

to damaged respiration but instead to damaged regulation of glycolysis in these cases (47).

Accumulated evidence has demonstrated that many oncogenes, tumor suppressors and
signaling pathways associated with cancer development and progression are intimately involved
in metabolism regulation (47, 48). Glucose uptake is stimulated by activated RAS broadly
across cancer cell lines (49). Moreover, the transcription factor c-MYC, a known oncogene, has
been shown to increase expression of lactate dehydrogenase, many enzymes of glycolysis and
glucose transporters (50, 51). In fact, c-MYC and HIF-1 target many of the same genes, with c-
MYC operating independent of oxygen concentration (52). Thus, oncogenic c-MYC expression
can stimulate aerobic glycolysis in cancer cells. The oncogene AKT has also been shown to
increase glycolysis through activation of glycolytic enzymes including hexokinase 2 and
phosphofructokinase 1 (53, 54). Moreover, AKT has been shown to increase the expression of
HIF-1a to further increase the activation of aerobic glycolysis (55-57). These mutations promote
increased glucose uptake and glycolytic function but do not lead to damage of the enzymes of
respiration and may give rise to the phenotypic effects that Warburg was observing when he

described the concept of aerobic glycolysis in cancer cells.

In recent years, reports of cancer cells with ‘non-Warburg’ metabolism have emerged.
Interestingly, some of these findings have come out of clinical peculiarities with FDG-PET
scans. Hodgkin’s lymphoma is highly FDG avid and is readily imaged by FDG-PET (58).
However, Hodgkin’s lymphoma cells comprise less than 10% of the total tumor volume, with the
remaining cells being stromal cells, suggesting that the FDG avidity may be caused by the

cancer-related stromal cells, not the cancer cells themselves (59). This finding fits with the



10

‘reverse Warburg’ hypothesis put forth by Lisanti and colleagues. In the reverse Warburg model,
cancer cells activate neighboring stromal cells to upregulate levels of aerobic glycolysis, leading
to an increase in recycled nutrients like lactate from these cells (60). While lactate was
previously thought to solely be a waste product of metabolism, it has recently been shown that
lactate can be taken up from the extracellular environment and converted to pyruvate for use in
oxidative phosphorylation (61-64). Studies in human head and neck as well as cervical
squamous carcinoma cells showed that these cells preferentially used lactate compared to
glucose to carry out oxidative phosphorylation when lactate was available (61, 62). These
oxidative tumor cells synergized metabolically with stromal cells, upregulating monocarboxylase
transporter 1 (MCT1), a marker of aerobic respiration that transports lactate from the
environment into the cell (61, 62). This metabolic synergy is seen in normal human physiology.
In muscle physiology, fast-twitch glycolytic muscles produce lactate, which is taken up from the
environment by slow-twitch, oxidative muscles and is utilized as a fuel for oxidative
phosphorylation (63). Accordingly, MCT1 is upregulated in these slow-twitch muscle fibers (63).
Moreover, glucose depleted neurons in the brain are able to utilize environmental lactate via an
upregulation of MCT1 to drive oxidative phosphorylation and sustain cognitive function (64). A
similar metabolic symbiosis between cancer cells and the surrounding microenvironment may

be critical for the growth and progression of cancer in vivo.

In addition to the emergence of the reverse Warburg synergy seen between cancer cells
and the cancer related stroma, recent studies have focused on additional metabolic pathways
essential for tumor growth. In particular, the contribution of glutamine to cellular biosynthetic
pathways needed for cancer cell growth has become more appreciated (47). Glutamine is the
most abundant amino acid in human plasma (65). It has long been observed that tumor cells
consume glutamine at rates far greater than any other amino acid in vitro and in vivo (66, 67).

Thus, it has been assumed that glutamine metabolism is essential to the metabolic phenotype
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of growing tumors, similar to glucose and the Warburg effect (68). Glutamine, like glucose,
helps satisfy two essential needs of cancer cells. It plays an important role in ATP energy
production and the generation of intermediates needed for cell growth and biosynthesis of lipids
and nucleotides (48, 69). The tricarboxylic acid (TCA) cycle intermediates are typically hybrid
molecules of carbons derived from glucose and glutamine. Glutamine enters the TCA cycle
following deamination to glutamate by glutaminase and subsequent conversion to a-
ketoglutarate by either glutamate dehydrogenase or various aminotransferases (65).
Interestingly, glutamine conversion into a -ketoglutarate has been shown to provide the carbon
fuel source for the TCA cycle when cells have impaired glucose metabolism (70, 71). Inhibition
of AKT signaling, which decreases glucose flux through glycolysis, leads to an upregulation of
glutamate dehydrogenase and increased utilization of glutamine in the TCA cycle (71). In
addition, the oncogene ¢c-MYC has been shown to induce enzymes associated with glutamine
metabolism including glutaminase and glutamine transporters, leading to higher flux of carbons
from glutamine into the TCA cycle (72-74). These cells are sensitive to glutamine withdrawal.
Thus, oncogenic activation of c-MYC can increase expression of aerobic glycolysis enzymes
and glutamine oxidation to provide cancer cells with not only energy but also building blocks for

biosynthesis.

Recent studies have demonstrated the importance of the tumor microenvironment on
determining cancer cell metabolism (75-77). Alterations in metabolism have been found
depending on tumor type and the environment around the tumor. These studies have shown
that cancer cell metabolism is not a stagnant, predetermined process but is altered based on
the needs of the cell and the conditions within which the cell is growing. While the majority of
studies on the metabolism of cancer in vitro have been completed in two-dimensional
monolayer cell cultures, a growing number of studies have shown the importance of the

extracellular environment on tumor cell metabolism. A recent study showed that metastatic cells



12

from the same primary tumor displayed different metabolic profiles depending upon the

metastatic site they seeded (78).

Interestingly, recent findings demonstrate that the ability of cellular metabolism to
respond to changes in the environment may be dependent upon the metastatic ability of cancer
cells. Highly metastatic cells exhibit increased metabolic plasticity in response to changes in the
tumor microenvironment compared to hon-metastatic but still proliferative cancer cells (79).
Surprisingly, metastatic cells appear to have higher levels of aerobic respiration compared to
non-metastatic cells (78). This increase in aerobic respiration may be important for the spread of
cancer cells to distant sites. The metabolism of circulating tumor cells is different than that of
primary tumor cells, with a predilection for increased oxidative phosphorylation in circulating
tumor cells (80). However, there is evidence that interaction with the environment around a
cancer cell is critical in determining that cell’'s metabolic state. The flux of metabolites through
glycolysis and the TCA cycle is decreased when breast cancer cells are grown in anchorage
independent conditions (81). Moreover, the metabolism of a cancer cell line is different
depending on the metastatic site in which the cancer cell has seeded. The same parental cell
line can show increased expression of aerobic glycolysis metabolites or increased oxidative
glutamine metabolism and TCA cycle enzyme expression depending upon the metastatic
microenvironment (78). In fact, cellular metabolism is a key first responder to changes in the
chemical and mechanical environment (82). This ability of cancer cells to respond and adapt
metabolically to changes in their environment appear to be critical for the metastatic ability of
cancer. In chapter 2 of this thesis, | will investigate whether the metabolism of cancer cells is

altered in response to changes in the collagen extracellular matrix density.
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I.V Cancer Dormancy

The majority of cancer related deaths occur from the metastatic burden of the cancer impairing
function essential to life at distant organs (83). Metastatic disease is a lengthy process involving
escape from the primary tumor, intravasation into the vasculature, extravasation at the distant
metastatic site, and seeding to form disseminated tumor cells followed by proliferation at the
metastatic site (84). Large humbers of cancer cells enter into the vasculature as circulating
tumor cells in cancer patients throughout the course of their disease (85). However, it is
estimated that less than 0.1% of these cells will successfully complete the metastatic process
and give rise to a clinically detectable metastatic lesion (86, 87). This phenomenon has been
termed “metastatic inefficiency” (88). Half of patients who have detectable disseminated tumor
cells remain disease-free and do not experience metastatic disease (89). This inefficiency may
be due to uninhabitable environments at the metastatic site for cancer cells. In the late 19"
century, Paget first described the “seed and soil” hypothesis of cancer metastasis (90). In this
model, cancer cells (the seed) have a greater affinity for some organs compared to others due
to a permissive environment (the soil) for the cells to proliferate into metastases. However, since
not all of the disseminated tumor cells go on to develop metastases in the soil in which they
seed, a significant amount of these tumor cells must enter into a dormant state at the secondary

site.

The concept of tumor dormancy is based around a delay in growth of tumor cells at the
metastatic site. Following intravasation into the vasculature and hematogeneous spread to the
metastatic site, cancer cells extravasate into the metastatic niche but fail to proliferate into
clinically detectable lesions, instead arresting to a quiescent state. Evidence for tumor dormancy
is abundant in clinical case reports, including for breast cancer. There have been multiple
documented cases of recurrence 25 years or longer after the conclusion of definitive treatment

for breast cancer (91-94). Moreover, while the risk of recurrence is highest in the two years
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following definitive treatment for the disease, the risk remains elevated for greater than 20 years
following treatment (95). Two models have been proposed to explain the dormant state of
cancer cells at the metastatic site (95, 96). In the first model, single cells reach the metastatic
site only to be growth restricted by cell cycle arrest (96). In the second model, small groups of
cells reach the metastatic site to form micrometastases (96). These micrometastases are in a
state of balance between cellular proliferation and apoptosis causing the lesions to neither grow
nor regress. However, in both models the cancer cells stay locked into this dormancy state until
some unknown cue either releases the cell cycle arrest or disrupts the proliferation-apoptosis
balance allowing the tumor cells to proliferate and form clinically detectable metastatic lesions in

patients.

There appear to be multiple methods for inducing tumor cell dormancy. Interactions with
the microenvironment seem to be critical for determining whether cancer cells enter a dormant
state or proliferate. In head and neck squamous cell carcinoma, interactions between
metastasis-associated urokinase receptor (UPAR) and a5B1 integrins promote tumor growth
through activation of the extracellular signal-regulated kinase (ERK) pathway via focal adhesion
kinase (FAK) or epidermal growth factor receptor (EGFR) signaling (97). Blockade of any part of
these pathways leads to growth inhibition and tumor dormancy via an almost complete inhibition
of the ERK pathway and induction of a GO-G1 arrest (97). In addition, uPAR disruption leads to
activation of the p38 mitogen-activated protein kinase (MAPK) pathway (98). p38 inhibits cell
cycle progression, inducing a G1 cell cycle arrest (99). The ratio of ERK:p38 signaling predicts
cancer cell growth, with proliferating cells showing high ERK:p38 activity ratios while dormant
cells have a higher p38:ERK ratio (100). Moreover, inhibition of p38 is sufficient to lead cancer

cells out of dormancy and promote proliferation in animal models (98, 100).

Changes in the tumor microenvironment cause tumor cells to exit dormancy and begin

proliferating again. Breast cancer cells are maintained in a dormant state by the secretion of



15

bone morphogenic protein 4 (Bmp-4) from surrounding stromal cells in the mouse lung. These
cells can be reactivated by producing the transforming growth factor g (TGF-8) ligand inhibitor
Coco (101). Similar interactions between the TGF-3 superfamily of ligands has been shown to
establish dormancy in other types of cancer including prostate and head and neck squamous
cell carcinoma (102, 103). Moreover, increased interactions between various components of the
microenvironment, including collagen and fibronectin, and receptors on tumor cells have been

shown to promote the escape from dormancy of cancer cells (104-106).

Another important mechanism of micrometastasis dormancy is angiogenic induced
dormancy. As tumor cells proliferate and reach a certain size, they are no longer able to be
supported by the vascular supply of the tissue they have seeded. The growth and survival of the
tumor becomes dependent upon oxygen and nutrient availability (107). Tumors that go on to
form clinically detectable metastatic lesions activate angiogenesis, with an upregulation of pro-
angiogenic signals like vascular endothelial growth factor (VEGF) and suppression of anti-
angiogenic factors like thrombospondin (108). Failure to activate this angiogenic switch is
sufficient to maintain cancer cells in a dormant state, with a balance between apoptosis and
proliferation of the metastatic tumor mass (108). It is thought that additional mutations are
necessary to activate the angiogenesis switch in these cells and that accumulation of these
mutations alters the balance of pro and anti angiogenic factors. For instance, loss of the tumor
suppressor p53 increases the expression of pro-angiogenic factors (109). Interestingly, some
angiogenic dormancy may be induced by the tumor microenvironment. Stromal immune cells
secrete matrix metalloproteases that can subsequently release anti-angiogenic factors from the
extracellular matrix including endostatin (110), which has been shown to downregulate
expression of VEGF and upregulate expression of thrombospondin (111). Thus, the immune

cells in the microenvironment may play a critical role in controlling angiogenic dormancy.
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Additional roles for the immune system in regulating tumor dormancy have been
identified outside of angiogenic dormancy. The role of the immune system in controlling cancer
growth has been recognized for decades. Recently, the ‘three E’s’, elimination — equilibrium —
escape have been used to describe the role of immunosurveillance in cancer progression (112).
Initially, immunologic rejection of the tumor cells leads to recruitment of natural killer cells and T
cells that directly kill tumor cells. However, poorly immunogenic tumor cells may survive this
elimination phase of immunosurveillance and enter a state of equilibrium where the immune
system continues to negatively select against tumor cells, containing the growth of the tumor but
not fully eliminating the tumor cells (112). The adaptive immune system is essential for
maintaining dormant micrometastases in an equilibrium state (113) and changes in immune
function are a byproduct of the metastatic process (114). In a mouse model, dormant tumor
cells from an immunocompetent mouse spontaneously resume proliferation when grown in an
immunodeficient mouse (113). Other models have shown that CD8+ T cells are critical for the
immune surveillance induced dormancy. Animals that have been immunized by subcutaneous
implantation of tumor cells are able to kill the majority of cancer cells when re-challenged by
intraperitoneal injection of these cells (115). However, a small population of these cells persists
but fails to proliferate in these animals. Depletion of T cells can subsequently remove these
cancer cells from dormancy (116). Conversely, additional genetic and epigenetic changes
acquired by the tumor cells in equilibrium may lead them to escape immunosurviellance and
proliferate into clinically detectable lesions. Interestingly, studies have shown that the cancer
cells able to escape immune surveillance and proliferate into metastatic lesion do so by
suppressing T cell activation via upregulation of programmed death ligand 1 (PD-L1), effectively
blocking the host of T cell surveillance (117, 118). These alterations in tumor immunogenicity

are critical for regulating the dormancy status of tumor cells.
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In order to better understand cancer dormancy, multiple models have been established
(107). One effective model of breast cancer metastasis and dormancy is the 4T1 clonal cell line
panel. This panel has 5 different cell lines that were obtained from the same sporadic mammary
gland tumor from a Balb/c mouse and separated on their metastatic potential (119). The 4T1
cell line is known to be metastatic at the mouse lung, forming macroscopic lesions following
orthotopic transplantation into young Balb/c mice (119). The 4T07 cell line traffics to the mouse
lung but does not form metastatic lesions in young mice, instead arresting to a dormant state
(119). The other 3 cell lines all fail at some point of the metastatic process before proliferating at
the mouse lung to form metastatic lesions (119). In chapters 3 and 4 of this thesis, | will use the
4T1 and 4T07 cell lines to evaluate factors determining the metastatic potential of these

mammary carcinoma cells.

I.VI Overview and Objectives

In this dissertation, | investigate two fundamental questions. In chapter 2, | evaluate the
role of the collagen extracellular matrix in determining the metabolism of mammary carcinoma
cells. In chapters 3 and 4, | investigate the role of both intracellular and extracellular factors in

establishing and maintaining mammary carcinoma cell dormancy at the metastatic site.

As stated above, a previous microarray study from the Keely lab elucidated changes in
the expression of genes involved in many pathways associated with cancer in response to
changes in collagen matrix density (16). These changes corresponded with increased cellular
proliferation and migration in cells cultured in a high density collagen matrix. Further analysis of
this published microarray showed a striking difference in the regulation of genes associated with
glycolysis and oxidative phosphorylation in response to changes in collagen matrix density.
Specifically, in a high density collagen matrix, gene expression of the enzymes in aerobic

glycolysis were decreased while gene expression of the enzymes in the TCA cycle and the
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electron transport chain were upregulated compared to a low density collagen matrix.
Interestingly, alterations in interactions between cancer cells and the microenvironment are
known to alter the metabolism of cancer cells (81). Moreover, LeBleu et al showed that
metastatic cells had increased levels of oxidative phosphorylation (80). Synthesizing the
previous work of the Keely lab with these findings, | hypothesized that a high density collagen
matrix would lead to higher levels of oxidative glucose metabolism in breast cancer cells which
would correspond with increased metastatic potential in these cells. To begin this study, | first
examined the changes in functional metabolism in response to changes in collagen matrix
density. Following up on these studies, | tracked the utilization of glucose in cancer cells grown
in either a high or low density collagen matrix. In chapter 2, | describe the results these
experiments and the follow up studies tracking glucose and glutamine carbon utilization in
metabolism for breast cancer cells cultured in either a high or low density collagen extracellular
matrix. This study builds upon recent metabolism studies in the 4T clonal cell line panel showing
changes in metabolism based on changes in the local environment and specifically elucidates a
role for collagen density in regulating the metabolism of these cancer cells. However, we did not
uncover changes in the metastatic potential of breast cancer cells in response to alterations in
the collagen matrix density even though cellular metabolism was regulated by these changes in

collagen density.

While our metabolic regulation of breast cancer cells by collagen matrix density was a
novel finding and is the subject of ongoing follow up work (some of which is presented briefly in
the appendix chapter), | remained interested in the role of collagen matrix density in regulating
cancer metastasis and dormancy. In our mouse model of increased collagen density, we
previously observed both increased incidence and increased metastatic burden in collagen
dense animals compared to wild type animals, suggesting that collagen density played a role in

determining the metastatic potential of cancer cells (19). | hypothesized that additional
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intracellular or extracellular factors regulate the metastatic potential of cancer cells. As part of
our initial metabolism studies, | performed a microarray gene expression analysis in 4T1 and
4T07 mammary carcinoma cells in either a high or low density collagen matrix. Through
analysis of these microarray results, | identified a potential transcription factor important to
regulating the metastatic ability of cancer cells. In chapter 3, | describe results of experiments
testing the necessity and sufficiency of this transcription factor for regulating the dormancy
status of 4T1 and 4TO7 cells. In addition to this intracellular transcription factor, | also evaluated
the role of additional extracellular environment changes in altering the metastatic potential of
breast cancer cells. While breast cancer incidence is higher in aged individuals, the rate of
distant metastatic disease is lower in older patients compared to younger patients (120, 121). In
chapter 4, | describe my experiments evaluating whether age related changes in the mammary
gland and the metastatic site alter the metastatic potential of breast cancer cells. These two
chapters contribute further understanding to the factors promoting tumor cell metastasis,

dormancy and the subsequent escape from dormancy.
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Abstract:

Increased breast density attributed to collagen | deposition is associated with a 4-6 fold
increased risk of developing breast cancer. Here, we assessed cellular metabolic
reprogramming of mammary carcinoma cells in response to increased collagen matrix density
using an in vitro 3D model. Our initial observations demonstrated changes in functional
metabolism in both normal mammary epithelial cells and mammary carcinoma cells in response
to changes in matrix density. Further, mammary carcinoma cells grown in high density collagen
matrices displayed decreased oxygen consumption and glucose metabolism via the tricarboxylic
acid (TCA) cycle compared to cells cultured in low density matrices. Despite decreased glucose
entry into the TCA cycle, levels of glucose uptake, cell viability, and ROS were not different
between high and low density matrices. Interestingly, under high density conditions the
contribution of glutamine as a fuel source to drive the TCA cycle was significantly enhanced.
These alterations in functional metabolism mirrored significant changes in the expression of
metabolic genes involved in glycolysis, oxidative phosphorylation, and the serine synthesis
pathway. This study highlights the broad importance of the collagen microenvironment to
cellular expression profiles, and shows that changes in density of the collagen

microenvironment can modulate metabolic shifts of cancer cells.
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Introduction:

Breast cancer is the most commonly diagnosed cancer among women in the United
States, representing 14% of all new cancer diagnoses (1). About 1 in 8 women in the United
States will be diagnosed with invasive breast cancer in their lifetime (1). Several factors are
known to increase the risk for the development of breast cancer, including but not limited to age,
stromal density, obesity, alcohol consumption, early menarche, late menopause and nulliparity
(2). Of these, increased breast density is one of the greatest independent risk factors for the
development of the disease (3). Increased breast density as seen by mammography confers a
4-6 fold increased risk of breast cancer incidence across various subtypes (4, 5). This increase
in breast density on mammogram is associated with an increase in the deposition of

extracellular matrix proteins, specifically collagen | (6).

Collagen | is a fibrous, structural component of breast architecture that provides support
to the underlying epithelium. The interactions between this core ECM component and cell
surface integrins not only plays a role in normal mammary gland function and development, but
also during tumorigenesis (7). Previous studies have shown that increased stromal collagen
deposition enhances mouse mammary tumor development in vivo (8). Moreover, increased
collagen density in vitro, even in the absence of stromal cells, alters mammary epithelial cell
morphology to a more invasive and proliferative phenotype (9). These changes are
accompanied by alterations in cell signaling pathways and gene expression within mammary

epithelial cells (9, 10).

One of the hallmarks of cancer development is alterations in cellular metabolism (11). It
has long been postulated that cancer cells upregulate aerobic glycolysis in order to provide the
cancer cells with the building blocks necessary to rapidly proliferate (12-14). Recently, the role
of the mitochondria as a biosynthetic “factory” for cancer cell proliferation has become more

apparent (15), while alterations in metabolism have been found to change depending on tumor
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type and the environment around the tumor (16-18). These studies have shown that cancer cell
metabolism is not a stagnant, predetermined process but is altered based on the needs of the
cell and the conditions within which the cell is growing. While the majority of studies on the
metabolism of cancer in vitro have been completed in 2D monolayer cell cultures, a growing
number of studies have shown the importance of the extracellular environment on tumor cell
metabolism. A recent study showed that successful metastasis to various organ sites was
dependent upon differential metabolic profiles of the same primary tumor cells (19). The flux of
metabolites through glycolysis and the tricarboxylic acid (TCA) cycle is decreased when breast
cancer cells are grown in anchorage independent conditions (20). Additionally, the metabolism
of circulating tumor cells is different than that of primary tumor cells, with a predilection for
increased oxidative phosphorylation in circulating tumor cells (21). Cellular metabolism is a key
first responder to changes in the chemical and mechanical environment (22). Despite this small
but growing data, the direct effect of collagen density on cellular metabolism has not been well

established.

In this study we investigated whether the metabolism of cancer cells is altered in
response to changes in collagen ECM density. We sought to determine the alterations in
cellular metabolism in two mammary breast cancer cell lines in response to changes in collagen
matrix density. The two cell lines chosen (4T1 and 4TQ7) arose from the same spontaneous
mouse mammary tumor and were separated based on metastatic potential such that 4T1 cells
traffic to and form metastatic lesions in the mouse lung, whereas 4TQ7 cells traffic to the mouse
lung but fail to proliferate, arresting to quiescence (23-25). Recent studies using this clonal cell
line panel have shown that metabolic plasticity in response to the local microenvironment is
greater in the metastatic cell lines than in the non-metastatic cell lines (19, 26). Surprisingly, we
found that the more metastatic 4T1 cells showed altered metabolism and associated changes in

gene expression in response to changes in extracellular collagen matrix density, while 4T07 cell
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metabolism was more refractory toward these changes in response to changes in density. Our
data demonstrate how breast carcinoma cells may use adaptable mechanisms to alter their

metabolism in response to changes in the extracellular matrix composition and density.

Results:

Changes in collagen matrix density alter the morphology of mammary carcinoma cell

lines

Previous studies from our lab have shown that human carcinoma cell lines display
altered morphology in response to changes in collagen matrix density (27). In 4T1 and 4TQ07
mouse mammary cell lines, we noted similar changes in cellular morphology in response to
changes in collagen matrix density (Figure 2.1). We observed that both the 4T1 and 4TO07 cell
lines formed a differentiated ductal like morphology when cultured in a low density (LD) collagen
matrix. This differentiation to ductal like morphology was more pronounced in the 4T1 cells than
in the 4TO7 cells. Moreover, as we have previously reported, in a LD collagen matrix, these cell
lines are able to contract the matrix around them but fail to do so in a HD collagen matrix (28),
similar to what we observed in human carcinoma cell lines (27). However, when the 4T1 or
4T07 cell lines were cultured in a high density (HD) collagen matrix, we observed an aberrant
morphology characterized by the absence of differentiated ductal like structures (Figure 2.1). In
a HD collagen matrix, the 4T1 cells formed colonies and individual cells, while the 4TO7 cells

grew largely as single cells within the matrix.

Functional readouts of cellular metabolism are highly sensitive to changes in collagen

density

To understand how changes in the density of the collagen microenvironment impact not
only cellular morphology but also cellular metabolism, we first evaluated oxygen consumption,

which is an indicator of mitochondrial respiration, and extracellular acidification rates. We
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adapted the SeaHorse extracellular flux analyzer capable of analyzing 3D spheroids to work
with LD and HD collagen/cell microgels. In both 4T1 and 4T07 cells, oxygen consumption and
extracellular acidification rates were the highest when the cells were in a LD collagen microgel
(Figure 2.2 a, b). 4T1 cells exhibited a greater response to a dense collagen matrix than did
4T07 cells. Consistent with these observations, we also found 4T1 cells had a 2-fold increase in
the amount of total cellular ATP when grown in a LD collagen gel compared to a HD gel (Figure
2.2¢). We did not observe statistically significant changes in the ATP/ADP ratio between LD or
HD collagen matrices in either 4T1 or 4T07 cells, although the trend was for a higher ATP/ADP
ratio in an LD collagen matrix for both cell lines (Supplemental Figure 2.1a). Additionally, we
observed similar changes in OCR and ECAR in two additional cell lines, NMuMG and MDA-MB-
231, with a significantly higher level of oxygen consumption in a LD collagen microenvironment
and at least a trend towards a higher ECAR in the same LD collagen microenvironment in both

cell lines (Supplemental Figure 2.2a-d).

These results consistently indicate that the LD collagen microenvironment produced the
highest cellular energy measurements and phenotypes. Importantly, we observed no difference
in cell proliferation nor cell viability following 5 days in culture in either a LD or HD collagen gel
for the 4T1 and 4TO7 cell lines (Figure 2.2 d,e). This indicates that changes in matrix density did

not alter changes in cell proliferation over the course of our experiments for either cell line.

Changes in metabolism are not due to changes in reactive oxygen species or oxygen

availability

Given the changes in oxygen consumption, extracellular acidification, and ATP levels we
observed in response to the collagen microenvironment, we next sought to determine the root
cause of these differences. One possible explanation for these changes could be mitochondrial
dysfunction or changes in the amount of reactive oxygen species (ROS). High mitochondrial

respiration can lead to increased ROS and cause further mutagenesis within cancer cells.
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Surprisingly, we found no difference in the level of ROS in response to changes in collagen
density in either cell type (Figure 2.2f). The level of ROS in 3D culture, independent of cell type,
was also well below the maximum ROS generated in our positive control samples using tert-
butyl hydroperoxide (Figure 2.2f). Moreover, we did not observe significant differences in the
NAD*/NADH ratio between 4T1 or 4T07 cells in either a LD or HD matrix (Supplemental Figure

2.1b).

An alternative explanation for the differences in metabolic output could be that the HD
collagen gel impedes proper oxygenation and yields a hypoxic environment for the cells.
Utilizing a fluorescent hypoxia reporter that is quenched by oxygen and thus fluoresces in
hypoxic environments, we investigated whether cells growing in either a LD or HD collagen gel
experienced hypoxia. Fluorescence levels for both cell lines were similar between LD and HD
gels, and were notably lower than the fluorescence intensity observed when cells were imaged
in a hypoxia chamber (Figure 2.2g). Moreover, we do not see any differences in protein levels of
the transcription factor Hypoxia Inducible Factor (HIF-1a) by western blot even after several
days of normal incubation in either cell line in response to changes in the collagen
microenvironment (Figure 2.4b). Collectively, these data strongly suggest that changes in
collagen density do not alter the production of ROS or oxygen availability for 3D cultured 4T1 or

4TO07 breast carcinoma cells.

A high density collagen microenvironment decreases glucose utilization by the TCA

cycle

The changes in oxygen consumption, and ATP level in response to changes in collagen
matrix density potentially suggest general changes in the utilization of metabolic pathways,
especially energy metabolism. To track glucose metabolism via the TCA cycle, we labeled 4T1
and 4TO07 cells at steady state with 1, 2-*C glucose in LD and HD collagen gels. Each molecule

of 1, 2-13C glucose forms one unlabeled and one labeled (with two 3carbon atoms) pyruvate via
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glycolysis, which then enters the TCA cycle as unlabeled or doubly labeled acetyl-coA and
undergoes a condensation reaction with oxaloacetate to form unlabeled or doubly labeled citrate
(Figure 2.3a). Surprisingly, incorporation of labeled carbon from glucose into TCA intermediates
was severely diminished in 4T1 cells in a HD collagen matrix, with under 5% of the citrate
containing carbon atoms from labeled glucose, whereas in LD collagen matrix, ~30% of citrate
was labeled (Figure 2.3b). Similarly, other TCA intermediates, a-ketoglutarate and malate,
displayed a great reduction in the labeled fraction occurring from glucose (Figure 2.3 c,d). 4T07
cells cultured in HD collagen showed a similar significant, though less profound, decrease in the

percentage of carbon atoms in TCA intermediates derived from glucose (Figure 2.3 b,c,d).

While the incorporation of glucose into TCA cycle intermediates was dramatically
decreased in response to a HD collagen microenvironment, the utilization of glucose through
glycolysis was not significantly altered in either cell line, regardless of HD or LD conditions. No
significant difference in glucose uptake rate was found in either 4T1 or 4T07 cells in response to
changes in collagen matrix density (Figure 2.3e). Additionally, fructose-1,6-bisphosphate, a
glycolytic intermediate, and lactate, an end product of glycolysis, showed similar labeling
patterns across all four conditions (Supplemental figure 2.3 a,b). Further, we did not observe a
significant change in total lactate secretion into the media over 36 hours (Figure 2.3f). Together,
these results show that a HD collagen matrix specifically and strongly decreases utilization of
carbon derived from glucose in the TCA cycle. Interestingly, this finding is much more profound

in the 4T1 cells than in the 4TO07 cells.

Metabolic gene expression is altered in metastatic 4T1 cancer cells in response to

changes in extracellular collagen density

Having observed significant changes in functional metabolic readouts and glucose
utilization in cells in the HD collagen matrix, we next sought to determine whether these

differences were caused by global changes in the expression of metabolic genes or by
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alterations in just a few key metabolic regulators. The greatest changes in glucose carbon flux
and oxygen consumption were found in the 4T1 cells subjected to altered extracellular collagen
density, therefore we chose to perform a microarray analysis of mMRNA to evaluate changes in
gene expression between 4T1 cells in LD and HD collagen matrices. Alterations in collagen
density regulated the expression of many genes, with a significant overlap between this data set
and our previously published microarray in NMuMG cells (9). Using a p-value cutoff of 0.01, we
found changes in the expression of numerous genes associated with metabolic pathways. In a
HD collagen matrix compared to a LD matrix, 4T1 cells showed downregulation of 8 out of 10
genes in glycolysis. Surprisingly, we observed an upregulation of 7 out of 8 genes of the TCA
cycle in a HD matrix (Figure 2.4a), even though we demonstrated above that glucose flux into
the TCA cycle was drastically diminished in a HD matrix. Moreover, we noted a downregulation
of pyruvate dehydrogenase kinase 1 and 2 (Figure 2.4a). It is important to note that we did not
observe significant changes in the expression of lactate dehydrogenase or the enzymes
involved in the pentose phosphate pathway. We did, however, observe an upregulation in the
expression levels of the enzymes of the serine synthesis pathway and one carbon metabolism,
with the entire pathway being upregulated in response to a HD collagen matrix in 4T1 cells
(Figure 2.4a). Additionally, we noted that many of the enzymes involved in oxidative glutamine
metabolism within the TCA cycle were upregulated in a HD collagen matrix in 4T1 cells (Figure

2.4a).

To verify some of these changes in gene expression at the protein level, we blotted for
hexokinase, pyruvate dehydrogenase kinase 1, and its target, phosphorylated pyruvate
dehydrogenase complex in 4T1 cells cultured in a HD collagen matrix (Figure 2.4b). All of these
protein levels matched their corresponding expression profile. Importantly, we did not observe
changes in protein expression for PDK1, p-PDH, or hexokinase in response to changes in

collagen matrix density in 4T07 cells (Figure 2.4b). This finding was consistent with our earlier
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findings where we observed little change in ATP production, oxygen consumption and glucose
labeling between 4T07 cells in a HD or LD collagen matrix. Interestingly, the decrease in
phosphorylation of PDH in a HD matrix compared to a LD matrix in 4T1 cells would suggest
higher flux from pyruvate entering TCA cycle oxidation, thus increased OCR, which is opposite
from our observation. However, treatment of 4T1 cells grown in a LD matrix with 20mM or
25mM dichloroacetic acid (DCA), which inhibits PDK activity, did not significantly change OCR
or ECAR, even though we observed a decrease in phosphorylation of PDH in cells cultured in a
LD collagen matrix and treated with either 210mM or 256mM DCA (Supplemental Figure 2.5 a-c).
These results suggest that phosphorylation of PDH is not the control point of glucose oxidative

flux in response to changes in collagen matrix density.

A high density collagen microenvironment increases glutamine contribution to the TCA

cycle

In a HD collagen matrix, the analyzed TCA cycle intermediates showed a stark decrease
in the labeled fraction from 13C-glucose, especially in 4T1 cells, yet most of the enzymes in the
TCA cycle were upregulated at the mRNA level. The large majority of citrate, a-ketoglutarate
and malate are fully unlabeled from 1,2-13C-glucose (Supplemental figure 2.3c). This suggests a
substantial contribution of an additional fuel source to support the TCA cycle. One possible
source is glutamine. Glutamine is the most abundant free amino acid in the human body (29),
and it is necessary to support anabolic processes that fuel proliferation for some cancer cells
(30). Glutamine also provides a carbon source for buildup and maintenance of TCA
intermediates (31, 32). Our gene expression data showed an upregulation in 4T1 cells in HD
collagen matrix of many enzymes involved in glutaminolysis, suggesting a possible increase in
glutamine utilization by the TCA cycle in a HD matrix. Therefore, we traced the utilization of
glutamine in our model using uniformly labeled glutamine (U-*C-glutamine), to determine if

alterations in the density of the collagen microenvironment changed the contribution of



41

glutamine into the TCA cycle. The 5 carbons of glutamine enter the TCA cycle as the 5 carbon
metabolite, a-ketoglutarate. From there, the molecule can undergo oxidative metabolism and
produce reduced NADH and FADH-, These reduced co-factors are subsequently oxidized in the
electron transport chain leading to ATP generation. Alternatively, a-ketoglutarate can undergo
reductive carboxylation to generate citrate. This pathway is associated with lipid synthesis
during mitochondrial dysfunction (33, 34). In 4T1 cells embedded in a HD microenvironment, we
found a significant increase in the labeled fraction of m+5 a-ketoglutarate, indicating that a
greater proportion of a-ketoglutarate was coming from labeled glutamine (Figure 2.5b).
Increased utilization of glutamine in the TCA cycle in 4T1 cells in HD held throughout the
oxidative glutaminolysis pathway, with increased m+4 labeled malate (Figure 2.5c). While we
did not notice significant differences in glutamine utilization in the 4T07 cells based on matrix
density, both LD and HD conditions of 4T07 cells had high levels of a-ketoglutarate labeling
from glutamine, similar to that of the 4T1 cells in a HD matrix (Figure 2.5b). Surprisingly,
reductive glutamine metabolism in both 4T1 and 4T07 cells was increased in HD collagen
matrices, as seen by the increase in m+5 citrate labeling in both conditions (Figure 2.5a). We
did not observe a significant difference in the amount of glutamine taken up by 4T1 or 4T07
cells in response to changes in collagen density (Figure 2.5d) as determined over a 36 hour
period. These results suggest that in a HD collagen matrix, 4T1 cells do not alter uptake of
glutamine into the cell, but rather have increased contribution of glutamine into the TCA cycle,

which accounts for the decreased entry of carbon from glucose into the TCA cycle.

We next sought to understand the ability of cells in different matrix densities to utilize
glucose and/or glutamine to support mitochondrial respiration. We monitored changes in oxygen
consumption in both 4T1 and 4T07 cells in a LD and HD matrix before and after the injection of
glucose or glutamine into media lacking both these fuel sources. When adding back glutamine

to cells cultured in media depleted of glucose and glutamine, all conditions increased oxygen
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consumption, suggesting that both cell lines in either condition could use glutamine alone to
drive mitochondrial respiration (Supplemental figure 2.4a). The addition of glucose to
cell/microgels cultured in media depleted of both glucose and glutamine resulted in an increase
in extracellular acidification but not oxygen consumption in all conditions (Supplemental figure
2.4 b, ¢), suggesting that starvation from glucose and glutamine led to primarily aerobic
glycolysis in response to the addition of glucose alone. However, when we cultured cells in
media containing only glucose and then added glutamine, only the 4T1 cells in the HD collagen
microenvironment exhibited increased oxygen consumption over baseline (Figure 2.5e). This
suggested that 4T1 cells in a HD collagen matrix have higher capacity to use glutamine for
driving mitochondrial respiration, consistent with our glucose and glutamine labeling studies as

well as our gene expression data.

Discussion

It has long been observed that cancer cells alter their metabolism to support progression
and resiliency (11, 13, 14). However, the influence of the local extracellular matrix in the tumor
microenvironment on cellular metabolism is not well understood. Here, we report that the
density of the collagen microenvironment can induce metabolic shifts in cancer cells. We
consistently observe that the cellular metabolism of two mammary carcinoma cell lines, 4T1 and
4T07, respond significantly to changes in the collagen density of their microenvironment. Both
cell lines show decreased oxygen consumption and ATP production in response to changes in
density. The functional metabolism findings in this study are not just a peculiarity of the 4T1
clonal cell lines. Indeed, we find changes in OCR and ECAR in response to changes in collagen
density in both a normal mouse mammary gland cell line and a human breast carcinoma cell
line (Supplemental Figure 2.2 a-d), suggesting that collagen matrix density alters functional

metabolism broadly across mammary cells.
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Strikingly, even though glucose uptake is not affected by the local collagen
microenvironment in 4T1 or 4T07 cells, the fate of the glucose-derived carbon is regulated by
collagen density. In HD collagen, the oxidation of glucose for the TCA cycle is greatly
diminished in both cell lines. There are no differences in glycolysis intermediates, nor in lactate
production, suggesting that the glucose may be used for other cellular pathways (discussed
below). Moreover, these metabolic changes are not due to changes in cellular proliferation,
ROS levels, or environmental oxygen deprivation in response to a HD collagen gel. Rather, we
find global changes in the expression of several metabolic genes representative of systemic
changes to the cellular signaling network. Interestingly, many of the TCA cycle genes
upregulated in 4T1 cells in an HD matrix are associated with oxidative glutamine metabolism, a
finding that was confirmed functionally by the increase in OCR seen upon glutamine addition in
4T1 cells (Figure 2.5e). Further, we have shown that this decrease in glucose utilization by the
TCA cycle in HD collagen matrices is countered by an increase in utilization of glutamine for the
TCA cycle in this same condition, suggesting a switching in fuel source for 4T1 cells in a HD
collagen matrix. Together, these findings demonstrate that a HD collagen matrix leads to

metabolic reprogramming of carcinoma cells.

Cancer cells exhibit more metabolic plasticity than their normal counterparts (35, 36).
Such plasticity allows cancer cells to address the pressures of abnormally high rates of cell
division, transient bouts of oxygen or nutrient deprivation, and migratory behaviors to dissimilar
tissues, which allows the cancer cells to colonize distal organs. A key part of deciphering
metastatic potential could be the sensitivity, responsiveness and plasticity of an individual cell to
the chemical and mechanical cues of the local microenvironment in which it resides. Two recent
studies have added credence to the idea that metabolic plasticity is important for metastatic
potential, specifically in the 4T1 clonal cell panel. First, a recent study performed on the 4T1

clonal panel showed that the highly aggressive 4T1 cells were better able to adjust their
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metabolism to respond to changes in the microenvironment than the non-metastatic 67NR cells,
which are derived from the same parental line. In fact the authors reported a continuum of
metabolic plasticity correlated to the metastatic potential of the cells such that the more
metastatic the cell line, the more able that cell line was to adapt utilization of glycolysis and
oxidative phosphorylation to its microenvironment (26). Moreover, Dupuy et al. recently
demonstrated that highly metastatic 4T1 cells have increased metabolic plasticity for both
glycolysis and oxidative phosphorylation compared to their non-metastatic counterparts, 67NR
cells and that this metabolic plasticity directly impacted the metastatic site seeded by the 4T1
cells (19). Our results add to these studies by specifically testing the importance of collagen
matrix density as a cue to alter metabolism in both metastatic 4T1 and dormant 4T07 cells.
Moreover, our finding that matrix density changes the expression of metabolic genes supports
the idea that global metabolic reprogramming allows cells to adapt to their microenvironment.
Additional experiments are underway to determine if the metabolic plasticity influenced by

matrix density in 4T1 compared to 4T07 cells is a key aspect of 4T1 metastatic potential.

Underpinning the metabolic plasticity of 4T1 cell lines in response to changes in collagen
density is altered utilization of glucose. Given the similar levels of glucose derived lactate
production, coupled with the stark decrease in glucose entry into the TCA cycle in 4T1 cells in a
HD collagen matrix, it is intriguing to ask where the carbons from glucose are being utilized.
There are a limited number of possible fates for the carbons from glucose entering glycolysis.
We find that all genes involved in the serine synthesis pathway are upregulated at the mRNA
level, while there are no changes in genes for the pentose phosphate pathway, suggesting the
possibility that increased glucose flux is diverted into the serine synthesis pathway when cells
are in HD collagen. This pathway has been found to be increased in a variety of cancers,
including breast cancer, and has been shown to enhance the proliferation and progression of

the disease (37). Thus, an increase in the serine synthesis pathway would fit with our previous
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findings that cells in a HD collagen matrix proliferate at a greater rate and tend to be more

aggressive (8, 9).

A key question that emerges from our studies is what is the carbon source for the TCA
cycle when 4T1 cells are in a HD collagen matrix? Many transformed cells, including basal
breast cancer cells, rely on glutamine for enhanced cell proliferation despite ongoing glycolysis
(32, 38). Indeed, we find glutamine to be a fuel source for the TCA cycle, and observe evidence
of both reductive and oxidative glutamine metabolism. However, a significant portion of the TCA
metabolite citrate is not labeled by glucose or glutamine, indicating that glutamine is not the only
other source of fuel contributing to the TCA cycle in 4T1 cells cultured in HD collagen matrices.
One intriguing possibility is that collagen matrix is being internalized and degraded for use as a
fuel source in the TCA cycle, explaining the decreased incorporation of glucose into the TCA

cycle in a HD collagen matrix. Future experiments will aim to explore this possibility.

One interesting caveat of our study is the finding of significant changes in ECAR in
response to changes in collagen matrix density for our SeaHorse analysis of 4T1, 4T07 (Figure
2.2b) and NMuMG cells (Supplemental Figure 2.2b), but no significant change in lactate
secretion in response to changes in collagen matrix density in 4T1 or 4T07 cells. Importantly,
the changes in ECAR or lactate secretion were very small, whether up or down, in both
experiments. However, a recent study demonstrated that the ECAR readout in the SeaHorse
analysis is affected by CO- production from aerobic respiration and thus higher levels of oxygen
consumption may skew the ECAR values seen during a SeaHorse Flux analysis (39). This may
be the reason why we see reduced ECAR in HD in Figure 2.2b but no change in lactate
secretion as the higher levels of OCR in a LD collagen matrix may be raising the ECAR in the
same condition. Importantly, we do not see a significant increase in lactate secretion when cells
are in HD and thus increased aerobic glycolysis does not explain the lack of glucose in the TCA

cycle for 4T1 or 4TO7 cells in a HD collagen microenvironment. This contribution of oxygen
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consumption to total ECAR may also explain why we did not see significant changes in the
ECAR of MDA-MB-231 cells in response to changes in collagen matrix density, as they have a
lower basal oxygen consumption rate and show a smaller, albeit significant decrease in oxygen
consumption in response to a HD collagen matrix (Supplemental Figure 2.2 c-d). Additionally,
MDA-MB-231 cells are known to utilize more aerobic glycolysis and less aerobic respiration

than other cell lines, including other triple negative breast cancer cell lines (40).

Importantly, the basal oxygen consumption rate is reported to be different across
different tumor and normal cell lines based on changes in various signaling pathways within
each cell line (40). Moreover, our values for OCR are consistent with previously reported OCR
findings in these and other mammary cell lines (16, 40, 41). Interestingly, we observed changes
in both OCR and ECAR in mammary carcinoma cell lines as well as normal mammary epithelial
cell lines (NMuMG), suggesting that collagen matrix density may broadly regulate metabolism
across the mammary gland, not just in mammary carcinoma cell lines. However, further studies
would be needed to definitively deduce the role of the collagen extracellular matrix in the

metabolism of normal mammary epithelial cells.

In summary, it is becoming well established that the ECM composition of the tumor
microenvironment drives breast cancer risk and tumor progression. Our findings highlight that
changes in metabolism in response to changes in the density of the collagen extracellular
environment are part of the cellular response to the microenvironment, and are likely important

to understanding how the extracellular matrix facilitates metastatic disease.

Materials and Methods:

Cell lines, cell culture:

4T1 and 4T07 cell lines were cultured in RPMI 1640 media with 10% FBS. For labeling

experiments, cells were cultured in RPMI 1640 media with isotopically labeled 1,2-*C-glucose



47

(Omicron Biochemicals) or U-*C-glutamine (Cambridge Isotope Laboratories) replacing the
regular glucose or glutamine at the same concentration. Dialyzed FBS was used for all labeling
experiments. Cells were cultured in a 3D collagen gel as previously described (27, 28). In short,
cells were suspended in a mix of media and a solution of collagen | (Corning) neutralized with
HEPES buffer. This mix (1 mL) was spread evenly over one well of a six well plate and allowed
2 hours to polymerize at 37° C before being released into media. LD and HD was 2 mg/mL and
3.5 mg/mL collagen for both cell lines respectively, as previously defined (28). All cells were
cultured at 37° C with 5% CO.. Gels were cultured for 5 days with an initial seeding density of
50,000 cells, with media changed on day 3. For SeaHorse experiment, microgels were plated as
a hanging drop of collagen/cell mixture. Each droplet contained 30,000 cells and was poured at
an initial volume of either 10 pL (LD) or 6 uL (HD) and was cultured for 24 hours. The changes
in volume size allowed for contraction of the LD microgel to a size similar to that of the HD
microgel after 24 hours. For immunoblotting experiments, cells expressing GFP were cultured in

the same manner to allow GFP for use as a loading control.

Cell Proliferation and Cell Viability:

Cell proliferation was determined using a Cyquant NF cell proliferation assay (ThermoFisher)
following manufacturers protocol. In short, cells were cultured in a 12 well plate in LD or HD
collagen in full media for 5 days. The media was aspirated and replaced with 500 uL of cyquant
solution. Following a 30 minute incubation in 37 C incubator, fluorescent intensity was read on a
plate reader (Ex 485 nm, Em 538 nm). Cell viability was determined using Calcein AM live cell
dye (ThermoFisher) following manufacturers protocol. Briefly, cells were cultured in a 12 well
plate in LD or HD collagen in full media for 5 days. The media was aspirated and gels were
washed 2 times in PBS. The gels were then incubated in 2 uM calcein AM/PBS solution for 1
hour at 37 C. Following incubation, fluorescent intensity was read on a plate reader (Ex 485 nm,

Em 538 nm).
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Metabolic Assays:

ATP was extracted using a boiling water extraction technique as previously described (42). In
short, 1 mL of boiling water was added to tubes containing the collagen gels/cells to dissolve the
gel and release cellular ATP. 100 puL of this was used in a 96 well luciferin/luciferase
luminescence assay (Sigma). Data was normalized by total cellular DNA after the boiling
extraction. Lactate secretion was measured via a commercially available kit per manufacturer’s
instructions (Abcam). Glucose uptake was measured via a commercially available kit per
manufacturer’s instructions (Eton Biosciences). Glutamine uptake was measured via a
commercially available kit per manufacturer’s instructions (Sigma). Glucose and glutamine
uptake was found by subtracting levels in spent media from levels in fresh media stored at 37°
C in the same incubator and for the same time period as spent media. All media samples were
collected on morning of day 5 following full media change on evening of day 3 (36 hours in
culture). All three of these media based assays were normalized to a protein loading control for
each individual experiment. Reactive oxygen species were measured using a CellROX green
detection kit (Life technologies), per manufacturer’s instructions. Gels were incubated with the
CellROX reagent for 30 minutes at 37° C, washed and counterstained with bisbenzimide, and
fluorescent intensity was measured via a plate reader (CellROX Ex 485 nm, Em 538 nm,
BisBenzimide Ex 355 nm, Em 460 nm). Data was normalized to bisbenzimide fluorescent
intensity. Tert-butyl hydroperoxide (Sigma) was used as a positive control and added at a

concentration of 200 uM 2 hours prior to addition of CellROX reagent.

Hypoxia Indicator:

Hypoxia was measured using commercially available ImagelT Hypoxia dye per manufaturer's
instructions. In short, ImagelT dye was added to cells in collagen gels at a concentration of 10

uM for 30 minutes at 37° C. Control gels were then placed in a hypoxia chamber with 100% CO-
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flush for 30 minutes before being imaged. Gels not treated with hypoxia were imaged after 30
minute incubation with dye in regular 5% CO, incubator. Images were acquired using a Nikon
TE300 inverted microscope (Nikon Instruments) equipped with a ORCA-R? digital camera
(Hamamatsu). Light was passed from a 100-watt mercury arc lamp through an excitation filter of
530-560 nm, through a 565 nm dichroic filter to a 590-650 nm emission filter. Images were
acquired using SlideBook, version 5.0 (Intelligent Imaging Innovations) and processed using
ImageJ software. Mean fluorescence intensity was measure from 3D stacks of images for all
cells in a field of view and divided by the mean fluorescence intensity of the background

containing no cells.
SeaHorse Flux Analysis:

An XFe96 SeaHorse extracellular flux analyzer was utilized for measurements of oxygen
consumption and extracellular acidification rate. Collagen microgels were prepared as described
above in full media, moved to XFe 96 well spheroid plate in XF base media (SeaHorse
Biosciences) with or without glucose supplemented (2 g/L). Glutamine (Gibco) was injected after
3 baseline readings at a final concentration of 300 mg/L and 10 readings were taken post
injection. As a control to monitor displacement of microgel, Rotenone and Antimycin A were
injected at a final concentration of 1 uM, followed by 3 readings to observe diminishment of
oxygen consumption. As each reading was compared to its own initial baseline reading, no
additional normalization was performed and the data is presented as percent change from
baseline. For average basal oxygen consumption and extracellular acidification rates (Figure 2.2
b, c), 3 baseline measurements were taken with cells in XF base media supplemented with both
glucose and glutamine for 1 hour prior to readings. Cells were counted when collagen microgels
were poured, 16 hours before assay. From each experiment an additional, randomly chosen
microgel was taken for immunoblotting and cell count was verified by protein loading control.

For the dichloroacetate supplemental experiment, cells were cultured 16 hours in 10 mM or 25
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mM Sodium Dichloroacetate (Sigma), moved into XF base media supplemented with glucose,

glutamine and dichloroacetate for one hour before 3 baseline readings were taken.

RNA isolation and microarray analysis:

After culturing cells in HD or LD collagen gels for 5 days, RNA was isolated via a modified Trizol
extraction. To begin 1 ml gels were washed 2X with PBS, and dabbed dry on paper towel to
remove excess moisture. 1 ml of TRIzol (Life Technologies) was then added, and the gel was
subsequently sheared and homogenized with 18g needle and syringe. Once homogenized and
solubilized, the protocol was followed according to manufacturer’s specifications. The purified

RNA was assayed for relative transcript levels with the Affymetrix GeneChip MTA 1.0.

Immunoblotting:

Lysis of cells was carried out as previously described (27). Reagents used were: turbo-GFP
(Evrogen), PDK1, Hexokinase Il and Histone H3 (Cell Signaling Technology), pPDH-E1 a
(pSer293) (Millipore), Hifla (Thermo Scientific), PDH-E1 a (Abcam) and Horseradish
peroxidase (HRP)—conjugated secondary antibodies (Jackson ImmunoResearch). All primary
antibodies except turbo GFP were used at dilutions of 1:1000. Turbo GFP and secondary
antibodies were used at a concentration of 1:5000. Densitometry graphs show average HD over
low density fold change (horizontal bar). Individual data points represent HD over LD fold

change of individual experiments. Error bars represent 95% confidence interval.

Metabolite labeling, extraction and detection:

Cells in collagen gels were cultured in media containing indicated isotopic tracers for duration of
5 day experiment. Metabolites were extracted using ice-cold methanol extraction, as described
in Maharjan and Ferenci (43). Briefly, gels were rinsed quickly in ice cold PBS at 4 C, moved
into 1 mL of ice cold 80:20 methanol:H,O and placed in a dry ice/methanol bath for 30 minutes,

placed on ice for 10 minutes and spun at 14,000 RPM for 10 minutes at 4 C. The supernatant
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was retained and the pellet was resuspended in 500 puL of 80:20 methanol:dH.O and the
process was repeated. The supernatant of both extractions was filtered using a 3K centrifugal
filter unit (Amicon) and then dried using a speed vacuum. Samples were resuspended in water
(LC-MS grade, Sigma), and analyzed by a Thermo Q-exactive Obitrap mass spectrometer
coupled to a UPLC (Dionex 3000). Metabolites were separated with an ACQUITY UPLC® BEH
C18 2.1 x 100 mm column, 1.7um particle size, with a gradient of solvent A (95% H20, 5%
methanol ,10mM tributylamine, 9mM acetate, pH=8.2) and solvent B (100% methonal) at
0.2ml/min flow rate. The gradient is: 0 min, 5% B; 2.5 min, 5% B; 5 min, 20% B; 7.5 min, 20% B;
13 min, 55% B; 15.5 min, 95% B; 18.5 min, 95% B; 19 min, 5% B; 25 min, 5% B. Data was
collected on full scan negative mode at a resolution of 70K with a maximum injection time of 40
ms and AGC of 1E6. Data were analyzed using a Metabolomics Analysis and Visualization

Engine (MAVEN) (44, 45).

Statistical Analysis

Statistical analysis was performed using Sigma Plot 13.0. For each sample, only LD vs HD
within a cell line was compared, no comparisons were made across cell lines. Normality and
equal variance were tested by the Shapiro-Wilk test and the Brown-Forsythe test respectively.
An unpaired student’s t test (two-tail) was used on all sample passing the Shapiro-Wilk and
Brown-Forsythe test while a Mann-Whitney rank sum test was performed in instances when

these tests failed.
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Low Density High Density

9

4T1

Figure 2.1: Changes in cellular morphology in response to changes in collagen matrix

density.

4T1 and 4T07 cells were cultured in LD and HD collagen matrices for 5 days. Ductal-like

structures were observed when cells were grown in a LD (white arrow head) but not a HD

collagen matrix.
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Figure 2.2: Functional measures of cellular metabolism are altered in response to

increased extracellular collagen matrix density.

A and B. Mean basal oxygen consumption and extracellular acidification rate, respectively, for
4T1 and 4T07 cells in LD and HD collagen matrices (N=15, SD, Significance via t-test p<0.05).
Cells were analyzed in collagen spheroids using a Seahorse Flux analyzer, as described in
Methods. C. Total cellular ATP expressed as a fold change of HD/LD collagen conditions. In
both 4T1 and 4TO07 cells, total cellular ATP was significantly lower in an HD collagen matrix than
in an LD matrix (normalized to total DNA, n=3, showing mean fold change +/- SD, 95%
confidence interval (Cl) 4T1 = 0.39 - 0.51, 4T07= 0.62 — 0.75. p<0.05 by one-sample t-test.). D.
Culture in HD collagen does not cause loss of cell viability. Shown is the percent of living cells in

the HD condition normalized to the LD condition, as determined by Calcein AM. Viable cells
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were assayed at the end of a 5 day culture. Average viability for each cell line in LD conditions
was set as 1. The levels of cell viability seen in HD conditions was compared to each cell lines’
average cell viability for LD (n=6, +/- SD). E. Percent cell proliferation of HD condition over LD
condition as determined by Cyquant NF was assayed at the end of a 5 day culture. Average cell
number for each cell line in LD conditions was set as 1. The level of cell proliferation in HD
conditions was compared to each cell lines’ average cell viability for LD (n=5, +/- SD). F.
Culture of cells in HD collagen does not alter ROS. Level of reactive oxygen species in 4T1 and
4T07 cells in a LD and HD collagen matrix in the presence or absence of a positive control to
generate ROS, tert-butyl hydroperoxide. No differences were noted between untreated samples
in LD or HD. Significant differences observed between cells in the same density treated with the
positive control (n=8, mean fluorescence intensity +/- SD, P <0.05 by t-test. Comparison only
between same cell type in same collagen density with or without ROS control). G. Effects on
oxygen consumption are not likely due to poor oxygen exchange in HD collagen gels. Level of
hypoxia indicated by fluorescent dye that is quenched by the presence of oxygen. Fluorescence
of cells over background in 4T1 and 4TQ7 cells grown in LD and HD collagen matrix in either
standard culture or in a hypoxia chamber as a positive control (N=3 independent experiments x
5 fields of view, mean fluorescence over background value +/- SD, P <0.05 by Mann-Whitney
rank sum test Comparison only between same cell type in same collagen density with or without

hypoxia control).
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Figure 2.3: Glucose flux through aerobic respiration is altered in response to changes in

collagen extracellular matrix density.

A. Model depicting carbon atom fates in 1,2- *3carbon glucose labeling experiment. B, C, D.

Contribution of 1,2- *C glucose to the TCA intermediates citrate, a-ketoglutarate, and malate,

respectively. M+2 labeled fractions represents direct flux of glucose into TCA cycle. (N=3, mean

+/- SD, P <0.05 by t-test). E, F. Levels of lactate secretion and glucose uptake from the same

media samples (N=3, mean +/- SD). (AcCoA — Acetyl CoA, a-KG - a-ketoglutarate, OAA —

Oxaloacetate)
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Figure 2.4: Microarray analysis reveals alterations in the expression of major pathways of

cellular metabolism in response to changes in collagen extracellular matrix density.

A. Diagram of different enzymes in glycolysis, tricarboxylic acid cycle, electron transport chain
and serine synthesis pathway regulated by changes in extracellular collagen matrix density in
4T1 cells. Green indicates downregulation in 4T1 cells in a HD collagen matrix while red
indicates upregulation of gene in a HD collagen matrix. (N=5, Fold change >+/-1.2, and filtered
for significance p<0.01). For Complex | to 1V, the number of genes altered in the complex is
expressed as a fraction of the total number of genes that contribute to that complex. B.

Representative images for protein immunoblotting for some enzymes in each metabolic
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pathway. C. Densitometry changes for these immunoblots in 4T1 and 4T07 cells. (HD/LD mean
fold change +/- 95% confidence interval) (4T1 HD/LD confidence interval for PDK1 = 0.130 -

0.697, pPDH = 0.241 - 0.752, Hexokinase Il = 0.539-0.809. p<0.05 by one-sample t-test.)

(PFK1 - Phosphofructokinase 1, PHGDH — 3-Phosphoglycerate dehydrogenase, PSAT —
Phosphoserine aminotransferase, PSPH — Phosphoserine phosphatase, SHMT — Serine
hydroxymethyl transferase, PDK — Pyruvate dehydrogenase kinase, IDH — Isocitrate
dehydrogenase, a-KGDH - a-ketoglutarate dehydrogenase, SCS — Succinyl coA synthetase,
SDH — Succinate dehydrogenase, MDH — Malate dehydrogenase, GOT — Glutamate

oxaloacetate transaminase, PDH — Pyruvate dehydrogenase, HIF — Hypoxia inducible factor)
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Figure 2.5: Glutamine contribution into the TCA cycle is increased in response to a high

density collagen extracellular matrix.

A, B, C. Contribution of U- 3C glutamine to the TCA intermediates citrate, a-ketoglutarate, and
malate. M+5 labeled fraction in a-ketoglutarate represents direct flux of glutamine into TCA
cycle. M+5 citrate labeled fraction is indicative of reductive glutamine metabolism. M+4 malate
labeled fraction is indicative of oxidative glutamine metabolism (N=3, mean +/- SD, P <0.05 by t-
test). D. The percentage of glutamine uptake from media (spent media/fresh media) is not
significantly different across the conditions (N=3, mean +/- SD). E. Percent change in oxygen

consumption levels from baseline (first 3 measurements) after injection of glutamine (300 mg/L)



into medium containing glucose (2 g/L). Rotenone and Antimycin A were injected (1 uM final
concentration for each) at the end of each experiment as a control for microgel displacement.
(N=9, mean +/- SD, P <0.05 by t-test). Note that only 4T1 cells in HD collagen enhance their

respiration upon the addition of glutamine.
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Supplemental Figure 2.1: ATP/ADP and NAD+/NADH ratios are not altered by changes in

collagen extracellular matrix density.

A. ATP/ADP ratio calculated from total ion counts for ATP and ADP from U *3C glutamine
labeling experiment. Ratio was calculated for each replicate and then averaged (N=3, mean +/-
SD). B. NAD+/NADH ratio calculated from total ion counts for NAD+ and NADH from U C

glutamine labeling experiment. Ratio was calculated for each replicate and then averaged (N=3,

mean +/- SD).
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Supplemental Figure 2.2: Oxygen consumption and extracellular acidification rates are
altered by collagen matrix density in a normal mouse mammary gland cell line and a

human breast carcinoma cell line.

A and B. Mean basal oxygen consumption and extracellular acidification rate for NMuMG
normal mouse epithelial cells in LD and HD collagen matrices (N=12, SD, Significance via t-test
p<0.05). C and D. Mean basal oxygen consumption and extracellular acidification rate for MDA-
MB- 231 human carcinoma cells in LD and HD collagen matrices (N=7, SD, Significance via t-

test p<0.05). Cells were analyzed in collagen spheroids using a Seahorse Flux analyzer, as

described in Methods.
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Supplemental Figure 2.3: Glucose flux through glycolysis and to lactate is not altered by

changes in collagen extracellular matrix density.

A, B. Contribution of 1,2- carbon glucose to the glycolytic intermediate fructose-1,6-

bisphosphate and to lactate through lactate dehydrogenase. (N=3, mean +/- SD). C. Fraction of

metabolite remaining unlabeled following glucose labeling experiment (N=3 per labeling

experiment, mean +/- SD).
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Supplemental Figure 2.4: Changes in oxygen consumption following addition of

glutamine or glucose to minimal media lacking glucose or glutamine.

A. Percent change in oxygen consumption levels from baseline (first 3 measurements) after
injection of glutamine (300 mg/L) to media lacking glucose and glutamine. Rotenone and
Antimycin A were injected (1 uM final concentration for each) at the end of each experiment as
a control for microgel displacement. (N=15, mean +/- SD). B. Percent change in oxygen
consumption levels from baseline (first 3 measurements) after injection of glucose (2 g/L) to
media lacking glucose and glutamine. Rotenone and Antimycin A were injected (1 uM final
concentration for each) at the end of each experiment as a control for microgel displacement.
(N=15, mean +/- SD). C. Percent change in extracellular acidification levels from baseline (first 3

measurements) after injection of glucose (2 g/L) to media lacking glucose and glutamine.
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Rotenone and Antimycin A were injected (1 uM final concentration for each) at the end of each

experiment as a control for microgel displacement. (N=15, mean +/- SD).
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Supplemental Figure 2.5: Basal oxygen consumption and extracellular acidification rate

is not significantly altered in 4T1 cells in LD collagen matrix by pretreatment of Sodium

Dichloroacetate

A and B. Mean basal oxygen consumption and extracellular acidification rate for 4T1 cells in LD

collagen matrices following a 16 hour pretreatment of 0, 10 or 25 mM dichloroacetate (DCA,

N=12, +/- SD). C. Representative western blot of collagen microgel used for basal OCR and

ECAR SeaHorse experiment. Phosphorylation of pyruvate dehydrogenase was decreased by

addition of 10mM and 25 mM DCA.
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Appendix to Chapter 2:

The work described in chapter 2 and published in eBioMedicine in October of 2016
elucidates a role for the collagen extracellular matrix in altering the metabolism of mammary
carcinoma cells. We found that a high density collagen matrix decreased the utilization of
carbons derived from glucose by the tricarboxylic acid (TCA) cycle (Figure 2.3). This was
compensated for, in part, by increased utilization of carbons from glutamine in the TCA cycle
(Figure 2.5). These changes were correlated with altered expression of many enzymes related
to glycolysis, the TCA cycle and the serine synthesis pathway (Figure 2.4). After the results
detailed in chapter 2, we were left with four main questions; 1) where are the carbons from
glucose going in cells cultured in a high density collagen matrix if not to the TCA cycle? 2) what
provides the additional carbon source for the TCA cycle besides glucose and glutamine in these
cancer cells in either a high or low density collagen matrix? 3) what is the mechanism
establishing the changes in metabolism observed in cells cultured in a high density collagen
matrix? 4) do changes in collagen matrix density alter the metabolism of cancer cells in vivo?
This appendix is provided as an update on preliminary studies addressing these questions. The
studies are not complete at this point but provide insight into future areas of exploration

discussed in chapter 5 of this thesis.

Where are the carbons from glucose going in cells cultured in a high density matrix?

As stated above, in a high density matrix we observe decreased utilization of carbons
from glucose in the TCA cycle. However, we observe similar levels of glucose uptake and
lactate production in both 4T1 and 4TO7 cells in either a low or high density collagen matrix
suggesting aerobic glycolysis is not altered in response to changes in collagen matrix density. In
our microarray analysis, we observed differential expression of enzymes of the serine synthesis
pathway but not the pentose phosphate pathway. Therefore, we hypothesized that in a high

density collagen matrix an increased level of carbons derived from glucose were being utilized
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by the serine synthesis pathway for de novo serine synthesis. To test this, we used uniformly
(U)-*C-glucose and tracked utilization of these carbons into the serine synthesis pathway
metabolites. Unfortunately, in this experiment we had high levels of protein contamination which
compromised our ability to detect many metabolites. The only metabolites related to the serine
synthesis pathway that we were able to quantify from this set of experiments was ATP and
phosphoribosyl pyrophosphate (PRPP). Opposite to what we thought might happen, we
observed less glucose derived carbon in the purine ring of ATP in a high density collagen matrix
in 4T1 cells. Upon glucose labeling, all PRPP is fully labeled (not shown), which is to be
expected as it is derived from glucose. ATP can be m+5 to m+9 labeled by U-**C-glucose The
m+5 labeled ATP represents ribose labeling (derived from PRPP) while the additional labeling
yielding the m+6-9 label forms results from one carbon units (glucose - serine > formyl-THF)
or from glycine (glucose - serine - glycine) derived from the serine synthesis pathway being
utilized in the synthesis of ATP. If more carbons from glucose are contributing to de novo serine
synthesis and its subsequent use in purine biosynthesis, then we would expect to see increased
m+6-8 labeling fractions compared to conditions using less de novo serine synthesis from
glucose. However, in 4T1 cells in a high density collagen matrix we see less m+6-9 labeling
forms compared to 4T1 cells in a low density collagen matrix (Appendix Figure 1a). This could
be the result of less glucose derived carbon going to purine biosynthesis via the serine
synthesis pathway. Alternatively, the 4T1 cells in a high density collagen matrix could be taking
up much higher levels of serine from the media which is overwhelming the labeling. We are
currently investigating the levels of serine uptake from the media into 4T1 and 4TQ7 cells in
either a low or high density collagen matrix. We also plan on repeating the U-*C-glucose
labeling experiment to look at earlier metabolites in the serine synthesis pathway. In this
experiment we will also attempt to evaluate the contribution of carbons from glucose to the
pentose phosphate pathway. From our initial experiments it does not appear that there is

increased activity of the serine synthesis pathway in 4T1 cells in a high density collagen matrix.
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While we have yet to determine the fate of glucose in mammary carcinoma cells in a
high density collagen matrix, we have performed initial experiments determining the importance
of glucose in these cells. By evaluating the viability of either 4T1 or 4T07 cells when deprived of
glucose in either a low or high density collagen matrix, we were able to demonstrate the
necessity of glucose to cell survival and growth. Surprisingly, only in a high density collagen
matrix did we observe a decrease in cell viability in both 4T1 and 4T07 cells cultured in media
lacking glucose (Appendix Figure 1b). This finding suggests that the decreased entry of glucose
into the TCA cycle in a high density collagen matrix is caused by an alternative usage of

glucose essential to cell survival.

What provides the additional carbon source for the TCA cycle besides glucose and

glutamine in these cancer cells in either a high or low density collagen matrix?

As stated in the discussion of chapter 2, a significant portion of the TCA metabolite
citrate is not labeled by glucose or glutamine, indicating that glutamine is not the only other
source of fuel contributing to the TCA cycle in 4T1 or 4T07 cells. One intriguing possibility is that
collagen matrix is being internalized and degraded for use as a fuel source in the TCA cycle,
explaining the decreased incorporation of glucose into the TCA cycle in a high density collagen
matrix. In order to evaluate this, we broadly inhibited matrix metalloproteases using a chemical
inhibitor (GM6001) and monitored changes in oxygen consumption. Surprisingly, we found a
significant reduction in the average oxygen consumption in 4T1 cells treated with the MMP
inhibitor compared to non-treated cells in a high density collagen matrix but not a low density
collagen matrix (Appendix Figure 2a) (n=12 p=0.03). We are currently utilizing fluorescently
labeled collagen to determine whether we see changes in the level of collagen internalization in
the 4T1 and 4T07 cancer cells in response to changes in collagen matrix density. Initial

experiments have allowed us to determine that the two cell lines are indeed internalizing the
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collagen matrix around them but additional experiments are needed to determine whether the

levels of internalization are altered by the density of the surrounding collagen matrix.

What is the mechanism driving the changes in metabolism observed in cells cultured in a

high density collagen matrix?

The striking decrease in glucose utilization by the TCA cycle coupled with the change in
gene expression of many enzymes in central metabolism by mammary carcinoma cells in
response to a high density collagen matrix suggests changes in cellular signaling pathways are
altering metabolism in response to changes in collagen matrix density. Previous studies from
our lab and my own preliminary studies have shown differences in many signaling pathways in
response to changes in collagen matrix density, including the serine threonine kinase AKT, focal
adhesion kinase (FAK), extracellular regulated kinase (ERK) and Rho/Rho kinase signaling
pathways (1-4). These pathways have been implemented in regulating glucose and glutamine
metabolism. ERK activation is necessary for glutamine uptake and metabolism in T cells (5).
ERK activation leads to an increase in glutamine transporters and the expression and activity of
enzymes involved in converting glutamine to alpha-ketoglutarate for use in the TCA cycle,
including glutaminase (5). Moreover, others have shown that ERK activity suppresses PDHK
expression and alters mitochondrial glucose flux (6). In a high density collagen matrix we have
observed increased ERK activation downstream of FAK (1). The AKT signaling pathway has
been shown to increase glycolysis through activation of glycolytic enzymes including
hexokinase 2 and phosphofructokinase 1 (7, 8). Moreover, AKT has been shown to increase the
expression of HIF-1a to further increase the activation of aerobic glycolysis (9-11). We have
observed increased AKT activation in 4T1 cells in response to a high density collagen matrix
(Appendix Figure 2c). Finally, Rho/Rho kinase activity has been reported to be activated in

metabolic syndrome in animals, leading to alterations in glucose uptake and metabolism (12,
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13). We have previously reported high Rho/Rho kinase activity in cells in a high density collagen

matrix (4, 14).

As these pathways that are upregulated in a high density collagen matrix have all been
reported to regulate cellular metabolism, we tested the role of these pathways in determining
aerobic respiration in 4T1 cells in either a low or high density collagen matrix. We hypothesized
that inhibition of a pathway that was diminishing glucose utilization in the TCA cycle by cells
grown in a high density collagen matrix would restore glucose utilization by the TCA cycle.
Thus, the oxygen consumption of these cells would rise to the level seen when these same cells
were cultured in a low density matrix where the signaling pathway was not active. However, our
studies have yet to identify any specific pathways exhibiting this effect, leaving the mechanism
driving these metabolic changes yet to be uncovered. Inhibition of MEK/ERK, phosphoinositide
3-kinase (PI3K) (upstream of AKT) and FAK in 4T1 cells resulted in decreased oxygen
consumption compared to non-treated cells in both high and low collagen density matrices
(Appendix Figure 2a). Moreover, the fractional decrease in oxygen consumption in the inhibited
cells compared to non-treated cells was similar in both high and low density gels, suggesting the
effect was not greater in one condition than the other (Appendix Figure 2b). Likewise, inhibition
of Rho kinase led to a similar fractional increase in oxygen consumption in both high and low
density collagen matrices (Appendix Figure 2a, b). Interestingly, inhibition of AKT significantly
decreased oxygen consumption compared to non-treated 4T1 cells in a low density collagen
matrix but not a high density collagen matrix (Appendix Figure 2a, b). However, this finding is
complicated by our finding that levels of activated AKT are significantly upregulated in a high
density collagen matrix compared to a low density collagen matrix in 4T1 cells, suggesting that
inhibition of AKT should alter oxygen consumption in a high density environment (Appendix
Figure 2c¢). Future studies will further investigate potential mechanisms driving these metabolic

changes. We will move away from the high throughput SeaHorse technology to more closely
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look at alterations in glucose utilization when various signaling pathways are inhibited using the

same steady-state metabolite studies we performed in chapter 2.

Do changes in collagen matrix density alter the metabolism of cancer cells in vivo?

Our data clearly demonstrate the importance of collagen matrix density in determining
the metabolism of cancer cells in vitro. It is interesting to ask whether changes in collagen
density are altering the metabolism of primary tumors in vivo. We are currently investigating
whether 4T1 tumors in mice with increased collagen density (described in chapter 1 and 4) have
similar changes in metabolism as we observed in HD collagen matrices in vitro. To begin with,
we have examined glucose uptake levels in tumors in wild-type or collagen dense animals using
FDG-PET imaging. Our initial study found similar levels of FDG avidity in 4T1 tumors whether
they are in wild type or collagen dense animals (Appendix Figure 3a, b). Three days after FDG-
PET imaging, we infused U-3C-glucose into the tail veins of these animals to track incorporation
of carbons from glucose into the metabolites of glycolysis and the TCA cycle in 4T1 tumors in
either wild type or collagen dense mice. These tumors have been harvested and we are actively
analyzing the changes in glucose utilization in these tumors. Unfortunately, we may have waited
too long before performing both the FDG-PET and labeled glucose experiments in these
animals. We performed the experiments at 21 and 24 days respectively. At those time points,
the tumors had significant levels of necrotic tissue which did not exhibit any FDG uptake. Future
experiments will take place at 14 and 17 days in an effort to image and track glucose utilization

in these tumors before necrosis of the tumor occurs.
Conclusions:

Following the publication of our initial metabolism studies, we have attempted to answer
some of the questions posed by the findings of our paper. We have yet to definitively identify a

signaling pathway responsible for the changes in functional metabolism in response to changes
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in collagen matrix density. The large changes in metabolic gene expression in response to
changes in collagen extracellular matrix density suggests that changes in collagen density leads
to transcriptional regulation in cancer cells. Although previous studies from our lab and my own
preliminary studies have shown differences in many signaling pathways in response to changes
in collagen matrix density, including Akt, FAK, ERK and Rho/ROCK signaling pathways,
alterations in these pathways utilizing chemical inhibitors or activators did not lead to specific
alterations in oxygen consumption to make cells in either a low density collagen matrix behave
more like they were in a high density matrix or vice versa. Future studies will further investigate
potential mechanisms driving these metabolic changes. We will move away from the high
throughput SeaHorse technology to more closely look at alterations in glucose utilization when
various signaling pathways are inhibited using the same steady-state metabolite studies we
performed in chapter 2. We suspect that changes in ERK signaling may play an important role
in driving the metabolic changes that we see, even though we do not observe changes in
oxygen consumption specifically in high or low collagen matrices when inhibiting this pathway.
Increased ERK signaling has been shown to upregulate glutamine utilization by the TCA cycle
(5), while previous studies in our lab have shown increased ERK activity in cells cultured in a
high density collagen matrix, potentially explaining the alterations in glucose and glutamine

utilization we see in 4T1 cells grown in a HD collagen matrix.

While the majority of our inhibitor studies decreased oxygen consumption in 4T1 cells
equally regardless of density compared to control cells in the same density, our studies with a
Rho kinase inhibitor actually increased oxygen consumption in 4T1 cells compared to control
cells in both high and low collagen density matrices. Interestingly, inhibition of Rho activity is
reported to increase AMP kinase (AMPK) activity (13). In turn, studies have found that AMPK
activity negatively regulates aerobic glycolysis in some cancers (15). Loss of AMPK signaling

leads to increased aerobic glycolysis and decreased oxidative phosphorylation. It is possible
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that by blocking Rho kinase activity, we are increasing AMPK signaling and thus decreasing the
levels of aerobic glycolysis. However, this link remains to be tested in our cells though we have
observed decreased protein expression of AMPK and the upstream activator of AMPK, LKB1 in
response to a high density matrix (Appendix Figure 2c). Future experiments will look at the
activation of AMPK in response to Rho kinase inhibition in 4T1 cells. Additionally, we will

evaluate the effect of AMPK inhibition and activation on oxygen consumption in our system.

In addition to our inhibitor studies, we have continued to study the differential utilization
of glucose by 4T1 and 4T07 cells in either low or high density collagen matrices. As discussed
in chapter 2, the altered utilization of glucose in response to changes in collagen extracellular
matrix density is arguably the most striking finding in our studies. Given the similar levels of
glucose derived lactate production, coupled with the stark decrease in glucose entry into the
TCA cycle in 4T1 cells in a HD collagen matrix, it is intriguing to ask where the carbons from
glucose are being utilized. There are a limited number of possible fates for the carbons from
glucose entering glycolysis. We have potentially excluded serine synthesis as a possible fate
for glucose in these two cell lines in a high density collagen matrix as we see less carbons from
de novo serine synthesis incorporated into purine biosynthesis. While we have not yet
uncovered the fate of glucose in these two cell lines in a high density matrix, we have
demonstrated that glucose is critical to the viability of both 4T1 and 4T07 cells in a high density
collagen matrix. Future experiments will look at other pathways of glucose utilization, including
the pentose phosphate pathway and fatty acid synthesis, using labeled glucose tracking
experiments similar to the ones performed here and in chapter 2. In addition, we are actively
exploring the role of collagen matrix density in regulating mammary tumor metabolism in vivo
and anticipate being able to demonstrate whether the alterations we observe in vitro hold up in

our animal models. By determining the changes in metabolism in vivo in response to changes in
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the collagen density of the mammary gland, we will be better able to test metabolic

chemotherapeutics to determine their efficacy in patients with different density breasts.
Methods and Materials:

Cell lines, cell culture:

4T1 and 4T07 cell lines were cultured in RPMI 1640 media with 10% FBS. For labeling
experiments, cells were cultured in RPMI 1640 media with isotopically labeled U-3C-glucose
(Cambridge Isotope Laboratories) replacing the regular glucose at the same concentration.
Dialyzed FBS was used for all labeling experiments. Cells were cultured in a 3D collagen gel as
previously described (2, 16). In short, cells were suspended in a mix of media and a solution of
collagen | (Corning) neutralized with HEPES buffer. This mix (1 mL) was spread evenly over
one well of a six well plate and allowed 2 hours to polymerize at 37° C before being released
into media. LD and HD was 2 mg/mL and 3.5 mg/mL collagen for both cell lines respectively, as
previously defined (16). All cells were cultured at 37° C with 5% CO.. Gels were cultured for 5
days with an initial seeding density of 50,000 cells, with media changed on day 3. For glucose
deprivation studies, cells were cultured in RPMI-1640 + 10% dialyzed FBS + 11.1 mM glucose
for 5 days with media changed on day 3. For SeaHorse experiments, microgels were plated as
a hanging drop of collagen/cell mixture. Each droplet contained 30,000 cells and was poured at
an initial volume of either 10 pL (LD) or 6 puL (HD) and was cultured for 24 hours. The changes
in volume size allowed for contraction of the LD microgel to a size similar to that of the HD

microgel after 24 hours.
Cell Viability:

Cell viability was determined using Calcein AM live cell dye (ThermoFisher) following
manufacturers protocol. Briefly, cells were cultured in a 12 well plate in LD or HD collagen in full

media or full media depleted of glucose for 5 days. The media was aspirated and gels were
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washed 2 times in PBS. The gels were then incubated in 2 uM calcein AM/PBS solution for 1
hour at 37 C. Following incubation, fluorescent intensity was read on a plate reader (Ex 485 nm,

Em 538 nm).

SeaHorse Inhibitor studies:

Inhibitors were used at the following concentrations: AKT Inhibitor MK2206 - 1 uM, PI3K
Inhibitor LY294002 - 50 yM, MMP Inhibitor GM6001 - 25 pM, MEK Inhibitor U0126 - 10 uM,
FAK Inhibitor pf-562271 - 10 uM, ROCK Inhibitor H1152 - 5 uM. Non-treated cells were treated
with the same level of vehicle (in all cases, 1:1000 dimethyl sulfoxide). Inhibitor concentrations
were chosen based upon manufacturer recommendations or previous studies in our lab using
the same inhibitors. Cells were treated with inhibitors for 16 hours prior to running the SeaHorse
assay. An XFe96 SeaHorse extracellular flux analyzer was utilized for measurements of oxygen
consumption and extracellular acidification rate. Collagen microgels were prepared as described
above in full media, moved to XFe 96 well spheroid plate in XF base media (SeaHorse
Biosciences) and 3 baseline readings of oxygen consumption and extracellular acidification rate
were taken. As a control to monitor displacement of microgel, Rotenone and Antimycin A were
injected at a final concentration of 1 uM, followed by 3 readings to observe diminishment of
oxygen consumption. Cells were counted when collagen microgels were poured, 16 hours
before assay. From each experiment an additional, randomly chosen microgel was taken for

immunoblotting and cell count was verified by protein loading control.

Mouse Experiments:

Mice were bred and maintained at the University of Madison — Wisconsin under the approval of
the University of Wisconsin Animal Care and Use Committee (approved animal protocol
number: M01668). For the collagen dense mice, Balb/c female mice (Jackson Laboratory) were
crossed to male mice heterozygous for the Col7a1 mutation in the C57BL/6/129 background

(originated from Jackson Laboratory). The Co7a1 mutation renders the alpha 1 chain of
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collagen | uncleavable by collagenase and increases collagen in the tissue due to decreased
remodeling (17). The resulting mice were either WT for the Col/1a1 mutation (WT) or
heterozygote (COL). Genotyping by polymerase chain reaction (PCR) was performed on DNA
extracted from tail biopsies. The mixed Balb/C — C57BL/6/129 background of the mice allowed
for syngeneic orthotopic mammary fat pad injection of 4T1 or 4T07 cells. For all mouse
experiments, 200,000 4T1 cells were injected into L4 and R4 mammary fat pad of syngeneic

mice.

FDG-PET Studies:

Hybrid positron emission tomography (PET) and computed tomography (CT) mouse imaging 21
days after orthotopic implantation of 4T1 cells into the left and right 4" mammary fat pad of mice
was conducted at the UWCCC Small Animal Imaging Facility. All mice were fasted for 12 hours
prior to intravenous injection of approximately 8 MBq of 2'-deoxy-2'-['8F]fluoro-D-glucose
(**FDG) (IBA-Molecular, Sterling, VA, USA) 1.5 hours before imaging. Mice were anesthetized
with inhalation gas (2 % isoflurane gas mixed with 2 L/min of pure oxygen) and kept under a
heat lamp during injection until imaging. Mice were imaged on the Siemens Inveon Hybrid
micro-PET/CT (Siemens Medical Solutions, Knoxville, TN, USA) in the prone position. A 10-
minute PET scan was acquired and data were histogrammed into one static frame and
subsequently reconstructed using ordered-subset expectation maximization (OSEM) of three
dimensions followed by the maximum a posteriori algorithm (matrix size = (128,128,159), pixel
size =(0.776, 0.776, 0.796) mm, iterations = 18, subsets = 16, and beta smoothing

factor =0.004). Data were not corrected for attenuation or scatter.

Data were analyzed using the Siemens Inveon™ Research Workplace (Siemens Medical
Solutions). Source CT 3D images were co-registered with target PET 3D images. Date, time,
and dose (Mbq) were entered for each data point (mouse). PET and CT scales were set at

specific minimum and maximum percent injection dose per gram (%ID/g) and applied to every



83

data point. Regions of interest (ROIs) were drawn around tumors visualized in the left and right
4" mammary fat pad. ROI data collected included volume (mm?), mean %ID/g, minimum %ID/g,
and maximum %ID/g. Background muscle readings were used for normalization. Data shown

are maximum %ID/g for each tumor.

Labeled glucose experiments:

In vivo:

U-1*C-glucose was infused via tail vein injection following previously published protocols (18).
Briefly, three tail vein injections of 80 pL of 25% glucose solution in PBS were delivered 30
minutes apart to mice anesthetized with inhalation gas (2 % isoflurane gas mixed with 2 L/min of
pure oxygen). 30 minutes after the final infusion, mice were euthanized by cervical dislocation
and primary tumors were harvested, weighed and flash frozen in liquid nitrogen. Immediately
following the first infusion and immediately prior to euthanization, blood was collected in K>
EDTA collection tubes for monitoring amount of tracer delivered and overall utilization over the
period of the experiment. Metabolites were extracted and analyzed from tissue and blood using

established protocols and as described in chapter 2 (19, 20).

In vitro:

Cells in collagen gels were cultured in media containing U-*C-glucose for the duration of the 5
day experiment. Metabolites were extracted using ice-cold methanol extraction following
published protocols and as described in chapter 2 (21). Samples were resuspended in water
(LC-MS grade, Sigma), and analyzed by a Thermo Q-exactive Obitrap mass spectrometer
coupled to a UPLC (Dionex 3000). Data were analyzed using a Metabolomics Analysis and

Visualization Engine (MAVEN) (22, 23).

Immunoblotting:
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Lysis of cells was carried out as previously described (2). Reagents used were: Thr-308 pAkt,
Akt, AMP Kinase Beta, LKB1 and Histone H3 (Cell Signaling Technology) and Horseradish

peroxidase (HRP)—-conjugated secondary antibodies (Jackson ImmunoResearch). All primary
antibodies used at dilutions of 1:1000. Secondary antibodies were used at a concentration of
1:5000. Densitometry graphs show average HD over low density fold change (horizontal bar).
Individual data points represent HD over LD fold change of individual experiments. Error bars

represent 95% confidence interval.

Statistical Analysis

Statistical analysis was performed using Sigma Plot 13.0. Normality and equal variance were
tested by the Shapiro-Wilk test and the Brown-Forsythe test respectively. An unpaired student’s
t test (two-tail) was used on all sample passing the Shapiro-Wilk and Brown-Forsythe test while

a Mann-Whitney rank sum test was performed in instances when these tests failed.
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Appendix Figure 1: Glucose derived serine synthesis is diminished but glucose is
necessary for cellular viability in a high density collagen matrix.

A. Contribution of U-3C-glucose to ATP. M+5 labeled fractions represent the contribution of
glucose through ribose while m+6-9 fractions represents the contribution of glucose through de
novo serine synthesis (N=3, mean £ SD, P <0.05 by t-test). B. Depletion of glucose causes
decreased cellular viability in 4T1 and 4TQ7 cells cultured in a high density collagen matrix but

not a low density collagen matrix (N=3, mean £ SD, P <0.05 by t-test).
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Appendix Figure 2: Alterations in intracellular signaling pathways show similar effects on
oxygen consumption rates whether cells are cultured in a low or high density collagen
matrix.

A. Mean basal oxygen consumption of 4T1 cells in low and high density collagen matrices
treated with vehicle control or the indicated inhibitor (MEK Inhibitor U0126 - 10 uM, MMP
Inhibitor GM6001 - 25 uM, PI3K Inhibitor LY294002 - 50 uyM, FAK Inhibitor pf-562271 - 10 uM,
AKT Inhibitor MK2206 - 1 uM, ROCK Inhibitor H1152 - 5 pM). (N=12, mean * SD, * indicates P
<0.05 by t-test between vehicle control and individual inhibitor treatment for LD, ¥ indicates P
<0.05 by t-test between vehicle control and individual inhibitor treatment for HD). B. Fold
change in oxygen consumption in inhibitor treated 4T1 cells in low or high density collagen

matrices compared to vehicle treated control 4T1 cells in the same collagen matrix density
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(N=12, mean % SD, * indicates P <0.05 by t-test between vehicle control and individual inhibitor
treatment for LD, ¥ indicates P <0.05 by t-test between vehicle control and individual inhibitor
treatment for HD). C. Representative images for protein immunoblotting for phosphorylated and
total AKT, total AMP Kinase, and LKB1 normalized to Histone H3 loading control. D.
Densitometry changes for these immunoblots in 4T1 cells. (HD/LD mean fold change +/- 95%
confidence interval) (4T1 HD/LD confidence interval for Thr-308 pAKT = 9.5 - 19.7, AKT =0.4 —

1.8, AMPK=0.56 - 0.7, N=3 p<0.05 by one-sample t-test, LKB1 N=2.)
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Appendix Figure 3: FDG avidity is similar between 4T1 primary mammary gland tumors in
wild-type or collagen dense mice.

A. Representative FDG-PET image of wild-type or collagen dense mice orthotopically implanted
with 4T1 cells in the left and right 4" mammary fat pad. Tumors are indicated by white dashed
line. FDG avidity of tumors was similar whether in wild type or collagen dense animals and was
not significantly different than background tissue FDG avidity. Dark areas within tumors
represents areas of necrosis. B. Quantification of maximum FDG percent injection dose per

gram (%ID/g) uptake. (N=3 animals, 2 tumors per animal, mean + SD, P=0.12 by t-test).
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Abstract:

The recurrence risk for patients with definitively treated breast cancer is highest in the first five
years after treatment. However, the risk does not return to zero and many patients have
exhibited late recurrence of the disease as many as twenty-five years following treatment. This
has led to the concept that tumor cells can remain dormant for years following treatment. Here,
we investigated two sister cell lines from the same sporadic mouse mammary gland tumor that
differ in their tumor dormancy status in order to assess what factors drive tumor dormancy.
Using the metastatic 4T1 and dormant 4TO7 cell lines, we identified increased expression of a
metastasis related gene, MACC1 (Metastasis-associated in colon cancer-1 protein), in the 4T1
cells compared to the 4T07 cells. Knockdown of this gene in 4T1 cells slowed tumor growth and
delayed metastasis in vivo. However, overexpression of MACCL1 in 4TQ7 cells did not drive the
4T07 cells out of dormancy, suggesting that alteration of MACCL is not sufficient for altering
tumor dormancy status. This study provides important insight into intracellular mechanisms

responsible for metastasis and tumor dormancy.
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Introduction:

Breast cancer is the most prevalent cancer among women in the United States,
representing about 29 percent of all new cancer diagnoses annually in women (1). While
treatment options including surgery, chemotherapy and radiation have been effective at
reducing the mortality of breast cancer, recurrence of the disease is still a major problem for
patients (2). The greatest risk of recurrence is in the first two years following definitive therapy
(3). However, the recurrence risk does not return to zero (3). In fact, there have been multiple
documented cases of recurrence 25 years or longer after the conclusion of definitive treatment
for breast cancer (4-7). This late recurrence has led to a proposed tumor dormancy model in the

breast cancer field.

The tumor dormancy model theorizes that tumor cells from the primary tumor leave the
breast and hematogeneously spread to distant metastatic sites, extravasate at the metastatic
site, but fail to proliferate into clinically detectable metastatic lesions. Instead the tumor cells
enter a state of dormancy at the metastatic site. Two models have been proposed for how this
occurs. Either single metastatic cells enter a state of non-division through cell cycle arrest upon
reaching the metastatic site or small micro-metastases enter a state of balanced proliferation
and apoptosis causing the micro-lesion to neither grow nor regress at the metastatic site (8). In
both models, some unknown cue triggers these arrested cells to begin proliferating again,

leading to a clinically detectable lesion and late recurrence of the disease.

Recent work has shed light on the various cues that may trigger the reactivation of
dormant cells. Using the 4T1 clonal cell line panel as a model for breast cancer, tumor
dormancy can effectively be modeled. The non-dormant 4T1 tumor cell line metastasizes from
the mouse mammary gland to the lung and forms macroscopic lesions (9). By contrast, the
dormant 4T07 cell line, derived from the same sporadic mouse mammary gland tumor as the

4T1 cell line, leaves the primary tumor and traffics to the mouse lung but does not form



95

macroscopic lesions, instead remaining dormant at the metastatic site (9). Changes in the
extracellular environment alter the dormancy status of the 4T07 cells. For instance, the
dormancy status of 4T07 cells is maintained by the secretion of bone morphogenic protein 4
from surrounding stromal cells in the mouse lung. These cells can be reactivated by producing
the transforming growth factor f3 ligand inhibitor Coco (10). Similar interactions between the TGF
B superfamily of ligands has been shown to establish dormancy in other types of cancer
including prostate and head and neck squamous cell carcinoma (11, 12). While a role for the
local microenvironment in regulating tumor dormancy has been established, it remains to be
seen whether differences in intracellular gene expression play a role in determining the

dormancy state of a metastatic tumor cell upon seeding a distant organ.

In this study, we sought to determine the gene expression differences between
metastatic and dormant mammary carcinoma cells. Utilizing the 4T1 and 4T07 cell line we
performed a microarray gene expression analysis to evaluate for differences in genes potentially
associated with establishing and maintaining tumor dormancy. We identified a gene,
metastasis-associated in colon cancer-1 (MACC1), which is highly associated with metastatic
disease in various types of cancer. MACC1 is a transcription factor that was first identified in
metastatic colon cancer, where it regulates the expression of c-Met and the hepatocyte growth
factor signaling (13). This pathway is known to regulate many hallmarks of cancer progression,
including proliferation, invasion and cell motility. Increased MACC1 expression has been
associated with poorer survival in numerous other cancers, including gastric (14), ovarian (15)
and breast cancer (16, 17). We found MACC1 expression to be highly upregulated in 4T1 cells
compared to 4T07 cells. Knockdown of MACC1 gene expression slowed tumor growth and

metastatic potential of 4T1 cells in vivo.
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Results:

MACC1 expression is altered between 4T1 and 4TO07 cells

Previous studies from our lab have demonstrated that changes in collagen matrix
density significantly alter cellular morphology, signaling pathways and gene expression (18, 19).
In order to investigate the differences in metastatic potential we observe between the 4T1 and
4707 cell lines, we first sought to determine the changes in gene expression between the two
cell lines in either high or low density collagen microenvironment. We performed a gene
expression microarray on both 4T1 and 4TO7 cells in either a high or low density collagen matrix
and looked for differences in the expression of genes associated with metastatic potential
between the 4T1 and 4T07 cell lines. This new microarray analysis builds upon our previously
published microarray between 4T1 cells alone in different collagen density matrices (19). In this
new analysis, we found significant alterations in a number of genes associated with cell — cell
adhesion, cell — matrix interaction and various cellular signaling pathways between 4T1 and
4T07 cells. One of the largest fold changes that we observed between 4T1 and 4T07 cells,
regardless of collagen density, was a significant increase in the expression of the gene
metastasis associated in colon cancer 1 (MACC1) in 4T1 cells (Figure 3.1a). MACC1
expression was not significantly altered within either the 4T1 cell line or the 4TO7 cell line across
the two different matrix densities, suggesting that MACC1 expression was not influenced by

matrix density but was significantly altered between the two cell lines.

We confirmed our findings of altered MACCL1 gene expression at the protein level via
immunoblotting. While again we did not observe significant changes in MACCL1 protein
expression within either the 4T1 or 4T07 cell line in response to changes in collagen matrix
density, we did observe significant changes in MACC1 protein expression between 4T1 and
4T07 cells, regardless of matrix density (Figure 3.1b). Specifically, MACCL1 protein expression

was consistently higher in the 4T1 cells than in the 4T07 cells (Figure 3.1b). Moreover, we
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observed higher expression of the reported MACCL1 target, c-Met, in 4T1 cells compared to

4T07 cells regardless of collagen matrix density (Figure 3.1b).

MACCL1 expression changes are not correlated with changes in epithelial to

mesenchymal transition markers

Recent studies in gastric cancer cell lines have shown that MACC1 expression is
correlated with the expression of epithelial to mesenchymal transition markers (14). High
MACC1 expression is associated with decreased expression of E-cadherin, and a-catenin
(epithelial markers) and increased expression of MMP9, fibronectin, CD44 and vimentin (matrix
remodeling and mesenchymal markers) (14). Surprisingly, we found no relationship between the
high MACC1 expressing 4T1 cells and these reported changes. In fact, in the high MACC1
expressing 4T1 cells, we observe high levels of epithelial markers (E-cadherin and a-catenin)
compared to 4T07 cells, opposite of the reported literature (Figure 3.1b). Moreover, we did not
see differences in the expression of matrix metalloprotease 9, a tissue remodeling protein
known to be important in metastasis and invasion, between 4T1 and 4T07 cells (Figure 3.1b).
Although our changes in MACC1 expression did not correlate with previously reported EMT
expression marker changes, the vast difference in expression of MACC1 between 4T1 and
4T07 cell and the reported roles of MACC1 in promoting tumor metastasis encouraged us to
evaluate the role of MACCL1 in promoting metastatic proliferation versus dormancy in the 4T1

and 4T07 cell lines.

Knockdown of MACCL1 slows 4T1 cell proliferation

In order to investigate the role of MACC1 in determining the metastatic potential of 4T1
and 4TO07 cells, we first sought to knockdown the expression of MACCL1 in 4T1 cells. Using 3
different shRNAs independently and combined together, we successfully knocked down MACC1

protein expression in 4T1 cells. Specifically, we achieved greater than 2 fold decrease in
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expression of MACCL1 in shMACCL1 clones #1 and 2 as well as the combination of all 3 MACC1
shRNAs used together (Figure 3.2a). Our third individual clone did not show successful

knockdown of MACC1 expression and was not chosen for follow up experiments (Figure 3.2a).

To assess the effect of MACC1 protein knockdown in 4T1 cells on cell proliferation, we
utilized a fluorescent proliferation marker. We found that knockdown of MACC1 resulted in a
significantly decreased cell proliferation rate as compared to our control 4T1 cells, with a ~3-4
fold decrease in cellular proliferation in both the shMACCL1 clones # 1 and 2 and the

combination of all 3 shRNAs used together (Figure 3.2b).

Knockdown of MACC1 slows 4T1 primary tumor growth and decreases metastases to the

mouse lung in vivo

In order to investigate the role of MACC1 in regulating the metastatic potential of 4T1
mammary carcinoma cells, we orthotopically injected 200,000 cells into the left and right fourth
mammary fat pads of syngeneic Balb/c mice. Growth of the primary tumor was assessed weekly
for 3 weeks. We observed a significant decrease in tumor growth in shMACC1-expressing cells
over the duration of the experiment. While all three shMACCL1 cell lines had similar tumor
volumes as the control 4T1 cells following one week of growth in vivo, tumor volume of the three
knockdown cell lines was reduced by approximately half at week two and at week three
suggesting a slowed primary tumor growth rate in vivo (Figure 3.3a). After 24 days of growth,
the primary tumors and lungs were resected and the number of metastatic lesions on the
surface of the lung were counted. We observed a significant decrease in the number of
metastatic lesions on the surface of the lung in animals orthotopically implanted with 4T1
shMACC1 clone 2 or 4T1 shMACC1 all clone cell lines compared to animals implanted with 4T1
control cells (Figure 3.3b). While we still observed surface metastatic lung lesions in animals
injected with these cell lines, the number of lesions was significantly fewer than the number we

observed in our control 4T1 cell line. Surprisingly, we did not observe a significant difference in



99

the number of metastatic lung surface lesions in animals implanted with 4T1 shMACCL1 clone 1
cells compared to 4T1 control cells even though we did observe a decrease in tumor volume for

this cell line (Figure 3.3a, b).

Overexpression of MACC1 is not sufficient to alter the proliferation rate or dormancy

status of 4T07 cells

As knockdown of MACCL1 in 4T1 cells altered the proliferation rate and the metastatic
potential of these cells to the mouse lung in vivo, we next tested whether overexpression of
MACCL1 in 4T07 cells was sufficient to alter the dormancy status of 4T07 cells. The 4T07 cell
line is known to traffic to the mouse lung but arrest to a quiescent state, failing to form
metastatic lesions. As our previous results had shown decreased MACC1 expression in the
4T07 cell line compared to the 4T1 cell line and other studies showed that MACC1 was a critical
component in the metastatic process, we sought to overexpress MACC1 in 4T07 cells. We
achieved a marginal, 1.3 fold overexpression of MACC1 compared to control 4TQ7 cells using
transfection of mouse MACC1 cDNA (Figure 3.4a). However, we did not notice a significant
change in the proliferation rate of 4TQ7 cells overexpressing MACCL1 versus control 4T07 cells

in vitro (Figure 3.4b).

In order to assess the impact of MACCL1 overexpression on 4T07 primary tumor growth
and metastatic potential to the lung in vivo, we orthotopically injected 200,000 MACC1
overexpressing or control 4T07 cells into the left and right fourth mammary fat pad of syngeneic
Balb/c mice. We did not observe significant changes in the tumor volume of MACC1
overexpressing 4TO7 tumors versus control 4TO7 tumors over the course of four weeks (Figure
3.4c). However, we did observe a trend towards increased tumor volume in the MACCL1
overexpressing 4T07 cells versus the control 4T07 cells, mirroring the trend in increased
proliferation we observed in vitro. After 28 days of growth, the primary tumors and lungs were

resected from animals and the number of total lung surface metastatic lesions was counted. As
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has been reported in the literature, no lung surface lesions were observed in the 4T07 control
cells, consistent with the dormant phenotype of the cell line. Similarly, animals with tumors from
the MACCL1 overexpressing 4T07 cells had no observable surface metastatic lesions on the
lungs (Figure 3.4b). This suggests that this level of MACCL1 overexpression (only 1.3 fold

increase) was not sufficient to overcome the inherent dormancy of the 4T07 cell line.

Discussion:

Metastasis of breast cancer to distant organ sites is associated with poor patient
prognosis. In some patients, the detection of metastatic lesions has occurred many years after
definitive treatment of the primary breast cancer. Indeed, some patients have been reported to
have recurrence of a primary breast cancer that was treated as many as 25 years earlier. This
suggests the presence of a dormant tumor cell population that remains quiescent until some
unknown signal triggers proliferation at the metastatic site, causing the recurrence. In this study,
we used two cell lines from the same sporadic mouse mammary gland tumor that are known to
have differences in their metastatic ability. The 4T1 cells traffic to the mouse lung and
proliferate, representing a metastatic phenotype, while the 4T07 cells traffic to the mouse lung
but fail to proliferate, entering into a dormant state. Gene expression analysis between these
two cell lines identified differential expression of the gene MACC1, a gene shown to play a role
in the metastasis of various types of cancer including breast cancer. MACC1 expression was
highly upregulated in 4T1 cells compared to 4T07 cells. Knockdown of MACCL1 in 4T1 cells led
to smaller primary tumor volumes and a decrease in the number of metastatic lesions in the
lungs of these animals. While moderate overexpression of MACC1 in 4T07 cells was not
sufficient to drive the 4T07 cells out of dormancy, it remain to be seen whether a more robust
over expression would alter the dormant state of 4T07 cells. As 4T1 cells have greater than 25
fold overexpression of MACCL, it will be important to achieve a similar level of overexpression

to fully test the hypothesis that MACC1 is a negative regulator of dormancy.
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The factors establishing and maintaining tumor dormancy remain to be revealed. Within
these two cell lines, a great deal of attention has been paid to extracellular factors that promote
tumor cell dormancy. Indeed, recent reports demonstrated that increased type | collagen is able
to remove 4T07 cells from dormancy via interaction with the discoidin domain receptor 1 (20).
Others have found that nearby stromal cells in the lung can cause 4T07 cells to remain dormant
via paracrine signaling through bone morphogenic protein (BMP) (10). Secretion of the BMP
antagonist coco can overcome the dormancy signals induced by the stroma and lead to the
formation of metastatic lesions of 4T07 cells (10). While overexpression of MACC1 in 4T07 cells
did not cause 4T07 cells to exit dormancy at the lung, the primary tumors of these
overexpressing cells did show a trend for increased primary site growth. It could be that these
extracellular cues are dominant in determining 4T07 dormancy, which our mild MACC1
overexpression was unable to overcome. Perhaps higher levels of MACCL1 overexpression are
necessary to overcome these extracellular dormancy cues in the 4T07 cells, which we were

unable to achieve in our model.

The interplay between intracellular signaling pathways has previously been reported to
play a role in determining the dormancy status of tumor cells. In head and neck carcinoma,
studies have shown that activation of the extracellular signal-regulated kinase (ERK) pathway
via focal adhesion kinase or epidermal growth factor receptor signaling promotes tumor growth
(21). Blockade of any part of these pathways leads to growth inhibition and tumor dormancy via
an almost complete inhibition of the ERK pathway and induction of a GO-G1 arrest (21). In
addition, activation of the p38 mitogen-activated protein kinase (MAPK) pathway has been
shown to inhibit cell cycle progression, inducing a G1 cell cycle arrest (22). The ratio of
ERK:p38 signaling is predictive of cancer cell growth, with proliferating cells showing high
ERK:p38 ratios while dormant cells have a higher p38:ERK ratio (23). High levels of MACC1

expression have been shown to increase the activity of the c-Met/ HGF signaling pathway (13).
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This pathway also signals through ERK and thus increased MACCL1 expression is expected to
increase ERK activity (24). It is possible that the trend towards increased proliferation in the
4TO07 cells overexpressing MACC1 is due to increased ERK activity, which is known to increase
cell proliferation (25). We are actively evaluating how changes in MACC1 expression in 4T1 and
4T07 cells alters ERK activity. If we find increased ERK activity in the 4TO7 cells overexpressing
MACC1, we will conduct follow up in vivo experiments using these cells in combination with a
p38 inhibitor to further alter the ERK:p38 ratio to evaluate whether this combination of changes
in ERK and p38 signaling is capable of driving 4T07 cells out of dormancy similar to the

reported findings in head and neck carcinoma.

While overexpression of MACC1 was unable to overcome the tumor dormancy
established in the 4T07 cells, knockdown of MACCL1 did decrease tumor proliferation and
metastatic disease in 4T1 cells. Given the known role for MACCL1 in driving metastatic disease
through regulating genes associated with the epithelial to mesenchymal transition, it is possible
that the loss of MACC1 expression led to an inability of 4T1 cells to efficiently undergo the EMT
needed to exit the primary site and the corresponding mesenchymal to epithelial transition
suspected to be important in seeding the metastatic site. Surprisingly, one of our knockdown
cell lines did not show a decrease in lung metastatic lesions even though we did observe
decreased primary tumor growth. It is possible that over the course of our in vivo experiment

this knockdown was lost or became less efficient, allowing metastasis of these cells to occur.

Previous studies have shown that increased MACCL1 expression induces changes in the
expression of various EMT markers to represent a more mesenchymal phenotype (14).
Increased MACCL1 expression is associated with a decrease in E-cadherin and a catenin and an
increase in matrix remodeling proteins (MMP9, fibronectin) as well as mesenchymal markers
including CD44 and vimentin (14). However, these studies were completed in gastric carcinoma

cell lines, not breast cancer cell lines. Interestingly, a study of MACCL1 in MCF7 breast cancer
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cells did not observe a relationship between MACC1 and the c-Met/HGF signaling pathway (26).
We did not observe a correlation between MACC1 and EMT markers that has been reported to
be downstream of changes in c-Met/HGF signaling regulated by MACC1 in previous studies
even though we did see a correlation between MACC1 and c-Met expression in 4T1 and 4T07
cells. Perhaps it is not the change in EMT markers that is necessary for altering tumor
dormancy but rather the reestablishment of epithelial markers at the metastatic site. In this case,
the lack of E-cadherin expression that we see in 4T07 cells could explain their inability to
proliferate at the mouse lung in vivo. Indeed a recent study demonstrated that 4T07 cells must
recover E-cadherin expression after forming tumor organoids in vitro in order to continue
proliferation (27). Moreover, we found that E-cadherin expression was decreased in our 4T1
MACC1 knockdown cell lines which had decreased metastatic potential compared to wild type
4T1 cells with higher E-cadherin expression (Figure 3.2a). This change in E-cadherin
expression suggests that MACC1 regulates EMT markers differently in our breast cancer cell

lines than has been reported in other cancer types.

In conclusion, we identified differential expression of MACC1, a known driver of
metastasis in multiple cancers, between dormant and metastatic mouse mammary carcinoma
cell lines. Knockdown of MACCL1 in the highly metastatic 4T1 cells slowed primary tumor growth
and diminished metastatic potential in vivo. However, overexpression of MACCL in the
metastatic yet dormant 4T07 cell line did not drive the 4T07 cells out of tumor dormancy,
showing that MACC1 was not sufficient to overcome tumor dormancy. Ongoing experiments are
investigating the changes in EMT markers in vivo in both the MACC1 overexpressing 4T07 and

knockdown 4T1 cell lines.
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Materials and Methods:

Mouse experiments:

Mice were bred and maintained at the University of Madison — Wisconsin under the approval of
the University of Wisconsin Animal Care and Use Committee (approved animal protocol
number: M01668). Balb/C female mice (Jackson Laboratory) The Balb/C background of the
mice allowed for syngeneic orthotopic mammary fat pad injection of 4T1 or 4T07 cells. 200,000
cells were injected into both the L4 and R4 mammary fat pad of either WT or COL mice. Caliper
measurements of tumor volume were obtained weekly. Tumor volume was calculated using the
formula V=0.5(*w?). Primary tumors and lungs were extracted following euthanasia of the
animals 24 days after injection. Tissue samples were fixed in 4% paraformaldehyde (Sigma) for
48 hours and then moved to 70% ethanol. The number of surface metastatic lesions were

counted in a blinded fashion on a dissecting scope by the same observer.

Cell lines, cell culture:

4T1 and 4T07 cell lines were cultured in RPMI 1640 media with 10% FBS. Cells were cultured
in a 3D collagen gel as previously described (28, 29). In short, cells were suspended in a mix of
media and a solution of collagen | (Corning) neutralized with HEPES buffer. This mix (1 mL)
was spread evenly over one well of a six well plate and allowed 2 hours to polymerize at 37° C
before being released into media. Low density (LD) and high density (HD) was defined as a
concentration of 2 mg/mL and 3.5 mg/mL collagen for both cell lines respectively. All cells were
cultured at 37° C with 5% CO.. Gels were cultured for 5 days with an initial seeding density of
50,000 cells, with media changed on day 3. For MACC1 overexpression, 4T07 cells were
transfected with mouse MACC1 cDNA (Origene). For MACC1 knockdown experiments, 4T1

cells were stably transfected with one of three different shRNAs purchases from Dharmacon or
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a combination of all three shRNAs together. In both our knockdown and overexpression

experiments, control cell lines were transfected with empty pGIPZ vector alone.

RNA isolation and microarray analysis:

After culturing cells in HD or LD collagen gels for 5 days, RNA was isolated via a modified Trizol
extraction. To begin 1 ml gels were washed 2X with PBS, and dabbed dry on paper towel to
remove excess moisture. 1 ml of TRIzol (Life Technologies) was then added, and the gel was
subsequently sheared and homogenized with 18g needle and syringe. Once homogenized and
solubilized, the protocol was followed according to manufacturer’s specifications. The purified

RNA was assayed for relative transcript levels with the Affymetrix GeneChip MTA 1.0.

Immunoblotting:

Lysis of cells was carried out as previously described. Reagents used were: GAPDH, c-Met
(Santa Cruz), MACCL1 (Abnova), E-cadherin, MMP9 and Histone H3 (Cell Signaling
Technology), a-catenin (BD Transduction Laboratories) and Horseradish peroxidase (HRP)—
conjugated secondary antibodies (Jackson ImmunoResearch). All primary antibodies were used

at dilutions of 1:1000. Secondary antibodies were used at a concentration of 1:5000.

Cell Proliferation Assay:

Cell proliferation was determined using a Cyquant NF cell proliferation assay (ThermoFisher)
following manufacturers protocol. In short, cells were cultured in a 12 well plate in a 2mg/mL
collagen gel in full media for 5 days. The media was aspirated and replaced with 500 pL of
cyquant solution. Following a 30 minute incubation in 37 C incubator, fluorescent intensity was

read on a plate reader (Ex 485 nm, Em 538 nm).

Statistical Analysis
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Statistical analysis was performed using Sigma Plot 13.0. Normality and equal variance were
tested by the Shapiro-Wilk test and the Brown-Forsythe test respectively. An unpaired student’s
t test (two-tail) was used on all sample passing the Shapiro-Wilk and Brown-Forsythe test while

a Mann-Whitney rank sum test was performed in instances when these tests failed.



Comparison Fold Change p Value
471 LD VS 4T07 LD 20.34 3.36E-12
4T1 LD VS 4707 HD 26.89 1.20E-11
4T1 HD VS 4707 LD 21.85 2.07E-11
4T1 HD VS 4T07 HD 28.88 2.23E-08
AT1 LD VS 4T1 HD -1.07 0.27
4T07 LD VS 4T07 HD 1.32 0.07
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Figure 3.1: MACCL1 is differentially expressed in 4T1 and 4T07 cells

A. Gene expression microarray analysis between 4T1 and 4T07 cells in two different 3-D

collagen density gels revealed differential expression of MACC1 between 4T1 and 4T07 cells

regardless of collagen matrix density. B. Protein expression confirmed the change in expression

of MACCL1 between 4T1 and 4TO7 cells. EMT markers E-cadherin and a catenin also showed

differential protein expression between 4T1 and 4T07 cells. Histone H3 was used as a loading

control. (Representative blots from 3 independent experiments).
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Figure 3.2: Knockdown of MACCL1 slows cell proliferation in vitro

A. Three different sShRNAs for MACCL1 as well as a combination of all three shRNAs combined
were used to knockdown MACCL1 in 4T1 cells. The best knockdown was obtained with
shMACC1 RNAs 1, 2 and the combination of all three. B. The knockdown cell lines showed
decreased proliferation in vitro compared to control empty vector transfected 4T1 cells. (N=3,

mean +/- SD, P <0.05 by t-test).
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Figure 3.3: Knockdown of MACCL1 slows tumor growth and delays metastatic disease in

Vivo

A. Primary tumor growth was significantly slower in mice orthotopically injected with MACC1
knockdown 4T1 cells into the mammary fat pad compared to mice injected with the empty
vector shRNA control 4T1 cells (N=6 tumors, 2 tumors per animal, 3 total animals per each cell
line, mean +/- SD, P <0.05 by t-test). B. The number of macroscopic surface metastatic lung
lesions was significantly lower in 2 of the three MACC1 knockdown cell lines compared to the
number of macroscopic surface metastatic lesions in mice injected with the empty vector shRNA
control 4T1 cells. The third knockdown cell line (shRNA #1) did not show significant differences
in the number of lung lesions from the control animals. (N=3 total animals per cell line, mean +/-

SD, P <0.05 by t-test).
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Figure 3.4: Overexpression of MACC1 does not alter the metastatic dormancy status of

4T07 cells

A. MACC1 mouse cDNA was transfected in 4T07 cells. A 1.3 fold overexpression was achieved
over control 4TO7 cells. B. No difference in cellular proliferation was observed between control
4T07 cells and 4T07 cells overexpressing MACC1 ((N= 3, mean +/- SD). C. No significant
change in primary tumor growth was observed between mice orthotopically injected with vector
alone 4T07 control cells or MACC1 overexpressing 4T07 cells (N=6 tumors, 2 tumors per
animal, 3 total animals per each cell line, mean +/- SD). D. No macroscopic surface metastatic
lung lesions were observed in either the mice orthotopically injected with vector alone 4T07
control cells or MACC1 overexpressing 4T07 cells. No alteration of the dormancy status of 4T07

cells was observed (N=3 total animals per cell line, mean +/- SD).
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Abstract:

Metastatic disease accounts for the majority of cancer related deaths. However, the process is
relatively inefficient, with only a few cells successfully leaving a primary tumor to colonize distant
sites throughout the body. Moreover, some metastatic tumor cells enter into a state of dormancy
at the metastatic site, remaining as small, undetectable lesions until some unknown cue triggers
these cells to start proliferating and cause clinically detectable metastatic disease. In this study,
we aimed to determine whether factors associated with aging might trigger dormant cells to
become proliferative at the metastatic site. By utilizing a mammary carcinoma cell line (4TQ7)
that is known to traffic to but remain dormant at the mouse lung, we evaluated changes in the
metastatic potential of these cells in response to changes in the local extracellular matrix of
aged animals. We found that when these dormant 4T07 cells were placed in aged animals, the
4T07 cells exited dormancy and formed detectable metastatic lesions at the mouse lung,
suggesting that something about the aged mouse lung could overcome the inherent dormancy
of these cells. Increasing lung fibrosis in young animals recapitulated our finding from the aged
animals, such that 4T07 cells exit dormancy to form detectable lung metastases. By performing
whole lung proteomics on fibrotic mouse lungs versus control lungs, we identified an
upregulation of the small leucine rich proteoglycan lumican, a protein important in the structural
organization of collagen, in our fibrotic lungs. Immunohistochemical staining of lung samples
confirmed the increase of lumican in fibrotic lungs. Lumican has been broadly implicated in the
progression and spread of cancer and future experiments will elucidate whether it is necessary
for the change in tumor cell dormancy we observe in fibrotic lungs. Our findings shed light on
the role of aging, specifically changes in lung fibrosis on the progression and metastatic
potential of tumor cells. It also provides important insights into the cues which may trigger

dormant cells to begin proliferating and form clinically detectable metastatic lesions.
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Introduction:

Breast cancer is the most commonly diagnosed cancer amongst women in the United
States, representing approximately 29 percent of all new cancer diagnoses in women annually
(1). Advances in treatment options over the past 30 years have substantially decreased both the
recurrence and the mortality rate for patients with breast cancer (2). The risk of breast cancer
recurrence is highest in the two years following definitive treatment for the disease (3).

However, the risk of recurrence remains elevated for greater than 20 years following treatment
(3). It is likely that the risk of recurrence is never truly eliminated. In fact, there have been
multiple documented cases of recurrence 25 years or longer after the conclusion of definitive
treatment for breast cancer (4-7). These clinical observations of delayed recurrence of breast
cancer and other cancers has led to a proposed tumor dormancy model to explain the delay in

onset of metastatic disease (8, 9).

The concept of tumor dormancy is based around a delay in growth of tumor cells at the
metastatic site. Following intravasation into the vasculature and hematogeneous spread to the
metastatic site, cancer cells extravasate into the metastatic niche but fail to proliferate into
clinically detectable lesions, instead arresting to a quiescent state. Two models have been
proposed to explain the dormant state of cancer cells at the metastatic site (3, 8). In the first
model, single cells reach the metastatic site only to be growth restricted by cell cycle arrest (8).
In the second model, small groups of cells reach the metastatic site to form micro-metastases
(8). These micro-metastases are in a state of balance between cellular proliferation and
apoptosis causing the micro-metastasis to neither grow nor regress. However, in both models
the cancer cells stay locked into this dormancy state until some unknown cue either releases
the cell cycle arrest or disrupts the proliferation-apoptosis balance allowing the tumor cells to

proliferate and form clinically detectable metastatic lesions in patients.
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In the late 19" century, Paget first described the “seed and soil” hypothesis of cancer
metastasis. In this model, cancer cells (the seed) have a greater affinity for some organs
compared to others due to a permissive environment (the soil) for the cells to proliferate into
metastases (10). However, only recently has the role of the microenvironment in controlling
tumor dormancy been studied. Recent studies have shown that interaction with secreted factors
from the microenvironment can promote tumor dormancy as well as escape from dormancy.
Stromal cells can secrete bone morphogenic protein 4, which acts in a paracrine manner to
maintain the dormant status of breast cancer cells metastasized to the lung (11). Moreover,
interactions between various components of the microenvironment, including collagen and
fibronectin, and receptors on tumor cells have been shown to regulate the dormancy status of
cancer cells (12-14). Additionally, the adaptive immune system is essential for maintaining
dormant micro-metastases in an equilibrium state (15) and changes in immune function are a
byproduct of the metastatic process (16). It is clear that interaction between tumor cells and the
environment in which they seed is critical in regulating the proliferative status of these
metastatic lesions. Interestingly, many of the alterations in the extracellular environment known
to promote tumor escape from dormancy are changes associated with aging. Changes in the
levels and types of secreted factors from stromal cells occur throughout the aging process (17).
Moreover, the extracellular matrix is remodeled during the aging process, leading to changes in
the levels of extracellular matrix proteins including collagen, fibronectin and elastin (18). These
changes in the extracellular matrix composition may alter interactions with tumor cell receptors
leading to changes in signaling related growth arrest pathways. Additionally, immune
surveillance decreases with age (19, 20) and may play a role in disrupting the balance of
proliferation and apoptosis in dormant micro-metastatic lesions. Thus, it is possible that the late
recurrence of cancer in patients observed in the clinic is due to natural aging related changes in
the extracellular environment that promotes dormant tumor cells to begin actively proliferating at

the metastatic site.
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In order to investigate the role of aging in establishing and maintaining the dormancy
status of tumor cells, we utilized the 4T1 clonal cell line panel as a model of breast cancer
dormancy. We found that dormant cells escaped dormancy at the metastatic site in aged
animals but not young animals. This escape from dormancy was related to both changes in
immune surveillance as well as changes in the composition of the extracellular environment.
Moreover, we identified a specific protein altered in the microenvironment of these animals,
lumican, which is known to play a role in tumor progression and have targeted it for further

investigation.

Results:

4T07 cells form metastatic lesions in aged but not young mice

In order to determine the role of aging in promoting the escape of tumor cells from
dormancy, we began by testing the dormancy status of metastatic tumor cells in either young
(age 8-10 weeks) or aged (24+ months of age) mice. We chose the 4T1 and 4TO07 sister cell
lines for our investigation. Both cell lines were isolated from the same sporadic mouse
mammary gland tumor based on their metastatic potential (21). The 4T1 cell line is known to be
metastatic at the mouse lung, forming macroscopic lesions following orthotopic transplantation
into young Balb/c mice (21). We found that in aged mice, the 4T1 cells remained metastatic,
forming a similar number of metastatic surface lesions on the mouse lung as we observed in the
young mice 24 days after orthotopic injection into the mammary fat pad (Figure 4.1a). The 4T07
cell line traffics to the mouse lung but does not form metastatic lesions in young mice, instead
arresting to a dormant state (21). Surprisingly, we found that the 4T07 cells escaped dormancy
in aged mice, forming multiple macroscopic metastatic surface lesions on the lungs of these

animals (Figure 4.1b).

4T07 cells form metastatic lesions in some immunocompromised mice
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In order to better understand what changes related to aging might be causing the 4T07
cells to exit dormancy and form metastatic lesions, we first tested whether a change in immune
surveillance in young mice could recapitulate the results we observed in aged mice. Immune
function and surveillance decrease as part of the natural aging process. We have observed that
tail vein injections of 4T07 cells rather than orthotopic implantation to the mammary fat pad
allow 4T07 cells to escape dormancy and readily form metastatic lesions (S. Ponik, unpublished
observations). One potential reason for this is the higher number of 4T07 cells in the vascular
system reaching the lungs. We hypothesized that a similar phenomenon may be occurring in
our aged animals if they had decreased immune surveillance that allowed a higher number of
4TO07 cells to enter the vasculature and reach the mouse lung. Therefore, we orthotopically
injected young Balb/c or athymic nude mice with 4T07 cells to observe whether a lack of T cells
altered the dormancy status of 4T07 cells in young mice. Interestingly some, but not all of our
young SCID mice developed metastatic lesions suggesting that 4T07 cells escaped dormancy
in some of these animals (Figure 4.2). However, the number of metastatic lesions observed in
these animals was below the number we observed in aged animals, suggesting that decreased
immune surveillance is only part of the explanation for how 4TQ7 cells escape dormancy in aged

mice.

Increased collagen deposition is observed in the lungs of aged mice

Another possible explanation for the change in dormancy status of 4T07 cells in aged
mice is a change in the extracellular microenvironment surrounding the dormant tumor cells at
the lung allowing the cells to become proliferative. Indeed, others have shown that changes in
microenvironment can reactivate dormant cell lines, causing them to form metastatic lesions. In
fact, two studies have shown that interactions with type | collagen lead cells to exit dormancy
(12, 14). Collagen decreases in the majority of the body during the aging process. However, the

levels of collagen increase in the lung with age (22, 23). We confirmed this previously reported
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finding in our aged mice, which showed increased collagen deposition throughout the lung in
aged mice compared to young mice (Figure 4.3 a,b). To further test whether increased collagen
alters dormancy, we made use of our previously characterized model of increased stromal
collagen, the Collal™¥2 strain, in which a mutation in the collagenase cleavage site decreases
collagenase degradation and results in increased collagen in all the tissues of these animals.
However, when we orthotopically injected 4T07 cells into young Collal mice, we did not
observe any surface metastatic lesions, suggesting that increased collagen in a young mouse

was not sufficient to remove 4T07 cells from dormancy in the lung (Figure 4.3c).

Increased pulmonary fibrosis causes 4T07 cells to escape dormancy and form metastatic

lesions in young mice

One possible explanation for 4T07 cells remaining dormant in the collagen dense mouse
model may be related to the means behind the increase in collagen. In the studies showing
dormancy escape, increased collagen was a byproduct of enhanced pulmonary fibrosis driven
by TGFB (14). In our model, we enhanced total body collagen deposition but not necessarily
pulmonary fibrosis. In order to address this, we sought out an additional model to enhance
pulmonary fibrosis in young mice to see if a more fibrotic microenvironment would allow 4T07
cells to escape dormancy. Using the chemotherapeutic agent bleomycin, which is limited by its
dose- related pulmonary fibrosis toxicity, we induced lung fibrosis in young Balb/c mice two
weeks prior to orthotopic implantation of 4T07 cells. We observed increased collagen deposition
in these fibrotic lungs (Figure 4.4 a, b). Surprisingly, we observed multiple metastatic lung
lesions in all of these animals following orthotopic implantation of 4TO7 cells into these animals,
suggesting that the fibrotic microenvironment in these lungs was permissive to 4T07 cells
escaping dormancy and proliferating to form metastatic lesions (Representative H&E Figure 4.4

c, d. Quantified Figure 4.4 e).
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The lungs of young mice with increased pulmonary fibrosis have increased levels of

lumican

In order to gain a better understanding of the changes in the lung microenvironment
between fibrotic and wild type young animals, we treated young mice with either bleomycin or
PBS and performed proteomic analysis on the lungs for differences in the expression of proteins
throughout the entire lung. Through this analysis, we identified differential expression of 24
different proteins between the bleomycin and mock treatment lungs (Figure 4.5a). Of these
proteins, lumican stood out as being potentially important in regulating the dormancy of 4T07
cells. Lumican is a small, leucine rich proteoglycan that is found in many tissues throughout the
body. It plays a critical role in collagen fiber organization in the cornea and other tissues (24).
Lumican is also thought to be important in cancer progression. Multiple studies have reported a
role for lumican in either promoting or inhibiting cancer progression (25-28). Interestingly, at
least in breast cancer, it appears that the localization of lumican is important to its role in the
disease. When lumican is found in the tumor cells themselves, studies have shown that it can
either slow or enhance disease progression (29, 30). Yet, when lumican is found in the stromal
cells surrounding a breast tumor (i.e. the tumor microenvironment) it enhances disease
progression (28, 31). Our proteomics study showed a ~2.3 fold increase in lumican protein
expression (Figure 4.5a). We confirmed this increase in lumican expression via
immunohistochemistry staining of either control or bleomycin treated lungs and found a
substantial increase in the level of lumican in the bleomycin treated lungs (Figure 4.5 b, c). As
our study was performed on animals that had not been exposed to cancer cells, this increase in
lumican would be expected to be a part of the fibrotic lung microenvironment. This led us to
hypothesize that this increase in lumican in fibrotic lungs is necessary for 4T07 cells to escape

dormancy and form metastatic lesions at the mouse lung.
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Discussion and Future Directions:

Breast cancer recurrence at distant metastatic sites can occur as many as 25 years
following definitive therapy for primary breast cancer. This prolonged latency period between
treatment and recurrence has led to the suggestion of a dormant tumor state where tumor cells
seed distant metastatic sites but arrest to a quiescent state until some change in the
environment triggers the cells to begin proliferating, resulting in a clinically detectable metastatic
lesion. In this study, we observed a change in the quiescent status of a known dormant breast
cancer cell line in response to an aged tumor microenvironment. Metastatic 4T07 cells formed
detectable metastatic lung lesions in aged mice but not in young mice. Increased pulmonary
fibrosis may play a role in driving these cells out of dormancy into a proliferative state at the
mouse lung. Further, we identified a protein known to play a role in tumor progression to be
upregulated in the fibrotic lungs, suggesting a possible protein important in altering the

dormancy status of breast cancer cells.

Like many other cancers, the risk of developing breast cancer increases with age. More
than 75 percent of new breast cancer diagnoses occur in women above the age of 55 (32, 33).
The 10 year probability for developing invasive breast cancer rises from 1.5 percent at the age
of 40 to greater than 4 percent at the age of 70 with a cumulative lifetime risk of 13.2 percent or
1 out of every 8 women (33). While the risk of breast cancer incidence increases with age, the
prognosis of the disease does not get worse in aged patients versus young patients. Indeed 8
year cancer related mortality rates were shown to be the same in women across all age
brackets with similar stage of breast cancer disease until patients were greater than the age of
85 (32). However, these studies do not look at late recurrence of the disease in the elderly (i.e.
definitively treated disease in a young individual that recurs in the aged individual) that would
represent the patient population susceptible to reactivation of metastatic cancer cells from a

dormant state. Our findings coupled with the previously published literature on factors
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promoting cancer cells to exit dormancy at the metastatic site strongly suggest that natural
changes in the aging process may facilitate, or at the least fail to inhibit, the late recurrence
seen in some breast cancer patients. Aged individuals are at an increased risk for lung fibrosis
(34), while collagen deposition, a byproduct of fibrosis, increases naturally during aging at the
lung (22, 23). Our observation that a highly fibrotic lung environment can lead to the reactivation
of dormant cells suggests that the similar age related changes in the lung may play a role in the

late recurrence seen in clinical breast cancer data.

Fibrotic related changes are known to alter the dormancy status of metastatic cancer
cells. Indeed, our finding agrees with previously published studies that showed increased lung
fibrosis caused by increased TGF-beta signaling was responsible for driving cancer cells out of
dormancy into a proliferative state. A study by Barkan et al found that specifically the increased
collagen | deposition caused by the increased fibrosis was responsible for altering the dormancy
status of these cancer cells (14). A separate study also demonstrated the importance of
collagen interaction with dormant cells, specifically 4T07 cells. This study showed that
interaction of the discoidin domain receptor 1 with collagen can lead to reactivation of 4T07
cells. This interaction was facilitated by expression of the atypical tetraspanin TM4SF1, which is
found in 4T1 cells but not typically in 4T07 cells (12). Surprisingly, our experiments in
collagenase resistant mice suggested that increased collagen alone is not sufficient to
reactivate the 4T07 cell line and that additional, fibrosis related changes are necessary to
reactivate 4T07 cells in the mouse lung. We are currently investigating the differences in
collagen organization and other components of the extracellular matrix that are differentially
expressed between our collagenase resistant mouse model and our bleomycin induced fibrosis
model. We also plan to evaluate the metastatic lesions in our fibrotic lungs to evaluate for an
upregulation of TM4SF1 to see if alteration in the expression of this tetraspanin explains the

change in dormancy status of 4T07 cells we observe in response to increased lung fibrosis.
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Our finding that the aging process leads to changes in the metastatic potential of cancer
has been reported for multiple other types of cancer. Studies have shown that aged versus
young animals have differences in the progression of different types of cancer. However, many
of these studies find that aging leads to a decrease in the metastatic potential of cancers.
Histologically similar tumors behave less aggressively in aged patients than in young patients
(35). Moreover, melanoma cell lines have been shown to have lower metastatic potential when
injected into aged animals than young animals (36). Further, tumors examined in aged animals
were found to have less angiogenesis than tumors in young animals (37, 38). Decreased
angiogenesis can promote micro-metastatic dormancy with balance of proliferation and
apoptosis (9). Given these previously published reports, we were surprised to find similar levels
of metastatic potential of our 4T1 cells in young and aged mice, while observing an exit from
dormancy of the 4T07 cells in aged lungs. However, these studies from other cancer systems
focus primarily on the change in metastatic ability of cancer cell lines, not on the role aging
plays in maintaining the dormancy status of known metastatic cancer cell lines. Indeed, studies
that have looked at factors associated with maintaining the dormancy status of cancer cells
have found that many factors known to promote exit from dormancy are prevalent in aging. As
discussed previously, the immune system is thought to establish an equilibrium for cancer cells
at the metastatic site. This equilibrium maintains the metastatic lesion in a dormant state
indefinitely. We confirmed the importance of the immune system in our athymic nude mouse
studies, showing that the adaptive immune system contributed to maintaining 4T07 dormancy.
The age related decline in the adaptive immune system is likely to disrupt the equilibrium status
over time and likely contributes to the reactivation of 4T07 cells we see in aged mice and the

late recurrence of breast cancer seen in clinical cases.

The combination of decreased immune surveillance coupled with increased pulmonary

fibrosis associated with aging contributes to the reactivation of dormant cancer cells. We
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propose that these specific age related changes alter the “soil” in which dormant cancer cells
have seeded, allowing proliferation and formation of clinically detectable metastatic lesions
years after definitive treatment. While late recurrence of cancer is not a disease of aging, the
pathology of the disease may be caused by changes that occur in natural aging that make the
metastatic location permissive to cancer cell proliferation. Our findings in this study tie together
reported mechanisms for altering dormancy in cancer cells with aging related changes and
show that the aged microenvironment itself may be permissive to reactivation of dormant cancer

cells.

We chose to further study the changes in the lung extracellular environment associated
with bleomycin induced lung fibrosis in an effort to gain a better understanding of what
additional changes occurred in fibrotic lungs versus lungs with only increased collagen
deposition from our collagenase resistant mouse model. Collagen deposition increases during
fibrosis along with changes in the expression of other proteins. We observed increased
connective tissue deposition via staining and a trend towards increased collagen | deposition via
our proteomics study (1.2 fold upregulation, p-value 0.1) in bleomycin treated lungs (Figure 4.5).
However, increased collagen deposition alone was not sufficient for altering 4T07 tumor
dormancy (Figure 4.3). In our comparison of fibrotic versus non fibrotic young mouse lungs, we
found an upregulation of the protein lumican. Lumican is expressed in most mesenchymal
tissues and has been shown to be important in regulating cellular proliferation and migration
(24, 25). Given its significant change in expression in the setting of bleomycin induced fibrosis,
and its association with promoting breast cancer progression when expressed in the stroma
surrounding a tumor (28, 31), our future studies will investigate the role of lumican in
determining the dormancy of cancer cells in vivo. At the time of publication of this thesis, we are
actively generating lumican knockout mice on the Balb/c background to be syngeneic with 4T07

tumor implantation. We will repeat our pulmonary fibrosis induction via bleomycin instillation in
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these mice to test the role of lumican in driving 4T07 cells out of dormancy in the setting of lung
fibrosis. We hypothesize that increased lumican expression is necessary to reorganize the
collagen extracellular environment around the dormant tumor cells upon lung fibrosis. The
subsequent changes in collagen fiber organization may reactivate the 4T07 cells via increased
interaction with the discoidin domain receptor 1, which previous studies have shown to be
sufficient for leading 4T07 cells out of dormancy (12). Therefore, we suspect that in the lumican
knockout mice treated with bleomycin we will not observe macroscopic metastatic lung lesions
following implantation of 4TO7 cells into the fatpad of these animals. The 4T07 cells will not be
able to exit dormancy at the mouse lung to form macroscopic metastatic lesions. If our
hypothesis is correct, we will show that increased lumican expression due to fibrosis is

necessary for 4T07 cells to exit tumor dormancy.

Materials and Methods:

Mouse Experiments:

Mice were bred and maintained at the University of Madison — Wisconsin under the approval of
the University of Wisconsin Animal Care and Use Committee (approved animal protocol
number: M01668). Aged Balb/c female mice were obtained from the National Institute for Aging
aged mouse colony. Aged mice were born in April 2012 and used in September (4T1 and 3
mice from 4T07 experiment) and November 2014 (Additional 3 mice for 4T07 experiment).
Young Balb/c mice used for control experiments were injected at an age of 6-8 weeks (Jackson
Laboratory). For the collagen dense mice, Balb/c female mice (Jackson Laboratory) were
crossed to male mice heterozygous for the Col71a1 mutation in the C57BL/6/129 background
(originated from Jackson Laboratory). The Co7a1 mutation renders the alpha 1 chain of
collagen | uncleavable by collagenase and increases collagen in the tissue due to decreased
remodeling (39). The resulting mice were either WT for the Col/1a1 mutation (WT) or

heterozygote (COL). Genotyping by polymerase chain reaction (PCR) was performed on DNA
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extracted from tail biopsies. The mixed Balb/C — C57BL/6/129 background of the mice allowed
for syngeneic orthotopic mammary fat pad injection of 4T1 or 4T07 cells. For immunodeficiency
experiments, nude mice (nu/nu) were acquired from Jackson Laboratory. These mice have

impaired thymic development and lack T-cell based immunity.

For all mouse experiments, 200,000 4T1 or 4TQ7 cells were injected into both the L4 and R4
mammary fat pad of syngeneic mice. Primary tumors and lungs were extracted following
euthanasia of the animals 24 days after injection. Tissue samples were fixed in 4%
paraformaldehyde (Sigma) for 48 hours and then moved to 70% ethanol. The number of surface
metastatic lesions were counted in a blinded fashion on a dissecting scope by the same

observer. At least 3 animals were used for each experimental group.

Bleomycin treatment:

Intratracheal instillation of bleomycin was done as previously described (40, 41). In short,
anesthetized mice were injected with 0.15 units of bleomycin in 50 pL of PBS into the exposed
trachea. Mice were held at a 45 degree upright angle to allow gravity to assist with bleomycin
entry into the lungs. Control mice were injected with 50 pL of PBS alone into the trachea.
Following injection, the surgical site was sutured with dissolving sutures. 2 weeks following the
intratracheal injection, control and bleomycin mice were orthotopically implanted with 200,000
4TO07 cells as described previously. This time point was chosen so that maximal pulmonary
fibrosis would occur at the same point as the tumors were growing in the mouse mammary fat
pad (41). Bleomycin was obtained from the University of Wisconsin Carbone Cancer Center

Pharmacy.

Tissue Sectioning and Staining:
Following fixation in 4% paraformaldehyde, samples were dehydrated in ethanol, paraffin
embedded and serially cut. For hematoxylin and eosin staining, sections were deparaffinized

and rehydrated before being stained with H&E. For Massons Trichrome staining, sections were
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deparaffinized and rehydrated and then re-fixed for 1 hour at 56 C in Bouin’s solution. Sections
were then stained in Biebrich scarlet-acid fuchsin and aniline blue solutions following a general
Masson’s Trichrome staining protocol. For immunohistochemical analysis, sections were
deparaffinized and rehydrated before performing antigen retrieval using citrate buffer pH 6.0 in a
boiling water bath for 5 minutes. Sections were treated for 20 minutes with 3% hydrogen
peroxide in methanol solution to block endogenous lung peroxidase and then incubated in anti-
lumican antibody (Abcam 1:100 dilution) overnight at 4 C. Sections were then incubated for 45
minutes at room temperature withbiotinylated anti-rabbit secondary IgG (Vector Laboratories).
Sections were incubated with Vectastain Universal Ready-to-Use ABC reagen (Vector
Laboratories) for 30 minutes, stained with 3,3’ diaminobenzidine (DAB) and counterstained with

hematoxylin (Leica, Nussloch, Germany).

All slides were imaged at the University of Wisconsin — Madison Laboratory for Optical and
Computational Instrumentation (LOCI) using a Nikon BX53 upright pathology microscope and

Olympus cellSens Standard 1.13 imaging software.

Whole lung proteomics:

Protein Extraction from Tissue for Proteomics

Approximately 5 mgs of fresh frozen lung tissue was pulverized in liquid nitrogen and processed
as described (42). Briefly, tissue samples were homogenized in CHAPS buffer glass beads
using mechanical agitation (Bullet Blender®, Next Advance. Following homogenization, tissue
samples were sequentially extracted using high-speed centrifugation after vortexing in high salt
CHAPS buffer, 8 M urea, and CNBI/TFA buffers resulting in 3 fractions for each sample: (1)
cellular fraction, (2) soluble ECM, and (3) insoluble ECM. Endogenous protein concentration

was determined by standard Bradford assay for each fraction prior to proteolytic digestion

Detergent/Chaotrope Removal & Proteolytic Digestion
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Urea and CHAPS were removed from samples through the FASP protocol as previously
described (43). Briefly, 30ugs of each sample was added to a 10kD molecular weight cut-off
filter. 13Cs labeled QconCAT standards representing ECM, ECM-associated, and cellular
proteins were then spiked into each sample at equimolar levels. Samples were then reduced,
alkylated and digested with trypsin. Peptides were eluted into fresh tubes through 3 successive
washes with 0.1% formic acid. Peptides were concentrated on a speed-vac and then brought up
to final volume for LC-SRM (Liquid Chromatography-Selected Reaction Monitoring. Equal

volumes of biological replicates were combined and analyzed for technical reproducibility.

Liquid Chromatography Tandem Mass Spectrometry

Samples were analyzed on the QTRAP®5500 triple quadrupole mass spectrometer (ABSciex)
coupled with Dionex Ultimate 3000 UHPLC system utilizing methods described previously (43).
A targeted, scheduled Selected Reaction Monitoring (SRM) approach was performed using the
Qconcat standards as targets. Transition selection and corresponding elution time, declustering
potential, and collision energies were specifically optimized for each peptide of interest using the
Skyline™ software package. Method building and acquisition were performed using the

instrument supplied Analyst® Software (Version 1.5.2).

Data Analysis

SRM data obtained on the QTRAP® was directly loaded into a Skyline® file containing all
expected precursor ions. Transition quality, peak shape, and peak boundaries were manually
validated prior to export of integrated 2C/*3C peak areas for each peptide. Data were exported
and the average peptide ratio was determined by taking the average of the 12C/**C ratio of the
three transitions selected for identification and quantification of each peptide. Ratios outside the
Limits of Quantification (LOQ, 1 fmol for most peptides) and below the isotope incorporation

percentage (98.4-99.8%) for each reporter peptide were thrown out. Limits of Detection (LOD),
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LOQ, linear dynamic range (LDR), and digestion efficiency were all controlled for and
empirically determined prior to running biological samples. Control peptides from yeast alcohol
dehydrogenase were included in each QconCAT and a dilution series with a commercial ADH
digest (Michrom Bioresources, Inc.) was used to determine the concentration of QconCAT
polypeptides. All data was compiled in a spreadsheet for calculating protein abundance and

normalizing values based on LDR, experiment dilutions, and initial tissue weights.

Statistical Analysis
Statistical analysis was performed using Sigma Plot 13.0 with an unpaired student’s t test (two-
tail) or a Wilcoxon Rank Sum test. All experiments were run in triplicate unless otherwise

indicated.
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Figure 4.1: 4T07 cells exit dormancy in aged animals

A. 4T1 cells orthotopically implanted into aged (30 month old) or young (8 week old) Balb/c
mice showed similar levels of visible metastatic lung lesions 24 days following implantation. B.
4T07 cells orthotopically implanted into aged (30 month old) Balb/c mice caused the
development of macroscopic surface metastatic lesions while implantation of the same number

of 4TQ7 cells led to no detectable metastatic lung lesions in young (8 week old) Balb/c mice.
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Figure 4.2: T-cell surveillance is important in maintaining 4T07 cell dormancy
A. 4T07 cells orthotopically implanted into athymic mice or control young Balb/c mice showed

changes in the levels of metastatic lung lesions after 24 days of growth. The
immunocompromised athymic mice had detectable metastatic lung lesions in 2 of the 5 animals

while no immunocompetent mice had detectable metastatic lung lesions.
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Figure 4.3: Increased collagen alone does not alter the dormancy status of 4T07

A, B. Masson’s trichrome staining of lungs from aged and young animals shows increased
collagen deposition around the parenchyma of the lung in aged animals compared to young
animals (blue staining, examples pointed out with black arrows). B. 4T07 cells did not exit

dormancy to form visible lung metastases in either wild-type or collagen dense mice.
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Figure 4.4: Increased lung fibrosis causes 4T07 cells to exit dormancy at the lung

A, B. Representative Masson'’s trichrome staining of lungs instilled with bleomycin to induce
fibrosis versus lungs instilled with PBS alone. Increased collagen (blue staining fibers, examples
pointed out with black arrows) was seen in the bleomycin treated lungs, including around the
lung metastatic lesions as seen by the staining C, D. Representative H&E images of lungs
instilled with bleomycin to induce fibrosis versus lungs instilled with PBS alone. Visible
metastatic lesions with immune infiltrates were observed in the lungs of bleomycin treated
animals injected with 4T07 cells. E. Number of metastatic surface lesions observed in the lungs
of bleomycin treated and non-treated animals injected with 4T07 cells. 4T07 cells exited
dormancy to form visible lung metastases in the fibrotic, bleomycin treated animals but not in

the control animals.
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PBS Mock Treatment

A. B
Identified Proteins B/C p value
Superoxide dismutase [Mn], mitochondrial 0.000 0.0001
Ras-related protein R-Ras i 0.0002
Protein kinase, CAMP dependent regulatory, type
Il alpha 1.721 0.004
Cytochrome c oxidase subunit 2 2.463 0.006
Lamin-B1 0.721 0.006
Isoform 2 of Cell surface glycoprotein MUC18 ** 0.007
ADP/ATP translocase 2 0.561 0.011
40S ribosomal protein S4, X isoform *x 0.012
Nucleolin *E 0.015
Isoform 2 of Sorcin 0.205 0.019
Alpha actinin 1a 1.534 0.019
Clusterin 1.768 0.021
Annexin A3 0.603 0.028 C.
10 kDa heat shock protein, mitochondrial *K 0.029
Stress-70 protein, mitochondrial *x 0.032
Carbonyl reductase [NADPH] 2 0.715 0.033
Dipeptidase 1 0.362 0.034
Lumican 2.296 0.034
40S ribosomal protein 512 2.880 0.035
Vinculin 0.769 0.035
Alpha-globin 0.447 0.040
Glutathione S-transferase P 1 0.591 0.044
Isoform 2 of NADH-cytochrome b5 reductase 3 1.714 0.046
Carbonic anhydrase 2 0.355 0.048

Figure 4.5: Bleomycin induced fibrotic lungs show upregulation of lumican protein

expression

A. Proteomic analysis of control lungs versus bleomycin induced fibrotic lungs showed
significant changes in the expression of 24 different proteins. Of these, we identified lumican for
further testing due to its upregulation in fibrotic lungs and relationship to cancer progression. (**
represents proteins that were not detectable in lungs of control animals) B, C. Representative
immunohistochemistry staining results for lumican. Lungs treated with bleomycin to induce

fibrosis showed increased lumican expression compared to control lungs.
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A role for collagen in determining cellular metabolism

The studies described in chapter two of this thesis demonstrate that alterations in
extracellular collagen matrix density impact the metabolism of breast cancer cells. A high
density collagen matrix decreases cellular use of glucose by the tricarboxylic acid (TCA) cycle
and aerobic respiration. This decrease in glucose utilization is partially compensated for by
increased utilization of carbons from glutamine in the TCA cycle. These changes in functional
metabolism are associated with changes in the mMRNA expression of central metabolism
enzymes, suggesting that collagen matrix density may impact metabolism through specific
effects on gene transcription or transcript stability. Interestingly, we observed changes in both
aerobic respiration and aerobic glycolysis in mammary carcinoma cell lines as well as normal
mammary epithelial cell lines (NMuMG), indicating that collagen matrix density may broadly

regulate metabolism across the mammary gland, not just in mammary carcinoma cell lines.

Many transformed cells, including basal breast cancer cells, rely on glutamine for
enhanced cell proliferation despite ongoing glycolysis (1, 2). Moreover, cancer cells can utilize
glutamine to provide the carbon fuel source for the TCA cycle when cells have impaired glucose
metabolism (3, 4). Indeed, we find glutamine to be a fuel source for the TCA cycle, and observe
evidence of both reductive and oxidative glutamine metabolism in our studies. However, a
significant portion of the TCA metabolite citrate is not labeled by glucose or glutamine, indicating
that glutamine is not the only other source of fuel contributing to the TCA cycle in mammary
carcinoma cells cultured in high density (HD) collagen matrices. Our ongoing studies are
focusing on identifying the additional carbon sources for the TCA cycle utilized by cancer cells in
response to changes in collagen matrix density. One possibility is that the additional source
comes from fatty acid oxidation. Fats stored in lipid droplets can be mobilized as an energy
source when glucose utilization in the TCA cycle is diminished (5). During times of nutrient

depletion, lipids are broken down to free fatty acids and transported to the mitochondria for
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subsequent beta-oxidation (5). The acetyl coA derived from this process can be utilized in the
TCA cycle. Recent experiments elegantly demonstrated that mitochondria associate with lipid
droplets to facilitate fatty acid beta-oxidation by mitochondria for subsequent energy production
(6). Initial experiments based on this work using our 4T1 and 4T07 cells in high and low
collagen matrices did not elucidate differences in fatty acid cellular localization in our system.
These preliminary results require more investigation to determine the role of fatty acid oxidation

in the metabolism of these cells at different collagen matrix densities.

Another intriguing possibility to explain the significant levels of unlabeled citrate we
observe in our experiments is that the collagen matrix in which the mammary carcinoma cells
are growing is being internalized and degraded for use as a fuel source in the TCA cycle.
Collagen fibers have high levels of the amino acid proline in their helical structure (7). Proline
can undergo a series of ring opening and redox reactions to form glutamate, which can
subsequently enter the TCA cycle as a-ketoglutarate for utilization in TCA cycle metabolism (8).
Interestingly, increased degradation and internalization of collagen is a feature of invasive
cancer cells (9). Given the invasive nature of the cell types we studied and the predilection for a
more invasive phenotype observed in a high density collagen matrix where we have higher
levels of unlabeled TCA metaboaolites, it is tempting to hypothesize that the cancer cells are
internalizing the collagen matrix they are grown in to provide a source of proline for fueling the
TCA cycle. We are currently utilizing fluorescently labeled collagen to determine whether we
see changes in the level of collagen internalization in the 4T1 and 4T07 cancer cells in response
to changes in collagen matrix density. Initial experiments have allowed us to determine that the
two cell lines are indeed internalizing the collagen matrix around them. However, we have yet to

observe differences in the amount of uptake of collagen we are seeing in these cells.

Our data point to the importance of collagen matrix density in determining the

metabolism of cancer cells in vitro. It builds upon two recent studies that showed the
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metabolism of 4T1 cells was dependent upon the environment in which the cells were
proliferating (10, 11). In fact, Dupuy and colleagues found that the metastatic organ site could
alter the metabolism of 4T1 cells (10), suggesting that the metastatic cells responded to
environmental cues in vivo and altered their metabolism to adapt to the local environment. It is
interesting to ask whether changes in collagen density are altering the metabolism of these
metastatic lesions. We are currently investigating whether 4T1 tumors in mice with increased
collagen density (described in chapters 1 and 4) have similar changes in metabolism as we
observed in HD collagen matrices in vitro. Preliminary studies using FDG-PET imaging have
found similar levels of FDG avidity in 4T1 tumors whether they are grown in wild-type or
collagen dense animals. We are currently utilizing *C labeled glucose to track incorporation of
carbons from glucose into the metabolites of glycolysis and the TCA cycle in 4T1 tumors
growing in either wild-type or collagen dense mice. These experiments will be critical to
translating our in vitro results into animals to determine if collagen density determines mammary
carcinoma metabolism in vivo. It would be very interesting to follow up on our work and the work
by Dupuy to evaluate the collagen density of the local metastatic environments that are causing
differential metabolism in these metastases. The Keely lab would be uniquely positioned to
follow up on these experiments, as we have now developed techniques for not only evaluating
metabolism of tumor cells in vivo but also have the ability to readily image the collagen fiber
density and orientation surrounding a metastatic lesion in an animal using second harmonic
generation imaging of collagen. This would allow for characterization of the role of the collagen
extracellular matrix in determining the metabolism of metastatic tumors and could lead to

changes in the treatment of metastatic disease in patients.

There is growing interest in understanding the factors leading to metabolic
reprogramming in breast cancer in order to more effectively employ metabolic therapies in the

clinic (12). Our study is a first step towards this goal, showing that the density of the
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extracellular matrix may lead to alterations in metabolism of otherwise similar tumors. Indeed,
based upon our findings in chapter 2 and the subsequent appendix, it may be possible to
develop differential strategies for targeting metabolism in the tumors of patients depending upon
the collagen density of the breast. In patients with tumors occurring in areas of high extracellular
collagen density, targeting glucose uptake may be an effective treatment modality. The glucose
transporter inhibitor WZB117 has been shown to decrease breast cancer growth in various
breast cancer cell lines by blocking glucose uptake by the tumor cells (13). Our data suggest
that tumors occurring in high density breast tissue might be the more susceptible to this
treatment than tumors in low density breast tissue (Appendix Figure 1b). Alternatively, our data
may provide some insight into why metabolic therapies have failed to show efficacious results in
clinical trials. We observe high levels of aerobic respiration in cancer cells occurring in a low
density collagen matrix in spite of high levels of phosphorylated and thus inhibited pyruvate
dehydrogenase complex. Treatment with dichloroacetate (DCA), an activator of the pyruvate
dehydrogenase complex, does not further increase aerobic respiration levels. DCA has been
utilized in multiple phase | clinical trials to target aerobic glycolysis in tumors by increasing
levels of aerobic respiration (14). However, our data suggest that, at least in a low density
collagen matrix, DCA is ineffective at altering aerobic respiration. Tumor cells may have
additional regulation of metabolic pathways, potentially explaining why the majority of these
phase | trials have not shown benefit in cancer patients. When designing metabolic treatment
protocols, future studies may need to closely consider the changes in metabolic pathways within

individual tumors, perhaps based on collagen density in the tumor microenvironment.

Breast Cancer Dormancy and Reactivation

The studies described in chapters 3 and 4 of this thesis evaluate intra and extracellular
cues leading to the reactivation of dormant breast cancer cells. In chapter 3, | demonstrate that

the transcription factor metastasis associated in colon cancer 1 (MACC1) contributes to the
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metastatic potential of 4T1 cells. Knock-down of MACCL1 leads to slower primary tumor growth
and a decrease in the number of metastatic lesions in vivo. However, overexpression of MACC1
is unable to drive 4T07 cells out of dormancy, suggesting that MACCL1 by itself is not sufficient
to regulate tumor cell dormancy. Surprisingly, simply implanting dormant 4T07 cells into the
mammary fat pad of an aged animal is sufficient to allow these cells to escape tumor dormancy.
Decreased immune surveillance appears to play a small role in controlling the dormancy status
of the 4T07 cells in aged animals, as implanting 4T07 cells into young animals lacking T-cells
leads to the development of metastatic lung lesions in some of these animals. Increased fibrosis
within the lung of aged animals, a natural occurrence in the aging process, may also contribute
to the change in dormancy status of 4T07 cells. In support of this hypothesis, | find that
implanting 4T07 cells into young mice with chemically induced pulmonary fibrosis leads to the

emergence of 4T07 cells from dormancy and the development of metastatic lung lesions.

Recently, various intracellular signaling pathways have been implicated in controlling
tumor cell dormancy. In head and neck carcinoma, studies have shown that interactions
between metastasis-associated urokinase receptor (UPAR) and o531 integrins promote tumor
growth through activation of the extracellular signal-regulated kinase (ERK) pathway via focal
adhesion kinase (FAK) or epidermal growth factor receptor (EGFR) signaling (15). Blockade of
any part of these pathways leads to growth inhibition and tumor dormancy via an almost
complete inhibition of the ERK pathway and induction of a GO-G1 arrest (15). Interestingly,
MACC1 is known to regulate the ERK signaling pathway in pancreatic cancer cell lines.
Knockdown of MACC1 leads to inhibition of ERK activation and downregulation of adaptor
proteins in the ERK signaling pathway (16). Alterations in the ERK:p38 ratio is critical to
determining the dormancy status of cancer cells, with a low ERK:p38 ratio being associated with
tumor dormancy (17). Thus, it is possible that knockdown of MACCL1 in 4T1 cells altered the

growth and spread of tumors in vivo by altering the ERK:p38 ratio. Future studies will further
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examine the relationship between ERK and MACCL in our breast cancer cell lines and will

evaluate changes in the ERK:p38 ratio when MACCL1 is knocked down in 4T1 tumors in vivo.

The immune system has been shown to play a key role in maintaining cancer cells in a
dormant state (18). T-cell based immunity appears to play a large role in not only killing tumor
cells but also in maintaining cancer cells in a dormant state. Animals that have been immunized
by subcutaneous implantation of tumor cells are able to kill the majority of cancer cells when
rechallenged by intraperitoneal injection of these cells (19). However a small population of these
cells persists but fails to proliferate in these animals. Depletion of T-cells can subsequently
remove these cancer cells from dormancy (20). Our experiments add valuable evidence to the
importance of T-cell surveillance in maintaining cancer cells in a dormant state. Mice without T-
cells were unable to maintain 4T07 cells in a dormant state in the lung. During aging, the ability
of the thymus to regenerate T-cells declines, causing T-cell regeneration to occur through
inefficient thymic-independent methods (21). As a result, T-cell populations decline with aging
(22, 23). However, not all of our T-cell depleted animals exhibited metastatic disease when
implanted with 4T07 cells, suggesting additional factors were promoting these tumors to remain
dormant at the mouse lung. It is possible that harvesting tumors and lungs at a later time point
would have allowed us to detect metastatic lesions in all T-cell depleted animals. Alternatively, it
is possible that other immune cells play a role in maintaining the proliferation and apoptosis
balance in the dormant 4T07 cells in the lungs of these T-cell depleted animals. Natural killer
(NK) cells, members of the innate immune system, have been shown to be important in
controlling tumor growth in mouse models (24, 25). In order to investigate the role of NK cells in
maintaining 4T07 cells in a dormant state future studies will deplete NK cells in wild-type and T-
cell depleted animals to determine whether both NK and T-cell immune surveillance is critical for

prohibiting 4T07 cells from exiting dormancy and forming clinically detectable metastatic lesions.
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Our finding that pulmonary fibrosis likely leads 4TQ07 cells out of dormancy and causes
detectable metastatic lung lesions builds upon earlier studies demonstrating that interaction with
the extracellular environment plays an important role in determining tumor cell dormancy. These
studies showed that dormant breast cancer cells could be reactivated by increased interaction
with type | collagen (26). Importantly, the authors of this study increased collagen interaction
with dormant tumor cells by inducing fibrosis in the animals. Building upon this work, a recently
published study in 4T07 cells demonstrated that interaction of the discoidin domain receptor 1
with collagen can lead to reactivation of 4T07 cells. This interaction was facilitated by
expression of the atypical tetraspanin TM4SF1, which is found in 4T1 cells but not typically in
4TO07 cells (27). Surprisingly, our experiments in collagenase-resistant mice suggested that
increased collagen alone is not sufficient to reactivate the 4T07 cell line. However, when we
induced pulmonary fibrosis, known to increase collagen deposition while also altering the
expression of various other extracellular matrix components, we did observe a reactivation of
the dormant 4T07 cell line and the development of detectable metastatic lung lesions in vivo.
We are currently investigating the differences in collagen organization and other components of
the extracellular matrix that are differentially expressed between our collagenase-resistant

mouse model and our bleomycin-induced fibrosis model.

The up-regulation of lumican that we see in bleomycin-induced fibrotic lungs compared
to non-treated lungs may provide evidence that changes in collagen organization are key to
altering the dormancy status of tumor cells. Lumican is known to be important in regulating
cellular proliferation and migration through its role in organizing collagen fibers (28). It is
possible that it is not the increase in collagen that reactivates dormant tumor cells in our and
other fibrosis models. Alternatively, proper organization of the increased levels of collagen may
be accomplished by the increased lumican expression, which allows reactivation of dormant

tumor cells through interaction with cell surface receptors. This model would fit nicely with the
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study showing that increased collagen:discoidin domain receptor 1 interaction reactivates 4T07

cells through TM4SF1 as discussed above.

Interestingly, other roles for lumican outside of collagen organization may allow it to play
a role in the reactivation of dormant tumor cells (29). Lumican is known to regulate Fas/Fas
ligand interactions. Specifically, it is thought that lumican enhances Fas ligand presentation.
Increased levels of lumican would be expected to increase activation of the Fas/Fas ligand
pathway (30). The Fas/Fas ligand pathway is a fundamental regulator of cellular apoptosis (31).
Overexpression of Fas ligand by tumor cells leads to suppression of host immune responses by
inducing apoptosis in lymphocytes attacking the tumor (32). This suggests an intriguing potential
model to explain the reactivation of 4T07 cells we observe in our fibrotic mice with high levels of
lumican expression. The fibrotic stromal cells of the lung may be up-regulating lumican and the
Fas ligand apoptosis pathway to nullify the fibrosis-related immune response. This inhibition of
infiltrating immune cells could lead to decreased immune surveillance, which in turn might leads
to the reactivation of the dormant 4T07 cells; similar to what we observed in immune

suppressed mice.

In future studies, we will investigate the role of lumican in regulating tumor dormancy in
our fibrotic animals by first evaluating changes in the expression of Fas and Fas ligand in fibrotic
and control lungs. We will also evaluate changes in collagen fiber organization in these animals
using collagen imaging techniques. In addition, we are actively generating lumican knockout
mice on the Balb/c background to be syngeneic with 4T07 tumor implantation. We will repeat
our pulmonary fibrosis induction via bleomycin instillation in these mice to test the role of
lumican in driving 4T07 cells out of dormancy in the setting of lung fibrosis. We will evaluate
both changes in collagen fiber organization and levels of Fas/Fas ligand in wild-type fibrotic
lungs and lumican knockout fibrotic lungs. We hypothesize that in the lumican knockout mice

treated with bleomycin we will not observe macroscopic metastatic lung lesions following



149

implantation of 4T07 cells into the fat pad of these animals because these cells will not be able
to exit dormancy upon metastasizing to the mouse lung. If we observe this to be the case,
subsequent experiments will evaluate changes in both collagen fiber organization and Fas/Fas
ligand expression, as these are the two most likely mechanisms by which lumican could alter
tumor dormancy. As stated in chapter 4, we hypothesize that increased lumican expression is
necessary to reorganize the collagen extracellular environment around the dormant tumor cells
upon lung fibrosis. The subsequent changes in collagen fiber organization may reactivate the
4T07 cells via increased interaction with the discoidin domain receptor 1, which previous studies
have shown to be sufficient for leading 4TQ7 cells out of dormancy (27). The Keely lab is well
gualified to be carrying out these studies as we have previously leveraged imaging techniques
to evaluate not only collagen deposition but also organization. This technique will allow us to
compare collagen fiber interaction with tumor cells in wild-type and bleomycin-induced fibrotic
lungs. These findings can be compared to immunohistochemical analyses of lung tissue
sections comparing Fas/Fas ligand expression in order to evaluate whether changes in lumican

alter the immune response in fibrotic lungs.

Conclusions:

In this thesis, | have detailed my work contributing to two key areas of breast cancer
research: 1) the metabolic plasticity of breast cancer cells in response to changes in the
extracellular matrix and 2) the factors promoting tumor cells to escape from dormancy at the
metastatic site. The role of the tumor microenvironment in determining cancer metabolism is an
emerging area of research. The interaction between the microenvironment and cancer cells is
complex and has shifted century old ideas of cancer metabolism. Here, | have elucidated the
role of one component of the tumor microenvironment, collagen |, in determining the metabolism
of breast cancer cells. Changes in collagen matrix density alter the metabolism of breast cancer

cells. As discussed earlier, these findings serve as an initial step in developing a better
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understanding of factors leading to breast cancer reprogramming with a broad goal of
developing more effective cancer therapies targeting tumor metabolism. In addition, this thesis
advances the understanding of breast cancer dormancy. | have highlighted important changes
in the tumor microenvironment that are able to reactivate dormant tumor cells at the metastatic
site, including those in immune surveillance and extracellular matrix composition. Moreover, |
have shown a role for a known transcriptional regulator of metastasis, MACC1, in controlling the
dormancy status of cancer cells. Future experiments will build on these dormancy studies to
further explore the role of specific extracellular environment components in determining the

dormancy of breast cancer cells.

Further exploration of the interplay between tumor dormancy, metabolism and the
extracellular environment is warranted by the work described in this thesis. A growing number of
studies have demonstrated the role of metabolic adaptation required for successful metastasis
(11, 33, 34). Highly metastatic cells alter their metabolism to adapt to changes in the
extracellular environment in order to successfully proliferate at the metastatic site while non
metastatic cells commonly do not show this metabolic plasticity (11). Our own studies showed
that breast cancer cells adapted their metabolism in response to changes in collagen matrix
density. As interaction with collagen is known to reactivate dormant tumor cells (26), it is
possible that collagen density changes elicit alterations in metabolism that allow tumor cells to
successfully begin proliferating at the metastatic site by providing metabolites essential for
biosynthetic growth pathways. Cells that remain dormant may not display this metabolic
plasticity, leading to continued growth arrest. Identifying changes in metabolic pathways
associated with dormant versus proliferative metastatic lesions would allow the design and
deployment of metabolic therapies that aim to maintain metastatic cells in a dormant state. By
maintaining the tumor cells in a dormant state ad infinitum, such therapies might enable breast

cancer to be treated as a chronic disease with a much lower mortality rate.
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