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Abstract

A postpartum breast cancer diagnosis, defined as a diagnosis within 5 years of a
pregnancy, is an independent risk factor for metastasis and death compared to breast
cancers diagnosed in nulliparous or pregnant patients. The work described here
investigates potential mechanisms unique to the postpartum woman that might be
responsible for increased metastasis. Metastatic success requires tumor cells to
successfully navigate the metastatic cascade, including immune escape, local
dissemination, intravasation/entry into vasculature, survival in the circulation,
extravasation/exit from vasculature, and finally seeding, survival, and outgrowth at
secondary sites. Work by the Schedin lab has identified post-weaning mammary gland
involution, physiologic tissue regression characterized by ECM remodeling and immune
influx, as a major contributing factor to the increased risk for metastasis observed in
postpartum breast cancers. Specifically, mammary gland involution promotes early steps
of the metastatic cascade including primary tumor growth, immune escape, local
dissemination, and increased intravasation. However, later events in the metastatic
cascade, particularly survival and outgrowth at the secondary site, represent major
bottlenecks to metastatic efficiency. One identified way of overcoming these bottlenecks
is establishment of tumor-educated pro-metastatic niches, defined as secondary
microenvironments supportive of tumor cell seeding and outgrowth. I hypothesized that
secondary sites are altered post-weaning, establishing pro-metastatic niches in the
absence of tumor education, such that tumor cell seeding and/or outgrowth are promoted
specifically in postpartum breast cancers. This dissertation describes the discovery of

weaning-induced liver involution, a tissue-remodeling event that establishes a transient
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pro-metastatic microenvironment that is more supportive of disseminated tumor cell
seeding and/or survival. These studies predict elevated site-specific liver metastasis in
postpartum breast cancers. Importantly, | observed elevated risk for liver metastasis, but
not lung, bone, or brain metastasis, in rodent models of postpartum breast cancer, and in
postpartum breast cancer patients, suggesting a postpartum phenomenon unique to the
liver. Additionally, non-steroidal anti-inflammatory drugs (NSAIDs) that target
cyclooxygenases (Cox-1/Cox-2) have shown efficacy in abrogating early events in the
metastatic cascade in preclinical models. | explored NSAIDs as an avenue of reducing
liver metastasis in the postpartum setting in rodents. Data from these NSAID studies
suggest that low-dose ibuprofen has effects on the liver microenvironment distinct from
those in the mammary gland, but does not abrogate the increased risk for postpartum liver
metastasis. Finally, to better understand the high risk for metastasis associated with
postpartum breast cancer diagnoses, | have participated in a retrospective study in young
women with breast cancer (n=804). This work revealed that postpartum breast cancers,
particularly those diagnosed at stage I1, are more likely to present with lymph node
metastasis and develop distant metastasis despite similar tumor size at diagnosis. In this
cohort, I have also identified that postpartum breast cancer patients with estrogen
receptor negative disease represent a breast cancer subset at particularly high risk for
metastasis. In sum, this dissertation describes an essential role for the transient pro-
metastatic microenvironment established in the post-weaning liver in facilitating
postpartum breast cancer metastasis and provides new insight into the high risk for

metastasis in postpartum breast cancers.
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Chapter I: Background and introduction



Postpartum breast cancer is associated with a high rate of metastasis

Breast cancer is the most common cancer diagnosis and the second leading cause of
cancer-related death in women worldwide®. The major cause of death in breast cancer is
due to metastatic spread of the disease?. Cumulative risk for a woman being diagnosed
with breast cancer increases dramatically with age (Fig.1-1A). However, it is important to
note that the number of invasive breast cancers diagnosed is actually similar for women
in their 40s as it is for women of relatively older age (Fig.1-1B). And even for women in
their 30s the number of breast cancers being diagnosed is high (~10/1000) (Fig.1-1B).
This is in part due to the fact that with increasing age women are at increased risk of
death due to other causes, thus diagnosis of breast cancer in younger premenopausal
women represents a considerable proportion of total breast cancer diagnoses. Importantly,
a subset of young women’s breast cancer is made up of a unique population of women
diagnosed following a pregnancy with particularly aggressive disease, as discussed

below.
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Postpartum breast cancer (PPBC), currently defined as a diagnosis of breast cancer within
5 years of giving birth, is associated with an increased risk for metastasis and death
compared to patients who have never given birth (i.e. nulliparous) or those diagnosed
while pregnant®!2, The high risk for metastasis is independent of poor prognostic
indicators including biologic subtype, stage of disease, age, or year of diagnosis®¢-%11,
This data suggests that host microenvironmental factors in the postpartum period, as
opposed to tumor intrinsic properties, may play a prominent role in the risk for
metastasis. It is estimated that ~25,000 new young women’s breast cancer diagnoses are
made yearly in the United States!?? and an estimated 40-65% of these diagnoses are
impacted by a recent pregnancy®. Further, older age at first birth correlates with increased
risk of PPBC™®1". As more women are choosing to delay child bearing until relatively
older ages'®2°, evidence suggests that the incidence of PPBC will increase?:2, Despite
these findings, PPBC is still an under-recognized subset of breast cancer and there is a
paucity of studies addressing the high risk of metastasis in PPBC. As a result, treatment
options for postpartum patients, and biomarkers to identify those PPBC patients at

greatest risk for metastasis are lacking?®.

The poor prognosis of postpartum breast cancer has been attributed to the tissue
remodeling process of weaning-induced mammary gland involution, as well as to
hormones associated with pregnancy, delays in diagnosis, and enrichment of poor
prognostic biologic subtypes in postpartum patients. During pregnancy, the breast
epithelium is exposed to elevated estrogens, progesterone, and insulin-like growth factor,

hormones known to support tumor progression?*28, An extensive analysis of 311 patients



diagnosed during pregnancy and 865 non-pregnant controls revealed no effect of a
pregnancy diagnosis on disease free or overall survival'®. These data suggest that the
elevated hormones of pregnancy have minimal impact on risk of metastasis in postpartum
breast cancers. Delays in diagnosis represent another explanation for the poor prognosis
of PPBC, as increased breast density associated with pregnancy, lactation, and breast
involution limits the efficacy of mammography and self-exam?>%®, Although delayed
diagnosis is an on-going problem in young women’s breast cancer, nulliparous and
postpartum breast cancer patient groups are typically diagnosed with similarly sized
tumors and staged disease®®°. Thus, it is unlikely that delayed diagnosis accounts for the
poor prognosis of PPBC. Another explanation for why PPBC may have poor prognosis is
that they may be enriched for triple negative biologic subtype, a tumor biologic subtype
associated with poor prognosis and high risk for metastasis®.. It is well-documented that
breast cancer diagnoses in young women are more likely to be triple negative32=°,
However, the frequencies of poor prognostic biologic subtypes do not differ by parity
status in a young women’s breast cancer cohort®. In this cohort, metastasis-free and
overall survival rates remain significantly increased in PPBC after adjustment for stage
and biologic subtype®. In one study using an African American breast cancer cohort,
patients with premenopausal breast cancer had similar rates of estrogen receptor (ER)
negative disease, a surrogate for poor prognostic biologic subtypes, regardless of parity
status®®. In sum, these data suggest that the impact of pregnancy hormones, delayed
diagnoses, and the tumor intrinsic characteristics assessed here have a marginal impact on
the poor prognosis of postpartum breast cancers. These data suggest that a breast cancer

diagnosis made in the postpartum period is an independent risk factor for metastasis.



Finally, these data provide further support that tumor extrinsic, as opposed to tumor
intrinsic attributes, promote metastasis of postpartum breast cancers. For these reasons,
this chapter will focus on what is known about pathologic tumor microenvironments that

may shed light into mechanisms by which normal physiology can promote metastasis.

Mammary gland involution and the ‘involution hypothesis’

One event that occurs postpartum and may explain the increased risk for metastasis with
a postpartum diagnosis is post-weaning mammary gland involution. Following cessation
of lactation, or directly after a pregnancy in the absence of lactation, the gland undergoes
an orchestrated cell-death mediated process characterized by robust tissue remodeling.
Studies in rodents have identified two distinct phases of mammary gland involution, a
reversible cell death phase and an irreversible tissue remodeling phase®’. The process of
mammary gland involution begins with milk stasis in the gland, resulting in distention of
the alveolar structures and initiation of cell-death programs®’8, During the cell death
phase, greater than 80% of the mammary epithelial cells (MEC) undergo programmed
cell death®, the bulk of which is complete by day 4 post-weaning®’#°. The mechanisms
of MEC cell death are numerous and are still being elucidated. However, it is clear that
lipid uptake by MECs, followed by disruption of lysosomal membranes and cathepsin
protease release is a major contributing pathway to mammary epithelial cell death!.
There appears to be an integral switch in the involution process between days 2-4 post-
weaning, at which point stromal remodeling commences®’. The remodeling phase is
characterized by increased immune influx, deposition and remodeling of extracellular

matrix (ECM), and lymphangiogenesis, events consistent with wound healing®’424°,



From these observations the involution hypothesis was proposed, which states that the
physiologically regulated wound healing-like process of weaning-induced mammary
gland involution represents a tumor promotional window that increases metastatic
efficiency®. A bulk of evidence has since been produced which supports the involution
hypothesis. I will discuss this evidence below, within the larger context of the metastatic

cascade.

The metastatic cascade

Metastasis is the process by which tumor cells spread to distant organs via a multi-step
progression that involves local dissemination away from the primary tumor, intravasation
or entry into the vasculature, survival in the circulation, extravasation out of the
vasculature and into the tissue, successful seeding, and finally outgrowth at secondary
sites, a process coined the metastatic cascade (Fig.1-2). Despite the fact that metastasis is
the major cause of death in cancer patients, from a single tumor cell perspective, the
process is largely inefficient® and is particularly susceptible to cues from the
microenvironment®°2, In fact, elements of the microenvironment including stromal cells,
extracellular matrix (ECM), and secreted factors (cytokines, chemokines, growth factors,
microvesicles, and proteases/enzymes) impact every step of the metastatic cascade
(Fig.1-1). Further, recent advances in the field of metastasis suggest that host physiology,
distinct from tumor physiology, may impact the metastatic cascade and metastatic

microenvironments in ways that increase or decrease metastatic efficiency.
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Figure 1-2: Regulation of the metastatic cascade by the microenvironment

The process of metastasis begins with local dissemination and intravasation, promoted in
part by ECM remodeling, pro-tumor immune and cytokine milieus, and
neovascularization. Upon intravasation, circulating tumor cells are stewarded by platelets
and must evade immune cell- and shear force-mediated Killing. Extravasation is an active
process that may be facilitated by both endothelial and immune cells. Survival at the
secondary site is considered to be a major bottleneck in the metastatic cascade as the
foreign environment is often hostile and does not resemble the primary site from which
the tumor cell came. Metastatic efficiency is greatly impacted by favorable
microenvironments at the secondary site, known as pre-metastatic and metastatic niches.
Reprinted with permission: Kitamura T et al., Immune cell promotion of metastasis,
Nature Reviews Immunology, 2015.



Metastasis is thought to progress through one of two proposed models, referred to as the
linear and parallel progression models®®4, In the linear progression model, cancers
progress along a trajectory that necessitates acquisition of mutations and large tumor size
prior to tumor cell escape and metastasis. The linear progression model assumes that
metastasis is a late stage event and that clones within the primary tumor will be
genetically similar to the secondary tumor. In comparison, the parallel progression model
proposes that tumor cell dissemination is an early event in which primary and metastatic
tumors progress simultaneously. Consequently, the parallel progression model assumes
that the metastatic tumor will be genetically distinct from the primary tumor, suggesting
an early evolutionary split between the two tumors®°4, The finding, in virtually all tumor
types, that increasing tumor size tracks with increased risk for metastatic recurrence
supports the linear progression model. Yet, numerous studies have found disseminated
tumor cells (DTCs) in distant sites that lack the mutational burden observed in the
primary tumor, suggesting that dissemination is indeed an early event in the progression
of some tumors®8, For example, in a murine model of Her2" breast cancer, DTCs were
detected at times when only atypical ductal hyperplasia and/or ductal carcinoma in situ
were detectable in mammary fat pads and prior to observable basement membrane
disruption®. It is likely that both linear and parallel progression occurs, and that the
trajectory of metastatic progression is context-dependent. The host and tumor

microenvironments provide this context.



Early steps in the metastatic cascade: from primary tumor to circulation

Primary tumor growth

The metastatic process begins at the primary tumor with growth and tumor
vascularization, acquisition of an invasive tumor cell phenotype, and immune evasion.
Neovascularization of the primary tumor is a necessary, rate limiting event in tumor
progression®®-%2, As tumors grow beyond the limits of diffusion for oxygen and nutrients,
the tumor induces an angiogenic switch that facilitates tumor access to the neighboring
vasculature®®% Numerous studies have found that tumor-associated macrophages
(TAMs) and CD11b*Gr1" myeloid cells can promote pro-angiogenic programs in
primary tumors; blockade of these programs reduces tumor angiogenesis and
metastasis®®®°. Intriguingly, blood vasculature in the mammary gland expands during
pregnancy and lactation, and is higher than nulliparous vessel abundance through the first
12 days post-weaning’® suggesting that higher blood vessel abundance may contribute to
progression of tumors specifically arising postpartum. However, the blood vasculature of
the involuting mammary gland regresses over time, as blood vessel abundance is highest
at lactation and early involution and subsequently drops to nulliparous levels post-
weaning; it is unknown if these regressing vessels support tumor growth and/or tumor
cell intravasation’. Thus, although the role for angiogenesis is not well explored in
postpartum breast cancers, other microenvironmental factors discussed below may be

more important in promoting primary tumor growth in postpartum breast cancers.
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Acquisition of tumor cell invasive phenotypes and local dissemination

Immune cells contribute to acquisition of invasive properties and local dissemination of
tumor cells. High levels of TAMs and macrophage chemoattractants such as colony
stimulating factor 1 (CSF1) are associated with poor prognosis in numerous cancers’t72,
In rodent models, TAMs promote partnered migration with tumor cells via a paracrine-
signaling loop involving tumor cell production of CSF1 and macrophage production of
epidermal growth factor (EGF)’*74. Additionally, tumor cell fusion with macrophages is
another proposed mechanism by which tumor cells gain an invasive phenotype’™’®,
Tumor cell fusion endows the fused cell with both macrophage and tumor cell gene
expression patterns and is proposed to contribute to immune evasion, the tumor cell
invasive phenotype, and increased metastatic efficiency’®. Weaning-induced mammary
gland involution is characterized by robust increases in Cd11b*F4/80" macrophages
observed in both rodent models*** and women’’, which may promote postpartum breast
cancer dissemination away from the primary tumor. In sum, immune populations,
particularly macrophages, play an integral role in promoting acquisition of invasive

phenotypes, thus contributing to local dissemination.

In addition to a role for macrophages in promoting dissemination away from the primary
tumor, extracellular matrix composition, organization, and stiffness are also integral to
tumor cell acquisition of an invasive phenotype and local dissemination. Tumor-
associated collagen signature-3 (TACS-3), characterized by collagen fibers aligned
perpendicular to the tumor (radial alignment), is associated with collective cell migration

along the length of the collagen fiber’8. TACS-3 is an independent poor prognostic
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indicator in breast cancer, independent of tumor intrinsic properties including stage and
biologic subtype’®. Further, tumor and normal mammary epithelial cell dissemination is
preferentially upregulated in collagen I enriched, but not basement membrane enriched,
environments®. In addition to collagen, the oligosaccharide hyaluronan (HA)®, and the
matricellular protein tenascin-C (TNC)82-% are associated with invasive tumor cell
behavior, are localized at the invasive front, and serve as predictors of distant recurrence
in breast cancer. Matrix metalloproteinases (MMPSs) proteolytically cleave ECM proteins,
thereby facilitating local dissemination by clearing paths for tumor cells, and by releasing
biologically active ECM fragments and growth factors that influence numerous cell types
within the tumor microenvironment®”. For example, membrane type-1 MMP (MT1-
MMP) is involved in formation of holes or tracks through collagen that facilitate single
cell and collective migration®. Further, MMP-2 and other proteases are elevated in pre-
neoplastic disease in a mouse model of Her2" breast cancer and may contribute to early
dissemination prior to invasive disease®®. ECM stiffening and collagen crosslinking
enzymes also correlate with poor prognosis in breast cancer®®*°, Upregulation of the
hypoxia inducible collagen crosslinking enzyme lysyl oxidase (LOX) in breast cancer
contributes to tumor cell motility and invasion via collagen stiffening and adhesion to
matrix in a Bi-integrin-FAK dependent manner®¥ . Thus numerous attributes of the ECM

contribute to local dissemination of tumor cells into the surrounding tissue.

ECM composition and organization described in the involuting mammary gland shares
several characteristics with the ECM intimately involved in early steps of the metastatic
cascade described above. Proteases, including matrix metalloproteinases, cathepsins,

LOX, lysyl oxidase-like 2 (LOXL2), and plasmin serine protease begin to increase as
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early as day 2-3 post-weaning and are functionally involved in cell death pathways and
adipogenesis, as well as basement membrane degradation and ECM
remodeling®"434549.9293 (Gyo et al., data unpublished). The involuting mammary gland
has a unique ECM composition characterized by increased levels of pro-tumorigenic
ECM proteins including tenascin-C, fibronectin, and radially aligned fibrillar
collagen®347-49.9495 (Guo et al., data unpublished). Further, the highly active protease
setting of weaning-induced mammary gland involution results in degradation of matrix
proteins. As mentioned above, ECM cleavage by proteases releases sequestered growth
factors and cytokines and simultaneously results in production of bioactive matrix
cleavage products, called matricryptins®. Although the ECM composition in the
involuting breast in women has not yet been characterized, a role for patient primary
tumor ECM signatures in supporting postpartum breast cancers are beginning to emerge.
Unpublished data from the Schedin lab suggests an increased abundance of collagen post-
weaning, compared to lactation breast tissue (Guo et al., data unpublished). Further, a
combined high collagen I and high Cox-2 tumor signature in young women with breast
cancer predicts shorter relapse-free survival*’. Thus, in the context of a postpartum breast
cancer, the ECM composition and physical organization within the tissue may support

tumor cell invasive phenotypes and promote dissemination.

Immune evasion

A central dogma of tumor immunology is the concept that an immune response to the
tumor changes over time, shifting from elimination of the tumor, to equilibrium, and

finally to escape via pro-tumor immune suppression®’. Tyl immune cell polarization
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supports tumor cell killing via activation of cytotoxic immune cells including CD8" T
cells and natural killer (NK) cells®. In contrast, pro-tumor Tw2 polarized
immunosuppressive responses promote tumor cell immune escape, a necessary
component of every step in the metastatic cascade®1%2 (Fig.1-3). Intriguingly, a recent
study suggests that development of dysfunctional T cells incapable of inhibiting tumor
growth occurs during pre-malignant stages of tumorigenesis, suggesting that immune
escape is an early event in tumor progression?®®. Ty2-polarized CD4* T cells produce
cytokines including TGFp, IL-10, IL-4, IL-6, and IL-13 that suppress anti-tumor

cytotoxic immune cell function. TH2 immune programs also elicit recruitment and

immune suppressive activity of FoxP3* T regulatory cells (Tregs), B regulatory cells

(Bregs), and myeloid populations®99194-1% The role of these immune modulatory

populations in eliciting tumor immune escape and promoting metastasis has been recently
reviewed elsewhere®. Importantly, targeting immune suppressive immune populations
can result in control of tumor growth and metastasis for some patients, and is the basis

behind cancer immunotherapy®®-112,

The high levels of cell death during the first phase of weaning-induced mammary gland
involution drive a subsequent Th2 immune suppressive response characterized by an
increase in IL-4, 1L-13, IL-10, and TGFB***3, Similarly, upregulation of cyclooxygenase-
2 (Cox-2) and production of the eicosanoid inflammatory mediator prostaglandin E>
(PGE->) contribute to the immune suppressed microenvironment and drive collagen
production, ECM remodeling, and lymphangiogenesis*’1'3114 In addition, an influx in

immune-suppressive, alternatively activated CD11b*™ macrophages, CD11b*Gr1" myeloid
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cells, and FoxP3" Tregs OCcurs during the second phase of mammary gland

involution*>#34°, This immune milieu resembles that seen during wound healing, where
immune suppressive myeloid and lymphoid populations contribute to both immune
regulation and tissue repair'*>!®, In sum, the immune microenvironment of the
involuting gland is consistent with tumor immune escape in the context of an evolving
postpartum breast cancer. Importantly, a similar influx of 1L-10* macrophages and
FoxP3* T regulatory cells characterize the involuting breast in women, suggesting similar
support of early steps in the metastatic cascade in postpartum women*?"”. Further, the
immune microenvironment of weaning-induced mammary gland involution resembles the
pro-tumor immune milieus that contribute to local dissemination and intravasation, as

discussed above.
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Figure 1-3: Tu2-skewed immune microenvironments drive tumor progression and
metastasis

CD4" T cells are programmed as Twl anti-tumor T helper cells via signaling from
cytokines including IFNy. Differentiation towards a Tl phenotype is supported by the
transcription factor T-bet. Tn1 cells produce inflammatory cytokines and promote tumor
cell killing by immune populations including cytotoxic T lymphocyte (CTLs) and natural
killer (NK) cells. Differentiation into Tu2 pro-tumor T helper cells occurs via cytokine
signaling, primarily from IL-4, and is facilitated by Gata3 driven transcriptional
programs. Tw2 immune activation promotes production of cytokines involved in driving
immune suppressive- and wound repair-like programs in myeloid cells. The result is a
suppression of immune populations previously capable of killing tumor cells.
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Intravasation

Tumor cells can leave the primary tumor site via hematogenous or lymphogenous routes.
Elevated levels of peri-tumor lymphatic vessel density, lymphovascular invasion, and
lymph node metastasis are all prognostic indicators of breast cancer metastasis!*’1?1, The
relative contribution of either hematogenous or lymphogenous routes of spread to the
success rate of the disseminated tumor cell in establishing metastasis remains to be
elucidated®??. However, the eventual entry of tumor cells into blood circulation is
necessary for seeding of the most common sites of breast cancer metastasis, including
bone, lung, liver, and brain, as direct lymphatic routes from sentinel lymph nodes to these
sites do not exist!?2. Nonetheless, lymphangiogenesis may contribute to primary tumor
progression. For breast cancer, increased lymphatic vessel density is strongly associated
with poor prognosis and increased metastasis!’123124  Increased lymphatic vessel
density, either within the tumor or at the tumor periphery, has been proposed to
contribute to metastasis, as lymphatics may provide conduits for escape and entry into the
circulation for seeding of distant sites'?. Macrophages contribute to lymphangiogenesis
during non-tumor associated inflammation*?. Myeloid populations including TAMs
express vascular endothelial growth factor C (VEGF-C), a potent lymphangiogenic
growth factor, and may play a role in primary tumor-associated lymphangiogenesis?’-12°,
Lymphangiogenesis promotes interactions between tumor-associated antigen presenting
cells and adaptive immune cells, yet this process often fails to mount an effective
immune response against the tumor, likely due to immune suppression®3®3, In fact,

lymphatic endothelial cells can participate in direct and indirect dendritic and CD8* T
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cell suppression and thus contribute to progression by promoting pro-tumor immune
milieus321%, A hallmark of weaning-induced mammary gland involution, in both
rodents and women, is lymphangiogenesis that likely supports immune cell
trafficking/immune regulation and clearance of debris from the involuting gland,
Importantly, rodent models of postpartum breast cancer display elevated lymphatic vessel
density, tumor cell invasion of lymphatics, and lymph node metastasis. In the same study,
postpartum breast cancer patients diagnosed within 2-3 years of a pregnancy were shown
to have increased peri-tumor lymphatic vessel density and are more likely to present with
lymph node metastasis compared to nulliparous patients''4. These data suggest that
lymphangiogenesis associated with weaning-induced mammary gland involution and
postpartum breast cancers may promote entry of tumor cells into the vasculature via

lymphatics.

Roles for microenvironmental factors in facilitating the process of intravasation into
blood vasculature have been extensively studied. For example, the co-localization of
tumor cell-endothelial cell-macrophage, in structures known as TMEMSs (Tumor
Microenvironment of Metastasis), predicts metastasis in breast cancer patients*¢1%.
Intravital imaging in rodents has shown that this cell triad facilitates tumor cell
intravasation via bursts of macrophage VEGF-induced vascular permeability%,
Macrophage-tumor cell contact, including contact at the site of the TMEM, promotes
tumor cell invadopodia required for trans-endothelial migration'3%14%, Other studies have
shown that directional collagen I fibers enhance intravasation in an in vitro model

system®*!. In models of postpartum breast cancer, tumor cells can be found at increased
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rates in the blood at 3 days post-injection, compared to nulliparous controls, suggesting
efficient intravasation in the post-weaning microenvironment*’. Similarly, increased
intra-lymphatic invasive foci were observed in mice harboring tumors in mammary
glands of involuting compared to nulliparous hosts'!*. The mechanism of increased tumor
cell lymphatic intravasation in the involuting mammary gland microenvironment is
currently unknown, but may be Cox-2 dependent, as NSAID intervention reduces

lymphovascular invasion*’114,

Survival in the circulation

Once in the circulation, tumor cells spread throughout the body. Experimental metastasis
modeling, which often involves direct injection of tumor cells into the circulation via the
left ventricle, tail vein, spleen, or portal vein, has shown that tumor cells survive in the
circulation and arrest in vasculature with remarkable efficiency®>142-14 Intriguingly,
several small studies assessing circulating tumor cell (CTC) viability in cancer patients
found that a large percentage of CTCs were apoptotict*>14’. One explanation for this
difference between rodent and human studies is that rodent models often employ robust,
established tumor cell lines that may be enriched in pro-survival pathways. Travel
through the circulation increases a tumor cell’s exposure to leukocytes with tumor cell
killing ability as well as shear force from high blood flow rates. Studies have identified

tumor cell coating by platelets as a mode of protection from targeted killing by NK cells,
either by providing a physical barrier or by direct inhibition of NK function#®1%3, Tregs

provide important survival signals to breast cancer cells via receptor activator of nuclear
factor-kB ligand (RANKL) which boost lung metastasis'®*. Intriguingly, when tumor
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cells are injected directly into the circulation after pre-incubation with RANKL they
survive in the circulation and extravasate at higher rates, suggesting that Tregs provide

survival signals that impact cells within the circulation, or at even earlier stages of the

metastatic cascade'®.

Tumor cell arrest in vasculature

There is some evidence for tumor cell ‘homing’ to metastatic sites through chemokine
production at the secondary site (SDF-1/CXCL12 or CCL21) and chemokine receptor
expression on breast cancer cells (CXCR4 and CCR7)>!6 However, it is more likely
that cells are carried passively through circulation and site-specific metastasis is dictated
more so by tumor cell fate upon entry into the secondary site'?2. It is currently unclear
whether stromal cells play a role in active tumor cell arrest in vasculature or whether
tumor cell arrest is due to size restriction. Studies have shown that tumor cells primarily
arrest in capillaries that are the same diameter as the tumor cell, supportive of the
hypothesis that size restriction dictates arrest!43157-162 However other studies observed
tumor cell arrest in vessels significantly larger than the tumor cell diameter, implying that
arrest may be an active process in some circumstances®%3-%, In fact, a number of studies
have found a role for microenvironmental factors at the secondary site in aiding the
process of tumor cell arrest in vasculature and subsequent extravasation, as reviewed

below.

20



Extravasation

Early studies suggested that the endothelial cell adhesion molecule E-selectin aids in
melanoma cell arrest in the liver microvasculature and directs site-specific metastatic
patterns®®®. Similarly, extravascular tumor cells elicit resident liver macrophage (Kupffer
cell) production of pro-inflammatory TNFa and IL-1 resulting in E-selectin
upregulation by hepatic sinusoidal endothelial cells'®’1%°, This immediate reaction of the
hepatic microenvironment to CTCs aids tumor cell arrest'®”-1%, Intravital imaging studies
have found that macrophages are closely associated with extravasating mammary tumor
cells in the lung microenvironment; macrophage depletion dramatically delayed the
extravasation process®’®. Subsequent studies found that CCR2* monocytes are recruited
to the lung and differentiate into these metastasis-supporting macrophages. The CCR2*
monocytes promote tumor cell extravasation in part through VEGF-A expressiont’. Thus

macrophages in secondary sites assist with tumor cell extravasation.

Neutrophils can also contribute to tumor cell extravasation, particularly in the liver,
where intravital imaging has revealed that tumor cells arrest on top of neutrophils, and
neutrophil depletion reduces extravasation out of hepatic sinusoids!’?1"3, Neutrophils also
promote increased mammary tumor cell extravasation in the lung by inhibiting NK-
mediated tumor cell killing and modulation of the endothelial cell barrier via MMPs and
IL-1B%"*. Recent work has also shown that y8 T cell production of IL-17 drives neutrophil
expansion and may contribute to metastasis through CD8" T cell suppression in
mammary tumor bearing K14cre™F;Cdh1™F; Trp537F (KEP) mice!™. In contrast, other

studies have shown that ‘tumor entrained neutrophils’ suppress lung metastatic seeding
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via direct tumor cell killing in an H,02-dependent manner!’®. In the same study, brain and
liver metastatic seeding efficiency were not impacted, suggesting that neutrophils may
play unique roles in different tissue environments’®. Roles for tumor-Biintegrins in both
tumor cell arrest and surveying of vasculature prior to extravasation have also been
revealed®1%°, Platelets contribute to tumor cell arrest through auBs integrin-binding
interactions with tumor and endothelial cells and subsequently promote extravasation by
increasing vascular permeability’"1’8, Furthermore, a transient incubation of tumor cells
with platelets prior to intravenous injection shifts tumor cells toward an invasive
phenotype and increases lung metastasis'’®. In sum, immune cells and platelets appear to

play an integral role in facilitating active tumor cell extravasation into secondary sites.

Preclinical models of postpartum breast cancer implicate the involuting mammary gland

in metastasis

Based upon the above referenced evidence for microenvironmental factors in supporting
the early stages of metastasis, the involuting mammary gland may contribute to
postpartum breast cancer metastasis in at least one, if not all of the following ways: 1) an
influx of immune suppressive myeloid and lymphoid populations, in addition to aberrant
cytokine production, may promote tumor immune evasion, growth, neovascularization,
acquisition of an invasive phenotype, local dissemination and intravasation 2) the matrix
composition and organization may also provide essential cues for acquisition of an
invasive phenotype and support motility, local dissemination, and entry into the
circulation and 3) lymphangiogenesis may provide routes of entry for tumor cells into the

circulation and may contribute to the immune suppression. In short, mammary gland
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involution is characterized by numerous attributes consistent with a microenvironment

that supports early steps of the metastatic cascade.

Preclinical models of postpartum breast cancer involve tumor cell injection into murine
mammary fat pads at involution day 1 and into nulliparous controls. The Schedin lab has
utilized numerous models, including human tumor cell lines injected into immune
compromised mice and syngeneic mammary tumor lines injected into immune competent
mice. These models have revealed that the involuting mammary gland supports increased
primary tumor growth, local dissemination, intravasation, and metastasis compared to
nulliparous littermates*2474°113.114 'Eynctional relevance for a number of the pro-tumor
attributes of mammary gland involution has been demonstrated. Targeting the immune
suppressive macrophage population present during weaning-induced mammary gland
involution via IL-10 blockade reduced involution tumor volumes and increased presence
of intratumoral T lymphocytes*?. ECM isolated from nulliparous and actively involuting
rat mammary glands and co-injected with breast cancer cells into naive immune-
compromised mice showed a significant growth and metastasis advantage for those cells
co-injected with involution ECM*°. A similar study utilized isolated fibroblasts from
nulliparous and actively involuting mouse mammary glands which were co-injected with
mammary tumor cells into naive immune competent mice (Guo et al., submitted). This
study revealed that tumors co-injected with involution-associated fibroblasts resulted in a
primary tumor growth advantage, a unique pro-tumor immune milieu, and increased
blood vasculature compared to tumors co-injected with nulliparous-associated fibroblasts

(Guo et al., submitted and data unpublished). Further, studies targeting Cox-2 with non-
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steroidal anti-inflammatory drugs (NSAIDs) have shown a reduction in
lymphangiogenesis, ECM deposition, radially aligned collagen, and a shift in the immune
milieu to one resembling an anti-tumor environment during mammary
involution®#8113114 (Schedin lab, data unpublished). Importantly, these studies also
demonstrated a reduction in primary tumor growth, local dissemination, and metastasis in
preclinical models of postpartum breast cancer*’ 113114 In sum, these studies identify
weaning-induced mammary gland involution as a tumor-promotional window that

supports early steps of the metastatic cascade.

The pro-metastatic attributes of weaning-induced mammary gland involution,
culminating in the increased presence of CTCs in murine models may be sufficient to
explain the high risk of metastasis in PPBC. However, the fate of these tumor cells at the
secondary site is entirely unknown. Importantly, it is well-documented that metastatic
efficiency is, in large part, dictated by tumor cell fate upon entry into the secondary
organ®>142, Thus, 1 sought to determine whether later stages of the metastatic cascade are
similarly supported by post-weaning microenvironmental changes that may further
explain the high risk of metastasis in postpartum breast cancer patients. The
microenvironmental contribution to later stages of the metastatic cascade, as well as my
findings regarding a role for post-weaning secondary site microenvironmental changes in

postpartum breast cancer metastasis are explored below.
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The microenvironment at secondary sites represents a major barrier to metastatic

efficiency

What determines site-specific metastatic patterns in cancer?

Different tumor types present with unique metastatic patterns, raising the question of
what drives site-specificity (Fig.1-4). In 1889 Stephen Paget proposed the ‘seed and soil’
hypothesis, which suggested that the efficiency by which a metastatic cell (the ‘seed’)
survives and grows into clinically impactful metastases is dictated by the presence of a
suitable microenvironment (the ‘soil’)*®°. Subsequently, James Ewing proposed the
anatomical/mechanical hypothesis that the preference for site-specific metastases can be
explained entirely by circulatory patterns leading away from the tumor8L, In fact, tumors
commonly metastasize to organs anatomically downstream from the primary tumor site
of origin. Colorectal and pancreatic adenocarcinomas frequently metastasize first to the
liver. In contrast, breast cancer frequently metastasizes first to the bone or liver, despite
mammary blood flow first reaching the heart and lungs before entering the general
circulation!®218_ Furthermore, numerous autopsy studies have found incongruity between
rates of certain sites of metastasis and blood flow rates from the tumor of interest,
suggesting that patterns of circulation cannot solely explain metastatic patterns!84187,
Taken together, these data suggest that a combination of the ‘seed and soil” and

anatomical hypotheses explain tumor site-specific metastatic patterns.
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Figure 1-4: Site-specificity of metastasis in common cancers

Different primary tumors are characterized by unique site-specific metastatic patterns.
Breast cancers most commonly metastasize to bone, lung, liver, and to a lesser extent
brain. In contrast, colorectal cancers primarily metastasize to the liver. Image used is in
the Public Domain.
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Metastatic efficiency is dictated by the microenvironment at the secondary site

Despite numerous rate-limiting steps in the metastatic cascade discussed above,
metastatic efficiency is largely determined by post-extravasation survival at the
secondary site. Studies in rodents to determine the metastatic success rate suggest that
<1% of disseminated tumor cells successfully establish metastatic lesions®%:142144.188,189,
Seminal work has shown that DTCs, injected into either the circulation of mice or into
the chorioallantoic membrane of the chick embryo extravasate at a very high success
rate®%142144 Melanoma metastasis modeling in the liver and lung found that major
bottlenecks in the formation of overt metastases were the survival and proliferation of
single cells into micro-metastases and the growth of micro-metastases into overt
metastases®>142, In these models, 0.02% of cells grew into overt metastases in the liver,
whereas ~10% grew into medium and large sized (80-300+ um) metastases in the lung.
Importantly, metastatic outgrowth varies markedly between lung and liver, at least in
mice, where the liver may represent a more hostile environment for metastasis in these
models®®1#2, Intravital imaging in brain metastasis models revealed major bottlenecks to
metastatic efficiency that included extravasation, localization away from vasculature
upon seeding, and outgrowth from single cells to micro-metastases and from micro-
metastases to overt metastases!*®. These data suggest that bottlenecks to metastatic
efficiency are site-specific, in that liver and lung metastases are stalled at the point of
outgrowth, whereas in brain metastasis extravasation also incurs a heavy toll on
metastatic efficiency'*3. Further, in these models, tumor cell localization adjacent to
vasculature was associated with greater rates of survival and outgrowth, suggesting a

particularly important role for the perivascular microenvironment in metastatic
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efficiency®®142143, perhaps the greatest evidence in support of pro-metastatic niches can
be found in the fact that tumor cells can enter and exit states of dormancy in a niche-
dependent manner. Early studies identified persistence of viable single tumor cells in
numerous organs for several months'®®%, When removed from the secondary site,
dormant tumor cells were able to produce primary tumors and lung metastases at rates
similar to the parental cell lines, suggesting that the tissue site, and thus the niche,
dictates tumor cell behavior'®?. Taken together, these studies strongly implicate the

secondary site in dictating metastatic success.

Establishment of the pre-metastatic niche

Identifying the pre-metastatic niche

Prior to detection of DTCs at the secondary site, numerous studies have identified the
presence of tumor-educated pre-metastatic niches. Pre-metastatic niches are metastasis-
promoting tissue microenvironments in secondary organs that are established by factors
secreted by the primary tumor'®*1%, These pre-metastatic niches are defined by their
ability to provide seeding, survival, and outgrowth advantages to disseminated tumor
cells. Although it is likely that single tumor cells exist in, and contribute to formation of
some pre-metastatic niches, it is apparent that the primary tumor plays an integral role in
the process. A seminal study, which first described that primary tumors alter the
metastatic site prior to tumor cell arrival, found that B16 melanoma and Lewis lung
carcinoma (LLC) tumors implanted into the mouse flank induce MMP-9 expression in

endothelial cells and macrophages in the lung, in a vascular endothelial growth factor
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receptor 1 (VEGFR1) dependent manner'®. As a result, the number of metastatic lung
lesions was greatly increased upon subsequent tail-vein injection of tumor cells, leading
to the concept of lung microenvironment education by the primary tumor!®. A
subsequent study using the same tumor lines found that tumor-cell secreted factors
promote fibronectin production by resident fibroblasts in future metastatic sites'®’. This
fibronectin deposition contributes to recruitment of VEGFR1* bone marrow derived cells
(BMDCs) expressing asf1 integrin. It is thought that these pre-metastatic niches provide a
survival and outgrowth advantage compared to homeostatic tissues. In these studies, the
recruited VEGFR1* BMDCs form clusters and contribute to pre-metastatic niche
establishment via MMP-9 and SDF-1 production. Importantly, this phenomenon was
observed in tumors with diverse site-specific metastatic patterns and only occurred in
future metastatic sites of these tumors'®’. B16 and LLC tumor-secreted factors including
TNFa, TGFp, and VEGF-A also induce upregulation of calcium binding pro-
inflammatory S100A8 and S100A9 proteins by Macl™ macrophages and endothelial cells
in the lung microenvironment, ultimately increasing metastatic efficiency to the lung!®.
Interestingly, one study has shown that metastasis-incompetent variants of breast and
prostate tumor lines similarly recruit CD11b* myeloid populations to the lung, but these
cells have anti-metastatic capacity via thrombospondin-1 expression'®. These data
suggest that tumor education of the pre-metastatic niche is essential to metastatic
efficiency, including subverting the active suppression of successful outgrowths at the
metastatic site. Since these paradigm-shifting studies, a number of other mechanisms of

pre-metastatic niche induction have been elucidated%*,
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Secreted factors from the primary tumor establish pre-metastatic niches

One mechanism by which tumors establish a pre-metastatic niche is via secretion of
exosome vesicles that can deliver bioactive proteins, RNAs, and DNAs to stromal cells at
the secondary site?®. Recently, it has been shown that exosomes secreted by melanoma
and pancreatic ductal adenocarcinomas (PDACS) promote pre-metastatic niche formation
in the lung and liver, respectively?®12%2, B16-F10 melanoma exosomes increased
expression of MET, an important signaling molecule in bone marrow cell mobilization, in
BMDCs, thus facilitating their mobilization and subsequent establishment of the lung
pre-metastatic niche?®?, Further, pre-metastatic niche education with purified exosomes
prior to tumor cell injection resulted in markedly increased lung metastasis compared to
education with exosomes from the less aggressive B16-F1 cell line?%?, suggesting that
exosomes are sufficient to establish pre-metastatic niches. In contrast, PDAC exosomes
are selectively taken up by Kupffer cells in the liver and elicit upregulation of TGF and
subsequent activation of peri-sinusoidal vitamin A storing hepatic stellate cells
(HSCs)?t, HSCs deposit fibronectin in the liver pre-metastatic niche, promoting
recruitment of bone marrow derived macrophages and PDAC liver metastasis?’:.
Recently, it was also shown that exosomal RNAs induce Toll-like receptor 3 (TLR3)
signaling in lung epithelial cells, promoting neutrophil recruitment and increasing
metastatic efficiency of LLC and B16-F10 tumor cells®®. A recent study has shown that
niche education by exosomes from a lung-tropic tumor line redirected preferential site-
specific metastasis of a bone-tropic cell line to the lung?®. In these studies, the
investigators found that integrins on tumor cell-derived exosomes, presumably reflecting

integrin expression patterns on the cell lines from which exosomes are derived, may
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direct organ and target cell-specific uptake?®*. Specifically, SI00A4* lung fibroblasts and
endothelial cells take up exosomes expressing integrin asPs or integrin asp1, whereas
exosomes expressing integrin avfBs bind Kupffer cells. Exosome uptake by these cells
results in S100 protein production and subsequent establishment of pre-metastatic

niches?®*,

Other secreted factors also play an important role in pre-metastatic niche establishment.
For example, secretion of a collagen cross-linking enzyme, lysyl oxidase (LOX), by
hypoxic breast cancer cells accumulates in the lung and results in pre-metastatic niche
formation®®. LOX crosslinks collagen IV in the lung, leading to recruitment of an MMP-
2-expressing CD11b* myeloid cell population from the bone marrow. MMP-2 cleavage
of collagen at the metastatic site further promotes myeloid cell recruitment and metastatic
outgrowth?®. Importantly, LOX expression is associated with high risk for metastasis in
ER breast cancer patients and head-and-neck squamous cell carcinoma patients®®.
Subsequent studies have identified similar pre-metastatic niche establishment in murine
lungs downstream of hypoxic breast cancer secretion of LOXL1-4 proteins?®. A potential

role for other tumor-secreted factors including tissue factor has also been observed?®’.

While a major role for immature monocytes and macrophages has been described,
emerging evidence suggests that other immune populations may also contribute to pre-
metastatic niche establishment. Neutrophils accumulate in lungs via tumor secreted
granulocyte-colony stimulating factor (G-CSF) and increase metastasis of several distinct

tumor types, likely due to neutrophil production of MMPs and S100A8/9 proteins?®. In
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contrast, evidence that T cells contribute to pre-metastatic niche establishment is largely
lacking, although one publication did show that CD4" T cells promote pre-metastatic
bone lysis and establish a pro-metastatic microenvironment prior to 4T1 mammary tumor
cell arrival®®. Additional roles for T cells in pre-metastatic niche establishment have yet
to be elucidated. In sum, tumor education of the pre-metastatic niche can occur via

numerous mechanisms and occurs in a tumor-specific and tissue-specific manner.

Pre-metastatic and metastatic niches impact early cell fate decisions and outgrowth

The perivascular niche is the first point of interaction upon entry into the secondary site

Extravasated tumor cells first come into contact with the perivascular niche comprised of
endothelial cells and their basement membrane. Numerous studies have implicated the
perivascular niche in dictating early cell fate decisions including decisions to proliferate,
die, or become quiescent. One study found that quiescent breast cancer cells were co-
localized to mature lung vasculature expressing high levels of thrombospondin-1 (TSP-
1), suggesting a mechanism by which tumor cell adherence to TSP-1 suppresses
metastatic outgrowth, via induction of tumor cell dormancy. These studies also revealed
that tumor cell proliferation instead occurs adjacent to neovascular regions with low TSP-
1 and high levels of TGFp and the matricellular protein periostin (POSTN)?¥. These
findings support previous work which found that successful colonization requires
induction of a permissive metastatic niche via POSTN produced by resident lung
fibroblasts?!!. Similar studies have identified a number of ECM proteins that promote

escape from dormancy. Interaction of quiescent mammary tumor cells with lung
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fibronectin?? and collagen 1?** also promote awakening of dormant tumor cells through

B1 integrin binding and downstream signaling.

The metastatic niche supports tumor outgrowth

Tenascin-C production first by disseminated tumor cells, and subsequently by the stromal
component of the lung metastatic niche, promotes WNT and NOTCH signaling essential
for metastatic survival and outgrowth of breast cancer cells. Intriguingly, knockdown of
TNC in bone and brain-tropic variants of MDA-MB-231 showed that TNC may also be
important for bone but not brain metastasis®2. S100A4* fibroblasts in the lung metastatic
niche produced TNC which facilitated mammary tumor cell outgrowth, providing further
evidence that TNC is a prominent component of pro-metastatic microenvironments?,
This study also found that SL00A4" metastatic-niche associated fibroblasts produced

VEGF-A which contributed to the angiogenesis in metastatic lesions?!4,

As previously eluded to, macrophages play essential roles in every step of the metastatic
cascade. Thus, it may not be surprising that macrophages also promote end-stage
metastatic outgrowth. CCR2" monocytes are constantly recruited to the metastatic site
where they differentiate into VEGFR1" metastasis-associated macrophages that promote
breast cancer metastatic outgrowth in the lung!’12%°, Studies have also shown that
macrophage VCAM-1 binding to breast cancer integrin ovps drives downstream AKT cell
survival signaling and contributes to metastatic outgrowth?:, In the MMTV-PyMT
spontaneous breast cancer model, versican produced by recruited CD11b*Ly6CM

monocytes was sufficient to promote the micro-metastasis to macro-metastasis switch in
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the metastatic lungs of MMTV-PyMT mice?*’. In a colorectal cancer model of liver
metastasis CCL9-CCR1 signaling recruits a unique CD34*Gr1'VEGFR1" immature
monocyte population to metastatic lesions concurrent with the micro-metastasis to macro-
metastasis switch?'®. Targeting this monocyte population by abrogating CCL9-CCR1

signaling resulted in delayed metastatic outgrowth?:8,

Another major component of micro-metastatic outgrowth into clinically detectable
lesions is the neovascularization of growing metastases, called the angiogenic switch.
Using both MMTV-PyMT and LLC metastasis models, one study found recruitment of
bone marrow derived endothelial progenitor cells to the metastatic lung is essential to the
micro-metastasis to macro-metastasis switch?'®. In sum, these and numerous other studies
have implicated microenvironmental factors in establishing the pre-metastatic niche and

promoting tumor cell seeding and outgrowth in the secondary site.

Establishment of pro-metastatic microenvironments in the absence of tumor-education

Emerging evidence suggests that physiologic events, as opposed to tumor-derived
processes, may also impact metastatic microenvironments in ways that increase or
decrease metastatic efficiency. Obesity is clinically associated with worse prognosis in
breast cancer??°221, Importantly, retrospective analyses have found that obese breast
cancer patients may be at increased risk for lung and liver metastases and reduced risk for
bone metastases compared to non-obese patients®?2. Although the mechanisms underlying
obesity promotion of metastasis are largely unexplored, one study has shown that obesity

promotes liver-specific inflammation and increased hepatic metastatic burden in a murine
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model of colorectal cancer??®. The effect of obesity on liver metastasis was dependent
upon insulin-like growth factor (IGF)?%3, Another example of physiologic changes are
those that occur with aging. The aged microenvironment is characterized by senescent
fibroblasts that resemble both wound healing-associated and cancer-associated fibroblasts
(CAFs)?24, Although a specific role for aged fibroblasts in the metastatic niche has not
been elucidated, a recent study has found that senescent fibroblasts contribute to

melanoma metastasis by promoting early steps in the metastatic cascade??°.

Tissue microenvironments are impacted by infection and by interventions commonly
utilized in treating cancer, including surgery, radiation, and chemotherapy. Neutrophil
extracellular traps (NETs), DNA traps released by neutrophils in response to
inflammatory stimuli, function by capturing and clearing pathogens?2®. Work has shown
that NETs are formed in the post-surgical setting and during infection. In the context of
hepatic metastasis resection NETs correlate with disease recurrence in the liver??’,
Infection-derived NETSs facilitate CTC trapping, aid in tumor cell arrest in vasculature,
and promote metastasis??®. These data suggest that surgical stress and inflammation may
contribute to pro-metastatic microenvironments. Radiation and the chemotherapeutic
bleomycin induce pulmonary fibrosis, promoting deposition of collagen I and fibronectin
and increased LOX expression®?. Similarly, in a model of hepatic fibrosis induced by
dimethylnitrosamine (DMN) a similar fibrotic environment is established, characterized
by activated HSCs, deposition and cross-linking of collagen, and increased LOX
expression??®, Importantly, in these radiation, bleomycin, and DMN induced lung and

liver fibrosis models, no impact on orthotopic mammary tumor growth was observed.
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However, fibrosis did support elevated metastatic seeding and outgrowth that was
reversed with LOX inhibition, suggesting that fibrosis establishes pro-metastatic

microenvironments in these tissues?%°,

The fate of tumor cells at metastatic sites in the postpartum setting

The bulk of data discussed above has collectively identified that a major bottleneck in the
metastatic cascade is survival and outgrowth of tumor cells in the secondary site. Thus,
we hypothesized that the poor prognosis of postpartum breast cancers may be, in part,
due to physiologic changes at secondary sites that are conducive to metastatic seeding or
outgrowth. Further, we reasoned that secondary sites most likely to be altered post-
weaning would be those most intimately involved with the metabolic demand of
pregnancy and lactation. In fact, the mammary gland and liver can be thought of as a
functional unit facilitating milk production. During lactation, B-oxidation and
gluconeogenesis increase in the liver?39-232_ Fatty acid oxidation provides necessary
substrate (ATP) for glucose production. The glucose is subsequently shuttled to the
mammary gland where it is used for milk components including carbohydrates and the
glycerol backbone of triglycerides?*°-2%2, Thus, I investigated the rodent liver across the
reproductive cycle. With this work, | discovered a novel biology of the liver, namely
weaning-induced liver involution, characterized by increased hepatocyte apoptosis and a
shift from catabolic to anabolic metabolism?*3. My investigations also revealed an
increase in CD11b*Ly6C"Ly6G™ immature monocytes and mature Kupffer cells which

formed clusters, and ECM deposition of pro-metastatic proteins including collagen I and
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tenascin-C, data consistent with establishment of a pro-metastatic niche post-weaning.
Using two experimental liver metastasis models | found that mice injected immediately
post-weaning, during the window of weaning-induced liver involution, were ~1.5-3-fold
more likely to develop metastases compared to nulliparous controls?3. Patients with
postpartum breast cancer develop liver-specific metastasis at higher frequencies
compared to nulliparous patients?®3, Importantly, 1 observed no difference in lung, bone,
or brain metastasis rates in postpartum compared to nulliparous patients, suggesting that
similar establishment of a pro-metastatic microenvironment in the liver post-weaning
may occur in women?33, Taken together, these data suggest that physiologic events may
also educate pro-metastatic niches in the absence of a primary tumor. Although
unprecedented, our results may not be a unique phenomenon isolated to young,
postpartum mothers; evidence for non-tumor education of pro-metastatic
microenvironments is starting to become apparent, as previously discussed. However,
one major limitation to understanding establishment of pro-metastatic microenvironments
established by physiological or pathological processes is rodent metastasis models that

allow for site-specific metastasis studies.

Limitations to studying site-specific metastasis and the metastatic niche

Major limitations to studying site-specific metastasis and the impact of pro-metastatic
microenvironments on metastatic efficiency have hampered progress in the field. These
limitations include 1) Models that do not represent the tumor complexity and
heterogeneity observed in breast tumors, 2) poor spontaneous metastasis models that do

not recapitulate site-specific metastatic patterns observed in patients, 3) use of human and
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mammary tumor cell lines injected as a bolus into orthotopic sites or directly into the
circulation, models which often still fail to recapitulate site-specific metastatic patterns
observed in patients'®2342% and which bypass early stages of metastatic progression, 4)
difficulty with accurate tracking and quantification of tumor cells as they progress along
the metastatic cascade, and 5) a lack of models that accurately model tumor cell
dormancy at the secondary site. The development of intravital imaging techniques and
fluorescent labeling of cell types of interest has greatly impacted the study of metastasis
at high resolution?®27_ Importantly, tissue specific responses to common therapeutics
used during the course of cancer treatment suggest that studying site-specific metastasis
is essential, despite a lack of models useful for this purpose. To address site-specificity,
studies have often utilized experimental metastasis models, which involve tumor cell
injection into the circulatory system, to study metastases in sites other than the lung.
These models allow for the study of late stages of the metastatic cascade in non-
pulmonary sites and represent an essential step towards the development of ‘gold-
standard’ spontaneous mouse models of metastasis that replicate the patterns of
metastatic disease seen in patients. To study liver metastasis in our postpartum breast
cancer models, | developed an intraportal injection experimental metastasis model to
directly target mammary tumor cells to the liver; this model is described in detail in
Chapter 1178, I hypothesized that the process of post-weaning liver involution establishes
a tissue microenvironment consistent with a pro-metastatic niche and thus will increase

metastatic efficiency to the liver during this window of involution.
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Chapter II: A portal vein injection model to study
liver metastasis of breast cancer!

Published Manuscript
Goddard ET, Fischer J, Schedin P. A Portal Vein Injection Model to Study Liver

Metastasis of Breast Cancer. J Vis Exp. 2016 Dec;(118), e54903, doi:10.3791/54903

Contributions
ETG and PS developed the model. ETG performed all studies, staining, and data analysis.

JF contributed to model development and assisted with studies.

! The majority of this chapter was re-printed with permission from the Journal of Visualized Experiments
(Goddard ET, Fischer J, Schedin P. A Portal Vein Injection Model to Study Liver Metastasis of Breast
Cancer. J Vis Exp. (118), 54903, d0i:10.3791/54903 (2016).
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Short abstract

A surgical procedure was developed to deliver mammary tumor cells to the murine liver
via portal vein injection. This model permits investigation of late stages of liver
metastasis in a fully immune competent host, including tumor cell extravasation, seeding,

survival, and metastatic outgrowth in the liver.

Long abstract

Breast cancer is the leading cause of cancer-related mortality in women worldwide. Liver
metastasis is involved in upwards of 30% of cases with breast cancer metastasis, and
results in poor outcomes with median survival rates of only 4.8-15 months. Current
rodent models of breast cancer metastasis, including primary tumor cell xenograft and
spontaneous tumor models, rarely metastasize to the liver. Intracardiac and intrasplenic
injection models do result in liver metastases, however these models can be confounded
by concomitant secondary-site metastasis, or by compromised immunity due to removal
of the spleen to avoid tumor growth at the injection site. To address the need for
improved liver metastasis models, a murine portal vein injection method that delivers
tumor cells firstly and directly to the liver was developed. This model delivers tumor
cells to the liver without complications of concurrent metastases in other organs or
removal of the spleen. The optimized portal vein protocol employs small injection
volumes of 5-10 ul, >32 gauge needles, and hemostatic gauze at the injection site to
control for blood loss. The portal vein injection approach in Balb/c female mice using
three syngeneic mammary tumor lines of varying metastatic potential was tested; high-

metastatic 4T1 cells, moderate-metastatic D2A1 cells, and low-metastatic D2.0OR cells.
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Concentrations of <10,000 cells/injection results in a latency of ~20-40 days for
development of liver metastases with the higher metastatic 4T1 and D2A1 lines, and >55
days for the less aggressive D2.0OR line. This model represents an important tool to study
breast cancer metastasis to the liver, and may be applicable to other cancers that

frequently metastasize to the liver including colorectal and pancreatic adenocarcinomas.

Introduction

Breast Cancer Metastasis to the Liver

The liver is a common site of breast cancer metastasis, along with bone and lung?3®-24.,
Liver metastasis in breast cancer patients is an independent prognostic factor for very
poor outcomes?42243 as median survival of breast cancer patients with liver metastasis
ranges from 4.8 to 15 months?*4247_ In contrast, breast cancer patients with lung or bone
metastasis have median survival rates of 9 to 27.4 months?#®24" and 16.3 to 56
months?46:248-250 respectively. Metastasis is a multistep process, referred to as the
metastatic cascade, which begins with tumor cell dissemination in the primary tumor and
ends with patient mortality due to the seeding and outgrowth of circulating tumor cells
within a distant organ®>12225! Rodent models of metastasis have revealed that the
metastatic cascade is remarkably inefficient, with only 0.02-10% of circulating tumor
cells establishing overt metastasis®® 42, One major bottleneck of metastatic inefficiency is
dictated by the unique tissue microenvironments at secondary sites, called metastatic
niches??, highlighting the importance of understanding site-specific metastasis. The
metastatic niche is unique to the site of recurrence, and is, in part, characterized by

deposition of distinct extracellular matrix proteins®>2%, infiltration of various immune
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cell populations®:2%52%3 and altered tissue homeostasis including dysregulated
production of numerous cytokines, chemokines, and growth factors®2194252.254 Thys, an
understanding of the tissue specific metastatic niche precedes an understanding of how to
target metastatic disease. However, robust models of liver metastasis are lacking. Further,
improved models of liver metastasis will be essential to identifying novel targets and

effective treatments for breast cancer patients with liver metastases.

Established Models to Study Breast Cancer Metastasis to the Liver

Currently available models to study breast cancer metastasis to the liver include human
cancer cell xenografts in immune compromised mice. These models typically use well-
studied human breast cancer cell lines such as MCF-7 and MDA-MB-231 and Nude,
Ragl”, or SCID immune compromised murine hosts?®>?%8, Xenograft models provide the
advantage of involving human derived cancer cell lines, however, given the recent
appreciation for immune cells in metastasis®®1">2%° and in therapeutic resistance?6°-26? the
study of metastasis in a fully immune competent host is paramount. Models to study
breast cancer metastasis to the liver in immune competent hosts include orthotopic
injection of syngeneic tumor cells (e.g. 4T1 and D2AL1 cell lines) into the mammary fat
pad, with or without surgical resection of the primary tumor, and subsequent assessment
of metastasis?3*23283, Of note, the rate of liver metastasis from orthotopic transplant
models is very low or non-existent compared to other metastatic sites such as lung264265,
or occurs after lung metastasis is established, complicating the study of liver-specific

metastasis23*264,
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Tumor explants from spontaneous genetically engineered breast cancer models can be re-
injected into the mammary fat pads of naive hosts as syngeneic tumor cells. For example,
it was recently reported that spontaneous tumors from K14<"*ECad"P53"" mice, which
model invasive lobular breast carcinoma, develop tumors when orthotopically injected
into wildtype hosts. Following surgical resection of these tumors once they reach 15
mm?, 18% of the mice progressed to liver metastasis?®®>2%, A third approach to model
liver metastasis utilizes spontaneous metastasis in genetically engineered mice. To date,
reports of spontaneous murine models of breast cancer metastasis that readily spread to
the liver are uncommon. Exceptions include the H19-1GF2, the p53™™® MMTV-Cre Wap-
Cre, and the K14°"*ECad"P53" genetically engineered mouse models, where liver
metastasis develops in a low percentage of mice?3>2%6-28 Thys, while genetically
engineered mouse models facilitate the study of all stages of the metastatic cascade,
providing powerful and clinically relevant models, they are limited due to low rates of

liver metastasis2®.

Several metastasis models bypass the initial steps of the metastatic cascade including
dissemination of tumor cells from the primary tumor and intravasation. These models
permit investigation into the later steps of the metastatic cascade, from extravasation to
establishment of tumors at secondary sites. The intracardiac injection model delivers
tumor cells into the left ventricle, which distributes tumor cells into the circulatory
system via the aorta. Intracardiac injection requires ultrasound guided imaging of the
injection site or other imaging modalities such as bioluminescence of luciferase tagged

cells to confirm successful injection. Tumor cell injection via the left ventricle may result
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in bone, brain, lung, and/or liver metastasis, amongst other organs?®%-2"3, Because of
multi-organ metastases, these mice frequently need to be euthanized prior to development
of overt liver metastasis, negating the ability to fully investigate metastatic growth within
the liver. An alternative approach that significantly minimizes the development of multi-
site metastasis is the intrasplenic injection model. Intrasplenic injection delivers tumor
cells via the splenic vein that joins with the superior mesenteric vein to become the portal
vein?™*27® Animals can be monitored for outgrowth of metastatic lesions in the liver
because formation of metastases at other sites is rare, and as a result, the animal’s overall
health is maintained?’*27, However, it is important to note that the intrasplenic model
requires splenectomy to avoid splenic tumors?’#27® a procedure that impacts immune
function. For example, myocardial ischemia reperfusion injury is characterized by
infiltration of Ly6C* monocyte subsets that originate from the spleen and are responsible
for phagocytic and proteolytic activity during the wound healing following
ischemia2’®2’" With splenectomy, there is an observed reduction in monocyte
populations that assist in wound healing?’’. Further, splenectomy has been shown to
reduce primary tumor growth and lung metastases in a non-small cell lung cancer model,
specifically through a reduction in the number of circulating and intra-tumor
CCR2'CD11b*Ly6C* monocytic myeloid cells?’®. Additionally, splenectomy following
intrasplenic injection of colon cancer cells resulted in reduced levels of anti-tumor natural
killer cells in mesenteric lymph nodes and elevated liver metastasis?’®. In sum, these
findings suggest that splenectomy compromises the immune system’s role with
subsequent consequences for metastatic cell fate. Finally, there is the intrahepatic

injection model, whereby tumor cells are injected directly into liver tissue following
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laparotomy and left lobe exposure. In our hands, this model resulted in 40% of injections
visibly leaking from the injection site into the surrounding peritoneal space at time of
injection (data not shown). Of the remaining mice, ~90% exhibited tumor growth at the
incision site in addition to liver and diaphragm involvement (data not shown). These pilot
studies suggested that intrahepatic injection resulted in tumor cell leakage into the
peritoneal cavity in most or all cases. It is important to point out that other groups have
had success with the intrahepatic injection model, in which post-injection pressure was

applied for 1 minute 2

Portal Vein Injection Model of Liver Metastasis

To investigate breast cancer metastasis to the liver in a fully immune competent host,
under conditions where mice are not compromised due to multi-organ metastases, a
portal vein injection model was developed. Intraportal injection models have been used
previously to study liver metastasis of colorectal?®:?%2 and melanoma®® cell lines; here we
describe application of the intraportal injection to model syngeneic mammary tumor cell
metastasis. This model can be used to study the later stages of the metastatic cascade
including breast cancer cell extravasation and seeding, tumor cell fate decisions regarding
death/proliferation/dormancy, and outgrowth into overt lesions. In this model, syngeneic
mammary tumor cell lines are injected via the portal vein of immune competent Balb/c
female mice, a method that delivers tumor cells firstly and directly to the liver without
removal of the spleen. To develop this model, the use of four mammary tumor cell lines
that range in their metastatic capability from low to high were employed: D2.0R, D2A1,

and 4T1, and have employed D2AL1 tagged with green fluorescent protein (D2A1-GFP)
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to investigate early time-points after tumor cell injection. 4T1 is a highly metastatic cell
line derived from the 410.4 tumor that spontaneously arose in an MMTV* Balb/c female
mouse?*+2%3 and metastasizes to lung, liver, brain, and bone from mammary fat pad
primary tumors?%4283.284 D2A1 tumor cells were also originally derived from a
spontaneous mammary tumor arising in a Balb/c host after transplant of D2 hyperplastic
alveolar nodule cells, and are confirmed to be metastatic from the primary tumor to the
lung?>288, D2.0R tumor cells are a non-metastatic sister line to the D2A1 line and,
although they escape the primary tumor and arrive at secondary sites, they rarely

establish distant metastases?'3286,

Additionally, it is important to avoid use of commonly employed pain management drugs
including non-steroidal anti-inflammatory drugs (NSAIDs) during or following the
surgical procedure. NSAIDs have anti-tumor activity in certain breast cancers*/:287-289,
and some classes of NSAIDs increase the risk of hepatotoxicity?**?%!, potentially
compromising the study of liver metastasis and the liver metastatic niche. Further, studies
suggest that NSAIDs directly influence the tissue microenvironment, reducing pro-
metastatic extracellular matrix proteins tenascin-C**3 and fibrillar collagen*"2%,
Alternatively, the use of an opioid derivative, buprenorphine, was used because of its
efficacy in rodent pain management®2 and due to the lack of evidence that opioids have
anti-tumor activity?®. This portal vein injection model was optimized for smaller
injection volumes of 5-10 pl to avoid unnecessary damage to the liver. The model was
also optimized to include needles with smaller diameter (>32 gauge) and use of

hemostatic gauze immediately following injection to minimize blood loss during the
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procedure. In contrast to these optimized injection parameters, cell numbers should be
determined on an individual basis, based on the tumorigenic potential of the cell line.
However, starting at <10,000 cells/injection for long-term studies is recommended. For
shorter endpoints (e.g. 24 hours post-injection) considerably more tumor cells (e.g.
1x10°-1x10°%) may be used if warranted. In summary, the portal vein injection model
detailed here represents a useful tool for the study of breast cancer metastasis to the liver
and circumvents a number of the limitations of other liver metastasis models. This model
facilitates study of tumor cell extravasation, seeding, early fate decisions of survival,
proliferation, and dormancy, and metastatic outgrowth in immune competent murine

hosts.

Protocol:

All animal procedures in this article were reviewed and approved by the Oregon Health

& Science University Institutional Animal Care and Use Committee.
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Table 2-1: Materials

IName of Material/ Equipment ICompany Catalog Number IComments/Description
1 ml Syringe w/ 26-gauge Needle BD Syringe 1309597 For subcutaneous buprenorphine injection; use caution, sharp
|Alcohol Prep Pads Fisher Scientific 06-669-62 [For cleaning of abdomen prior to surgical incision
14" x 4", use dipped in sterile saline to keep large and small intestines
|All Purpose Sponges, Sterile Kendall 8044 rotected and hydrated during surgery
Wrtificial Tears Rugby 1370114 Mineral oil 15%, white petrolatum 83%; use to protect eyes during surgery

ISodium Hypochlorite

[Use caution, corrosive; use at 10% to disinfect workspace and surfaces,
imultiple suppliers

Buprenorphine HCI, 0.3 mg/ml

IMfg. by Reckitt Benckiser

INDC-12496-0757-1

Use at 0.05 - 0.1 mg/kg body weight, 1-2x daily for 72 hours, injected
lsubcutaneously

Bupivacaine HCI, 0.5% (5 mg/ml)

IMfg. by Humira Inc

INDC-04091163-01

Use at 0.5%, 1x immediately after surgery, 10 ul injected subcutaneously at
incision site

ICut into 5mm? pieces, use to stop blood flow out of the portal vein with

ICelox™ Rapid Hemostatic Gauze Medtrade Products Ltd. FG08839011 ressure following injection
[Chemical Depilatory lUse to remove hair from surgical area; multiple suppliers

[Use caution, do not get chlorhexidine in mucous membranes or ears of the
[Chlorhexidine, 2% Solution Vet One 1CHL008 Imouse
[Cotton Tipped Applicators, Sterile Fisher Scientific 23-400-114 6" Wooden Shaft 2 pc/envelope

(Cell culture media base for use with D2A1, D2.0OR, and 4T1 mammary
DMEM, High-Glucose HyClone SH30243.01 tumor cell lines

[Use between surgeries to sterilize stainless steel tools, use caution,
Dry Glass Bead Sterilizer lextremely hot; multiple suppliers

Use caution flammable; use to clean surgical area as needed; multiple
Ethanol, 70% solution lsuppliers

(Cell culture media additive for use with D2A1, D2.0OR, and 4T1 mammary
Fetal Bovine Serum HyClone ISH30071.03 tumor cell lines, use at 10% in DMEM high glucose

[2" x 2", use dipped in chlorhexidine 2% solution for cleaning of abdomen
|Gauze, Sterile Kendall 2146 rior to surgical incision

(Cell culture media additive for use with D2A1, D2.OR, and 4T1 mammary
L-Glutamine 200 mM (100X) Gibco 25030-081 tumor cell lines, use at 2 mM (1x) in DMEM high glucose
Heating Pad, x2-3 Use to maintain body heat during surgery and recovery; multiple suppliers
Hemocytometer Hausser Scientific 1483 IFor use in cell culture to count cells
Hemostatic Forceps [Stainless steel. multiple suppliers
Insulin Syringe, 0.3 ml, 29-gauge BD 324702 [For bupivacaine injection at suture site; use caution, sharp
[Isoflurane Piramal NDC-66794-017-25 IAdministered at 2.5%
Isoflurane Vaporizer \VetEquip 911103 [Use caution, vaporizes anesthetic gases
Light Source Use for visualizing the surgical field; multiple suppliers

Use caution, toxic; use as a tissue fixative for metastasis endpoints and
Neutral buffered formalin, 10% Anatech Ltd. 135 lassesment of i ic burden by histology
[Operating Scissors IStainless steel: use caution, sharp; multiple suppliers

(Cell culture media additive for use with D2A1, D2.OR, and 4T1 mammary
Penicillin/Streptomycin, 100x ICorning 130-002-CI tumor cell lines, use at 1x in DMEM high glucose
Phosphate-buffered Saline Use at 1x for resuspending tumor cells prior to injection, multiple suppliers
Removable Needle Syringe, 25 ul, Model For portal vein injection; use caution, paricularly while working with tumor
1702 Hamilton 7654-01 lcell-loaded needles, sharp when needle is attached

For portal vein injection, 1" length, point style 4, 12°angle, 33- to 34-gauge

reusable needles can also be used; use caution, paricularly while working
ISmall Hub Removable Needles, 32-gauge  Hamilton 7803-04 \with tumor cell loaded needles. sharp
[Sterile Saline Fisher Scientific BP358-212 10.9% NaCl solution; alternatively, can be homemade and sterile filtered
ISurgical Gloves, Sterile IMultiple suppliers

14-0 27" coated vicryl w/ 22 mm 1/2c taper ethalloy needle; use caution,
ISutures, Sterile [Ethicon J310H |sharp
[Table Top Portable Anesthesia Machine \VetEquip 901801 [Use with isoflurane vaporizer for mouse anesthesia
[Thumb Dressing Forceps IStainless steel. multiple suppliers

18" x 26", to cover heating pad and provide a sterile workspace during
[Towel Drapes, Sterile Dynarex 4410 lsurgery
[Trypan Blue Life Technologies 110282 [For use in cell culture to assess viability, use 1:1 with cells in 1x PBS
[Trypsin/EDTA, 0.05% (1x) Gibco 25300-054 Use in cell culture to detach tumor cells from tissue culture plates
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1. Preparation of the surgical area and instruments

1.1) Prepare the scissors, forceps, and hemostat by autoclaving at 124 °C for 30 minutes,
1-2 days prior to the planned surgeries. Ensure access to autoclaved or sterile bedding,

cages, and food for post-surgical recovery.

1.2) Prepare an aseptic surgical area, preferably in a laminar flow hood.

1.2.1) Wipe down all surfaces of the surgical area with 10 % bleach, including the
heating pad, light source, anesthesia tubing and nose cone, and any other part of the
surgical suite that will be in close proximity to the surgical procedure while it is being

performed.

1.2.2) In the aseptic surgical area, place the cleaned heating pad with sterile drape, light
source, anesthesia tubing and nosecone, insulin syringes, 1 ml syringes, bupivacaine,
artificial tears, sterile saline, 2x2” sterile gauze sponges, 4x4” sterile gauze, hemostatic
gauze cut into 0.5-1 cm? pieces, scissors, forceps, hemostat, 4-0 vicryl sutures with taper

needle, and 50 ml 2% Chlorhexidine in an autoclaved container.

1.2.3) Ensure that there is room in this space for prepared tumor cells stored on ice.

1.2.4) On the bench adjacent to the surgical area, prepare the recovery area with a second

heating pad and clean cages with sterile bedding.
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NOTE: This area can also house items such as a bead sterilizer.

2. Portal vein injection

2.1) One-hour prior to the planned injections, treat Balb/c female mice aged 8-15 weeks

with 100 pl of 0.015 mg/ml buprenorphine, subcutaneously, for pain management.

NOTE: This injection protocol may be applied to any strain of female or male mouse at

any age, using the appropriate cell lines for changes to the strain.

2.2) Prepare the tumor cells for injection based on protocols for the cell line or tumor

explant of choice.

2.2.1) For syngeneic Balb/c tumor cell lines including D2A1, D2.0OR, and 4T1 tumor
cells, thaw cells into a 10 cm tissue culture plate 3 days prior to injection such that the

following day cells are at ~90-100% confluency.

2.2.2) 1 day following tumor cell thaw wash cells once with 1x phosphate buffered saline
(PBS) and trypsinize the confluent tumor cells using 2 ml of 0.05 % trypsin at 37 °C for 5
minutes. Add 8 ml of complete media (DMEM high glucose, 10 % fetal bovine serum, 2
mM L-glutamine, and 1x penicillin/streptomycin) and passage 1:10 into a fresh 10 cm

dish with 10 ml of complete media.
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2.2.3) On the day of the injections, wash cells once with 1x PBS and trypsinize as

described above.

2.2.4) Resuspend trypsinized cells in 8 ml of complete media, spin for 5 minutes at 1500

X g, remove the media and resuspend in 5 ml 1x PBS.

2.2.5) Count cells on a hemocytometer using trypan blue exclusion for viability
assessment. Resuspend cells for injection in 1x PBS at a pre-determined concentration

and volume.

NOTE: 5-10 ul is recommended as smaller injection volumes prevent unnecessary

damage to the liver.

2.2.6) Keep cells on ice for the duration of the injections. Following completion of
injections, return a sample of cells to the laboratory and place in culture in complete

media for 1 day to ensure viability.

2.3) Place the mouse under anesthesia with 2-2.5% isoflurane (2-chloro-2-
(difluoromethoxy)-1,1,1-trifluoro-ethane) delivered in oxygen. Maintain body
temperature using the heating pad. Ensure complete anesthetization by assessing for a

reaction to a toe pinch, and then maintain anesthesia at 2-2.5 % isoflurane.
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NOTE: It is important to monitor the animals breathing rate and adjust the isoflurane

flow-rate accordingly throughout the procedure.

2.4) Place a small amount of artificial tears or vet ointment over each eye to avoid

excessive drying of the eyes during the surgical procedure.

2.5) Place the mouse in a supine position, on its back with abdomen exposed.

2.6) Remove hair on the ventral left side of the rodent from the second rib space down to
the 4™ inguinal mammary gland nipple by wiping the area with chemical depilatory.
Allow the depilatory to sit for 1-2 minutes and then remove completely with gauze and
H20. This step can be done 1-2 days in advance to save time if numerous surgeries are

planned.

2.7) Take one 2x2” sterile gauze sponge (soaked in 2 % Chlorhexidine) and wipe down

the mouse at the site of hair removal. Sterilize the entire surrounding area, including the

tail, to minimize bacterial contamination of instruments.

2.8) Wipe the site of hair removal and surrounding area down with an alcohol prep pad.

2.9) Repeat 2 % Chlorhexidine and alcohol steps once more and finish with a final

Chlorhexidine wipe down for a total of three 2 % Chlorhexidine and two alcohol prep
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pad washes. Do the final Chlorhexidine wipe such that the chemical is not dripping

around the surgical site to avoid getting Chlorhexidine on internal organs.

NOTE: Application of large amounts of chlorhexidine and alcohol to the skin and
surrounding fur may result in a significant drop in body temperature. Do not wipe with

excess volume during steps 2.7-2.9. Maintain body temperature with a heating pad.

2.10) Using sterile gloves, autoclaved scalpel with sterile blade and autoclaved forceps,
or scalpel with sterile blade and forceps that have been bead sterilized between surgeries,
make a single 1-inch incision into the skin between the median and sagittal planes on the
left side of the mouse, starting above the plane of the fourth inguinal mammary gland teat

and ending just below the ribs.

2.11) Using autoclaved or bead sterilized scissors and forceps, make a similar 1-inch
incision into the peritoneum. Avoid cutting into the mammary fat pad and ensure not to

cut the intestines, liver, or diaphragm.

2.12) Place a 4x4” gauze pad soaked in sterile saline on the left side of the mouse, where
the incision was made, such that internal organs can be placed on the gauze and not come

into contact with the surrounding skin or surgical area.

2.13) Prepare tumor cells by pipetting up and down several times as tumor cells will

settle during preparation of the mouse. Prepare a 25 ul removable needle syringe and 32-
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gauge needle with tumor cells. Push on the syringe until tumor cells are at the tip of the
needle and the plunger is at the appropriate volume for injection; avoid injection of air

bubbles.

2.14) Wipe the outside of the needle with a sterile alcohol pad to remove any external

tumor cells. Use caution to avoid needle sticks.

2.15) Hold the median side of the incision, including skin and peritoneal lining, aside
with the forceps and use a sterile cotton swab to carefully pull the large and small
intestines out, placing them on the sterile gauze soaked in sterile saline. Pull out large and

small intestines until the portal vein is visualized.

2.16) Cover the internal organs in the saline soaked gauze to maintain internal moisture

and sterility.

2.17) Have an assistant, also wearing sterile gloves, hold the intestines wrapped in the
saline soaked gauze gently out of the way with a sterile cotton tipped swab to fully reveal
the portal vein. Additionally, it may be necessary to use the autoclaved hemostat or

forceps to hold tissue aside on the median side of the incision.

2.18) Insert the needle loaded with tumor cells ~3-5 mm into the portal vein ~10 mm
below the liver at an angle <5° to the vein, with bevel facing up. Slowly inject the full

volume containing tumor cells. Allow blood to flow past the needle head for several
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seconds to avoid back flow of tumor cells out of the vein. Minimize moving the needle in

the vein during the injection. Again, use caution to avoid needle sticks.

NOTE: Visualization of the portal vein is done without magnification, however a stereo

microscope may be used if preferred.

2.19) Remove the needle while simultaneously placing a sterile cotton tip applicator on

the vein with pressure. With the assistant still holding the intestines aside place one piece
of 0.5-1 cm? hemostatic gauze over the injection site on the vein. Hemostatic powder was
also attempted for this step in the protocol but was not effective in stopping venous blood

loss following injection.

2.20) Hold the hemostatic gauze at the injection site with pressure from a sterile cotton

tip applicator for 5 minutes.

2.21) Assess closure of the vein by carefully lifting the hemostatic gauze, if the gauze
sticks to the surrounding tissue, a small amount of sterile saline can be used to soak and

lift the gauze.

2.22) If blood loss occurs at this time, place an additional piece of hemostatic gauze at the

site with pressure for an additional 5 minutes. When blood flow has ceased completely,

remove the gauze from the mouse.
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NOTE: Blood loss during the surgical procedure must be carefully assessed and if the
total allowed blood loss volume is met or exceeded (based on regulatory standard
operating procedures for the investigator’s institutional review boards) the mouse must be

euthanized while under anesthesia by cardiac perfusion.

2.23) Once the injection site is deemed intact, with no blood leaving the injection site,

place the internal organs gently back into the abdominal cavity.

2.24) Suture the peritoneal lining and then the skin with sterile 4-0 vicryl suture and taper
needle using a simple continuous or interrupted suture pattern. Typically, closing the

incision requires 10-15 sutures.

2.25) Inject 100 pl of bupivacaine (5 mg/ml) along the incision site for local pain
management using an insulin syringe. Inject 0.5 ml of sterile saline subcutaneously using
a 1 ml syringe with 26-gauge needle for hydration. Surgeries take 15-25 minutes to

complete.

2.26) To maintain sterile conditions throughout the surgery ensure that all tools and
materials coming into contact with the mouse, including gloved hands, are cleaned
appropriately prior to contact. Where possible use sterile materials and gloves, or

minimally utilize a 70% Ethanol solution or 10% bleach solution to clean.
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2.27) If multiple surgeries are planned for a single session remake the initial surgical area
with fresh sterile drape, insulin syringes, 1 ml syringes, sterile saline, 2x2” sterile gauze
sponges, 4x4” sterile gauze, hemostatic gauze cut into 0.5-1 cm? pieces, 4-0 vicryl
sutures with taper needle, and 2% Chlorhexidine. Bead-sterilize the scissors, forceps, and

hemostat in between surgeries and allow to adequately cool prior to re-use.

3. Recovery, monitoring rodent health, and end-point analyses

3.1) After the surgical procedure is complete, maintain mice on a heating pad for
recovery in bedding-free, clean cages for a minimum of 20 minutes. Mice typically take

2-4 minutes to wake up from anesthesia.

3.2) Do not return an animal that has undergone surgery to co-habitation with other
animals until it has fully recovered from anesthesia. Do not leave an animal unattended
while it is regaining consciousness and monitor until the animal has regained the ability

to maintain itself in sternal recumbency.

3.3) Give mice 0.05-0.1 mg/kg buprenorphine for pain management every 6-12 hours

following surgery, for up to 72 hours.

3.4) Check sutures daily to ensure they remain intact during healing. In the case that

sutures come undone, place the mouse under anesthesia, remove remaining sutures, and
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replace. In the case of infection or inflammation consult veterinarian staff. Infection or

inflammation have not been encountered with this protocol.

3.5) For metastasis studies, perform daily health checks until outward signs of metastatic
disease are observed including, but not limited to: >10% weight loss/gain, scruffiness,
loss of attention to surroundings, abdominal edema/ascites, pale eyes and ears, or a

hunched position.

NOTE: Daily health checks are particularly important when developing the model for use
with a new cell line or cell concentration until the timeline of metastasis is well

understood.

3.6) At study end-point, euthanize mice by CO2 inhalation followed by cervical

dislocation.

NOTE: Alternative methods of euthanasia approved by the investigators’ oversight
committee may be used, including perfusion with 1x PBS while under anesthesia.
Perfusion of the liver is performed by cannulating the portal vein, snipping the inferior
vena cava, and pushing 1x PBS through the liver vasculature at a rate of 4 ml/min for 1-2

minutes to remove circulating blood and leukocytes.

NOTE: Depending on the endpoint for the study, the cell line, and the concentration used,

overt liver metastasis may or may not be apparent at necropsy. Micrometastatic lesions
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may be revealed with histological analysis of the liver. Endpoints will vary based on the

study design.

3.7) Extract the liver with scissors and forceps by first removing the gallbladder, then cut
through the inferior vena cava superior to the liver. Cut through the vena cava, portal

vein, and hepatic artery inferior to the liver.

3.8) Remove the whole liver gently and wash 5x in 1x PBS.

3.9) Separate the liver into left, right, median, and caudate lobes.

3.10) Formalin fix liver in 10% neutral buffered formalin for 48 hours while shaking at

room temperature. Process tissues through a series of alcohols in increasing concentration

and xylene; paraffin embed the fixed tissue?%*.

NOTE: Alternatively, the liver may be snap-frozen by placing tissue in a cryomold with

optimum cutting temperature (OCT) formula and freezing on dry ice pellets submerged in

95% ethanol.

3.10.1) Using a microtome, cut into the paraffin embedded tissue block such that a

match-head size of tissue is revealed.

3.10.2) Cut five 4-micron serial sections, this constitutes the first level for analysis.
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3.10.3) Cut through 250 microns of tissue, throw these sections in the waste.

3.10.4) At 250 microns cut a second level of five 4-micron serial sections.

3.10.5) Repeat as necessary to section through the entire liver. Hematoxylin and eosin

stain the first section of every level to assess for metastasis®®.

NOTE: For snap-frozen tissue use a cryostat to cut sections.

NOTE: Detection of micrometastatic disease will require tumor cell specific staining.

3.11) Remove mice from study if there is tumor growth at the incision site, as this

indicates tumor cell leakage into the peritoneal cavity following injection.

NOTE: This problem has not been observed.

Representative results

The portal vein injection model, in which tumor cells are delivered directly to the liver
via a surgical procedure, allows for tumor cell injection into the portal vein. Under
antiseptic conditions, in an anesthetized mouse, a ~1-inch surgical incision is made on the
left side of the mouse between the median and sagittal planes, starting just above the

plane of the fourth inguinal mammary gland teat and ending just below the ribs. The large
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and small intestines are gently pulled through the incision to provide visualization of the
portal vein (Fig.2-1A). Accurate anatomical identification of the portal vein and
successful intra-portal injection can be confirmed by practicing the injection protocol
with India ink or a similar dye. Correct injection via the portal vein will result in the ink
being delivered immediately and specifically to the liver, and will not result in India ink
spread to the lung (Fig.2-1B). Further, using D2A1 mouse mammary tumor cells tagged
with GFP, dispersal of tumor cells throughout the liver is apparent at ninety minutes post-
injection, confirming portal vein injection delivery to the liver (Fig.2-1C). At higher
magnification it becomes apparent that at 90 minutes post-injection, tumor cells are found
within sinusoids, as well as within the liver parenchyma in close proximity to portal
triads, where the portal vein blood enters the liver (Fig.2-1C). These data suggest that
active tumor cell extravasation is occurring at 90 minutes post-tumor cell injection.
Taken together, these data confirm that the portal vein injection model delivers the
injection volume directly to the liver, with ink or tumor cells dispersed throughout the

liver and no appreciable transport of injection volume to the lung.
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Figure 2-1: Portal vein injection delivers tumor cells directly to the liver

(A) Portal vein injection; the incision is made between the median and left sagittal planes,
from above the plane of the fourth inguinal mammary gland teat and ending just below
the rib cage. (B) Balb/c liver with PBS injection (left). Following India ink injection via
the portal vein, the liver (middle) but not the lung (right) takes up ink. (C) Representative
thin section images of D2A1 mouse mammary tumor cells tagged with GFP in a Balb/c
mouse liver at 90 minutes post-injection of 1x10° tumor cells via the portal vein. Livers
were formalin fixed, paraffin embedded, sectioned, and stained with anti-GFP antibody
for tumor cell detection. Top panel shows dark brown stained tumor cells (arrows)
dispersed throughout the liver, asterisk denotes non-specific hepatocyte staining around
central veins; scale bar=300 pum. Lower panels show representative images of tumor cells
at 90 minutes post-injection still closely associated with vasculature; scale bar=50 pum.
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To assess robustness of the portal vein injection model, three separate syngeneic mouse
mammary tumor cell lines were tested in adult female Balb/c mice. These mammary
tumor lines were selected based on their characterized behavior in mammary fat pad
models and include the highly aggressive and metastatic 4T1 cell line, the less aggressive
metastatic D2AL1 line, and the low/non-metastatic D2.OR ling#?213234.2% 2 000 and
10,000 cells per injection were tested with no notable differences in the time to
development of overt metastasis with these low cell concentrations. For these studies
surrogate markers of metastasis were used such as lack of grooming, pallor, and weight
loss to justify necropsy, upon which the presence or absence of liver metastases were
confirmed by visual assessment of the liver and other organs to confirm intra-portal
delivery. These data confirm previous reports that the 4T1 and D2AL1 cell lines represent
more aggressive mammary tumor lines, as shorter metastasis free survival rates are
observed compared to mice injected with the less aggressive D2.0R line (Fig.2-2A).
Mice injected with 4T1 or D2A1 tumor cells developed overt liver metastasis by ~30-40
days post-injection, and some developed metastasis as early as 18 days post-injection
(Fig.2-2A), whereas only one mouse injected with D2.0OR cells had developed overt liver
metastasis by study end, which was 60-65 days post-tumor cell injection. Metastases
were subsequently confirmed by sectioning through the liver in 250 um levels and

analyzing hematoxylin and eosin (H&E) stained sections (Fig.2-2B-D).
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Figure 2-2: Outgrowth of mouse mammary tumor cell lines in the liver following
portal vein injection

(A) Kaplan-Meier curve showing metastasis-free survival rates in mice injected with
2,000-10,000 4T1, D2A1, or D2.OR mouse mammary tumor cells. Mice were injected
with tumor cells and monitored for signs of metastasis including lack of grooming, pale
eyes, and weight changes. Metastasis was confirmed at time of necropsy and by H&E on
histological sections of the livers. N=2 4T1 2,000 cells; 2 4T1 10,000 cells. N=2 D2A1
2,000 cells; 3 D2A1 10,000 cells. N=3 D2.0R 2,000 cells; 3 D2.0R 10,000 cells.
Representative H&E images of (B) 4T1 lesions at 21 days post-injection of 10,000 cells
(C) D2AL1 lesions at 26 days post-injection of 10,000 tumor cells, and (D) D2.0R lesions
at 59 days post-injection of 10,000 cells; scale bars=75 um. Similar lesions are observed
when 2,000 4T1 or D2A1 tumor cells were injected. No lesions were detected with 2,000
D2.0R cells. No evidence of metastasis in other organs or at the surgical incision site was
apparent in any mouse on these studies.
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In addition to detection of overt metastatic lesions in the mouse liver, the portal vein
model can also be utilized to study earlier events in the metastatic cascade including
detection of single cells/cell clusters following extravasation, and formation of micro-
metastatic lesions. Multiplex immunofluorescence-staining was used to detect 4T1,
D2A1, and D2.OR mammary tumor cells in liver when they are present as single cells or
micro-metastatic lesions, as H&E is not sufficient to confirm the presence of small
lesions. Figure 2-3A shows a representative Balb/c mouse liver with a putative
micrometastatic foci of D2A1 tumor cells that are positive for the epithelial keratin
CK18, negative for the pan-immune marker CD45, and negative for the hepatocyte
marker Heppar-1. Hepatocytes also stain positive for CK18, necessitating use of Heppar-
1 in this staining panel. One important note is that bile duct epithelium and liver
progenitor cells stain positive for CK18, requiring careful discrimination between tumor
cells and bile ducts, particularly when assessing periportal regions (Fig.2-3A). An
alternative to multiplex immunofluorescence to identify single disseminated cells and
micrometastatic foci is to utilize syngeneic mammary tumor lines tagged with enhanced
green fluorescent protein (eGFP) and/or luciferase and perform IHC for the tag (Fig.2-
1C). Due to the immunogenicity of eGFP, luciferase, and other proteins, it is essential to
use mouse models that are tolerized to these proteins, such as the novel immune
competent “glowing head” mouse that expresses eGFP and luciferase in the anterior
pituitary gland®’. For identification of macrometastatic lesions of untagged syngeneic
lines such as the D2A1 tumor line, the CK18/Heppar-1/CD45 multiplex

immunofluorescence is ideal (Fig.2-3B).
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Figure 2-3: Detection of single cells and metastatic lesions in the mouse liver using
multiplex immunofluorescence

CK18

(A) Representative multiplex immunofluorescence of D2A1 tumor cells in a Balb/c
mouse liver at 90 minutes post-injection using the portal vein injection model. Staining
was done using a multiplex kit. From left to right shows DAPI; CD45 to mark
leukocytes; Heppar-1 to mark hepatocytes; and CK18 to mark tumor cells, hepatocytes,
and bile duct epithelium. Merged image shows a putative cluster of CK18*"Heppar-1-
CD45 D2A1 tumor cells closely associated with a portal triad. Arrow=D2A1 tumor cells,
asterisk=bile duct epithelium; scale bar=25 um. (B) A representative overt D2A1
metastatic lesion using the same staining panel as in A. Tumor cells are CK18* whereas
adjacent hepatocytes are CK18"Heppar-1"; scale bar=25 um. Images were captured on a
microscope with 20x0.8, 40x1.3, and 60x1.4 objectives and CCD camera, using the
microscope software.
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Discussion

The Balb/c mouse portal vein injection model permits the study of mammary cancer
lesions in the liver in the absence of confounding multi-organ metastasis and in a fully
immune competent host. Our protocol is an advancement of previously published surgical
procedures that permit access to the portal vein for injection of tumor cells directly into
the liver®0281.282 One advancement we have made is to significantly reduce the number of
injected tumor cells from >1x10° cells/injection>*281:282 down to <10,000 tumor
cells/injection. We have also expanded the model for the study of breast cancer
metastasis to the liver. Using this protocol, two mammary cancer cell lines with known
metastatic potential develop liver metastases with shorter latency than a more quiescent
mammary tumor cell line. Further, at early time points, tumor cells are distributed
throughout the liver parenchyma as single or small groups of single cells after tumor cell
injection. The model is poised to address questions of metastatic efficiency including
tumor cell extravasation, cell survival, dormancy, and proliferation - all phenotypes that
contribute to the development of micro-metastatic and overt metastatic disease in the

liver.

It is important to consider numerous aspects of the portal vein injection protocol prior to
initiating studies. Carefully deciding on cell lines, cell concentration, total cell number,
and end-points of interest based on smaller exploratory studies is highly recommended.
Further, the use of immune competent hosts and syngeneic cell lines is of utmost
importance for understanding host-tumor cell interactions. The newly developed

“glowing head” mouse that expresses eGFP and luciferase from the anterior pituitary
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gland is an important tool for eliminating host responses to exogenous eGFP and
luciferase, proteins often used to tag mammary tumor lines?®’. Use of the “glowing head”
mouse and syngeneic tagged tumor cells will facilitate easy identification of single
disseminated cells and micrometastatic foci by IHC without the concern of inflammatory
responses to eGFP or luciferase. Similarly, choosing pain management strategies
carefully to ensure minimal anti- or pro-tumor impact from the drug treatment regimen is
strongly recommended. Critical steps in this protocol include maintaining sterile
conditions throughout surgeries to ensure that infection does not occur, as this will
confound any results. It is also important that the needle is properly placed in the portal
vein to ensure that tumor cells are delivered to the liver. Practicing the protocol with dyes
such as India ink will help with this issue. Tumor growth at the skin incision site is the
best indicator that improper needle placement occurred. Finally, it is critical that blood
loss from the portal vein is adequately controlled and ceases entirely prior to suturing the
animal. The use of hemostatic gauze greatly diminishes the risk of uncontrolled blood
loss from the portal vein following injection. In our hands, procedural related mortality
due to blood loss from the portal vein following injection was reduced from 30% to 2%

of mice with the use of hemostatic gauze.

It is important to note that the portal vein injection model does not replicate the full
metastatic cascade, but is limited to the study of tumor cell extravasation, tumor cell-
niche interactions following extravasation and tumor growth. Models that accurately
replicate the full metastatic cascade to the liver, such as occurs in patients, are urgently

needed. An additional limitation of the portal vein injection model is that it is confounded
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by the impact of surgery on the host, with wound healing known to impact disease

progression?%8:29,

The portal vein injection model represents an improvement on other injection models to
study liver metastasis, including intracardiac and intrasplenic models. Specifically, the
portal vein injection model allows for the study of a larger range of disease progression
than the intracardiac model, which is often limited by concomitant metastases in other
tissues. Further, the portal vein model is not complicated by removal of the spleen, as is

done in the intrasplenic model.

The portal vein injection model may prove a useful tool for the study of liver metastasis
in general. Liver metastasis is the most frequent site of metastasis in adenocarcinomas
overall, with particularly high rates in pancreatic cancers (85% of metastases are to the
liver), colon and rectal adenocarcinomas (>70%), as well as stomach and esophageal
(>30%)2%. Although spontaneous and orthotopic primary tumor models of pancreatic and
colon adenocarcinomas more readily metastasize to the liver®®-3%, the portal vein
injection model may prove useful to understanding the metastatic process of these
cancers as controlled delivery of tumor cells permits biochemical, molecular and
histological assessments at specified times after tumor cell arrival. In summary, the portal
vein injection model represents an important improvement on available liver metastasis
models of breast cancer, and may also be applicable to the liver metastasis field in

general.
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Abstract

Postpartum breast cancer patients are at increased risk for metastasis compared to age-
matched nulliparous or pregnant patients. Here, we address whether circulating tumor
cells have a metastatic advantage in the postpartum host and find the post-lactation rodent
liver preferentially supports metastasis. Upon weaning, we observed liver weight loss,
hepatocyte apoptosis, ECM remodeling including deposition of collagen and tenascin-C,
and myeloid cell influx, data consistent with weaning-induced liver involution and
establishment of a pro-metastatic microenvironment. Using intracardiac and intraportal
metastasis models, we observed increased liver metastasis in post-weaning Balb/c mice
compared to nulliparous controls. Human relevance is suggested by a ~3-fold increase in
liver metastasis in postpartum breast cancer patients (n=564) and by liver-specific
tropism (n=117). In sum, our data reveal a previously unknown biology of the rodent
liver, weaning-induced liver involution, which may provide insight into the increased

liver metastasis and poor prognosis of women diagnosed with postpartum breast cancer.

Statement of Significance

We find that postpartum breast cancer patients are at elevated risk for liver metastasis.
We identify a previously unrecognized biology, namely weaning-induced liver involution
that establishes a pro-metastatic microenvironment, and which may account in part, for

the poor prognosis of postpartum breast cancer patients.
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Introduction

Breast cancers diagnosed within 5 years of childbirth impart a ~3 fold increased risk for
metastasis compared to breast cancers diagnosed in age-matched nulliparous or pregnant
women®10, Increased metastasis has been found to be independent of tumor ER, PR, or
Her-2 expression, or tumor stage®, implicating a host biology specific to the postpartum
period. In rodents, the postpartum event of weaning-induced mammary gland involution
promotes early stages of breast cancer metastasis, including tumor cell escape from the
mammary gland*>#"4%, However, late stages of the metastatic cascade are rate limiting,
including survival at secondary sites®®, and highlight the critical role of the ‘soil” in
determining fate of the metastatic ‘seed’. For example, in experimental metastasis
models, tumor cells extravasate into secondary tissues at high rates but subsequently die
off or fail to efficiently establish overt metastatic lesions®°. Pro-metastatic
microenvironments can shift this bottleneck such that tumor cells are more likely to
successfully establish metastatic lesions®21972% Here, we tested whether breast cancer
cells have a metastatic advantage at secondary sites in the postpartum host. Rationale for
this hypothesis is based upon the assumption that organs with increased metabolic output
during pregnancy and lactation, such as the liver, might undergo postpartum involution to
return the organ to its baseline metabolic state. This tissue involution process is
anticipated to enhance metastasis, as physiologic tissue involution is mediated by wound
healing-like programs known to support tumor growth*>*’. Here, using rodent models, we
report that pup weaning induces maternal liver involution characterized by hepatocyte
cell death and stromal remodeling consistent with establishment of a pro-metastatic

microenvironment. Experimental metastasis models demonstrate increased liver
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metastasis in post-weaning mice compared to nulliparous hosts. Potential human
significance is suggested by a preferential increase in liver metastasis in postpartum
patients compared to nulliparous controls. In summary, our studies identify a heretofore-
unrecognized biology of the rodent liver, weaning-induced liver involution, a tissue
remodeling process that establishes a pro-metastatic microenvironment. These findings
address the role of normal physiology on metastatic niche education in the absence of a
primary tumor, and provide a novel mechanism that may explain poor outcomes of

postpartum breast cancer patients.

Materials and Methods

Postpartum rodent models

The UC-AMC and OHSU Institutional Animal Care and Use Committees approved
animal procedures. Age-matched female Sprague-Dawley rats (Harlan, Indianapolis, IN)
and Balb/c mice (Jackson Laboratories, Bar Harbor, ME) were housed and bred as
described*?°. For tissue collection, rodents were euthanized across groups either by CO;
asphyxiation or while under anesthesia by exsanguination via portal vein perfusion with
PBS. Whole livers and/or lungs were removed, washed 3x in 1x PBS, and weighed.
Median and right liver lobes were digested for flow cytometry analyses, left lobes were
fixed in 10% neutral buffered formalin (Anatech Itd., Battle Creek, MI), and caudate

lobes were flash frozen on liquid nitrogen for protein and RNA extraction.

Cell culture
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4T1 cells, provided by Dr. Heide Ford in 2011 (University of Colorado, Aurora, CO),
were cultured as described?®. D2A1 cells were a gift from Dr. Ann Chambers in 2011
(London Health Sciences Centre, London, Ontario) and were cultured as described?%®.
Cells were washed and resuspended in cold 1x PBS (Corning) for intracardiac and portal
vein injections. 4T1 and D2A1 cells were confirmed murine pathogen and mycoplasma
free, last testing date of 3/28/2011 (IDEXX BioResearch, Columbia, MO). Cell lines
have not been authenticated. All cells used in the described experiments were within 2-5

passages of the tested lot.

Intracardiac model of metastasis

Anesthetized mice (2% isoflurane) with thoracic cavity hair removed with chemical
depilatory were imaged using a Vevo 770 High-Resolution In Vivo Micro-Imaging
System (Visual Sonics, Toronto, ON, Canada) and a 35 MHz mechanical transducer.
5,000 4T1 isogenic mammary tumor cells/100 pl PBS were loaded in a 1 ml syringe with
a 30-gauge 1” needle and the needle tip rinsed with sterile saline to remove external
tumor cells. Under ultrasound image guidance, the needle was placed into the left
ventricle, tumor cells injected, and needle held within the heart for 4-6 seconds to ensure
tumor cells entered the circulation. Nulliparous and involution day 2 mice were
alternately injected. Mice were weighed daily and euthanized in a rolling study design, in
pairs, one/group, upon weight loss (10-15% of body weight). All mice were euthanized
16-24 days post-injection (Nullip, n=24; Inv2, n=25). Presence of 4T1 tumor cells in
liver, lung, bone, and brain was determined using clonogenic assays?®4. Mice were

excluded if thoracic tumors were evident.
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Intraportal injection model of metastasis

Mice were anesthetized, abdominal hair removed, and 5,000 D2A1 isogenic mammary
tumor cells/10 pl PBS injected into the portal vein as described?®. Mice were euthanized
at 5 weeks post-injection (Nullip, n=18; Inv2, n=17; R, n=8) and visible liver metastasis
assessed at necropsy. Five mice had equivocal liver lesions <3 mm in diameter that were
subsequently assessed by histological evaluation of H&E thin sections by a Pathologist
blinded to group. Of these mice, four had overt metastasis. Data are presented as the

percentage of mice in each group with liver metastasis.

Flow cytometry

For initial flow cytometric analyses, individual mouse livers were digested in 1 mg/ml
collagenase | and 0.5 mg/ml hyaluronidase for 30 min shaking at 37°C, and filtered
through a 100 p filter (BD Biosciences). Red blood cells were lysed using 1x RBC lysis
buffer (eBioscience, San Diego, CA). Samples were washed 3x with 1x PBS and counted
in trypan blue using a Cellometer T4 Plus Cell Counter (Nexcelom Bioscience,
Lawrence, MA). 1x10° cells per sample were blocked with CD16/32 (eBioscience, 1:100)
for 30 min and cell surface markers were stained (CD45, 30-F11; CD11b, M1/70; F4/80,
CI:A3-1; Ly6C, HK1.4; Ly6G, 1A8) for 35 min at 4°C in 100 pl FACS buffer and fixed
with fixation buffer (BD Biosciences) for 30 min. Samples were analyzed on a Gallios
561 flow cytometer (Beckman Coulter, Indianapolis, IN; University of Colorado Flow
Cytometry Core) and data analysis was done using Kaluza v1.2 software (Beckman

Coulter). Single-color controls were used with each run and fluorescence-minus-one and
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isotype controls were used to confirm CD11b*, F4/80", Ly6C", and Ly6G™ populations.
Secondary analyses (Supplementary Fig.3-5) were performed after portal vein perfusion
of livers with 1x PBS, and Fixable live-dead Aqua (Invitrogen, Thermo Fisher, San Jose,
CA; 1:250) was included with the CD16/32 block. This analysis was performed on an
LSRFortessa (BD Biosciences; Oregon Health and Science University Flow Cytometry
Shared Resource) and analysis was performed using FlowJo (FlowJo, LLC Data Analysis

Software, Ashland, OR).

Metabolomics

For metabolomics, mass spectrometry was performed on n=4 Inv4, Inv10; n=5 L, Inv2,
Inv6; n=6 N, Inv8, R rats/grp. For mouse liver metabolomics, mass spectrometry was
performed on n=6 N, L, Inv2, Inv4, Inv6; n=5 R; n=4 Inv8 mice/grp. Pulverized rat or
mouse liver tissues were suspended at 10 mg/ml in ice-cold lysis/extraction buffer
(methanol:acetonitrile:water, 5:3:2), vortexed for 30 min at 4°C, and centrifuged at
10,000g for 15 min at 4°C. For LC-MS analysis, 10 ul of samples were injected into a
UHPLC system (Ultimate 3000, Thermo Fisher) and run on a Kinetex XB-C18 column
(2.1 x 150 mm i.d., 1.7 um particle size, Phenomenex, Torrance, CA) using a 3 min
isocratic run at 250 pl/min (mobile phase: 5% acetonitrile, 95% 18 mQ H20, 0.1%
formic acid). The UHPLC system was coupled online to a Q Exactive mass spectrometer
(Thermo Fisher), scanning in Full MS mode (2 pscans) at 70,000 resolution in the 60-900
m/z range, 4 KV spray voltage, 15 sheath gas and 5 auxiliary gas, operated in negative
and then positive ion mode (separate runs). Calibration was performed before each

analysis using positive and negative ion mode calibration mixes (Pierce, Thermo Fisher,
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Rockford, IL) to ensure sub ppm error of the intact mass. Metabolite assignments were
performed using the software Maven®® (Princeton, NJ), upon conversion of .raw files
into . mzXML format through MassMatrix (Cleveland, OH). The software allows for peak
picking, feature detection and metabolite assignment against the KEGG pathway
database. Assignments were further confirmed using chemical formula determination
from isotopic patterns and accurate intact mass, and by matching retention times to an in-
house library that contains 650+ metabolites (Sigma-Aldrich, St. Louis, MO, USA,;
IROATech, Bolton, MA, USA). Relative quantitation was performed by exporting
integrated peak area values into Excel (Microsoft, Redmond, CA) for statistical analysis,
including hierarchical clustering analysis (GENE-E; Broad Institute, Cambridge, MA).
The metabolomics data reported in this paper are tabulated in the supplementary
materials and archived at The Metabolomics Consortium Data Repository and
Coordinating Center (DRCC) (Project ID PR000382: Rat metabolomics study ST000509,

mouse metabolomics study ST000510).

Proteomics

For rat liver proteomics, mass spectrometry was performed on n=4 Inv4, Inv10; n=5 L,
Inv2, Inv6; n=6 N, Inv8, R rats/grp. Approximately 50 mgs of flash frozen, pulverized
liver tissue was processed as described®* 3%, The endogenous protein concentration of
each sample was determined by Bradford assay, prior to proteolytic digestion. Samples
were digested using the FASP protocol®®. Briefly, 37.5 pg of each sample was added to a
10 kD molecular weight cut-off filter. 500 fmols of 13C¢ labeled ECM associated

QconCAT standards®® were spiked into each sample. Samples were analyzed on the
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QTRAP 5500 triple quadrupole mass spectrometer (AB SCIEX, Framingham, MA)
coupled with an UHPLC system (Ultimate 3000, Thermo Fisher). A targeted, scheduled
Selected Reaction Monitoring (SRM) approach was performed using the QTRAP 5500.
16 ul of each sample was injected and directly loaded onto a Waters UPLC column
(ACQUITY UPLC® BEH C18, 1.7 um 150x1 mm) with 5% ACN, 0.1% FA at 30
pl/min for 3 min. A gradient of 2-28% ACN was run for 21 min to differentially elute
QconCAT peptides. The mass spectrometer was run in positive ion mode with the
following settings: a source temperature of 200°C, spray voltage of 5300V, curtain gas of
20 psi, and a source gas of 35 psi (nitrogen gas). Transition selection and corresponding
elution time, declustering potential, and collision energies were specifically optimized for
each peptide of interest using Skyline’s step-wise methods set up®®. Method building and
acquisition were performed using the instrument supplied Analyst Software (Version

15.2).

Statistical analysis of rodent studies

All rodent data are from 2 independent breeding studies, with 4-25 animals per group,
with the exception of immunoblots and zymogens, which were performed on pooled
lysates with 4 samples/grp run as n=4-5 technical replicates. For intracardiac injection
studies, one-tailed Chi-squared test was used to compare liver metastasis across groups
based on pre-existing hypotheses; two-tailed Chi-squared test was used to compare lung,
bone, and brain metastasis. For portal vein injection studies two-sided Fisher’s exact test
was used to compare frequency of liver metastasis across groups, student’s t-test was

used to compare number of lesions, lesion area, and tumor burden across groups.
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Statistical analyses were performed using GraphPad Prism 6 (La Jolla, CA). All data are

presented with mean and standard error of the mean (SEM), where applicable.

Statistical analysis of patient cohorts

The Colorado and OHSU Institutional Review Boards approved all human studies. All
studies were conducted in accordance with the Declaration of Helsinki. Human subjects
were enrolled via prospective trials where informed consent was obtained. UC cases
before 2004 were obtained via consent and/or HIPAA exempt approved retrospective
protocol. Cohort demographic, clinical, and treatment data are summarized in
Supplementary tables 4 and 5, data analyses are summarized in Supplementary table 6.
Two young women'’s breast cancer cohorts were analyzed, a UC cohort including all
patients (<45 y.o.) and a UC/DFCI (DFCI, <40 y.o.) cohort including only patients with
metastatic recurrence. For analysis of the UC cohort (n=564) patients were defined as
nulliparous if they had no evidence of complete or incomplete pregnancy, and as
postpartum if they were diagnosed <5 or 5-<10 years after their last completed
pregnancy. We excluded cases with incomplete parity data, if pregnant, or >10 years
postpartum at time of diagnosis. Multivariate logistic regression was used to assess the
effect of parity status on liver metastasis while adjusting for biologic subtype, age of the
patient at diagnosis, and year of diagnosis. Patients in the subset analysis that included
only metastatic patients (n=117) were excluded if site of first metastatic recurrence was
unknown, or if diagnosed with multi-site metastatic disease upon initial recurrence, to
limit analysis to first site of metastasis. In this subset analysis, the association between

liver metastasis and parity status was assessed using one-sided (increased metastasis in
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the postpartum group was predicted) as well as a two-sided Fisher’s exact test; with
significance (p=0.04; one-sided) or a trend towards significance (p=0.058; two-sided)
demonstrated, respectfully. The association between lung, bone, and brain metastasis and
parity status was assessed using two-sided Fisher’s exact test because we did not have a

pre-existing hypothesis.

Supplementary Methods

Immunohistochemistry

Immunohistochemical (IHC) detection was performed with a Dako autostainer universal
staining system using Dako reagents unless otherwise noted. Antigen retrieval for Ki67,
CD68, F4/80, Ly6C, and CD45 IHC was TRS (5 min, 95°C), Ly6G was EDTA, and
tenascin-C was proteinase K (4 min, RT). Antibodies to Ki67 (SP6; 1:400), CD68 (ED1,;
1:100), F4/80 (CIl:A3-1; 1:100), tenascin-C (Ab19011; EMD Millipore-Merck,
Darmstadt, Germany; 1:100 rat or 1:35 mouse), Ly6C (ER-MP20; 1:100), Ly6G (1AS;
1:2000) and CD45 (30-F11; 1:1000) were incubated on slides at RT for 1 hr. Secondary
antibody incubations for Ki67, tenascin-C (Dako EnVision+ Rabbit), CD68 (Biocare,
Concord, CA; Mouse-on-Rat HRP-Polymer), F4/80, Ly6C, Ly6G and CD45 (Biocare,
Rat-on-Mouse HRP-Polymer) were all for 30 min at RT. Dako chromagen buffer
substrate with hematoxylin counter stain was used to visualize positive stain. Stained
slides were scanned on an Aperio ScanScope AT and image analysis and quantification
was performed using Aperio ImageScope software (Leica Biosystems, Nussloch,
Germany). For tenascin-C, CD68, F4/80, Ly6C, and Ly6G analysis IHC signal was

normalized to area. Tenascin-C knockout mouse (C57BI/6N-TgH) tissue was a gift from
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Dr. Ana Coito (UCLA, CA). Image analyses were done using Aperio algorithms (Leica
Biosystems) unless otherwise specified, and image analyses were performed by an
investigator blinded to study design with results confirmed by an independent

investigator.

Immunofluorescence

Primary antibody incubation for Ki67 (1:400), CK18 (Ab53118; Abcam 1:100) and
Heppar-1 (OCH1ES5; 1:50), was performed for 1 hr at RT. Tissues were incubated with
fluorochrome conjugated secondary antibodies (goat anti-rabbit Alexa Fluor 488 or 594
and goat anti-mouse Alexa Fluor 594 or 488; Invitrogen, Thermo Fisher) for 30 min in
the dark at RT. Prolong Gold Anti-Fade with DAPI (Invitrogen, Thermo Fisher) was used
to mount coverslips. For multiplex staining of Ly6C, Ly6G, F4/80, Heppar-1, CK18,
and/or CDA45, the Opal™ 4-color IHC kit (Perkin Elmer, Inc., Waltham, MA) was used
according to the manufacturer’s recommendations. The first antigen retrieval was TRS or
EDTA, with all subsequent retrieval steps with Citra (BioGenex, Fremont, CA). Ly6C
(1:100, 1 h), F4/80 (1:200, overnight at 4°C) and Ly6G (1:2000, 1 h) were stained for in
this order, all received Histofine anti-rat secondary (Nichirei Biosciences, Inc., TsuKiji,
Chuo-ku, Tokyo, Japan) for 30 min. Heppar-1 (1:50, 1h) and CK18 (1:100, 1 h) were
stained for in this order and were incubated with secondary Goat anti-mouse (Thermo
Scientific, 1:1000) and Histofine anti-rat secondary for 30 min. For dual Ki67/Heppar-1
staining, images were acquired on an Olympus 1X81 inverted motorized microscope
using Intelligent Imaging Slidebook v.4.067. For dual CK18/Heppar-1 and Opal™

staining, images were acquired on a Zeiss ApoTome2 with 20x0.8 and 40x1.3 PlanApo
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objectives and Zeiss AxioCam 506 CCD camera, using Zen 2™ software (Carl-Zeiss,

Goettingen, Germany).

Special stains

For Masson’s trichrome, FFPE liver sections were treated in Bouin’s solution for 1 hour
at RT, stained with Gill’s #3 hematoxylin for 2 min and Biebrich scarlet-acid fuchsin
solution for 2 min, differentiated in phosphomolybdic-phosphotungstic acid solution for 4
min, stained in aniline blue solution for 2 min, rinsed and differentiated in 1% acetic acid
for 2 min. For reticulin staining, FFPE liver sections were stained with the American
MasterTech Chandler’s Reticulum Kit according to manufacturer’s recommendations
(American MasterTech Sci. Inc., Lodi, CA). Stained slides were scanned on an Aperio

ScanScope AT and images acquired on Aperio ImageScope software.

Immunoblotting

Sample preparation of protein lysates and immunoblots were performed as described *°
on flash frozen pulverized liver tissue from 4 rodents/grp (50 mg liver/animal).
Membranes were probed at 4°C with a-cleaved caspase-3 (9664; Cell Signaling
Technologies, Danvers, MA, 1:500) or a-tenascin-C (Ab19011; EMD Millipore, 1:200),
or for 1 hr at RT with a-GAPDH (G9545; 1:5000). Secondary goat anti-rabbit 19G (Bio-
Rad, 1:10,000) or goat anti-mouse IgG (R&D Systems, Minneapolis, MN; 1:1000) were
used with shaking for 1 hr at RT. Signal was detected with ECL substrate (Thermo

Fisher) and an All Pro 100-Plus film developer (Air Techniques, Melville, NY).
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Densitometry is from 5 immunoblots using 2 separate sets of pooled lysates and

calculated using ImageJ (NIH).

In-gel zymography

Sample preparation of protein lysates and rat and mouse liver gel zymography was done
as described®. Briefly, pooled liver samples (4/grp) were incubated at 37°C for 10 min
prior to loading onto a 7.5%, 0.75 mm SDS-PAGE gel with 3 mg/ml Porcine Gelatin
Type A (Sigma-Aldrich). Densitometry of gel zymogens was performed by combining

data from 4 independent gels; all densitometry was done using ImageJ (NIH).

TUNEL

The TACS 2 TdT-DAB In Situ Apoptosis Detection Kit (Trevigen, Helgerman, CT) was
used as per manufacturer’s recommendations with Mn?* ion used in the labeling reaction.
Stained slides were scanned on an Aperio ScanScope AT. CK18 TUNEL dual-staining
was described above with CK18 (1:100) and Dako Envision+ Rabbit secondary. DAB
chromagen was used to visualize CK18 and Vina Green (Biocare) used to visualize

TUNEL" cells.

Quantification of Ki67 IHC, TUNEL, mitotic hepatocytes, hepatocyte nuclei, and TNC
fragment length

For rat liver Ki67* hepatocytes, rat and mouse liver TUNEL™ cells, and mitotic
hepatocytes, positive signal (IHC stain or mitotic figures) was hand counted from 10,

1mm? fields per liver at 20x magnification, with averages presented. For mouse liver
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Ki67" hepatocyte quantification, positively stained hepatocytes were hand counted from
3, Imm? fields per liver at 20x magnification, with averages presented. A trained
pathologist independently verified Ki67+ hepatocytes, TUNEL positivity, and mitotic
hepatocytes. For hepatocyte nuclei 2, 40x fields were hand counted for total hepatocyte
nuclei per field, with averages presented. For TNC IHC fragment length quantification 3,
250mm? fields per liver were hand counted at 20x magnification using the Ruler Tool in

Aperio ImageScope software (Leica Biosystems) with averages presented.

Quantification of immune cell clusters
Entire sections of mouse liver were assessed for cell clusters, with clusters being

identified as 4 or more positively stained cells in close or immediate proximity.

RNA isolation, cDNA synthesis, and quantitative RT-PCR

Quantitative RT-PCR was done as described*. Primers were used from Integrated DNA
Technologies (Coralville, 1A): Rat reference gene B-actin, forward: 5 TTG CTG ACA
GGA TGC AGA AGG AGA 3, reverse: 5° ACT CCT GCT TGC TGA TCC ACA TCT
3’; collagen lal, forward: 5> TGG CCA AGA CAT CCC TGA AGT 3’, reverse: 5° ACA
TCA GGT TTC CAC GTC TCA CCA 3’; cxcl12, forward: 5> CCA TGC TCA TCT
CTG TCT CAT C 37, reverse: 5> CCT TCT TAC TCC CTC CAT CTT TG 3’; emilin,
forward: 5> CAG TGT CCT CGA AGT ATC ATG TAG 3’, reverse: 5> CAT GTC TGT
CAC CGT CTT GTA G 3’; tenascin-C, forward: 5 AAG ACT GCA AAG AGC AAA
GGT 37, reverse: 5° TGT GAA GCC CTC ATG GCA GAT 3’; transglutaminase-2,

forward: 5> GAC CTG TTC CCG ACT GAT ATG 3’, reverse: 5 CCG GGC CGA TGA
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TAT TC 3°. Mouse reference gene B-actin, forward: 5> GCA ACG AGC GGT TCC G 3’,
reverse: 5 CCC AAG GAA GGC TGG A 3’; ccl2 forward: 5° CCT GGA TCG GAA
CCA AAT GA 3’, reverse: 5 CGG GTC AAC TTC ACA TTC AAA G 37; cxcll2
forward: 5° TTG CAT CTG GAT AGG GAA AGG 3’, reverse: 5 GAG CCA GCA GTG

TAT AA 3’. All data was normalized to actin using the delta-delta Ct method.

Data analysis for metabolomics and proteomics

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 12C/*3C peak areas for each peptide. Data
were exported and the average peptide ratio was determined by taking the average of the
12C/13C ratio of the four 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), LOQ, linear dynamic range, and digestion
efficiency were all controlled for and empirically determined prior to running biological
samples. Briefly, for each peptide, I) LOD was defined as the lower limit to achieve a
signal/noise of at least 3, Il) LOQ was defined as the upper and lower limits that achieve
a CV of less than 20%, I11) linear dynamic range was determined by plotting the
integrated peak areas of a gradient of the light peptide (*>C form) against constant heavy
peptide (**C form) and achieving an R value of at least 0.95, and V) digestion efficiency
was optimized to the method at which the presence of peptides with missed tryptic

cleavage sites (Screened by MALDI-TOF) accounted for less than 1% of the fully

86



trypsinized peptide probe. Control peptides from yeast alcohol dehydrogenase were
included in each QconCAT and a dilution series with a commercial ADH digest
(Michrom Bioresources, Bruker, Billerica, MA) was used to determine the concentration
of QconCAT polypeptides. Data was further analyzed using GENE-E software, in which
the relative color scheme was -0.5 to 0.5 for rat liver metabolomics and -1 to 1 for ECM
proteomics. Partial least squared discriminant analysis (PLS-DA) was performed for both
rat liver metabolomics and proteomics using MetaboAnalyst software (v3.0) 3. Outlier
determination for the PLS-DA was done with a regression dendogram using Euclidean
distance measurements and ward clustering. Using this method, one regressed rat liver
sample in the proteomics dataset was found to be an outlier and excluded from the

covariant analysis.

Results

Dynamic regulation of the rodent liver during pregnancy, lactation, and weaning

Evidence for weaning-induced involution in tissues other than the breast has not been
reported. We focused on the liver, which increases in metabolic output during pregnancy
and lactation3%83%_ Specifically, the liver increases lipid B-oxidation to facilitate
production of glucose that is shuttled to the mammary gland for milk production°30,
Yet how the liver returns to its baseline metabolic state after weaning is unknown. To
begin to address this question, we performed a pregnancy and weaning study in Sprague
Dawley female rats (Fig.3-1A). We found rat liver weights increased ~2-fold during
pregnancy and remained elevated during lactation, as has been previously shown3!!

(Fig.3-1B, Supplementary Fig.3-1A). We also observed that liver weights rapidly
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returned to nulliparous levels by 8-10 days post-weaning; data consistent with weaning-
induced liver involution (Fig.3-1B). In contrast, lung weights did not change with parity,

lactation or weaning status (Supplementary Fig.3-1B).

To assess if the rapid liver weight loss post-weaning is due to hepatocyte cell death, we
first investigated whether hepatocyte proliferation contributed to liver weight gain during
pregnancy. We reasoned that if liver weight gain during pregnancy involved new cell
proliferation, then resolution of weight gain may be mediated by cell removal, i.e.,
hepatocyte cell death. During pregnancy, we found increased hepatocyte proliferation, as
measured by elevated Ki67-positivity and mitotic figures (Fig.3-1C, Supplementary
Fig.3-1C-D). During lactation, a modest increase in weight gain over pregnancy was
associated with hepatocyte hypertrophy (Supplementary Fig.3-1E). In addition,
hepatocyte hypertrophy correlated with an anabolic metabolome profile, consistent with
the increased metabolic demand of lactation (Fig.3-1D, Supplementary Table 3-1A)%0310,
Conversely, the post-weaning liver exhibited metabolic signatures of nucleic acid and
protein catabolism and oxidative stress (Fig.3-1D, Supplementary Table 3-1A).
Performing supervised clustering (partial least squares discriminate analysis, PLS-DA) of
the rat liver metabolomics data revealed a step-wise, cyclical metabolic pattern across the
reproductive cycle (Fig.3-1E, see Supplementary Methods). These data are consistent
with dramatic functional changes to accommodate lactation, and further demonstrate a
return to a nulliparous-like, baseline state upon regression at 28 days post-weaning
(Fig.3-1E). The drop in liver weight and metabolic shift of the liver post-weaning is

accompanied by increased detection of cleaved caspase-3 (CC3) (Fig.3-1F,
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Supplementary Fig.3-1F), data suggestive of apoptotic cell death and tissue regression.
Further evidence for weaning-induced hepatocyte cell death after weaning was observed
by increased terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
staining, which labels cleaved DNA (Fig.3-1G, Supplementary Fig.3-1G). Combined, our
data confirm and expand on previous studies demonstrating hepatocyte proliferation and
anabolic metabolism occur to accommaodate the energy demands of lactation?°3%, Our
data also show, for the first time, that weaning induces rapid hepatocyte cell death and
liver involution, returning the liver to a baseline size and metabolic state within two
weeks of weaning. We next addressed whether stromal remodeling accompanies
weaning-induced liver involution, as stromal remodeling is known to impact breast

cancer metastasis®%20>213,
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Figure 3-1: Evidence for weaning induced liver involution

(A) Rat livers were harvested for biochemical and IHC analyses (red arrows) from
nulliparous (N), early (P2-4), mid (P11-13), and late (P18-20) pregnancy, lactation day
10 (L), and post-weaning days 2-10 and 28 (Inv2-Inv10, R). (B) Liver weights from age-
matched rats across the reproductive cycle; rats/grp: Nullip (N), n=25; P2-4, n=5; P11-13,
n=4; P18-20 & L, n=10; Inv2, n=9; Inv4, n=8; Inv6 & Inv10, n=6; Inv8, n=7; R, n=14.
(C) Representative Ki67 IHC (top left) and dual Ki67/Heppar-1 IHC (top right) images
from P18-20 liver; Ki67" hepatocytes (arrows); Ki67™ hepatocytes (asterisk); Ki67™ non-
parenchymal cells (arrow-heads); scale bar=20 pm. Quantification of Ki67" hepatocyte
IHC by reproductive stage (bottom panel); n=4 rats/grp. (D) Heatmap of UHPLC-MS
metabolomics by reproductive stage (top) and Z-scores of anabolic/reducing (bottom left)
and catabolic/stress (bottom right) metabolites; n=4-6 rats/grp. (E) Partial least squares
discriminate analysis (PLS-DA) of rat liver metabolomics data (see Supplementary Table
1A). (F) Cleaved caspase-3 immunoblot (top; n=4 rats/grp) and densitometry (bottom).
(G) Representative apoptotic hepatocyte detected by TUNEL (inset; scale bar=20 pm),
and TUNEL quantification across the reproductive cycle; N, n=7; L & Inv6, n=5; Inv4,
Inv10, & R, n=4. Graphs show mean with SEM. One-way ANOVA with Tukey multiple
comparisons test. *=p-value<0.05, **=p-value<0.01, ***=p-value<0.001.
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Weaning-induced liver involution is accompanied by stromal remodeling

We turned to the extensively investigated post-weaning mammary gland model to guide
our investigation of stromal changes that occur in the actively involuting liver®’, as
extracellular matrix (ECM) remodeling is a defining characteristic of the post-weaning
mammary gland*$4%% Quantitative ECM proteomics on rat liver revealed widespread
changes in ECM proteins post-weaning (Fig.3-2A, Supplementary Table 3-1B). Similar
to our findings from the metabolomics analysis, supervised clustering (PLS-DA) of the
ECM proteomic dataset demonstrated distinct liver ECM microenvironments across the
reproductive cycle, including resolution to nulliparous-like levels in the fully regressed
liver (R) (Fig.3-2B, Supplementary Fig.3-2). During the active window of liver
involution we found elevated collagen 1-al, collagen 4-a.1, and tenascin-C (TNC)
(Fig.3-2C, Supplementary Fig.3-3A-B), ECM proteins upregulated in the involuting
mammary gland*® as well as in pro-metastatic microenvironments®205213312 |ncreased
transcript levels for COL1AL and TNC suggested active ECM production in the
involuting liver (Supplementary Fig.3-3C) and quantitative reticulin staining
(Supplementary Fig.3-3D), TNC immunoblot (Fig.3-2D, Supplementary Fig.3-3E), and
TNC immunostaining (Fig.3-2E, Supplementary Fig.3-3F) confirmed increased collagen
and TNC protein deposition within the post-weaning liver. Of note, the timeline of TNC
protein accumulation differs slightly by assay, and while these apparent discrepancies
remain to be resolved, all three assays support increased liver ECM deposition shortly
after weaning. Additionally, shorter TNC fragments were observed post-weaning (Fig.3-
2D-F, Supplementary Fig.3-3F), and gelatin zymography demonstrated increased MMP-9

and MMP-2 levels (Supplementary Fig.3-3G), data supportive of active ECM remodeling
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in the post-weaning liver, as observed in the involuting mammary gland*®4:%, While
hepatocyte cell death and ECM deposition also occur in pathologic liver injury, the ECM
deposition observed during weaning-induced liver involution occurred in the absence of
overt fibrosis (Fig.3-2G, Supplementary Fig.3-3H). Taken together, these data show
active, cyclical, physiologic ECM remodeling during the window of weaning-induced

liver involution.
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Figure 3-2: Extracellular matrix remodeling accompanies weaning-induced liver
involution

(A) Absolute quantification of rat liver ECM proteins by QconCAT based MS-MS
proteomics; n=4-6 rats/grp. (B) Partial least squares discriminate analysis (PLS-DA) of
rat liver ECM proteomics data from N, L, Inv6, and R stages (See Supplementary Fig.3-
2, Supplementary Table 3-1B). (C) Box-and-whisker plots of TNC, collagen 1-al, and
collagen 4-al obtained from QconCAT proteomics in (A). (D) TNC expression across
involution by immunoblot (top, and Supplementary Fig.3-3E), with densitometry
normalized to GAPDH (bottom, and Supplementary Fig.3-3E); quantification is of 4
technical replicates, n=4-6 rats/grp. (E) Representative liver TNC IHC (brown stain) at L
(upper left) and Inv8 (lower left) and IHC quantification across reproductive stage (upper
right); scale bar=25 pm, n=4-6 rats/grp. (F) TNC fragment length measured in N, L, and
Inv8 livers; n=5 rats/grp. (G) Representative H&E stained rat liver sections from N (left),
Inv6 (middle), and R (right) stages; scale bar=150 pum. Graphs show mean with SEM.
One-way ANOVA with Tukey multiple comparisons test. *=p-value<0.05, **=p-
value<0.01.

95



Immune cell accumulation during weaning-induced liver involution

Immune cell infiltrate is another defining stromal change in the involuting mammary
gland*?, and was suggested in the involuting rat liver by increased CD68 staining, a
macrophage lysosomal marker (Fig.3-3A). To further investigate the immune milieu in
the post-weaning liver we turned to the Balb/c murine model, which permits robust
immune cell characterization by flow cytometry. We first confirmed murine hepatocyte
proliferation and liver weight gain during pregnancy, followed by liver weight loss,
metabolic catabolism/stress, and increased apoptosis upon weaning (Supplementary
Fig.3-4A-D, Supplementary Table 3-2). Increased TNC, MMP-9, and MMP-2 in the
post-weaning mouse liver provided further evidence that weaning-induced liver
involution is conserved between rats and mice (Supplementary Fig.3-4E-H). In mice,
liver immune cell phenotyping by flow cytometry revealed transient increases in CD45"
leukocytes, CD11b'°F4/80* macrophages, CD11b"F4/80"Ly6C*Ly6G™ monocytes, and
CD11b"F4/80"Ly6C*Ly6G* neutrophils with weaning (Fig.3-3B, Supplementary Fig.3-
5A-B). Semi-quantitative IHC detection of F4/80", Ly6C*, and Ly6G™ cells confirmed a
transient increase in macrophages, monocytes, and neutrophils in the post-weaning liver
(Fig.3-3C-E). The observed influx of myeloid populations during weaning-induced liver
involution may be, in part, due to increased production of chemokines. Thus, we looked
at chemokines known to promote monocyte influx into tissues and found an increase in
both CXCL12 and CCL2 expression during liver involution (Supplementary Fig.3-5C-E).
Additionally, previous work has reported formation of myeloid immune foci in the pre-
metastatic niche!®’, an observation we also report here (Supplementary Fig.3-5F-G). Our

finding of increased myeloid populations within the liver post-weaning is also consistent

96



with clearance of apoptotic cells and immune suppression. Specifically, professional
phagocytic clearance of apoptotic cells limits exposure to self-antigen®'® and gives rise to
immune-suppressive, wound-resolving macrophages®# that support tumor cell immune

evasion3®®,

In sum, we provide evidence that the liver undergoes weaning-induced involution that is
characterized by ECM deposition, MMP activity, and infiltration/clustering of
CD11b"F4/80°Ly6C*Ly6G™ monocytes reported to occur within the metastatic niche as a
result of primary tumor education821%:197.205253 Qur data indicate regulation of these
same pro-metastatic pathways in the absence of tumor, under the physiologic conditions
of weaning-induced liver involution. Based on these findings, we hypothesized that the
post-weaning liver would preferentially support breast cancer metastasis in comparison to

the nulliparous host.
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Figure 3-3: Immune populations increase in the liver during weaning-induced
involution

(A) IHC quantification of CD68 positivity (left), and representative CD68 IHC images
(right); scale bar=40 um, n=4-6 rats/grp. (B) Flow cytometric quantification of Balb/c
mouse liver immune cell populations; CD45* leukocytes (top left), CD11b'°F4/80*Ly6C
Ly6G™ mature macrophages (top right), CD11b"F4/80"Ly6C*Ly6G™ monocytes (bottom
left), and CD11b"F4/80°Ly6C*Ly6G* neutrophils (bottom right); Nullip (N), n=19; L,
Inv4, & Inv6, n=14; R, n=9; Inv2, n=7 mice/grp. (C) F4/80 IHC quantification (left), and
representative F4/80 IHC images (right); n=5 mice/grp. (D) Ly6C IHC quantification
(left), and representative Ly6C IHC images (right); n=5 mice/grp. (E) Ly6G IHC
quantification (left), and representative Ly6G IHC images (right); scale bars for c-e=40
um, n=5 mice/grp. Graphs show mean with SEM. One-way ANOVA with Tukey
multiple comparisons test. *=p-value<0.05, **=p-value<0.01, ***=p-value<0.001,
****=p-value<0.0001.
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Weaning-induced liver involution establishes a pro-metastatic microenvironment

To determine if the involuting-liver supports metastasis to a greater extent than the
nulliparous host, we injected 5,000 mammary 4T1 tumor cells into the left ventricle of
isogenic Balb/c hosts that were nulliparous or immediate post-weaning, referred to as the
involution group (Inv2) (Fig.3-4A). Intracardiac injection was necessary to ensure equal
circulating tumor cell numbers in both groups, as we have previously shown increased
tumor cell-dissemination from the mammary fat pad during weaning-induced mammary
gland involution*’*°, At study end, the percentage of mice with tumor cells in the liver, as
assessed by a clonogenic assay for 4T1 cells?®*, was higher in the involution group and
cells were detected earlier in comparison to nulliparous hosts (Fig.3-4B-C). The
percentage of mice with tumor cells in the lung, bone, and brain was unchanged between
groups, suggesting a unique metastatic advantage within the post-weaning liver (Fig.3-
4D). By immunohistochemical assessment, liver metastases were confirmed as CD45",
Heppar-1-, and CK18", and found to be highly Ki67 positive (Fig.3-4E). Micro-
metastases were the dominant lesion type, likely due to the fact that systemic tumor
burden and 4T1-tumor cell driven cachexia required sacrifice of mice prior to the

formation of overt liver metastasis.

To assess the ability of the post-weaning liver to support macro-metastases, we
developed a portal vein injection metastasis model that allows for tumor cell delivery
directly to the liver. This model permits outgrowth of liver lesions without concomitant
metastasis in other organs®3®, Further, to avoid cachexia, we utilized the less aggressive,

isogenic, murine D2A1 mammary tumor cell line. We delivered 5,000 D2A1 cells into
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the portal vein of nulliparous and immediate post-weaning Balb/c female mice (Fig.3-
4F). This cell number was selected to reduce penetrance of overt liver lesions in
nulliparous mice to ~20% (data not shown), permitting detection of a potential increase in
metastatic frequency in the involution group. To investigate whether the pro-metastatic
microenvironment of the post-weaning liver is transient or persistent, we also injected
mice at 28 days post weaning, a time point where the liver is fully regressed (R) by
morphologic, molecular and biochemical characterizations (Fig.3-1E, 3-2B, &
Supplementary Fig.3-2, and Supplementary Table 3-3). In the immediate post-weaning
group (Inv2), we observed a 3-fold increased frequency of histologically identified overt
liver metastases compared to both nulliparous and fully regressed groups (Fig.3-4G). By
IHC, D2A1 liver lesions were identified as Heppar-1-, CK18*, and CD45", and found to

be highly positive for Ki67 (Fig.3-4H, Supplementary Fig.3-6).

To assess for differences in metastatic burden across groups, we quantified tumor number
and size from H&E liver sections. From this analysis we found that the immediate post-
weaning (Inv2) group had an increased number of tumors per liver and increased tumor
burden measured as total tumor area per liver, compared to the nulliparous group
(Supplementary Fig.3-7A-B). However, when we assessed only those mice with
detectable metastases, differences in tumor number and area were not observed between
groups (Supplementary Fig.3-7C-E). Cumulatively, these data indicate that the window
of increased risk for developing liver metastasis is transient, limited to the period of
active liver involution following weaning. Further, data from this metastasis model

suggest that liver involution supports the early event of tumor cell seeding, but not tumor
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growth. Finally, these data predict increased liver metastasis in women diagnosed with

postpartum breast cancer.

Evidence for elevated risk for liver metastasis in postpartum breast cancer patients

To investigate liver metastasis in young women with breast cancer, we evaluated a
unique cohort of 564 patients diagnosed at <45 years of age where specific clinical data
not normally collated, including parity history, long-term follow-up, and sites of
metastasis, were made available through detailed chart review (Supplementary Table 3-
4). Compared to nulliparous women, we found a ~3.6-fold increase in liver metastasis in
postpartum patients diagnosed within 5 years of giving birth, a trend that continued for up
to 10 years following parturition (Fig.3-41). This increased risk for liver metastasis
persisted after adjusting for tumor biologic subtype, patient age, and year of diagnosis,
which accounts for treatment advances over time (Supplementary Table 3-4, 3-6). To
examine potential breast cancer preference for the postpartum liver, we next investigated
site-specific metastasis in the subset of women with metastatic disease. To more
accurately evaluate metastatic tropism to the postpartum liver, we restricted our analysis
to cases where first site of metastasis was recorded. This approach would avoid potential
confounding influences that concomitant multi-site metastasis might have on the liver
metastatic niche. To increase sample size of this highly defined young women’s breast
cancer cohort, we extended our analysis to multiple institutions where de novo and
recurrent metastatic disease data were available, and expanded the cohort to include
patients diagnosed within 10 years of pregnancy (Supplementary Table 3-5). In this

metastatic patient cohort, we observed increased liver metastasis in postpartum compared
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to nulliparous breast cancer patients (Fig.3-4J). This increase appears to be liver specific,
as we did not observe significant differences in frequencies of lung or brain metastasis
between groups (Fig.3-4J, Supplementary Table 3-5, 3-6). Intriguingly, we observed a
trend towards reduced frequency of bone metastasis in the postpartum group (Fig.3-4J,
Supplementary Table 3-5, 3-6). Cumulatively, these data support the hypothesis that the
microenvironment of the postpartum involuting liver is uniquely permissive for the

formation of breast cancer metastasis (Fig.3-4K).
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Figure 3-4: Evidence for a pro-metastatic microenvironment in the postpartum liver

(A) Intracardiac metastasis model, Nullip (N), n=24; Inv2, n=25. (B) Percent mice with
tumor cells in liver (p=0.03; Chi-squared, RR 1.6 [95% CI:0.9-9.6]); (C) Tumor Cell
Latency. (D) Percent mice with tumor cells in lung (p=0.81), bone marrow (p=0.51), and
brain (p=0.36), Chi-squared. (E) Representative H&E image of liver micro-metastasis
and staining for Ki67, CD45, and Heppar-1/CK18; scale bars=25 um. (F) Portal vein
metastasis model, Nullip, n=18; Inv2, n=17; R, n=8. (G) Percent of mice with overt
metastasis at study end (**p=0.001, RR 3.9 [95% CI: 1.3-11.6]; *p=0.03, RR 2.0 [1.08-
3.66]; two-tailed Fisher’s exact). (H) Representative Ki67, CD45, and Heppar-1/CK18
staining on overt liver metastases (T) from Inv2 mice, dashed lines denote tumor border;
scale bars=25 pm. (I) Frequency of liver metastasis in young breast cancer patients (<45
years of age); N, n=185; PPBC<5, n=205; PPBC 5-<10, n=174 (p=0.038; multivariate
logistic regression, OR=4.05 [95% C1:1.08-15.12]). (J) Subset analysis of site-specific
metastases in women with metastatic disease (N, n=34; PPBC<10, n=83). Frequency of
liver metastasis (p=0.04, one-sided Fisher’s Exact; p=0.058, two-sided Fisher’s Exact,
OR: 4.12 [95% CI:0.90-18.94]), and lung (p=1.00), brain (p=1.00), & bone (p=0.11)
metastasis by Fisher’s exact (see Supplementary Table 6). (K) Model of the postpartum
involuting liver pro-metastatic microenvironment.
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Discussion

We provide the first description of a developmentally regulated, liver involution program
induced by weaning; a program that returns the liver from a state of high metabolic
output necessary for lactation to a baseline pre-pregnant-like state. Weaning-induced
liver involution involves liver weight loss, hepatocyte apoptosis, catabolic and cell stress
metabolite profiles, ECM deposition, and increases in myeloid populations associated
with apoptotic cell clearance and immune suppression. Using intracardiac and intraportal
tumor cell injection models of breast cancer metastasis, we found the actively involuting
murine liver supports increased metastasis compared to the livers of nulliparous or
postpartum hosts whose livers have completed the involution process, i.e. regressed
hosts. Potential relevance to breast cancer patients is suggested by our observation that
patients diagnosed postpartum experience an elevated risk for liver-specific metastasis
when compared to nulliparous young women’s breast cancer patients. Unresolved by our
studies is a reconciliation between the narrow window of increased risk for liver
metastasis observed in the murine model and the extended window of risk observed in
women (5-10 years postpartum). One possible mechanism for this potential timing
discrepancy is through dissemination of breast cancer cells shortly after
pregnancy/lactation, as previously proposed*’, followed by a dormancy phase prior to

metastatic expansion.

While physiologically regulated, the tissue-remodeling attributes of weaning-induced
liver involution, including TNC, collagen I, collagen 1V, and MMPs, are identified as key

components of primary tumor-educated metastatic niches819197.205213253 'Eqr example,
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breast cancer cells depend upon TNC for successful establishment of lung metastasis in
mice®?, and collagen | at secondary sites can promote tumor cell escape from dormancy
through integrin-mediated cytoskeletal rearrangement and proliferation?2. In addition,
crosslinked collagen IV supports immune cell infiltration, production of MMP-2 by
monocytes, and metastatic niche formation in the murine lung, brain, and liver, ultimately
facilitating tumor cell recruitment and metastatic outgrowth?®. We also observed
increased CD11b"™ myeloid cell infiltrate in the involuting liver, and previous work has
shown that CD11b" bone marrow derived monocytes (BMDM) are essential for the
establishment of successful metastasis upon tumor cell arrival in the liver?3, Similarly,
seminal work has revealed that VEGFR1" BMDM, a subset of which are CD11b", are
“first-responders’ in the pre-metastatic niche, where they are implicated in establishing a
pro-metastatic environment hospitable to circulating tumor cells!®’. The identification of
several components of the tumor-educated metastatic niche within the normal involuting
liver provides mechanistic support for our functional data demonstrating increased liver

metastasis in post-weaning compared to nulliparous murine hosts.

A limitation of our study is that we have yet to demonstrate causality between weaning-
induced liver involution and increased metastasis. Such assessments will require
abrogation of these involution-related pro-metastatic attributes by use of targeted
interventions as well as genetic approaches. An additional constraint of our study is the
use of metastasis models that do not recapitulate the entire metastatic cascade, but rather
focus on the fate of circulating tumor cells. However, our reductionist approach is

essential to isolate postpartum liver biology from that of the mammary gland, as previous
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studies in our lab revealed a metastatic advantage of orthotopic tumors in postpartum
hosts, including increased tumor growth, local invasion, and escape into the

circulation*?47,

The highly novel aspect of our discovery of weaning-induced liver involution and
establishment of a transient pro-metastatic niche in rodents is also a potential limitation,
as relevance to women is unknown. Our observations are unprecedented and to date, no
published studies have examined whether weaning-induced liver involution occurs in
women. Such investigation will require non-invasive, serial liver imaging studies in
pregnant, lactating and post-weaning women. Studies using non-human primates, where
liver biopsy is a viable option, could provide information regarding the molecular
mechanisms of postpartum liver involution in primates. Of potential significance,
postpartum breast involution in women occurs to a similar degree and by many of the
same physiological processes as found in rodents, revealing conservation of weaning-

induced breast involution””.

Importantly, in a retrospective study of young women’s breast cancer patients, we find
postpartum patients are at increased risk for liver metastasis; data consistent with an
unrevealed postpartum liver biology in women. Of note, we observe increased liver
metastasis without observing differences in frequency of other common sites of breast
cancer metastasis, including bone, lung, and brain; data suggestive of a liver specific
metastatic advantage. Independent validation of increased site-specific liver metastasis in

postpartum breast cancer patients is needed. Such studies will depend upon the expansion
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of young women’s breast cancer cohorts worldwide, as it is necessary to include time
since last pregnancy histories, as well as sites of metastases; these clinical parameters are
not routinely collected at present. Of note, we find the increased risk of liver metastasis
persists beyond the predicted window of weaning-induced tissue involution, for up to 10
years postpartum. To test the speculation that postpartum breast involution facilitates
early dissemination to the liver, prior to a diagnosis of breast cancer, new breast cancer

models are needed.

In conclusion, we find an increase in site-specific metastasis to the liver in postpartum
patients, and identify weaning-induced liver involution in rodents as a putative
mechanism that may account for this increased risk. Importantly, breast cancer patients
with liver metastasis have a median survival of ~4 months, compared to ~5 years with
bone-only metastasis?*4?8, raising the possibility that differences in site-specific
metastasis contribute to the poor survival rates of women diagnosed postpartum. If
validated, our finding that postpartum patients experience an increased risk for liver
metastasis could lead to changes in treatment decisions in this vulnerable population of
young mothers diagnosed with breast cancer. Finally, our study implicates unique host
biology, rather than intrinsic attributes of the tumor, in mediating the poor prognosis of
postpartum breast cancer and offers unexplored avenues for metastasis research and

therapeutic intervention.
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Supplementary Figure 3-1: Liver expansion and regression during pregnancy and
weaning suggest weaning-induced liver involution

(A) All rat liver lobes (left, median, right and caudate) increase in weight during
pregnancy; n=4-6 rats/grp, two-way ANOVA. (B) Lung weights do not change across the
reproductive cycle; n=3-5 rats/grp. (C) Quantification of mitotic figures in H&E stained
rat liver sections confirms increased hepatocyte proliferation during pregnancy; Nullip
(N), n=15; P11-13, n=4; P18-20, n=7; L & Inv6, n=6 rats/grp. (D) Heppar-1 and Ki67
dual immunofluorescence single channel and merge images; arrow depicts auto-
fluorescent blood; scale bar=20 um. For clarity, brightness was enhanced uniformly
across all images in Photoshop (Adobe Systems Incorporated, San Jose, CA). (E)
Quantification of total hepatocyte nuclei per 40x field shows increased cell size at
lactation day 10, 2 fields/liver were quantified; n=4-6 rats/grp. (F) Cleaved caspase-3
immunoblot from Fig.3-1E, with positive and negative controls (involution day 4, and
lactation day 10 rat mammary gland lysate). (G) CK18* (brown) TUNEL" (green) dual-
positive apoptotic hepatocytes from an Inv4 rat liver; scale bar=20 pm. Graphs show
mean and SEM. One-way ANOVA with Tukey multiple comparisons test unless
otherwise stated. *=p-value <0.05, **=p-value <0.01, ***=p-value <0.001.
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Supplementary Figure 3-2: Cycle of ECM remodeling in the rodent liver across
reproductive stages

Partial least squares discriminate analysis (PLS-DA) of selection reaction monitoring
(SRM) data generated from a subset of proteins of interest from rat liver ECM proteomics
highlighted in Fig.3-2A. Rat liver ECM composition shifts from nulliparous to lactation
to involution stages, subsequently returning to a nulliparous-like state upon regression.
Inv4d & Inv10, n=4; L, Inv2, Inv6, & R, n=5; N, & Inv8, n=6 rats/grp. N=1 rat liver
sample from regressed group (R) removed using outlier determination (see
Supplementary Materials).
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Supplementary Figure 3-3: ECM remodeling during weaning-induced liver
involution occurs in the absence of overt fibrosis

(A) Absolute quantification of two tenascin-C peptides from QconCAT ECM proteomics.
(B) Absolute quantification of collagen 7A1 (left) and collagen 17A1 (right), not altered
with involution, suggesting selective de novo ECM deposition. (C) gRT-PCR for
COL1A1, TNC, TGM2, and Emilin; n=4-5 rats/grp; #=p-value 0.054, ++=p-value 0.11,
student’s t-test. (D) Reticulin stain quantification; n=4-10 rats/grp. (E) Tenascin-C
immunoblots on pooled rat liver lysates (n=4-6 rats/grp) used for densitometry in Fig. 3-
2C; positive control is purified human tenascin-C. GAPDH is in the same order as
corresponding TNC panels. (F) Representative images of TNC IHC from rat livers at
Inv8 showing signal adjacent to vasculature and sinusoids; scale bar=50 um. (G)
Representative gelatin zymogram of rat liver lysates (top, n=4-6 rats/grp) and
densitometry for MMP-9 (bottom left), and MMP-2 (bottom right plots, full zymogen:
one-way ANOVA, N vs. Inv4: student’s t-test; n=4 gels, positive control is 5% FBS).
Converted to grey-scale using Adobe Photoshop. (H) Representative images of H&E
(top) and Masson’s trichrome (bottom) stained rat livers from N and Inv6 stages; scale
bar=200 um. Graphs show mean and SEM. One-way ANOVA with Tukey multiple
comparisons test unless otherwise stated. *=p-value <0.05, **=p-value <0.01, ***=p-
value <0.001.
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Supplementary Figure 3-4: Weaning-induced liver involution in the mouse

(A) Quantification of Ki67+ hepatocytes in 3, Imm? fields per liver; n=5 mice/grp. (B)
Liver weight gain during pregnancy and loss post-weaning in the Balb/c mouse; Inv8, n=
4; R, n=5; L & Inv6 n=6; Inv2, n=7; Inv4, n=12; Nullip (N), n=19 mice/grp. (C)
UHPLC-MS Z-scores of catabolism and oxidative stress metabolites; n=4-6 mice/grp.
(D) Quantification of TUNEL positive cells (left; n=5-6 mice/grp). Representative
apoptotic hepatocyte by TUNEL assay at Inv2 (arrow, right); scale bar=25 um. (E)
Representative TNC IHC in a nulliparous (left) and Inv6é mouse liver showing TNC
(brown stain) localized to vessels and sinusoids (right; scale bar=50 pm). (F) TNC IHC
on a TNC knockout mouse liver (C57BI/6N-TgH, sections were a gift from Dr. Ana
Coito, UCLA; scale bar=20 pum). (G) Quantification of TNC IHC (right; n=4 mice/grp).
(H) Representative gelatin zymogram of Balb/c mouse liver lysates (left, n=4 mice/grp;
positive control is 5% FBS, negative control is serum-free media) and densitometry
(right; n=4 gels). Graphs show mean and SEM. One-way ANOVA with Tukey multiple
comparisons test. *=p-value <0.05, **=p-value <0.01, ***=p-value <0.001, ****=p-
value <0.0001.
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Supplementary Figure 3-5: Myeloid cell populations increase in abundance and
form foci during weaning-induced liver involution in rodents

(A) Gating scheme for flow cytometry analysis of whole mouse liver myeloid
populations using Kaluza software (Beckman Coulter, Indianapolis, IN). CD11b'°F4/80*
macrophages were identified by gating on single cells positive for CD45. CD11b*F4/80
Ly6C*Ly6G™ monocytes and CD11b*F4/80'Ly6C*Ly6G* neutrophils were further
identified by gating on CD11b" cells. (B) Gating scheme for repeat flow cytometry
analysis of whole mouse liver myeloid populations in which portal vein perfusion with
PBS and a live/dead discriminator were used. In the repeat analysis, performed using
FlowJo software (FlowJo, LLC Data Analysis Software, Ashland, OR), all populations
were gated on viable CD45" cells. Macrophages were identified as CD11b'® and F4/80".
Gating on the CD11b" population was performed to identify CD11b*F4/80°Ly6C*Ly6G"
monocytes and CD11b"F4/80'Ly6C*Ly6G™ neutrophils. (C) Quantitative RT-PCR for
CXCL12 in rat liver across the reproductive cycle, normalized to Actin; Inv4 & Inv10,
n=4; L, Inv2, & Inv6, n=5; N, Inv8, & R, n=6. (D) Quantitative RT-PCR for CXCL12 in
mouse liver across the reproductive cycle, normalized to Actin; n=4 mice/grp. (E)
Quantitative RT-PCR for CCL2 in mouse liver across the reproductive cycle, normalized
to Actin; n=4 mice/grp, two-tailed Student’s t-test. (F) Quantification of cell clusters in
IHC stained Balb/c liver sections (clusters from F4/80 staining on left, from Ly6C
staining in middle, and from Ly6G staining on right), normalized to area analyzed; L &
Inv6, n=6; Inv2, n=7; N & R (4-6 wks post-weaning), n=9; Inv4, n=12 mice/grp. (G)
Representative Opal® immunostaining for immune cell foci in an involution day 4 Balb/c
liver, from left to right: Dapi, F4/80, Ly6C, Ly6G, and merged image; neutrophils show
as yellow; scale bar=25 pm. Error bars are SEM. One-way ANOVA with Tukey multiple
comparisons test unless stated otherwise. *=p-value <0.05, **=p-value <0.01, ***=p-
value <0.001, ****=p-value <0.0001.
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Supplementary Figure 3-6: Detection of liver metastases using multi-color
immunofluorescence

Multiplex immunofluorescence for Heppar-1 and CK18 shows a CK18* D2A1 liver
metastasis (T) surrounded by Heppar-1*CK18* hepatocytes (left panel) with the area
magnified in Fig.3-4H (inset); and single color images of the inset from Fig.3-4H, from
top to bottom shows DAPI, Heppar-1, and CK18 (right panels); scale bar=50 pum.
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Supplementary Figure 3-7: Weaning-induced liver involution supports increased
seeding but not outgrowth compared to nulliparous and regressed livers

(A-E) All metastasis end-points are calculated from intraportal injection studies described
in Figure 3-4F-H. 3 H&E sections/liver were analyzed and data averaged; each section
was cut 250 pm apart. (A) Number of lesions/liver. (B) Tumor burden calculated as the
total lesion area (mm?) in each liver. (C) Number of lesions/liver, data are presented from
only those mice that developed detectable metastases. (D) Tumor burden calculated from
only mice that developed detectable metastases. (E) Average lesion size (mm?), data are
presented as average size of each individual lesion identified across 3 sections stained by
H&E.
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Supplementary Table 3-1B: Absolute quantification of ECM proteins in Sprague-
Dawley rat livers across reproductive cycle

Table 18] Absolute of ECM proteins in Sprague-Dawley rat livers acros: I
Median Total Protein by Liver Weight (pmollg] i
Protein GENE MW N E TnvZ Tnva Tnve T Tnvi0 R (ks
Rgrin AGRN 208646 92 107 96 10 93 101 97 94 20%
Igrin(iso 2,3.4,5,86) AGRN* 208646 58 47 5 54 62 52 62 59 18%
Wnnexin ANXA2 38678 187 1625 1539 1808 2081 2133 25 209 4%
IAnnexin A4 ANXA4 35849 893 78 757 1047 107 881 971 106.1 31%
Wsporin ASPN 42573 125 98 62 76 126 82 11 152 1%
Biglycan BGN 41706 507 363 384 437 585 521 56.1 542 8%
[Bone Marrow Proteoglycan PRG2" 25129 3341 249 26 287 391 512 582 408 17%
ollagen alpha-1(l) chain COL1A1 137983 12251 7208 639.4 11581 15258 10879 1514 1675.4 1%
ollagen alpha-1(l) chain(C-term Propeptides (NC1
Jomain) COL1A1* 137963 367 345 399 408 453 356 473 432 21%
ICollagen alpha-2(l) chain COL1A2 129864 7638 4598 3733 6437 9343 6733 9281 10538 9%
ICollagen alpha-1(IV) chain(Arresten/Core Protein) COL4A1* 160613 118 823 868 166.3 1769 1456 1599 1317 1%
ICollagen alpha-1/5(IV) chain(Arresten/Core Protein) ~ COLAA1/5" 160613 1547 184 122 1819 241 2047 2385 2102 16%
ICollagen alpha-1/5(IV) chain(Arresten/Core Protein) ~ COLAA1/5" 160613 765 53 524 837 97.1 973 1004 883 12%
[Collagen alpha-2(IV) chain COL4A2 161386 59 479 538 67.7 882 753 846 812 21%
ICollagen alpha-2(IV) chain(Canstatin/Core Protein) ~ COL4A2* 161386 1049 1165 1242 1163 1398 1575 1599 1194 18%
ollagen alpha-5(1V) chain COL4AS 161044 27 27 201 21.1 23 18 207 196 35%
ollagen alpha-1(V) chain COLEA1 183987 1275 1297 2006 2139 168.4 226 273 1696 45%
ollagen alpha-2(V) chain COLEA2 145018 271 199 206 234 274 262 375 3538 120%
(Collagen alpha-1(Vi) chain COLBA1 108806 3383 266 2464 3157 4408 3967 3918 3405 1%
(Collagen alpha-2(VI) chain COLBA2 108579 4152 3048 2915 3637 5158 4254 4881 4257 19%
(Collagen alpha-3(VI) chain COLEA3 288133 3234 169.1 162 2795 3774 2609 350 2662 15%
(Collagen alpha-5(VI) chain COLBAS 289934 28 22 13 25 37 26 4 3 2%
[Collagen, type VI, alpha 1(Fibronectin type-lil 1
IDomain) COL7A1* 295092 116 141 136 123 149 138 131 13 17%
ollagen alpha-1(XIl) chain COL12A1 340214 29 22 25 28 44 33 43 33 19%
ollagen alpha-1(XIV) chain COL14A1 191772 897 733 752 898 1208 107.9 107.7 1084 41%
[Collagen alpha-1(XVIl) chain COL17A1 143568 12 14 13 11 14 12 13 12 20%
ICollagen alpha-1(XVIll) chain COL18A1 182881 468 571 529 522 495 539 582 417 17%
orin N 39305 277 289 179 196 285 203 29 302 %
[Dermatopontin 24203 387 408 389 266 416 381 302 4138 19%
[Emilin 1 EMILIN1 106667 23 206 218 266 235 263 263 243 19%
[Extracellular Matrix Protein 1 ECM1 63249 435 413 38 384 429 453 492 46 17%
FFibrillin 1 FBN1 311952 452 347 235 401 551 378 523 702 17%
[Fibromodulin FMOD 43219 33 35 281 297 367 36 258 311 26%
[Fibronectin 1 FN1 272511 918 662 1188 1265 1416 1184 156.6 1386 34%
[Fibronectin 1(type-lil 4 domain) FN1* 272511 6226 5331 7121 7056 645.1 6412 6573 7083 13%
[Fibronectin 1(type-lll 7 domain) FN1* 272511 8435 716.4 10163 8789 936 8643 10133 9437 23%
[Fibronectin 1(type-lil 9 domain) FN1* 272511 242 213 286.1 2296 2349 2181 2559 2475 10%
[Fibronectin 1(type-lll 13 domain) FN1* 272511 42 37 47 47 49 4.4 438 43 20%
[Fibronectin 1(Anastellin/type-lil 1 domain) FN1* 272511 107.1 836 127.3 1006 1285 127 141.2 1318 12%
[Fibulin 4 EFEMP2 44850 80.1 894 788 918 845 919 925 979 23%
[Fibulin 5 FBLNS 50160 2% 236 229 232 262 253 273 252 7%
IGalectin-1 LGALS1 14857 819 1006 507 781 664 854 107.3 987 20%
lGalectin-3 LGALS3 27202 34 45 48 74 63 44 44 32 25%
ILaminin alpha-1 LAMA1 338195 07 03 06 1 11 1 09 03 57%
i LAMA2 339982 21 2 21 23 2 22 12 19 23%
LAMA4 201819 31 28 22 26 31 31 32 34 26%
LAMAS 404444 3 23 18 27 37 24 35 36 18%
LAMB1 197090 62 61 49 35 53 51 55 57 19%
LAMB2 196474 4 32 26 32 37 35 4 44 34%
LAMC1 177387 19.4 149 121 172 19.2 185 2 212 14%
LUM 38279 1144 931 793 867 119.3 1045 1164 1263 13%
Lysyl oxidase LOX 46559 12 12 13 11 12 12 11 11 34%
LLysyl oxidase-like 1 LOXL1 66589 0 0 0 0 0 0 0 77 47%
Matrilin 1, Cartilage Matrix Protein MATN1 54309 69.9 758 626 559 762 80 778 742 10%
Microfibrillar-associated protein 2 MFAP2 20578 81 69 94 9 126 109 134 13 25%
Mimecan/Osteoglycin OGN 34069 195 193 11 174 217 183 201 234 9%
INidogen-1 NID1 137039 116 13 79 73 137 12 137 135 2%
INidogen 112 (osteonidogen)(Nid1/2) NID172* 136538 25 202 181 202 275 24 263 245 8%
INidogen-2 NID2 152976 63 48 4 56 43 91 65 8.1 35%
Osteomodulin OMD 49783 788 70 531 63 68.1 755 88.1 9029 25%
[Periostin POSTN 93155 25 26 23 22 3 24 26 238 14%
[Perlecan HSPG2 375271 1583 1287 1336 1628 192 160 1856 1705 22%
IPerlecan(Endorepellin) HSPG2* 375271 252 24 20 284 333 238 315 276 8%
IProlargin PRELP 43179 272 181 172 24 313 2838 363 351 1%
[Tenascin-C(ls0122,3) NG 221756 43 27 28 25 5 32 5 2 16%
[Tenascin-C(1s01.2,3,4,5) NG 21756 176 1 91 15 16.1 153 198 109 15%
[Tenascin-C(1s012,3.45) TNC* 221756 133 73 7.9 89 143 106 149 74 20%
in 1 THBS1 129647 2203 2016 2319 2115 1975 2821 2682 2816 9%
[TnxB Protein NGB 126729 3 19 23 22 31 27 33 31 29%
[Transglutaminase 2 TGM2 77061 346.4 2441 3663 4259 406.3 3867 3771 320 5%
Wctin (All Isoforms) ACT 42051 15374.3 162022 131308 14569.5 155773 166259 185495 160713 7%
Actin, cytoplasmic 172 ACTB Mu737 219225 19841.1 19381.7 216797 25087 283235 27575 24665.2 8%
Idiponectin ADIPOQ 26809 375 4221 3847 2259 3764 41 595.4 4505 2%
IIphalgamma-enolase ENO1/2 47128 5945.1 62355 6437 61175 70087 6919.4 61947 62037 9%
IDesmin DES 53457 128 108 93 128 15.8 111 132 17.3 10%
3-phosph GAPDH 35828 2855.1 5823.2 51415 389%.3 30758 3083.9 25429 31625 15%
JHistone H1(H1.1,H1.2,H1.3,H1.4) H1* 20863 211438 15514.1 14089.8 153286 205398 18175 219028 22627.9 6%
JHistone 2A(H2A-A-K) H2A® 14077 187642 137528 12408.4 154309 205906 24029.7 251629 234307 8%
Myosin(Myosin-3,4,6,7) MYH* 222880 2491 2649 1836 170.1 1606 1833 176 192 47%
PPlectin PLEC 533540 99 124 98 147 153 11.9 163 135 16%
ISpectrin alpha chain, non-erythrocytic 1 SPTA2 284637 1186 19 116.1 129.1 1338 1229 127.4 130 9%
[Tubulin beta-48 chain(4b & 5 chain) TuBB* 49586 12784 13134 1293 14799 16276 1549.1 1559.2 12685 5%
[Transforming growth factor-beta-induced protein ig-
h3 TGFBI 74597 797 389 558 616 90.2 728 1006 918 28%
Vimentin VIM 1236 3 1 1583 1146 12%

3733 932 107.
Pmol = picomolar; MW = molecular weight; Std = standard deviation; SEM = standard error of the mean; CV = coefficient of variation; * = reporter pej
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Supplementary Table 3-2: Differentially detected Balb/c mouse liver metabolite
profiles across the reproductive cycle

y Table 2 | Di y Balb/c mouse liver metabolite profiles across the reproductive
cycle
CmpdID L Inv2 Inv4 Invé Inv8 R
FCtoN P-value FCtoN P-value FCtoN P-value FCtoN P-value FCtoN P-value FCtoN P-value

Putrescine coot34 | 132 0.167 352 0 129 0215 147 0.247 1 0.007 163 0.081
Lysine €00047 161 0.035 245 0 1.46 0.04 1.02 0.693 136 0.077 103 0.466
Inosine coo2e4 | 186 0.028 22 0.017 22 0.027 121 0.288 202 0.014 147 0.116
Hypoxanthine cooze2 | 189 0.023 213 0.012 197 0.029 117 022 212 0.003 1.8 0.058
Hypotaurine coos1g | 116 0171 193 0.002 114 0.127 0.94 0.455 0.95 0.376 063 0.657
|Guanosine coozs7 | 114 0.051 175 0.014 1.62 004 09 04 122 0.067 1.01 0.368
Taurine coo4s | 096 0.827 1.68 0.008 1.55 0.019 0.99 0.952 147 0.037 141 0.056
[Xanthine coosss | 139 0.051 1.45 0.038 134 0.062 121 0.101 134 0.062 117 022
(Guanine cooz42 | 12 0.049 143 0.044 15 0033 0.94 042 1.08 0211 087 0853
Uracil cooto | 119 0.042 14 0.015 145 0.011 1.07 0.427 0.96 0.951 0.84 0.825
Homomethionine ci7213 | 282 0178 1.92 0.602 59 0.009 163 0.684 283 0.196 13 0.987
Homocarnosine cooss4 | 089 0921 121 0518 235 0012 1.59 0193 223 0018 247 0011
5-Oxoproline cotgre | 138 0089 127 0234 207 0.003 1.39 0091 178 0.046 125 007
Urate €00366 04 0139 0.66 0.392 194 0.332 1.88 0743 0.66 0.244 20 0.707
S-Glutathionyl-L-cysteine coss26 | 117 0212 0.59 0.302 126 0.033 114 0.31 122 0.104 081 0.645
Glutamate cooozs | 123 0263 1.02 086 13 0.092 16 0078 153 0.053 134 0117
lAspartate cooo4g | 089 0.937 067 0.391 124 0223 1.92 0.028 138 0.189 138 0.078
Gamma-L-Glutamyl-L-cysteine C00669 17 0.017 128 0.263 139 0.068 137 0.128 149 0.016 127 0.103

g i cis7e7 | 199 0.034 0.84 0.855 127 0177 164 0.123 189 0.025 122 0.258
Gamma-L-Glutamylputrescine c1se99 | 165 0.056 1.5 0.092 1.91 0.072 2 0.088 312 0 3.19 0.001
IGamma-L-Glutamyl-D-alanine coaras | 213 0.019 1.43 0.117 204 0.059 205 0.027 358 0 266 0.006
IN-Acetyl-L-citrulline c1s532 | 218 0.044 131 0.492 163 0174 1.99 0.098 257 0.01 262 0.039
Glutathione disulfide cootzr | 149 0132 123 0.456 135 0112 121 0427 21 0.006 1.03 0.255
Nicotinamide coots3 | 148 0.073 112 0518 123 0.318 123 0.279 165 0.022 1.43 0.094
(Glutathione C00051 139 0.085 1.08 051 115 0.307 128 0.203 142 0.05 123 0.164
(5-L-Glutamyl)-L-glutamine C05283 163 0.053 0.98 0.546 0.96 0.46 13 0.221 23 0.002 148 0.106
ICystine C00491 143 0147 0.56 0.791 1.49 0225 1.02 0281 208 0136 107 0276

CmpdID = Compound ID; FC to N = fold change to nulliparous
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Supplementary Table 3-4: University of Colorado Young Women’s Breast Cancer
Cohort

Supplementary Table 4 | University of Colorado Young Women's Breast Cancer Cohort

PPBC <5years  PPBC 5-<10 years
Nulliparous (N=185) (N=205) (N=174)
No. (%) No. (%) No. (%)
|Mean age at diagnosis 36.42 35.76 38.67
Biologic subtype
Luminal (ER+, PR+/-, Her2 neu+/-) 124 (67.03%) 131 (65.37%) 116 (66.67%)
ER-, PR+, Her2 neu+/- 4 (2.16%) 3 (1.46%) 5(2.87%)
Her2 neu positive (ER-, PR-) 11 (5.95%) 20 (9.76%) 13 (7.47%)
Triple negative 29 (15.68%) 34 (16.59%) 22 (12.64%)
Missing Her2 neu 36 (19.46%) 33 (16.10%) 30 (17.24%)
Missing ER or PR 10 (5.41%) 15 (7.32%) 14 (8.05%)
Unknown 8 (4.32%) 12 (6.34%) 10 (5.75%)
Estrogen status
ER+ 124 (67.03%) 131 (63.90%) 116 (66.67%)
ER- 51 (27.57%) 61 (29.76%) 46 (26.44%)
Missing 10 (5.41%) 13 (6.34%) 12 (6.90%)
Histologic grade
Grade | 21 (11.35%) 13 (6.34%) 15 (8.62%)
Grade Il 58 (31.35%) 60 (29.27%) 59 (33.91%)
Grade lll 89 (48.12%) 111 (54.15%) 86 (49.43%)
Missing 17 (9.19%) 21 (10.24%) 14 (8.05%)
[Tumor size
DCIS 7 (3.78%) 7 (3.41%) 11 (6.32%)
0.1—=20cm 82 (44.32%) 93 (45.37%) 62 (35.63%)
=2.0—=50cm 57 (30.81%) 62 (30.24%) 59 (33.91%)
>50cm 19 (10.27%) 21 (10.24%) 23 (13.22%)
Missing 20 (10.81%) 22 (10.73%) 19 (10.92%)
Stage
0 10 (5.41%) 10 (4.88%) 10 (5.75%)
| 59 (31.89%) 56 (27.32%) 52 (29.89%)
1l 100 (54.05%) 108 (52.68%) 87 (50.00%)
1 8 (4.32%) 16 (7.80%) 17 (9.77%)
v 3(1.62%) 8 (3.90%) 0(0.0%)
Missing 5(2.70%) 7 (3.41%) 8 (4.60%)
Year of Diagnosis
1980-1998 41 (22.16%) 36 (17.56%) 24 (13.79%)
1999-2004 39 (21.08%) 40 (19.51%) 49 (28.16%)
2005-present 97 (52.43%) 119 (58.05%) 96 (55.17%)
Unknown 8 (4.32%) 10 (4.88%) 5(2.88%)
IChemotherapy
Yes 105 (56.76%) 129 (62.93%) 97 (55.75%)
No 29 (15.68%) 25 (12.20%) 29 (16.67%)
Missing 51 (27.57%) 51 (24.88%) 48 (27.59%)
Radiation Therapy
Yes 83 (44.86%) 87 (42.44%) 74 (42.53%)
No 45 (24.32%) 52 (25.37%) 39 (22.41%)
Missing 1 57(30.81%) 66 (32.20%) 61 (35.06%)
N = sample size; No. = number.; ER = Estrogen Receptor; PR = Progesterone Receptor; DCIS = Ductal Carcinoma In
Situ.
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Supplementary Table 3-5: University of Colorado and Dana-Farber Cancer
Institute Combined Metastasis Cohort

Supplementary Table 5 | University of Colorado and Dana-Farber Cancer Institute Combined Metastasis Cohort

PPBC <10 years
Nulliparous (N=34) (N=83)
No. (%) No. (%)
IMean age at diagnosis 35.38 35.72
Biologic subtype
Luminal (ER+, PR+/-, Her2 neu+/-) 24 (70.59%) 52 (62.65%)
ER-, PR+, Her2 neu+/- 0 (0%) 1(1.20%)
Her2 neu positive (ER-, PR-) 1(2.94%) 9 (10.84%)
Triple negative 9 (26.47%) 15 (18.07%)
Missing Her2 neu 1(2.94%) 9 (10.84%)
Missing ER or PR 0 (0%) 7 (8.43%)
Unknown 0 (0%) 3(3.61%)
[Estrogen status
ER+ 24 (70.59%) 52 (62.65%)
ER- 10 (29.41%) 27 (32.53%)
Missing 0 (0%) 4 (4.82%)
Histologic grade
Grade | 0 (0%) 4 (4.82%)
Grade || 10 (29.41%) 26 (31.33%)
Grade IlI 21 (61.76%) 41 (49.40%)
Missing 3(8.82%) 12 (14.46%)
Tumor size
DCIS 0 (0%) 1(1.20%)
0.1—=20cm 4(11.76%) 15 (18.07%)
=2.0—<50cm 7 (20.59%) 18 (21.69%)
>=5.0cm 2 (5.88%) 9 (10.84%)
Missing 21 (61.76%) 40 (48.19%)
Stage
0 0 (0%) 0 (0%)
| 3 (8.82%) 17 (20.48%)
] 16 (47.06%) 26 (31.33%)
1 7 (20.59%) 12 (14.46%)
v 8(23.53%) 27 (32.53%)
Missing 0 (0%) 1(1.20%)
[Year of Diagnosis
1980-1998 6 (17.65%) 12 (14.46%)
1999-2004 1(2.94%) 15 (18.07%)
2005-present 27 (79.41%) 56 (67.47%)
[Chemotherapy
Yes 28 (82.35%) 62 (74.70%)
No 5(14.71%) 14 (16.87%)
Missing 1(2.94%) 7 (8.43%)
Radiation Therapy
Yes 21 (61.76%) 40 (48.19%)
No 12 (35.29%) 33 (39.76%)
Missing 1(2.94%) 10 (12.05%)
Site of Metastasis
Liver 2 (5.88%) 17 (20.48%)
Lung 3(8.82%) 8 (9.64%)
Bone 21 (61.76%) 37 (44.58%)
Brain 2 (5.88%) 7 (8.43%)
Other 6 (17.65%) 14 (16.87%)

N = sample size; No. = number; ER = Estrogen Receptor; PR = Progesterone Receptor;
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Chapter IV: Low-dose ibuprofen intervention has
minimal impact on postpartum breast cancer
metastasis to the liver
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Abstract

Postpartum breast cancers, diagnosed within 5 years of giving birth, impart high risk for
metastasis. The high risk for metastasis in this vulnerable population is thought to be due
to the pro-tumorigenic window of weaning-induced mammary gland involution.
Mammary gland involution is characterized by Cox-2 dependent wound-healing-like
tissue remodeling, and Cox-2 inhibition with non-steroidal anti-inflammatory drugs
(NSAIDs) dampens the wound healing response and abrogates the tumor promotional
attributes of involution. These observations suggest NSAID treatment in the postpartum
setting may reduce the incidence and/or poor prognosis of postpartum breast cancers.
However, NSAIDs have been reported to have tissue-specific effects that may result in
undesirable changes in sites of breast cancer metastasis including lung and liver. The
potential for postpartum NSAID treatment to significantly impact the liver has recently
become apparent, as | have discovered that the rodent post-weaning liver undergoes a
programmed tissue involution event characterized by tissue remodeling and increased
risk for liver metastasis. Thus, we explored the effect of the NSAID ibuprofen, on
weaning-induced liver involution and risk for liver metastasis. Due to the similarities
between weaning-induced mammary gland and liver involution, we hypothesized that
NSAIDs would reduce liver-specific metastasis by targeting the pro-metastatic
microenvironment established at this time. We found that ibuprofen had marginal impact
on pro-metastatic attributes of liver involution and did not impact risk for liver
metastasis. Importantly, we did not observe undesirable tissue-specific effects in the liver,
suggesting that NSAID intervention should be explored further as a chemopreventive

agent to control primary tumor progression in the postpartum setting.
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Introduction

Women diagnosed with postpartum breast cancer, defined here as a diagnosis of breast
cancer within 5 years of giving birth, are at elevated risk for metastasis and death’®. The
risk for metastasis with a postpartum diagnosis is, in part, attributed to weaning-induced
mammary gland and liver involution*’?33, Post-weaning mammary gland involution
supports early steps of the metastatic cascade including primary tumor growth, immune
evasion, local dissemination, and escape into the circulation*’. Subsequent stages of the
metastatic cascade are supported by a pro-metastatic microenvironment established in the
liver post-weaning?®. Importantly, in Chapter 111, I report that women diagnosed with
postpartum breast cancer are at increased risk for liver-specific metastasis, whereas risk
for bone, lung, and brain metastasis is similar between postpartum and nulliparous young
women’s breast cancer patients?*3, Currently, no unique treatment recommendations exist
for postpartum breast cancer patients beyond the standard of care, despite the aggressive
nature of the disease and the prominent role that the tissue microenvironment plays in
disease progression®316317 Of interest, high levels of both cyclooxygenase-2 (Cox-2) and
collagen I are associated with poor prognosis in young women’s breast cancer®’.
Furthermore, epithelial and stromal levels of Cox-2 in the mammary gland are regulated
by estrogen and progesterone and are increased over nulliparous levels in both pregnancy
and involution stages of the reproductive cycle®®. Thus, Cox-2 represents an attractive
chemopreventive target for postpartum mothers or those young women diagnosed with

postpartum breast cancer®/114318,

130



The role of the Cox-1 and -2 pathways in cancer have been extensively investigated,
resulting in a depth of knowledge regarding this biology. In tissues, the constitutively
expressed Cox-1, as well as the inducible form of the enzyme, Cox-2, are responsible for
conversion of the lipid metabolite arachidonic acid, a product of diacylglycerol and
membrane phospholipids, to prostaglandin H2 (PGH) (Fig.4-1). Subsequently, PGH>
gets converted to a number of eicosanoid inflammatory mediators including
prostaglandin D, E», F2, I (PGD, PGE», PGF,, PGI>), and thromboxane Az (TXA) via
tissue-specific prostaglandin isomerase and synthase enzymes®®-32L, Prostaglandins
primarily exert their effects via binding and activation of a family of G protein-coupled
receptors called prostanoid receptors (DP, EP1-EP4, FP, IP and TP). Prostanoid receptors
are expressed in a cell- and tissue-specific dependent manner, and the result of their
activation varies widely based upon the specific prostaglandin, prostaglandin receptor
expression and tissue/cellular context (Fig.4-1)3!321, Cox-1 activity plays an important
role in maintaining gastrointestinal (GlI) tissue homeostasis and in platelet aggregation
and vascular integrity, whereas Cox-2 is typically upregulated by inflammatory stimuli
and during carcinogenesis and tumor progression'323_ |t is important to note that Cox-1
can contribute to prostanoid production during inflammation and cancer, although
reportedly to a much lesser extent than Cox-231°32!, Cox-2/PGE; overexpression in rodent
models of cancer contributes to tumor initiation, immune suppression, and tumor cell
immune escape through numerous mechanisms (Fig.4-1)289319.324-326 _gpecifically, PGE:
has been shown to shift cytokine milieus to favor pro-tumor Tn2 polarization by
increasing IL-10, IL-4, IL-6, and decreasing TNFa, IFNy, IL-2 production327328,

subsequently promoting regulatory T cell function®?®, and inducing immune suppressive
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myeloid populations®263%, Further, PGE; abolishes cytotoxic T cell activity via reduced
antigen presentation, upregulation of inhibitory receptors on T cells, and induction of
tolerogenic dendritic cells®3!3%, Elevated Cox-2/PGE: also promotes tumor
angiogenesis®*433% as well as cancer cell survival, proliferation, motility, invasion, and
metastasis*’319336-3%9 |n several model systems, genetic ablation or inhibition of Cox-2
using NSAIDs results in amelioration of tumor-promotional inflammatory pathways and
reduces tumorigenesis and metastasis?’289-319.324336:340 Relevance to human cancer is
implicated, as Cox-2 and PGE, are overexpressed in a number of human cancers

including colorectal, stomach, lung, pancreatic, and breast cancer3#:342,
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Figure 4-1: Arachidonic acid metabolism

Schematic of arachidonic acid metabolism: phospholipases mobilize esterified
arachidonic acid stored in phospholipids. Free arachidonic acid can be converted to
numerous eicosanoids via lipoxygenases, cyclooxygenase (Cox-1, Cox-2), or cytochrome
P450 enzyme activity. Cox-1 and Cox-2 convert arachidonic acid prostaglandin G
(PGGy) via the addition of 2 oxygen molecules, peroxidase activity by the Cox enzymes
completes the reaction to convert PGGz to PGH>. The action of NSAIDs is via inhibition
of Cox-1/2 or Cox-2. PGHz is then converted to various other prostaglandins (PGD.,
PGF,, PGE2, PGl,, and TXAy) by tissue specific isomerases. PGE> can be further
converted to PGF». Prostaglandins have far reaching and tissue/cell-specific effects, some
of which have been highlighted in this diagram. Arachidonic acid can also be converted
to leukotrienes, lypoxins, and various other pro- and anti-inflammatory lipid mediators
via lipoxygenase or cytochrome P450 activity (Wang et al., 2010, Nature Reviews;
Dennis et al., 2015, Nature Reviews Immunology).
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Numerous studies have found that elevated Cox-2 levels in breast cancer associate with
increased risk for recurrence and reduced overall survival rates®#3-34, Interestingly, one
study suggests that the prognostic value of Cox-2 in breast cancer may be due to stromal
as opposed to epithelial levels of the enzyme, highlighting a potentially important role for
microenvironment-derived Cox-2 in disease progression®°. A recent study suggests that
aspirin may suppress growth in PI3K mutant breast cancer cells in vitro in a Cox-2
independent manner, suggesting that patients with PI3K mutations may also benefit from
NSAID intervention®?, as has been shown in PI3K mutant colorectal cancer®>?, In sum,
NSAID intervention may reduce breast cancer risk and prolong overall survival rates in
breast cancer patients?883°2-34 gyggesting that NSAID use in the postpartum breast
cancer setting may similarly reduce the high risk of metastasis in this vulnerable

population.

Preclinical models of weaning-induced mammary gland involution and postpartum breast
cancer provide further support for the use of NSAID intervention in the background of
postpartum breast cancer. The process of weaning-induced mammary gland involution
returns the gland to a non-secretory, nulliparous-like histological state via epithelial cell
death, extracellular matrix (ECM) deposition, active stromal remodeling, and immune
influx that resembles wound healing®/#424347.49.77.94 "I the post-weaning mammary gland,
Cox-2 contributes to a pro-tumorigenic microenvironment, driving lymphangiogenesis,
deposition of fibrillar collagen, and invasive capacity of mammary tumor cells, likely via
PGE; production*’48113.114 ‘1mportantly, PGE receptor EP; is upregulated specifically

during post-weaning mammary gland involution, and EP2.4 are also present at this
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time®**. In pre-clinical murine models of postpartum breast cancer, the Schedin lab has
observed efficacy of NSAIDs in reducing pro-tumorigenic attributes of mammary gland
involution including deposition of pro-tumor ECM proteins, collagen and tenascin-C
(TNC), and influx of pro-tumor immune populations*”113114 (Schedin Lab, data
unpublished). The functional impact of NSAID intervention during mammary gland
involution is evident, as orthotopic mammary tumor growth, local invasion, lymph node
involvement, and lung metastases are all reduced*’1* (Schedin Lab, data unpublished).
The mechanism of action for NSAID abrogation of these pro-tumorigenic modalities is
thought to be, in part, through mammary fibroblast specific targeting (Guo et al.,
submitted). Fibroblasts isolated from involuting murine mammary glands are tumor
promotional when re-implanted with D2A1 mammary tumor cells into naive
(nulliparous) mice. This effect is reversed when fibroblasts are isolated from NSAID
treated mice undergoing involution. In this model, NSAIDs were shown to reduce TGFp,
CXCL12, and collagen production by involution fibroblasts. Taken together these data
suggest that numerous pro-tumorigenic attributes of the involuting mammary gland are
targetable by NSAID intervention and that even short duration of NSAID intervention
during the window of mammary gland involution results in a reduction in primary tumor
growth and metastasis. For these reasons, the Schedin lab is actively investigating the
safety and efficacy of NSAIDs in abrogating pro-tumorigenic microenvironments

supportive of postpartum breast cancer progression.

Importantly, Cox-2, and thus NSAIDs, have tissue-specific effects including differences

in prostaglandin production by macrophages in distinct tissues®® and a potential
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protective role for PGEz in lung inflammation, fibrosis and repair®®-3%, In these lung
pathology studies, prostaglandins serve to curtail collagen production®%38, These data
suggest that NSAID intervention may promote collagen production and exacerbate the
metastasis-supporting attributes of the lung. The fact that unique tissues respond
differentially to NSAID treatment suggests that NSAIDs may also promote pro- or anti-
metastatic microenvironments simultaneously, in distinct sites. Understanding the impact
of NSAIDs on potential future metastatic sites will further inform our studies on NSAID
safety and efficacy in the postpartum setting. Studies in the normal liver have revealed
low or non-existent levels of Cox-2, PGE;, and the PGE-specific EP receptors3>-31,
However, in states of liver pathology including cirrhosis, hepatocellular carcinoma, and
liver metastasis, Cox-2 and PGE: are markedly elevated®13%_In rodent models of liver
cirrhosis and fibrosis NSAID intervention has shown some efficacy in reducing

pathological ECM deposition and liver damage623%4,

| previously discovered that the rodent liver undergoes an orchestrated tissue involution
program post-weaning, returning the liver to a pre-pregnant-like steady state, similar to
what is observed in the mammary gland. This work is described in detail in Chapter
111223, Although weaning-induced liver involution in rodents occurs in the absence of
overt fibrosis, it is characterized by hepatocyte cell death, catabolic metabolism,
deposition of ECM, immune influx, and evidence for stromal remodeling®3. In chapter
I11, I report that the process of weaning-induced liver involution establishes a pro-
metastatic microenvironment and increases the risk for liver metastasis compared to

nulliparous controls?®3. Further, my analysis of a young women’s breast cancer cohort
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suggests that postpartum breast cancer patients are at increased risk for liver
metastasis?33. Based on these data and evidence that NSAIDs are efficacious in subduing
the pro-tumorigenic microenvironment of the involuting mammary gland*’13, we
hypothesized that ibuprofen intervention during the window of weaning-induced liver
involution will reduce the pro-metastatic attributes of liver involution and thus reduce the
risk for postpartum liver metastasis. However, the impact of NSAID intervention with
ibuprofen on breast cancer liver metastasis may result in 1) added benefit by ameliorating
the pro-metastatic niche in the post-weaning liver, 2) no measurable impact, or 3)
promotion of liver metastasis due to tissue-specific effects, resulting in recommendations
not to use NSAIDs to prevent or treat postpartum breast cancers. Using rodent models of
PPBC and ibuprofen intervention (Fig.4-2A-C) | observed modest reduction on some
attributes of the pro-metastatic microenvironment weaning-induced liver involution but

no impact on liver metastasis.
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Figure 4-2: Rodent study designs

(A) Rodent studies for acquisition of liver tissues to understand arachidonic acid
metabolism at nulliparous (N), lactating (L), Involuting (Inv2-10), and fully regressed 4
weeks-post-weaning (R) stages. Pregnancy time points were not assessed in these studies.
N=4 rodent lysates/grp were utilized for tissue lysates. n=4 Inv4, Inv10; n=5 L, Inv2,
Inv6; n=6 N, Inv8, R rats/grp were utilized for metabolomics. (B) Schematic for
assessing the impact of Ibuprofen on Balb/c mouse livers from nulliparous, and Inv4 and
6 stages. The table shows sample size numbers collected for flow cytometry and/or IHC
across 4 studies. (C) Study design for intraportal injection metastasis studies; Nullip,
n=21; Nullip+Ibu, n=21; Inv2, n=20; Inv2+Ibu, n=25.
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Materials and methods

Postpartum rodent models

The UC-AMC and OHSU Institutional Animal Care and Use Committees approved
animal procedures. Age-matched female Sprague-Dawley rats (Harlan) and Balb/c mice
(Jackson Laboratories) were housed and bred as described*>*°. Tissue collection was

performed as described?.

Ibuprofen intervention

Ibuprofen doses utilized for rodent studies (150 mg ibuprofen/kg chow or 300 mg
ibuprofen/kg chow) are equivalent to 117 mg/day and 234 mg/day of ibuprofen,
respectively, taken daily (for a 65 kg/143.3 Ibs person) according to the U.S. Food and
Drug Administration (FDA) calculator for human dose equivalents®®. lbuprofen chow
was made using pulverized irradiated base chow 5L0D Laboratory Rodent Diet (Purina,
LabDiet® PicoLab®, St. Louis, MO). Ibuprofen (17905, Sigma Aldrich) was added to
dry pulverized chow at 150 mg/kg (IbuL) or 300 mg/kg (IbuH) and mixed with a Kitchen
Aid® Professional 550 HD mixer until well mixed. Sterile water was then added to the
mix until chow was moist enough to form patties. Patties were dehydrated using a
LEM™ 5-tray dehydrator (Model #1009) set to 105°F for 6 days. Efficacy of ibuprofen
delivery in this manner, via chow feeding, has been confirmed in previous studies*’-3’
(and data unpublished, Martinson et al., Schedin Lab). Balb/c female mice were fed
5L0D base chow or 5L0D ibuprofen chow at the appropriate dosage for 4 or 6 days for
involution day 4 and 6 groups (respectively), 6 days for nulliparous controls, or for 14

days post-weaning for metastasis intervention studies.
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Cell culture

D2A1, D2.0OR, and 4T1 cells were cultured and injected as described?332%, BrafV600E
melanoma cells and BrafVé%E ptgs1/ptgs2’- CRISPR/Cas9 engineered cells®?* were a gift
from Drs. Santiago Zelenay and Caetano Reis e Sousa (The University of Manchester,
Manchester, UK and The Francis Crick Institute, London, UK). B16 cell lysates were a

gift from Dr. Amanda Lund (Oregon Health & Science University, Portland, OR).

D2A1 tumor cell ibuprofen dose curve

D2A1 mammary tumor cells were plated in 24 well plates at a density of 5x10* and
cultured for 24 h in DMEM high glucose (Hyclone, South Logan, UT) with 2 mM L-
glutamine (Gibco, Grand Island, NY), 1X Penicillin/Streptomycin (Corning), and 10%
FBS (Hyclone). Media was removed and replaced with complete media and 5, 25, 50, or
100 pum of Ibuprofen (Sigma) diluted in DMSO. Vehicle treated wells were incubated in
an equal volume DMSO alone; untreated wells were incubated in complete media
without any additives. At 5 days wells were washed and incubated in 0.1% crystal violet
for 30 min, washed 3x, and allowed to dry completely. 1 ml methanol was added to each
well to extract crystal violet and samples were read at 560 nm using a Promega plate

reader.

Intraportal injection model of metastasis
Balb/c female mice injected with 5,000 D2A1 isogenic mammary tumor cells into the

portal vein as described?®. Mice were euthanized at 5 weeks post-injection (Nullip, n=21;
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Nullip+lbu, n=21; Inv2, n=20; Inv2+1bu, n=25) and visible liver metastasis assessed at
necropsy. Data are presented as the percentage of mice in each group with liver
metastasis. Tumor area was assessed on H&Es of n=10 Inv2 and n=10 matched Inv2+Ibu

mice injected on the same days using Aperio ImageScope software (Leica Biosystems).

Flow cytometry
For flow cytometric analyses, individual mouse livers were perfused and prepared for

immune cell profiling by flow cytometry as described?,

Immunohistochemistry, reticulum silver stain, and image analysis

Immunohistochemical (IHC) for F4/80, Ly6C, and Ly6G was done as described?,
FoxP3 IHC is described in Chapter I11. Reticulum silver stain was done using the
Chandler’s Precision® Reticulum Stain Kit as per manufacturer’s recommendations
(American Mastertech Scientific, Inc.). Image analysis was done as described? and as in

Chapter I11.

Immunoblotting

Sample preparation of protein lysates and immunoblots were performed as described® on
cell pellets and tissue. 5 pg of protein for cell pellets and D2A1 mammary tumors, and
30-60 ug of protein for tissue lysates, was loaded. Membranes were probed at 4°C
overnight with aCox-1 (4841, Cell Signaling, 1:1000), aCox-2 (D5H5, 12282, Cell
Signaling, 1:1000), aTNC (ab19011, Millipore, 1:200) or for 1 hr at RT with aGAPDH

(G9545, Sigma, 1:5000). Secondary goat anti-rabbit 1IgG (Bio-Rad, 1:10,000) was used
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with shaking for 1 hr at RT. Signal was detected with ECL substrate (Thermo Fisher) and

an All Pro 100-Plus film developer (Air Techniques, Melville, NY).

Metabolomics and data analysis

For rat liver metabolomics, mass spectrometry was performed on n=4 Inv4, Inv10; n=5
L, Inv2, Inv6; n=6 N, Inv8, R rats/grp and data analyzed as described?3. The full
metabolomics dataset is available at The Metabolomics Consortium Data Repository and
Coordinating Center (DRCC) (Project ID PR000382: Rat metabolomics study

ST000509).
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Results

Arachidonic acid metabolism in the liver

Because high levels of Cox-2, PGE, and EP; are characteristics of weaning-induced
mammary gland involution®"11333% we first sought to characterize arachidonic acid
metabolism and Cox-2 expression/activity in the homeostatic liver. Studies suggest that
Cox-2 levels are low or undetectable in healthy liver, and upregulated in viral hepatitis,
cirrhosis, and fibrosis of the liver361-3643%8 Cox-2 is primarily expressed by resident liver
macrophages, known as Kupffer cells, although other cell types including hepatic stellate
cells have been reported to express Cox-23%°370 In contrast, Cox-1 is constitutively
expressed by various non-parenchymal cells®%83"1 seemingly regardless of liver
pathology®®1%8, Cox-1 and -2 levels and activity have not previously been assessed in
rodent livers in the postpartum setting. To this end, we undertook a breeding study to
obtain mouse and rat livers from nulliparous, lactating, involuting, and fully regressed
rodents (Fig.4-2A) for Cox-1 and Cox-2 protein expression by western blot. We did not
assess for Cox enzymes in samples from pregnancy time points despite high levels of
Cox-2 observed in mammary glands from pregnant rats®® as the window of risk for
highly metastatic breast cancers is specific to those breast cancers diagnosed
postpartum?®, We found that liver Cox-1 is similarly expressed in rodents from
nulliparous, lactation, involution, and regressed stages. In contrast, Cox-2 was
specifically upregulated in the liver during lactation and involution (Fig.4-3A-B).
Immunoblots for Cox-1 and Cox-2 on BrafV600E wild type cells that express Cox-1 and
Cox-2, as well as the BrafVV600E cell line with a Cox-1/2 double knockout®?*, served to

confirm antibody specificity (Fig.4-3C). Mass spectrometry metabolomics assessing for
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arachidonic acid metabolism on whole rat livers similarly suggested modest changes in
arachidonic acid metabolism postpartum. Specifically, we observed a significant, but
modest ~1.2-fold decrease in PGE: at early-involution with recovery to nulliparous levels
by mid-involution (Fig.4-3D-E). We also observed increased levels of the more stable
prostanoid, PGF»,, during lactation, with high levels maintained through Inv6 (Fig.4-3D,
4-3F). Levels of the prostacyclin PGl were not detected. Metabolomics also detected a
small subset of eicosanoids downstream of lipoxygenase activity that were not altered
across the reproductive cycle (data not shown). Cumulatively, our data suggest that Cox-
2/PGE: levels change only modestly post-weaning, and may not mediate liver involution.
Nonetheless, our observations of increased Cox-2 protein expression and a ~3-fold
increase in prostaglandin PGF», levels during lactation and involution suggest liver Cox-
2 activity or available substrate (arachidonic acid) may be functional, necessitating
further investigation into the potential side effects of NSAID intervention on weaning-

induced liver involution.
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Figure 4-3: Arachidonic acid metabolism in rodent liver across the reproductive

(A-B) Immunoblot of Cox-1 and Cox-2 in (A) Balb/c female mouse livers and (B)
Sprague Dawley rat livers across the reproductive cycle; n=4 pooled livers/grp.
+ctrl=BrafVV600E cells. (C) Immunoblot for Cox-1 and Cox-2 in the melanoma cell lines
BrafV600E WT and BrafVV600E Cox1/2 knockout. Incomplete knockdown of Cox-2 is
apparent in the control cell line with longer exposure times. (D) Prostaglandins detected
by metabolomics analysis on whole rat liver. Data is presented as averaged fold change
over nulliparous. (E) Prostaglandin E2 and (F) Prostaglandin F2, on biologic replicates
from metabolomics analysis on whole rat livers. One-way ANOVA. *=p-value<0.05,
**=p-value<0.01.



Evidence for increased liver weight by NSAID intervention during weaning-induced liver

involution

We next sought to determine whether NSAID intervention delays or abrogates weaning-
induced liver involution, both undesirable side effects. Female Balb/c mice were placed
on a low-dose ibuprofen chow diet of either 150 mg (Ibu-L) or 300 mg (lbu-H)
ibuprofen/kg chow at time of pup weaning. Human dose equivalents are ~117 mg/day
and ~234 mg/day, respectively®®. Treatment was continued for 4 days (Inv4), or 6 days
(N, Inv6) (Fig.4-2B). Inv6 mice on the Ibu-H diet weighed more at time of euthanasia
compared to untreated controls (Fig.4-4A). Similarly, mice in the Inv6 group on either
Ibu-L or Ibu-H diets had heavier livers compared to the untreated controls (Fig.4-4B).
When normalized to body weight, we see that liver weight differences with ibuprofen
were nullified, suggesting the weight increase was due to overall increased body weight
(Fig.4-4C). Of interest, mice in the Inv4 group and in the nulliparous group showed no
difference in body or liver weights (Fig.4-4A-B), however, sample size was smaller,
impacting our ability to detect potential size differences. Taken together, these data
suggest that a slight delay in body and liver weight loss post-weaning occurs with NSAID
intervention, and should be followed up in more detail prior to making conclusions

regarding the safety of NSAIDs during weaning-induced liver involution.
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Figure 4-4: Ibuprofen diet may impact liver weight post-weaning

(A) Balb/c mouse body weight at time of euthanasia (IbuL= 150 mg Ibuprofen/kg chow;
IbuH =300 mg Ibuprofen/kg chow). (B) Balb/c mouse liver weight at time of euthanasia.
(C) Balb/c mouse liver weight normalized to body weight at time to euthanasia. One-way
ANOVA to compare across parity groups, Two-tailed Student’s T-test to compare
untreated to treated within each stage, *=p-value<0.05, ***=p-value<0.001, ****=p-
value<0.0001.
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Ibuprofen intervention during weaning-induced liver involution does not reduce deposition

of pro-metastatic ECM proteins

Previous work has shown that tumor-promotional fibrillar collagen and TNC are
deposited at increased rates during weaning-induced mammary gland involution®394113,
and this deposition is ameliorated by NSAID intervention*"*13, The impact of NSAID
treatment on ECM deposition during this tumor promotional window is likely essential to
its’ anti-tumor effect, as mammary involution ECM alone drives tumor progression in
naive mice*®. We have previously shown deposition of collagen and TNC in the post-
weaning liver?®3, both of which have been shown to play important roles in pro-metastatic
microenvironments®2209213312 Thys we next investigated whether ibuprofen intervention
reduced collagen and/or TNC levels in the post-weaning murine liver. We first performed
reticulum silver stain to assess Collagen 111 levels in the mouse liver and found that
ibuprofen may reduce collagen reticular fiber levels in livers from nulliparous hosts
(Fig.4-5A-B). However, we observed no differences in reticular fiber stain in the
involution groups (Fig.4-5A). Attempts to assess for Collagen I levels by IHC were
unsuccessful. We next assessed the impact of NSAID treatment on the levels of TNC by
immunoblot and found that TNC levels show a trend towards reduction in the Inv6 group
with ibuprofen treatment compared to controls (Fig.4-5C-D). However, intra-animal
variation was greater than inter-group variation, raising the possibility of assay
limitations, such as inconsistent protein solubilization of high molecular weight ECM
proteins between samples. In sum, these data do not suggest that NSAID intervention
during the window of weaning-induced liver involution either reduces or increases

deposition of Collagen I11 or the pro-metastatic ECM protein TNC. However, these data
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need to be corroborated and expanded upon in additional studies utilizing larger sample
sizes and more robust methods including quantitative targeted ECM proteomics as

described in Chapter V94372,
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Figure 4-5: ECM changes with NSAID intervention during weaning-induced liver
involution in rodents

(A) Quantification of reticulum silver stain in Balb/c mouse livers across the reproductive
cycle, treated with Ibuprofen or vehicle for 4-6 days. (B) Representative images of
reticulum stain on Balb/c mouse liver. Black stain is the reticular fiber network; scale
bar=25 um. (C) Tenascin-C (TNC) immunoblots on mouse liver lysates from across the
reproductive cycle; mice were treated with Ibuprofen or vehicle for 4-6 days. L1 is the
lactation sample to which all other samples were normalized, all other samples are
labeled based upon their respective group. (D) Densitometry of immunoblots from (B),
normalized to GAPDH; data is presented as fold change over L1 in the upper blot. Two-

tailed student’s t-test to compare untreated to treated, within each stage. #=p-value 0.053,
**=p-value<0.01.
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Ibuprofen intervention modestly reduces Ly6C* monocyte influx during weaning-induced

liver involution

I have previously shown that myeloid populations increase in abundance during weaning-
induced liver involution by both flow cytometry and semi-quantitative IHC?33, Thus, |
assessed the impact of ibuprofen intervention on immune cell complexity in livers from
both actively involuting and nulliparous mice, using 4-12 mice per group, with data
compiled from three independent experiments (Fig.4-2B) (see Appendix B for immune
cell marker descriptions). This analysis revealed the expected increase®® in total
leukocytes (CD45"), macrophages (CD11b*F4/80™), and monocytes
(CD11b*Ly6C*LYy6G"), confirming prior work described in Chapter 111 (Fig.4-6A-C).
However, the expected increase in neutrophils (CD11b*Ly6C*Ly6G") during weaning-
induced liver involution was not observed (Fig.4-6D). With ibuprofen intervention at this
dose we observed a reduction in total leukocytes, CD11b*F4/80" macrophages, and
Ly6CMLy6G monocytes (Fig.4-6A-C). Strikingly, we found that ibuprofen treatment
increased neutrophils significantly in the nulliparous group (Fig.4-6D). Of note, liver
flow cytometry analyses of myeloid populations were performed on a total of 4
independent NSAID studies (Fig.4-2B), however results from the 4™" study showed a 50%
reduction in expected macrophage numbers and warranted exclusion from analyses. We
next sought to confirm flow cytometry data by semi-quantitative IHC for F4/80 to mark
macrophages, Ly6C to mark monocytes and neutrophils, and Ly6G to mark neutrophils.
This analysis revealed no appreciable impact of ibuprofen treatment on the abundance of
these populations, despite the expected increase?? in these populations during involution

(Fig.4-6E-G). The discrepancy between flow cytometry and IHC data may be explained
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by the fact that flow cytometry data is presented as percent of total cells following tissue
processing and collagenase digestion, as opposed to area analysis as performed in IHC
analyses. Another possibility is that single marker analyses by IHC are not sufficient to
capture the same populations detected by flow cytometry. Analyses utilizing multiplex
IHC platforms may be useful in further delineating and quantifying myeloid populations

in these liver sectionst09373,
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Figure 4-6: Ibuprofen intervention during weaning-induced liver involution may
reduce myeloid cell influx

(A-D) Flow cytometric analysis of whole Balb/c mouse liver myeloid populations; data
presented as percent of viable cells. Colors represent independent study data points. (E-
G) IHC quantification of percent positive/area for single-color stained sections. Colors
represent independent study data points. One-way ANOVA to compare N, Inv4, & Inv6;
Two-tailed Student’s T-test to compare untreated to treated within each stage. #=p-
value<0.1, *=p-value<0.05, **=p-value<0.01, ****=p-value<0.0001.
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My previous work has also shown that immune-suppressive FoxP3™ T regulatory cells
increase during weaning-induced liver involution (Appendix A). Thus, | assessed for
CD8" cytotoxic T lymphocytes, CD4™ T helper cells, and FoxP3* T regulatory cells by
flow cytometry. We observed the expected increase in CD8" lymphocytes from Inv4 to
Inv6, and an increase in CD4" lymphocytes at Invé compared to N and Inv4 groups
(Appendix A) (Fig.4-7A-B). We also confirmed previously reported results that FoxP3™*
T regulatory cells increase at Inv6 compared to N and Inv4 groups (Fig.4-7C, see
Appendix A). Quantification of lymphocytes following ibuprofen intervention revealed a
modest reduction in CD8*, CD4", and FoxP3* T regulatory cells (Fig.4-7A-C). Yet upon
IHC confirmation of the FoxP3" T regulatory cell population showed no impact of
ibuprofen on this population (Fig.4-7D). Because these data are from one study,
replication of the results will be essential to understand how ibuprofen impacts

lymphocyte populations in the liver during weaning-induced liver involution.
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Figure 4-7: Ibuprofen intervention during weaning-induced liver involution may

reduce T regulatory cells

(A-C) Flow cytometric analysis of whole Balb/c mouse liver leukocyte populations; data
are presented as percent of total. (D) IHC quantification of FoxP3+ cells as percent
positive/area. One-way ANOVA to compare N, Inv4, & Inv6; two-tailed student’s t-test
to compare untreated to treated within each stage. #=p-value<0.1, *=p-value<0.05, **=p-

value<0.01, ***=p-value<0.001.
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Low-dose ibuprofen treatment does not reduce the frequency of liver metastasis in an

experimental metastasis model

We next sought to determine whether low-dose ibuprofen intervention during liver
involution impacts risk for developing overt liver metastasis in an experimental
intraportal liver metastasis model®® (Fig.4-2C). Previous studies have shown that
ibuprofen intervention with both murine D2A1 as well as the human breast cancer
MCF10A-DCIS.com cells display reduced primary tumor growth in involution hosts
when treated with NSAIDs*’ (data unpublished). For these studies the syngeneic D2A1
mammary tumor cell line was utilized. D2A1 tumor cells express Cox-1 but not Cox-2 in
vitro (Fig.4-8A). Further, we do not see an upregulation of D2A1 Cox-2 levels in
mammary tumors injected orthotopically at day 1 post-weaning and grown for 3 weeks
(D2A1 T1 and T2 lanes, Fig.4-8A; tumor samples were derived from unpublished
studies, Martinson et al., Schedin Lab). These data are consistent with any differential
response to ibuprofen between nulliparous and involution groups being attributable to
differences in Cox-2 activity within the tumor microenvironment. However, to further
rule out any direct effect of ibuprofen on tumor cell viability or proliferation, we treated
D2A1 mammary tumor cells with various concentrations of ibuprofen for 5 days in vitro
(Fig.4-8B). We did not observe treatment related suppression of tumor cell number, data
consistent with ibuprofen not having direct cytotoxic or anti-proliferative effects on
D2A1 mammary tumor cells in vitro. We next injected 5,000 D2A1 tumor cells into
Balb/c female mice at day 2 post-weaning via the portal vein, and overt liver metastasis
was assessed at 5 weeks post-injection. As previously described?3, mice injected at

involution day 2 were significantly more likely to present with overt liver metastasis
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when compared to nulliparous controls (Fig.4-8C). However, low-dose ibuprofen
intervention during the window of weaning-induced liver involution (maintained for 14
days post-weaning) did not impact risk for developing overt liver metastasis (Fig.4-8C).
Despite no impact on risk of developing overt metastasis, we did detect a trend towards
reduced tumor size in the involution treatment group as compared to untreated controls
(Fig.4-8D). In sum, these data suggest that a subtle delay in metastatic tumor outgrowth
may occur with ibuprofen intervention, but that overall risk of developing metastasis in
the involution group was not impacted. These data extend previous studies showing that
NSAID intervention specifically reduces primary tumor growth and dissemination, by
suggesting that ibuprofen does not have an effect on abrogating later stages of the
metastatic cascade within the liver. Importantly, these studies also suggest that ibuprofen
does not contribute to an enhanced pro-metastatic tissue microenvironment within the
involuting liver, suggesting use in the postpartum breast cancer setting will not aggravate

liver metastasis risk.
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Figure 4-8: Low-dose ibuprofen intervention during weaning-induced liver
involution does not reduce risk for liver metastasis

(A) Immunoblot for Cox-1 and Cox-2 in the melanoma cell lines BrafV600E WT,
BrafV600E Cox1/2 knockout, the mammary tumor lines D2A1, D2A1 grown in isogenic
mouse fat pads for 3 weeks (T1 and T2), D2.0OR, and the murine melanoma line B16F10,
all of which have varying levels of Cox-1 and Cox-2 expression levels. (B)
Quantification of proliferation/viability of D2A1 mammary tumor cells grown in the
presence or absence of varying concentrations of ibuprofen, as detected by crystal violet
retention. (C) Frequency of overt liver metastasis detected at necropsy, 5 weeks post-
injection of D2A1 mammary tumor cells; two-tailed Fisher’s Exact test; Nullip, n=21;
Nullip+1bu, n=21; Inv2, n=20; Inv2+lbu, n=25. (D) Tumor area analysis on H&E stained
liver sections, average of 3 levels/liver; n=10 livers/grp; one-tailed student’s t-test. N.S.=
not significant, #=p-value<0.1, *=p-value<0.05.
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Discussion and Future Directions

This work sought to understand the impact of NSAID intervention during the window of
weaning-induced liver involution on the involution process, the establishment of the pro-
metastatic niche, and on risk for liver metastasis. Our studies have focused on the liver
because of my finding that the post-weaning liver involutes, increasing risk for liver
metastasis in rodent models?®, We hypothesized that NSAID intervention may abrogate
pro-metastatic attributes of weaning-induced liver involution and thus reduce risk for
developing liver metastasis in the post-weaning setting. In these studies, | have shown
that low-dose ibuprofen intervention may marginally reduce some attributes of the pro-
metastatic microenvironment established in the post-weaning liver, including TNC
deposition as well as influx of CD11b*F4/80" macrophages and CD11b*Ly6C"'Ly6G"
monocytes. Using the intraportal injection metastasis model we observed no impact of
low-dose ibuprofen treatment on frequency of metastasis in mice injected immediately
post-weaning or in nulliparous controls. However, a trend toward reduced tumor size was
observed with ibuprofen treatment in the postpartum group. Importantly, these data are
consistent with the idea that NSAIDs, which target primary tumor growth and local
invasion in rodent models of postpartum breast cancer*”*** do not increase the risk for

liver metastasis.

| observed increased Cox-2 protein levels in the rodent liver during lactation and
involution. Hepatocytes degrade prostaglandins via p-oxidation®’**"> and B-oxidation is
dramatically increased in the liver during lactation®°. Thus, it is possible that the elevated

lipid breakdown via B-oxidation may elicit increased Cox-2 activity during lactation to
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compensate for potential eicosanoid lipid loss. | observed increased PGF», during
lactation and involution. PGF», and its receptor, prostaglandin F receptor (FP), are known
to increase in uterine tissues upon initiation of parturition, another dramatic tissue
remodeling process®’®="8. In the liver, and other tissues, PGF may result as a downstream
product of PGE and PGD via ketoreductase enzyme activity3’°3%, Interestingly, PGF,,
plays an important role in vasoconstriction and reduction of vessel permeability in the
liver, data that may seem counter-intuitive when describing a pro-metastatic
microenvironment®!, However, other studies have shown that PGF», promotes tumor cell
motility and invasion®238 and is upregulated during inflammation and hepatotoxicity>8+
386 suggesting that high PGF», during early involution may contribute to the transient
pro-metastatic niche established at this time. Further study of this prostaglandin may be
of interest. Additionally, the expression of eicosanoid receptors in the liver during
involution has not been assessed and may advance our understanding of how arachidonic

acid metabolites impact the liver post-weaning.

Importantly, the increased body and liver weights observed at Inv6 in the treatment group
compared to vehicle controls suggests that in-depth pathway analyses are necessary to
fully understand how NSAIDs impact liver involution. Thus, conclusions regarding
NSAID safety during the postpartum period should not be made until these studies are
performed. The increased weight may be due to reduced hepatocyte apoptosis, a hallmark
of weaning-induced liver involution and the proposed mechanism for weight loss during
this window?*3, Prostaglandins have been shown to play cytoprotective roles in other

tissues®2%-32% thus the possibility that NSAIDs reduce involution-associated hepatocyte
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apoptosis should be investigated. Furthermore, one study has identified that NSAIDs may
promote weight gain in cancer patients with cachexia®’. Future analyses should include
robust gene expression profiling via RNASeq, as well as whole tissue lipidomics and
eicosadomics®®. Of potential interest, we are only just now beginning to understand
involution-specific metabolic changes in the liver?3. Preliminary data suggests a
potential role for lipid deposition in liver involution (see Chapter VI1I) and arachidonic
acid metabolism is intimately linked to regulation of cholesterol, bile acid, and 3-
oxidation®93%_ These data suggest that the above mentioned omics analyses will be
essential to understanding the impact of NSAIDs on major pathways altered during
involution, including the anabolic-to-catabolic metabolism switch, lipid metabolism, cell

death programs, and the nature of involution-associated inflammation (Tl vs. Tnu2)%%.

As mentioned above, NSAIDs may have tissue-specific effects that are reflected in our
assessment of the liver during weaning-induced involution. In states of liver pathology
including cirrhosis, hepatocellular carcinoma, and liver metastasis, Cox-2 and PGE: are
markedly elevated®-3%, In rodent models of liver cirrhosis and fibrosis NSAID
intervention has shown efficacy in reducing pathological ECM deposition and liver
damage®®?2%4, In contrast, a CCl, rat fibrosis model showed worsened fibrosis and
increased hepatic stellate cell (HSC) activation when celecoxib treatment was
included®?. Other studies have shown a role for PGE; in inhibiting TGFp induced
collagen synthesis by HSC*®2. Thus, there are conflicting roles for NSAID intervention
even within the same tissue, in a disease and model specific manner. In the data | have

acquired during weaning-induced liver involution, we do see modest reductions in TNC
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as well as myeloid and lymphoid populations assessed by flow cytometry with ibuprofen
treatment in the Inv6 group. These data suggest that ibuprofen intervention may target
similar pathways involved in ECM deposition and immune cell influx, such as TGFf
production by fibroblasts, as was shown in the mammary gland (Guo et al., submitted).
However ibuprofen did not reduce liver metastasis in an intraportal injection model,
suggesting that the effect of ibuprofen changes were either not sufficient or were offset
by other as of yet unknown effects. Thus, the anti-tumor impact of ibuprofen intervention
during the window of post-weaning involution in orthotopic fat pad models is not

recapitulated in the liver.

The studies | have discussed in this thesis chapter require additional confirmatory
experiments. For example, the impact of NSAID intervention on ECM deposition should
be characterized in greater detail using quantitative ECM proteomics®*3%, Studies have
shown a role for Cox-2 in modulating collagen organization*’ (Guo et al., submitted),
thus understanding the organization and proteolysis state of key ECM proteins in the liver
may also be of interest. Of potential importance, flow cytometry data also shows that
ibuprofen intervention may increase neutrophils in nulliparous rodent livers, a cell type
known to have both anti-metastatic and pro-metastatic effects!’>1>1%6, Thus, flow
cytometry data should be followed up on in more detail. The phenotype and function of
immune cells in the involuting liver, or how NSAIDs impact immune cell phenotype and
function in the liver during involution, is not known. Of interest, NSAIDs have been
implicated in shifting pro-tumor alternatively activated macrophages towards a more

tumor-suppressive classically activated phenotype®*. Thus, ex vivo phenotyping of
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myeloid and lymphoid populations by flow cytometry and gene expression analyses, as

well as functional assays following NSAID intervention are warranted.

Currently, no treatment options beyond standard of care regimens exist for postpartum
breast cancer patients, despite the elevated risk for metastasis and death®2331¢, Qur
findings, using an experimental metastasis model, suggest that low-dose ibuprofen does
not negatively impact liver metastasis, despite modest amelioration of pro-metastatic
attributes of liver involution. Of potential relevance, our intraportal injection model
bypasses early stages of the metastatic cascade known to be impacted by NSAID
intervention, including tumor growth, immune evasion at the primary site, and
invasion#289.32433% Thys a lack of efficacy in reducing metastasis in this model may be
due to NSAIDs preferentially impacting earlier stages of the metastatic cascade
(described in Chapter I). Other studies have reported an NSAID effect on experimental
metastasis models in which cells are injected directly into the circulation, however these
studies utilized Cox-2 expressing cell lines®®33%, A role for NSAIDs in impacting the
metastatic site, and thus metastasis, using cell lines lacking Cox-2, such as the D2AL1 cell
line used in this work, had not previously been done to the best of our knowledge.
Importantly, the ibuprofen dose we have utilized for the metastasis studies (300 mg
ibuprofen/kg chow) is equivalent to 234 mgs of ibuprofen taken daily for 14 days (for a
65 kg/143.3 Ibs person) according to the U.S. Food and Drug Administration (FDA)
calculator for human dose equivalents®®®. Thus, it is reasonable to increase the daily dose
for NSAID intervention in these rodent studies to the human dose equivalent of 400-1200

mgs daily (the cutoff for low-dose NSAIDs such as ibuprofen)®®°. However, it would be
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worthwhile to ensure NSAID efficacy at the current or higher doses via PGE> metabolite
(PGEM) ELISAs from liver tissues. Similarly, Cox inhibition has been shown to shunt
arachidonic acid metabolism through the lipoxygenase pathway to favor leukotriene
synthesis®®®. This will similarly be imperative to track, as increased leukotriene
production by neutrophils has been shown to play an integral role in lung metastasis
initiation®¥’. It is also important to note that NSAIDs such as ibuprofen may result in
adverse events including Gl damage, and increase the risk for adverse cardiovascular
events, particularly in high-risk populations®®3%, These adverse events are thought to be
due to disruption of Cox-1 maintenance of tissue homeostasis and epithelial
cytoprotection in the gut, and due to an imbalance in prostaglandins (particularly TXA;
and PGI,) involved in platelet aggregation and vascular homeostasis®?33%3%_ These
safety concerns should be evaluated in the context of the aggressive nature of postpartum

breast cancer, where treatment options are lacking.

In addition to increasing the dose for future studies, it will be important to evaluate a
Cox-2 specific NSAID such as celecoxib. Cox-2 specific inhibitors are relevant in our
experimental modeling, as the D2A1 mammary tumor cell line expresses Cox-1, but not
Cox-2, and thus complicates our interpretation of non-specific NSAID intervention on the
microenvironment as opposed to direct action on the tumor cells. Alternatively, use of a
mammary tumor cell line lacking Cox-2 and Cox-1 may be employed. Further, the trend
towards a reduction in metastasis size in the Inv2 group with NSAID intervention
suggests that metastatic outgrowth may be impacted more so than extravasation or

seeding, however this result was very modest and needs to be validated. Use of GFP
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expressing D2A1 mammary tumor cells in the Glowing Head mouse?” allows for
assessment of various stages of liver metastatic seeding and outgrowth (see Chapter VII)
and may help elucidate the specific roles, if any, that NSAIDs have in limiting metastatic
disease in the liver. The Glowing Head mouse is tolerized to both GFP and luciferase via
constitutive expression in the anterior pituitary gland?®’. These immune competent mice
facilitate use of tagged cell lines without eliciting aberrant immune responses to GFP or
luciferase foreign antigen?’. GFP tagged cell lines enable detection of single cells and
micro-metastatic lesions in the tissue at early time-points post-injection, and thus efficacy
of NSAIDs, as well as other targeted drugs, in targeting various stages of liver metastasis
could be investigated. In sum, a role for NSAIDs in regulating postpartum breast cancer
metastasis to the liver should be evaluated in greater detail, with higher doses, and with

Cox-2 specific inhibitors for further evidence for safety as well as efficacy.

Although liver-specific increases in metastasis with a postpartum breast cancer diagnosis
are a primary concern, site-specific analysis at other metastatic sites suggests that ~80%
of metastatic postpartum breast cancer patients will also recur to lung, bone, or brain, as
opposed to liver?3, Importantly, tissue specific responses to NSAIDs exist, as previously
discussed in the introduction of this chapter®>°2%8 and suggest that the blockade of pro-
tumorigenic programs in the mammary gland may not be recapitulated in metastatic sites,
as my data suggests here. Thus, the impact of NSAIDs on risk for developing lung, bone,
and brain metastases should also be explored prior to recommending NSAIDs as a viable
addition to standard of care treatment for postpartum breast cancer patients. To this end,

studies to investigate the impact of ibuprofen treatment on the murine lung are underway.
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Finally, recent studies have also shown that intervention with NSAIDs along with
checkpoint blockade or anti-angiogenic therapies increases efficacy compared to single
agent use in mammary, colon, and melanoma models®244%, These data suggest that pre-
clinical postpartum breast cancer modeling of NSAID intervention may benefit from
combinatorial treatment with chemotherapy and other experimental or approved

therapeutics.

In sum, our data provide evidence that low-dose ibuprofen treatment during the window
of weaning-induced liver involution may marginally abrogate some attributes of the pro-
metastatic microenvironment established post-weaning. However, in an intraportal
metastasis model, ibuprofen intervention did not reduce the high rates of liver metastasis
observed in mice injected with mammary tumor cells post-weaning. These data
simultaneously suggest that while low-dose ibuprofen therapy may not reduce pro-
metastatic niche formation in the liver, it does not appear to increase risk for liver
metastasis, an important finding in support of NSAID use to curtail primary tumor
growth in postpartum patients. Our findings provide impetus for further investigations
into the impact of low-dose, as well as higher doses of NSAIDs in reducing postpartum

breast cancer metastasis.
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Chapter V: Postpartum breast cancer represents an
aggressive disease lacking biomarkers

Plan to publish

The work described in this chapter is currently being prepared for publication.

Contributions

Virginia Borges, Pepper Schedin, and | developed hypothesis and performed all data
interpretation. Numerous Borges’ and Schedin lab members and I performed extensive
patient chart review. | specifically reviewed hundreds of patient records, performed
analyses, and directed all meetings to discuss progress and next steps for the project.
Solange Mongoue-Tchokote and Tomi Mori of the Knight Cancer Institute Biostatistics

Shared Resource performed all time-to-metastasis analyses.
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Abstract

A breast cancer diagnosis within 5 years of a pregnancy, termed postpartum breast
cancer, imparts elevated risk for metastasis and death compared to nulliparous and
pregnant young women'’s breast cancer patients. This increase in morbidity is
independent of typical clinical prognostic factors, including biologic subtype, stage of
disease, age, and year of diagnosis. In animal models, and in correlative human
translational data, evidence suggests that the tissue remodeling programs of weaning-
induced mammary gland and liver involution may, in part, contribute to the high risk for
metastasis associated with a postpartum breast cancer diagnosis. In women, the
underlying factors driving postpartum breast cancer metastasis have required the
development of novel robust patient cohorts that include detailed parity and time-to-
metastasis information. The work | describe in this chapter sought to better understand
the high rate of metastasis observed in postpartum breast cancers in an expanded young
women’s breast cancer cohort from the University of Colorado (n=804). From this
analysis we found that postpartum breast cancer patients are at increased risk for
metastasis. In multivariate analysis of this data set, the difference remained statistically
significant in stage 11 patients, but not in the overall cohort. This result differs from prior
findings and on-going analysis of this data set in other projects. This difference may
reflect the small numbers in individual experimental groups used in our data set and
highlights the ongoing challenge of analyzing multiple parameters, even in a large dataset
such as ours. Nonetheless, some interesting biology was noted in these results. The
impact of stage on risk for metastasis was not due to delayed diagnoses as patients

displayed similar tumor sizes regardless of parity status, as expected in a dataset not
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including pregnant cases. However, we did observe an elevated frequency of postpartum
breast cancer patients with tumor-involved lymph nodes at diagnosis. Further, when cases
were stratified by presence or absence of estrogen receptor (ER), a clinically relevant
prognostic and predictive factor in human breast cancer, several interesting observations
were seen. Nulliparous women with ER positive and ER negative disease generally fared
better than their postpartum breast cancer peers. Women with postpartum ER positive
breast cancer had very poor long-term prognosis and women with postpartum ER
negative disease had a rapid and dismal risk for metastatic recurrence. These data suggest
an additive interaction of postpartum status and biologic subtype of the cancer on poor
prognosis, and may also predict resistance to hormonal therapy in ER positive postpartum
breast cancer. In sum, postpartum breast cancer patients display a high risk for lymph
node involvement at diagnosis, and metastatic recurrence after diagnosis. This result is
dependent upon stage of disease at diagnosis in this data set, which requires further
evaluation. Importantly, we have shown for the first time that metastatic recurrence
occurring in young women’s breast cancer is significantly different depending on parity
and tumor estrogen receptor status, with strong clinical implications and added avenues

of research as a result.

Introduction

As described in detail in Chapter I, postpartum breast cancer (PPBC), defined as a
diagnosis of breast cancer within 5 years of a pregnancy, exhibits a ~3-fold increased risk
for metastasis and death when compared to nulliparous patients’®. This risk is specific to

patients diagnosed postpartum, as patients diagnosed during pregnancy, and treated for
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their disease appropriately, have similar prognoses as nulliparous patients®. Older age at
first birth correlates with increased risk of developing PPBC*'7, and more women are
opting to delay child bearing until later'®2, Thus, the current estimation that ~10,000 —
16,000 new postpartum breast cancer patients are diagnosed yearly in the United

States®1314 will likely increase23,

Preclinical models of postpartum breast cancer have identified that the poor prognosis of
postpartum breast cancer is likely due to the pro-tumorigenic microenvironment of the
postpartum involuting mammary gland>424347:4%.114 (Sybmitted, Guo et al., and Schedin
Lab, data unpublished). These results are also discussed at length in Chapter I. Briefly,
mammary gland involution promotes tumor growth and higher incidence of both lymph
node and distant metastasis in comparison to tumors orthotopically implanted into
nulliparous mice*?47114_ A similar breast involution process occurs in women
postpartum’’. Further, recent work | have completed suggests that weaning-induced liver
involution establishes a pro-metastatic microenvironment, which may further promote
metastasis in postpartum breast cancer patients (see Chapter 111)2%, In fact, in a multi-
institute cohort of young women’s breast cancer patients I found that postpartum breast
cancer patients are at increased risk for liver-specific metastasis, but not other common
sites of breast cancer metastasis, when compared to nulliparous patients (see Chapter
111)233, These data suggest that metastasis may be promoted by tissue remodeling events
both at the primary tumor site and at the secondary liver metastatic site in postpartum
breast cancer patients. Despite these findings, there is a paucity of studies addressing the

high risk of metastasis in young women’s breast cancer cohorts, and PPBC is still
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considered an under-recognized subset of breast cancer?. Based on previous work, PPBC
patients have a distant recurrence probability of ~30%°, suggesting that a better
understanding of what drives the high risk of metastasis associated with a postpartum

diagnosis is urgently needed.

The current clinical standards for assessing breast cancer prognosis and treatment
regimens include determination of biologic subtype, tumor grade, and stage of disease.
Immunohistochemistry (IHC) staining for estrogen receptor (ER), progesterone receptor
(PR), and human epidermal growth factor receptor 2 (Her2) are the primary markers
utilized to define biologic subtype as Luminal A (ER+, PR+, Her2-), Luminal B (ER+,
PR+/-, Her2+/-), Her2+ (ER-, PR-, Her2+), or triple negative (ER-, PR-, Her2-). ER+
Luminal A breast cancers exhibit a better prognosis than ER+ Luminal B and ER- breast
cancers, including a reduced risk for metastasis, largely due to lower proliferation rates
and the availability of anti-estrogen therapeutics such as tamoxifen®®-4%, Previous
studies have identified similar frequencies of the good prognostic Luminal A and poor
prognostic Luminal B, Her2+, and triple negative subtypes across parity groups in young
women’s breast cancer®. These data suggest that an increase in poor prognostic tumor
intrinsic biologic subtypes in younger women is not the cause for the high rate of
metastasis observed in postpartum breast cancers. Tumor stage takes into account tumor
size, the number of lymph nodes positive for disease, and whether metastatic disease is
present. Of note, weaning-induced mammary gland involution is characterized by
lymphangiogenesis, and preclinical postpartum breast cancer models display a high rate

of peri-tumoral lymphatic vessel density, invasive tumor foci within lymphatics, and
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increased lymph node metastasis compared to nulliparous controls*'4. Importantly,
postpartum breast cancer patients diagnosed within 2 years of a pregnancy are more
likely than nulliparous patients to have lymph node metastasis, and postpartum breast
cancer tumors are characterized by elevated peri-tumor lymphatic vessel density'*.
However, previous work has shown that the high rate of metastasis in postpartum breast
cancers is not explained by the stage of disease at diagnosis®, suggesting that increased
lymph node metastasis may occur independent of increased tumor size. Further,
preclinical studies have found that risk for metastasis is greater in mice injected with
tumor cells post-weaning compared to nulliparous controls, after normalizing for tumor
size (a potential surrogate for tumor stage)*’*°. These data suggest that postpartum breast
cancers display an increased propensity for lymph node metastasis despite similar tumor

size.

In this chapter, | describe work that I led, which sought to explore the relationship
between parity status, risk for metastasis, and other clinical parameters in a young
women’s breast cancer cohort from the University of Colorado. We began by performing
an expanded retrospective analysis of the University of Colorado (UC) cohort previously
published by Callihan et al®. We hypothesized that PPBC patients will continue to display
increased risk for metastasis, independent of other poor prognostic indicators. Women
who were diagnosed with breast cancer at age <45, between 1981 and 2014, were
selected for based on availability of data regarding parity status and long-term follow-up
(n=804). In this study, we characterized clinical and pathological features of young

women’s breast cancer including biologic subtype, grade, stage, tumor size, lymph node
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involvement, and treatment. We also assessed time-to-metastasis in this young women’s
breast cancer cohort, stratified by parity status, stage of disease, and estrogen receptor

status.

Materials and Methods

Human Sample Collection

All studies were approved by University of Colorado (UC) and Oregon Health and
Science University (OHSU) Institutional Review Boards (IRB). Patient histories were
obtained from n=804 women. Only patients aged 19-45 with known parity status at the
time of diagnosis and with follow-up data including distant recurrence information
available were included in analysis. Nulliparous patients were defined as patients who
never completed a birth. Parous patients were defined based on time from last birth to
diagnosis and stratified as a diagnosis <5, 5-<10, or 10+ years following a pregnancy, for
some analyses PPBC <5 and 5-<10 were combined into a single group of PPBC<10.
Patients who were pregnant at time of diagnosis were excluded from any analysis, except
in Figure 4 where the percentage of patients in this young women’s breast cancer cohort
was determined based on parity status at time of diagnosis. Patient data were collected
and managed using REDCap electronic data capture tools hosted at the UC Anschutz

Medical Campus.

Clinical and demographic data analysis
Young women’s breast cancer cohort clinical, demographic, and treatment data are

summarized in Table 5-1. To test for intergroup differences Chi-square, Fisher’s Exact,
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One-way ANOVA, or Two-way ANOVA tests was utilized and is indicated in the
relevant table or figure legend. All analyses were performed using Prism 6 Software

(Graphpad, La Jolla, CA). A p-value of <0.05 was considered statistically significant.

Time-to-metastasis analysis

Metastatic recurrence was identified as the occurrence of metastasis after breast cancer
diagnosis. Patients with no evidence of a metastatic recurrence at the end of follow-up
were censored at the time of their last contact. Patients diagnosed with stage IV disease,
with unknown or missing stage at diagnosis, or with unknown year of diagnosis were
excluded from the analyses, resulting in n=705 patients for young women’s breast cancer
analysis and n=518 for stratification by ER status, as PPBC 10+ cases were excluded
from this analysis and some older cases had no receptor data available. Nulliparous cases
with an incomplete pregnancy were included in analyses, as preliminary analysis
suggested no effect of an incomplete pregnancy (data not shown). Kaplan-Meier method
was used to estimate the probability of metastasis. Kaplan-Meier curves were generated
and the Log-rank test was performed to assess differences between time-to-metastasis
probabilities across groups. Multivariate Cox Regression was performed to determine
risk factors associated with metastasis. Hazard ratios and their 95% confidence intervals
were estimated. Factors accounted for in the overall young women’s breast cancer
analysis were biologic subtype, stage, age, and year of diagnosis. For subsequent stage
stratified analyses only biologic subtype, age, and year of diagnosis were adjusted for.

For comparison of nulliparous and PPBC<10 patients by ER status we adjusted for stage,
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age, and year of diagnosis. All analyses were performed using SAS, version 9.4 (SAS

Institute Inc., Cary, NC). A p-value of <0.05 was considered statistically significant.
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Table 5-1: University of Colorado Young Women’s Breast Cancer Cohort, Stage I-

i
Table 1 | University of Colorado Young Women's Breast Cancer Cohort, Stages -1l
Chi-square
Nulliparous (N=221) PPBC <5 years (N=175) FTBC S-<10years (N=153) poppe 404 (v=156) test Pvalue
No. (%) No. (%) No. (%) No. (%)
Mean age at diagnosis 36.79 35.53 38.54 41.26 <0.0001*
Biologic subtype
Luminal A (ER+, PR+, Her2 neu-) 85 (36.17%) 74 (40.44%) 70 (41.42%) 61 (36.75%)
Luminal B (ER+, PR+/-, Her2 neu+) 34 (14.47%) 22 (12.02%) 20.(1F:45%) 21 (12.65%)
Her2 neu positive (ER-, PR-) 16 (6.81%) 15 (8.20%) 13 (7.69%) 11 (6.63%) 046
Triple negative 33 (14.04%) 35 (19.13%) 17 (10.06%) 28 (16.87%) :
Missing Her2 neu 40 (17.02%) 20 (10.93%) 16 (9.47%) 27 (16.27%)
Missing ER or PR 16 (6.81%) 10 (5.46%) 11 (6.51%) 10 (6.02%)
Other 11 (4.68%) 7 (3.83%) 13 (7.69%) 8 (4.82%)
Estrogen status
ER+ 144 (65.16%) 114 (65.14%) 104 (67.97%) 97 (62.18%)
ER- 63 (28.51%) 53 (30.29%) 40 (26.14%) 53 (33.97%) 075
Missing 14 (6.34%) 8 (4.57%) 9 (5.88%) 6 (3.85%)
Histologic grade
Grade | 25 (11.31%) 11 (6.29%) 14 (9.15%) 22 (14.10%)
Grade Il 71 (32.13%) 51 (29.14%) 55 (35.95%) 61 (39.10%) 0.09
Grade IIl 106 (47.96%) 96 (54.86%) 73 (47.71%) 57 (36.54%) ¢
Missing 19 (8.60%) 17 (9.71%) 11 (7.19%) 16 (10.26%)
Tumor size
£20cm 112 (50.68%) 86 (49.14%) 63 (41.18%) 75 (48.08%)
=2.0—=5.0cm 71 (32.13%) 57 (32.57%) 56 (36.60%) 54 (34.62%) 0.41
>5.0cm 17 (7.69%) 17 (9.71%) 19 (12.42%) 20 (12.82%) ’
Missing 21 (9.50%) 15 (8.57%) 15 (9.80%) 7 (4.49%)
Stage
| 89 (40.27%) 46 (26.29%) 46 (30.07%) 52 (33.33%)
1] 99 (44.80%) 91 (52.00%) 66 (43.14%) 64 (41.03%) 0.01
11} 33 (14.93%) 38 (21.71%) 41 (26.80%) 40 (25.64%)
IAJCC Nodal Status
0 125 (56.56%) 62 (35.43%) 72 (47.06%) 77 (49.36%)
1 51 (23.08%) 58 (33.14%) 43 (28.11%) 40 (25.64%)
2 10 (4.53%) 12 (6.86%) 15 (9.80%) 14 (8.97%) 0.01
3 9 (4.07%) 8 (4.57%) 7 (4.58%) 7 (4.49%)
Unknown 26 (11.77%) 35 (20.00%) 16 (10.46%) 18 (11.54%)
LN Positive (AJCC Status + LN#)
Yes 85 (38.46%) 102 (58.29%) 75 (49.02%) 71 (45.51%)
No 130 (58.82%) 70 (40.00%) 76 (49.67%) 82 (52.56%) 0.01
Unknown 6 (2.72%) 3(1.71%) 2(1.31%) 3 (1.92%)
\Year of Diagnosis
1980-1998 46 (20.81%) 30 (17.14%) 19 (12.42%) 50 (32.05%)
1999-2004 62 (28.05%) 32 (18.29%) 48 (31.37%) 40 (25.64%) <0.0001
2005-present 113 (51.13%) 113 (64.57%) 86 (56.21%) 66 (42.31%)
Chemotherapy
Yes 137 (61.99%) 132 (75.43%) 100 (65.36%) 93 (59.62%)
No 40 (18.10%) 15 (8.57%) 25 (16.34%) 22 (14.10%) 0.02
Missing 44 (19.91%) 28 (16.00%) 28 (18.30%) 41 (26.28%)
Radiation Therapy
Yes 99 (44.80%) 76 (43.43%) 74 (48.37%) 57 (36.54%)
No 58 (26.24%) 45 (25.71%) 31 (20.26%) 41 (26.28%) 0.38
Missing 64 (28.96%) 54 (30.86%) 48 (31.37%) 58 (37.18%)
Metastasis
Yes 30 (13.58%) 36 (20.57%) 30 (19.61%) 27 (17.31%) 020+
No 187 (84.62%) 137 (78.29%) 117 (76.47%) 123 (78.85%) -
Unknown 4(1.81%) 2(1.14%) 6 (3.92%) 6 (3.85%)
PPBC, Postpartum Breast Cancer; No., number of patients per group; ER, estrogen receptor; PR, prog one receptor;

DCIS, ductal carcinoma in situ; cm,

*One-way ANOVA

centimeter

**p=0.045 by One-tailed Fisher's Exact Test between Nullip and PPBC<5
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Results

Patients diagnosed up to 10 years postpartum have elevated risk for metastasis

We first sought to determine whether previously published findings that showed
increased risk for metastasis in patients diagnosed within 5 years of a pregnancy® hold
true in an extended cohort from which the published work was derived. Table 5-1
displays the clinical characteristics of this University of Colorado (UC) young women’s
breast cancer cohort. Patients were selected for based on quality of parity data and
follow-up data necessary to test our hypothesis that PPBC patients are at elevated risk for
metastasis compared to nulliparous women with breast cancer. Stage 0 and IV patients
were excluded from time-to-metastasis analyses and thus are not included in Table 5-1.
We assessed time-to-metastasis amongst nulliparous and postpartum young women’s
breast cancer patients (women diagnosed within 5 years of a pregnancy, PPBC<5; within
5-<10 years of a pregnancy, PPBC 5-<10; and 10 or more years after a pregnancy, PPBC
10+) and found that both PPBC<5 and PPBC 5-<10 patients exhibited a greater risk for
metastasis compared to nulliparous patients (Cox Regression, p=0.008 and 0.006,
respectively; Fig.5-1, Table 5-2). PPBC 10+ patients displayed an intermediate risk for
metastasis when compared to nulliparous patients (Cox Regression, p=0.13; Fig.5-1,
Table 5-2). Multivariate analysis, adjusting for biologic subtype, stage, age at diagnosis,
and year of diagnosis, revealed a trend towards increased risk for metastasis in PPBC<5
patients (Cox Regression, p=0.13) as well as significantly increased risk for PPBC 5-<10
patients (Cox Regression, p=0.04), compared to nulliparous women with breast cancer
(Table 5-2). PPBC 10+ patients were not at increased risk for metastasis compared to

nulliparous patients (Cox Regression, p=0.19; Table 5-2). Stage of disease at diagnosis
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remained a statistically significant clinical factor in multivariate analysis (Table 5-2, Cox
Regression, p<0.0001) for metastasis-free survival in a step-wise analysis (data not
shown). Thus, we assessed the relationship between parity status and metastasis-free
survival in stage |, I, and 111 patients, independently (Fig.5-2A-C, Table 5-3). Analysis
of Stage | cases revealed that postpartum breast cancer patients exhibit a trend towards
increased risk for metastasis compared to nulliparous patients, after adjusting for biologic
subtype, age, and year of diagnosis (Fig.5-2A and Table 5-3; Cox Regression, p=0.06).
PPBC 5-<10 and PPBC 10+ groups showed no differnce in time-to-metastasis compared
to nulliparous patients (Table 5-3). The risk for metastasis with a postpartum diagnosis
remained significantly increased in stage Il patients even after multivariate analysis
(Fig.5-2B and Table 5-3; Cox Regression, p=0.008). Intriguingly the risk for metastasis
was significantly increased in PPBC<5 (Cox Regression, p=0.04) and PPBC 5-<10 (Cox
Regression, p=0.0008) patients, and exhibited a trend towards being increased even in
PPBC 10+ patients (Cox Regression, p=0.07). In contrast, stage Il patients exhibited a
high risk of metastasis irregardless of parity status (Fig.5-2C, Table 5-3; Cox Regression,
p=0.56), although the numbers in the subset are relatively small (range: n=33-41/group).
Taken together, these data show that in this cohort, diagnosis with stage 1 or 11
postpartum breast cancer is an independent prognostic indicator for metastasis. Further,
early diagnoses in nulliparous patients confer a relatively low-risk for metastasis.
However, the finding that stage 11l young women’s breast cancer has a high risk of
metastasis regardless of parity status, albiet with small numbers and therefore to be

interpreted cautiously, does suggest a threshold effect of stage, either due to late
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diagnoses or highly aggressive cancer biology (Her2 and triple negative breast cancers)

with early metastatic potential, in young women’s bresat cancers.
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Figure 5-1: Young women diagnosed with postpartum breast cancer are at
increased risk for metastasis

Time to metastasis Kaplan-Meier curve of young women’s breast cancer cohort (n=705)
(Log Rank Test, P=0.02, see Table 2). Analysis excluded patients with stage 0, stage IV,
or stage unknown disease, and/or an unknown year of diagnosis (n=221 Nullip; n=175
PPBC<5; n=153 PPBC 5-<10; n=156 PPBC 10+).
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Table 5-2: University of Colorado time-to-metastasis survival analysis

Table 2 | University of Colorado time-to-metastasis survival analysis

UC Cohort Statistical Analysis

Overall
Nulliparous (n=221)

PPBC<5 (n=175)
PPBC 5-<10 (n=153)
PPBC 10+ (n=156)
Stage Il vs. |
Stage lll vs. |
Her2+vs. Lum A
LumBvs. LumA
TNvs. LumA
Unknown vs. Lum A

Age at Dx

Year of Dx (2005+ vs. 2005-)

Univariate Hazard Ratio Mc;l\:g\:aaﬁi:t-e Multivariate - 4 Ratio
P-value (a) [95% C1] value P-value* [95% CIl
0.02
Reference Reference Reference Reference
0.008 2.14[1.22-3.76] 0.13 1.58 [0.88-2.84]
0.23
0.006 2.24[1.27-3.94] 0.04 1.83[1.02-3.28]
0.13 1.57[0.87-2.82] 0.19 1.52[0.82-2.82]
0.34 1.32[0.75-2.35]
<0.0001
<0.0001 3.46 [1.98-6.04]
0.007 2.43[1.27-4.64]
0.94 1.03[0.51-2.08]
0.02
0.01 2.13[1.20-3.77]
0.54 1.19[0.68-2.07]
0.04 0.04 0.96 [0.92-1.00]
0.40 0.40 0.82[0.51-1.30]

(a)Log Rank test

* Multivariate logistic regression, adjusted for biologic subtype, stage, age at diagnosis, and year of diagnosis

95% CI = 95% confidence interval; UC = University of Colorado; TN = triple negative; Dx = diagnosis
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Figure 5-2: Risk for metastasis in young women’s breast cancer patients, stratified
by stage

(A) Time-to-metastasis Kaplan-Meier curve of Stage I young women’s breast cancer
patients (n=233) (Log Rank Test, P=0.06). (B) Time-to-metastasis Kaplan-Meier curve of
stage Il young women’s breast cancer patients (n=320) (Log Rank Test, P=0.006). (C)
Time-to-metastasis Kaplan-Meier curve of Stage III young women’s breast cancer
patients (n=152) (Log Rank Test, P=0.61). Analyses excluded patients with unknown
stage of disease and/or unknown year of diagnosis. Group sample sizes are recorded in
Table 3.
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Table 5-3: University of Colorado time-to-metastasis survival analysis, stratified by

stage

Table 3 | University of Colorado time-to-metastasis survival analysis, stratified by stage

UC Cohort Stage | Statistical Analysis

Univariate Hazard Ratio Multivariate Hazard Ratio
P-value (a) [95% CI] P-value* [95% CI]
Overall 0.06 0.30
Nulliparous (n=89) Reference Reference Reference Reference
PPBC<5 (n=46) 0.02 4'211.[2158' 006  3.35[0.94-11.95]
PPBC 5-<10 (n=46) 0.62 1.46 [0.33-6.52] 0.42 1.91[0.40-9.11]
PPBC 10+ (n=52) 0.36 2.03[0.45-9.17] 0.22 2.64[0.57-12.29]
UC Cohort Stage |l Statistical Analysis
Univariate Hazard Ratio | Multivariate Hazard Ratio
P-value (a) [95% Cl] P-value* [95% ClI]
Overall 0.006 0.008
Nulliparous (n=99) Reference Reference Reference Reference
PPBC<5 (n=91) 0.03 3.21[1.09-9.42] 0.04 3.22[1.08-9.55]
PPBC 5-<10 (n=66) 0.002 5211[;7?9 0.0008 5.98[2.11-16.93]
PPBC 10+ (n=64) 0.12 2.45 [0.80-7.50] 0.07 2.91[0.90-9.40]
UC Cohort Stage lll Statistical Analysis
Univariate  Hazard Ratio | Multivariate = Hazard Ratio
P-value (a) [95% CI] P-value* [95% Cl]
Overall 0.61 0.56
Nulliparous (n=33) Reference Reference Reference Reference
PPBC<5 (n=38) 0.40 0.70[0.31-1.59] 0.22 0.55 [0.22-1.41]
PPBC 5-<10 (n=41) 0.20 0.58 [0.26-1.33] 0.23 0.60 [0.26-1.38]
PPBC 10+ (n=40) 0.37 0.70 [0.32-1.54] 0.61 0.80 [0.35-1.85]

(a)Log Rank test

* Multivariate logistic regression, adjusted for biologic subtype, age at diagnosis, and year of diagnosis
95% CI = 95% confidence interval; UC = University of Colorado
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We next sought to explore the relationship between stage of disease at diagnosis, parity
status, and risk for metastasis, to understand whether postpartum breast cancers may be
impacted by delayed diagnoses. We stratified patients by parity status and stage, or parity
status and tumor size and did not observe any significant differences between PPBC and
nulliparous groups (Fig.5-3A-C). Further, when we assessed tumor size within only stage
I, I1, or 11 patients and stratified by parity status we saw no difference between groups
(Fig.5-3D-F). These data suggest that patients in this cohort were not being diagnosed
with larger tumors in parous versus nulliparous groups. Therefore, a skewing of delayed
diagnosis due to recent pregnancy is not a factor in risk for metastasis in postpartum
breast cancers in our dataset. Importantly, we did find increased frequency of patients
presenting with lymph node-positive disease at time of diagnosis in the PPBC<5 group in
stage Il analyses and in the full cohort (stage I-1IT) (Fisher’s Exact, p=0.04 and p=0.0002,
respectively) (Fig.5-3G-H, Table 5-1). This finding confirms previous work that found an
enrichment for lymph node-positive diagnoses in patients diagnosed within 2 years of a
pregnancy compared to nulliparous patients!*. Further, as would be expected based on
lymph node postivity, we found that postpartum patients were much more likely to be
treated with chemotherapy (Fig.5-31, Table 5-1). Yet, postpartum breast cancer patients
are still at higher risk for recurrence, suggesting that a postpartum diagnosis may also
predict relative resistence to chemotherapy, which merits further exploration. In sum,
these data suggest that the high risk for metastasis in PPBC is not due to delays in
diagnosis, despite stage having a significant impact on multivariate analyses. Instead,
these data show that even with similar frequencies of stage and tumor sizes across

groups, PPBC<5 patients were more likely to have progressed to node-positive disease
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and implicate a need for early detection strategies for young postpartum women. Our data
also suggest that stage remains an important influence in outcomes in the setting of
postpartum breast cancer, and that lymph node positivity and treatment outcomes merit
further research to identify predictive significance of parity status in addition to its
prognostic influence. Finally, our data also suggest that delays in diagnosis in young
women’s breast cancer, regardless of parity status, results in a high risk for metastatic
recurrence. Previously unreported, we found that the high risk for metastasis persists in
patients diagnosed up to 10 years following a pregnancy, particularly when assessing
stage Il patients. In sum, our data confirm that postpartum breast cancer patients

represent a high risk subset of young women’s breast cancer.
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Figure 5-3: Lymph node status at time of diagnosis, but not stage or tumor size, is
significantly higher in PPBC<5 patients

(A) Stage of disease; data are presented as percentage of patients diagnosed with stage I,
I1, or 111 across parity groups, stage 0 and IV patients excluded from analysis; (Two-way
ANOVA, no significant differences across parity groups). (B) Tumor size at diagnosis in
the University of Colorado young women’s breast cancer cohort, stratified by parity
status. Stage 0, IV, and unknown stage excluded (One-way ANOVA, no significant
differences). (C) Tumor size in stage | and 11 node negative patients (Two-tailed
Student’s T-test, P=0.32). (D-F) Tumor size at diagnosis in stage | patients (D), stage Il
(E), and stage 111 (F) (One-way ANOVA, no significant differences). (G) Percent of
stage Il patients diagnosed with node-positive disease, per group (Nullip, n=98; PPBC<5,
n=92; PPBC 5-<10, n=66; PPBC 10+, n=63) (Two-tailed Fisher’s Exact Test, *=p-
value<0.05). (H) Percent of stage I-111 patients diagnosed with node-positive disease, per
group (Nullip, n=216; PPBC<5, n=174; PPBC 5-<10, n=151; PPBC 10+, n=153) (Two-
tailed Fisher’s Exact Test, *=p-value<0.05, ***=p-value<0.001). (G-H) Node status was
determined by American Joint Committee on Cancer (AJCC) guidelines and/or when
patients presented with >1 positive lymph node at diagnosis when AJCC nodal status was
not available, year of diagnosis unknown patients are included and unknown node status
patients are excluded. (I) Percentage of patients treated with chemotherapy stratified by
parity status (Nullip, n=216; PPBC<5, n=174; PPBC 5-<10, n=151; PPBC 10+, n=153)
(X? Test, **=p-value<0.01).
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Postpartum breast cancers with elevated risk for metastasis account for two-thirds of

young women'’s breast cancer

Our finding that risk for metastasis may be elevated in postpartum patients diagnosed up
to 10 years after a pregnancy suggests that a larger percentage of young women’s breast
cancer patients may be at elevated risk for distant recurrence, and thus should be included
in the definition of high-risk PPBC. In fact, in this University of Colorado cohort, a full
45% of young breast cancer patients in this cohort have a postpartum diagnosis within 10
years of a pregnancy (Fig.5-4). Approximately 25,000 young women were diagnosed
with breast cancer at <45 years of age in 201514, of which 45%, or 11,250 cases, are
predicted to be PPBC<10 based upon our cohort demographics. Within our UC cohort
40-45% of PPBC<10 patients are diagnosed as stage Il and translates to ~5000 young
women diagnosed each year in the U.S. who are at particularly high risk for metastasis

(Table 5-1).
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Figure 5-4: Postpartum breast cancer patients at highest risk for metastasis account
for 45% of young women’s breast cancer

Parts of whole analysis for the University of Colorado Young Women’s Breast Cancer
cohort, including the subset of patients diagnosed while pregnant. Patients diagnosed
within 10 years of a pregnancy account for 45% of all patients (n=36 Pregnant at
diagnosis [Dx]; n=206 PPBC<5; n=172 PPBC 5-<10; n=176 PPBC 10+; n=250 Nullip).
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ER status has important clinical implications in postpartum breast cancers

To further investigate how tumor intrinsic properties such as biologic subtype impact risk
of metastasis in young women’s breast cancer, we compared metastasis-free survival in
nulliparous and postpartum patients diagnosed within 10 years of a pregnancy
(PPBC<10) and stratified cases based on ER status of the cancer. Several clinically
important observations were identified. As expected, nulliparous women with ER
positive and ER negative disease fared better than their postpartum breast cancer peers
with similar ER disease (Fig.5-5A, Table 5-4). Suprisingly, women with postpartum ER
positive breast cancer had a short term [year 0-5] risk of metastasis that was as poor as
their nulliparous ER negative peers (Cox Regression, p=0.56), and an ongoing rate of
developing metastatic disease at a consistent frequency through year 15, to the point that
their ultimate likelihood of developing metastasis was dismal, at almost 40%. PPBC<10
patients diagnosed with ER negative disease were more likely to develop a distant
recurrence compared to PPBC<10 patients diagnosed with ER positive disease (Cox
Regression, p=0.01) and compared to nulliparous patients with ER positive (Cox
Regression, p=0.002). The stage Il analysis revealed that nulliparous patients with ER
negative disease exhibit a trend towards reduced risk for metastasis when compared to
PPBC<10 patients with ER positive disease (Fig.5-5B, Table 5-4) (Cox Regression,
p=0.07). Stage Il analysis also showed that PPBC<10 patients with ER negative disease
displayed increased risk for metastasis compared to nulliparous patients with ER positive
or ER negative breast cancer (Cox Regression, p=0.006 and p=0.01, respectively).
Overall, women with postpartum ER negative disease had high short term risk for

metastastatic recurrence, but if no recurrence had occurred by year 5, their risk
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subsequently declined dramatically demonstating a plateau effect. Conversely, by 15
years post diagnoses, the risk for metastasis in ER positive PPBC <10 catches up to the
ER negative PPBC<10 cohort and is equally poor. This observation is not currently
understood by medical oncologists providing treatment for younger women with breast
cancer. These data suggest that an additive interaction between postpartum status and ER
status of the cancer impacts prognosis of postpartum breast cancer. Further, the data
reveal the novel insight that ER positive postpartum breast cancers may be at greater risk
for therapeutic resistance to hormonal therapy. These data highlight the concerning nature
of later recurrences in young mothers with ER positive disease, which, despite a period of
latency, still occur when the patients are of a relatively young age [35-50 years]. Thus,
our findings emphasize the importance of considering long-term hormonal therapy in
treating ER positive postpartum breast cancers, as well as an ongoing need to evaluate
treatment resistance mechanisms in young women’s breast cancer. With relatively small
numbers, we found no significant difference in risk between nulliparous women with ER
negative breast cancer (defined as <1% of cells positive for ER) compared to nulliparous
women with ER positive disease, even after adjusting for stage, age at diagnosis, and year
of diagnosis (Fig.5-5A, Table 5-4; Cox Regression, p=0.12). This finding merits further
investigation, as it implies that the poor prognosis of early stage ER negative disease in

younger women with breast cancer may be driven by the postpartum cases.

In sum, we have found that postpartum breast cancer patients display a high risk for
lymph node involvement at diagnosis and metastatic recurrence after diagnosis. The high

risk for metastasis is dependent upon stage of disease at diagnosis in this data set, which
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requires further evaluation. Importantly, we have shown that risk for metastasis in young
women’s breast cancers is significantly different depending on parity and tumor ER

status, with strong clinical implications and added avenues of research as a result.
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Figure 5-5: Time-to-metastasis differs across parity groups dependent upon ER
status

(A) Time to metastasis Kaplan-Meier curve of a young women'’s breast cancer cohort,
stratified by parity status (nulliparous vs. PPBC<10) and estrogen receptor status (ER+/-)
(n=144 Nullip ER+; n=63 Nullip ER-; n=218 PPBC<10 ER+; n=93 PPBC<10 ER-) (Log
Rank Test, P=0.0002, see Table 4). Analysis excluded patients with stage 0, stage IV, or
stage unknown disease, and/or an unknown year of diagnosis. (B) Time to metastasis
Kaplan-Meier curve for stage Il young women’s breast cancer patients from (A) (n=66
Nullip ER+; n=32 Nullip ER-; n=102 PPBC<10 ER+; n=52 PPBC<10 ER-) (Log Rank
Test, P=0.006, see Table 4). Analysis excluded unknown year of diagnosis.
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Table 5-4: University of Colorado time-to-metastasis survival analysis, stratified by

ER status

Table 4 | University of Colorado time-to-metastasis survival analysis, stratified by ER status

UC Cohort Statistical Analysis, stratified by ER status

Univariate Hazard Ratio Multivariate Hazard Ratio
P-value (a) [95% CI] P-value* [95% CI]
Overall 0.0002 0.01

Nullip, ER+ (n=144) Reference Reference Reference Reference
Nullip, ER- (n=63) 0.11 1.99 [0.85-4.70] 0.12 1.99 [0.83-4.74]
PPBC<10, ER+ (n=218) 0.06 1.96 [0.97-3.95] 0.20 1.59 [0.78-3.23]
PPBC<10, ER- (n=93) <0.0001 4.36 [2.13-8.93] 0.002 3.22[1.54-6.75]
Nullip, ER- vs. PPBC<10, ER+ 0.96 1.02 [0.49-2.10] 0.56 1.25[0.59-2.64]
PPBC<10, ER- vs. Nullip, ER- 0.04 2.19[1.04-4.58] 0.21 1.62 [0.76-3.47]
PPBC<10, ER- vs. PPBC<10, ER+ 0.004 2.23[1.29-3.84] 0.01 2.03[1.16-3.55]

UC Cohort Statistical Analysis, Stage Il patients only, stratified by ER status
Univariate Hazard Ratio | Multivariate  Hazard Ratio
P-value (a) [95% CI] P-value* [95% CI]
Overall 0.002 0.007

Nullip, ER+ (n=66) Reference Reference Reference Reference
Nullip, ER- (n=32) 0.93 0.93 [0.16-5.56] 0.82 0.81[0.13-4.88]
PPBC<10, ER+ (n=102) 0.09 3.04 [0.86-10.79] 0.06 3.32[0.93-11.80]
PPBC<10, ER- (n=52) 0.005 6.25[1.76-22.16] 0.006 5.84 [1.64-20.74]
Nullip, ER- vs. PPBC<10, ER+ 0.12 0.31[0.07-1.37] 0.07 0.24 [0.05-1.11]
PPBC<10, ER- vs. Nullip, ER- 0.01 6.73 [1.50-30.21] 0.01 7.22 [1.60-32.50]
PPBC<10, ER- vs. PPBC<10, ER+ 0.08 2.06 [0.92-4.58] 0.17 1.76 [0.78-3.97]

(a)Log Rank test

* Multivariate logistic regression, adjusted for stage, age at diagnosis, and year of diagnosis

** Multivariate logistic regression, adjusted for biologic subtype, age at diagnosis, and year of diagnosis

95% CI = 95% confidence interval; UC = University of Colorado; ER = estrogen receptor
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Discussion

The work | have described here extends upon previously published findings that
postpartum patients diagnosed up to 5 years after a pregnancy are at increased risk for
metastasis and death compared to nulliparous patients®. Univariate analysis of the
expanded cohort revealed that postpartum patients diagnosed up to 10 years after a
pregnancy are at elevated risk for metastasis compared to nulliparous patients, with
results remaining significant in multivariate analysis of the PPBC<5 group for stage 11
patients. We found that both stage | and 1l PPBC 5-<10 patients were at increased risk for
metastasis compared to nulliparous breast cancer patients regardless of biologic subtype,
age at diagnosis, or year of diagnosis. However, it is important to note that small sample
size in some of these cohorts may impact the results, thus highlighting the challenge of
this type of statified outcomes research in young women’s breast cancer. Our assessment
of time-to-metastasis in young women’s breast cancer stratified by stage further
identified that, regardless of parity status, stage 111 young women with breast cancer
exhibit a high risk for metastasis regardless of parity status, suggesting that delays in
diagnosis are a major issue in young women'’s breast cancer, as has been previously
described*®. Our data suggest that postpartum breast cancers are at increased risk for
lymph node and distant metastasis despite being diagnosed at similar stage, with similar

tumor size, and having been treated with chemotherapy at a greater frequency.

The data discussed in this chapter does not suggest that delayed diagnoses explain the
high risk for metastasis observed in the postpartum breast cancers, as the frequency of

stage at diagnosis and tumor sizes are similar across parity groups. However, we did find
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that postpartum breast cancer patients diagnosed within 5 years of a pregnancy are more
likely to present with disease that has spread to lymph nodes, as was previously shown
for PPBC<2 patients!*. Positive lymph node status at time of diagnosis is a poor
prognostic indicator in breast cancer’®2, Of potential interest, previous work has shown
that the involuting mammary gland and breast are characterized by increased lymphatic
vasculature, and in a tumor setting, postpartum breast cancers have elevated lymphatic
vessel density!**. These findings could potentially explain the increased lymph node
metastasis observed in postpartum patients. The high rate of lymph node positivity at
diagnosis in PPBC<5 patients suggests a more aggressive disease that may disseminate to
lymph nodes and distant sites earlier than disease in the nulliparous setting, despite other

prognositic clinical parameters being similar between the two groups.

Our data supports previous findings that PPBC patients have significantly worse overall
survival rates’®. Work | have recently completed shows that postpartum breast cancers
display site-specific metastatic preference for the liver, and a trend towards reduced
preference for the bone, when compared to nulliparous breast cancer patients (see
Chapter 111)2%3, Importantly, breast cancer pateints diagnosed with liver metastasis have
median survival rates of ~4.5 months?*, whereas patients with bone metastasis tend to
live ~5 years after metastatic recurrence is diagnosed?*. Taken together, these findings
suggest that PPBC patients diagnosed within 10 years of a pregnancy are at increased risk
for metastasis, with a skewing to the liver as a metastatic site, likely adding to the

observed reduced of overall survival rates’®. Larger cohorts of young women’s breast
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cancer patients, with intact parity, site of metastasis, and follow-up data are required to

further explore this hypothesis.

When we assess time-to-metastasis in nulliparous versus PPBC<10 patients stratified by
ER status we find that nulliparous patients fare better than their postpartum counterparts
with both ER positive and ER negative disease, although the difference is most
pronounced in the ER negative subset. In fact, the prognosis of women with nulliparous
ER negative disease in our cohort appears unusually good, with risk for metastasis similar
to that of ER positive nulliparous pateints. This finding merits further evaluation. Most
notable, PPBC<10 patients with ER positive and ER negative disease have a recurrence
risk that approaches 40%, with the ER positive group developing metastases over a long
time period, while ER negative patients recur rapidly in the first 5 years after diagnosis.
These data highlight an under-recognized risk for metastatic disease in young mothers
with ER positive breast cancer and suggest a predictive value of parity status for both ER
positive and ER negative disease. Future analyses to understand the efficacy of anti-
estrogen therapy in treatment of postpartum breast cancer is warranted. Furthermore, our
finding in this cohort that postpartum breast cancers have a high risk for metastasis
despite increased frequency of chemotherapeutic intervention suggests that additional
therapeutics for this vulnerable population are needed. Because of the strong link
between tissue remodeling events that occur post-weaning in the mammary gland and
liver it may be of interest to pursue therapeutics specifically targeting the

microenvi ronment15’43’47’94’113’114’233’407
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One strength of these studies is our robust cohort with >800 patient records that have
complete parity and metastasis/follow-up data recorded. Our analysis of time-to-
metastasis in this cohort more than doubled the sample size previously utilized to assess
risk for metastasis in multivariate analyses (n=705 in this study, compared to n=324 in
the previously published study®). However, we are just beginning to understand the
mechanisms underlying the high risk for metastasis with a postpartum breast cancer
diagnosis. Further, biomarkers for detecting young women’s breast cancer patients at
high risk for metastasis are lacking®. It is important to note that genetic profiling of
breast cancers has identified distinct molecularly defined subtypes, including several
luminal subtypes, as well as Her2+, basal-like, and claudin-low subtypes, all based upon
differential gene expression patterns*%-42. To date this level of genetic profiling has not
been performed for this cohort. Determining the frequency of molecular subtypes in
young women'’s breast cancer may be extremely informative in understanding high risk
subsets of patients. It would also be of great worth to perform gene expression profiling
on samples from our young women’s breast cancer cohort, and with the advent of
RNASeq techniques for formalin-fixed paraffin embedded tissue blocks, this has become
a possibility*13414, Further, quantitative ECM proteomics (described in Chapter VI) may
be of interest in understanding differences in ECM composition in young women’s breast
cancer, and may aid in identification of novel ECM biomarkers. Relevant to this aim, one
group has shown the ability of ECM-targeted proteomics to identify differences in breast
cancer ECM signatures in highly- vs. lowly-metastatic xenografts in mice*'. Finally,
studies have identified immune biomarkers, including a combined high CD68*

macrophage, high CD4* T cell, and low CD8* T cell ratio in predicting breast cancer

197



recurrence-free survival'®. Recent advancements in multiplex IHC platforms facilitate

the multi-marker panels that may be necessary to identify immune biomarkers in young
women’s breast cancer'?®. Thus, further investigations into the gene expression, ECM,

and immune complexities of young women’s and postpartum breast cancers are

warranted.

In conclusion, our findings suggest that the current definition of PPBC is conservative
and may not accurately capture the entirety of patients at highest risk for metastasis.
PPBC 5-<10 patients have similar if not greater risk for metastasis than PPBC<5 patients
in our young women’s breast cancer cohort. We also note that stage II postpartum breast
cancer patients, and postpartum patients that have ER negative disease represent

particularly high-risk populations.
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Chapter VI: Quantitative Extracellular Matrix
Proteomics to Study Mammary and Liver Tissue
Microenvironments?
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Introduction

Mechanistic studies of rodent mammary gland development reveal requisite roles for
ECM in mammary epithelial cell proliferation, differentiation, and cell-death
decisions*®416420 |n fact, pioneering investigations identified the functional unit of the
epithelium as the cell plus its adjacent ECM*?1422, These findings shifted studies aimed at
understanding epithelial cell function from a cell-intrinsic to a cell-stroma focus*?,
Investigation of the relationship between tissue ECM and epithelium has also been

applied to the study of breast cancer, with important gains*?.

The functions of matrix proteins in breast cancer have been assessed primarily using
single, purified ECM proteins or by admixing ECM proteins of interest with
commercially available Engelbreth-Holm Swarm (EHS) matrix that is enriched in
laminin-11142>428_Suych studies identified specific ECM protein-integrin interactions,
matrix stiffness, and matrix architecture as critical mediators of tumor cell function®42°-
431 Single ECM molecules, including collagen I, fibronectin, and tenascin-C, display
clear roles in promoting tumor cell proliferation, motility, and invasion80:91:296:432.433
ECM roles in breast cancer risk are also suggested, as high mammographic breast
density, indicative of elevated collagen content in the breast, increases epithelial cell
transformation by 4- to 6-fold****%, The relationship between fibrillar collagen I and
cancer incidence and progression have been corroborated in rodent models, where high
collagen I content in the murine mammary gland results in a ~3-fold increase in tumor
formation as well as increased lung metastasis’®. There is also evidence that distinct ECM

proteins at secondary sites of metastasis impact metastatic
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success82197:201,205.210211.213312436 | particular, prominent work in the metastasis field has
shown roles for lung and liver fibronectin in supporting disseminated tumor cell seeding
and growth in murine models of colon, mammary, and pancreatic adenocarcinomas®®”2%,
Cumulatively, these studies implicate ECM in all stages of cancer progression, from

initiation to metastatic outgrowth at secondary sites.

The reductionist approach of investigating single ECM protein-cell interactions in vitro,
or manipulating single proteins in vivo, while revealing, does not replicate the complex
ECM milieu of an in vivo tissue microenvironment. One example of the importance of
tissue-specific ECM is found in rodent models of postpartum breast cancer. In these
models, whole tissue mammary ECM, as opposed to a single protein, has been shown to
determine metastatic outcomes*®. Relevance to women is implicated, as postpartum
breast cancer patients have a ~3-fold increased risk for metastasis and death”®, a poor
prognosis attributed, in part, to ECM remodeling during postpartum breast involution®®.
Specifically, weaning-induced mammary gland involution is characterized by deposition
and partial proteolysis of radially aligned fibrillar collagen, fibronectin, and tenascin-
C*°_Further, evidence that involution-specific mammary ECM promotes metastasis has
been demonstrated in xenograft models. Tumor cells co-injected with mammary ECM
isolated from involuting glands grew larger tumors within the mammary fat pad and
metastasized at much higher rate compared to tumor cells co-injected with mammary
ECM isolated from nulliparous rats*®. These data highlight the need to better understand

how physiologic cues as well as disease states impact ECM composition and abundance,
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and provide compelling rationale for developing improved quantitative methodologies for

ECM proteomics.

Robust characterization of tissue-specific ECM complexity and abundance has been
largely hindered by technical challenges in the field of proteomics. For unbiased
biochemical identification of proteins, mass spectrometry provides a highly sensitive
approach. However, improvements to proteomic approaches for the study of tissue-
specific ECM have been hindered by the proteolytic- and solubilization-resistant
properties of ECM proteins, which are often high molecular weight, extensively
glycosylated, and covalently cross-linked. While significant advances in ECM protein
identification have occurred recently**>43743 proteomics approaches still largely fail to
adequately quantify many ECM proteins despite their high abundance in tissues3%, We
have recently established methods for improved tissue solubilization and absolute protein
quantification to interrogate tissue-specific ECM. This approach permits quantitative
assessment of a subset of ECM proteins that represent >99% of spectra matching to core
ECM and ECM-affiliated proteins identified in mammary gland and liver by global
proteomics?3440441 To gain insight into primary breast cancer and site-specific
metastasis, we utilize our quantitative proteomics approach to compare rat mammary
gland and liver, as the liver is a common and lethal site of breast cancer metastasis. We
also investigate ECM composition and abundance changes in the mammary gland across
a reproductive cycle. Our objective was to gain insight into potential roles of ECM in the
pro-tumorigenic window of weaning-induced mammary gland involution. This targeted

ECM proteomics approach is anticipated to facilitate improved in vivo characterization,
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and in vitro reconstruction of epithelial cell microenvironments for use in cancer, stem

cell, and regenerative biology.

Methods

Rodent studies

The OHSU Institutional Animal Care and Use Committees approved all animal
procedures. Sprague-Dawley female rats (Harlan), 70 +/-3 days of age, were bred and
tissues collected as described*®%. Snap frozen, pulverized lymph node-free mammary
gland [n=5/group for nulliparous, late pregnancy (day 18-21), lactation, involution days 2,
4, 6, 8, and 10, and four weeks post-weaning (regressed)] and gallbladder-free liver [n=6
for nulliparous] were used for ECM-based QconCAT proteomic analyses. Pooled samples
generated from the above mentioned biologic replicates were utilized for global

proteomics.

Imaging
Tissue H&E and trichrome stains were scanned on an Aperio ScanScope AT, image

analysis was performed using Aperio ImageScope software (Leica Biosystems).

Sample preparation for proteomic analysis

Approximately 5 and 50 mgs of fresh frozen mammary gland and liver, respectively, was
pulverized in liquid nitrogen and processed as described®®. Briefly, tissue samples were
homogenized in CHAPS buffer with 2 mm glass beads using mechanical agitation (Bullet
Blender®, Next Advance) on power 8 for 3 minutes. Following homogenization, tissue
samples were sequentially extracted using high-speed centrifugation after vortexing in
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high salt CHAPS buffer, 6 M urea, and CNBr buffers resulting in 3 fractions for each
sample: (1) cellular fraction, (2) soluble ECM, and (3) insoluble ECM (Figure 6-1). All
fractions were ran by liquid chromatography-tandem mass spectrometry (LC-MS/MS)
and liquid chromatography-selected reaction monitoring (LC-SRM). LC-SRM analysis
was done on n=5 mammary gland/group and n=6 liver samples, with n=7 technical
replicates. LC-MS/MS analysis was done on pooled biological replicates for an

n=1/group.

Detergent/chaotrope removal & protein digestion

Sample cleanup and protein digestion was carried out as described**?. QconCAT
standards were spiked into each sample prior to filter assisted sample prep (FASP) to
yield values of 100 fmol *3C¢ QconCAT/5 pg of protein for LC-SRM injections. Equal

volumes of biological replicates were combined for LC-MS/MS analysis.

Liquid chromatography tandem mass spectrometry & data analysis

Samples were analyzed by LC-SRM and LC-MS/MS as described**?. Equal volumes
from each post-digestion sample were combined and injected every third run and used to
monitor technical reproducibility. Skyline was used for method development and to
extract the ratio of endogenous light peptides to heavy internal standards from LC-SRM
data for protein quantification as described®®®. LC-MS/MS data was processed as
previously described®®®. Limits of detection, quantification, and dynamic range were
determined for each peptide as previously described®® and provided in Supplementary

Table 1 (please see published manuscript for Supplementary Tables 1-4%). Principal
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component analysis (PCA) and partial least squares discriminate analysis (PLS-DA) were

calculated using the MetaboAnalyst online platform37,

Statistics
Statistical analysis was performed using GraphPad Prism 6. Comparison of two groups
was done by two-sided Student’s T-test. Comparison of >two groups was done using

One-way ANOVA.

Results

Development of quantitative ECM proteomic methodology

To better understand the complexity of epithelial cell-ECM microenvironments in vivo,
we developed novel extraction and digestion methods for proteomic characterization of
ECM“8438443 \While these methodological advancements have furthered our
understanding of ECM composition, they lacked the ability to accurately quantify ECM
protein abundance in the microenvironment. To overcome this barrier, we designed six
recombinantly generated Quantitative conCATamers (QconCAT)3%344 made of 201
stable isotope labeled (SIL) peptides representing 98 ECM, ECM-associated, and
common cellular proteins (Supplementary Table 1). Peptides specific to intracellular
proteins from different subcellular locations were included to serve as a quality control
measure for method development of tissue extraction methods and as a relative measure
of cellularity. These reporter peptides are then ‘spiked into” experimental protein lysates
at equimolar concentrations to serve as internal quantitation controls. Figure 6-1A shows

a schematic representation of the tissue extraction/fractionation, and digestion workflows

205



used prior to LC-SRM data acquisition. Our fractionation protocol yields three distinct
fractions, cellular, soluble ECM (sECM), and insoluble ECM (iECM). The iECM
fraction is then treated with cyanogen bromide (CNBr) to increase solubility. Reporter
ECM peptides are added to all fractions, and samples are proteolytically digested and run
by LC-SRM. The consolidated results from the three fractions yield total quantity for a
given protein within a tissue. This targeted mass spectrometry method allows us to
measure all 201 SIL QconCAT peptides and endogenous analogs in a single 30 minute
analytical run. Molecular heterogeneity can differentially affect signal intensity during
LC-SRM data acquisition, which is why the inclusion of internal standardized controls
for each unique protein of interest is essential for determining accurate absolute
concentrations. We find the QconCAT generated heavy peptides allow for precise
quantification, as the reporter peptides behave identically to the endogenous peptides in
terms of mass spectrometry fragmentation and ionization, chromatographic separation,

and enzymatic digestion efficiency (Fig.6-1B).

To confirm increased detection of rat mammary and liver ECM proteins with this
method, the protein identifications within the 3 fractions (cellular, SECM, and iECM)
were grouped into functional classifications of cytoskeletal, other cellular, matricellular,
and several ECM categories, using gene ontology terminology from the Database for
Annotation, Visualization, and Integrated Discovery (DAVID)*®. The vast majority of
mammary cellular proteins fractionate with CHAPS detergent into the cellular fraction,
whereas SECM and iECM fractions were highly enriched for ECM proteins (Fig.6-1C).

In the rat liver, we again found that the majority of cellular proteins resolved with
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CHAPS. The liver sECM fraction was enriched for matricellular proteins and the iECM
fraction further enriched for fibrillar collagens (Fig.6-1C). Strikingly, 52% of mammary
and 83% of liver collagen I was detected in the iECM fraction after CNBr treatment
(Fig.6-1D), a fraction not routinely incorporated into traditional proteomic methods.
Additionally, other residual ECM proteins failed to completely solubilize with urea
(SECM fraction), highlighting the importance of CNBr solubilization and analysis of the
IECM fraction (Fig.6-1C). The utility of using our targeted reporter peptide approach
compared to a global proteomics approach is further realized by analyzing the ratio of
collagen alpha-1(1) to collagen alpha-2(l) by LC-SRM. The expected stoichiometry
between these two chains is 2:1 (COL1A1/COL1A2), based on the assembly of fibrillar
collagen triple helices containing two alpha-1 chains and one alpha-2 chain. We find that
the targeted approach with QconCATSs more accurately reflects the theoretical ratio of 2:1

than a traditional global proteomics approach (Fig.6-1E).
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Figure 6-1: Quantitative QconCAT ECM proteomics pipeline

(A) Experimental pipeline for quantitative ECM proteomics. Tissues are sequentially
extracted to obtain cellular, soluble ECM (sECM), and insoluble ECM (iIECM) fractions.
QconCATSs are spiked into fractions and samples are then proteolytically digested (full
list of Quantitative conCATamers in Supplementary Table 1). (B) Table of a subset of the
98 ECM/ECM-associated proteins represented in the Quantitative conCATamers
(QconCAT) used to determine absolute concentration of proteins by mass spectrometry
proteomics; the first three amino acids of the peptide represented are identified in italics
(top). Representative chromatographic elution profile of equal molar concentration of
conCATamer peptides detected by LC-SRM mass spectrometry demonstrates peptide-
specific spectral profiles (bottom). For labeled peaks, darker shading indicates 12Ce
peptide (endogenous) and lighter shading indicates *Cs peptide (QconCAT), which is
spiked in at known, equimolar concentrations. Integrated peak areas are used for ratio
metric determination of endogenous peptide levels, a surrogate for protein concentration
(bottom). (C) Percent of proteins identified within the cellular, SECM, and iECM
fractions of rat mammary gland (left) and liver (right) according to the DAVID gene
ontology functional group classification. (D) Percent of collagen I identified in cellular,
SECM, and iECM fractions of rat mammary gland (left) and liver (right). (E) Ratio of
collagen alpha-1(1) to collagen alpha-2(l) for peptide spectral matches vs. QconCAT
based quantification in rat mammary gland and liver.
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QconCAT based proteomics reveals unique and shared mammary gland and liver ECM

profiles

A major rate-limiting step of metastatic success has been attributed to discordance
between the ECM requirements of the seeding tumor cell and the ECM
microenvironment at the secondary site®%82201211.213 "1n the context of breast cancer, we
utilized our quantitative ECM proteomics to begin to address this hypothesis by
elucidating tissue-specific differences as well as similarities between the primary and
liver metastatic site in the nulliparous female adult rat. We focused on the liver, as one of
three common sites of breast cancer metastasis?#%241446 which confers the worst
prognosis®*4-24. The resulting proteomic data were grouped into 10 functional
classifications of proteins including: basement membrane, ECM regulator, fibril-
associated collagens with interrupted triple helices (FACIT) collagen, fibrillar collagen,
matricellular, other ECM, secreted ECM, and structural ECM, using DAVID, as
described in Figure 6-1*4. This analysis demonstrated an abundance of fibrillar collagens
and matricellular proteins in mammary tissue, and high levels of cytoskeletal and cellular
proteins in liver (Fig.6-2A, Supplementary Tables 2 & 3), data consistent with the high
stromal and low epithelial content in the mammary gland as compared to the liver (Fig.6-
2B). Further, these tissues differed markedly in overall ECM abundance, with ~100 nmol
of ECM per gram of tissue in the mammary gland compared to ~8.5 nmol/gram in the

liver (Fig.6-2C).

To further interrogate ECM complexity and abundance of ECM proteins between the

mammary gland and the liver, we removed cellular proteins from the assessment. This
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ECM-biased analysis revealed that nulliparous mammary gland ECM is >80% fibrillar
collagen, ~9% matricellular proteins, 1.3% basement membrane proteins, and ~5%
combined FACIT collagens and structural, regulatory, secreted and other ECMs (Fig.6-
2D). In contrast, in the liver, matricellular proteins make up 44% of ECM proteins,
followed by 26.4% fibrillar collagen, ~10% basement membrane, and 15.3% combined
FACIT collagens and structural, regulatory, secreted and other ECMs (Fig.6-2D).
Although the absolute concentration of fibrillar collagen is vastly different between
mammary gland and liver, fibrillar collagen | remains the most abundant single ECM
protein in both tissues (Fig.6-2E), providing further support for an essential role of
collagen I in tissue structure and homeostasis**’. Our observed molar concentrations of
fibrillar collagens in mammary gland and liver (Fig.6-2F, upper left panel) correlate with
relative fibrillar collagen abundance detected by trichrome stain (Fig.6-2F, upper right
panel and representative images), reinforcing potential biologic relevance of the

QconCAT method.

To investigate ECM complexity beyond fibrillar collagen I, we stratified QconCAT data
based on the next twenty most abundant ECM proteins (Fig.6-2G, highlighted in
Supplementary Tables 2 & 3). Despite the concentration of ECM in the mammary gland
dropping significantly with removal of collagen I, ECM concentration of the remaining
20 proteins was still ~4-fold higher in the mammary gland compared to liver (Fig.6-2E,
G). Overall, we identified the same ECM proteins in both the mammary gland and liver,
however, their relative ratios were tissue specific (Fig.6-2G). For example, lumican,

collagen VI, and collagen XIV were prevalent in the mammary gland and collagen VI

211



and fibronectin were prevalent in liver (Fig.6-2G). Further, we find that while fibronectin
IS present at ~equimolar concentrations in the mammary gland and liver (Supplementary
Fig.6-1), it makes up only 0.64% of total ECM concentration in the mammary gland
compared to 4.74% in the liver (Fig.6-2G, Supplementary Tables 2 & 3). The absolute
quantitation method also permits the identification of a subset of ECM proteins, including
thrombospondin 1 and fibulin 4, that are present at significantly higher concentrations in
liver, in spite of the mammary gland having ~12-fold higher concentration of total ECM
(Supplementary Fig.6-1). In sum, these analyses demonstrate the ability of the QconCAT
method to provide absolute molar concentrations of specific ECM proteins within the

mammary gland and liver and identify tissue-specific ECM complexity.
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Figure 6-2: QconCAT based ECM proteomics reveals uniqgue mammary gland and
liver ECM profiles

(A) QconCAT based ECM proteomics of nulliparous rat mammary gland and liver
tissues displayed as total abundance of proteins (nmol/gram of tissue) grouped by
DAVID gene ontology functional classifications; n=5 rats/group for mammary gland and
n=6 rats for liver analyses. (B) Representative H&E stained rat mammary gland (MG;
left) and liver (right) showing tissue specific differences in stromal-epithelial cell
composition; scale bar=60 pm (arrow=MG epithelium; liver H&E shows epithelium
throughout the tissue). (C) Nanomolar concentration of total ECM per gram of tissue
from QconCAT proteomics in the mammary gland and liver. (D) Abundance of ECM and
ECM-associated proteins based on DAVID gene ontology functional groups with
cytoskeletal and cellular protein groups excluded. (E) Twenty most abundant ECM
proteins in the rat MG (left) and liver (right) as detected by QconCAT proteomics.
Tabular results in Supplementary Tables 2 & 3. (F) Nanomolar concentration of fibrillar
collagen in MG and liver from QconCAT proteomic analysis (top left) and collagen
trichrome staining quantification in MG and liver (top right). Representative trichrome
stained images (blue stain) of rat MG (bottom left) and liver (bottom right); scale
bar=250 um, inset scale bar=60 pum. *=p-value<0.0001, Student’s T-test. (G) Twenty
most abundant ECM proteins, excluding collagen I, in the rat MG (left) and liver (right)
as detected by QconCAT proteomics, tabular results shown in Supplementary Tables 2 &
3.
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Mammary gland ECM proteomics across the reproductive cycle

The microenvironment of the mammary gland can be neutral, tumor-promotional, or
tumor-suppressive, dependent upon reproductive state*22%, a phenomenon thought to be
driven in large part by reproductive state-dependent changes to mammary ECM#749:2%
Specifically, in rodent models of breast cancer, mammary tumor cells grow most robustly
in the weaning-induced involuting microenvironment, moderately in the nulliparous
mammary microenvironment, and least when transplanted into parous mice, whose
mammary glands have completed weaning-induced involution*?2%, Despite this dynamic
fluctuation in tumor-supportive function, mammary ECM has never been assessed across
the reproductive cycle using quantitative proteomics. To this end, we analyzed rat
mammary ECM in whole gland lysates from nulliparous, pregnancy, lactating, involuting
(i.e., 2,4, 6, 8 and 10 days post-weaning), and fully involuted (regressed) stages.
Principle component analyses (PCA) on LC-SRM data generated from these ECM
proteomics data revealed a cycle of mammary gland ECM remodeling across pregnancy,
lactation and involution, upon which the gland ultimately returns to an ECM
microenvironment similar to, but distinct from, the nulliparous state (Fig.6-3 &
Supplementary Fig.6-2). We observed a >2-fold drop in ECM abundance when
comparing nulliparous to pregnancy, lactation, and involution day 2 stages (Fig.6-4A),
data consistent with the increased epithelial cellularity as well as loss of collagen staining
at these reproductive stages*®. Total ECM abundance increased to pre-pregnant levels by
involution day 6, consistent with epithelial cell loss and stromal repopulation upon
weaning®’. We also observed increased abundance of ECM in the fully regressed

mammary gland compared to the nulliparous host, data suggestive of unique mammary
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microenvironments in nulliparous and parous hosts (Fig.6-4A), and consistent with

previous reports®.
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Figure 6-3: Quantitative ECM proteomics reveals dynamic and cyclical mammary
gland ECM remodeling across the reproductive cycle

Principle component analysis of quantitative ECM proteomics performed on rat
mammary glands across the reproductive cycle (Nullip=nulliparous; Preg=pregnancy
days 18-21; Lac=lactation day 10; InvD2-InvD10=involution days 2, 4, 6, 8, and 10;
Reg=regressed, 4 weeks post-weaning); n=5 rats/grp. Data shows that ECM composition
in the mammary gland changes in phase with the reproductive cycle in a stepwise,
cyclical fashion.
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We next compared the top twenty most abundant ECM proteins in the mammary glands
from nulliparous, involution days 2 and 6, and regressed stages, since these stages have
differential tumor-promotional attributes*22%. We confirmed that collagen I is the
predominant ECM protein in the gland*®4%®, and extended these analyses to demonstrate
that collagen abundance is dramatically reduced during pregnancy, and does not return to
high levels until 6 days post-weaning (Fig.6-4A-B). To investigate ECM complexity
further, we removed collagen I from the analysis and found a high abundance of lumican,
collagen VI, and collagen X1V in the nulliparous and regressed rat mammary gland
(Fig.6-4C-D & Supplementary Table 2). In contrast to these relatively quiescent
mammary glands, actively involuting glands exhibited a prominent abundance of
collagen VI, thrombospondin 1, and galectin-3 (Fig.6-4C-D). Two additional ECM
proteins not found in the top 20 list, tenascin-C and collagen XII, also increased in
abundance during mammary gland involution (Fig.6-4D). Intriguingly, the ECM
composition of the involuting mammary gland somewhat resembles that of the liver,
which share increased collagen VI and fibronectin, and reduced lumican and collagen |
abundances (Fig.6-2G & 6-4C). Principle component analysis confirmed tissue
specificity of liver and mammary ECM, but also revealed that liver ECM resembles the
mammary gland at pregnancy, lactation, and involution days 2 and 4, compared to other
reproductive stages (Supplementary Fig.6-3). Taken together, these data highlight how
quantitative ECM proteomics can provide prime candidates for the investigation of the

roles of ECM in breast cancer progression.
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Figure 6-4: Quantitative ECM proteomics unravels the unique composition and
abundance of ECM proteins across the reproductive cycle

(A) QconCAT based ECM proteomics of rat MG tissues across the reproductive cycle,
with identified cellular protein groups removed; n=>5 rats/grp. (B) Twenty most abundant
ECM proteins in Nullip, InvD2, InvD6, and Reg stage rat MG; tabular results highlighted
in Supplementary Table 2. (C) Twenty most abundant ECM proteins in Nullip, InvD2,
InvD6, and Reg stage rat MG, with collagen | removed from the analysis. Tabular results
in Supplementary Table 2. (D) Select tumor suppressive (lumican) and tumor-
promotional (collagen VI, thrombospondin 1, galectin-3, tenascin-C) ECM protein levels,
as well as collagen XII from individual rats, as determined by QconCAT based ECM
proteomics of Nullip, InvD2, InvD6, and Reg stages, n=5 rats/grp; *=p-value<0.05,
**=p-value<0.01, ***=p-value<0.001, ****=p-value<0.0001, One-way ANOVA.
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Discussion

This work describes advances made in sample preparation techniques and quantitative
proteomics methods for the study of tissue ECM composition and abundance. Using this
experimental pipeline, we characterized tissue-specific ECM composition of the rodent
mammary gland and liver, a lethal site of breast cancer metastasis, to a level not
previously accomplished. These analyses identified putative tissue-specific ECM
components, including lumican and collagen XIV, which were prevalent in the mammary
gland, and fibronectin which was prevalent in the liver. We also found shared ECM
components between these two tissues, including abundant proteins such as collagen
types I and VI, as well as less abundant collagen types IV and V. We also show that the
abundance of mammary gland ECM is altered across the reproductive cycle, building
upon previous studies that have identified major shifts in mammary ECM with
pregnancy, lactation, involution, and regression®3#647.9 In particular, we see elevated
abundance of known pro-tumorigenic ECM proteins collagen VI, thrombospondin 1,
galectin-3, and tenascin-C during weaning-induced mammary gland involution. Further,
to the best of our knowledge, we identify collagen XI1 for the first time as elevated
during post-weaning mammary involution. Importantly, potential roles for each of these
highlighted ECM proteins in breast cancer metastasis have been elucidated, with the
exception of collagen X144 While collagen XI1I has been shown to be upregulated in
malignant breast cancer cell lines, and has been identified as a prognostic marker in other
cancers, its role in breast cancer progression has yet to be established**24%3, In sum, our

data demonstrate tissue-specific ECM complexity and ECM protein stoichiometry

221



between the mammary gland and liver, and across a reproductive cycle within the

mammary gland, data consistent with ECM contributing to differential tissue function.

Somewhat surprisingly, we also found that the ECM profile of the early involuting
mammary gland (InvD2-InvD4) resembled that of the liver. This finding may provide
insight into site-specific metastasis of postpartum breast cancers, as disseminated tumor
cells may experience a survival advantage if primary and secondary sites have similar
ECM compositions post-weaning. A prediction of these data are increased risk for liver
metastasis in postpartum breast cancer patients; a relationship that remains unexplored.
Of potential relevance, risk for liver metastasis is elevated in younger breast cancer
patients**, a significant proportion of whom are likely to be postpartum breast cancer

patients®.

Our quantitative QconCAT ECM proteomics approach facilitates in-depth
characterization of tissue-specific ECM abundance and composition at a level not
previously attained. The advances we report result, in part, from improved solubilization
using a CNBr extraction step that permits detection of historically insoluble ECM
proteins such as collagen I. Further, the use of in-house generated QconCATs for
quantification of tissue ECM proteins has several advantages over traditional relative
quantitative approaches, including 1) SIL peptide mimics that control for matrix effects
during proteomic acquisition, allowing for direct comparison between heterogeneous
tissues, 2) inclusion of full-length QconCATS during digestion, which control for sample

loss and digestion variability, and 3) absolute quantitative values allowing for inter-
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protein and -experiment comparisons between samples. However, as with any first-
generation experimental pipeline, there are limitations to the methodology that need to be
addressed in future work. First, targeted proteomics is inherently more specific and
therefore will only quantitate peptides/proteins included in the QconCAT library.
However, when comparing our current QconCAT library coverage to samples
simultaneously run using global proteomics, only an additional 7 and 8 ECM proteins
(primarily Annexins, accounting for 0.43% and 0.11% of total spectral matches) were
identified that were not covered by the QconCAT library. Further, QconCAT proteomics
quantified 34 and 41 proteins or protein isoforms in the mammary gland and liver,
respectively, not identified by global proteomics (Supplementary Table 4). These
comparisons highlight the benefits of increased sensitivity when applying a targeted
proteomics approach, as this level of detection often requires deep fractionation and

multiple runs to achieve similar depth using global proteomics.

An additional caveat to QconCAT proteomics is that quantification of endogenous
peptides with post-translational modifications (PTMSs) is not currently possible. We
circumvent this problem by designing QconCAT peptides specific to proteins that either
have no known PTMs or do not contain a common PTM motif so that the quantified
endogenous peptide has a higher probability of representing the molar equivalent of the
protein it represents. Furthermore, we attempt to include multiple peptides per protein of
interest to account for splice variants, known PTMs, and matricryptic sites, however a
subset of proteins are currently covered by only a single peptide. Future generations of

this QconCAT library will increase confidence in protein quantification by expanding
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coverage of ECM, ECM-modifying, and ECM-associated proteins, as well as adding
additional peptides for all ECM protein targets. Importantly, the increased depth of ECM
coverage that will be gained by design of additional QconCATSs will ultimately facilitate

more refined characterization of ECM abundance and composition in tissues.

Multiple studies have characterized both the mammary gland and liver in a variety of
normal and tumorigenic contexts*>437:440441.455-458 ‘Haowever, because these semi-
quantitative approaches provide relative, and not absolute abundance of proteins, it is
difficult to compare data across studies. For example, comparison of collagen coverage in
the liver across our platform and five published datasets revealed marked variability
between both identification and quantification of collagen (Supplementary Table 5).
While the majority of datasets identified the abundant collagens | & V1, they varied
dramatically in estimated abundance and in the identification of less abundant collagens.
Significant differences in estimated abundance of collagen I between studies are likely
derived from variability in enrichment strategies, and the non-uniform analysis of
insoluble collagens in the iIECM pellet, a protein fraction not routinely captured in
standard proteomics pipelines®®3. The quantitative advantage of QconCATSs is apparent
with comparison of collagen alpha-1(l) to collagen alpha-2(l) ratios, as our targeted
approach recapitulated the expected 2:1 ratio (Fig.6-1E & Supplementary Table 6-5).
Additionally, collagen alpha-1/2/3(V1) organizes into a 1:1:1 heterotrimer*®, and again,
our study is the only one to reveal such a distribution (Supplementary Table 5). The level

of variability across proteomics datasets highlights the need for standardization, and
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suggest that solubilization with CNBr along with absolute quantification may provide

additional biological relevance to proteomics pipelines focused on ECM proteins.

To the best of our knowledge, our ECM-based QconCAT proteomics pipeline has
provided the most quantitative assessment of ECM proteins and tissue composition in
mammary gland and liver to date. In the future, the application of this method can be
utilized to more fully interrogate breast cancer progression. For example, a comparison of
young women’s breast tumors and paired metastases, similar to work done by Naba et al
in colorectal cancer®¥’ | is predicted to reveal widespread ECM differences and further
inform our understanding of breast cancer metastasis. Further, studies to understand liver,
as well as lung, bone, and brain ECM throughout the reproductive cycle may shed insight
into site-specific metastasis in premenopausal breast cancer patients. The impact of the
ECM biased proteomic pipeline could be further realized in the context of regenerative
medicine, where understanding the composition of ECM components and the relative
stoichiometry within specific organs would be critical steps in accurately recapitulating
endogenous matrices. Ultimately, compilation of similar datasets for additional organs
would lay the foundation for an ECM Atlas that would be capable of comparing absolute
quantitative measurements between all organs, facilitating a broader understanding of the

role of ECM in physiology and pathology.

Conclusions

ECM can be quantitatively analyzed from tissues under diverse physiologic and

pathologic conditions using the improved solubilization and quantitative proteomics
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methodologies presented here. We report tissue-specific ECM signatures in rat liver
compared to mammary gland, as well as diverse ECM complexity and abundance in the
rat mammary gland throughout a reproductive cycle. These studies provide novel avenues
to elucidate how ECM impacts breast cancer progression, particularly postpartum breast
cancer. Our quantitative ECM proteomics approach has broad applicability and can be
utilized in studies pertaining to various tissue and disease sites, treatment responses, stem

cell biology, and tissue regeneration.
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Supplementary Figure 6-1: ECM proteomics identifies matrix proteins present at
different levels in mammary gland and liver

(A) Fibronectin (left), thrombospondin 1 (middle), and fibulin 4 (right) levels in
mammary gland (MG) and liver from quantitative ECM proteomics. **p-value<0.01,
****p-value<0.0001, Student’s T-test.
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Supplementary Figure 6-2: Principle component analysis of rat mammary gland
ECM proteomics across the reproductive cycle

(A) Variable of importance in projection (VIP) plot from partial least squares
discriminative analysis (PLS-DA) (PCA shown in Figure 6-3) from rat mammary gland
targeted ECM proteomics (Nullip=nulliparous; Preg=pregnancy days 18-21;
Lac=lactation day 10; InvD2-InvD10=involution days 2, 4, 6, 8, and 10; Reg=regressed,
4 weeks post-weaning); n=5 mammary glands/grp. VIP scores are a weighted sum of
squares of the PLS loadings. The weights are based on the amount of explained Y-
variance in each dimension. (B) PCA analysis of ECM proteins (cellular proteins
excluded) identified by LC-SRM of rat mammary gland across the reproductive cycle.
(C) VIP plot from PLS-DA analysis (PCA shown in B) from rat mammary gland targeted
ECM proteomics across the reproductive cycle.
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Supplementary Figure 6-3: Principle component analysis of rat nulliparous liver
ECM proteomics compared to mammary gland ECM proteomics across the
reproductive cycle

(A) PCA analysis of all ECM proteins (cellular proteins excluded) identified by LC-SRM
of rat mammary gland across the reproductive cycle, with nulliparous rat liver included in
the analysis; n=5 mammary glands/grp, n=6 livers/grp. Data show that liver ECM is most
comparable to ECM signatures present in mammary glands from pregnancy, lactation,
and involution days 2-4 stages. (B) VIP plot from PLS-DA analysis of ECM proteomics
on rat mammary gland and liver (PCA shown in A). VIP scores are a weighted sum of
squares of the PLS loadings. The weights are based on the amount of explained Y-
variance in each dimension. (C) PCA analysis of the combined top 20 most abundant
ECM proteins in nulliparous liver (highlighted in Supplementary Table 3) and mammary
gland (highlighted in Supplementary Table) across the reproductive cycle (top 20
combined resulted in 30 total proteins). (D) VIP plot from PLS-DA analysis of the top 30
most abundant ECM proteins identified by LC-SRM of rat mammary gland and liver.
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Supplementary Table

Supplementary Table 5: Comparison of collagen identifications in liver proteomics

GENE Goddard & Hill Naba et al 2014"* |Baiocchini et al 2016%| Geiger et al 2013% Lai etal 20087° Lai etal 20117¢
coua: [ITGT B 0.392 B olas7 0.005 (
COL1A2 0,61 o [T T gass
CoL2AL 0.002 0797 | |[El o119
COL3A1 ] o027 0.001 T 050 ]l o164
coat ] 0138 I 0.027 [l 0.040 0.046 | Y ! Bl o164
cowsn2 I} 0.086 I 0.026 Il 0.039 0.010 Bl o164
COL4A3 0.000 ] o020 0 0.060
COL4A4 B ] 0317 Kl 0.104
couas | 0.018 il 0.045
COL4A6 Ul 0.045
coisat B 0.096 0.006 Bl o149
cotsA2 |l 0.022 0.009 \ 0.004 b 0.075
COL5A3 \ 0.005 B 0279 I 0.030
cowear || 0.269 | 0.018 | 0265 0.257 | 0254
colsA2 [ ] 0304 0.005 Il 0.025 0.248 | T
colsA3 ] 0.239 1 0.049 B 0.430 1.000
COL6A4
COL6AS 0.002
COL6AG 0.001 0.001
cow7al | 0.009 0.001 B ]0362 1l 0.060
COL8A1 | 0.015
COLo9A2 0.000 B 042
COL9A3 0570
COL10A1 0.000 I 0.030
COL11A1 B 032
COL11A2 B 0264
COL12A1 0.002 0.000 0.002 E 0.109
COL13A1
coui4a1 i 0.073 0.002 0.006 0.310 B o373
COL15A1 1] 0.104
COL16A1 0.001 K 0.090
COL17A1 0.001
coLisal |l 0.039 0.001 0.032 B o01% ] 0209
COL21A1 0.001
COL22A1 B 0209 1l 0.075
COL23A1 0.000
COL24A1 0.000 B o024
COL27A1 B ] 0315 E 0.090
COL28A1 0.000 1 0.075

*All data was normalized to maximum value of reported quantification for comparisons. Data bars represent relative inter-protein quantitification within a study.

Supplementary Table 6-5: Comparison of collagen identifications in liver
proteomics

Comparison of our study (Goddard & Hill) to other recently published proteomics
evaluations of liver ECM. Data highlighted in this table are specific to various collagen
ECM proteins identified.
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Summary of Key Findings

My studies have focused on the over-arching goal of understanding the ~3-fold increased
risk for metastasis associated with a postpartum breast cancer diagnosis®. In this
dissertation, | have described a novel biology of the post-weaning liver, specifically
weaning-induced liver involution (Chapter 111)2, The liver is intimately linked to the
mammary gland for the purpose of milk production®°2%, and I hypothesized that this
metabolic bridge between the two tissues may persist post-weaning. Weaning-induced
liver involution is characterized by hepatocyte cell death and metabolic reprogramming
suggestive of a liver response to reduced metabolic demands associated with cessation of
lactation®2, | found that the tissue remodeling process of weaning-induced liver
involution, similar to that which occurs in the mammary gland, is not associated with the
readily apparent, overt tissue-remodeling characteristic of the post-weaning, involuting
mammary gland*®. The process of involution in the liver is not evident by H&E and
required molecular and biochemical assays to uncover. This is important, as it not only
explains why weaning-induced liver involution went undiscovered for so long, but also
suggests that the orchestrated process of involution differs across tissues, where the
process is subtler in a vital organ (i.e. the liver). My findings in the post-weaning liver
were highly suggestive of a tissue microenvironment consistent with pro-metastatic
niches, as described in Chapter I. Specifically, | observed deposition of numerous ECM
proteins including pro-metastatic TNC, collagen I, and collagen 1V. Further, I also found
influx of monocytes, neutrophils, and FoxP3* T regulatory cells, as well as an increase in
mature macrophages in the liver post-weaning (Chapter I11 and Appendix A). I utilized

two independent experimental metastasis models to test the role of the post-weaning liver
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in promoting metastasis distinct from the pro-metastatic influences of the involuting
mammary gland or a primary tumor. Further, the pro-metastatic niche established in the
involuting liver is transient, as risk for metastasis returned to nulliparous levels when
tumor cells were injected 4 weeks post-weaning?3. To the best of our knowledge, these
findings constitute the first direct evidence of a physiologic tissue-remodeling event
educating a pro-metastatic microenvironment in the absence of a primary tumor. Further,
in patient cohort studies where both parity status and site of metastasis data were
available, 1 found that postpartum breast cancer patients diagnosed within 10 years of a
pregnancy were at elevated risk for site-specific liver metastasis compared to nulliparous
patients. Importantly, the increased risk for metastasis was specific to the liver, as risk for
other common sites of breast cancer metastasis (lung, bone, and brain) were not altered in
postpartum compared to nulliparous young women with breast cancer?3, These data
suggest that in women, the postpartum liver may be similarly established as a pro-
metastatic microenvironment. Thus, we have initiated a first in human liver MRI study to
measure volumetric changes to the tissue with pregnancy and upon weaning (Chapter
VI, Future Perspective and New Questions). In sum, the involuting liver establishes a
pro-metastatic microenvironment post-weaning, which may, in part, explain the high rate

of metastasis observed in postpartum breast cancer patients.

With a new understanding for how post-weaning events alter the liver secondary site,
priming it for postpartum breast cancer metastasis, | next sought to determine whether
non-steroidal anti-inflammatory drugs (NSAIDs) target this pro-metastatic

microenvironment. The Schedin lab has previously shown efficacy of NSAIDs in
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reducing the pro-tumor microenvironment of the involuting mammary gland, and
abrogating primary tumor growth, local dissemination, and both lymph node and lung
metastasis*”1*114 (and Martinson et al., unpublished). Treating with low-dose ibuprofen
(human dose equivalent of ~234 mg/daily) during the window of weaning-induced liver
involution, I have found that NSAIDs may not have the same anti-tumor effect as
observed in the mammary gland (see Chapter 1V). Specifically, | observed a small,
minimal reduction in TNC deposition and influx of myeloid populations at involution day
6 in treated compared to untreated mice. Further, in an intraportal liver metastasis model,
the low-dose of ibuprofen utilized had no impact on risk for developing overt liver
metastasis. These data suggested that ibuprofen may have unique effects in the mammary
gland as compared to the liver and/or that a higher dose may be necessary to impact the
liver microenvironment and risk for metastasis. Importantly, these data do suggest that
intervention with NSAIDs to reduce the pro-metastatic attributes of weaning-induced
mammary gland involution may not increase risk for liver metastasis, an important safety
parameter to consider prior to recommending to patients or in the context of postpartum

breast cancer prevention.

While studying the post-weaning liver microenvironment and its impact on risk for liver
metastasis in the postpartum setting, | also sought to further understand the high risk for
metastasis in a young women’s breast cancer cohort from the University of Colorado (see
Chapter V). Univariate analysis of time-to-metastasis in this cohort revealed a high risk
for metastasis that persists in postpartum diagnoses for up to 10 years after a pregnancy,

when compared to nulliparous patients. However, upon multivariate analysis | observed
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that only patients diagnosed within 5-10 years after a pregnancy were still at increased
risk for metastasis, whereas PPBC<5 patients showed a trend towards increased risk.
Intriguingly, stage of disease was highly significant in the multivariate analysis. When we
assessed time-to-metastasis in stage I, 11, and I11 patients independently, we found that
stage | patients have a reduced risk for metastasis, with the exception of the PPBC<5
group which showed a trend towards increased risk for metastasis. In the stage Il patient
analysis, postpartum breast cancers diagnosed up to 10 years after a pregnancy were at
significantly higher risk for metastasis compared to nulliparous patients. Stage I11 patients
have a uniformly high risk for metastasis, independent of parity status, although group
sizes were small for this analysis. We next explored whether enrichment for poor
prognostic biologic subtype may explain this high risk for metastasis and found that
PPBC patients have a high risk for metastasis after adjustment for biologic subtype, age,
and year of diagnosis. In sum, when assessing stage Il young women’s breast cancers, a
postpartum diagnosis is an independent poor prognostic indicator for metastasis. When |
compared stage and tumor size across parity groups | observed no difference, even in the
postpartum breast cancer group, suggesting that the high risk for metastasis is not due to
delays in diagnosis. Importantly, we also observed that postpartum breast cancer patients
are much more likely to present with lymph nodes positive for disease at diagnosis.
Further, I found a significant increase in the frequency of postpartum breast cancer
patients undergoing chemotherapy when compared to all other parity groups. Thus,
despite no apparent delay in diagnosis and a higher rate of cytotoxic chemotherapy
intervention compared to nulliparous patients, postpartum breast cancer patients are more

likely to present with lymph node involvement and are at greater risk for metastasis.
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Previously published work showed that postpartum breast cancers are characterized by
increased peri-tumor lymphatic density and lymph node metastasis in PPBC<2
patients''4. Thus, these data further support the hypothesis that the tissue remodeling
events in the postpartum breast, including lymphangiogenesis, may sculpt the primary
tumor and promote tumor progression. Importantly, we also found that patients diagnosed
at stage Il are at high risk for metastasis regardless of parity status, suggesting delayed
diagnoses are a major problem in young women’s breast cancer. Despite much work,
biomarkers to identify young women'’s or postpartum breast cancer patients at highest
risk for developing metastasis are lacking®. My recent analysis of ECM proteomics on
the rodent mammary gland across reproductive stages has revealed an increase in
numerous tumor-promotional or tumor-associated ECM proteins during weaning-induced
mammary gland involution (Chapter V1), Although ECM composition has not yet been
assessed in the human breast post-weaning, the dynamic tissue remodeling process of
weaning-induced breast involution’’ likely contributes to increased postpartum breast
cancer risk for metastasis. The ECM proteins elevated during weaning-induced mammary
gland involution, including tumor promotional TNC and collagen 6 (see Chapter V)%,

may aid in identification of stromal biomarkers for predicting patient prognosis.

In summary, the work I have done has contributed to our understanding of the high rate
of metastasis in postpartum breast cancers. Specifically | have identified a new
mechanism by which breast cancers successfully establish metastases, through a
physiologic tissue-remodeling event that establishes a liver pro-metastatic

microenvironment more supportive of metastatic success. | have also confirmed that
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NSAID intervention during the post-weaning involution period does not appear to
increase risk for liver metastasis, an important step towards promoting recommendations
for this therapeutic option into the clinical setting for postpartum breast cancer patients.
Further, study of a young women’s breast cancer cohort has further clarified how a
postpartum diagnosis relates to and interacts with other poor prognostic indicators
including tumor size, lymph node positivity, and biologic subtype. All of these results
support the concept that tissue microenvironments dictate risk for metastasis, and that
these diverse tissue microenvironments may be targetable and/or harnessed to identify

those patients at highest risk for progression.
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Future Perspectives and New Questions

Understanding the mechanism underlying initiation of weaning-induced liver involution in

rodents

Through my dissertation work | have discovered a novel biology of the rodent liver,
namely weaning-induced liver involution described in detail in Chapter 111233, Despite
this discovery and continuous work to characterize weaning-induced liver involution and
understand the underlying mechanisms of postpartum breast cancer metastasis there are
still numerous unanswered questions. One major area to be explored in future studies is
the underlying mechanism of how weaning-induced liver involution is initiated. We have
the unique benefit of insight from published studies investigating signals that lead to

mammary gland involution after weaning to aid our investigations in the liver.

Previous work has strongly implicated metabolic signals, in particular milk stasis and
signal transducer and activator of transcription 3 (Stat3) signaling, in the induction of
mammary gland involution®146%-462 Murine studies in which nursing dams had 1 teat
sealed with surgical adhesive revealed that milk stasis induced involution despite the
presence of systemic hormones of lactation induced by suckling on adjacent teats*6?.
Conditional Stat3 knockout post-weaning resulted in delayed mammary gland involution,
including reduced mammary epithelial cell death, a lack of macrophage influx, and
delayed adipocyte repopulation*®®461, Recent work has shown that Stat3 signaling drives
mammary epithelial cell (MEC) uptake of lipids upon milk stasis*'. Lysosomal
accumulation of lipid in MECs induces cell death via lysosomal membrane instability and

subsequent release of cathepsins*. Work utilizing the Mafia (macrophage fas-induced
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apoptosis) mouse, in which colony stimulating factor 1 receptor (CSF1R) positive cells
express a suicide transgene and GFP, has shown that macrophage depletion (and
depletion of other CSF1R-expressing populations) at time of weaning results in severely
delayed mammary involution via loss of cathepsin-mediated lysosomal cell death*®2,
Importantly, this blockade of mammary gland involution occurs in the presence of milk
stasis and pStat3, suggesting that macrophages provide an essential signal in the initiation
of weaning-induced mammary involution®®3, Based on these data we hypothesized that
weaning-induced liver involution is initiated by macrophage influx and/or metabolite
signals, similar to mammary gland involution. I undertook preliminary studies to

investigate this hypothesis:

Stat3 signaling in the post-weaning liver:

We first sought to understand whether Stat3 signaling might play a role in initiating
weaning-induced liver involution. To this end we performed immunoblots for
phosphorylated Stat3 (pStat3) and total Stat3 in rat liver lysates (Fig.7-1). We found that
Stat3 is not phosphorylated until later time-points during weaning-induced liver

involution, suggesting that the initiating signal for liver involution is not Stat3 mediated.
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Figure 7-1: Stat3 phosphorylation does not occur at early involution in the liver

(A-B) Immunoblot for pStat3, total Stat3, and GAPDH in whole rat liver lysates; n=3
livers/grp (A) or 5 livers/grp (B).
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Investigating the impact of macrophage depletion on post-weaning liver involution:

We next opted to explore the impact of macrophage depletion on weaning-induced liver
involution utilizing the Mafia mouse model (see Appendix C for methods)*®*. Mice were
treated with the B/B Homodimerizer drug, which induces cell death in CSF1R expressing
cells, starting 3 days before weaning to ensure macrophage depletion prior to the
initiation of involution. Systemic macrophage depletion was verified by a significant
reduction in CD45"F4/80*GFP* myeloid cells in the blood (Fig.7-2A-B). We
simultaneously observed that macrophage depletion results in rapid body weight loss in
mice (Fig.7-2C). Weight loss was also observed in the livers of Mafia mice, translating to
a premature reduction in liver weight at Inv1, prior to the onset of liver weight loss
induced by involution®2 (Fig.7-2D). The liver weight loss observed was proportional to
body weight loss (Fig.7-2E). To understand whether systemic macrophage depletion in
this model results in a depletion of myeloid populations in the liver, flow cytometry was
performed on whole livers from Mafia mice treated with vehicle or drug (Fig.7-3A-C).
The flow cytometry gating schemes revealed a clear presence of CD11b"F4/80"
macrophages despite drug treatment to deplete macrophages (Fig.7-3A-B). Similarly, we
observed an influx in CD11b*Ly6C*Ly6G* myeloid cells that do not clearly separate
into the CD11b*Ly6C*Ly6G™ monocyte and CD11b"Ly6C*Ly6G™ neutrophil populations
observed in vehicle controls (Fig.7-3A-B). We also assessed for CD11¢c"MHC2"
dendritic cells (Fig.7-3C). Quantification of flow cytometry data revealed an increase in
both mature macrophages and CD11b"Ly6C" myeloid cells (Fig.7-4A-B). Because
differentiation between monocytes and neutrophils was not possible in drug treated

mouse flow schemes, we combined the quantification of monocytes and neutrophils for
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vehicle treated mice in this analysis (Fig.7-4B). We further investigated whether
macrophage depletion resulted in reduction of Kupffer cells specifically expressing high
levels of GFP, indicative of transgene expression*®*. These analyses showed that a large
proportion (~2/3'%) of macrophages in the liver express low levels of GFP, with only
~1/3" of Kupffer cells expressing high levels of GFP, and thus the transgene (Fig.7-4C).
Intriguingly, we saw the largest increases in macrophages in the GFP" expressing
macrophage subset (Fig.7-4C). We did see depletion of CD11c*MHC2" dendritic cells,
which are also targeted in the Mafia mice, confirming that the drug treatment was having
an effect on other CSF1R expressing myeloid populations in the liver (Fig.7-4D). Our
lack of macrophage depletion was not expected based on previous studies in the Mafia
mouse liver where macrophages were reportedly depleted*®* and could be explained by
numerous factors. For one, the drug concentration utilized in these studies was reduced to
1 mg/kg of vehicle or drug, a 10-fold reduction in drug concentration from previous
studies*®34%4, This drug treatment strategy was enacted to reduce complicating side
effects including weight loss and subsequent euthanasia®®*. Another explanation is that
macrophage depletion in the liver, where Kupffer cells account for ~15% of cells by
weight*®, results in catastrophic insult to the liver. This stress to the liver may result in
the immediate and robust influx of immature myeloid populations as the liver responds to
macrophage depletion by replenishing lost cells. Further, when this treatment strategy is
introduced during a time of additional stress in the liver (i.e. liver involution) it may
result in further aggravation and explain why these results were not previously reported.
Finally, a lack of transgene expression in Kupffer cells may also explain the sub-optimal

depletion seen in this model (Fig.7-4C). In summary this data revealed major caveats in
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the Mafia mouse model, including a lack of macrophage depletion and/or an immediate
compensation of the liver to macrophage depletion via influx of monocytes that

subsequently differentiate into macrophages.

Despite major caveats, we did perform preliminary analyses to quantify hepatocyte
apoptosis in livers from these studies using terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) to label cleaved DNA. These data revealed the expected
increase in apoptotic hepatocytes by early-to-mid liver involution in the vehicle treated
control group?? (Fig.7-4E). We also observed an increase in hepatocyte apoptosis from
day 2 to day 3 post-weaning in the drug treatment group, suggesting that weaning-
induced liver involution is either still occurring and/or general tissue disruption caused by
macrophage depletion in the macrophage rich liver microenvironment induces hepatocyte
cell death independent from involution (Fig.7-4E). Taken together, these data suggest that
disruption of myeloid populations does not result in abrogation of hepatocyte apoptosis
during weaning-induced liver involution. Further, it is important that the drawbacks
described above be taken into consideration if future studies focused on weaning-induced

liver involution are to be done with the Mafia mouse model.
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Figure 7-2: Macrophage depletion results in body weight and liver weight loss but
does not impact hepatocyte cell death during weaning-induced liver involution

(A) Representative flow cytometry plots of Mafia mouse blood samples showing
depletion of F4/80*GFP* populations with drug treatment. Samples are from Inv3 mice.
(B) Depletion of CD45"F4/80*GFP* myeloid cells in whole blood from Mafia mice. (C)
Percent body weight loss over pre-treatment body weight in controls and drug treated
Mafia mice. (D) Mafia mouse liver weight. (E) Mafia mouse liver weight normalized to
body weight. Two-tailed Students T-test, *=p-value<0.05, **=p-value<0.01, ***=p-
value<0.001, ****=p-value<0.0001.
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Figure 7-3: Flow cytometry liver myeloid cell gating scheme for MaFIA mouse
studies

(A-B) Whole murine livers were prepared for flow cytometry. Samples were gated off of
viable cells based upon forward by side scatters and singlets were removed (data not
shown). Representative plots for CD45" gating (left plots), CD11b"F4/80" gating, and
CD11b*F4/80" gating schemes (middle plots) in vehicle (B, top plots) and drug (C,
bottom plots) treated mice. Right plots show Ly6C* and Ly6G* gating schemes to
identify monocytes (Ly6C*Ly6G") and neutrophils (Ly6C*Ly6G") in vehicle treated mice
(top plot). Data show a clear influx of CD11b*Ly6C" cells in the drug treated mice
(bottom plot) that does not resemble CD11b* populations in controls. (C) Representative
plots for CD45" gating (left plot) and CD11c*MHC2" gating to identify dendritic cells in
livers of vehicle (middle plot) and drug (right plot) treated mice. Dendritic cells are
identified by the upper right hand population.
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Figure 7-4: Macrophage depletion drug regimen in MaFIA mice increases
macrophage and monocyte populations and depleted dendritic cells in the liver

(A) Flow cytometry for CD11b*F4/80* macrophages from whole mouse liver of vehicle
or drug treated MaFIA mice during weaning-induced involution. (B) Flow cytometry for
CD11b*F4/80"Ly6C*Ly6G* macrophages from whole mouse liver of vehicle or drug
treated MaFIA mice during weaning-induced involution. (C) Flow cytometry for
macrophages expressing low levels of GFP (top) and high levels of GFP (bottom), and
representative flow plot (right). (D) Flow cytometry for CD11c*"MHC2" dendritic cells
from whole mouse liver of vehicle or drug treated MaFIA mice during weaning-induced
involution. (E) Quantification of TUNEL positive hepatocytes per liver area; whole liver
sections were analyzed. Unpaired Student’s T-test, *=p-value<0.05, **=p-value<0.01,
***=p-value<0.001, ****=p-value<0.0001; One-tailed Students T-test, #=p-value<0.05.
Sample size limitations did not permit statistics on Inv1 groups.
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Investigating metabolic flux-mediated induction of post-weaning liver involution:

We have also initiated studies to investigate whether a metabolite signal may induce
weaning-induced liver involution in rodents. During lactation it is well known that the
liver plays a pivotal role in fulfilling the metabolic demands of milk production?3%-2%2,
Specifically, the liver increases lipid f-oxidation to make ATP necessary for
gluconeogenesis. Glucose made in the liver is subsequently shuttled to the mammary
gland, via the circulation, where it is utilized for production of lactose and glycerol
backbones for triglycerides — both essential components of milk (Fig.7-5)%02%2, In states
of glucose deficiency, the mammary gland will utilize fatty acids from other sources
including the liver, however, under steady-state conditions the major sources of
triacylglycerol are dietary lipid and de novo fatty acid synthesis in the gland?*131°, Upon
weaning, the excess metabolites from milk (protein, carbohydrate, lipid) are taken up by
mammary epithelial cells*!, and presumably by adipose tissue, muscle, and liver as well.
Uptake of lipid by non-adipose tissues can result in lipotoxicity and apoptosis, as has
been demonstrated in pancreatic B-cells*®® and hepatocytes during non-alcoholic fatty
liver disease*®’. Based on these data we hypothesized that with cessation of lactation and
milk stasis in the gland, there is a backlog of metabolites in the circulation and/or liver,
which provide the initiating signal for liver involution to begin. We first measured
glucose levels via saphenous vein blood draw in mice across the reproductive cycle using
a glucometer. These data revealed that blood glucose levels are largely unaltered at early
time points post-weaning and likely do not initiate weaning-induced liver involution
(Fig.7-6A-B). We also assessed free fatty acid (FFA) levels in plasma collected from rats

across the reproductive cycle. We found an increase in FFA at late pregnancy (P)
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compared to lactation, which is not surprising considering any freely available lipid
during lactation is likely to be taken up by the fat pad to facilitate milk production (Fig.7-
6C). These data suggest that lipid levels may be in flux during lactation and thus may
similarly shift with weaning. Thus, we stained for the lipid droplet marker adipophilin in
rat livers across the reproductive cycle. Quantification of this staining revealed a
significant and transient increase in lipid at Inv2 in the rat liver (Fig.7-6D). Staining for
adipophilin in the mouse liver revealed a similar increase in the lipid droplet marker,
although this increase in global adipophilin occurred much later, at Inv8 (Fig.7-6E).
However, analysis of the peri-portal region in these murine livers revealed a specific
increase in adipophilin at Inv2, consistent with what we observed in rat livers (Fig.7-6E-
F). Taken together these data suggest the possibility that lipid build-up in the rodent liver

may be important for initiation of post-weaning liver involution.
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Figure 7-5: Complementary roles for liver and mammary gland in milk production
during lactation

Studies have identified a role for the liver in milk production during lactation.
Specifically, the lipid breakdown metabolic pathway, B-oxidation, is upregulated in the
liver during lactation. It is thought that the ATP produced from b-oxidation is utilized for
gluconeogenesis, resulting in elevated glucose production. Glucose is easily shuttled
through the circulation to the mammary gland or breast where it is utilized for production
of milk sugar and the triglyceride glycerol backbone (Rawson et al., J Proteomics, 2012;
Patel et al., Funct Integr Genomics, 2011; Loor et al., Physiol Genomics, 2005). Figure
made using Biomedical Toolkit.
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Figure 7-6: Lipids may constitute the initiating signal for weaning-induced liver
involution

(A) Blood glucose readings via glucometer from saphenous vein blood draw on mice at
end-point, across the reproductive cycle. (B) Blood glucose readings via glucometer from
serial saphenous vein blood draw on mice at early time-points post-weaning. (C) Free
fatty acid detection in rat liver plasma collected across the reproductive cycle. (D)
Quantification of adipophilin staining in the rat liver across the reproductive cycle. (E)
Quantification of adipophilin staining in the whole mouse liver (global, One-way
ANOVA = Inv8 is significant versus N, L, Inv2, R) and in the periportal regions
(periportal, Student’s T-test, p=0.03) across the reproductive cycle. (F) Representative
images of mouse liver adipophilin staining; scale bar=1 mm. One-way ANOVA, *=p-
value<0.05, **=p-value<0.01, ***=p-value<0.001, ****=p-value<0.0001; One-tailed
Students T-test, #=p-value<0.05. Sample size limitations did not permit statistics on Inv1l
groups.
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Despite these data, the question of what initiates liver involution remains largely
unanswered. Studies to further elucidate the mechanism of weaning-induced liver
involution are on-going and include RNA sequencing and lipidomics on murine livers
and matching mammary glands across the reproductive cycle. Results from these studies
should provide essential data on pathways altered at the onset of liver involution
(including cell death and metabolic pathways) and identify lipids- or metabolites-of-
interest that may be most important for post-weaning involution in the liver.
Simultaneously, we are developing a hepatocyte culture system to study how potential
mediators of weaning-induced liver involution, including purified fatty acids, impact
‘naive’ hepatocytes isolated from nulliparous mice. End-points for these studies will
include gene expression profiling and assays to determine changes in metabolism and cell
death pathways. Based on the adipophilin staining in rodent liver, and with future
lipidomic studies, we will want to understand in greater detail the fate of lipid/metabolites
of interest in the liver during lactation, early involution, and late involution/regression
stages. Although omic approaches facilitate identification of metabolites of interest, we
are only provided a snapshot of semi-quantitative levels of these products. To understand
metabolite-of-interest flux throughout the reproductive cycle it may be of interest to
employ in vivo studies utilizing C*® stable isotope labeling coupled with metabolomics*e,
Importantly, the observed increase in lipid in the liver post-weaning may be due to a
reduction in the gluconeogenesis and B-oxidation flux, an increase in lipid uptake or
synthesis, or via more nuanced metabolic shifts. Stable isotope labeling and LC-MS will
help to clarify what pathways are altered and may provide essential measurement of

metabolite-of-interest flux as a follow-up to semi-quantitative metabolomics
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studies*®®4%9, To understand whether lipid is shuttled from the fat pad to the liver upon
weaning we could inject commercially available stable isotope labeled lipid intraductally
and assess for their presence in the liver at early time-points post-weaning*’°. In concert,
these studies may further elucidate the complex relationship between the liver and
mammary gland during lactation and upon weaning. Further, the proposed experiments
may help to identify metabolic pathways essential to induction of weaning-induced liver

involution.

Direct manipulation of lipid composition may have measureable effects on weaning-
induced liver involution and mammary tumor metastasis. At this time, the lipid
composition of the postpartum involuting liver is unknown. We hypothesize that lipid
composition may play important roles in the transient pro-metastatic liver
microenvironment established post-weaning. Studies to target lipid composition could
include assessing weaning-induced liver involution and mammary tumor liver metastasis
in the Fat-1 transgenic mouse. These mice contain a transgene expressing a fatty acid
desaturase from Caenorhabditis elegans that facilitates conversion of inflammatory
omega-6 to anti-inflammatory omega-3 fatty acids*’*. An increase in omega-3 fatty acids
results in reduced risk for non-alcoholic fatty liver disease, primary tumor development
in the liver, and has shown efficacy in reducing metastasis from mammary tumors*/247,
Thus, it is possible that a shift in liver lipids from an omega-6 to an omega-3 dominant
composition may not only alter the pro-metastatic attributes of weaning-induced liver

involution and/or reduce the high risk for liver metastasis post-weaning®®.
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Contributions: | performed Stat3 immunoblots, developed flow cytometry staining
protocols, performed all Mafia mouse flow cytometry data analysis, tissue
staining/analysis, as well as glucose, FFA, and rat adipophilin analysis. Jaime Fornetti
and Michelle Borakove performed Mafia mouse husbandry, tissue collection, and flow

cytometry. Alexandra Quackenbush performed mouse adipophilin staining and analysis.

Future studies addressing the pro-metastatic microenvironment established during

weaning-induced liver involution

The post-weaning, involuting rodent liver shares numerous attributes with the metastatic
niche including ECM deposition/remodeling and myeloid cell influx (see Chapter 111)2%,
We have shown further that the post-weaning liver supports increased metastatic seeding
but not outgrowth in two experimental metastasis models®3. However, there is much
about this pro-metastatic microenvironment that we do not currently understand. Several
key areas for future research include understanding 1) the functional contribution of the
ECM to the pro-metastatic niche 2) the contribution of immune-suppressive leukocyte
populations to the microenvironment and 3) how the pro-metastatic microenvironment

supports distinct steps in the metastatic cascade. | will discuss each of these areas briefly.

Functional contribution of liver ECM to the pro-metastatic niche:

Extensive studies in rodent models of mammary gland development have identified the
ECM as a key regulator of progenitor and mature epithelial cell function - contributing to
proliferation, differentiation, and cell death decisions. These pioneering investigations

redefined the functional unit of the epithelial cell as the cell plus its adjacent ECM*#21:422,
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and shifted studies aimed at understanding determination of epithelial cell fate from a
cell-intrinsic to an epithelial cell-stromal focus*?3. To query epithelial cell-ECM
interactions in a more physiologically relevant context, many of these paradigm shifting
studies utilized 3D cell culture with Matrigel™, a commercially available ECM isolated
from Engelbreth-Holm-Swarm (EHS) mouse sarcomas, as cellular substratum*’®, EHS
matrix is highly enriched in laminin-111, a heterotrimeric basement membrane
glycoprotein that provides important attachment signals to epithelial cells via specific
integrins*’’. Thus, the functions of matrix proteins have been primarily assessed using
single, purified ECM proteins or by admixing ECM proteins of interest with EHS matrix
for use in various 3D assays*?>48, However, to advance our understanding of tissue-
specific epithelial and tumor cell niches and their potential impact on physiology and
pathology, improved models that recapitulate the complexity of in vivo ECM
microenvironments are needed. Subsequent advancements to study epithelial cell-niche
interactions include micropatterned models*’8, microenvironment microarrays
(MEArrays)*'948 hydrogels with regulated stiffness*®!, decellularized tissue ECM
scaffolds*®2483 and enrichment of endogenous ECM for 3D culture*®484, Using mammary
matrix isolated from nulliparous hosts, normal mammary epithelial cells recapitulate
duct- and alveolar-like structures similar to those in nulliparous hosts*. Mammary cells
form florid, alveolar-like structures reminiscent of pregnant glands when plated onto
mammary matrix isolated from pregnant hosts, and undergo cell death on mammary
matrix isolated from involuting glands. These same cells form smaller duct-like structures
when plated onto mammary matrix from parous hosts*. This reduced regenerative

capacity is consistent with functional changes to ECM contributing to parity-induced
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protection from breast cancer?®. During weaning-induced liver involution we found
deposition of pro-metastatic ECM proteins, including collagen I, collagen 1V, and
TNC?%, Thus, we opted to further develop protocols for isolation of endogenous

mammary gland ECM*® for studies of liver ECM.

Initial enrichment of ECM from rat and mouse liver revealed substantial increases in the
ECM proteins laminin and TNC, and potential decreases in the cellular protein
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) by immunoblot (Fig.7-7A, see
Appendix C for methods). Specifically, we observed 4- and 11-fold enrichments in
laminin and >50-fold enrichments in TNC in mouse and rat liver ECM isolations,
respectively (Fig.7-7A). Primary mouse hepatocytes cultured within liver matrix
maintained hepatocyte phenotype and viability (Fig.7-7B-C). We also cultured D2A1 and
D2.0R mouse mammary tumor cell lines in liver matrices to model the liver-metastatic
niche and show that endogenous liver matrix supports mammary tumor cell growth
(Fig.7-7D). Taken together, these findings provide rationale for utilizing enriched liver
ECM to investigate the role of ECM in both hepatocyte-niche and tumor cell-niche
interactions during involution. Of note, the current ECM enrichment protocol may be
further optimized to reduce contamination of cellular proteins that currently remain after
ECM enrichment (Fig.7-7A). Protocol steps that may impact cellular protein
contamination include centrifugation speeds and time, duration of dialysis, and
homogenization time and generator size*®*. Further, it is well known that primary
hepatocytes maintain their phenotype and remain viable in culture for only a few

days*®48 _In particular, density of cell plating, and culture conditions including the 3D
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culture model chosen*®*, and incorporation of other cell types should all be considered.
Assessment of hepatocyte function using standard assays to detect albumin and urea
synthesis, as well as expression analyses for albumin, fumarylacetoacetate hydrolase
(FAH), and cytochrome P450 (CYP) enzymes may be useful in protocol
optimization*®%487_ 3D culture models, upon further optimization, may be useful in
assessing the impact of involution-specific liver ECM on both hepatocytes and mammary
tumor cells. We hypothesize that involution-specific liver ECM provides essential cues to
hepatocytes that may include cell death signals and/or signals that elicit metabolic
changes, both of which are observed during weaning-induced liver involution?3, We also
hypothesize that involution-specific liver ECM is an essential component of the pro-
metastatic microenvironment established post-weaning. Studies to address this hypothesis
include 3D culture of mammary tumor cells on liver ECM enriched from nulliparous,
lactating, involuting, and regressed rodents. These studies will facilitate an understanding
of whether involution-specific liver ECM supports differential tumor cell growth,
invasive phenotype, and gene/protein expression in comparison to other more quiescent
stages. Further, these in vitro studies will allow for targeted manipulation of ECM
proteins of interest, including TNC and Collagen, utilizing blocking antibodies to the
protein and/or the integrins that bind them. These studies would complement in vivo work
utilizing knockout mice or targeting studies for ECM proteins/ECM-cell interactions
designed to test the role for ECM in facilitating liver metastasis during involution.
However, in vivo work in transgenic mice to understand both weaning-induced mammary
gland and liver involution have been greatly hampered by the fact that normal gland

development and lactation are typically aberrantly affected, rendering study of the
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involution process highly compromised. Further, much work would be required prior to
drawing conclusions from knockout mouse studies to ensure that abrogation of the
protein of interest does not result in aberrant tissue development, lactation, or the

involution process itself.
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Figure 7-7: Development of a 3D culture system using enriched endogenous mouse
and rat liver matrix

(A) Immunoblots for laminin, TNC, and GAPDH on samples at various stages of ECM
enrichment in mouse and rat liver (top), and densitometry represented as fold change of
final ECM signal over starting tissue signal (bottom). (B) Representative images of
primary mouse hepatocyte 3D cultures in Matrigel™ or enriched rodent liver matrix after
5 days in culture (top). Representative H&E images of primary mouse hepatocytes in
liver matrix 3D cultures (bottom); scale bars=25 um. (C) Representative images of
primary mouse hepatocytes from rodent liver matrix 3D cultures, fixed with methacarn,
and stained for hepatocyte markers CK18 (left) and Heppar-1 (right); scale bar=20 pum.
(D) Representative images of D2A1 (left) and D2.0OR (right) mouse mammary tumor cell
3D cultures in Matrigel™ or enriched rodent liver matrix after 7 days in culture (top).
Representative H&E images (bottom) of D2A1 (left) and D2.0OR (right) mouse mammary
tumor cell 3D cultures; scale bars=20 um.

261



Contribution of immune-suppressive leukocyte populations to the microenvironment:

We have previously shown that monocytes, neutrophils, and mature macrophages
increase in the liver during weaning-induced liver involution (see Chapter 111)23, We also
observed an increase in FoxP3* T regulatory cells (Appendix A Fig.2C) but no change in
the presence of CD4* or CD8" T lymphocytes (Appendix A Fig.2A-B). As described in
Chapter I, the involuting mammary gland is established as an immune suppressed
microenvironment. The tissue microenvironment has been shown to have high levels of
IL-4 and 1L-13, cytokines that induce alternatively activated macrophages*. Further,
weaning-induced mammary gland involution is characterized by an influx of IL-10"
immune-suppressive myeloid cells that suppress T cell activation ex vivo and contribute
to primary tumor growth*2. Furthermore, bone marrow derived monocytes and other
myeloid cells play an integral role in establishing pre-metastatic niches and promote
every stage of the metastatic cascade including metastatic seeding and outgrowth,
summarized in detail in Chapter 1°2171.19.187.201.205 Thyg | have sought to understand

whether immune suppression also occurs during weaning-induced liver involution.

Several key studies should be completed including 1) gene expression profiling of sorted
CD11b" myeloid populations 2) T cell suppression assays utilizing isolated CD11b*
myeloid populations, and 3) detailed T cell phenotyping by flow cytometry. These studies
will begin to elucidate the level of immune suppression occurring in the liver during
weaning-induced liver involution. To this end I have performed fluorescence-activated
cell sorting (FACS) of viable murine CD11b*F4/80* macrophages and

CD11b"Ly6C*"Ly6G™ monocytes across the reproductive cycle for gene expression
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profiling (Nullip, n=10; Lactation, n=8; Inv4, n=12; Inv6, n=12 macrophage and
monocyte sorted samples). Initial attempts to perform T cell suppression assays were
mired by numerous procedural issues including low myeloid cell yield via FACS and a
sub-optimal level of T cell activation under positive control conditions. These studies
were inconclusive and must be repeated with optimized protocols. Finally, members of
the Schedin and Coussens lab have developed a multi-color panel for T cell phenotyping
that allows for identification of numerous T cell populations and determination of T cell
phenotype using flow cytometry. Assessing for liver-specific T cell phenotypes across the
reproductive cycle may provide detail about the immune status of the pro-metastatic

microenvironment post-weaning.

Determining steps in the metastatic cascade that are supported by the pro-metastatic

microenvironment established in the post-weaning liver:

Previous studies (see Chapter I11) describe two experimental metastasis models that both
show an increased frequency of mice presenting with liver metastasis when injected post-
weaning compared to nulliparous controls (see Chapter 111)?33, Results from the
intracardiac injection model, which only allowed for assessment of micro-metastatic
disease in the liver, suggested a seeding advantage in the involuting liver. In the
intraportal injection model, where overt metastatic disease could also be assessed, we
again found data suggestive of increased seeding with no tumor size advantage over
nulliparous controls. Historical studies in the liver and lung suggest that the majority of
tumor cells injected directly into the circulation in experimental metastasis models will

survive and extravasate®>142144 This same work has shown that major bottlenecks in
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metastatic efficiency include growth from single cells into micro-metastases and from
micro-metastases into overt metastases®®142144 Taken together these data suggest that the
metastatic advantage endowed by the involuting liver occurs at early time-points post-
injection — either at the point of 1) extravasation 2) when early fate decisions are made
(i.e. proliferate, die, or become quiescent) or 3) when the fate of micro-metastases are
decided. To elucidate how weaning-induced liver involution impacts these stages of the
metastatic cascade, | developed a modified intraportal injection model whereby GFP
labeled mammary tumor cells are injected at high numbers into Glowing Head mice that
are tolerized to GFP and luciferase?®2%" (Fig.7-8A). Injection of cell concentrations
ranging from 1x1075 to 1x10"6, D2A1-GFP mammary tumor cells revealed homogenous
tumor cell dispersion throughout the liver at 90 minutes post-injection (Fig.7-8B). For the
purpose of easy identification of single cells at early time points post-injection, | opted to
inject 5x10”5 cells for these studies. Thus far, using a rolling study design, | have
performed 3 Glowing head (Gh) studies to obtain livers at 0 and 90 minutes, and 1, 3, and
5 days post-injection using 5x10"5 D2A1-GFP mammary tumor cells in nulliparous and

involution day 2 Balb/c female mice (Fig.7-8C).

Analyses of the livers from these Gh studies are ongoing, however initial assessment has
begun. Thus far, these studies have revealed that D2A1-GFP mammary tumor cells elicit
an inflammatory response characterized by rampant CD45" cell infiltration and resultant
necrosis in Gh mouse livers as early as 1 day post-injection (Fig.7-9A-D). Importantly,
D2A1 and D2A1-GFP mammary tumor cells elicit similar inflammatory responses in

both Balb/c WT and Balb/c Glowing Head mice as determined by presence of observable
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necrosis at necropsy, suggesting this is not simply due to aberrant immune responses to
GFP (data not shown). These data suggest that lower cell concentrations may be
necessary to limit inflammatory responses post-injection. Further, these data also suggest
that the D2A1 mammary tumor line may elicit inflammatory responses upon injection
into the liver at these concentrations, despite being a syngeneic line. Thus, we are also
exploring the use of other syngeneic Balb/c mammary tumor lines including D2.0OR,

EMT6, T945, and T946 that may be less immunogenic?44%,

Analysis of livers at 90 minutes post-injection, a time when tumor cells are expected to
be actively extravasating or still in the vasculature®®142144 revealed no difference in
GFP* tumor cell number between nulliparous and Inv2 groups (Fig.7-9E). We see similar
results when comparing day 1 post-injection GFP* tumor cell numbers across the two
groups (Fig.7-9F). Importantly, these data suggest that tumor cells are delivered equally
between nulliparous and Inv2 mice, implicating survival and outgrowth steps of the
metastatic cascade in dictating the observed difference in risk for liver metastasis
between these groups. Day 3 post-injection livers have not been analyzed for single
tumor cells or micro-metastases at this time. Assessment of the day 5 post-injection livers
revealed marked differences between nulliparous and Inv2 groups. Upon necropsy, 2 of
the 3 livers in the Inv2 group were compromised by severe necrosis compared to
nulliparous livers where severe necrosis was not evident (Fig.7-9D). For day 5 tumor
analyses | excluded necrotic areas. Assessment of tumor number normalized to total
tissue area (tissue area minus necrotic area) in the day 5 livers revealed no differences

between groups (Fig.7-9G). | also did not observe a difference in total tumor size per
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liver, normalized to tissue area analyzed (Fig.7-9H). However, assessment of individual
lesions revealed a significant increase in average tumor size normalized to tissue area
(Fig.7-91). Taken together these data suggest that injection of 5x10"5 GFP* cells results
in similar seeding capacity in nulliparous and involution livers, but a difference in
outgrowth among individual lesions. While we did not see differences in tumor number
or total tumor area per liver in the day 5 analyses, this study is compromised by
inflammation, and necrosis, as discussed above. However, trends or significant
differences between the two groups may be revealed with adequately powered sample
sizes, as the involution group showed a large standard deviation between rodents. Of
potential interest, | also observed a focal pattern in many livers, where metastases tended
to rise in clusters near other metastases, and tended to arise near the liver exterior as
opposed to more central locations within the tissue (Fig.7-10). Although these livers have
not been stained for metastatic niche-associated markers such as TNC or collagen, these
preliminary observations suggest that metastases arise preferentially in a collective

manner and in an anatomically-dependent manner.
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Figure 7-8: Glowing head intraportal injection model to study early time points
post-injection

(A) Study design for glowing head studies. Nulliparous or involution day 2 Balb/c female
mice are injected with D2A1-GFP mammary tumor cells intraportally and livers are
dissected at 0 minutes, 90 minutes, 1 day, 3 days, or 5 days post-injection. (B)
Representative GFP stained liver sections from 90 minute post-injection mice, injected
with 1x1075 (left) or 1x1076 D2A1-GFP mammary tumor cells. Red arrows indicate
GFP stained tumor cells; scale bar=100 um. (C) Glowing head studies described in
Figure 7-9 and 7-10 involved 5x10"5 D2A1-GFP mammary tumor cells into nulliparous
or Inv2 mice and livers taken at various time points post-injection, sample sizes are
shown.
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Figure 7-9: Outgrowth but not early seeding may be promoted by weaning-induced
liver involution

(A) Representative image of a necrotic region from a glowing head study day 3 post-
injection liver. Tissue was stained for CD45 (white) to mark leukocytes and GFP (green)
to mark tumor cells. Necrotic region is outlined in yellow, inset shows higher
magnification with a small cluster of GFP* tumor cells present; scale bars=75 and 10 um.
(B-D) Average necrosis area, normalized to whole tissue area per liver in (B) day 1, (C)
day 3, and (D) day 5 post-injection. Analyses are the average of 3 levels per liver. (E-F)
GFP* tumor cells normalized to tissue area from (E) 90 minutes, and (F) day 1 post-
injection. 90 minute analyses are the average of 2 levels per left lobe, day 1 post-injection
analyses are the average of 2-3 levels per left lobe. (G) Number of metastases per liver at
day 5 post-injection, normalized to tissue area excluding necrotic areas. Data are
presented as the average of 3 levels per liver. (H) Total tumor area per liver at day 5 post-
injection, normalized to tissue area excluding necrotic area. Data are presented as the
average of 3 levels per liver. (I) Average lesion size normalized to tissue area excluding
necrotic area. Two-tailed Students T-test, #=p-value<0.1, *=p-value<0.05, **=p-
value<0.01.

269



'
A

S

—

Figure 7-10: D2A1-GFP intraportal injection metastases tend to grow out at the
liver edge and form in clusters

Representative H&E stained Balb/c mouse liver taken 5 days post-injection of 5x1075
D2A1-GFP mammary tumor cells. Tumors are outlined in green, and tend to form at the
edge of the tissue and appear in clusters; scale bar=5 mm.
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A number of additional analyses are necessary to move forward with answering the
question of which stages of the metastatic cascade are uniquely impacted by weaning-
induced liver involution. To begin, it is not clear that injection of 5x10"5 D2A1-GFP
mammary tumor cells is an adequate model to answer these questions. Studies are on-
going to test lower cell concentrations and various cell lines, as mentioned above.
Further, immunofluorescent staining of GFP in these livers is highly suggestive of loss of
GFP in a large percentage of D2A1-GFP cells post-injection, as visible lesions by H&E
may only have a few GFP* tumor cells (data not shown). In culture, these cells retain
their GFP positivity through 5 serial passages in culture (data not shown). Yet,
confirmation that GFP is retained in the D2A1-GFP line following injection will be
essential to quantifying tumor cells and metastatic burden in these studies. One way to
confirm this potential issue of GFP loss is to assess tumor cells from already completed
Gh studies utilizing a Heppar/CK18/CD45 stain as described in Chapter 11-1112332% and
compare tumor cell counts to GFP* counts from above. Upon optimization of the model
system utilized for these studies, it will be essential to confirm these findings with larger
studies. Further, based on observations that tumor cells tend to localize to the external
surface of the liver, near the liver capsule, and tend to arise in clusters suggests that tumor
cell localization in the niche is important to metastatic success. Thus, assessment of
tumor cell localization and association of proliferating/dying/quiescent cells within
various liver microenvironmental structures is of utmost interest. This work will require
multiplex staining platforms that include markers for tumor cells, proliferation/apoptosis
markers, vascular structures, ECM, and immune cell populations of interest. These

studies may reveal unique microenvironmental features that impact early cell fate
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decisions and which single cells and/or micrometastases will grow out into overt lesions.
Finally, it may be of interest to include future studies which assess frequency of mice
presenting with overt metastases in pregnant or lactating rodents, similar to studies
performed with the intraportal injection model in Chapter I11. The expectation would be
that the frequency of metastasis to the liver would be similar to or below nulliparous
levels in both pregnancy and lactation groups based upon characterization of the liver
micro-environment during these stages of the reproductive cycle?3. Lactation in
particular establishes a liver micro-environment which resembles a metastasis-inhibitory
environment with reduced ECM and immune populations?®, Further, the intraportal
model could be used to study the effect of other pathologies including liver fibrosis, non-
alcoholic fatty liver disease and obesity, or viral hepatitis on the metastasis supporting

attributes of the liver.

Contributions: | performed all liver ECM enrichments, primary hepatocyte isolations, and
3D cultures. I performed FACS in collaboration with Miranda Gilchrist in the Flow
Cytometry Shared Resource at OHSU. | developed the portal vein injection model and

performed all studies, tissue staining, and data interpretation in the glowing head studies.

The Healthy Mom’s LIVEr Study: seeking evidence for weaning-induced liver involution

in women

As described in chapter 111, we have discovered that the post-weaning rodent liver
undergoes liver involution. This process is characterized by stromal remodeling

consistent with establishment of a metastatic niche. Further, we have found that
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postpartum breast cancer patients are at increased risk for developing site-specific
metastasis to the liver, but not other sites, compared to nulliparous young breast cancer
patients?*3. We hypothesized that the increased risk for metastasis in postpartum breast
cancers is due to a similar postpartum liver involution process in women as we observe in
rodents. It is currently unknown whether the human maternal liver undergoes weaning-
induced liver involution. In fact, it is unreported whether the human liver increases in size
during pregnancy, which we predict is a requisite to weaning-induced liver involution. To
begin to address these questions, we sought to determine whether the maternal liver

increases in volume with pregnancy and returns to pre-pregnant volume post-weaning.

Based on our rodent studies, we predicted that a woman’s liver increases in size by
approximately 1.5- to 2-fold during pregnancy and regresses to baseline size after
weaning, or after pregnancy, in the absence of lactation. In rodents, we showed that the
rodent liver doubles in weight during pregnancy, which is maintained through 14 days of
lactation. Subsequently, the liver undergoes cell-death mediated tissue involution,
returning to pre-pregnant weight within 8-10 days post-weaning (see Chapter 111)3,
Thus, we have initiated an inter-disciplinary multi-P1 phase 0 Magnetic Resonance
Imaging (MRI) study to measure volume of healthy maternal livers in lean and obese
women in collaboration with Drs. Kimberly Vesco, MD (Kaiser Permanente), Jonathan
Purnell, MD (OHSU School of Medicine, Knight Cardiovascular Institute, Cardiology,
Endocrinology and Diabetes), and Alexander Guimaraes, MD, PhD (OHSU School of
Medicine, Department of Diagnostic Radiology). To investigate whether human maternal

liver increases in volume through pregnancy and returns to ‘pre-pregnant’ liver volume
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we will perform MRI volumetric analyses on healthy women during their first trimester,
third trimester, and at 3-12 months post-weaning (Fig.7-11A-B). Unpublished data from
the Schedin lab suggests that post-weaning breast involution in women is largely
completed as early as 8 weeks post-weaning (Jindal et al., data unpublished). In the
rodent, both mammary gland and liver involution are largely completed within one week
of weaning. Thus, we think it is a reasonable assumption that if the liver involutes, the
size of the liver will be reduced to baseline levels in women by 3-12 months post-

weaning.

From initial imaging of 26 participants who have completed their first and third trimester
scans, we find that the maternal liver increases in volume significantly during pregnancy
(Fig.7-11C-D). These data suggest that in most women, the liver responds similarly to the
metabolic demands of pregnancy across species. Post-weaning imaging is forthcoming.
Intriguingly, we observed 5 participants (19.2%) who exhibited a decrease in liver
volume from 1% to 3" trimester (Fig.7-11C-D). Nursing a child at time of study
enrollment could confound data, as our hypothesis suggests that the maternal liver would
not have returned to pre-pregnant volume by first trimester MRI scan. Further, in an
unpublished study, the Schedin lab has identified that 10% of women were nursing a
previous child when becoming pregnant for a subsequent child (Jindal et al., data
unpublished). However, we have currently ruled out the possibility that these mothers
were nursing a previous child at the time of their enrollment on our study (data not
shown). Nonetheless, the major confounding potential of nursing at time of a subsequent

pregnancy upon liver volumetrics should be considered and this variable should be
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assessed in this study. Data has been collected on numerous other factors that may impact
liver volume during pregnancy, including a participant’s parity status, BMI, and maternal
weight gain through pregnancy. These data have yet to be analyzed but we hypothesize
that this group of women who exhibits reduced liver volume from 1% to 3" trimester may
be those patients in the obese study group. Obesity and associated metabolic-syndrome
could be one proposed reason for a lack in liver volume increase with pregnancy, as
metabolic dysregulation could certainly impact the metabolic link between the liver and

the mammary gland during lactation. However, these analyses have yet to be performed.

Upon its completion, this study will constitute the first trial to investigate whether
postpartum liver involution occurs in women. Although an increase in liver size during
pregnancy, with subsequent loss of liver volume in the postpartum period does not
directly prove that liver involution occurs through a pro-metastatic, cell death-mediated
process, it is an essential first step. Further, this study will provide the necessary
preliminary data to move forward with future studies to determine the underlying
mechanism of postpartum liver involution in women. For such mechanistic
investigations, we will need to obtain liver biopsy specimens after weaning; such a study
cannot be proposed in healthy, pregnant women. One exciting avenue to advance this
work is through collaboration with the Oregon National Primate Research Center at
OHSU. Validation in non-human primates that liver involution occurs through a cell
death-mediated tissue-remodeling process will be essential to our understanding of
postpartum liver biology in women and risk for metastasis in postpartum breast cancer

patients.
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Figure 7-11: Liver volume increases in pregnant women

(A) Schematic for phase 0 liver imaging trial in healthy women. Women are enrolled
during their first trimester. Liver MRI and bod pod study visits occur during late first
trimester (12-16 wks gestation), early third trimester (32-36 wks gestation), and 3-12
months post-weaning. (B) Representative MRI scan of the abdominal cavity with liver
present (green outline). Serial scans spanning the entire liver are utilized to gather liver
area measurements to calculate liver volume. (C) Liver volumetric measurements from
healthy participants at 1%t trimester and 3™ trimester; green indicates an increase in
volume from 1% to 3" trimester, red indicates a decrease in volume (n=26 participants).
(D) Change in liver volume from 1%t to 3" trimester (n=26 participants).
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Contributions:

Pepper Schedin and | wrote the grant and the IRB for the third imaging time-point, based
upon the original IRB by Drs. Jonathan Purnell and Kimberly Vesco. | performed all liver
MRI volumetric analysis after training by Dr. Alexander Guimaraes. Pls running the

study are Drs. Kimberly Vesco, Jonathan Purnell, and Pepper Schedin.

Significance

Postpartum breast cancers impart a high risk for metastasis and death, and the underlying
mechanisms explaining this high risk are not fully elucidated. The work described in this
thesis has advanced our understanding of how physiologic tissue remodeling events
establish pro-metastatic microenvironments and increase risk for metastasis. Specifically,
weaning-induced liver involution, a normal physiologically programmed event necessary
to return the liver to homeostasis, establishes a pro-metastatic niche and increases
postpartum breast cancer risk for metastasis in rodents. | have also observed an increased
risk for liver metastasis in postpartum breast cancer patients, suggesting liver involution
may occur in women too. However, future studies are necessary to understand whether
weaning-induced liver involution occurs in women. My work has also found that NSAID
intervention does not negatively impact risk for liver metastasis in postpartum breast
cancer models, despite no positive impact either. These data suggest that NSAID
intervention in postpartum breast cancer patients may reduce risk for metastasis due to its
previously published effect on primary tumor growth and dissemination, without eliciting
tumor promotional events in the liver. | have also found that the high risk for metastasis

may persist for up to 10 years following a postpartum diagnosis, although the interaction
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between a postpartum diagnosis and other poor prognostic indicators such as stage is
complicated and requires further study. This work has utilized novel models including an
intraportal injection model | developed (see Chapter I1) and novel procedures to study the
tissue microenvironment including quantitative ECM proteomics (see Chapter 111 and
V1). Although this work raises many questions for future work, we now understand that
post-weaning events that impact postpartum breast cancer prognosis extend beyond the
mammary gland. In sum, this work has potential to greatly impact basic, translational,

and clinical research of postpartum breast cancers and the metastasis field in general.
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Appendix A: Additional Chapter 111 data not included
In the original published manuscript

Contributions

| performed all liver weight and lymphocyte immune complexity analyses. Itai Meirom
performed analysis of Ki67"Ly6C" and Ki67*F4/80" immune cells as part of a summer
undergraduate research internship under my direction. Michelle Tran performed Lyvel
staining and performed analysis of Lyvel and blood vessel quantification as part of a

summer undergraduate research internship under my direction.
Results

Liver weight increases are not proportional to body weight increases with pregnancy and

lactation

In Chapter I11 1 described how the rodent liver weight increases with pregnancy, is
maintained through lactation, and returns to near pre-pregnant weight within ~1 week
post-weaning®®. Liver weight is strongly linked to body weight in a relationship known
as the ‘hepatostat’; as body weight changes, the liver size also changes to match
metabolic needs via mechanisms including bile acid sensing by the liver8®4% To
understand whether the liver weight changes | have observed throughout the reproductive
cycle (see Chapter 111)23 are proportional to body weight I assessed liver weight
normalized to body weight in rats and mice (Appendix A Fig.1A-B). | found that livers
from pregnant and lactating rodents increased beyond what would be expected if the liver
weight increased proportional to body weight increases. These data suggest that the

‘hepatostat’ and/or additional mechanisms underlying liver size regulation may be altered
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with pregnancy and lactation in a way that facilitates larger liver-to-body weight ratios.

More studies will be essential to understanding this interesting preliminary result.
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Appendix A Figure 1: Rodent liver weights normalized to body weights across the
reproductive cycle

(A-C) Sprague-dawley rat (A) and Balb/c mouse (B) liver weights, normalized to body
weight.
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Lymphocyte immune complexity analysis on murine liver across the reproductive cycle

Weaning-induced mammary gland involution is characterized by an increase in CD4* T
helper cells and FoxP3* T regulatory cells, but not CD8* cytotoxic T cells*2. Further,
these T cells are proposed to contribute to an immune suppressed pro-tumor
microenvironment during the window of involution®2. To begin to investigate whether
similar lymphocyte immune complexity is altered with weaning-induced liver involution
(described in Chapter 111)23 | performed flow cytometric analysis to assess for CD8*,
CD4*, and FoxP3" lymphoid populations (Appendix A Fig.2). Analysis of flow
cytometry revealed a drop in cytotoxic CD8" T cells during lactation, followed by a
return to nulliparous levels during involution (Appendix A Fig.3A). CD4" T helper cells
did not change in frequency across the reproductive cycle in the liver (Appendix A
Fig.3B). CD8" and CD4" analyses are the accumulation of 3 independent studies,
however assessment of CD8 and CD4 by IHC may be of interest in confirming flow
cytometry data. IHC facilitates the study of whether cell localization changes within the
tissue, as we have previously described for myeloid populations which form foci during
involution in the liver?®®. Importantly, 1 did observe an increase in CD4*FoxP3* T
regulatory cells by involution day 6 compared to livers from lactating mice (Appendix A
Fig.3C). The increased presence of FoxP3+ T regulatory cells from lactation to involution
day 6 was confirmed by IHC (Appendix A Fig.3D). However, the FoxP3* flow analyses
are from one study and should be replicated. Taken together these data suggest that
helper and cytotoxic T cells do not change dramatically with weaning-induced liver
involution, however the observed increase in FoxP3* T regulatory cells is consistent with

establishment of an immune suppressed microenvironment during liver involution.
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Appendix A Figure 2: Flow cytometry gating scheme for lymphoid populations in
the murine liver

Cells were first gated off of scatter, singlets, and viable CD45" cells similar to plots
shown in Supplementary Fig.3-5. From the CD45" gate, CD3" cells were next separated
into CD8" and CD4" populations. CD4*FoxP3* population was further identified, and
confirmed by an isotype control to the FoxP3 antibody used (far right panel).
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Appendix A Figure 3: T lymphocyte analysis in the murine liver across the
reproductive cycle

(A-C) Flow cytometric analysis of (A) CD8" T cells, (B) CD4* T cells, and (C)
CD4*FoxP3" T cells. FoxP3 staining was only performed on a subset of samples; all
analyzed samples are included in the graphs. One-way ANOVA, *=p-value<0.05, **=p-
value<0.01. (D) IHC quantification of FoxP3 positive cells normalized to tissue area
analyzed. Two-tailed Students T-test, *=p-value<0.05, **=p-value<0.01.
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Myeloid populations are proliferating during weaning-induced liver involution

One observation | have made during weaning-induced liver involution is the
accumulation of an increase in abundance of myeloid cells during involution as well as an
increase in myeloid cell clusters made up of F4/80", Ly6C", and Ly6C*Ly6G* myeloid
populations (see Chapter I11). These myeloid cells and the clusters they form represent
yet another example of how the post-weaning liver has numerous attributes consistent
with a pro-metastatic microenvironment during involution. Previous work characterizing
tumor-educated metastatic niches has identified formation of myeloid clusters that were
simultaneously identified as sites of tumor cell seeding and survival!®2%, The increase in
monocytes and macrophages may be due to an influx of migratory inflammatory
monocytes (CCR2", Ly6C") that subsequently differentiate into mature macrophages in
the liver*®!, Supporting evidence for this possibility is provided in Chapter 111 in which
infiltrating monocytes were Ly6C" and their increase was observed simultaneously with
increases in CXCL12 and CCL2 chemokines. Recent work has also suggested
accumulation of mature macrophages in the liver under times of sterile injury via direct
influx of peritoneal macrophages*®2. I have initiated studies to understand the origin of
the myeloid cell accumulation and cluster formation in the liver during weaning-induced
liver involution. Thus far, we have identified that Ly6C* monocytes and Ly6C*"F4/80*
myeloid cells are proliferating at greater frequency during weaning-induced involution
compared to nulliparous controls (Appendix A Fig.4A-B). | also observe a trend towards
increased proliferating F4/80* macrophages (p=0.1, Two-tailed Student’s T-test)
(Appendix A Fig.4B). Furthermore, although not quantified, the bulk of proliferating

Ly6C* myeloid cells do appear to be associated with myeloid clusters (Appendix A
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Fig.4A). These data suggest that the increase in monocytes and mature macrophages may
be, in part, due to proliferation of Ly6C* populations. Future studies will be essential to
understanding whether monocytes influx into the liver via CCL2-CCR2 mediated
signaling or via other recruitment methodologies. Further, it will be of interest to
determine whether peritoneal macrophages contribute to the increase in macrophages
observed during weaning-induced liver involution, using markers such as Gata-6 and

CD102%%2,
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Appendix A Figure 4: Ly6C+ myeloid cells proliferate during weaning-induced liver
involution

(A) Representative image of Opal™ multiplex immunofluorescence for Ki67, Ly6C, and
F4/80 in which proliferating Ly6C™ cells can clearly be identified (arrowhead) and the
bulk of proliferating Ly6C™ cells are within a myeloid cell cluster (arrow). Scale bar=20
um. (B) Quantification of Ly6C*Ki67* (left), Ly6C*F4/80*Ki67" (middle), and
F4/807Ki67" (right) cells. Data are presented as average number of positive cells/field, a
total of 4 fields per liver were analyzed.
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Lymphatic and blood vasculature expand and regress with liver volume changes across

the reproductive cycle

During weaning-induced involution in the mammary gland a major hallmark of tissue
remodeling is lymphangiogenesis which occurs in the post-weaning window!!*. In
contrast, blood vasculature abundance is greatest in the gland during pregnancy and
lactation and regresses during involution’. Thus, | investigated whether lymphatic or
blood vasculature was altered during weaning-induced involution in the liver. To assess
lymphatics we first determined that Lyvel, a commonly used marker of mouse
lymphatics, did indeed mark liver lymphatics. Previous reports in the field have found
that Lyvel also marks hepatic sinusoidal endothelial cells*®. However, we determined
using both Lyvel and Prox-1, a transcription factor that also marks lymphatic endothelial
cells***, that Lyvel single staining can conclusively identify lymphatics in the liver
(Appendix A Fig.5A). Thus, we opted to perform single color IHC staining of livers for
Lyvel, in which we again did not see Lyvel staining of hepatic sinusoidal endothelial
cells (Appendix A Fig.5B). Quantification of Lyvel®™ lymphatics identified a decrease in
total lymphatics from nulliparous to involution day 4 stages (Appendix A Fig.5C).
However in general, the number of Lyvel®™ lymphatics per liver area was not altered
across the reproductive cycle. These data suggest that lymphangiogenesis, as is observed
in the mammary gland post-weaning*#, does not occur in the liver during involution.
Simultaneously, we also assessed blood vasculature on the Lyvel stained livers. This was
performed by determining small, medium, and large vessels based on size of the vessel
(Appendix A Fig.6A). From this quantification we identified that fewer small vessels

were present at lactation and involution day 2 time points compared to nulliparous
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controls, however in general no differences were observed across stages (Appendix A
Fig.6B-D). Although a much more robust methodology will need to be performed to
confirm these data, such as CD31 staining and quantification, these data do suggest a

similar lack of blood vasculature remodeling in the liver across the reproductive cycle.
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Appendix A Figure 5: Lyvel* lymphatics are not dynamically altered across the
reproductive cycle in the liver.

(A) Representative image of Opal™ multiplex immunofluorescence for Lyvel and Prox-
1 in which Lyvel* lymphatics also stain positive for Prox-1 in lymphatic endothelial cell
nuclei (arrow heads). Sinusoids do not stain positive. Inset shows higher magnification of
Lyvel™Prox-1* lymphatic endothelial cells. Scale bars=20 um. (B) Representative image
of Lyvel® lymphatics stained by single color IHC. Scale bar=20 um. (C) Quantification
of Lyvel™ lymphatic vessels from single color IHC stained livers, normalized to area.
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Appendix A Figure 6: Blood vasculature are not dynamically altered across the
reproductive cycle.

(A) Representative image of a Lyvel stained liver section in which blood vasculature has
been quantified. Small vessels are denoted in red, medium vessels are denoted in yellow,
and large vessels are denoted in green. Scale bars=1000 um. (B-D) Quantification of
small (B), medium (C), and large (D) blood vessels from single color Lyvel stained
livers, normalized to area.
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Methods

Flow Cytometry

Flow cytometry was performed as described in Chapter I11. For the lymphoid panel, cell
surface markers were stained (CD45, 30-F11; CD3, 17A2; CD4, RM4-5; CD8, H35-17.2)
for 35 min at 4°C in 100 pl FACS buffer and fixed with fixation buffer (BD Biosciences)
for 30 min. For intracellular staining, samples were permeabilized (BD Biosciences) for
60 min at 4°C, resuspended in permeabilization buffer (BD Biosciences), spun at 1500
rpm, blocked with 2% normal rat serum for 15 min at RT, and stained (FoxP3, FIK-16s)
for 30 min at RT. Samples were washed with permeabilization buffer 2x and resuspended
in FACS buffer for flow cytometric analyses. Analysis was performed on an LSRFortessa
(BD Biosciences; OHSU Flow Cytometry Shared Resource) and analysis was performed

using FlowJo (FlowJo, LLC Data Analysis Software).

FoxP3 Immunohistochemistry

IHC was done as described in Chapter I11. Antigen retrieval with TRS (5 min, 95°C) was
performed. Antibody for FoxP3 (FJK-16s; 1:100) was incubated on slides overnight at
4°C. Rat-on-Mouse HRP-Polymer secondary antibody incubation was for 30 min at RT.
Single cells were quantified and normalized to area. An investigator blinded to study

groups performed image analyses.

Immunohistochemistry
Primary antibody incubation for Lyvel (Ab33682, Abcam; 1:400) was performed for 1 hr

at RT. Tissues were incubated with secondary antibody (Envision+ Rabbit, RTU, Dako)
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for 30 min at RT. Multicolor immunofluorescence staining for F4/80, Ly6C, and Ki67
was done using the Opal™ 4-color IHC kit (PerkinElmer, Inc.) as per manufacturer’s
recommendations. Initial heat-mediated antigen retrieval was with TRS in a pressuer
cooker. Protein block was performed for 10 min using 5% normal goat serum with 2.5%
BSA. Ki67 (Rm-9106-S, 1:100, 1 h. at RT), F4/80 (MCA497, Bio-Rad, 1:100, o/n, 4°C),
and Ly6C (Ab15627, Abcam, 1:100, 1 h. at RT) primary antibodies were placed on
tissue, followed by secondary antibodies (a-rabbit 31461 at 1:500, Thermo Fisher and a-

rat H1501, RTU, Histofine) for 30 min.

IHC analysis

Stained sections were scanned and analyzed as described?*3. Lyvel* vessels were
quantified per liver and normalized to area. Ki67+ myeloid populations were quantified
on 5 10x fields per liver and data are presented as the average per liver/per group. All

analyses were done by investigators blinded to group.
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Appendix B: Immune Cell Marker Descriptions

Appendix B Table 1: Molecular markers of myeloid and lymphoid immune
populations utilized for flow cytometry

[Molecular markers of myeloid immune populations

CD45

Also called leukocyte common antigen (LCA), protein tyrosine
phosphatase, receptor type C (PTPRC). Signaling molecule that activates
Src family kinases and is expressed by hematopoietic cells.

CD68

Member of the lysosomal/endosomal-associated membrane glycoprotein
(LAMP) family. It is also a scavenger receptor, binds low density
lipoprotein, and is involved in antigen processing and phagocytosis.
Present on macrophages including Kupffer cells, monocytes, neutrophils,
basophils, mast cells, DC's, and myeloid progenitors.

CD11b

Also known as macrophage receptor-1 (Mac-1). Integrin alpha M chain
involved in cell adherence and phagocytosis. Expressed by macrophages,
monocytes, and neutrophils, and dendritic cells.

F4/80

Also known as EGF-like module-containing mucin-like hormone receptor-
like 1 (EMR1) in humans. Member of the adhesion G-protein coupled
receptor family. Expressed on numerous macrophage populations
including Kupffer cells.

Ly6C

A glcosylphosphatidylinositol- (GPI) linked protein expressed on
monocytes and neutrophils. It can also be expressed on endothelial cells,
memory T cells, and macrophages.

Ly6G

GPI-linked protein expessed by neutrophils and on monocytes during bone
marrow development.

CD11c

Also known as integrin aX and CR4. A type | transmembrane glycoprotein
that associates with integrin B2 and is present on

monocytes/macrophages, dendritic cells, granulocytes, natural killer cells,
and subsets of T and B cells.

IMHC2

Major histocompatibility complex Il involved in antigen presentation by
antigen-presenting cells including dendritic cells and B cells.

Molecular markers of lymphoid immune populations

CD3

Part of the T cell receptor which facilitates activation of T cells. Expressed
by all T cells and natural killer T cells.

CD4

Immunoglobulin that is a co-receptor for the T cell receptor by recruiting
Lck for downstream signaling. Expressed on T helpercells and T
regulatory cells as well as B cells, macrophages, and granulocytes

CD8

Immunoglobulin that is a co-receptor for the T cell receptor. Expressed by
cytotoxic T cells as well as dendritic cells.

Foxp3

Member of the forkhead/winged-helix family of transcriptional regulators
involved in the development and inhibitory function of T regulatory cells.

Expressed by T regulatory cells.
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Appendix C: Methods from Future Perspectives and
New Questions

Immunoblotting

Flash frozen pulverized rat liver tissue (50 mg/animal) were prepared and immunaoblotted
as described*®; all gels were loaded as equal protein concentration. Antibodies against
pStat3 (Cell Signaling Technology #4113, M9C6; 1:1000), Stat3 (Cell Signaling
Technology #9132; 1:1000), Laminin (Novus Biologicals, NB300-144, 1:500), Tenascin-
C (Millipore, ab19011, 1:200), incubated overnight at 4°C or GAPDH (Bio-Rad #G9454,
1:5000; Cell Signaling Technologies, #2118, 14C10; 1:1000) for 1 hr at RT. Secondary
goat anti-rabbit 1gG (Bio-Rad, 1:10,000) or goat anti-mouse IgG (R&D Systems; 1:1000)
were used with shaking for 1 hr at RT. ImageJ*®® was used for densitometry, ECM

enrichment data is presented as fold change enrichment over starting tissue.

Mafia mouse model
Mafia mice were managed as described*®® with the exception that B/B Homodimerizer
(previously called AP20187) was injected at 1 mg/kg body weight daily, beginning 3

days prior to weaning.

Intraportal injection model
Intraportal injections were performed as described?3®2% (see Chapters 11-111). 5x105
D2A1-GFP mammary tumor cells were injected in female Balb/c Glowing Head mice in

20 ul of 1x PBS. Mice were aged 8-14 weeks and were nulliparous or injected at Inv2.
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Balb/c Glowing Head mice were originally provided by Dr. Lalage M. Wakefield

(National Cancer Institute).

Quantification of metastatic tumor cells and metastases

For single cell and micro-metastasis quantification in 90 minute, and day 1 post-injection
groups, tissue sections stained for CD45 and GFP (see IHC methods) were imaged using
a Zeiss ApoTome.2 microscope and Zen Blue imaging software. GFP* cells were
quantified in whole liver sections and cell number was normalized to area as measured on
H&E serial sections. Data are presented as the average of 2-3 levels/liver. For micro-
metastasis and overt metastasis quantification in day 5 post-injection groups, H&E tissue
sections were analyzed and area of metastasis was normalized to area of tissue. Data are

presented as the average of 3 levels/liver.

Flow cytometry and FACS

Flow cytometry on whole unperfused mouse liver was done as described?® (see Chapter
[11) on a Gallios 561 flow cytometer (Beckman Coulter; University of Colorado Flow
Cytometry Core) and data analyzed using FlowJo (FlowJo, LLC Data Analysis
Software). Preparation of samples for FACS was identical to flow cytometry protocols
with the exception that livers were perfused with 1x PBS prior to excision. FACS was
performed on a BD Influx (BD Biosciences; Oregon Health and Science University Flow

Cytometry Shared Resource). FACS samples were stored in LNo.

TUNEL
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TUNEL was performed as previously described?2 on n=3 livers/grp.

Blood glucose measurement
Blood was collected via the saphenous vein onto Contour®next blood glucose test strips
(Bayer HealthCare LLC, Whippany, NJ) and read on a Contour®next blood glucose

meter. The average of the two measurements per blood draw was reported.

Free fatty acid detection
Free fatty acids were measured using the Free Fatty Acid Fluorometric Assay Kit, on rat
plasma samples collected in sodium citrate, as per manufacturer’s recommendations

(Caymen Chemical, #700310). Samples were run in duplicate.

Immunohistochemistry

Primary antibody incubation for Adipophilin (LS-B2168/34250 Lifespan Biosciences,
1:400 in rat; NB110-40878; Novus biological, 1:1000 in mouse), CK18 (Ab53118,
Abcam; 1:100), Heppar-1 (OCH1ES5; 1:50), and GFP (BA 0702, Vector Laboratories;
1:1000, overnight at 4°C) was performed for 1 hr at RT unless otherwise noted. Tissues
were incubated with secondary antibodies (Envision+ Rabbit, RTU, Dako; Mouse-on-rat
HRP Polymer Kit, RTU, Biocare; a-rabbit 31461 at 1:500 or a-mouse 31436 at 1:1000,
Thermo Fisher; Streptavidin-HRP at 1:500 for 10 min, Dako P0397) for 30 min at RT.
Dual immunofluorescent staining for GFP and CD45 was done using the Opal™ 4-color
IHC kit (PerkinElmer, Inc.) as per manufacturer’s recommendations. Initial heat-

mediated antigen retrieval was with TRS in a pressure cooker. Protein block was

298



performed for 60 min using 5% normal goat serum with 2.5% BSA,; avidin/biotin
blocking was performed for 20 min each (Dako, X0590). CD45 (30-F11, 1:50, overnight,
4°C) and then GFP (BA 0702, Vector Laboratories, 1:1000, 1 h. at RT) primary
antibodies were placed on tissue, followed by secondary antibodies (Mouse-on-rat HRP

Polymer Kit, RTU, Biocare; Avidin-HRP, 1:500, Dako, P0397) for 30 min.

IHC analysis

Stained sections were scanned and analyzed as described?2. Periportal analyses for
adipophilin staining in mouse liver was done on 3 portal vein areas/liver and the
adipophilin stain within 50 um of the vessel lumen was analyzed. All analyses were done

by investigators blinded to group.

Primary mouse hepatocyte isolation
Mouse primary hepatocytes were isolated from anesthetized Balb/c female mice as

described*®.

ECM enrichment

Liver ECM was enriched as described*®* with the exception that day 1 ultracentrifugation
steps were performed at 34,000 xg for 34 min at 4°C. One rat liver or four, pooled mouse
livers were used per enrichment, four independent enrichments were performed and

representative data shown.

3D cell culture models
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3D cultures were performed as described?®. For liver matrix + hepatocyte 3D cultures,
primary mouse hepatocytes were admixed with 5 mg/ml Matrigel™ + 200 ug/ml
experimental matrix and plated at 40,000 cells/well, with 4 wells/condition and cultured
for 5 days. Cell counts were performed on four 10x bright field images per condition
using ImageJ. For liver matrix + mammary tumor cell 3D cultures, D2A1 or D2.0R
tumor cells were admixed with 1.6 mg/ml Matrigel™ + 200 ug/ml experimental matrix,
plated at 2,500 cells/well and cultured for 7 days. For 3D cultures using mammary matrix
isolated from tamoxifen or vehicle treated rats, MCF12A or D2.0R cells were cultured as
described*®2%, Area analysis of D2.OR cultures was done with 2 experimental replicates,
and 4-7 10x images/experiment using ImageJ. Cultures were imaged on an inverted Zeiss
Axiovert with Canon Powershot A640 camera. For staining, 3D cultures were fixed with

methacarn (60% methanol, 30% methanol, 10% glacial acetic acid).

Healthy Mom’s LIVEr study design

The OHSU and Kaiser Permanente Northwest IRBs approved the Healthy Mom’s LIVEr
Study. Lean and obese participants will be enrolled on the study during their first
trimester and will be imaged by MRI during the first trimester (12-16 weeks gestation)
and third trimester (32-36 weeks gestation; n=26 participants who have completed both
scans and data analyzed). Post-parturition, participants will be tracked via once monthly
emails and/or phone calls for the duration of nursing, until the participant identifies time
of weaning. At this time the 3-12 month post-weaning MRI scan will be scheduled. At
each study visit a physical activity questionnaire and dietary intake questionnaire were

collected; a detailed lactation history questionnaire will be performed at the postpartum
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study visit. Data are stored securely using RedCAP and analyzed by qualified study
personnel. Power analyses were performed based on maternal rat liver weight changes
across the reproductive cycle. With an estimated 2-fold increase in liver volume from 1%
to 3'“ trimester or a 2-fold decrease in liver volume from 3™ trimester to 3 months post-
weaning a sample size of 20 participants was sufficient to obtain >95% power and an
alpha-value of 0.05. The current study design is aiming for 60 participants for the 1% and
3" trimester study visits; we aim to retain 20 of these participants for the 3-12 months

post-weaning study visit.

Participant selection for Healthy Mom’s LIVEr Study

Participants were recruited from Kaiser Permanente Northwest, a federally qualified
health maintenance organization. Participants aged 18-40 years of age were enrolled if
they had a BMI >18.5 kg/m? and <40 kg/m? at first prenatal visit. Participants were
excluded from the study if they had any one of the following complications: fasting
glucose levels >100 mg/dL, anemia, multi-fetal pregnancies, pre-gestational diabetes,
history of bariatric surgery or other medical conditions that require specialized nutritional
programs, planned to move out of the area prior to delivery, contraindications to MRI
study (such as claustrophobia, metal in their body), current maternal history of drug,
tobacco, or alcohol abuse, known maternal rheumatologic or chronic inflammatory state,

and/or chronic hypertension.

Liver Magnetic Resonance Imaging
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Participants received first trimester, third trimester, and 3-12 months post-weaning liver
scans by MRI using a Siemens Magnetom Tim Trio 3 Tesla (Siemens Medical Solutions,
Malvern Pennsylvania and Erlangen, Germany). Participants were placed in a supine
position inside the bore of the magnet and 23-40 axial slice images were taken with 5 mm
thickness and a 1 mm spanning gap between all slices from mid-lung to L5/S1 during

breath holds.

Volumetric analysis of liver MRI scans

Liver MRI scan Digital Imaging and Communications in Medicine (DICOM) files were
analyzed using OsiriX 7.5.1 (Pixmeo Sarl). Area measurements (cm?) were made on each
5 mm scan containing liver, and measurements from the entirety of a single time-point
were utilized to calculate volume as the sum of all areas*0.5 cm (cm?®). Volumes for each

participant were compared across time points using a Two-tailed Paired Student’s T-test.

302



Appendix D: Curriculum Vitae

7900 SW Brentwood St. #16 Oregon Health & Science University
Portland, OR 97225 Cell, Developmental, and Cancer Biology Dept.
Cell/Home Ph# 785-393-7982 3181 SW. Sam Jackson Park Rd
goddarde@ohsu.edu Portland, OR 97239

Lab Ph# 503-494-9729

EDUCATION
Oregon Health & Science University Portland, OR
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Immunology
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University of Colorado Denver Anschutz Medical Campus Apr. 2012

PLUS program — Peer Led Undergraduate Supplements, Lawrence, KS
University of Kansas, 2010 — July 2011
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Program, “Investigating a role for lymphangiogenesis in weaning-induced liver
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2015.
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Funding Awards

National Research Service Award (NRSA) F31 Research Fellowship, “Investigating a
role for liver involution in postpartum breast cancer metastasis”, National Institutes of
Health/National Cancer Institute, $42,676/year for 3 years. *Awarded 4 years, accepted 3
years, 2014 — 2017.

Kansas-Idea Network for Biomedical Research Excellence (K-INBRE) competitive

research grant for undergraduate research, $12,000 for Spring and Summer semester
research, 2011.
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semester research, University Honors Program, University of Kansas, declined, 2011.

Kansas-ldea Network for Biomedical Research Excellence (K-INBRE) competitive
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research, 2010.

Presentation Awards
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PUBLICATIONS
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2014,
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