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ABSTRACT

Tumor growth requires that cancer cells accumulate sufficient biomass to grow and divide. To
accomplish this, tumor cells must acquire various nutrients, and growth slows if these
metabolites are not obtained in sufficient quantities. Importantly, the metabolic demands of
cancer cells can be different from those of untransformed cells, and nutrient accessibility in
tumors is different than in normal tissues. Thus, tumor survival and growth may be limited by
different metabolic factors than those that are necessary to maintain non-cancerous cells. This
dissertation examines sources of nutrient limitation in tumors. We study the role of the amino
acid serine in tumor growth and show that endogenous serine availability restrains growth of
breast tumors. We also demonstrate that breast cancer and melanoma can overcome
physiological serine limitation by upregulating expression of the serine synthesis pathway
enzyme phosphoglycerate dehydrogenase (PHGDH). To further study amino acid and
nucleotide metabolism in tumor growth, we examine the role of the enzyme methionine
synthase (MTR) in tumor progression. MTR is involved in both methionine synthesis and folate
metabolism and may be important for tumor progression. We find that MTR is required to
maintain intracellular levels of both S-adenosyl methionine and nucleotides, but not
methionine. We observe that MTR is dispensable for growth in standard culture media, but
essential in media containing the folate source available in blood. Further, MTR is essential for
folate metabolism and tumor growth in vivo. The conditional requirement for MTR depending
on the source of extracellular folate highlights the importance of understanding which nutrients
are available to tumors in vivo, as nutrient accessibility can determine whether a given
metabolite or pathway is limiting for tumor growth. To define the nutrient environment present
in tumors, we quantitatively profile the metabolites present in tumor interstitial fluid (TIF). We
find that the nutrients available to tumors in TIF differ from those present in circulation.
Further, by comparing TIF nutrient levels between murine cancer models, we find that tumor
type, anatomical location and animal diet affect local nutrient availability. Together, these
studies provide new insight into sources of nutrient limitation in tumors.

Thesis supervisor: Matthew G. Vander Heiden
Title: Associate Professor of Biology
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CHAPTER ONE: Introduction

A version of this chapter has been submitted for publication at Critical Reviews in Biochemistry
and Molecular Biology.

INTRODUCTION TO CANCER METABOLISM

Proliferation requires that cells accumulate sufficient biomass to grow and divide. Cancer cells
within tumors must acquire a variety of nutrients, and tumor growth slows or stops if necessary
metabolites are not obtained in sufficient quantities. For most proliferating cells, survival and
proliferation rate can be dictated by nutrient availability (Vander Heiden and DeBerardinis
2017). This effect can be mediated by a lack of substrate availability necessary to produce the
macromolecules needed for biomass accumulation, or may affect critical signaling pathways
that respond to nutrient levels and are required to orchestrate the processes needed for cell
growth and proliferation (Torrence and Manning 2018). Regardless of mechanism, proliferation
is reduced when the intracellular levels of some nutrients fall below a certain threshold. This
threshold is dictated by two terms: cellular demand for that nutrient and the ability of the cell
to access that nutrient or its precursors from the environment (Figure 1). Both of these terms
are affected by a multitude of cell-intrinsic and cell-extrinsic factors. As a result, proliferating
cells in different tumors and tissues are not universally limited by the availability of the same
nutrients. Understanding which nutrients are most limiting for specific cells and determining

the contexts that dictate those limitations is critical to find metabolic treatments for cancer that
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take advantage of tumor-specific nutrient requirements and effectively starve malignancies

without substantially damaging normal tissues.
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Figure 1. Nutrient limitation is determined by the combined effects of demand and accessibility. Tumor
survival and proliferation is influenced by the intracellular concentrations of many metabolites. This intracellular
concentration is dictated by the rate of consumption of the metabolite (demand) as well as the rate of

metabolite acquisition (accessibility).

NUTRIENT DEMAND

The demand for specific nutrients by cancer cells in tumors is determined by the complex

interplay of many factors that influence metabolic pathway use (Figure 2). Here we will

examine key variables that affect nutrient demand, including tumor-promoting mutations,

chromosomal abnormalities, cancer-specific phenotypic programs, and tissue of origin.
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Figure 2. Metabolite demand of cancer cells is determined by several cell-intrinsic factors. These variables
include the presence of specific tumor-promoting mutations, chromosomal abnormalities, phenotypic states,
and the tissue of origin of the tumor.

Demands imposed by mutations that drive tumor progression

Tumorigenesis is driven by genetic alterations (Hanahan and Weinberg 2011). Many of these
genetic changes occur in growth-promoting signaling pathways that also activate metabolic
pathways to enable biomass production. Genetic changes in cancer can also occur directly in
the metabolic pathways that carry out reactions important for biomass accumulation and can
alter the metabolic demands of a cell. Comprehensive descriptions of the metabolic changes
that occur due to specific oncogenic mutations are explored in-depth elsewhere (Cairns et al.
2011; Nagarajan et al. 2016); here, we discuss representative examples of tumor-promoting
genetic changes found in many cancers and highlight how these genetic changes impact

nutrient demand in the tumor.
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MYC and its upstream activators

MYC is a transcription factor that regulates the expression of a broad range of genes required
for proliferation; when dysregulated, MYC can thus act as an oncogene (Wolpaw and Dang
2018). Alterations leading to constitutive MYC expression occur frequently in cancer, and MYC
is the third-most commonly amplified gene across all cancers studied in The Cancer Genome
Atlas (Zack et al. 2013). Constitutive MYC expression can occur through somatic gene
amplification (Zack et al. 2013) or as a result of mutations in upstream signaling pathways such
as the mitogen activated protein kinase (MAPK) pathway (Wolpaw and Dang 2018). Thus,
common mutations in proto-oncogenes that are a part of the MAPK pathway, such as KRAS and
BRAF, yield similar metabolic effects as MYC activation (Dang et al. 2009; Bryant et al. 2014;
Santana-Codina et al. 2018). When active, MYC serves to stimulate broad metabolic remodeling
(Nikiforov et al. 2002; Liu YC et al. 2008; Dang et al. 2009) that can alter the metabolic demands
of the tumor. One prominent example is that constitutive MYC expression generates a higher
requirement for consumption of the amino acid glutamine in cultured cells (Yuneva et al. 2007).
This effect may be driven by MYC-associated expression of xCT, a cell-surface transporter that
takes cystine into the cell while exporting glutamate (Ji et al. 2018). In the presence of
environmental cystine, high expression of xCT leads to rapid export of glutamate, which
imposes a need for increased glutamine consumption in order to replenish glutamate levels
(Muir et al. 2017; Sayin et al. 2017). Thus, altered metabolism in tumors with constitutive MYC

activity can create new demands for certain metabolites, such as glutamine.
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TP53

The most commonly mutated tumor suppressor gene in cancer is TP53; at least 50% of tumors
display some sort of alteration in the TP53 gene (Ciriello et al. 2013). The TP53 gene product,
p53, is a protein with myriad functions as a transcription factor and as a cytosolic protein
(Kastenhuber and Lowe 2017). Among its many functions, p53 allows cells to adapt to nutrient
deprivation (Kruiswijk et al. 2015). For instance, in response to stress conditions, p53
downregulates glycolysis through multiple mechanisms including direct inhibition of glucose
transporters (Schwartzenberg-Bar-Yoseph et al. 2004) and induction of glycolysis inhibitors such
as TIGAR (Bensaad et al. 2006). Metabolic genes downstream of p53 can also play a role in
triggering p53-induced cell death (Jiang L et al. 2015). p53 can directly or indirectly influence
expression of genes involved in lipid metabolism, amino acid transport and synthesis, and other
metabolic pathways (Puzio-Kuter 2011), making it difficult to predict a priori exactly how
nutrient demands are altered by p53 loss. Further complicating the effect of p53 on nutrient
demand, specific mutations of TP53 can have different effects on tumor metabolism (Humpton
et al. 2018; Schofield et al. 2018). Additional study of the complex changes caused by loss of
TP53 will shed light the specific metabolic demands that are altered by this critical tumor

suppressor.

KEAP1/NFE2L2 axis
Another common alteration that occurs in cancer with implications for nutrient demand is the

activation of NFE2L2, which encodes the transcription factor NRF2 that is involved in the
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cellular response to oxidative stress (Venugopal and Jaiswal 1996; Itoh et al. 1997; Raghunath
et al. 2018). NRF2 activity can also be induced by loss of function mutations in KEAP1, which
encodes a ubiquitin ligase that regulates NRF2 levels by targeting it for proteasomal
degradation (Itoh et al. 1999; Kobayashi et al. 2004). NRF2 activation leads to increased
expression of genes involved in the response to oxidative stress, which includes such processes
as xenobiotic detoxification and glutathione synthesis (Raghunath et al. 2018). Further, NRF2
activation leads to induction of ATF4, a transcription factor involved in the response to both
nutrient deprivation and endoplasmic reticulum stress (He et al. 2001). As a result, NRF2
activation yields ATF4-dependent metabolic remodeling, including induction of de novo serine
synthesis (DeNicola et al. 2015) and increased expression of xCT (Romero et al. 2017; Sayin et
al. 2017) resulting in an increased dependence on glutamine metabolism as described above.
Thus, alteration of the KEAP1/NRF2 signaling axis leads to metabolic changes that modify
cellular demands for some amino acids. These examples typify characteristic alterations to
metabolic demand created by oncogenic mutations. Given the pleiotropic, complex effects of
tumor-promoting mutations, further work to develop a more thorough understanding of the

metabolic consequences of these mutations is warranted.

Metabolic demands driven by chromosomal abnormalities
The tumor-promoting mutations described above activate pathways that coopt normal

physiology to satisfy the metabolic requirements of cell growth and proliferation. Thus, cancer
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cells and some untransformed, proliferating cells may share metabolic alterations that allow
them to adapt to the metabolic demands imposed by growth signaling pathway activation
(Fendt 2017). However, some tumor-promoting mutations occur through loss of large
chromosomal segments, which can result in deletion of genes in regions adjacent to tumor
suppressors. These large deletions sometimes include metabolic genes, which can affect
metabolic pathway use (Muller et al. 2015). Beyond specific focal deletions of chromosomal
regions, many cancers exhibit large-scale changes in chromosome number, known as
aneuploidy (Sansregret and Swanton 2017), that can create tumor cell characteristics that are
not recapitulated in normal tissues (Knouse et al. 2014). Because these events are not
associated with a physiological metabolic program, they may create unique nutrient demands

for cancer that differ from those found in all other normal cells.

Collateral mutation of metabolic genes: CDKN2A and MTAP

The most commonly deleted chromosomal locus across cancers is 9p21, due to the presence of
the tumor suppressor gene CDKN2A in that region (Beroukhim et al. 2010; Zack et al. 2013).
CDKNZ2A codes for two proteins, p16'N€*A and p14”RF (Duro et al. 1995; Mao et al. 1995; Quelle
et al. 1995; Stone et al. 1995), each of which is a tumor suppressor (Serrano et al. 1993; Serrano
et al. 1995; Stott et al. 1998). CDKN2A deletions of are often accompanied by deletion of
surrounding genes (Zhang H et al. 1996), including the enzyme methylthioadenosine
phosphorylase (MTAP), which is responsible for metabolizing methylthioadenosine that is
produced as a byproduct of polyamine synthesis (Pegg and Williams-Ashman 1969a, 1969b;

Carrera et al. 1984; Pegg 2009). Deletion of MTAP as a consequence of CDKN2A loss leads to
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dysfunctional salvage of methylthioadenosine. As methylthioadenosine accumulates, it inhibits
the protein arginine methyltransferase PRMTS5, rendering cancer cells particularly sensitive to
knockdown of PRMTS5 and related proteins (Marjon et al. 2016; Mavrakis et al. 2016). MTAP
deletion also causes global changes in metabolism that may be caused by altered epigenetic
state or by perturbed methionine metabolism (Sanderson et al. 2018); in either case, MTAP
deleted cells may exhibit differential nutritional demands that they must meet through

adaptation of other metabolic pathways.

Collateral mutation of metabolic genes: SMAD4 and ME2

Another tumor suppressor that is commonly deleted in cancer is SMAD4 (Hahn et al. 1996).
SMADA4 is a part of the TGF- signaling pathway, and SMAD4 deletion can promote tumor
progression in a variety of cancers, particularly pancreatic ductal adenocarcinoma (Bardeesy et
al. 2006; Zhao et al. 2018). Among the genes located proximal to SMAD4 is malic enzyme 2
(ME2) (Dey et al. 2017), a mitochondrial enzyme that is one of three isoforms responsible for
interconversion of malate and NAD(P)* with pyruvate, NAD(P)H, and CO; (Moulder et al. 1945;
Hsu 1982; Taroni et al. 1987). Loss of ME2 has been suggested to limit both NADPH production
and lipid synthesis in cancer (Jiang P et al. 2013), and cancer cells with ME2 deletion become
sensitive to depletion of malic enzyme 3 (ME3) (Dey et al. 2017). This suggests that the demand
to produce NADPH through other metabolic pathways must be increased in SMAD4/ME2
deleted tumors. Understanding how cancers cope with ME2 loss could identify metabolic

liabilities to target therapeutically in SMAD4-deleted cancers.
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Beyond focal deletions involving tumor suppressors, some larger chromosomal regions
are consistently lost in specific cancers (Beroukhim et al. 2010; Zack et al. 2013; Cai et al. 2016).
These losses can also eliminate expression of metabolic genes (Boots-Sprenger et al. 2013;
Muller et al. 2015; Branzoli et al. 2019) and create potential therapeutic targets (Muller et al.
2012; Lin et al. 2018). Further examination of how metabolic pathways are affected by
chromosomal segment deletions has the potential to uncover novel metabolic demands for

certain cancers, and may uncover cancer-specific auxotrophies.

Aneuploidy

Aneuploidy produces a broad range of stresses affecting nearly every facet of biology (Zhu et al.
2018). One of the changes that occurs in aneuploid cells is widespread remodeling of
metabolism (Sheltzer 2013; Zhu et al. 2018) For instance, aneuploidy results in increased levels
of ceramide lipid species, rendering aneuploid cells more dependent on pathways that
normalize ceramide levels (Tang et al. 2017). Similarly, in yeast, aneuploidy imposes an
increased demand for certain sphingolipid species, and increases demand for the amino acid
serine, which is required for de novo sphingolipid synthesis (Hwang et al. 2017). These findings
illustrate how abnormal chromosome number and chromosomal rearrangements can alter
nutrient demand, and may represent a targetable type of metabolic remodeling that is specific

to cancer cells.

18



Nutrient demands determined by cellular programs that are important in some cancers

In addition to genetic changes that can alter metabolic demands, cancer cells often exhibit
phenotypic changes that impact metabolism. Some prominent examples of phenotypes
observed across cancers include the epithelial to mesenchymal transition (EMT) (Brabletz et al.
2018), adoption of stem-cell like properties (Batlle and Clevers 2017), and the development of
drug resistance (Brown et al. 2014; Mansoori et al. 2017). Cells that have undergone EMT,
cancer cells with stem-like properties, and drug resistant cancer cells all exhibit altered
metabolism, frequently driven by expression of the same genes (Morandi et al. 2017). For
example, each of these states is characterized by high expression of the enzyme
dihydropyrimidine dehydrogenase (DPYD), which degrades the nucleobases uracil and thymine
into dihydropyrimidines (Mani et al. 2008; Li et al. 2013; Shaul et al. 2014). Increased activity of
DPYD alters levels of dihydropyrimidines relative to uracil and thymine (Shaul et al. 2014), and
suggests that these cells may have an increased demand for consumption of these nucleobases.
Some cellular programs alter nutrient demand in ways that impose increased requirements for
certain enzymes. For instance, drug resistant cells have an increased demand for the amino acid
cysteine and the tripeptide glutathione; as a result, these cells are highly dependent on
pathways that prevent lipid peroxidation and ferroptotic cell death (Hangauer et al. 2017).
Broadly, the various phenotypic states adopted by tumors can result in different metabolic

demands that affect which nutrients are limiting for tumor growth or survival.
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Metabolic demands dictated by tumor tissue of origin

Beyond genetic changes and phenotypic states of tumors, some nutrient demands are shaped
by the cell or tissue type from which a tumor arose (Hu et al. 2013; Gaude and Frezza 2016).
Thus, these characteristics may not be shared across all tumor types, even those driven by the
same oncogenes. For instance, tissue of origin can determine the extent to which tumors are
dependent on particular amino acids, including non-essential amino acids such as glutamine
(Yuneva et al. 2012), as well as essential nutrients such as branched chain amino acids (Mayers
et al. 2016). In the case of branched chain amino acids, tumors arising from lung require the
enzyme required to catabolize branched chain amino acids, while tumors arising from the
pancreas do not (Mayers et al. 2016). This discrepancy in the requirement for branched chain
amino acid transamination may be to fulfill differential demands for products of branched chain
amino acid breakdown, such as acquisition of nitrogen or production of the amino acid
glutamate. Thus, tissue of origin can be an important determinant of nutrient demand in

tumors.

NUTRIENT ACCESSIBILITY

In order to meet varying metabolic demands, tumor cells must be able to acquire relevant
nutrients from their environment. Thus, as alluded to above, the second factor that determines
which nutrients are limiting for cancer cell proliferation is the accessibility of nutrients in the
tumor. Accessibility of nutrients is itself affected by two variables: cell-extrinsic metabolite
availability in the environment and cell-intrinsic ability to obtain and effectively use those

metabolites (Figure 3).
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Figure 3. Nutrient accessibility to cells within tumors is driven by both cell-extrinsic and cell-intrinsic
variables. Circulating metabolite levels and local microenvironmental nutrient levels determine nutrient
accessibility to cells within the tumor, and cell surface transport, scavenging, recycling, and de novo metabolite
synthesis influence the intracellular levels of metabolites that can be used by the cells.

Circulating nutrient levels

Diet

Nutrient availability to the tumor is dependent on the abundance of circulating metabolites in
the blood. The macronutrient content of diet can lead to complex changes in circulating
nutrient levels. For instance, consuming diets with varying caloric content and different calorie
sources can alter the lipid profile in blood (Raeini-Sarjaz et al. 2001; Appel et al. 2005; Ma et al.
2006). Further, depletion or supplementation of certain nutrients in the diet can lead to a
concomitant change in circulating nutrient abundance. In the most extreme example, the
circulating levels of nutrients that cannot be synthesized by humans are strongly influenced by

diet (Fitzpatrick et al. 2012). As a result, dietary vitamin levels can impact tumor growth,
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because although vitamins are typically not consumed by enzymatic reactions, each newly
formed cancer cell must be able to obtain a sufficient supply of vitamins to support its
enzymatic reactions. For example, dietary folic acid supplementation was noted to exacerbate
childhood leukemia in the 1940s (Farber et al. 1947; Farber et al. 1948), and can accelerate the
development of murine breast tumors (Hansen et al. 2017). However, given the pleiotropic
effects of vitamin deprivation on overall animal health, dietary levels of folic acid have been
reported to both positively and negatively affect the risk of developing tumors in humans
(Ulrich 2007; Lamm et al. 2015; Ashkavand et al. 2017).

The dietary content of some non-essential nutrients can also influence circulating levels
of those metabolites. Feeding mice a diet lacking the amino acids serine and glycine results in
lower serine levels in circulation (Maddocks et al. 2013). Reduced serine accessibility in this
setting can slow tumor growth without grossly affecting animal health (Maddocks et al. 2013;
Maddocks et al. 2017), consistent with tumors having a high demand for serine that they are
not able to meet given a diminished accessibility of serine in the circulation. This principle can
also be applied more generally in fasted animals. Long-term fasting broadly alters circulating
metabolite levels (Broer S and Broer 2017), shifting nutrient accessibility in a manner that
decreases tumor proliferation (Lee et al. 2012; Sun et al. 2017). Thus, both broad and specific

dietary manipulations can alter nutrient accessibility in tumors.
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Hormonal control of metabolism

Circulating nutrient levels are not solely determined by the diet. Instead, complex hormonal
mechanisms influence the levels of some nutrients in blood. Perhaps the most well-studied
example of hormonal regulation of metabolism is in the control of circulating glucose levels.
Glucose levels in the blood are tightly regulated by the action of the hormones insulin and
glucagon. Insulin stimulates glucose uptake in many cell types and broadly functions to clear
glucose from circulation (Wilcox 2005). Conversely, glucagon stimulates glucose release into the
bloodstream from hepatic glycogen stores and de novo glucose synthesis through the process
of gluconeogenesis (Han et al. 2016). Glucose is not the only metabolite regulated by
hormones. In fact, it has long been recognized that endocrine signaling influences the
concentrations of amino acids in blood (Friedberg and Greenberg 1947). As a result, circulating
amino acid levels are largely held within a certain range of concentrations independent of the
composition of diet. Systemic metabolism does not fully control circulating amino acid levels, as
within this normal range, amino acid levels can fluctuate over the course of the day in response
to normal feeding and fasting, and certain amino acids such as serine, glycine, and alanine vary
over a wider range than other amino acids (Broer S and Broer 2017). However, consistent with
the importance of hormonal regulation of amino acid levels, derangement of whole-body
metabolism in obesity or cancer alters circulating levels of branched chain amino acids
(Newgard et al. 2009; Mayers et al. 2014). Beyond regulation of metabolite levels, hormonal
processes mediate the effects of dietary and environmental perturbations on circulating
nutrient levels. For instance, fasting has been shown to inhibit leukemia progression by altering

expression of leptin receptor (Lu et al. 2017), a protein which binds to the hormone leptin and
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is involved in maintenance of whole-body energy homeostasis (Kelesidis et al. 2010). Thus, in
addition to directly setting the circulating levels of many metabolites, hormonal mechanisms
may also mediate the effects of diet and other environmental factors on nutrient accessibility in

tumors.

Influence of the microbiome on systemic metabolite levels

Systemic metabolism can be influenced by the actions of the gut microbiome. The microbiome
carries out many metabolic reactions, and can affect which nutrients in the diet end up in
circulation, or produce metabolites that do not directly reflect the content of diet (LeBlanc et al.
2013; Fujisaka et al. 2018). Microbiome composition may also affect systemic metabolism, as
fecal microbiota transplants are sufficient to predictably alter non-fasting glucose levels in mice
(Ussar et al. 2015). Thus, the behavior of the microbiome appears to also influence tumor

nutrient accessibility.

Fluctuating metabolite levels due to circadian rhythms

Nutrient availability in circulation is not constant throughout the day. In fact, circadian rhythms
exhibit a profound effect on the plasma levels of metabolites, with some nutrients displaying
greater than 2.5 fold differences in circulating concentration throughout the day (Dallmann et
al. 2012; Masri and Sassone-Corsi 2018). In contrast, some metabolites largely do not fluctuate
throughout the day (Dallmann et al. 2012). Given the variability in circadian fluctuation
between nutrients, certain metabolites could be less accessible and thus more limiting for

tumor growth at particular times during the day. For this reason, it may be advantageous for
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tumors to reprogram circadian metabolism to promote more favorable nutrient accessibility.
Indeed, lung adenocarcinoma has been observed to alter hepatic circadian rhythms in a way
that alters whole-body metabolism (Masri et al. 2016). For these reasons, when examining
nutrient accessibility with the goal of understanding metabolic limitations on tumors, it is

important to consider the effects that circadian rhythms have on circulating metabolite levels.

Nutrient levels in the tumor microenvironment

Though systemic metabolism can impact blood nutrient levels, tumors do not have
straightforward access to all of the nutrients present in circulation. The delivery of nutrients to
tumor cells is complicated by altered vasculature and competition for metabolites between
various cells within the tumor microenvironment. Here we examine some of the factors in the

local tumor microenvironment that alter nutrient accessibility.

Tumor vascularization and lymphatics

In contrast to normal tissues, tumors have irregularly spaced, poorly functioning blood vessels
(Fukumura et al. 2010). As a result, tumors may not be able to efficiently exchange nutrients
and waste products with the circulation. Further compounding the abnormal vasculature is the
presence of dysfunctional lymphatics in tumors. Lymphatic ducts are responsible for returning
fluid and metabolites that drain from a tissue into the blood (Wiig and Swartz 2012). Solid
tumors are typically highly compressed and, as a result, can be deficient in functional
lymphatics. This further increases tumoral interstitial pressure, which inhibits nutrient uptake

from the blood (Fukumura et al. 2010; Wiig and Swartz 2012). As a result, the accessibility of
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nutrients to the tumor depends both on the extent of vascularization and the effectiveness of

the blood vessels present in the tumor.

Competition for nutrients between cell types in the tumor microenvironment

Once nutrients are delivered to the local tumor microenvironment, all cells within the tissue,
including stromal and immune cells compete for nutrients within the tumor. For example, some
immune cells important for restricting tumor growth, such as activated T cells, acquire
metabolic characteristics that are similar to tumor cells and are often driven by the same
transcriptional programs that exist in cancer (Wang et al. 2011; Le Bourgeois et al. 2018). Thus,
these cells compete with tumor cells for the same nutrients. Beyond competition, some
immune cells degrade or sequester critical nutrients in the tumor microenvironment (Lyssiotis
and Kimmelman 2017). For instance, myeloid derived suppressor cells (MDSCs) deplete the
amino acids arginine, tryptophan, and cystine from the tumor microenvironment beyond their
own metabolic needs (Kumar et al. 2016). Degradation of these nutrients has an
immunosuppressive effect that can favor tumor progression; however, tumors must also cope

with this altered nutrient availability.

Nutrient sharing between cell types in the tumor microenvironment

Stromal cells in the tumor microenvironment can also alter nutrient accessibility in a way that is
favorable to cancer cells (Lyssiotis and Kimmelman 2017). For example, primary chronic
lymphocytic leukemia (CLL) cells have a limited ability to uptake the amino acid cystine due to

low expression of the cystine-glutamate antiporter xCT. Bone marrow stromal cells that are
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present in the CLL niche, in contrast, are capable of importing cystine using xCT and then
excreting cysteine, the reduced form of cystine that can be transported using the ASC family of
amino acid transporters (Barker and Ellory 1990; Zhang W et al. 2012). This allows the CLL cells
to take up cysteine, providing increased access to a crucial amino acid. Further examples of how
cell populations within a tumor might exchange nutrients in a symbiotic relationship are also
prominent in the literature (Sonveaux et al. 2008; Tardito et al. 2015; Sousa et al. 2016; Yang et

al. 2016).

Uptake of nutrients

Rather than relying upon local delivery or microenvironmental production of specific
metabolites, tumor cells can increase the accessibility of nutrients by more effectively taking up
metabolites from their environment. For instance, xCT deficient CLL cells mentioned above
would not have to rely upon stromal cells to produce reduced cysteine if they were more
capable of oxidized cystine uptake. To more effectively acquire metabolites, cancer cells can
modulate nutrient uptake using a variety of mechanisms; here we examine some of the
adaptations that tumors utilize to better obtain nutrients and therefore increase the

accessibility of metabolites from the environment.

Cell surface transporters
Most nutrients are transported into cells through transmembrane proteins, and transport can
be either equilibrative or coupled to an energy consuming process to concentrate the nutrient

in cells (Glatz et al. 2010; Hediger et al. 2013; Szablewski 2013; Perez-Escuredo et al. 2016;
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Young 2016; Inoue 2017). Many nutrient transport proteins are upregulated in cancer, and
there has been a renewed interest in understanding nutrient transport phenomena in cancer
(Cesar-Razquin et al. 2015; Krall et al. 2016; Broer A et al. 2018; Cha et al. 2018; Ladanyi et al.
2018; Tajan et al. 2018; Todenhofer et al. 2018). One of the most well-known cancer
phenotypes is the avid uptake of glucose, a phenomenon that is at least partially driven by
increased expression of GLUT family glucose transporters (Szablewski 2013). This increased
capacity for glucose transport may increase glucose accessibility to tumors.

In some cases, transporter expression has less predictable effects on nutrient uptake,
and therefore availability. The uptake of amino acids occurs through a series of transmembrane
transporters with overlapping amino acid specificities (Hediger et al. 2013; Kandasamy et al.
2018). Many of these transporters are obligate amino acid exchangers, which take up one
amino acid and excrete a second. These amino acid exchangers are unable to facilitate net
uptake of amino acids, but are instead able to shift the relative ratios of various intracellular
amino acids. Multiple studies have shown that knocking down expression of amino acid
exchangers such as ASCT2 can hinder cancer growth (van Geldermalsen et al. 2016; Cormerais
et al. 2018), suggesting that the redistribution of intracellular and extracellular amino acids can
affect tumor proliferation. However, the specific effects of increased expression of amino acid
exchangers on nutrient accessibility are difficult to predict due to the complex and redundant
interactions between amino acid transporters. Further, amino acid transporter activity will be
affected by the intracellular and extracellular levels of multiple amino acids. Many studies of
amino acid exchange involve non-physiological conditions wherein cells are loaded with high

levels of an amino acid of interest and then efflux of that amino acid and uptake of others are
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observed. Thus, further work to understand the functions of each transporter when

physiological concentrations of amino acids are present is warranted.

Nutrient uptake from extracellular polymers and macromolecules
Not all nutrient acquisition is mediated by the uptake of free metabolites through cell-surface
transporters; instead, some metabolites are scavenged from extracellular polymers. One such
nutrient is glutathione, a tripeptide that is present at ~10 uM in circulation (Pastore et al. 1998).
Glutathione contains the amino acids cysteine, glutamate, and glycine, and can be a source of
these amino acids (Orlowski and Meister 1970); however, tumor cells must first degrade
glutathione into its amino acid components for uptake through cell-surface transporters. This
process requires the expression of y-glutamyl transferases (GGTs), extracellular membrane
proteins that degrade glutathione in the environment. GGT expression is upregulated in some
tumors (Hanigan et al. 1999) and downregulated in others (Priolo et al. 2018), suggesting that
tumors may differ in their ability to degrade and utilize glutathione as a source of amino acids.
Recent work has suggested that glutathione breakdown may serve additional functions (Boysen
2017), but the ability of cells to express GGT and utilize extracellular glutathione as a nutrient
source likely plays a role in determining the accessibility of certain amino acids to tumors.
Some cancer cells are able to take up larger macromolecules. For instance, certain
tumors are able to consume whole protein from the environment through integrin-mediated
scavenging (Finicle et al. 2018), receptor-mediated endocytosis (Merlot et al. 2014; Finicle et al.
2018) or by non-specific uptake involving macropinocytosis (Recouvreux and Commisso 2017;

Finicle et al. 2018). The ability to effectively utilize extracellular protein as an amino acid source
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can increase the effective accessibility of amino acids for cells within tumors (Finicle et al.
2018). Nutrient scavenging can also be used to take up molecules other than protein to support
cellular metabolic processes (Kim et al. 2018). Beyond taking up macromolecules from the
environment, some cells can even invade and consume neighboring cells through the process of
entosis, allowing for replenishment of nutrients (Overholtzer et al. 2007; Krajcovic et al. 2013;
Hamann et al. 2017). Though this process is likely a response to low nutrient levels rather than
an active strategy of obtaining nutrients under basal conditions, it provides another path for

cancer cells to increase nutrient accessibility.

Nutrient recycling

In addition to altered nutrient uptake, some tumors are able to modulate metabolite
accessibility by breaking down macromolecules into their constituent parts through the process
of autophagy (Kimmelman and White 2017; Wyant et al. 2017; An and Harper 2018).
Autophagy can alter intracellular metabolite levels in response to starvation (Guo et al. 2016),
but recycling of nutrients in this way cannot provide a net source of new metabolites for tumor
cells. Recycling processes do not lead to net metabolite consumption, and are therefore unable
to directly fuel cell growth; however, nutrient recycling can be important as a mechanism to
alter nutrient accessibility to allow tumors to preserve levels of critical nutrients during
transient periods of deprivation, and thus can affect cancer cell survival. This effect on nutrient
availability may explain, in part, why impairment of autophagy can hinder tumor growth

(Kimmelman and White 2017).
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Altered nutrient biosynthesis

For those metabolites that can be produced by tumors, de novo synthesis represents an
important method to modulate nutrient availability. The synthesis of many classes of
metabolites, including amino acids (Liu W et al. 2012; Mattaini et al. 2016) and lipids (Long et al.
2018), is upregulated in tumors and may represent a method for tumors to bypass low
environmental nutrient accessibility in some tissue contexts. Often, the increased rate of de
novo metabolite synthesis is necessary to maintain tumor proliferation, suggesting that the
improved nutrient availability resulting from increased biosynthesis is required to meet the
nutrient demands of the cell. For instance, many tumors upregulate the enzymes of the serine
synthesis pathway, which converts the glycolytic intermediate 3-phosphoglycerate into serine
through a three-step process (Adams 2007; Locasale et al. 2011; Possemato et al. 2011; Nilsson
et al. 2012; DeNicola et al. 2015; Ben-Sahra et al. 2016; Samanta et al. 2016). The altered
availability of nutrients due to upregulation of serine synthesis can promote tumor growth
(Possemato et al. 2011; DeNicola et al. 2015; Pacold et al. 2016). However, biosynthesis of one
nutrient inevitably generates a metabolic cost elsewhere. For instance, for each molecule of
serine synthesized by a cancer cell, the cell must consume % glucose, 2 NAD*, and convert 1
glutamate into 1 a-ketoglutarate. Thus, altered nutrient biosynthesis can affect the allocation
of metabolic resources to other pathways, not just the end product of a biosynthetic pathway.
As a result, variability in biosynthetic rates can be an important determinant of nutrient

availability for tumors.
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CONCLUSIONS

Restricting tumor growth by targeting metabolic pathways or nutrients that are limiting for
proliferation remains an attractive therapeutic strategy. However, to successfully target
metabolism in this fashion, we must continue to develop a better understanding of what is
limiting for tumor growth and the factors that determine these limitations. Both the demand
for a metabolite and its accessibility to cancer cells within a tumor will define what is limiting,
and each of these terms is determined by a complex mix of tumor-intrinsic and tumor-extrinsic
factors that must be considered when studying cancer metabolism. Critically, these variables
often represent factors that are unique to specific tumor types. Thus, the altered demand and
accessibility of nutrients in tumors may render them specifically vulnerable to inhibition of
certain metabolic pathways or deprivation of particular nutrients. Better understanding the
complex interplay between these factors will be essential to turn these unique characteristics

of cancers into specific, effective therapies.
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ABSTRACT

Tumors exhibit altered metabolism compared to normal tissues. Many cancers
upregulate expression of serine synthesis pathway enzymes, and some tumors exhibit copy
number gain of the gene encoding the first enzyme in the pathway, phosphoglycerate
dehydrogenase (PHGDH). However, whether increased serine synthesis promotes tumor
growth and how serine synthesis benefits tumors is controversial. Here we demonstrate that
increased PHGDH expression promotes tumor progression in mouse models of melanoma and
breast cancer, human tumor types that exhibit PHGDH copy number gain. We measure
circulating serine levels and find that PHGDH expression is necessary to support cell
proliferation at lower physiological serine concentrations. Increased dietary serine or high
PHGDH expression are sufficient to increase intracellular serine levels and support faster tumor
growth. Together, these data suggest that physiological serine availability restrains tumor
growth and argues that tumors arising in serine-limited environments acquire a fitness

advantage by upregulating serine synthesis pathway enzymes.

INTRODUCTION

Altered metabolism was one of the earliest observed characteristics of cancer. Initial
studies demonstrated an increased role of glucose metabolism in tumor progression, but more
recent work has highlighted the importance of amino acid, nucleotide, and lipid metabolism in
cancer (Pavlova and Thompson, 2016). Identifying metabolic pathways limiting for tumor
growth may provide insight into targeting metabolism for cancer therapy (Vander Heiden and

DeBerardinis, 2017). One approach to find metabolic pathways important for specific tumors is
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to identify enzymes that are upregulated in tumors relative to their tissue of origin. Some
tumors highly express enzymes in the serine synthesis pathway (Newman and Maddocks,
2017). Phosphoglycerate dehydrogenase (PHGDH) catalyzes the first step in serine synthesis
(Figure 2A), and PHGDH protein levels are upregulated by factors associated with tumor
progression including NRF2 (DeNicola et al., 2015), c-MYC (Nilsson et al., 2012), ATF4 (Adams,
2007; DeNicola et al., 2015), HIF-1a (Samanta et al., 2016), mTORC1 (Ben-Sahra et al., 2016),
and the lysine methyltransferase G9A (Ding et al., 2013), while PHGDH expression can be
repressed by the tumor suppressor p53 (Ou et al., 2015). PHGDH also exhibits gene copy
number gain in several tumor types, including melanoma and triple negative breast cancer
(Locasale et al., 2011; Possemato et al., 2011). Disrupting serine synthesis can be detrimental
for some tumors, as decreasing PHGDH expression impairs the growth of subcutaneous lung
cancer (DeNicola et al., 2015) and breast cancer (Pacold et al., 2016; Possemato et al., 2011)
xenografts. However, PHGDH knockdown does not affect tumors growth in a different breast
cancer model (Chen et al., 2013), arguing that serine synthesis pathway activity is only required
in some contexts. What selects for high PHGDH expression and how this benefits tumor growth
is poorly understood.

Though many cells express high levels of serine synthesis pathway enzymes and
synthesize serine, serine is also the second most highly consumed amino acid in cultured cells
(Hosios et al., 2016), reflecting its central role in biosynthetic reactions. Serine is a
proteinogenic amino acid and is utilized to synthesize glycine (Newman and Maddocks, 2017)
and cysteine (DeNicola et al., 2015). Serine also supports ceramide and sphingolipid synthesis

and is a component of phospholipid head groups (Mullen et al., 2012; Vance and Tasseva,
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2013). In addition, serine donates one-carbon units for folate-dependent reactions
(Labuschagne et al., 2014), including thymidine and purine nucleotide base synthesis (Lane and
Fan, 2015). Folate-derived one-carbon units can also regenerate S-adenosyl methionine to
support DNA, RNA, protein, phospholipid, and polyamine methylation (Chiang et al., 1996).
Given these central biosynthetic roles, many cells do not tolerate serine deprivation (DeNicola
et al,, 2015; Labuschagne et al., 2014; Ma et al., 2017), and some tumors are sensitive to
dietary serine withdrawal (Maddocks et al., 2017; Maddocks et al., 2013).

Beyond supplying serine, serine synthesis pathway activity may provide additional
advantages to cells. PHGDH knockdown or inhibition inhibits proliferation of some cancer cells
in culture in a manner that cannot be rescued by exogenous serine (Locasale et al., 2011;
Mullarky et al., 2016; Pacold et al., 2016; Possemato et al., 2011). One explanation for this
phenomenon is that serine synthesis provides a means to obtain a-ketoglutarate (Hwang et al.,
2016; Possemato et al., 2011), a TCA cycle intermediate and cofactor for dioxygenases involved
in regulation of gene expression and adaptation to hypoxia (Hausinger, 2004). PHGDH can also
be a source of D-2-hydroxyglutarate (Fan et al., 2015), which also can affect dioxygenase
activity (Ye et al., 2018). Further, in yeast, serine synthesis pathway enzymes are part of a
complex containing one-carbon metabolism enzymes, suggesting potential non-enzymatic
scaffolding roles for these proteins (Li et al., 2015). Which, if any, of these potential benefits of
increased serine synthesis pathway enzyme expression are important in tumors is unknown.

To determine whether increased PHGDH expression promotes tumor progression, and
to ascertain why tumors might benefit from increased PHGDH levels, we utilized a mouse

model that mimics PHGDH copy number gain (Mattaini et al., 2018). In autochthonous mouse
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models of melanoma and breast cancer, we find that increased PHGDH expression promotes
tumor progression. Furthermore, we find that increased PHGDH expression maintains serine at
a level that is not limiting for tumor growth, suggesting that endogenous serine limitation
restrains the growth of some tumors and that cancers arising in low-serine tissues will gain a

fitness advantage from increased serine synthesis.

RESULTS
PHGDH expression cooperates with mutant Braf to promote melanoma formation

Increased levels of PHGDH are insufficient to promote tumor initiation (Mattaini et al.,
2018). However, PHGDH expression may cooperate with other genetic events to promote
tumor growth. To examine this possibility, we first focused on melanoma, a tumor type in
which PHGDH copy number gain is observed (Locasale et al., 2011; Possemato et al., 2011). In
melanoma, activating Braf mutations occur in up to 60% of tumors (Chin, 2003). To determine
whether PHGDH expression can cooperate with mutant Braf to promote melanoma in mice, we
utilized a PHGDH®™™ allele that allows for doxycycline-inducible expression of human PHGDH
(Mattaini et al., 2018). The PHGDH° allele was crossed to mice bearing a Braf Y¢%%f conditional
allele (Braf®) and Tyr-CreER allele that enables mutant Braf Y¢%F activation in melanocytes
when exposed to tamoxifen (Dankort et al., 2009). Braf activation alone does not drive tumor
formation in this model (Dankort et al., 2009), but promotes melanoma formation when
combined with some other genetic alterations (Damsky et al., 2015). To activate PHGDH
expression in Braf®; Tyr-CreER; PHGDH'° mice, animals were bred to also harbor a R26-

M2rtTA that drives transgene expression in most mouse tissues upon exposure to doxycycline
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(Zambrowicz et al., 1997). Increased PHGDH expression dependent on both doxycycline and the
presence of a PHGDH®™© allele is observed in the skin and other tissues in these mice (Mattaini
et al., 2018). When fed a doxycycline containing diet to increase PHGDH expression, 13 percent
of Braf; Tyr-CreER; PHGDH™"; R26-M2rtTA mice formed tumors, while no littermate mice
with melanocytic Braf activation that lack a PHGDH™ ™ allele developed tumors (Figure 1A). The
observed tumors appeared histologically to be melanomas, and expressed the melanoma
marker Sox10 (Figure 1B), suggesting that PHGDH expression can cooperate with Braf activation

to drive melanoma formation with low penetrance.

PHGDH expression accelerates melanoma growth

To examine the role of PHGDH in melanoma growth and progression, PHGDH®™°; R26-
M2rtTA mice were crossed to a mouse melanoma model initiated by Braf activation and Pten
deletion in melanocytes (Braf*; Tyr-CreER; Pten™f) (Dankort et al., 2009). To confirm that the
PHGDH™™ allele was expressed in this model, we leveraged the fact that the PHGDH*°
transgene encodes human PHGDH (huPHGDH) that can be distinguished from endogenous
mouse Phgdh (msPHGDH). Tumors with the PHGDH™© allele express huPHGDH as well as
endogenous msPHGDH, while control tumors express msPHGDH but not huPHGDH (Figure 1C).
Consistent with this result, tumors from PHGDH° mice exhibit increased PHGDH protein
expression (Figure 1D) using an antibody that recognizes human and mouse PHGDH with equal
affinity (Mattaini et al., 2018). The PHGDH™™ allele did not alter the histological appearance of

melanomas that formed (Figure 1E) or plasma serine levels (Figure 2B), but did decrease the
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Figure 1. PHGDH expression promotes melanoma and breast cancer. (A) Kaplan-Meier plot showing survival
of control or PHGDH expressing (PHGDH™°) mice with mutant Braf expression in melanocytes. N=14 for
Control, N=15 for PHGDH®™™ (B) Representative hematoxylin and eosin (H&E) and Sox10
immunohistochemistry staining of a tumor derived from a Braf; Tyr-CreER; PHGDH™"°; Rosa26-M2rtTA
mouse. H&E image, 4x magnification, scale bar = 500 um; Sox10 image, 20X magnification, scale bar = 100 um.
(C) Species specific RT-qPCR for human (huPHGDH) and mouse (msPHGDH) PHGDH in Braf Pten -
melanomas from Braf®; Pten™"; Tyr-CreER mice without (control) or with (PHGDH'®®) increased PHGDH
expression as above. The difference in huPHGDH expression is significant (p = 0.0368) and the difference in
msPHGDH expression is not significant (p = 0.7127) by unpaired, two-tailed Welch’s t tests. n=3 tumors for
each genotype. (D) Western blot analysis of PHGDH expression in control or PHGDH*®® Braf* Pten”" tumors.
(E) Representative H&E image of Braf™; PTEN - tumors with normal (Control) or increased (PHGDH®**®) PHGDH
expression. 4x magnification, scale bar = 500 um. (F) Kaplan-Meier plot showing survival of control or PHGDH
expressing (PHGDH™®) mice bearing Braf™; Pten 7 melanomas. Doxycycline (dox) diet started on the day of
tumor induction (arrow). Difference in survival is significant (p = 0.012) by a stratified Cox proportional hazards
model. n=13 for control mice, n=36 for PHGDH'*!° mice (G) Representative immunohistochemistry assessing
Ki67 in control and PHGDH expressing (PHGDH™) Braf*; Pten”" tumors. 10x magnification, scale bar = 300
um. The difference in Ki67 staining was significant (p = 0.0358) by an unpaired, two-tailed Welch’s T test. (H)
Kaplan-Meier plot showing survival of control or PHGDH expressing (PHGDH"®) BRCA™; Trp53*"; MMTV-Cre
mice with breast tumors. Difference in survival is significant (p = 0.0269) by a Mantel-Cox log-rank test. n=10
for control mice and n=22 for PHGDH*© mice. (I) Western blot analysis of PHGDH expression in control or
PHGDH° breast tumors arising in BRCA™; Trp53*-; MMTV-Cre mice. (J) Representative PHGDH
immunohistochemistry staining of mammary glands from 7-week old MMTV-rtTA (Control) and PHGDH %%,
MMTV-rtTA (PHGDH® ™) mice fed a doxycycline diet for 1 week prior to harvesting mammary tissue. Arrows
indicate mammary ducts. 20x magnification, scale bar = 100 um. PHGDH™®° mice exhibited a significant
increase in the fraction of cells with high PHGDH expression (p=0.0025) by an unpaired, two-tailed Welch’s t
test.

Mean +/- SD is shown for all panels.
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Figure 2. PHGDH expression does not alter circulating serine levels or apoptotic cell death in Braf; PTEN 7
melanoma-bearing mice. (A) Schematic showing the serine synthesis pathway from glucose and how serine
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transferase 1; PSPH, phosphoserine phosphatase; SHMT1/2, serine hydroxymethyltransferase 1/2; THF,
tetrahydrofolate. (B) Plasma serine concentration in C57BL/6J mice, control Braf**; PTEN 7~ mice bearing
melanomas, and PHGDH®™® Braf; PTEN - mice bearing melanomas as measured by GC/MS. Plasma from
tumor bearing mice was collected 1 month after tumor induction. There is no statistically significant difference
in plasma serine concentration between control and PHGDH'© tumor bearing mice based on an unpaired,
two-tailed Welch’s t test with a p-value of 0.7330. n = 3 mice for control and PHGDH®*® mice and n =5 for
C57BL/6J mice. (C) Kaplan-Meier plot showing survival of control and PHGDH expressing (PHGDH®™®) mice
bearing Braf**; PTEN 7~ tumors as described in Figure 1, with survival of animals separated by gender. (D)
Representative immunohistochemistry staining and quantitation of cleaved caspase 3 (CC3) in the same Braf“;
PTEN 7~ melanomas analyzed in Figure 1H that arose in mice without (control) or with (PHGDH*) a PHGDH
transgene. Images were obtained at 10x magnification, scale bar = 300 um. CC3 staining was quantitated by
scoring 300 cells as CC3 positive or negative for each of 5 tumors of each genotype. No statistically significant
difference was observed based on a Welch's t test that yielded a p value of 0.9094. Values represent the mean
+/- SD.
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median time for tumors to reach 1 cm3 from 68 to 46 days (Figure 1F). Increased PHGDH
expression accelerated melanoma in both male and female mice, which exhibit different tumor
growth kinetics in this model (Figure 2C). This phenotype was driven at least in part by
increased cell proliferation, as tumors with the PHGDH®° allele displayed increased staining for
the proliferative marker Ki67 compared to control mice (Figure 1G), while no difference in
staining for a marker of apoptosis, cleaved caspase 3, was observed (Figure 2D). Together,
these data suggest that increased PHGDH expression can accelerate melanoma growth.
PHGDH expression accelerates breast cancer

PHGDH copy number gain is also observed in triple-negative breast cancer (Locasale et
al., 2011; Possemato et al., 2011). To determine whether PHGDH expression plays a
tumorigenic role in this cancer, the PHGDH® ™ allele was crossed to a triple negative breast
cancer model induced by mammary specific Brcal deletion in Trp53 heterozygous mice
(BRCA"f; Trp53*"; MMTV-Cre) (Xu et al., 1999). In addition, to confirm that any role of PHGDH
can be attributed to PHGDH expression in the tissue where the cancer arises, increased PHGDH
expression was limited to mammary epithelial cells with a mammary specific MMTV-rtTA allele
(Whisenhunt et al., 2006). PHGDH° breast tumors reached 1 cm?3 faster than control tumors,
suggesting that PHGDH expression can also promote breast tumor progression (Figure 1H).
Interestingly, PHGDH expression in end stage tumors is variable, and PHGDH!° tumors do not
exhibit increased PHGDH expression compared to control tumors (Figure 11), even though
PHGDH™™ mice express huPHGDH derived from the PHGDH ! transgene (Figure 3A).
Additionally, end stage PHGDH™ ™ tumors do not display differential staining of Ki67 or cleaved

caspase 3 (Figure 3B-C). One possible explanation is that increased PHGDH expression is
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selected for in both PHGDH™ ™ and control tumors, and earlier PHGDH expression from the
transgene contributes to earlier tumor outgrowth in this more protracted cancer model. To
confirm that PHGDH expression is elevated early in PHGDH!° mice, mammary glands from 7
week old PHGDH™ :MMTV-rtTA and control MMTV-rtTA mice were stained for PHGDH. PHGDH
expression was increased in mammary epithelial cells in PHGDH® ™ mice compared to control
mice (Figure 1J). Together, these data suggest that the PHGDH™ ™ allele provides an advantage
to tumors prior to end stage, when PHGDH™ ™ tumors exhibit similar PHGDH expression as
control tumors.
Breast cancer cell lines are dependent on PHGDH to produce serine

To determine whether PHGDH plays a role throughout breast tumor progression, we
generated cell lines from end stage control tumors, which express PHGDH at levels similar to
tumors from PHGDH®™™ mice, and knocked down PHGDH expression using CRISPR interference
(CRISPRi) (Figure 4A). PHGDH loss decreased serine synthesis pathway activity as assessed by
13C-labeled glucose incorporation into serine (Figure 4B), but had no effect on proliferation of
these cells in culture (Figure 4C). This result could suggest that PHGDH is not required for
proliferation of these cancer cells; however, it is also possible that PHGDH expression is
beneficial specifically in the breast tumor environment. One difference between the cell culture
and breast tumors environments is serine availability. The serine concentration in RPMI-1640

culture media is 285 uM.
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Figure 3. End stage BRCA™#; Trp53*/- breast tumors have similar rates of proliferation and apoptosis regardless
of PHGDH™®° status. (A) Species specific RT-qPCR for human (huPHGDH) and mouse (msPHGDH) PHGDH in
BRCA™Mf; Trp53*- breast tumors described in Figure 4. The difference in huPHGDH expression is statistically
significant with p = 0.0497 by an unpaired, two-tailed Welch’s t test, and the difference in msPHGDH expression
is not statistically significant, with p =0.1101 by an unpaired, two-tailed Welch’s t test. n=10 tumors per genotype
(B) Representative immunohistochemistry staining for Ki67 in control and PHGDH™®° BRCA": Trp53*" breast
tumors. Images were obtained at 20x maghnification, scale bar = 100 um. Ki67 staining in an area of 1.5 mm by
0.7 mm was quantitated for 5 tumors of each genotype, and no statistically significant difference was observed
based on a Welch’s t test that yielded a p value of 0.6598. (C) Representative immunohistochemistry staining for
cleaved caspase 3 (CC3) in control and PHGDH; BRCA™; Trp53*- breast tumors. Images were obtained at 20x
maghnification, scale bar = 100 um. CC3 staining was quantitated by scoring 300 cells as CC3 positive or negative
for each of 5 tumors of each genotype. No statistically significant difference was observed based on a Welch’s t
test that yielded a p value of 0.7345. For all panels, the values represent the mean +/- SD.

In contrast, the maximal serine concentration available to tumors is likely bounded by the
amount of serine in plasma, and could be further affected by impaired nutrient delivery
(Farnsworth et al., 2014), as serine concentrations in the center of tumors are lower than in the

outer regions (Pan et al., 2016). To determine whether serine availability could plausibly be
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limiting for tumor growth under physiological conditions, the plasma serine concentration of
fed C57BL/6J mice was measured, since C57BL/6J mice are the strain most similar to those used
for the autochthonous melanoma and breast cancer models in this study. Plasma serine levels
ranged from 92-314 uM (Figure 4D), values similar to the range of 53-262 uM reported for
human plasma (Trabado et al., 2017). We examined whether culturing cells in the range of
serine concentrations found in plasma affects proliferation of control and PHGDH-knockdown
cells, and found that increased PHGDH expression provides a proliferative advantage only at
lower serine concentrations (Figure 4E). These results suggest that serine availability could be
an endogenous limitation for proliferation in some tissues with low serine availability.
Serine levels fluctuate in fed mice

The variability in plasma serine levels observed in both mouse and humans suggests that
mammals do not actively maintain a constant serine levels in the blood; indeed, plasma serine
concentrations in rats shift with diet (Kalhan et al., 2011). Another complication is that many
mammals, including mice, do not continuously feed throughout the day (Anlinker and Mayer,
1956). Thus, fluctuations in plasma serine levels between meals, in addition to circadian effects
on metabolic gene expression affecting nutrient levels in blood (Feng and Lazar, 2012), could
lower serine in some tissues to levels where PHGDH expression might provide an advantage for
proliferation. To characterize how plasma serine in mice varies with normal feeding patterns,
plasma amino acid levels were measured over the course of a day in C57BL/6J and NOD.Cg-
Prkdcsci@ 1[2rgt™1Wil/Sz) (NSG) mice that were either fed ad libitum or fasted. Serine levels were

highest during daylight hours, and fell to fasting levels at 8 AM and 5 PM (Figure 4F).

56



Q
7]
3
=
E —M
o © © © o
(=] (=] (=) o
T o o~ -~
(ar) sueg
T
o 5
= I
= o
=R Cr
Q . w
© c
7 g
w
i &
wn (=) wn (=]
= = o =]
(Aep Jad sBulgnop)
O ajel uonessylicld
I
o
<
I
o
1 @
E
(&
o
w
r: & w Py
- - < <
o o o o

8s00n|B O, -N wioyy
BULAS $+| UOIOEIS

o
T
\w\ @
06% W
ye

b

2,

)

)

<

mVinculin

plasma

ser/gly diet

_
O
w
=
K
E=]
Wd
2%
o
[ORO!
0w w
Z Z
ko
k=]
T o
£
[}
8=
- 2
© ©
- d
m m
M~ P~
wn 1w
OO
o = & s ¢
o o o
o N —
L (Wr) suueg
8
B -
oy [} K=}
s S e
-~ 1
1 =5 (1)) h
= =L = o i
[ C = ! ..&
= 2[c 2 g : =
= I 4= ; o
FalY ©® 8 8 : =
o O = © =) H =}
@ 0 [ a— i
g 28e ] 2
L I T2 a ! T
© 5 g3 : a
= =)
Q c £ E L ] —
o © = il
s £ T Cow v
£ . '
o Fae -
H—— 2=
w & W oo e 8 8 8 ° 8
(r) suueg

(Aep Jad sBuiignop)
Ll S uonessyoid

O

4 Z
%0 e
4He Be
s Us
4 %
z S
ne /5
@vm\ @v%
% Z
ze ze
e g
Wy X
4 %
ze ze
He g/5
kvvm\o\ \N\VMN
4 Z
zs Ze
/5 /5
Ui, “Uie
@ S & s o ¢
o o (=]
w < o
(IAn) suisAq
= (3 B
Pl oz
PR S G
“ [w]
m &
N ER e
o 0-\0 ATEsY s ASs
Q (=] [=] (=] [yl o~
® e ¥ o (B) JyBiam asnoy
(INr) auoAlD )
I

Days on diet

57



Figure 4. Physiological serine concentrations approach a range that is limiting for cell proliferation in culture.
(A) Western blot showing CRISPRi-mediated knockdown of PHGDH expression in cells derived from an
autochthonous breast tumor arising in a BRCA™; Trp53*; MMTV-Cre mouse. Cells with sgRNA targeting PHGDH
(sgPHGDH-1) or a non-targeting sgRNA (sgctrl) are shown. (B) Fraction of 3C-labeled serine (fully labeled, M+3)
in control (sgctrl) or PHGDH knockdown (sgPHGDH-1) cells cultured in U-'3C glucose. The difference in the
fraction of labeled serine between the cell types is significant (p< 0.0001) by an unpaired, Welch’s t test. (C)
Proliferation rate of control (sgctrl) and PHGDH knockdown (sgPHGDH-1) cells. There is no significant change in
proliferation rate by unpaired, two-tailed Welch’s t test (p = 0.2820). (D) Serine concentration in plasma of
C57BL/6J mice collected at 11 AM. n=60 mice. (E) Proliferation rate of control (sgctrl) and PHGDH knockdown
(sgPHGDH-1) breast cancer cells cultured in media containing the indicated amounts of serine. Grey box
indicates the range of plasma serine concentrations measured in (D). (F) Plasma serine, glycine, and lysine
concentrations measured in the indicated mouse strains fed ad lib on a control diet, fasted starting at 5 AM, or
fed a serine and glycine free diet for one week prior to measurement. Plasma was collected at the specified
times. n=5 mice on each diet. (G) Plasma serine and glycine concentrations in C57BL/6J mice fed a serine and
glycine free diet, a control diet, or a high serine diet for the indicated time. Plasma was collected at 11 AM. n=5
mice on each diet. (H) Mouse weight for animals fed a serine and glycine free diet, a control diet, or a high serine
diet for the indicated time. n=5 mice on each diet.

Mean +/- SD is shown for all panels.
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This pattern was also observed for other non-essential amino acids such as glycine as well as
essential amino acids such as lysine (Figure 4F). These results indicate that serine levels
available to tumors fluctuate and likely fall to near fasting levels for periods of the day, further
suggesting that serine may be limiting for tumor growth in some contexts.
Diet can modulate plasma serine availability

In order to examine whether changes in serine availability can affect the rate of tumor
growth, we sought to modulate the amount of serine that cancer cells can access in tumors.
Previous work has shown that plasma serine levels can be diminished by a serine and glycine
deficient diet, which slows the growth of certain tumor types (Maddocks et al., 2017; Maddocks
et al., 2013). Glycine is removed from these diets because glycine and serine can be
interconverted, and glycine deprivation ensures that animals are not able to synthesize serine
from dietary glycine (Maddocks et al., 2017; Maddocks et al., 2013). Feeding mice an amino
acid defined diet lacking both serine and glycine (Table 1) stably lowered plasma serine and
glycine levels for at least 30 days on the diet (Figure 4G). Mice fed a serine and glycine free diet
also display lower levels of plasma serine and glycine over the course of the day compared to
control mice (Figure 4F). Conversely, plasma lysine levels are similar in mice fed either a control
diet or a serine and glycine free diet (Figure 4F), suggesting that normal amino acid homeostasis
is not globally altered. Serine levels can also be increased through dietary manipulation, as mice
fed a high serine diet (Table 1) have higher serine levels in the plasma with no changes in
glycine (Figure 4G). Neither of these diets altered mouse body weight (Figure 4H) or produced
gross abnormalities in mouse behavior or appearance. Further, the serine and glycine free diet

and the high serine diet stably hold plasma serine concentrations at the low and high end of the
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Table 1. Nutrient composition of serine diets.

Nutrient Serine and glycine free diet Control diet High serine diet
(g/kg) (g/kg) (g/kg)
L-Alanine 3.5 3.5 3.5
L-Arginine HCI 12.1 12.1 12.1
L-Asparagine 6.0 6.0 6.0
L-Aspartic Acid 3.5 35 3.5
L-Cystine 3.5 3.5 3.5
L-Glutamic Acid 40.0 40.0 40.0
Glycine 0 233 23.3
L-Histidine HCI, monohydrate 4.5 4.5 4.5
L-Isoleucine 8.0 8.0 8.0
L-Leucine 12.0 12.0 12.0
L-Lysine HCI 18.0 18.0 18.0
L-Methicnine 8.2 8.2 8.2
L-Phenylalanine i 7.5 75
L-Proline 35 3.5 3.5
L-Serine 0 3.5 20.0
L-Threonine 8.2 8.2 8.2
L-Tryptophan 1.8 1.8 1.8
L-Tyrosine 5.0 5.0 5.0
L-Valine 8.0 8.0 8.0
Sucrose 100.0 100.0 100.0
Corn Starch 407.88 381.18 364.58
Maltodextrin 150.0 150.0 150.0
Soybean Oil 0.0 80.0 0.0
Cellulose 50.0 50.0 50.0
Mineral Mix, AIN-93M-MX 35.0 35.0 35.0
(94049)
Calcium Phosphate, monobasic, 8.2 8.2 8.2
monohydrate
Vitamin Mix, AIN-93-VX 13.0 13.0 13.0
(94047)
Choline Bitartrate 2.5 25 2.5
0.02 0.02 0.02

TBHQ, antioxidant
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normal physiological range, respectively. Thus, these diets can be used to examine the effects
on tumor growth of having circulating serine levels that are at the high and low ends of the
normal physiological range.
PHGDH provides serine to promote breast tumor growth in the mammary fat pad

To test whether PHGDH overcomes serine limitation in the breast microenvironment,
cells from autochthonous breast tumors with or without PHGDH knockdown were
orthotopically implanted into the mammary fat pads of NSG mice. The cells with PHGDH
knockdown should retain lower serine synthesis pathway activity in tumors (Pacold et al.,
2016). Under normal dietary serine conditions, tumors from control cells that express PHGDH
(Figure 6A) grew more rapidly than tumors from PHGDH knockdown cells (Figure 5A). These
data argue that PHGDH expression can promote tumor growth in the mammary fat pad.
Tumors derived from control cells that express PHGDH were largely insensitive to dietary serine
alterations (Figure 5B). In contrast, sgPHGDH tumors grew more slowly on a serine and glycine
free diet (Figure 5C), suggesting that tumors with low PHGDH expression are sensitive to
environmental serine levels. A second sgPHGDH cell line that had incomplete PHGDH
knockdown (Figure 6A) was also sensitive to serine and glycine deprivation, but did not grow
more rapidly on a high serine diet, suggesting that intermediate levels of PHGDH may be
sufficient to sustain maximal growth on a control diet, but not on a serine and glycine free diet
(Figure 6B). sgPHGDH tumors on a high serine diet grow at a similar rate to control tumors on a
control diet, suggesting that the high serine diet was able to fully compensate for low PHGDH
expression. Consistent with the idea that PHGDH helps tumors overcome serine limitation,

serine and glycine levels were lower in sgPHGDH tumors than control tumors, while levels of
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essential amino acids such as valine and leucine were unchanged (Figure 5D-E, Figure 6C).
Though this result is consistent with altered serine availability in tumors depending on PHGDH
expression level, it is important to note that these tumors had different proliferation rates, and
thus may have consumed serine at different rates. Thus, steady state tumor serine levels may
not fully reflect serine availability. Serine synthesis pathway activity can also produce a-
ketoglutarate and 2-hydroxyglutarate, but levels of a-ketoglutarate and 2-hydroxyglutarate
were similar in sgPHGDH and control tumors (Figure 5F-G). Together, these data argue that a
major effect of increased PHGDH activity in these cancers is to buffer against fluctuations in
serine availability, insulating tumor cells from the effects of serine limitation.

Serine availability may not be the same in all tissues. For instance, unlike breast tumors,
tumors growing in the pancreas are not sensitive to dietary serine limitation (Maddocks et al.,
2017). Consistent with the possibility that differences in serine levels could contribute to this
phenomenon, the total tissue serine content is lower in the mammary fat pad than in other
tissues, including pancreas (Figure 6E). Total tissue serine content includes both intracellular
and extracellular serine and may not reflect differences in serine availability in the
environment; nevertheless, to directly test whether tissue site affects dependence on PHGDH,
cells derived from autochthonous breast tumors with or without PHGDH knockdown were
implanted into the pancreata of NSG mice. Consistent with the pancreas being a more serine-
replete environment than the mammary fat pad, mice with control or PHGDH knockdown cells
implanted in the pancreas both succumb to pancreatic tumor burden with no statistically
significant differences in survival (Figure 6F), suggesting that environmental serine availability

may determine whether PHGDH expression promotes tumor growth.
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Figure 5. PHGDH expression overcomes serine limitation in tumors growing in the mammary fat pad. (A) Breast
cancer cells from a breast tumor arising in a BRCA"; Trp53*"; MMTV-Cre mouse with either a non-targeting
sgRNA (sgctrl) or an sgRNA targeting PHGDH (sgPHGDH-1) were injected into the mammary fat pad of female
NSG mice fed a control diet. Tumor size over time is shown. Tumor size at the final time point is significantly
different based on an unpaired, two-tailed Welch’s t test (p = 0.0027). n=5 tumors per genotype. (B)-(C) Breast
cancer cells from a breast tumor arising in BRCA™; Trp53*; MMTV-Cre mice with either a non-targeting sgRNA
(sgctrl) (B) or an sgRNA targeting PHGDH (sgPHGDH-1) (C) were injected into the mammary fat pad of female
NSG mice fed the indicated diets. Mice were fed the indicated diets starting the day that the cells were injected,
and tumor size over time is shown. n=5 tumors per genotype. In (B), by comparing all three diet conditions, there
was no significant correlation between increased dietary serine and increased tumor volume by an ANOVA test
for trend (p=0.0770). There was no significant difference in final tumor volume between mice fed —ser/gly,
control, or high serine diets based on unpaired, two-tailed Welch'’s t tests for —ser/gly versus control (p=0.0986)
and for control versus high serine diet (p=0.1217). In (C), by comparing all three diet conditions, there was a
significant correlation between increased dietary serine and increased tumor volume by an ANOVA test for trend
(p = 0.0022). There was a significant difference in final tumor volume between mice fed —ser/gly and control
diets based on an unpaired, two-tailed Welch’s t test (p=0.0559). (D) Serine amount in control tumors (sgctrl)
compared to PHGDH knockdown tumors (sgPHGDH-1). sgctrl tumors display a significant increase in serine
concentration based on an unpaired, two-tailed Welch’s t test (p=0.032). n=4 tumors per genotype. (E) Glycine
amount in control tumors (sgctrl) compared to PHGDH knockdown tumors (sgPHGDH-1). sgctrl tumors display a
significant increase in glycine concentration based on an unpaired, two-tailed Welch’s t test (p=0.0332). n=4
tumors per genotype (F) Amount of a-ketoglutarate in control (sgctrl) and PHGDH knockdown (sgPHGDH-1)
mammary fat pad orthotopic tumors in mice fed either a —ser/gly diet, a control diet, or a high serine diet as
measured by LC/MS. No significant change in a-ketoglutarate levels were detected between sgctrl and
sgPHGDH-1 tumors as determined by unpaired, two-tailed Welch’s t tests (p=0.5917, 0.6834, and 0.2908,
respectively). (G) Amount of 2-hydroxyglutarate in control (sgctrl) and PHGDH knockdown (sgPHGDH-1)
mammary fat pad orthotopic tumors in mice fed either a —ser/gly diet, a control diet, or a high serine diet as
measured by LC/MS. No significant change in 2-hydroxyglutarate levels were detected between sgctrl and
sgPHGDH-1 tumors as determined by unpaired, two-tailed Welch’s t tests (p=0.8387, 0.4603, and 0.8368,
respectively). n=4 tumors per genotype.

Mean +/- SD is shown for all panels.
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Figure 6. Intermediate expression of PHGDH results in intermediate dependence on dietary serine for tumor
growth. (A) Breast cancer cells from an autochthonous BRCA™; Trp53*- MIMTV-Cre breast tumor with either a
non-targeting sgRNA (sgctrl), or an sgRNA targeting PHGDH (sgPHGDH-1, sgPHGDH-2) were injected into the
mammary fat pad of female NSG mice. Western blot analysis of PHGDH expression in tumors derived from these
mice is shown. (B) Measurement of the tumor size over time in mice fed the specified diets, for tumors derived
from injecting BRCA™ Trp53*- MMTV-Cre breast tumor cells with either a non-targeting sgRNA (sgctrl) or an
sgRNA targeting PHGDH (sgPHGDH-2) into the mammary fat pad of female NSG mice. There was a statistically
significant difference in final tumor volume between mice fed —ser/gly and control diets based on an unpaired,
two-tailed Welch’s t test which yielded a p value of 0.0345. n=5 mice on each diet. (C) Concentration of the
essential amino acids leucine and valine in control tumors (sgctrl) compared to PHGDH knockdown tumors
(sgPHGDH-1) as measured by GC/MS. There was no statistically significant change in leucine or valine
concentration based on an unpaired, two-tailed Welch’s t test that produced p values of 0.7919 for leucine and
0.5803 for valine. n=4 tumors for each genotype. (D) LC/MS measurement of total ion counts (TIC) of serine
normalized to tumor weight in control (sgctrl) and PHGDH knockdown (sgPHGDH-1) mammary fat pad
orthotopic tumors formed from murine cell lines in mice fed either a —ser/gly diet or a high serine diet. No
statistically significant change in serine levels were detected between sgctrl tumors fed a —ser/gly diet or a high
serine diet as determined by an unpaired, two-tailed Welch’s t test that yielded a p value of 0.8208. There was
a statistically significant difference in serine levels between sgPHGDH-1 tumors in mice fed either a —ser/gly diet
or a high serine diet as determined by an unpaired, two-tailed Welch’s t test that yielded a p value of 0.0134. n
= 4 tumors for each genotype. (E) Total serine amount measured in tissues from C57BL/6J mice by GC/MS
normalized to tissue weight. n = 4 mice for each tissue. (F) Kaplan-Meier plot showing survival of NSG mice for
which the same number of control (sgctrl) or PHGDH knockdown (sgPHGDH-1) cells derived from autochthonous
breast tumors were implanted into the pancreas. There was no statistically significant difference in survival
based on a Mantel-Cox log-rank test with a p-value of 0.1050. n = 5 mice per condition. For all panels, the values
represent the mean +/- SD.
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To determine whether increased PHGDH expression in human cancer provides a similar
advantage, we expressed PHGDH in MDA-MB-231 human triple negative breast cancer cells
with low PHGDH expression that approximates levels in normal mammary glands (Figure 7A)
(Mattaini et al., 2015; Possemato et al., 2011). Similar to the findings observed in murine breast
cancer cells, PHGDH expression increases serine synthesis pathway activity (Figure 7B) and
provides a proliferative advantage to MDA-MB-231 cells when serine levels are low (Figure 8A).
To determine whether this proliferative advantage is retained in a physiological environment,
MDA-MB-231 cells were injected orthotopically into the mammary fat pad of NSG mice. Tumors
formed from PHGDH low control cells are sensitive to dietary serine and glycine deprivation,
while tumors formed from PHGDH expressing cells better tolerate this condition. Further,
PHGDH high cells deprived of dietary serine grow as rapidly as PHGDH low control tumors fed a
serine replete diet (Figure 8B). The growth advantage conferred by PHGDH expression is
dependent on PHGDH enzymatic activity, as expression of a dehydrogenase-dead R236E
mutant of PHGDH does not alter tumor growth (Figure 7D). PHGDH expressing tumors also
contained increased amounts of serine, with no significant change in glycine, a-ketoglutarate,
or total 2-hydroxyglutarate levels (Figure 8C, Figure 7F-G). These results suggest that serine
might be limiting for MDA-MB-231 mammary fat pad tumor growth even on a control diet.
Consistent with this hypothesis, control xenografts in mice fed a high serine diet grew more
rapidly than xenografts in mice fed a control diet (Figure 8D). Interestingly, PHGDH high
xenografts in mice fed a control diet grew at the same rate as PHGDH low xenografts in mice
fed a high serine diet, suggesting that either PHGDH expression or a high serine diet may be

sufficient to overcome serine limitation. If so, combining PHGDH expression with a high serine
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Figure 7. PHGDH catalytic activity is required to increase serine synthesis and proliferation rate of human
breast cancer cells. (A) Western blot of MDA-MB-231 breast cancer cell lines with an empty vector control
(+EV), PHGDH (+PHGDH), or PHGDH with an R236E mutation (PHGDH R236E) cultured in vitro. (B) Fraction of
13C-labeled serine (fully labeled, M+3) in in control (+EV) or PHGDH expressing (+PHGDH) MDA-MB-231 cells
cultured in U-13C glucose as measured by GC/MS. There is a statistically significant difference in the fraction of
glucose-derived serine between the cell types with a p-value of 0.0130 derived from an unpaired, Welch’s t
test. (C) Western blot of PHGDH expression in empty vector control (+EV) and PHGDH expressing (+PHGDH)
MDA-MB-231 mammary fat pad orthotopic tumors. (D) Empty vector control (+EV) or PHGDH R236E
expressing (+PHGDH R236E) MDA-MB-231 breast cancer cells were injected into the mammary fat pad of
female NSG mice fed a control diet. Tumor size over time is shown. n=5 mice for each genotype. (E) GC/MS
measurement of glycine concentration in empty vector control (EV) and PHGDH expressing (+PHGDH) MDA-
MB-231 mammary fat pad orthotopic tumors. No statistically significant change in glycine concentration was
detected as determined by an unpaired, two-tailed Welch’s t test that yielded a p value of 0.7330. (F) Amount
of a-ketoglutarate in empty vector control (EV) and PHGDH expressing (+PHGDH) MDA-MB-231 mammary fat
pad orthotopic tumors in mice fed either a —ser/gly diet, a control diet, or a high serine diet as measured by
LC/MS. No statistically significant change in a-ketoglutarate levels were detected between +EV and +PHGDH
tumors as determined by unpaired, two-tailed Welch’s t tests that yielded p values of 0.9965, 0.1356, and
0.7359, respectively. (G) Amount of 2-hydroxyglutarate in empty vector control (EV) and PHGDH expressing
(+PHGDH) MDA-MB-231 mammary fat pad orthotopic tumors in mice fed either a —ser/gly diet, a control diet,
or a high serine diet as measured by LC/MS. No statistically significant change in 2-hydroxyglutarate levels
were detected between +EV and +PHGDH tumors as determined by unpaired, two-tailed Welch’s t tests that
yielded p values of 0.0726, 0.2707, and 0.4290, respectively. n=5 tumors for each genotype for (E), (F), and (G).
For all panels, the values represent the mean +/- SD.
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diet would provide no further advantage. Consistent with this hypothesis, PHGDH expressing
tumors in mice on a high serine diet grow at the same rate as control xenografts in mice on a
high serine diet, or PHGDH expressing tumors in mice on a control diet (Figure 8E). Taken
together, these data argue that the benefits of PHGDH and a high serine diet are redundant.
This supports the hypothesis that PHGDH promotes increased tumor growth by providing serine
to cells in serine-limited tumor environments.
PHGDH supports serine-dependent biosynthetic processes

If tumors encounter serine deprivation under physiological conditions, biosynthetic
processes that require serine may be perturbed. Serine is a donor of one-carbon units that are
essential for downstream processes including nucleotide synthesis, lipid synthesis, and
regeneration of SAM from SAH (Chiang et al., 1996; Lane and Fan, 2015), and all of these serine
fates likely contribute to tumor growth. Multiple reactions in purine nucleotide synthesis
require one-carbon units; one such reaction is the production of 5-formamidoimidazole-4-
carboxamide ribonucleotide (FAICAR) production from 5-aminoimidazole-4-carboxamide
ribonucleotide (AICAR) (Figure 8F). Thus, serine limitation in tumors could deplete one-carbon
units and increase levels of AICAR relative to FAICAR. Indeed, the relative ratio of AICAR to
FAICAR is higher in control MDA-MB-231 xenograft tumors than in tumors with high PHGDH
expression (Figure 8G), consistent with the possibility that PHGDH expressing tumors are more
capable of generating FAICAR. This effect is present both in mice fed a diet lacking serine and
glycine and a control diet (Figure 8G), two contexts in which PHGDH expression promotes

tumor growth (Figure 8D).
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Figure 8. PHGDH expression provides serine to promote growth of human breast cancer xenografts. (A)
Proliferation rate of empty vector control (+EV) and PHGDH expressing (+PHGDH) MDA-MB-231 breast cancer
cell lines cultured in media containing the indicated amounts of serine. Grey box indicates the reported range
of plasma serine concentrations in humans (Trabado et al., 2017). (B) Empty vector control (+EV) or PHGDH
expressing (+PHGDH) MDA-MB-231 breast cancer cells were injected into mammary fat pads of female NSG
mice. Measurement of tumor size over time is shown for tumors derived from the indicated cells in mice fed
the indicated diets starting the day that the cells were injected. There is a significant increase in tumor volume
at the final time point between +PHGDH and +EV tumors in mice fed either a control diet or a —ser/gly diet
based on unpaired, two-tailed Welch’s t tests (p=0.0055 and 0.0012, respectively). There is a significant
difference in final tumor volume between +EV tumors in mice fed a control diet versus a —ser/gly diet based on
an unpaired, two-tailed Welch’s t test (p=0.0510). n=5 mice for each combination of genotype and diet. (C)
Serine concentration in empty vector control (EV) and PHGDH expressing (+PHGDH) MDA-MB-231 mammary
fat pad orthotopic tumors. PHGDH expressing tumors displayed a significant increase in serine concentration as
determined by an unpaired, two-tailed Welch’s t test (p=0.0437). n=5 tumors for each genotype. (D)-(E) Empty
vector control (+EV) or PHGDH expressing (+PHGDH) MDA-MB-231 breast cancer cells were injected into
mammary fat pads of female NSG mice. Measurement of tumor size over time is shown for tumors derived
from the indicated cells in mice fed the indicated diets starting the day that the cells were injected. There is a
significant increase in tumor volume at the final time point between +EV tumors in mice fed either a control
diet or a high serine diet based on an unpaired, two-tailed Welch’s t test (p=0.0268). There is no significant
difference in tumor volume at the final time point between +PHGDH control diet and +PHGDH high serine diet
or between +EV high serine diet and +PHGDH high serine diet based on unpaired, two-tailed Welch’s t tests
(p=0.9977 and 0.3277, respectively). n=5 mice for each combination of genotype and diet. (F) Schematic with
select intermediates in de novo purine nucleotide biosynthesis. THF: tetrahydrofolate. AICAR: 5-
aminoimidazole-4-carboxamide ribonucleotide. FAICAR: 5-formamidoimidazole-4-carboxamide ribonucleotide.
(G) Ratio of total ion counts of AICAR to FAICAR by LC/MS in empty vector control (EV) and PHGDH expressing
(+PHGDH) MDA-MB-231 mammary fat pad orthotopic tumors in mice fed either a diet lacking serine and
glycine (-ser/gly), a control diet, or a high serine diet. PHGDH expressing tumors in mice fed a diet lacking
serine and glycine and in mice fed a control diet showed a significant decrease in relative AICAR/FAICAR ratio
relative to control tumors as determined by an unpaired, two-tailed Welch’s t test (p=0.0350 and 0.0419,
respectively). There was no significant difference between the relative AICAR/FAICAR ratios in PHGDH
expressing and control tumors derived from mice fed a high serine diet by an unpaired, two-tailed Welch’s t
test (p=0.859). n=4 tumors per genotype.

Mean +/- SD is shown for all panels.

72



In contrast, mice fed a high serine diet do not display a PHGDH-dependent effect on
AICAR/FAICAR ratio (Figure 8G) or a PHGDH-dependent growth advantage (Figure 8E).
These results indicate that serine-limited tumors are likely deficient in one-carbon units, which
could contribute to slower proliferation. In support of this hypothesis, providing exogenous
purines can promote cell proliferation in the absence of serine (Bao et al., 2016). In addition,
either PHGDH expression or provision of a high serine diet mitigates alterations in the
AICAR/FAICAR ratio, arguing that PHGDH expression benefits tumors by providing serine for
biosynthetic processes that otherwise may be limiting for tumor growth.
DISCUSSION

Genetic events to increase PHGDH expression in cancer appear to be selected for
because they allow faster cell proliferation in serine-limited tissue environments. Increasing the
availability of serine through PHGDH expression or dietary changes provides a proliferative
advantage to melanoma and breast cancer, arguing that serine availability may be low in
tumors arising in these tissues. Further, though providing serine appears to underlie the benefit
of PHGDH in these models, it may be that other tumor types or tumor locations are more
limited by other processes; this could explain the serine-independent benefits that PHGDH
expression provides in some contexts (Locasale et al., 2011; Mullarky et al., 2016; Pacold et al.,
2016; Possemato et al., 2011). Of note, serine availability does not appear to be limiting in all
tumors; some breast cancers express serine synthesis pathway enzymes at low levels
(Possemato et al., 2011) and are not sensitive to loss of pathway activity (Pacold et al., 2016).
Further, dietary serine deprivation does not inhibit mouse pancreatic ductal adenocarcinoma

growth (Maddocks et al., 2017) and PHGDH expression does not affect the progression of
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tumors derived from breast cells implanted into the pancreas. These observations support a
model in which tumor growth in different tissue contexts is limited by the availability of
different nutrients.

It is unclear whether serine limitation decreases tumor growth by impairing the activity
of a particular biosynthetic pathway. Dissecting this question is complicated by the fact that
providing one downstream product of serine metabolism, such as nucleotides or lipids, will
allow the serine that would have been used to make these molecules to be available for use in
other pathways. As such, each of the biosynthetic fates of serine likely contributes to the serine
requirement in tumors. However, deficiency of specific metabolites derived from serine may
select for serine synthesis pathway activation. Nucleotide deficiency has been linked to the
development of oncogene-induced senescence (Aird et al., 2013), and PHGDH expression may
allow cells with oncogene activation to maintain nucleotide levels during periods of serine
deprivation and avoid senescence. Indeed, bypass of oncogene-induced senescence can be a
barrier to melanoma initiation (Damsky et al., 2015), suggesting one way in which PHGDH
expression could cooperate with Braf activation to promote melanoma. Serine availability for
lipid synthesis may also select for serine synthesis pathway activation. Serine deprivation alters
sphingolipid and ceramide metabolism (Gao et al., 2018), and these lipid species can affect cell
proliferation and survival. For instance, sphingosine-1-phosphate negatively regulates apoptotic
processes (Segui et al., 2006), and low serine can result in production of 1-deoxysphinganine,
an error product that induces growth arrest (Esaki et al., 2015; Sayano et al., 2016). The
requirement to sustain nucleotide and lipid metabolism may impose a selective pressure to

maintain serine availability for cancer cells in certain tissues early in tumor development.
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Therefore, cells that upregulate serine synthesis may be more capable of tumor initiation and
progression because they can produce the various biomass components derived from serine.

Apart from potential effects on tumor initiation, serine availability may alter the
apparent rate of tumor appearance. After tumor initiation, there is a period of proliferation
that occurs before tumors are macroscopically detectable (Tubiana, 1989). Even for
simultaneously initiated cancers, differences in serine availability could result in altered
proliferation rates throughout early tumor progression that affect the time for a cancer to
become clinically apparent. Thus, it could appear that higher serine diets promote cancer
initiation, when in fact they affect the rate of cancer progression. Many studies to understand
how diet affects cancer incidence are interpreted with respect to a risk of developing cancer;
however, this study suggests that dietary alterations in nutrients levels could instead shorten
the time for a cancer to become clinically apparent.

Serine availability is not the only metabolic parameter that can restrict tumor growth,
and other metabolic pathways are likely selected for in response to low availability of
microenvironmental nutrients. Which nutrients are most limiting for a given tumor is influenced
by vascularization (Farnsworth et al., 2014), metabolic cooperation and competition with
surrounding stromal and immune cells (Buck et al., 2017; Gupta et al., 2017), and nutrient
scavenging ability (Recouvreux and Commisso, 2017). Furthermore, metabolite competition for
membrane transport might affect nutrient uptake. As a consequence, plasma metabolite levels
may not fully predict the capacity of tumors to obtain certain nutrients. The complex interplay
between each of these factors could result in variability in which nutrients’ availability restrains

cancer cell proliferation, even within one tissue of origin. Determining which metabolites and
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pathways are limiting for tumor growth has the potential to explain how cancer-associated

genetic events arise and guide dietary interventions that reduce cancer progression.

MATERIALS AND METHODS

Mouse strains

PHGDH™™ mice were generated as described in (Mattaini et al., 2018), with the PHGDH*°
allele targeted to the ColA1 locus. PHGDH™ ! was expressed using a R26-M2rtTA unless
otherwise noted. Braf*; Tyr-CreER and Braf“*; PTEN"#; Tyr-CreER mice are described in
(Dankort et al., 2009), and were of mixed C57BL/6J and 12954/Svlael background. BRCA™1
Trp53*°; MMTV-Cre mice are described in (Xu et al., 1999). All experiments utilizing
BRCAMfTrp53*" mice also used an MMTV-rtTA (Whisenhunt et al., 2006) for mammary specific
expression of PHGDH. Female NOD.Cg-Prkdcsc® |/2rgt™Wi'/Sz) (NSG) and male C57BL/6J mice
were ordered from The Jackson Laboratory and were 12 weeks old at the time of experiments.

All experiments were carried out in accordance with MIT Committee on Animal Care guidelines.

Cell lines

Cells were passaged in RPMI-1640 (Corning Life Sciences, Tewksbury, MA) with 10% fetal
bovine serum (FBS) that had been heat inactivated for 30 min. at 56°C (VWR Seradigm, Lot
120B14). All cells were cultured in a Heracell (Thermofisher) humidified incubators at 37°C and
5% CO2. MDA-MB-231 cells were obtained from ATCC (Manassas, VA) and are derived from a

breast tumor in a female patient. A control autochthonous breast tumor from a female mouse
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lacking the PHGDH®™™ allele was used to generate the murine breast cancer cells, and that cell

line was genotyped to ensure that it lacked both Brcal and wild type Trp53.

Mouse procedures

Mice were housed in SPF facilities kept at 68-72 °F. For all experiments using PHGDH®®° and
control mice, all mice contained an rtTA and were treated with doxycycline; the only difference
between experimental groups was the presence or absence of the PHGDH®™ allele. Braf*; Tyr-
CreER mice were treated on days 3 and 5 after birth with 10 uL of 50 mg/mL 4-
hydroxytamoxifen (Cayman Chemical, Ann Arbor, Ml, 17308) dissolved in dimethylsulfoxide
using a paintbrush to spread the 4-hydroxytamoxifen across the underside of the mouse.
Braf®; Tyr-CreER mice were monitored for at least 1 year to determine if tumors developed.
BrafA; PTEN"/; Tyr-CreER mice were depilated with Nair (Church & Dwight, Ewing Township,
NJ) over a 1 cm? region in the lower center of the back, then treated the next day with 1 pL of
1.67 mg/mL 4-hydroxytamoxifen dissolved in 100% ethanol. Blood was collected from fed,
anesthetized mice by retro-orbital bleeding at 11 AM unless otherwise indicated. Blood was
placed directly into EDTA coated collection tubes (Sarstedt, Nimbrecht, Germany, 41.1395.105)
and centrifuged 10’ at 845 x g; the supernatant of plasma was transferred to another tube.
Mammary fat pad orthotopic injections were performed as described in (Kocaturk and
Versteeg, 2015) with the following modifications: for experiments with the cell lines made from
autochthonous breast tumors, 100,000 cells were injected in a volume of 100 uL phosphate
buffered saline (PBS). For MDA-MB-231 experiments, 500,000 cells were injected in a volume of

100 uL PBS. For the experiment in Figure 8E, 200,000 cells were injected in a volume of 80 uL
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PBS. All tumors were monitored by caliper measurements. Mice were de-identified so that
caliper measurements were blinded. Tumor volume was calculated using the formula % (width?
x length) and mice were euthanized when total tumor burden reached 1 cm3. For pancreatic
implantation of cells, 100,000 cells were suspended in 100 pL PBS and injected into the
pancreas. Mice were euthanized according to institutional guidelines and survival time was

recorded.

Diets

Doxycycline hyclate (625 mg/kg) was administered through the diet (Envigo, Huntingdon,
United Kingdom, TD.01306), which was changed once per week. Serine and glycine free
(TD.160752), control (TD.110839), and high serine (TD.160575) diets were purchased from

Envigo. Diet formulations are listed in Table 1.

Western blotting

Tumor pieces were homogenized in 1 mL RIPA buffer [25 mM Tris-Cl, 150 mM NaCl, 0.5%
sodium deoxycholate, 1% Triton X-100, 1x cOmplete protease inhibitor (Roche, Basel,
Switzerland)] using a GentleMACS tissue homogenizer (Miltenyi Biotec, Bergisch Gladbach,
Germany). For tissue culture cells, cells were scraped in 300 uL RIPA buffer. In each case, the
resulting lysate was clarified by centrifugation at 21000 x g for 20 min. Protein concentration of
the lysate was determined by BCA assay (Thermofisher). Lysates were resuspended at 1 mg/mL
in Laemmli SDS-PAGE sample loading buffer (10% glycerol, 2% SDS, 60 mM Tris-Cl pH 6.8, 1% b-

mercaptoethanol, 0.01% bromophenol blue) and denatured at 100°C for 5 min. Extracts (30 pg
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of protein) were resolved by SDS-PAGE using 12% acrylamide gels running at 120 V until the dye
front left the gel. After SDS-PAGE resolution, protein extracts were transferred to nitrocellulose
using an iBlot semi-dry transfer system (Thermofisher). Membranes were blocked in 5% non-fat
dry milk, incubated in primary antibodies to PHGDH (Sigma-Aldrich, St. Louis, MO, HPA021241,
1:1000) or vinculin (Abcam, Cambridge, MA, ab18058, 1:250) and detected using HRP-

conjugated secondary antibodies and chemiluminescence.

Histology

Tissues were fixed in 10% formalin (VWR, Radnor, PA, 48218-700) for 24 hours at room
temperature, then stored in 70% ethanol until embedding in paraffin. For
immunohistochemistry, antigen retrieval was performed at 97 °C for 20 minutes using pH 6.0
citrate buffer composed of 10 mM sodium citrate and 0.05% Tween 20. The following
antibodies were used for immunohistochemistry: Sox10 (Santa Cruz Biotechnology, Dallas, TX,
sc-17342, 1:100), PHGDH (Sigma-Aldrich, HPA021241, 1:2000), Ki67 (BD Biosciences, Franklin
Lakes, NJ, 550609, 1:40), and cleaved caspase 3 (Cell Signaling Technology, Danvers, MA 96618,
1:300). Slides were scanned using an Aperio slide scanner (Leica Biosystems, Wetzlar,
Germany), and images were analyzed using Aperio ImageScope. Ki67 and PHGDH staining was
guantitated using the Positive Pixel Counter v9 in Aperio ImageScope. For Ki67, a region of each
tumor measuring 1.5 mm by 0.7 mm was quantitated at 10x magnification. For PHGDH, 5
mammary glands were quantitated per mouse at 20x magnification using a color threshold of
0.1. Cleaved caspase 3 staining was quantitated by scoring 300 cells per tumor as positive or

negative. Samples were de-identified before all staining quantitation.

79



RT-qPCR

RNA was collected from tumors using Trizol reagent (Thermofisher, Waltham, MA). Tumor
pieces were digested in 1 mL of Trizol using a GentleMACS tissue homogenizer and RNA was
isolated according to standard protocol (Rio et al., 2010). cDNA was reverse transcribed using
an iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA). RT-gPCR was performed with SYBR Green

on a LightCycler 480 Il machine (Roche). Primers used are described in (Mattaini et al., 2018).

CRISPR interference

CRISPR interference (Qi et al., 2013) knockdown of PHGDH was performed using the pLV hU6-
sgRNA hUbC-dCas9-KRAB-T2a-Puro plasmid described in (Thakore et al., 2015) (Addgene
plasmid # 71236). Guides were selected using algorithms developed in (Horlbeck et al., 2016;

Sanson et al., 2018) and are listed in the Key Resources Table.

Cell culture and media

All cell lines were regularly tested for mycoplasma contamination using the Mycoprobe
mycoplasma detection kit (R and D Systems, Minneapolis, MN). For experiments, cells were
grown in RPMI-1640 with the indicated concentrations of serine with 10% FBS that has been
dialyzed to remove small molecules. RPMI-1640 with varying levels of serine was made using
the method outlined in (Muir et al., 2017). Briefly, enough of all of the components of RPMI-
1640 media except for serine were weighed out to make 25 L of media, then the resulting

powder was homogenized using an electric blade coffee grinder (Hamilton Beach, Glen Allen,
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VA, 80365) that had been washed with methanol then water. The resulting powder was
resuspended in water to make RPMI-1640 media lacking serine. Serine was dissolved in water
to make 1000-fold concentrated stock solutions, then added back to RPMI-1640 media lacking
serine to achieve the indicated concentrations of serine in RPMI. Cellular proliferation rate in
different media conditions was determined as previously described (Sullivan et al., 2015).
Briefly, cell lines proliferating in log phase in RPMI-1640 medium were trypsinized, counted and
plated into six well dishes (Corning Life Sciences) in 2 mL of RPMI-1640 medium and incubated
overnight. Initial seeding density was 40,000 cells/well. The next day, a six well plate of cells
was trypsinized and counted to provide a number of cells at the start of the experiment. Cells
were then washed twice with 2 mL of phosphate buffered saline (PBS), and 8 mL of the
indicated media was added. This large volume of media was chosen to prevent nutrient
depletion. Cells were then trypsinized and counted 4 days after adding the indicated media.
Proliferation rate was determined using the following formula: Proliferation rate in
doublings/day = [Log2(Final Day 4 cell count/Initial Day O cell count)]/4 days. Cells were

counted using a Cellometer Auto T4 Plus Cell Counter (Nexcelom Bioscience, Lawrence, MA).

Generation of mouse tumor cell lines

A control autochthonous breast tumor arising in a female BRCA"; Trp53*"; MMTV-Cre mouse
lacking the PHGDH®™ ™ allele was disaggregated using dissecting scissors, then resuspended in 5
mL sterile PBS with 3 mg/mL dispase Il (Roche), 1 mg/mL collagenase | (Worthington
Biochemical, Lakewood, NJ), and 0.1 mg/mL DNase | (Sigma-Aldrich). This solution was

incubated at 37 °C for 30 minutes, then EDTA was added to a final concentration of 10 mM to
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stop the digestion reaction. The digested tumor was passed through a 70 um cell strainer then
washed twice with sterile PBS and plated in RPMI-1640. Genomic DNA was isolated from the
cell line using a DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany) and genotyped using
standard PCR methods (Mattaini et al., 2018; Xu et al., 1999) to ensure that cell lines were

derived from tumor cells that had deleted Brcal and lacked any wild type Trp53.

Metabolite extraction

For analysis of mouse plasma, 5 plL of plasma was mixed with 5 plL of a standard composed of a
13C amino acid mix (Cambridge Isotopes, Tewksbury, MA, MSK-A2-1.2) diluted to a
concentration of 200 uM per amino acid in order to allow for absolute quantitation of amino
acid levels. 600 pL 80% HPLC grade methanol (Sigma-Aldrich, 646377-4X4L) containing 1 ug
norvaline (Sigma-Aldrich, N7627) per sample was added to each tube, vortexed for 10 minutes
at 4 °C, then centrifuged at 21000 x g at 4°C for 10 minutes. 400 uL of sample was removed and
dried under nitrogen. For analysis of tumor metabolites, tumors were snap-frozen in liquid
nitrogen, then ground on liquid nitrogen using a mortar and pestle to obtain a homogenous
powder. Approximately 10 mg of tumor powder was weighed, then 5 uL of a standard
composed of a 13C amino acid mix (Cambridge Isotopes, MSK-A2-1.2) diluted to a concentration
of 200 uM per amino acid, 600 pL HPLC grade methanol, 300 uL HPLC grade water (Sigma-
Aldrich), and 400 pL chloroform (Sigma-Aldrich) were added. Samples were vortexed for 10
minutes at 4 °C, then centrifuged at 21000 x g at 4°C for 10 minutes. 400 pL of the aqueous
layer was removed and dried under nitrogen.

13C-glucose tracing
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For tracing of 13C glucose into serine, 100,000 cells were plated per well in 6-well plates
(Corning Life Sciences) and allowed to attach overnight. Cells were then switched to media
containing uniformly labeled *3C glucose (U-*3C glucose) in place of glucose. Cells were
incubated for 24 hours in media containing *3C glucose. On ice, culture media was aspirated and
plates were washed three times with 150 mM NaCl. 600 uL of 80:20 HPLC grade methanol:HPLC
grade water was added to each well, and cells were scraped using the top end of a pipette tip.
The resulting liquid was transferred to an Eppendorf tube, vortexed for 10 minutes at 4 °C, then
centrifuged at 21000 x g at 4°C for 10 minutes. 400 pL of the aqueous layer was removed and

dried under nitrogen.

GC/MS

Polar metabolites were analyzed by GC-MS as described previously (Lewis et al., 2014). Dried
and frozen metabolite extracts were derivatized with 16 mL MOX reagent (Thermofisher, TS-
45950) for 60 min. at 37°C. Samples were then derivatized with N-tertbutyldimethylsilyl-N-
methyltrifluoroacetamide with 1% tert-butyldimethylchlorosilane (Sigma-Aldrich) 30 min. at
60°C. Following derivatization, samples were analyzed by GC/MS, using a DB-35MS column
(Agilent Technologies, Santa Clara, CA) installed in an Agilent 7890A gas chromatograph
coupled to an Agilent 5997B mass spectrometer. Helium was used as the carrier gas at a flow
rate of 1.2 mL/min. One microliter of sample was injected in split mode (all samples were split
1:1) at 270°C. After injection, the GC oven was held at 100°C for 1 min. and increased to 300°C
at 3.5 °C/min. The oven was then ramped to 320°C at 20 "C/min. and held for 5 min. at this

320°C. The MS system operated under electron impact ionization at 70 eV and the MS source
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and quadrupole were held at 230°C and 150°C respectively. The detector was used in scanning
mode, and the scanned ion range was 100-650 m/z. Mass isotopomer distributions were
determined by integrating appropriate ion fragments for each metabolite (Lewis et al., 2014)
using in-house software (Young et al., 2008) that corrects for natural abundance using
previously described methods (Fernandez et al., 1996). Absolute quantitation of samples was
obtained by comparing peak area for the *2C amino acid with the peak area of the
corresponding 13C standard. a-ketoglutarate abundance was quantitated by normalizing the a-
ketoglutarate peak area to a norvaline internal standard and to the weight of the tumor that

was extracted for analysis.

LC/MS

Dried tumor extracts were resuspended in 100 uL HPLC grade water. LC-MS analysis was
performed using a QExactive orbitrap mass spectrometer using an lon Max source and heated
electro- spray ionization (HESI) probe coupled to a Dionex Ultimate 3000 UPLC system
(Thermofisher). External mass calibration was performed every 7 days. Samples were separated
by chromatography by injecting 10 uL of sample on a SeQuant ZIC-pHILIC 2.1 mm x 150 mm (5
um particle size) column. Flow rate was set to 150 mL/min. and temperatures were set to 25°C
for the column compartment and 4°C for the autosampler tray. Mobile phase A was 20 mM
ammonium carbonate, 0.1% ammonium hydroxide. Mobile phase B was 100% acetonitrile. The
chromatographic gradient was: 0—20 min.: linear gradient from 80% to 20% mobile phase B;
20-20.5 min.: linear gradient from 20% to 80% mobile phase B; 20.5 to 28 min.: hold at 80%

mobile phase B. The mass spectrometer was operated in full scan, polarity-switching mode and
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the spray voltage was set to 3.0 kV, the heated capillary held at 275°C, and the HESI probe was
held at 350°C. The sheath gas flow rate was 40 units, the auxiliary gas flow was 15 units and the
sweep gas flow was one unit. The MS data acquisition was performed in a range of 70—1000
m/z, with the resolution set set at 70,000, the AGC target at 1x10°, and the maximum injection
time at 20 msec. Relative quantitation of polar metabolites was performed with XCalibur
QuanBrowser 2.2 (Thermo Fisher Scientific) using a 5 ppm mass tolerance and referencing an
in-house library of chemical standards. Peak areas were normalized to tumor weight and 3C-

leucine standard peak area.

Quantification and statistical analysis

Survival of Braf®®; PTEN"f; Tyr-CreER mice was compared using a stratified Cox proportional
hazards model in order to test whether PHGDH expression scales up the relative hazard ratios
in both male and female mice, which have different baseline hazards in this model. Survival of
BRCA™#; Trp53*- mice was compared using a Mantel-Cox log-rank test. Mice were excluded
from survival studies if they displayed non-tumor related health problems. No other data was

excluded from the study. All further statistical information is described in the figure legends.
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ABSTRACT

Methionine synthase (MTR) has long been recognized as an important enzyme in the
maintenance of both methionine metabolism and folate-dependent reactions, and early work
suggested that inhibition of MTR could restrain tumor growth. However, a lack of genetic tools
and inconsistent use of physiological culture conditions has confounded efforts to understand
the effects of inhibiting MTR in vivo and has precluded effective targeting of MTR in cancer.
Here we demonstrate that MTR is required for proliferation only in cells cultured in media
containing the physiological source of folate, 5-methyl tetrahydrofolate. We find that MTR is
necessary to maintain intracellular levels of both S-adenosyl methionine (SAM) and nucleotides,
but not methionine. Further, MTR is essential for tumor growth in mice because it is required to
access circulating folates, highlighting the importance of culturing cells in 5-methyl
tetrahydrofolate to accurately model folate and nucleotide metabolism. These results suggest
that MTR plays an important cell-autonomous role in maintenance of nucleotide and SAM

synthesis and that MTR may represent an effective therapeutic target in tumors.

INTRODUCTION

Folate metabolism is critical for cell survival and proliferation, as one-carbon units carried by
folate cofactors are necessary for nucleotide synthesis (Lane and Fan, 2015) as well as various
cellular methylation reactions (Chiang et al., 1996). There exist multiple folate species that cells
require for biosynthetic reactions (Figure 1A), and each of these molecules can be synthesized
within the cell from tetrahydrofolate (THF) (Ducker and Rabinowitz, 2017). In culture, cells are

typically provided with folic acid, a form of folate that can be converted to THF through the
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enzymatic action of dihydrofolate reductase (DHFR) (Figure 2A). However, in mammals, the
predominant circulating form of folate is 5-methyl tetrahydrofolate (5-methyl THF) (Pfeiffer et
al., 2015), a reduced form of folate that must be converted into tetrahydrofolate (THF) to be
utilized in subsequent biosynthetic reactions (Ducker and Rabinowitz, 2017). As environmental
levels of nutrients can strongly influence cellular metabolism (Muir et al., 2018), we sought to
understand how culturing cells in the physiological folate source, 5-methyl THF, impacts
metabolism.

Conversion of 5-methyl THF to THF is coupled to synthesis of the amino acid methionine
from homocysteine, a reaction catalyzed by the vitamin B12 (cobalamin)-dependent enzyme
methionine synthase (MTR) (Banerjee and Matthews, 1990; Stover, 2010) (Figure 2A). MTR is
the only known enzyme that can regenerate THF from 5-methyl THF. Loss of MTR activity from
cobalamin insufficiency causes accumulation of intracellular 5-methyl THF, a situation referred
to as the “methyl-folate trap” (Chanarin et al., 1985; Fujii et al., 1982). This irreversible
accumulation of 5-methyl THF results in limited THF availability to generate other reduced
forms of folate that are required for the biosynthesis of nucleotides. Given this critical role of
MTR in processing 5-methyl THF, culturing cells in folic acid might partially mask the necessity
of MTR for tumor growth. Indeed, some work has suggested that MTR deficiency causes folate-
related perturbations that affect cancer cell growth (McLean et al., 1997; Walker et al., 1997).

The folate source available in the environment may modulate MTR activity in a way that
impacts biosynthesis beyond folate metabolism. MTR is important for methionine and S-
adenosyl methionine (SAM) metabolism (Boss, 1985; Chanarin et al., 1985; Liteplo et al., 1991;

Matthews, 1997) and has been suggested to impair cancer cell growth by interfering with
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methionine and SAM synthesis (Liteplo et al., 1991; Matthews, 1997). In animals, MTR is also
important for maintaining whole-body methionine and SAM levels (Chanarin et al., 1985; Lumb
et al., 1983; Scott et al., 1981; van der Westhuyzen et al., 1982). Thus, the folate source
available to cancer cells may not only impact folate metabolism, but also methionine and SAM
levels in tumors. Methionine restriction can inhibit tumor growth (Chaturvedi et al., 2018), so
understanding the effects of culturing cells in 5-methyl THF on methionine metabolism could
also be important for understanding the role that MTR plays in tumor progression.

Multiple studies in humans have suggested that MTR may be important to sustain
tumor growth. Cancer progression was observed to be restrained in a human patient with
impaired cobalamin metabolism (Corcino et al., 1971). Further, inactivation of cobalamin
through administration of nitrous oxide has been shown to inhibit leukemia growth in humans
(Eastwood et al., 1963; lkeda et al., 1989). These studies have utilized inactivation of cobalamin
by nitrous oxide and other compounds, which may have secondary effects when administered
in patients. Thus, whether specific MTR inhibition restrains tumor progression in vivo and the
mechanistic effects of MTR inhibition that are most important for tumor growth remain
unclear.

We examine the role of MTR in tumor growth by knocking it out using CRISPR-Cas9 in
cancer cells and by growing these cells in 5-methyl THF. We find that growth in 5-methyl THF,
but not folic acid, imposes an absolute dependence on MTR for proliferation. Intracellular SAM
and nucleotide pools are reduced in the absence of MTR. Exogenous nucleotides are sufficient
to rescue this proliferation defect while methionine and SAM are not, suggesting that MTR loss

functionally inhibits growth through folate insufficiency and impaired nucleotide synthesis. In a
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mouse xenograft tumor model, MTR expression is essential for tumor growth, and MTR
knockout tumors can be fully rescued by supplementation of excess folic acid. Together, these
experiments demonstrate that MTR is critical for tumor growth due to its role in sustaining
folate metabolism and underscore the importance of culturing cells in the physiological source

of folates.

RESULTS

Cancer cells can be cultured in 5-methyl THF

The predominant folate in circulation in humans is 5-methyl THF (Pfeiffer et al., 2015); this is
also true in mice fed a standard mouse chow (Figure 2B). To accurately model folate
metabolism in cultured cells, we sought to determine whether adherent cancer cells could be
cultured using 5-methyl THF as the sole folate source and to then characterize the effect of
different folate sources on cell proliferation. Previous work has shown that leukemia cells can
be grown for short periods in 5-methyl THF (Liteplo et al., 1991; Matthews, 1997). To generalize
these findings to cancer cells derived from solid tumors, we utilized two cell lines, A549 and T.T,
that exhibit average MTR expression levels compared to all cell lines in The Cancer Genome
Atlas (Cancer Genome Atlas Research et al., 2013) (Figure 2C). We observed that folate
deprivation does not diminish the proliferation rate of either cell line over the course of a 4-day
experiment (Figure 2D-E), suggesting that cells may contain excess folate reserves that are
sufficient to sustain growth over this period. Additionally, the dialyzed fetal bovine serum used
to supplement the culture media contains low levels of both folic acid and 5-methyl THF (Figure

1B), suggesting that cells may be able to proliferate using these trace amounts of folates.
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Figure 1. Overview of folate metabolism. (A) Simplified schematic of folate metabolism. SHMT: serine
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methylenetetrahydrofolate dehydrogenase. MTHFR: methylenetetrahydrofolate reductase. MTR: methionine
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In order to examine the behavior of cells that only have access to 5-methyl THF as a folate
source, we chose to pre-incubate cells in media lacking folic acid for 3 days prior to each
experiment. After 3 days of folate deprivation, cells provided with folic acid or 5-methyl THF are
able to proliferate at their normal rate. In contrast, cells deprived of folic acid for longer periods
display a substantial growth defect, indicating that this pre-starvation effectively depletes
intracellular folate stores (Figure 2D-E). Providing 5-methyl THF as the sole folate source does
not alter the long-term proliferative capacity of adherent cancer cells, as passaging cells in 5-
methyl THF for 3 weeks does not alter their proliferation rate when switched back to standard
media containing folic acid as the folate source (Figure 2F). Further, 5-methyl THF sustains
proliferation at similar concentrations as folic acid (Figure 2G). Together, these results suggest
that 5-methyl THF is sufficient to sustain the growth of adherent cancer cells in the absence of
other folate sources. Of interest, the concentration of 5-methyl THF in plasma of mice is 153
nM (Figure 2B), a concentration that is not able to sustain maximal proliferation of A549 cancer
cells in culture. This suggests that folate availability may be limiting for rapidly proliferating cells
in vivo, consistent with reports that folate supplementation can accelerate the growth of some

tumors (Farber et al., 1947; Farber et al., 1948; Hansen et al., 2017).
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Figure 2. Adherent cells can be cultured in 5-methyl THF. (A) Schematic of folate and methionine metabolism.
SAM: S-adenosyl methionine. SAH: S-adenosyl homocysteine. MTR: methionine synthase. (B) LC/MS
measurement of 5-methyl THF and folic acid concentration in plasma from NSG mice. n = 10 mice. (C) Histogram
of MTR expression in cell lines in The Cancer Genome Atlas. Proliferation rate of A549 (D) and T.T (E) cells in the
presence of the indicated folate sources after either no pre-starvation or 3 days of folic acid pre-starvation. (F)
Proliferation rate of A549 cells in the indicated growth media after 3 weeks of passaging in media containing
either folic acid or 5-methyl THF as a folate source. (G) Proliferation rate of A549 cells in media containing the
indicated amounts of either folic acid or 5-methyl THF.

Mean +/- SD is displayed for all panels. p values indicated on all panels are derived from two-tailed, unpaired
Welch’s t tests.
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MTR is necessary for growth in a physiological folate source

As cancer cells are able to proliferate in culture with 5-methyl THF as the sole folate source, we
sought to use this system to examine the role of MTR in cancer. To this end, MTR was knocked
out in A549 and T.T cells using CRISPR-Cas9 editing (sgMTR), and an sgRNA-resistant version of
MTR was added back to each cell line (Figure 3A). In both cell lines, MTR is essential for growth
when 5-methyl THF is the sole folate source (Figure 3B-C). Interestingly, sgMTR A549 cells
display a proliferative defect even when folic acid is provided (Figure 3B), indicating that these
cells either require MTR for another purpose in addition to utilization of exogenous 5-methyl
THF or that exogenous folic acid is partially converted to and then trapped as 5-methyl THF in
the absence of MTR. However, MTR knockout T.T cells do not display any growth defect when
folic acid is provided (Figure 3C), suggesting that the proliferation of these cells is dependent on

MTR only for processing of exogenous 5-methyl THF.
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Figure 3. Methionine synthase is essential for growth in 5-methyl THF. (A) Western blot analysis of MTR
expression in A549 and T.T cells containing an sgRNA targeting MTR. Cells either contain an empty vector (+EV)
or express sgRNA resistant MTR (+MTR). Proliferation rates of A549 (B) and T.T (C) cells with no MTR expression
(+EV) or expression of sgRNA resistant MTR (+MTR). Cells were grown in the indicated folate sources after 3 days
of folate pre-starvation.

Mean +/- SD is displayed for all panels. p values indicated on all panels are derived from two-tailed, unpaired
Welch’s t tests.
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MTR expression is not necessary to maintain methionine levels

To understand the physiological role of MTR in supporting proliferation in 5-methyl THF, we
examined the metabolic consequences of MTR loss. MTR can support both methionine and
folate metabolism, and we sought to determine if metabolism of either is altered in cancer cells
upon MTR loss. First we considered methionine metabolism. If failure to synthesize methionine
upon MTR loss results in intracellular methionine levels insufficient for growth, addition of
exogenous methionine should promote proliferation. RPMI-1640 cell culture media used in this
study contains 100 uM methionine, similar to the circulating plasma methionine level in mice
(see Chapter 2). Providing additional methionine above that level did not rescue proliferation of
MTR knockout cells (Figure 4A, Figure 5A), suggesting that they do not fail to proliferate due to
a lack of methionine. Indeed, methionine levels are actually higher within MTR knockout cells
than control cells (Figure 4B, Figure 5B). This is likely a non-specific consequence of their
reduced proliferation rate, as other nonessential amino acids such as serine and essential
amino acids such as lysine accumulate as well (Figure 4B, Figure 5B). Together, these results
suggest that MTR knockout cells are not deficient in methionine for growth and that MTR is not
required to maintain intracellular methionine pools given physiological levels of exogenous

methionine.

MTR deletion perturbs SAM metabolism
Methionine is directly converted to S-adenosylmethionine SAM by addition of an adenosine
triphosphate (ATP) molecule. In contrast to methionine, SAM pool sizes are decreased in MTR

knockout cells (Figure 4C, Figure 5C). Low SAM levels could affect proliferation by altering the
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cellular methylation state (Cho et al., 2012; Su et al., 2016), or by inhibiting activation of
mTORC1 kinase (Gu et al., 2017). However, SAM levels are reduced regardless of the exogenous
folate source upon loss of MTR (Figure 4C, Figure 5C) and therefore do not correlate with
proliferation rate, suggesting that alterations in SAM levels are not responsible for reduced
proliferation of MTR knockout cells in 5-methyl THF. Further, similar decreases in levels of the
downstream metabolite S-adenosylhomocysteine (SAH) render the SAM/SAH ratio
uncorrelated with MTR expression or folate source (Figure 4C, Figure 5C). Together, these
experiments suggest that MTR expression is required to maintain SAM and SAH pool sizes, but
not the SAM/SAH ratio. Further, depleted SAM/SAH pools do not explain the proliferation
defects observed in the absence of MTR. Collectively, this suggests that supporting methionine

metabolism is not a critical function of MTR when cells are cultured in physiological folates.
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Figure 4. MTR expression affects SAM but not methionine metabolism. (A) Proliferation rates of A549 cells with
no MTR expression (+EV) or expression of sgRNA resistant MTR (+MTR) in the indicated folate sources with or
without the addition of 1 mM methionine in addition to the 100 uM methionine present in RPMI-1640 culture
media. (B) LC/MS measurement of intracellular methionine, lysine, and serine levels in A549 cells with no MTR
expression (+EV) or expression of sgRNA resistant MTR (+MTR) grown for 4 days in the indicated folate sources.
Data are normalized to the total protein content of cells in each condition. (C) LC/MS measurement of
intracellular SAM and SAH levels in A549 cells with no MTR expression (+EV) or expression of sgRNA resistant
MTR (+MTR) grown for 4 days in the indicated folate sources. Data are normalized to the total protein content
of cells in each condition.
Mean +/- SD is displayed for all panels. p values indicated on all panels are derived from two-tailed, unpaired
Welch’s t tests.
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Figure 5. MTR expression affects SAM but not methionine metabolism in T.T cells. (A) Proliferation rates of T.T
cells with no MTR expression (+EV) or expression of sgRNA resistant MTR (+MTR) in the indicated folate sources
with or without the addition of 1 mM methionine in addition to the 100 uM methionine present in RPMI-1640
culture media. (B) LC/MS measurement of intracellular methionine, lysine, and serine levels in T.T cells with no
MTR expression (+EV) or expression of sgRNA resistant MTR (+MTR) grown for 4 days in the indicated folate
sources. Data are normalized to the total protein content of cells in each condition. (C) LC/MS measurement of
intracellular SAM and SAH levels in T.T cells with no MTR expression (+EV) or expression of sgRNA resistant MTR
(+MTR) grown for 4 days in the indicated folate sources. Data are normalized to the total protein content of cells
in each condition.

Mean +/- SD is displayed for all panels. p values indicated on all panels are derived from two-tailed, unpaired
Welch’s t tests.
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MTR is required for nucleotide synthesis
MTR expression is required to convert 5-methyl THF into THF for use in nucleotide synthesis.
Thus, nucleotide synthesis may be compromised by loss of MTR. Indeed, levels of adenosine
nucleotides are decreased in MTR knockout cells (Figure 6A, Figure 7A). Adenosine nucleotide
levels are further decreased in MTR knockout cells grown in 5-methyl THF relative to those
grown in folic acid, correlating with the greater reduction in proliferation rate of MTR knockout
cells in 5 methyl THF (Figure 6A, Figure 7A). In addition to direct effects on nucleotide synthesis,
folate insufficiency may impact SAM synthesis, as the nucleotide ATP is required to synthesize
SAM from methionine (Mato et al., 1997). Thus, impaired nucleotide synthesis due to altered
folate metabolism could explain the decreased SAM and SAH levels observed in MTR knockout
cells, rather than being a result of impaired methionine metabolism.

If nucleotide synthesis is impaired due to a lack of reduced folate species derived from
THF, intermediates in nucleotide synthesis prior to steps that utilize folates should accumulate
(Labuschagne et al., 2014) (Figure 6B). Consistent with this possibility, levels of two
intermediates in purine synthesis upstream of folate-utilizing steps, glycinamide ribonucleotide
(GAR) and 5-amino-4-imidazolecarboxamide ribonucleotide (AICAR), are elevated in MTR
knockout cells (Figure 6C, Figure 7B). GAR and AICAR levels further increase in MTR knockout
cells cultured in 5-methyl THF relative to cells grown in folic acid, suggesting that these cells

have particularly impaired purine nucleotide synthesis.
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Figure 6. MTR knockout results in folate insufficiency and impairs nucleotide synthesis. (A) LC/MS
measurement of intracellular AMP, ADP, and ATP levels in A549 cells with no MTR expression (+EV) or expression
of sgRNA resistant MTR (+MTR) grown for 4 days in the indicated folate sources. (B) Schematic of purine
synthesis. GAR: glycinamide ribonucleotide. fGAR: 5'-phosphoribosyl-N-formylglycinamide. AICAR: 5-amino-4-
imidazolecarboxamide ribonucleotide. FAICAR: 5-formamidoimidazole-4-carboxamide ribonucleotide. IMP:
inosine monophosphate. THF: tetrahydrofolate. (C) LC/MS measurement of intracellular GAR, AICAR, and IMP
levels in A549 cells with no MTR expression (+EV) or expression of sgRNA resistant MTR (+MTR) grown for 4 days
in the indicated folate sources. (D) LC/MS measurement of intracellular dTMP levels in A549 cells with no MTR
expression (+EV) or expression of sgRNA resistant MTR (+MTR) grown for 4 days in the indicated folate sources.
(E) Proliferation rates of A549 cells with no MTR expression (+EV) or expression of sgRNA resistant MTR (+MTR)
in the indicated folate sources with or without the addition of 100 uM thymidine, 100 uM uridine, and 100 uM
hypoxanthine (Thymidine + uridine + hypoxanthine).

Mean +/- SD is displayed for all panels. p values indicated on all panels are derived from two-tailed, unpaired
Welch’s t tests. For all LC/MS measurements, data are normalized to the total protein content of cells in each
condition.
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Figure 7. MTR knockout results in folate insufficiency and impairs nucleotide synthesis in T.T cells. (A) LC/MS
measurement of intracellular AMP, ADP, and ATP levels in T.T cells with no MTR expression (+EV) or expression
of sgRNA resistant MTR (+MTR) grown for 4 days in the indicated folate sources. (B) LC/MS measurement of
intracellular GAR, AICAR, and IMP levels in T.T cells with no MTR expression (+EV) or expression of sgRNA
resistant MTR (+MTR) grown for 4 days in the indicated folate sources. (C) LC/MS measurement of intracellular
dTMP levels in T.T cells with no MTR expression (+EV) or expression of sgRNA resistant MTR (+MTR) grown for 4
days in the indicated folate sources.

Mean +/- SD is displayed for all panels. p values indicated on all panels are derived from two-tailed, unpaired

Welch’s t tests. For all LC/MS measurements, data are normalized to the total protein content of cells in each
condition.
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Further supporting this conclusion, inosine monophosphate (IMP), a purine precursor
downstream of GAR and AICAR, is depleted in MTR knockout cells. IMP levels are also further
depleted in MTR knockout cells grown in 5-methyl THF (Figure 6C, Figure 7B). If folate
metabolism is globally disrupted by MTR knockout, cells should also have impaired pyrimidine
synthesis, as deoxythymidine monophosphate (dTMP) synthesis requires a one-carbon unit in
its synthesis. Indeed, dTMP levels are depleted in MTR knockout cells grown in 5-methyl THF
(Figure 6D, FC). Addition of exogenous nucleosides is able to fully rescue the growth of MTR
knockout cells, suggesting that the proliferative defect observed in MTR knockout cells in
culture is driven by depleted nucleotide levels (Figure 6E).

MTR is necessary for tumor growth in order to maintain folate metabolism

If MTR is required to support folate metabolism and nucleotide synthesis in cancer cells that are
cultured in 5-methyl THF, it should be required for tumor growth in vivo as 5-methyl THF is the
predominant folate present in human (Pfeiffer et al., 2015) and mouse (Figure 2B) plasma.
However, folic acid is also present in the circulation of both humans (Pfeiffer et al., 2015) and
mice (Figure 2B), and may be sufficient to sustain tumor growth in the absence of MTR. To
address whether MTR is necessary for tumor growth in vivo, we injected A549 cells into the
flanks of NOD.Cg-Prkdcsc |12rgt™1Wi'/Sz) (NSG) mice that were fed a diet containing folic acid at
levels consistent with a human diet (Bailey et al., 2010; Reeves, 1997). MTR expression was
essential for tumor formation, as no tumors formed in mice injected with MTR knockout cells
(Figure 5A). If MTR is essential for tumor growth solely by supporting folate metabolism and not
methionine or SAM levels, folic acid supplementation should rescue the growth of MTR

knockout cells by providing a folate source that circumvents the need for 5 methyl-THF
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conversion to THF by MTR. Provision of folic acid in the drinking water of mice results in
increased plasma folic acid levels in some mice (Figure 8B), without altering 5-methyl THF levels
in circulation (Figure 8C). The degree of increase in plasma folic acid levels was variable and did
not result in a statistically significant increase in average folic acid concentration (Figure 8B);
however, folic acid supplementation is sufficient to fully rescue the growth of MTR knockout
tumors (Figure 8D), suggesting that MTR is essential for tumor growth due to its role in

producing THF.

112



Folic acid

A A549 sgMTR B o100
xenografts p="
. 100 o
= TS 92
+ 0.61 5} %
L o ~
= o €
[ = 0
= 0.44 e =
S g =
E 0.2 3 8
— D_“_’ =
d.
ool 8 , |
+EV  +MTR Control  Folic acid water
C 5-methyl THF
p = 0.525 D - p =0.1057
L 300- ‘ | = .
T o~ 2 =
Fs ¢ = 15 p=0.4961
= £ 5 r—|
> —
< 200 ﬂ- o | "
’{ég Yo A E 1.0
© G
O g . . E 05{ . %—
o § 1004 E
E £ n.d.
g 8 0.0 T T T T
o 0 T T _IVITR + + - -
Control  Folic acid water Folic acid - + - +

Figure 8. MTR is essential to maintain folate metabolism in tumors. (A) Tumor weight of subcutaneous
xenografts formed by injecting 100,000 A549 cells with no MTR expression (+EV) or expression of sgRNA resistant
MTR (+MTR) into the flanks of NSG mice. Tumors were harvested 4 months after injection. n.d.: tumors were not
detected. Plasma concentration of folic acid (B) and 5-methyl THF (C) in NSG mice provided with either normal
water (Control) or water containing 0.1 g/L folic acid (Folic acid water). (D) Tumor weight of subcutaneous
xenografts formed by injecting 1,000,000 A549 cells with no MTR expression or expression of sgRNA resistant
MTR (+MTR) into the flanks of NSG mice. Mice were provided either with normal water or water containing 0.1
g/L folic acid from the day the cells were injected throughout the experiment. Tumors were harvested 3 months
after injection. n.d.: tumors were not detected.

Mean +/- SD is displayed for all panels. p values indicated on all panels are derived from two-tailed, unpaired
Welch’s t tests.
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DISCUSSION

Folate metabolism is inaccurately modeled in standard culture conditions

Commercial culture media formulations typically contain folic acid as the folate source. Though
folic acid is fully capable of supporting cancer cell proliferation, it results in improperly modeled
metabolism; MTR is dispensable for proliferation in standard culture media but is essential for
growth in the physiological folate source 5-methyl THF in vitro and in vivo. Other enzymes
related to MTR are also probably essential under physiological conditions. These enzymes may
include those that process and transport cobalamin, as well as methionine synthase reductase
(MTRR), which serves to chaperone (Yamada et al., 2006) and regenerate MTR (Olteanu and
Banerjee, 2001). The function of other folate-related enzymes is likely altered by the choice of
folate source in culture and it will be important for studies of folate metabolism to be carried
out using 5-methyl THF rather than folic acid. Studies of anti-folate drugs should also be
performed using media containing 5-methyl THF, as many anti-folates reduce the production of
THF from folic acid by inhibiting dihydrofolate reductase (DHFR). Thus, these anti-folates would
be expected to be more toxic to cells grown in folic acid than those cultured in 5-methyl THF,
which is converted to THF without requiring DHFR. Broadly, folate metabolism is intricately
linked to many metabolic pathways and cellular processes, and future studies are warranted to
determine how cellular metabolism operates when constrained by physiological folates.

SAM and nucleotide levels can be altered without changing proliferation rate

MTR expression appears to be necessary to maintain maximal intracellular nucleotide, SAM,
and SAH concentrations even when cells are provided with folic acid in the media, suggesting

that cancer cells are not able to efficiently use folic acid as a folate source in the absence of
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MTR. However, cells are still able to maintain proliferation even with lower intracellular
nucleotide, SAM, and SAH levels; in fact, in the T.T. cell line, proliferation rate is unchanged
despite these metabolic alterations. Therefore, cells have a substantial capacity to tolerate
decreases in SAM and nucleotide levels. If tumor cells in vivo are somewhat limited by folate
availability, it may be that cancer cells contain far less SAM and nucleotides in vivo than in
culture. This would have implications not only for the study of nucleotide metabolism and anti-
folates, but also for the design of drugs that compete with nucleotides for binding to target
proteins. We note that it may still be true that MTR knockout affects phenotypes other than
proliferation rate. For instance, the epigenetic state of cells may be altered by changes in SAM
and SAH levels in a manner that is not discernable by measuring growth rate but that is still
important for cell function. Further study of the role of MTR in cells that are sensitive to
epigenetic changes will yield insight into the role that metabolism plays in cell state.

MTR impacts SAM levels by reducing nucleotide synthesis

On a whole-animal level, MTR contributes to methionine synthesis. However, animals are
capable of synthesizing methionine through betaine-homocysteine S-methyltransferase (BHMT)
even in the absence of MTR (Chanarin et al., 1985), and we observe that MTR is not critical for
maintaining methionine levels in a cancer cell-autonomous fashion. However, despite the
presence of sufficient methionine, SAM and SAH levels are depleted in MTR knockout cells.
Thus, methionine levels likely are not the critical determinant of SAM levels when MTR is
inhibited. Instead, it appears that impaired ATP synthesis due to folate deficiency can lead to
depletion of SAM pools in cells lacking MTR activity. Interestingly, depletion of adenosine

nucleotides has been demonstrated to hinder cell growth in part through inhibition of mMTORC1
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signaling (Emmanuel et al., 2017; Hoxhaj et al., 2017). Given that SAM and SAH are sensed by
the protein SAMTOR and are necessary to activate mTORC1 signaling (Gu et al., 2017), reduced
SAM levels may provide a mechanism by which mTORC1 can sense adenosine availability.
Further study of the crosstalk between folate availability, SAM levels, and ATP levels will have
implications for understanding metabolic growth signals to the mTORC1 pathway.

MTR represents a therapeutic target in tumors responsive to anti-folates

MTR expression is essential for xenograft growth. However, its potential utility as a therapeutic
target in cancer relies upon tumor cells having a higher demand for MTR activity than non-
cancer cells. Given that MTR expression appears to be necessary to support tumor folate
metabolism rather than methionine or SAM synthesis, tumor types with a high demand for
nucleotide synthesis might be expected to respond to inhibition of MTR. Cancers that are
responsive to anti-folates might represent one such subset of malignancies. MTR inhibition may
have a different therapeutic window than anti-folates; for instance, non-small cell lung cancer
(NSCLC) can be treated with pemetrexed, an anti-folate with multiple targets including
thymidylate synthase (TS) (Li et al., 2014). However, TS is overexpressed in NSCLC (Otake et al.,
1999), suggesting that tumor cells may have some ability to cope with inhibition of TS that
normal cells lack. Despite this, pemetrexed still retains a therapeutic window for treatment of
NSCLC. Inhibition of MTR or other related enzymes such as MTRR may present an alternative

way to inhibit nucleotide synthesis that tumors may not be well-equipped to overcome.
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MATERIALS AND METHODS

Cell culture

Cells were passaged in RPMI-1640 (Corning Life Sciences, Tewksbury, MA) with 10% fetal
bovine serum (FBS) that had been heat inactivated for 30 min. at 56°C (VWR Seradigm, Lot
120B14). All cells were cultured in a Heracell (Thermofisher) humidified incubators at 37°C and
5% CO,. A549 cells were obtained from ATCC (Manassas, VA). A549 cells are derived from a
lung adenocarcinoma in a male patient. T.T cells were derived from an oral metastasis of an
esophageal squamous cell carcinoma in a male patient. All cell lines were regularly tested for
mycoplasma contamination using the Mycoprobe mycoplasma detection kit (R and D Systems,
Minneapolis, MN). For experiments, cells were grown in RPMI-1640 without phenol red with
10% FBS that has been dialyzed to remove small molecules. RPMI-1640 lacking folic acid was
made using the method outlined in (Muir et al., 2017). Briefly, enough of all of the components
of RPMI-1640 media except for folic acid were weighed out to make 25 L of media, then the
resulting powder was homogenized using an electric blade coffee grinder (Hamilton Beach,
Glen Allen, VA, 80365) that had been washed with methanol then water. The resulting powder
was resuspended in water to make RPMI-1640 media lacking folic acid. Folic acid (Sigma-
Aldrich, St. Louis, MO, F8758) or (6S)-5-Methyl-5,6,7,8-tetrahydrofolic acid (5-methyl THF)
(Schircks Laboratories, Bauma, Switzerland, 16.236) was dissolved in water to make 1000-fold
concentrated stock solutions, then added back to RPMI-1640 media lacking folic acid. For
experiments in which excess methionine was added to media, a 100 mM stock of methionine
(Sigma-Aldrich) was generated in water and added back to RPMI-1640 media with the indicated

folate source.
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Proliferation assays

Cellular proliferation rate in different media conditions was determined as previously described
(Sullivan et al., 2015). Cell lines were pre-starved of folic acid for 3 days, a time period that was
empirically determined to be the longest folic acid starvation that still allowed for full recovery
of maximal proliferation rate when cells were provided a folate source. For the 3 day pre-
starvation, cells were plated into RPMI-1640 lacking folic acid at a density of 300,000 cells per
10 mL such that the cells were proliferating in log phase after 3 days. Cells were trypsinized,
counted and plated into six well dishes (Corning Life Sciences) in 2 mL of RPMI-1640 medium
lacking folic acid and incubated overnight. Initial seeding density was 40,000 cells/well. The
next day, a six well plate of cells was trypsinized and counted to provide a number of cells at
the start of the experiment. Cells were then washed twice with 2 mL of phosphate buffered
saline (PBS), and 2 mL of the indicated media was added. For rescue experiments, 1 mM
methionine, 1 mM SAM (Sigma-Aldrich, A7007), or the combination of 100 uM each uridine,
thymidine, and hypoxanthine were added to the experimental media. Cells were then
trypsinized and counted 4 days after adding the indicated media. Proliferation rate was
determined using the following formula: Proliferation rate in doublings/day = [Log2(Final Day 4
cell count/Initial Day O cell count)]/4 days. Cells were counted using a Cellometer Auto T4 Plus

Cell Counter (Nexcelom Bioscience, Lawrence, MA).

Generation of MTR knockout cell lines
MTR knockout using CRISPR-Cas9 was accomplished using the pLenti-CRISPR v2 plasmid

(Addgene Plasmid 49535) (Sanjana et al., 2014). sgRNAs were designed based on previously
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described algorithms (Hart et al., 2015), and MTR knockout was carried out using the following
sgRNA sequence: TGGCATTGATCTCATCCCGC. Cell lines were diluted in 96 well plates to obtain
single cell clones, and loss of MTR expression in individual clones was confirmed by western
blot. sgRNA resistant cDNA of MTR was ordered from VectorBuilder (Shenandoah, TX) with

silent mutations in the region of the gene targeted by the sgRNA.

Western blotting

Cells were scraped in 300 uL — 1 mL RIPA buffer [25 mM Tris-Cl, 150 mM NacCl, 0.5% sodium
deoxycholate, 1% Triton X-100, 1x cOmplete protease inhibitor (Roche, Basel, Switzerland), 1x
phosSTOP (Sigma-Aldrich)]. The resulting lysate was clarified by centrifugation at 21000 x g for
10 min. Protein concentration of the lysate was determined by BCA assay (Thermofisher).
Lysates were resuspended at 1 mg/mL in Laemmli SDS-PAGE sample loading buffer (10%
glycerol, 2% SDS, 60 mM Tris-Cl pH 6.8, 1% b-mercaptoethanol, 0.01% bromophenol blue) and
denatured at 100°C for 5 min. Extracts (30 pg of protein) were resolved by SDS-PAGE using 12%
acrylamide gels running at 120 V until the dye front left the gel. After SDS-PAGE resolution,
protein extracts were transferred to nitrocellulose using an iBlot semi-dry transfer system
(Thermofisher). Membranes were blocked in 5% non-fat dry milk, incubated in primary
antibodies to MTR (Abcam, Cambridge, UK, ab66039, 1:1000) or B-actin (Cell Signaling
Technology, Danvers, MA 8457, 1:1000) and detected using HRP-conjugated secondary

antibodies and chemiluminescence.
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Metabolite extraction

For analysis of mouse plasma folates, 10 uL of plasma was mixed with 90 pL extraction buffer
(80:20 methanol:water with 2.5 mM sodium ascorbate, 25 mM ammonium acetate, 100 nM
aminopterin). Samples were vortexed for 10 minutes at 4 °C, then centrifuged at 21000 x g at
4°C for 10 minutes. Supernatant was removed and dried under nitrogen. For cell extraction, 5
uL of a standard composed of a 3C amino acid mix (Cambridge Isotopes, Tewksbury, MA, MSK-
A2-1.2) diluted to a concentration of 200 uM per amino acid was added to 600 pL 80% HPLC
grade methanol (Sigma-Aldrich, 646377-4X4L) and added to cells. Cells were then scraped,
transferred to an Eppendorf tube, vortexed for 10 minutes at 4 °C, then centrifuged at 21000 x

g at 4°C for 10 minutes. 400 uL of sample was removed and dried under nitrogen.

LC/MS for polar metabolites

Dried samples were resuspended in 100 puL HPLC grade water. LC-MS analysis was performed
using a QExactive orbitrap mass spectrometer using an lon Max source and heated electro-
spray ionization (HESI) probe coupled to a Dionex Ultimate 3000 UPLC system (Thermofisher).
External mass calibration was performed every 7 days. Polar metabolite samples were
separated by chromatography by injecting 10 uL of sample on a SeQuant ZIC-pHILIC 2.1 mm x
150 mm (5 um particle size) column. Flow rate was set to 150 mL/min. and temperatures were
set to 25°C for the column compartment and 4°C for the autosampler tray. Mobile phase A was
20 mM ammonium carbonate, 0.1% ammonium hydroxide. Mobile phase B was 100%
acetonitrile. The chromatographic gradient was: 0—20 min.: linear gradient from 80% to 20%

mobile phase B; 20-20.5 min.: linear gradient from 20% to 80% mobile phase B; 20.5 to 28
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min.: hold at 80% mobile phase B. The mass spectrometer was operated in full scan, polarity-
switching mode and the spray voltage was set to 3.0 kV, the heated capillary held at 275°C, and
the HESI probe was held at 350°C. The sheath gas flow rate was 40 units, the auxiliary gas flow
was 15 units and the sweep gas flow was one unit. The MS data acquisition was performed in a
range of 70-1000 m/z, with the resolution set set at 70,000, the AGC target at 1x10°, and the
maximum injection time at 20 msec. Relative quantitation of metabolites was performed with
XCalibur QuanBrowser 2.2 (Thermo Fisher Scientific) using a 5 ppm mass tolerance and
referencing an in-house library of chemical standards. Peak areas were normalized to cell

number and '3C-amino acid standard peak areas.

LC/MS for folate species

Detection of folate species was performed on the same instrumentation described above, as
outlined in (Kanarek et al., 2018). In general, instrument settings remained the same unless
specified. Samples were resuspended in 100 pL water and 15 puL was injected onto an Ascentis®
Express C18 HPLC column (2.7 um x 15 cm x 2.1 mm; Sigma Aldrich). The column oven and
autosampler tray were held at 30°C and 4°C, respectively. The following conditions were used
to achieve chromatographic separation: Buffer A was 0.1% formic acid; buffer B was acetonitrile
with 0.1% formic acid. The chromatographic gradient was run at a flow rate of 0.250 mL/min as
follows: 0-5min.: gradient was held at 5% B; 5-10 min.: linear gradient of 5% to 36% B; 10.1-14.0
min.: linear gradient from 36%-95% B; 14.1-18.0 min.: gradient was returned to 5% B. The mass
spectrometer was operated in full-scan, positive ionization mode. MS data acquisition was

performed using three narrow-range scans: 438-450 m/z; 452-462 m/z; and 470-478 m/z, with
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the resolution set at 70,000, the AGC target at 10e6, and the maximum injection time of 150
msec. Relative quantitation of folate species was performed with XCalibur QuanBrowser 2.2
(Thermo Fisher Scientific) using a 5 ppm mass tolerance. Folate species were identified using

chemical standards.

Mouse procedures

Cells were trypsininzed and either 100,000 or 1,000,000 cells were resuspended in 100 pL PBS
as indicated on figure legends. Cells were injected into the flanks of NSG mice. Mice were
euthanized according to institutional guidelines and tumor weight was recorded. 0.1 g/L folic
acid water was prepared by resuspending folic acid in tap water, then filtering the mixture

through a 0.22 um filter to sterilize the water.

Blood collection
Blood was collected from fed, anesthetized mice by retro-orbital bleeding at 11 AM. Blood was
placed directly into EDTA coated collection tubes (Sarstedt, Nimbrecht, Germany, 41.1395.105)

and centrifuged 10’ at 845 x g; the supernatant of plasma was transferred to another tube.
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ABSTRACT

Cancer cell metabolism is heavily influenced by microenvironmental factors, including nutrient
availability. Therefore, knowledge of microenvironmental nutrient levels is essential to
understand tumor metabolism. To measure the extracellular nutrient levels available to tumors,
we developed a quantitative metabolomics method to measure the absolute concentrations of
>118 metabolites in plasma and tumor interstitial fluid, the extracellular fluid that perfuses
tumors. Comparison of nutrient levels in tumor interstitial fluid and plasma revealed that the
nutrients available to tumors differ from those present in circulation. Further, by comparing
interstitial fluid nutrient levels between autochthonous and transplant models of murine
pancreatic and lung adenocarcinoma, we found that tumor type, anatomical location and
animal diet affect local nutrient availability. These data provide a comprehensive
characterization of the nutrients present in the tumor microenvironment of widely used models

of lung and pancreatic cancer and identify factors that influence metabolite levels in tumors.

INTRODUCTION

Tumors exhibit altered metabolism compared to non-transformed tissues (DeBerardinis and
Chandel, 2016). For example, animal limbs transformed with oncogenic viruses exhibit
increased glucose uptake and lactate secretion relative to unaffected limbs (Cori and Cori,
1925). Some aspects of tumor metabolism, including higher rates of glucose fermentation to
lactate, are cell-intrinsic features that are retained when cancer cells are isolated from tumors

(Koppenol et al., 2011). Indeed, numerous studies have delineated how cell-intrinsic factors
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such as oncogenic genetic lesions or epigenetic state alter cellular metabolism, causing
phenotypes such as increased glycolysis (Nagarajan et al., 2016).

However, beyond cell-intrinsic alterations, tumors have modified tissue architecture and
an altered tissue microenvironment; these cell-extrinsic factors can also impact the metabolism
of tumors (Muir et al., 2018). For instance, the metabolic utilization of both glucose and the
amino acid glutamine differs between cells growing in culture and murine tumor models.
(Davidson et al., 2016; Muir et al., 2017; Sellers et al., 2015; Tardito et al., 2015). Further, the
metabolic enzymes that cancer cells rely upon for proliferation in culture are different than
those that the same cells utilize to support growth and survival in tumors (Alvarez et al., 2017;
Possemato et al., 2011; Yau et al., 2017). Thus, cancer cell metabolism is influenced by
microenvironmental cues.

Numerous microenvironmental factors affect cancer cell metabolism (Anastasiou, 2017;
Bi et al., 2018; Muir et al., 2018; Wolpaw and Dang, 2018), including the presence of stromal
cells (Lyssiotis and Kimmelman, 2017; Morandi et al., 2016), tumor acidity (Corbet and Feron,
2017; Persi et al., 2018), extracellular matrix properties (DelNero et al., 2018; Tung et al., 2015)
and tumor nutrient levels (Muir and Vander Heiden, 2018). In particular, environmental
nutrient availability is an important regulator of cancer cell metabolism (Cantor et al., 2017;
Muir et al., 2017; Schug et al., 2015; Tardito et al., 2015). Nutrient differences between
standard cell culture and animal tumor models can drive substantial changes in cancer cell
metabolism that alter the response of cancer cells to metabolically targeted drugs (Cantor et
al., 2017; Gui et al., 2016; Muir et al., 2017; Palm et al., 2015), such that drugs that inhibit

proliferation of cancer cells in culture fail to exhibit efficacy in tumors derived from the same
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cells (Biancur et al., 2017; Davidson et al., 2016). Thus, determining the concentrations of
nutrients in the tumor microenvironment is important to understand and therapeutically target
cancer cell metabolism.

Tumors and tissues are supplied with nutrients through the vasculature, which filters a
nutrient rich fluid from the circulation into the interstitial space of a tissue or tumor (Wiig and
Swartz, 2012). The interstitial fluid (IF) then perfuses through the tissue or tumor, exchanging
nutrients and wastes with cells. IF is then drained from the tissue or tumor via capillaries and
the lymphatic system. Thus, cells in tissues or tumors are not necessarily directly exposed to the
nutrients in circulating plasma, but instead are exposed to IF nutrient levels. For healthy organs,
IF nutrient levels may be similar to circulating nutrient levels, as these tissues are well
vascularized, allowing rapid metabolic exchange with the plasma. Indeed, the IF glucose
concentration in healthy skin is very similar to that of circulating plasma (Lonnroth et al., 1987).
In contrast to the functional vessels found in normal tissues, tumors commonly have an
abnormal vasculature with few vessels transporting blood (Fukumura et al., 2010). This may
lead to reduced nutrient delivery and waste exchange between tumor cells and the circulation.
Thus, tumor interstitial fluid (TIF) is thought to be nutrient depleted and have increased
concentrations of metabolic waste products. Indeed glucose levels in the TIF of some tumors
are lower than in the circulation, while lactate levels are higher (Burgess and Sylven, 1962;
Gullino et al., 1964; Ho et al., 2015). However, despite the importance of nutrient availability in
regulating tumor metabolism and drug sensitivity, TIF nutrients beyond glucose and lactate
have not been comprehensively measured, and the factors that determine TIF composition

have not been characterized.
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We sought to systematically measure absolute nutrient concentrations in plasma and
TIF. To do so, we have developed a quantitative mass spectrometry-based approach using both
external standards and stable isotope dilution of a library of carbon labeled metabolites
allowing for quantification of >118 nutrients in any biofluid. We applied this technique to
measure nutrient levels in plasma and TIF isolated from autochthonous and transplantation
models of murine lung (LUAD) and pancreatic adenocarcinomas (PDAC) driven by activation of
Kras and deletion of p53. Interestingly, we found that anatomical location and tumor tissue of
origin are both major determinants of TIF nutrient composition. Dietary changes are also
reflected in TIF nutrient levels, while introduction of a Keapl mutation into LUAD cells had a
smaller effect on the composition of the metabolic tumor microenvironment. Collectively,
these experiments elucidate the microenvironmental constraints placed upon tumor
metabolism by TIF nutrient levels and provide insight into the factors that dictate tumor

nutrient availability.

RESULTS
Isolation of TIF from murine PDAC tumors

We first focused on isolating and analyzing TIF nutrient levels in pancreatic ductal
adenocarcinoma (PDAC), as this tumor type is known to have inadequate vasculature leading to
tumor hypoxia (Koong et al., 2000) and nutrient deprivation (Commisso et al., 2013; Kamphorst
et al., 2015; Lyssiotis and Kimmelman, 2017; Sherman et al., 2017; Sousa et al., 2016). End-
stage tumors were isolated from the LSL-Kras®120/+; Trp53flox/flox. px-1-Cre, (KP-/-C) mouse

model of PDAC (Bardeesy et al., 2006). This mouse model recapitulates many aspects of the
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human disease including dense stroma (Bardeesy et al., 2006) and alterations in systemic
metabolism (Danai et al., 2018; Mayers et al., 2014). We applied a previously described method
to collect TIF; tumors were placed on a fine mesh and subjected to low speed centrifugation
(Figure 1A) (Haslene-Hox et al., 2011). The mesh prevents cells from passing through but allows
TIF to flow out of the tumor and into a collection tube. This method has previously been
successfully used to study glucose and lactate levels in tumor samples (Ho et al., 2015; Siska et
al., 2017). 5-30 pL of TIF was able to be isolated from ~75% (13/17 tumors) of isolated KP-/-C
PDAC tumors. The remaining 25% of tumors did not yield any fluid. The amount of fluid
collected per tumor weight is consistent with previous reports of TIF isolation from human
tumor samples (Haslene-Hox et al., 2011).

Critically, this centrifugation method does not cause lysis of cells when performed on
human tumor samples, ensuring that the isolated fluid is interstitial and not intracellular fluid
(Haslene-Hox et al., 2011). To determine the extent to which intracellular fluid from lysed cells
might contribute to TIF isolated from the KP-/-C PDAC mouse model, we measured the level of
activity of the intracellular enzyme lactate dehydrogenase (LDH) in plasma and TIF from mice
bearing PDAC tumors (Figure 1B). As LDH is an intracellular enzyme, LDH activity should indicate
the extent to which intracellular material is present in the isolated interstitial fluid. The level of
LDH activity in the entire volume of collected TIF was less than 1% of that detected in the whole
lysed tumor (Figure 1B), suggesting that intracellular fluid is not a major component of TIF
isolated using this method. Though levels of LDH activity in the PDAC TIF samples were ~20 fold
higher than those found in plasma samples, similar or higher LDH activities were recovered in

TIF of solid tumors isolated by orthogonal methods (~60-80 fold higher LDH activity in TIF than

132



plasma) (Burgess and Sylven, 1962). These data suggest that TIF isolation by centrifugation does
not result in gross cell lysis and contamination of interstitial fluid with intracellular material.
Quantification of TIF metabolites

In order to understand the composition of the tumor microenvironment, we sought to
measure the absolute concentrations of metabolites present in TIF using liquid
chromatography/mass spectrometry (LC/MS). Absolute LC/MS quantification of metabolites in
biological samples such as plasma and TIF is complicated by matrix effects, which alter the
ionization and detection of metabolites in different sample types (Trufelli et al., 2011). Indeed,
when the same amounts of $3C stable isotope labeled metabolites were added to water or
mouse plasma, detected levels of these *3C standards varied widely depending on whether the
metabolites were dissolved in water or plasma (Figure 1C). This result reaffirms the presence of
significant matrix effects that would confound the comparison of metabolite concentrations
measured in different sample types. As a result, the use of external standard curves of
metabolites suspended in water can result in systematic error when used to quantitate
metabolites in complex mixtures such as plasma and TIF. To circumvent this problem, we
utilized stable isotope dilution quantification, in which 13C stable isotope labeled metabolites
are added to each biological sample in known quantities, and the ratio of *2C/*3C for each
metabolite is used to calculate the concentration of the >C metabolite (Figure 1D). As both 2C
and 13C metabolites are subject to the same sample-dependent ion enhancement or
suppression effects, this method limits error from matrix effects in metabolite quantification

(Trufelli et al., 2011).
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Figure 1. Stable Isotope dilution can be utilized to analyze the composition of TIF. (A) Schematic of TIF isolation.
(B) LDH activity assay measuring the amount of LDH present in whole tumors, plasma, and TIF from PDAC tumor
bearing mice. LDH activity was calculated for the entire volume of TIF isolated from one tumor and plotted as a
ratio to the amount of LDH present in the whole tumor lysate. For each TIF sample, an equal volume of plasma
was analyzed and compared to the tumor lysate. n = 3 tumors, plasma, and TIF samples each. (C) LC/MS
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Data are plotted as the logz fold change between the peak area of the metabolite in water versus in plasma. n =
19 plasma samples and n = 6 water samples. (D) Schematic summarizing the TIF quantification method.
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To quantitate many metabolites simultaneously using the stable isotope dilution
method, we utilized a metabolite extract derived from yeast grown on a 13C carbon substrate in
which intracellular metabolites are exhaustively labeled with *3C. Such libraries have been
shown to improve the accuracy and precision in metabolite measurements in biological fluids
such as plasma (Hermann et al., 2018). In order to use metabolites in the 13C yeast extract as
quantitative internal standards, we first quantitated the labeled metabolites in the 3C yeast
extract by comparison with external standard curves of 149 polar metabolites detected in
previous studies of human plasma metabolite levels (Cantor et al., 2017; Evans et al., 2009;
Lawton et al., 2008; Mazzone et al., 2016). 70 metabolites from TIF and plasma samples were
quantified by stable isotope dilution using the 3C yeast extract, with lower limits of detection
ranging from 100nM to 3uM. The remaining 79 metabolites were not detected in the 13C yeast
extract. These metabolites were instead quantified in the TIF and plasma samples by fitting
metabolite peak intensity in the samples to the external standard curves (external standard
calibration). These measurements are subject to matrix effects of unknown magnitude. We
measured the inter-day reproducibility of our method for quantifying metabolites using both
stable isotope dilution and calibration to external standard curves in 6 PDAC TIF samples (Figure
2). There was a high degree of correlation across 5 orders of magnitude of metabolite
concentrations measured in the TIF samples analyzed by either stable isotope dilution or by

calibration to external standards on separate days.
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Figure 2. TIF metabolite quantification is reproducible, particularly when using stable isotope dilution. Scatter
plots of average LC/MS measurements of metabolite concentrations across two technical replicates of 6 PDAC
TIF samples run on different days using either stable isotope dilution (/eft) or calibration to external standard
curves (right). Each PDAC sample was quantified twice, on different days and using different batches of 3C yeast
extract.

Our degree of reproducibility is similar to other quantitative metabolomics studies (Chen et al.,
2016). However, particularly for low abundance metabolites (<10uM), metabolites quantified
by stable isotope dilution showed greater inter-day reproducibility than those analyzed by
external standard calibration. Thus, due to potential matrix effects and lower reproducibility,
we consider the concentrations assigned by external standard calibration to be semi-
guantitative, in contrast to the quantitative measurements made by stable isotope dilution. By
either isotope dilution or external calibration, we measured between 118-136 metabolites in
individual experiments analyzing plasma and TIF; low abundance metabolites that were not
robustly and reproducibly detected were excluded from individual experiments. Together, this
approach allowed us to obtain a combination of quantitative and semi-quantitative

measurements of metabolite concentrations in both plasma and TIF.
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Pancreatic tumor TIF differs from plasma

To determine if the metabolic composition of TIF differs from that of plasma, we
isolated TIF and plasma from PDAC tumor bearing mice. Methods of blood collection that
require anesthesia can alter circulating metabolite levels (Overmyer et al., 2015) (Figure 3).
Therefore, to ensure that plasma samples would be directly comparable to TIF, plasma samples

were isolated from mice via cardiac puncture upon euthanasia.
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Figure 3. Method of blood collection affects plasma metabolite levels. Principal component analysis of mouse
plasma samples based on LC/MS measurements of 117 metabolite concentrations from C57BL/6J mice bearing
PDAC tumors. Blood was collected using either retro-orbital bleeding from anesthetized mice or cardiac
puncture immediately following cervical dislocation of mice. n = 6 for retro-orbital blood collection, n = 7 for
cardiac puncture blood collection.

PDAC TIF and plasma samples were metabolically profiled using the described
metabolomics techniques and grouped by either hierarchical clustering (Figure 4A) or principal
component analysis (Figure 4B) of metabolite concentrations. By each method, the PDAC TIF
samples clustered separately from the plasma samples, suggesting that the metabolic
composition of PDAC TIF differs from that of plasma. PDAC TIF and plasma exhibit different

matrix effects (Figure 5), which could contribute to the observed global differences in
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Figure 4. TIF metabolite levels are different than those in plasma. (A) Hierarchical clustering of PDAC TIF and
mouse plasma samples based on LC/MS measurements of 136 metabolite concentrations. (B) Principal
component analysis of PDAC TIF samples and mouse plasma samples based on LC/MS measurements of 136
metabolite concentrations. (C) Volcano plot depicting the logz fold change in metabolite concentration between
PDAC TIF and plasma. A fold change of 1.5 and a raw p-value of 0.01 assuming unequal variance were used to
select significantly altered metabolites indicated in pink. LC/MS measurements of glucose (D), glutamine (E),

arginine (F), tryptophan (G), alanine (H), cystine (1), and ornithine (H) in PDAC TIF and plasma samples. For all
panels, n=7 for PDAC TIF and n = 18 for plasma samples.
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Figure 5. Plasma and TIF exhibit different matrix effects. LC/MS measurement of equal concentrations of 70 *3C
chemical standards suspended in either mouse plasma or mouse PDAC TIF. Data are plotted as the log> fold
change between the peak area of the 3C metabolite in water versus in plasma. n = 19 plasma samples, n = 22

TIF samples.
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metabolite levels between TIF and plasma. Therefore, we also conducted a comparison of PDAC
TIF and plasma metabolite levels using only metabolites quantified by stable isotope dilution.
PDAC TIF is still substantially different from plasma when analysis is limited to only metabolites
guantitated using isotopically labeled internal standards (Figure 6), suggesting that the global
metabolite composition of TIF differs from that of plasma. The composition of TIF is determined
by the summed consumption and excretion rates of nutrients by all cells in the tumor
microenvironment and the exchange rate of those metabolites between the TIF and circulation
or lymph; thus, TIF composition does not allow for extrapolation of the rates of consumption
and excretion of nutrients from tumors. However, if the exchange rate of TIF and the whole-
body circulation is slow or compromised, then nutrients that are highly consumed by cells
within a tumor may be depleted in the TIF relative to the circulation, while metabolic by-
products may accumulate. Therefore, we predicted that nutrients that are highly consumed by
tumors and cancer cells in culture may be depleted in TIF, and metabolites excreted by tumors
may accumulate in TIF. Consistent with the avid consumption of glucose observed in tumors
and cancer cell lines, glucose was depleted in TIF compared to plasma (Figure 4C-D). Amino
acids known to be produced by tumors such as glycine and glutamate (Hosios et al., 2016; Jain
et al., 2012) were enriched in TIF (Figure 4C). Interestingly, the amino acid glutamine, which is
consumed rapidly by cultured cells (Eagle, 1955; Hosios et al., 2016; Jain et al., 2012), was
present at similar concentrations in TIF and plasma (Figure 4C,E). We also found that alanine, an
amino acid thought to support PDAC cells (Sousa et al., 2016), was abundantly present in both

TIF and plasma (Figure 4F).
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Figure 6. PDAC TIF differs from plasma when comparing only those metabolites quantified using internal
isotope-labeled standards. Hierarchical clustering (A) and principal component analysis (B) of PDAC TIF and
mouse plasma samples based on LC/MS measurements of 62 metabolite concentrations using internal
standards. For all panels, n=7 for PDAC TIF and n = 18 for plasma samples.
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Further, metabolites important for immune cell function such as arginine, tryptophan and
cystine (Geiger et al., 2016; Moffett and Namboodiri, 2003; Srivastava et al., 2010) were
depleted in PDAC TIF compared to plasma (Figure 4C, G-I). Additionally, levels of ornithine in
PDAC TIF increased relative to plasma, suggesting that local arginase activity (Caldwell et al.,
2018) may account for PDAC depletion of arginine (Figure 4J). Many metabolites were enriched
in TIF (Figure 4C), suggesting that the PDAC tumor microenvironment is not depleted for all
nutrients. Instead, PDAC TIF is composed of a complex mix of metabolites that are different

from those present in circulation.

Tumor size does not dictate PDAC TIF composition

Having established that PDAC TIF composition is different from that of plasma, we next
sought to understand the factors that influence TIF composition. We hypothesized that five
factors could influence TIF composition: tumor size, anatomical location, tumor tissue of origin,
diet, and tumor genetics. We used mouse models of PDAC and LUAD to systematically test the
impact of these factors on TIF nutrient composition. First, we sought to test if the size of tumors
influenced the composition of TIF. Since murine PDAC tumors cause morbidity at different
times and tumor sizes, we were able to isolate TIF from end stage PDAC tumors of varying sizes
(0.31 g—2.81 g). We tested if tumor size significantly altered TIF composition by comparing TIF
metabolite concentrations between large (1.71 — 1.24 g) and small (0.78 — 1.22 g) PDAC tumors
(Figure 7). We found that, at least within this size range of tumors, tumor size does not appear

to dictate PDAC TIF metabolite levels.
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Figure 7. PDAC TIF metabolite levels are not significantly different between large and small tumors. Principal
component analysis of TIF samples from large (1.71 — 1.24 g) and small (1.22 — 0.78 g) PDAC tumors based on
LC/MS measurements of 136 metabolite concentrations. n=4 for large PDAC tumors and n = 3 for small PDAC
tumors.

Tumor location affects the composition of TIF

We hypothesized that PDAC tumors growing in the pancreas, with its diverse set of
stromal cells and poor vascularization, might have different TIF composition than the same
tumor cells growing in other organs or anatomical locations in the body. To test this hypothesis,
we compared the metabolic composition of TIF from autochthonous KP-/-C PDAC tumors to
that of tumors derived by subcutaneously injecting PDAC cells isolated from KP-/-C tumors into
genetically identical C57BL/6J mice (Figure 8A). Based on measurement of 123 quantitated
metabolites that were detectable and quantifiable in this experiment, PDAC TIF was
metabolically distinct from TIF derived from isogenic subcutaneous tumors both by principal
component analysis (Figure 8B) and by hierarchical clustering (Figure 8C). Interestingly,
concentrations of tryptophan, arginine and cystine, which are depleted in autochthonous PDAC

TIF, were relatively higher in subcutaneous PDAC TIF (Figure 8D-F). This suggests that
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subcutaneous models of PDAC may not mimic the metabolic microenvironment of PDAC
tumors. Furthermore, while potentially confounded by comparing transplant and
autochthonous PDAC models, these results suggest that the metabolic composition of TIF is not
only determined by tumor-intrinsic factors, but potentially also by the anatomical location in

which the tumor is growing.
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Figure 8. Tumor location dictates metabolic TIF composition. (A) Diagram of experimental models used to test
the effect of tumor location on TIF metabolite levels. Principal component analysis (B) and hierarchical
clustering (C) of PDAC TIF and PDAC subcutaneous allograft TIF samples based on LC/MS measurements of 123
metabolite concentrations. LC/MS measurements of tryptophan (D), arginine (E), and cystine (F) in PDAC TIF
and PDAC subcutaneous allograft TIF. For all panels, n = 7 for PDAC TIF samples and n =5 for PDAC
subcutaneous allografts.
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Dietary changes alter TIF composition

Though TIF metabolite levels do not match those found in plasma, factors that influence
circulating nutrient levels may be reflected in TIF. One important determinant of plasma
metabolite levels is diet; thus, we examined whether dietary changes would alter TIF
metabolite levels. For this analysis, we isolated TIF from isogenic PDAC subcutaneous allografts
in mice fed either standard mouse chow derived from plant and animal products or a defined
diet that replaces whole protein with purified amino acids. This allows us to compare
genetically identical tumors growing in the same anatomical location, where only diet is altered.
These diets contain many differences in nutrient levels, providing a test case to determine
whether significant dietary alterations affect TIF metabolite levels. Based on measurement of
123 metabolites that were detectable and quantifiable in this experiment, TIF from mice fed
standard chow differed from TIF from mice fed a defined diet based on principal component
analysis (Figure 9B) and hierarchical clustering (Figure 9C).

We next wanted to determine if the changes in TIF composition between diets were
primarily due to altered nutrient availability to TIF from circulation, or if other physiological
effects of altered diet were affecting TIF. If dietary perturbations primarily affect TIF by simply
altering plasma nutrient levels, then the concentration of a metabolite in TIF should correlate
with its concentration in plasma to the same degree in both dietary conditions. Thus, if a
dietary change increases the plasma level of a metabolite, then the TIF concentration of that
metabolite should also increase. Indeed, there is a strong correlation (Pearson r = 0.8927)
between TIF to plasma ratio of metabolite concentrations between mice on different diets
(Figure 9D).
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Figure 9. Dietary changes alter TIF composition. (A) Schematic of experimental models used to test the effect
of diet on TIF metabolite levels. Principal component analysis (B) and hierarchical clustering (C) of
subcutaneous PDAC allograft TIF samples from mice fed standard mouse chow versus mice fed a defined diet
based on LC/MS measurements of 123 metabolite concentrations. (D) Ratios of LC/MS measurements of 123
metabolites in TIF versus matched plasma from the same mouse fed standard mouse chow plotted versus the
same ratios in mice fed a defined diet. For all panels, n =5 for TIF from mice fed standard mouse chow and n =
3 for TIF from mice fed a defined diet.
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Furthermore, linear regression of TIF to plasma ratios in mice fed different diets nearly yields an
identity function (slope = 0.9511, R? = 0.7969) (Figure 9D). Thus, while individual TIF metabolite
levels are scaled by some factor relative to plasma levels, dietary perturbation does not broadly
affect this scaling factor. Thus, in addition to local microenvironmental factors, systemic
metabolic changes can affect the composition of TIF by altering circulating nutrient levels.
Tumor tissue of origin affects TIF makeup

Tumor location and circulating metabolite levels are cell-extrinsic factors that influence
the TIF composition. However, there exist many cell-intrinsic factors that alter cancer cell
metabolism. For instance, the metabolic properties of cancer cells depend upon the tissue from
which they originated (Hu et al., 2013; Mayers et al., 2016; Yuneva et al., 2012). To examine
whether tissue of origin influences the metabolic makeup of the tumor microenvironment,
cancer cells derived from lung (Jackson et al., 2005; Jackson et al., 2001) and PDAC (Bardeesy et
al., 2006) tumors both driven by activation of Kras and loss of Trp53 were injected
subcutaneously into C57BL/6J mice, such that tumors were established in the same location
and with the same genetics, but different tissues of origin (Figure 10A). Based on measurement
of 104 metabolites that were detectable and quantifiable in this experiment, TIF from
subcutaneous tumors derived from LUAD clustered separately from PDAC subcutaneous
allograft TIF by principal component analysis (Figure 10B) and hierarchical clustering (Figure
10C). Similar results were obtained when the analysis was limited to only metabolites
guantitated by stable isotope dilution (Figure 11). LUAD and PDAC tumors are known to have
different branched-chain amino acid metabolism (Mayers et al., 2016), and levels of branched-

chain amino acids and their catabolites were different between LUAD and PDAC tumors (Figure
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10D). Additionally, a number of metabolites involved in thiol metabolism are altered between
LUAD and PDAC tumors (Figure 10D) (Gall et al., 2010; Irino et al., 2016), suggesting potential
differences in sulfur metabolism between these tumors. Collectively, these data suggest that

tissue of origin is a determinant of the metabolic composition of TIF.
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Figure 10. Tumor tissue of origin influences TIF composition independent of tumor location. (A) Diagram of
experimental models used to test the effect of tumor tissue of origin on TIF metabolite levels. Principal
component analysis (B) and hierarchical clustering (C) of PDAC subcutaneous allograft TIF and LUAD
subcutaneous allograft TIF samples based on LC/MS measurements of 104 metabolite concentrations. (D)
Volcano plot depicting the logz fold change in metabolite concentration between PDAC and LUAD TIF for
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Genetic loss of the tumor suppressor Keapl has a moderate effect on TIF composition
Genetic alterations can profoundly alter cancer metabolism (Nagarajan et al., 2016). As
a test case for whether tumor genetics can influence the metabolism of TIF, we focused on the
tumor suppressor Keapl. Keap1 loss is a common occurrence in lung cancer that alters
expression of oxidative stress response genes and nutrient transporters, which causes cells to
secrete high levels of glutamate and renders tumors highly dependent on glutamine catabolism
for growth (Romero et al., 2017; Sayin et al., 2017). Thus, Keapl null tumors may possess
remodeled metabolism that would be reflected in TIF composition. To test this possibility, we
injected previously described LUAD cell lines with wild-type Keap1 (sgControl) or Keap1 loss
(sgKeap1) (Romero et al., 2017) subcutaneously into the flanks of C57BL/6J mice (Figure 12A),
and TIF was isolated from these tumors. Based on measurement of 131 metabolites that were
detectable and quantifiable in this experiment, TIF samples did not cluster separately based on
Keap1 status by principal component analysis (Figure 12B), but did cluster separately by
hierarchical clustering (Figure 12C). Surprisingly, anticipated changes in TIF composition based
on alterations to cancer cell metabolism by Keap1 loss, such as decreased glutamine, glucose
and cystine, and increased glutamate and lactate (Romero et al., 2017) were not observed
between TIF samples of Keapl wild-type and Keapl null tumors (Figure 12D-H). Together, these
results suggest that genetic Keap1 status is not a major determinant of metabolic TIF content in
subcutaneous lung cancer allografts, and that not all cancer cell-intrinsic perturbations of

metabolism cause detectable changes to the tumor nutrient milieu.
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Figure 12. Genetic Keap1 status is not a major determinant of TIF composition in subcutaneous LUAD
allograft tumors. (A) Schematic of experimental models used to test the effect of genetic loss of Keapl on TIF
metabolite levels. Principal component analysis (B) and hierarchical clustering (C) of Keap1 wild-type
(sgControl) and Keap1 null (sgKeap1) subcutaneous LUAD allograft TIF samples based on LC/MS measurements
of 131 metabolite concentrations. LC/MS measurements of glucose (D), lactate (E), glutamine (F), glutamate
(G), and cystine (H) in Keap1 wild-type (sgControl) and Keap1 null (sgKeap1) subcutaneous lung allograft TIF

samples. For all panels, n = 10 for sgControl subcutaneous lung allograft TIF samples and n = 8 for sgKeap1
subcutaneous LUAD allograft TIF samples.
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DISCUSSION

Pancreatic and lung tumors are exposed to nutrient levels different from those in plasma
Intravital imaging of tumors in patients (Fisher et al., 2016) and murine cancer models
(Fukumura et al., 2010) has revealed that solid tumors generally have abnormal and
dysfunctional vasculature and lymphatic vessels. For example, only ~30% of PDAC blood vessels
appear functional (Olive et al., 2009). This is thought to limit nutrient delivery from the
circulation to tumors both by reducing blood flow and by inhibiting transcapillary filtration due
to increased interstitial pressure (Stylianopoulos et al., 2018). PDAC tumors in particular have
striking defects in vasculature with numerous collapsed vessels triggered by increased
interstitial pressure (DuFort et al., 2016; Provenzano et al., 2012) or solid stress (Chauhan et al.,
2014). In contrast to normal tissues, which, while not in perfect metabolic equilibrium with the
circulation (Cengiz and Tamborlane, 2009), tend to have nutrient levels close to what is in the
circulation (Lonnroth et al., 1987), it is unlikely that the interstitial environment of tumors is in
rapid exchange with the circulation. Coupled with the high metabolic rate of cancer cells, this
has led to speculation that tumors will be both nutrient deprived and accumulate metabolic
wastes. We find that TIF metabolite levels in the murine cancer models assessed are different
from the nutrient levels in plasma. Contrary to many assumptions, not all nutrients are
depleted in TIF, with levels of some being higher than what is found in circulation. Thus, our
measurements of plasma and TIF nutrient composition are consistent with a model where
tumors with abnormal vasculature exist largely as a separate compartment from the bulk
circulation, and can have different steady state metabolic microenvironments. This underscores

the importance of understanding TIF composition for studies of tumor metabolism.

152



While we have considered the tumor as a single compartment and analyzed bulk TIF
from the entire tumor, it is possible that the tumor actually contains a population of sub-
compartments with different perfusion rates (Hensley et al., 2016) and heterogeneous TIF
compositions (Wagnerand and Wiig, 2015). Measurements of intratumor metabolites in
subsections of tumors suggests that some tumor regions experience different nutrient levels
than others (Pan et al., 2016). Thus, while the overall tumor metabolic microenvironment
differs from the circulation, an important future challenge will be to understand how
compartmentalized nutrient delivery contributes to metabolic heterogeneity observed in solid
tumors (Hensley et al., 2016).

Though TIF appears to constitute a separate compartment from plasma, tumor nutrients
are ultimately delivered from the circulation. Thus, perturbations to systemic nutrient levels by
altering diet affect TIF composition. This relationship between plasma and TIF nutrient levels
across different diets suggests that TIF levels of metabolites are derived from plasma
metabolite concentrations, and changes in plasma metabolite levels lead to scaled changes in
TIF metabolite levels. This argues that a major mechanism by which diet influences tumor

nutrient availability is by altering nutrients available in the circulation.

Tumor properties that influence the metabolic microenvironment

Beyond dietary factors, we considered four variables that could influence tumor nutrient
availability: tumor size, tissue of origin, tumor anatomical location and tumor genetic make-up.
Though we observed that tumor size did not strongly affect the composition of TIF in PDAC

tumors, we collected TIF from a relatively small range of sizes of end stage PDAC tumors. Future
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work to examine the TIF composition of tumors at various sizes and stages of development may
reveal effects of tumor size on TIF nutrient levels.

The finding that PDAC and LUAD tumors have different TIF composition suggests that
tissue of origin is a factor that can influence the metabolic microenvironment; however, the
mechanism(s) driving this difference remain unclear. Whether cancer cell-intrinsic metabolic
differences endowed by the epigenetic memory of the tissue of origin (Hu et al., 2013; Mayers
et al., 2016) or other cell-extrinsic differences between PDAC and LUAD, such as differences in
non-cancer cells present in the tumor, drive the difference in TIF composition is another
important question for future study.

Tumors in different anatomical locations will also contain different stromal cells and
different vascularization which could alter the metabolic microenvironment. Comparison of
autochthonous and subcutaneous PDAC tumors driven by the same oncogenic driver mutations
revealed significant differences in TIF nutrient levels. This suggests that subcutaneous models
of PDAC may not fully recapitulate the metabolic microenvironment of this disease, and is in
line with observations that subcutaneous models of PDAC fail to recapitulate many aspects of
PDAC tumors including marked stromal infiltration and extracellular matrix deposition (Hwang
et al., 2016). These observations, along with recent findings that subcutaneous PDAC models do
not recapitulate whole body metabolic perturbations observed in autochthonous PDAC models
and patients (Danai et al., 2018), suggest subcutaneous models do not recapitulate all
metabolic aspects of the disease.

As we compared transplant to autochthonous PDAC models, we cannot distinguish

between differences in TIF composition driven by anatomical location versus differences caused
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by unique characteristics of transplant and genetically engineered PDAC models. Nevertheless,
it is intriguing that autochthonous PDAC tumors have lower levels of arginine, tryptophan and
cystine compared to subcutaneous tumors. Stromal myeloid derived cells have been implicated
in depleting each of these nutrients from the tumor microenvironment (Kumar et al., 2016),
and murine PDAC tumors are known to contain a large number of myeloid lineage cells (Bayne
et al,, 2012; Goedegebuure et al., 2011; Stromnes et al., 2014; Zhao et al., 2009). Additionally,
subcutaneous PDAC tumors are known to have fewer stromal cells (Hwang et al., 2016; Sousa
et al., 2016). Thus, it is tempting to speculate that differences in TIF composition between
autochthonous and subcutaneous PDAC tumors, including differences in arginine, tryptophan
and cystine levels, could be driven by differences in stromal cell populations between
anatomical sites. Understanding how anatomical location alters the metabolic
microenvironment is critical to determine how local metabolic constraints shape the
metabolism of tumors growing in different locations, such as primary and metastatic tumors
(Schild et al., 2018).

Lastly, we hypothesized that tumor genetics would also alter TIF composition, and
studied the effect of Keap1 loss because Keapl null cancer cells have dramatic alterations in
cell-intrinsic metabolism (Best et al., 2018; DeNicola et al., 2015; DeNicola et al., 2011; Mitsuishi
et al., 2012; Romero et al., 2017; Sayin et al., 2017). We found moderate differences in TIF
composition between tumors formed from otherwise isogenic LUAD cell lines that differed only
in Keap1 loss. These data argue that factors beyond cancer cell-intrinsic metabolism can be
dominant in setting nutrient levels in the microenvironment, although future studies are

required to determine how other oncogenic alterations alter TIF composition.
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Implications of TIF nutrient levels for cellular metabolism and function in the tumor

It is tempting to interpret depletion or accumulation of metabolites as simply being due to
rapid cancer cell consumption or release of metabolites without appropriate replenishment or
removal from the circulation, allowing cancer cell-intrinsic changes in metabolism to be read
out as differences in TIF nutrient levels. However, wild type and Keap1 null cancer cells have
significant changes in metabolism (Best et al., 2018; DeNicola et al., 2015; DeNicola et al., 2011;
Mitsuishi et al., 2012; Romero et al., 2017; Sayin et al., 2017), yet tumors derived from cells of
these genotypes do not show significant alterations in levels of nutrients whose metabolism is
known to be altered by Keap1 loss. Thus, differences in metabolite concentrations between TIF
and plasma cannot be used to extrapolate consumption and release of metabolites by tumors.
Instead, future experiments measuring differences in arterial and venous metabolite levels
could shed light into quantitative tumor nutrient consumption and release (Gullino et al., 1967,
Kallinowski et al., 1988; Sauer et al., 1982).

Nutrient levels in the tumor microenvironment can have profound impacts on the
metabolism, growth and drug sensitivity of tumor resident cancer cells (Muir et al., 2018). Our
study provides insight into tumor nutrient levels in vivo and suggests specific implications for
tumor resident cell metabolism. First, we find PDAC tumor interstitial fluid is depleted of some
nutrients relative to plasma. Interestingly, these depleted nutrients are not necessarily
metabolites predicted to be depleted by cell culture studies. For example, PDAC cells consume
large amounts of glucose and glutamine in culture (Son et al., 2013; Ying et al., 2012), and it has
been assumed that these nutrients are depleted in the microenvironment (Commisso et al.,

2013; Kamphorst et al., 2015; Lyssiotis and Kimmelman, 2017; Sherman et al., 2017; Sousa et
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al., 2016). Alanine and branched chain amino acids are also proposed to be limiting for
proliferation of PDAC cells in tumors, requiring cancer cells to acquire those nutrients from
alternative sources such as stromal cells or extracellular protein (Grankvist et al., 2018; Palm et
al., 2015; Sousa et al., 2016). We find that neither glutamine, alanine nor branched-chain amino
acids are substantially depleted in PDAC tumors regardless of anatomical site. Further, while
glucose is depleted in PDAC TIF relative to circulatory levels, it is still present at millimolar
concentration, and glucose deprivation in TIF is not a universal feature of tumors (Siska et al.,
2017). Thus, nutrients inferred from cell culture studies to be depleted and limiting in the
tumor microenvironment may not be always be key microenvironmental drivers altering PDAC
metabolism.

We find that the nutrient most strongly depleted from PDAC TIF is arginine. Arginine
supports many aspects of cell physiology (Morris, 2007), raising the question of how PDAC cells
adapt to survive and proliferate when levels of this amino acid are so low. Many cell types can
synthesize arginine using urea cycle enzymes (Wu et al., 2009), but these metabolic enzymes
are silenced by many tumors to enhance nucleotide production (Rabinovich et al., 2015).
However, PDAC tumors do not exhibit urea cycle enzyme silencing (Lee et al., 2018; Uhlen et al.,
2015) and are reported to have a functional urea cycle (Zaytouni et al., 2017). Perhaps, PDAC
cells retain this metabolic pathway to adapt to a tumor microenvironment with limited arginine
availability. Additionally, PDAC cells utilize macropinocytosis of environmental protein
(Commisso et al., 2013; Kamphorst et al., 2015), and this route of nutrient acquisition may

allow PDAC cells to acquire sufficient arginine to support survival and growth.

157



TIF composition can alter the function of non-cancer cells, such as immune cells, in the
tumor microenvironment (Buck et al., 2017). For example, in many tumor types, T lymphocytes
can infiltrate and inhibit the progression of tumors, especially when this process is primed with
checkpoint blockade treatment (Ribas and Wolchok, 2018). In contrast, PDAC tumors are highly
immunosuppressive (Martinez-Bosch et al., 2018) and immunotherapy shows limited efficacy in
this disease (Hilmi et al., 2018). Nutrient deprivation in PDAC TIF could contribute to PDAC
immunosuppression. Both arginine and tryptophan, which are depleted in the autochthonous
PDAC environment, are required for T cell function (Geiger et al., 2016; Moffett and
Namboodiri, 2003). Intriguingly, depletion of myeloid cells capable of degrading arginine and
tryptophan from PDAC tumors resulted in increased T cell infiltration, proliferation, and
activation in PDAC tumors (Bayne et al., 2012; Stromnes et al., 2014; Zhang et al., 2017). Future
studies determining how T cell metabolism and function is impacted by tumor nutrient levels
could yield insight into how tumors suppress immune rejection (Ecker and Riley, 2018).

Cellular metabolism can respond and adapt to environmental nutrient levels. Indeed,
growing cancer cells in media with different nutrient compositions alters their metabolic
requirements and response to drugs (Cantor et al., 2017; Muir et al., 2017; Palm et al., 2015;
Schug et al., 2015). That metabolism is responsive to environment may underpin the limited
ability of ex vivo culture models using non-physiological nutrient levels to identify tumor-
essential metabolic genes (Horvath et al., 2016; Muir and Vander Heiden, 2018; Ryan et al.,
2018). However, given the dearth of information on physiological nutrient levels in solid
tumors, it has not been possible to determine the metabolic phenotypes and liabilities of

cancer cells in tumor nutrient conditions. By characterizing the polar small molecule nutrients
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in PDAC and LUAD tumors, media that better approximates the nutrients available to cancer
cells in tumors can be formulated. Examining non-polar and lipid metabolites in the
microenvironment will further improve these efforts and lead to cancer models that may better
allow us to identify metabolic liabilities of cancer cells that ultimately translate into more

effective therapies.

MATERIALS AND METHODS

Animal Studies

All experiments performed in this study were approved by the MIT Committee on Animal Care
(IACUC). All mice in this study were fully backcrossed to the C57BL/6J background. Animals
were housed on a 12-hour light and 12-hour dark cycle, with ad libitum access to food and
water. For studies using Kras®2?? Trp53%"/f Pdx-1-cre (KP-/-C) mice (Bardeesy et al., 2006), male
and female animals of this genotype were allowed for form end-stage tumors, which occurred
approximately 8-10 weeks after birth (Danai et al., 2018). Animals were then euthanized and
tumors harvested for TIF isolation as described below. Tumors weighed between 0.31g—-2.81g
upon harvesting.

For subcutaneous xenograft studies, 12 week old C57BL/6J animals purchased from
Jackson Laboratories (IMSR Cat# JAX:000664, RRID:IMSR_JAX:000664) were injected with
100,000 murine PDAC or LUAD cancer cells (suspended in a volume of 100 uL of Matrigel
(Corning, 354234) brought to 10 mg/ml with RPMI-1640 (Corning, 50-020-PC) into the
subcutaneous space on the flank of the mice. Cell lines used for subcutaneous engraftment in

this study are described below. Tumors were then allowed to grow until they reached ~1cm?3 in
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volume, which took ~4 weeks after engraftment. Upon the tumor reaching ~1cm3, animals were
euthanized and tumors harvested for TIF isolation as described below.

For dietary studies, C57BL/6J mice were engrafted with murine PDAC cells as described
above. On the day of injection, the animals were separated into two cohorts. One group was
fed standard mouse chow and the other group was fed a defined amino acid diet. Both groups
were fed each diet ad libitum throughout the duration of the experiment. Upon the tumor
reaching 1cm?3, animals were euthanized and tumors harvested for TIF isolation as described

below.

Cell lines and culture

The murine PDAC cancer cell line (AL1376) used for making subcutaneous grafts was generated
as previously described (Mayers et al., 2014) from PDAC tumors from a KP-/-C animal in the
C57BL/6J background. The C57BL/6J LUAD cancer cell lines with and without loss of Keapl used
in tumor grafts in this study were generated previously (Romero et al., 2017) from the Kras®1??
Trp53™"f Adenoviral-cre model of LUAD (Jackson et al., 2005; Jackson et al., 2001). All cell lines
were regularly tested for mycoplasma contamination using the Mycoprobe mycoplasma
detection kit (R&D Systems). All cells were cultured in a Heracell (Thermofisher) humidified
incubators at 37 °C and 5% CO,. Cell lines were routinely maintained in RPMI-1640 (Corning, 50-

020-PC) supplemented with 10% heat inactivated fetal bovine serum (Seradigm, Lot 120B14).
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Isolation of tumor interstitial fluid (TIF)

TIF was isolated from tumors using a previously described centrifugal method (Eil et al., 2016;
Haslene-Hox et al., 2011; Ho et al., 2015; Wiig et al., 2003). Briefly, tumor bearing animals were
euthanized by cervical dislocation and tumors were rapidly dissected from the animals.
Dissections took <1 min. to complete. Blood was collected from the same animal via cardiac
puncture, and was immediately placed in EDTA-tubes (Sarstedt, North Rhine-

Westphalia, Germany) and centrifuged at 845 x g for 10 minutes at 4°C to separate plasma.
Plasma was frozen in liquid nitrogen and stored at -80°C until further analysis. Tumors were
then weighed and briefly rinsed in room temperature saline (150mM NaCl) and blotted on filter
paper (VWR, Radnor, PA, 28298-020). The entire process of preparing the tumor prior to
isolation of TIF took ~2 min. The tumors were then put onto 20um nylon filters (Spectrum Labs,
Waltham, MA, 148134) affixed atop 50mL conical tubes, and centrifuged for 10 min. at 4°C at
106 x g. TIF was then collected from the conical tube, frozen in liquid nitrogen and stored at -

80°C until further analysis.

Quantification of lactate dehydrogenase activity in TIF, plasma and tumors

To quantitate the amount of LDH activity present in TIF, plasma, and tumors, we utilized the
inherent absorbance of NADH at 340 nm to monitor the generation of lactate from pyruvate
and NADH. To an assay buffer composed of 50 mM Tris base (Sigma Aldrich, 93362), 100 mM
dithiothreitol (Sigma Aldrich, 646563), 180 uM NADH (Sigma Aldrich, N8129), and 500 uM
pyruvate (Sigma Aldrich, P5280), we added 20 uL of sample, then monitored the disappearance

over time of absorbance of light at 340 nM due to the consumption of NADH. A standard curve
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of LDH (Sigma-Aldrich, 10127230001, E.C. 1.1.1.27) was generated with points of 0, 0.005838,
0.007783, 0.011675, 0.02335, and 0.0467 units of LDH activity by diluting LDH in Tris buffered
saline composed of 50 mM Tris HCI (VWR, 4103) and 150 mM NacCl (Sigma Aldrich, 746398) pH
adjusted to 7.5. Whole tumor samples were prepared by homogenization using a mortar and
pestle submerged in liquid nitrogen, and the resulting powder was resuspended at 10 mg/mL in
Tris buffered saline. Plasma samples were added undiluted, and TIF samples were diluted 1:10
in Tris buffered saline. Based on the slope of the LDH standard curve, the amount of LDH

activity in each sample was calculated and corrected for dilution.

Quantification of metabolite levels in TIF and plasma

In order to quantitate metabolites in TIF and plasma samples, we first constructed a library of
149 chemical standards of plasma polar metabolites. These compounds were selected to
encompass a number of metabolic processes and have previously been included in efforts to
profile plasma polar metabolites by LC/MS (Cantor et al., 2017; Evans et al., 2009; Lawton et al.,
2008; Mazzone et al., 2016). We pooled these metabolites into 7 separate chemical standard
pools. To do this, each metabolite in a given pool was weighed and then mixed (6 cycles of 1
min. mixing at 25 Hz followed by 3 min. resting) using a Mixer Mill MM301 (Retsch, Diisseldorf,
Germany), and mixed metabolite powder stocks were stored at -20°C prior to resuspension and
analysis. Stock solutions of the mixed standards pools containing ~5mM, ~1mM, ~300uM,
~100uM, ~30uM, ~10uM, ~3uM and ~1uM of each metabolite were made in HPLC grade water
and were stored at -80°C. We refer to these stock solutions as “external standard pools”

throughout. External standard pools were used to confirm the retention time and m/z for each
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analyte and provide standards to quantitate concentrations of stable isotope labeled internal
standards used in downstream analysis, as well as to quantitate metabolite concentrations in
TIF and plasma samples directly where internal standards were not available (see below for
details).

To extract polar metabolites from plasma, TIF or the external standard pools, 5uL of TIF,
plasma or external sample pools was mixed with 45ul of acetonitrile:methanol:formic acid
(75:25:0.1) extraction buffer including the following isotopically labeled internal standards: 3C
labeled yeast extract (Cambridge Isotope Laboratory, Andover, MA, I1SO1), 13Cs lactate (Sigma
Aldrich, Darmstadt, Germany, 485926), 13Cs glycerol (Cambridge Isotope Laboratory, Andover,
MA, CLM-1510), 13Cs 1°N; cystine (Cambridge Isotope Laboratory, Andover, MA, CNLM-4244),
2Hs choline (Cambridge Isotope Laboratory, Andover, MA, DLM-549), 3C4 3-hydroxybutyrate
(Cambridge Isotope Laboratory, Andover, MA, CLM-3853), 13C¢ glucose (Cambridge Isotope
Laboratory, Andover, MA, CLM-1396), 13C; *°N taurine (Cambridge Isotope Laboratory,
Andover, MA, CNLM-10253), 2Hs creatinine (Cambridge Isotope Laboratory, Andover, MA, DLM-
3653), 8-13C adenine (Cambridge Isotope Laboratory, Andover, MA, CLM-1654), *3Cs
hypoxanthine (Cambridge Isotope Laboratory, Andover, MA, CLM-8042), 8-13C guanine
(Cambridge Isotope Laboratory, Andover, MA, CLM-1019), 3C;5 serine (Cambridge Isotope
Laboratory, Andover, MA, CLM-1574) and *3C; glycine (Cambridge Isotope Laboratory, Andover,
MA, CLM-1017). All solvents used in the extraction buffer were HPLC grade. Samples were then
vortexed for 10 min. at 4°C and insoluble material was sedimented by centrifugation at 15kg for

10 min. at 4°C. 20pL of the soluble polar metabolite extract was taken for LC/MS analysis.
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LC/MS analysis was performed using a QExactive orbitrap mass spectrometer using an
lon Max source and heated electrospray ionization (HESI) probe coupled to a Dionex Ultimate
3000 UPLC system (Thermo Fisher Scientific, Waltham, MA). External mass calibration was
performed every 7 days. 2uL of each sample was injected onto a ZIC-pHILIC 2.1 x 150 mm
analytical column equipped with a 2.1 x 20 mm guard column (both 5 um particle size, EMD
Millipore). The autosampler and column oven were held at 4°C and 25°C, respectively. Buffer A
was 20 mM ammonium carbonate, 0.1% ammonium hydroxide; buffer B was acetonitrile. The
chromatographic gradient was run at a flow rate of 0.150 mL/min as follows: 0-20 min: linear
gradient from 80% to 20% B; 20-20.5 min: linear gradient from 20% to 80% B; 20.5-28min: hold
at 80% B. The mass spectrometer was operated in full scan, polarity-switching mode with the
spray voltage set to 3.0 kV, the heated capillary held at 275°C, and the HESI probe held at
350°C. The sheath gas flow rate was set to 40 units, the auxiliary gas flow was set to 15 units,
and the sweep gas flow was set to 1 unit. The MS data acquisition was performed in a range of
70-1000 m/z, with the resolution set to 70,000, the AGC target at 1e6, and the maximum
injection time at 20 msec.

Metabolite identification and quantification was performed with XCalibur 2.2 software
(Thermo Fisher Scientific, Waltham, MA) using a 5ppm mass accuracy and a 0.5 min. retention
time window. For metabolite identification, external standard pools were used for assignment
of metabolites to peaks at given m/z and retention time, and to determine the limit of
detection for each metabolite. Metabolite quantification was performed by two separate
methods. Where internal standards were available, first, comparison of the peak areas of the

stable isotope labeled internal standards with the external standard pools allowed for
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guantification of the concentration of labeled internal standards in the extraction buffer.
Subsequently, we compared the peak area of a given metabolite in the TIF and plasma samples
with the peak area of the internal standard to quantitate the concentration of that metabolite
in the TIF or plasma sample. 70 metabolites were quantitated using this internal standard
method. For metabolites without internal standards, the peak area of each analyte was
normalized to the peak area of a labeled amino acid internal standard that eluted at roughly the
same retention time to account for differences in recovery between samples. From the
normalized peak areas of metabolites in the external standard pools, we generated a standard
curve describing the relationship between metabolite concentration and normalized peak area.
The standard curves were linear with fits typically at or above r?=0.95. Metabolites which did
not meet these criteria were excluded from further analysis. These equations were then used
to convert normalized peak areas of analytes in the TIF or plasma samples into analyte
concentration in the samples. 74 metabolites were quantitated using this method. The
relationship between metabolite concentration and normalized peak area is matrix dependent,
and the external standards are prepared in water, which is a different matrix than either TIF or
plasma. Therefore, we consider metabolite measurements using this external standard method

semi-quantitative.

Statistical analysis of TIF and plasma metabolite levels
After determining the concentration of each metabolite in each plasma or TIF sample, all
multivariate statistical analysis on the data was performed using Metaboanalyst 4.0 (Chong et

al., 2018). All metabolite concentrations were not normalized prior to analysis, but the data was
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auto-scaled (mean-centered and divided by the standard deviation of each variable) prior to
analysis, as this method of scaling has been shown to perform well with metabolomics data
(van den Berg et al., 2006). After scaling the data, we performed principal component analysis
and hierarchical clustering with Euclidean distance measurement and clustering by the Ward
algorithm. Univariate analysis was performed comparing metabolite levels between groups
where metabolite differences of interest were defined by a fold change greater than 1.5 and
significance as a FDR-adjusted P-value less than 0.1 assuming unequal group variance. All other
statistical analysis and graphical representation of data was performed as described in the

RESULTS using GraphPad Prism 7 (GraphPad Software, La Jolla, CA).
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CHAPTER FIVE: Discussion and Future
Directions

SUMMARY

Nutrient availability has the potential to impact tumor growth. Whether tumor cells are able to
access sufficient quantities of a nutrient depends upon cancer cell-intrinsic properties that alter
nutrient demand and the cell’s capacity to acquire nutrients, as well as upon cell-extrinsic
factors that determine the accessibility of a metabolite in the environment of a cancer cell. In
this dissertation, | have examined multiple cell-intrinsic and cell-extrinsic factors that impact
nutrient availability for cancer cells.

Given recent interest in the role of the amino acid serine (Maddocks et al., 2017;
Maddocks et al., 2013) and the serine synthesis pathway (DeNicola et al., 2015; Locasale et al.,
2011; Possemato et al., 2011) in cancer, we first examined whether increased serine synthesis
promotes tumor growth. We found that both increasing serine availability through synthesis or
by changing serine levels in the environment of tumors is sufficient to accelerate tumor
progression in breast cancer and melanoma. Our results suggest that the mammary fat pad is
an environment in which serine levels may be low, and that breast tumors might upregulate
serine synthesis pathway activity in order to compensate for the low availability of serine.
These findings illustrate a specific context in which tumor growth is limited by an inability to
acquire sufficient serine and highlight the role that environmental nutrients can play in

determining the vulnerabilities of cancer cells.
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To further examine the role of environmental nutrients in shaping amino acid and
nucleotide metabolism, we studied the effects of culturing cancer cells in the physiological form
of folate present in circulation in mammals. Previous work suggested that the folate source
available to cells would affect the activity of the enzyme methionine synthase, which is required
both for methionine and folate metabolism (Chanarin et al., 1985). We found that under
physiological conditions, methionine synthase becomes essential for tumor growth due to its
role in promoting folate metabolism. This work demonstrates the therapeutic potential of
targeting methionine synthase to inhibit cancer growth and further underscores the
importance of studying cancer metabolism in a physiological setting.

Given the critical importance of environmental nutrient levels in determining metabolic
phenotypes, we chose to quantitate the absolute levels of metabolites present in the local
tumor environment. Prior to this work, the levels of nutrients directly available to the tumor
had not been determined. To address this question, we isolated interstitial fluid from tumors,
as interstitial fluid represents the medium through which nutrients are directly exchanged with
cancer cells. We then quantitated the concentration of numerous metabolites in tumor
interstitial fluid to determine the exact nutrient accessibility that cancer cells experience. We
also compared the composition of interstitial fluid between various tumor types and found that
tumor location, tumor tissue of origin, diet, and tumor genetics all play some role in
determining the nutrient availability in interstitial fluid.

Together, the results described in this dissertation demonstrate the critical role that the
nutrient environment plays in shaping cancer metabolism and provide a basis for future work to

examine how metabolism supports tumor growth in different contexts.

177



DISCUSSION

Limiting nutrients as therapeutic targets

The goal of this thesis work has been to identify sources of nutrient limitation for tumors with
the hope that characterizing the metabolites that are most difficult for tumors to obtain in
sufficient quantities would illuminate metabolic pathways that might serve as therapeutic
targets. We believe that nutrients that are limiting for tumor growth might represent
therapeutic targets because cancer is unable to fully meet its demands for these metabolites. In
contrast, normal tissues are likely not limited for nutrients under basal conditions; for instance,
a muscle cell or brain cell in a healthy adult would not be more functional if provided with an
excess of serine or folates. As a result, we suspect that cancer will be more susceptible than
normal tissues to treatments that reduce the availability of some limiting nutrients. This is of
critical importance, as cancer therapies are only effective if they are more harmful to tumors

than to normal tissues.

Methods of identifying limiting metabolites and metabolic pathways

If limiting metabolites represent potential therapeutic targets, then identifying all of the
nutrients that are limiting for various tumor types will be important. In this dissertation, we
have utilized multiple different approaches to identify limiting metabolites. First, we inferred
that serine might be a limiting metabolite because certain tumors upregulate serine synthesis
pathway enzymes. Thus, finding metabolic enzymes that are expressed at higher levels in

certain tumors may identify metabolic pathways that are highly active in order to compensate
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for low nutrient availability. Second, we studied the essentiality of a gene, methionine
synthase, under physiological nutrient conditions. Studying the altered metabolic requirements
imposed upon cells by growth in physiological nutrient conditions can potentially reveal limiting
nutrients or metabolic pathways that might be important for tumor growth in vivo. Finally, we
directly profiled the accessibility of nutrients in the tumor microenvironment. This analysis
identified multiple nutrients that are less abundant in the tumor interstitial fluid than in bulk
circulation, suggesting that tumors may have less access to those metabolites than normal
tissues. By directly measuring which nutrients are lacking in the tumor microenvironment, we
can identify metabolic pathways that may be essential for tumors to cope with their

environmental nutrient levels but non-essential for non-cancerous tissues.

Limiting nutrients may be variable across cancers

A key conclusion from this dissertation is that the sources of nutrient limitation for tumors can
vary dramatically depending on the environment. Environmental factors can be as simple as the
presence or absence of a single nutrient, like serine or 5-methyl THF, in the extracellular milieu.
These environmental features can also be more complex, encompassing the summed effects of
tumor location, cancer tissue of origin, interactions with immune cells, and many additional
factors. We have begun to characterize the metabolic tumor environment in pancreatic and
lung cancer driven by specific oncogenes. In this process, we have determined that different
tumor types may have unique metabolic vulnerabilities. For instance, we note the relative lack
of arginine in the pancreatic tumor microenvironment, suggesting that pancreatic tumors might

be particularly dependent on the de novo synthesis of arginine. This potential vulnerability is
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not shared across any of the other tumor types that we tested, suggesting that further study of

nutrient limitation may require the examination of specific tumors in their endogenous niches.

Studies of cancer metabolism require biological context

Many of the reactions that comprise the cellular metabolic network have long been
understood. Each of the enzymatic reactions discussed in this dissertation were discovered
more than 60 years ago (du Vigneaud et al., 1939; Ichihara and Greenberg, 1955). However, we
still lack knowledge of the behavior of these enzymes in specific contexts in living organisms.
We have long understood that serine (Davis et al., 1970; Snell, 1984) and folates (Farber et al.,
1947; Farber et al., 1948) can be important for the proliferation of tumors. However, in many
cases, we do not have a comprehensive grasp of which tissues require those nutrients at which
times. This understanding is required to determine which metabolic pathways might serve as
effective therapeutic targets in particular tumor types. Our lack of contextual understanding
persists on a molecular level, as well; for instance, we have discovered many substrates that
can move through cell-surface transporters, but our understanding of the actual fluxes through
those transporters in tumors or normal tissues is far from complete (Cesar-Razquin et al., 2015).
Attempting to understand how metabolism operates under biologically relevant conditions is
challenging; it often requires an understanding of nuanced interactions between many
pathways. However, it will be important to attempt to model the complexities present in

physiological metabolism to advance our understanding of these pathways.

Examination of conditionally essential metabolic pathways can yield therapeutic targets

180



Given our incomplete understanding of the contextual importance of metabolic pathways, it
may be important to focus additional attention on pathways that are non-essential or
conditionally essential for cancer cell growth. For instance, serine is a non-essential amino acid
that can be synthesized by many cells, yet its availability can dramatically influence tumor
growth. Similarly, methionine synthase is a non-essential enzyme for cancer cells in standard
culture media, yet it is completely essential in more physiological media and in animals. The
concept that non-essential genes can actually be important for growth likely extends beyond
cancer metabolism, as many non-essential genes can be made essential depending on culture
conditions (Rancati et al., 2018). Many of the screening approaches used in studying cancer
biology rely upon finding genes that are necessary for rapid proliferation in culture; however,
the proteins that may make the most effective therapeutic targets could function to allow
cancer cell survival under very specific stress conditions or in particular environments. For
instance, proteins necessary for a cancer cell to survive the stresses associated with metastasis
or chemotherapy treatment could be completely irrelevant to normal growth and survival in
culture or even in a primary tumor in an animal model of cancer. Thus, deriving a more
complete understanding of the roles that non-essential genes play in cancer and designing
screening techniques to study specific stress conditions or environmental niches could be

critical to developing more effective cancer therapies.

FINAL PERSPECTIVE
Metabolism plays a role in most cellular processes in some form. Protein synthesis requires

amino acids; transcription and DNA replication require the synthesis of nucleotides. In this way,
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metabolism can influence almost any part of biology. As a result, it will be important to
continue to develop our understanding of how metabolism interfaces with the many biological
processes that occur within cells. To do this effectively, we must grow our understanding of
how metabolism works in biologically relevant contexts. Many of the enzymatic reactions that
comprise metabolism have been thoroughly described, but without proper context, our
understanding of what these enzymes are capable of can provide a misleading depiction of
what actually occurs within cells in animals. Given how sensitive metabolic processes are to
cell-extrinsic environmental factors, the continuing development of better tools to assay cell
metabolism in biologically relevant contexts will be critical. These improved tools may take the
form of more physiological culture media based on measurements of the physical parameters
and nutrient content of the in vivo environment, or may require further advances in the
techniques used to model metabolism computationally or study metabolic processes in
animals.

In this dissertation, we have provided a quantitative description of the nutrient
composition of the tumor microenvironment that can serve as a basis to build tools and
techniques that more accurately model metabolism in cancer. Using the approach of studying
metabolism in biologically relevant contexts, we have also characterized specific situations in
which cancer is sensitive to availability of the amino acid serine, and we have identified a
potential therapeutic target in methionine synthase that is only important for cancer cell
growth under physiological nutrient conditions. We feel that the insights that we have provided

into the composition of the metabolic environment in tumors and into the metabolic
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requirements of cancer cells in physiologically relevant contexts will serve as a framework for

future work in cancer metabolism.
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ABSTRACT

Copy number gain of the PHGDH gene, which encodes the first enzyme in serine
biosynthesis, is found in some human cancers including a subset of melanomas. In order to
study the effect of increased PHGDH expression in tissues in vivo, we generated mice harboring
a PHGDH™© allele that allows tissue-specific, doxycycline-inducible PHGDH expression. Tissues
and cells derived from PHGDH*!° mice exhibit increased serine biosynthesis. Histological
examination of skin tissue from PHGDH!° mice reveals the presence of melanin granules in
anagen Il hair follicles, despite the fact that in wild type mice melanin synthesis is closely
coupled to the hair follicle cycle and does not begin until later in the cycle. This phenotype
occurs in the absence of any global change in hair follicle cycle timing. The inappropriate
presence of melanin early in the hair follicle cycle following PHGDH expression is also
accompanied by increased melanocyte abundance in anagen Il skin. Together, these data may
provide insight into how PHGDH expression impacts normal melanocyte biology to promote

melanoma.

INTRODUCTION

D-3-phosphoglycerate dehydrogenase (PHGDH) is the first enzyme in the de novo serine
biosynthesis pathway. Flux through this pathway can be important for the proliferation of some
cancer cells, and the PHGDH gene is located in a region of focal genomic copy number gain that
is associated with subsets of breast cancer and melanoma as well as cell lines derived from
other cancer types (Locasale et al., 2011, Possemato et al., 2011). PHGDH-amplified cells are

dependent on expression of catalytically active enzyme to proliferate (Mattaini et al., 2015),
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and high PHGDH expression is associated with negative clinical outcomes in breast cancer
(Locasale et al., 2011, Pollari et al., 2011, Possemato et al., 2011), glioma (Liu et al., 2013) and
cervical cancer (Jing et al., 2013). In addition to gene amplification, PHGDH expression can be
upregulated through transcriptional and epigenetic mechanisms (Adams, 2007, Ding et al.,
2013, Nilsson et al., 2012). As discussed in Chapter 2, PHGDH expression can serve to promote
breast cancer and melanoma. In the autochthonous models described in Chapter 2, PHGDH
overexpression occurs first in non-cancerous melanocytes and mammary epithelial cells. Thus,
it is of interest to understand how PHGDH expression affects these normal tissues.

Because PHGDH gene copy number gain is observed with higher frequency in melanoma
compared to other cancers (Locasale et al., 2011, Possemato et al., 2011), the effect of PHGDH
expression on melanocyte biology is of particular interest. Melanocytes are the main pigment-
producing cells in mammals. In mice, cutaneous melanocytes in truncal skin are exclusively
follicular. Melanogenesis in follicular melanocytes is closely coupled to hair follicle (HF) cycling.
Once a HF and the first hair are formed during morphogenesis, the entire base of the HF, the
cycling portion, undergoes programmed cell death during a period known as catagen. The HF
then enters a “resting” phase, telogen, before the anagen period (Chase, 1954, Fuchs, 2007)
during which the entire lower portion of the HF is repopulated from epithelial and melanocyte
stem cells located in the bulge region (Cotsarelis et al., 1990, Nishimura et al., 2002). Initiation
of melanogenesis is tightly coupled to anagen progression (Slominski and Paus, 1993), with the
first melanin granules visible in the HF during the anagen llla stage, when the hair follicle bulb
extends to the border of the dermis and subcutis (Muller-Rover et al., 2001). Though serine

biosynthesis is not obviously connected to HF cycling, serine biosynthesis pathway enzymes
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may affect differentiation of survival of stem cells (Hwang et al., 2016, Samanta et al., 2016),
which could potentially perturb HF cycle progression.

To study how increased PHGDH expression affects normal tissue function in mice, we
developed a transgenic mouse harboring a human PHGDH cDNA under the control of a
doxycycline-inducible promoter. We found that expression of PHGDH results in premature
appearance of melanin in HFs as well as an increased number of melanocytes in whole skin,
suggesting that PHGDH expression affects melanocyte proliferation and/or differentiation,

which may contribute to selection for increased PHGDH expression in cancer.

RESULTS
Generation of a PHGDH'*' allele

In order to model the consequences of PHGDH copy number gain observed in cancer
and study the effect of increased PHGDH expression in tissues, a transgenic mouse was
engineered to enable tissue-directed PHGDH expression using a previously described system
(Beard et al., 2006). A human PHGDH cDNA under the control of the tetracycline operator
minimal promoter (tetO) was introduced into embryonic stem (ES) cells containing a reverse
tetracycline transactivator (M2rtTA) allele under the control of the endogenous Rosa26
promoter that is active in most tissues, and these ES cells were used to generate mice with the

PHGDH?™0 3llele (Figure 1A-D).
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Figure 1. Generation of the PHGDH*'™ allele

(A) Schematic of the Col1A locus in wildtype mouse cells (top), the modified locus in KH2 ES cells (middle) and
the locus after targeting to introduce the PHGDH™® allele (bottom). The PHGDH cDNA introduced into the Col1A
locus is the human sequence. The expected band sizes when the indicated probe is used for Southern blot
analysis as in (B) and (C)] are indicated. Also shown are the location of the Spel sites (marked “S”) in each locus
used to digest genomic DNA for Southern blot analysis. FRT, flippase recognition target site; tetO, tetracycline
operator minimal promoter. (B) Southern blot analysis of Spel-digested genomic DNA from six PHGDH"°-
targeted ES cells. Clones D4 and D5 exhibit proper targeting of the CollA locus and an unaffected wild-type
allele. (C) Southern blot analysis of Spel-digested genomic DNA from mice of the indicated genotypes. (D) PCR-
based genotyping of the PHGDH®™® and Rosa26-M2rtTA alleles. In the PHGDH®™© reaction, the presence of the
transgene is indicated by the upper band; in the Rosa26-M2rtTA reaction, the presence of the transgene is
indicated by the lower band. (E) The number of offspring of each genotype observed when mice hemizygous for
the PHGDH!™© allele exposed to a doxycycline diet were mated. The observed distribution of genotypes in the
offspring did not differ significantly from expected Mendelian ratios, with p=0.58 by the X2 goodness-of-fit test.
(F) Western blot analysis of PHGDH protein using the indicated amount of recombinant human or mouse PHGDH
to test antibody specificity.
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Characterization of PHGDH™!° mice

PHGDH is only expressed in tissues from mice with both the PHGDH®*° and the Rosa26-
M2rtTA alleles and only upon exposure of tissues to doxycycline (dox) (Figure 2A). To test
whether increased PHGDH expression affects viability, breeding pairs of PHGDH!° hemizygotes
were continually fed a diet containing dox to induce PHGDH expression in most mouse tissues.
Offspring from these crosses were born in expected Mendelian ratios (Figure 1E). Expression
from the Rosa26 promoter is active by the blastocyst stage of the developing embryo
(Zambrowicz et al., 1997), and dox readily crosses the placenta to regulate transgene
expression in the developing embryo (Fedorov et al., 2001, Perl et al., 2002a, Perl et al., 2002b,
Shin et al., 1999). Thus, this result suggests that increased PHGDH expression in the embryo
does not prevent mouse development or viability.

Embryonic fibroblasts (MEFs) derived from PHGDH*%;Rosa26-M2rtTA mice display
dose-dependent, dox-inducible PHGDH expression (Figure 2B). The antibody used throughout
this study recognizes both human and mouse PHGDH proteins with similar affinities by Western
blot (Figure 1F); thus, PHGDH expression observed in PHGDH*/* MEFs and in conditions without
dox-induced transgene activation reflect mouse PHGDH protein expressed from the
endogenous locus. In previous studies examining a variety of cell lines and tissues, expression of
PHGDH at the protein level correlates with serine biosynthesis pathway flux (Davis and Fallon,
1970, Locasale et al., 2011, Possemato et al., 2011). Similar results are obtained following
transgene expression, as dox-treated PHGDH™%;Rosa26-M2rtTA MEFs show a dose-dependent

increase in both PHGDH protein and the concentration of the unique serine biosynthesis
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Figure 2. Introducing a PHGDH'™™ allele into mice increases PHGDH expression and results in the aberrant
appearance of melanin granules

(A) Western blot analysis to assess PHGDH expression in liver lysates from mice harboring the indicated alleles
and were exposed to a doxycycline containing diet (Dox) or a control diet for 5 days. B-actin expression was also
assessed as a loading control. (B) Western blot analysis to assess PHGDH expression in MEFs derived from mice
with the Rosa26-M2rtTA allele and the indicated number of PHGDH (tetO) alleles that were cultured in media
with or without doxycycline (Dox) as for 72 hours as indicated. Both a light and dark exposure (alt exposure) is
shown, as is GAPDH expression as a loading control. (C) The percent increase in the concentration of intracellular
phosphoserine (P-ser) in MEFs derived from mice described in (B) harboring one (tetO/+) or two (tetO/tetO)
transgene alleles relative to levels found in MEFs derived from wildtype mice is shown. All MEFs were cultured
for 4 days in media with doxycycline prior to measurement of P-Ser levels by LC-MS. Data shown represent the
mean (+/- SEM). The increase is statistically significant with p values from two-tailed Student’s T test. (D)
Representative H&E staining of skin sections from 3.5-month-old mice of the indicated genotypes that had been
exposed to a doxycycline-containing diet for 9 days. Dotted lines delineate the border between the dermis and
the subcutis. Arrow indicates melanin granules in the hair follicles (HFs) of the PHGDH™°;Rosa26-M2rtTA mouse.
All hair follicle shown are pre-anagen llla as they are contained completely within the dermis. Images were
obtained at 40x magnification. Scale bar = 30 um. Inset images are magnified 80X. (E) Quantitation of the
percent of pre-anagen llla hair follicles (HF) in each genotype that contain any melanin granules. Data shown
represent the % observed when analyzing 167 HFs from one PHGDH™™©;Rosa26-M2rtTA mouse and 46 HFs from
one wild type mouse. (F) Quantitation of the percent of pre-anagen llla hair follicles (HF) in each genotype with
three or more melanin granules. Data shown represent the % observed when analyzing 167 HFs from one
PHGDH'*%;Rosa26-M2rtTA mouse and 46 HFs from one wild type mouse. The percent increase in hair follicles
with melanin granules shown in (E) and (F) is statistically significant with p values derived from one-tailed Fisher’s
exact test.
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pathway intermediate phosphoserine compared to dox-treated wild type MEFs (Figure 2B-C).

These data suggest the transgene expression can increase serine biosynthesis in cells.

Mice with long-term PHGDH overexpression are grossly normal

PHGDH™™;Rosa26-M2rtTA mice were exposed to dox diet beginning at 6 weeks of age
and maintained on this diet for 16-18 months. During this time, mice were monitored weekly
without evidence of any obvious abnormalities while alive and at necropsy. Liver and skin
samples were analyzed by Western blot for PHGDH protein expression. Some samples showed
less PHGDH expression than expected after 16-18 months of dox exposure (Figure 3), but liver
and skin samples from the same individual showed consistent expression levels suggesting that
differences in transgene silencing might underlie the variability in expression between mice.
Histological analysis of skin, brain, white and brown fat, mammary gland, pancreas, liver,
spleen, kidney, colon, lung and heart tissue in this cohort from control mice and
PHGDH™™©;Rosa26-M2rtTA mice with high PHGDH expression by Western blot was
unremarkable, suggesting that mice with long-term increased PHGDH expression are grossly

normal.
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Figure 3. Tissues from mice with long-term exposure to doxycycline diet show variable PHGDH expression.
Western blot analysis for PHGDH expression in liver and skin from PHGDH™°;Rosa26-M2rtTA (tetO/+) and
wildtype (+/+) mice that were exposed to doxycycline diet for 16-18 months. Hsp90 expression is also shown as
a loading control.
Pre-anagen llla hair follicles in PHGDH'° mice inappropriately contain melanin granules
Given the high frequency of PHGDH gene copy number gain observed in melanoma
compared to other cancers (Locasale et al., 2011, Possemato et al., 2011), we sought to
examine the effect of PHGDH expression on melanocyte biology. When examining the skin of
3.5 month-old mice treated with dox for 9 days, an anomaly in follicular melanin was observed
(Figure 2D). The bulbs of the HFs pictured in Figure 2D are surrounded entirely by dermis,
identifying them as pre-anagen llla; however, in PHGDH®"%;Rosa26-M2rtTA HFs melanin
granules are visible. Ordinarily, during catagen, all cells from the cycling portion of the HF
undergo apoptosis, including the melanocytes. Any melanin they have produced is passed to
the keratinocytes that make up the hair itself, so that melanin is no longer present in the bulb

before new melanin is produced in anagen llla of the next HF cycle. Occasionally, melanin

granules produced in a previous HF cycle will not be extruded with the hair shaft and are visible
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in the dermal papilla in telogen, anagen |, or anagen Il (Tobin et al., 1998). However, the
PHGDH™™;Rosa26-M2rtTA skin had a significantly greater proportion of pre-anagen llla HFs
displaying melanin than the wildtype skin (Figure 2E). Furthermore, although some pre-anagen
Illa HFs in the wildtype skin displayed one or two melanin granules, almost none had three or
more (Figure 2F). In contrast, many melanin-containing follicles in the PHGDH""%;Ro0sa26-
M2rtTA skin had as many as 5-10 granules.
PHGDH expression does not globally affect timing of the hair follicle cycle

To further characterize this phenotype, HF cycling was synchronized by plucking hair
from a region of skin to induce HFs in that region to enter a new cycle. Skin was then harvested
at defined time points to examine a desired cycle stage (Muller-Rover et al., 2001). In order to
determine the effect of PHGDH overexpression on follicular melanin throughout the HF cycle,
two approaches were used: one set of mice was fed dox diet for two days before plucking (red
bar) and the other set for thirty days before the HF cycle was synchronized by plucking (blue
bar) (Figure 5A). The first few HF cycles following birth are relatively synchronous across
individuals (Muller-Rover et al., 2001). Therefore, a 30-day pre-induction with dox followed by
plucking at 49 days of age allows PHGDH overexpression during the entire cycle preceding
plucking, from telogen to telogen. Conversely, the 2-day pre-induction only allowed PHGDH
overexpression during the very end of the HF cycle preceding synchronization. By using two
different pre-induction times, we aimed to determine whether the melanin phenotype required
PHGDH overexpression in only the current HF cycle or if expression in the preceding cycle was

required for melanin accumulation.
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Examination of skin at various time points after HF synchronization in mice exposed to
dox for thirty days prior to plucking suggested PHGDH overexpression does not globally affect
timing of the HF cycle (Figure 4A). HFs in synchronized skin from both control and
PHGDH™™;Rosa26-M2rtTA mice were found in the expected stages for their collection days.
Additionally, no perceptible differences visible by H&E staining were evident in any HF stage
other than anagen Il. The fact that the phenotype is anagen ll-specific likely explains why it was
not detected in the cohort of aged mice. Anagen Il is relatively short compared to the entire HF
cycle; thus, anagen Il HFs are not abundant in mice of any age. Furthermore, HF cycling
becomes more asynchronous as mice age (Paus and Foitzik, 2004), so that the likelihood of

collecting a skin sample by chance with an abundance of anagen Il HFs is further decreased.
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Figure 4. PHGDH expression leads to melanin accumulation in pre-anagen llla hair follicles but does not
globally affect timing of the hair follicle cycle.

(A) A region of hair was plucked from 49 day-old mice (at the second telogen) to synchronize the hair follicle
cycle, and skin samples were collected at defined days thereafter. Data were collected from PHGDH™*'%;Rosa26-
M2rtTA or control (+/+) mice that were exposed to doxycycline (Dox) for 30 days prior to synchronization.
Representative H&E staining of skin sections from mice of the indicated genotypes is shown. Images were
obtained at 4x magnification. Scale bar = 1 mm. (B) Representative H&E staining of skin from a control
(PHGDH**) and PHGDH*%;R26-M2rtTA (PHGDH"t%/*) mouse showing anagen Il hair follicles (HFs) that contain
zero and multiple melanin granules, respectively. Images were obtained at 40x magnification. Scale bar = 30 um.
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Anagen Il hair follicles in synchronized PHGDH*© skin contain melanin granules

Anagen |l follicles in synchronized skin of PHGDH®®° ;Rosa26-M2rtTA mice with only a 2-
day dox pre-induction show the presence of inappropriate melanin granules, but neither the
proportion of HFs with melanin (Figure 5B) nor the fraction of HFs with three or more melanin
granules (Figure 5C) is significantly different than in wild-type mice. Analyzing skin by Western
blot shows that 2-day pre-induction is sufficient to moderately increase PHGDH levels in some
mice; however, the change in expression is higher in the skin of mice exposed to dox diet for 30
days (Figure 5D), raising the possibility that the absence of a melanin phenotype after 2 days of
dox pre-induction is due to the latency of PHGDH expression.

Examination of anagen Il skin from mice with a 30-day pre-induction showed
inappropriate melanin accumulation to a degree that reproduced the initial phenotype
observed (Figure 4B). The anagen Il HFs from the skin of PHGDH'!%;Rosa26-M2rtTA mice more
frequently contained melanin (Figure 5E) and were more likely to have a high number of
melanin granules (Figure 5F) than their wild-type counterparts. The percentages observed in
this experiment were similar to those observed in the initial unsynchronized experiment (Figure
2D-F). To confirm that melanin accumulation is associated with increased PHGDH expression
from the transgene, we designed gPCR primers specific for human or mouse PHGDH cDNA
(Figure 6A-D) and found that in synchronized PHGDH'¢!%;Rosa26-M2rtTA skin, expression of

human PHGDH was increased while expression of mouse PHGDH was unchanged (Figure 5G).
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Figure 5. PHGDH expression during the previous hair follicle cycle leads to increased melanin accumulation.
(A) A region of hair was plucked from 49 day-old mice (at the second telogen) to synchronize the hair follicle
cycle, and skin samples were collected at defined days thereafter. Data were collected from PHGDH*!%;Rosa26-
M2rtTA (tetO/+) or control (+/+) mice that were exposed to doxycycline (Dox) for either 2 days or 30 days prior
to synchronization. Shown is a schematic of the experiment, with the red bar depicting mice exposed to
doxycycline diet for 2-days before synchronization, and the blue bar depicting mice exposed to doxycycline for
30-days before synchronization. (B) Quantitation of the percent of anagen Il hair follicles (HFs) containing any
melanin granules in PHGDH™"°;Rosa26-M2rtTA (tetO/+) or control (+/+) mice exposed to doxycycline for 2 days
prior to synchronization. Data shown represent the % observed when analyzing 50 HFs per mouse from 3 mice
of each genotype (C) Quantitation of the percent of anagen Il hair follicles with three or more melanin granules
in PHGDH™*%;R0sa26-M2rtTA (tetO/+) or control (+/+) mice exposed to doxycycline for 2 days prior to
synchronization. Data shown represent the % observed when analyzing 50 HFs per mouse from 3 mice of each
genotype. No statistically significant increase in hair follicles with melanin granules were observed in (B) or (C)
with p-values derived from two-tailed Fisher’s exact test. (D) Western blot analysis for PHGDH expression in skin
from PHGDH™";Rosa26-M2rtTA mice never exposed to doxycycline-containing diet (-dox) or fed a doxycycline-
containing diet for 2 or 30 days as indicated. Vinculin expression is also shown as a loading control. (E)
Quantitation of the percent of anagen Il hair follicles (HFs) containing any melanin granules in PHGDH"%;Rosa26-
M2rtTA (tetO/+) or control (+/+) exposed to doxycycline for 30 days prior to synchronization. Data shown
represent the % observed when analyzing 50 HFs per mouse from 3 mice of each genotype. (F) Quantitation of
the percent of anagen Il hair follicles with three or more melanin granules PHGDH™%;Rosa26-M2rtTA (tetO/+)
or control (+/+) mice exposed to doxycycline for 30-days prior to synchronization. Data shown represent the %
observed when analyzing 50 HFs per mouse from 3 mice of each genotype. The increase in hair follicles with
melanin granules shown in (E) and (F) is statistically significant with p-values derived from two-tailed Fisher’s
exact test. (G) gPCR to assess species-specific PHGDH expression in anagen Il skin isolated from
PHGDH'";R0sa26-M2rtTA (tetO/+) or control (+/+) mice exposed to doxycycline for 30-days prior to
synchronization. An increase in human PHGDH (huPHGDH), but not mouse PHGDH (msPHGDH) expression is
statistically significant with p values derived from unpaired Student’s t test. Data shown represent the mean (+/-
SD).
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Figure 6. Validation of species-specific PHGDH qPCR primers

gPCR primers specific to (A) human (hu PHGDH) and(B) mouse (ms PHGDH) PHGDH were tested for linearity
and relative quantitation compared to 18S rRNA. The slope of each line does not significantly differ from O,
with p-values derived from an F test. The same human (C) and mouse (D) PHGDH primers were examined for
an ability to amplify PHGDH cDNA derived from mouse liver or the human cell line MDA-MB-468 infected with
a control shRNA (shRenilla) or one of two hairpins targeting PHGDH (shPHGDH).
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Melanin accumulation in PHGDH*° mice is caused by cell autonomous PHGDH expression

In order to determine whether the melanin phenotype observed in the
PHGDH'%;Rosa26-M2rtTA mice is cell autonomous, we crossed PHGDH© mice to mice
harboring a Dct-rtTA allele that allows melanocyte-specific transgene expression (Zaidi et al.,
2011a, Zaidi et al., 2011b). With a 30-day pre-induction, skin from PHGDH*!%;Dct-rtTA mice
displayed melanin granules in anagen Il HFs with similar percentages as those observed in mice
with a Rosa26-M2rtTA allele (Figure 7A-B), suggesting that the PHGDH-dependent presence of
melanin in anagen Il HFs is a melanocyte-autonomous event.
Melanin accumulation can be caused by acute PHGDH overexpression

To evaluate whether PHGDH expression is required in the previous HF cycle for this
phenotype, we used a 2-day pre-induction with dox. Though a 2-day pre-induction led to only
weak PHGDH expression when driven by Rosa26-M2rtTA, the melanocyte specific Dct-rtTA is
predicted to promote higher PHGDH expression in these cells. Indeed, we found that with a 2
day pre-induction, skin from PHGDH®™®©;Dct-rtTA mice displayed melanin granules in anagen I
HFs at a higher rate than skin from wildtype mice (Figure 7C-D). The presence of the melanin
phenotype with a 2-day pre-induction suggests that the phenotype does not depend on PHGDH
overexpression during the previous catagen. This argues against PHGDH promoting survival of
melanocytes that would normally die during the previous catagen phase. Instead, the effect of
PHGDH expression on uncoupling melanin appearance with normal HF cycle progression only

requires the presence of PHGDH during the earliest phases of the HF cycle.
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Figure 7. Increased PHGDH expression in melanocytes drives melanin accumulation in anagen Il hair follicles
and increases melanocyte abundance.

(A) PHGDH ™ mice were crossed to Dct-rtTA mice to drive increased PHGDH expression solely in melanocytes.
Quantitation of the percent of anagen Il hair follicles (HFs) containing any melanin granules in skin from Dct-rtTA
mice with the indicated PHGDH™™ genotype exposed to doxycycline for 30 days prior to hair follicle
synchronization as described in Figure 5. Data shown represent the % observed when analyzing 50 HFs per
mouse from 3 mice of each genotype. (B) Quantitation of the percent of anagen Il hair follicles (HFs) with three
or more melanin granules in in skin from mice described in (A) exposed to doxycycline for 30 days prior to hair
follicle synchronization. Data shown represent the % observed when analyzing 50 HFs per mouse from 3 mice
of each genotype. (C) Quantitation of the percent of anagen Il hair follicles (HFs) containing any melanin granules
in skin from mice described in (A) exposed to doxycycline for 2 days prior to hair follicle synchronization. Data
shown represent the % observed when analyzing 50 HFs per mouse from 3 mice of each genotype (D)
Quantitation of the percent of anagen Il hair follicles (HFs) with three or more melanin granules in skin from
mice described in (A) exposed to doxycycline for 2 days prior to hair follicle synchronization. Data shown
represent the % observed when analyzing 50 HFs per mouse from 3 mice of each genotype. The increase in hair
follicles with melanin granules shown in (A-D) is statistically significant with p-values derived from two-tailed
Fisher’s exact test. (E) PHGDH'€™; Dct-rtTA mice were crossed to H2B-GFP™° mice such that melanocytes would
express both PHGDH and GFP. qPCR to assess tyrosinase expression (a melanocyte-specific enzyme) in GFP- and
GFP+ cells isolated from PHGDH®™!%;Dct-rtTA; H2B-GFP™®° mice exposed to doxycycline for 30 days prior to hair
follicle synchronization. Data shown represent the mean (+/- SD). The increase in tyrosinase expression is
significant with p-values derived from an unpaired Student’s t test. (F) Mice described in (E) with or without a
PHGDH'™™ allele we exposed to doxycycline for 30-days prior to hair follicle synchronization and subsequent
collection of anagen Il skin samples. Cells isolated from skin were analyzed by flow cytometry to assess GFP+
melanocyte abundance. Data shown represent the mean (+/- SD). The increase in GFP+ melanocytes from
PHGDH®™©* mice is statistically significant with p-values derived from an unpaired Student’s t test.
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Increased PHGDH expression in melanocytes increases melanocyte abundance in anagen Il
skin

To determine whether the presence of excess melanin granules in anagen Il HFs is
related to a change in melanocyte number, we quantified melanocyte abundance using flow
cytometry. To quantify melanocytes PHGDH%; Dct-rtTA mice were crossed to H2B-GFP*®° mice
(Tumbar et al., 2004, Zaidi et al., 2011a, Zaidi et al., 2011b) so that melanocytes would express
both PHGDH and GFP. The resulting mice were then exposed to a dox diet for 30 days, plucked,
and skin was collected in anagen Il. Adapting previously described protocols (Joshi et al., 2017,
Zaidi et al., 2011a), this skin was then dissociated into single-cell suspension and sorted by flow
cytometry into GFP-positive and GFP-negative populations in order to quantitate the effect of
PHGDH expression on the relative abundance of GFP-positive melanocytes (Figure 8A). In order
to validate that the GFP-positive cells were indeed melanocytes, we performed qPCR for
tyrosinase, a melanocyte marker, which was present in GFP-positive cells, and nearly
undetectable in GFP-negative cells (Figure 7E). Conversely, expression of KPRP, a keratinocyte
marker, and AdipoQ, an adipocyte marker, were restricted to the GFP-negative cells (Figure 8B-
C). The proportion of GFP-positive cells was significantly higher in anagen Il skin from mice with
the PHGDH™9%;Rosa26-M2rtTA alleles (Figure 7F), suggesting that melanocytes are more

abundant in anagen Il skin when PHGDH is overexpressed.
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Figure 8. Evidence that adipocytes and keratinocytes sort into the GFP- fraction when cells are isolated from
the skin of PHGDH*°; Dct-rtTA; H2B-GFP'° mice.

(A) PHGDH®™®©; Dct-rtTA; H2B-GFP™®© mice with melanocytes that express both PHGDH and GFP, along with
control mice with melanocytes that express GFP were exposed to doxycycline for 30 days prior to hair follicle
synchronization. Anagen Il skin samples were isolated, and GFP+ and GFP- cells were isolated via FACS. Cells
were gated on the single cell, live (DAPI-) population. GFP+ cells were identified based on signal in a GFP channel
compared to autofluorescence as measured by signal in a PE channel using a skin sample from a mouse that did
not contain H2B-GFP™® (GFP negative) as a negative control. Representative FACS plots from a PHGDHtetO
mouse and a wildtype (PHGDH+/+) mouse are shown. (B) gPCR analysis of cDNA isolated from unsorted, GFP-,
and GFP+ cells isolated from the skin of PHGDH®™™; Dct-rtTA; H2B-GFP'*° mice described in Figure 4E. Primers
were used to amplify the keratinocyte-specific gene KPRP, and (C) the adipocyte-specific gene AdipoQ as
indicated. Data shown represent the mean (+ SD).
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DISCUSSION

High PHGDH expression is observed in select cancer cells and in some cases is necessary
for proliferation and survival (Locasale et al., 2011, Possemato et al., 2011). Genomic copy
number gain involving PHGDH is observed with higher frequency in melanoma than in other
cancers (Locasale et al., 2011), and in this regard it is interesting that increased PHGDH
expression driven by a ubiquitous promoter in mice results in a phenotype involving
melanocytes such that progression of the hair follicle cycle is uncoupled from melanin
appearance. This effect on normal melanocyte biology may provide insight into how PHGDH
expression contributes to melanoma.

A key unanswered question is why hair follicles in PHGDH®© mice display an increased
number of melanin granules and melanocytes early in the HF cycle. Melanogenesis involves the
production, survival and differentiation of melanocytes (Tobin, 2008), functional melanosome
biogenesis (Schiaffino, 2010), appropriate transcription, translation, modification, and activity
of synthetic enzymes such as tyrosinase (Videira et al., 2013, Wang and Hebert, 2006), input
from autocrine and paracrine signals (Hsiao and Fisher, 2014), and availability of substrate and
appropriate chemical conditions for melanogenesis, including pH and redox state (Hearing,
2011, Schallreuter et al., 2008). Increased serine synthesis might affect one or more of these
processes in melanocytes or melanocyte stem cells. Alterations in redox state may be relevant
to PHGDH expression, as increased serine synthesis is associated with resistance to oxidative
stress in melanoma and breast cancer (Piskounova et al., 2015, Samanta et al., 2016). PHGDH
could also affect follicular melanogenesis by promoting inappropriate differentiation of

melanocytic stem cells into melanocytes or increased melanocyte proliferation. Further
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examination of the role of PHGDH in these processes may provide insight into how PHGDH

expression promotes tumor formation.

MATERIALS AND METHODS
All mouse studies were performed in accordance with institutional guidelines and approved by

the MIT Committee on Animal Care.

Generation of PHGDH®® Mice

A previously described system was used to generate PHGDH™° mice (Beard et al., 2006).
Briefly, human PHGDH cDNA with GenBank Accession BC011262.1 from Open Biosystems
(MHS1010-73507) was amplified with the following primers:

PHGDH Mfel F: 5-CAATTGGCCACCATGGCTTTTGCAAATCTGCGGAAAGT-3’

PHGDH Mfe R: 5’-CAATTGTTAGAAGTGGAACTGGAAGGCTTCAG-3’

This insert was digested with Mfel from NEB (R0589) and cloned into the EcoRl sites in the pgk-
ATG-frt plasmid from Addgene (#20734) to generate a targeting plasmid using standard
molecular biology techniques. Sequencing was used to screen for the correct insert orientation
and confirm cDNA sequence. The targeting plasmid was co-electroporated with pCAGGS-flpE
plasmid (Addgene, # 20733) into F1 C57BL/6 x 12954 hybrid KH2 ES cells. The KH2 cells as well
as pgk-ATG-frt and pCAGGS-flpE-puro were kind gifts from Rudolf Jaenisch (plasmids via
Addgene). Clonal selection of ES cells was performed with 150 ug/ml hygromycin B for 9 days,
and 8 individual clones were screened by Southern blot as described below. Two ES clones with

a properly integrated PHGDH transgene in the Collal locus were injected independently into
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C57BL/6 blastocysts to produce chimeric mice. The chimeric C57BL/6 x 12954 PHGDH®®©
transgene founder mice were mated to C57BL/6 background and some showed germline
transmission. Before this study and over the course of these experiments, the mice were

continually backcrossed onto the C57BL/6 background.

Southern Blotting

Genomic DNA was digested with Spel from NEB (R0133). Digested DNA was then separated on
an agarose gel, and neutral transfer was performed overnight using Hybond-XL membrane from
GE Healthcare Biosciences (RPN303S). Membrane was crosslinked using a Stratalinker UV
Crosslinker from Stratagene. The membrane was incubated with Stratagene QuickHyb
Hybridization Solution from Agilent (201220). The probe was prepared from the Colla-3'probe
plasmid from Addgene (#20731) by digesting with Xbal and Pstl from NEB (R0145 and R0140)
and gel purifying the released probe. Purified probe was denatured, then labeled using a-32P-
dCTP from PerkinElmer Life Sciences (BLUO13H) and the Rediprime Il DNA Labeling System from
GE Healthcare Life Sciences (RPN1633) according to kit instructions. Labeled probe was then
purified with Micro Bio-Spin P-6 Gel Columns from Bio-Rad (#732-6200) according to company
instructions. Purified, labeled probe was mixed with salmon sperm DNA from Stratagene
(201190). Immediately before using, probe was denatured. The probe was then incubated with
the membrane and hybridization solution for 1 hr at 68°C. The membrane was washed, then

exposed to autoradiography film with an intensifier screen before developing.
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PCR Genotyping
PCR genotyping was performed using standard molecular biology techniques under conditions
described below.

Annealing Wild type allele | Transgene allele
Allele Primers
temp., °C band size, bp band size, bp

olMR6724:
5'- CCCTCCATGTGTGACCAAGG -3’
0lMR6725:
PHGDH?t° 5'- GCACAGCATTGCGGACATGC -3’ 65 295 493
olIMR6726:
5'- GCAGAAGCGCGGCCGTCTGG -3’
(Sequences from Jackson Laboratory)
o0IMR8545:
5'-AAAGTCGCTCTGAGTTGTTAT-3’
0IMR8546:
Rosaze: 5'-GGAGCGGGAGAAATGGATATG-3’ 65 ~650 340
M2rtTA
olIMR8052:
5'-GCGAAGAGTTTGTCCTCAACC-3’
(Sequences from Jackson Laboratory)
Y104:
5'-ACTAAGTAAGGATCAATTCAG -3'
Dct-rtTA Y105: 55 (No band) 370
5'-TGTACTAGGCAGACTGTG-3'
(Sequences from NCI Mouse Repository)
Y106:
5'-GCCACAAGTTCAGCGTGTCC-3'
H2B-GFP Y107: 60 (No band) 314
5'-GATGCCCTTCAGCTCGATGC-3'

(Sequences from NCI Mouse Repository)
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Western Blotting

Western blots were performed using standard techniques with primary antibodies against
PHGDH (Sigma, HPA021241), B-actin (abcam, ab1801), GAPDH (Cell Signaling Technology,
2118S), Hsp90 (Cell Signaling Technology, #4877), or vinculin (abcam, ab18058) and detected

using HRP-conjugated secondary antibodies and chemiluminescence.

Generation of Embryonic Fibroblasts & Cell Culture

MEFs were prepared from E13.5 PHGDH!t%/tet0 pHGDHt%/* or PHGDH** embryos with the
Rosa26-M2rtTA allele using standard protocols. MEFs were maintained in DMEM with pyruvate,
10% tet-free FBS, 2 mM glutamine, penicillin/streptomycin and 3.5 pl beta-mercaptoethanol

per 500 ml DMEM.

Mass Spectrometry

MEFs were grown in medium supplemented with 1 ug/ml doxycycline for 4 days before
extraction. Cells were extracted in ice cold 1:4:5 water:methanol:chloroform with valine-D8 as
an internal standard. The aqueous layer was dried under N2 and resuspended in 1:1
water:acetonitrile. Samples were analyzed by LC/MS using a QExactive benchtop orbitrap mass
spectrometer equipped with a heated electrospray ionization (HESI) probe, coupled to a Dionex
UltiMate 3000 UPLC system (Thermo Fisher Scientific, San Jose, CA). Samples were separated
by injecting 10 pl of each sample onto a ZIC-pHILIC 2.1 x 150 mm (5 um particle size) column
(EMD). Flow rate was set to 100 pL/min, column compartment was set to 25°C, and
autosampler sample tray was set to 4°C. Mobile Phase A consisted of 20 mM ammonium

216



carbonate, 0.1% ammonium hydroxide. Mobile Phase B was 100% acetonitrile. The mobile
phase gradient (%B) was as follows: 0 min 80%, 5 min 80%, 30 min 20%, 31 min 80%, 42 min
80%. All mobile phase was introduced into the ionization source set with the following
parameters: sheath gas = 40, auxiliary gas = 15, sweep gas = 1, spray voltage = -3.1kV or +3.0kV,
capillary temperature = 275°C, S-lens RF level = 40, probe temperature = 350°C. Metabolites
were monitored using a targeted selected ion monitoring (tSIM) method in negative mode with
the quadrupole centered on the M-H ion m+1.5, m+2.5, or m+3.5 mass with a 8 amu isolation
window, depending on the number of carbons in the target metabolite. Resolution was set to
70,000, full-scan AGC target was set to 106 ions, and tSIM AGC target was set to 105 ions.
Relative quantitation of polar metabolites was performed with XCalibur QuanBrowser 2.2
(Thermo Fisher Scientific) using a 5 ppm mass tolerance and referencing an in-house library of

chemical standards. Concentration was normalized to cell number.

Histology
Tissues were fixed overnight to 24 hrs in formalin and stained with hematoxylin and eosin using

standard techniques.

Hair Follicle Synchronization and Quantitation of Melanin in Hair Follicles

To synchronize HFs, mice were anesthetized and skin was plucked over two 1cm?areas halfway
down the back of mice equidistant from the spine. After the procedure, mice were given
carprofen at 3 mg/kg once per day for 3 days as an analgesic. HFs with the bulb located entirely

in the dermis were considered to be pre-anagen llla. HFs with a lower bulb were not included in
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the analysis. Only HFs with a fully visible bulb were included in the analysis and all sections
were de-identified for blinded quantitation. Each HF assessed for the presence of melanin

granules was classified as “none,” “one,” “two” or “three or more”, and each distinct granule

was counted as one regardless of size.

RT-qPCR

RNA was collected from skin using Trizol reagent (Ambion). Skin samples were digested in 1 mL
of Trizol using a GentleMACS tissue homogenizer and RNA was isolated according to standard
protocol. RNA from FACS samples was isolated using the RNAqueous Micro Kit (Ambion). cDNA
was reverse transcribed using an iScript cDNA Synthesis Kit. RT-qPCR was performed with SYBR
Green on a LightCycler 480 Il machine from Roche. Primers were used at a final concentration

of 1 uM. The primers used are listed in the table below.

Target Forward Primer Reverse Primer

Human PHGDH CTGCGGAAAGTGCTCATCAGT TGGCAGAGCGAACAATAAGGC
Mouse PHGDH ATGGCCTTCGCAAATCTGC AGTTCAGCTATCAGCTCCTCC
Tyrosinase CACCATGCTTTTGTGGACAG GGCTTCTGGGTAAACTTCCAA
AdipoQ TGTTCCTCTTAATCCTGCCCA CCAACCTGCACAAGTTCCCTT
KPRP AACCCGTTCGTTGTCCCAG TTGGGTGAAGTTATATGAGCCAC
F4/80 TGACTCACCTTGTGGTCCTAA CTTCCCAGAATCCAGTCTTTCC
GAPDH TGTAGACCATGTAGTTGAGGTCA | AGGTCGGTGTGAACGGATTTG
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Flow cytometry

Synchronized skin was dissected from mice, then cut into small pieces in a Petri dish using
dissecting scissors. The skin was resuspended in 5 mL sterile PBS with 3 mg/mL dispase I
(Roche), 1 mg/mL collagenase | (Worthington Biochemical), and 0.1 mg/mL DNase | (Sigma-
Aldrich). This solution was incubated at 37 °C for 30 minutes, then EDTA was added to a final
concentration of 10 mM to stop the digestion reaction. The digested skin was passed through a
70 um cell strainer then washed twice with sterile PBS. Cells were stained with 1 ug/mL DAPI
for 15 minutes as a live-dead marker, then analyzed for GFP expression on BD FACSAria Il flow

cytometer.
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