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SUMMARY

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
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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.

eTOC blurb:

Nutrient availability can constrain tumor growth. Sullivan et al. demonstrate that in some cancers,
physiological levels of the amino acid serine are insufficient to support maximal tumor growth and
that melanoma and breast tumors derive a growth advantage by upregulating serine biosynthesis.

Graphical Abstract:
o

Increased PHGDH MNormal environmental Increased environmental
expression serine serine
o
? 100 o & 100 : o £
23 : §2 ; = &z
I / j ] i 5
2 i 23 % 4 =5
& £ X g # 4’/ g £
g : g I 5
ESNG 2 2
< A g _ A &t
T —— . S ———— . T .
—_ .
\.A——x__ . !‘_.\—_xh_\_B x.ﬁ_&—_xh:,\_B
Larger tumor Smaller tumor Larger tumor

Keywords
serine; PHGDH; melanoma; breast cancer

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 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 S1A), and PHGDH protein levels are upregulated by factors
associated with tumor progression including NRF2 (DeNicola et al., 2015), c-MYC (Nilsson
etal., 2012), ATF4 (Adams, 2007; DeNicola et al., 2015), HIF-1a (Samanta et al., 2016),
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mMTORC1 (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,
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
etal., 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 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
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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.

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 Brafmutations occur in up to 60% of tumors (Chin, 2003).
To determine whether PHGDH expression can cooperate with mutant Brafto promote
melanoma in mice, we utilized a PHGDH IO allele that allows for doxycycline-inducible
expression of human PHGDH (Mattaini et al., 2018). The PHGDH O allele was crossed to
mice bearing a Braf Y690E conditional allele (Braf®?)and Tyr-CreER allele that enables
mutant Braf VE90F gctivation in melanocytes when exposed to tamoxifen (Dankort et al.,
2009). Brafactivation 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 Brafc?; 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 (Zambrowicz et al., 1997).
Increased PHGDH expression dependent on both doxycycline and the presence of a
PHGDHO 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“A; Tyr-CreER, PHGDH!O. R26-M2rtTA mice formed tumors, while no littermate
mice with melanocytic Brafactivation 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 Brafactivation to drive melanoma formation with low penetrance.

PHGDH expression accelerates melanoma growth

To examine the role of PHGDH in melanoma growth and progression, PHGDH*!C; R26-
MZ2rtTA mice were crossed to a mouse melanoma model initiated by Brafactivation and
Pten deletion in melanocytes (Braf<; Tyr-CreER:. Pten™") (Dankort et al., 2009). To
confirm that the PHGDH IO 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 Phgah (msPHGDH). Tumors with the PHGDH O 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 O 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 O allele
did not alter the histological appearance of melanomas that formed (Figure 1E) or plasma
serine levels (Figure S1B), but did decrease the median time for tumors to reach 1 cm?3 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 S1C).
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This phenotype was driven at least in part by increased cell proliferation, as tumors with the
PHGDH™O 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 S1D). 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!C allele was crossed to a triple negative breast
cancer model induced by mammary specific Brcal deletion in 7rp53 heterozygous mice
(BRCAMM: Tro53*=; 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 MMTV4rtTA allele (Whisenhunt et al., 2006). PHGDH™O breast tumors reached 1
cm3 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 PHGDHO tumors do not exhibit increased PHGDH expression compared to
control tumors (Figure 11), even though PHGDH O mice express huPHGDH derived from
the PHGDH™ transgene (Figure S2A). Additionally, end stage PHGDH O tumors do not
display differential staining of Ki67 or cleaved caspase 3 (Figure S2B-C). One possible
explanation is that increased PHGDH expression is selected for in both PHGDH™C 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 O mice, mammary glands from 7 week old
PHGDH™OMMTV-rtTA and control MMT\VArtTA mice were stained for PHGDH. PHGDH
expression was increased in mammary epithelial cells in PHGDH™ O mice compared to
control mice (Figure 1J). Together, these data suggest that the PHGDH IO allele provides an
advantage to tumors prior to end stage, when PHGDH™ O 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 O mice, and knocked down PHGDH expression using CRISPR
interference (CRISPRI) (Figure 2A). PHGDH loss decreased serine synthesis pathway
activity as assessed by 13C-labeled glucose incorporation into serine (Figure 2B), but had no
effect on proliferation of these cells in culture (Figure 2C). 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. 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).
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To determine whether serine availability could plausibly be 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 2D), 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 2E). 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-Prkacsc? 1/2rg?™IWJljSz] (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 2F, Table S1). This pattern was also observed for other non-
essential amino acids such as glycine as well as essential amino acids such as lysine (Figure
2F). 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 S2) stably lowered plasma
serine and glycine levels for at least 30 days on the diet (Figure 2G). 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 2F). Conversely, plasma lysine levels are similar in
mice fed either a control diet or a serine and glycine free diet (Figure 2F), 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 S2) have higher serine
levels in the plasma with no changes in glycine (Figure 2G). Neither of these diets altered
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mouse body weight (Figure 2H) 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 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
S3A) grew more rapidly than tumors from PHGDH knockdown cells (Figure 3A). 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 3B). In contrast, sSgPHGDH tumors grew more slowly on a serine
and glycine free diet (Figure 3C), suggesting that tumors with low PHGDH expression are
sensitive to environmental serine levels. A second sgPHGDH cell line that had incomplete
PHGDH knockdown (Figure S3A) 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 S3B). syPHGDH 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 essential amino acids such as valine and leucine were
unchanged (Figure 3D-E, Figure S3C). 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 3F-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 S3E). 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
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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 S3F), suggesting that
environmental serine availability may determine whether PHGDH expression promotes
tumor growth.

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 S4A) (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 S4B) and provides a proliferative advantage to MDA-MB-231 cells when
serine levels are low (Figure 4A). 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 4B).
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 S4D). PHGDH expressing tumors also contained increased amounts
of serine, with no significant change in glycine, a-ketoglutarate, or total 2-hydroxyglutarate
levels (Figure 4C, Figure S4F-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 4D). 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 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 4E). 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 4F). Thus, serine limitation
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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 4G), 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 4G), two contexts in which PHGDH expression promotes tumor growth (Figure 4D).
In contrast, mice fed a high serine diet do not display a PHGDH-dependent effect on
AICAR/FAICAR ratio (Figure 4G) or a PHGDH-dependent growth advantage (Figure 4E).
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 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 Brafactivation to promote
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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. 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 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.

Limitations of study

In this study, we utilized autochthonous melanoma and breast cancer models that are driven
by oncogenes that may impact serine demand and may not fully represent the human
disease. In addition, we used MDA-MB-231 cells that are derived from a breast tumor
metastasis located in the lung, and may not be fully representative of a developing breast
tumor. We also used plasma metabolite levels of as a proxy for nutrients available in the
tumor, but additional factors could influence nutrient accessibility to cancer cells in tumors.
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STAR METHODS

Contact for Reagent and Resource Sharing:

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Matthew Vander Heiden (mvh@mit.edu).

Experimental Model and Subject Details:

Mouse strains—PHGDH O mice were generated as described in (Mattaini et al., 2018),
with the PHGDH™ allele targeted to the ColA1l locus. PHGDH O was expressed using a
R26-M2rtTA unless otherwise noted. BrafcA; Tyr-CreER and BrafA; PTEN™H - Tyr-CreER
mice are described in (Dankort et al., 2009), and were of mixed C57BL/6J and 12954/
SvJaed background. BRCA™: Trp53*/~: MMTV-Cre mice are described in (Xu et al.,
1999). All experiments utilizing BRCA™ Trp53*/~ mice also used an MMTV4rtTA
(Whisenhunt et al., 2006) for mammary specific expression of PHGDH. Female NOD.Cg-
Prkdcseid 1[2rg"mIWjlISz) (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% CO,. 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 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 7rp53.

Method Details

Mouse procedures—Mice were housed in SPF facilities kept at 68—72 °F. For all
experiments using PHGDH™ O 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 O allele. Braf“A, 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,
M1, 17308) dissolved in dimethylsulfoxide using a paintbrush to spread the 4-
hydroxytamoxifen across the underside of the mouse. Braf“A; Tyr-CreER mice were
monitored for at least 1 year to determine if tumors developed. BrafA; PTENH- 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, Numbrecht, 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
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of 100 pL 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 4E, 200,000 cells
were injected in a volume of 80 uL 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 S2.

Western blotting—Tumor pieces were homogenized in 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)] 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 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 9661S, 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 quantitated 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
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quantitated by scoring 300 cells per tumor as positive or negative. Samples were de-
identified before all staining quantitation.

RT-gPCR—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 I 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, 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
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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 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 7rp53.

Metabolite extraction—For analysis of mouse plasma, 5 pL of plasma was mixed with 5
UL 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 pg 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 pL 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 M per amino acid,
600 uL HPLC grade methanol, 300 uL HPLC grade water (Sigma-Aldrich), and 400 uL
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 L of the aqueous layer was
removed and dried under nitrogen.

13c-glucose tracing—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 13C glucose (U-13C glucose) in place
of glucose. Cells were incubated for 24 hours in media containing 13C glucose. On ice,
culture media was aspirated and plates were washed three times with 150 mM NaCl. 600 pL
of 80:20 HPL.C 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
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electron impact ionization at 70 eV and the MS source 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
(YYoung 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 12C 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 pm 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 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 13C-leucine
standard peak area.

Quantification and statistical analysis

Survival of BrafcA: PTEN™: 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.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:
PHGDH expression accelerates mouse models of melanoma and breast cancer
Physiological serine levels can restrain tumor growth in breast cancer
Increased dietary serine levels can accelerate tumor progression

PHGDH expression only benefits tumors in tissues with low serine
availability
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Context and Significance:

In order to expand, tumors must consume various nutrients. Understanding which of
these nutrients are limiting for specific kinds of cancer and blocking their availability
may be a new form of anti-cancer therapy. Here, researchers show that certain tumor
types, such as melanoma and breast cancer, are unable to acquire enough of one
particular nutrient, the amino acid serine, from their environment. However, such tumors
can adapt by increasing their own production of serine. These results suggest that cancers
arising in some tissues may be particularly sensitive to anti-cancer therapies that decrease
the capacity for tumors to produce serine or acquire it from their local environment.
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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®tO)

mice with mutant Braf expression in melanocytes. N=14 for Control, N=15 for PHGDH®t©
(B) Representative hematoxylin and eosin (H&E) and Sox10 immunohistochemistry
staining of a tumor derived from a Braf“?; Tyr-CreER; PHGDH" 'O, Rosa26-MZ2rtTA
mouse. H&E image, 4x magnification, scale bar = 500 pm; Sox10 image, 20X
magnification, scale bar = 100 pm. (C) Species specific RT-qPCR for human (huPHGDH)
and mouse (MsPHGDH) PHGDH in BrafcA Pten '~ melanomas from BrafcA; pterf\/fl; Tyr-
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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®C BrafcA Pten™~ tumors. (E) Representative H&E image of BrafA; PTEN 7~
tumors with normal (Control) or increased (PHGDH®0) PHGDH expression. 4x
magnification, scale bar = 500 um. (F) Kaplan-Meier plot showing survival of control or
PHGDH expressing (PHGDH ) mice bearing Braf“?; Pren - 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® O mice (G) Representative immunohistochemistry assessing Ki67 in control and
PHGDH expressing (PHGDH®0) BrafcA: pPten™~ 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®0) BRCAM. 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 O mice. (1) Western blot analysis of PHGDH
expression in control or PHGDH !0 breast tumors arising in BRCA™: Trp53*/= MMTV-
Cremice. (J) Representative PHGDH immunohistochemistry staining of mammary glands
from 7-week old MMTV4rtTA (Control) and PHGDH®EO ; MMTV-rt TA (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. 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 13C-labeled serine (fully labeled, M+3) in control (sgctrl)
or PHGDH knockdown (sgPHGDH-1) cells cultured in U-13C glucose. The difference in the
fraction of labeled serine between the cell types is significant (p< 0.0001) by an unpaired,
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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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Figure 3. 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*/=: MMT\V-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
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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 4. 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
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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.
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