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The importance of serine metabolism in cancer
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Serine metabolism is frequently dysregulated in cancers;
however, the benefit that this confers to tumors remains
controversial. In many cases, extracellular serine alone is
sufficient to support cancer cell proliferation, whereas
some cancer cells increase serine synthesis from glucose
and require de novo serine synthesis even in the presence
of abundant extracellular serine. Recent studies cast new
light on the role of serine metabolism in cancer, suggest-
ing that active serine synthesis might be required to facili-
tate amino acid transport, nucleotide synthesis, folate
metabolism, and redox homeostasis in a manner that im-
pacts cancer.

Introduction

Most modern studies of cancer have focused on the disease
from a genetic perspective. However, cancer also involves bio-
chemical alterations, including the adaptation of metabolism to
support inappropriate cell proliferation. In the past century, the
biochemical pathways involved in cell metabolism have been
elucidated, but how flux through these various pathways is reg-
ulated in diverse physiological settings remains an open ques-
tion. Metabolic fluxes change after a cell’s transformation to a
malignant state or after the expression of specific oncogenes,
as well as in response to alterations in nutrient availability and
tissue environment (Cairns et al., 2011; Davidson et al., 2016;
Hensley et al., 2016; Mullarky et al., 2016). The importance of
serine metabolism in multiple cancers is increasingly apparent,
and how the metabolism of this amino acid influences cancer
phenotypes is an area of active investigation. Understanding the
specific metabolic needs of cancer cells holds promise for treat-
ing patients, as some of the oldest cancer therapies target meta-
bolic vulnerabilities and are still widely used in the clinic today
(Vander Heiden, 2011). In this regard, serine metabolism could
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yield a promising set of potentially drugable targets (Mullarky
et al., 2016; Pacold et al., 2016).

This review discusses the discovery of the serine synthe-
sis pathway and its dysregulation in cancer and summarizes
the findings of many recent studies on the role of serine me-
tabolism in cancer. Phosphoglycerate dehydrogenase (PHGDH)
amplification in select cancers, the role of extracellular serine
in supporting cell proliferation, potential benefits of increased
serine synthesis pathway (SSP) flux, and the interaction be-
tween glycolysis, the SSP, and nucleotide biosynthesis are all
discussed with a perspective on how altered serine metabolism
plays a role in cancer.

Metabolic requirements of cancer cells

In nondividing cells, metabolism maintains homeostasis by fu-
eling housekeeping processes that rely heavily on ATP; thus,
a major metabolic task of nonproliferating cells is to fully ox-
idize nutrients to produce energy in the form of ATP. In con-
trast, proliferating cells must accumulate the biomass required
to build a new cell. This includes nucleotides for genome rep-
lication and ribosomal RNA, lipids for membranes, amino
acids for proteins, and other cellular building blocks. The bio-
synthesis of these macromolecules requires not only ATP but
also carbon and nitrogen precursors (Lunt and Vander Heiden,
2011), as well as electron acceptors to maintain redox balance
(Sullivan et al., 2015).

Increased serine biosynthesis is one of many metabolic
changes that have been reported in cancer cells (Davis et al.,
1970; Snell, 1984), and serine is a central node for the bio-
synthesis of many molecules (Fig. 1; Lehninger et al., 2013;
Locasale, 2013). Serine is a precursor of the nonessential
amino acids glycine and cysteine. Glycine is in turn a precur-
sor of porphyrins and is also incorporated directly into purine
nucleotide bases and into glutathione (GSH). Serine is neces-
sary for the production of sphingolipids via the synthesis of
sphingosine, and serine is a headgroup, or headgroup precur-
sor, for phospholipids. Additionally, serine supplies carbon to
the one-carbon pool, which is involved in folate metabolism
(Fig. 2). The conversion of serine to glycine, catalyzed by ser-
ine hydroxymethyltransferase (SHMT), donates a one-carbon
unit to tetrahydrofolate to produce 5,10-methylenetetrahy-
drofolate (CH,-THF). CH,-THF is used in thymidine synthe-
sis and is a precursor of other folate species that contribute to
purine synthesis. Folates can also allow the regeneration of
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methionine from homocysteine and thus facilitate the gener-
ation of S-adenosylmethionine (SAM), the methyl donor for
both DNA and histone methylation reactions that influence the
epigenetic control of gene expression. Therefore, an increase
in serine availability could be valuable for proliferating cancer
cells for multiple reasons. However, because some cancer cells
can scavenge macromolecules (White, 2013), which molecules
are most limiting for tumors in a physiological context remains
an area of active study. Because serine is critical for the biosyn-
thesis of many macromolecules required to support cell prolif-
eration, it is important to understand how cells obtain serine.

Elucidation of the serine

biosynthesis pathway

Cells can obtain serine by either import from the extracellular
environment or intracellular synthesis from glucose, and there
is increasing evidence that serine biosynthesis from glucose is
important for many cancers (Locasale, 2013; Zogg, 2014). Ser-
ine biosynthesis via the SSP was first described in the 1950s.
Initially, there were two schools of thought as to how serine is
synthesized. One group championed a nonphosphorylated path-
way based on the observation that [“C]glyceric acid adminis-
tered to rats gave rise to radioactive serine in tissues (Sallach,
1955). The opposing camp proposed that serine was derived
from the glycolytic intermediate 3-phosphoglycerate (3-PG)
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Figure 1. The metabolic fates of serine. This schematic il-
lustrates the products in mammalian cells where serine is @
biosynthetic precursor.

via a phosphorylated pathway (Ichihara and Greenberg, 1955),
now known to be the physiological route of serine synthesis,
with the nonphosphorylated pathway representing one means
of serine catabolism (Fig. 3).

The reactions of the SSP are catalyzed by the enzymes
PHGDH, phosphoserine aminotransferase (PSAT), and phos-
phoserine phosphatase (PSPH; Fig. 3). Genetic evidence sug-
gests that the SSP is the sole route for serine biosynthesis from
glucose in all nonphotosynthetic organisms studied to date.
Both Salmonella typhimurium and Escherichia coli can be con-
verted to serine auxotrophs by single mutations in genes encod-
ing SSP enzymes (Umbarger and Umbarger, 1962; Pizer, 1963).
A genetically engineered mouse with deletion of the PHGDH
gene, which encodes the first enzyme of the SSP, shows reduced
serine levels in brain (Yoshida et al., 2004), and human patients
with mutations in SSP genes show decreased blood serine levels
(van der Crabben et al., 2013), suggesting that this pathway is
also involved in serine production in mammals. Furthermore,
the activity of the nonphosphorylated pathway is associated
with gluconeogenesis, supporting the notion that the non-
phosphorylated pathway is used for serine catabolism (Suda,
1967; Cheung et al., 1969; Snell, 1984). Based on these lines
of evidence, it is clear that the SSP is the exclusive method for
intracellular serine synthesis in nonphotosynthetic organisms.
Given the central role of serine in cellular biosynthesis, the

Figure 2. Serine and one-carbon metabolism. Serine can be
cleaved into glycine and CH,THF, a one-carbon unit, in either
the cytosol or the mitochondria in a reaction catalyzed by
SHMT1 or SHMT2, respectively. Cytosolic CH,-THF is needed
for the biosynthesis of thymidine, and cytosolic 10formyl-tetra-
hydrofolate (CHO-THF) is used in purine synthesis. One-carbon
units produced by the action of SHMT2 in the mitochondria can
be transported as formate to the cytosol and produce CHO-THF
and CH,-THF. CH*THF, 5,10-methenyltetrahydrofolate.
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Pathways of serine synthesis and catabolism. Serine is synthesized from the glycolytic intermediate (3-PG) by the sequential action of PHGDH,

PSAT, and PSPH. Serine can be catabolized directly to pyruvate or converted to glycerate in two steps.

unique ability of the SSP to synthesize serine makes the SSP a
pathway of interest for researchers studying metabolic dysreg-
ulation in cancer cells.

The discovery of dysregulated serine
metabolism in cancer

The connection between cancer and serine biosynthesis was
first suggested by the observations that PHGDH activity was
greater in rat hepatoma cell lines passaged in rats than in normal
rat liver and that, of the rat hepatoma cell lines, those with the
fastest growth rates had the greatest PHGDH activity (Davis et
al., 1970). Flux through the SSP was noted to be increased in
many tumors relative to matched normal tissue, and of the path-
way enzymes, PHGDH activity was most consistently increased
and correlated with tumor growth (Snell, 1984). PHGDH activ-
ity is also increased during nonpathological proliferation, such
as in the developing rat liver. However, a hepatoma cell line
with the same proliferation rate as proliferating normal hepato-
cytes showed still higher PHGDH activity, suggesting that ser-
ine biosynthesis may have a distinct role in transformed cells
(Snell and Weber, 1986).

A link between serine metabolism and nucleotide bio-
synthesis was hypothesized to account for the SSP require-
ment of cancer cells. The activity of SHMT, which converts
serine into glycine and a one-carbon unit, is selectively re-
tained in tumors (Snell, 1984). In activated lymphocytes,
SHMT activity increases fourfold, and [“C]serine labels DNA
with the same kinetics as [*H]thymidine, indicating that most
thymidine synthesis uses serine-derived carbon (Eichler et al.,
1981). Additionally, in hepatoma cell lines grown in culture,
PHGDH and SHMT activities, as well as the incorporation of
['“C]serine into nucleotides, are elevated during exponential
growth but decrease once confluence is reached and prolifer-
ation slows (Snell et al., 1987). These data support an import-
ant role for serine in nucleotide synthesis. Originally, these
data were interpreted as implying that the SSP was important
for supplying carbon in the form of serine for nucleotide bio-
synthesis. However, much of the data are equally consistent
with a role for extracellular serine in nucleotide synthesis, as

labeled serine provided in the media was observed to be
a major contributor to nucleotides in these cells despite in-

creased SSP activity (Snell et al., 1987).

Collectively, the data discussed in this section suggest that
cancer cells up-regulate flux through the SSP, and actively pro-
liferating cells use serine for nucleotide biosynthesis. However,
this is not sufficient to prove that the reason for up-regulating
SSP flux is simply to provide carbon for nucleotide synthesis.
Furthermore, these studies did not address the mechanism by

which SSP flux is increased.

PHGDH amplification in human cancer

A renewed interest in the link between serine biosynthesis
and cancer was sparked by the finding that a genomic region
on chromosome 1p12 is amplified in a subset of human can-
cer samples and cell lines, most frequently in melanoma (40%
based on one dataset) and breast cancer (Beroukhim et al.,
2010; Locasale et al., 2011; Possemato et al., 2011). The small-
est common overlapping region of copy number gain across
samples contains only five genes, one of which is PHGDH. Cell
lines with PHGDH copy number gain show increased PHGDH
protein levels, an increase in the fraction of intracellular serine
derived from glucose, and higher levels of the unique pathway
intermediate, phosphoserine, all indicative of increased path-
way activity (Locasale et al., 2011; Possemato et al., 2011). In
addition to amplification, PHGDH expression can be up-reg-
ulated transcriptionally by activating transcription factor 4
(ATF4; Adams, 2007) and the protooncogene c-Myc (Nilsson
et al., 2012) and epigenetically by the lysine methyltransfer-
ase G9A (Ding et al., 2013). ATF4-induced serine synthesis is
important downstream of signaling from the pro-antioxidant
transcription factor nuclear factor erythroid 2-like 2 (NRF2)
and the nutrient-sensing complex mechanistic target of rapamy-
cin complex 1 (mTORC1) and helps cells adapt to oxidative
stress and amino acid deficiency (DeNicola et al., 2015; Ben-
Sahra et al., 2016). Human cell lines with high PHGDH expres-
sion and pathway flux can proliferate robustly in the absence
of serine, whereas those with low PHGDH expression cannot

(Possemato et al., 2011).
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High PHGDH expression is associated with specific sub-
types of cancer. PHGDH copy number gain is more frequently
found in triple-negative breast cancers (which lack expression
of the estrogen receptor, progesterone receptor, and human epi-
dermal growth factor receptor 2 [Her2]) than in other breast
cancer subtypes (Locasale et al., 2011), and PHGDH expression
is higher in estrogen receptor—negative tumors compared with
estrogen receptor—positive tumors (Possemato et al., 2011).
Furthermore, PHGDH and PSAT protein expression is elevated
in metastatic variants of estrogen receptor—negative breast can-
cer cells, and high expression is associated with shorter time to
relapse, shorter overall survival time, higher tumor grade, and
high expression of the proliferative markers proliferating cell
nuclear antigen and Ki-67 (Pollari et al., 2011). PHGDH is also
overexpressed in gliomas, and high expression is associated with
higher tumor grade and with decreased overall survival (Liu et
al., 2013). In cervical cancer, PHGDH expression is elevated
compared with normal cervical epithelium, and expression pos-
itively correlates with tumor grade and size (Jing et al., 2013).

PHGDH expression and SSP flux can promote some
cancer-associated phenotypes. When nontransformed breast
epithelial MCF-10A cells are grown in 3D culture, cells form
organoid-like spheres in which the inner cells are deprived of
matrix attachment and undergo cell death, forming an empty
luminal space. Expression of known driver genes in breast can-
cer, such as ErbB1, prevents the formation of this hollow lumen
(Muthuswamy et al., 2001; Schafer et al., 2009), a phenotype
also observed with wild-type PHGDH expression (Locasale et
al., 2011). Expression of a hypomorphic V490M PHGDH does
not promote luminal cell proliferation and survival, suggesting
that increased flux through the SSP can promote the evasion of
matrix detachment—induced cell death. High SSP activity has
also been associated with metastasis (Piskounova et al., 2015).

PHGDH expression is necessary for the proliferation of
PHGDH-amplified cell lines, as is expression of the other SSP
enzymes PSAT and PSPH in at least some cell lines (Locasale
et al., 2011; Possemato et al., 2011). An enzymatically inac-
tive form of PHGDH fails to support proliferation of PHGDH-
amplified cells (Mattaini et al., 2015), further indicating that
flux through the SSP is required in these cells. Whether PHGDH
expression is required for tumor growth in vivo is controver-
sial, with some studies showing that PHGDH knockdown sup-
presses tumor growth (Possemato et al., 2011; DeNicola et al.,
2015) and one study arguing that PHGDH knockdown has no
effect on tumor maintenance (Chen et al., 2013). More recent
data generated with small-molecule PHGDH inhibitors suggest
that PHGDH activity is required to support the proliferation and
survival of amplified cells, as well as tumor growth (Mullarky
et al., 2016; Pacold et al., 2016). Additional work is needed to
understand whether high PHGDH expression is important early
in tumorigenesis or during metastasis (Piskounova et al., 2015)
and to identify the tumor conditions that drive PHGDH amplifi-
cation and dependence on SSP flux.

Although PHGDH amplification is associated with tumor-
igenesis, insufficient PHGDH expression can have deleterious
effects, particularly on brain metabolism. The homozygous ger-
mline deletion of Phgdh in mice causes embryonic lethality as a
result of multiple developmental defects, most notably affecting
the central nervous system and attributed to the low permeabil-
ity of the blood—brain barrier to serine (Yoshida et al., 2004).
These defects are reminiscent of human patients with mutations
in genes encoding SSP enzymes, who also have neurological
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symptoms (van der Crabben et al., 2013; Acuna-Hidalgo et al.,
2014). Developing small-molecule inhibitors that cannot cross
the blood—brain barrier may be necessary to prevent neurologi-
cal complications if SSP inhibitors were to be used in the clinic
as antitumor agents, although to date toxicity has not been re-
ported in mice exposed to one PHGDH inhibitor at doses that
were sufficient to suppress tumor growth (Pacold et al., 2016).

In summary, many tumors up-regulate PHGDH expres-
sion and SSP flux, and in some conditions, PHGDH activity
is required for tumor growth in vivo. However, further study
is required to determine at what time point tumors are sus-
ceptible to PHGDH inhibition. Also, attempts to treat patients
by inhibiting PHGDH with small molecules will have to take
into account possible neurological symptoms if the inhibitor
crosses the blood—brain barrier. In addition, how best to iden-
tify patients likely to respond to PHGDH inhibitor treatment
remains an important question because not all cancer cells
are dependent on SSP flux.

Extracellular serine and tumor metabolism
As discussed earlier, cells can acquire serine by either synthe-
sizing it internally or importing serine from the environment.
Serine is a small, neutral amino acid and, as such, can be trans-
ported by one of three systems. Two of the systems are sodium
dependent: the alanine/serine/cysteine/threonine transporters
ASCT1 and ASCT2 (encoded by SLCIA4 and SLCIAS, re-
spectively) and the system A transporters SAT1 and SAT?2 (en-
coded by SLC38A1 and SLC38A2, respectively). The third is
a family of neutral amino acid antiporters, the alanine/serine/
cysteine transporter (ASC) system (El-Hattab, 2016). These an-
tiporters are of particular interest because they are active even
at steady state, so that for instance, one molecule of intracel-
lular serine can be exchanged for one molecule of extracellu-
lar serine. Normally this process goes unnoticed, but a recent
study (DeNicola et al., 2015) points out that it can complicate
interpretation of heavy isotope—labeling experiments by setting
up an exchange flux between labeled and unlabeled species
across the plasma membrane.

Consistent with serine being a central precursor for bio-
synthetic metabolism, many tumors depend on the availability
of extracellular serine. Xenografts of HCT116 colon cancer
cells grow roughly half as fast when mice are fed a serine- and
glycine-free diet as opposed to a normal diet (Maddocks et al.,
2013). In human colon cancer and lung cancer cell lines, pro-
liferation in medium that contains serine without glycine is in-
distinguishable from proliferation in medium containing both
amino acids, whereas withdrawal of serine alone affects pro-
liferation to the same degree as depletion of both amino acids
(Labuschagne et al., 2014). Moreover, providing increased con-
centrations of glycine in the absence of serine results in even
more severe suppression of proliferation than withdrawal of
both serine and glycine. These findings argue that serine is a
vitally important amino acid, and this conclusion is further sup-
ported by the observation that cells preferentially take up serine
and excrete glycine when serine is available and consume gly-
cine only when serine is depleted. This may explain why gly-
cine depletion strongly correlates with proliferation rate across
cancer cells (Jain et al., 2012), because the most rapidly prolif-
erating cells will deplete serine from the media most quickly
and then switch to glycine consumption (Labuschagne et al.,
2014), implying that glycine loss from the media is a conse-
quence of rapid proliferation and serine consumption.
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Because the conversion of serine to glycine donates a
one-carbon unit to the folate pool, the preferential consumption
of serine over glycine suggests that a demand for one-carbon
units might be driving serine-to-glycine conversion. Conversely,
conversion of glycine to serine consumes a one-carbon unit,
so a high-glycine environment might limit the availability of
one-carbon units for nucleotide biosynthesis, potentially con-
tributing to glycine toxicity. In purine biosynthesis, conversion
of the precursor glycineamide ribonucleotide (GAR) to AMP
or GMP requires the addition of two one-carbon units from the
folate pool. Cells supplied with glycine, but not serine, show an
accumulation of GAR and the depletion of both AMP and GMP,
implying that they have insufficient one-carbon units. Exoge-
nous formate can supply one-carbon units, and administration
of glycine together with formate can rescue cell growth (Labus-
chagne et al., 2014). These data imply that the balance of serine
and glycine affects folate availability and influences the ability
of cancer cells to proliferate.

One-carbon units derived from serine can also be used
to support SAM synthesis. The reactions by which folate
metabolism donates one-carbon units to the SAM pool ap-
pear to have a low level of activity in many cancer cells, but
recent work has found that serine availability is still needed to
maintain SAM levels (Maddocks et al., 2016). Because ser-
ine and folate metabolism are needed for adenine synthesis,
limiting the availability of these nutrients lowered the con-
centration of ATP without altering the ATP/AMP ratio such
that SAM synthesis, which also requires ATP, was impaired.
These findings illustrate the complex connections between
serine metabolism, nucleotide synthesis, and SAM and repre-
sent another way in which limiting serine can have detrimental
effects on tumor cells.

The presence or absence of the tumor suppressor protein
pS3 is a critical determinant of the ability of a cell to cope
with extracellular serine depletion. Upon growth in serine- and
glycine-free medium, both p53++ and p53~~ human colon can-
cer cells show an increase in serine production from glycolytic
intermediates and a decrease in ATP levels (Maddocks et al.,
2013). However, unlike p53~/~ cells, p53*/+ cells adapt to the
serine-starved state by undergoing p53- and p21-dependent,
transient cell cycle arrest (Maddocks et al., 2013). Whereas
p53~~ cells use the low levels of serine available to them to
continue nucleotide biosynthesis, p53++ cells transiently di-
vert their serine stores to the production of the antioxidant
GSH. This allows p53** cells to limit their oxidative stress
and adapt to serine starvation. The proliferation of p53~/~ cells
starved of serine can be almost fully restored by providing
exogenous pyruvate as a source of ATP via oxidative phos-
phorylation and exogenous GSH or N-acetyl cysteine, another
antioxidant, to combat damage from reactive oxygen species
(Maddocks et al., 2013).

A recent article (Krall et al., 2016) suggested another
mechanism by which uptake of extracellular serine can affect
cell proliferation. The study identified asparagine as an amino
acid exchange factor, and intracellular asparagine was espe-
cially effective at promoting import of serine and threonine. In
fact, in a human cervical cancer cell line deprived of extracel-
lular asparagine and expressing an shRNA targeting asparagine
synthase, SSP pathway enzymes were transcriptionally up-
regulated to increase de novo serine synthesis because of im-
paired ability to import extracellular serine in the absence of
intracellular asparagine (Krall et al., 2016).

Based on these data, it is clear that the effects of depriving
cancer cells of extracellular serine are many and far-reaching.
However, a growing body of data suggests that up-regulation
of the SSP in cancer may play a role beyond merely providing
serine itself for biosynthesis.

A serine-independent role for the

SSP in cancer

A wealth of data supports a role for SSP activity in promoting
tumor growth; exactly how it does so is less clear. Extracellular
serine is important for cell proliferation in some contexts, and
studies show that it efficiently labels nucleotides in cells (Eichler
et al., 1981; Snell et al., 1987). However, abundant extracellu-
lar serine and glycine are unable to support proliferation when
the SSP is inactive, and decreased proliferation after PHGDH
knockdown in PHGDH-amplified human breast cancer cells
cannot be rescued by adding excess serine to the growth me-
dium (Possemato et al., 2011; Chen et al., 2013). This argues
that flux through the SSP may provide a benefit to cell prolifer-
ation beyond supplying serine. Although increased SSP flux can
mitigate the effects of serine depletion by providing a source of
serine for cells, serine is among the most abundant amino acids
present in cell culture medium and in blood (Mayers and Vander
Heiden, 2015). Manipulating PHGDH activity affects the pro-
portion of serine synthesized de novo from glucose but does
not change intracellular serine concentration (Possemato et al.,
2011; Chen et al., 2013). It has been argued that because the
pool of newly synthesized serine is in equilibrium with extracel-
lular serine, the requirement for newly synthesized serine might
not be apparent from labeling studies (DeNicola et al., 2015).
Nevertheless, cells consume large amounts of extracellular ser-
ine regardless of SSP activity (Jain et al., 2012; Hosios et al.,
2016), suggesting that the SSP may still have a benefit beyond
simply providing serine to be used for biosynthesis.

What then is the benefit to cells of increased flux through
the SSP? Production of a-ketoglutarate (aKG) for replenishment
of the tricarboxylic acid cycle (anapleurosis) via the PSAT reac-
tion has been suggested as one benefit of increased serine syn-
thesis (Possemato et al., 2011). This hypothesis is supported by
the observation that the knockdown of SSP enzymes decreased
both the fraction of aKG derived from ['3C]glutamine and the
intracellular ’KG concentration (Possemato et al., 2011). The
production of aKG through transamination by PSAT and other
aminotransferases is also nitrogen neutral, unlike production
of aKG from glutamate by glutamate dehydrogenase, which
yields a unit of ammonia and may lead to toxicity if ammonia
accumulates (Mullarky et al., 2011). However, changes in in-
tracellular «KG concentration with PHGDH knockdown were
not observed in two separate studies in human breast cancer cell
lines dependent on PHGDH expression for proliferation (Loca-
sale et al., 2011; Fan et al., 2015). Also, in many cancer cells,
transamination resulting in alanine and «KG production is very
active and relies on pyruvate, another intermediate in glycolysis
(DeBerardinis and Cheng, 2010). Production of aKG by this
method is also nitrogen neutral and does not generate ammonia.
Thus, why production of serine rather that alanine would be
important as a major source of aKG is not entirely clear.

In E. coli, PHGDH can produce 2-hydroxyglutarate
(2-HG) from aKG in a side reaction (Zhao and Winkler, 1996).
Rat PHGDH does not catalyze this reaction (Achouri et al.,
1997; Dey et al., 2005), and it was initially assumed that the
human enzyme also cannot produce 2-HG. However, recently
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Fan et al. (2015) showed that D-2-HG is produced by human
PHGDH. D-2-HG is implicated in the pathogenesis of isocitrate
dehydrogenase (IDH) mutant cancers, where it accumulates to
millimolar levels because of a neomorphic /DH mutation, which
results in IDH proteins that produce 2-HG instead of the normal
product, isocitrate (Dang et al., 2009; Ward et al., 2010). How-
ever, the absolute intracellular concentrations reported in IDH
wild-type, PHGDH-amplified cells are 100—1,000 times lower
than those in /DH mutant cancers (Fan et al., 2015), and some
data argue against a role for 2-HG production in supporting the
proliferation of PHGDH-amplified cells (Mattaini et al., 2015).

Serine synthesized de novo might be used differently
than imported serine, a possibility that has not been examined.
Alternatively, another pathway intermediate in the SSP might
be important in addition to serine. Both NADH and phospho-
hydroxypyruvate (PHP) are products of the PHGDH reaction,
and phosphoserine is a product of the PSAT reaction. NADH
production is unlikely to be limited by PHGDH levels in can-
cer cells, as the NAD*/NADH ratio in cancer cells is very low
(Hung et al., 2011; Sullivan et al., 2015), and at most 10% of
glycolytic carbon is diverted to serine synthesis even in cells
with high SSP flux (Locasale et al., 2011). Therefore, if SSP
flux has any appreciable effect on the NAD*/NADH ratio, in-
creased NADH production from the SSP might be expected
to exacerbate NAD™ limitation in cancer cells. Whether phos-
phoserine or PHP has an undiscovered biosynthetic or regula-
tory role in cells remains unknown and an intriguing possibility.
De novo serine synthesis also plays an important regulatory role
in coordinating flux of other metabolic pathways, particularly
nucleotide biosynthesis, a function that cannot be recapitulated
merely by increasing extracellular serine and which we dis-
cuss in more detail next.

Reciprocal regulation of glycolysis, serine
synthesis, and nucleotide production

Studies of pyruvate kinase (PK) regulation have suggested a link
between serine synthesis from glucose and nucleotide synthe-
sis that might have an impact on tumor development. PK cata-
lyzes the last step of glycolysis, coupling ATP generation to the
production of pyruvate from phosphoenolpyruvate (PEP). PK
has multiple different isoforms, but the M2 isoform (PKM?2) is
selected for in cancer, and its activity can be regulated by sev-
eral signaling molecules and by metabolite levels (Israelsen and
Vander Heiden, 2015). Serine acts as an allosteric activator of
PKM2, with an ACs, of 1.3 mM (Ibsen and Marles, 1976; Eigen-
brodt et al., 1983; Chaneton et al., 2012). PK activity also affects
SSP activity, as cells with high PK activity produce a smaller
fraction of serine from glucose than do cells with low PK activity
(Anastasiou et al., 2012; Chaneton et al., 2012; Kung et al., 2012;
Yeetal.,2012; Luntetal., 2015). Upon PKM2 knockdown, PEP
and citrate levels increase, whereas pyruvate and lactate levels
decrease. These changes are mimicked by culturing cells in ser-
ine- and glycine-free medium, and it has been hypothesized that
this system allows cells to adjust PK activity to match cellular
serine demands (Chaneton et al., 2012). When intracellular ser-
ine is low, PKM?2 activity decreases, allowing more glucose car-
bon to flow into the SSP to rectify the deficit. Indeed, the ability
to decrease PKM2 activity has been shown to be critical for cellu-
lar proliferation (Christofk et al., 2008a,b; Hitosugi et al., 2009;
Anastasiou et al., 2012; Israelsen et al., 2013), and it may be that
this requirement exists in part to maintain SSP flux. However,
down-regulation of PKM2 activity may confer multiple benefits
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on cancer cells, as serine consumption by the enzyme SHMT2
can limit activation of PKM?2 and reduce oxygen demand to pro-
mote survival in conditions of metabolic stress (Kim et al., 2015).

The idea that glycolysis and serine synthesis are recip-
rocally regulated is supported by several observations: PKM2-
expressing cells survive serine deprivation better than cells that
express the constitutively active PKM 1 isoform (Ye et al., 2012);
the activation of PKM2 with small-molecule chemical activa-
tors depletes the intracellular serine pool in some cells (Anasta-
siou et al., 2012); and serine deprivation increases the toxicity
of PKM2 activation (Kung et al., 2012). Alternatively, recipro-
cal regulation of PK activity by serine availability might allow
cells to coordinate glucose flux with the availability of other
nutrients for macromolecule biosynthesis (Gui et al., 2013). In
support of this model, deletion of PKM2 in mouse embryonic
fibroblasts results in PKM1 expression and in proliferation ar-
rest characterized by a decrease in serine and glycine synthesis
from glucose. It also causes impaired nucleotide production and
the inability to synthesize DNA (Lunt et al., 2015). Nucleotide
biosynthesis is limiting for proliferation in this context, despite
unchanged intracellular serine and glycine concentration (Lunt
et al., 2015). Exactly how cells coordinate glycolysis and SSP
flux with the availability of extracellular serine and the use of
serine for nucleotide synthesis remains an area of active study.

Recent advances in the study of cytosolic versus mito-
chondrial metabolism of serine and its downstream metabolites
are informing our understanding of how serine, one-carbon
metabolism, and nucleotide synthesis are linked. The direct
product of serine-to-glycine conversion is CH,-THF, which
acts as a substrate of cytosolic or mitochondrial methylenetet-
rahydrofolate dehydrogenase (MTHED) to ultimately produce
formate (Fig. 2). Although cytosolic SHMT1 can produce CH,-
THF and NADPH in some cells (Fan et al., 2014), it appears
that in many cells, SHMT1 operates in the glycine-to-serine
direction (Herbig et al., 2002; Lewis et al., 2014; Bao et al.,
2016; Ducker et al., 2016). Conversely, mitochondrial SHMT?2
mediates serine-to-glycine conversion to support NADPH pro-
duction in mitochondria (Ye et al., 2014). MTHFD?2 is the mito-
chondrial enzyme responsible for the metabolism of CH,-THF,
and it is also one of the most differentially expressed enzymes
in tumors relative to normal tissue (Nilsson et al., 2014). This
enzyme is also important for cell survival in breast cancer and
acute myeloid leukemia (Nilsson et al., 2014; Pikman et al.,
2016). The consumption of serine by SHMT?2 also produces
formate in mitochondria that is reduced in the cytosol to pro-
duce folate species for nucleotide synthesis, and the production
of serine from glycine in the cytosol can consume these same
folates (Fig. 2; Lewis et al., 2014). Why serine metabolism is
compartmentalized has yet to be resolved. Cytosolic and mito-
chondrial one-carbon pathways use NAD(P)(H), and different
NAD*/NADH and NADP*/NADPH ratios are present in the
mitochondria and the cytosol, providing one potential expla-
nation for compartmentalized metabolism. It is also possible
that compartmentalization allows the generation of one-carbon
units in both the mitochondria and the cytosol to fuel compart-
ment-specific reactions. For example, it has been proposed that
one important fate of mitochondrial folates is formylation of
initiator tRNA for protein synthesis in that compartment (Tib-
betts and Appling, 2010).

Recent data examining the effects of PHGDH inhibitors
suggests that de novo serine synthesis may permit the produc-
tive use of extracellular serine for nucleotide synthesis (Pacold

620z Jequiede( G0 U0 3senb Aq 4pd-G8010910Z A0l/8LES6S L/6¥Z/E/Y L ZPd-8loie/qol/Bio sseidny//:dpy woly pepeojumoq



et al., 2016). Exposing PHGDH-amplified cells to a PHGDH
inhibitor negatively affects cell proliferation, as well as the in-
corporation of glucose carbon into serine, AMP, and dTMP. Sur-
prisingly, inhibiting PHGDH also decreases the incorporation
of extracellular serine from the culture medium into AMP and
dTMP. It is hypothesized that when the SSP is inhibited, SHMT1
might consume CH,-THF to generate serine at the expense of
nucleotide synthesis. In support of this theory, when CRISPR/
Cas9-mediated gene editing was used to produce SHMT1 null
cells, no change in the incorporation of exogenous serine into
nucleotides was observed upon SSP inhibition (Pacold et al.,
2016). Furthermore, PHGDH knockdown reduces the total pool
sizes of deoxynucleotides (DeNicola et al., 2015). These data are
consistent with the notion that de novo serine synthesis inhibits
SHMTT1 to prevent folate wasting; however, the exact mechanism
by which PHGDH activity regulates folate availability remains
unknown. This ability of the SSP to regulate availability of car-
bon for nucleotide synthesis may represent the elusive role of the
SSP that some cancer cells rely on for their ability to proliferate.

Conclusion
Data supporting the importance of extracellular serine and SSP
flux in cancer continues to accumulate. In some instances, the
availability of serine itself is limiting for cancer cell prolifer-
ation both in vitro and in vivo, and when serine is withheld,
nucleotide precursors are depleted because of a lack of one-
carbon units (Maddocks et al., 2013; Labuschagne et al., 2014).
However, cells with PHGDH amplification require SSP flux
even when serine is available (Possemato et al., 2011; Chen et
al., 2013). In some settings, serine synthesis appears to be part
of an adaptive response to oxidative stress (Maddocks et al.,
2013; DeNicola et al., 2015). Key remaining questions in the
field focus on how to use this knowledge in the clinic and on
gaining a deeper understanding of the underlying reasons serine
is important for tumor cells.

Further work is required to determine the contexts in which
SSP flux and/or consumption of extracellular serine are necessary
for tumor growth and to better understand how tumor dependence
on the SSP and/or extracellular serine can be exploited for thera-
peutic benefit. In one experiment, providing a serine-deficient diet
was able to slow xenograft growth (Maddocks et al., 2013), but
this approach will likely be most successful in settings in which
de novo serine synthesis is limited. Early studies of PHGDH in-
hibitors appear promising in mouse models, as the inhibitors are
well tolerated and slow growth of xenografts, even when mice are
fed a normal, serine-containing diet (Pacold et al., 2016). So far
this has only been demonstrated in xenografts of cells with PHG
DH amplification, but it is reasonable to hypothesize that cells
that overexpress PHGDH or exhibit high SSP flux may also be
susceptible to PHGDH inhibitors. A critical precursor to using
a low-serine diet or PHGDH inhibitors in the clinic will be to
develop strategies to identify which patients are likely to benefit
from each method of targeting serine’s central role in cancer.
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