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Despite the fact that most cancer cells display high glycolytic
activity, cancer cells selectively express the less active M2 isoform
of pyruvate kinase (PKM2). Here we demonstrate that PKM2
expression makes a critical regulatory contribution to the serine
synthetic pathway. In the absence of serine, an allosteric activator
of PKM2, glycolytic efflux to lactate is significantly reduced in PKM2-
expressing cells. This inhibition of PKM2 results in the accumulation
of glycolytic intermediates that feed into serine synthesis. As
a consequence, PKM2-expressing cells can maintain mammalian
target of rapamycin complex 1 activity and proliferate in serine-
depleted medium, but PKM1-expressing cells cannot. Cellular de-
tection of serine depletion depends on general control nondere-
pressible 2 kinase-activating transcription factor 4 (GCN2-ATF4)
pathway activation and results in increased expression of enzymes
required for serine synthesis from the accumulating glycolytic
precursors. These findings suggest that tumor cells use serine-
dependent regulation of PKM2 and GCN2 to modulate the flux of
glycolytic intermediates in support of cell proliferation.
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One of the important metabolic signatures of tumor cells is the
expression of the pyruvate kinase isoenzyme type-M2 (M2-

PK or PKM2). Pyruvate kinase catalyzes the last reaction of gly-
colysis, converting phosphoenolpyruvate (PEP) to pyruvate and
producing ATP. There are four pyruvate kinase isoenzymes: PKL
(L-PK, liver isoform) (1), PKR (R-PK, red blood cell isoform) (2,
3), PKM1 (M1-PK, muscle isoform), and PKM2 (embryonic and
tumor isoform) (4). PKM1 and PKM2 are encoded by the same
but differentially spliced gene (5). Compared with PKM1, which is
primarily expressed in normal tissues, such as brain and muscle (6,
7), which demonstrate high oxidative phosphorylation, PKM2 is
expressed in proliferating tissues (i.e., embryonic cells, adult stem
cells, and all tumor cells reported to date) (8–11). Because of this
difference, it is believed that PKM2 could be used as a clinical
cancer marker (12). It has been proposed that the oncogenic
transcription factor c-Myc up-regulates nuclear RNA binding
proteins PTB, hnRNAP1, and hnRNAP2 to promote the selective
splicing of PKM mRNA precursor to PKM2 mRNA (13, 14).
PKM2 is also induced by hypoxia-inducible factor 1 (15).
Unlike PKM1, which exists only as a tetramer with high affinity

for PEP, PKM2 forms both tetramers (high affinity, low Km for
PEP) and dimers (low affinity, high Km for PEP) (16). PKM2
requires fructose-1,6-bisphosphate (FBP) to form the active tet-
ramer, but PKM1 does not (17, 18). Recent findings indicated that
PKM2 can be phosphorylated at Y105 by tyrosine kinases in cancer
cells (19, 20). The PKM2 conformational change caused by phos-
phorylation leads to FBP release and conversion of the enzyme
from the tetramer to the less active dimer form. In fact, most of
PKM2 exists as less active dimers with low catalytic rate in tumors
(21, 22), yet PKM2 is predominantly a tetramer in nontransformed
cells (9, 23). This interesting phenomenon has raised the question
of what the benefit of reducing PKM activity is for tumor cells. One

hypothesis is that the lower activity of PKM2 promotes the accu-
mulation of upstream glycolytic intermediates, which are pre-
cursors for biosynthesis of nucleotides, amino acids, and lipids
required for proliferation (21).
In addition to FBP, the nonessential amino acid serine is the

only other known activator of PKM2 (24). Serine is used in
proliferating cells for protein synthesis as well as the synthesis of
other amino acids, such as glycine and cysteine. Furthermore,
serine-derived glycine is used in nucleotide synthesis. Serine is
also a precursor for the synthesis of lipids, such as phosphati-
dylserine and sphingolipids (25). Thus, serine is important for the
synthesis of nucleotides, proteins, and lipids required for cell
proliferation. The studies herein were undertaken to determine
whether PKM2 contributes to the ability of cancer cells to un-
dertake de novo serine production from glycolytic intermediates.
Serine synthesis starts from the glycolytic intermediate 3-phos-
phoglycerate (3-PG). We hypothesized that reduced pyruvate
kinase activity in PKM2-expressing cells would lead to accumu-
lation of 3-PG, which could then be converted to serine. As serine
levels increase, serine-dependent PKM2 activation could provide
a feedback loop that restores glycolytic flux in growing cells. Here
we demonstrate that PKM2 expression contributes to endoge-
nous serine synthesis and to maintaining mammalian target of
rapamycin complex 1 (mTORC1) activity in the absence of ex-
ogenous serine. To support these effects, we find that all three
enzymes in the serine synthetic pathway are up-regulated upon
nonessential amino acid starvation as a result of activation of the
general control nonderepressible 2 kinase-activating transcription
factor 4 (GCN2-ATF4) pathway.

Results
Serine Increases PKM2 Activity and Glycolysis Rate. Although serine
has previously been shown to be an activator of purified PKM2
in vitro (24), how this serine activation is affected by the presence of
PKM2’s other allosteric activator FBP, and whether altered serine
levels affect the rate of glycolysis in cells, remains unknown. To
examine the effect that serine has on PKM2 enzyme activity in re-
lation to FBP, we performed in vitro pyruvate kinase activity assays
using recombinant human PKM2 protein incubated with increasing
concentrations of serine in the absence or presence of FBP. In the
absence of FBP, serine caused 10–40% increase in PKM2 activity in
a dose-dependent manner, whereas only a slight increase of PKM2
activity was observed with increasing serine in the presence of
10 μM FBP (Fig. 1A). These data suggest that although FBP is the
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dominant activator of PKM2, serine may become important when
the FBP concentration is low. To examine the effect of serine on
modulating glycolysis in cells, we cultured H1299 cells (human lung
carcinoma cell line) with various concentrations of serine for 16 h,
and subsequently measured cellular glucose consumption and lac-
tate production. The variation of serine levels over 16 h did not
affect cell proliferation significantly (Fig. 1B). Interestingly, the
lactate production of H1299 cells started to decrease when the
serine concentration dropped below 50 μM. However, the glucose
consumption did not decrease until the serine concentration was
reduced to less than 12.5 μM (Fig. 1C). Accordingly, the ratio of
lactate production/glucose consumption decreased from 1.69 to
1.13 when serine levels were reduced from 50 μM to 12.5 μM (Fig.
1D). The reduction of this ratio suggests that these tumor cells are
able to adjust the glycolytic flux to lactate according to serine con-
centration, saving glycolytic intermediates for other needs when
serine levels are low. Taken together, these data indicate that serine
is a critical modulator of glycolysis in these tumor cells.

PKM2 Confers Resistance to Proliferation Arrest Under Serine
Starvation. To distinguish the role of PKM2 from PKM1 in tu-
mor cellmetabolism, we developedmatched tumor cells expressing
either PKM1 or PKM2 using a similar strategy to that described
previously (11). First, we generated stable H1299 cell lines
expressing Flag/HA-tagged mouse PKM1 (Flag/HA-mPKM1) or
PKM2 (Flag/HA-mPKM2). siRNA targeting human PKM but not
mouse PKM was then used to knock down endogenous PKM ex-
pression, including both M1 and M2 isoforms, because they share
the same mRNA precursor. As a result, the cells predominantly
expressed mPKM1 or mPKM2 at comparable levels (referred to
hereafter as M1 or M2 cells) (Fig. 2A).
The cell lysates of M1 and M2 cells were then used in a PKM

activity assay, and M2 cells showed significantly reduced pyruvate

kinase activity compared withM1 cells, as reported previously (Fig.
S1) (26). To test whether reduced pyruvate kinase activity in M2
cells promotes accumulation ofmetabolites related to the glycolytic
pathway and diverts glycolytic intermediates into serine synthesis,
Flag-M1/M2 cells were starved in serine-free medium for 24 h and
then labeled with [U-13C6] glucose for 3 h. The cellular metabolites
were subsequently measured using liquid chromatography-mass
spectrometry (LC-MS). Consistent with our hypothesis, we found
significantly higher 13C-labeled PEP (the substrate of pyruvate ki-
nase), 3-PG (the precursor of serine synthesis), and serine in M2
cells than inM1 cells (Fig. 2B). These data demonstrate that PKM2
does contribute to the accumulation of downstream glycolytic
intermediates and reroutes glycolysis into serine synthesis.
It has been published that M1 and M2 cells have the same

proliferation rate under regular in vitro culture conditions, but
in vivo M2 cells form much larger xenograft tumors than M1
cells (11). Similar to previous findings, we did not observe a sig-
nificant difference in cell proliferation between M1 and M2 cells
in complete medium (Fig. S2). Based on the accumulation of
glycolytic intermediates that could contribute to de novo syn-
thesis, we next tested whether M2 cells exhibit a proliferative
advantage upon serine starvation. Indeed, M1 cells exhibited
greater reduction in proliferation upon serine withdrawal than
M2 cells, suggesting that M2 cells are less dependent on exog-
enous serine (Fig. 2C).

PKM2 Contributes to Preserved mTORC1 Activity upon Serine
Depletion. The impairment of growth in M1 cells in the absence
of serine suggests that the cellular growth signaling was regulated
by serine availability. mTOR is a key molecular sensor for nutrient
availability and a regulator of cell growth and proliferation. The
activation of mTORC1 requires glutamine and essential amino
acids such as leucine (27, 28), but whether other nonessential
amino acids, such as serine, are involved in mTORC1 activation
remains unclear. To test whether low serine levels inM1 cells leads
to mTORC1 inactivation and reduced proliferation, M1 and M2
cells were cultured with and without serine and immunoblots for
the mTORC1 downstream effectors phospho-S6 kinase and
phospho-S6 were performed. M1 cells, but not M2 cells, showed
reduced mTORC1 activities in the absence of exogenous serine
(Fig. 3A). To exclude the possibility that PKM2 may affect
mTORC1 activity directly, we cultured M1 and M2 cells in me-
dium depleted of the essential amino acid leucine, which is re-
quired for mTORC1 activation. As expected, leucine depletion
eliminated mTORC1 activity in both M1 and M2 cells (Fig. 3B),
indicating it is unlikely that PKM2 regulates mTORC1 activity
directly. Taken together, these data suggest that PKM2-expressing
cells are able to maintain serine synthesis that directly or indirectly
contributes to mTORC1 activation upon serine deprivation.

Proliferative Advantage of M2 Cells Under Serine Withdrawal
Depends on the Serine Synthetic Pathway. If the proliferative ad-
vantage of M2 cells under serine deprivation is a result of en-
hanced serine synthesis, we should be able to eliminate this
advantage by blocking the serine synthetic pathway. There are
three enzymes, 3-phospho-glycerate dehydrogenase (PHGDH),
phosphoserine aminotransferase 1 (PSAT1), and phosphoserine
phosphatase (PSPH), which are required for the three-step con-
version of the glycolytic intermediate 3-PG to serine. All three
enzymes have previously been found to be overexpressed or
demonstrate increased activity in tumor tissue (29–34), suggesting
this serine synthetic pathway may play an important role in tu-
morigenesis. To test this idea, we blocked this pathway by sup-
pressing PSAT1 with RNAi. Upon PSAT1 knockdown, the cell
proliferation of both DLD1 (human colon carcinoma cell line)
andH1299 cells was significantly reduced under serine deprivation
(Fig. 4 A and B). In addition, siRNA targeting PSAT1 inhibited
mTORC1 activity more upon serine withdrawal than control

Fig. 1. Serine increases PKM2 activity and glycolytic rate. (A) In vitro PKM2
activity increases in the presence of serine. Assay performed with a series of
serine concentrations as indicated with and without 10 μM FBP (data rep-
resent mean ± SEM, n = 3). (B) Equal numbers of H1299 cells were incubated
with various concentrations of serine for 16 h, cells were trypsinized, stained
with Trypan blue, and counted (data represent mean ± SEM, n = 3). (C)
Glucose consumption and lactate production in B were measured as de-
scribed in Materials and Methods and normalized to cell number (data
represent mean ± SEM, n = 3). (D) The lactate production/glucose con-
sumption ratio increases with the serine concentration (data represent mean±
SEM, n = 3).
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siRNA (Fig. 4C). Moreover, under serine starvation, knocking
down PSAT1 reduced the proliferation of M2 cells dramatically,
but did not further reduce the proliferation of M1 cells (Fig. 4D).
These data provide additional evidence that the proliferative ad-
vantage of M2 cells under serine starvation depends on elevated
endogenous serine synthesis.

GCN2-ATF4 Pathway Up-Regulates Serine Synthetic Enzymes in
Response to Amino Acid Deprivation. Not only was PSAT1 activity
required for proliferation in serine-depleted medium, but we ob-
served that PSAT1 expressionwas increased upon serine starvation
(Fig. 4C). It has been reported that PHGDH, PSAT1, and PSPH
are transcriptional targets ofATF4 (35, 36). ATF4 is translationally
up-regulated upon amino acid depletion through GCN2-de-
pendent eIF2α phosphorylation (37), and many ATF4 transcrip-
tion targets are involved in nonessential amino acid synthesis and
transport (38). To test whether these enzymes in the serine syn-
thetic pathway are induced in an ATF4-dependent manner upon
amino acid deprivation, we cultured DLD1 cells expressing non-
targeting shRNA (shNT) or shRNA targeting ATF4 (shATF4) in
serine-free or glutamine-free medium for 6 h. The mRNA levels of
all three enzymes in the serine synthetic pathway were up-regulated
under serine or glutamine starvation in control cells associatedwith

ATF4 induction, but in ATF4-deficient cells the basal mRNA
levels of the three enzymes were lower, and no induction was ob-
served upon amino acid starvation (Fig. 5A), indicating that all
three enzymes are up-regulated by ATF4 to compensate for amino
acid starvation. The stronger mRNA induction upon glutamine
starvation is probably because of the fact that cultured cancer cells
are adapted to a high concentration of glutamine. The fact that
glutamine withdrawal also induces enzymes in the serine synthetic
pathway suggests that this induction was a result of a general amino
acid response and not specific to serine withdrawal. We also con-
firmed that the induction depends on GCN2 because GCN2−/−

mouse embryonicfibroblasts (MEFs) fail to up-regulate the enzymes
under serine or glutamine starvation (Fig. 5B).
The above data suggest that the GCN2-ATF4 pathway collabo-

rates with PKM2-dependent alterations in glycolytic metabolism to
coordinate serine synthesis. To confirm this theory, we tested
whether ATF4, like PKM2, was critical for cell proliferation in the
absence of serine. Consistent with the observation that shATF4
cells have significantly lower PSAT1 expression than control cells,
the proliferation of shATF4 cells was inhibited upon serine star-
vation, but the proliferation of the control cells was not (Fig. 5C).
However, ATF4 induction of serine synthetic enzymes alone is not

Fig. 2. PKM2 expressing cells are more resistant to serine starvation than PKM1-expressing cells. (A) To generate cell lines expressing PKM1 or PKM2, H1299
cells expressing Flag-tagged (Left) or HA-tagged (Right) mouse PKM1 or PKM2 were transiently transfected with 20 nM nontargeting siRNA (NT) or PKM
siRNA. After 48 h, PKM1/2 expression was measured using immunoblot. (B) The levels of [U-13C] PEP, [U-13C] 3-PG, and [U-13C] serine in Flag-M1/M2 cells were
measured using LC-MS. Flag-M1/M2 cells were incubated in serine-free medium for 24 h and then labeled with [U-13C6] glucose for 3 h. This process results in
essentially complete labeling of PEP and 3-PG; thus, the data for these metabolites reflect total cellular concentrations. For serine, labeling is incomplete and
the enhanced labeling reflects increased flux (data represent mean ± SEM, n = 3). *P < 0.05, two-tailed Student t test. (C) PKM2 confers resistance to serine
starvation. Flag-M1/M2 (Left) or HA-M1/M2 (Right) cells were incubated with or without serine for 24 or 48 h, and cell proliferation was measured using an
MTT assay. The ratios of proliferation between (−) serine and (+) serine media were calculated and plotted (data represent mean ± SEM, n = 3).
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sufficient to promote serine-independent proliferation because the
impaired proliferation of M1 cells in the absence of exogenous
serine was associated with significantly higher ATF4 levels and
higher expression of serine synthetic enzymes, but the induction of
ATF4 and ATF4 target genes were less in serine-depletedM2 cells
(Fig. 5D and Fig. S3).

Discussion
Although the preferred expression of PKM2 in tumor cells has
been known for decades, how PKM2 contributes to tumorigen-
esis is still incompletely understood. Here we report that con-
version of PKM1 to PKM2 contributes to the shunting of
glycolytic precursors into the serine synthetic pathway (Fig. S4).
Similar to FBP, serine positively regulates PKM2 enzyme activ-
ity. A low level of intracellular serine leads to a reduction in
aerobic glycolysis, and the low pyruvate kinase activity of PKM2
facilitates accumulation of glycolytic intermediates that serve as
substrates for endogenous serine synthesis. In turn a low level of
serine leads to activation of GCN2 and the enhanced translation
of ATF4. The ATF4 induction increases the transcription of the
genes necessary for serine biosynthesis from the accumulating
glycolytic intermediates upstream of PKM2. The combined
functions of GCN2-ATF4 and PKM2 are necessary for cells to
maintain cell proliferation when deprived of extracellular serine.
Essential amino acids and glutamine are well-established acti-

vators of mTORC1, which plays an important role in protein
translation, cell growth, and proliferation (27, 28). However, it is
not clear whether other nonessential amino acids besides gluta-
mine can contribute to mTORC1 activity. Here we establish that
serine also contributes to mTORC1 regulation. In serine-deficient
medium, PKM1-expressing cells display reduced mTORC1 ac-
tivity and impaired proliferation. In contrast, PKM2-expressing
cells maintain mTORC1 activity and cell proliferation in serine-
deficient medium. Themaintenance of mTORC1 activity depends
on an intact serine synthetic pathway because mTORC1 activity is
lost when PKM2-expressing cells are transfected with PSAT1
siRNA in serine-deficient medium.
GCN2 is a kinase activated by uncharged tRNA, so it is a direct

sensor of amino acid depletion. The GCN2-ATF4 pathway plays
a critical role in preserving intracellular amino acid homeostasis
(38, 39). Here we found that serine and glutamine deprivation
activates the GCN2-ATF4 pathway to up-regulate three enzymes
needed for serine synthesis. Together with the increased substrate
availability provided by PKM2 expression, this up-regulation of
the serine synthetic pathway provides tumor cells with an en-
hanced ability to produce serine when exogenous serine is not

sufficient to support proliferation. Two recent reports suggest that
the genomic regions containing PHGDH are amplified in breast
cancer and melanomas (33, 34), diverting glycolysis intermediates
to serine synthesis. Our data suggest that activation of the GCN2-
ATF4 signaling pathway represents a physiologic mechanism to
up-regulate PHGDH and the other two enzymes in the serine
synthetic pathway independent of changes at their genomic loci.
Based on the present finding there may be two distinct ways to

exploit the selective expression of PKM2 by tumor cells to enhance
cancer therapies. One way is using PKM2 activators to increase its
enzyme activity to restore glycolytic flux from PEP to pyruvate so
that less 3-PG accumulates. Currently there are PKM2 activators
under development (40, 41). The present studies also suggest that
an alternative strategy might be to develop drugs that inhibit one
of the enzymes in the serine synthetic pathway.

Materials and Methods
PKM1 and PKM2 cDNA Transfection and Establishment of Stable Cell Lines. The
cDNAs encoding the complete coding region of mouse PKM1 and PKM2

Fig. 3. PKM2 maintains mTORC1 activity upon serine depletion. (A) M2
cells, but not M1 cells, maintain mTORC1 activity upon serine deprivation.
Flag-M1/M2 (Left) or HA-M1/M2 (Right) cells were incubated with/without
serine for 16 h, and mTOR activities were measured by immunoblotting for
p-S6K and p-S6. Data are representative of three independent experiments.
(B) Leucine withdrawal reduces mTORC1 activity in both M1 and M2 cells.
Flag-M1/M2 cells were incubated with/without leucine for 16 h.

Fig. 4. Blocking endogenous serine synthetic pathway by knocking down
PSAT1. (A) Knocking down PSAT1 in tumor cells. DLD1 and H1299 cells were
transfected with 50 nM nontargeting siRNA or PSAT1 siRNA. After 48 h,
PSAT1 expression was measured using immunoblot. (B) Knocking down
PSAT1 reduces tumor cell proliferation under serine starvation. Cells were
transfected with PSAT1 siRNA as described earlier. After 48 h, transfected
cells were incubated in media with or without serine for 24 or 48 h. Cell
proliferation was measured using an MTT assay. The ratios of proliferation
between (−) serine and (+) serine media were calculated and plotted (data
represent mean ± SEM, n = 3). (C) Knocking down PSAT1 inhibits S6 phos-
phorylation upon serine depletion. H1299 cells were transfected with PSAT1
siRNA as described earlier. After 48 h, transfected cells were incubated with/
without serine for 16 h. (D) Knocking down PSAT1 reduces proliferation of
M2 cells significantly, but not M1 cells. HA-M1/M2 H1299 cells were trans-
fected with PSAT1 siRNA as described before. After 48 h, transfected cells
were incubated with or without serine for 24 or 48 h and cell proliferation
was measured using an MTT assay. The ratios of proliferation between (−)
serine and (+) serine media were calculated and plotted (data represent
mean ± SEM, n = 3).
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genes were purchased from Open Biosystems and then subcloned into the
modified pIRESpuro vector (Clontech), which contains a double HA or FLAG
tag at the N terminus of the multiple cloning sites. cDNAs were transfected in
the H1299 cell line using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions. The empty modified pIRESpuro vector was used
as a control for transfection. Stable cell lines were selected following pu-
romycin treatment (2.5 mg/mL; Invitrogen) followed by limiting dilution.

RNAi. siRNA targeting endogenous human PKM and PSAT1 was ordered from
Invitrogen. Next, 20 nM siRNA was used to suppress endogenous PKM1/2 and
50 nM was used for PSAT1. Transfection of siRNA was performed using
Lipofectamine RNAiMAX (Invitrogen).

Pyruvate Kinase Activity Assay. Pyruvate kinase activity assay was performed
as previously reported (11, 20). Recombinant PKM2 was purchased from
GenWay Biotech.

LC-MS Analysis. Formeasurementofmetabolite levels, Flag-taggedM1/M2 cells
weretransfectedwithhumanPKM1/2siRNA.At48hposttransfection, cellswere
switched to culturemediawithout serine. After 24h, thismediawas replacedby
otherwise equivalent media containing 25 mM [U-13C6] glucose. After 3 h of
labeling, metabolismwas quenched andmetabolites were extracted by quickly
aspirating the media and immediately adding −80 °C 80:20 methanol:water

extraction solution. The extraction process was allowed to continue for 15 min
at −80 °C, and then the cells were scraped from the plate. The cell suspension
was then centrifugedat 5,300×g for 10min, and the supernatantwas kept and
the debris was re-extracted with −80 °C 80:20 methanol:water. The resulting
suspensionwas centrifugedagain and the supernatantwas combinedwithfirst
supernatant. Each sample was then divided into two identical portions, which
were dried under nitrogen flow. One portion was resuspended in HPLC-grade
water. The other portionwas resuspended in 100 μL 80:20methanol:water and
derivatized by adding 10 μL triethylamine and 2 μL benzyl chloroformate, to
enhance themeasurement sensitivity of aminoacids. Sampleswereanalyzedby
multiple LC-MS systems (each from Thermo Scientific and fed by electrospray
ionization), as described previously (42–44). Briefly, a stand-alone orbitrapmass
spectrometer (Exactive) operating in negative-ion mode was coupled to re-
versed-phase ion-pairing chromatography and used to scan fromm/z 85–1,000
at 1 Hz and 100,000 resolution; A TSQ Quantum Discovery triple-quadrupole
mass spectrometer operating in negative-ion mode was coupled to reverse-
phase ion-pairing chromatography and used to analyze selected compounds by
multiple reaction monitoring. Data were analyzed using the MAVEN software
suite (45). The results are normalized by protein concentration.

Immunoblot. Cells were harvested in 1×RIPA buffer (Cell Signaling). The fol-
lowing antibodies were used: p-S6 kinase, total S6K, S6, total S6, PKM2, total
PKM (Cell Signaling), PKM1 (Abgent), PSAT1 (Abnova), and ATF4 (Santa Cruz).

Fig. 5. The induction of enzymes in the serine synthetic pathway under amino acid starvation depends on GCN2-ATF4 pathway. (A) DLD1 cells expressing
nontargeting shRNA or ATF4 shRNA were starved in media without serine or glutamine for 6 h, and mRNA levels were measured using real-time PCR (data
represent mean ± SD, n = 3). *PPHGDH = 0.0011, PPSAT1 = 0.0106, PPSPH = 0.0038. (B) Wild-type, GCN2−/− and ATF4−/− MEFs were starved in the media without
serine or glutamine for 6 h, and mRNA levels were measured using real-time PCR (data represent mean ± SD, n = 3). *PPHGDH = 0.0124, PPSAT1 = 0.0001, PPSPH =
0.0004. (C) ATF4 is necessary for cell proliferation under serine starvation. (Upper) DLD1 cells expressing ATF4 shRNA (shATF4) or nontargeting shRNA (shNT)
were incubated in media with or without serine for 24, 48, and 72 h. Cell proliferation was measured using an MTT assay. The ratios of proliferation between
(−) serine and (+) serine media were calculated and plotted (data represent mean ± SEM, n = 3). (Lower) The protein levels of ATF4 and PSAT1 after 24-h
serine withdrawal were measured using immunoblot. (D) Flag-M1/M2 cells were incubated with or without serine for 24 h. ATF4 and PSAT1 expression were
measured using immunoblot. Data are representative of three independent experiments.
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Reverse-Transcription and Real-Time PCR. Total RNA was extracted following
the TRIzol Reagent (Invitrogen) protocol. One to three micrograms total RNA
were used in reverse transcription following SuperScript II (Invitrogen) pro-
tocol. Quantitative PCR was performed on a 7900HT Sequence Detection
System (Applied Biosystems) using Taqman Gene Expression Assays (Applied
Biosystems). Gene expression data were normalized to 18S rRNA.

Measurements of Metabolites. Glucose uptake and lactate production was
measured using the YSI 7100 MBS (YSI Life Science). After 16-h cell culture,

glucose and lactate concentrations in the medium were determined; the
amount consumed or produced by cells was determined by subtracting the
concentration in the sample medium from the concentration in medium
incubated without cells, then normalized to cell number.
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