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SUMMARY

The serine synthesis pathway (SSP) involving metabolic enzymes phosphoglycerate
dehydrogenase (PHGDH), phosphoserine aminotransferase 1 (PSAT1), and phosphoserine
phosphatase (PSPH) drives intracellular serine biosynthesis and is indispensable for cancer cells
to grow in serine-limiting environments. However, how SSP is regulated is not well understood.
Here, we report that activating transcription factor 3 (ATF3) is crucial for transcriptional activation
of SSP upon serine deprivation. ATF3 is rapidly induced by serine deprivation via a mechanism
dependent on ATF4, which in turn binds to ATF4 and increases the stability of this master
regulator of SSP. ATF3 also binds to the enhancers/promoters of PHGDH, PSATI, and PSPH and
recruits p300 to promote expression of these SSP genes. As a result, loss of ATF3expression
impairs serine biosynthesis and the growth of cancer cells in the serine-deprived medium or in
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mice fed with a serine/glycine-free diet. Interestingly, ATF3expression positively correlates with

PHGDH expression in a subset of TCGA cancer samples.
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In brief

Activation of the serine synthesis pathway is important for cancer cell growth, but how this
pathway is regulated is not well understood. Li et al. report that ATF3 is an important regulator
of this pathway and can promote serine biosynthesis and tumor growth under serine-limiting

conditions.

INTRODUCTION

As an important amino acid to cells, serine is not only proteinogenic but also required

Page 2

for the biosynthesis of many intracellular molecules, such as sphingolipids, phospholipids,

and glutathione (Mattaini et al., 2016). Serine can also be converted into glycine
while donating one-carbon units for folate-dependent reactions, yielding thymidine and

purine bases for nucleotide synthesis or S-adenosylmethione for DNA/protein methylation

(Mattaini et al., 2016; Yang and Vousden, 2016). In addition to importing serine from

the extracellular environment, cells can synthesize serine from the glycolytic intermediate
3-phosphoglycerate (3-PG) through 3 consecutive reactions catalyzed by phosphoglycerate

dehydrogenase (PHGDH), phosphoserine aminotransferase (PSAT), and phosphoserine
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phosphatase (PSPH), respectively—a process collectively referred to as the serine synthesis
pathway (SSP) (Mattaini et al., 2016). Although serine is one of the most consumed amino
acids in cultured cells, increased serine biosynthesis is one of many metabolic changes found
in cancer and has been shown to be required for rapid tumor growth (Sullivan et al., 2019).
Indeed, while PHGDH, the rate-limiting enzyme in SSP, is often overexpressed in human
cancer (Li and Ye, 2020), serine deprivation from the extracellular environment by dietary
restriction of serine, or direct blockage of serine biosynthesis via pharmacological inhibition
of PHGDH, can inhibit tumor growth and limit metastatic spreads of cancer cells into mouse
brains (Maddocks et al., 2013; Ngo et al., 2020; Xia et al., 2019). Hence, targeting SSP

or serine biosynthesis has emerged as a promising strategy for therapeutic intervention of
cancer.

Although high PHGDH expression can be caused by gene amplification or a defect in
Parkin-mediated protein degradation (Liu et al., 2020; Possemato et al., 2011), how SSP and
serine biosynthesis are regulated in cancer is not well understood. Transcriptional regulation
of the expression of genes encoding the 3 SSP enzymes, i.e., PHGDH, PSAT1, and PSPH,
appears to be a major mechanism for the regulation of serine biosynthesis (Li and Ye, 2020).
Indeed, the promoters/enhancers of SSP genes contain binding sites for several transcription
factors, including activating transcription factor 4 (ATF4) and c-Myc. Expression of ATF4,
a member of the ATF/CREB family of transcription factors, can be induced by various
cellular stresses (e.g., serine deprivation) through activation of elF2a., which specifically
enhances translation of A7F4 mRNA (Wortel et al., 2017). ATF4 can bind to SSP genes

and transactivate their expression to enhance serine biosynthesis and sustain rapid growth of
cancer cells under serine-deprived conditions (DeNicola et al., 2015; Ye et al., 2012). In line
with the important role that SSP plays in the regulation of serine metabolism, knockdown

of ATF4 expression largely impairs the growth of cancer cells cultured in serine-deprived
media (Ye et al., 2012). Interestingly, while the major antioxidant transcription factor Nrf2
transcriptionally induces ATF4 to activate PHGDH and PSAT1 expression in non-small cell
lung cancers (DeNicola et al., 2015), KDMA4C, a histone H3 lysine 9 demethylase, as well as
the transcription factor MYCN, promote transcription of SSP genes in neuroblastoma cells
in an ATF4-dependent manner (Xia et al., 2019; Zhao et al., 2016a). Thus, ATF4 appears to
be the master transcriptional regulator for the serine synthesis pathway and could be targeted
for the treatment of cancer (Yang and Vousden, 2016). However, as Atf4 null mice exhibit
developmental defects (Masuoka and Townes, 2002), direct ATF4 targeting may result in
severe undesired effects. It thus remains crucial to identify genes that play important roles in
the regulation of the serine synthesis pathway.

Here, we report that the ATF3, an ATF4 family member, is another protein central to

the regulation of the serine synthesis pathway and tumor growth under serine-limiting
conditions. Like ATF4, ATF3 induced by various cellular stresses (e.g., nutrient deprivation,
endoplasmic reticulum stress, and oxidative stress) can regulate transcription of genes
involved in stress signaling (Hai and Hartman, 2001; Wortel et al., 2017). However,

ATF3 is distinct from ATF4 and only contains a functional domain (i.e., the basic region
leucine zipper [bZIP]) structurally similar to that of ATF4. ATF3 can interact with many
other proteins (e.g., p53, nuclear factor kB [NF-xB], and HDAC1/3) and thus exhibits
distinct biological functions, such as the regulation of cellular response to DNA damage
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or immunogenic stimuli (Gilchrist et al., 2006; Nguyen et al., 2020; Yan et al., 2005). In
this report, we demonstrate that ATF3 induced by serine deprivation promoted the serine
synthesis pathway by increasing the ATF4 stability while recruiting the transcriptional
co-activator p300 to transactivate SSP genes.

ATF3 is induced by serine deprivation in an ATF4-dependent manner

Although cells can divert up to 10% of glycolytic carbon to serine biosynthesis to support
proliferation (Mattaini et al., 2016), deprivation of serine from the extracellular environment
can activate the serine synthesis pathway by inducing expression of transcription factors

like ATF4 via activation of GCN2 and elF2a (Ye et al., 2012). As ATF3 is a common

stress sensor, we sought to determine whether A7F3expression can also be induced by the
metabolic stress caused by serine deprivation. We thus incubated various cells, including
immortalized hTERT-RPEL1 epithelial cells (RPE in short), U20S sarcoma cells, PC3
prostate cancer cells, and HCT116 colon cancer cells, in a culture medium deprived of serine
and glycine and determined A7F3expression by western blotting and gRT-PCR assays. The
reason why we also depleted glycine from the culture medium was that imported glycine
can be converted to serine, thereby bypassing the serine synthesis pathway (Locasale, 2013).
Not surprisingly, serine deprivation caused a dramatic increase in both the protein (Figure
1A) and the mRNA level (Figures 1B and 1C) of ATF3, suggesting that serine deprivation
likely induced ATF3expression at the transcription level. Although A7F3induction was an
immediate early event (Figure 1D) and the kinetics of ATF3 induction by serine deprivation
varied among cell lines, the ATF3expression level was decreased to the basal level 48 h
after serine deprivation (Figures 1A-1C). The latter results were not unexpected, as ATF3
can bind to and repress its own promoter (Wolfgang et al., 2000; Zhao et al., 2016b).
Interestingly, although the conversion between serine and glycine is bidirectional (Locasale,
2013), deprivation of only serine from the culture medium was sufficient to induce A7TF3
expression while deprivation of glycine only slightly induced A7F3expression (Figure 1E),
in line with the notion that the glycine to serine conversion is not sustainable (Ding et al.,
2013). As a transient increase of ATF4 expression is the major molecular event in response
to serine deprivation, we determined whether ATF3 induction was mediated by ATF4. In
line with previous findings that the A7F3 promoter contains a C/EBP-ATF response element
(CARE) (5'-TGATGCAA-3"; -23 to —16) that can be bound by ATF4 and is responsible for
ATF3induction (Jiang et al., 2004; Pan et al., 2003; Wolfgang et al., 2000), knockdown of
ATF4 expression using a previously characterized A7F4 short hairpin RNA (shRNA) (Zhao
et al., 2016a) almost completely diminished AT~3induction by serine deprivation (Figure
1F)—results unlikely from off-target activities of the A7F/4shRNA as ATF3induction by
serine deprivation was abolished in A7F4-knockout (KO) HEK293T cells as well (Park

et al., 2017; Figure 1G). These results argue for a notion that serine deprivation induced
ATF3expression through a mechanism involving the GCN2-elF2a.-ATF4 axis. In support
of this notion, NCT-503, a PHGDH inhibitor (Pacold et al., 2016) that can inhibit serine
biosynthesis but unlikely activate this axis, failed to induce ATF3expression (Figure S1).
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ATF3 is required for cell growth under serine-deprived conditions

Deprivation of serine from the extracellular environment can impair cell growth (Maddocks
etal., 2013; Ye et al., 2012). Because serine deprivation profoundly induced ATF3
expression, we determined whether ATF3 is required for cell growth under serine-deprived
conditions. Although serine deprivation indeed slowed cell growth, KO of ATF3 expression
in various cells (Figure 2A) significantly impaired the growth of these cells in the serine-
deprived (Ser(-)) medium but did not, or only marginally, affect their growth in the complete
(Ser(+)) medium (Figures 2B-2E, S2A, and S2B). The growth defects were unlikely caused
by CRISPR-Cas9-mediated off-target editing, as we observed similar effects in A7TF3KO
HCT116 cells previously engineered using a distinct, AAV (Adeno-associated virus)-based,
precise genome-editing approach (Zhao et al., 2016b; Figure 2F). These results thus argue
that ATF3 induction is crucial for sustaining cancer cell growth under serine-deprived
conditions. Although p53 can regulate cancer cell growth in the serine-deprived medium
(Maddocks et al., 2013) and ATF3 can activate p53 in the DNA damage response (Li et al.,
2020; Yan et al., 2005), it is noteworthy that ATF3 unlikely promoted cancer cell growth
through activating p53 as PC3 cells are p53 null and DU145 cells carry a mutant p53 gene.
Moreover, loss of ATF3expression impaired the growth of p53-deficient HCT116 cells in
the serine-deprived medium as well (Figures S2C and S2D).

ATFE3 supports tumor growth under dietary serine restriction

Dietary restriction of serine can slow tumor growth in mice (Labuschagne et al., 2014;
Maddocks et al., 2013). To determine whether ATF3 also supports /n7 vivo tumor growth

in serine-restricted conditions, we implanted ATF3-wild-type (WT) and KO HCT116 cells
(Figure 2F) into nude mice fed with a diet deprived of both serine and glycine (SG(-))

or with a control complete diet (SG(+)). As previously reported (Maddocks et al., 2013),
dietary restriction of serine significantly inhibited the growth of HCT116 xenografts
(Figures 2G-21) but did not cause overt toxicity to mice because the mouse weight was
not changed (Figure S2E). Importantly, although ATF3 did not appear to affect tumor growth
in mice fed with the complete diet, ATF3KO cells grew significantly slower than the WT
cells when the mice were fed with the serine-deprived diet (Figures 2G-21). Staining of
the tumor sections for expression of the proliferation marker Ki67 confirmed that serine
deprivation decreased the proliferation rate of cancer cells, while this rate was further
decreased in ATF3-deficient cells (Figures 2J and 2K). These results thus demonstrate that
ATF3induction is required for tumor growth under dietary serine restriction.

ATF3 regulates the serine synthesis pathway and serine biosynthesis

To answer the question as to how ATF3 supports cancer cell growth under serine-deprived
conditions, we subjected ATF3-WT and KO cells to RNA sequencing (RNA-seq) analyses.
Serine deprivation induced expression of 609 genes while downregulating expression of 454
genes (Figure S3A; Table S1). The most enriched gene set induced by serine deprivation
was that for the serine biosynthesis process, followed by the gene set involved in amino acid
transport. Serine deprivation also significantly induced expression of A7F4and its known
targets, including A7F3, ASNS, and DD/T3—genes known to engage in the endoplasmic
reticulum (ER) stress response (Figure S3B). Out of these genes, ATF3 appeared to be
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required for inducing 61 genes and repressing 23 genes (Figure 3B; Table S2), which
include several genes (e.g., DDIT3, CHACI, and GDF15) previously shown to be ATF3
transcriptional targets (Crawford et al., 2015; Lee et al., 2010; Wang et al., 2020; Wolfgang
et al., 1997) and genes encoding amino acid transporters (e.g., SLC1A4; Figure 3B).
Importantly, although the gene set for serine biosynthetic process remained as the most
enriched GO (Gene Ontology) term (Figure 3C), ATF3 regulated expression of all 3 genes
(i.e., PHGDH, PSAT1, and PSPH) encoding the serine synthetic enzymes (Figures 3A and
3C). These unbiased data suggest that ATF3 likely promoted expression of SSP genes,
thereby promoting serine biosynthesis to support cancer cell growth. Indeed, while serine
deprivation caused rapid increases in the PHGDH, PSATI1, and PSPH mMRNA levels in
various cells, loss of ATF3expression profoundly impaired the induction of all 3 SSP genes
(Figure 3D). Moreover, serine-deprivation-induced increases in the PHGDH and PSAT1
protein levels were suppressed by A7F3 deficiency (Figure 3E). Note that ATF3 exhibited
same effects in p53-null PC3 cells (Figures 3D and 3E), suggesting that these effects

were likely p53 independent. To determine whether ATF3 regulates serine biosynthesis, we
incubated the isogenic HCT116 cells differing in ATF3 expression in a medium containing
[U-13C]-glucose for stable isotope tracing assays. While serine deprivation caused a
dramatic increase in newly synthesized serine labeled with [13C] (the M+3 fraction), loss of
ATF3 significantly suppressed serine synthesis induced by serine deprivation (Figure 3F).
These results thus argue that ATF3 can promote cancer cell growth under serine-limiting
conditions by inducing SSP gene expression and promoting serine biosynthesis.

ATF3 binds to ATF4 to increase the stability of the latter protein

ATF4 is the master transcriptional activator for SSP genes (DeNicola et al., 2015; Ye et

al., 2012). Intriguingly, ATF4 induction by serine deprivation was dramatically diminished
in the ATF3-deficient cells (Figure 4A). Mainly regulated at the post-transcriptional level
(Kilberg et al., 2009), ATF4 was an unstable protein with a half-life of ~20 min (Figures

4B and 4C). Although loss of ATF3 did not appear to alter the A7F4 mRNA level (Figure
S4A), the half-life of ATF4 induced by serine deprivation was reduced to ~10 min in the
ATF3-deficient cells (Figures 4B and 4C), suggesting that ATF3 induced by serine starvation
likely in turn stabilized ATF4. In line with this notion, transient co-expression of ATF3
increased the ATF4 level (Figure 4D) as a result of increased half-life (Figures 4E and 4F).
These results are reminiscent of our previous findings that ATF3 can stabilize other proteins
by binding to them (e.g., p53 and Tip60; Cui et al., 2015; Yan et al., 2005). Indeed, we
confirmed an earlier observation that ATF3 bound to ATF4 (Figures 4G, 4H, and S4B; Wang
et al., 2009). Moreover, although deleting the ATF3 leucine-zipper domain (ZIP) appeared
to diminish this interaction (Figures 4G, 4H, and S4B), an ATF3 mutant lacking ZIP (AZIP)
failed to increase the ATF4 level (Figure 4D) or its half-life (Figures 4E and 4F), suggesting
that the ATF3-ATF4 interaction was required for ATF4 stabilization. We concluded that
ATF3 induced by serine deprivation likely bound to ATF4 to increase its stability, thereby
promoting SSP gene expression and serine biosynthesis via a positive feedback loop.

ATF3 binds to the promoter/enhancer regions of SSP genes and regulates their expression

ATF3 is a DNA binding protein and can bind to the ATF/CREB (5'-TGACGTCA-3"), AP-1
(5'-TGAC/GTCA-3"), or CARE (5'-TGATGCAA-3") cis-regulatory element (Zhao et al.,
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2016b). Interestingly, we re-analyzed our published ATF3 chromatin immunoprecipitation
sequencing (ChlP-seq) data (GEO: GSE74363; Zhao et al., 2016b) and found that ATF3
had a very strong binding peak (hg19 chrl: 120,255,339-120,255,465) in the first intron

of the PHGDH gene (Figures 5A and S5A), which overlapped with an ATF4-binding peak
revealed by ENCODE (Encyclopedia of DNA Elements) (Figure 5A). The center of the peak
contained a CARE site (5'-TGATGCAA-3"; Figure 5A) previously shown to be bound by
ATF4 in A549 lung cancer cells (DeNicola et al., 2015). This earlier study also suggests
that the intron 1 of PSATI contains a reverse CARE element (5"-TTGCATCA-3"; +249 to
+257) that could be bound by ATF4 (DeNicola et al., 2015). However, ATF3 did not appear
to bind to this element but rather bind to a region (hg19 chr9: 80,912,032-80,912,156)
close to the PSAT1 transcription start site and overlapping with an ENCODE ATF4 peak
(Figures 5B and S5B). This region contained an AP-1 element (5’-TGACTCA-3’; Figure
5B). On the other hand, ATF3 bound strongly to a genomic region located in the PSPH
intron 2 (hg19 chr7: 56,101,365-56,101,489) and containing a reverse CARE site (Figure
S5C), while two inducible ATF3-binding peaks flanked the transcription start site of PSPH
(Figure 5C). The intron 1 peak (hg19 chr7: 56,118,214-56,118,338) contained an AP-1 site
(5'-TGAGTCA-3") and overlapped with an ENCODE ATF4 peak, although the promoter
peak (chr7: 56,119,250-56,119,374) contained a CARE-like site (5'-TGATCAA-3"). We
carried out ChIP-gPCR assays to determine whether ATF3 binds to these genomic regions
in response to serine deprivation. Indeed, although the ATF3 antibody could pull down DNA
fragments corresponding to these regions (Figures 5D-5F), serine deprivation dramatically
increased the amount of bound ATF3 (Figures 5D-5F), suggesting that the metabolic stress
induced by serine starvation promoted ATF3 to bind to SSP genes. As the ATF3 antibody
did not pull down a non-specific DNA fragment localized in the PHGDH intron 4 (Figure
5G; marked as NS in Figure S5A) or precipitate DNA from the A7F3-KO cells (Figure
5H), it was unlikely that the detected ATF3 binding to these SSP gene regions was due

to non-specific antibody binding. These results thus indicate that ATF3 also bound to SSP
genes upon serine deprivation.

As the strong ATF3-binding peak in PHGDH intron 1 was flanked by chromatins enriched
with K27-acetylated H3 (H3K27ac) (Figures 5A and S5D) and H3K27ac is a marker for
active enhancers (Calo and Wysocka, 2013; Creyghton et al., 2010), we cloned this region
into a pGL4 vector containing a minimal promoter (MiniP) (Figure 51) for reporter assays.
Indeed, this small DNA fragment (~250 bp) dramatically enhanced the activity of MiniP
to drive /uc2expression (Figure 51), supporting that this ATF3-bound fragment was an
active enhancer that could promote PHGDH expression. However, transient overexpression
of ATF3 or ATF4 only slightly altered the activity of the PHGDH enhancer (Figure 51),
probably because not only an ATF family member (e.g., ATF3 or ATF4) but also a C/EBP
transcription factor were required to be overexpressed and bind the CARE (C/EBP-ATF)
composite site (Figure 5A) to activate transcription (Kilberg et al., 2009). Serine starvation
could induce expression of C/EBP genes (e.g., CEBPB and CEBPG, Figure 3B) through
ATF4 (Thiaville et al., 2008), and these C/EBP factors might subsequently bind to the
CARE site along with ATF3 or ATF4 to enhance PHGDH expression. In line with this
notion, ectopically expressed ATF3 failed to promote PHGDH and PSAT1 expression
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induced by serine deprivation in the ATF4-KO HEK293T cells but could do so in the
ATF4-competent cells (Figures 5J and 5K).

ATF3 recruits p300 to the promoter/enhancer of PHGDH and PSAT1

p300 is one of the best-characterized transcriptional co-activators that can “bridge”
transcription factors to the basal transcription machinery while modifying the chromatin
environment (Wang et al., 2013). Previously, we found that 37% of p300-binding peaks
overlap with ATF3-binding peaks on the genome level (Zhao et al., 2016b), suggesting

that ATF3 may recruit p300 to genomic sites for transcriptional activation. Interestingly,
p300 also appeared to regulate the serine synthesis pathway as the p300 inhibitor C646
(Bowers et al., 2010) inhibited SSP gene expression upon serine deprivation (Figure

S6A), while the growth of p300-KO (p300KO) HCT116 cells was impaired in the serine-
deprived medium (Figure S6B). We therefore tested a possibility that ATF3 recruits p300

to the promoters/enhancers of SSP genes to activate their expression. First, we carried out
coimmunoprecipitation (colP) assays and found that a FLAG antibody could co-precipitate
ATF3 only in the presence of FLAG-tagged p300 (Figure 6A) and that a p300 antibody
could pull down the endogenous ATF3 from cell lysates (Figure 6B). Using a cell line
engineered to conjugate a 3x FLAG to the C terminus of the endogenous ATF3 protein,

we found that the FLAG antibody could pull down endogenous p300 along with the tagged
ATF3 (Figure 6C). Thus, ATF3 could bind to p300 /in vivo. Moreover, as immobilized
glutathione S-transferase (GST)-ATF3 pulled down the purified p300 protein in a GST-pull-
down assay (Figure 6D), ATF3 appeared to directly bind to p300. Next, we carried out
ChIP assays to determine whether loss of ATF3expression affects p300 recruitments to
SSP genes. p300 bound to the PHGDHI PSAT1 enhancer/promoter regions where ATF3
bound to, and serine deprivation promoted p300 to bind to these regions (Figures 6E and
6F). Importantly, the amounts of p300 bound to the PHGDH enhancer (Figure 6E) or the
PSAT1 promoter (Figure 6F) were significantly decreased in A7F3KO cells, in line with the
notion that ATF3 is required for p300 recruitments to SSP genes upon serine deprivation.
To test whether the p300 recruitment is required for ATF3-mediated induction of SSP gene
expression, we knocked out p300 expression from ATF3WT and KO HCT116 cells (Figure
6G). Although A7F3deficiency again impaired serine-deprivation-induced PHGDH and
PSAT1 expression in p300-WT cells, such effects were largely compromised in absence

of p300 (Figures 6H and 61). Similar results were obtained when the p300 activity was
inhibited by a specific inhibitor A485 (Lasko et al., 2017; Figures S6E and S6F), suggesting
that the p300 catalytic activity was required for ATF3-mediated regulation. These results
thus support a notion that ATF3 recruits p300 to SSP genes to transcriptionally activate the
serine synthesis pathway.

ATF3 expression correlates with PHGDH expression in human cancer

PHGDH encodes the rate-limiting enzyme for serine biosynthesis, and thus its
overexpression in cancer can promote serine metabolism and support cancer growth (Li

and Ye, 2020; Ngo et al., 2020; Possemato et al., 2011; Sullivan et al., 2019). However, how
PHGDH expression is regulated in cancer is not well understood. In TCGA (The Cancer
Genome Atlas) PanCancer Atlas Studies, PHGDH amplification was found in several types
of human cancer (Figure 7A). Although higher PHGDH copy numbers correlated with
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higher mRNA levels (Figure 7B), the overall PHGDH amplification frequency was only
1.05% (Figure 7A), suggesting that a mechanism other than copy number variations might
be responsible for the regulation of PHGDH expression in cancer. Because ATF3 could bind
to the PHGDH enhancer and regulate its expression (Figure 5), we explored a possibility
that ATF3 also contributes to the regulation of basal PHGDH expression in cancer. We

thus retrieved A7F3and PHGDH expression data from the TCGA PanCancer Studies for
correlation analysis. Indeed, A7F3expression positively correlated with PHGDH expression
in several types of cancer, including testicular germ cell tumors (GCTSs), adrenocortical
carcinoma, breast-invasive carcinoma, and head and neck squamous cell carcinoma (Figure
7C; p <0.01). The correlation was particularly significant in GCTs (Figure 7C), a

rare type of tumors that can be divided into nonseminomatous GCTs (NSGCTs) and
seminomas. Interestingly, while NSGCTSs grow and spread faster than seminomas, the
PHGDH expression level was higher in NSGCT than that in seminomas (Figure 7D). As
ATF3was also highly expressed in NSGCT (Figure 7E), ATF3 might enhance PHGDH
expression and promote serine biosynthesis, thereby contributing to the fast growth of this
subtype of tumors. Note that no PHGDH amplification was found in testicular GCTs and
adrenocortical carcinoma (Figure 7A). Moreover, although A7TF4 expression also positively
correlated with PHGDH expression (Table S3), such correlations appeared to be weaker than
the correlations between ATF3 and PHGDH in these two types of tumors. The finding

that the ATF3expression level significantly correlates with that of PHGDH in breast

cancer was also intriguing, as previous studies indicated that PHGDH expression and serine
metabolism contribute to breast cancer progression (Possemato et al., 2011) and that A7TF3
is frequently amplified in breast cancer and thought to promote breast cancer progression
(Wolford et al., 2013; Yin et al., 2008). Indeed, ATF3was amplified in 7.64% of TCGA
breast cancer samples (Figure S7A). However, neither A7F3amplification nor copy humber
gains contributed to high A7F3expression level (Figures S7B and S7C). These results thus
suggest a strong possibility that ATF3 expression contributes to PHGDH overexpression,
thereby promoting serine biosynthesis and cancer progression in a subset of cancers.

DISCUSSION

Although cells can obtain serine from the extracellular environment, the serine synthesis
pathway remains crucial for sustaining rapid growth of cancer cells (Sullivan et al., 2019).
Previously, ATF4 has been identified as the master transcription factor that directly binds to
SSP genes to transactivate their expression in response to serine deprivation or oncogenic
stress (e.g., Nrf2/MYCN expression; DeNicola et al., 2015; Xia et al., 2019; Ye et al., 2012;
Zhao et al., 2016a). In this report, we presented data arguing for a notion that ATF3 is
another crucial protein that can transactivate SSP genes and consequently promote serine
biosynthesis and tumor growth under serine-restricted conditions. Our results support a
model whereby ATF3 induced by ATF4 in turn binds to ATF4 to promote its activation,
while ATF3 also recruits p300 to SSP genes for their transactivation (Figure 6J). Indeed,
KO of ATF3expression largely impaired expression of SSP genes upon serine deprivation
(Figure 3) and suppressed serine biosynthesis and cancer growth under serine-deprived
conditions (Figure 2). Given that ATF4 is an unstable protein and its induction is a
transient event (Kilberg et al., 2009), ATF4-mediated induction of ATF3 could not only
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directly transactivate SSP genes but also stabilize ATF4 and thereby might serve as a
positive feedback and fail-proof mechanism to ensure transcriptional activation of the
serine biosynthesis pathway when the extracellular serine supply is limited or exhausted.
This mechanism is distinct from the ATF4 self-limiting model whereby ATF3 induced

by histidine deprivation rather antagonizes ATF4, thereby repressing expression of the
asparagine synthetase (ASNS) gene (Kilberg et al., 2009). Although transcription of SSP
genes might be regulated differently from ASNS expression, it is noteworthy that the ATF4
self-limiting model was primarily based on transient ASNS promoter-reporter assays (Pan
et al., 2003). While transient ATF3 expression indeed caused a slight decrease in the
PHGDH enhancer activity (Figure 51), it can increase the activity of a promoter containing
ATF3-binding sites in other reporter assays (Li et al., 2020; Liu et al., 2011). In light of

the facts that cancer growth as well as brain metastasis are dependent on serine biosynthesis
(Ngo et al., 2020; Sullivan et al., 2019; Xia et al., 2019) and that A7F4 deficiency may cause
severe side effects (Masuoka and Townes, 2002), our results support an anti-cancer strategy
centered on targeting the ATF3-mediated regulation of serine biosynthesis. This strategy is
further supported by the observations that ATF3 likely contributes to PHGDH expression in
a subset of cancers (Figure 7).

While ATF3 can repress transcription by either displacing transcription activators or
recruiting transcriptional co-repressors (e.g., histone deacetylases; Gilchrist et al., 2006;
Nguyen et al., 2020; Wang et al., 2020), the mechanism(s) by which ATF3 increases
transcriptional activity is not well understood. ATF3 can form dimers with other bZIP-
containing proteins, such as other ATF/CREB members (Rodriguez-Martinez et al., 2017).
It is proposed that ATF3 homodimers repress while ATF3 heterodimers transactivate
transcription (Hai and Hartman, 2001). Consistent with an early report (Wang et al., 2009),
although ATF3 could bind to ATF4, transient co-expression of ATF4 with ATF3 did not
enhance PHGDH expression (data not shown). Rather, we found that ATF3 could bind

to p300 and recruit p300 to SSP genes to enhance their expression (Figure 6). As up to
37% of p300-enriched genomic regions were also bound by ATF3 (Zhao et al., 2016b),
ATF3-mediated recruitment of p300 to genomic sites could serve as a general mechanism
utilized by ATF3 to enhance transcription. These results also suggest that p300 likely plays
an important role in the regulation of serine synthesis pathway. Indeed, p300 inhibition
impaired SSP expression induced by serine starvation (Figure S6A). Interestingly, an early
study found that p300 can also interact with ATF4 and increase its stability (Lassot et al.,
2005). However, although ATF4 might similarly recruit p300 to SSP genes, we did not find
that p300 increased the ATF4 level under serine-deprived conditions (Figures S6F and S6G).
As loss of p300 did not completely abolish SSP expression induced by serine deprivation
(Figures 6H and 61), other transcriptional co-activators might involve in the regulation of
SSP transcription as well. Indeed, ATF3 appeared to bind to the p300 paralog CBP as well
(data not shown).

It has been shown that the tumor suppressor p53 regulates cancer growth under serine-
deprived conditions by inducing p21 expression (Maddocks et al., 2013). Surprisingly,
p53 can repress PHGDH expression by binding to a putative site (—606 to —633) in the
human PHGDH promoter when its expression was induced by nutlin-3 or DNA-damaging
agents (Ou et al., 2015). Although we previously showed that ATF3 can activate p53 by
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increasing its stability (Yan et al., 2005), ATF3 rather promoted PHGDH expression (Figures
5J and 5K) and regulated cancer growth under serine-deprived conditions independent of
p53 (Figure S1D). These results are not unexpected as serine deprivation only marginally
increases the p53 level (Maddocks et al., 2013; Ou et al., 2015), and ATF3 regulates the

p53 stability mainly through competing with p53 for MDM2-mediated ubiquitination (Li et
al., 2020). As a major p53-negative regulator, MDM2 was recently shown to regulate SSP
gene expression through binding to chromatin—a mechanism independent of p53 (Riscal et
al., 2016). While the recruitment of MDM2 to chromatin appears to require an interaction
with ATF3, or ATF4 (Riscal et al., 2016), how chromatin-bound MDM2 enhances SSP

gene expression remains elusive. This recent finding thus links ATF3 and ATF4 expression
induced by serine deprivation to an oncogenic function of MDM2 that is independent of its
regulation of p53 and suggests an additional mechanism by which ATF3 or ATF4 regulates
the serine synthesis pathway. As ATF3 strongly binds to MDMZ2 (L. et al., 2020; Mo et al.,
2010), targeting ATF3 might dissociate MDM2 from chromatin, leading to further inhibition
of serine biosynthesis as well as the inhibition of other oncogenic activities of MDM2.

However, it is noteworthy that ATF3 appears to play dual roles in tumorigenesis. Although
ATF3 has been shown to promote breast cancer metastasis and cyclosporine-A-induced
squamous cell carcinoma of the skin (Wu et al., 2010; Yin et al., 2008), ATF3 also exhibits
a tumor-suppressor activity in glioblastoma, as well as colon, lung, and bladder cancers
(Gargiulo et al., 2013; Hackl et al., 2010; Jan et al., 2012; Yuan et al., 2013). Indeed, genetic
studies indicate that A#3deficiency in mice not only promotes genomic instability and
spontaneous tumorigenesis (Wang et al., 2018) but also accelerates prostate tumorigenesis
induced by sex hormones or loss of the tumor suppressor Pten (Wang et al., 2015, 2016).
Interestingly, although A7F3deletions or loss-of-function mutations are frequently noted in
human cancer samples (Li et al., 2020), A7F3amplifications are also found in subtypes

of cancer, e.g., breast and liver cancer (Figure S5). Similarly, ATF3expression appears to

be upregulated in some cancer types while being downregulated in others (Wang and Yan,
2015; Yan and Boyd, 2006). Our current finding that ATF3 promoted the serine synthesis
pathway thus warrants further investigations into the oncogenic activity of ATF3 in serine-
restrictive environments, such as metastasis in the brain (Ngo et al., 2020). On the other
hand, ATF3 has established roles in the regulation of innate immunity (Gilchrist et al., 2006;
Whitmore et al., 2007). Whether therapeutic induction of ATF3 might repress anti-cancer
immune responses thereby promoting tumor survival also warrants further investigations.

During the revision of this work, a report was published showing that knockdown of A7F3
expression decreases basal SSP gene expression and impairs serine biosynthesis in leukemia
cells where ATF3expression is upregulated (Di Marcantonio et al., 2021). While ATF3 as a
common stress sensor frequently expresses at a very low basal level and is often not required
for cell proliferation under basal conditions (Hai et al., 1999; Yan and Boyd, 2006), our
findings that ATF3 not only bound to SSP genes but also promoted ATF4 activation upon
serine deprivation unveil a more general role that ATF3 plays in the regulation of cellular
metabolism. Together with our work, the recently published study supports that ATF3 is an
important regulator of the serine synthesis pathway.
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STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Chunhong Yan (cyan@augusta.edu).

Materials availability—Cell lines and plasmids generated in this study are preserved by
Dr. Chunhong Yan’s laboratory and are available upon request.

Data and code availability

. The RNA-seq data and metabolomics data generated in this study have been
deposited at the NCBI GEO database (access nhumber: GSE164850) and National
Metabolomics Data Repository (Project ID: PR001203; https://doi.org/10.21228/
M86Q68), respectively, and are publicly available as of the date of this

publication.
. This paper does not report original code.
. Any additional information required to reanalyze the data reported in this paper

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—Animal experiments were carried out in strict accordance with the guidelines of

the Institutional Animal Care and Use Committee (IACUC) at the Augusta University.

The protocol was approved by the IACUC at the Augusta University (#2013-0584). Male
athymic nude mice (Hsd:Athymic Nude-Foxn1"Y) purchased from Envigo were used in this
study. They were housed in a pathogen-free, barrier facility, and implanted with tumor cells
at ~6 weeks of age. They were fed with a diet free of serine and glycine, or a control normal
diet, until the completion of the experiments, as described below.

Cell lines—hTERT-RPE1, U20S, DU145, and 293T cells were routinely cultured in
DMEM. HCT116 cells were initially cultured in McCoy’s5A medium, but cultured in
DMEM for at least 1 month before serine starvation. LNCaP and PC3 cells initially cultured
in RPMI medium were similarly cultured to DMEM. All these media were supplemented
with 10% of FBS. For serine starvation, cells were first cultured in MEM (GIBCO)
supplemented with 10% of dialyzed FBS (GIBCO), 1 x Vitamin Solution (GIBCO), 100 pM
of sodium pyruvate, 0.4 mM of serine, and 7.5 mg/L of glycine (the complete medium, or
Ser(+)) for 2 days, washed with PBS for 2 times, and then cultured in MEM supplemented
with FBS, vitamins, and sodium pyruvate, but without addition of serine and glycine (the
serine-deprived medium, or Ser(-)), for different time.

METHOD DETAILS

Generation of knockout cells with CRISPR/Cas9—The CRISPR-Cas9 system was
used to generate A7F3- and £P300-knockout cells as described (Ran et al., 2013). Briefly,
a single guided RNA (sgRNA) targeting a region spanning the A7F3 start codon (5’-
AAAATGATGCTTCAACACCCAGG-3’; the start codon was underlined), or a region
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immediately downstream of the £P300 start codon (5" -GAGAATGTGGTGGAACCG-3"),
was cloned into pSpCas9(BB)-2A-puro, and used to transfect cells. After selection with
puromycin (1-2 pg/ml) for two days, single viable cells were seeded into 96-well plates.
Derived single clones were then subjected to western blotting to screen for loss of ATF3or
p300 expression. A second round of genome editing was performed if gene expression was
not completely lost.

Western blotting and quantitative reverse transcription-PCR (QRT-PCR)—These
were carried out as described previously (Wang et al., 2020; Yan et al., 2005). For western
blotting, cells were lysed in RIPA buffer (50 mM Tris-HCI, pH7.4, 150 mM NacCl, 1%
NP-40. 0.1% SDS, 0.5% sodium deoxycholate, 1 mM EDTA) supplemented with proteinase
inhibitor cocktails (P178430, Fisher Scientific). The following antibodies were used: ATF3
(sc-188X, 1:10,000), ATF4 (sc-200, 1:1,000), p300 (sc-584, 1:200), and p53 (sc-126,
1:1000) from Santa Cruz; PHGDH (HPA021241, 1:300), B-actin (A2228, 1:10,000) from
Sigma-Aldrich; and PSAT1 (21020002, 1:3,000) from Novus. For gRT-PCR, total RNA was
isolated using TRIzol (Invitrogen), following by reverse transcription using 1 pg of total
RNA and the iScript Adv cDNA synthesis kit (Bio-Rad). cDNAs were subjected to real-time
PCR using SYBR Green (Bimaker) and the StepOnePlus Real-time PCR System (Applied
Biosystems). The primers are listed in Table S4.

Co-immunoprecipitation (co-IP) and GST-pulldown assays—For co-IP assays,
HEK?293T cells transfected with indicated plasmids for two days were lysed in cold FLAG
lysis buffer (50 mM Tris-HCI, pH7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100,
proteinase inhibitors). Cell lysates (1-2 mg) were then incubated with 20 pl of anti-FLAG
M2 Affinity Gel (Sigma) at 4°C overnight. After washes with the lysis buffer, bound
proteins were eluted with 30 pl of 3 x FLAG peptide (150 ug/ml) at 4°C overnight, and
subjected to western blotting. For detection endogenous ATF3-p300 interaction, HEK293T
cells were lysed in RIPA buffer containing 100 mM NacCl, and lysates (2 mg) were then
incubated with 1 pg of p300 antibody or normal IgG for western blotting. GST-pulldown
assays were performed essentially as described previously (Cui et al., 2015). Briefly, 1 ug
of GST or GST-fusion proteins immobilized on 20 pl of glutathione agarose (Sigma) were
incubated with of /in vitro-translated (5 pul) or recombinant (50 ng) proteins in a buffer
containing 20 mM Tri-HCI, pH8.0, 100 mM NaCl, 2 mM EDTA, 2 mM DTT, 5% glycerol
and 0.4% NP-40 at 4°C overnight. After extensive washes with a similar buffer containing
150 mM NaCl, bound proteins were eluted by boiling in 20 ul of SDS loading buffer, and
subjected to western blotting.

Chromatin immunoprecipitation (ChIP)—ChlIP assays were performed following a
protocol described previously (Wang et al., 2020; Zhao et al., 2016b). Briefly, cells (107)
were treated with 1% formaldehyde for 10 min followed by 0.125 M glycine for 5 min

at room temperature. After trypsinized and resuspended in 10 mL of Solution | (10 mM
HEPES-KOH, pH7.5, 10 mM EDTA, 0.5 mM EGTA, and 0.75% Triton X-100) at 4°C for
10 min, cells were treated with 10 mL of Solution 11 (10 mM HEPES-KOH, pH7.5, 200
mM NaCl, 1 mM EDTA, and 0.5 mM EGTA) at 4°C for 10 min, and subsequently lysed
in cold FA lysis buffere (50 mM HEPES-KOH, pH7.5, 140 mM NaCl, 1 mM EDTA, 1%
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Triton X-100, 0.1% sodium deoxycholate, and proteinase inhibitor cocktail). The chromatin
were then sheared by sonication using Bioruptor to an average fragment size of 500 bp,
followed by incubated with 2 pg of the antibody (ATF3, sc-188X; p300, sc-584; H3K27ac
antibody, ab4729) at 4°C overnight. Antibody-bound chromatin was precipitated with 30 pl
of ssDNA-protein A agarose at 4°C for 2 h, and subjected to sequential washes with Buffer
I (50 mM Tris-HCI, pH8.0, 150 mM NaCl, 1% SDS, 0.5% sodium deoxycholate, 1% NP
40, and 1mM EDTA), Buffer 1l (buffer I containing 500 mM NaCl), Buffer 111 (50 mM
Tris-HCI, pH8.0, 250 mM LiCl, 0.5% sodium deoxycholate, 1% NP 40, and 1mM EDTA),
and TE buffer (50 mM Tris-HCI, pH8.0, and 1 mM EDTA). Bound chromatin was then
eluted with 0.3 mL of Elution buffer (50 mM Tris-HCI, pH8.0, 1% SDS, and 1 mM EDTA).
After reversal of crosslinking and treatments with RNase A and Proteinase K, DNA was
purified by phenol extraction and ethanol precipitation, and subjected to g°PCR. The PCR
primers are listed in Table S4.

Reporter assays—To generate the PHGDH-enhancer-reporter (en-MiniP) plasmid, the
PHGDH enhancer fragment (250 bp) was first amplified from genomic DNA by PCR
using a forward primer (5"-gtggtaccCGATTCTAGCCTGCCTTGG-3") and a reverse primer
(5”-gaaaagctt GAGGCTAAATCTGGACCCCA-3"), and ligated to the pGL4.29[luc2P/Cre/
Hygro] vector (Promega) linearized with Kpnl and Hindlll (the 3 x CRE sites in the

latter plasmid were removed). The linearized vector was also self-ligated to generate the
control MiniP reporter. For reporter assays, PC3 cells (1 x 10°) cultured in 24-well plates
were transfected with 1 ng of pRL-CMYV together with 50 ng of en-MiniP, or MiniP, with
or without 800 ng of pcDNAS3, ATF3, or ATF4 plasmid for 2 days, and then lysed for

dual luciferase assays (Promega) following the manufacturer’s protocol (Wang et al., 2012,
2020).

RNA-seq assays—RPE cells cultured in the serine-deprived medium or the completed
medium for 8 h were lysed followed by RNA extraction using the RNeasy Min Kit
(QIAGEN). 0.8 to 1 pg of total RNA samples with a RNA integrity number > 5 were
processed for cDNA library preparations using the TruSeq Stranded Total RNA Ribo-zero
kit (Illumina) following the manufacturer’s protocol. The libraries were then pooled and

run on a Hiseq 2500 sequencing system using a 50-cycle paired-end protocol. BCL files
generated by sequencing were converted to FASTQ files for the downstream analysis. Reads
passed the quality control were aligned to the reference genome through Tuxedo Suite
starting with TopHat aligner. The generated BAM files in a comparative setup were imported
to the Cufflinks and Cuffdiff tools for outputting differentially-expressed genes with log2
fold changes. Heatmaps were prepared with Morpheus. The unprocessed RNA-seq data can
be accessed from GEO (GSE164850).

Stable isotope flux analysis—HCT116 cells (~50% confluence) were washed with
PBS, and cultured in HEPES buffered Krebs-Ringer solution supplemented with 25 mM
[U-13C]-D-glucose, 10% dialysed FBS, 2 x MEM amino acids, 2 x Vitamin Solution and
4 mM L-glutamine, with or without 0.4 mM serine and glycine, for 24 h. Cells were
washed with PBS and metabolites extracted using 1 mL of acetonitrile: isopropanol:water
(3:3:2, v/viv) mixture. The extraction solvent was degassed and pre-chilled at —20°C.
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Samples were homogenized using Geno/Grinder 2010 (SPEX SamplePrep) at 1500 rpm

for 30 s, then shaken at 4°C for 5 min and centrifuged for 2 minutes at 14,000 rcf. 450

UL supernatant was transferred to a new tube and dried down using Centrivap cold trap
concentrator (Labconco). 10 pL of methoxyamine hydrochloride in pyridine (40 mg/mL)
was added to dried sample and shaken at 30°C for 1.5 hours for methoximation. 90 pL of N-
tert-Butyldimethylsilyl-N-methyltrifluoroacetamide (MTBSTFA, Sigma-Aldrich) was used
for tertbutylsilylation. C8—C30 fatty acid methyl esters (FAMES) were added to MTBSTFA
as internal standards for retention time correction. Samples were shaken at 37°C for 30

min for TMS or shaken at 80°C for 30 min for TBS and then ready for injection. Gas
chromatography-Quadrupole-time of flight mass spectrometry (GC-Q-TOF MS) was used
for Stable Isotope enrichment. Rtx-5Sil MS column (30 m length, 0.25 mm i.d, 0.25 uM
95% dimethyl 5% diphenyl polysiloxane film) with an additional 10 m guard column was
installed on Agilent 7890 GC (Agilent Technologies). 99.9999% pure Helium gas was used
as a mobile phase with a flow rate of ImL/min. GC temperature was held at 50°C for 1

min, ramped at 20°C/min to 330°C and then held for 5 min. Electron ionization at —70eV
was employed on a Agilent 7250 Quadrupole time of flight mass spectrometer (Agilent
Technologies) with ion source temperature at 250°C and detector voltage at 1850V. Mass
spectra were acquired at an acquisition rate of 5 spectra/s, with a scan range of 85-900

Da. Agilent MassHunter Quantitative Analysis software B.10.00 (Agilent Technologies) was
used for post data processing. Peaks with a minimal signal-to-noise ratio of 10 were used for
data analysis. Relative abundance of mass isotopomers of each metabolite was calculated by
MassHunter. Isotope ratio was further calculated using an abundance of labeled ion divided
by an abundance of unlabeled ion. The raw data is available at the NIH Common Funds
National Metabolomics Data Repository (NMDR) website, the metabolomics Workbench,
where the study has been assigned Project ID # PR001203. The data can be accessed
directly via https://doi.org/10.21228/M86Q68.

Xenograft experiments and immunohistochemical (IHC) staining—Animal
experiments were carried out according to a protocol approved by the Institutional
Committee of Animal Care and Use (ICACU) of the Augusta University. Male athymic
nude mice were purchased from Envigo, and housed in a pathogen-free, barrier facility. The
mice were fed with a diet free of serine and glycine (5BJX, TestDiet), or a control normal
diet (5CC7, TestDiet), two days before the experiments, and were continuously fed with
these diets until the end of the experiments. For tumor implantations, HCT116 cells (5 x
10%) suspended in PBS were mixed with Matrigel (1:1) and injected into the flanks of nude
mice. Tumors were measured every other day with a caliper until the volume of the largest
tumor reached ~2,000 mm3, and then the mice were sacrificed. Tumors were subsequently
dissected, weighed, and fixed in 10% of formalin for paraffin embedding. For IHC staining,
tumor sections were stained with the Ki67 antibody (ab15580, 1:600, Abcam) using the
DAB Kit (Vector) according to the manufacturer’s recommendations.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of immunblots was performed using ImageJ. Quantification of
immunostaining was performed by counting positively stained cells in different field of
view. The data were presented as mean + SD unless indicated otherwise. Statistical
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significance was calculated by two-tailed unpaired Student t test using GraphPad Prism
(version 9.0). The number of samples for each experiments is indicated in the respective
figure legend.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Serine deprivation induces ATF3 via an ATF4-dependent mechanism
ATF3 in turn binds to ATF4 and regulates its stability

ATF3 recruits p300 to promote expression of the serine synthesis pathway
genes

ATF3 promotes serine biosynthesis and tumor growth under serine-limiting
conditions
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Figure 1. ATF3 expression is rapidly induced by serine deprivation
(A-C) Indicated cells were cultured in a medium deprived of serine and glycine for 0, 4, 8,

24, and 48 h and harvested for western blotting (A) or gRT-PCR assays (B and C).

(D) RPE cells were cultured in the serine/glycine-deprived medium for 0, 0.5, 1, 2, 4, and
8 h for gRT-PCR assays. The gRT-PCR data are presented as mean + SD (n = 3). These
experiments were repeated at least once.

(E) RPE cells were cultured in a medium deprived of serine (serine(=)), glycine (glycine(-)),
or both (SG(-)) for western blotting.

(F) RPE cells were infected with control (shGFP) or lentiviruses expressing A7TF4-specific
shRNA (shATF4) for 3 days and then cultured in the serine/glycine-deprived medium for
western blotting.

(G) ATF4-wild-type (ATF4"*) or knockout (ATF4 ") HEK293T cells were cultured in the
serine/glycine-deprived medium for western blotting.

See also Figure S1.

Cell Rep. Author manuscript; available in PMC 2021 October 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Lietal. Page 22
A B (o] D
ﬁ = ATE3 = nggmg::g) -~ LNCaP-wt Ser(+) o~ PC3-wt Ser(+)
U202 actin 1607 (J208-ATF3KO Ser(+) L e ) . ﬁgi&”‘%&%sﬂm
- "o 14017 U20S-ATF3KO Ser() £ 14+ NCaP-ATF3KO Ser() o 801+ PC3-ATF3KO Ser(-)
-— |ATF3 ‘:>_</ 1204 = 124 RS
INCaPS = p-actn 5 1001 = 10 5
X o 80 5 8 & e
peafm AT E o - E =
3-actin 3 RN
— -w[ E 404 / E " Z
- |ATF3 o . S e e ]
DU145———=""" o *_Z ~ S A O
—3-2 CtiN o] — 0 0 R e e e
01 23 45 6 7 612 3 4567
Days Days
E F

- DU145-wt Ser(+) -~ HCT116-wt Ser(+)

g 2 ¥ =~ HCT116-wt Ser(-) —~
- Bﬂljg%rgg%sﬂm ;\800 — HCT116-ATF3KO Ser(+) e 207 o wrsa)
% DU145-ATF3KO Ser(-) o =¥ HCT116-ATF3KO Ser(-) £ 2000 - KO-SG(+)
% 600 E A WT-SG(-)
= wt_KO o -+ KO-SG(-)
B 1500
3 w0 - |ATF3 15
5 - [3-actin g 1000
Z 20 -
) ok g 500
3 o 5
o 0 F o
01 23 456 7 01234567 0 5 10 15 20 25 30 35 40 45
Days Days Days after Implantation
| J
SG(+ SG(- K
209 &4 e v",'(.) o R
C) 2 ©
‘D o 40
: : .
[, w
o
£ g 20
E B 10
< o

S6() 860  aKie7

Figure 2. Knockout of ATF3 expression impairs cancer cell growth under serine-deprived
conditions

(A) ATF3knockout (KO) cells developed with CRISPR-Cas9 tools and control wild-type
(WT) cells were subjected to western blotting to confirm the loss of ATF3expression.
(B-E) Indicated WT or ATF3KO cells were cultured in the serine/glycine-deprived (Ser(-))
or the complete (Ser(+)) medium for different days. Cell numbers were counted, and growth
curves were plotted. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; Student’s t test;
ATF3 KO compared to WT in the absence of serine (Ser(-)); n = 3 (biological replicates).
(F) ATF3KO HCT116 cells developed with an AAV-based precise genome-editing
technology and control WT cells were cultured in the serine/glycine-deprived (Ser(=)) or the
complete (Ser(+)) medium for different days. The inset shows western blotting results that
confirm the loss of A7F3expression in the KO cells. **p < 0.01; ***p < 0.001; Student’s

t test; ATF3 KO compared to WT in the absence of serine (Ser(-)); n = 3 (biological
replicates).

(G) WT and ATF3KO HCT116 cells were implanted in nude mice (5 mice each group)

fed with a diet deprived of serine and glycine (SG(-)) or a normal control diet (SG(+)).
Tumor volumes were calculated and presented in the plot. *p < 0.05; #p < 0.01; &p < 0.001;
Student’s t test.

(H) A representative image of tumors dissected from the nude mice.

(1) Tumor weights were presented in the plot.

(J and K) Tumor sections were stained for Ki67 expression (J), and positive cells were
counted (K). *p < 0.05; ***p < 0.001; ns, not significant; Student’s t test.
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Figure 3. ATF3 deficiency impairs serine-deprivation-induced expression of serine-synthesis-

pathway genes

(A) A diagram shows the serine synthesis pathway. Filled circles represent [13C] atoms

derived from [U-13C]-D-glucose.

(B) Heatmap presentation of genes regulated by ATF3 upon serine deprivation. WT or
ATF3-KO RPE cells cultured in the complete or the serine/glycine-depleted medium for 8 h
(2 biological repeats for each sample) were subjected to RNA-seq. Gene expression changes
induced by serine deprivation were used to plot the heatmap. The cutoff value (2.5) was
chosen to allow for better presentation of differential expression of the majority of genes.
(C) DAVID (Database for Annotation, Visulaization and Integrated Discovery) GO analysis

of ATF3-regulated genes upon serine deprivation.

(D) Indicated ATF3KO or control cells were cultured in the serine/glycine-deprived medium
for 0, 4, 8, 24, and 48 h for gRT-PCR assays. The data are presented as mean + SD (n = 3).
(E) Indicated cells cultured in the serine/glycine-deprived medium for 0, 4, 8, 24, and 48

h were subjected to western blotting for PHGDH and PSATI expression. The intensities

of PHGDH/PSAT1 bands are quantified using ImageJ, normalized to that of g-actin, and

indicated under corresponding blots.

(F) WT and ATF3-KO HCT116 cells cultured in the medium containing 25 mM of [U-13C]-
D-glucose with or without serine/glycine were lysed for metabolomics analyses. L-serine
derived from [U-13C]-glucose (M+3) was quantitated and plotted as ratios to unlabeled

L-serine (M+0).
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n=6; *p <0.05; **p <0.01; ***p < 0.001; ****p < 0.0001; Student’s t test. See also Figure
S3.
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Figure 4. ATF3 binds to ATF4 and increases its stability
(A) Indicated cells cultured in the serine/glycine-deprived medium for 0, 4, 8, and 24 h were

subjected to western blotting to detect the ATF4 expression level.

(B and C) WT or ATF3-KO HCT116 cells cultured in the serine/glycine-deprived medium
for 8 h were treated with 100 pg/mL of cycloheximide (CHX) for indicated time and then
subjected to western blotting. The intensities of the ATF4 bands were quantified and plotted
in (C) after normalizing to p-actin.

(D) HEK293T cells were transfected with ATF4 (0.3 pug), EGFP-N1 (0.1 ug), and pcDNA3,
FLAG-ATF3, or FLAG-AZIP (1.2 ug) for 2 days and then subjected to western blotting after
normalizing to the EGFP levels.

(E and F) HEK293FT cells were transfected with ATF4 along with pcDNA3/FLAG-ATF3/
FLAG-AZIP for 2 days and then treated with 100 pg/mL of CHX for western blotting.
Quantification of the ATF4 levels was plotted in (F).

(G) HEK293FT cells transfected with indicated plasmids were subjected to
immunoprecipitations using the anti-FLAG M2-affinity agarose.

(H) GST, GST-ATF3, or GST-AZIP immobilized onto glutathione agarose was incubated
with /n vitrotranslated ATF4 for GST-pull-down assays followed by western blotting. The
low image shows the blot stained with Ponceau S.

See also Figure S4.
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Figure 5. ATF3 binds to the enhancer/promoter regions of SSP genes
(A-C) Genome Browser views of ATF3-binding peaks at regions proximal to transcription

start sites of PHGDH (A), PSATI (B), or PSPH (C). The ChlP-seq data were generated
using ATF3-WT and KO HCT116 cells. Data from WT cells treated with camptothecin
(CPT, to induce ATF3expression) were also presented if basal ATF3 binding was not
present or too weak. ATF4 peaks were derived from the ENCODE database, while the
enrichment of H3K27ac was also shown.

(D-G) RPE cells cultured in the serine/glycine-deprived medium for 0, 4, 8, and 24 h

were subjected to ChIP assays using immunoglobulin G (IgG) or the ATF3 antibody. The
amounts of precipitated DNA were quantified by gPCR using primers amplifying the regions
indicated in (A), (B), or (C) or a non-specific (NS) region indicated in Figure S5A. The data
are presented as mean + SD (n = 3).

(H) ATF3-KO RPE cells were serine starved for 8 h and subjected to ChIP assays using 1gG
or the ATF3 antibody. The specific PHGDH and NS region were amplified and quantitated
by gPCR.

() Cells were co-transfected with a minimal reporter (MiniP), or the PHGDH-enhancer-
reporter (en-MiniP), with or without ATF3 or ATF4 for dual luciferase assays. The
enhancer-reporter construct was depicted above the plot. n = 3.

(J and K) ATF4-WT (ATF4**) and KO (ATF4~) HEK293T cells were infected with
lenti-ATF3 (ATF3) or control viruses (EV, empty vector) and subjected to serine starvation
for gRT-PCR assays.

The data are presented as mean + SD (n = 3). **p < 0.01; ****p < 0.0001; Student’s t test;
compared at the same time point between WT and KO cells. See also Figure S5.
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Figure 6. ATF3 binds to p300 and recruits it to SSP genes
(A) ATF3 was co-transfected with or without FLAG-p300 for colP assays using the FLAG

antibody.

(B) 293T cell lysates were incubated with 1gG or the p300 antibody for colP assays.

(C) HCT116 cells (ATF3-F) expressing 3x FLAG-conjugated endogenous ATF3 protein (see
Figure S6 for the editing strategy) or its control cells (WT) were lysed and incubated with
the FLAG M2 affinity agarose for colP assays.

(D) Immobilized GST or GST-ATF3 protein was incubated with purified recombinant p300
protein for GST-pull-down assays. Arrows indicate GST or GST-ATF3 protein.

(E and F) WT or ATF3KO RPE cells cultured in the serine/glycine-deprived medium for 0,
8, and 24 h were subjected to ChIP assays using the p300 antibody. The PHGDH enhancer
(E) and the PSATI promoter region (F) were amplified and quantified by gPCR. The data
are presented as mean + SD (n = 3). *p < 0.05; **p < 0.01; ***p < 0.001; Student’s t test.
(G) The CRISPR-Cas9 technology was used to knock out p300 expression (p300KO) from
WT and ATF3-KO HCT116 cells. Loss of p300 expression in p300KO and DKO cells was
confirmed by western blotting.

(H and 1) Indicated HCT116 cells were cultured in normal or the serine/glycine-deprived
medium for 24 h and subjected to gRT-PCR to measure the levels of PHGDH and PSAT1
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mMRNA. Serine-deprivation-caused fold changes in gene expression were presented. The data
are presented as mean + SD (n = 3).

(J) A model shows that ATF3 induced by ATF4 binds to ATF4 and SSP genes to promote
SSP gene expression and serine biosynthesis upon serine deprivation.

See also Figure S6.
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Figure 7. ATF3 expression positively correlates with PHGDH expression in a subset of human
cancers

(A) PHGDH amplification frequency in different types of cancer. The data were retrieved
from cBioPortal (the TCGA PanCancer Atlas Studies).

(B) The PHGDH expression level correlates with copy number.

(C) ATF3expression positively correlates with PHGDH expression in several TCGA
patient cohorts (p < 0.01). The results were obtained using the R2 Genomics Analysis and
Visualization Platform.

(D and E) The expression levels of PHGDH (D) and ATF3 (E) were higher in NSGCTSs than
that in seminoma.

See also Figure S7.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

ATF3 Santa Cruz cat#sc-188X; RRID: AB_2258513
ATF3 Cell Signaling cat#33593; RRID: AB_2799039
ATF4 Cell Signaling cat#11815; RRID: AB_2616025
p300 Santa Cruz cat#sc-584; RRID: AB_2293429
p300 Cell Signaling cat#54062; RRID: AB_2799450
p53 Santa Cruz cat#sc-126; RRID: AB_628082
PHGDH Sigma-Aldrich cat#HPA021241; RRID: AB_1855299
beta-actin Sigma-Aldrich cat#A2228; RRID: AB_476697
PSAT1 Novus Biologicals cat#21020002; RRID: AB_2172599
Ki67 Abcam cat#ab15580; RRID: AB_443209
H3K27ac Abcam Cat#ab4729; RRID: AB_2118291

Chemicals, peptides, and recombinant proteins

D-glucose (U-13C6)

Cambridge Isotope Laboratories

cat#CLM-1396

L-serine Sigma-Aldrich cat#S4500
glycine Sigma-Aldrich cat#G7126
Krebs-Ringer solution, HEPES-buffered Fisher Scientific cat#AAJ67795AP
MEM Amino Acid solution Fisher Scientific cat#11130051
MEM Vitamin Solution Fisher Scientific cat#11120-052
L-glutamine Fisher Scientific cat#SH3003401
P300 ProteinOne cat#P2004-01
Glutathione agarose Sigma-Aldrich cat#G4510
Anti-FLAG M2 Affinity Gel Sigma-Aldrich cat#A2220
Protein A Agarose/Salmon Sperm DNA Milipore-Sigma Cat#16-157

3 x FLAG peptide Sigma-Aldrich cat#F4799
Critical commercial assays

RNeasy Mini Kit QIAGEN cat#74104

iScript Adv cDNA synthesis Kit Biorad cat#1725038

2 x SYBR Green gPCR Master Mix BiMaker cat#B21203
TruSeq Stranded Total RNA Libray Prep Ilumina cat#20020596
DAB Substrate Kit Vector Laboratories cat#SK-4100
TNT Quick Coupled Transcription/Translation System  Promega cat#L.1170
Dual-Luciferase Reporter Assay System Promega Cat#E1910
Deposited data

RNA-seq data This study GEO GSE164850
Metabolomics data This study NMDR PR001203
ChlP-seq data (Zhao et al.,2016b) GEO GSE74363
Experimental models: cell lines

LNCaP ATCC CRL-1740
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REAGENT or RESOURCE SOURCE IDENTIFIER
PC3 ATCC CRL-1435
DU145 ATCC HTB-81
HCT116-wt ATCC CCL-247
U208 ATCC HTB-96
HEK293T ATCC CRL-3216
hTERT-RPE1 (Kim et al., 2008) N/A
HCT116-ATF3(~/-) (Zhao et al., 2016b) N/A
HEK293T-ATF4(-/-) Park et al., 2017 N/A
Experimental models: organisms/strains

athymic nude mouse, Hsd: Athymic Nude-Foxn1™ Envigo cat#069
Oligonucleotides

PCR primers, see Table S4 This study N/A
Recombinant DNA

pGL4.29[luc2P/Cre/hygro] Promega cat#E8471
pSpCas9(BB)-2A-puro (pX459) Addgene Cat#62988
pX459-sgATF3 This study N/A
pX459-sgp300 This study N/A
PGEX-3X-ATF3 (GST-ATF3) Yan et al., 2005 N/A
pGEX-3X-AZip (GST-AZip) Yan et al., 2005 N/A
Software and algorithms

Prism GraphPad 9 GraphPad N/A
ImageJ NIH N/A
MassHunter Quantitative Analysis Agilent N/A
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