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Abstract

Objectives: Serine metabolism is essential for tumor cells. Endogenous serine arises from de novo synthesis pathways. As the
rate-limiting enzyme of this pathway, PHGDH is highly expressed in a variety of tumors including colon cancer. Therefore, tar-
geted inhibition of PHGDH is an important strategy for anti-tumor therapy research. However, the specific gene expression and
metabolic pathways regulated by PHGDH in colon cancer are still unclear. Our study was aimed to clarified the role of PHGDH
in serine metabolism in colon cancer to provide new knowledge for in-depth understanding of serine metabolism and PHGDH
function in colon cancer. Methods: In this study, we analyzed the gene expression and metabolic remodeling process of colon
cancer cells (SW620) after targeted inhibition of PHGDH by gene transcriptomics and metabolomics. LC-MS analysis was per-
formed in 293T cells to PHGDH gene transcription and protein post-translational modification under depriving exogenous ser-
ine. Results: We found that amino acid transporters, amino acid metabolism, lipid synthesis related pathways compensation and
other processes are involved in the response process after PHGDH inhibition. And ATF4 mediated the transcriptional expression
of PHGDH under exogenous serine deficiency conditions. While LC-MS analysis of post-translational modification revealed that
PHGDH produced changes in acetylation sites after serine deprivation that the K289 site was lost, and a new acetylation site
K2 Iwas produced. Conclusion: Our study performed transcriptomic and metabolomic analysis by inhibiting PHGDH, thus clar-
ifying the role of PHGDH in gene transcription and metabolism in colon cancer cells. The mechanism of high PHGDH expression
in colon cancer cells and the acetylation modification that occurs in PHGDH protein were also clarified by serine deprivation. In
our study, the role of PHGDH in serine metabolism in colon cancer was clarified by multi-omics analysis to provide new knowl-
edge for in-depth understanding of serine metabolism and PHGDH function in colon cancer.
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Introduction

Colon cancer is one of the major digestive system cancers with
high incidence and mortality.! The occurrence of colon cancer
is related to a variety of factors, such as genetic factors, dietary
factors and so on. It should not be ignored that abnormal cellu-
lar metabolism, such as glucose metabolism, amino acid metab-
olism, and lipid metabolism also play an important role in the
development of colon cancer.

Serine, as a nonessential amino acid, is an important one-
carbon unit raw material. Its main roles include as a raw mate-
rial for the synthesis of amino acids such as glycine and cyste-
ine, phospholipids, proteins, and nucleic acids; as a donor of
methyl groups, participating in the methylation modification
of biological macromolecules; and producing NADPH for anti-
oxidant defense. Cells adopt two sets of mechanisms: exoge-
nous uptake and endogenous synthesis to ensure the supply
of serine. Exogenous uptake refers to the uptake of serine by
cells from the microenvironment by active transport, while
endogenous synthesis modes mainly include de novo synthesis,
proteolytic recovery, and conversion of glycine. Under fasting
conditions, approximately 70% of the intracellular serine is
derived from the de novo synthesis pathway (de novo serine
synthesis pathway, SSP). The de novo pathway of serine syn-
thesis results from the intermediate metabolite of glycolysis,
3-phosphoglycerate, which is converted to 3-phosphohydroxy-
pyruvate by 3-phosphoglycerate dehydrogenase (PHGDH),
then 3-phosphoserine by phosphoserine aminotransferase
(PSAT), and then serine by phosphoserine phosphatase
(PSPH).>®

PHGDH, as the rate-limiting enzyme of the endogenous
serine de novo synthesis pathway, is highly expressed in a
variety of tumors including colon cancer and is significantly
negatively correlated with the prognosis of tumors.””
However, the changes of transcriptomic and metabolomic
involved in the regulation of serine metabolism by PHGDH
in colon cancer cells remain unclear. The regulatory mecha-
nisms involved in PHGDH expression and activity are also
unclear.

In the present study, we analyzed the pathways involved in
gene transcription to metabolism in colon cancer cells after treat-
ment with PHGDH-specific inhibitors by high-throughput tech-
niques such as transcriptomics and metabolomics.
Transcriptomic assays revealed a significant enrichment of sig-
naling pathways constituted by amino acid transporters and
metabolism-related genes. Corresponding metabolomics tests
revealed changes in multiple amino acid metabolic pathways,
but also compensatory changes in sphingolipid metabolism.
We also found that elevated expression levels of PHGDH were
first mediated by an increase in transcript levels by ATF4
under serine-deficient conditions. While LC-MS analysis of post-
translational modification revealed that PHGDH produced
changes in acetylation sites after serine deprivation that the
K289 site was lost, and a new acetylation site K21was produced.
Our study reveals the upstream expression regulation and down-
stream mechanism of PHGDH in response to serine deficiency

conditions, providing a new perspective for multiomics com-
bined analysis of amino acid metabolism in tumor cells.

Materials and Methods
Experimental Design

As shown in Figure 1, we drew a picture of the experimental
design in order to quickly understand the entire experiment.

Cell Culture

Human colon cancer cells (SW620, TCHul01l; SW480,
TCHul72; HT29, TCHul03; HCT116, TCHu 99) were cul-
tured in RPMI-1640 medium containing 10% (v/v) fetal
bovine serum (Every Green, China) and 1% penicillin (100
U/mL) and 1% streptomycin (100 ug/mL) (Thermo Scientific,
USA) and maintained at 37°C in a humidified 5% CO, incuba-
tor (Thermo Scientific, USA). All cell lines were purchased
from the Shanghai Institute of Cell Research, Chinese
Academy of Sciences (Shanghai, China).

Cell Proliferation Assay CCK-8 Assay. Human colon cancer cells
were seeded in 96-well plates (1 x 10% cells/well). 100 uL
RPMI-1640 complete medium was added to each well and
incubated for 24 h in an incubator containing 5% CO, at 37°
C. After the cells adhered and recovered their morphology,
the medium was replaced with serine-depleted medium and cul-
tured for 24 h. CCK-8 testing was then performed. Briefly, the
medium in the culture wells was discarded and 100 uL of
medium containing 10% CCK-8 reagent (Beyotime, China)
was added and incubated for 1 h at 37°C in the dark. Finally,
the optical density (OD) value at 450 nm was detected by a
microplate reader (Synergy HT ZX-22; Bio-Tek Instruments,
VT, USA)."

Colony Formation Assay. The methods for colony formation have
been published in our previous study.'’

Western Blot Assay. The protein was resolved on 10% (wt/vol)
sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels,
followed by immunoblot detection and visualization.
Immunoblotting was performed using anti-PHGDH (66350, dilu-
tion: 1/1000; cell signaling technology), anti-ATF4 (11815, dilu-
tion: 1/1000; cell signaling technology), anti-p-Actin (3700,
dilution: 1/1000; cell signaling technology) at 37°C for 2 h, fol-
lowed by incubation with goat antirabbit horseradish peroxidase-
conjugated immunoglobulin G secondary antibodies (A0408,
dilution: 1/1000; Beyotime) and goat antimouse horseradish
peroxidase-conjugated immunoglobulin G secondary antibodies
(A0412, dilution: 1/1000; Beyotime) for 1 h at room temperature.
Primary antibody dilution buffer (P0256, Beyotime) and second
antibody dilution buffer (P0023D, Beyotime) were purchased
from Beyotime Biotechnology, Shanghai, China. ChemiDoc
image analysis system (Bio-Rad Laboratories, Inc.) analyzed
and quantified the relative protein levels.
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Figure 1. The experimental design of this study. This experiment is mainly divided into the upstream part of PHGDH expression regulation
under the condition of exogenous serine deficiency and the downstream part of downstream genome and metabolism regulated by PHGDH.
Serine deprivation increased the expression of PHGDH in colon cancer. Then, we analyzed the gene expression and metabolic remodeling process
of colon cancer cells after targeted inhibition of PHGDH by gene transcriptomics and metabolomics. LC-MS analysis was performed in 293T
cells to PHGDH gene transcription and protein post-translational modification under depriving exogenous serine.

RNA-Sequencing Analysis of SW620 Cells

TRIzol reagent (Carlsbad, CA, USA) was used to extract total
RNA from SW620 cells and SW620 cells treated with
PHGDH inhibitor (CBR5884) (MCE, Shanghai, China).
Three independent replicates were analyzed. The methods for
RNA-sequencing (RNA-seq) have been published in our previ-
ous study.'®

Quantitative Real-Time PCR (qRT-PCR)

The methods for qRT-PCR have been published in our previous
study.'® The primers of PHGDH, ATF4 and B-actin were syn-
thesized by TSINGKE Biological Technology (Beijing,
China). B-actin was served as an internal reference of RNA
integrity. The sequences are as follows:

PHGDH-F-5’-AACCGCAGCTTCTTGGCTTA-3’
PHGDH-R-5’-TAAGGCCTTCACAGTCCTGC-3’
ATF4-F-5-TCAAACCTCATGGG-TTCTCC-3’
ATF4-R-5’-GTGTCATCCAACGTGGTCAG-3’
B-actin-F 5’-ACTCTTCCAGCCTTCCTTCC-3’

B-actin-R 5’-CGTCATACTCCTGCTTGCTG-3’

LC-MS Analysis of Post-Translational
Modification

Sample Preparation of 293T Cells for Post-Translational
Maodification

SDT buffer was added to 293T cells transfected with
flag-PHGDH plasmid (PHGDH cDNA ORF Clone, Sino
Biological, China). The lysate was sonicated and then boiled
for 15 min. After centrifuged at 14000 g for 40 min, the super-
natant was quantified with the BCA Protein Assay Kit
(Beyotime, China). 20 ug protein from each sample was
mixed with 5 X loading buffer and boiled in a metal bath for
5 min. Boiled proteins were then individually loaded onto
12% SDS-PAGE gels and run at a constant current of 14 mA
for 90 min to separate proteins. The proteins were separated
and purified in gel to obtain purified PHGDH protein. Protein
bands were visualized by Coomassie Blue R-250 staining.
The gel containing PHGDH protein (~57 kDa) was dissected
for digestion.
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In Gel Digestion of Proteins

The gel containing PHGDH protein was excised from SDS
PAGE. Gel pieces were treated with 30% ACN (100 mM
NH4HCO3) until destaining. Then, the destained gels were
dried in a vacuum centrifuge. The protein was then reduced
with dithiothreitol (10 mM DTT, 100 mM NH4HCO3;) for 30
min at 56°C. lodoacetamide (200 mM IAA, 100 mM
NH4HCO3;) was then alkylated for 30 min at room temperature
in the dark. After rinsing the gel with 100 mM NH4HCO; and
ACN, it was then digested overnight with trypsin (12.5 ng/uL,
100 mM NH4HCO;). Peptides were extracted with 60% ACN
(0.1% TFA) in triplicate. The extracts were combined and
dried completely in a vacuum centrifuge.

HPLC-MS for Post-Translational Modification

Each fraction was injected for nano LC-MS/MS analysis.
Samples were tested by Applied Protein Technology Co.,
Ltd., and the test method was based on a previous study.'’

Data Analysis for Post-Translational Modification

The MS data were analyzed using MaxQuant software version
1.5.3.17 (Max Planck Institute of Biochemistry in Martinsried,
Germany).'> MS data were searched against the UniProtKB
Escherichia coli database (2,585,998 total entries, downloaded
06/07/12). The precursor mass search range was 6 ppm. The
search tolerates a maximum of two missed cleavage sites and
the process follows the enzymatic cleavage rules for trypsin/P
with a mass error tolerance range of 20 ppm for fragment
ions. Enzyme = trypsin, missed cleavage = 2, Fixed modifica-
tion: carbamidomethyl (C), Variable modification: oxidation
(M), phospho (ST), phosoho (Y), GlyGly (K), acetyl (K), ace-
tyl(protein N-term), Decoy database pattern = Reverse. The
cutoff of global false discovery rate (FDR) for peptide and
protein identification was set to 0.01."3

Metabolomic Analyses

Sample Preparation and HPLCMS of SW620 Cells for
Metabolomic Analyses. The methods for sample preparation
and HPLC-MS of SW620 cells for metabolomic analyses
have been published in our previous study.'®'*

Data Preprocessing and Metabolite Identification. The method of
data preprocessing has been published in our previous
study.'®'"> Briefly, Raw HPLC-MS data was extracted as
matrix data and imported into SIMCA 14.1 for multivariate stat-
istical analysis. Orthogonal partial least-squares discriminant
analysis (OPLS-DA) was performed to visualize the metabolic
difference between SW620-Con group and SW620-CBR5884
group. The screened differential metabolites need to meet
three conditions simultaneously: (1) VIP >1; (2) p|corr| value
>0.58; (3) confidence interval crossed zero in jack-knifed
loading plot. The potential biomarkers were identified by

MS2 combined with LIPIDMAPS database and HMDB data-
base. Pathway analysis was performed using MetaboAnalyst
5.0 (http:/www.MetaboAnalyst.ca/).

Statistical Analysis

The methods for statistical analysis have been published in our
previous study.'® All experiments have three repetitions or three
parallel samples.

Results

Transcriptomic Analysis of PHGDH Inhibition in Colon
Cancer Cells

In the de novo serine synthesis pathway, PHGDH is present as
a rate-limiting enzyme (Figure 2A). It is known that PHGDH
is rapidly activated and expressed when the serine concentra-
tion is insufficient in the environment, and the PHGDH
expression level is significantly higher in a variety of tumor
tissues including colon cancer than in normal tissues.
Therefore, targeted inhibition of PHGDH is considered to
be an important strategy for antitumor therapy research.
Currently, a variety of inhibitors targeting PHGDH have
been reported. Among them, CBR5884 can effectively
block the de novo serine synthesis pathway and is selectively
toxic to tumor cells.'® To investigate the effects of PHGDH
inhibition by CBR5884 on the proliferation and gene expres-
sion of colon cancer cells, we performed colony formation
assay and transcriptomic analysis after treating SW620 cells
with CBR5884.The results of colony formation assay
showed that CBR5884 could significantly inhibit SW620
cell proliferation (Figure 2B, C).The reference transcriptomic
analysis revealed that 249 genes were altered in expression
after CBR5884 treatment, including 88 up-regulated genes
and 161 down-regulated genes (Figure 2D,2E, Table SlI).
Significant enrichment of signaling pathways such as amino
acid transporters, amino acid metabolism, and cell prolifera-
tion was found by GO (Figure 2F) and KEGG (Figure 2G)
analysis. Ribosomal, oxidative phosphorylation, proteasome
and pyrimidine signaling pathways were further found to be
significantly upregulated. Meanwhile, cell adhesion and
signal transduction pathways were significantly downregu-
lated by GSEA analysis (Figure 2H). These results suggest
that alterations in cellular transcriptomics after inhibition of
PHGDH involve processes such as amino acid metabolism,
cell proliferation, and apoptosis.

Metabolomic Analysis of PHGDH Inhibition in Colon
Cancer Cells

Genomic assays suggest changes that may occur in cells,
while metabolomics suggests changes that are occurring in
cells, therefore, we further investigated the changes in the
metabolic status of colon cancer cells by inhibiting PHGDH
and used metabolomics techniques to detect metabolites
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Figure 2. Transcriptomic analysis of PHGDH inhibition in colon cancer cells. (A) L-serine synthesis pathway. (B) and (C) The cell proliferations
of SW620 treated with CBR5884 (500 nM) were measured by colony formation assay at the indicated days (n = 3 per group). (D) Volcano plot

3) and SW620- CBR5884 cells (n = 3). (E) Heat map showed 30 genes that were
most significantly different between SW620 cells with SW620-CBR5884 cells. (F) GO annotations of differentially expressed mRNAs with the

illustrating the differently expressed genes in SW620 cells (n =

top 10 enrichment scores of biological processes. (G) KEGG annotations and enrichment of differentially expressed genes (Q-value) in

SW620-CBR5884 cells compared to SW620 cells. Nodes in red indicate significance (Q <0.05), and the size of the nodes indicates gene number.

(H) Gene set enrichment analysis (GSEA) of RNA-seq data in SW620-CBR5884 relative to SW620 cells.
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after CBR5884 treatment of SW620. A total of 7240 peaks
(ESI+) and 6744 peaks (ESI-) were detected in
SW620-Con group and SW620-CBR5884 group. Good
repeatability was also demonstrated by overlapping total ion
chromatograms (TIC) of six QC samples (Figure 3A).
Meantime, six selected extracted ion chromatograms in QC
samples were used to assess the system repeatability and
stability. Taking peaks in positive mode as an example, the
retention times, peak areas, and mass accuracies of six
selected peaks showed acceptable RSDs. RSDs of these six
selected peaks were 0.01% to 0.10% for retention time,
1.41% to 7.28% for peak area, 5.95 x 107°% to 14.80 X
107°% for mass accuracies (Table S2). It indicates that the
instrument and samples were stabilized.

OPLS-DA plots and heat map indicated that CBR5884 treat-
ment could lead to significant alterations in the metabolic
profile of SW620 cells (Figure 3B,3C). Under the analysis of
the supervised mode, as shown in the score plots of
OPLS-DA in positive mode (Figure 3B), the model described
100% of the variation in X (R*X = 1), 100% of the variation
in the response Y (class) (R*Y = 1), and which also predicted
100% of the variation in the model (Q* = 1). The score plot
of OPLS-DA in negative mode was also shown in
Figure 3B). Then, based on the characteristic ions and neutral
losses, a total of 313 peaks as potential biomarkers were
found (Figure 3C) and 27 metabolites were identified. Among
the 27 biomarkers, 12 metabolites were upregulated, and 15
metabolites were downregulated (Table 1). The levels of
many of these amino acids changed. The levels of methionine,
isoleucine and proline are significantly reduced, accompanied
by a significant increase in Spermidine. Fluctuations in phos-
pholipids are also prominent. We observed a decrease in a
variety of phosphatidylcholines and sphingomyelins, such as
LysoPC (16:0), LysoPC (18:1), and phytosphingosine
(Figure 3D, F). Pathway analysis was performed for signifi-
cantly altered metabolites. Pathway analysis revealed that cys-
teine and methionine metabolism, arginine and proline
metabolism, nicotinate and nicotinamide metabolism were the
most important metabolic pathways affected. The alterations
in glycerophospholipid metabolism and sphingolipid metabo-
lism are also notable. These results indicate that the metabolo-
mic changes after inhibition of PHGDH include processes such
as imbalance and compensation of amino acid metabolism and
lipid metabolism.

Serine Deprivation Increased the Expression of PHGDH
in Colon Cancer

After investigating the downstream genomic and metabolic reg-
ulated by PHGDH, we focused on the regulation of PHGDH
expression under exogenous serine deficiency conditions. We
treated a variety of colon cancer cells (SW480, SW620,
HT29, HCT116) with serine-deprived medium for 24 h. The
results showed that both mRNA and protein expression levels
of PHGDH were significantly increased in these cells

(Figure 4A, B). After treatment with serine-deprived medium
for different periods of time in SW620 cells, it was found that
the mRNA level of PHGDH was significantly increased at 4
h. While the protein level was started to increase at 12 h
(Figure 4C, D). These results suggested that after serine depri-
vation in the environment, colon cancer cells lead to increased
PHGDH protein levels by rapidly activating gene transcription
of PHGDH.

Increased ATF4 Expression upon Serine Deprivation
Activates Gene Transcription of PHGDH

ATF4 is a major factor in response to amino acid starvation.'’
ATF4 plays an important role in promoting the transcriptional
activation process of PHGDH.'® We found that in SW620 the
protein expression level of ATF4 was significantly increased
after 1 h of serine deprivation, and that the protein expression
level of ATF4 continued to increase over time (Figure 4E).
Moreover, ATF4 mRNA was also significantly increased after
serine deprivation. While treatment with siRNA significantly
inhibited ATF4 mRNA expression under serine deprivation
conditions. More meaningfully, knockdown of ATF4 expres-
sion could inhibit the mRNA and protein expression of
PHGDH, allowing the expression level of PHGDH under
serine deprivation to return to the resting level (Figure 4F and
G). These results illustrate that ATF4 is a major transcription
factor that promotes increased PHGDH expression under
serine starvation conditions in colon cancer cells.

Post-Translational Modification Changes of PHGDH
Protein Under Serine Deprivation

After clarifying that high PHGDH expression upon serine dep-
rivation is mainly driven by transcript levels, we focused on
what post-translational modifications occur in PHGDH proteins
and how they are altered after serine deprivation. Therefore,
protein modificationomics analysis was performed. 293T cells
have high transfection efficiency and are usually used for
target protein overexpression. We transfected the flag-tagged
PHGDH expression plasmid in 293T cells, then serine was
deprived, and flag antibody was used for immunoprecipitation,
the gel at the molecular weight position where PHGDH is
located was used for LC-MS identification (Figure 5A). The
results showed that PHGDH could undergo acetylation modifi-
cation, with specific sites K289 and K364 (Figure 5B, C).
Interestingly, under serine starvation condition, the acetylation
site at position K364 still existed, while loss of the K289 site, in
turn, produced a new acetylation site K21(Figure 5D, E). These
results preliminarily suggest that acetylation modification plays
an important role in PHGDH response to serine deprivation.

Discussion

Abnormal amino acid metabolism plays an important role in the
occurrence and development of various tumors. Therefore,
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Figure 3. Metabolic analysis of PHGDH inhibition in colon cancer cells. (A) The overlapping typical TICs of six QC samples were obtained
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metabolites enriched and the color indicates the p value (take the negative natural logarithm). Small p value and big pathway impact factor
revealed the pathway is significantly affected. (F) The relative content of biomarkers in SW620-Con (n = 3) and SW620-CBR5884 (n = 3),

%p <0.05.

amino acid metabolic restriction strategies have become one of
the hotspots in anti-tumor research.'” Amino acid metabolic
restriction strategies can be divided into limiting amino acid
intake and targeted inhibition of amino acid metabolic
enzymes. Many amino acid metabolizing enzymes are
expressed at significantly elevated levels in tumors, such as
GLS, MAT2A, PHGDH, PSATI, etc.?*?* Studies targeting
the expression and function of amino acid metabolizing
enzymes will help to improve antitumor strategies for amino
acid metabolic restriction.

As the rate-limiting enzyme of endogenous serine de novo
synthesis pathway, the role of PHGDH in various tumors and
the research and development of inhibitors have been widely
concerned.”** Studies have reported that PHGDH protein is
highly expressed in colon cancer and has a significant negative
correlation with the prognosis of colon cancer.”® Therefore,
employing the treatment of colon cancer cells by
PHGDH-specific inhibitors and dissecting the alterations occur-
ring intracellularly by multiomics techniques will contribute to
the understanding of PHGDH function. Serine is a nonessential
amino acid that can be taken up either from the external envi-
ronment or synthesized via the endogenous pathway. When

the balance of extrinsic and intrinsic pathways is broken, cells
need to alter the gene transcriptional state to control the meta-
bolic level, thus achieving remodeling of the metabolic state.
In this study, we analyzed genomic transcriptional and meta-
bolic changes in colon cancer cells after PHGDH inhibition
using reference transcriptomics and metabolomics techniques.
Transcriptomic analysis revealed that many amino acid meta-
bolic pathways were significantly enriched when PHGDH
was inhibited, such as regulation of transmembrane receptor
protein serine/threonine kinase signaling pathway, glycine,
serine and threonine metabolism, cysteine and methionine
metabolism. Transcriptomics also suggested that survival
proliferation-related signaling pathways were highly enriched.
Altered expression of these genes facilitated metabolic repro-
gramming, so we also performed metabolomic analysis.
Many amino acids were found to be altered in content, such
as methionine, proline, and isoleucine. The enrichment analysis
also shows that amino acid metabolic pathway, lipid synthesis
related pathways and phospholipid metabolic pathway were
highly enriched. Interestingly, inhibition of PHGDH revealed
enrichment of sphingolipid metabolic pathways, whereas meta-
bolic alterations of sphingolipids have been reported to occur
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Table 1. Identification of Biomarkers between SW620-Con and SW620-CBR5884

Molecular Theoretical

NO. Abbreviation formula Mass Rt (min) mass ppm VIP Fold® pvalue Trend®
1 [Nitrilotris(methylene)] C3H,NOgP; 298.9724 14.269 298.9725 -0.34 233 >100 0.031916 1

trisphosphonic acid
2 4-Amino-2- CsHgNO, 115.0635 1.441 115.0633 1.74 1.80 1.1 0.053669 1

methylenebutanoic acid
3 Deamino nicotinamide Cs HyNgOsP;  665.0991 19.039 665.101 -2.86 9.59 >100  0.001035 1

adenine dinucleotide
4 LysoPE (24:1) C,oHs5sNO,P 563.395 13991 563.3951 -0.18 2.24 1.2 0.012495 1
5 N1,N12-Diacetylspermine C4H30N4O, 286.2372  1.242 286.2369 1.05 1.14 1.2 0.036913 1
6 nl,n8-diacetylspermidine C1H23N30, 229.1796  1.308 229.179 2.62 433 1.3 0.031669 1
7 N1-Acetylspermine C,HsN4O 2442266  1.181 244.2263 1.23 1.20 1.3 0.023241 1
8 N8-Acetylspermidine CoH, N30 187.1686  1.251 187.1685 0.53 5.06 1.3 0.002054 1
9 PRE C44H44094 956.2245  9.209 956.2222 241 1.06 3.2 0.07348 1
10 Propionyl-L-carnitine C1oHyoNOy 218.138 1.776 218.1386 -2.75 4.09 1.4 0.063807 1
11 Spermidine C7H;oN3 1451577  1.374 145.1579 -1.38 3.89 5.8 0.013145 1
12 Tetrahydrofurfuryl acetate C;H,,0; 144.0785  1.311 144.0786 -0.69 1.28 1.2 0.04509 1
13 (3R,7R)-13,7-Octanetriol CgH,50; 162.1259  7.630999 162.1256 1.85 1.23 0.7 0.058409 l
14 26-Methyl nigranoate C31Hy504 484.3557  4.823999  484.3553 0.83 1.34 0.9 0.029497 l
15 2-Phenylethyl octanoate Ci6H240, 248.1775 15.498 248.1776 -0.40 1.19 0.4 0.001203 l
16  Glyceryl lactopalmitate C0H 6NO2S 404.1053  7.376 404.1055 -0.50 1.55 0.1 0.027572 l
17 Guanidinosuccinic Acid CsHgN504 175.0592  1.674 175.0593 -0.57 1.27 0.0 0.002199 l
18  L-isoleucyl-L-proline C11HoN,03 228.1474  1.657 228.1474 0.00 1.02 0.7 0.003456 l
19 LysoPC (16:0) C,4H5NO,P 495.3323 14.939 495.3325 -0.40 2.13 0.7 0.057755 l
20  LysoPC (16:1) Cy4H49NO,P 493.3161 13.835 493.3168 -1.42 140 0.7 0.04405 l
21 LysoPC (18:1) C,6Hs3NO,P 521.3491 1542 521.3481 1.92 6.11 0.5 0.001664 l
22 LysoPC (18:2) C,6Hs5NO,P 519.3311 14.366 519.3325 -2.70 1.42 0.4 0.006986 l
23 LysoPC (P-16:0) C4H5NOGP 479.3373 15.465 479.3376 -0.63 1.23 0.4 0.018421 l
24 Methionyl-Methionine CioH2oN,03S,  280.0904  5.862999 280.0915 -3.93 1.37 0.6 0.041698 l
25  Phytosphingosine C,sH30NO; 317.2933  8.921999 317.293 095 1.28 0.7 0.003959 l
26  S-Adenosylmethionine CisHiNgOsS  399.1451  1.547 399.1451 0.00 1.19 0.5 0.000483 !
27  Tripropylamine CoH, N 143.1672  4.580001 143.1673 -0.70 1.55 0.7 0.003644 l
following serine deprivation, supporting tumor growth.?®**  first at the translational level. However, knockdown of

These studies suggested that either exogenous restriction of
serine utilization or endogenous inhibition of serine synthesis
can produce partially identical metabolomic alterations. The
close link between sphingolipid metabolism and serine metab-
olism was also demonstrated again. Therefore, remodeling
studies on gene expression changes and metabolic status
involved in serine metabolism that are conducive to in-depth
understanding of the complex interactive link between cellular
gene expression and metabolism.

The vast majority of enzymes are essentially proteins.
The synthesis of proteins undergoes a process of transcrip-
tion and translation from genes. Metabolic enzymes actively
respond to changes in metabolite content. Therefore, we
analyzed the gene and protein expression of PHGDH
under serine-deficient conditions in this project. ATF4 is a
major transcription factor in response to amino acid restric-
tion. When amino acids in the environment are deficient,
free tRNA increases, which activates GCN2, promotes
phosphorylation of elF2, and increases ATF4 mRNA trans-
lation into protein.'” We observed a significant increase in
protein levels of ATF4 in intestinal cancer cells as soon as
1 h after serine deprivation, verifying that the increase of
ATF4 under amino acid deprivation conditions occurred

ATF4 expression in colon cancer cells restored PHGDH
expression levels to resting levels under serine deprivation
conditions, which is also consistent with the previous
report that ATF4 is a factor in the transcriptional regulation
of PHGDH.'® Transcription factor functioning requires
accurate localization to the promoter region of a gene,
during which histone methylation modifications play an
important role. It has been reported that histone methyl-
transferase G9a can promote the transcriptional expression
of PHGDH under serine deprivation conditions.>® These
studies illustrate that transcriptional regulation is essential
for PHGDH expression during the response to serine
deprivation.

For proteins, post-translational modifications can regu-
late their stability and activity. Post-translational modifica-
tions include ubiquitination, methylation, acetylation,
sumo oxidation, etc.*'*? Mass spectrometry is an effective
method to detect post-translational modifications. By com-
paring the post-translational modification of PHGDH
before and after serine deprivation, we found that the acety-
lation site at position K364 still existed after serine depriva-
tion, while the loss of position K289 produced a new
acetylation site K21. The findings illustrate that acetylation
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Figure 4. Serine deprivation increased the expression of PHGDH in colon cancer. (A) Quantification of PHGDH mRNA levels in colon cancer
cells (SW620, SW480, HT29 and HCT116) cultured in basic and serine-deprived medium for 24 h. Error bars represent mean + SD (n = 3). *p <
0.05. (B) Immunoblotting analysis of PHGDH protein expression in colon cancer cells (SW620, SW480, HT29 and HCT116) cultured in basic
and serine-deprived medium for 24 h. (C) and (d) SW620 was cultured in basic and serine-deprived medium and harvested at the indicated hours;
mRNA levels and protein levels (D) of PHGDH. Error bars represent mean + SD (n = 3), *p <0.05. (E) Immunoblotting analysis of ATF4
protein expression in SW620 cells cultured in basic and serine-deprived medium for 12 h and harvested at the indicated hours. (F) and (G) SW620
transfected with indicated si-ATF4 (1#, 2#) and cultured in basic and serine-deprived medium; the mRNA expressions of ATF4 and PHGDH, and
protein levels of PHGDH. Error bars represent mean + SD (r = 3), *p <0.05.

modification has an important role for PHGDH in response
to serine deprivation, but the specific mechanism is not
clear. Acetylation modification sites of PHGDH have also
been reported to be K21, K33, K58, K146 and K289, and
this study concluded that acetylation modification at posi-
tion K58 is essential for the protein stability of PHGDH.**
Considering that the high expression of PHGDH under
serine deprivation is mainly because of increased transcrip-
tional regulation, whether acetylation modification has an
important effect on the enzymatic activity of PHGDH is a
question worthy of in-depth study.

The disadvantage of this study is that we did not verify the
above findings at the clinical level. The research of PHGDH
in colon cancer is still in progress. We are now constructing
colon cancer organoids, and in the future, we will conduct
in-depth studies in patient-derived colon cancer organoids and
tissues. We hope our research can contribute to the intervention
of tumor nutrition in tumor therapy.

Conclusion

Our study clarified the role of PHGDH in gene transcription and
metabolism in colon cancer cells by performing transcriptomic
and metabolomic analysis via inhibition of PHGDH. The mech-
anism of high PHGDH expression in colon cancer cells and the
acetylation modification that occurs in PHGDH protein were
also clarified by serine deprivation. Our study will provide
new knowledge for in-depth understanding of serine metabo-
lism and PHGDH function in colon cancer.
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Figure S. Post-translational modification changes of PHGDH protein under serine deprivation. (A) 293T cells transfected with Flag-PHGDH
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