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ARTICLE INFO ABSTRACT
Keywords: Cancer cells craftily adapt their energy metabolism to their microenvironment. Nutrient deprivation due to
Cancer metabolism hypovascularity and fibrosis is a major characteristic of pancreatic ductal adenocarcinoma (PDAC); thus, PDAC

Pancreatic cancer

Serine biosynthesis
Glycolysis

Nutrient microenvironment

cells must produce energy intrinsically. However, the enhancement of energy production via activating Kras
mutations is insufficient to explain the metabolic rewiring of PDAC cells. Here, we investigated the molecular
mechanism underlying the metabolic shift in PDAC cells under serine starvation. Amino acid analysis revealed
that the concentrations of all essential amino acids and most nonessential amino acids were decreased in the
blood of PDAC patients. In addition, the plasma serine concentration was significantly higher in PDAC patients
with PHGDH-high tumors than in those with PHGDH-low tumors. Although the growth and tumorigenesis of PK-
59 cells with PHGDH promoter hypermethylation were significantly decreased by serine starvation, these ac-
tivities were maintained in PDAC cell lines with PHGDH promoter hypomethylation by serine biosynthesis
through PHGDH induction. In fact, DNA methylation analysis by pyrosequencing revealed that the methylation
status of the PHGDH promoter was inversely correlated with the PHGDH expression level in human PDAC tis-
sues. In addition to PHGDH induction by serine starvation, PDAC cells showed enhanced serine biosynthesis
under serine starvation through 3-PG accumulation via PGAM1 knockdown, resulting in enhanced PDAC cell
growth and tumor growth. However, PHGDH knockdown efficiently suppressed PDAC cell growth and tumor
growth under serine starvation. These findings provide evidence that targeting the serine biosynthesis pathway
by inhibiting PHGDH is a potent therapeutic approach to eliminate PDAC cells in nutrient-deprived

microenvironments.
1. Introduction related mortality, and the most common type of pancreatic cancer is
pancreatic ductal adenocarcinoma (PDAC) [1]. Although the major
Pancreatic cancer is currently the seventh leading cause of cancer- treatment option for early-stage PDAC is surgery, there is no standard

Abbreviations: PDAC, pancreatic ductal adenocarcinoma; ATP, adenosine triphosphate; PPP, pentose phosphate pathway; HBP, hexosamine biosynthesis pathway;
TCA cycle, tricarboxylic acid cycle; 3-PG, 3-phosphoglyceric acid; PGAM1, phosphoglycerate mutase 1.
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diagnostic tool to detect PDAC at an early stage [2]. In addition, the
treatment strategies for advanced PDAC are extremely limited, and the
clinical outcomes of patients with unresectable PDAC remain highly
unsatisfactory. Thus, it is necessary to develop new therapeutic strate-
gies targeting cancer-specific pathways to improve the prognosis of
PDAC patients.

Cancer cells show unique metabolic alterations compared with their
normal counterparts. Metabolic reprogramming is considered a hall-
mark of cancer cells that allows their survival under conditions of
multiple nutrient and oxygen deprivation [3,4]. In general, nutritional
problems are often encountered during the treatment of cancer patients,
and patients with advanced PDAC often experience malnutrition,
including amino acid deficiencies, resulting in cancer cachexia [5-7]. In
fact, metabolomic analysis of human PDAC tumors revealed that mul-
tiple metabolites related to glucose and amino acid metabolism are
depleted in tumor tissues compared to adjacent normal tissues, indi-
cating the limited nutrient availability in PDAC cells, which is caused by
poor vascularization and high interstitial pressure [8]. More than 90% of
PDACs exhibit Kras mutation, which is a critical driver of PDAC initia-
tion [9] and plays an important role in the enhancement of glycolytic
pathway activity, i.e., the “Warburg effect” [10]. Moreover, the
expression of the glucose transporter GLUT-1 is frequently increased in
human PDAC and is associated with histological grade [11]. Based on
this evidence, altered glycolysis has been recognized as one of the
characteristics of PDAC.

Glycolysis is a universal catabolic pathway in cells and provides
energy in the form of adenosine triphosphate (ATP) for cell division and
growth. Multiple metabolic pathways, such as the pentose phosphate
pathway (PPP), hexosamine biosynthesis pathway (HBP), serine
biosynthesis pathway, and tricarboxylic acid cycle (TCA cycle), are
branches of glycolysis [12]. The importance of each metabolic pathway
in PDAC has been investigated, and enhancement of serine biosynthesis
via oncogenic Kras explained the resistance of PDAC to serine- and
glycine-depleted conditions in a mouse model of Kras mutant PDAC
[13]. However, the process of the transition from glycolysis to serine
biosynthesis has not yet been clarified. The current study was conducted
to verify the molecular mechanism underlying the adaptive metabolic
shift of PDAC cells to survive in harsh microenvironments with nutrient
deprivation. We showed that the DNA methylation status of CpG islands
in the PHGDH gene in PDAC cells plays an important role in the meta-
bolic switch from glycolysis to serine biosynthesis and demonstrated the
metabolic rewiring mechanism by which 3-phosphoglyceric acid (3-PG)
accumulation and PHGDH induction synergistically enhance serine
biosynthesis in PDAC cells under serine- and glycine-depleted
conditions.

2. Materials and methods
2.1. Patients

All experimental protocols were approved by the Ethical Review
Board of the Graduate School of Medicine, Kumamoto University (IRB
approval no. 1291) and were performed in accordance with the com-
mittee guidelines and regulations. All subjects provided informed con-
sent. We examined 213 subjects who underwent surgery except for R2
resection for PDAC at Kumamoto University Hospital between 2004 and
2019. Resected specimens were fixed with 10% formalin and processed
for embedding in paraffin. We also prospectively collected blood sam-
ples from 20 pancreatic cancer patients and 20 healthy controls.
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2.2. Cell lines and cell culture

The following human PDAC cell lines were obtained from the indi-
cated sources: PK-8, MIAPaca2 and PK-59, RIKEN Bioresource Center
Cell Bank (Tsukuba, Ibaraki, Japan); and S2-VP10 and S2-013, Cell
Resource Center for Biomedical Research, Institute of Development,
Aging and Cancer, Tohoku University (Sendai, Miyagi, Japan). S2-VP10,
$2-013 and MIAPaca2 cells were cultured in DMEM supplemented with
10% FBS, and the other cell lines were cultured in RPMI-1640 medium
supplemented with 10% FBS. Cells were maintained at 37 °C in a hu-
midified atmosphere containing 5% COa.

2.3. Immunohistochemical (IHC) staining and analysis

Paraffin-embedded tissues were sectioned at a thickness of 4 pm,
deparaffinized and soaked in distilled water. Endogenous peroxidase
activity was blocked using 3% hydrogen peroxide. Sections were incu-
bated with a diluted primary antibody (anti-PHGDH/malate dehydro-
genase antibody, 1:300 dilution, ab57030, Abcam, Cambridge, UK; anti-
PGAM1 antibody, 1:100 dilution, ab2220, Abcam, Cambridge, UK).
Staining was detected with a biotin-free HRP enzyme-labeled polymer in
the Envision Plus detection system (Dako, Tokyo, Japan). All IHC
staining was scored in a blinded manner by two independent in-
vestigators. Staining of PHGDH and PGAM1 was scored based on both
the intensity and the extent of staining in cancer cells. The average
positive staining intensity in cancer cells was determined, and an in-
tensity score ranging from O to 3 was assigned: 0, absent; 1, weak; 2,
moderate; and 3, strong (Sup. Figs. 1A and 4A). In addition, the average
proportion of positively stained cancer cells was estimated, and a per-
centage score ranging from O to 3 was assigned: 0, <5%; 1, 5-20%; 2,
20-50%; and 3, >50% positive staining. The two scores were multiplied
to characterize PHGDH or PGAM1 expression as low (scores of 0-3) or
high (scores of 4-9) (Sup. Figs. 1B and 4B).

2.4. Serine starvation experiments

Serine starvation medium was made from Eagle’s minimum essential
medium (catalog no. 11095080, Thermo Fisher Scientific, Rockford, IL,
USA) supplemented with additional 1 x Eagle’s minimum essential
medium vitamin solution (catalog no. 11120052, Thermo Fisher Sci-
entific), 10% FBS, and additional p-glucose to 25 mM (catalog no.
079-05511, Wako, Osaka, Japan). For the control medium, serine and
glycine (Wako) were readded to a final concentration of 0.4 mM,
assuming that no FBS was added. FBS contains amino acids, and the
amino acid analysis performed by SRL revealed that the concentrations
of serine and glycine in the serine starvation medium were approxi-
mately 1/10 of those in the control medium (Sup. Fig. 2). A previous
study [13] indicated that serine is the major factor in serine and glycine
starvation; therefore, all starvation experiments are described as serine
starvation.

2.5. Pyrosequencing

To measure the methylation status of the ATF4 binding site in the
PHGDH promoter region, polymerase chain reaction (PCR) and pyro-
sequencing were performed using a PyroMark Q24 system (Qiagen).
Genomic DNA was collected from PDAC cell lines using a QIAamp DNA
Mini Kit (Qiagen). Unmethylated cytosine in genomic DNA was con-
verted to uracil with sodium bisulfite using an EpiTect Bisulfite Kit
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Fig. 1. High PHGDH expression in PDAC tissues is significantly correlated with a high plasma serine concentration and poor prognosis.

A. Analysis of plasma essential amino acids in healthy controls (HC, n = 20) vs pancreatic cancer patients (PC, n = 20). B. Plasma nonessential amino acid analysis of
HCs (n = 20) vs PCs (n = 20). C. The results presented in Fig. 1A and B are summarized in this heatmap showing the comparison of plasma amino acid concentrations
between HCs and PCs. Amino acids with lower plasma concentrations in PCs than in HCs are shown in blue. D. Left: Image of HE staining and representative IHC
staining of PHGDH in resected PDAC specimens. Right: Plasma serine concentrations in HCs and PCs. The PC group was divided into a PHGDH-high group (n = 9) and
a PHGDH-low group (n = 11) according to the expression level of PHGDH as evaluated by IHC staining. Scale bar, 200 pm. E. Overall and disease-free survival curves
for all patients with PDAC based on PHGDH expression status. N.S., not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Most pancreatic cancer cell lines exhibit resistant to serine starvation via the induction of PHGDH expression.

A. The expression of PHGDH in S2-VP10 and S2-013 cells transfected with PHGDH siRNA (#1 or #2) relative to that in these cell lines transfected with the control
siRNA was evaluated by qRT-PCR and Western blot analysis. B. S2-VP10 and S2-013 cells transfected with the control siRNA and PHGDH siRNA (#1 or #2) were
plated into 96-well plates in normal medium, and a proliferation assay was conducted using IncuCyte technology. C. The same experiment was performed by plating
5 PDAC cell lines into 96-well plates in control or serine starvation medium. D. The changes in PHGDH expression in the 5 PDAC cell lines when cultured in serine
starvation medium were evaluated by qRT-PCR and Western blot analysis. E. The intracellular serine concentration in two cell lines cultured in serine starvation
medium was analyzed by LC/MS/MS at 24 and 48 h after replacement of the culture medium with serine starvation medium. F. S2-VP10 cells transfected with the
control siRNA and PHGDH siRNA (#1 or #2) were plated into 96-well plates in serine starvation medium, and a proliferation assay was conducted using IncuCyte

technology. N.S., not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001.

(Qiagen). Pyrosequencing reactions were carried out with two primer
sets as follows: primer set 1—forward primer 5-GAAGGTTTTTAG-
GAGGTAGATT-3', reverse primer [biotin]5'-AAAACCCAACCAATC-
TAATAACTACTA-3’, sequencing primer 5-GAAAGTAAGGAGTAG
TTTTGTAT-3’; primer set 2—forward primer 5-GAAGGTTTTTAG-
GAGGTAGATT-3, reverse primer [biotin]5’-AAAAACTAACCAAAACC-
CAACCAATCTAA-3/, sequencing primer 5'-TTAGGAGGTAGAGGG-3’.
PCR was carried out using a PyroMark PCR Kit (Qiagen) with an
annealing temperature of 56 °C (as a result of setting the conditions for
determining the optimum annealing temperature). A total of 6 CpG sites
were evaluated for their methylation status (Sup. Fig. 3A).

2.6. Measurement of PGAM enzymatic activity

PGAM enzymatic activity was measured [14]. In brief, cell lysates
were incubated in reaction buffer (100 mM Tris-HCI [pH 8.0], 100 mM
KCl, 0.5 mM EDTA, 2 mM MgCl,, 0.2 mM NADH, 3 mM ADP, and 10 pM
2,3-diphosphate glycerate) supplemented with an enzyme mixture (0.6
U lactate dehydrogenase, 0.5 U pyruvate kinase, and 0.1 U enolase). The
reactants were incubated at 37 °C, and the enzymatic reaction was
started by the addition of 1 mM 3-PG. PGAM enzymatic activity was
measured as NAD -+ release.

2.7. Xenograft experiments

Tumor development was assessed in two groups of mice fed different
diets: 1) Control group mice were fed a control diet (a modified AIN-93G
diet with mixed amino acid substitution; Oriental Yeast Co., Ltd., Japan)
throughout the experiments. 2) SG(—) group mice were fed a serine- and
glycine-free (SG(-)) diet (the control diet without serine and glycine but
with all other ingredients, including other amino acids, exactly the same
[Oriental Yeast Co., Ltd.]) throughout the experiments. After the mice
were on the indicated diet for two weeks, 1.0 x 10° $2-VP10 (shCon-
trol), PK-59 (shControl), S2-VP10 (shPHGDH), or S2-VP10 cells
(shPGAM1) were implanted subcutaneously into the mouse flank. The
mice were sacrificed 4 weeks after tumor cell inoculation, and the tumor
and body weights of these mice were evaluated. The protocol is
described in Figs. 4A and 6C.

2.8. Statistical analysis

A database was created using Microsoft Excel (Microsoft® Excel for
Mac, Microsoft, Redmond, WA, USA) and analyzed using commercial
software (JMP version 13® ; SAS Institute, Cary, NC, USA). Survival
curves were constructed using the Kaplan-Meier method, and the log-
rank test was used to evaluate the statistical significance of differ-
ences. All experiments were carried out in triplicate, and the data shown
are representative of consistently observed results. The data are pre-
sented as the mean &+ standard error of the mean (SE) values. The Mann-
Whitney U test was used to compare continuous variables between the

33

two groups. Categorical variables were compared using the Xz-test. P-
values less than 0.05 were considered statistically significant.

3. Results

3.1. PHGDH expression is significantly correlated with the serum serine
concentration and poor prognosis in PDAC patients

We first compared amino acid concentrations between 20 healthy
controls and 20 PDAC patients to investigate the amino acid composi-
tion in blood. Although the concentrations of essential amino acids were
relatively uniform in the healthy controls, they were decreased in PDAC
patients, indicating amino acid malnutrition (Fig. 1A and B). However,
the concentrations of some nonessential amino acids, i.e., serine,
glycine, citrulline and ornithine, were maintained in the plasma of PDAC
patients (Fig. 1C). Among these nonessential amino acids, we focused on
serine and glycine due to their function in the energy metabolism of
cancer cells. Serine is derived mainly from three independent sour-
ces—dietary intake, biosynthesis and conversion from glycine—and
supports the nucleotide synthesis and proliferation of cancer cells [15,
16]. To investigate whether the serine biosynthesis pathway is involved
in maintaining the plasma serine concentration in PDAC patients, we
examined the expression of PHGDH, a key enzyme in serine biosyn-
thesis, by IHC staining in resected tissues from 213 PDAC patients
(Fig. 1D, left panel, and Sup. Table 1). Notably, the plasma serine con-
centration in PDAC patients with PHGDH-high tumors was significantly
higher than that in those with PHGDH-low tumors (Fig. 1D, right panel).
This result suggests that de novo serine biosynthesis in tumors is related
to the plasma serine concentration in PDAC patients.

We subsequently assessed the relationship between PHGDH expres-
sion and PDAC patient survival by Kaplan-Meier analysis. PDAC patients
with PHGDH-high tumors exhibited significantly shorter disease-free
survival (P = 0.02) and overall survival (P = 0.019) times than those
with PHGDH-low tumors (Fig. 1E). These findings suggest that serine
biosynthesis through PHGDH expression in PDAC cells is involved in
cancer progression and results in the poor prognosis of PDAC patients.

3.2. Maintenance of the intracellular serine concentration is essential for
PDAC cell growth under serine deprivation

To examine the importance of PHGDH expression in PDAC cell
growth, we conducted a PHGDH loss-of-function study using two small
interfering RNAs (siRNAs). Although PHGDH mRNA and protein
expression were markedly decreased in PHGDH siRNA-transfected S2-
VP10 and S$2-013 cells (Fig. 2A), the growth of these PDAC cells was not
affected by PHGDH knockdown (Fig. 2B). Therefore, we next conducted
a growth assay under serine deprivation to examine the effect of serine
uptake on PDAC cell growth. The growth of four of the five tested PDAC
cell lines were not affected by serine deprivation, whereas the growth of
PK-59 cells was significantly decreased by serine deprivation (Fig. 2C).
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Fig. 3. Epigenetic mechanism for the induction of PHGDH expression under serine starvation.

A. Previously reported mechanisms involved in PHGDH expression. B. Verification of changes in the expression level and localization of these key regulators of
PHGDH expression under serine starvation via cell fractionation. Protein extraction was performed 48 h after replacement of the culture medium with serine
starvation medium. C. The binding motif in the transcription factor ATF4 was searched in JASPAR, a public database. D. Methylation levels of 6 CpG sites sur-
rounding the ATF4 binding site in the promoter region of PHGDH were measured in 5 PDAC cell lines by pyrosequencing. E. Each cell line was treated with 5-AZA for
96 h, and the methylation levels of the same 6 CpG sites were measured by pyrosequencing. F. The changes in PHGDH expression in 2 cell lines cultured in serine
starvation medium after 5-AZA treatment were evaluated by qRT-PCR. G. IHC staining of PHGDH was performed on resected PDAC specimens (n = 35), and the
specimens were divided the into PHGDH-high (n = 15) and PHGDH-low (n = 20) groups. DNA was extracted from the same resected specimens by macrodissection,
and the methylation levels of 6 CpG sites were measured as previously described. The average methylation level was compared between the PHGDH-high and
PHGDH-low groups. H. One sample per group was selected from the PHGDH-high and PHGDH-low groups, and DNA was extracted by microdissection. Scale bar,
200 pm. I. The methylation levels of the 6 CpG sites were measured as previously described and compared to the results for DNA extracted by macrodissection. N.S.,
r‘lot significant; *, p < 0.05; **, p < 0.01.

Serine starvation induces strong p53-independent upregulation of contain an abundance of stroma, and this pyrosequencing was per-
PHGDH [17]. Thus, we examined PHGDH expression changes in these formed using DNA from macrodissected samples. To exclude the influ-
PDAC cells after serine deprivation. Consistent with the cell growth ence of the tumor stroma on the DNA methylation status, we conducted
patterns, PHGDH expression was increased in a time-dependent manner microdissection to enrich DNA from PDAC cells and consequently
in all PDAC cell lines except PK-59 cells, in which it was not affected by showed the concordance between the macrodissected and micro-
serine deprivation (Fig. 2D). Notably, MS analysis revealed that under dissected samples, indicating the validity of the methylation levels
serine deprivation, the intracellular serine concentration was main- determined using DNA from macrodissected PDAC samples (Fig. 3H).

tained in S2-VP10 cells but gradually decreased in PK-59 cells (Fig. 2E).
Moreover, the growth of S2-VP10 cells transfected with PHGDH siRNA 3.4. Serine biosynthesis via PHGDH induction is critical for maintaining

was significantly decreased under serine deprivation (Fig. 2F). These tumor growth in mice under serine starvation

findings suggest that PHGDH induction is vital for intracellular serine

maintenance and PDAC cell growth under serine deprivation. Next, to investigate the importance of serine biosynthesis via PHGDH
induction in vivo, we established a xenograft mouse model using S2-

3.3. DNA hypomethylation in CpG islands has a strong impact on PHGDH VP10 and PK-59 cells. According to the scheme shown in Fig. 4A,

expression in PDAC cells nude mice transplanted with S2-VP10 or PK-59 cells were fed a diet with

or without serine and glycine. S2-VP10 cells rapidly formed tumors in
PHGDH has been reported to be amplified or overexpressed in mice fed the SG(—) diet and in mice fed the control diet, whereas PK-59

various types of cancer [18]. However, induction of PHGDH under tumor formation was significantly reduced in mice fed the SG(—) diet
serine deprivation is caused by the nutrient microenvironment and thus compared with mice fed the control diet (Fig. 4B). The number of Ki67-
cannot be explained by gene amplification. ATF4 is a master transcrip- positive proliferating cells in S2-VP10 tumors in mice fed the SG(-) diet
tional regulator of amino acid metabolism by mediating the transcrip- was maintained compared with that in mice fed the control diet,
tion of serine pathway genes, including PHGDH. In addition, MDM2 and whereas the number of Ki67-positive cells in PK-59 tumors was signifi-

KDMA4C regulate the transcriptional activity of ATF4 through direct cantly reduced in mice fed the SG(-) diet compared with mice fed the
binding to ATF4 [19,20] (Fig. 3A). Therefore, we examined MDM2 control diet (Fig. 4C). Moreover, the proportion of PHGDH-expressing
nuclear translocation and KDM4C nuclear expression but found that cells in $2-VP10 tumors in mice fed the SG(-) diet was significantly
serine deprivation did not affect these ATF4 mediators in either $2-VP10 increased compared with that in mice fed the control diet, and PHGDH-
or PK-59 cells (Fig. 3B). In addition, we confirmed that none of the PDAC expressing cells were hardly detected in PK-59 tumors regardless of diet
cell lines had genetic mutations in the ATF4 binding site (Sup. Fig. 3B). type (Fig. 4D).

Based on these findings, we next examined the methylation status of To evaluate serine biosynthesis in tumor cells in vivo, we examined
CpG sites surrounding the ATF4 binding motif in the promoter region of serine concentrations in tumor tissues. Serine concentrations in S2-VP10
PHGDH (Fig. 3C). Notably, the four PDAC cell lines showing PHGDH tumors in mice fed the SG(—) diet were maintained compared with those
induction by serine deprivation exhibited hypomethylation of the indi- in mice fed the control diet, whereas intratumoral serine in PK-59 tu-
cated CpG sites, whereas these CpG sites were highly methylated in mors was significantly reduced in mice fed the SG(-) diet compared
PK-59 cells (Fig. 3D). To address the importance of the DNA methylation with mice fed the control diet (Fig. 4E). In addition, the serine con-
status in PHGDH induction, S2-VP10 and PK-59 cells were treated with centration in plasma showed a trend similar to that of intratumoral
the DNA-demethylating agent 5-azacytidine (5-AZA). S2-VP10 cells serine (Fig. 4F), suggesting that serine biosynthesis in tumor tissues
were not influenced by 5-AZA treatment; however, in PK-59 cells treated influences the plasma serine concentration in mice under serine

with 5-AZA, the methylation level was markedly decreased, and PHGDH starvation.
induction by serine deprivation was apparent (Fig. 3E and F). These

results suggest that the methylation status of the PHGDH promoter re- 3.5. PGAM1 deficiency leads to 3-PG accumulation and subsequently
gion is critical for PHGDH induction by serine deprivation in PDAC cells. enhances serine biosynthesis under serine deprivation

To next investigate the relationship between the methylation status
and PHGDH expression in human PDAC tissues, we examined the Phosphoglycerate mutase 1 (PGAM1) is a glycolytic enzyme that
methylation status by pyrosequencing and PHGDH expression by IHC catalyzes the conversion of 3-phosphoglycerate (3-PG) to 2-phospho-
staining in 35 resected PDAC tissues. The methylation level in PHGDH- glycerate (2-PG) [21]. 3-PG is not only a glycolytic intermediate but
high cases (n = 15) was significantly lower than that in PHGDH-low also a substrate for serine biosynthesis at a branch point (Fig. 5A).

cases (n = 20) (Fig. 3G and Sup. Fig. 3C). However, PDAC tissues Although PGAM1 has been shown to coordinate glycolysis and serine
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Fig. 4. Tumorigenic activity of two PDAC cell lines with different methylation statuses of the PHGDH promoter region under serine starvation.

A. In vivo experimental design. Six-week-old mice were divided into 2 groups: the control diet group or the serine- and glycine-free (SG(—)) diet group. Two weeks
after starting the special diet, it was confirmed that there was no difference in body weight between the groups. Then, 1.0 x 10° cells of each cell line were sub-
cutaneously transplanted, and mice were fed each diet as indicated for 4 weeks. B. Comparison of tumor weight between the control diet and SG(—) diet groups. C.
Representative HE staining and IHC staining for Ki-67. The bar charts show the quantification of Ki-67-positive cells. Scale bar, 100 pm. D. Representative IHC
staining for PHGDH and quantification of PHGDH-positive cells. The bar charts show the quantification of stained cells. Scale bar, 50 pm. E. Comparison of the serine
concentration in tumor tissue between the control diet and SG(—) diet groups. Four samples per group were selected and measured. F. Comparison of the plasma
serine concentration between the control diet and SG(—) diet groups. Five samples per group were selected and measured. N.S., not significant; *, p < 0.05; **, p <

0.01; ***, p < 0.001.

biosynthesis, the importance of PGAM1 activity in serine biosynthesis is
still controversial [22,23]. To address the prognostic impact of PGAM1
expression in PDAC tissues, we examined PGAM1 expression by IHC
staining in resected tissues from 192 PDAC patients. However,
Kaplan-Meier analysis revealed no difference in prognosis between the
PGAM1-high and PGAM1-low groups (Sup. Fig. 4C and Table 1).
Moreover, little is known about the role of PGAM activity in serine
biosynthesis in cancer cells under serine starvation. We first silenced
PGAM1 using two siRNAs to examine the effect of PGAM1 expression on
the growth of S2-VP10 cells. PGAM1 mRNA and protein expression were
markedly decreased in S2-VP10 cells transfected with PGAM1 siRNA
(Fig. 5B), and this depletion markedly decreased PGAMI1 activity
(Fig. 5C). We also confirmed that PHGDH expression was not changed in
$2-VP10 cells transfected with PGAM1 siRNA (Sup. Fig. 5). Although we
observed no significant difference in cell growth between S2-VP10 cells
transfected with control siRNA and those transfected with PGAM1
siRNA (Fig. 5D), notably, under serine deprivation, cell growth was
significantly increased in S2-VP10 cells transfected with PGAM1 siRNA
compared with those transfected with control siRNA (Fig. 5E). More-
over, under serine deprivation, the extracellular serine concentration in
the culture medium of S2-VP10 cells transfected with PGAM1 siRNA was
significantly higher than that in the culture medium of cells transfected
with control siRNA (Fig. 5F). Given this finding, we next examined the
intracellular concentrations of glycolytic intermediates and serine by
metabolomic analysis. As expected, the intracellular serine concentra-
tion was markedly increased in S2-VP10 cells transfected with PGAM1
siRNA compared with those transfected with control siRNA under serine
deprivation. Importantly, the concentrations of upstream intermediates
of PGAM1 mediating the catabolic step in glycolysis tended to be
increased under serine deprivation; 3-PG accumulation was especially
apparent in S2-VP10 cells transfected with PGAM1 siRNA compared
with S2-VP10 cells transfected with control siRNA (Fig. 5G). These
findings suggest that 3-PG accumulation caused by PGAM1 deficiency
synergistically promotes serine biosynthesis by inducing PHGDH in a
serine-deprived microenvironment.

3.6. PHGDH deficiency suppresses but PGAM1 deficiency enhances
tumor growth in mice under serine starvation

To further investigate the importance of PHGDH and PGAMI1
expression in tumor development under serine starvation, we estab-
lished a xenograft mouse model using S2-VP10 cells stably transfected
with control short hairpin RNA (shRNA; shControl), shPHGDH or
shPGAM1. We first confirmed that the mRNA and protein expression
levels of PHGDH and PGAM1 were markedly decreased in the corre-
sponding shRNA-transfected S2-VP10 cells (Fig. 6A). Although the
growth of these PDAC cells was not affected by PHGDH or PGAM1
knockdown on a standard diet (Fig. 6B left panels), we observed the
clear difference under conditions of serine deprivation; S2-VP10 cell
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growth was significantly decreased by PHGDH knockdown and signifi-
cantly increased by PGAM1 knockdown compared with the control
(Fig. 6B, right panels). According to the scheme shown in Fig. 6C, nude
mice transplanted with these S2-VP10 cells were fed a diet with or
without serine and glycine. Although the size of tumors formed from S2-
VP10 cells transfected with shPHGDH or shPGAM1 tended to be slightly
decreased compared with that of tumors formed from S2-VP10 cells
transfected with shControl in mice fed the control diet, the difference
among these three groups was not significant (Fig. 6D). However, in
mice fed the SG(—) diet, tumor growth was significantly decreased by
PHGDH knockdown and increased by PGAM1 knockdown compared
with the control (Fig. 6E). Moreover, the number of Ki67-positive
proliferating cells in S2-VP10 tumors was comparable among the
shControl, shPHGDH and shPGAM1 groups of mice fed the control diet
(Fig. 6F). However, in mice fed the SG(—) diet, the number of Ki67-
positive cells was significantly decreased in the shPHGDH group and
significantly increased in the shPGAM1 group compared with the
shControl group (Fig. 6G).

4. Discussion

Metabolic adaptation is a cunning strategy by which cancer cells
survive in a tumor microenvironment with deprivation of multiple nu-
trients and oxygen during tumor growth and metastasis [24]. Increased
serine biosynthesis is one of the major metabolic adaptations that has
been reported in cancer cells, and serine is a central node in the
biosynthesis of many molecules [16,25]. To address the importance of
serine biosynthesis in cancer growth, a previous compelling study
showed that serum serine and glycine can be significantly depleted by
dietary manipulation in mice and that deprivation of these nonessential
amino acids can inhibit cancer growth without detrimental effects [17].
Moreover, serine deprivation enhanced the antitumor activity of
biguanides as antineoplastic agents targeting cancer cell energy meta-
bolism [26]. Therefore, deprivation of serine and/or glycine is a
potentially attractive therapeutic intervention for cancer.

However, activated Kras confers resistance to the anticancer effects
of deprivation of serine and glycine, reflecting the ability of activated
Kras to upregulate the expression of serine biosynthesis pathway en-
zymes [13]. PHGDH is an important enzyme in the first step of serine
biosynthesis from glycolysis. PHGDH inhibition reduces glycolytic
serine synthesis, regulating one-carbon unit availability in nucleotide
synthesis and suppressing the growth of PHGDH-dependent cancer cells
in culture and in orthotopic xenograft tumors [27]. PHGDH is frequently
amplified in several types of cancer [18,28,29]. Although gene ampli-
fication of the PHGDH locus has not been found in PDAC, PHGDH was
highly expressed in almost half of the PDAC tissues, and high PHGDH
expression was significantly associated with poor prognosis of PDAC
patients in our cohort. Supporting this finding, PHGDH expression was
an independent prognostic indicator for pancreatic cancer patients in
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Fig. 5. Inhibiting PGAM1 expression and subsequent 3-PG accumulation enhances serine biosynthesis and PDAC cell growth under serine starvation.

A. Serine biosynthesis is a branch of glycolysis. PGAM1 is one of the glycolytic enzymes that converts 3-PG to 2-PG. 3-PG is the glycolytic intermediates from which
serine biosynthesis starts. B. The expression of PGAM1 in S2-VP10 cells transfected with the PGAM1 siRNA (#1 or #2) relative to that in $2-VP10 cells transfected
with the control siRNA was evaluated by qRT-PCR and Western blot analysis. C. The enzymatic activity of PGAM1 in S2-VP10 cells transfected with the PGAM1
siRNA (#1 or #2) relative to that in S2-VP10 cells transfected with the control siRNA was evaluated. D. S2-VP10 cells transfected with the control siRNA and PGAM1
siRNA (#1 or #2) were plated into 96-well plates in normal medium, and a proliferation assay was conducted using IncuCyte technology. E. S2-VP10 cells transfected
with the control siRNA and PGAM1 siRNA (#1 or #2) were plated into 96-well plates in serine starvation medium, and a proliferation assay was performed using
IncuCyte technology. F. $2-VP10 cells transfected with the control siRNA and PGAM1 siRNA (#1 or #2) were plated into 6-well plates in serine starvation medium
and cultured for 48 h. Then, serine concentrations in the culture supernatants were measured. G. Comprehensive analysis of glycolysis and serine biosynthetic

metabolites in $2-VP10 cells transfected with the control siRNA and PGAM1 siRNA (#1 or #2). *, p < 0.05; **, p < 0.01; ***, p < 0.001.

another cohort [30,31].

Notably, the growth of PK-59 cells, a PDAC cell line harboring acti-
vated Kras [32], was inhibited in vitro and in vivo in response to serine
and glycine deprivation. This observation indicates that Kras activation
is not sufficient to induce resistance to the anticancer effects of serine
and glycine deprivation and suggests that another factor affects toler-
ance to serine starvation. In the current study, the growth of PDAC cells
transfected with PHGDH siRNA in normal medium was slightly, but not
significantly, decreased, whereas the growth of S2-VP10 cells trans-
fected with PHGDH siRNA was significantly decreased under serine
deprivation. These findings indicate that the significance of PHGDH in
PDAC growth is strengthened under serine deprivation. In addition, we
demonstrated that the methylation status of CpG sites surrounding the
ATF4 binding motif in the promoter region is critical for PHGDH in-
duction by serine and glycine deprivation in PDAC cells. In the current
study, we could not address the regulation of methylation of the PHGDH
promoter region, and thus, further investigations are required to prove
the mechanism.

PGAM has been identified to be required for overcoming cellular
senescence and for immortalization of mouse embryonic fibroblasts
[33]. This finding suggests an oncogenic function of PGAM activity
during cellular transformation and cancer initiation. However, the role
of PGAML in cancer cells is more complicated and controversial than
previously expected due to the metabolic shift from glycolysis to serine
biosynthesis mediated by PGAM activity. PGAM1 expression is
frequently upregulated and associated with poor prognosis in several
types of cancer [34,35]. Inhibition of PGAM1 by knockdown or treat-
ment with the small molecule inhibitor PGMI-004A resulted in a
reduction in cancer cell proliferation and tumor growth [22]. Moreover,
treatment with an allosteric PGAM1 inhibitor effectively suppressed
PDAC cell growth in an orthotopic xenograft model using a PDAC cell
line and in patient-derived xenograft models [36]. Bisphosphoglycerate
mutase (BPGM) deletion decreases both histidine phosphorylation and
the enzymatic activity of PGAM1, followed by the restoration of cell
growth through the upregulation of de novo serine synthesis accompa-
nied by 3-PG accumulation [23]. In the current study, although the size
of tumors formed from PGAM1-deficient S2-VP10 cells tended to be
reduced compared with that of tumors formed from control S2-VP10
cells in mice fed the control diet, PHGDH induction mediated by serine
starvation and 3-PG accumulation mediated by PGAM1 deficiency
synergistically promoted the growth of S2-VP10 cells under serine and
glycine deprivation both in vitro and in vivo. Based on the observation of
amino acid malnutrition in PDAC patients, our present findings imply
that PGAM1 inhibition may result in the opposite effect on PDAC growth
under serine starvation.

In conclusion, we identified amino acid malnutrition in blood sam-
ples from PDAC patients and demonstrated the synergistic effect of
PHGDH induction and 3-PG accumulation mediated by serine starvation
and by PGAM1 deficiency, respectively, on adaptive serine biosynthesis
in PDAC cells. Moreover, we revealed the importance of the methylation
status of CpG sites surrounding the ATF4 binding motif in the promoter
region in PHGDH induction in PDAC cells under serine and glycine
deprivation. Given our findings in the current study, the status of nu-
trients the PDAC microenvironment, such as glucose and amino acids,
should be considered when applying therapy targeted toward metabolic
enzymes. Taken together, our findings provide evidence that PHGDH
expression in PDAC tissues could be a representative biomarker of
adaptive serine biosynthesis and that targeting the serine biosynthesis
pathway by inhibiting PHGDH is a potent therapeutic approach to
eliminate PDAC cells in nutrient-deprived microenvironments.
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Fig. 6. The importance of PHGDH and PGAM1 expression in tumor growth under serine starvation.

A. The expression of PHGDH in S2-VP10 cells transfected with PHGDH shRNA relative to that in S2-VP10 cells transfected with control shRNA was evaluated by qRT-
PCR and Western blot analysis. The same experiment was performed with shRNA targeting PGAM1. B. S2-VP10 cells transfected with control shRNA and PHGDH
shRNA were plated into 96-well plates in normal medium or serine starvation medium, and a proliferation assay was conducted using IncuCyte technology. The same
experiment was performed using S2-VP10 cells transfected with PGAM1 shRNA. C. In vivo experimental design. Six-week-old mice were divided into 2 groups: the
control diet group and the SG(—) diet group. Two weeks after starting the special diet, it was confirmed that there was no difference in body weight between the
groups. Then, 1.0 x 10° cells of each cell line (S2-VP10 cells transfected with control ShRNA, PHGDH shRNA or PGAM1 shRNA) were subcutaneously transplanted,
and mice were fed each diet as indicated for 4 weeks. D. Comparison of tumor weight in the control diet group. E. Comparison of tumor weight in the SG(-) diet
group. F. Representative IHC staining for Ki-67 in the control diet group. The bar charts show the quantification of Ki-67-positive cells. Scale bar, 100 pm. G.
Representative IHC staining for Ki-67 in the SG(—) diet group. The bar charts show the quantification of Ki-67-positive cells. Scale bar, 100 pm. N.S., not significant;
*, p < 0.05; **, p < 0.01; ***, p < 0.001.

Acknowledgments

This study was supported by the Japan Society for the Promotion of
Science under grant numbers 20K17693, 20K09038, 20K08961 and
20H03531.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.canlet.2021.09.007.

References

[1]

[2]

(3]
[4]
(51

[6

—

[71

[8

)

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

F. Bray, J. Ferlay, I. Soerjomataram, R.L. Siegel, L.A. Torre, A. Jemal, Global cancer
statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36
cancers in 185 countries, CA A Cancer J. Clin. 68 (2018) 394-424.

B. Zhou, J.W. Xu, Y.G. Cheng, J.Y. Gao, S.Y. Hu, L. Wang, H.X. Zhan, Early
detection of pancreatic cancer: where are we now and where are we going? Int. J.
Canc. 141 (2017) 231-241.

D. Hanahan, R.A. Weinberg, Hallmarks of cancer: the next generation, Cell 144
(2011) 646-674.

P.S. Ward, C.B. Thompson, Metabolic reprogramming: a cancer hallmark even
warburg did not anticipate, Canc. Cell 21 (2012) 297-308.

H. Wakasugi, Y. Hara, M. Abe, A study of malabsorption in pancreatic cancer,

J. Gastroenterol. 31 (1996) 81-85.

H. Schrader, B.A. Menge, O. Belyaev, W. Uhl, W.E. Schmidt, J.J. Meier, Amino acid
malnutrition in patients with chronic pancreatitis and pancreatic carcinoma,
Pancreas 38 (2009) 416-421.

J. Arends, P. Bachmann, V. Baracos, N. Barthelemy, H. Bertz, F. Bozzetti, K. Fearon,
E. Hutterer, E. Isenring, S. Kaasa, Z. Krznaric, B. Laird, M. Larsson, A. Laviano,
S. Muhlebach, M. Muscaritoli, L. Oldervoll, P. Ravasco, T. Solheim, F. Strasser,
M. de van der Schueren, J.C. Preiser, ESPEN guidelines on nutrition in cancer
patients, Clin. Nutr. 36 (2017) 11-48.

J.J. Kamphorst, M. Nofal, C. Commisso, S.R. Hackett, W. Lu, E. Grabocka, M.

G. Vander Heiden, G. Miller, J.A. Drebin, D. Bar-Sagi, C.B. Thompson, J.

D. Rabinowitz, Human pancreatic cancer tumors are nutrient poor and tumor cells
actively scavenge extracellular protein, Canc. Res. 75 (2015) 544-553.

G. Schneider, J.T. Siveke, F. Eckel, R.M. Schmid, Pancreatic cancer: basic and
clinical aspects, Gastroenterology 128 (2005) 1606-1625.

H. Ying, A.C. Kimmelman, C.A. Lyssiotis, S. Hua, G.C. Chu, E. Fletcher-Sananikone,
J.W. Locasale, J. Son, H. Zhang, J.L. Coloff, H. Yan, W. Wang, S. Chen, A. Viale,
H. Zheng, J.H. Paik, C. Lim, A.R. Guimaraes, E.S. Martin, J. Chang, A.F. Hezel, S.
R. Perry, J. Hu, B. Gan, Y. Xiao, J.M. Asara, R. Weissleder, Y.A. Wang, L. Chin, L.
C. Cantley, R.A. DePinho, Oncogenic Kras maintains pancreatic tumors through
regulation of anabolic glucose metabolism, Cell 149 (2012) 656-670.

O. Basturk, R. Singh, E. Kaygusuz, S. Balci, N. Dursun, N. Culhaci, N.V. Adsay,
GLUT-1 expression in pancreatic neoplasia: implications in pathogenesis,
diagnosis, and prognosis, Pancreas 40 (2011) 187-192.

L. Yan, P. Raj, W. Yao, H. Ying, Glucose metabolism in pancreatic cancer, Cancers
(Basel) (2019) 11.

0.D.K. Maddocks, D. Athineos, E.C. Cheung, P. Lee, T. Zhang, N.J.F. van den Broek,
G.M. Mackay, C.F. Labuschagne, D. Gay, F. Kruiswijk, J. Blagih, D.F. Vincent, K.
J. Campbell, F. Ceteci, O.J. Sansom, K. Blyth, K.H. Vousden, Modulating the
therapeutic response of tumours to dietary serine and glycine starvation, Nature
544 (2017) 372-376.

T. Mikawa, E. Shibata, M. Shimada, K. Ito, T. Ito, H. Kanda, K. Takubo, M.

E. Lleonart, N. Inagaki, M. Yokode, H. Kondoh, Phosphoglycerate mutase
cooperates with Chk1 kinase to regulate glycolysis, iScience 23 (2020) 101306.
C.F. Labuschagne, N.J. van den Broek, G.M. Mackay, K.H. Vousden, O.

D. Maddocks, Serine, but not glycine, supports one-carbon metabolism and
proliferation of cancer cells, Cell Rep. 7 (2014) 1248-1258.

K.R. Mattaini, M.R. Sullivan, M.G. Vander Heiden, The importance of serine
metabolism in cancer, J. Cell Biol. 214 (2016) 249-257.

0.D. Maddocks, C.R. Berkers, S.M. Mason, L. Zheng, K. Blyth, E. Gottlieb, K.

H. Vousden, Serine starvation induces stress and p53-dependent metabolic
remodelling in cancer cells, Nature 493 (2013) 542-546.

41

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

J.W. Locasale, A.R. Grassian, T. Melman, C.A. Lyssiotis, K.R. Mattaini, A.J. Bass,
G. Heffron, C.M. Metallo, T. Muranen, H. Sharfi, A.T. Sasaki, D. Anastasiou,

E. Mullarky, N.I. Vokes, M. Sasaki, R. Beroukhim, G. Stephanopoulos, A.H. Ligon,
M. Meyerson, A.L. Richardson, L. Chin, G. Wagner, J.M. Asara, J.S. Brugge, L.

C. Cantley, M.G. Vander Heiden, Phosphoglycerate dehydrogenase diverts
glycolytic flux and contributes to oncogenesis, Nat. Genet. 43 (2011) 869-874.
E. Zhao, J. Ding, Y. Xia, M. Liu, B. Ye, J.H. Choi, C. Yan, Z. Dong, S. Huang, Y. Zha,
L. Yang, H. Cui, H.F. Ding, KDM4C and ATF4 cooperate in transcriptional control
of amino acid metabolism, Cell Rep. 14 (2016) 506-519.

R. Riscal, E. Schrepfer, G. Arena, M.Y. Cisse, F. Bellvert, M. Heuillet, F. Rambow,
E. Bonneil, F. Sabourdy, C. Vincent, L. Ait-Arsa, T. Levade, P. Thibaut, J.C. Marine,
J.C. Portais, J.E. Sarry, L. Le Cam, L.K. Linares, Chromatin-bound MDM2 regulates
serine metabolism and redox homeostasis independently of p53, Mol. Cell 62
(2016) 890-902.

X. Jiang, Q. Sun, H. Li, K. Li, X. Ren, The role of phosphoglycerate mutase 1 in
tumor aerobic glycolysis and its potential therapeutic implications, Int. J. Canc.
135 (2014) 1991-1996.

T. Hitosugi, L. Zhou, S. Elf, J. Fan, H.B. Kang, J.H. Seo, C. Shan, Q. Dai, L. Zhang,
J. Xie, T.L. Gu, P. Jin, M. Aleckovic, G. LeRoy, Y. Kang, J.A. Sudderth, R.

J. DeBerardinis, C.H. Luan, G.Z. Chen, S. Muller, D.M. Shin, T.K. Owonikoko,

S. Lonial, M.L. Arellano, H.J. Khoury, F.R. Khuri, B.H. Lee, K. Ye, T.J. Boggon,

S. Kang, C. He, J. Chen, Phosphoglycerate mutase 1 coordinates glycolysis and
biosynthesis to promote tumor growth, Canc. Cell 22 (2012) 585-600.

R.C. Oslund, X. Su, M. Haugbro, J.M. Kee, M. Esposito, Y. David, B. Wang, E. Ge, D.
H. Perlman, Y. Kang, T.W. Muir, J.D. Rabinowitz, Bisphosphoglycerate mutase
controls serine pathway flux via 3-phosphoglycerate, Nat. Chem. Biol. 13 (2017)
1081-1087.

C. Lehuede, F. Dupuy, R. Rabinovitch, R.G. Jones, P.M. Siegel, Metabolic plasticity
as a determinant of tumor growth and metastasis, Canc. Res. 76 (2016)
5201-5208.

J.L. Davis, H.J. Fallon, H.P. Morris, Two enzymes of serine metabolism in rat liver
and hepatomas, Canc. Res. 30 (1970) 2917-2920.

S.P. Gravel, L. Hulea, N. Toban, E. Birman, M.J. Blouin, M. Zakikhani, Y. Zhao,
1. Topisirovic, J. St-Pierre, M. Pollak, Serine deprivation enhances antineoplastic
activity of biguanides, Canc. Res. 74 (2014) 7521-7533.

M.E. Pacold, K.R. Brimacombe, S.H. Chan, J.M. Rohde, C.A. Lewis, L.J. Swier,

R. Possemato, W.W. Chen, L.B. Sullivan, B.P. Fiske, S. Cho, E. Freinkman, K. Birsoy,
M. Abu-Remaileh, Y.D. Shaul, C.M. Liu, M. Zhou, M.J. Koh, H. Chung, S.

M. Davidson, A. Luengo, A.Q. Wang, X. Xu, A. Yasgar, L. Liu, G. Rai, K.D. Westover,
M.G. Vander Heiden, M. Shen, N.S. Gray, M.B. Boxer, D.M. Sabatini, A PHGDH
inhibitor reveals coordination of serine synthesis and one-carbon unit fate, Nat.
Chem. Biol. 12 (2016) 452-458.

R. Beroukhim, C.H. Mermel, D. Porter, G. Wei, S. Raychaudhuri, J. Donovan,

J. Barretina, J.S. Boehm, J. Dobson, M. Urashima, K.T. Mc Henry, R.M. Pinchback,
A.H. Ligon, Y.J. Cho, L. Haery, H. Greulich, M. Reich, W. Winckler, M.S. Lawrence,
B.A. Weir, K.E. Tanaka, D.Y. Chiang, A.J. Bass, A. Loo, C. Hoffman, J. Prensner,
T. Liefeld, Q. Gao, D. Yecies, S. Signoretti, E. Maher, F.J. Kaye, H. Sasaki, J.

E. Tepper, J.A. Fletcher, J. Tabernero, J. Baselga, M.S. Tsao, F. Demichelis, M.
A. Rubin, P.A. Janne, M.J. Daly, C. Nucera, R.L. Levine, B.L. Ebert, S. Gabriel, A.
K. Rustgi, C.R. Antonescu, M. Ladanyi, A. Letai, L.A. Garraway, M. Loda, D.G. Beer,
L.D. True, A. Okamoto, S.L. Pomeroy, S. Singer, T.R. Golub, E.S. Lander, G. Getz,
W.R. Sellers, M. Meyerson, The landscape of somatic copy-number alteration
across human cancers, Nature 463 (2010) 899-905.

R. Possemato, K.M. Marks, Y.D. Shaul, M.E. Pacold, D. Kim, K. Birsoy,

S. Sethumadhavan, H.K. Woo, H.G. Jang, A.K. Jha, W.W. Chen, F.G. Barrett,

N. Stransky, Z.Y. Tsun, G.S. Cowley, J. Barretina, N.Y. Kalaany, P.P. Hsu, K. Ottina,
A.M. Chan, B. Yuan, L.A. Garraway, D.E. Root, M. Mino-Kenudson, E.F. Brachtel, E.
M. Driggers, D.M. Sabatini, Functional genomics reveal that the serine synthesis
pathway is essential in breast cancer, Nature 476 (2011) 346-350.

Z. Song, C. Feng, Y. Lu, Y. Lin, C. Dong, PHGDH is an independent prognosis
marker and contributes cell proliferation, migration and invasion in human
pancreatic cancer, Gene 642 (2018) 43-50.

Z. Song, C. Feng, Y. Lu, Y. Lin, C. Dong, Corrigendum to "PHGDH is an independent
prognosis marker and contributes cell proliferation, migration and invasion in
human pancreatic cancer [Gene 642 (2018) 43-50], Gene 735 (2020) 144401.

C. Sun, T. Yamato, T. Furukawa, Y. Ohnishi, H. Kijima, A. Horii, Characterization
of the mutations of the K-ras, p53, p16, and SMAD4 genes in 15 human pancreatic
cancer cell lines, Oncol. Rep. 8 (2001) 89-92.

H. Kondoh, M.E. Lleonart, J. Gil, J. Wang, P. Degan, G. Peters, D. Martinez,

A. Carnero, D. Beach, Glycolytic enzymes can modulate cellular life span, Canc.
Res. 65 (2005) 177-185.

Downloaded for Anonymous User (n/a) at Saiseikai Kumamoto Hospital from ClinicalKey.jp by Elsevier on January 20,
2022. For personal use only. No other uses without permission. Copyright ©2022. Elsevier Inc. All rights reserved.



R. Itoyama et al.

[34]

[35]

F.Li, H. Yang, T. Kong, S. Chen, P. Li, L. Chen, J. Cheng, G. Cui, G. Zhang, PGAM1,
regulated by miR-3614-5p, functions as an oncogene by activating transforming
growth factor-beta (TGF-beta) signaling in the progression of non-small cell lung
carcinoma, Cell Death Dis. 11 (2020) 710.

F. Ren, H. Wu, Y. Lei, H. Zhang, R. Liu, Y. Zhao, X. Chen, D. Zeng, A. Tong, L. Chen,
Y. Wei, C. Huang, Quantitative proteomics identification of phosphoglycerate
mutase 1 as a novel therapeutic target in hepatocellular carcinoma, Mol. Canc. 9
(2010) 81.

42

Cancer Letters 523 (2021) 29-42

[36] C.L. Wen, K. Huang, L.L. Jiang, X.X. Lu, Y.T. Dai, M.M. Shi, X.M. Tang, Q.B. Wang,
X.D. Zhang, P.H. Wang, H.T. Li, X.X. Ruan, L.W. Wang, X.J. Wang, Q. Wang, W. Lu,
X.Q. Xiang, X. Sun, Y.H. Xu, L.H. Lai, Q. Zhan, H.W. Li, C.H. Peng, J. Chen, J.
Y. Huang, D.Y. Ye, S.J. Chen, Z. Chen, M. Li, Y. Fang, B.Y. Shen, L. Zhou, An
allosteric PGAM1 inhibitor effectively suppresses pancreatic ductal
adenocarcinoma, Proc. Natl. Acad. Sci. U. S. A. 116 (2019) 23264-23273.

Downloaded for Anonymous User (n/a) at Saiseikai Kumamoto Hospital from ClinicalKey.jp by Elsevier on January 20,
2022. For personal use only. No other uses without permission. Copyright ©2022. Elsevier Inc. All rights reserved.



