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Significance

Gastric cancer (GC) is one of the 
leading causes of cancer-related 
deaths with high degree of 
intratumoral heterogeneity. 
Herein, we propose a treatment 
strategy for chemoresistant GC 
patients via deciphering 
metabolic plasticity of Stem-like/
Epithelial-to-mesenchymal 
transition/Mesenchymal-type GC 
cells. This study provides detailed 
molecular mechanisms behind 
the metabolic plasticity of 
stemness-high GC cells, from 
chromatin architecture to 
transcriptional drivers ATF4/
CEBPB, and the importance of 
reactive oxygen species 
scavenging activity mediated by 
mitochondrial 1C metabolism. 
Further understanding of 1C 
metabolism may lead to 
development of therapeutic 
strategies for chemoresistant 
GC patients, as verified in the 
patient-derived cancer organoids.
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PHGDH preserves one-carbon cycle to confer metabolic 
plasticity in chemoresistant gastric cancer during nutrient stress
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Molecular classification of gastric cancer (GC) identified a subgroup of patients showing 
chemoresistance and poor prognosis, termed SEM (Stem-like/Epithelial-to-mesenchymal 
transition/Mesenchymal) type in this study. Here, we show that SEM-type GC exhibits a 
distinct metabolic profile characterized by high glutaminase (GLS) levels. Unexpectedly, 
SEM-type GC cells are resistant to glutaminolysis inhibition. We show that under glu-
tamine starvation, SEM-type GC cells up-regulate the 3 phosphoglycerate dehydroge-
nase (PHGDH)-mediated mitochondrial folate cycle pathway to produce NADPH as a 
reactive oxygen species scavenger for survival. This metabolic plasticity is associated with 
globally open chromatin structure in SEM-type GC cells, with ATF4/CEBPB identified 
as transcriptional drivers of the PHGDH-driven salvage pathway. Single-nucleus tran-
scriptome analysis of patient-derived SEM-type GC organoids revealed intratumoral 
heterogeneity, with stemness-high subpopulations displaying high GLS expression, a 
resistance to GLS inhibition, and ATF4/CEBPB activation. Notably, coinhibition of 
GLS and PHGDH successfully eliminated stemness-high cancer cells. Together, these 
results provide insight into the metabolic plasticity of aggressive GC cells and suggest 
a treatment strategy for chemoresistant GC patients.

gastric cancer | metabolic plasticity | glutaminase | 3 phosphoglycerate dehydrogenase

Gastric cancer (GC) is a highly heterogeneous adenocarcinoma. The Cancer Genome 
Atlas (TCGA) project and Asian Cancer Research Group (ACRG) have defined clinically 
relevant molecular subtypes of GC (1, 2). The genetically stable subtype from the TCGA 
project and epithelial-to-mesenchymal transition (EMT) subtype from the ACRG study, 
although not identical, have a high percentage of diffuse histological types, and present a 
worse prognosis than intestinal histological types (3). We have subtyped GC patients in 
the Yonsei cohort into five groups—gastric, inflammatory, intestinal, mixed, and stem-like 
subtypes—with the stem-like subtype displaying the most aggressive phenotype and resist-
ance to chemotherapy (4). However, there are currently no targeted treatments available 
for this aggressive subtype, which we refer to as SEM (stem-like/ EMT/ mesenchymal) 
in this study. We believe a thorough understanding of the molecular characteristics in 
aggressive SEM-type GC is warranted.

Glutamine is a ready source of carbon and nitrogen for numerous biosynthetic pathways 
(5). Glutamine first undergoes glutaminolysis to become glutamate via the action of 
glutaminase (GLS) (6). While GLS2 (liver-type) is expressed primarily in the liver, brain, 
and pancreas, GLS (kidney-type) is broadly expressed in various tissues including cancers 
(6). With the known importance of GLS in tumorigenesis and cancer cell proliferation 
(7), GLS has been widely investigated as a therapeutic target for cancer cells, particularly 
those in a high mesenchymal state (8). Indeed, selective inhibitors of GLS are currently 
being tested in clinical trials in refractory solid tumors (9, 10). As we previously reported, 
SEM-type GC is chemoresistant while maintaining a high mesenchymal state (4), raising 
the potential for GLS to be an effective therapeutic target.

However, cancer cells can adapt their metabolism to survive through activating com-
pensatory metabolic pathways. Furthermore, intratumoral metabolic heterogeneity leads 
to the cell-to-cell difference in sensitivity to the anticancer drugs within a tumor, result-
ing in incomplete treatment response and acquired therapeutic resistance (11). 
Particularly, cancer stem cells often exhibit chemoresistance due to their quiescent state 
and slow proliferation rate. As cancer stem cells are known to be critical in the formation 
and maintenance of liver metastases in aggressive GC (12), failure in the elimination of 
cancer stem cells can result in reemergence of the disease. Therefore, there is an urgent, 
unmet need for a therapeutic regimen that enables simultaneous elimination of each 
cancer cell subpopulation including cancer stem cells, which display a high degree of 
plasticity (13).
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Here, we demonstrate that while SEM-type GC is GLS-positive, 
it exhibits resistance to GLS inhibition. SEM-type GC cells have 
a globally open chromatin structure that is accessible to binding 
with ATF4 and CEBPB, contributing to the activation of genes 
involved in the PHGDH-driven salvage pathway that controls 
mitochondrial reactive oxygen species (ROS) in response to GLS 
inhibition. Single-nucleus transcriptome analysis revealed that 
GLS-positive clusters in organoids derived from SEM-type GC 
patients express high levels of cancer stem cell marker CD44 (14) 
and WNT signaling (12). The combinatorial inhibition of GLS 
and PHGDH reduces the survival of stem-like GC. Thus, we 
demonstrate the effectiveness of combination therapy targeting 
chemoresistant stemness-high GC.

Results

SEM-Type GC Has Distinct Metabolic Features Compared to 
Intestinal-Type GC. Glycolysis and glutaminolysis provide 
3-phosphoglycerate (3-PG) for serine biosynthesis in various 
cancer cells (Fig. 1A) (15). In the Yonsei cohort, compared with 
the intestinal subtype GC tumors that maintain high epithelial 
integrity (4), we observed that SEM-type GC tumors which have 
up-regulated EMT gene signatures and the worst prognoses (4) 
exhibited downregulation of glycolysis-related genes including 
pyruvate kinase M2 (16), lactate dehydrogenase A (LDHA), solute 
carrier family 16 member 3 (SLC16A3), phosphofructokinase-
platelet (PFKP) (17), hexokinase 2 (HK2), and solute carrier 
family two member one (SLC2A1) (Fig.  1B). In contrast, 
expression of the pyruvate kinase 4 (PDK4) gene in SEM-type 
GC cells was largely up-regulated, preventing pyruvate from 
entering the TCA cycle, implying that SEM-type GC cells are 
less glycolytic and that the metabolized glucose does not undergo 
mitochondrial oxidation (Fig. 1B). Principal component analysis 
(PCA) with seven glycolysis genes consistently highlighted 
subtype-specific differences in the glycolytic pathway between 
intestinal and SEM-type GC tumors (Fig.  1C). PCA with 
glutaminolysis-related genes also exhibited distinct clustering 
between SEM-type GC and intestinal subtype GC tumors 
(Fig. 1D and SI Appendix, Fig. S1A). Indeed, although genes 
related to glutaminolysis and regulation of protein metabolic 
process are mostly down-regulated in SEM-type GC patients 
(SI Appendix, Fig. S1 B and C), the gene expression of GLS, 
which is responsible for the first step of glutaminolysis, was up-
regulated in SEM-type GC tumors (Fig. 1E). Consistent with 
this, GLS protein levels were also elevated in the SEM-type GC 
cell lines (Fig. 1F). Previously, a pan-cancer metabolic signature 
was reported to predict responsiveness to GLS inhibition (8). 
Based on the pan-cancer metabolic signature, SEM-type GC 
tumors and cells exhibited up-regulated gene expression of GLS 
inhibition-sensitive markers, implying that SEM-type GC would 
have high GLS dependency (Fig. 1G). Likewise, SEM-type GC 
cell lines were also predicted to be codependent on GLS and 
glutathione synthesis (Fig. 1H and SI Appendix, Fig. S1 D and E).

GLS-High SEM-Type GC Cells Are Resistant to GLS Inhibition or 
Glutamine Starvation via Upregulation of 1C Metabolic Pathway. 
Treatment with the GLS inhibitor, CB839, blocked glutaminolysis 
as shown by the decrease in glutamate levels and increase in 
glutamine levels measured via liquid chromatography-mass 
spectrometry analysis (SI Appendix, Fig. S2A) and induced profound 
changes in the transcriptomic profile including upregulation of 
pathways related to purine metabolism (SI  Appendix, Fig.  S2 B 
and C). Surprisingly, treatment with GLS inhibitors (CB839 and 
BPTES), glutamine antagonist (DON), or glutamine starvation 

did not affect the viability of the SEM-type GC cell line, HS746T 
(Fig. 1I and SI Appendix, Fig. S2D); in contrast, the intestinal-type 
GC cell line, NCIN87 exhibited a greater decrease in cell number 
(Fig. 1J and SI Appendix, Fig. S2D).

To test the effect of GLS inhibition in a more physiological 
setting, we generated patient-derived cancer organoids. GA077 
organoids were derived from a SEM-type GC patient, and GA326 
organoids were derived from an intestinal subtype GC patient 
(Fig. 1K). In accordance with the transcriptomic profiles of 
patients and cell lines, GA077 organoids exhibited elevated 
mRNA levels of GLS and PDK4, whereas glycolysis-related gene 
expression (PFKP, LDHA, SLC16A3, SLC2A1, and HK2) was 
down-regulated compared with GA326 (Fig. 1L). Although 
immunocytochemical analyses confirmed abundant protein levels 
of GLS (Fig. 1M), the GA077 organoids were not affected by 
CB839 treatment in terms of proliferation (Fig. 1N).

To identify the underlying mechanisms promoting the resist-
ance to GLS inhibition or glutamine starvation, we performed 
RNA sequencing analysis on HS746T and NCIN87 cells with or 
without glutamine. Interestingly, there was a significant upregu-
lation of PHGDH expression only in SEM-type GC cell lines 
under glutamine starvation (Fig. 1O and SI Appendix, Fig. S2 E 
and F). Moreover, the most down-regulated gene with the highest 
P-value was LDHA, indicating that glutamine starvation redirects 
glucose flux from glycolysis to serine synthesis and subsequent 
folate cycle-related pathways (Fig. 1P). Pathway analysis also 
revealed a change in the 1C pool by folate and methionine metab-
olism and elevation of the serine metabolism pathway in a 
HS746T-specific manner (Fig. 1 Q and R) (18). The elevated 
protein levels of PHGDH were detectable only in HS746T cells 
upon glutamine starvation (Fig. 1S).

The folate cycle using THF as a carrier of 1C unit is coupled 
to the methionine cycle using SAM as a carrier. (19) With serine 
transferring its 1C unit to THF by being converted into glycine 
via the action of serine hydroxymethyltransferase (SHMT), the 
folate cycle participates in the oligonucleotide synthesis pathway 
(SI Appendix, Fig. S3A). Consistently, metabolite analysis of 
pan-cancer cell lines from Cancer Cell Line Encyclopedia showed 
a decrease in adenosine monophosphate and guanosine 
monophosphate (GMP) in SEM-type GC cell lines (SI Appendix, 
Fig. S3B). Moreover, the level of methionine was higher in 
SEM-type GC cell lines while s-adenosyl homocysteine, a product 
of methionine after 1C unit is transferred out, was less abundant 
(SI Appendix, Fig. S3B). In accordance with the findings in the 
metabolome, SEM-type GC cells showed a lower level of SHMT2, 
the major mitochondrial isoform of SHMT, along with higher 
5-methyl-THF-homocysteine methyltransferase (MTR) levels 
(SI Appendix, Fig. S3C). MTR is an enzyme which transfers 1C 
unit to homocysteine, resulting in the production of methionine. 
Thus, SEM-type GC cells are mainly replenishing the 1C unit in 
the methionine cycle, rather than the folate cycle (SI Appendix, 
Fig. S3D). As a result, the level of SAM was highly elevated in 
SEM-type GC cells measured via SAM assay (SI Appendix, 
Fig. S3E). As in the cell lines, GC patients of EMT type in the 
ACRG cohort had up-regulated MTR and down-regulated 
SHMT2 (SI Appendix, Fig. S3F). Also, MTR and SHMT2 were 
inversely correlated in TCGA STAD (SI Appendix, Fig. S3G). In 
the Yonsei cohort, MTR was distinctively elevated in stem-like 
subtype patients compared to the downregulation of folate 
cycle-related genes (SHMT1, SHMT2, MTHFD1, MTHFD1L, 
and MTHFD2) (SI Appendix, Fig. S3H). These results imply that 
glutamine starvation activates mitochondrial 1C metabolic path-
way in SEM-type GC cells, which put emphasis on methionine 
cycle, instead of folate cycle, at endogenous state.
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Fig. 1. GLS-high SEM-type GC cells are resistant to GLS inhibition via upregulation of 1C metabolic pathway. (A) Schematic of glycolysis and glutaminolysis. 
(B) Analyses of transcriptomic profiles of tumors of GC patients in the Yonsei cohort. The expression levels of glycolysis-related genes were compared according 
to the subtypes: SEM (n = 117) and intestinal (n = 102). (C) PCA of GC patients in the Yonsei cohort with glycolysis-related genes introduced in B. (D) PCA of GC 
patients in the Yonsei cohort with glutaminolysis-related genes introduced in 1B. (E) Expression levels of GLS compared between SEM-type (n = 117) and intestinal 
subtype GC patients (n = 102) in the Yonsei cohort. (F) Immunoblotting of GLS in gastric cell lines. Histone H3 was used as the loading control. (G and H) Heatmap 
displaying the expression levels of sensitive markers (DSE, DPYD, and KCNE4) and resistance markers (PIP5K1B, KCNJ11, CACNA1D, FAAH2, ABO, DDC, GLB1L2, 
and FA2H) for GLS inhibition in the Yonsei cohort and GC cell lines (SRP078289). (I and J) Proliferation assays were performed for 48 h in HS746T and NCIN87 
cells under glutamine-deficient and drug-treated conditions. CB839, GLS inhibitor; DON, glutamine antagonist. (K and L) Diagram describes selection of tumors 
for generation of patient-derived cancer organoids. Heatmap shows fold change in GLS and glycolysis-associated genes. (M) Immunocytochemistry image of 
GLS in GA077 stained with DAPI. (Scale bar: 50 μm.) (N) Sizes of patient-derived cancer organoid GA077 with or without 5 μM CB839 were measured. Organoid 
size measured by averaging short and long diameters (Right). n ≥ 5 (O) Transcriptomic profiles of glutamine starvation in HS746T and NCIN87 were analyzed 
via RNA sequencing analysis. Genes with fold change greater than 1.5 or less than −1.5 with adjusted P-values smaller than 0.05 are marked in blue. PHGDH, 
MTHFD2, SHMT2, and LDHA genes are marked in red. (P) Schematic of 1C metabolic pathway. (Q) KEGG analysis of differentially expressed genes. The P-values 
are less than 0.05. (R) GSVA was performed with pathways from MsigDB v7.4. Gene set enrichment score represented as a heatmap. (S) Immunoblot showing 
the protein levels of PHGDH upon glutamine starvation in HS746T and NCIN87. β-actin was used as a loading control. ns, no significance, *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001, Wilcox test for 1E and two-tailed Student’s t test for I, J, and N.
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PHGDH-Driven Salvage Pathway Inhibits Accumulation of 
Mitochondrial ROS. Stem cells maintain globally open chromatin 
to facilitate accessibility of target motifs by transcription factors 
(20–22). To determine SEM-type-specific responses and metabolic 
robustness during glutamine starvation, we conducted an assay 
for transposase-accessible chromatin using sequencing (ATAC-
seq). Differences in chromatin accessibility between the cell 
lines were apparent in nucleosome-free regions. However, only 
HS746T exhibited a net increase in accessibility upon glutamine 
starvation (Fig.  2A). In addition, the number of opening and 
closing peaks upon glutamine starvation was greater in HS746T 
than in NCIN87 cells (Fig. 2B). Regions with increased chromatin 
accessibility following glutamine starvation were enriched in 
pathways related to the oxidative stress responses in both cell 
lines (Fig. 2C). However, pathways that protect against oxidative 
stress, such as regulation of oxidative stress-induced cell death 
and regulation of cellular response to oxidative stress, were only 
enriched in the newly opened regions of HS746T cells (Fig. 2C).

Metabolic stress, including glutamine starvation, produces ROS 
(23), and consecutive activation of PHGDH, SHMT2, and 
MTHFD2 leads to the production of NADPH to minimize 
ROS-induced cellular stress (Fig. 2D). NADPH is an important 
reducing agent that eliminates cellular ROS and maintains redox 
homeostasis (24). As PHGDH was the most up-regulated gene 
with the lowest adjusted P-value (Fig. 1O), we investigated the 
combinatorial effect of glutamine starvation and PHGDH inhib-
itor NCT503 in SEM-type GC cells (25). Indeed, the ratio of 
reduced glutathione (GSH) to oxidized glutathione (GSSG) 
decreased when HS746T cells were cultured without glutamine 
along with the pharmaceutical inhibition of PHGDH (Fig. 2E). 
The amount of NADP, the oxidized form of NADPH, was also 
lowest in PHGDH-inhibited cells with glutamine deficiency 
(Fig. 2F). Indeed, cell death induced by cotreatment with CB839 
and NCT503 was partially rescued by the addition of the antiox-
idant N-acetylcysteine (NAC) (Fig. 2G). Mitochondrial ROS 
estimated by MitoSOX was also the highest with NCT503 treat-
ment and glutamine starvation (Fig. 2H).

Next, we generated an HS746T shPHGDH stable cell line 
to stably knockdown gene expression of PHGDH and measured 
oxidative stress in the absence of glutamine. Both oxidative stress 
and mitochondrial ROS were the highest in glutamine-deprived 
HS746T shPHGDH cells (Fig. 2 I and J). To examine the 
changes in the transcriptomic landscape including ROS-related 
genes, we performed RNA sequencing analysis on the shPH-
GDH stable cells (SI Appendix, Fig. S4 A and B). Interestingly, 
the mitochondrial forms of SHMT and MTHFD were signifi-
cantly up-regulated (Fig. 2K). Given that folate metabolism is 
crucial for the cellular NADPH supply (26), only the mitochon-
drial isoforms of folate cycle-related genes were up-regulated 
(SI Appendix, Fig. S4 C and D), highlighting the importance of 
scavenging mitochondrial ROS upon glutamine starvation. The 
upregulation of SHMT2 was apparent in HS746T upon glu-
tamine starvation, whereas NCIN87 cells exhibited a reduction 
in SHMT2 protein levels (Fig. 2L and SI Appendix, Fig. S4E). 
We next tested the effect of simultaneous inhibition of the sal-
vage pathway along with glutamine starvation. We treated 
glutamine-starved HS746T cells with PHGDH inhibitor 
(NCT503), SHMT1 and two inhibitor (SHIN1), and MTHFD2 
inhibitor (DS18561882). Pharma cological inhibition of the 
salvage pathway successfully inhibited cell proliferation in com-
bination with glutamine starvation in chemoresistant SEM-type 
GC cells (Fig. 2 M–O), implying that the salvage pathway is 
crucial for the survival of chemoresistant SEM-type GC cells 
undergoing glutamine starvation.

The Landscape of Chromatin Accessibility Shows ATF4 and 
CEBPB as Transcriptional Drivers of the PHGDH-Driven Salvage 
Pathway. As seen in stem cells, which have a globally open 
chromatin (20–22), the chromatin of HS746T was less condensed 
than that of NCIN87 (Fig.  3A). Although the difference in 
accessibility was minimal in promoter regions, HS746T chromatin 
exhibited greater accessibility in the functional element regions 
(Fig. 3 B and C). To explore the mechanisms of activation of the 
PHGDH-driven salvage pathway, we integrated RNA-seq and 
ATAC-seq data of HS746T with or without glutamine. Strikingly, 
only 0.9% of differentially expressed genes in the RNA-seq were 
found to have differentially accessible peaks at the corresponding 
promoter regions (SI Appendix, Fig. S5 A and B), which indicates 
that upregulation of PHGDH-mediated mitochondrial folate 
cycle-related genes is not due to the increased accessibility of 
the promoters. Motif analysis was performed with RNA-seq 
data and ATAC-seq data. We first calculated the activity score 
of DNA motifs using the Integrated System for Motif Activity 
Response Analysis (ISMARA) algorithm to predict regulatory 
motifs and relevant target genes (27). Interestingly, the activity 
of ATF4 and CEBPB was specifically increased in HS746T upon 
glutamine starvation (Fig. 3 D and E). In addition, ATAC-seq 
motif analysis via chromVAR (28) showed a higher degree of 
predicted variability of ATF4 and CEBPB motifs in HS746T 
(Fig. 3F). While non-SEM GC cell lines showed various responses 
to glutamine starvation in terms of ATF4/CEBPB activation and 
endoplasmic reticulum (ER) stress signaling, SEM-type GC cell 
lines consistently showed upregulation of ATF4/CEBPB with 
active ER stress signaling pathway (Fig.  3G and SI  Appendix, 
Fig. S5C). To identify whether ATF4 and CEBPB bind directly 
to the promoter region of stress-response genes, we performed 
chromatin immunoprecipitation–sequencing (ChIP-seq) in 
HS746T. As expected, the recruitment of ATF4 and CEBPB 
to the promoter regions of PHGDH, SHMT2, and MTHFD2 
was significantly increased upon glutamine starvation (Fig. 3G). 
Concerning that the accessibility of the promoter regions of 
PHGDH, SHMT2, and MTHFD2 is not increased upon 
glutamine starvation in ATAC-seq data (Fig.  3G), ATF4 and 
CEBPB are the major contributing factors in the increase in the 
expression of PHGDH, SHMT2, and MTHFD2. These findings 
were confirmed with conventional ChIP-qPCR, while NCIN87 
did not show increased binding of ATF4 and CEBPB to the 
promoter regions of PHGDH, SHMT2, and MTHFD2 upon 
glutamine starvation (Fig. 3H). Knockdown of ATF4 and CEBPB 
with siRNA successfully inhibited mRNA expression of PHGDH, 
SHMT2, and MTHFD2 (SI Appendix, Fig. S5 D and E). Also, 
ATF4, CEBPB, and PHGDH knockdown decreased cell viability 
with metabolic stress, such as glutamine starvation, implying that 
PHGDH induced by ATF4/CEBPB is crucial for cell viability 
(Fig. 3 I and J).

Single-Nucleus Transcriptome Analysis Reveals Intratumoral 
Heterogeneity along with High ATF4/ CEBPB Regulon Activity in 
Cell Subpopulations with High EMT Signature. Next, the efficacy 
of combinational therapy was evaluated in a more physiological 
setting. As metastasis is the leading cause of the mortality of 
GC patients and SEM-type GC cells are more inclined to 
invade surrounding tissue and metastasize, we generated the GC 
peritoneal dissemination model (29) which reflects the nature of 
SEM-type GC via intraperitoneal injection of HS746T stable cell 
line with mCherry expression. Peritoneum is a common site of 
GC metastasis and the GC peritoneal dissemination mouse model 
successfully mimics metastatic and dissemination tendencies of 
SEM-type GC (29). This peritoneal dissemination mouse model 
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Fig. 2. PHGDH-driven salvage pathway inhibits mitochondrial ROS production. (A) Chromatin accessibility heatmap of HS746T and NCIN87 with or without 
glutamine. Color intensity represents chromatin accessibility. (B) Numbers of peak changes after glutamine starvation were compared (adjusted P < 0.05). 
(C) Pathway analysis of the most variable peaks introduced in B associated with glutamine starvation. Dotted line indicates adjusted P-value = 0.05. (D) Diagram 
explaining the mitochondrial folate cycle using PHGDH, SHMT2, and MTHFD2 as a mediating enzymes. (E) GSH/GSSG ratio was measured with glutamine 
starvation and NCT503 treatment. (F) Total intracellular NADPH and NADP levels in glutamine starvation or NCT503-treated HS746T, normalized to cell number. 
(G) Cell survival with CB839 and NCT503 treatments in combination with N-acetyl-L-cysteine(NAC) (H) Mitochondrial superoxide visualized with MitoSOX with or 
without glutamine starvation and NCT503 treatment in HS746T cells. (I) Cellular ROS was measured via fluorescence assay using H2DCFDA in HS746T stable cell 
lines with or without glutamine. (J) Mitochondrial ROS was measured via fluorescence assay using MitoSOX in HS746T stable cell lines with or without glutamine. 
(K) RNA sequencing was performed on shControl or shPHGDH-stable HS746T cells with or without glutamine. Expression levels of mitochondrial folate cycle-
related genes (MTHFD2 and SHMT2) and cytosolic folate cycle-related genes (MTHFD1and SHMT1) with or without glutamine were marked as log2(FPKM+1). 
(L) Immunoblot showing the mitochondrial protein level of SHMT2 upon glutamine starvation in HS746T and NCIN87 cells after mitochondrial isolation. (M–O) 
Proliferation assays for 72 h in HS746T cells. NCT503, PHGDH inhibitor; SHIN1, SHMT1 and SHMT2 inhibitor; DS18561882, MTHFD2 inhibitor. ns, no significance, 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, Benjamini–Hochberg adjusted P-value for 2K and two-tailed Student’s t test for E–G, I, J, and M–O.
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was employed to evaluate the actions of GLS inhibitor (30) and 
PHGDH inhibitor (25). In accordance with the cytotoxic effect of 
GLS/PHGDH inhibition in GC cell lines, combinational therapy 
successfully inhibited tumor growth in the mouse model without 
a change in mean body weight (Fig.  4 A–C and SI  Appendix, 
Fig.  S6A). Also, in SEM-type patient-derived GC organoids, 
coinhibition of GLS and PHGDH resulted in a statistically 

significant decrease in proliferation compared to single treatments 
in SEM-type GC organoids (Fig. 4 D and E and SI Appendix, 
Fig. S6B).

Next, we performed single-nucleus RNA sequencing analysis 
on GC organoids with different drug treatments. Single-nucleus 
sequencing of the four conditions resulted in transcriptomic infor-
mation for a total of 4,882 cells (Fig. 4F). Clustering revealed nine 

Fig. 3. The landscape of chromatin accessibility shows ATF4 and CEBPB as transcriptional drivers of PHGDH-driven salvage pathway. (A) Circular plot showing 
genome-wide chromatin accessibility. (B) Heatmap of ATAC-Seq peaks in promoter regions. Color intensity represents chromatin accessibility. The peaks are 
aligned with the transcription start site (TSS) as the center. (C) Heatmap of ATAC-Seq peaks in RefSeq functional element regions. (D) Oligonucleotide sequence 
of ATF4- and CEBPB-binding site. (E) ISMARA with RNA sequencing data was performed. Motif activity is shown as a z-score. (F) Variability of motif activity upon 
glutamine starvation was computed with chromVAR. (G) ATF4 and CEBPB ChIP sequencing analysis were performed. The genome browser shows ChIP-seq profiles 
within the PHGDH, SHMT2, and MTHFD2 loci. (H) ChIP assay of the MTHFD2, PHGDH, and SHMT2 promoters using ATF4 and CEBPB antibodies in glutamine-
deprived HS746T and NCIN87 cells. Data are represented as fold-change. (n = 4) (I) Microscopy images of HS746T cells with or without glutamine along with 
ATF4, CEBPB, or PHGDH knockdown. Live cells are shown with green color and dead cells are shown with red color. (Scale bar; 500 µm.) (J) The number of live 
cells was counted. (n = 4) ns, no significance, **P < 0.01, ***P < 0.001, ****P < 0.0001, two-tailed Student’s t test for H and J.

http://www.pnas.org/lookup/doi/10.1073/pnas.2217826120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2217826120#supplementary-materials
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Fig. 4. GLS inhibition activates ATF4/CEBPB-mediated transcriptional network in EMT signature-enriched clusters in patient-derived cancer organoids. (A) Diagram 
to explain the process in vivo experiment with vehicle, BPTES (12.5 mg/kg), NCT503 (40 mg/kg), or combination of BPTES and NCT503. (B) Representative picture 
of mice (n = 5) with tumor volume measured via in vivo optical imaging system. Total radiant efficiency (p/sec/cm2/sr/μW/cm2) was measured in peritoneal 
area. (C) Total radiant efficiency was compared in every group (n =7) before (D7) and after (D23) three cycles of BPTES/NCT503 injection. (D) Patient-derived 
cancer organoids GA077 were treated with 5 μM CB839, 50 μM NCT503, or both. The size was measured as the average of the short and long diameters  
(n ≥ 18). (E) Representative microscopy images of the organoid GA077 after different drug treatments. (F) Single-nucleus RNA sequencing was performed on 
GA077 with vehicle, CB839 (5 μM), NCT503 (50 μM) or both. Uniform manifold approximation projection (UMAP) visualization of cells is shown after integration. 
(G) The expression level of GLS is shown as a violin plot in the identified cell clusters. (H) GSVA was performed to calculate enrichment score with GO pathway 
“HALLMARK_ EPITHELIAL_MESENCHYMAL_TRANSITION” from MSigDB v7.4. (I) UMAP visualization of cells under different conditions: vehicle, CB839 (5 μM), NCT503 
(50 μM) or both. (J) Fraction of cells from each sample for each cluster. (K) Gene expression level was compared as a bulk tumor. (L) Regulon activity (ATF4 and 
CEBPB) is marked as a color on the corresponding UMAP. *P < 0.05, **P < 0.01, ***P < 0.001, two-tailed Student’s t test for C and D and Benjamini–Hochberg 
adjusted P-value for K.
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cell subtypes that were conserved across the different drug treat-
ments (Fig. 4F). Among the nine clusters, clusters 2, 3, 7, and 8 
showed high expression of GLS as seen in SEM-type tumors and 
cell lines (Fig. 4G). Intratumoral heterogeneity in terms of GLS 
expression level was detected also in other SEM-type GC orga-
noids (SI Appendix, Fig. S7A). Consistently, clusters 2, 3, 7, and 
8 exhibited high EMT signatures and low ROS pathway enrich-
ment scores (Fig. 4H and SI Appendix, Fig. S7B).

We next investigated the drug response of each cluster (Fig. 4I). 
In terms of cell number, GLS inhibition did not affect the popu-
lation of each cluster (Fig. 4J). Analysis of patient-derived cancer 
organoids as a bulk tumor confirmed the upregulation of 
PHGDH, SHMT2, ATF4, and CEBPB with GLS inhibition 
(Fig. 4K). As GLS inhibition induces activation of the salvage 
pathway led by ATF4 and CEBPB, CB839 treatment up-regulated 
the expression levels of ATF4, and CEBPB, specifically in 
EMT-type clusters (SI Appendix, Fig. S7C). Reconstruction of the 
gene regulatory network using SCENIC determined that the activ-
ity of the ATF4 and CEBPB regulon, which denotes a gene reg-
ulatory network with significant motif enrichment, increased 
upon GLS inhibition in only EMT-type cell clusters (Fig. 4L). 
The increase in expression levels of PHGDH and SHMT2, as well 
as GLS and MTHFD2, was also apparent in EMT-type clusters 
(SI Appendix, Fig. S7D).

Combinatorial Inhibition of GLS and PHGDH Simultaneously 
Targets Cell Subpopulations Including Stemness-High Cancer 
Cells. Although PHGDH is essential for cell proliferation (31), 
each cancer cell has a different growth rate (32). Indeed, the 
expression of cyclin-dependent kinase 4 (CDK4) in patient-
derived cancer organoids has been detected in non-EMT type 
clusters (SI  Appendix, Fig.  S7E). Along with a wide range of 
vulnerabilities to PHGDH inhibition, EMT-type cell clusters 
show resistance to NCT503 (SI Appendix, Fig. S7F). In particular, 
Cluster 3 was not affected by PHGDH inhibition while up-
regulating its EMT signature (SI  Appendix, Fig.  S7G). Thus, 
intratumoral heterogeneity was observed in patient-derived cancer 
organoids with diverse cellular metabolism and drug sensitivity, 
and the inhibition of GLS appeared to activate the ATF4/CEBPB-
mediated transcriptional network in EMT-type cell clusters.

We further evaluated key factors related to the intratumoral 
heterogeneity, attempting to find an effective treatment strategy 
that would target every cell cluster. EMT-type cancer cells demon-
strate high plasticity, which is known to be associated with the 
acquisition of stem-like traits (33). As expected, the signaling 
entropy rate which estimates differentiation potency of individual 
cells was remarkably high in EMT-type clusters 2, 3, 7, and 8 
(Fig. 5A). Analysis of developmental lineages using RNA velocity 
(34) and trajectory inference with Slingshot (35) also indicate high 
lineage potency in clusters 2, 3, 7, and 8 (Fig. 5B and SI Appendix, 
Fig. S8A).

The Wingless-INT (WNT) signaling pathway promotes 
self-renewal activity in various types of cells including tumor cells 
(36), while also being involved in inducing EMT in tumors (37). 
In addition, WNT signaling is a critical pathway for retaining the 
stemness of the organoid (38). We found that the GSVA enrich-
ment score for the WNT/β-catenin signaling pathway was mark-
edly high in EMT-type clusters 2, 3, 7, and 8 (Fig. 5C). Analysis 
of cell-to-cell communication via CellChat revealed active signa-
ling communication among EMT-type cell clusters via the inferred 
WNT signaling network (Fig. 5 D–F and SI Appendix, Fig. S8B). 
Cluster 3 showed the highest communication probability (Fig. 5F). 
In contrast, non-EMT type cell clusters showed active communi-
cation through the macrophage migration inhibitory factor signaling 

pathway, which enhances tumor growth (39), and protease-activated 
receptors’ (PARs) signaling pathway (SI Appendix, Fig. S8C). Gene 
markers of cluster 3 include a well-known intestinal stem cell marker, 
LGR5, which is a WNT signaling pathway signature gene (12, 40) 
(Fig. 5G). CD44 is a prominent WNT signaling target as well as 
a cancer stem cell marker (14). We found that CD44-positive cells 
were present even after the treatment only with a GLS inhibitor 
or PHGDH inhibitor (Fig. 5H). However, coinhibition of GLS 
and PHGDH successfully removed CD44-positive cells and 
decreased the number of cells across all cell clusters, compared to 
PHGDH inhibition alone, which failed to eradicate stemness-high 
cancer cells (Fig. 5H). Coinhibition of GLS and PHGDH was 
most successful in targeting the GLS-positive subpopulation of 
cells (Fig. 5H). GLS was also coexpressed with CD44 within the 
cancer organoid (Fig. 5I). Consistent with the patient-derived 
organoid data, SEM-type GC patients showed the highest CD44 
expression (Fig. 5J). ATAC-sequencing results also demonstrated 
a higher degree of chromatin openness in HS746T in the pro-
moter regions of CD44 and GLS (Fig. 5K). In TCGA stomach 
adenocarcinoma data, we found that patients with elevated levels 
of CD44 and GLS had a significantly worse outcome in terms of 
disease-specific survival, validating our findings in a separate 
cohort (Fig. 5L).

Discussion

On the basis of the difference in gene expression involved in gly-
colysis and glutaminolysis between intestinal and SEM-type GC, 
we examined the subtype-specific metabolic pathways in GC 
under nutrient stress, such as glutamine starvation. Although 
SEM-type GC has been predicted to be vulnerable to GLS inhi-
bition or glutamine starvation, we reveal that ATF4/CEBPB acti-
vates the PHGDH-driven salvage pathway to protect stemness-high 
cancer cells against mitochondrial ROS in metabolic stress such 
as glutamine starvation or GLS inhibition (Fig. 6).

An emerging view is that the development of anticancer drugs 
targeting metabolic vulnerabilities of cancer would be a therapeutic 
strategy for cancer treatment. Numerous drugs targeting diverse 
aspects of nutrient transport and utilization are currently going 
through clinical trials for various cancers (41). Furthermore, met-
abolic alterations have been shown to play pivotal roles in the sen-
sitivity of cancer cells to first-line chemotherapy. Cisplatin-resistant 
cancer cells have been reported to exhibit dependency on glutamine 
for nucleotide biosynthesis (42). Also, cancer cells meet metabol-
ically harsh environment during the course of tumor metastasis. 
SEM-type GC cells, which are experts in invasion, are expected to 
have enhanced level of metabolic reprogramming for their survival 
under the course of metastasis. These findings highlight the poten-
tial of therapeutic strategies targeting the metabolic vulnerabilities 
of chemoresistant cancer cells by identification of key metabolic 
gene signatures.

SEM-type GC remains one of the most difficult GCs due to 
drug resistance to standard treatment guidelines. Exploiting met-
abolic vulnerability would be a promising therapeutic strategy for 
the treatment of SEM-type GC. Although its gene signature pre-
dicted sensitivity to GLS inhibition in SEM-type GC, the 
SEM-type GC cells showed strong resistance to GLS inhibition 
or glutamate starvation due to upregulation of the PHGDH-driven 
salvage pathway. In accordance with our findings, a recent study 
has also shown that single-drug treatment targeting GLS with 
CB-839 only exhibited a very limited antitumor effect in 
glutamine-dependent liver cancer cells (43). Impressively, CB-839 
treatment has been shown to increase metabolic vulnerability in 
glutamine-dependent liver cancer with antimetabolic drugs, 

http://www.pnas.org/lookup/doi/10.1073/pnas.2217826120#supplementary-materials
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Fig. 5. Coinhibition of GLS and PHGDH shows high efficacy in targeting stemness-high cell clusters. (A) Single-cell entropy (SCENT) analysis. Signaling entropy 
at the single-cell level was estimated across a population of cells and colored corresponding to the score in the UMAP plot. (B) Inferred cell lineage with 
Slingshot (C) GSVA was performed with WNT β-catenin signaling pathway from MsigDB v7.4. (D) A heatmap showing the relative importance of each cell cluster 
based on the computed four network centrality measures of the WNT signaling network. (E) Hierarchical plot showing the inferred intracellular network for 
the WNT signaling pathway. The color of the circles differs among clusters, and the edge width indicates the communication probability. (F) Inferred WNT 
signaling network with edge width representing the communication probability. (G) The expression level of LGR5 was plotted on the corresponding UMAP. 
(H) The expression levels of CD44 and GLS were plotted on the corresponding UMAP. (I) CD44 and GLS were coplotted on the corresponding UMAP with 
color intensity corresponding to the expression level. (J) The expression level of CD44 is compared according to the subtype in the Yonsei cohort: mixed  
(n = 99), gastric (n = 89), SEM (n = 117), intestinal (n = 102), and inflammatory (n = 90). (K) The genome browser shows ATAC-seq profiles in the promoter 
region of CD44 and GLS in HS746T and NCIN87, respectively. (L) Kaplan–Meier plot for CD44high/GLShigh (n = 37) and CD44low/GLSlow group (n = 62) in TCGA 
stomach adenocarcinoma cohort. One hundred and fifty tumor samples with highest or lowest gene expression were marked as high or low, resulting in the 
CD44high/GLShigh and CD44low/GLSlow group. Logrank P = 0.019. ns, no significance, ****P < 0.0001, Wilcox test for J.
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including OXPHOS inhibitors, PPP inhibitors, and PHGDH 
inhibitors (43). In our study, combinatorial inhibition of GLS 
and PHGDH was able to decrease the tumor burden significantly 
in in vivo model with peritoneal metastasis, which is a debilitating 
form of metastasis in advanced GC. These results clearly indicate 
that concomitant inhibition of GLS and PHGDH represents a 
therapeutic strategy for the treatment of refractory tumors like 
SEM-type GC.

Most cancer cells proliferate rapidly using glycolysis. Since serine 
replenishes the 1C unit used in the folate cycle, PHGDH diverts 
part of the glycolytic flux into the de novo serine synthesis pathway 
to facilitate the folate cycle and support oligonucleotide synthesis 
(15, 44). Accordingly, PHGDH which catalyzes the rate-limiting 
step of de novo serine synthesis has been widely studied due to its 
protumorigenic effects (31, 45). However, little is known about the 
role of PHGDH in slow-growing cancer cells, such as dormant 
cancer cells, which do not rely much on glycolysis. In fact, PHGDH 
is turned “off” in SEM-type GC cells in stress-free conditions. This 
study reveals that cancer cells with mesenchymal features can turn 
PHGDH, SHMT2, and MTHFD2 “on” under metabolic stress to 
control ROS. It has been reported that GLS inhibition in hepato-
cellular carcinoma attenuated stemness by increasing cellular ROS, 
which subsequently suppresses the WNT/beta-catenin pathway 
(46). However, SEM-type GC cells were able to maintain ROS 
homeostasis and stemness via activation of a PHGDH-driven mito-
chondrial folate cycle.

During cancer progression, cancer cells face a metabolically harsh 
environment. Due to limited nutrient supplies, intermediate metab-
olites are alternatively consumed for ATP production, putting an 
emphasis on ROS production rather than ROS elimination (47). 
Our results point to the role of the PHGDH-driven salvage pathway 
as the central antioxidant system of stemness-high GC cells under 
glutamine starvation. To explore the reasons for the rapid response 
detected only in SEM-type GC cell lines upon the same metabolic 
stress, we profiled the chromatin accessibility of two different sub-
types of GC cell lines. As stem cells have an open chromatin devoid 
of heterochromatin as a hallmark (48), the SEM-type GC cell line 
showed a high degree of chromatin accessibility and further increase 

in openness upon glutamine starvation. This key feature in chro-
matin architecture activates the ATF4/CEBPB-driven gene regula-
tory network and subsequent gene expression regulatory program 
(49). As chromatin architecture has been known to be associated 
with chemotherapy-induced dormancy and drug resistance (50), 
targeting chromatin structure could represent a method to eliminate 
remnant cancer cells after chemotherapy or to resensitize cancer 
cells to anticancer drugs. Their high chromatin accessibility allows 
SEM-type GC cells to activate the salvage pathway, enabling suc-
cessful defense against oxidative stress and survive under metabol-
ically stressful condition.

In summary, we have deciphered in detail the molecular char-
acteristics of SEM-type GC cells including their chromatin struc-
ture, gene signatures, and defense mechanism to environmental 
stress. We propose the necessity of combination therapy that 
simultaneously targets GLS and PHGDH for the treatment of 
chemoresistant SEM-type GC.

Materials and Methods

Clinical Cohort. Fresh frozen tumor tissues and matched clinical data were 
obtained from patients with GC who had undergone curative intent gastrectomy 
at the Yonsei Cancer Center (Seoul, Republic of Korea). This study was approved 
by the institutional review board of Severance. All samples were collected after 
obtaining written informed consent from the patients. With collected samples, we 
generated two batches of cohort data set (n = 497; GSE13861 and GSE84437; 
Illumina HUmanHT-12 v3.0 Expression BeadChip array).

Transcriptome Analysis and Patient Annotation. Analyses were conducted 
in the R language environment. Datasets were merged using the “Combatting 
Batch Effects When Combining Batches of Gene Expression Microarray Data 
(ComBat)” analysis method. Unsupervised clustering was conducted with the 
R package “Algorithms and Framework for Nonnegative Matrix Factorization”. 
For annotation of subtypes, the gene set enrichment analysis was performed 
using the R “GSEABase” package and predefined gene sets from the Molecular 
Signature Database (MSigDB; www.broadinstitute.org/msigdb).

Data, Materials, and Software Availability. The data relevant to the manu-
script are uploaded for public access. Single-cell nuclei RNA sequencing analysis 
of the patient-derived GC organoid is deposited in Gene Expression Omnibus with 

Fig. 6. The proposed model of how SEM-type GC cells survive in glutamine starvation or GLS inhibition.

www.broadinstitute.org/msigdb
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the accession number GSE196836 (51), and ATAC sequencing, ChIP sequencing, 
and RNA sequencing data are deposited in NCBI Sequence Read Archive with the 
BioProject ID PRJNA808205.
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