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ESRRG-PKM2 axis reprograms metabolism o

to suppress esophageal squamous carcinoma
progression and enhance anti-PD-1 therapy
efficacy
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Abstract

Background Glycolysis under normoxic conditions, known as the Warburg effect, confers a selective advantage
for the survival and proliferation of many tumors. In this study, we investigated the role of estrogen-related receptor
gamma (ESRRG) in metabolic reprogramming in esophageal squamous cell carcinoma (ESCC).

Methods Bioinformatics analysis indicated that ESRRG expression was decreased in ESCC tissue and associated

with poor clinical outcomes. We also examined the effects of altered ESRRG expression on the proliferation and meta-
bolic reprogramming of ESCC cells. We explored the impact of ESRRG on Pyruvate kinase M2 (PKM2) expression

and malignant behavior in ESCC.

Results Our study revealed the inhibitory effects of ESRRG on the growth, tumorigenesis, and glycolysis activity

of ESCC cells, which were mediated by the downregulation of PKM2 expression. We further demonstrated that ESRRG
directly interacts with the PKM2 promoter to inhibit its activity in ESCC. Notably, the ESRRG-specific agonist, DY131,
inhibited ESCC cell proliferation and glycolysis activity by modulating genes in the glycolysis pathway. Moreover,

we verified that DY 131 exhibits enhanced activity as an immune checkpoint inhibitor, considering the significance

of the ESRRG-PKM2 axis in the lactate regulation of ESCC cells.

Conclusion Our findings provide novel insights into the role of ESRRG-PKM2 signaling in regulating ESCC cell
metabolism and immune checkpoint regulation. Additionally, we suggest that DY131 holds promise as a promising
therapeutic agent for ESCC treatment.
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Introduction

Esophageal carcinoma currently ranks as the seventh
most prevalent malignant tumor globally. Global cancer
statistics from 2018 reported over 456,000 new esopha-
geal cancer cases and 300,000 deaths, accounting for 3.2%
of cancer cases and 5.3% of total deaths [1]. Esophageal
squamous cell carcinoma (ESCC) is the predominant
histologic subtype of esophageal cancer, with the high-
est incidence rate in East Asia [2]. Esophagectomy is
currently the primary treatment approach for ESCC.
However, due to the insidious and aggressive nature of
early ESCC symptoms, only a small subset of patients
can undergo surgical treatment [3]. Consequently, radi-
otherapy and chemotherapy are standard treatment
approaches for moderate and advanced ESCC patients.
However, the overall survival rate remains unsatisfac-
tory [4, 5]. The limited treatment options for ESCC pri-
marily stem from a lack of in-depth understanding of
the biology and pathogenesis of this particular cancer
type. Therefore, exploring the underlying mechanisms of
ESCC pathology is crucial for identifying potential thera-
peutic targets.

Cancer cell growth is associated with metabolic repro-
gramming, and is considered one of the hallmarks of
cancer [6]. Aerobic glycolysis, a characteristic metabolic
reprogramming process, results in higher glycolysis rates
in tumor cells than in adjacent tissues, even in the pres-
ence of oxygen [7, 8]. Prior research has demonstrated
that pyruvate kinase M2 (PKM?2), the final rate-limiting
enzyme of glycolysis, is predominantly expressed in
various cancers, thus providing selective growth advan-
tages over its counterpart, PKM1 [9, 10]. Elevated PKM2
expression enhances glucose uptake, lactate production,
and autophagy inhibition, thus promoting oncogenic
growth [11]. A recent study found that PKM2 expres-
sion in ESCC tissues was significantly upregulated com-
pared to adjacent noncancerous tissues, and high PKM2
expression levels were associated with a poor prognosis
in ESCC patients [12].

Estrogen-related receptors (ERRs) are a family of
orphan nuclear receptors comprising ESRRA (NR3B1),
ESRRB (NR3B2), and ESRRG (NR3B3), which have been
implicated in regulating gene expression involved in a
wide array of cellular processes [13]. ESRRG was initially
identified through yeast two-hybrid screening as inter-
acting with the transcriptional coactivator glucocorticoid
receptor interacting protein 1 (GRIP1) [14]. The expres-
sion pattern of ESRRG is distinguished by its high levels
in fetal and adult human tissues with increased metabolic
demands, including the brain, skeletal muscle, placenta,
heart and liver [13, 15]. Evidence suggests that ESRRG
has a critical role in modulating mitochondrial biogen-
esis and cellular energy homeostasis [16]. In addition
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to its importance in metabolic diseases, recent studies
have demonstrated that ESRRG expression is correlated
with clinical outcomes in various cancer types, drawing
increasing attention from oncologists. High expression
of ESRRG has been associated with a favorable clinical
prognosis in both ovarian and breast cancers [17, 18].
Inhibition of ESRRG expression in breast cancer cells
significantly downregulated three carboxylic acid-related
genes. It decreased oxygen consumption in tumor cells,
increasing extracellular lactate concentration and pro-
moting tumor cell proliferation [19]. Several researchers
have proposed that ESRRG may be a potential thera-
peutic target for gastric and prostate cancers [20, 21].
Considering the strong association between ESRRG
expression and cancer prognosis and its crucial role in
cell metabolism, ESRRG has emerged as a promising tar-
get for cancer diagnosis and therapy.

In this study, we observed a significant reduction in
ESRRG expression in ESCC tissues compared to adja-
cent noncancerous tissues, and found that low levels of
ESRRG were associated with a poor prognosis in ESCC
patients. The data revealed a direct interaction between
ESRRG and the PKM promoter, leading to increased
activity in ESCC cells. We also demonstrated that both
ESRRG and its specific agonist, DY131, suppressed
ESCC cell growth by inhibiting the Warburg effect and
enhanced the efficacy of immune checkpoint inhibitors.
These findings offer valuable insights into the molecular
mechanisms underlying ESCC progression and suggest
that activating ESRRG may serve as a potential therapeu-
tic strategy for ESCC patients.

Materials and methods

Patients and specimens

This study collected human ESCC tissues and their
paired para-carcinoma esophagus tissues from patients
at Huashan Hospital, Fudan University, Shanghai, China,
from 2016 to 2022. The para-carcinoma esophagus tis-
sues were obtained at least 1 cm away from the tumor
border and confirmed to be free of tumor cells by micros-
copy. To assess the expression level of ESRRG in tumor
vs. para-carcinoma tissues and to analyze prognosis,
we employed real-time PCR, western blot, and immu-
nohistochemistry (IHC). This study was approved by
the Huashan Hospital Ethics Committee, and written
informed consent was obtained from all patients.

Gene expression data analysis

The gene expression data used from the TCGA-ESCC
and NCBI GEO databases are publicly available (Acces-
sion numbers GSE38129 [22], GSE45670 [23] and
GSE53625 [24]). These data were downloaded using BRB
array tools for further analysis [25].
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Cell culture

The human esophageal squamous carcinoma cell lines
KYSE 150, KYSE 510, KYSE520, ECal09, and TE1, as well
as the human esophageal epithelial cell line HECC, were
provided by the Chinese Academy of Sciences Cell Bank
Type Culture Collection (Shanghai, China). The murine
esophageal cancer cell lines AKR were obtained from
the ATCC. KYSE 150, KYSE520, ECal09, TE1, and AKR
were cultured in RPMI-1640 medium supplemented with
10% fetal bovine serum (FBS, Yeasen Biological Tech-
nology Co., Ltd) and 100 U/ml penicillin/streptomycin
(Wisent). KYSE 510 was cultured in a mixed medium
of 50% F12 (Hyclone) and 50% RPMI-1640. HECC was
cultured in high glucose Minimum Essential Medium
(MEM, Hyclone) with the same supplements. All of the
cell lines were maintained in a CO, incubator at 37 °C
with a humidified atmosphere of 5% CO,, and 95% air.

Reagents

DY131 (selective ESRRG agonist, HY-15483), oligomy-
cin (HY-N6782), carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone (HY-100410), glucose (HY-B0389) and
2-deoxyglucose (HY-13966) were purchased from Med
Chem Express (USA) and dissolved in DMSO. These rea-
gents were stored at — 20 °C.

Virus production and small interfering RNA

The lentiviral expression system was utilized to inves-
tigate ESRRG overexpression or knockdown. Lentivi-
ral vectors of ESRRG negative control were obtained
from GeneChem Co (Shanghai, China). The ESCC cells
(6x10°) were seeded on six-well plates and infected
with the ESRRG or negative control lentiviral vector in
2 mL of culture medium at a multiplicity of infection of
35 plaque-forming units per cell. This was followed by
adding 10 times the volume of virus-enhanced infection
solution. After an 8-h incubation period, the medium
was replaced with 2 mL of fresh medium containing 10%
FBS and 1% antibiotic—antimycotic. Stable ESRRG-over-
expressing or knockdown cell lines were selected with
1 pg/ml puromycin (Invitrogen, A1113802). The cells
were trypsinized after 72 h and prepared for Western
blot or qRT-PCR analysis. Similarly, PKM knockdown
was determined using the lentiviral expression system.
The PKM and negative control vectors were obtained
from GeneChem Co (Shanghai, China).

Cell viability assay

Cell viability was assessed using the Cell Counting Kit-8
(Proteintech Group, Inc, USA) in 96-well plates. Initially,
6x10% ESCC cells were seeded per well and incubated
under standard culture conditions for 24 h. Following the
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manufacturer’s instructions, 10 ul of CCK-8 solution was
added to each well and incubated for 1 h at 37 °C. The
optical density (OD) values at 450 nm were measured
using a microplate reader (Biotek, Winooski, VT, USA).
Each experiment was conducted three times with five
replicates.

Colony formation assay

To assess cell proliferation, a colony formation assay was
performed by plating ESCC cells (1x10° cells/well) in
6-well plates and incubating them under standard cul-
ture conditions for 7 days. After fixing the cells with 4%
paraformaldehyde, 0.1% crystal violet was used to stain
the cells for 30 min. The stained colonies were captured,
and the number of clones was calculated using Image]
software.

EdU assay

To evaluate DNA synthesis, the EQU assay was conducted
on ESCC cells seeded in 6-well plates (1x10° cells/well)
and cultivated overnight. These cells were then incubated
with 50 umol/L EdU (Servicebio, Wuhan, China) for 2 h
and stained according to the manufacturer’s instruc-
tions. Images were captured using a fluorescence micro-
scope (Nikon, Japan), and the percentage of EQU-positive
cells was calculated from five random fields in three
wells using Image] software. DAPI was used to label the
nucleus, which appears blue.

Organoid culture

To obtain patient-derived organoids, single-cell suspen-
sions were prepared by enzymatically digesting fresh
ESCC tissues, followed by incubation with 200 U/ml
deoxyribonuclease I (Roche, Indianapolis, IN) and colla-
genase type IV (Sigma, St. Louis, MO) for 1 h at 37 °C.
Subsequently, cells were filtered using sterile gauze and
100-mm nylon mesh, then plated in Matrigel (BD) and
cultured in DMEM/F12 medium supplemented with
1xN-2 (Life Technologies, 17,502,048), 1xB-27 (Life
Technologies, 17504044), 1x Glutamax (Life Technolo-
gies), 10 mmol/L HEPES/NaOH (pH 7.4), 50 ng/mL EGF
(R&D Systems, 236-EG), 100 ng/mL Noggin (R&D Sys-
tems, 1967-NG), 100 ng/mL R-Spondin 1 (R&D Systems,
7150-RS), 100 ng/mL FGF10 (PeproTech, 100-26), and
10 mmol/L Y27632 (WAKO, 253-00513). Approximately
2000 cells were plated per well on day 1 for organoid for-
mation assays, and the number and diameter sizes of the
organoids were detected and compared on day 14.

Measurement of glucose uptake, lactate production,
pyruvate and ATP content

ESCC cells (1x10° were seeded into a 6-well plate and
cultured for 24 h until cells adhered. ATP and pyruvate
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levels were assessed as per the ATP Assay kit and Pyru-
vate Assay kit instructions (Sangon Biotech, Shangahi
China). To measure glucose and lactate concentrations,
the culture medium was swapped with phenol-red free
DMEM containing 1% FBS for another 24 h, after which
the medium was collected. Glucose uptake was evaluated
using a kit (Abcam, USA), while the consumed glucose
level was determined by subtracting the detected glucose
concentration in the medium from the initial one. The
lactate production assessment followed the Lactate Assay
kit instructions (Sangon Biotech, Shanghai, China). The
obtained results were adjusted based on cell numbers to
ensure accuracy.

Assays of ECAR and OCR

We seeded 10,000 cells per well in 96-well plates and
treated them according to the instructions. Following
that, cells were treated with extracellular acidification
rate (ECAR) reagents as directed by the manufacturer
(ab197244, Abcam, UK). Micro-plate readers (Victor,
3 PerkinElmer) collected ECAR signals every 5 min for
120 min using 380 nm excitation and 615 nm emission
wavelengths, respectively. Then, the oxygen consump-
tion rate (OCR) was measured using a Seahorse XF24
Analyzer (Seahorse). An equilibration medium contain-
ing 25 mM glucose, 1 mM pyruvate, and 2 mM glutamine
was used to equilibrate cells in a bicarbonate-free DMEM
medium. All measurements were done in 3 wells per con-
dition per experiment and repeated at least thrice [26].

Western blot analysis

Western blotting was performed following previously
described methods. ESRRG (Proteintech, Cat No. 14017-
1-AP), PKM2 (Cell Signaling Technology, Cat No. 4053),
B-actin (Cell Signaling Technology, Cat No. 4970), CD8
(Cell Signaling Technology, Cat No. 85336), and GAPDH
(Santa Cruz Biotechnology, Cat No. sc47724) were used
as primary antibodies. The primary antibodies were fol-
lowed by appropriate secondary antibodies conjugated
to horseradish peroxidase. Antibody-protein complexes
were detected using an enhanced chemiluminescence
(ECL) immunoblotting detection reagent. The signals
were analyzed using a LAS-3000 image analyzer and
MultiGauge software (Fuji Film). Densitometric analy-
sis of Western blot results was performed with Image]
software.

Quantitative real-time polymerase chain reaction

Total RNA was extracted from cells using the Trizol rea-
gent and Ultrapure RNA kit (CW Biotech, China) accord-
ing to the manufacturer’s instructions. The Superscript
reverse transcription system (Takara, Dalian, Japan) was
used to reverse-transcribe 2 pg of total RNA into cDNA.
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The ABI 7500 Real-Time PCR system (Applied Biosys-
tems, Foster City, CA, USA) was employed to perform
quantitative real-time reverse transcription polymerase
chain reaction (RT-PCR) reactions using SYBR Green
PCR master mix reagents (Takara, Dalian, Japan). The
primer sequences were selected from the RTPrimerDB
database  (http://medgen.ugent.be/rtprimerdb/). The
relative quantification of the target gene was calculated
using the 2-AACt method, normalized to B-actin gene
expression.

RNA-Seq and data analysis

Total RNA was extracted from TE1 cells with ESRRG
overexpression and control cells using Trizol reagent
(Invitrogen, Carlsbad) following the manufacturer’s pro-
tocol. The quality and quantity of RNA were assessed
using a NanoDrop ND-1000 spectrophotometer. The
c¢DNA library was prepared using the MGI Stranded
RNA-Seq Library Preparation Kit according to the manu-
facturer’s instructions. RNA sequencing was performed
on an MGI MGISEQ-2000 system following the manu-
facturer’s guidelines. To gain further insight into the
biological pathways involved in ESCC related to ESRRG,
gene set enrichment analysis (GSEA) was conducted.

Dual-luciferase assays

Dual-luciferase assays were performed to evaluate the
activity of the—1900 to+50 regions of the PKM pro-
moter. Cells were transfected with plasmids containing a
single fragment in the region to control luciferase expres-
sion and a Renilla luciferase reporter for 24 h. The firefly
and Renilla luciferase activity levels were measured using
the Dual-Luciferase Reporter Assay System (Promega).

Histopathology and immunohistochemistry

To evaluate ESRRG expression in patient tissue sec-
tions, the sections were subjected to antigen retrieval by
heating in a microwave oven at 100 °C for 15 min using
citrate buffer (pH 6.0) after deparaffinization and rehy-
dration. The sections were then incubated overnight
at 4 °C with an ESRRG antibody (1:200) or PKM2 anti-
body (1:500). Subsequently, a secondary antibody (goat
anti-rabbit conjugated to horseradish peroxidase, 1:200;
#ab97051, Abcam) was applied to the sections for 1 h
at room temperature. The sections were stained using
3,3’ -diaminobenzidine tetrahydrochloride (Longisland,
Shanghai, China), and the expression of ESRRG was
assessed based on staining intensity and extent. Staining
intensity was scored as 0 (negative), 1 (weak), 2 (moder-
ate), or 3 (strong), while extent was scored based on the
percentage of positively stained cells: 0 (0%), 1 (1-25%),
2 (26—-50%), or 3 (51-75%). The expression score was cal-
culated by multiplying the intensity and extent scores.
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Immunohistological analysis was performed using
paraffin-embedded sections according to the manufac-
turer’s instructions to assess anti-PKM2 and anti-CD8
expression for tumor tissues obtained from mice-bearing
tumors. Subsequently, major organs were subjected to
histological examination using hematoxylin/eosin (HE)
staining. Mice were euthanized at the end of the treat-
ment prior to the examination.

Single-cell preparation from tumor tissue and flow
cytometry analysis

Following the sacrifice of mice, subcutaneous tumor tis-
sues were immediately minced and processed for single-
cell analysis using the tumor dissociation kit following
the manufacturer’s instructions (Miltenyi Biotec). The
minced tissues underwent an initial filtration step, and
red blood cell lysis before tumor-infiltrating leukocytes
were isolated using gradient centrifugation with Percoll
(GE Healthcare). Single-cell suspensions were prepared,
and Fc block (BioLegend) was used for blocking. Flow
cytometry analysis was performed, and immune popu-
lations were stained with antibodies, including CD45,
CD3, CD4, CD8, and NK-1.1. Additionally, intracellular
markers such as Foxp3 and Granzyme B were stained,
and intracellular cytokine levels were assessed after
incubation with Cell Stimulation Cocktail (Invitrogen)
and staining for IFN-y following fixation and permeabi-
lization. The gating strategy for flow cytometry analysis
of lymphoid and myeloid populations in AKR tumors is
shown in Additional file 1: Fig. S9.

Esophageal squamous carcinoma xenografts

To establish human esophageal squamous carcinoma
cell xenografts, 2x10° ESCC cells suspended in PBS/
Matrigel were injected subcutaneously into the right
flank region of 6-week-old BALB/c nude mice. Tumor
growth was monitored every 5 days until the subcutane-
ous tumors reached an average size of over 100 mm?®. The
mice were weighed every 5 days to monitor their gen-
eral health. In pharmacological experiments, mice were
intraperitoneally treated with either DY131 (40 or 80 mg/
kg) or vehicle (1% DMSO+ddH,0) every 2 days for
25 days, starting on day 5 after tumor injection. For anti-
programmed death 1 (PD1) treatments, mice were intra-
peritoneally administered mouse anti-PD1 antibodies

(See figure on next page.)
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(100 pg per mouse) or IgG isotype control (BioXCell)
every 3 days for 25 days, beginning on day 5 after tumor
injection. All animal procedures were conducted follow-
ing the approved protocols of Fudan University’s Insti-
tutional Animal Care and Use Committee. Efforts were
made to minimize the animals’ distress, pain, or discom-
fort throughout the study.

Statistical analysis
Statistical analysis was performed using GraphPad Prism
7.0 and SPSS 16.0 software.

The Wilcoxon test was employed to assess the differ-
ences between two groups in the context of bioinformat-
ics data analysis. Group differences in both in vitro and
in vivo experiments were analyzed using a one-way anal-
ysis of variance (ANOVA) followed by Dunnett’s post hoc
test. Prior to analysis, the normality of data distribution
was assessed using the Kolmogorov—Smirnov test, and
the homogeneity of variances was assessed using Levene’s
test. The results indicated that all data from different
groups satisfied the normality and variance homogeneity
assumptions. Data are presented as mean + SD. A p-value
less than 0.05 was considered statistically significant.

Results

ESRRG was expressed at low levels in ESCC tissues

and was associated with a poor prognosis

To investigate the role of ESRRG in esophageal squamous
cell carcinoma (ESCC), we analyzed its expression in
various datasets, including TCGA-ESCC, GSE38129, and
GSE53625. Our analysis revealed a consistent downregu-
lation of ESRRG expression in ESCC tissues compared to
adjacent tissues (Fig. 1A). In contrast, the expression of
other members of the ERR family (ESRRA and ESRRB)
did not show a consistent trend in tumor and adjacent
tissues (Additional file 1: Fig. S1).

We further validated the decreased expression of
ESRRG in ESCC by analyzing 94 pairs of tumors and par-
acancerous tissues from ESCC patients using real-time
PCR. The results showed that 92.5% of tumor tissues
exhibited decreased mRNA levels of ESRRG compared
to paracancerous tissues, while only 7.5% of tumor tis-
sues showed increased ESRRG expression (Fig. 1B, C).
Western blot analysis (Fig. 1D) confirmed these find-
ings at the protein level. Next, we conducted an analysis

Fig. 1 Downregulation of ESRRG and prognostic significance in ESCC. A ESRRG expression in paired samples of tumor tissues and nontumorous
adjacent normal esophagus tissues from patients with esophageal squamous cell carcinoma (ESCC) in the TCGA and three GSE cohorts. B, C mRNA
levels of ESRRG were evaluated using quantitative real-time PCR in 94 paired samples from patients with ESCC. D 8 paired samples from patients
with ESCC were analyzed by Western blot. E Immunohistochemical staining for ESRRG was performed from patients with ESCC. F The correlation
between the IHC score of ESRRG and the level of tumor cell differentiation in 94 ESCC tissues. G Univariable analyses were conducted in the ESCC
cohort, where all bars were corresponded to 95% Cls. H Kaplan—-Meier analysis for OS was performed according to ESRRG mRNA levels. *P < 0.05

or **P <0.01 indicates significant differences from the normal group as assessed by Wilcox test
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to examine the potential associations between the IHC
score of ESRRG and the level of tumor cell differentia-
tion in a sample of 94 patients with ESCC. The findings
of our investigation revealed significant negative correla-
tion between the IHC score of ESRRG and the degree of
tumor differentiation among the patients (Fig. 1E, F).

We conducted further analysis to determine the clinical
significance of ESRRG downregulation in ESCC patients.
Univariate Cox analysis incorporating ESRRG expression,
age, gender, pathological stage, and tumor grade revealed
that ESRRG is an independent predictive marker for the
prognosis of ESCC (HR=0.064, 95% CI 0.012—0.335,
P<0.01, Fig. 1G). Kaplan—Meier analysis demonstrated
that ESCC patients with lower ESRRG expression had
worse overall survival (OS) compared to patients with
higher ESRRG levels (Fig. 1H). These findings suggest
that ESRRG may serve as a potential clinical biomarker
for predicting disease outcome in ESCC patients.

ESRRG suppresses proliferation of ESCC cells in vitro

and in vivo

To investigate the biological function of ESRRG in ESCC
cells, we first examined the mRNA and protein expres-
sion levels of ESRRG in different ESCC cell lines (Addi-
tional file 1: Fig. S2A, B). The findings indicate that the
mRNA and protein expression levels of ESRRG were sig-
nificantly elevated in normal esophageal epithelial cells
when compared to ESCC cells. Moreover, the expression
of ESRRG in ECA109 and KYSE510 cell lines was found
to be higher than that observed in TE1 and KYSE150
cell lines among the five ESCC lines examined. Based
on these results, we established stable models of ESRRG
knockdown in KYSE 510 and ECal09 cell lines, as well
as stable models of ESRRG overexpression in TE1 and
KYSE150 cell lines. The efficiency of ESRRG overexpres-
sion or knockdown in ESCC cell lines was confirmed
by real-time PCR and Western blot analysis (Additional
file 1: Fig. S3).

We observed that ESRRG overexpression significantly
inhibited cell viability, colony formation, and DNA syn-
thesis in ESCC cells (Fig. 2A, C, E). Conversely, silencing
ESRRG significantly promoted the proliferation of ESCC
cells compared to the control cells (Fig. 2B, C, F). We
also established an ESCC-specific organoid model from

(See figure on next page.)
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two different patients. We found that lentivirus-mediated
overexpression of ESRRG markedly inhibited ESCC cell
proliferation in the organoids, as quantified by organoid
sizes (Fig. 2D).

To assess the tumor suppressor function of ESRRG
in vivo, we subcutaneously injected the stable cell lines
into nude mice and monitored tumor growth. Consist-
ent with the in vitro results, ESRRG overexpression sup-
pressed tumor growth in nude mice compared to the
control group. In contrast, the knockdown of ESRRG
significantly enhanced xenograft tumor growth (Fig. 2G).
Additionally, tumor volume and weight were remarkably
decreased in ESRRG overexpression ESCC cells, while
ESRRG knockdown ESCC cells increased tumor volume
and weight compared to the control group (Fig. 2H).
These in vitro and in vivo findings indicate that ESRRG
inhibits the proliferation of ESCC cells and may play a
tumor-suppressive role in ESCC.

ESRRG inhibits ESCC progression by regulating Warburg
effect
Previous studies have demonstrated the involvement of
ESRRG in the regulation of metabolic reprogramming
in various cancer cells [20, 27]. We hypothesized that
the inhibition of ESCC cell growth by ESRRG is closely
related to its regulation of tumor cell metabolic repro-
gramming. To test this hypothesis, we compared key
cellular metabolic and bioenergetic parameters between
ESRRG overexpression ESCC cells or ESRRG knock-
down ESCC cells and control cells. The results showed
that ESRRG overexpression significantly increased the
maximal respiration of TE1 cells by 18.6% and reduced
the glycolytic capacity by 23.8% (Fig. 3A, B). Conversely,
ESRRG knockout significantly decreased maximal res-
piration by 40.7% and increased glycolytic capacity by
20.1% in ECal09 cells (Fig. 3C, D). Furthermore, ESRRG
overexpression led to increased intracellular ATP levels,
glucose uptake, and decreased pyruvate production and
extracellular lactate levels in TE1 cells (Fig. 3E). Con-
versely, ESRRG knockdown decreased intracellular ATP
levels, glucose uptake, and increased pyruvate produc-
tion and extracellular lactate levels (Fig. 3G).

2-DG is widely regarded as a glycolysis inhibi-
tor, making it a valuable tool for investigating the

Fig. 2 ESRRG suppresses proliferation of ESCC cells in vitro and in vivo. A, B Cell viability of ESCC cells with ESRRG overexpression or knockdown
compared to control vector group were analyzed using was determined by the CCK-8 assay (n=3). C Effects of ESCC cells with ESRRG
overexpression and knockdown compared to control vector group on colony formation (n=4). D The representative pictures of two independent
ESCC organoids transfected with ESRRG overexpression vectors or control lentivirus for 2 weeks were shown and quantified via organoid diameters
(n=10) E, F Effects of ESCC cells with ESRRG overexpression and knockdown on EDU assay (n=3). G Image of tumors isolated from nude mice
with tumor xenografts derived from the indicated groups. Effects of ESRRG overexpression or knockdown on tumorigenicity in nude mice. H
Tumour volumes were monitored at indicated time points. I The weight of tumours was measured at time of sacrificed (n=5). Values are presented
as mean+SD. *P <0.05 or **P <0.01 indicates significant differences from the vehicle group as assessed by a one-way ANOVA with a post hoc

Dunnett’s test
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Fig. 3 ESRRG inhibits ESCC progression by regulating Warburg effect. A-D Effects of ESRRG on oxygen consumption ratio (OCR) and extracellular
acid ratio (ECAR) in ESCC cells. ATP production, lactate production, pyruvate production and glucose consumption in TE1 cells with ESRRG
overexpression E and ECa109 cells with ESRRG knockdown G compared to relative control cells. F Effects of 2-DG on the DNA synthesis of TE1
and ECa109 cells. Values are presented as mean+SD (n=3). *P <0.05 or **P <0.01 indicates significant differences from the vehicle group

as assessed by a one-way ANOVA with a post hoc Dunnett’s test

potential involvement of glycolytic effects in the mod-
ulation of aberrant cellular functions. To further con-
firm whether the Warburg effect regulates the growth
of ESCC cells, TEl-vector and ECal09-shESRRG cells
were treated with different concentrations of 2-DG (0,
4, 8 mM) for 48 h, and the extracellular lactate levels
and cell DNA synthesis ability were evaluated. The
results demonstrated that 2-DG significantly inhibited

the concentration of extracellular lactate levels in both
TE1-vector and ECal09-shESRRG cells in a dose-
dependent manner (Fig. 3E, G). Moreover, the DNA
synthesis of TEl-vector and ECal09-shESRRG cells
also decreased with increasing 2-DG concentration
(Fig. 3EF, H). These findings confirm that ESRRG inhibits
tumor cell growth by suppressing the Warburg effect in
ESCC cell lines in vitro.
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ESRRG inhibits the expression of key glycolytic enzyme
PKM2 in ESCC cells

To gain further insight into the mechanism by which
ESRRG regulates glycolytic activity and cell growth in
ESCC, we conducted RNA-sequence analysis to examine
the transcriptional changes in TE1 cells overexpressing
ESRRG. Our data revealed 2829 differentially expressed
genes (DEGs), with 1761 genes upregulated and 1068
genes down-regulated in ESRRG overexpression TE1
cells (Log,FC>1 and adjusted p-value<0.01, Additional
file 1: Fig. S4A). We performed gene set enrichment anal-
ysis (GSEA) to investigate the impact of these transcrip-
tomic changes on biological pathways and functions.
The results indicated a significant negative correlation
between ESRRG and the glycolysis pathway in TE1 cells
(Additional file 1: Fig. S4B).

Based on these findings, we observed a signifi-
cant decrease in the expression of eight hub glycolytic
genes, including ALDOA, TPI1, PKM, ENO1, GAPDH,
GPIL, PFKM, and LDHA, upon ESRRG overexpression
(Fig. 4A, B). To further explore the relationship between
ESRRG and glycolysis-related genes, we analyzed the
TCGA database. We found a significant negative corre-
lation between ESRRG mRNA expression and the levels
of LDHA, ALDOA, PKM, HK2, TPI1, and GAPDH in
ESCC tissues (Fig. 4C).

We specifically focused on the expression of PKM and
found that its mRNA levels were prominently altered
in TE1 and ECal09 cells following ESRRG overexpres-
sion or knockdown (Fig. 4D). Moreover, we investi-
gated the expression of PKM2 in 94 pairs of ESCC tissue
specimens. We observed a significant increase in PKM2
mRNA levels in tumor tissues, which exhibited a negative
correlation with ESRRG expression (Fig. 4E).

To determine if ESRRG directly induces PKM expres-
sion in ESCC cells, we co-transfected the PKM promoter
constructs (PKM-WT-Luc, PKM-MT1-Luc, PKM-MT2-
Luc) with the ESRRG expression plasmid into 293 T and
TE1 cells (Fig. 4F). The luciferase reporter assay revealed
that transfection with PKM-WT-Luc significantly
enhanced luciferase promoter activity, while transfec-
tion with PKM-MT1-Luc, but not PKM-MT2-Luc, sig-
nificantly reduced luciferase promoter activity (p<0.01,
Fig. 4G). These results strongly indicate that ESRRG
directly binds to the PKM promoter and induces PKM
transcription in these cell lines.

Furthermore, Western blot analysis showed that
ESRRG overexpression significantly decreased the
expression of PKM2 in TE1 and KYSE150 cells, whereas
silencing ESRRG increased PKM2 expression in KYSE150
and ECal09 cells (Fig. 4H). Immunohistochemical stain-
ing and Western blot analysis of xenograft tumor tissues
from previous nude mice experiments yielded similar
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results, with ESRRG overexpression decreasing PKM2
expression and ESRRG knockdown increasing PKM2
expression (Fig. 41, J). These findings suggest that ESRRG
may suppress PKM2 expression to regulate glycolytic
activity in ESCC cells.

PKM is essential for ESRRG to inhibits tumor growth

and glycolysis activity in ESCC cells

To investigate whether the inhibition of glycolysis activ-
ity and tumor growth by ESRRG is mediated through
PKM, we performed knockdown of PKM in ECal09
and KYSE510 cells. We confirmed its efficiency by real-
time PCR and Western blot (Additional file 1: Fig. S5).
As shown in Fig. 5A-C, silencing PKM attenuated the
inhibitory effects of ESRRG overexpression on cell viabil-
ity, colony formation, and DNA synthesis in ESCC cells.
Similarly, inhibition of PKM also abrogated the increased
glycolytic capacity caused by ESRRG knockdown (Addi-
tional file 1: Fig. S6A, B). Moreover, the regulatory effects
of ESRRG on intracellular ATP levels, glucose uptake,
pyruvate production, and extracellular lactate levels
in ESCC cells were significantly weakened after PKM
knockdown (Additional file 1: Fig. SGE-H). In an in vivo
assay using a xenograft mouse model, the promotion of
tumor growth induced by ESRRG knockdown was par-
tially offset by the silencing of PKM (Fig. 5E-G). These
results validate that ESRRG suppresses ESCC cell growth
by downregulating PKM expression and inhibiting glyco-
lysis activity.

ESRRG selective agonist, DY131, suppressed glycolysis

and tumor growth in ESCC cells

Previous results have confirmed that ESRRG effectively
inhibits the growth of ESCC cells by inhibiting the gly-
colysis pathway. Based on this, we evaluated the efficacy
of the ESRRG selective agonist DY131 on ESCC cells.
The results showed that DY131 exhibited remarkable
anti-proliferation activity in ESCC cell lines. We tested
the effect of different concentrations of DY131 (0, 6.25,
12.5, 25, 50, 100, 200 uM) on cell viability in ESCC cells
for 24 h and measured the IC50 values at 30.01 pM
and 14.45 pM for TE1 and ECal09 cells, respectively
(Fig. 6A). Similar to the cell viability results, colony
formation and EdU assays demonstrated that DY131
(10 uM) significantly suppressed cell colony formation
(Fig. 6B, C) and DNA synthesis (Fig. 7D, E) in ESCC
cells. The therapeutic effect of DY131 was significantly
weakened in ESRRG knockdown cells, confirming that
its pharmacological effect was mediated by ESRRG
(Additional file 1: Fig. S7D, E). DY131 also remarkably
decreased the extracellular acidification rate (ECAR) by
41% and 32% in TEL1 cells (Fig. 6D). Additionally, as deter-
mined by the sizes of the organoids, DY131 significantly
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suppressed ESCC organoid growth compared to the con-

trol group (Fig. 6G).

In addition, DY131 significantly increased intracellular
ATP levels and glucose uptake, and decreased pyruvate

production and extracellular lactate levels in ESCC cells
(Fig. 6H-K). RT-PCR results confirmed that DY131 sup-
pressed the mRNA expression of glycolysis-associated
genes (Additional file 1: Fig. S7A, B). Notably, the tumor
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Fig. 6 Therapeutic efficacy of the DY131 ESRRG agonist in ESCC. A ESCC cells were treated with various concentrations of DY131 for 24 h. Cell
viability was determined by the CCK-8 assay. The IC50 value of DY131 in ESCC cell lines was then determined. B-E Efficacy of DY131 on colony
formation (B, €) and DNA synthesis (D, E) of ESCC cells (n=3). F Effects of DY131 on extracellular acid ratio (ECAR) in TE1 cell (n=3). G Two different
RCC organoids treated with DY131, the diameters kof organoids in two groups were compared. (n=10). H-K ECa109 and KYSE510 cells were
knocked down for ESRRG and further silenced for PKM, followed by determination of ATP production (E), glucose consumption (F), pyruvate
production (G) and lactate production (H) (n=3). L After TE1 cell implantation, DY131 or vehicle was intraperitoneally injected into mice every
other day and the tumor volume were monitored at indicated time points. G The weight of tumours was measured at time of sacrificed (n=4).

N Immunohistochemical analysis of mouse samples. Values are presented as mean +SD. *P <0.05 or **P < 0.01 indicates significant differences
from the vehicle group as assessed by a one-way ANOVA with a post hoc Dunnett’s test
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suppressor role of DY131 significantly inhibited the
expression of PKM2 in ESCC cells, confirming that the
ESRRG agonist DY131 inhibited tumor proliferation by
acting on the glycolysis pathway (Additional file 1: Fig.
S7C). Consistent with the in vitro results, the tumor vol-
ume and weight were significantly decreased upon treat-
ment with DY131 in xenograft tumor mice (Fig. 6L, M).
Furthermore, immunohistochemical staining of xeno-
graft tumor samples showed that PKM2 expression was
significantly reduced, and the number of CD8 + positive
cells was significantly increased in the DY131 treatment
group (Fig. 6N). In recent years, various glycolysis inhibi-
tors have been proven to have antitumor effects [28].
DY131 exhibits a strong inhibitory effect on ESCC cell
proliferation, indicating that glycolytic antagonism via
ESRRG can effectively inhibit the growth of ESCC cells.
These results confirm that the ESRRG agonist DY131 has
potential antitumor activity in ESCC cells by inhibiting
the glycolytic enzyme PKM2.

DY131 enhances the CD8" T cell-mediated antitumor
immune response in ESCC

In the previous section, our findings demonstrated a
significant increase in the infiltration of CD8-positive
cells within the transplanted tumors of tumor-bearing
nude mice upon treatment with DY131. These results
indicate that DY131 may potentially enhance the antitu-
mor immune response, suggesting that ESRRG could be
closely linked to immunotherapy. We assessed the cor-
relation between ESRRG expression in the TCGA-ESCC
dataset and immune scores using the MCPcounter soft-
ware package in R. As illustrated in Fig. 7A, ESRRG was
significantly correlated with T cells (R=0.23, P<0.05),
CD8+T cells (R=0.36, P<0.01), and NK cells (R=0.28,
P<0.05). Tumor Immune Dysfunction and Exclusion
(TIDE) scores indicate sensitivity to immune check-
point inhibitors; therefore, we evaluated differences in
TIDE scores between the ESRRG high expression and
low expression groups in the TCGA-ESCC dataset. Our
results demonstrated that the TIDE score was signifi-
cantly lower in the ESRRG high expression group com-
pared with the low expression group (Fig. 7B), indicating
that patients with higher ESRRG expression may have
better efficacy with immune checkpoint inhibitors.

Based on these findings, we further investigated
whether targeting ESRRG could improve the antitumor
efficacy of PD-1 blockade. Our results confirmed that
DY131 treatment alone at an 80 mg/kg dose reduced
tumor growth and weight in AKR tumor-bearing mice
(Fig. 7C-F). As anticipated, we also observed that anti-
PD-1 monotherapy (100 pg) had a marginal effect on
tumor volume and weight. Notably, the combination of
DY131 targeting and anti-PD-1 therapy led to further
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improvements in therapeutic benefits compared with
either monotherapy strategy. Next, we collected AKR
tumor samples for additional analysis. Flow cytometry
results suggested that increased infiltration of CD8+T
cells might be responsible for the enhanced respon-
siveness observed in the combined treatment groups
(Fig. 7G). Moreover, we found that DY131 significantly
promoted the secretion of granzyme B (GZMB) and
interferon-y (IFN-y) by CD8+T cells (Fig. 7H). Col-
lectively, our findings provide compelling evidence that
ESRRG targeting may represent a promising therapeutic
strategy to augment the efficacy of anti-PD-1 therapy in
ESCC.

ESRRG negatively correlates with PKM2 in ESCC patients-
To explore the prognostic values of the ESRRG-PKM?2
axis in ESCC patients, an IHC analysis was performed on
94 patients who underwent surgical resection to deter-
mine the expression levels of ESRRG and PKM2. Rep-
resentative photographs of ESRRG and PKM2 in ESCC
tissues are shown in Fig. 8A. PKM2 staining was weak
in ESCC tissues with high ESRRG expression, while it
was strong in tissues with low ESRRG expression. We
analyzed the associations between ESRRG expression
and PKM2 expression in the 94 ESCC samples. The
results showed a significant negative correlation between
ESRRG expression and PKM2 expression (Fig. 8B). the 94
ESCC samples were also analyzed for PKM2 and ESRRG
expression levels to determine their prognostic value.
Kaplan—Meier analysis demonstrated that ESCC patients
with high ESRRG expression and low PKM2 expression
had the highest overall survival (Fig. 8C). These find-
ings suggest that PKM2 plays a role in ESRRG-mediated
ESCC progression.

Discussion
Previous studies have established a close association
between the ERR family of transcription factors and
cancer development and progression [29]. For example,
ESRRG has been shown to antagonize the proliferation of
gastric cancer cells by suppressing TCF4/LEF1 binding to
the CCND1 promoter, highlighting its tumor suppressor
role [21, 30]. In our study, we investigated the tumor sup-
pressor role of ESRRG in ESCC and its regulation of the
Warburg effect through the ESRRG-PKM2 axis.
Metabolic reprogramming, known as the Warburg
effect, plays a crucial role in cancer development, provid-
ing tumors with the energy and resources needed for pro-
liferation and metastasis [31, 32]. Previous studies have
demonstrated the involvement of glycolytic enzymes and
regulators, such as ras-related C3 botulinum toxin sub-
strate 1 and PKM2, in promoting ESCC cell proliferation
[33, 34]. In our study, we observed that overexpression of
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ESRRG suppressed the proliferation and glycolytic activ-
ity of ESCC cells, while ESRRG silencing had the opposite
effect. These findings are consistent with previous studies
highlighting the role of ESRRG in metabolic reprogram-
ming in other cancer types [20]. Thus, targeting glycolysis
activity through ESRRG inhibition may hold therapeutic
potential for ESCC patients.

PKM2, an enzyme involved in the final step of glyco-
lysis, is highly expressed in various cancers and is asso-
ciated with poor prognosis [33—-35]. Our data confirm
the overexpression of PKM2 in ESCC cells and tissues,
which correlates with poor overall survival. Interestingly,
we found a strong negative correlation between PKM2
and ESRRG expression in ESCC, further validated using
public databases. We also demonstrated that ESRRG can
directly bind to the PKM promoter region and interfere
with its activity, leading to the downregulation of PKM2
expression. Furthermore, ESRRG-mediated suppression
of PKM2 expression resulted in reduced glycolysis activ-
ity and inhibited the survival, proliferation, and DNA

synthesis of ESCC cells. Overall, our findings suggest that
the ESRRG-PKM?2 axis inhibits ESCC progression by reg-
ulating tumor cell metabolic reprogramming.

Our present results indicate that ESRRG functions as a
negative transcriptional regulator of the glycolysis path-
way, and overexpression of ESRRG in ESCC cells signifi-
cantly inhibits the transcriptional translation of several
key enzymes in the glycolysis pathway, such as hexoki-
nase 2 (HK2), aldolase A (ALDOA), enolase 1 (ENO1),
pyruvate kinase M2 (PKM2), and lactate dehydrogenase
A (LDHA). As such, we hypothesize that ESRRG’s active
agonist, DY131, may effectively inhibit the glycolytic
pathway and provide a potential therapeutic approach
for ESCC. In recent years, with advances in research
on nuclear receptors’ function, their roles in modulat-
ing gene transcription are considered potential targets
for tumor therapy. Therefore, nuclear receptor agonists
or antagonists are widely used in cancer treatment. For
example, anti-estrogen tamoxifen is a first-line breast
cancer drug for both pre- and post-menopausal patients
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[36]. Additionally, apalutamide, a second-generation
androgen receptor antagonist, is used for the treatment
of non-metastatic castration-resistant prostate cancer
[37]. The ESRRG-specific agonist DY131 has been found
to suppress gastric carcinoma and prostate cancer cell
proliferation [20, 21]. These results suggest that ESRRG
is a key factor regulating the glycolytic pathway, and the
development of more selective ESRRG agonists will pro-
vide novel approaches to improve ESCC outcomes.

Lactate production by tumor cells is known to adversely
affect immune cell function, reducing the efficacy of
PD-1 inhibitors [38, 39]. Additionally, excessive lactate
levels can promote tumor cell proliferation, invasion,
and metastasis, impeding the infiltration and activity of
immune cells [40]. Thus, the effect of lactate levels on the
efficacy of PD-1 inhibitors has been a topic of great inter-
est. Currently, researchers discuss various strategies pro-
posed to overcome the impact of lactate levels on PD-1
inhibitor therapy. Studies suggest that the combined use
of LDHA and PD-1 inhibitors could improve the latter’s
efficacy by reducing the amount of lactate produced by
tumor cells [41]. Another strategy is using lactate trans-
ferase 4 (MCT4) inhibitors to counteract the impact of
lactate in the tumor microenvironment [42]. However,
the efficacy of these combined therapies requires further
research, and their long-term impacts are yet to be deter-
mined. In this study, we have observed that the overex-
pression of ESRRG or the administration of DY131 has
the potential to significantly inhibit lactate production in
tumor cells. Additionally, this treatment strategy effec-
tively enhanced the antitumor effect of PD-1 inhibitors.
These results have provided novel evidence to support
the efficacy of combination therapy for enhancing the
clinical therapeutic effect of PD-1 inhibitors. Our find-
ings hold significant implications for future investigation
and the development of therapeutic interventions in can-
cer treatment.

Conclusion

Our study has uncovered the significant roles and under-
lying mechanisms of ESRRG in regulating the prolif-
eration and metabolism of esophageal squamous cell
carcinoma (ESCC). Our findings demonstrate that
ESRRG plays a crucial role in inhibiting the prolifera-
tion of ESCC cells both in vitro and in vivo by suppress-
ing aerobic glycolysis, primarily through its interaction
with PKM2, a key enzyme in the glycolytic pathway. Fur-
thermore, we have provided compelling evidence sup-
porting the direct regulation of PKM transcription by
ESRRG through its binding to the promoter region of the
PKM gene. These groundbreaking discoveries provide
novel insights into the molecular mechanisms through
which ESRRG exerts its inhibitory effects on ESCC
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development, opening up possibilities for developing tar-
geted pharmacotherapies aimed at ESRRG and its down-
stream targets.

Abbreviations

ALDOA Aldolase A

CCND1 Cyclin D1

ESRRG Estrogen-related receptor gamma

ECAR Extracellular acidification rate

ENO1 Enolase 1

ESCC Esophageal squamous cell carcinoma
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
GPI Glucose-6-phosphate isomerase

GRIP1 Glucocorticoid receptor interacting protein 1
HK2 Hexokinase 2

IHC Immunohistochemistry

LDHA Lactate dehydrogenase A

OCR Oxygen consumption rate

PD-1 Programmed Death 1

PFKM Phosphofructokinase

PKM2 Pyruvate kinase M2

RT-PCR Real-time reverse transcription polymerase chain reaction
TCGA The Cancer Genome Atlas Program

TPI Triosephosphate Isomerase 1

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512967-023-04347-5.

Additional file 1: Figure S1. ESRRA and ESRRB expression in paired
samples of tumor tissues and nontumorous adjacent normal esophagus
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ESCC cell lines. The expression levels of ESRRG were measured by real-time
PCR analysis (A) and western blot analysis (B) in a panel of ESCC cell lines.
All data are shown as the mean+SD of 3 independent experiments. *P<
0.05, **P< 0.01. Figure S3. Expression levels of ESRRG in ESCC cells stably
infected with recombinant lentivirus. mRNA levels (A, B) of ESRRG were
detected by real-time PCR in ESCC cells infected with ESRRG overexpres-
sion or control lentivirus (A), ESRRG knockdown or control lentivirus (B).
Protein levels (C, D) of ESRRG were detected by western blot to detect the
overexpression or knockdown efficiency in ESCC cells. (E, F) Overex-
pression or knockdown ESRRG efficiency in ESCC cells was verified by
observing the intensity of green fluorescence after cell transfection with

a tool virus-bearing fluorescent reporter gene. Statistical tests: unpaired
two-tailed Student’s t-test (A, B). All data are shown as the mean + SD of 3
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ized enrichment score. Figure S5. Expression levels of PKM in ESCC cells
stably infected with recombinant lentivirus. mRNA levels (A) of PKM were
detected by real-time PCR in ESCC cells infected with PKM knockdown

or control lentivirus. Protein levels (B) of PKM2 were detected by western
blot to detect the knockdown efficiency in ESCC cells. Statistical tests:
unpaired two-tailed Student's t-test (A, B). All data are shown as the mean
+ SD of 3 independent experiments. **P< 0.05. Figure S6. The effects of
ESRRG on aerobic glycolysis in ESCC cells are dependent on PKM. (A, B)
ECa109 cells were detected for ECAR to indicate glycolysis flux and gly-
colytic capacity. (C, D) The OCR was detected to indicate basal respiration
and maximal respiration. (E-H) ECa109 and KYSE510 cells were knocked
down for ESRRG and further silenced for PKM, followed by determination
of ATP production (E), glucose consumption (F), pyruvate production (G)
and lactate production (H). Values are presented as mean + SD (n=3). *P <
0.05 or **P < 0.01 indicates significant differences from the vehicle group
as assessed by a one-way ANOVA with a post hoc Dunnett's test. Figure
S7.(A,B)TET and ECa109 cell treated with or without 10 uM DY131 for
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48 hours. The expression of glycolysis-related gene was examined by
RT-PCR. (C) Western blot analysis for PKM2 after treatment of DY131 in
ESCC cells. The therapeutic efficacy of the DY131were determined in TE1
and ECa109 cells with or without further knockdown of ESRRG employ-
ing CCK-8 assays (D) and colony formation (E). All data are shown as the
mean + SD of 3 independent experiments. **P< 0.05. Figure S8. No major
obvious organ toxicity observed in the vital organs of the DY131 treated
mice (A) H&E staining sections of organs including heart, liver, spleen, lung
and kidney from the different groups (B) Weight of final dissected organs.
Data are mean + SD (n=5). Figure S9. Gating strategy for flow cytometry
analysis of lymphoid and myeloid population in AKR tumors. Table S1.
Primer sequences of genes in gRT -PCR assay.

Author contributions

Conceptualization-TW, YZ, HC, QL. Investigation and wet lab data collection
and analysis-TW, LC, WZ, HQ. Bioinformatics analysis-TW. Collected samples
and clinical data-YZ. Study supervision-HC, QL. Writing— original manuscript-
TW, HC, QL. Manuscript review and editing, all authors. Funding acquisition-
TW, QL, MZ. All authors read and approved the final manuscript.

Funding

The work was supported by the National Natural Science Foundation of China
(81901399 to T.W,, 81973399 to Q.L.), the Shanghai ‘Rising Stars of Medical Tal-
ent'Youth Development Program (Youth Medical Talents-Clinical Pharmacist
Program to QL.), and Scientific Research Project of Shanghai Health and
Family Planning Commission to (20204Y0445 to T.W.), Shanghai Key Clinical
Specialty Projects-Clinical Pharmacy (Grant shslczdzk06502 to M.Z.).

Availability of data and materials

The datasets generated and/or analyzed during the current study are included
in this published article (and its supplementary information files) and all the
raw data available from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Ethical approval for this study was obtained from human research ethics com-
mittees of the Huashan Hospital (HIRB 2020837).

Consent for publication
All authors consent this manuscript for publication.

Competing interests
The authors declare no potential competing interests.

Author details

'Department of Pharmacy, Huashan Hospital, Fudan University, No.12 Urumgi
Middle Road, Shanghai 200040, China. 2Departmem of Cardio-Thoracic Sur-
gery, Huashan Hospital, Fudan University, Shanghai, China.

Received: 14 May 2023 Accepted: 11 July 2023
Published online: 07 September 2023

References

1. Bray F, Ferlay J, Soerjomataram |, Siegel RL, Torre LA, Jemal A. Global
cancer statistics 2018: GLOBOCAN estimates of incidence and mor-
tality worldwide for 36 cancers in 185 countries. CA Cancer J Clin.
2018;68:394-424.

2. Ferlay J, Shin HR, Bray F, Forman D, Mathers C, Parkin DM. Estimates of
worldwide burden of cancer in 2008: GLOBOCAN 2008. Int J Cancer.
2010;127:2893-917.

3. Ohashi S, Miyamoto S, Kikuchi O, Goto T, Amanuma Y, Muto M. Recent
advances from basic and clinical studies of esophageal squamous cell
carcinoma. Gastroenterology. 2015;149:1700-15.

20.

21

22.

23.

24,

25.

26.

Page 18 of 19

Bedenne L, Michel P, Bouche O, Milan C, Mariette C, Conroy T, Pezet D,
Roullet B, Seitz JF, Herr JP, et al. Chemoradiation followed by surgery com-
pared with chemoradiation alone in squamous cancer of the esophagus:
FFCD 9102. J Clin Oncol. 2007;25:1160-8.

Crosby T, Hurt CN, Falk S, Gollins S, Mukherjee S, Staffurth J, Ray R, Bashir
N, Bridgewater JA, Geh JI, et al. Chemoradiotherapy with or without
cetuximab in patients with oesophageal cancer (SCOPE1): a multicentre,
phase 2/3 randomised trial. Lancet Oncol. 2013;14:627-37.

Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell.
2011;144:646-74.

Koppenol WH, Bounds PL, Dang CV. Otto Warburg's contributions to cur-
rent concepts of cancer metabolism. Nat Rev Cancer. 2011;11:325-37.
Hsu PP, Sabatini DM. Cancer cell metabolism: Warburg and beyond. Cell.
2008;134:703-7.

Hamabe A, Konno M, Tanuma N, Shima H, Tsunekuni K, Kawamoto K,
Nishida N, Koseki J, Mimori K, Gotoh N, et al. Role of pyruvate kinase M2
in transcriptional regulation leading to epithelial-mesenchymal transition.
Proc Natl Acad Sci USA. 2014;111:15526-31.

Christofk HR, Vander Heiden MG, Wu N, Asara JM, Cantley LC. Pyruvate
kinase M2 is a phosphotyrosine-binding protein. Nature. 2008;452:181-6.

. DaytonTL, Jacks T, Vander Heiden MG. PKM2, cancer metabolism, and the

road ahead. EMBO Rep. 2016;17:1721-30.

Zhang X, He C, He C, Chen B, Liu Y, Kong M, Wang C, Lin L, Dong Y, Sheng
H. Nuclear PKM2 expression predicts poor prognosis in patients with
esophageal squamous cell carcinoma. Pathol Res Pract. 2013;209:510-5.
Giguere V. Transcriptional control of energy homeostasis by the estrogen-
related receptors. Endocr Rev. 2008;29:677-96.

Hong H, Yang L, Stallcup MR. Hormone-independent transcriptional acti-
vation and coactivator binding by novel orphan nuclear receptor ERR3. J
Biol Chem. 1999;274:22618-26.

Bookout AL, Jeong Y, Downes M, Yu RT, Evans RM, Mangelsdorf DJ.
Anatomical profiling of nuclear receptor expression reveals a hierarchical
transcriptional network. Cell. 2006;126:789-99.

Misra J, Kim DK, Choi HS. ERRgamma: a junior orphan with a senior role in
metabolism. Trends Endocrinol Metab. 2017;28:261-72.

Ariazi EA, Clark GM, Mertz JE. Estrogen-related receptor alpha and
estrogen-related receptor gamma associate with unfavorable and
favorable biomarkers, respectively, in human breast cancer. Cancer Res.
2002;62:6510-8.

Sun P, Sehouli J, Denkert C, Mustea A, Konsgen D, Koch |, Wei L, Lichte-
negger W. Expression of estrogen receptor-related receptors, a subfamily
of orphan nuclear receptors, as new tumor biomarkers in ovarian cancer
cells. ) Mol Med (Berl). 2005;83:457-67.

Eichner LJ, Perry MC, Dufour CR, Bertos N, Park M, St-Pierre J, Giguere V.
miR-378(*) mediates metabolic shift in breast cancer cells via the PGC-
Tbeta/ERRgamma transcriptional pathway. Cell Metab. 2010;12:352-61.
Audet-Walsh E, Yee T, McGuirk S, Vernier M, Ouellet C, St-Pierre J, Giguere
V. Androgen-dependent repression of ERRgamma reprograms metabo-
lism in prostate cancer. Cancer Res. 2017;77:378-89.

Kang MH, Choi H, Oshima M, Cheong JH, Kim S, Lee JH, Park YS, Choi HS,
Kweon MN, Pack CG, et al. Estrogen-related receptor gamma functions as
a tumor suppressor in gastric cancer. Nat Commun. 1920;2018:9.

Hu N, Wang C, Clifford RJ, Yang HH, Su H, Wang L, Wang Y, Xu Y, Tang ZZ,
Ding T, et al. Integrative genomics analysis of genes with biallelic loss
and its relation to the expression of mMRNA and micro-RNA in esophageal
squamous cell carcinoma. BMC Genomics. 2015;16:732.

Wen J,Yang H, Liu MZ, Luo KJ, Liu H, Hu'Y, Zhang X, Lai RC, Lin T, Wang
HY, Fu JH. Gene expression analysis of pretreatment biopsies predicts the
pathological response of esophageal squamous cell carcinomas to neo-
chemoradiotherapy. Ann Oncol. 2014;25:1769-74.

Li J,Chen Z, Tian L, Zhou C, He MY, Gao Y, Wang S, Zhou F, Shi S, Feng X,
et al. LncRNA profile study reveals a three-IncRNA signature associated
with the survival of patients with oesophageal squamous cell carcinoma.
Gut. 2014;,63:1700-10.

Zhao Y, Simon R. BRB-ArrayTools data archive for human cancer gene
expression: a unique and efficient data sharing resource. Cancer Inform.
2008;6:9-15.

Zhao Z, JiM,Wang Q, He N, Li Y. miR-16-5p/PDK4-mediated metabolic
reprogramming is involved in chemoresistance of cervical cancer. Mol
Ther Oncolytics. 2020;17:509-17.



Wang et al. Journal of Translational Medicine

27.

28.
29.
30.
31.
32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

(2023) 21:605

Chen Z,Wu L, Zhou J, Lin X, Peng Y, Ge L, Chiang CM, Huang H, Wang

H, He W. N6-methyladenosine-induced ERRgamma triggers chemore-
sistance of cancer cells through upregulation of ABCB1 and metabolic
reprogramming. Theranostics. 2020;10:3382-96.

Ganapathy-Kanniappan S, Geschwind JF. Tumor glycolysis as a target for
cancer therapy: progress and prospects. Mol Cancer. 2013;12:152.
Deblois G, St-Pierre J, Giguere V. The PGC-1/ERR signaling axis in cancer.
Oncogene. 2013;32:3483-90.

Katoh M, Katoh M. WNT signaling pathway and stem cell signaling net-
work. Clin Cancer Res. 2007;13:4042-5.

Schworer S, Vardhana SA, Thompson CB. Cancer metabolism drives a
stromal regenerative response. Cell Metab. 2019;29:576-91.

Boroughs LK, DeBerardinis RJ. Metabolic pathways promoting cancer cell
survival and growth. Nat Cell Biol. 2015;17:351-9.

Xia'Y, Wang X, LiuY, Shapiro E, Lepor H, Tang MS, SunTT, Wu XR. PKM2

is essential for bladder cancer growth and maintenance. Cancer Res.
2022;82:571-85.

LiTE, Wang S, Shen XT, Zhang Z, Chen M, Wang H, Zhu'Y, Xu D, Hu BY, Wei
R, et al. PKM2 drives hepatocellular carcinoma progression by inducing

immunosuppressive microenvironment. Front Immunol. 2020;11: 589997.

Chang H, Xu Q, Li J, Li M, Zhang Z, Ma H, Yang X. Lactate secreted by
PKM2 upregulation promotes Galectin-9-mediated immunosuppression
via inhibiting NF-kappaB pathway in HNSCC. Cell Death Dis. 2021;12:725.
Giguere V.To ERR in the estrogen pathway. Trends Endocrinol Metab.
2002;13:220-5.

Smith MR, Saad F, Chowdhury S, Oudard S, Hadaschik BA, Graff JN,
Olmos D, Mainwaring PN, Lee JY, Uemura H, et al. Apalutamide treat-
ment and metastasis-free survival in prostate cancer. N Engl J Med.
2018,378:1408-18.

Kumagai S, Koyama S, Itahashi K, Tanegashima T, Lin YT, Togashi Y,
KamadaT, Irie T, Okumura G, Kono H, et al. Lactic acid promotes PD-1
expression in regulatory T cells in highly glycolytic tumor microenviron-
ments. Cancer Cell. 2022;40(201-218): €209.

LiN, Kang Y, Wang L, Huff S, Tang R, Hui H, Agrawal K, Gonzalez GM, Wang
Y, Patel SP, Rana TM. ALKBH5 regulates anti-PD-1 therapy response by
modulating lactate and suppressive immune cell accumulation in tumor
microenvironment. Proc Natl Acad Sci USA. 2020;117:20159-70.
Hirschhaeuser F, Sattler UG, Mueller-Klieser W. Lactate: a metabolic key
player in cancer. Cancer Res. 2011;71:6921-5.

Zhang YX, Zhao YY, Shen J, Sun X, Liu Y, Liu H, Wang Y, Wang J. Nanoe-
nabled modulation of acidic tumor microenvironment reverses anergy
of infiltrating T cells and potentiates Anti-PD-1 therapy. Nano Lett.
2019;19:2774-83.

Fang Y, Liu W, Tang Z, Ji X, Zhou Y, Song S, Tian M, Tao C, Huang R, Zhu G,
et al. Monocarboxylate transporter 4 inhibition potentiates hepatocel-
lular carcinoma immunotherapy through enhancing T cell infiltration and
immune attack. Hepatology. 2023;77:109-23.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 19 of 19

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	ESRRG-PKM2 axis reprograms metabolism to suppress esophageal squamous carcinoma progression and enhance anti-PD-1 therapy efficacy
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Patients and specimens
	Gene expression data analysis
	Cell culture
	Reagents
	Virus production and small interfering RNA
	Cell viability assay
	Colony formation assay
	EdU assay
	Organoid culture
	Measurement of glucose uptake, lactate production, pyruvate and ATP content
	Assays of ECAR and OCR
	Western blot analysis
	Quantitative real-time polymerase chain reaction
	RNA-Seq and data analysis
	Dual-luciferase assays
	Histopathology and immunohistochemistry
	Single-cell preparation from tumor tissue and flow cytometry analysis
	Esophageal squamous carcinoma xenografts
	Statistical analysis

	Results
	ESRRG was expressed at low levels in ESCC tissues and was associated with a poor prognosis
	ESRRG suppresses proliferation of ESCC cells in vitro and in vivo
	ESRRG inhibits ESCC progression by regulating Warburg effect
	ESRRG inhibits the expression of key glycolytic enzyme PKM2 in ESCC cells
	PKM is essential for ESRRG to inhibits tumor growth and glycolysis activity in ESCC cells
	ESRRG selective agonist, DY131, suppressed glycolysis and tumor growth in ESCC cells
	DY131 enhances the CD8+ T cell-mediated antitumor immune response in ESCC
	ESRRG negatively correlates with PKM2 in ESCC patients-

	Discussion
	Conclusion
	Anchor 39
	References


