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Graphical Abstract

Elevated regulatory factor X6 (RFX6) expression serves as an independent
prognostic factor associated with poor outcomes in hepatocellular carcinoma
(HCC).
RFX6 facilitates the proliferation and motility of HCC cells.
By transcriptionally upregulating phosphoglycerate mutase 1 (PGAM1), RFX6
augments glycolysis and thereby accelerates the progression of HCC.
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Abstract
Background: Hepatocellular carcinoma (HCC) cells undergo reprogramming
of glucosemetabolism to support uncontrolled proliferation, of which the intrin-
sic mechanism still merits further investigation. Although regulatory factor X6
(RFX6) is aberrantly expressed in different cancers, its precise role in cancer
development remains ambiguous.
Methods:Microarrays of HCC tissues were employed to investigate the expres-
sion of RFX6 in tumour and adjacent non-neoplastic tissues. Functional assays
were employed to explore the role of RFX6 in HCC development. Chromatin
immunoprecipitation, untargeted metabolome profiling and sequencing were
performed to identify potential downstream genes and pathways regulated by
RFX6. Metabolic assays were employed to investigate the effect of RFX6 on
glycolysis in HCC cells. Bioinformatics databases were used to validate the
above findings.
Results:HCC tissues exhibited elevated expression of RFX6. High RFX6 expres-
sion represented as an independent hazard factor correlated to poor prognosis
in patients with HCC. RFX6 deficiency inhibited HCC development in vitro and
in vivo, while its overexpression exerted opposite functions. Mechanistically,
RFX6 bound to the promoter area of phosphoglycerate mutase 1 (PGAM1)
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and upregulated its expression. The increased PGAM1 protein levels enhanced
glycolysis and further promoted the development of HCC.
Conclusions: RFX6 acted as a novel driver for HCC development by promot-
ing aerobic glycolysis, disclosing the potential of the RFX6–PGAM1 axis for
therapeutic targeting.
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1 INTRODUCTION

Hepatocellular carcinoma (HCC) remains a significant
contributor to cancer-associated mortality, ranking third
globally.1,2 The majority of HCC cases are diagnosed with
multiple tumours (n > 3), vascular invasion or distant
metastasis, leaving a few curative options.3 Despite the
advances in cancer treatment, current therapeutic options
for HCC are limited, emphasising the need to comprehend
the molecular mechanisms governing HCC development
and identify specific novel therapeutic targets.
In response to demands for sufficient energy and

biomolecules, HCC and other solid cancer cells adapt
their metabolism in diverse ways, with one well-known
alteration being a shift in glucose metabolism, termed
the Warburg effect or aerobic glycolysis.4 Apart from its
role in energy production and biosynthesis, aerobic gly-
colysis remodels the tumour microenvironment of HCC,
promoting angiogenesis, local invasion and even immune
evasion of cancer cells.5 Studies targeting key enzymes
and regulatory factors have demonstrated the efficacy of
suppressing aerobic glycolysis in HCC.6–8 Therefore, a bet-
ter understanding of underlying mechanisms will enable
researchers to develop new therapies for HCC.
Regulatory factor X6 (RFX6), a winged helix tran-

scription factor, belongs to the regulatory factor X (RFX)
family, which is a highly conserved DNA-binding pro-
tein family.9 RFX6 expresses exclusively in pancreatic
islets and is indispensable to islet cell differentiation.10,11
Intriguingly, a genome-wide association study identified
GPRC6A/RFX6 as a susceptible locus for prostate cancer
in a Japanese population, first revealing a link between
RFX6 and tumourigenesis.12 In subsequent studies, sup-
pression of RFX6 profoundly diminished the development
of prostate cancer and HCC, highlighting its pro-tumoural
functions.13,14 However, some other researchers obtained
opposite results in different malignancies, necessitating
further detailed studies to elucidate its precise role in
HCC.15,16
Phosphoglycerate mutase 1 (PGAM1), an instrumental

glycolytic enzyme,was identified as one of the downstream

targets of RFX6 in the current study. During glycolysis,
this enzyme catalyses the switch of 3-phosphoglycerate
(3-PG) to 2-phosphoglycerate (2-PG) and produces a
2,3-bisphosphoglycerate intermediate, which in turn
reactivates itself and facilitates releasing 2-PG.17 Simulta-
neously, PGAM1 also regulates glycolytic intermediates
utilised as precursors for anabolic biosynthesis.18 Recent
studies have demonstrated aberrant expression of PGAM1
in various cancers, including HCC, and its association
with poor clinical outcomes, implying the potential role of
PGAM1 in cancer development.19–24 It was also implicated
in DNA double-strand break repair.25 Apart from glucose
metabolism, this glycolytic enzyme also exacerbates
cancer cell migration via modulating the assembly of actin
filaments.26 Therefore, PGAM1 might predominantly
mediate the pro-tumoural functions of RFX6 in HCC.
In current study, we revealed the high expression of

RFX6 in HCC patients, which indicated poor clinical out-
comes. We illustrated the pro-tumoural role of RFX6 in
HCC through loss and gain-of function assays. RFX6 facili-
tates glycolysis via transcriptionally upregulating PGAM1,
further promoting the growth and metastasis of HCC.
Our results uncovered a novel RFX6–PGAM1 axis in HCC
progression with potential therapeutic implications.

2 METHODS

2.1 Patients and specimens

A total of 125 patients who underwent curative surgery
at the Sun Yat-Sen Cancer Center (SYSUCC; Guangzhou,
China), between January 2010 and May 2015, were
included in the present study. Matched tumour and
normal tissue samples of included patients were collected
for constructing a tissue microarray. Table S1 presents the
clinicopathological characteristics of included patients.
Overall survival (OS) was defined as the time interval
between the date of death or last follow-up, and the date of
radical surgery. Disease-free survival (DFS) was defined as
the time interval between the date of tumour recurrence
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or last follow-up, and the date of radical surgery. The
informed consent was obtained from all included patients.

2.2 Cell lines and cell culture

Cells were maintained as described previously.27 Please
refer to the part ofmaterials andmethods in the Supporting
Information.

2.3 Immunohistochemistry and
immunofluorescent staining

Immunohistochemistry (IHC) staining was performed as
described previously.28,29 Particularly, HALO (Indica Labs)
was adopted to review and score IHC sections in this study.
Based on the area quantification method, a staining index
was obtained as the intensity of staining (negative = 0,
weak= 1, moderate= 2, strong= 3 scores) and the propor-
tion of immunopositive cells of interest (≤10%= 1,>10% to
≤50% = 2, >50% to ≤75% = 3, >75% = 4 scores) were cal-
culated. Based on the scores, patients in this experimental
cohort were dichotomised as negative group, 6≤ score< 7;
weak group, 7 ≤ score < 9; moderate group, 9 ≤ score < 11;
strong group, 11 ≤ score. RFX6-high expression group was
defined as patients with tumours of strong or moderate
intensities, while RFX6-low expression group was defined
as patients with tumours of weak or negative intensities.
For more details, please refer to the part of materials and
methods in the Supporting Information.
Immunofluorescent (IF) staining was performed by

using tyramide signal amplification-conjugated fluo-
rophores to detect targets. Tissue specimen slides were
probed with the following primary antibody: anti-RFX6
antibody (Proteintech, 22551-1-AP, 1:200 dilution). For
more details, please refer to the part of materials and
methods in the Supporting Information.

2.4 Luciferase reporter and chromatin
immunoprecipitation assay

Luciferase reporter and chromatin immunoprecipitation
(ChIP) assay were performed as described previously.30
For more details, please refer to the part of materials and
methods in the Supporting Information.

2.5 Seahorse experiments

Seahorse XF assays were conducted to measure the extra-
cellular acidification rate (ECAR) as a measure of glycol-

ysis. Briefly, cells were seeded and analysed in 24-well
XF Cell Culture Microplates (8 × 104 cells per well) as
described previously.31

2.6 Fluoro-2-D-deoxyglucose F18-PET
imaging and analysis

Mice were fasted for 12 h before positron emission
tomography–computed tomography (PET–CT) scanning
and received fluoro-2-D-deoxyglucose F18 ([18F]-FDG)
(radiochemical purity ≥95%, Shanghai Atomic Kexing
Pharmaceutical Co., Ltd., max. 100 μCi) injection via the
coccygeal vein. After resting 1 h, mice underwent PET–
CT scans using a micro-PET/CT scanner (Siemens) under
anesthesia. Standardised uptake value (SUV) was obtained
from the PET/CT workstation as a quantification of FDG
uptake in the regions of interest on tumour and adjacent
areas. A 30% of the maximum uptake value in volumes
of interest was considered as a low threshold to differen-
tiate the tumour boundary. A nuclear medicine physician
was responsible for the identification and measurement
of SUV maximum (SUVmax) values. Relative SUVmax was
defined as dividing the SUVmax of the tumour by that of
the adjacent area.

2.7 Animal models

Subcutaneous tumour models, xenograft tumour models
and lung metastasis models were established as described
previously.32

2.8 Lactate and 2-PG production assay

Lactate and 2-PG production were measured according to
manufacturer’s instructions. HCC cells were first seeded
in 6 cm dishes at a density of 2 × 106 cells per dish
and cultured with complete medium for 48 h in a 37◦C
incubator.
For lactate production assay (Nanjing Jiancheng Bio-

engineering Institute), cells were prepared with ice cold
phosphate buffered saline on ice. Then samples were cen-
trifuged at 12 000 rpm for 5 min to obtain the supernatant.
Reaction mix was prepared and added to each sample
according to the instruction. Then, the mixture was incu-
bated at 37◦C for 10 min and the reaction was terminated.
Mixture (250 μL) was added into a 96-well plate and then
measured at 530 nm. The lactate productionwas calculated
based on previous established standard curve.
For 2-PG production assay (Abnova), 1 × 106 cells were

prepared with 200 μL ice cold 2-PG assay buffer. Then,
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F IGURE 1 Upregulation of regulatory factor X6 (RFX6) in hepatocellular carcinoma (HCC) tissues and its correlation with poor
prognosis. (A) Representative images of different levels of RFX6 expression in HCC (4×, left panel; 40×, right panel) and adjacent
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samples were centrifuged at 12 000 rpm for 5 min to obtain
the supernatant. Supernatants (1−50 μL) were added into
a 96-well plate and the volume could be brought to 50 μL
with 2-PG assay buffer. An amount of 50 μL of reactionmix
or background control mix was added to each well and the
mixture was then incubated at room temperature for 40
min. The mixture was measured at 570 nm and the 2-PG
production was calculated based on previous established
standard curve.

2.9 Metabolites extraction from tissue
samples

Physiological saline solution was added to the tumour tis-
sues at a ratio of 9 mL:1 g (≤300 mL per tube). After
grinding with magnetic beads at 4◦C for 2 min, samples
were further centrifuged for 10 min (2500 rpm, 4◦C) to
obtain supernatant (about 10% of added saline). Based on
the results of pilot studies, the supernatant was diluted
with double distilled water in a ratio of 1: 8 for determining
metabolite levels.

2.10 Statistical analysis

The experiments were required to repeat independently
three times at least. Measurements were mainly repre-
sented as mean ± standard deviation. Student’s t-test and
the Wilcoxon matched pair test were adopted to anal-
yse the quantitative variables. The chi-squared test was
adopted to analyse the qualitative variables. For each sta-
tistical analysis, the sample size (n) was denoted in figure
legends. The upper quartiles of gene expression values
were chosen as cut-off values to separate the RFX6-high
and low-groups for The Cancer Genome Atlas (TCGA),
International Cancer Genome Consortium (ICGC) and
National Center for Biotechnology Information Gene

ExpressionOmnibus (GEO) datasets. For survival analysis,
OS, DFS and progression-free survival were calculated and
compared utilising the Kaplan–Meier method and the log-
rank test. The prognostic value of each potential risk factor
was assessed and screened utilising the Cox proportional
hazard regression model. Variables with p-values <.10 in
univariate analysis were then input into multivariate anal-
ysis. Spearman testwas used to assess correlations between
qualitative variables. All analyses conducted in this study
were two-tailed, and differences with p-values <.05 were
considered significant. R program andGraphPad Prism 9.0
software (GraphPad Software) were used for all statistical
analyses .

3 RESULTS

3.1 Upregulation of RFX6 in HCC
tissues and its correlation with poor
prognosis

A tissue microarray from the SYSUCC cohort was
employed to investigate whether RFX6 was clinically
meaningful in the development of HCC. Determined by
IHC staining, the protein expression of RFX6 was signifi-
cantly elevated inHCC tissues over adjacent noncancerous
tissues (p < .0001) (Figure 1A,B), which was substanti-
ated by the mRNA levels from TCGA, ICGC and GEO
(Figures 1C and S1A–D). IF staining was further con-
ducted to confirm the subcellular localisation of RFX6 in
HCC tissues (Figure S1E). Clinicopathologically, patients
with large tumours exhibited higher IHC scores com-
pared to those with small tumours (Figure 1D). Moreover,
RFX6 expression displayed a stepwise increase from no
recurrence to distant metastasis stage, linking to tumour
aggressiveness (Figure 1E).
Based on the IHC scores, patients were categorised into

RFX6-high and RFX6-low expression groups. On survival
analysis, the RFX6-high expression group exhibited worse

noncancerous liver tissues from the Sun Yat-Sen Cancer Center (SYSUCC) cohort (n = 125) (4×, top panel; 40×, bottom panel) detected by
immunohistochemical staining (IHC) are shown. Stacked bar plots represent the RFX6 expression patterns in tumour and adjacent tissues.
Scale bar, 250 μm (4×), 50 μm (40×). (B) Comparison of RFX6 expression in HCC and paired noncancerous liver tissues based on the IHC
scores in the SYSUCC cohort using the Wilcoxon matched pairs test. (C) Comparison of RFX6 expression in HCC (n = 365) and normal
tissues (n = 49) using the Cancer Genome Atlas (TCGA) data. (D) Comparison of RFX6 expression in large and small HCC tissues based on
the IHC scores in the SYSUCC cohort. (E) Comparison of RFX6 expression in HCC tissues with distant metastasis, intrahepatic recurrence
and no recurrence based on the IHC scores in the SYSUCC cohort. (F) Overall survival (OS) curves for patients with high and low RFX6
expression in the SYSUCC cohort. (G) Disease-free survival (DFS) curves for patients with high and low RFX6 expression in the SYSUCC
cohort. (H) OS curves for patients with high and low RFX6 expression using the TCGA data (n = 365). (I) Distribution of absent and existing
encapsule in the RFX6-low and RFX6-high groups. (J) Distribution of existing and absent vascular invasion in the RFX6-low and RFX6-high
groups. (K) Distribution of existing and absent adjacent invasion in the RFX6-low and RFX6-high groups. (L) Distribution of existing and
absent lymphatic metastasis in the RFX6-low and RFX6-high groups. Upper quartiles of IHC score and gene expression were chosen as
cut-off values for distinguishing between the RFX6-low and RFX6-high groups. *p < .05, **p < .01 and ****p < .0001.
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OS and DFS than the RFX6-low expression group, which
was also substantiated by public datasets (Figures 1F–H
and S1F,G). In the GSE54236 dataset, the RFX6-high
expression group were more likely to double the tumour
size than the RFX6-low expression group (Figure S1H).
Furthermore, the chi-squared test revealed that upregu-
lated RFX6 expression was correlated to the absence of
tumour capsules, vascular invasion, adjacent organ inva-
sion and lymphatic metastasis (Figure 1I–L and Table S1).
Upon Cox regression analyses, upregulated RFX6 repre-
sented an independent prognostic factor for OS and DFS
(Tables S2 and S3). Accumulatively, the above results sug-
gest that high RFX6 expression predicts poor prognosis
and aggressive clinicopathological characteristics in HCC
patients.

3.2 Silencing RFX6 suppresses the
proliferation and motility of HCC cells in
vitro and in vivo

The expression of RFX6 in HCC cell lines was elucidated
to investigate the role of RFX6 in HCC progression and
metastasis. Due to the high expression of RFX6, Hep3B
and PLC/PRF/5 cells were selected to construct stable
RFX6-knockout (KO) and -knockdown (KD) cell lines.
Two independent small guide RNAs and two small inter-
fering RNAs were separately used for knocking out and
knocking down RFX6. The KO and KD efficiency of RFX6
in these cell lines were verified atmRNA and protein levels
(Figures 2A and S2A–C). As shown in Figures 2B–D and
S2D–F, silencing of RFX6 significantly attenuated HCC
cell proliferation. In the transwell assay, silencing of RFX6
diminished HCC cell motility (Figures 2E and S2G,H).
Reintroducing RFX6-overexpressing (OE) plasmids into
RFX6-KO cells reversed the inhibited cell proliferation,
corroborating the instrumental role of RFX6 in HCC cells
(Figure 2F).

To characterise and validate the pro-tumoural function
of RFX6 in vivo, nude mice were injected with RFX6-
KO Hep3B cells or their relevant negative controls (NCs)
to generate subcutaneous HCC tumour models and in
vivo lung metastasis models. In the subcutaneous mod-
els, the comparison of growth curves and tumour weights
found that RFX6-KO markedly inhibited the xenograft
tumour growth (Figure 2G). IHC staining of the tumour
tissue revealed a marked reduction in Ki67+ cells by
silencing RFX6 (Figure 2H). In the in vivo lung metasta-
sis models, incidences of lung metastases were reduced
in the RFX6-KO group compared to the NC group,
as reflected by reduced luciferase signal and metastatic
nodes (Figure 2I,J). Succinctly, silencing RFX6 signifi-
cantly inhibits HCC cell proliferation and motility both in
vitro and in vivo.

3.3 Overexpressing RFX6 promotes
proliferation and motility of HCC cells in
vitro and in vivo

To further validate the biological functions of RFX6,
Huh7 and MHCC-97H cells were chosen to construct
stable RFX6-OE cells (Figure 3A). Compared to the vector
control groups, the RFX6-OE group exhibited enhanced
cell proliferation (Figures 3B–D and S3A–C). Similarly, the
transwell assay showed that RFX6-OE increased the HCC
cell motility (Figures 3E,F and S3D). In the subcutaneous
tumour model, the RFX6-OE group had larger tumour
volumes and weights than the vector group (Figure 3G). In
a subsequently constructed orthotopic xenograft model,
the RFX6-OE group showed a larger tumour burden
than the vector group (Figure S3E,F). IHC staining of the
tumour tissues also demonstrated an increased number of
positive cells for Ki67 in the RFX6-OE group (Figures 3H
and S3G). In the in vivo lung metastasis model, increased
luciferase signals and numbers of metastatic nodes

F IGURE 2 Silencing regulatory factor X6 (RFX6) suppresses the proliferation and motility of hepatocellular carcinoma (HCC) cells in
vitro and in vivo. (A) Western blotting (top panel) and real-time polymerase chain reaction (PCR) (bottom panel) demonstrate the efficiency
of RFX6-knockout (KO). (B) RFX6-KO suppressed the proliferation of HCC cells, as shown by the colony formation assay. (C) RFX6-KO
suppressed the proliferation of HCC cells, as shown by the Cell Counting Kit-8 (CCK-8) assay. (D) RFX6-KO suppressed the proliferation of
HCC cells, as shown by the 5-Ethynyl-2’-deoxyuridine (EDU) assay. (E) RFX6-KO suppressed the migration and invasion capabilities of HCC
cells, as shown by the transwell assay. A total of 3.2 × 105 cells were seeded in a chamber, and incubated for 12 h (migration assay) or 36 h
(invasion assay). (F) Overexpression of RFX6-wildtype rescued cell proliferation in Hep3B cells after silencing RFX6, as shown by the CCK-8
assay. (G) RFX6-KO suppressed HCC growth, as indicated by tumour volumes and weights (n = 3/group). Scale bar, 1 cm. (H)
Haematoxylin/eosin and immunohistochemical staining of RFX6, Ki67 and downstream protein in subcutaneous tumours of mice. RFX6-KO
suppressed HCC growth, as indicated by the quantitation of Ki67+ stained cells. Scale bar, 250 μm. (I and J) RFX6-KO suppressed the lung
metastatic capacity of HCC cells, as shown by bioluminescent imaging (I) and quantitation of metastatic nodules (J) (n = 8/group). Data are
represented as mean ± standard deviation (SD) from at least three independent experiments. A two-tailed Student’s t-test was used for
statistical analysis. *p < .05, **p < .01 and ***p < .001.
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were detected in the RFX6-OE group (Figure 3I,J).
Together, these results suggest that RFX6-OE enhances
the HCC cell proliferation and motility both in vitro and
in vivo.

3.4 RFX6 promotes aerobic glycolysis in
HCC

Since RFX6 is a transcription factor, ChIP followed by
next-generation sequencing analysis (ChIP-seq) was per-
formed to identify unique peaks from RFX6-OE MHCC-
97H cells. Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis recognised ‘metabolic pathways’ as one
of the significantly enriched pathways (Figure 4A). Untar-
geted metabolome profiling was performed using mass
spectrometry to identify key metabolites to investigate the
effect of RFX6 on metabolism (Table S4). Principal com-
ponents analysis (PCA) exhibited clear separation between
RFX6-KO Hep3B cells and their relevant controls, as well
as consistency in the triplicates of each group (Figure S4A).
Inspiringly, KEGG pathway analysis showed that metabo-
lites seen in various levels between the two groups were
significantly enriched in the central carbon metabolism
in cancer pathway (Figure 4B), consisting of glycoly-
sis/glycogenesis and oxidative phosphorylation. Further,
transcriptome sequencing was performed in RFX6-KO
cells and relevant controls (Table S5). Gene set enrich-
ment analysis showed that glycolysis and gluconeogenesis
pathway was significantly deregulated in RFX6-KO HCC
cells (Figure S4B). We further conducted an ensemble
mode analysis to integrate ChIP-seq and RNA-seq data by
Cistrome-GO (http://go.cistrome.org/).33 This integrative
pathway analysis also verified that ‘metabolic pathways’
was one of the top 10 enriched pathways (Table S6). Col-
lectively, these results indicated a potential role of RFX6 in
glucose metabolism.
To confirm the influence of RFX6 on glucose

metabolism, Seahorse XF experiments were conducted
to determine the ECAR levels of HCC cells with differ-

ent RFX6 expressions. The measures of glycolysis were
markedly decreased in RFX6-silenced cells, whereas both
were elevated in RFX6-OE cells (Figures 4C,D and S4C–F).
Metabolome profiling targeting glucose metabolism was
further performed to identify key metabolites (Table S7).
Significant differences in glycolytic and mitochondrial
metabolites between RFX6-KO Hep3B cells and rele-
vant controls were seen on the metabolomic heatmap
(Figure 4E). PCA also exhibited clear separation between
the two groups as well as the consistency in the duplicates
of each group (Figure S4G). Among metabolites, lactate,
a representative product of glycolysis, was significantly
reduced in RFX6-KO cells. Several intermediate products
of glycolysis were also accumulated in KO cells, reflecting
the deceleration of glycolytic flux (Figure S4H). Collec-
tively, these results revealed the critical role of RFX6 in
HCC glycolysis.
Further, pH of the culture medium, lactate production

and glucose consumption in RFX6-KO, -KD and -OE cells,
were measured separately. These assays exhibited that
silencing RFX6 reduced the lactate production and the glu-
cose consumption while increased the pH of the culture
medium in HCC cells (Figures 4F and S4I). In contrast,
overexpressing RFX6 enhanced the lactate production and
the glucose consumption while decreased the pH of the
culture medium in HCC cells (Figures 4G and S4J). In pre-
viously constructed xenograft models, the impact of RFX6
on glucose consumption of HCC cells in vivo was detected
by a [18F]-FDG PET–CT scanning. As shown in Figure 4H,
tumours of the RFX6-OE group exhibited an evidently
higher level of [18F]-FDG uptake than the control group,
illustrating that RFX6 promoted the glucose consumption
in HCC cells in vivo. Furthermore, metabolome profiling
targeting glucose metabolism was conducted in tumours
derived from subcutaneous models and notable fluctua-
tions in glycolytic metabolites were revealed (Table S8).
Specifically, glucose and lactate levels were significantly
diminished in tumours from the RFX6-KO group while
being elevated in the RFX6-OE group, which was consis-
tent with previous results (Figure S5A,B). Consequently,

F IGURE 3 Overexpressing regulatory factor X6 (RFX6) promotes proliferation and motility of hepatocellular carcinoma (HCC) cells in
vitro and in vivo. (A) Western blotting (top panel) and real-time polymerase chain reaction (PCR) (bottom panel) demonstrate the efficiency
of RFX6-overexpressing (OE). (B) RFX6-OE promoted the proliferation of HCC cells, as shown by the colony formation assay. (C) RFX6-OE
promoted the proliferation of HCC cells, as shown by the Cell Counting Kit-8 (CCK-8) assay. (D) RFX6-OE promoted the proliferation of HCC
cells, as shown by the 5-Ethynyl-2’-deoxyuridine (EDU) assay. (E and F) RFX6-OE promoted the migration (E) and invasion (F) capabilities of
HCC cells, as shown by the transwell assay. A total of 1.6 × 105 cells were seeded in a chamber, and incubated for 12 h (migration assay) or 36 h
(invasion assay). (G) RFX6-OE promoted HCC growth, as indicated by tumour volumes and weights (n = 8/group). Scale bar, 1 cm. (H)
Haematoxylin/eosin and immunohistochemical staining of RFX6, Ki67 and downstream protein in subcutaneous tumours of mice. RFX6-OE
promoted HCC growth, as indicated by the quantitation of Ki67+ stained cells. (I and J) RFX6-OE enhanced the lung metastatic capacity of
HCC cells, as shown by bioluminescent imaging and quantitation of metastatic nodules (n = 8/group). Data are represented as
mean ± standard deviation (SD) from at least three independent experiments. A two-tailed Student’s t-test was used for statistical analysis.
*p < .05, **p < .01 and ***p < .001.
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manipulation of RFX6 could modify the glycolysis in HCC
cells.
To confirm whether the Warburg effect was respon-

sible for the progression of HCC induced by RFX6,
RFX6-OE cells and relevant controls were treated with
2-deoxyglucose (2-DG), a glycolysis inhibitor, at different
concentrations of 0, 4 and 8 mM for 24 h. The lactate
production assay found that 2-DG significantly inhibited
the glycolysis in HCC cells at the concentration of 8 mM
(Figure S5C,D). As demonstrated by the Cell Counting Kit-
8 (CCK-8) and transwell assays, HCC cell proliferation and
motility induced by RFX6 were reversed by the treatment
of 2-DG at the concentration of 8 mM (Figure S5E–H).
Furthermore, the supplementation of lactate partly res-
cued the suppression of cell proliferation due to silencing
RFX6 (Figure S5I). These results corroborate that RFX6
increases aerobic glycolysis in HCC cells both in vitro and
vivo, therefore promoting tumour progression.

3.5 RFX6 transcriptionally regulates
PGAM1

Considering RFX6 as a promoter of glycolysis, inter-
secting genes were considered between ChIP-seq peaks
annotated genes enriched in metabolic pathways and
glycolysis pathway gene set from the KEGG database
(https://www.kegg.jp/, hsa00010). PGAM1, ADH5 and
GAPDH were identified as the target genes for RFX6
in regulating glycolysis activation (Figure 5A). Further
examination ofmRNAandprotein expression in theRFX6-
KD and -OE cells found that only PGAM1 and ADH5
displayed similar changes both in mRNA and protein
levels (Figures 5B–D and S6A,B). Overexpressing or silenc-
ing RFX6 could enhance or repress the expressions of
PGAM1 and ADH5, indicating that RFX6 might transcrip-
tionally regulate these two genes. Notably, manipulation
of RFX6 expression levels influenced the expression of
PGAM1more thanADH5. Visual examination of the above
ChIP-seq data illustrated that, as expected, promoters of
these two genes were enriched for RFX6 (Figures 5E

and S6C). Further examination of the upstream regions
of PGAM1 and ADH5 (−2000/+100 kb) in a pub-
lic database GPMiner (http://gpminer.mbc.nctu.edu.tw/)
identified putative RFX6 binding sites in their promot-
ers. Since the RFX6 primary antibody used in the current
studywas not suitable for ChIP assays, we constructedHA-
tagged RFX6-OE plasmids for ChIP assays. To verify the
physical interaction between RFX6 and these promoters,
ChIP assays were performed by transducing HA-tagged
RFX6-OE plasmids inMHCC-97H (ChIP-semiquantitative
polymerase chain reaction [PCR]) and Huh7 (ChIP-qPCR)
cells (Figure S6D). ChIP-semiquantitative PCR demon-
strated that RFX6 could bind to the putative site of the
PGAM1 promoter region rather than that of the ADH5 pro-
moter region, indicating the physical interaction of RFX6
with the promoter of PGAM1 (Figures 5F,G and S6E).
To further investigate the functional significance of

RFX6-mediated regulation of PGAM1, luciferase plasmids
with either wildtype or binding site-mutated PGAM1 pro-
moter sequences were constructed (Figure 5H). Increased
luciferase activity of the wildtype construct was seen when
RFX6was overexpressed, whereasmutation of the binding
site abrogated the RFX6-mediated potentiation of pro-
moter reporter activity (Figure 5I). These results suggested
the recruitment of endogenous or exogenous RFX6 to the
putative binding site of the PGAM1 promoter region. Fur-
thermore, the expressions of RFX6 and PGAM1 were pos-
itively correlated in this experimental cohort and public
data (Figure S6F,G). IHC staining of tumour tissues from
previous models also showed the decreased expression of
PGAM1 in the RFX6-KO cells and increased expression in
the RFX6-OE cells in vivo (Figures 2H and 3H), supporting
the transcriptional regulation of PGAM1 by RFX6 in HCC
cells.
In the Hep3B cell line, silencing PGAM1 signifi-

cantly attenuated cell proliferation and motility (Figure
S6H–K), validating its pro-tumoural function. Since this
enzyme catalyses the conversion of 3-PG to 2-PG, the
metabolome profiling data were retrospectively anal-
ysed and several glycolytic metabolites upstream of
PGAM1, including 3-PG, D-fructose-1-6-bisphosphate and

F IGURE 4 Regulatory factor X6 (RFX6) promotes aerobic glycolysis in hepatocellular carcinoma (HCC). (A) Kyoto Encyclopedia of
Genes and Genomes (KEGG) analysis of genes annotated from chromatin immunoprecipitation sequencing (ChIP-seq) peaks reveals
enriched pathways. (B) KEGG analysis of different metabolites identifies enriched pathways. (C) Seahorse experiments determined the
extracellular acidification rate (ECAR) in RFX6-knockout (KO) and control Hep3B cells. (D) Seahorse experiments determined the ECAR in
RFX6-overexpressing (OE) and control Huh7 cells. (E) Heatmap shows glycolysis-related metabolites in RFX6-KO and control Hep3B cells.
(F) pH of culture medium, lactate production and glucose consumption were measured in RFX6-KO and control Hep3B cells. (G) pH of
culture medium, lactate production and glucose consumption were measured in RFX6-OE and control Huh7 cells. (H) Representative
[18F]-FDG micro- positron emission tomography/computed tomography (PET/CT) images of tumour-bearing mice (left panel) and
comparison of relative SUVmax between RFX6-OE and control groups (right panel). Tumours are indicated with arrows. Mice were fasted for
12 h before detection (n = 3/group). Data are represented as mean ± standard deviation (SD) from at least three independent experiments. A
two-tailed Student’s t-test was used for statistical analysis. *p < .05, **p < .01 and ***p < .001.

http://gpminer.mbc.nctu.edu.tw/
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F IGURE 5 Regulatory factor X6 (RFX6) transcriptionally regulates phosphoglycerate mutase 1 (PGAM1). (A) Venn diagram illustrates
the overlap between chromatin immunoprecipitation sequencing (ChIP-seq) annotated genes from metabolic pathways and the glycolysis
pathway gene set in the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. (B) Expression of potential downstream target genes
was measured by real-time polymerase chain reaction (PCR) in RFX6-knockdown (KD) hepatocellular carcinoma (HCC) cells. (C) Expression
of potential downstream target genes was measured by real-time PCR in RFX6-overexpressing (OE) HCC cells. (D) Expression of potential
downstream target proteins was measured by Western blotting in RFX6-KD and RFX6-OE HCC cells. (E) RFX6 occupancy at the PGAM1
promoter visualised by the Integrated Genomics Viewer. (F) PGAM1 is transcriptionally regulated by RFX6 in MHCC-97H cells, as shown by
ChIP-semiquantitative PCR. Immunoglobulin G (IgG) served as the control. (G) ChIP-qPCR analysis of RFX6 occupancy at the PGAM1
promoter region in Huh7 cells. IgG served as the control. (H) Schematic illustration of the putative RFX6 binding site in P (−2000/+100) and
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dihydroxyacetone-phosphate, were found to be increased
in the RFX6-KO group (Figure S4H). Consistent with the
reduced lactate, these increased intermediates suggested
deceleration and blockage of glycolytic flux induced by
silencing RFX6. Further, a 2-PG production assay verified
that silencing RFX6 reduced the 2-PG production while
overexpressing RFX6 augmented its production in vitro
(Figures 5J,K and S6L,M). In the retrospective analysis of
the metabolome profiling data from tumour tissues, lev-
els of 2-PG, phosphoenolpyruvate and pyruvate, which
were downstream products of PGAM1, were observed
to decrease in the RFX6-KO group and increase in the
RFX6-OE group (Figure S5A,B). These results demonstrate
that RFX6 transcriptionally upregulates the expression of
PGAM1 and its enzymatic activity.

3.6 RFX6 promotes HCC progression via
a PGAM1-dependent pathway

To determine whether RFX6 promoted HCC progres-
sion via a PGAM1-dependent pathway, rescue experiments
were performed in PGAM1-KD cells (Figures 6A and
S7A,B). As demonstrated by functional assays, cell pro-
liferation and motility induced by RFX6 were reversed
by silencing PGAM1 (Figures 6B–D and S7C–I). Simi-
larly, experiments measuring ECAR, lactate production,
2-PG production, and pH levels demonstrated that RFX6-
enhanced glycolysis was reversed by silencing PGAM1
(Figures 6E–H and S7J,K). Subcutaneous models revealed
that silencing PGAM1 suppressed the RFX6-induced cell
proliferation in vivo, presenting as attenuated tumour
volumes, tumour weights and Ki67+ cells in the stable
PGAM1-KD groups (Figure 6I,J).Moreover,metabolite lev-
els showed that silencing PGAM1markedly suppressed the
RFX6-induced glycolysis in vivo, presenting as attenuated
lactate and 2-PG production in the subcutaneous tumours
from the stable PGAM1-KD groups (Figure 6K).
Additionally, PGAM1-OE plasmids were transduced

into RFX6-KO cells, and related rescue experiments were
carried out (Figure S8A). As shown by functional assays,
overexpressing PGAM1 reversed the suppression of cell
proliferation and motility by silencing RFX6 (Figure
S8B–E). Lactate production, 2-PG production and pHmea-
surements showed that overexpressing PGAM1 released

the inhibition of glycolysis induced by RFX6-KO (Figure
S8F,G). Supplementationwith 2-PGpartly rescued the sup-
pression of cell proliferation caused by silencing RFX6
(Figure S6N). Overall, these in vitro and in vivo results
demonstrate that RFX6 facilitates glycolysis, growth and
metastasis of HCC through transcriptional regulation of
PGAM1.

4 DISCUSSION

Previous studies have highlighted the linkage between the
aberrant RFX6 expression and cancer development.12–16
However, the precise role of RFX6 in HCC remained
ambiguous. In the current study, RFX6 was significantly
increased in HCC. Upregulated RFX6 represented an
unfavorable prognostic factor in HCC patients. Further,
RFX6 exerted a tumour-promoting effect on HCC growth
and metastasis. By transcriptionally upregulating PGAM1,
RFX6-enhanced glycolysis, thereby promoting HCC pro-
gression (Figure 7). Our results indicated that RFX6 might
serve as a potential biomarker for predicting recurrence or
metastasis, as well as a feasible therapeutic target.
Aerobic glycolysis serves as a critical hallmark of HCC,

but its intrinsic mechanisms are still unknown. Based on
our ChIP-seq and metabolome profiling, KEGG analysis
found that central carbon metabolism in cancer was one
of the pathways potentially regulated by RFX6. Further
experiments associated with glucose metabolism identi-
fied the promoting effect of RFX6 on glycolysis in HCC.
Moreover, PGAM1, a key enzyme of glycolysis was recog-
nised as one of the downstream targets of RFX6 in the
present study. PGAM1 was shown to exert pro-tumoural
functions through its metabolic activity.19–24 By rescue
experiments, PGAM1 was found to be critically responsi-
ble for RFX6-mediated glycolysis, growth andmetastasis of
HCC. To the best of our knowledge, the current study pro-
vided the first evidence delineating the link between RFX6
and glycolysis in HCC.
Aprevious study showed that RFX6might contributes to

the HCC progression through the Notch pathway.14 Con-
currently, this study also exhibited that RFX6 expression
was inversely correlated with the dysfunction of progres-
sive T cell, suggesting its functions in reshaping tumour
microenvironment. Although the related pathways did not

the corresponding mutated sequence in P-mutation. (I) PGAM1 promoter luciferase activity in Huh7 or MHCC-97H cells. RFX6-OE increased
the luciferase activity of P (−2000/+100) (left panel). RFX6-OE did not affect the luciferase activity of P-mutation (right panel). HCC cells
were reverse-transfected with either the vector or RFX6-OE plasmid for 24 h, followed by transfection with P (−2000/+100) or P-mutation for
another 48 h, and then subjected to luciferase activity analysis. (J) 2-Phosphoglycerate (2-PG) production was measured in RFX6-knockout
and control Hep3B cells. (K) 2-PG production was measured in RFX6-OE and control Huh7 cells. Data are represented as mean ± standard
deviation (SD) from at least three independent experiments. *p < .05, **p < .01, ***p < .001 and ****p < .0001.
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F IGURE 6 Regulatory factor X6 (RFX6) promotes hepatocellular carcinoma (HCC) progression via a phosphoglycerate mutase 1
(PGAM1)-dependent pathway. (A) Western blotting demonstrates the efficiency of stable PGAM1-knockdown (KD) in RFX6-overexpressing
(OE) Huh7 cells. (B) Stable PGAM1-KD attenuated the RFX6-induced proliferation of HCC cells, as shown by the colony formation assay. (C)
Stable PGAM1-KD attenuated the RFX6-induced proliferation of HCC cells, as shown by the Cell Counting Kit-8 (CCK-8) assay. (D) Stable
PGAM1-KD attenuated the RFX6-induced motility of HCC cells, as shown by the transwell assay. A total of 1.6 × 105 cells were seeded in a
chamber, and incubated for 12 h (migration assay) or 36 h (invasion assay). (E–H) Stable PGAM1-KD attenuated the RFX6-induced glycolysis
in HCC cells, as determined by Seahorse experiments (E), lactate production assay (F), pH measurements (G) and 2-phosphoglycerate (2-PG)
production assay (H). (I) Stable PGAM1-KD attenuated the RFX6-induced HCC growth, as indicated by tumour volumes (left and middle
panel) and weights (right panel) (n = 6/group). Scale bar, 1 cm. (J) Stable PGAM1-KD attenuated the RFX6-induced HCC growth, as indicated
by the quantitation of Ki67+ stained cells. Scale bar, 250 μm. (K) Stable PGAM1-KD attenuated the RFX6-induced glycolysis in HCC cells in
vivo, as shown by lactate and 2-PG production assays. Data are represented as mean ± standard deviation (SD) from at least three
independent experiments. A two-tailed Student’s t-test was used for statistical analysis. *p < .05, **p < .01, ***p < .001 and ****p < .0001.

F IGURE 7 Schematic diagram of the underlying mechanisms of regulatory factor X6 (RFX6) promotion on hepatocellular carcinoma
(HCC) progression via the phosphoglycerate mutase 1 (PGAM1)-dependent glucose metabolism.

exhibit significance in the KEGG analyses of the current
study, potentially attributed to discrepancies between cell
lines and experimental methods, a genome-scale CRISPR-
Cas9 screen conducted by Pan et al. identified RFX6
as one of the genes that sensitised tumour cells to T-
cell-mediated killing.34 Moreover, PGAM1 was recently
reported to inhibit T-cell infiltration via ferroptosis sup-
pression in HCC.35 These evidences, along with our study,
indicate the instrumental role of RFX6/PGAM1 axis in the
development of HCC.
As mentioned above, glycolytic enzymes might exert

diverse pro-tumoural functions, facilitating tumour
progression in a synergistic manner.7,36–38 A recent
study recognised the assembly of penultimate enzyme
complexes, including PGAM1, in breast cancer cells.
Through rapid channeling of glycolytic intermediates,
this enzyme complex accelerates glucose uptake and
augments glycolysis.39 An elevated glucose consumption
was observed in the RFX6-OE cells. It was of interest to
postulate that RFX6 might mediate the assembly of such
complexes via the regulation of PGAM1 in HCC cells,
resulting in an increased glycolytic flux under Warburg
effect conditions.

In addition to critical involvement in glycolysis, PGAM1
participates in two other biosynthetic pathways, pentose
phosphate and serine biosynthesis pathway.40 Suppression
of PGAM1 results in the accumulation of 3-PG, which sub-
sequently inactivates 6-phosphogluconate dehydrogenase
involved in the pentose phosphate pathway, consequently
impairing de novo nucleotide biosynthesis. Deprivation of
2-PG by PGAM1 inhibition also remarkably attenuates the
activity of phosphoglycerate dehydrogenase, which utilises
3-PG to initiate the serine biosynthesis pathway. These
observations collectively suggest that targeting the RFX6–
PGAM1 axis might be a tempting option for the treatment
of HCC, not only by restricting energy supply but also
by impeding anabolic processes essential for tumour cell
proliferation, thereby ‘killing two birds with one stone’.41
In prostate cancer, the risk-associated T allele increases

the binding of homeobox B13 (HOXB13) and androgen
receptor (AR), supporting allele-specific upregulation of
RFX6.13 Similarly, HCC tissues exhibit elevated expres-
sion of HOXB13 and AR compared to normal tissues,
implying their tumour-associated properties and clin-
ical relevance.42–45 Whether upregulated HOXB13 and
AR would enhance the expression of RFX6, thereby
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triggering a transcription factor cascade in the develop-
ment ofHCC, remains to be explored.Moreover, the failure
of clinical trials examining the efficacy of AR antagonists
suggests its double-edged role in HCC.46,47 Therefore, tar-
geting the pro-tumoural downstream of AR (i.e., RFX6),
might be a more efficient strategy.
In line with Warburg’s theory, central carbon

metabolism in cancer was characterised by enhanced
glycolysis and suppressed oxidative phosphorylation
(OXPHOS) in tumour cells.48 Although OXPHOS is
the preferred energy production process in HCC stem
cells, the switch to the glycolysis takes place during cell
differentiation, accompanied by epigenetic alterations.49
Therefore, RFX6 might transcriptionally regulate genes
involved in OXPHOS, reprogramming glucosemetabolism
in HCC.
Aerobic glycolysis in tumour cells produces a large

amount of lactate, which induces tumourigenesis by pro-
voking acidosis, angiogenesis and immunosuppression.50
A recent study by Zhang et al. reported a new post-
translational modification, histone lactylation, where lac-
tate can modify lysine residues of histones.51 In ocular
melanoma, histone lactylation promotes tumour progres-
sion by regulating the transcription of an m6A reader
protein.52 Given the excessive lactate generated by RFX6
regulation, it can be hypothesised that lactate modifies
histones associated with the promoter region of RFX6,
forming a positive feedback loop. However, whether this
novel epigenetic mechanism participates in the HCC
tumourigenesis remains to be explored.
In conclusion, our study recognised RFX6 as an essen-

tial gene for tumour development and uncovered its effect
on HCC progression. We first revealed the impact of RFX6
on glycolysis and further demonstrated the significance of
this novel RFX6–PGAM1 regulatory axis in HCC progres-
sion. Our studymight provide a novel therapeutic target in
HCC.
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