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ABSTRACT
Background Hepatocellular carcinoma (HCC) is 
characterized by inflammation and immunopathogenesis. 
Accumulating evidence has shown that the cystathionine 
β-synthase/hydrogen sulfide (CBS/H

2S) axis is involved 
in the regulation of inflammation. However, roles of CBS 
in HCC development and immune evasion have not 
been systematically investigated, and their underlying 
mechanisms remain elusive. Here, we investigated the 
roles of CBS in tumor cells and tumor microenvironment 
of HCC.
Methods 236 HCC samples were collected to detect the 
expression of CBS, cleaved Caspase-3 and paired related 
homeobox 2 (PRRX2) and the number of immune cells. 
HCC cell lines were employed to examine the effects 
of CBS on cellular viability, apoptosis and signaling in 
vitro. Cbs heterozygous knockout mice, C57BL/6 mice, 
nude mice and non- obese diabetic severe combined 
immunodeficiency mice were used to investigate the in 
vivo functions of CBS.
Results Downregulation of CBS was observed in HCC, 
and low expression of CBS predicted poor prognosis in 
HCC patients. CBS overexpression dramatically promoted 
cellular apoptosis in vitro and inhibited tumor growth in vivo. 
Activation of the Cbs/H

2S axis also reduced the abundance 
of tumor- infiltrating Tregs, while Cbs deficiency promoted 
Tregs- mediated immune evasion and boosted tumor growth 
in Cbs heterozygous knockout mice. Mechanistically, CBS 
facilitated the expression cleaved Caspase-3 in tumor cells, 
and on the other hand, suppressed Foxp3 expression in Tregs 
via inactivating IL-6/STAT3 pathway. As a transcription factor 
of IL-6, PRRX2 was reduced by CBS. Additionally, miR-24- 3p 
was proven to be an upstream suppressor of CBS in HCC.
Conclusions Our results indicate the antitumor function 
of CBS in HCC by inactivation of the PRRX2/IL-6/STAT3 
pathway, which may serve as a potential target for HCC 
clinical immunotherapy.

BACKGROUND
Hepatocellular carcinoma (HCC) is the sixth 
most common cancer and the third leading 

cause of cancer- related death worldwide in 
2020, with approximately 906 000 new cases 
and 830 000 deaths.1 The development of 
90% of HCCs is related to underlying chronic 
liver inflammation, which is considered to 
induce fibrosis and/or subsequent cirrhosis.2 
Chronic necroinflammation, along with 
constant cell death, liver regeneration,3 and 
altered immune response,4 was responsible 
for liver fibrosis and tumorigenesis.5 Thera-
peutic challenges of HCC are most frequently 
chemotherapy resistant and diagnosed at 
advanced stages.5 6 In addition, emerging 
immunotherapies were not so effective in 
treating HCC.6 Therefore, it is of great signifi-
cance to further investigate the mechanism of 
HCC development to unearth novel potential 
targets for the clinical treatment of HCC.

The tumor microenvironment (TME) 
plays a critical role in HCC initiation and 
progression.7 Three major immunosuppres-
sive cell populations including regulatory T 
cells (Tregs), tumor- associated macrophages 
(TAMs) and myeloid- derived suppressor cells 
(MDSCs) within TME have been shown to 
be closely associated with tumorigenesis and 
evolvement.8–11 Tregs, as a dominant inhibi-
tory component in immune system, are able 
to be co- opted by tumor cells and are prone 
to repress T cell activation and prolifera-
tion partly through secreting interleukin-10 
(IL-10) and highly expressing IL2R/CD25.12 
TAMs could bind to certain coinhibitory 
receptors on T cells, such as cytotoxic T- lym-
phocyte associated protein 4 (CTLA-4). 
On the other hand, TAMs might facilitate 
Tregs differentiation to further help tumor 
cells escaping immunological surveillance.13 
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Moreover, the inhibitory effect of MDSCs on T cell 
response commonly occurs through upregulation of 
inducible nitric oxide synthase (iNOS) and promotion 
of arginase-1 enzyme activity.14 In other words, relieving 
immunosuppression is essential for achieving therapeutic 
improvements in HCC immunotherapy.

Braunstein et al15 first isolated cystathionine β-synthase 
(CBS) from chicken liver in 1969. CBS was later iden-
tified as one of the key enzymes for hydrogen sulfide 
(H2S) production, in addition to cystathionine gamma-
lyase (CSE) and 3- mercaptopyruvate sulfurtransferase 
(3- MST).16 Our previous studies have demonstrated that 
Cbs deficiency- mediated iron overload could lead to liver 
damage. Meanwhile, we found that interleukin-6 (IL-6) 
levels in the liver and blood of homozygous knockout 
mice (Cbs−/−) are higher than that in wild type mice 
(Cbs+/+), and LPS- induced IL-6 production can be inhib-
ited by H2S.17 18 IL-6, which is known to activate signal 
transducer and activator of transcription 3 (STAT3), plays 
a facilitative role in various types of tumors including 
HCC.19 20 Nevertheless, the role of CBS in HCC carcino-
genesis, especially in TME, remains largely unclear.

Herein, we first explored the effect of CBS on cleaved 
Caspase-3 and Ki-67 in HCC cells, which are recognized 
markers for cell apoptosis and proliferation, respec-
tively.21–23 We then examined the possible remodeling 
role of CBS in HCC tumor microenvironment and 
found an obvious restraint in Tregs infiltration via inhib-
iting PRRX2/IL-6/STAT3 pathway. Overall, as a tumor 
suppressor, CBS harbors dual functions in HCC.

METHODS
Human samples
Tumor specimens for tissue microarrays were collected 
from 236 HCC patients who underwent surgery from 
April 2005 to September 2008 at Department of Liver 
Surgery, Zhongshan Hospital of Fudan University. All 
patients were informed of the aim of the study and gave 
consent to donate their samples.

Statistical analysis
Two- tailed t- test was used to compare the differences 
between two sets, and two- way analysis of variance was used 
to assess the statistical significance of two- factor interac-
tions with multiple time points. The X- tile software was 
used to generate the optimum cut- off point for contin-
uous variables,24 and HCC patients was divided into CBS 
high expression group and CBS low expression group 
according to the optimum cut- off point. Kaplan- Meier 
survival analysis with log- rank test was performed to eval-
uate risk factors for overall survival (OS) of HCC patients, 
then multivariate Cox analysis was used to analyze predic-
tors for the prognosis. Data were analyzed with SPSS soft-
ware V.19.0 (SPSS Inc). P<0.05 was considered statistically 
significant.

Other experimental procedures are described in the 
online supplemental material.

RESULTS
Downregulated CBS expression is associated with poor 
prognosis, less apoptosis and more tumor-infiltrating Tregs in 
HCC
To explore the role of CBS in the development of HCC, 
we first examined CBS expressions in different organs. As 
shown in online supplemental figure 1, both mRNA and 
protein levels of CBS were considerably higher in liver 
than in the other seven organs, which implied that CBS 
might play an essential role in maintaining liver function 
and homeostasis. Next, we performed statistical analysis 
on CBS expression in TCGA- LIHC and GEO (GSE14520) 
databases. Consistent with a previous study,25 we observed 
that the mRNA levels of CBS in HCC tumor tissues from 
both databases were remarkably lower than that in peri-
tumor tissues (figure 1A,B, left panel), and the OS of HCC 
patients with low CBS expression was significantly shorter 
than those with high CBS expression (figure 1A,B, right 
panel). We also analyzed CBS expression in fresh HCC 
samples by western blot and real- time PCR, and results 
showed that both protein and mRNA levels of CBS were 
remarkably reduced in HCC tumor tissues compared with 
matched peritumor tissues (figure 1C–E). As CBS is one 
of the key enzymes involved in H2S production, we also 
examined H2S concentration. As expected, H2S contents 
in HCC tumor tissues were much lower than that in adja-
cent non- tumor tissues (online supplemental figure 2A), 
then a tissue microarray was employed to examine CBS 
expressions in 236 HCC patients with different stages. 
Representative IHC staining of CBS in tumor and peri-
tumor tissues were shown in figure 1F. It was observed that 
CBS was mainly localized in the cell cytoplasm. Although 
CBS was most abundant in normal tissues, it was down-
regulated in matched HCC tumor tissues (figure 1G). 
In order to further investigate the role of CBS in HCC 
development, HCC patients were stratified into different 
subgroups according to disease stage, and CBS expres-
sion was observed to be lower in patients with advanced 
stage than those with early stage (figure 1H). Kaplan- 
Meier analysis revealed that patients with low CBS expres-
sion had shorter OS than those with high CBS expression 
(figure 1I). Furthermore, we found that the expression 
of CBS was positively correlated with the proportion of 
cleaved Caspase-3 and negatively correlated with the 
number of Tregs in HCC clinical samples (figure 1J–K). 
CBS expression was also slightly correlated with the 
number of CD4+ T cells and TAMs but not with other 
seven kinds of immune cells including pan T cells, CD8+ 
T cells, mononuclear cells, B cells, plasma cells, naive T 
cells and memory T cells (online supplemental figure 
3). These findings indicated that downregulation of CBS 
might reduce tumor cell apoptosis and increase tumor 
infiltrating of Tregs in HCC.

Univariate and multivariate analyses were subsequently 
performed to determine the prognostic factors for the 
OS of HCC patients. As shown in online supplemental 
table 5, the levels of alpha fetoprotein, γ-glutamyl tran-
speptidase (GGT) and alanine aminotransferase (ALT), 
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tumor diameter, tumor differentiation, and CBS expres-
sion were identified as risk factors for the OS of HCC 
patients. Further estimation by multivariate Cox regres-
sion analysis demonstrated that GGT level, tumor diam-
eter, tumor differentiation and CBS expression were 
independent predictors for the OS of HCC patients 

(online supplemental table 5). Taken together, these 
results implied that CBS could be a predictor for the OS 
of patients with HCC.

CBS inhibits the growth of HCC cells in vitro and in vivo
To investigate the effect of CBS on HCC progression, we 
transduced lentivirus to achieve stable knockdown of CBS 

Figure 1 Downregulated CBS expression was associated with poor prognosis, less apoptosis and more tumor- infiltrating 
Tregs in HCC. (A and B) Relative expression of CBS in HCC tumor versus peritumor tissues and the relationship between CBS 
expression and OS of HCC patients in TCGA (A) and GSE14520 (B) database, respectively. (C and D) The protein levels of CBS 
in 28 HCC tumor tissues and paired peritumor tissues were determined by western blot analysis. (E) The mRNA levels of CBS in 
44 HCC tumor tissues and paired peritumor tissues were determined by real- time PCR analysis. (F) Representative IHC staining 
of CBS in HCC tumor tissue and matched non- tumor tissue. (G) The staining score of CBS in tumor tissues compared with 
peritumor tissues in all patients (n=118). (H) The staining score of CBS in tumor tissues from patients with early stage compared 
with those with late stage. (I) The relationship between CBS expression and the OS of HCC patients in Zhongshan cohort was 
determined by Kaplan- Meier analysis with log- rank test (n=236). (J and K) The correlation between CBS expression and the 
proportion of cleaved caspase-3 as well as the number of Tregs in HCC clinical samples (n=236) was analyzed by Pearson’s r 
test. In A, B, D, E, G and H, data are represented as mean±SEM, and statistical significance was calculated by Student’s two- 
tailed t- test. *P<0.05; ***p<0.001. CBS, cystathionine β-synthase; HCC, hepatocellular carcinoma; OS, overall survival.
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in Hep3B cells and overexpression of CBS in MHCC97H 
cells, and we also transfected Cbs- plasmid into mouse 
Hepa1-6 cells. Real- time PCR and western blot were 
performed to confirm the efficiency of CBS knockdown 
and overexpression (figure 2A–C). CCK-8 assays showed 
that CBS knockdown promoted the viability of HCC cells, 
and flow cytometry analysis showed that CBS knockdown 
inhibited cellular apoptosis (figure 2D,G,H). In contrast, 
CBS overexpression suppressed the viability and facili-
tated the apoptosis of HCC cells (figure 2E,F,I–L). Subcu-
taneous xenograft tumor model was used to verify the 
antitumor role of CBS in HCC. Results showed that CBS 
knockdown or inhibition by aminooxyacetic acid (AOAA; 
a CBS inhibitor)26 significantly enhanced tumor growth 
in Hep3B- xenografted mice model, while CBS overex-
pression or activation by S- adenosyl methionine (SAM; a 
CBS agonist)27 exhibited opposite effects in MHCC97H- 
xenografted mice model (figure 3A,B,E,F). Moreover, 
H2S contents in subcutaneous tumor tissues were declined 
following CBS depletion and were increased following 
CBS activation (online supplemental figure 2B,C).

We further detected the influence of CBS on the cell 
apoptosis marker cleaved Caspase-3 and the cell prolif-
eration marker Ki-67 in these subcutaneous HCC tumor 
tissues. As shown in figure 3C,G, CBS depletion remark-
ably diminished cleaved Caspase-3 positive rate, while CBS 
activation improved the proportion of cleaved Caspase-3. 
Nevertheless, CBS depletion or activation showed 
little effect on the expression of Ki-67 (figure 3D,H). A 
previous study reported the regulation of CBS in glycol-
ysis or angiogenesis,28 which play crucial roles in tumor 
progression. Extracellular acidification rate calculated 
from proton production rate was used to evaluate glyco-
lytic capacity,29 30 and CD31 staining was used to identify 
tumor angiogenesis.31 However, unlike reported results in 
colorectal and ovarian cancers,28 our results showed that 
CBS knockdown or overexpression exhibited little effect 
on glycolysis or angiogenesis in HCC (online supple-
mental figure 4). Together, these data suggested that CBS 
suppressed HCC tumor growth through inducing cellular 
apoptosis but had no effects on cell proliferation, glycol-
ysis or angiogenesis.

CBS suppresses tumor growth by reducing tumorous 
infiltration of Tregs
Next we used the CBS agonist SAM and a slow H2S donor 
GYY4137 to further verify the effects of CBS/H2S axis 
activation on Hepa1-6- homografted tumor inhibition in 
different mice strains.27 32 As shown in figure 4A, both 
SAM and GYY4137 administration impaired tumor 
growth in immunocompetent C57BL/6 mice as well 
as in non- obese diabetic severe combined immunode-
ficiency (NOD SCID) mice. Interestingly, tumor inhi-
bition rates under GYY4137 or SAM treatment were 
significantly higher in immunocompetent mice than 
that in immunodeficient mice, which might be due to 
a stronger apoptosis- induced capacity in immunocompe-
tent mice (figure 4B–D). These data suggested a possible 

immunoregulatory role of the CBS/H2S axis in tumor 
growth repression. Considering that CBS expression was 
negatively correlated with tumor- infiltrating Tregs and 
TAMs in HCC patients (figure 1K and online supple-
mental figure 3B), we next examined the influence of 
CBS/H2S activation on the populations of Tregs and 
TAMs as well as another immunosuppressive MDSCs in 
tumor microenvironment. Flow cytometry analysis indi-
cated that the abundance of tumor- infiltrating Tregs in 
subcutaneous tumors derived from immunocompetent 
mice treated with GYY4137 or SAM was significantly 
reduced compared with control mice (figure 4E and 
online supplemental figure 5A). However, MDSCs and 
TAMs were almost unchanged after GYY4137 or SAM 
administration (online supplemental figure 5B,C). To 
confirm the effect of CBS on the immunosuppressive 
function of Tregs, we detected the abundance of tumor- 
infiltrating IFNγ+CD8+ T cells, and results showed that 
both GYY4137 and SAM treatment significantly increased 
the proportion of IFNγ+CD8+ T cells (figure 4F and online 
supplemental figure 5D). In GYY4137 and SAM- treated 
tumor tissues, the inhibition of CD8+ T cell proliferation 
by Tregs was impaired compared with control group 
(figure 4G). Furthermore, the tumor killing capacity of 
CD8+ T cells was higher in GYY4137 and SAM- treated 
group compared with control group (figure 4H). The 
mRNA levels of IL-10 in Tregs and IFNγ in CD8+ T cells 
were also examined, and results showed that GYY4137 
and SAM treatment significantly diminished IL-10 mRNA 
level in Tregs but accelerated IFNγ expression in CD8+ T 
cells (online supplemental figure 5E,F).

Cbs- deficient (Cbs+/−) immunocompetent mice were 
used to further certify the suppressive roles of CBS in HCC. 
As shown in figure 4I–L, Cbs deficiency notably facilitated 
Hepa1-6- homografted tumor growth and abnormally 
elevated the tumorous infiltration of Tregs while reduced 
tumor- infiltrating IFNγ+CD8+ T cells. Similar to GYY4137 
and SAM treatment, Cbs deficiency exhibited little effect 
on the abundance of tumor- infiltrating MDSCs and TAMs 
(online supplemental figure 5G,H). In addition, Tregs 
separated from Cbs+/− mice showed stronger suppression 
on the proliferation of CD8+ T cells than those from wild 
type group (figure 4M), and the tumor- killing capacity 
of CD8+ T cells derived from Cbs+/− mice was weakened 
compared with those from wild type group (figure 4N). 
Cbs deficiency enhanced IL-10 expression in Tregs 
while repressed IFNγ expression in CD8+ T cells (online 
supplemental figure 5I,J). Furthermore, we constructed 
a primary liver carcinogenesis mouse model with intra-
peritoneal injection of the chemical carcinogen diethyl- 
nitrosamine (DEN). As shown in online supplemental 
figure 5K, after a short- induced period (4 months), no 
tumor lesions were observed in wild type mice, while 
33.3% of the Cbs- deficient mice developed microtumor 
lesions. These data implied that Cbs deficiency improved 
DEN- induced HCC incidence.
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Figure 2 CBS inhibits cell viability and promotes apoptosis of HCC cells. (A–C) The knockdown efficiency of CBS in Hep3B 
cells (A) and overexpression efficiency of CBS in MHCC97H (B) and Hepa1-6 cells (C), respectively. (D–F) The effect of CBS 
knockdown on Hep3B cell viability (D) and the effect of CBS overexpression on MHCC97H (E) and Hepa1-6 cell viability (F) were 
detected by using CCK-8 assay, respectively. (G–L) Flow cytometry was used to determine apoptosis of Hep3B, MHCC97H and 
Hepa1-6 cells, and representative images were shown in G, I and K. In A–L, data are represented as mean±SEM, and statistical 
significance was calculated by Student’s two- tailed t- test (A–C and H, J and L) or two- way ANOVA analysis (D–F). *P<0.05; 
**p<0.01; ***p<0.001. ANOVA, analysis of variance; CBS, cystathionine β-synthase; HCC, hepatocellular carcinoma.
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Figure 3 CBS inhibits HCC growth in vivo. (A–D) Nude mice were subcutaneously injected with Hep3B cells with stable CBS 
knockdown or empty vector and treated with or without AOAA. Tumor volume was measured weekly (A) (n=6). (B) Five weeks 
later, tumor xenografts were excised and weighed, and representative images are shown (left panel). (C and D) IHC staining was 
performed to detect cleaved caspase-3 (C) and Ki-67 expression (D). Scale bar: 50 µm. (E–H) Nude mice were subcutaneously 
injected with MHCC97H cells with stable CBS expression or empty vector and treated with or without SAM, tumor volume was 
measured weekly (E) (n=6). (F) Four weeks later, tumor xenografts were excised and weighed, and representative images are 
shown (left panel). (G and H) IHC staining was performed to detect cleaved Caspase-3 (G) and Ki-67 expression (H). Scale bar: 
50 µm. In A–H, data are represented as mean±SEM, and statistical significance was calculated by Student’s two- tailed t- test. 
*P<0.05; **p<0.01; ***p<0.001. AOAA, aminooxyacetic acid; CBS, cystathionine β-synthase; HCC, hepatocellular carcinoma; 
NS, no significance; SAM, S- adenosyl methionine.
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Figure 4 CBS suppresses tumor growth by reducing tumorous infiltration of Tregs. (A–H) Hepa1-6 cells were injected 
subcutaneously into C57BL/6 and NOD SCID mice treated with or without GYY4137 or SAM for 3 weeks (n=6). (A) Tumor 
volumes in C57BL/6 and NOD SCID mice treated with or without GYY4137 or SAM. (B) Tumor inhibition rates by GYY4137 
in C57BL/6 and NOD SCID mice. (C) Tumor inhibition rates by SAM in C57BL/6 and NOD SCID mice. (D) IHC staining was 
performed to detect cleaved Caspase-3 expression in subcutaneous tumor tissues. Scale bar: 50 µm. (E and F) Abundance of 
regulatory T cells (E) and IFNγ+CD8+ T cells (F) in subcutaneous tumor tissues. (G) Tregs inhibition on the proliferation of CD8+ 
T cells sorted from the same tumor tissues as indicated. (H) Cell killing assays of CD8+ T on Hepa1-6 cells separated from 
C57BL/6 mice treated with or without GYY4137 or SAM. (I–N) Hepa1-6 cells were injected subcutaneously into Cbs- deficient 
C57BL/6 mice and wild type C57BL/6 mice (n=6). (I) Representative images of excised tumor homografts. (J) Tumor weight 
of excised tumor homografts. (K and L) Abundance of regulatory T cells (K) and IFNγ+CD8+ T cells (L) in subcutaneous tumor 
tissues. (M) Tregs inhibition on the proliferation of CD8+ T cells sorted from the same tumor tissues as indicated. (N) Cell killing 
assays of CD8+ T on Hepa1-6 cells separated from Cbs+/− mice or wild type mice. In A–H and J–N, data are represented as 
mean±SEM, and statistical significance was calculated by Student’s two- tailed t- test. *P<0.05; **p<0.01; ***p<0.001. NOD 
SCID, non- obese diabetic severe combined immunodeficiency; SAM, S- adenosyl methionine.
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CBS inhibits tumor growth and Tregs infiltration via 
suppressing STAT3 pathway in HCC
To explore the underlying mechanisms of how CBS 
restrain HCC progression, we conducted RNA sequencing 
and human phospho- kinase array in MHCC97H- CBS OE 
cells in comparison with MHCC97H- NC cells to screen 
out potential CBS- regulated signal pathways. Gene set 
enrichment analysis based on RNA sequencing demon-
strated that CBS overexpression was significantly nega-
tively related to STAT3 signaling pathway (figure 5A). 
Consistently, the phospho- kinase array also manifested 
an obviously attenuation of STAT3 (Y705) phosphoryla-
tion when CBS was overexpressed (figure 5B). Western 
blot results confirmed that CBS overexpression inhibited 
STAT3 phosphorylation, while knockdown of CBS facili-
tated STAT3 phosphorylation (figure 5C). Meanwhile, the 
expression of the apoptosis marker cleaved Caspase-3 was 
significantly reduced, and the antiapoptosis factor Bcl-3 
was increased when CBS was knockdown in Hep3B cells, 
while opposite trends were observed when CBS was over-
expressed in MHCC97H and Hepa1-6 cells (figure 5C), 
then we aimed to confirm whether CBS depletion- 
mediated tumor growth acceleration was STAT3 depen-
dent. As shown in figure 5D, the STAT3 inhibitor Stattic 
completely reversed the promotion of cell viability 
induced by CBS knockdown. The inhibition of cellular 
apoptosis and cleaved Caspase-3 expression as well as the 
improvement of Bcl-3 expression induced by CBS deple-
tion were also blocked by Stattic (figure 5E,F). Further-
more, intraperitoneal injection of Stattic reversed the 
facilitation of tumor growth in mice when CBS was knock-
down or partly deficient (figure 5G,H). Cbs deficiency- 
mediated tumor infiltration of Tregs was also disrupted by 
Stattic (figure 5I). Interestingly, we found that the expres-
sion of Foxp3 in CD4+CD25+ Tregs was increased by Cbs 
depletion in a STAT3- dependent manner (figure 5J).

Recent studies indicated that the development and 
function of Tregs are governed by particularly DNA 
demethylation of Foxp3 promoter,33 and ten- eleven trans-
location (Tet) family is able to convert 5- methylcytosine 
to 5- hydroxymethylcytosine (5hmC) to remove existing 
methylation marks.34 H2S was also shown to promote meth-
ylcytosine dioxygenases Tet1- mediated and Tet2- mediated 
Foxp3 demethylation in spleen and lymph nodes- derived 
CD4+ T cells.35 To clarify whether the upregulation of 
Foxp3 in tumor- infiltrating CD4+CD25+ Tregs mediated 
by Cbs depletion was also related to DNA demethyla-
tion, we examined the levels of Tet1, Tet2 and 5hmC in 
tumor infiltrating CD4+ T cells. However, the expression 
of all these factors was almost unchanged following Cbs 
depletion (online supplemental figure 6A,B). Instead, 
the mRNA level of IL-6 was increased in Cbs deficient 
tumor- infiltrating Tregs (online supplemental figure 6C). 
These results suggested that Cbs deficiency- mediated 
IL-6/STAT3 activation promoted the expression of Foxp3 
in tumor- infiltrating Tregs. Additionally, we investigated 
the role of STAT3 in the influence of Cbs deficiency on 
IFNγ+CD8+ T cells. As shown in figure 5K,L, the reduction 

of tumor- infiltrating IFNγ+CD8+ T cells following Cbs 
depletion was reversed by Stattic administration, while 
tumor killing capacity of IFNγ+CD8+ T cells was remark-
ably enhanced by STAT3 inhibition.

CBS negatively regulates STAT3 phosphorylation via PRRX2-
transcripted IL-6
Next we aimed to elaborate how CBS represses STAT3 
activation. Numerous studies have confirmed the regu-
latory effect of CBS on IL-617 36 and the activation of 
STAT3 by IL-6.19 37 As shown in online supplemental 
figure 7, the mRNA level of IL-6 was reduced when CBS 
was overexpressed in HCC cells and was increased when 
CBS was knockdown. Real- time PCR and ELISA analysis 
also showed that CBS knockdown or inhibition signifi-
cantly stimulated IL-6 production in subcutaneous tumor 
tissues, while CBS overexpression or activation inhibited 
IL-6 expression (figure 6A). Further exploration using 
IL-6 recombinant protein indicated that CBS- mediated 
STAT3 inhibition was IL-6 dependent (figure 6B). 
However, the specific mechanism of CBS regulation 
on IL-6 was unknown. To elucidate the upstream tran-
scription factor of IL-6, we searched the Jaspar database 
and found that 93 transcription factors had sequences 
complementary to IL-6 promotor (online supplemental 
table 6). We then conducted a transcription factors array 
on these 93 factors in CBS overexpression MHCC97H 
cells in comparison with control cells, in order to screen 
out potential transcription factors. The results showed 
that 14 transcription factors were significantly reduced 
along with CBS overexpression (figure 6C). Further real- 
time PCR analysis verified that only Jun proto- oncogene 
(JUN), JunB proto- oncogene (JUNB), NK2 homeobox 
5 (NKX2-5) and PRRX2 were significantly decreased 
after CBS overexpression (figure 6D). Moreover, among 
these four transcription factors, only PRRX2 transfection 
completely reversed the inhibition of IL-6 by CBS over-
expression (figure 6E,F). We also performed a rescue 
experiment in CBS knockdown Hep3B cells. As shown 
in figure 6G,H, CBS knockdown significantly facilitated 
IL-6 expression, but PRRX2 depletion blocked this effect. 
When PRRX2 was regained by plasmid transfection, the 
mRNA level of IL-6 was rescued subsequently. In addition, 
the expression of PRRX2 exhibited significant negative 
correlation with the expression of CBS in tumor tissues 
from 236 HCC patients (figure 6I,J). Taken together, 
these data implied that CBS inhibited the expression of 
PRRX2. As a potential transcription factor, PRRX2 modu-
lated IL-6 transcription and activated downstream STAT3 
in HCC cells.

miR-24-3p is an upstream suppressor of CBS
miRNAs have been demonstrated as important upstream 
regulators of many tumorigenesis- related genes. To clarify 
why CBS is downregulated in HCC and elucidate the 
upstream regulators of CBS, we searched six public data-
bases, including TargetScan, miRanda, miRMap, PITA, 
RNA22 and RNAhybrid. Among all these six databases, 
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Figure 5 CBS inhibits tumor growth and Tregs infiltration via suppressing STAT3 pathway in HCC. (A) GSEA of the STAT3 
downstream pathway (normalized enrichment score (NES)) after CBS overexpression. (B) The phospho- kinase array analysis of 
MHCC97H cells with stable CBS overexpression or empty vector. (C) The effect of CBS on STAT3 phosphorylation and cleaved 
Caspase-3 as well as Bcl-3 expression were examined by western blot. (D–F) The effects of Stattic on CBS knockdown- 
mediated cell viability, apoptosis and STAT3 signaling were analyzed by CCK-8 (D), flow cytometry (E) and western blot (F), 
respectively. (G and H) Stattic significantly reversed the growth of subcutaneous tumor accelerated by CBS knockdown (G) or 
CBS deficiency (H). (I–L) The effect of Stattic on CBS deficiency- mediated tumor infiltration of Tregs (I) and the expression of 
FOXP3 in Tregs (J) as well as tumor infiltration of IFNγ+CD8+ T cells (K) and the tumor killing capacity of CD8+ T cells (L). In B, 
D, E, G–I and K–L, data are represented as mean±SEM, and statistical significance was calculated by two- way ANOVA analysis 
(D) or Student’s two- tailed t- test (B, E, G–I and K–L). **P<0.01; ***p<0.001. ANOVA, analysis of variance; CBS, cystathionine 
β-synthase; NS, no significance.

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2021-003031 on 19 A

ugust 2021. D
ow

nloaded from
 

http://jitc.bmj.com/


10 Zhou Y- F, et al. J Immunother Cancer 2021;9:e003031. doi:10.1136/jitc-2021-003031

Open access 

Figure 6 CBS negatively regulates STAT3 phosphorylation via PRRX2- transcripted IL-6. (A) The mRNA and protein levels 
of IL-6 in subcutaneous tumors were measured by real- time PCR and ELISA, respectively. (B) The phosphorylation of STAT3 
reduced by CBS overexpression along with or without IL-6 recombinant protein treatment. (C) Transcription factors array 
showed that 14 transcription factors were significantly reduced along with CBS overexpression. (D) The 14 transcription factors 
affected by CBS overexpression was verified by real- time PCR. (E) The overexpression efficiency of JUN, JUNB, NKX2-5 and 
PRRX2 was determined by real- time PCR. (F) CBS stable overexpression or control MHCC97H cells were transfected with 
JUN, JUNB, NKX2-5 or PRRX2 plasmid, then the mRNA level of IL-6 was analyzed by real- time PCR. (G and H) CBS stable 
knockdown or control Hep3B cells were transfected as indicated, then the mRNA level of PRRX2 (G) and IL-6 (H) was analyzed 
by real- time PCR. (I and J) The correlation between CBS and PRRX2 expression in HCC clinical samples (n=236) was analyzed 
by Pearson’s r test. In A and C–H, data are represented as mean±SEM, and statistical significance was calculated by Student’s 
two- tailed t- test. *P<0.05; **p<0.01; ***p<0.001. CBS, cystathionine β-synthase; HCC, hepatocellular carcinoma; IL, interleukin; 
NS, no significance.
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we found that miR-942- 5p, miR-139- 3p, miR-24- 3p and 
miR-1303 had sequences complementary to CBS 3′-UTR 
(figure 7A and online supplemental figure 8A), with 
score values greater than 80 in the TargetScan data-
base. We then examined the expression levels of these 
four miRNAs in 24 HCC tissues. Further analysis showed 
that the level of miR-24- 3p was inversely associated with 
CBS mRNA level, whereas the correlation between 

CBS mRNA level and the other three miRNAs were not 
significant (figure 7B and online supplemental figure 
8B). Also, the level of miR-24- 3p was increased in HCC 
samples compared with peritumor tissues (figure 7C). 
To verify the hypothesis that miR-24- 3p might be an 
upstream regulator of CBS, we transfected MHCC97H 
and Hep3B cells with miR-24- 3p mimics, and results 
showed that miR-24- 3p overexpression led to a decrease 

Figure 7 miR-24–3p is an upstream suppressor of CBS. (A) The TargetScan database was used to show that miR-24–3p 
had sequences complementary to CBS 3’-UTR. (B) The correlation between CBS and miR-24- 3p expression in HCC tumor 
tissues (n=24). (C) The expression level of miR-24- 3p in HCC tumor tissues and paired adjacent peritumor specimens were 
investigated by real- time PCR (n=24). (D and E) MHCC97H and Hep3B cells were transfected with miR-24- 3p or control 
mimics, then the expression of miR-24- 3p was detected by real- time PCR (D), and the protein level of CBS was detected by 
western blot (E). (F) Complementary sequence between CBS 3’UTR and miR-24- 3p, and the effect of miR-24- 3p mimics or its 
inhibitor on the luciferase activity of wild or mutant CBS was tested by luciferase reporter assay. (G) Hypothetical scheme for 
the mechanisms of CBS inhibiting HCC growth. In B, data are represented as min- to- max bar graphs with median lines; in D–F, 
data are represented as mean±SEM, and statistical significance was calculated by Student’s two- tailed t- test (B, D–F). *P<0.05; 
**p<0.01; ***p<0.001. CBS, cystathionine β-synthase; HCC, hepatocellular carcinoma; NS, no significance.
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of CBS protein level in both MHCC97H and Hep3B 
cells (figure 7D,E). Next a luciferase reporter assay was 
performed to further validate whether miR-24- 3p was a 
direct regulator of CBS. When cotransfected with Wt- CBS 
3′-UTR luciferase reporter plasmid, miR-24- 3p mimics led 
to a significant decrease in the luciferase activity of CBS, 
whereas the luciferase activity of Mut- CBS 3′UTR was not 
affected by miR-24- 3p mimics (figure 7F). In addition, 
cotransfection with miR-24- 3p inhibitor led to a signifi-
cant increase in the luciferase activity of Wt- CBS 3′-UTR, 
while this effect was not observed in Hep3B cells trans-
fected with Mut- CBS 3′UTR (figure 7F). Taken together, 
miR-24- 3p directly targeted CBS and negatively regulated 
the expression of CBS, suggesting that miR-24- 3p was an 
upstream repressor of CBS in HCC.

DISCUSSION
CBS expression was heterogeneous in diverse cancers. 
It was shown to be elevated in colorectal, ovarian and 
thyroid malignancy.28 38 However, in the present study, we 
found that CBS was significantly downregulated in HCC 
and was associated with poor prognosis in HCC patients 
(figure 1A–I), a probable reason might be the abundant 
expression of CBS in liver tissue (online supplemental 
figure 1). CBS has been demonstrated to promote tumor 
growth via enhancing glycolysis and angiogenesis in 
colorectal and ovarian cancers.28 However, in our study, 
CBS exhibited little effect on these two factors in HCC 
(online supplemental figure 4). Instead, we found that 
CBS downregulation directly reduced HCC cell apop-
tosis, while also enhanced tumor- infiltrating of Tregs 
that inhibited cytotoxic CD8+ T cells, and all these func-
tions were dependent on the activation of IL-6/STAT3 
signaling pathway (figure 7G). Furthermore, we identi-
fied PRRX2 as a transcription factor of IL-6, and PRRX2 
was downregulated by CBS, and miR-24- 3p was proven to 
be an upstream suppressor of CBS in HCC.

So far, the potential role of CBS in regulating tumorous 
microenvironment in HCC has not yet been reported. 
Our results demonstrated that Cbs deficiency facilitated 
tumorous infiltration of Tregs while repressed cyto-
toxic T cells infiltrating and its tumor killing capacity 
(figure 4I–4N). In addition, Cbs deficiency- mediated 
IL-6/STAT3 activation also promoted the expression 
of Foxp3 in tumor- infiltrating Tregs (figure 5J), which 
was consistent with previous findings that STAT3 could 
directly bind to the promoter of Foxp3 and facilitate its 
transcriptional expression in CD4+CD25+ Treg cells.39 40 
As a regulator for Treg/Th17 balance, IL-6 was shown to 
induce the development of Th17 cells from naive T cells 
together with TGF-β; in contrast, IL-6 inhibited TGF-β 
induced Treg differentiation.41 In the present study, we 
found that Cbs deficiency increased the expression of 
IL-6 in Hepa1-6- homografted tumor tissues and the abun-
dance of tumor- infiltrating Tregs and the expression of 
Foxp3 in these infiltrated Tregs in a STAT3- dependent 
manner (figures 5I,J and 6A). Besides, Cbs deficiency also 

improved IL-6 and IL-10 levels in tumor- infiltrating Tregs 
(online supplemental figures 5I and 6C), while TGF-β 
was almost unchanged in CBS- deficient tumor tissues 
compared with wild type tumor tissues (data not shown). 
Whether CBS has an influence on Treg differentiation 
in tumor microenvironment of HCC needs to be further 
investigated.

H2S has been proven to provide significant hepatopro-
tection by inhibiting the IL-6/STAT3 axis,42 while was also 
showed to promote HCC cell proliferation by activating 
the STAT3- COX2 pathway.43 Another study investigating 
the relationship between H2S concentration and inflam-
mation found that lower concentration (100–200 µM) of 
NaHS inhibited LPS- evoked cytokine formation, while 
higher concentration of NaHS increased the synthesis 
of cytokines in RAW 264.7 macrophage cell line.44 Our 
previous study also demonstrated that 200 µM of NaHS 
restrained the production of IL-6 induced by LPS in 
mouse peritoneal macrophages,18 and in this study, we 
found that CBS was downregulated in HCC, and the 
basal level of H2S was relatively low in HCC tumor tissues 
(figure 1A–G and online supplemental figure 2A). We 
speculated that the priority function of H2S at low concen-
tration was to inhibit certain signaling pathways respon-
sible for cytokine production, while excess H2S might 
bring acute stress and elicit cytokine release by activating 
related pathways.

The regulatory function of the CBS/H2S axis on IL-6 
expression has been widely reported, but the specific 
mechanism remains unclear. While transcription factors 
JUN and JUNB have been showed to directly regulate IL-6 
transcription,45 46 we identified two more transcription 
factors NKX2-5 and PRRX2 by using a transcription factors 
array that could also promote IL-6 expression. However, 
only PRRX2 was proven to be a mediator of CBS down-
regulated IL-6 production in HCC cells (figure 6C–H).

According to bioinformatics prediction algorithms, 
miR-24- 3p has a complementary binding sequence to the 
3′-UTR of CBS. miR-24- 3p has also been revealed to be 
upregulated in several cancers including HCC,47 which 
is consistent with our current findings (figure 7C). We 
also demonstrated that miR-24- 3p expression level was 
negatively correlated to CBS expression in HCC clinical 
samples (figure 7B), and further confirmed miR-24- 3p 
was an upstream suppressor of CBS in HCC cells by 
using its mimics and inhibitor (figure 7D–F). Besides, we 
detected the expression of miR-24- 3p in colorectal and 
ovarian tumors and found that miR-24- 3p expression level 
was remarkably lower in tumor tissues compared with 
matched pericarcinomatous tissues, which was consistent 
with a previous research,48 but miR-24- 3p expression still 
exhibited negative correlations with CBS mRNA level 
in colorectal and ovarian tumor tissues (online supple-
mental figure 9). Therefore, miR-24- 3p expression might 
be another reason why CBS behaves differently between 
HCC and other tumors.

In summary, our findings highlighted critical roles 
of CBS in regulating HCC that had not been explored 
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before, especially in remodeling tumor microenviron-
ment. Detailed, we demonstrated that downregulation 
of CBS in HCC inhibited tumor cell apoptosis and accel-
erated tumor infiltration of Tregs, while impeded cyto-
toxic T cells infiltrating and its tumor killing capacity, and 
these effects were all blocked by IL-6/STAT3 inactivation. 
These data suggest CBS as a new potential target for HCC 
treatment, especially in immunotherapy.
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Supplementary Materials and Methods 

Cell culture  

  Human HCC cell line Hep3B was obtained from American Type Culture Collection 

(ATCC), MHCC97H was reserved in Liver Cancer Institute, Zhongshan Hospital 

(Fudan university, Shanghai, China) and mouse HCC cell line Hepa1-6 was obtained 

from Shanghai Cell Bank of Chinese Academy of Sciences (Shanghai, China). All HCC 

cells were cultured in Dulbecco’s modified Eagle’s medium replenished with 10% FBS 

(Gibco, Grand Island, NY, USA) at 37 °C in a humidified 5% CO2 incubator. 

 

Cell viability assay and cellular apoptosis detection 

For the cell viability assay, 5 × 103 cells were seeded per well in 96-well plates and 

CCK-8 assay was performed at indicated times. Transfected MHCC97H, Hep3B and 

Hepa1-6 cells were collected and stained with PI and Annexin V (BD Pharmingen, San 

Diego, CA, USA), then applied to flow cytometry (BD Biosciences, San Jose, CA, 

USA) for apoptosis detection.  

 

Lentivirus, plasmids construction, small interfering RNA (siRNA) synthesis and 

transfections  

Lentiviral particles with CBS shRNA or overexpression sequences were utilized to 

construct CBS stable knockdown Hep3B cells and CBS stable overexpression 

MHCC97H cells. Hep3B and MHCC97H cells were infected with corresponding 

lentiviral particles and then clones were selected with puromycin (2 μg/mL). The 
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shRNAs specifically targeting CBS were: shCBS#1 (GGTCAGAATCAACA-

AGATTGG), shCBS#3 (GCGTTCACCTTTGCCCGCATG). The plasmids encoding 

JUN, JUNB, NKX2-5, PRRX2 and mouse Cbs were constructed into the pcDNA3.1-

3×Flag-C vector. All constructs were verified by sequencing. The siRNA specifically 

targeting PRRX2: CCCUGAGUCCAGAUUAUCUTT and scrambled control siRNA 

were synthesized by GenePharma (Shanghai, China). Cells were transfected with the 

plasmids or siRNAs using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) 

following the manufacturer’s instructions. 

 

Tumor models 

Tumor xenografts in nude mice: male BALB/c nude mice weighed 18–20 g and aged 

4–6 weeks were purchased from the Shanghai Model Organisms Center, Inc. 

(Shanghai, China). 36 mice were randomly divided into 6 groups: NC group, CBS OE 

group, NC+SAM (Sigma-Aldrich, St. Louis, MO, USA) group and shNC group, shCBS 

group and shNC +AOAA (MedChem Express, Monmouth Junction, NJ, USA) group. 

To construct a subcutaneous tumor model in nude mice, 1 × 107 CBS-overexpressing 

MHCC97H cells, CBS knockdown Hep3B cells or control cells were resuspended in 

0.1 mL PBS and injected into the left flank of the mouse. 3 days later, mice from the 

AOAA group, SAM group and control group received intraperitoneal injections with 

AOAA (30 mg/kg), SAM (50 mg/kg) and corresponding vehicles once every other day, 

respectively. Subcutaneous tumors were monitored weekly, 4 weeks later, MHCC97H-

xenografted tumors were harvested and 5 weeks later, Hep3B-xenografted tumors were 

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Immunother Cancer

 doi: 10.1136/jitc-2021-003031:e003031. 9 2021;J Immunother Cancer, et al. Zhou Y-F



3 
 

harvested for further investigation. The length and width of each tumor were measured 

with a vernier caliper, and tumor volume (V) was calculated according to the 

formula V = 1/2(length × width2). For Stattic (Sigma-Aldrich, St. Louis, MO, USA) 

treatment, 24 male BALB/c nude mice weighed 18–20 g and aged 4–6 weeks were 

purchased from Shanghai Model Organisms Center, Inc. (Shanghai, China). To 

construct a subcutaneous tumor model in nude mice, 1 × 107 CBS knockdown Hep3B 

cells or control cells were resuspended in 0.1 mL PBS and injected into the left flank 

of each mouse. 10 days later, mice from the control group, CBS knockdown group, 

Stattic group and CBS knockdown plus Stattic group received intraperitoneal injection 

of vehicle or Stattic (5 mg/kg) once every other day. Subcutaneous tumors were 

harvested 5 weeks later for further investigation.   

Tumor homografts in mice: For GYY4137 (Abcam, Cambridge, MA, USA) or SAM 

treatment, male C57BL/6 mice, and non-obese diabetic (NOD) severe combined 

immunodeficiency (SCID) mice weighed 20-22 g and aged 6-8 weeks were purchased 

from Shanghai Model Organisms Center, Inc. (Shanghai, China). To construct 

subcutaneous tumor models, 2 × 106 Hepa1-6 cells were resuspended in 0.1 mL PBS 

and injected into the left flank of each mouse. 1 weeks later, mice from the GYY4137 

group, SAM group and control group received intraperitoneal injections with GYY4137 

(50 mg/kg), SAM (50 mg/kg) and corresponding vehicles once every other day. 

Subcutaneous tumors were harvested 3 weeks later for further investigation. The Cbs 

heterozygous knockout C57BL/6 mice (Cbs+/-) were purchased from Shanghai Model 

Organisms Center, Inc. (Shanghai, China). PCR-genotyping of Cbs knockout mice was 
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performed using a three-primer assay in one reaction: forward: 

CCCTGGCATAGTCTCACAA, reverse 1: TGGCTCCACTCAAACAAAC, reverse 

2: ACTAGAGCTTGCGGAACCC; the product size for Cbs-/- mice was 203bp, and the 

product size for Cbs+/+ mice was 355bp. Six-week-old Cbs+/- male mice and their age-

matched Cbs+/+ littermates were used to construct a subcutaneous tumor model, with 

2 × 106 Hepa1-6 cells resuspended in 0.1 mL PBS and injected into the left flank of 

each mouse. 1 weeks later, mice from the Stattic group and control group received 

intraperitoneal injections with Stattic (5 mg/kg) or vehicle once every other day. 

Subcutaneous tumors were harvested 3 weeks later for further investigation.  

For primary hepatocarcinoma model, 20-day-old Cbs+/- male mice and their age-

matched Cbs+/+ littermates received a single intraperitoneal injection of 

diethylnitrosamine (DEN; Sigma-Aldrich, St. Louis, MO, USA) dissolved in PBS at a 

dose of 100 mg/kg body weight, and livers were analyzed 4 months later. 

All animal care and experimental protocols were approved by the Animal Ethics 

Committees of Zhongshan Hospital (2019-318), Fudan university, and carried out 

according to the Animal Management Rules of the Ministry of Health of China. 

 

RNA preparation and Realtime-PCR 

RNA preparation and Realtime-PCR were performed as previously described.1 The 

specific pairs of primers for different genes were list in Table S1.  

 

Western blotting 
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Western blot analysis was performed as previously described.1 The following 

antibodies were used for interest protein detection: STAT3 (CST, Cat#9139); p-STAT3 

(Tyr705, CST, Cat#9145); β-actin (CST, Cat#3700); CBS (Abcam, Cat#ab96252); Bcl-

3 (Proteintech, Cat#23959-1-AP); Cleaved Caspase-3 (CST, Cat#9661S), Foxp3 

(Proteintech, Cat#22228-1-AP), Tet1 (Abcam, Cat#ab272901), Tet2 (Proteintech, 

Cat#21207-1-AP). 

 

Enzyme-linked immunosorbent assay (ELISA) 

Tumor tissue lysis were used for the determination of IL-6 by an enzyme-linked 

immunosorbent assay kit according to the manufacturer’s instructions (RayBiotech, 

Norcross, GA, USA).2 

 

Luciferase reporter assay 

Luciferase reporter assays were performed as previously described.3 In brief, Hep3B 

cells were seeded in 24-well plates and transfected with CBS-WT-3’ UTR or CBS-

MUT-3’UTR luciferase reporters along with miR-24-3p mimics or miR-24-3p 

inhibitor. Forty-eight hours after transfection, the cells were harvested in lysis buffer. 

Luciferase activity was measured using the Dual-Luciferase Reporter Assay System 

(Promega, Madison, WI, USA) according to the manufacturer’s instructions on a Lumat 

LB 9507 luminometer (Berthold Technologies, Germany). 

 

Hydrogensulfide (H2S) measurement 
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H2S measurements was conducted as previously described.4 Clinical HCC tumors, 

peritumors and mouse subcutaneous tumor tissues were used for the determination of 

H2S contents according to the manufacturer’s instructions (Solarbio, Beijing, China). 

 

Single-cell preparation from tumor tissue 

Within 2 hours after resection, subcutaneous tumor tissues were immediately 

processed for single-cell preparation by using the tumor dissociation kit (Miltenyi 

Biotec GmbH, Bergisch Gladbach, Germany) according to the manufacturer’s 

instructions. Then cell suspensions were passed through 70-mm cell strainers. After red 

blood cell lysis (BD Pharmingen, San Diego, CA, USA), the cells were washed and 

resuspended in PBS for immune cells staining and magnetic bead sorting. 

 

Flow cytometry 

Single-cell were prepared by the procedure mentioned above, cell samples which 

underwent IFNγ staining were firstly incubated with cell stimulation cocktail (00-4975-

93, eBioscience) at 37 ℃ under 5% CO2 for 4 hours and then samples which underwent 

Foxp3 and IFNγ staining were washed with PBS prior to incubation with Fixable 

Viability Dye eFluorTM 780 (65-0865-18, eBioscience) diluted 1:1000 in PBS for 30 

minutes at 4 ℃. Next cell samples were washed with PBS and incubated for 30 minutes 

at 4 ℃ with the following cell-surface antibodies: BV510 anti-CD45 (A20, 110741, 

Biolegend), PE-Cy7 anti-CD3 (145-2C11, 25-0031-82, eBioscience), PerCP-Cy5.5 

anti-CD8 (53-6.7, 45-0081-82, eBioscience), FITC anti-CD4 (GK1.5, 557307, BD 
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PharMingen), APC anti-CD25 (PC61.5, 17-0251-82, eBioscience), APC-Cy7 anti-

CD45 (30-F11, 557659, BD PharMingen), FITC anti-CD11b (M1/70, 557396, BD 

PharMingen), PE-CF594 anti-F4/80 (T45-2342, 565613, BD PharMingen) and PE-Cy7 

anti-Gr1(RB6-8C5, 552985, BD PharMingen). All of the cell-surface antibodies were 

diluted 1:200 in FACS buffer. The cells were permeabilized using the eBioscience 

Intracellular Fixation and Permeabilization Buffer Set (Thermo Fisher Scientific, 

Waltham, MA, USA) for 30 minutes at 4℃. Then they were incubated with the 

following intracellular antibodies: PE anti-Foxp3 (FJK-16s, 12-5773-82, eBioscience) 

and PE-CF594 anti-IFNγ (XMG1.2, 562303, BD PharMingen). All of the intracellular 

antibodies were diluted 1:200 in the eBioscience Permeabilization Buffer (1x) (Thermo 

Fisher Scientific, Waltham, MA, USA). Cells were washed twice with Permeabilization 

Buffer and applied to flow cytometry using a Beckman Coulter CytoFLEX (Beckman, 

Miami, FL, USA). Analysis of flow cytometry results was performed via FlowJo 

software (FlowJo 11.0, Ashland, OR, USA). The flow multicolor dyeing scheme for 

immune cells are listed in Table S2. 

 

Magnetic sorting and culture of CD4+ T cells, CD8+ T cells and Treg cells. 

Single-cell were prepared by the procedure mentioned above, then cell samples were 

used to sort CD8+ T cells by CD8 (TIL) MicroBeads kit (Miltenyi Biotec GmbH, 

Bergisch Gladbach, Germany), and CD4+ T cells and Treg cells were sorted by 

CD4+CD25+ Regulatory T Cell Isolation Kit (Miltenyi Biotec GmbH, Bergisch 

Gladbach, Germany) following by the manufacturer’s instructions. Separated cells were 
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plated in 6-well plates coated with CD3 antibody (BD Pharmingen, San Diego, CA, 

USA) (1 μg/mL) overnight and maintained in RPMI 1640 medium supplemented with 

10% FBS, 10 U/mL penicillin, 10 mg/mL streptomycin, 50 ng/mL IL-2 (BD 

Pharmingen, San Diego, CA, USA) and 1 μg/mL CD28 antibody (BD Pharmingen, San 

Diego, CA, USA).  

 

CD8+ T cell-mediated tumor cell killing assay 

The T cell-mediated tumor cell killing assay was conducted as described previously.5 

6 Briefly, Hepa1-6 cells were seeded into 96-well plates and 12 hours later, 1:1 rated 

CD8+ T cells were added to the plated tumor cells. After 3 days for coculture, 

suspending CD8+ T cells were discarded and adherent Hepa1-6 cells were washed with 

PBS twice and fixed with 4% paraformaldehyde. Then Hepa1-6 cells were stained with 

crystal violet solution and 10% of acetic acid were utilized to extract crystal violet from 

the stained cells and densitometry were quantified by a Microplate Reader (Bio-Tek 

Instruments, Winooski, VT, USA). 

 

Treg cell-mediated proliferation inhibition on CD8+ T cells  

Treg cells and CD8+ T cells were co-seeded into 6-well plates at 1:1 ratio. After 4 

days for coculture, cells were collected and stained with PerCP-Cy5.5-labelled CD8 

antibody, then the number of CD8+ T cells were analyzed by flow cytometry.  

 

5-hmC detection 
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CD4+ T cells sorted by magnetic beads (Miltenyi Biotec GmbH, Bergisch Gladbach, 

Germany) were used for the immunofluorescence staining of 5-hmC (CST, Danvers, 

MA, USA) according to the manufacturer’s instructions and then the fluorescence 

intensity was detected by flow cytometer. 

 

Extracellular flux assays 

ECAR were measured by Agilent Seahorse XFe96 Extracellular Flux Analyzer, as 

instructed by the Glycolysis Stress Test Kit from Agilent Technologies (CA, USA). 

Briefly, 2 × 104 cells were plated in Cell Culture Microplates XFe96 (Agilent Seahorse) 

the day before the measurement. Next oligomycin (1 μM), 2-deoxy-glucose (50 mM) 

and glucose (10 mM) were added to determine the ECAR values. 

 

Tissue microarray and immunohistochemistry 

Tissue microarray (TMA) was conducted as previously described.7 8 In this study, 

immune cells and corresponding markers were listed in Table S3. Antibody sources 

and staining conditions were listed in Table S4. 

 

Evaluation of Immunohistochemical Staining 

Evaluation of immunohistochemical staining was conducted as previously described. 

9 All the consecutive images were analyzed using a computer-automated method 

(Image-pro plus 6.0, Media Cybernetics, Silver Springs, MD, USA).10 The spot and 

captured spot (×200) with image software were presented in figure. S2A.  
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Table S1. The specific pairs of primers used in real-time PCR 

 

Gene name  Forward Reverse 

Human ACTB GAGCACAGAGCCTCGCCTTT ATCCTTCTGACCCATGCCCA 

Human CBS GGCCAAGTGTGAGTTCTTCAA GGCTCGATAATCGTGTCCCC 

Human IL6 ACTCACCTCTTCAGAACGAATTG CCATCTTTGGAAGGTTCAGGTTG 

Mouse Cbs GGAAAATTGGGAACACCCCTAT CCACCCGCATTGAAGAACTCA 

Mouse Il6 ACTCACCTCTTCAGAACGAATTG CCATCTTTGGAAGGTTCAGGTTG 

Mouse Tet1 TCTCCGACATTTGCCCAGAC AACCGGAGAGCCATCTTTGG 

Mouse Tet2 ACCTGGCTACTGTCATTGCTCC TGCAGTGACTCCTGAGAATGGC 

Mouse Il10 CGGGAAGACAATAACTGCACCC CGGTTAGCAGTATGTTGTCCAGC 

Mouse Ifng CAGCAACAGCAAGGCGAAAAAGG TTTCCGCTTCCTGAGGCTGGAT 

Mouse Actb AAATCGTGCGTGACATCAAAGA GCCATCTCCTGCTCGAAGTC 

Human PRRX2 GeneCopoeia, Inc. Cat#HQP012751  

Human FOS GeneCopoeia, Inc. Cat#HQP054675  

Human HNF4G GeneCopoeia, Inc. Cat#HQP008914  

Human JUN GeneCopoeia, Inc. Cat#HQP009853  

Human JUNB GeneCopoeia, Inc. Cat#HQP009854  

Human JUND GeneCopoeia, Inc. Cat#HQP062670  

Human KLF4 GeneCopoeia, Inc. Cat#HQP022519  

Human KLF5 GeneCopoeia, Inc. Cat#HQP017898  

Human NFE2L1 GeneCopoeia, Inc. Cat#HQP011798  

Human NFIC GeneCopoeia, Inc. Cat#HQP067069   

Human NFYB GeneCopoeia, Inc. Cat#HQP011825  

Human NKX2-5 GeneCopoeia, Inc. Cat#HQP063772  

Human SP1 GeneCopoeia, Inc. Cat#HQP017640  

Human THAP1 GeneCopoeia, Inc. Cat#CS-HQP014097-01  
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Table S2. The flow multicolor dyeing scheme for immune cells 

 

CD8 panel Treg panel TAM panel MDSC panel 

Live/dead APC-Cy7 Live/dead APC-Cy7 CD45 APC-Cy7 CD45 APC-Cy7 

CD45     BV510 CD45      BV510 CD11b FITC CD11b FITC 

CD3 PE-Cy7 CD3 PE-Cy7 F4/80 PE-CF594 Gr1 PE-Cy7 

CD8 PerCP-Cy5.5 CD4  FITC     

IFNγ PE-CF594 CD25 APC     

    Foxp3 PE         
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Table S3. Immune cells and corresponding markers for immunohistochemistry 

 

Markers Immune cells Markers Immune cells 

CD3    pan T cells FOXP3 Tregs 

CD4   CD4 T cells CD45RA naive T cells 

CD8    CD8 T cells CD45RO memory T cells 

CD14   mononuclear cells CD20 B cells 

CD27  plasma cells   CD68 macrophages 
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Table S4. Antibody sources and staining conditions for immunohistochemistry 

 

Markers Antibody source Species Antigen Retrieval Dilution 

CBS Abcam 

 

Rabbit 
polyclonal 

Tris/EDTA buffer (pH 9.0) 1:200 

Foxp3 

 

Cleaved  

Caspase3 

PRRX2  

 

CD3 

 

CD4 

 

CD8 

 

CD14 

 

CD20 

 

CD27 

 

CD45RA 

 

CD45RO 

 

CD68  

Abcam 

 

CST 

 

Proteintech 

 

DAKO 

 

DAKO 

 

Abcam 

 

Sigma 

 

Abcam 

 

Abcam 

 

Abcam 

 

DAKO 

 

DAKO 

        

Rabbit 
Monoclonal 
Rabbit 
polyclonal 
Rabbit 
polyclonal 
Rabbit 
Monoclonal 
Rabbit 
Monoclonal 
Rabbit 
Monoclonal 
Rabbit 
polyclonal 
Rabbit 
polyclonal 
Rabbit 
Monoclonal 
Mouse 
Monoclonal 
Mouse 
Monoclonal 
Mouse 
Monoclonal 

Tris/EDTA buffer (pH 9.0) 
 

Tris/EDTA buffer (pH 9.0) 
 

Tris/EDTA buffer (pH 9.0) 
 

Citrate buffer (pH 6.0) 
 

Tris/EDTA buffer (pH 9.0) 
 

Tris/EDTA buffer (pH 9.0) 
 

Citrate buffer (pH 6.0) 
 

Tris/EDTA buffer (pH 9.0) 
 

Tris/EDTA buffer (pH 9.0) 
 

Citrate buffer (pH 6.0) 
 

Citrate buffer (pH 6.0) 
 

Citrate buffer (pH 6.0) 

1:200 

 

1:100 

 

1:100 

 

1:200 

 

1:400 

 

1:500 

 

1:500 

 

1:200 

 

1:500 

 

1:200 

 

1:200 

 

1:200 
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Table S5. Univariate and multivariate Cox analysis of overall survival in patients 
with hepatocellular carcinoma (n = 236) 

 

Variable Univariate analysis Multivariate analysis 

HR 95%CI P value HR 95%CI P value 

CBS (Low/High) 
GGT (≥40/＜40, U/L) 

2.246 

2.151 

1.295-3.896 

1.434-3.227 

0.004 

<0.001 

2.053 

1.960 

1.178-3.575 

1.300-2.955 

0.011 

0.001 

Tumor diameter 
 (>5/ ≤5, cm) 

2.123 1.425-3.164 <0.001 1.703 1.124-2.579 0.012 

Tumor differentiation  

(III-IV/I-II) 
1.961 1.283-2.998 0.002 1.885 1.225-2.902 0.004 

ALT (≥40/＜40, U/L) 1.703 1.020-2.844 0.042 1.583 0.927-2.704 0.093 

AFP (≥20/＜20, ng/mL) 1.595 1.028-2.476 0.036 1.319 0.838-2.076 0.232 

Sex (female/male) 0.800 0.489-1.308 0.373    

Age (≥60/＜60, years) 0.679 0.439-1.049 0.081    

HBsAg (yes/no) 1.134 0.632-2.034 0.674    

Total bilirubin, μmol/L 0.979 0.946-1.012 0.214    

Liver cirrhosis (yes/no) 1.728 0.923-3.238 0.088    

Microvascular invasion 
(yes/no) 

1.392 0.924-2.099 0.112    

Tumor number 1.193 0.871-1.635 0.271    

Lymphoid metastasis 
(yes/no) 

0.217 
0.004-12.66
2 

0.461    

AFP alpha fetoprotein, GGT γ-glutamyl transpeptidase, ALT alanine aminotransferase, 
CBS cystathionine beta-synthase, HBsAg hepatitis B surface antigen, HR hazard ratio, 
95%CI 95% confidence interval. 
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Table S6. Transcription factors predicted for complementary to IL-6 promotor 

 

Model ID Model name Score Relative score Start End Strand predicted site sequence 

MA0151.1 ARID3A 9.015 0.967648913 1423 1428 1 ATCAAA 

MA0462.1 BATF::JUN 12.185 0.942002923 1218 1228 1 GTGCTGAGTCA 

MA0465.1 CDX2 11.347 0.923500192 1227 1237 1 CACTAATAAAA 

MA0102.3 CEBPA 16.638 0.997314145 1349 1359 1 ATTGCACAATC 

MA0466.1 CEBPB 15.091 0.978125339 1348 1358 1 CATTGCACAAT 

MA0018.2 CREB1 9.143 0.911172229 1340 1347 1 GGACGTCA 

MA0139.1 CTCF 13.993 0.865362913 116 134 1 TGCCCAACAGAGGTCACTG 

MA0471.1 E2F6 10.652 0.918178917 495 505 1 GAGAGGGAGCG 

MA0154.2 EBF1 13.637 0.962864851 752 762 1 TTCCCAAGGGG 

MA0154.2 EBF1 9.165 0.91200822 1438 1448 1 TTCCCATGAGT 

MA0154.2 EBF1 8.292 0.90208026 762 772 1 GTCACTTGGGA 

MA0162.2 EGR1 11.992 0.908604307 1394 1407 1 GCCCCACCCTCACC 

MA0472.1 EGR2 10.519 0.870378638 1394 1408 1 GCCCCACCCTCACCC 

MA0472.1 EGR2 8.248 0.839343239 1398 1412 1 CACCCTCACCCTCCA 

MA0473.1 ELF1 9.951 0.883518782 406 418 1 CGACGCGGAAGCA 

MA0473.1 ELF1 9.443 0.876960998 1249 1261 1 AGTAAAGGAAGAG 

MA0136.1 ELF5 8.886 0.911626946 451 459 1 AGTTTCCTT 

MA0028.1 ELK1 8.974 0.910464417 244 253 1 CAGCCTGAAG 

MA0474.1 Erg 9.495 0.897001593 1252 1262 1 AAAGGAAGAGT 

MA0474.1 Erg 9.063 0.891112282 1024 1034 1 AGAGGAAACTC 

MA0592.1 ESRRA 9.168 0.844163661 123 133 1 CAGAGGTCACT 

MA0156.1 FEV 8.1 0.861988325 893 900 1 CACGAAAT 

MA0476.1 FOS 13.313 0.966495532 1220 1230 1 GCTGAGTCACT 

MA0477.1 FOSL1 9.793 0.90448146 1220 1230 1 GCTGAGTCACT 

MA0478.1 FOSL2 9.215 0.900555911 1219 1229 1 TGCTGAGTCAC 

MA0031.1 FOXD1 9.167 0.887570539 206 213 1 GTAAATAA 

MA0041.1 Foxd3 11.243 0.893871067 1148 1159 1 GCTTATTTTTTT 

MA0041.1 Foxd3 10.993 0.888883511 1116 1127 1 AAATTTTTTTTT 

MA0041.1 Foxd3 10.876 0.886549335 1117 1128 1 AATTTTTTTTTT 

MA0041.1 Foxd3 9.952 0.868115329 1118 1129 1 ATTTTTTTTTTT 

MA0041.1 Foxd3 9.407 0.857242458 1119 1130 1 TTTTTTTTTTTT 

MA0041.1 Foxd3 9.32 0.855506788 1114 1125 1 AAAAATTTTTTT 
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MA0041.1 Foxd3 8.103 0.831227367 1150 1161 1 TTATTTTTTTTC 

MA0030.1 FOXF2 9.547 0.818483433 501 514 1 GAGCGATAAACACA 

MA0030.1 FOXF2 9.274 0.812305613 201 214 1 GTTTGGTAAATAAG 

MA0042.1 FOXI1 10.101 0.879633383 1148 1159 1 GCTTATTTTTTT 

MA0042.1 FOXI1 8.119 0.831783088 1043 1054 1 ACATCTTTGGTT 

MA0157.1 FOXO3 9.03 0.895460837 505 512 1 GATAAACA 

MA0157.1 FOXO3 8.787 0.887297988 205 212 1 GGTAAATA 

MA0481.1 FOXP1 11.596 0.861252376 501 515 1 GAGCGATAAACACAA 

MA0481.1 FOXP1 10.754 0.847454923 1236 1250 1 AAGAAAAAAAGAAAG 

MA0481.1 FOXP1 10.595 0.844849466 1234 1248 1 AAAAGAAAAAAAGAA 

MA0481.1 FOXP1 10.105 0.83682007 1233 1247 1 TAAAAGAAAAAAAGA 

MA0481.1 FOXP1 8.356 0.808160042 1245 1259 1 AGAAAGTAAAGGAAG 

MA0481.1 FOXP1 8.101 0.803981479 1232 1246 1 ATAAAAGAAAAAAAG 

MA0481.1 FOXP1 8.049 0.80312938 1105 1119 1 TCACTGAAAAAAAAT 

MA0593.1 FOXP2 10.719 0.905180398 504 514 1 CGATAAACACA 

MA0040.1 Foxq1 8.118 0.809734092 24 34 1 CTCTGTTTAGA 

MA0062.2 GABPA 11.158 0.900941413 410 420 1 GCGGAAGCAGA 

MA0038.1 Gfi1 8.78 0.885809446 1372 1381 1 CCAATCAGCC 

MA0483.1 Gfi1b 9.143 0.879215061 713 723 1 AAACCTCTGGC 

MA0092.1 Hand1::Tcfe2a 10.89 0.944431928 234 243 1 GGTCTGGTTT 

MA0131.1 HINFP 8.712 0.837649677 732 741 1 CAAAGTCCTC 

MA0131.1 HINFP 8.154 0.822489633 532 541 1 CAAGGTCCTC 

MA0043.1 HLF 9.532 0.87402857 1348 1359 1 CATTGCACAATC 

MA0114.2 HNF4A 10.219 0.870895415 1302 1316 1 CTGCACTTTTCCCCC 

MA0484.1 HNF4G 15.947 0.954755146 726 740 1 AGAGAGCAAAGTCCT 

MA0484.1 HNF4G 10.339 0.882495306 1208 1222 1 ACATGCCAAAGTGCT 

MA0158.1 HOXA5 9.439 0.985368002 608 615 1 CAGTAATT 

MA0594.1 Hoxa9 9.259 0.854575521 1471 1481 1 CCAATAAATAT 

MA0485.1 Hoxc9 8.628 0.837667627 1470 1482 1 CCCAATAAATATA 

MA0486.1 HSF1 9.111 0.811224621 457 471 1 CTTCTAGCTTCTTTT 

MA0488.1 JUN 9.323 0.889257687 49 61 1 TGGATGACCTCAC 

MA0489.1 JUN (var.2) 12.93 0.931319545 1216 1229 1 AAGTGCTGAGTCAC 

MA0099.2 JUN::FOS 8 0.902760507 1222 1228 1 TGAGTCA 

MA0490.1 JUNB 9.995 0.919122232 1219 1229 1 TGCTGAGTCAC 
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MA0491.1 JUND 10.236 0.92592117 1220 1230 1 GCTGAGTCACT 

MA0492.1 JUND (var.2) 11.262 0.912843516 48 62 1 ATGGATGACCTCACT 

MA0493.1 Klf1 14.933 0.964055241 1393 1403 1 GGCCCCACCCT 

MA0493.1 Klf1 9.277 0.868441278 1378 1388 1 AGCCCCACCCG 

MA0493.1 Klf1 8.085 0.848290669 1399 1409 1 ACCCTCACCCT 

MA0039.2 Klf4 8.292 0.877389216 774 783 1 AGGGCAGGGC 

MA0599.1 KLF5 14.984 0.993870343 1394 1403 1 GCCCCACCCT 

MA0599.1 KLF5 9.081 0.91877592 1400 1409 1 CCCTCACCCT 

MA0117.1 Mafb 8.323 0.949054436 807 814 1 GCTGAAGC 

MA0497.1 MEF2C 8.231 0.843576223 1053 1067 1 TTTTTACAAATACAA 

MA0498.1 Meis1 9.566 0.858271005 263 277 1 AGCTGTCTGGGTCTC 

MA0059.1 MYC::MAX 10.612 0.866821923 834 844 1 AGCCACGCGGT 

MA0500.1 Myog 10.611 0.936185961 812 822 1 AGCAGGTGAAG 

MA0056.1 MZF1_1-4 9.085 0.999987359 687 692 1 TGGGGA 

MA0057.1 MZF1_5-13 8.038 0.87534443 684 693 1 CAATGGGGAG 

MA0152.1 NFATC2 9.187 0.919866215 1308 1314 1 TTTTCCC 

MA0152.1 NFATC2 9.187 0.919866215 1436 1442 1 TTTTCCC 

MA0152.1 NFATC2 8.66 0.900429228 1368 1374 1 GTTTCCA 

MA0089.1 NFE2L1::MafG 8.812 0.999988528 1180 1185 1 CATGAC 

MA0089.1 NFE2L1::MafG 8.692 0.994791423 51 56 1 GATGAC 

MA0089.1 NFE2L1::MafG 8.692 0.994791423 966 971 1 GATGAC 

MA0089.1 NFE2L1::MafG 8.254 0.97582199 1288 1293 1 AATGAC 

MA0161.1 NFIC 8.396 0.956410613 698 703 1 CTGGCA 

MA0161.1 NFIC 8.396 0.956410613 719 724 1 CTGGCA 

MA0105.3 NFKB1 15.865 0.980420752 1432 1442 1 GGGATTTTCCC 

MA0105.3 NFKB1 11.316 0.914057519 1431 1441 1 TGGGATTTTCC 

MA0105.3 NFKB1 8.333 0.870539927 747 757 1 GAGGATTCCCA 

MA0502.1 NFYB 9.391 0.865133699 377 391 1 GCTTGACCCAATAAG 

MA0502.1 NFYB 8.965 0.859607927 1365 1379 1 AAGGTTTCCAATCAG 

MA0063.1 Nkx2-5 8.538 0.968629093 210 216 1 ATAAGTG 

MA0122.1 Nkx3-2 9.721 0.961580417 799 807 1 CTAAGTGGG 

MA0122.1 Nkx3-2 8.178 0.903998082 596 604 1 CCAAGTGGG 

MA0504.1 NR2C2 8.259 0.824950476 353 367 1 TGAGGGAAGAGGGCT 

MA0160.1 NR4A2 10.45 0.958361489 125 132 1 GAGGTCAC 
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MA0069.1 Pax6 12.524 0.867923465 1174 1187 1 TTCGTGCATGACTT 

MA0507.1 POU2F2 14.994 0.943657683 308 320 1 CCCATTTGCATGA 

MA0142.1 Pou5f1::Sox2 8.683 0.800238093 1121 1135 1 TTTTTTTTTTCAAAA 

MA0065.2 PPARG::RXRA 9.56 0.826401094 353 367 1 TGAGGGAAGAGGGCT 

MA0065.2 PPARG::RXRA 8.705 0.81247809 224 238 1 GTTGTGCAAGGGTCT 

MA0065.2 PPARG::RXRA 8.685 0.812152406 765 779 1 ACTTGGGAGAGGGCA 

MA0065.2 PPARG::RXRA 8.157 0.803554341 719 733 1 CTGGCACAGAGAGCA 

MA0508.1 PRDM1 15.77 0.913249632 1239 1253 1 AAAAAAAGAAAGTAA 

MA0508.1 PRDM1 8.799 0.823130797 488 502 1 TTACAGGGAGAGGGA 

MA0508.1 PRDM1 8.787 0.822975665 1250 1264 1 GTAAAGGAAGAGTGG 

MA0075.1 Prrx2 9.124 0.999984728 1067 1071 1 AATTA 

MA0101.1 REL 11.425 0.952862031 1432 1441 1 GGGATTTTCC 

MA0101.1 REL 9.715 0.900421478 1431 1440 1 TGGGATTTTC 

MA0101.1 REL 8.308 0.857273022 746 755 1 GGAGGATTCC 

MA0107.1 RELA 12.845 0.936558475 1432 1441 1 GGGATTTTCC 

MA0107.1 RELA 8.95 0.834632898 1431 1440 1 TGGGATTTTC 

MA0107.1 RELA 8.721 0.828640354 448 457 1 CGTAGTTTCC 

MA0107.1 RELA 8.119 0.81288703 747 756 1 GAGGATTCCC 

MA0071.1 RORA_1 9.672 0.87042982 122 131 1 ACAGAGGTCA 

MA0002.2 RUNX1 9.364 0.880670545 1045 1055 1 ATCTTTGGTTT 

MA0512.1 Rxra 14.935 0.97945337 123 133 1 CAGAGGTCACT 

MA0512.1 Rxra 9.756 0.904855221 771 781 1 GAGAGGGCAGG 

MA0512.1 Rxra 9.269 0.897840488 1032 1042 1 CTCAGTTCAGA 

MA0442.1 SOX10 8.91 1.000009191 1163 1168 1 CTTTGT 

MA0442.1 SOX10 8.91 1.000009191 1198 1203 1 CTTTGT 

MA0514.1 Sox3 9.068 0.899855458 581 590 1 CCTTTCTGCC 

MA0079.3 SP1 13.402 0.949753184 1394 1404 1 GCCCCACCCTC 

MA0516.1 SP2 13.816 0.91153036 1394 1408 1 GCCCCACCCTCACCC 

MA0516.1 SP2 8.251 0.836009265 1379 1393 1 GCCCCACCCGCTCTG 

MA0080.3 Spi1 11.551 0.891988527 1248 1262 1 AAGTAAAGGAAGAGT 

MA0080.3 Spi1 8.089 0.854072221 951 965 1 ACACAGAAGAACTCA 

MA0081.1 SPIB 10.47 1.00001472 1024 1030 1 AGAGGAA 

MA0081.1 SPIB 8.051 0.91737178 1252 1258 1 AAAGGAA 

MA0111.1 Spz1 9.811 0.872354467 779 789 1 AGGGCAGCAGC 
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MA0111.1 Spz1 8.808 0.846277224 188 198 1 AAGGTAACACC 

MA0595.1 SREBF1 8.574 0.857153787 52 61 1 ATGACCTCAC 

MA0596.1 SREBF2 9.836 0.87208979 803 812 1 GTGGGCTGAA 

MA0083.2 SRF 8.499 0.821051786 378 395 1 CTTGACCCAATAAGAAAT 

MA0084.1 SRY 9.221 0.918279664 30 38 1 TTAGACAAT 

MA0084.1 SRY 8.105 0.880916532 96 104 1 CGAAACAAA 

MA0091.1 TAL1::TCF3 8.585 0.831915258 1040 1051 1 AGAACATCTTTG 

MA0521.1 Tcf12 10.496 0.92741796 812 822 1 AGCAGGTGAAG 

MA0522.1 Tcf3 9.745 0.914873009 865 875 1 TCCACCTGGAG 

MA0145.2 Tcfcp2l1 11.229 0.894614067 237 250 1 CTGGTTTCAGCCTG 

MA0145.2 Tcfcp2l1 8.257 0.851361155 374 387 1 CCAGCTTGACCCAA 

MA0090.1 TEAD1 10.105 0.848011797 860 871 1 CACACTCCACCT 

MA0003.2 TFAP2A 12.45 0.892148875 242 256 1 TTCAGCCTGAAGCCA 

MA0003.2 TFAP2A 9.472 0.848646586 346 360 1 ACCATCCTGAGGGAA 

MA0524.1 TFAP2C 8.893 0.875947138 346 360 1 ACCATCCTGAGGGAA 

MA0597.1 THAP1 9.729 0.965388185 586 594 1 CTGCCCTGA 

MA0103.2 ZEB1 10.41 0.922145465 864 872 1 CTCCACCTG 

MA0528.1 ZNF263 10.594 0.844520082 810 830 1 GAAGCAGGTGAAGAAAGTGGC 

MA0130.1 ZNF354C 8.723 0.991562153 864 869 1 CTCCAC 
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Figure S1. The mRNA and protein levels of CBS in different organs from normal 

C57BL/6 mice. Data are represented as mean ± SEM. 
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Figure S2. The content of H2S is decreased in HCC. (A) The content of H2S in HCC 

tumor tissues was significantly lower than that in matched peri-tumor tissues (n = 22). 

(B) CBS knockdown or inhibition by AOAA significantly reduced H2S concentration 

in Hep3B-xenografted subcutaneous tumor tissues (n = 6). (C) CBS overexpression or 

activation by SAM significantly increased H2S concentration in MHCC97H-

xenografted subcutaneous tumor tissues (n = 6). In (A-C), data are represented as mean 

± SEM, and statistical significance was calculated by Student’s two-tailed t-test. ***, P 

< 0.001. 
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Figure S3. The correlation between CBS and immune cells. (A) Digital image 

analyzed using the image software (Image-pro plus 6.0), with tissue represented in 

yellow and stained cells represented in red. Scale bar, 100 μm. (B) The expression of 

CBS, CD3, CD4, CD8, CD14, CD20, CD27, CD45RA, CD45RO and CD68 were 

calculated by immunohistochemistry staining and the correlation between CBS and 

different immune markers were analyzed by Pearson’s r test (n = 236). 
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Figure S4. CBS has no significant effect on glycolysis and angiogenesis in HCC. 

(A-B) ECAR of HCC cells was assessed by the Seahorse assay in triplicate and 

representative plots of ECAR over time with the addition of glucose, oligomycin A, and 

2-DG, as indicated were shown. (A) The effect of CBS knockdown on ECAR in Hep3B 

cells. (B) The effect of CBS overexpression on ECAR in MHCC97H cells. (C) 

Quantification of CD31+ vessel area in stroma of Hep3B-xenografted tumor tissues 

with the treatment as indicated, and representative immunohistochemistry staining 

images were shown (n = 6). (D) Quantification of CD31+ vessel area in stroma of 

MHCC97H-xenografted tumor tissues with the treatment as indicated, and 

representative immunohistochemistry staining images were shown (n = 6). In (A-D), 

data are represented as mean ± SEM, and statistical significance was calculated by 

Student’s two-tailed t-test (C-D). ns, no significance. 
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Figure S5. The effect of CBS on tumor-infiltrating Tregs, MDSC, TAMs and 

IFNγ+CD8+ T cells. The representative dot plots of flow cytometry staining of Treg (A), 

MDSC (B), TAM (C) and IFNγ+CD8+ T cells (D). GYY4137 and SAM showed little 

effect on tumor-infiltrating CD11b+Gr1+ MDSCs (B, right panel) and CD11b+F4/80+ 

TAMs (C, right panel) (n = 6). (E-F) Tregs and CD8+ T cells were sorted from Hepa1-

6-homografted subcutaneous tumor tissues treated with or without GYY4137 or SAM, 

and the mRNA level of Il-10 and Ifng were examined in Tregs (E) and CD8+ T cells 

(F), respectively. (G-J) Cbs+/+ and Cbs+/- mice were subcutaneous injection with 

Hepa1-6 cells. Then MDSCs (G) and TAMs (H) were quantified in subcutaneous tumor 

tissues, respectively (n=6). And the mRNA level of Il-10 and Ifng were examined in 

Tregs (I) and CD8+ T cells (J), respectively. (K) Gross morphology and hematoxylin-

eosin (HE) staining of 4-month-old DEN-challenged Cbs+/+ and Cbs+/- livers, with 

arrowhead or circle pointing toward micro-tumor lesions and tumor incidence were 

determined. In (B-C) and (E-J), data are represented as mean ± SEM, and statistical 

significance was calculated by Student’s two-tailed t-test. **, P < 0.01; ***, P < 0.001; 

ns, no significance. 
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Figure S6. The effect of CBS on Tet1, Tet2 and 5-hmC in CD4+ T cells. Cbs+/+ and 

Cbs+/- mice were subcutaneous injection with Hepa1-6 cells. Then the mRNA and 

protein level of Tet1 and Tet2 were tested in CD4+ T cells sorted from subcutaneous 

tumor tissues by real-time PCR and Western blot, rspectively (A). (B) Flow cytometry 

quantitative analysis of immunofluorescence staining of 5-hmC in CD4+ T cells. MFI, 

mean fluorescence intensity. (C) The mRNA level of Il-6 in CD4+CD25+ T cells (Tregs). 

In (A-C), data are represented as mean ± SEM, and statistical significance was 

calculated by Student’s two-tailed t-test. ***, P < 0.001; ns, no significance. 
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Figure S7. CBS negatively regulates IL-6 expression in HCC cells. (A) The mRNA 

level of IL-6 in stable CBS overexpression and control MHCC97H cells was 

determined by real-time PCR analysis. (B) The mRNA level of Il-6 in Hepa1-6 cells 

transfected with Cbs or empty vector was determined by real-time PCR analysis. (C) 

IL-6 expression was examined in Hep3B cells treated as indicated. In (A-C), data are 

represented as mean ± SEM, and statistical significance was calculated by Student’s 

two-tailed t-test. **, P < 0.01; ***, P < 0.001. 
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Figure S8. The correlation between CBS mRNA level and miR-942-5p, miR-139-

3p or miR-1303 were not significant in HCC tumor tissues. (A) The TargetScan 

database was used to show that miR-942-5p, miR-139-3p and miR-1303 had sequences 

complementary to CBS 3’-UTR. (B) The correlation between CBS mRNA level and 

miR-942-5p, miR-139-3p or miR-1303 were not significant (n = 24). In (B), the 

correlation between CBS and miR-942-5p, miR-139-3p or miR-1303 expression in 

HCC tumor tissues were analyzed by Pearson’s r test.  
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Figure S9. miR-24-3p was downregulated and negatively corelated with CBS in 

colorectal and ovarian cancers. (A) The level of miR-24-3p in colorectal tumor tissues 

was significantly lower than that in peritumor tissues and was negatively corelated with 

the expression of CBS in tumor tissues (n = 12). (B) The level of miR-24-3p in ovarian 

tumor tissues was significantly lower than that in peritumor tissues and was negatively 

corelated with the expression of CBS in tumor tissues (n = 12). In (A-B), data are 

represented as min-to-max bar graphs with median lines, and statistical significance 

was calculated by Student’s two-tailed t-test. The correlation between CBS and miR-

24-3p were analyzed by Pearson’s r test. **, P < 0.01; ***, P < 0.001. 
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