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Abstract
Peritumoral hepatocytes are critical components of the liver cancer microenvironment, However, the role of 
peritumoral hepatocytes in the local tumor immune interface and the underlying molecular mechanisms have 
not been elucidated. YTHDF2, an RNA N6-methyladenosine (m6A) reader, is critical for liver tumor progression. The 
function and regulatory roles of YTHDF2 in peritumoral hepatocytes are unknown. This study demonstrated that 
oxaliplatin (OXA) upregulated m6A modification and YTHDF2 expression in hepatocytes. Studies using tumor-
bearing liver-specific Ythdf2 knockout mice revealed that hepatocyte YTHDF2 suppresses liver tumor growth 
through CD8+ T cell recruitment and activation. Additionally, YTHDF2 mediated the response to immunotherapy. 
Mechanistically, OXA upregulated YTHDF2 expression by activating the cGAS-STING signaling pathway and 
consequently enhanced the therapeutic outcomes of immunotherapeutic interventions. Ythdf2 stabilized Cx3cl1 
transcripts in an m6A-dependent manner, regulating the interplay between CD8+ T cells and the progression of 
liver malignancies. Thus, this study elucidated the novel role of hepatocyte YTHDF2, which promotes therapy-
induced antitumor immune responses in the liver. The findings of this study provide valuable insights into the 
mechanism underlying the therapeutic benefits of targeting YTHDF2.
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Introduction
Liver cancer is a prevalent malignancy worldwide and 
the third most common cause of cancer-related mortal-
ity [1]. Apart from hepatic primary malignancies, liver 
also remains persistently susceptible to colonization by 
metastatic lesions arising from diverse organ sites (most 
notably colon cancer), it’s reported that half of colorec-
tal cancer patients were accompanied with liver metasta-
sis at first diagnose and finally died due to intra-hepatic 
tumor progression [2, 3]. Recent studies have suggested 
that hepatocytes, which are essential components of 
the liver tumor microenvironment (TME), are associ-
ated with liver cancer development and progression [3, 
4]. However, the functional role and clinical importance 
of hepatocytes in liver malignancy have not been previ-
ously examined. Hepatocytes along with immunocytes 
form the TME. Tumorigenesis is proposed to involve 
the recruitment of lymphocytes. However, the interac-
tion between hepatocytes, lymphocytes, and cancer cells 
is unclear. Thus, there is an urgent need to elucidate the 
molecular mechanism underlying liver cancer progres-
sion to develop novel therapeutic strategies.

N6-methyladenosine (m6A) methylation, a common 
epigenetic RNA modification, can regulate various 
molecular and cellular processes modulating the infil-
tration and activation of tumor-infiltrating lymphocytes 
(TILs) [5]. Additionally, chemotherapy agents can regu-
late RNA m6A modification in tumor cells, suppressing 
tumor progression and immune escape through various 
mechanisms, including the induction of immunogenic 
alterations [6, 7]. Oxaliplatin (OXA)-based chemotherapy 
has been used as a standard therapeutic modality in the 
management of liver cancer and colorectal cancer (CRC) 
[8–10]. Several studies have indicated that OXA-based 
chemotherapy in combination with immunotherapy 
increases the survival duration of patients with advanced 
hepatocellular carcinoma (HCC) and CRC [11–14]. Che-
motherapy elicits antitumor immune responses through 
the induction of immunogenic cell death and the dis-
ruption of immune evasion by tumor cells [15, 16]. The 
mechanisms underlying the modulation of the liver 
immune microenvironment and the enhanced tumor 
response after treatment with the combination of OXA 
and immunotherapy have not been elucidated.

YTHDF2, a known m6A (N6-methyladenosine) reader, 
modulates mRNA stability and is hypothesized to func-
tion as a tumor suppressor [17]. Previous studies have 
reported that YTHDF2 is associated with TILs in differ-
ent types of cancer. In lower-grade glioma or kidney renal 
clear cell carcinoma, YTHDF2 expression is positively 
correlated with the infiltration of B cells, CD8+ T cells, 
CD4+ T cells, macrophages, neutrophils, and dendritic 
cells (DCs) [18, 19]. Additionally, YTHDF2 expression is 
positively correlated with the infiltration of CD8+ T cells, 

FOXP3+ T cells, PD-1+ T cells, and CD45RO+ immune 
cells in non-small-cell lung cancer [20]. Furthermore, 
YTHDF2 deficiency in tumor-associated macrophages 
(TAMs) suppressed tumor growth by reprogramming 
TAMs toward an antitumoral phenotype, enhanc-
ing CD8+ T cell-mediated antitumor immunity [21]. 
Recently, we demonstrated that YTHDF2 downregulation 
promotes inflammation and aberrant vascular remodel-
ing in HCC [22]. However, the function of YTHDF2 in 
peritumoral hepatocytes is unknown. A recent study 
demonstrated that alterations in normal hepatocytes 
modulate the progression of liver cancer [23]. The regu-
latory mechanisms underlying the interaction between 
OXA and YTHDF2 have not been elucidated.

In this study, we revealed that YTHDF2 in hepatocytes 
which could be up-regulated by OXA played a pivotal 
role in impeding the progression of liver cancer. Hepatic 
YTHDF2 was essential for the maintenance of antitumor 
response in the liver. The loss of YTHDF2 in hepatocytes 
decreased the stability of CX3CL1 mRNA, impairing 
CD8+ T cell function and promoting tumor growth in 
both mouse models and patients with HCC. OXA upreg-
ulated the activation of the transcription factor IRF3 
in hepatocytes, which resulted in the upregulation of 
YTHDF2 and downstream biological processes. Finally, 
this study demonstrated that the YTHDF2-CX3CL1 
axis in hepatocytes enhances the antitumor efficacy of 
immunotherapy.

Results
OXA upregulates YTHDF2 in peritumoral hepatocytes and 
YTHDF2 upregulation is associated with improved survival 
outcomes
This study examined the effects of chemotherapy on the 
RNA m6A levels in hepatocytes. The RNA m6A levels in 
the peritumoral tissues were compared between patients 
with HCC who received OXA-based hepatic arterial 
infusion chemotherapy (HAIC) and treatment-naïve 
patients using the dot blot assay. HAIC was administered 
as described previously [24, 25]. The hepatocyte RNA 
m6A levels in patients treated with OXA were markedly 
upregulated when compared with those in treatment-
naïve patients (Fig. 1a). Analysis of the hepatic RNA m6A 
levels in C57BL/6 mice treated with or without OXA 
revealed similar findings (Supplementary Fig.  1a). Thus, 
OXA-based chemotherapy upregulates the RNA m6A 
level in hepatocytes.

Quantitative real-time polymerase chain reaction (qRT-
PCR) analysis revealed that OXA modulated the hepatic 
expression levels of m6A-associated genes in patients 
with HCC and the mouse model. In particular, YTHDF2 
was the most significantly upregulated gene (Fig.  1b 
and Supplementary Fig.  1b). Immunoblotting (Fig.  1c 
and Supplementary Fig.  1c) and immunohistochemical 



Page 3 of 20Yang et al. Molecular Cancer          (2024) 23:186 

Fig. 1  OXA upregulates YTHDF2 in peritumoral hepatocytes and YTHDF2 upregulation is associated with improved survival outcomes. a, The m6A level 
of peritumoral tissues from treatment naive HCC patients and HCC patients treated with hepatic arterial infusion chemotherapy (HAIC) with oxaliplatin 
(OXA) was indicated by m6A dot blot. Corresponding RNAs were loaded equally by a 2-fold serial dilution with 200 ng and 100 ng. Methylene blue stain-
ing served as a loading control (n = 6). b, Relative mRNA levels of genes associated with m6A in treatment naive HCC patients and HCC patients treated 
with OXA, as assessed by RT-qPCR (n = 16, performed in triplicate). c, Immunoblot of YTHDF2 in peritumoral tissues from treatment naive HCC patients 
and HCC patients treated with HAIC (n = 4). d, Immunohistological staining of YTHDF2 in peritumoral tissues from treatment naive HCC patients and 
HCC patients treated with HAIC. e, Histochemistry score (H-SCORE) value of YTHDF2 in peritumoral tissues from treatment naive HCC patients and HCC 
patients treated with HAIC (n = 20). f, Immunohistological staining of YTHDF2 in human HCC tissue microarrays, and IOD value of YTHDF2 in paired tumor 
and peritumoral tissues of treatment-naïve patients (n = 103).g, RT-qPCR of YTHDF2 in paired tumor (T) and peritumoral (P) tissues of treatment-naïve 
patients (n = 20) h, Immunoblot of YTHDF2 in paired tumor (T) and peritumoral (P) tissues (n = 8). i, Kaplan-Meier analyses of the correlation between 
YTHDF2 expression level in pare-tumor tissues and overall survival (left) or recurrence-free survival (right) in treatment-naive HCC patients (n = 103 in 
total). Error bars indicate means ± SD. P-values were determined by an unpaired two-tailed t-test (b, e). P-values were determined by a paired two-tailed 
t-test (g). P-values were calculated using the log-rank test (i). Data in a-h are representative of at least two independent experiments. ns, not significant
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(Fig.  1d-e) analyses revealed that OXA upregulated 
the protein level of YTHDF2 in the liver tissues of both 
patients with HCC and mice. These results suggest that 
OXA promotes the transcription of Ythdf2.

The mRNA and protein levels of YTHDF2 in tumor 
tissues were lower than those in peritumoral tissues in 
treatment-naïve patients (Fig. 1f–h). Therefore, this study 
examined the correlation between hepatocyte YTHDF2 
expression and the survival of patients with HCC. As 
shown in Fig.  1i and Supplementary Table 1, YTHDF2 
upregulation was significantly correlated with increased 
overall and recurrence-free survival in a cohort of 103 
patients with HCC (recruited from 2008 to 2014). More-
over, in patients receive OXA treatment, the expression 
of YTHDF2 in tumor tissues were lower than those in 

peritumoral tissues (Supplementary Fig.  1d). YTHDF2 
upregulation was significantly correlated with good prog-
nosis in patients with HCC received OXA treatment 
(Supplementary Fig. 1e). These results suggest that OXA 
upregulated YTHDF2 expression in hepatocytes and 
that YTHDF2 upregulation is associated with improved 
survival.

OXA activates Ythdf2 transcription in hepatocytes through 
cGAS-STING signaling
We have demonstrated that OXA could enhance the 
transcription of Ythdf2 in mouse and human liver tissues. 
Similarly, we observed that expression of YTHDF2 was 
also increased in AML12 cells (the mouse hepatocyte 
cell line) treated with OXA (Fig.  2a and Supplementary 

Fig. 2  OXA activates Ythdf2 transcription in hepatocytes through cGAS-STING signaling. a, b,c, qRT-PCR (a, b) and immunoblotting (c) showing the ex-
pression of YTHDF2 in AML12 cells treated with vehicle, OXA, SN-011 (cGAS-STING inhibitor) and DMXAA (cGAS-STING agonist) (n = 3). d, immunoblotting 
showing the expression of YTHDF2 in AML12-siCtrl, AML12-siIRF3_2 and AML12-siIRF3_3 cells treated with OXA. e, immunoblotting showing expression 
of IRF3 in plasma and nucleus of AML12 treated with OXA. f, Relative luciferase activity of constructs containing Ythdf2 promoter in AML12 cells trans-
fected with IRF3 expressing plasmid or empty vector (n = 4). g, Relative luciferase activity of constructs containing Ythdf2 promoter in AML12 cells treated 
with vehicle, OXA, SN-011 and DMXAA (n = 3). h, ChIP-qPCR showing the binding of IRF3 to the Ythdf2 promoter in AML12-oeIRF3 cells (n = 3). i, ChIP-qPCR 
showing the enrichment of the Ythdf2 promoter in AML12 cells treated with vehicle, OXA, SN-011 and DMXAA (n = 3). Error bars indicate means ± SD. P-
values were determined by an unpaired two-tailed t-test (a, b,f-i). Data in a-i are representative of at least two independent experiments
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Fig.  2a). In contrast, fluorouracil, another chemothera-
peutic agent used in HAIC, did not affect the expres-
sion of YTHDF2 in vitro (Supplementary Fig. 2b–c) and 
in vivo (Supplementary Fig.  2d). Next, the mechanism 
of OXA-induced YTHDF2 upregulation in hepatocytes 
was examined. Previous studies have indicated that OXA 
activates the cGAS-STING signaling in different cell 
types [26, 27]. However, the mechanism of OXA in the 
liver is unknown. OXA and DMXAA (cGAS-STING ago-
nist) upregulated cGAS-STING pathway activation and 
YTHDF2 expression, whereas SN-011 (cGAS-STING 
inhibitor) mitigated the OXA-induced and DMXAA-
induced upregulation of cGAS-STING pathway activa-
tion and YTHDF2 expression (Fig.  2a–c). To determine 
the upstream transcription factor of YTHDF2, the puta-
tive transcription factors were examined in ChIPBase 
and the Animal Transcription Factor Database. IRF3, a 
critical transcription factor in the cGAS-STING signaling 
pathway, could potentially bind to YTHDF2 and directly 
regulate YTHDF2 expression. Then we conducted the 
Irf3 knockdown AML12 cells (Supplementary Fig. 2e–f) 
and observed that OXA did not upregulate YTHDF2 
expression in Irf3 knockdown AML12 cells (Fig.  2d). 
Meanwhile, OXA upregulated the nuclear translocation 
of Irf3, which indicated that IRF3 functions as a tran-
scription factor and can bind to Ythdf2 in the nucleus 
to enhance the transcription of Ythdf2 (Fig.  2e). Addi-
tionally, the two binding sites in the promoter regions 
of Ythdf2 were predicted using JASPAR (http://jaspar.
genereg.net) (Supplementary Fig. 2g). The results of the 
luciferase reporter assay demonstrated that overexpress-
ing IRF3 upregulated the activity of Ythdf2 promoter 
(Fig.  2f ) and silencing IRF3 downregulated the activity 
of Ythdf2 promoter (Supplementary Fig. 2h). Transferred 
with Ythdf2 promoter plasmids which contained mutated 
IRF3 binding site in AML12 cells could downregulate the 
activity of Ythdf2 promoter compared to wild type Ythdf2 
promoter plasmids (Supplementary Fig.  2i). Moreover, 
we observed that OXA and DMXAA upregulated the 
activity of Ythdf2 promoter, whereas SN-011 downregu-
lated the activities of Ythdf2 promoter in AML12 cells 
(Fig.  2g). Chromatin immunoprecipitation (ChIP)-qRT-
PCR analysis revealed that the enrichment of IRF3 in the 
Ythdf2 promoter was significantly higher than that of IgG 
control in IRF3-overexpressing AML12 cells (Fig.  2h). 
Additionally, silencing IRF3 in AML12 cells downregu-
lated the enrichment of Ythdf2 promoter (Supplementary 
Fig. 2j). OXA and DMXAA upregulated the enrichment 
of Ythdf2 promoter, whereas SN-011 downregulated the 
enrichment of Ythdf2 promoter in AML12 cells (Fig. 2i). 
These finding suggested that OXA specifically regulates 
YTHDF2 expression in hepatocytes through the cGAS-
STING-IRF3 signaling pathway. However, OXA did not 
regulate YTHDF2 expression in tumor cells (Hepa1-6 

and MC38 cells) (Supplementary Fig.  2k), CD8+ T cells 
and macrophages (Supplementary Fig. 2l), indicating that 
OXA upregulates YTHDF2 expression in hepatocytes 
rather than the tumor cells and immune cells in the liver 
microenvironment.

YTHDF2 deficient hepatocytes promote liver tumor growth 
under OXA stress conditions by impairing CD8+ T cell 
antitumor response
The role of YTHDF2 in hepatocytes during liver tumor 
development and chemotherapy treatment was examined 
using a liver-specific Ythdf2 KO mouse strain (Ythdf2LKO, 
Supplementary Fig.  3a–b). On day 14 post-orthotopic 
liver injection of Hepa1-6 (mouse hepatoma cell line) or 
intrasplenic injection of MC38 (mouse colorectal cancer 
cell line) into Ythdf2F/F and Ythdf2LKO littermates (Sup-
plementary Fig. 3c–d), the hepatic tumor burden (defined 
as total liver weight/body weight ratio) in Ythdf2LKO mice 
was non-significantly higher than that in Ythdf2F/F mice 
(Supplementary Fig.  3e–f). However, after OXA pre-
stimulation, the tumor burden in Ythdf2LKO mice was 
significantly higher than that in Ythdf2F/F mice (Fig. 3a–b 
and Supplementary Fig.  3g–i). These results indicated 
that YTHDF2 deficiency in hepatocytes reprograms the 
OXA-exposed liver into a tumor-supporting ecosystem.

Next, the peritumoral tissues of Ythdf2F/F and Ythd-
f2LKO mice pretreated with OXA and orthotopically 
injected with Hepa1-6 cells were subjected to RNA 
sequencing. Deficiency of YTHDF2 dysregulated the 
expression of several genes (96 upregulated genes and 
560 downregulated genes) (Fig. 3c). Gene Ontology (GO) 
analysis revealed the enrichment of immune-related 
gene sets (Fig.  3d). Therefore, the immune cell popula-
tions in the liver were profiled after sequential OXA pre-
treatment and tumor inoculation using flow cytometry 
(Supplementary Fig. 3j). As shown in Fig. 3e and Supple-
mentary Fig. 3k, the percentage and absolute number of 
CD8+ T cells in Ythdf2LKO mice were significantly lower 
than those in Ythdf2F/F mice. Additionally, we noticed a 
profound decrease in the percentage and absolute num-
ber of CD8+ TILs from Ythdf2LKO mice. Further, we 
explored the changes of functional markers and observed 
lower percentages of tumor-infiltrating IFNγ+, TNFα+, 
GzmB+ CD8+ T cells (Fig. 3f and Supplementary Fig. 3l), 
and higher percentages of TIM3+ PD1+ CD8+ T cells 
(Fig.  3f ) in the liver of Ythdf2LKO mice, which was con-
sistent with the enhanced tumor burden. Moreover, the 
decreased antitumor response in Ythdf2LKO mice was 
completely eliminated when mice received an intraperi-
toneal (i.p.) injection of CD8 antibody, which induced 
systemic depletion of CD8+ T cells (Fig. 3g–h and Sup-
plementary Fig.  3m–n). Additionally, the composition 
and frequency of naïve immune cells in the liver and 
spleen were similar in age-matched and sex-matched 

http://jaspar.genereg.net
http://jaspar.genereg.net
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Fig. 3  YTHDF2 deficient hepatocytes promote liver tumor growth under OXA stress conditions by impairing CD8+ T cell antitumor response. a,b, liver/ 
body weight from Ythdf2F/F and Ythdf2LKO mice after OXA pre-treatment and Hepa1-6 orthotopic injection (a) or MC38 intrasplenic injection (b)(n = 4–6). 
c, Volcano plots showing up (red) - or down (blue) -regulated genes in peritumoral tissues from Ythdf2F/F versus Ythdf2LKO mice after Hepa1-6 orthotopic 
injection, as assessed by RNA-seq (n = 3). d, GO analysis based on the RNA-seq in (c), showing the most significant enriched pathways and the P-values. 
e, Representative plots, percentages and absolute numbers of CD8+ T cells from Ythdf2F/Fand Ythdf2LKO mice on day 7 after Hepa1-6 orthotopic injec-
tion (n = 4). f, Representative plots and percentages of IFNγ+,TNFα+ ,GzmB+ and TIM3+PD1+ CD8+ T cells from Ythdf2F/F and Ythdf2LKO mice on day 7 after 
Hepa1-6 orthotopic injection (n = 6). g,h, liver/body weight from Ythdf2F/F and Ythdf2LKO mice treated with IgG/CD8 antibody after Hepa1-6 orthotopic 
injection (g) or MC38 intrasplenic injection (h) (n = 4–6). Error bars indicate means ± SD. P-values were determined by an unpaired two-tailed t-test (a, 
b,e-h). Data in a-h are representative of at least two independent experiments
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Ythdf2F/F and Ythdf2LKO mice (Supplementary Fig. 4a–b). 
Furthermore, Ythdf2F/F and Ythdf2LKO mice exhibited 
similar percentages and absolute numbers of tumor-
infiltrating B cells, natural killer cells, γδ T cells, CD4+ 
T cells, macrophages, neutrophils, monocytes, and DCs 
(Supplementary Fig. 4c–r). Additionally, we evaluated the 
T cell inflamed gene expression profile by qPCR in tumor 
tissues from Ythdf2F/F and Ythdf2LKO mice and observed 
that the expression of most genes was reduced in Ythd-
f2LKO mice(Supplementary Fig. 4s). These results indicate 
that hepatic YTHDF2 preserves the immune balance of 
the liver microenvironment and that the downregulation 
of YTHDF2 in hepatocytes results in CD8+ T cell dys-
function. Thus, YTHDF2 deficiency in hepatocytes pro-
motes liver tumor growth after chemotherapy in a CD8+ 
T cell-dependent manner.

YTHDF2 maintains CD8+ T cell-mediated antitumor 
response through CX3CL1 in hepatocytes
Next, the intrinsic mechanisms involved in hepati-
cYTHDF2-mediated regulation of CD8+ T cells were 
examined. GO (Fig.  3d) and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) analysis (Fig.  4a) of RNA 
sequencing data of peritumoral tissues after orthotopic 
tumor inoculation revealed the enrichment of chemo-
kine signaling pathway and cytokine-cytokine receptor 
interaction in the liver of Ythdf2LKO mice. Hepatocytes 
regulate CD8+ T cell proportion and function indirectly 
by secreting certain substances or through direct con-
tact. As the chemokine signaling and cytokine-cytokine 
receptor interaction pathways were downregulated in the 
liver of Ythdf2LKO mice, some cytokines originating from 
hepatocytes were hypothesized to modulate CD8+ T 
cells. The serum samples of Ythdf2F/F and Ythdf2LKO mice 
were subjected to inflammation antibody array analy-
sis after orthotopic injection of Hepa1-6 cells to iden-
tify the potential cytokines that modulate CD8+ T cells 
(Supplementary Fig.  5a). As shown in Fig.  4b, YTHDF2 
deficiency dysregulated the expression of several cyto-
kines (3 upregulated cytokines and 18 downregulated 
cytokines). Additionally, a combined screening approach 
was employed by integrating RNA-seq and inflamma-
tion antibody array data to identify the key determinants. 
Transcriptomic and proteomic data demonstrated that 
YTHDF2 deficiency significantly downregulated the lev-
els of CX3CL1 and CXCL13, which mediate chemoat-
traction of CD8+ T cells (Fig. 4c). Previous studies have 
reported that CX3CL1 and CXCL13 are associated with 
the recruitment and activation of CD8+ T cells [28, 29]. 
CX3CR1+CD8+ T cells, which exhibit chemoattraction 
to CX3CL1, were associated with enhanced cytotoxicity 
and migration and exhibited approximately 10% overlap 
of T cell receptor clonotypes with CD8+ T cells infiltrat-
ing the TME [30]. Hepatic CX3CL1 downregulation in 

Ythdf2LKO mice was validated using qRT-PCR (Fig.  4d), 
immunoblotting (Supplementary Fig. 5b) analysis of peri-
tumoral tissues and enzyme-linked immunosorbent assay 
(ELISA) of mice serum (Fig.  4e) after orthotopic tumor 
inoculation. In contrast, the expression of CXCL13 was 
not affected (Fig.  4f ). Primary hepatocytes (PHCs) of 
Ythdf2F/F and Ythdf2LKO mice were detached from fresh 
liver. The expression of CX3CL1 was downregulated in 
PHCs of Ythdf2LKO mice (Fig.  4g). Additionally, Ythdf2 
was knocked down in the mouse hepatocyte cell line 
AML12 (Supplementary Fig.  5c-d). The expression of 
CX3CL1 was downregulated in Ythdf2 knockdown (KD) 
AML12 cells (Supplementary Fig. 5e). The expression of 
CXCL13 was not changed rather in PHCs (Supplemen-
tary Fig.  5f ) or AML12 (Supplementary Fig.  5g) cells. 
Flow cytometric analysis of liver TILs after tumor inocu-
lation revealed that the percentage of CX3CR1+ CD8+ T 
cells in Ythdf2F/F mice was higher than that in Ythdf2LKO 
mice (Fig.  4h–i). Next, this study examined if the func-
tions of YTHDF2 in the liver are dependent on CX3CL1. 
Animal experiments (Supplementary Fig.  5h) were per-
formed by specifically overexpressing CX3CL1 in hepa-
tocytes using the adeno-associated virus (AAV) delivery 
system. CX3CL1 overexpression suppressed Ythdf2 KO-
mediated accelerated tumor progression (Fig. 4j and Sup-
plementary Fig. 5i). The efficacy of AVV delivery system 
was verified in Supplementary Fig. 5j-k. The percentage 
and function of CD8+ T cells were not significantly differ-
ent between Ythdf2F/F and Ythdf2LKO mice after CX3CL1 
overexpression (Fig.  4k–l). Additionally, We evaluated 
the T cell inflamed gene expression profile by qRT-PCR 
in tumor tissues from Ythdf2F/F and Ythdf2LKO mice fol-
lowing the overexpression of CX3CL1 and observed 
that the expression of most genes was comparable in 
Ythdf2F/F and Ythdf2LKO mice (Supplementary Fig.  5l). 
Furthermore, qRT-PCR analysis (Supplementary Fig. 5m) 
and ELISA (Supplementary Fig. 5n) revealed that in the 
liver microenvironment, CX3CL1 was primarily upregu-
lated in the hepatocytes rather than tumor cells or other 
immune cells.

As the YTHDF2-CX3CL1 axis is essential for CD8+ 
T cell recruitment and function in vivo, the regulatory 
effects of the YTHDF2-CX3CL1 axis on CD8+ T cells 
were examined in vitro. PHCs of Ythdf2F/F and Ythdf2LKO 
mice were detached from fresh liver and co-cultured with 
CD8+ T cells from C57BL/6 mouse spleen (separated by 
a 5-µm membrane) for 12 h (Fig. 5a). The transwell assay 
results revealed that the migration of CD8+ T cells was 
suppressed toward PHCs of Ythdf2LKO mice (Fig.  5b). 
CD8+ T cells co-cultured with PHCs of Ythdf2F/F and 
Ythdf2LKO mice for 24 h were harvested for flow cytom-
etry analysis. Additionally, CD8+ T cells were co-cultured 
with Hepa1-6 cells for 24 h to examine the immune func-
tions of CD8 + T cells. The cytotoxicity of CD8+ T cells 
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Fig. 4  YTHDF2 maintains CD8+ T cell-mediated antitumor response through CX3CL1 in hepatocytes. a, KEGG analysis based on the RNA-seq in peritu-
moral tissues from Ythdf2F/F versus Ythdf2LKO mice after Hepa1-6 orthotopic injection, showing the most significant enriched pathways and the P-values. 
b, Volcano plots showing up (red) - or down (blue) -regulated genes in serum from Ythdf2F/F versus Ythdf2LKO mice after Hepa1-6 orthotopic injection, as 
assessed by inflammation antibody array (n = 3). c, Screening strategy showing a group of genes that were concomitant in RNA-seq and inflammation 
antibody array. d, qRT-PCR analysis of the relative mRNA levels of CX3CL1 in peritumoral hepatocytes from Ythdf2F/F and Ythdf2LKO (n = 3). e, ELISA analysis 
of the quantitative protein levels of CX3CL1 in the serum from Ythdf2F/F and Ythdf2LKO mice (n = 9). f, qRT-PCR analysis (left) of the relative mRNA levels of 
CXCL13 in peritumoral hepatocytes from Ythdf2F/F and Ythdf2LKO (n = 3) and ELISA analysis (right) of the quantitative protein levels of CXCL13 in the serum 
from Ythdf2F/F and Ythdf2LKO mice (n = 9). g, qRT-PCR analysis (left, n = 3) and ELISA analysis (right, n = 6) of CX3CL1 in the PHCs from Ythdf2F/F and Ythdf2LKO 
mice. h, i Representative plots, percentages of CX3CR1+ CD8+ T cells from Ythdf2F/Fand Ythdf2LKO mice on day 7 after Hepa1-6 orthotopic injection (h, n = 6) 
and MC38 introsplenic injection (i, n = 4). j-l liver/body weight (j), percentages of CD8+ T cells (k), IFNγ+, TNFα+ and GzmB+ CD8+ T cells (l), from Ythdf2F/F 
and Ythdf2LKO mice treated with AAV-GdGreen or AAV-CX3CL1-GdGreen-Flag after MC38 intrasplenic injection (n = 3–4). Error bars indicate means ± SD. 
P-values were determined by an unpaired two-tailed t-test (d-l). Data in d-l are representative of at least two independent experiments. ns, not significant
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Fig. 5 (See legend on next page.)
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was impaired under the education of YTHDF2-depleted 
PHCs compared with control cells as evidenced by the 
levels of cytotoxicity-related markers (Fig. 5c–f). Control 
and Ythdf2 KD AML12 cells were co-cultured with CD8+ 
T cells in the transwell system and co-culture system 
described above. Ythdf2 KD AML12 cells decreased the 
recruitment of CD8+ T cells and impaired the cytotoxic 
function of CD8+ T cells (Fig. 5g–i).

Next, CX3CL1 was overexpressed or knocked down 
in AML12 cells to examine if the effect of YTHDF2 on 
CD8+ T cells was dependent on CX3CL1 (Supplemen-
tary Fig. 6a–e). The phenomena that lack of YTHDF2 in 
AML12 cells reduced T cell cytotoxicity and migration 
was eliminated after silencing CX3CL1, as both YTHDF2 
knockdown and control AML12 cells showed impaired 
ability of inducing T cell activation and recruitment, 
again addressing the critical role of CX3CL1 (Fig.  5g–i 
and Supplementary Fig.  6f–h). Furthermore, CX3CL1 
overexpression in Ythdf2 KD AML12 cells upregulated 
T cell activation and recruitment (Fig.  5g–i and Sup-
plementary Fig.  6f–h). Recombinant mouse CX3CL1 
supplementation in the conditioned media rescued the 
impaired ability of Ythdf2 KD AML12 cells to activate and 
recruit T cells (Fig.  5j–l and Supplementary Fig.  6i–k). 
These results indicate that the YTHDF2-CX3CL1 axis in 
hepatocytes promotes CD8+ T cell-mediated antitumor 
response.

Hepatocyte YTHDF2 suppresses liver tumor growth by 
enhancing Cx3cl1 mRNA stability in an m6 A-dependent 
manner
YTHDF2, an m6A reader, recognizes the m6A modifica-
tions to regulate the stability and translation status of 
methylated mRNA [17]. To investigate if YTHDF2 reg-
ulates the stability of Cx3cl1 transcripts, AML12 cells 
treated with actinomycin D were subjected to mRNA sta-
bility profiling. The median half-life of Cx3cl1 mRNA was 
shortened in Ythdf2 KD cells (Fig.  6a) but prolonged in 

YTHDF2-overexpressing cells (Fig. 6b). YTHDF2 recog-
nizes the m6A modifications on RNA through the W432 
site within the hydrophobic pocket of the YTH domain 
[31]. To further confirm if YTHDF2-mediated Cx3cl1 
degradation is dependent on the YTH domain and its 
specific m6A-binding ability, the YTHDF2W432A mutant-
expressing AML12 cells were established (Supplementary 
Fig. 7a). The median half-life of Cx3cl1 mRNA in YTHD-
F2W432A (m6A recognition-defective mutant)-expressing 
cells was lower than that in wild-type YTHDF2-express-
ing cells (Fig.  6b). Additionally, RNA immunoprecipita-
tion (RIP) analysis revealed that YTHDF2W432A could 
not recognize and bind Cx3cl1 mRNA when compared 
with WT YTHDF2 (Fig.  6c). The abundance of m6A 
modification at the Cx3cl1 3′-untranslated region (UTR) 
was high. The results of the luciferase reporter assay 
revealed that slicence of YTHDF2 reduced the activeties 
of Cx3cl1 3′-UTR (Fig.  6d), and WT YTHDF2, but not 
YTHDF2W432A mutant, increased the activities of Cx3cl1 
3′-UTR (Supplementary Fig. 7b). Additionally, YTHDF2 
did not bind to the promoter region of Cx3cl1 (Supple-
mentary Fig. 7c–d). These results suggest that YTHDF2 
in hepatocytes preserved the stability of Cx3cl1 mRNA in 
an m6A-dependent manner.

Next, vector control-transfected, WT YTHDF2 over-
expression construct-transfected, and mutant YTHDF2 
overexpression-transfected AML12 cells (Supplementary 
Fig. 7a) and PHCs from Ythdf2LKO mice (Supplementary 
Fig. 7e) were co-cultured with CD8+ T cells in the tran-
swell system and co-culture system described above. WT 
YTHDF2-overexpressing AML12 cells, but not mutant 
YTHDF2-overexpressing AML12 cells, increased the 
migration (Fig.  6e) and cytotoxic effects (Fig.  6g-i) of 
CD8+ T cells. Similarly, WT YTHDF2-overexpressing 
PHCs from Ythdf2LKO mice increased the migration 
(Fig. 6j) and cytotoxic effects (Fig. 6k-l and Supplemen-
tary Fig. 7f-g) of CD8+ T cells.

(See figure on previous page.)
Fig. 5  YTHDF2-CX3CL1 axis in hepatocytes enhances CD8+ T cells antitumor response in vitro. a, Illustration of transwell co-culture system for CD8+ T cells 
and primary hepatocytes. b, Chemoattractant effect of primary hepatocytes from Ythdf2F/F and Ythdf2LKO mice to CD8 + T cells (n = 3). c, d, Representative 
plots (c) and apoptosis rate of Hepa1-6 (d) co-culture with CD8+ T cells from C57BL/6 mice spleen after co-culture with primary hepatocytes from Ythdf2F/F 
and Ythdf2LKO mice (n = 4) (d). e, f, Representative plots (e) and percentage of IFNγ+ ,TNFα+ and GzmB+ CD8+ T cells (f ) from C57BL/6 mice spleen after 
co-culture with primary hepatocytes from Ythdf2F/F and Ythdf2LKO mice (n = 4). g, Chemoattractant effect of AML12-Ctrl, AML12-shYTHDF2_1, AML12-shY-
THDF2_2, AML12-shYTHDF2-oeCX3CL1, AML12-shCtrl-siCX3CL1, AML12-shYTHDF2_1-siCX3CL1 and AML12-shYTHDF2_2-siCX3CL1 cells to CD8 + T cells 
(n = 3). h, Apoptosis rate of Hepa1-6 after co-cultured with CD8+ T cells from C57BL/6 mice spleen, which had been co-cultured with AML12-Ctrl, AML12-
shYTHDF2_1, AML12-shYTHDF2_2, AML12-shYTHDF2-oeCX3CL1, AML12-shCtrl-siCX3CL1, AML12-shYTHDF2_1-siCX3CL1 and AML12-shYTHDF2_2-
siCX3CL1 cells for 24 h (n = 4). i, Percentage of IFNγ+ (j), TNFα+ (k) CD8+ T cells from C57BL/6 mice splenic CD8+ T cells which had been co-cultured 
with AML12-Ctrl, AML12-shYTHDF2_1, AML12-shYTHDF2_2, AML12-shYTHDF2-oeCX3CL1, AML12-shCtrl-siCX3CL1, AML12-shYTHDF2_1-siCX3CL1 and 
AML12-shYTHDF2_2-siCX3CL1 cells for 24 h (n = 4). j, Chemoattractant effect to CD8 + T cells of AML12-Ctrl, AML12-shYTHDF2_1, AML12-shYTHDF2_2 
as well as AML12-shYTHDF2_1, AML12-shYTHDF2_2 which supplemented CX3CL1 (n = 3). k, Apoptosis rate of Hepa1-6 after co-cultured with CD8+ T 
cells from C57BL/6 mice spleen, which had been co-cultured with AML12-Ctrl, AML12-shYTHDF2_1, AML12-shYTHDF2_2 as well as AML12-shYTHDF2_1, 
AML12-shYTHDF2_2 which supplemented CX3CL1 for 24 h (n = 4). l, Percentage of IFNγ+, TNFα+ CD8+ T cells from C57BL/6 mice splenic CD8+ T cells 
which had been co-cultured with AML12-Ctrl, AML12-shYTHDF2_1, AML12-shYTHDF2_2 as well as AML12-shYTHDF2_1, AML12-shYTHDF2_2 which 
supplemented CX3CL1 for 24 h (n = 3). Error bars indicate means ± SD. P-values were determined by an unpaired two-tailed t-test (b, d,f, g-l). Data in b-l 
are representative of at least two independent experiments. ns, not significant
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Fig. 6  Hepatocyte YTHDF2 suppresses liver tumor growth by enhancing Cx3cl1 mRNA stability in an m6A-dependent manner. a, b, Lifetime of CX3CL1 
mRNA in AML12-shCtrl and AML12-shYTHDF2 cells (a), AML12-vc, AML12-oeYTHDF2_WT and AML12-oeYTHDF2_MUT cells (b). Transcription was in-
hibited by actinomycin D (5 µg/mL) (n = 3). c, RIP-qPCR showed the interaction of CX3CL1 transcripts with YTHDF2 in AML12-Vc, AML12-oeYTHDF2_WT 
and AML12-oeYTHDF2_MUT cells (n = 3). d, Relative luciferase activity of constructs containing 3’UTR of CX3CL1 in AML12-Ctrl, AML12-shYTHDF2_1 
and AML12-shYTHDF2_2 cells (n = 4). e, Chemoattractant effect of AML12-vc, AML12-oeYTHDF2_WT and AML12-oeYTHDF2_MUT cells to CD8+ T cells 
(n = 3). f, g, Representative plots (f ) and apoptosis rate of Hepa1-6 (g) co-culture with CD8+ T cells from C57BL/6 mice spleen after co-culture with AML12-
vc, AML12-oeYTHDF2_WT and AML12-oeYTHDF2_MUT cells (n = 4). h, i, Representative plots (h) and percentage of IFNγ+ ,TNFα+ CD8+ T cells (i) from 
C57BL/6 mice spleen after co-culture with AML12-vc, AML12-oeYTHDF2_WT and AML12-oeYTHDF2_MUT cells (n = 4). j, Chemoattractant effect of Vc, 
oeYTHDF2_WT and oeYTHDF2_MUT of PHCs from Ythdf2LKO mice to CD8+ T cells (n = 3). k, Apoptosis rate of Hepa1-6 co-culture with CD8+ T cells from 
C57BL/6 mice spleen after co-culture with Vc, oeYTHDF2_WT and oeYTHDF2_MUT of PHCs from Ythdf2LKO mice (n = 4). l, Percentage of IFNγ+ ,TNFα+ CD8+ 
T cells from C57BL/6 mice spleen after co-culture with Vc, oeYTHDF2_WT and oeYTHDF2_MUT of PHCs from Ythdf2LKO mice (n = 4).Error bars indicate 
means ± SD. P-values were determined by an unpaired two-tailed t-test (c-e, g,i-l). Data in a-l are representative of at least two independent experiments. 
ns, not significant
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YTHDF2-CX3CL1 axis in hepatocytes enhances the 
antitumor efficacy of immunotherapy
The upregulation of CX3CL1 expression and CD8+ T 
cell infiltration in peritumoral tissues of patients treated 
with HAIC was validated using immunohistochemical 
staining (Fig.  7a–d). Correlation analysis revealed that 
YTHDF2 was positively correlated with CX3CL1(Fig. 7e) 
and CD8+ T cells (Fig. 7f ) in the study cohort. The cor-
relation analysis results of YTHDF2, CX3CL1, and CD8+ 
T cells were validated using The Cancer Genome Atlas-
Liver HCC cohort (Supplementary Fig. 8a–c).

The YTHDF2-CX3CL1 axis in hepatocytes was posi-
tively correlated with CD8+ T cells. Hence, this study 
investigated if the YTHDF2-CX3CL1 axis was associ-
ated with the efficacy of immunotherapy. Ythdf2F/F mice 
with liver tumors exhibited resistance to treatment with 
OXA or anti-PD1 antibody monotherapy (Supplemen-
tary Fig.  8d–f). However, the combination of OXA and 
anti-PD1 antibody (Supplementary Fig.  8g) significantly 
decreased the tumor burden (Fig.  7g-h). In contrast, 
the efficacy of the combination therapy was diminished 
in Ythdf2LKO mice, indicating that the synergistic thera-
peutic effects of chemotherapy and immunotherapy on 
liver cancer were dependent on hepatic YTHDF2 expres-
sion (Fig. 7g–h). We evaluated the infiltration of CD8+ T 
cells by immunohistological staining, and observed that 
there were largest number of infiltrated CD8+ T cells in 
Ythdf2F/F mice received combination therapy and less 
CD8+ T cells in Ythdf2LKO mice (Fig. 7i and Supplemen-
tary Fig.  8h). YTHDF2 downregulation is a contraindi-
cation for chemo-immunotherapy. This may be because 
YTHDF2 downregulation results in decreased cytotoxic 
CD8+ T cell infiltration, suppressing the efficacy of PD-1 
blockade. Then, the combination of OXA and anti-PD1 
antibody were performed after specifically overexpress-
ing CX3CL1 in hepatocytes using the AAV (Supplemen-
tary Fig.  8i). The efficacy of the combination therapy 
was rescued in Ythdf2LKO mice after overexpression of 
CX3CL1(Fig. 7j and Supplementary Fig. 8j). Additionally, 
YTHDF2 upregulation in peritumoral tissues of patients 
treated with HAIC and anti-PD1 antibodies was cor-
related with improved prognostic outcomes (Fig.  7k–l). 
These findings indicate that the YTHDF2-CX3CL1 
axis in hepatocytes enhances the antitumor efficacy of 
immunotherapy.

Discussion
This study demonstrated that the chemotherapy agent 
OXA upregulates hepatic YTHDF2 expression by activat-
ing the cGAS-STING signaling pathway. The YTHDF2-
CX3CL1 axis in hepatocytes regulated the CD8+ T 
cell-mediated antitumor immune responses in an m6A-
dependent manner, contributing to improved clinical 
outcomes in patients treated with the combination of 

immunotherapy and chemotherapy. These findings indi-
cate that the YTHDF2-CX3CL1 axis in hepatocytes is a 
potential novel therapeutic target for primary and meta-
static liver malignancies (Fig. 8).

OXA belongs to the third generation of drugs that spe-
cifically target DNA. Previous studies have suggested that 
RNA m6A modification plays a pivotal role in mediat-
ing the cellular response to short-term ultraviolet (UV) 
irradiation-induced DNA damage [32]. This study dem-
onstrated that OXA upregulated the mRNA and protein 
levels of YTHDF2 in hepatocytes by activating the cGAS-
STING signaling pathway, indirectly regulating immune 
responses. This regulatory mechanism appears to be lim-
ited to hepatocytes as it was not observed in tumor cells. 
These findings improved our understanding of the intri-
cate interplay between platinum-based drugs and cellular 
signaling pathways and established a foundation for the 
immune sensitization of liver cancer to chemotherapy. 
Additonally, whether other chemotherapeutic agents and 
treatment modalities could lead to a similar effect will be 
an objective of our forthcoming investigation.

TME is a specialized environment in which tumor 
cells exist and interact with the surrounding non-tumor 
components. Additionally, the TME is a complex net-
work comprising various cellular and non-cellular ele-
ments involved in tumor growth and progression [33, 
34]. Peritumoral hepatocytes function as critical compo-
nents in the liver TME. This study established the Ythd-
f2LKO mouse model, as well as the orthotopic and colon 
metastatic liver tumor models. Remarkably, our investi-
gations unveil a compelling association wherein the loss 
of YTHDF2 specifically within hepatocytes engenders a 
milieu within the liver that profoundly fosters tumori-
genic growth, not only in primary hepatic neoplasms 
but also in the context of metastatic liver tumors. This 
study, for the first time, elucidated the regulatory effect 
of paracancerous hepatocytes on the immune microenvi-
ronment and demonstrated their unique specificity to the 
hepatic milieu irrespective of the cancer type. Addition-
ally, these novel findings provide additional insights into 
the role of hepatocyte YTHDF2 in mediating the intri-
cate dynamics of the hepatic microenvironment.

Chemokines play a crucial role in promoting the 
migration of immune cells and consequently facilitat-
ing the initiation and execution of an efficient antitumor 
immune response [35]. Previous studies have reported 
the correlation between CX3CL1 upregulation and an 
increased abundance of TILs, suggesting the role of 
this chemotactic factor in facilitating the recruitment 
of immune cells to the malignant lesion [36]. This study 
demonstrated that the effect of YTHDF2 on CD8+ T cells 
is mediated through CX3CL1. Additionally, the supple-
mentation of CX3CL1 effectively restored the YTHDF2 
deficiency-induced attenuation of antitumor response 
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Fig. 7  YTHDF2-CX3CL1 axis in hepatocytes enhances the antitumor efficacy of immunotherapy. a-d, Immunohistological staining (a, b), H-SCORE value 
(c) and percentage of positive cells (d) of CX3CL1 and CD8 in peritumoral tissues from treatment naive HCC patients and HCC patients treated with 
HAIC (n = 20). e, f, Scatter plots showing the correlation between YTHDF2 expression and CX3CL1 expression (e) or infiltration CD8+ T cells level (f ). The 
linear best fit line, Pearson correlation coefficient (R) and P-value are shown (n = 20). g, h, Gross appearances of liver samples with tumors (g), liver/ body 
weight (h), from Ythdf2F/F and Ythdf2LKO mice after MC38 intrasplenic injection treated with OXA and aPD1 (n = 3–4). i, Counts of CD8+ T cells in tumors 
from Ythdf2F/F and Ythdf2LKO mice after MC38 intrasplenic injection treated with OXA and aPD1(n = 3–4). j, Liver/ body weight from Ythdf2F/F and Ythdf2LKO 
mice which received MC38 intrasplenic injection and treated with OXA and aPD1 after overexpression of CX3CL1 (n = 4). k, l, Kaplan-Meier analyses of 
the correlation between YTHDF2 expression level in pare-tumor tissues and overall survival (k) or recurrence-free survival (l) in patients treated with HAIC 
combined with aPD1 (n = 30 in total). Error bars indicate means ± SD. P-values were determined by an unpaired two-tailed t-test (c, d,h-j) or Spearman 
correlation (e, f ). P-values were calculated using the log-rank test (k, l). Data in a-l are representative of at least two independent experiments. ns, not 
significant
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in vivo and in vitro. In detail, we observed that overex-
pression of CX3CL1 in Ythdf2LKO mice could rescue the 
function of CD8+ T cells, and we evaluated the T cell 
inflamed gene expression profile by qPCR in tumor tis-
sues from Ythdf2F/F and Ythdf2LKO mice following the 
overexpression of CX3CL1 and observed that the expres-
sion of most genes was comparable. The supplementa-
tion of CX3CL1 could recruit and activate the CD8+ T 
cells. Thus, the YTHDF2-CX3CL1 axis in hepatocytes 
has a critical role in CD8+ T cell-mediated antitumor 
immune responses. However, we also observed that in 
vivo overexpression of CX3CL1 in Ythdf2F/F mice could 
not recruit more CD8 + T cells. It might be explained 
that due to the existence of immune regulatory network, 
there must be other pathways to regulate CD8 + T cells 
and maintain homeostasis. Therefore, additional supple-
mentation of CX3CL1 in Ythdf2F/F mice did not further 
increase the number of CD8 + T cells. Elucidation of the 
immune network regulated by the YTHDF2-CX3CL1 
axis will enable the development of novel immune-based 
anti-cancer therapeutic strategies, expanding the arsenal 
of efficacious interventions for malignancies.

YTHDF2, an m6A reader, has dual roles in HCC, 
revealing the intricate and multifaceted roles of m6A 
modifications [19, 22, 37–39]. The role of YTHDF2 in 
promoting RNA degradation has been widely studied. 
However, recent studies suggest that YTHDF2 also exerts 
a positive influence on the preservation of m6A-modified 
RNA. YTHDF2 has been identified as a glioblastoma 

stem cell-specific effector that exerts a tumor-promoting 
effect through the stabilization of MYC transcripts [40]. 
Moreover, YTHDF2 promotes cell cycle progression and 
contributes to hepatitis B virus-related HCC tumorigen-
esis by stabilizing MCM2 and MCM5 transcripts [41]. 
The findings of this study are consistent with those of 
previous studies, which reported the non-canonical role 
of m6A methylation. Comprehensive analysis of RNA-seq 
data revealed that Ythdf2 silencing downregulated the 
levels of various transcripts. These observations suggest 
a complex interplay between YTHDF2 and the ultimate 
fate of m6A-modified transcripts, which may be mediated 
through the modulation of specific regulatory factors in a 
cell type-specific manner. These diverse roles of YTHDF2 
in different cell types or tissues indicate the complex 
regulatory mechanisms involved in m6A-mediated post-
transcriptional gene regulation, which requires further 
investigation.

There are many factors associated with YTHDF2 
modulation according to previous studies. For example, 
Jianhua Yu etc. observed that IL-10 − STAT3 signal-
ing regulates YTHDF2 expression in tumor associated 
macrophages [21]. Another study clarified that ionizing 
radiation could induce the expression of YTHDF2 in 
myeloid-derived suppressor cell [42]. In HCC, YTHDF2 
O-GlcNAcylation was markedly increased upon HBV 
infection which enhanced its protein stability [41]. In 
our study, we discovered that OXA upregulated the 
mRNA and protein levels of YTHDF2 in hepatocytes by 

Fig. 8  Schematic depiction of the mechanism underlying how YTHDF2 in peritumoral hepatocytes impedes liver malignances progression and en-
hances immunotherapy efficacy
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activating the cGAS-STING signaling pathway. In sum-
mary, YTHDF2 may be regulated by multiple signaling 
pathways in different types of cells under distinct patho-
physiological conditions.

Several therapeutic strategies have been developed for 
cancer to address the challenge of effectively treating 
malignancies. Among these, combination therapy is an 
emerging therapeutic modality. Clinical studies exam-
ining the therapeutic potential of the combination of 
OXA-based chemotherapy and immunotherapy are cur-
rently ongoing [43–45]. This study demonstrated that 
the antitumor efficacy of the combination of OXA and 
anti-PD1 antibody therapy was higher than that of OXA 
or anti-PD1 antibody monotherapy. However, the thera-
peutic efficacy of the combination of OXA and anti-PD1 
antibody was mitigated in Ythdf2LKO mice, indicating 
the critical role of YTHDF2 in determining the efficacy 
of combination therapy. Furthermore, analysis of peritu-
moral tissues from patients treated with the combination 
of HAIC and anti-PD1 antibody revealed that YTHDF2 
upregulation was correlated with improved prognos-
tic outcomes. These observations suggest that YTHDF2 
expression is a key determinant of the efficacy of OXA 
and immunotherapy combination, providing a mecha-
nistic basis for the enhanced therapeutic benefit of OXA 
treatment. Recent studies on RNA modification have 
highlighted the potential utility of small-molecule inhibi-
tors targeting m6A modifiers, such as METTL3, FTO, 
and ALKBH5 for cancer therapy [46–48]. Additionally, 
a recent study demonstrated that targeting YTHDF2 in 
macrophages using small interfering RNAs (siRNAs) 
significantly suppressed tumor growth [21]. This study 
suggested that targeting the YTHDF2-CX3CL1 axis in 
hepatocytes in combination with immunotherapy is a 
potential therapeutic strategy for liver cancers.

Methods
Human specimens
The adjacent peritumoral tissues and tumor tissues were 
obtained from patients with HCC who underwent cura-
tive liver resection at the Department of Liver Surgery, 
Sun Yat-sen University Cancer Center. All specimens 
were collected after obtaining written informed con-
sent from the patients. The experiments were approved 
by the institutional review board of Sun Yat-sen Univer-
sity Cancer Center (approval number: B2024-178-01). 
The tissue microarrays were collected from 103 treat-
ment-naïve patients who were enrolled between 2008 
and 2014. The patients were routinely followed up after 
curative liver resection. The baseline characteristics of 
the enrolled patients are summarized in Supplementary 
Table (1) Forty patients with HCC who underwent cura-
tive resection after treatment with OXA-based HAIC or 
were treatment-naïve were enrolled from February 2019 

to February 2022. Thirty patients with HCC who under-
went curative resection after treatment with the com-
bination of OXA-based HAIC and anti-PD1 antibody 
were enrolled from February 2019 to February 2022. The 
baseline characteristics of the enrolled patients are sum-
marized in Supplementary Table (2) A sample of the sur-
gically resected tissues was immediately transferred to 
liquid nitrogen for RNA or protein extraction. The patho-
logical tissues were processed for histological staining 
and further analysis.

m6A dot blot analysis
RNA samples were denatured at 65 °C for 5 min in three 
times the volume of RNA incubation buffer. After add-
ing isopycnic chilled 20× SSC buffer (Sigma-Aldrich), the 
samples were spotted on the nitrocellulose membrane. 
The membrane was washed with 1× Tris-buffered saline 
containing Tween-20 (TBST) buffer after UV crosslink-
ing for 10  min. Next, the membrane was blocked with 
5% non-fat milk and incubated with anti-m6A antibod-
ies (Synaptic Systems, 202003, 1:1000) overnight at 4 °C. 
The membrane was then incubated with horseradish 
peroxidase (HRP)-conjugated goat anti-rabbit IgG (Cell 
Signaling Technology, 7074) for 1 h at room temperature. 
Immunoreactive signals were developed using the Mine 
Chemi chemiluminescent imaging system (SageCreation, 
China).

Immunohistochemical analysis
The serial sections of tissues of patients with HCC were 
subjected to immunohistochemical analysis. The tis-
sue sections were deparaffinized, subjected to antigen 
retrieval, and incubated with anti-YTHDF2 (Abcam, 
ab246514), anti-CX3CL1 (Proteintech, 10108-2-AP), and 
anti-CD8 (Abcam, ab237709; Cell Signaling Technology, 
98941) antibodies. Next, the sections were incubated 
with the rabbit secondary antibodies. Immunoreactive 
signals were visualized using HRP-conjugated second-
ary antibodies (Dako, k5007). The stained sections were 
assessed using the histochemistry score (H-SCORE) algo-
rithm, which was implemented in the HALO software.

qRT-PCR analysis
Total RNA was extracted from tissues and cultured cells 
using the RNA quick purification kit (EScience, China), 
following the manufacturer’s instructions. The isolated 
RNA was reverse-transcribed into complementary DNA 
using the PrimeScript™ RT Master Mix (Takara, Japan), 
following the manufacturer’s instructions. Further, a trip-
licate qRT-PCR was performed using SYBR Green and 
a Roche LightCycler 480 Real-Time PCR System. The 
primers used in qRT-PCR analysis are listed in Supple-
mentary Table 3.
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Immunoblotting
Tissues and cultured cells were lysed in radioimmuno-
precipitation assay lysis buffer (Thermo Fisher Scien-
tific, Rockford, IL, USA). Equal amounts of proteins were 
subjected to sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis. The resolved proteins were electropho-
retically transferred to a polyvinylidene membrane. After 
blocking with 5% non-fat milk in TBST for 1 h at room 
temperature, the membrane was incubated with anti-
YTHDF2 (Abcam, ab220163), anti-phospho-TBK1 (Cell 
Signaling Technology, 5483), anti-TBK1 (Cell Signaling 
Technology, 3504), anti-phospho-IRF3 (Cell Signaling 
Technology, 83611), anti-IRF3 (Cell Signaling Technol-
ogy, 4302), anti-phospho-STING (Cell Signaling Tech-
nology, 72971), anti-STING (Cell Signaling Technology, 
13647), anti-Flag (Cell Signaling Technology, 14793), 
anti-GAPDH (Cell Signaling Technology, 5174), and anti-
Lamin B1 (Cell Signaling Technology, 13435) primary 
antibodies overnight at 4  °C. Next, the membrane was 
incubated with HRP-conjugated secondary antibodies 
(1:5000) for 1 h at ambient temperature. Immunoreactive 
signals were developed using the Mine Chemi chemilu-
minescent imaging system (SageCreation, China).

Cell lines and culture
The mouse hepatoma cell line Hepa1-6 was obtained 
from the Cell Bank of the Type Culture Collection of the 
Chinese Academy of Sciences. The mouse colon adeno-
carcinoma cell line MC38 was provided by RH, Xu (Sun 
Yat-sen University Cancer Center). The mouse hepato-
cyte cell line AML12 was obtained from the Cell Bank 
of the Type Culture Collection of the Chinese Academy 
of Sciences. HEK293T cells were purchased from the 
Cell Bank of the Type Culture Collection of the Chinese 
Academy of Sciences. AML12 cells were cultured in Wil-
liam’s E medium supplemented with 10% fetal bovine 
serum (FBS) (Gibco) and insulin-transferrin-selenium 
(100×, Thermo Fisher) at 37  °C and 5% CO2. Other cell 
lines were cultured in Dulbecco’s modified Eagle medium 
supplemented with 10% FBS (Gibco) at 37  °C and 5% 
CO2.

The cells were incubated with OXA (4 µg/mL, Selleck), 
SN-011 (10 µM, Selleck), or DMXAA (10 µM, Selleck) for 
24 h.

Animal experiments and models
Wild-type C57BL/6 mice were purchased from Beijing 
Vital River Laboratory Animal.

Technology Co., Ltd. Ythdf2F/F mice were purchased 
from Shanghai Model Organisms Center, Inc. Albcre mice 
were a kind gift from MS. Zeng (Sun Yat-sen University 
Cancer Center). Ythdf2F/F mice were crossed with Albcre 
mice to generate Ythdf2LKO mice. All mice were main-
tained under specific pathogen-free conditions in the 

animal facilities of Sun Yat-sen University Cancer Center. 
Mice aged 6–12 weeks were used for the experiments. 
All animal experiments were approved by the Labora-
tory Animal Ethics Committee of Sun Yat-sen University 
(approval number: L025501202203019). The following 
primers were used for genotyping: Ythdf2F/F _F: ​G​C​T​T​G​
C​C​T​G​C​T​A​C​A​T​A​G​T​G​A​G​A, Ythdf2F/F _R: ​A​A​C​T​G​A​A​C​
T​G​C​T​T​A​A​C​C​T​T​C​T​G​G; Albcre_F: ​G​A​A​G​C​A​G​A​A​G​C​T​
T​A​G​G​A​A​G​A​T​G​G, Albcre_R: ​T​T​G​G​C​C​C​C​T​T​A​C​C​A​T​A​
A​C​T​G.

An orthotopic liver tumor model was established by 
intrahepatically injecting Hepa1-6 cells (1 × 106 cells). 
Briefly, the mice were anesthetized, and a midline inci-
sion was introduced to expose the liver. Hepa1–6 cells 
in 25 µL Matrigel (Corning, 356231) were injected under 
the hepatic capsule into the liver. The operative inci-
sion was closed with sutures. A liver metastatic tumor 
model was established through the intrasplenic injec-
tion of MC38 cells (1 × 106 cells). Briefly, the mice were 
anesthetized, and a left subcostal incision was introduced 
to expose the spleen. MC38 cells in 100 µL phosphate-
buffered saline (PBS) were injected into the spleen. The 
lower part of the spleen was ligated and removed to avoid 
the growth of tumor cells in the spleen, while the upper 
part of the spleen was preserved to maintain immune 
function. The operative incision was closed with sutures. 
Finally, the mice were sacrificed for postmortem analy-
sis at the indicated time points. The liver weight/body 
weight ratio was used as a measure of tumor burden. 
Mice were intraperitoneally injected with OXA (Selleck, 
3  mg/kg bodyweight) once every 3 days for two weeks 
before tumor inoculation. Mice were intraperitone-
ally injected with 5-Fu (Selleck, 25  mg/kg bodyweight) 
twice a week for two weeks. For CD8+ T cell depletion, 
the mice were intraperitoneally injected with 200  µg of 
anti-CD8 (BioXcell, BE0061) antibodies on days 1 before 
tumor inoculation and 2, 5, 8, 11 post-tumor inoculation. 
For therapeutic anti-PD1 treatment, mice were intra-
peritoneally injected with 150  µg of anti-PD1 antibody 
(BioXcell, BE0146) once every 3 days for three times. To 
overexpress CX3CL1 in hepatocytes, mice were intrave-
nously injected with AAV8-TGB-Cx3cl1-GdGreen-Flag 
(3.0 × 1011 vg/mouse, Obio Technology, China) 3 weeks 
before tumor inoculation.

Primary mouse hepatocyte isolation
After administering the anesthetic, a U-shaped incision 
was introduced in the skin, delicately securing the skin 
near the head using a needle. The vena cava was pre-
cisely cannulated. The liver was perfused to clear blood 
and circulating cells. The samples were incubated with 
ethylenediaminetetraacetic acid (EDTA) to remove cal-
cium. Subsequently, the liver was infused with collage-
nase to disassociate the extracellular matrix. The liver 
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was dissected, and the hepatocytes were obtained using 
density-based separation.

Flow cytometry
Single-cell suspensions were prepared from fresh spleens 
and livers of Ythdf2F/F and Ythdf2LKO mice as described 
previously [49]. Briefly, the liver tissues were triturated 
and digested with the mouse liver dissociation kit (Milt-
enyi) at 37 °C for 1 h. Single-cell suspension was filtered 
through a 70-µm cell mesh, and the samples were resus-
pended in PBS with 2% FBS. The spleen was triturated, 
and the cell suspension was filtered through a 40-µm 
cell mesh. The samples were resuspended in PBS with 
2% FBS. For surface staining, the samples were incu-
bated with the indicated antibodies for 30 min on ice in 
the dark. Meanwhile, for intracellular staining, cells were 
fixed with fixation/permeabilization concentrate (Invit-
rogen) and fixation/perm diluent (Invitrogen) in a ratio 
of 1:3 for 40 min at 37 °C and washed twice with diluted 
1× permeabilization buffer (10×, BioLegend). For cyto-
kine staining, T cells were incubated in a culture medium 
containing a cell stimulation cocktail (500×, Invitrogen) 
at 37 °C for 4 h. Next, the cells were incubated with the 
indicated antibodies for 30 min at 37 °C in the dark. Flow 
cytometry was performed using Cytek Aurora (CytekBio-
sciences). The data were analyzed using FlowJo. The fluo-
rescent dye-labeled antibodies, which were purchased 
from BioLegend, BD Biosciences, or Thermo Fisher, used 
in this study are summarized in Supplementary Table 4.

Mouse CD8+ T cell isolation and activation
Mouse CD8+ T cells were isolated from the spleen of 
wild-type mice. The spleen was triturated, and the sus-
pension was filtered through a 40-µm cell mesh. The 
samples were resuspended in PBS with 2% FBS. CD8+ T 
cells were isolated from cell suspension using the Easy-
Sep mouse CD8+ T cell isolation kit (Stemcell, 19853), 
following the manufacturer’s instructions. Next, CD8+ T 
cells were incubated with interleukin (IL) 2 (10 ng/mL), 
anti-CD3 antibody (5  µg/mL, eBioscience), and anti-
CD28 antibody (5 µg/mL, eBioscience) for 72 h.

Transwell co-culture system
The activated CD8+ T cells were obtained as described 
above. The AML12 cells and PHCs were pretreated with 
tumor cell culture supernatant for 24  h. The transwell 
system was inoculated with AML12 cells or PHCs and 
activated CD8+ T cells. AML12 cells and PHCs were 
cultured in a 24-well plate. The upper chamber of the 
transwell (5 μm, Corning) was inoculated with activated 
CD8+ T cells (5 × 105 cells). After 12  h, the supernatant 
was collected from the lower chamber of the transwell 
system. The supernatant was centrifuged to obtain cells, 
which were stained with Zombie Aqua (BioLegend, 

423102) and CD8α (BioLegend, 100708). The number of 
migrated T cells was determined using a flow cytometer 
(cytoFLEX, Beckman).

In vitro CD8+ T cell cytokine detection and cytotoxicity 
assay
The activated CD8+ T cells were obtained as described 
above. The AML12 cells and PHCs were pretreated 
with tumor cell culture supernatant for 24  h. The acti-
vated CD8+ T cells were co-cultured with PHCs or 
AML12 cells for 24  h. Some CD8+ T cells were stained 
with LIVE/DEAD Fixable Blue and antibodies against 
CD45.2, CD8α, IFNγ, TNFα, and GzmB as described 
above. CD8+ T cell cytokines were detected using Cytek 
Aurora (CytekBiosciences). After co-culture with PHCs 
or AML12 cells, some CD8+ T cells were co-cultured 
with Hepa1-6 cells (ratio 1:1) for 48  h. Next, Hepa1-6 
cells were collected and their concentration was adjusted 
to 1 × 106 cells. The cells were incubated with 10 µL of 
allophycocyanin-conjugated annexin V and 10 µL phy-
coerythrin-conjugated propidium iodide staining solu-
tion (ESscience, China) at room temperature for 5 min in 
the dark. Apoptosis was detected using a flow cytometer 
(cytoFLEX, Beckman) to test the cytotoxicity of CD8+ T 
cells.

ELISA and inflammation antibody array
The concentrations of the CX3CL1 and CXCL13 in the 
culture supernatants or mouse serum were measured 
using the ELISA kits (Meimian, MM-44874M1; Meimian, 
MM-45471M1), following the manufacturer’s instruc-
tions. Additionally, the serum concentrations of inflam-
matory cytokines in Ythdf2F/F and Ythdf2LKO mice after 
tumor inoculation were measured using the mouse 
inflammation array G1 (RayBiotech, AAM-INF-G1-4), 
following the manufacturer’s instructions.

Lentivirus construction and transfection
The PLKO.1-puro vector was used to clone the short-
hairpin RNA (shRNA) targeting Ythdf2. Ythdf2, Cx3cl1, 
and Irf3 sequences were cloned into the pSIN-EF2-puro 
vector. Ythdf2 mutant (W432A) was generated using site-
directed mutagenesis. The recombinant plasmids and 
two virus-packaging plasmids (psPAX2 and pMD2.G) 
were co-transfected into 293T cells using Lipofectamine 
3000 (Invitrogen). Viral particles were packaged in 293T 
cells and used to infect AML12 cells using Lipofectamine 
3000 (Invitrogen). The recombinant cells were selected 
using puromycin. The efficacy of KD or overexpression 
was confirmed at both the mRNA and protein levels. 
The following shRNA sequences were used in this study: 
shYTHDF2_1, ​G​C​A​A​A​C​T​T​G​C​A​G​T​T​T​A​T​G​T​A​T; shY-
THDF2_2, ​C​C​A​T​G​C​C​C​T​A​T​C​T​A​A​C​T​T​C​T​T.
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The siRNAs targeting Cx3cl1 and Irf3 were transiently 
transfected into AML12 cells using Lipofectamine 
RNAiMAX (Invitrogen), following the manufacturer’s 
instructions. All siRNA duplexes were obtained from 
RiboBio (Guangzhou, P.R. China).

mRNA stability assay
AML12 cells were treated with 5  µg/mL actinomycin D 
(Selleck), a transcription inhibitor, for different dura-
tions (0, 1, 2, and 3 h). Total RNA was extracted from cul-
tured cells with an RNA quick purification kit (EScience, 
China), following the manufacturer’s instructions. The 
mRNA levels were examined using qRT-PCR analysis. 
The half-life (t1/2) of mRNA was calculated using the fol-
lowing equation: t1/2 = In 2/k (k = (In N0 − In Nt)/(t − 0); 
Nt and N0 are the RNA quantities at time t and time 0).

RIP assay
The RIP assay was performed as described previously 
[50]. Briefly, 2 × 107 AML12 cells expressing YTHDF2_
WT and YTHDF2_MUT were lysed in a RIP buffer (150 
mM KCl, 25 mM Tris-HCl (pH 7.4), 5 mM EDTA, 0.5% 
NP-40, 0.5 mM dithiothreitol, 1:100 protease inhibitor 
cocktail (Thermo Fisher Scientific), and 100 U/mL RNase 
inhibitor (Thermo Fisher Scientific)). The cell lysate was 
incubated with P/AG beads and anti-YTHDF2 antibod-
ies (Abcam, ab220163) at 4 °C overnight. The beads were 
washed with NT2 buffer and resuspended into 100 µL. 
Next, the resuspended beads were incubated with DNase 
I (20 U) at 37 °C for 30 min, followed by incubation with 
protease K (50  µg) at 55  °C for 30  min. Finally, bound 
RNAs were extracted using TRIzol reagent and subjected 
to qRT-PCR analysis.

Dual-luciferase reporter assays
The 3′ UTR fragments of Cx3cl1 containing putative m6A 
motifs were subcloned into the luciferase reporter vector 
pmirGLO (Promega). Control, shYTHDF2_1-transfected, 
shYTHDF2_2-transfected, vector control-transfected, 
wild-type Ythdf2 overexpression construct-transfected, 
or mutant YTHDF2 overexpression construct-trans-
fected AML12 cells were transfected with pmirGLO-
CX3CL1_3′UTR. To perform the promoter activity assay, 
the Ythdf2 or Cx3cl1 promoter was subcloned into the 
luciferase reporter vector pGL4 (Promega). Control, 
shYTHDF2_1-transfected, or shYTHDF2_2-transfected 
AML12 cells were transfected with pGL4-Cx3cl1_pro. 
AML12 cells were co-transfected with pGL4-Ythdf2_pro 
and pSIN-IRF3. The pRL-TK Renilla luciferase reporter 
was transfected for normalization of transfection effi-
ciency. At 48  h post-transfection, the dual-luciferase 
reporter assay system (Promega) was used to measure 
the activities of the firefly and Renilla luciferases. Renilla 
luciferase activity was normalized to the firefly luciferase 

activity, and the results were presented as relative lucifer-
ase activity.

ChIP assay
ChIP assays were performed using the d EZ-Magna ChIP 
kits (Sigma-Aldrich, 17-10086), following the manu-
facturer’s instructions. Briefly, AML12 cells were pre-
treated with vehicle, OXA(4 µg/mL), SN-011 (10 µM), or 
DMXAA (10 µM) for 24 h. AML12 cells overexpressing 
IRF3-Flag or silence IRF3 were collected. Cells (1 × 107 
cells) were cross-linked with 1% formaldehyde at 37  °C 
for 10 min and quenched with 0.125 M glycine. After cell 
lysis, cross-linked chromatin was sheared using Qson-
ica* Q700 (USA) (10  s on/50 s off for 10 cycles). Soni-
cated chromatin was immunoprecipitated with 10 µL of 
anti-Flag antibodies (Cell Signaling Technology, 14793), 
anti-IRF3 antibodies (Proteintech 11312-1-AP) or cor-
responding rabbit IgG (Cell Signaling Technology, 2729) 
at 4  °C overnight. After the reversal of crosslinking, the 
DNA immunoprecipitated with the indicated antibody 
was subjected to qRT-PCR analysis using the following 
primers: Site 1_F: ​A​T​A​T​T​C​C​T​G​C​A​T​G​A​G​T​T​G, Site 1_R: ​
T​A​A​G​T​A​A​T​G​T​G​C​C​C​A​A​G​T; Site 2_F: ​G​C​T​T​C​C​G​C​T​C​
C​T​C​C​A​A​T​C, Site 2_R: ​A​T​G​G​T​A​C​T​A​G​A​A​G​A​G​C​C​C​A​A​
G​A.

RNA sequencing
Total RNA was extracted from peritumoral tissues of 
Ythdf2F/F and Ythdf2LKO mice. RNA sequencing was per-
formed by Yuan Shen Technology (Shanghai, China). 
Differentially expressed genes were identified and sub-
jected to KEGG pathway analysis using the Majorbio 
Cloud Platform. The criteria for selecting differentially 
expressed genes were as follows: P < 0.05 and Log2(fold 
change) > 1 or Log2(fold change) < − 1.

Statistical analysis
The statistical tests used in this study are included in the 
figure legends. The results are expressed as mean ± stan-
dard deviation. Means between two groups were com-
pared using unpaired or paired (for the matched group) 
two-tailed Student’s t-test or nonparametric Mann-Whit-
ney U-test. Overall survival and recurrence-free survival 
were compared using the log-rank test. Pearson correla-
tion was calculated to determine the correlation between 
parameters. All statistical analyses were performed using 
GraphPad Prism 8 (GraphPad Software), Statistical 
Product and Service Solutions (SPSS version 25.0, Inc., 
Chicago, USA), and R software (R version 4.1.1, R Foun-
dation, Vienna, Austria). Differences were considered sig-
nificant at P < 0.05.
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