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Abstract
Hepatocellular carcinoma (HCC) does not respond well to current treatments, even 
immune checkpoint inhibitors. PD-L1 (programmed cell death ligand 1 or CD274 
molecule)-mediated immune escape of tumor cells may be a key factor affecting the 
efficacy of immune checkpoint inhibitor (ICI) therapy. However, the regulatory mech-
anisms of PD-L1 expression and immune escape require further exploration. Here, we 
observed that DDX1 (DEAD-box helicase 1) was overexpressed in HCC tissues and 
associated with poor prognosis in patients with HCC. Additionally, DDX1 expression 
correlated negatively with CD8+ T cell frequency. DDX1 overexpression significantly 
increased interferon gamma (IFN-γ)-mediated PD-L1 expression in HCC cell lines. 
DDX1 overexpression decreased IFN-γ and granzyme B production in CD8+ T cells 
and inhibited CD8+ T cell cytotoxic function in vitro and in vivo. In conclusion, DDX1 
plays an essential role in developing the immune escape microenvironment, rendering 
it a potential predictor of ICI therapy efficacy in HCC.
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1  |  INTRODUC TION

Liver cancer is the second leading cause of cancer-related death 
worldwide.1 In ~854,000 new cases of liver cancer annually, 85%–
90% of cases are diagnosed as hepatocellular carcinoma (HCC), mak-
ing it the sixth most common cancer worldwide.2 HCC is an epithelial 
tumor that arises typically in patients with liver disease of varying 
extents. The 5-year survival of advanced HCC is <15%.2 In recent 
years, immune checkpoint inhibitor (ICI) therapy has shown great po-
tential for treating a variety of cancers, including HCC.3–5 While that 
approach is promising, ICI therapy efficacy for HCC ranges from 15% 
to 23%.3 Hence, exploring the factors of poor therapeutic efficacy is 
necessary.

It has been indicated that immune checkpoint protein expres-
sion, lymphocyte infiltration, and mutation load are important 
predictors in ICI therapy.6 There has been much research on the 
relationship between immune checkpoint and cancer therapeutic 
efficacy.6 PD-L1 (programmed cell death ligand 1 or CD274 mole-
cule) expression in tumor cells is considered one of the most com-
mon factors of immune escape in the tumor microenvironment, 
inducing T cell anergy and exhaustion.7,8 PD-L1 levels in tumors 
are regulated in a highly complex manner, such as via genomic ab-
errations, transcriptional control, mRNA stability, oncogenic sig-
naling, and protein stability,9 while the transcription factor NF-κB 
(nuclear factor kappa B) plays a central role in such factors.10 
Exploring the regulatory mechanism of PD-L1 expression and the 
NF-κB signaling pathway may be an effective means of improving 
ICI therapy efficacy.

DEAD-box (DDX) RNA helicases play an essential role in RNA 
metabolism.11 DDX1 is a member of the DDX RNA helicase family 
and is involved in the processes of cancer development or progres-
sion.12 The first indications of DDX1 involvement in tumor develop-
ment came from studies that co-amplified it with the MYCN gene in 
retinoblastomas and neuroblastomas.13 Breast cancer and HCC stud-
ies have also found that DDX1 expression may be related to patient 
survival.14,15 DDX1 acts as a coactivator to enhance NF-κB-mediated 
transcriptional activation by binding to the NFKB promoter region 
via association with NF-κB p65 (also known as RELA).16 However, 
whether DDX1 can mediate PD-L1 expression through NF-κB in liver 
cancer is unknown.

In the present study, analysis of multiple online databases 
showed that DDX1 was upregulated in HCC tissues, and was related 
to a significant reduction in disease-free survival in patients with 
HCC. Further experiments showed that, under interferon gamma 
(IFN-γ) stimulation, DDX1 promoted PD-L1 expression on tumor 
cells by binding to NF-κB p65, thereby inhibiting the antitumor ef-
fect of CD8+ T cells. Therefore, our study suggests that DDX1 can 
be used as a predictor of immunotherapy efficacy and a new thera-
peutic target for treating HCC.

2  |  MATERIAL S AND METHODS

2.1  |  Patients and liver specimens

In total, 80 paired liver specimens (Table  S1) were collected from 
Guangdong Second Provincial General Hospital (Guangzhou, China). 
Patients with human immunodeficiency virus (HIV) infection or 
concurrent autoimmune disease were excluded. Written informed 
consent was obtained from the patients and the protocol was ap-
proved by the hospital ethical review board. In addition, a tissue 
array (HLivH180Su15) that contains 90 HCC tumor and para-tumor 
specimens was obtained from Shanghai Outdo Biotech Co. Ltd.

2.2  |  Bioinformatic analysis

HCC RNA sequencing data were obtained from The Cancer Genome 
Atlas (TCGA), International Cancer Genome Consortium (ICGC), and 
Gene Expression Omnibus (GEO) databases. DDX1 expression and 
the correlations with other genes in normal or tumor tissues were 
conducted using R (4.0.2). Kaplan–Meier survival analysis of patients 
with HCC with low or high DDX1 expression was conducted using 
TCGA database and the KmPlot platform. The potential functions of 
DDX1 were analyzed using Gene Ontology (GO), Kyoto Encyclopedia 
of Genes and Genomes (KEGG) pathway enrichment analyses, and 
gene set enrichment analysis (GSEA).

2.3  |  Cell culture, transfection, and stimulation

Human liver cancer cell lines (Huh7, SMMC-7721, QGY-7703, 
HepG2) and LO2 normal human hepatic cells were obtained from 
Guangzhou Jennio Biotech Co., Ltd (Guangdong, China) and cultured 
in Dulbecco's modified Eagle's medium supplemented with 10% fetal 
bovine serum. The cells were transfected with a control vector or 
DDX1 overexpression plasmids. In some experiments, recombinant 
human IFN-γ (100 ng/mL; InvivoGen, CA, USA) and NF-κB inhibitor 
(triptolide, 15 μmol/L; Selleck Chemicals, Houston, USA) were added 
to the culture systems.

2.4  |  Immunohistochemistry (IHC) and 
immunofluorescence

Formalin-fixed, paraffin-embedded HCC specimens were cut into 
4-μm thick sections. Then, the slides underwent deparaffiniza-
tion, hydration, antigen retrieval, and blocking. For IHC, the slides 
were incubated with rabbit polyclonal anti-DDX1 antibody (1:100, 
Proteintech, Wuhan, China) or anti-CD8 antibody (1:200; Bioss, 
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Beijing, China) at 4°C overnight, washed with phosphate-buffered 
saline (PBS) five times, and stained with an anti-rabbit/mouse 
IHC Secondary Antibody Kit (GK500705; GTVision, Shanghai, 
China). For immunofluorescence, the slides were stained with 
a multiplex immunofluorescence staining kit (abs50012; absin, 
Shanghai, China) according to the manufacturer's instructions. 
Then, the slides were incubated with antibody against DDX1 
(1:100; Proteintech), PD-L1 (1:200; Proteintech), and NF-κB p65 
(1:300; ZENBIO, Chengdu, China) at room temperature for 1 h. 
Subsequently, the slides were incubated with anti-rabbit horse-
radish peroxidase-conjugated immunoglobulin G (IgG) at room 
temperature for 15 min and then with fluorophore-conjugated 
tyramine molecules (PPD 520, PPD 570, or PPD 650) for 15 min. 
Finally, the nuclei were stained with DAPI.

2.5  |  Western blotting

Tumor cells and HCC tissue from patients were lysed by radioim-
munoprecipitation assay buffer and 1% phenylmethylsulfonyl 
fluoride (PMSF; Beyotime, Shanghai, China). Western blotting 
was performed as described previously.17 The primary antibod-
ies were raised against DDX1 (1:1000; Proteintech), PD-L1 (1:500; 
Proteintech), phosphorylated (p)-p65 (1:1000; ZENBIO), and p-65 
(1:1000; ZENBIO). Anti-GAPDH antibody (1:5000; Proteintech) was 
used as the control. Semi-quantitative results were analyzed using 
ImageJ.

2.6  |  Immunoprecipitation (IP)

HepG2 cells were transfected with DDX1 overexpression plasmid 
or control vector by Lipofectamine 2000 (Invitrogen, CA, USA). 
After 6-h transfection at 37°C, the cells were treated with IFN-γ 
(100 ng/mL; InvivoGen, CA, USA) for 48 h. Then, the cells were lysed 
in PMSF-supplemented IP lysis buffer. The cell lysates were incu-
bated with anti-DDX1 antibody or non-specific IgG overnight at 4°C. 
The immunoprecipitated proteins were resolved by 10% sodium do-
decyl sulfate–polyacrylamide gel electrophoresis and detected using 
western blotting.

2.7  |  Quantitative RT-PCR (qRT-PCR)

Total RNA was isolated from HCC cells and patient tissue using TRIzol 
(TaKaRa, USA). RNA (500 ng) was reverse-transcribed into comple-
mentary DNA. The specific primer sequences were: DDX1 (forward 
primer, 5′-TAAAG​GAA​TGG​CAT​GGG​TGTAGA-3′; reverse primer, 5′-
CCCTG​CAT​AAC​CCT​TGG​TCAT-3′), CD274 (PD-L1, forward primer, 
5′-TGGCA​TTT​GCT​GAA​CGC​ATTT-3′; reverse primer, 5′-TGCAG​CCA​
GGT​CTA​ATT​GTTTT-3′), and GAPDH (forward primer, 5′-ACAAC​
TTT​GGT​ATC​GTG​GAAGG-3′; reverse primer, 5′-GCCAT​CAC​GCC​
ACA​GTTTC-3′). All experiments were performed in duplicate.

2.8  |  Enzyme-linked immunosorbent assay (ELISA)

The cytokine concentrations in the cell culture supernatants were 
quantified using IFN-γ (Cat# 1110002) and granzyme B (Cat# 
1118502) ELISA kits (Dakewe, Beijing, China) following the manu-
facturer's protocols.

2.9  |  Tumor cell cytotoxicity detection

CD8+ T cells were isolated from the peripheral blood mononuclear 
cells of HCC patients. CD8+ T cells were pre-activated with anti-CD3 
(1 μg/mL; BioLegend, CA, USA) and anti-CD28 (1 μg/mL; BioLegend) 
for 1–3 days. The pre-activated CD8+ T cells were then incubated 
with HepG2 cells and Huh7 cells that had been pretreated with con-
trol plasmid or DDX1 overexpression plasmid at 37°C for 12, 24, and 
48 h. The effector:target (E:T) ratio was 1:1, 3:1, and 9:1. The super-
natants were collected for detecting CD8+ T cell cytotoxicity using 
a lactate dehydrogenase (LDH) release assay kit (Promega, Madison, 
WI, USA). The tumor cells were co-cultured with the CD8+ T cells, 
stained with propidium iodide (PI; Beyotime, Shanghai, China), and 
photographed under a light microscope (Olympus, Tokyo, Japan).

2.10  |  Animal experiments

Male C57BL/6 mice (6–8 weeks old) were purchased from Guangdong 
Medical Laboratory Animal Center (Guangzhou, China). All animal 
experiments were approved by the animal facilities of Guangdong 
Second Provincial General Hospital. For the subcutaneous tumor 
model, 1 × 107 Hepa1-6 cells (transduced with empty lentivirus vec-
tor or vector expressing DDX1) were injected into the right groin. 
Then, anti-mouse PD-L1 (150 μg per mouse, clone 10F.9G2; Bio X 
Cell, Lebanon, NH, USA) or IgG control antibody (clone LTF-2, Bio 
X Cell) was injected intraperitoneally two times per week. Tumor 
growth was monitored every 3 days and tumor size was calculated as 
0.5 × width2 × length. For the orthotopic HCC mouse model, 1 × 106 
Hepa1-6 cells were implanted intrahepatically. Intrahepatic and in-
trasplenic lymphocytes were isolated for further analysis after mice 
had been killed.

2.11  |  Intracellular cytokine staining and flow 
cytometry analysis

T cell functions were detected using intracellular cytokine stain-
ing. The mouse spleen and tumor lymphocytes were gently milled 
and separated using 30%–70% Percoll (GE Healthcare, MA, USA). 
The white interface layer (lymphocytes) was collected and then 
stimulated with Hepa1-6 tumor lysates (100 μg total protein/1 × 106 
cells/mL), interleukin-7 (25 ng/mL), anti-CD28 (1 μg/mL; BioLegend, 
CA, USA), anti-CD49 (1 μg/mL; BioLegend), and brefeldin A (1 μL/mL; 
BD Biosciences, CA, USA) at 37°C for 6 h. After stimulation, the 
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lymphocytes were stained with surface markers (anti-CD4 and anti-
CD8). Then, they were fixed and permeabilized (Cytofix/Cytoperm; 
BD Biosciences). IFN-γ and granzyme B antibodies were used for 
intracellular staining. The stained cells were analyzed on a BD 
FACSCanto II flow cytometer.

3  |  RESULTS

3.1  |  DDX1 is an immune-related gene negatively 
related to CD8+ T cell frequency in HCC tissue

To obtain the critical genes related to the regulation of the intra-
hepatic immune microenvironment, differential gene expression, 
overall survival (OS), progression-free survival (PFS), and immune-
related gene expression were analyzed using TCGA–LIHC (liver 
hepatocellular carcinoma) database. After taking the overlap of 
the above analysis, four genes (ZNF248, SLC25A17, XCR1, DDX1) 
remained (Figure 1A). Univariate and multivariate Cox regression 
analysis identified T stage and DDX1 expression as independ-
ent prognostic factors in TCGA–LIHC database (Supplementary 
Table  S1). A nomogram was established, showing that DDX1 
expression was associated with poor OS in patients with HCC 
(Figure  1B). The relationship between DDX1 expression and the 
intrahepatic immune response was explored using correlation 
analysis and showed that there was a slight positive correlation 
between the expression of DDX1 and the immune-related genes 
(Figure  1C). However, there were negative correlations between 
DDX1 expression and the frequency of CD8+ T cells, natural killer 
cells, and cytotoxic cells (Figure 1D–F). Taken together, our analysis 
suggested that DDX1 might be a key gene that induced immune 
escape in HCC.

3.2  |  DDX1 was upregulated in HCC tissues

We explored DDX1 expression in normal and tumor tissues from 
patients with HCC. Network database analysis of TCGA, ICGC, and 
GEO datasets showed that DDX1 was highly expressed in tumor tis-
sues compared with normal tissues (Figure 2A). To confirm the bioin-
formatic analysis results, we obtained tumor tissue and normal tissue 
(or para-tumor tissue) from patients with HCC and performed IHC 
(Figure 2B), western blotting (Figure 2C), and qRT-PCR (Figure 2D). 
DDX1 upregulation was also detected using tissue samples. Patients 
with a higher clinical stage (T3 and 4 or stage III and IV) had higher 
DDX1 expression (Figure  2E,F). Receiver operating characteristic 
(ROC) curve analysis showed that the diagnostic efficiency of DDX1 
expression in the diagnosis of HCC was 0.879 (Figure 2G), indicating 
that DDX1 expression had a high diagnostic efficiency for HCC and 
had a high sensitivity in distinguishing whether patients had HCC. 
Overall, these data indicated that DDX1 was overexpressed in HCC 
tissue.

3.3  |  DDX1 upregulation predicted poor prognosis 
in patients with HCC

We studied the prognostic value of DDX1. In TCGA cohort, patients 
with low DDX1 mRNA expression exhibited better OS and PFS than 
patients with high DDX1 mRNA expression (Figure 3A,B). Moreover, 
the protein expression of 80 HCC tissue samples at our hospital was 
analyzed using IHC. Kaplan–Meier survival analysis also indicated that 
higher DDX1 protein levels in HCC patients were associated with 
poorer survival rates (Figure 3C). Interestingly, GSEA showed that high 
DDX1 expression was associated with the poor-prognosis gene sets of 
liver and lung cancer (Figure 3D), which suggests that the high expres-
sion of DDX1 may be related to the strong proliferation and poor prog-
nosis of liver cancer. These results indicate that high DDX1 expression 
was an unfavorable prognostic factor for patients with HCC.

3.4  |  DDX1 expression correlated positively with 
PD-L1 expression

As high DDX1 expression was associated with low frequency of 
cytotoxic CD8+ T cells (Figure  1D) and poor prognosis in patients 
with HCC (Figure 3), we analyzed the related mechanisms between 
expression of DDX1 and immunosuppressive molecule in the HCC 
tumor microenvironment. High expression of immune checkpoint 
protein (PD-L1) or inhibitory receptors (PD-1, TIM3, CTLA4, TIGIT) 
was reported to inhibit the T cell antitumor effects significantly.7 
Hence, we conducted a correlation study using TCGA database and 
found that DDX1 expression correlated with CD274 (PD-L1) expres-
sion in a variety of tumors, including HCC (Figure  4A). Moreover, 
DDX1 correlated positively with inhibitory receptors, i.e., TIGIT, 
PDCD1 (PD-1), HAVCR2 (TIM3), and CTLA4 in patients with HCC 
(Figure 4A). Using our hospital samples, we verified the positive cor-
relation between DDX1 and CD274 (PD-L1) in patients with HCC 
(Figure  4B). In addition, multicolor immunofluorescence revealed 
that DDX1+ cells co-stained with PD-L1 (Figure 4C), which suggested 
the colocalization of DDX1 and PD-L1. Furthermore, single-cell se-
quencing analysis of the GEO database (LIHC GSE125449) showed 
that CD274, DDX1, IFNG, and RELA expression was elevated in 
hepatic cells in patients with HCC treated with anti-PD-L1/CTLA4 
antibody. Therefore, there was a positive correlation between DDX1 
and PD-L1 expression in patients with HCC.

3.5  |  DDX1 enhanced IFN-γ-induced PD-L1 
expression on tumor cells

To determine the molecular mechanism between DDX1 and PD-L1, we 
first tested DDX1 expression in several hepatoma cell lines and a nor-
mal liver cell line (LO2). DDX1 was highly expressed in the hepatoma 
cell lines SMMC-7721, QGY-7703, and HepG2 compared with LO2 
cells (Figure  5A). Huh7 and HepG2 cells were selected for further 
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experiments. In these two cell lines, DDX1 overexpression had less ef-
fect on PD-L1 and p65 expression (Figure 5B). IFN-γ is one of the most 
studied PD-L1-inducers, and IFN-γ inducible expression of PD-L1 is re-
lated to p50 and p65 activity.10 Accordingly, we investigated the role of 
DDX1 in regulating PD-L1 expression under IFN-γ stimulation. DDX1 
overexpression significantly enhanced PD-L1 expression and p-p65 

levels (Figure 5C,D). When triptolide inhibited the phosphorylation of 
the p65 protein, enhanced PD-L1 expression was weakened both in 
Huh7 and HepG2 cells (Figure 5C,D). According to a previous report,16 
DDX1 interacts with p65 and enhances NF-κB-mediated transcrip-
tion in 293T cells. Next, the HepG2 cells underwent immunofluores-
cence staining, which showed that DDX1 and p65 were colocalized 

F I G U R E  1  DDX1 is involved in the formation of the tumor immune microenvironment in HCC patients. (A) Venn diagrams showing the 
genes common to different sets of groups. (B) Development of the nomogram for analyzing the factors associated with OS. (C–E) Correlation 
between the expression of DDX1 and the immune genes (C), frequency of immune cell clusters (D), and enrichment score of cytotoxic cells 
(E). (F) Enrichment score of cytotoxic cells in patients with low or high DDX1 expression. *p < 0.05; **p < 0.01; ***p < 0.001.
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F I G U R E  2  DDX1 was overexpressed in tumor tissue from HCC patients. (A) DDX1 mRNA expression was analyzed using multiple online 
databases. (B) IHC staining, (C) western blotting (8 pairs), and (D) qRT-PCR (52 pairs) confirmed DDX1 expression in tumor and peri-tumor 
tissues. (E, F) DDX1 expression in different T stages (E) and pathologic stages (F) using TCGA HCC database. (G) ROC curve showing that 
DDX1 expression was significantly related to the diagnosis of HCC. *p < 0.05; **p < 0.01; ***p < 0.001.
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(Figure  5E). To confirm the interaction between DDX1 and p65, we 
performed IP on IFN-γ-stimulated and non-stimulated HepG2 cells. 
DDX1 was co-immunoprecipitated efficiently with p65, especially 
under IFN-γ stimulation. Therefore, our results indicated that DDX1-
driven IFN-γ-mediated PD-L1 expression was partly dependent on its 
role in interacting with p65.

3.6  |  DDX1 overexpression in tumor cells 
attenuated CD8+ T cell antitumor function in vitro

It is well known that CD8+ T cells are key players in antitumor immune 
responses.18 Here, DDX1 expression was negatively correlated with 
CD8+ T cell frequency (Figure 1D). To study the underlying mecha-
nism, isolated CD8+ T cells were co-cultured with hepatoma cells 
in  vitro. Compared with the control, DDX1 overexpression tumor 
cells induced significant decreases in the amounts of granzyme B and 
IFN-γ from the CD8+ T cells (Figure 6A). Subsequently, the cytotoxic-
ity of CD8+ T cells against tumor cells was assessed by LDH release 
assay. DDX1 overexpression HepG2 cells significantly inhibited CD8+ 

T cell cytotoxicity at the E:T ratios of 3:1 and 9:1, while the E:T ratio for 
DDX1 overexpression Huh7 cells was 9:1 (Figure 6B). Furthermore, 
CD8+ T cell cytotoxicity was directly detected with PI staining. 
Fluorescence microscopy (Figure 6C; Figure S1A) and flow cytometry 
(Figure 6D; Figure S1B) revealed that apoptosis was decreased in the 
DDX1 overexpression hepatoma cell line co-culture system, which 
suggested that DDX1 overexpression attenuated CD8+ T cell cyto-
toxicity against hepatoma cell lines in vitro. Last, GSEA enrichment 
analysis of TCGA database showed that DDX1 expression was re-
lated positively to cell–cell signaling and negatively regulated the im-
mune response (Figure 6E). Therefore, DDX1 overexpression in the 
hepatoma cells inhibited the CD8+ T cell antitumor function, namely 
IFN-γ and granzyme B secretion and tumor cytotoxicity.

3.7  |  DDX1 overexpression led to tumor 
growth and reduced sensitivity to anti-PD-L1 therapy

In vivo experiments were conducted to verify the mechanism of 
DDX1 regulation of the immune response. First, we established a 

F I G U R E  3  The prognostic effect of DDX1 expression in patients with HCC. (A–D) Comparisons of OS (A) and PFS (B) according to low 
or high DDX1 expression of patients with HCC in TCGA database. (C) Kaplan–Meier survival analysis of DDX1 expression in patients with 
HCC from the validation cohort. (D) Gene Set Enrichment Analysis (GSEA) indicating poor survival in HCC and lung cancer patients with high 
DDX1 expression.
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Hepa1-6 subcutaneous xenograft tumor model using vector (con-
trol) or DDX1 overexpression (DDX1-OE) Hepa1-6 cells. Compared 
with control mice, DDX1-OE mice had markedly increased tumor 
volume. DDX1-OE mice were less sensitive to anti-PD-L1 therapy 
(Figure  7A–C). Similar results were observed in the orthotopic 
HCC mouse model (Figure  7D–F). Immunohistochemistry showed 
that the DDX1-OE mice had decreased intrahepatic CD8+ T cells 
(Figure 7G). Last, we separated intrahepatic lymphocytes from the 
orthotopic HCC model. Elevated IFN-γ and granzyme B production 
from CD8+ T cells was detected when the mice received anti-PD-L1 
therapy. However, IFN-γ and granzyme B expression were inhibited 
in the DDX1-OE mice (Figure 7H,I).

4  |  DISCUSSION

Strong T cell responses are beneficial for suppressing tumor growth. 
In contrast, tumor cells elevate the expression of immunosuppressive 
molecules to inhibit T cell function and promote tumor immune es-
cape.19 In the present study, the DDX helicase family member DDX1 
was upregulated in tumor tissue and correlated negatively with CD8+ 
T cell frequency and patient survival in HCC. DDX1 enhanced IFN-γ-
induced PD-L1 expression in hepatoma cells by interacting with p65. 
Moreover, DDX1 overexpression depressed CD8+ T cell cytokine 
secretion and cytotoxicity in vitro and in vivo. Therefore, our results 
indicate that DDX1 overexpression may account for the unsatisfac-
tory response to anti-PD-L1 therapy in HCC.

DDX1 is a highly conserved RNA helicase involved in many cellular 
functions, including DNA double-stranded break repair.20 DDX1 ex-
pression has been associated with tumorigenesis in various cancers, 
including breast cancer,14 retinoblastoma,13 neuroblastoma,13 endo-
metrial carcinomas, and testicular carcinoma.21 DDX1 plays a key role 
in microRNA (miRNA) maturation, which induces tumor growth and 
metastasis.21 Koenig and colleagues showed that miR-21 might me-
diate decreased survival in patients with HCC by targeting DDX1.15 
Although DDX1 participates in activating type I IFN responses in den-
dritic cells,22 its role in regulating the HCC microenvironment has not 
been clearly articulated. In our study, we first systematically analyzed 
DDX1 expression in patients with HCC using bioinformatic methods 
and specimens from our hospital. DDX1 was highly expressed in HCC 
tissues. In addition, patients with high DDX1 expression levels had 
poorer survival probability than those with low DDX1 expression lev-
els. Furthermore, DDX1 was one of the immune-related genes that 
was negatively correlated with CD8+ T cells in the patients. Therefore, 
we hypothesized that the high DDX1 expression in HCC cells may be 
related to tumor immune escape.

HCC has limited treatment options in the advanced and relapsed 
settings.2 In recent years, ICI therapy combined with anti-angiogenic 
agents has shown great potential for treating advanced liver can-
cer.23,24 However, patient responses to ICI therapy vary widely.3 
Discovering the factors that affect ICI therapy efficacy has become a 
hot topic. Emerging evidence has demonstrated that PD-L1 expres-
sion on various types of solid tumors, including HCC, plays a key role 
in generating an immune escape microenvironment and predicting 
anti-PD-1/PD-L1 therapy efficacy.25 In the present study, the worse 
prognosis for high-DDX1 expression patients with HCC prompted us 
to explore the relationship between DDX1 and PD-L1. We found via 
TCGA database that DDX1 expression correlated positively with PD-
L1 expression in HCC. Multicolor immunofluorescence assay con-
firmed that DDX1 and PD-L1 were coexpressed in some of the tumor 
cells. Moreover, cell culture experiments in vitro showed that DDX1 
overexpression increased PD-L1 expression significantly in tumor 
cells after IFN-γ stimulation. Hence, our study is the first to report 
DDX1 as an important factor affecting the expression of PD-L1.

Previous research has suggested that PD-L1 expression in the tumor 
microenvironment is regulated in a highly complex manner,25 such as 
via genomic aberrations, transcriptional control, mRNA stability, onco-
genic signaling, and protein stability. NF-κB, a central transcription fac-
tor of inflammation, is a key positive regulator of PD-L1 expression.25 
Not only can it directly induce CD274 gene transcription by binding to 
its promoter, it can also regulate PD-L1 post-transcriptionally through 
indirect pathways. There are at least two mechanisms for activating 
the NF-κB pathway directly: binding to p6526 or triggering IκBα (NFKB 
inhibitor alpha) phosphorylation by binding to IKKβ-IKKγ.27 In the pres-
ent study, we found that DDX1 overexpression did not directly affect 
p65 protein phosphorylation and PD-L1 expression. Tumor necrosis 
factor alpha (TNF-α) and IFN-γ are the most studied PD-L1 inducers, 
frequently occurring in the inflammatory tumor microenvironment. 
We discovered that DDX1 overexpression significantly increased p65 
protein phosphorylation after IFN-γ stimulation. When p65 protein 
phosphorylation was suppressed, IFN-γ-induced PD-L1 expression 
was restrained. We also discovered that DDX1 could interact directly 
with p65, a finding that was consistent with the published literature. 
Therefore, we identified an uncharacterized role of DDX1 in activating 
NF-κB and PD-L1 transcription by binding to p65.

It is widely known that PD-L1 engages PD-1 on T cells and trig-
gers inhibitory signaling downstream of the T cell antigen receptor 
(TCR).28 Therefore, PD-L1 expression on tumor cells plays an im-
portant role in inhibiting local antitumor T cell-mediated responses 
and generating an immune escape microenvironment in tumors.28 
Previously, we have reported that intrahepatic CD8+ T cells were 
exhausted following high expression of inhibitory receptors,29 

F I G U R E  4  DDX1 expression correlated positively with PD-L1 expression in HCC patients. (A) Heat map revealing the correlation 
between DDX1 and immune checkpoints (TIGIT, PDCD1, HAVCR2, CTLA4, CD274) in different cancers. (B) Scatter diagram showing the 
correlation between DDX1 and PD-L1 in patients with HCC. (C) Multicolor fluorescence demonstrating the localization relationship between 
DDX1 and PD-L1 expression. (D) GEO database (LIHC GSE125449) analysis for determining CD274 (PD-L1), DDX1, IFNG, RELA (p65) and 
RELB expression between patients treated with or without antibody against PD-L1/CTLA4. *p < 0.05; **p < 0.01; ***p < 0.001; N.S., not 
significant.
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while anti-PD-1 antibodies significantly restored the function of ex-
hausted T cells in vitro.17 Although ICI therapy is promising in HCC, 
only 15%–23% of patients with HCC have positive responses and 

clinical outcomes.2 Combining other treatments with anti-PD-1/PD-
L1 therapy may enhance the curative effect. As we had detected 
a positive correlation between DDX1 and PD-L1 expression, we 

F I G U R E  5  DDX1 expression enhanced IFN-γ-induced PD-L1 expression on tumor cells via p65 phosphorylation. (A) DDX1 mRNA (upper 
panel) and protein expression (lower panel) levels in the LO2 normal human hepatic cell line and in liver cancer cell lines (Huh7, SMMC-7721, 
QGY-7703, HepG2). (B–D) Western blot analysis of DDX1, PD-L1, p-p65, and p65 in Huh7 and HepG2 cells transfected with DDX1 
overexpression plasmid (B) and under IFN-γ stimulation (C, D). (E) DDX1 and RelA localization was determined by multicolor fluorescence 
with anti-DDX1 antibody (green), anti-p65 antibody (red), and the nucleus (blue). (F) Co-IP of DDX1 and p65. HepG2 cells were treated with 
or without IFN-γ (100 ng/mL) for 1 h. The lysates were immunoprecipitated with DDX1 antibody or control IgG. Immunoblotting assay was 
performed with p65 antibody. *p < 0.05; **p < 0.01.
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speculated that DDX1 overexpression tumor cells could suppress T 
cell function, at least in part, via the PD-L1–PD-1 pathway. When 
tumor cells and CD8+ T cells were co-cultured in vitro, the DDX1 

overexpression tumor cells significantly inhibited the IFN-γ and 
granzyme B production of CD8+ T cells. The cytotoxicity assay also 
showed that fewer tumor cells died in the DDX1 overexpression 

F I G U R E  6  DDX1 suppressed the cytotoxicity of CD8+ T cells against tumor cells in vitro. CD8+ T cells were pre-activated with anti-
CD3 (1 μg/mL) and anti-CD28 (1 μg/mL). Vector or DDX1 overexpression (DDX1-OE) tumor cells were co-cultured with pre-activated CD8+ 
T cells at an indicated effect target ratio (E:T). (A) Granzyme B and IFN-γ levels in the supernatant from 72 h co-culture system at a 9:1 
effector:target ratio was detected by ELISA. (B) The killing effect of CD8+ T cells incubated with tumor cells at the indicated E:T ratios for 
24 h was determined by LDH assay. PI staining of HepG2 tumor cells to reveal dead cells using a light microscope (C) and flow cytometer (D). 
(E) Signaling pathway were analyzed using Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses to compare patients with 
low or high DDX1 expression from TCGA. *p < 0.05; **p < 0.01.
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group than in the control group. Furthermore, Hepa1-6 subcutane-
ous xenograft and orthotopic HCC models were established. DDX1 
overexpression in the tumor cells attenuated the therapeutic effect 
of anti-PD-L1 by reducing CD8+ T cell infiltration and function. 
Molecular mechanisms are drawn in Figure 8 in order for the reader 
to understand the mechanisms. Altogether, DDX1 expression may 
be an indicator for predicting ICI therapy efficacy.

However, there are still some problems in this study that need 
to be further investigation. First, the mechanism of DDX1 in pro-
moting tumor growth is complex and it may have the role of directly 
promoting tumor cell proliferation and differentiation. Additionally, 
the immune microenvironment plays a huge role in controlling tu-
mors. The effect of DDX1 on the tumor microenvironment is not 
only in the regulation of PD-L1 expression, but also on the ex-
pression of other immune checkpoints or inhibitory molecules. 
Moreover, DDX1 is related not only to T cell activation, but also 
to the functional regulation of other immune cells. The function of 
DDX1 on other immune cells and its molecular mechanism need to 
be further investigated.

In summary, we report that, as an oncoprotein, DDX1 can in-
crease IFN-γ-mediated PD-L1 expression and induce immune es-
cape. The molecular mechanism may be the interaction between 
DDX1 and p65, which contributes to increasing p65 phosphoryla-
tion and NF-κB activation. Further studies and clinical cohorts are 
needed to confirm the idea that DDX1 could be a biomarker or bio-
logical target for enhancing ICI therapy efficacy.
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