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Abstract
Hepatocellular carcinoma (HCC) represents the majority of liver cancer and is the 
fourth most common cause of cancer-related death. Although advances in molecular 
targeted therapy have shown promise, none of these agents has yet demonstrated 
significant clinical benefit. Bromo- and extraterminal domain (BET) protein inhibitors 
have been considered potential therapeutic drugs for HCC but the biological activity 
remains unclear. This study found that BET protein inhibition did not effectively sup-
press the progression of HCC, using a transgenic HCC mouse model. Mechanistically, 
the BET protein inhibitor JQ1 upregulated the expression of programmed cell death-
ligand 1 (PD-L1) on the plasma membrane in vivo and in vitro. Moreover, JQ1 en-
hanced the expression of Rab8A, which upregulated the expression of PD-L1 on the 
plasma membrane. This study also showed that JQ1 combined with anti-PD-L1 Ab 
effectively suppressed HCC progression, and this benefit was obtained by enhancing 
the activation and cytotoxic capabilities of CD8 T cells. These results revealed the 
crucial role and regulation of BET protein inhibition on the expression of PD-L1 in 
HCC. Thus, combining BET protein inhibition with immune checkpoint blockade of-
fers an efficient therapeutic approach for HCC.
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1  | INTRODUC TION

Hepatocellular carcinoma is now the fourth leading cause of can-
cer-related deaths and the fifth most common cancer globally.1,2 
Due to its complications, heterogeneity, and lack of diagnostic bio-
markers, the treatment of HCC is limited to surgical resection, liver 
transplantation, and local ablation at the early stage. Since sorafenib 
was approved as the first-line targeted small molecule drug for pa-
tients with advanced stage HCC in 2007, molecular targeted ther-
apy for HCC has changed markedly.3,4 In 2017, regorafenib was the 
first new FDA-approved second-line drug for the treatment of HCC. 
Subsequently, 2 PD-1 inhibitors, nivolumab and pembrolizumab, 2 
tyrosine kinase inhibitors, lenvatinib and cabozantinib, as well as 
the mAb ramucirumab, have all received FDA approval.5-7 However, 
none of these agents has yet demonstrated significant clinical 
benefit.

Inhibitors of BET proteins have been considered as potential 
therapeutic medicines for inflammatory diseases, cancer, metabolic 
disorders, and autoimmune diseases.8,9 The BET proteins, includ-
ing BRD2, BRD3, BRD4, and BRDT in mammals, share conserved 
bromodomains that bind to acetylated chromatin and function as 
transcriptional regulators.10 Previous studies suggested that BET 
protein inhibitors could be considered as potential therapeutic drugs 
for liver cancer. BRD4 is overexpressed in HCC cells compared with 
that of normal hepatocytes. Knockdown of BRD4 inhibits the pro-
liferation, migration, and invasion of HCC cell lines.11,12 Treatment 
with the BET protein inhibitor JQ1 suppresses cell proliferation in 
HCC cell lines and the xenograft tumor model.13 However, the thera-
peutic effects of BET protein inhibitors on primary liver cancer have 
rarely been reported.

The strategy of blocking inhibitory signaling pathways in T lym-
phocytes has remarkable influenced cancer therapy.14,15 Blocking 
immune checkpoint protein inhibitors, such as PD-L1 and PD-1, have 
shown effectiveness against various solid tumors, including mela-
noma, non-small-cell lung cancer, and renal cancer.16,17 Programmed 
cell death-ligand 1 is a membrane ligand that is upregulated on the 
cell surface of many types of cells in inflammation and/or in onco-
genic lesions.16 It binds with PD-1, a receptor on T cells, leading to 
Sh2p-driven dephosphorylation of the T cell receptor and its core-
ceptor CD28, suppressing antigen-driven activation of T cells.18 
Therapeutic Abs against the PD-L1/PD-1 axis can reactivate the an-
titumor immune response.14 A series of clinical trials have evaluated 
a variety of combined therapy maneuvers of immune checkpoint in-
hibitors or with other drugs in advanced HCC; however, very limited 
therapeutic benefits have been observed so far.19-21

While evaluating the therapeutic effect of BET protein inhi-
bition on HCC in vivo, we discovered that using JQ1 alone did 
not effectively suppress the HCC progression in a transgenic HCC 
mouse model. Mechanistically, BET protein inhibition upregulated 

the expression of PD-L1 on the surface of HCC cells by enhancing 
the expression of Rab8A. We tested a combination immunother-
apy of JQ1 with anti-PD-L1 Ab, which effectively suppressed HCC 
progression in the HCC mouse model. These preclinical findings 
therefore suggest an efficient combination therapy strategy for 
HCC.

2  | MATERIAL S AND METHODS

2.1 | Tumor model and treatments

Male C57BL6/J mice (6 weeks old) were purchased from Beijing 
Vital River Laboratory Animal Technology. All animal work was 
approved by the Institutional Animal Care and Use Committee of 
Zhejiang University. Animals were maintained in pathogen-free con-
ditions and cared for according to the International Association for 
Assessment and Accreditation of Laboratory Animal Care policies 
and certification.

The transgenic HCC mouse model was established by HTVi. The 
plasmids (PT3-EF1a-C-Myc, PT/Caggs-NRas-V12, and pCMVSB11) 
were gifts from Dr Liang Wen at Zhejiang University. Nineteen mi-
crograms of PT/Caggs-NRas-V12, 1 μg PT3-EF1a-C-Myc, and 2 μg 
pCMVSB11 were diluted in 2 mL 0.9% NaCl, sterile filtered, and 
injected into the lateral tail vein within 5-7 seconds.22 Liver tumor 
nodules were visible at 4 weeks after HTVi.

For in vivo experiments, 5 doses of JQ1 (S7110; Selleck), which 
was dissolved in DMSO at a concentration of 50 mg/mL and subse-
quently diluted to a working concentration of 50 mg/kg in a solution 
of 10% hydroxypropyl β-cyclodextrin in sterile water (vehicle solu-
tion), or vehicle solution was i.p. injected over the course of 1 week. 
Anti-mouse PD-L1 Ab (BE0101; Bioxcell) was i.p. injected at a dose 
of 200 μg (or 200 μg rat IgG2b [BE0090; Bioxcell] as an isotype con-
trol) every other day for 3 doses as indicated.

2.2 | Cell line, culture conditions, treatment, viral 
infection, and transfection

Human HCC cell line (HepG2) was provided by Stem Cell Bank of 
the Chinese Academy of Sciences. HepG2 cells were maintained at 
37°C with 5% CO2 in DMEM (Gibco) supplemented with 10% heat-
inactivated FBS (Gibco), penicillin, and streptomycin (15070063; 
Thermo Fisher).

For in vitro experiments, JQ1 was dissolved in DMSO at a con-
centration of 500 μmol/L and subsequently diluted to a working con-
centration of 500 nmol/L.

HepG2 Rab8A shRNA knockdown cells and HepG2 
scrambled shRNA knockdown cells were obtained by 
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lentivirus infection. The lentivirus contains shRNA to knockdown 
the expression of Rab8A. The sequence of Rab8A shRNA was 5 -́ 
CTCGATGGCAAGAGAATTAAA-3 .́ Lentivirus was produced follow-
ing adenovirus packaging protocol.

For Rab8A or PD-L1 overexpression HepG2 cells, plasmids in-
cluding Rab8a-Flag, Rab8A-GFP, the prenylation-deficient mutant 
Rab8A(C204Ser)-GFP, shRab8A-GFP, and PD-L1-mCherry were 
transfected into HepG2 cells by Lipofectamine 2000 (11668019; 
Thermo Fisher Scientific) according to the manufacturer’s instruc-
tions. The exogenous Rab8A, PD-L1-mCherry, and Rab8A-GFP ex-
pression and the knockdown efficiency of endogenous Rab8A were 
confirmed by western blot assay (Figure S1).

2.3 | Statistical analysis

GraphPad Prism 7.0.4 software (GraphPad Software) was used for 
experimental data analysis. All experiments were independently 
repeated at least 3 times. The sample size was chosen accord-
ing to well-established rules in the field. Statistical analyses were 
undertaken using Student’s t tests. Values are expressed as the 
mean ± SEM. A P value of less than .05 was considered statistically 
significant.

Additional details of materials and methods are shown in 
Appendix S1 and Table S1.

3  | RESULTS

3.1 | Inhibition of BET proteins cannot effectively 
suppress progression of HCC in vivo

To investigate the treatment effect of BET protein inhibition on 
HCC cells in vitro, HepG2 cells were treated with DMSO or JQ1 
(500 nmol/L) for 24 hours to test the cell function affected by JQ1. 
The CCK-8 proliferation assay showed that JQ1 significantly inhibited 
HepG2 cell proliferation (P = .0085) (Figure S2A). The cell cycle assay 
manifested that JQ1 treatment resulted in significantly decreasing the 
percentage of cells in the S (P = .0041) and G2/M (P = .0005) phase 
and increasing in the percentage of cells in G0/G1 (P = .0008) phase 
(Figure S2B). Transwell assays revealed that JQ1 treatment signifi-
cantly decreased cell migration (P = .0062) and invasion (P = .0056) 
compared with DMSO treatment in HepG2 cells (Figure S2C,D). 
These results indicated that JQ1 suppressed the proliferation, mi-
gration, and invasion of HCC cells in vitro, which is consistent with 
the results reported by previous studies.11,12 Furthermore, to inves-
tigate the treatment effect of BET protein inhibition on HCC in vivo, 
we established a transgenic HCC mouse model. We delivered plas-
mids (N-Ras/c-Myc) with sleeping beauty transposase, which mediated 
genomic transgene integration to livers by HTVi. The drug administra-
tion strategy is shown in Figure 1A. Six weeks after HTVi, the mice 
were killed to analyze the parameters of tumor burden between the 

F I G U R E  1   Inhibition of bromo- and 
extraterminal domain (BET) proteins 
cannot effectively suppress the 
progression of hepatocellular carcinoma 
in vivo. A, Schematic of the experimental 
procedure for JQ1 treatment. Mice were 
i.p. injected with JQ1 (50 mg/kg) at day 
(D) 14, 16, 18, 20, and 22 after plasmid 
transfection by hydrodynamic tail vein 
injection. All mice were killed (SAC) 
6 wk after oncogene transfection for 
phenotypic analysis. B, Representative 
macroscopic views and H&E staining 
of liver sections of control and JQ1-
treated mice. Magnification, ×50; scale 
bar, 200 μm. C, Tumor burdens were 
calculated by liver weight (LW) / body 
weight (BW) ratios, spleen weight (SW) 
/ BW ratios, numbers of tumor nodules, 
or maximal diameters. Data are expressed 
as mean ± SEM (n = 6 per group) for any 
other groups versus the control group
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JQ1 and control groups. We found that JQ1 treatment did not sig-
nificantly suppress the progression of HCC compared to that of the 
control group by macroscopic examination and H&E staining of liver 
sections (Figure 1B). Additionally, there were no significant difference 
in the LW/BW ratio (P = .2538), SW/BW ratio (P = .1370), tumor num-
ber (P = .3496), or maximum tumor diameter (P = .0807) between the 

2 groups (Figure 1C). However, the JQ1 treatment group showed a rel-
atively attenuate trend in these parameters compared with the con-
trol group, especially for the parameter of maximum tumor diameter, 
showing a marginal difference between the 2 groups according to the 
P value. Taken together, these results indicate that BET protein inhibi-
tion suppresses the proliferation, migration, and invasion of HCC cells 

F I G U R E  2   Inhibition of bromo- 
and extraterminal domain (BET) 
proteins upregulated the expression of 
programmed cell death-ligand 1 (PD-L1) 
on the plasmid membrane in vivo and in 
vitro. A, Representative immunostaining 
of PD-L1 in tumor areas in liver sections. 
Magnification, ×100; scale bar, 200 μm. 
B, Left panel: western blot analysis of 
PD-L1 protein levels in hepatocellular 
carcinoma tissues derived from JQ1 
treatment group and control group mice, 
right panel: Relative expression level of 
PD-L1 in western blot. C, Fold change in 
PD-L1 mRNA expression level in HepG2 
cells treated with concentration gradients 
of JQ1 for 24 h. D, Western blot analysis 
of PD-L1 protein level in HepG2 cells 
treated with concentration gradients of 
JQ1 for 24 h. E, Immunofluorescence 
assay showing the expression of PD-L1 in 
HepG2 cells treated with concentration 
gradients of JQ1 for 24 h, fixed and 
analyzed by confocal microscopy and 
quantified in (F). At least 60 cells were 
counted for each group analysis. G, 
Flow cytometric analysis showing 
representative PD-L1 expression in 
HepG2 cells treated with concentration 
gradients of JQ1 for 24 h. Data are shown 
as mean ± SEM (*P < .05, ***P < .001). 
MFI, mean fluorescence intensity
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in vitro, however, it cannot effectively inhibit HCC progression in the 
primary HCC mouse model.

3.2 | Inhibition of BET proteins upregulated 
expression of PD-L1 on plasma membrane in vivo and 
in vitro

As BET protein inhibition did not effectively suppress HCC progres-
sion in the transgenic HCC mouse model, it encouraged us to explore 
a more effective therapy strategy for HCC. We hypothesize that the 
unique immune microenvironment of the liver might play a vital role 
here. The strategy of blocking inhibitory signaling pathways in T lym-
phocytes, such as the PD-L1/ PD-1 axis, has been widely tested in 
various solid tumors.23 Therefore, PD-L1 immunohistochemical stain-
ing of liver tissues was carried out. We found that PD-L1 was more 
concentrated around the plasma membrane in HCC lesions in the JQ1 
treatment group than in the control group (Figure 2A). Western blot 
analysis was carried out on the tumor samples, and there was no signif-
icant difference in the total protein expression level of PD-L1 between 
the JQ1 treatment and control groups (P = .9537) (Figure 2B). In vitro, 
HepG2 cells were treated with JQ1 at concentrations of 250, 500, and 
1000 nmol/L for 24 hours. No significant differences in the mRNA or 
protein expression levels of PD-L1 were observed as the concentration 
of JQ1 increased (Figure 2C,D). However, the immunofluorescence re-
sults revealed that as the concentration of JQ1 increased, the number 
of PD-L1 puncta in HepG2 cells increased and showed a significant 
difference when the concentration of JQ1 was 500 (P = .0042) or 
1000 nmol/L (P < .0001) compared with that of DMSO treatment. The 
expression of PD-L1 on the plasma membrane was also significantly en-
hanced as the concentration of JQ1 increased (Figure 2E,F). Moreover, 
flow cytometry analysis showed that the MFI value of PD-L1 increased 
with increasing JQ1 concentration and showed a significant difference 
when the concentration of JQ1 was 1000 nmol/L compared with that 
of DMSO treatment (P = .0211) (Figure 2G). However, JQ1 treatment 
did not influence the PD-L2 expression on the plasma membrane of 
HCC cells (Figure S3A). Furthermore, we undertook a fractionation ex-
periment, and the western blot analysis showed that the total PD-L1 
level did not change with the concentration of JQ1 treatment increased 
in HepG2 cells; however, the level of PD-L1 on the plasma membrane 
increased and the level of PD-L1 in the cytosol decreased as the con-
centration of JQ1 treatment increased (Figure S3B). Together, these 
results show that BET protein inhibition upregulates the expression of 
PD-L1 on the plasma membrane in vivo and in vitro in HCC.

3.3 | Inhibition BET proteins enhances Rab8A 
expression, which upregulates PD-L1 expression on 
plasma membrane

As reported by previous studies, numerous members of Rab-GTPase 
family proteins, including Rab1, Rab3b, Rab5a, Rab5b, Rab6, Rab7, 
Rab8A, Rab9, Rab10, Rab11, Rab14, Rab25, Rab27a, and Rab39b,24 

participate in assisting transmembrane proteins to package into vesi-
cles and transport among the plasma membrane and organelles.25,26 
We considered whether JQ1 could influence Rab-GTPase fam-
ily protein expression, and then alter the PD-L1 expression on the 
plasma membrane. First, HepG2 cells were treated with DMSO or 
JQ1 (500 nmol/L) for 24 hours. The RT-PCR analysis revealed that 
the mRNA expression levels of Rab8A were significantly higher in the 
JQ1 treatment cells compared with that of the control cells, however, 
there were no significant differences in other Rab-GTPase family 
proteins between the 2 groups (Figure S4A). Western blot analysis 
showed that the protein expression level of Rab8A increased as the 
concentration of JQ1 increased in HepG2 cells (Figure 3A). Therefore, 
we hypothesized that JQ1 enhances the expression of Rab8A, which 
affects the expression of PD-L1 on the plasma membrane. Then, we 
constructed the HepG2 Rab8A-Flag cell line. Flow cytometry analysis 
showed that the MFI value of PD-L1 was significantly higher in HepG2 
Rab8A-Flag cells than in HepG2 vector cells (P = .0029) (Figure 3B,C). 
We then constructed a HepG2 Rab8A shRNA knockdown cell line and 
undertook an immunofluorescence assay. The results suggested that 
JQ1 treatment significantly enhanced the expression of PD-L1 on 
the plasma membrane of HepG2 scrambled shRNA cells compared to 
that of DMSO treatment (P = .0002). However, this phenomenon did 
not occur in the HepG2 Rab8A shRNA knockdown cells (P = .1380). 
JQ1 treatment significantly increased the number of PD-L1 puncta 
in HepG2 scrambled shRNA knockdown cells compared to that of 
HepG2 Rab8A shRNA cells (P < .0001). Moreover, the number of 
PD-L1 puncta significantly decreased in the HepG2 Rab8A shRNA 
cells compared to that of HepG2 scrambled shRNA cells (P = .0021) 
(Figure 3D,E). To further confirm the direct link between Rab8A and 
PD-L1 translocation, we constructed the HepG2 PD-L1-mCherry 
and Rab8A-GFP cell line and HepG2 PD-L1-mCherry and shRab8A-
GFP cell line. To exert the biological functions of Rab GTPase fam-
ily proteins, they have to be membrane-bound, which is enabled by 
prenylation.27 Therefore, we also used the HepG2 PD-L1-mCherry 
and Rab8A(C204Ser)-GFP cell line with prenylation-deficient mu-
tant of Rab8A. Immunofluorescence assay results showed that the 
expression level of PD-L1 on the plasma membrane was significantly 
higher in HepG2 PD-L1-mCherry and Rab8A-GFP cells compared 
with the HepG2 PD-L1-mCherry and Rab8A(C204Ser)-GFP cells and 
HepG2 PD-L1-mCherry and shRab8A-GFP cells. Rab8A and PD-L1 
colocalization on the plasma membrane was obvious in HepG2 
PD-L1-mcherry and Rab8A-GFP cells (Figure S4B). Taken together, 
these results indicate that JQ1 treatment enhances the expression 
of Rab8A, which modulates the expression of PD-L1 on the plasma 
membrane.

3.4 | Inhibition of BET proteins combined with anti-
PD-L1 Ab effectively suppresses progression of HCC

For an immunotherapy effect by blocking the PD-1/PD-L1 axis re-
quires PD-L1 expression,28 BET protein inhibition-induced PD-L1 
expression on the plasma membrane prompted us to explore a new 
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therapeutic strategy for HCC by using a combined treatment of 
JQ1 with anti-PD-L1 Ab. The drug treatment strategy is shown in 
Figure 4A. The mice were killed for phenotypic analysis at 6 weeks 
after HTVi. We found that treatment with either JQ1 or anti-PD-L1 
Ab failed to ameliorate the tumor burden, manifesting similar liver 
sizes, maximal tumor diameters, and numbers of tumor nodules as 
those of the control group. However, the combination of JQ1 and 
anti-PD-L1 Ab significantly ameliorated tumor progression compared 
with that of the control group, as measured by macroscopic analysis, 
H&E staining, LW/BW ratios (P = .0412), SW/BW ratio (P = .0047), 
maximal tumor diameters (P = .0035), and the number of tumor nod-
ules (P = .0034) (Figures 4B-E and 5A). Moreover, we detected no 
significant differences in Ki67-positive cell ratios in the tumor areas 
in the anti-PD-L1 Ab group compared to those of the control group, 
and the JQ1 group showed a marginal difference compared to those 
of the control group (P = .0741); however, the combination of JQ1 and 
anti-PD-L1 Ab significantly suppressed the Ki67-positive cell ratios in 
the tumor areas compared to those of the control group (P < .0001) 
(Figure 5B). Mouse survival analysis showed median survival times of 

73.0, 75.5, 84.0, and 95 days for the control, anti-PD-L1 Ab, JQ1, and 
combination groups, respectively. Overall, the survival time was simi-
lar between the anti-PD-L1 Ab and control groups. However, com-
pared to the survival time of the control group, the JQ1 group showed 
significantly longer survival times. Moreover, the combination group 
showed the most significant increase in survival (Figure 5C). To evalu-
ate the safety and toxicity of the drug treatment, mouse body weight 
was measured during the treatment process. The results showed that 
body weight was not significantly affected by the drug treatment 
among these 4 groups (Figure S5A). Taken together, these data show 
that combined treatment with BET protein inhibition and anti-PD-L1 
Ab effectively suppresses the progression of HCC.

3.5 | Sensitization of PD-L1 blockade by inhibition of 
BET proteins boosts antitumor immunity in liver

We further explored the underlying mechanisms for the enhanced 
tumor-inhibitory effect of this combined therapeutic strategy. 

F I G U R E  3   Inhibition of bromo- and 
extraterminal domain (BET) proteins 
enhances the expression of Rab8A, 
which upregulates the expression of 
programmed cell death-ligand 1 (PD-L1) 
on the plasma membrane. A, Western blot 
analysis of Rab8A protein levels in HepG2 
cells treated with concentration gradients 
of JQ1 for 24 h. B, Flow cytometric 
analysis showing representative PD-L1 
expression in HepG2 Rab8A-Flag cells 
and HepG2 vector cells. C, Quantification 
of the mean fluorescence intensity (MFI) 
of PD-L1 expression in HepG2 Rab8A-
Flag cells compared with that of HepG2 
vector cells. Blank, blank control. D, 
Immunofluorescence assay showing the 
effect of Rab8A on the expression of 
PD-L1. HepG2 Rab8A shRNA knockdown 
cells and HepG2 scrambled shRNA 
knockdown cells obtained by lentivirus 
infection were fixed, stained with PD-L1 
Abs, and analyzed by confocal microscopy. 
Scale bar, 10 µm. E, Quantification of the 
number of PD-L1 puncta. At least 60 cells 
were counted for each group analysis. 
Data are shown as mean ± SEM (**P < .01, 
***P < .001). NS, P ≥ .05
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N-Ras/C-Myc-transfected mice received different therapeutic treat-
ments, as shown in Figure 4A, and were killed 2 days after the last 
dose of JQ1 or vehicle solution. After in situ liver perfusion and 
isolation of NPCs, several innate and adaptive immune cell subsets 

of liver were analyzed. The ratios of each cell subset to the total 
number of NPCs were calculated. The innate immune cell subsets 
were analyzed by flow cytometry including NK cells (CD4−NK1.1+), 
macrophages (CD11b+F4/80+), MDSCs (CD11b+Gr1+), and DCs 

F I G U R E  4   Inhibition of bromo- and 
extraterminal domain (BET) proteins 
combined with anti-programmed cell 
death-ligand 1 (PD-L1) Abs effectively 
suppressed the progression of 
hepatocellular carcinoma. A, Schematic of 
the experimental procedure for JQ1, anti-
PD-L1 Ab, or the combination treatment. 
Plasmids were transfected into all mice at 
day 0. JQ1 (50 mg/kg) (or vehicle solution) 
was i.p. injected at days (D) 14, 16, 18, 20, 
and 22, and anti-PD-L1 Ab (or isotype IgG) 
was i.p. injected at days 17, 19, and 21. 
All mice were killed (SAC) 6 weeks after 
oncogene transfection for phenotypic 
analysis. B-E, Tumor loads were evaluated 
by liver weight (LW) / body weight (BW) 
ratios (B), spleen weight (SW) / BW 
ratios (C), maximal diameters (D), and the 
numbers of nodules (E). Data are shown 
as mean ± SEM (*P < .05, **P < .01). NS, 
P ≥ .05
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(MHC II+ CD11c+). We found that there was no significant differ-
ence in the ratio of NK cells (Figure 6A,B), MDSCs (Figure 6C,D), DCs 
(Figure 6E,F), or macrophages (Figure 6G-I) among these groups. We 

also analyzed the adaptive immune cells, including conventional CD4 
T cells (CD4+) and cytotoxic CD8 T cells (CD4−CD8+). There was no 
significant difference in the ratio of CD4 T cells among these groups 

F I G U R E  5   Inhibition of bromo- and extraterminal domain (BET) proteins combined with anti-programmed cell death-ligand 1 (PD-L1) Abs 
effectively suppressed the progression of hepatocellular carcinoma. A, Representative macroscopic views and H&E-stained liver sections 
in control, JQ1, anti-PD-L1 Ab, and combination treatment mice. Magnification, ×100; scale bar, 200 μm. B, Left panel: representative 
immunostaining of Ki67 in tumor areas. Magnification, ×200; scale bar, 200 μm. Right panel: quantification of Ki67+ tumor cell numbers 
per field. C, Mouse Kaplan-Meier survival curve of the 4 treatment groups. When the mice were found to be feeble due to tumor burden, 
they were euthanized, and the date of death was recorded as the next day. Log-rank test, n = 6 per group. Data are shown as mean ± SEM 
(*P < .05, **P < .01, ***P < .001). NS, P ≥ .05
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(Figure 7A,B). Interestingly, the ratio of CD8 T cells was significantly 
increased in the combination group compared to that of the control 
group (P = .0059); however, treatment with either JQ1 or anti-PD-L1 
Ab did not result in a significant difference in the ratio of CD8 T cells 
compared with the control group (Figure 7A,C). Furthermore, the ac-
tivation (CD44+CD62L−) of CD8 T cells was analyzed, and JQ1 com-
bined with anti-PD-L1 Ab further significantly boosted the activation 
of CD8 T cells compared with that of the control group (P = .0018) 
(Figure 7D,E). We also isolated CD8 T cells from NPCs and tested 
the mRNA levels of granzyme B, perforin, TNF-α, IFN-γ, and IL-6. JQ1 
treatment significantly increased IFN-γ mRNA levels compared to 
those of the control (P = .0018), but anti-PD-L1 Ab treatment had 
no effect; the combination also significantly increased granzyme 
B (P = .0121), TNF-α (P = .0022), and IFN-γ (P = .0003) mRNA lev-
els. There was no significant difference in perforin between these 
groups. The combined treatment significantly decreased IL-6 mRNA 
levels (P = .0324) (Figure 7F,J). Taken together, these results show 
that the combined treatment of BET protein inhibition and anti-PD-
L1 Ab effectively suppresses the progression of HCC by increasing 
the CD8 T cell ratio in NPCs and enhancing the activation and cyto-
toxic capabilities of CD8 T cells.

Finally, we developed a model to illustrate the tumor-suppressing 
effects of BET protein inhibition and/or PD-L1 blockade (Figure 8).

4  | DISCUSSION

Accumulating evidence suggests that cancer cell-intrinsic features 
shape the tumor immune landscape.28,29 However, the tissue sur-
rounding the microenvironment that regulates tumor immunity and 
sensitivity to immunotherapy remains uncertain.30,31 This study 
identified a previously unknown mechanism underlying an effective 
therapeutic strategy of BET protein inhibition combined with an im-
mune checkpoint Ab. Our results indicate that PD-L1 is regulated 
posttranscriptionally by Rab8A, which is enhanced by JQ1, and this 
axis serves as a key player in the regulation of HCC progression. 
Importantly, this combined therapeutic strategy enhances the ac-
tivation and cytotoxicity of CD8 T cells to suppress the progression 
of HCC in vivo.

Previous studies suggest that BET protein inhibitors could be a 
potential choice for HCC therapy.11,12,32 In our study, we confirmed 
the result that JQ1 can suppress the proliferation, migration, and in-
vasion of HCC cells in vitro, which is consistent with the results of 
previous studies. However, the in vivo experiment results showed 
that JQ1 did not effectively inhibit HCC progression in the primary 
HCC mouse model, which differs from the results reported by other 
studies. In the transgenic HCC mouse model, our results indicated 
that JQ1 treatment had a weak therapeutic effect on HCC, including 
decreasing the maximum tumor diameter, suppressing cell prolifer-
ation, and increasing the overall survival of the mice; however, the 
general therapeutic effect on HCC progression was not significant. 
We consider that the reason for this phenomenon is related to the 
microenvironment and heterogeneity of HCC and the differences in 

the HCC mouse models used in studies, which prompted us to ex-
plore a more effective therapeutic strategy for HCC.

Immunotherapy by blocking inhibitory pathways in T lympho-
cytes, such as the PD-L1/PD-1 axis, has been widely studied in 
various solid tumors.14,16,33,34 Immune checkpoint inhibitors have 
already been used in numerous clinical trials for HCC worldwide, 
and the outcomes are dissatisfactory. One of most serious concerns 
is the low or no response of HCC due to the unique immunotoler-
ant microenvironment of the liver. Our work also did not show an 
antitumor effect of anti-PD-L1 Ab alone in vivo. In this study, we 
revealed that BET protein inhibition influences PD-L1 expression on 
the plasma membrane, regulated by Rab8A.

Numerous members of the Rab-GTPase family of proteins par-
ticipate in assisting transmembrane proteins to package into vesi-
cles and transport among plasma membrane and organelles. Among 
them, Rab8A plays irreplaceable roles in multiple biological pro-
cesses, including membrane trafficking, cellular morphology, cell 
movement, cell polarity, neural differentiation, and ciliogenesis.35 
Furthermore, Rab8A regulates fusion between vesicles and the cell 
membrane.36 We identified for the first time that the BET protein in-
hibitor JQ1 enhanced the expression level of Rab8A. This work also 
shows that Rab8A plays an important role in the distribution and 
expression of PD-L1 in cells. However, we did not undertake more 
in-depth research on this aspect, and the specific mechanism is still 
unclear. This effector mechanism requires further investigation for 
additional signaling pathways.

A number of studies have focused on the relationship between 
BET protein inhibitors and PD-L1 expression in various cancer mod-
els. Inhibition of BET proteins suppresses PD-L1 expression and lim-
its tumor progression in ovarian cancer in mice.37 JQ1 results in a 
reduction of PD-L1 protein expression in neuroblastoma xenograft 
mouse model.38 However, we found that JQ1 treatment did not 
change the total protein level of PD-L1 in HCC cells in vivo or in vitro. 
We consider that the reason that BET protein inhibition differen-
tially regulated PD-L1 expression in different cancer models is due 
to the unique features of HCC. The underlying mechanisms causing 
this disparity in different cancer models are currently unknown and 
require further investigation.

The combined treatment of JQ1 and anti-PD-L1 Ab showed ro-
bust suppression of tumor progression in the transgenic HCC mouse 
model. Previous studies have suggested that BET protein inhibition 
cooperates with the PD-1/PD-L1 axis to mediate tumor progression 
in various mouse models, but the mechanism remains unclear. JQ1 
decreases BRD4 occupancy at the PD-1 locus, causing transcrip-
tional pausing and rapid loss of PD-1 mRNA production. Targeting 
the PD-1/PD-L1 axis by combining anti-PD-1 Abs and JQ1 causes 
synergistic responses in mice bearing Myc-driven lymphomas.39 
Combining BET protein inhibition with a PD-1 Ab offers a promis-
ing therapeutic approach for lung adenocarcinoma by reducing the 
numbers of tumor-infiltrating regulatory T cells and activating tumor- 
infiltrating T cells.40 Our results suggested that BET protein inhibitor 
increased the expression level of PD-L1 on the plasma membrane, 
and induced the antitumor effect of the anti-PD-L1 Ab, suggesting 
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that PD-L1 expression is required for the antitumor effect of PD-1/
PD-L1 blockade.

Numerous studies have reported that blocking the PD-L1/PD-1 
axis triggers the activity of CD8+ T cells, leading to an antitumor 
effect. Overexpression of tumor PD-L1 impairs IFN-γ secretion by 
CD8+ CTLs.41 Blocking the PD-1/PD-L1 axis enhances the activa-
tion of CD8 T cells in mediating antitumor immunity in HCC.22 Our 
data also indicated that this combination treatment induced a tumor- 
inhibitory effect by enhancing the activation and cytotoxicity of 

CD8 T cells. These results indicate a critical role of cytotoxic CD8 T 
cells in mediating the antitumor immunity of HCC.

In summary, our findings reveal a key mechanism of BET protein 
inhibition that mediates PD-L1 expression on the plasma membrane 
by affecting the expression of Rab8A. Additionally, we identified an 
efficient combination therapy strategy for HCC therapy. Further stud-
ies focusing on the effect of BET protein inhibition and immune check-
point blockade combination therapy on HCC in the clinical setting and 
the underlying mechanism of tumor biology are therefore needed.

F I G U R E  6   Inhibition of bromo- and extraterminal domain (BET) proteins combined with anti-programmed cell death-ligand 1 (PD-L1) 
Abs cannot affect the innate immune cell subsets in the liver. A, B, Representative flow cytometry dot plots and the percentages of natural 
killer (NK) cells in the total nonparenchymal cell (NPC) population. C, D, Representative flow cytometry dot plots and the percentages of 
myeloid-derived suppressor cells (MDSCs) in the total NPC population. E, F, Representative flow cytometry dot plots and the percentages 
of dendritic cells (DCs) in the total NPC population. G-I, Representative flow cytometry dot plots and the percentages of Kupffer cells and 
macrophages in the total NPC population. Data are shown as mean ± SEM

F I G U R E  7   Sensitization of 
programmed cell death-ligand 1 (PD-L1) 
blockade by bromo- and extraterminal 
domain (BET) protein inhibition boosts 
antitumor immunity in the liver. A-C, 
Representative flow cytometry dot plots 
and the percentages of CD4 T cells and 
CD8 T cells in the total nonparenchymal 
cell (NPC) population. D, E, CD8 T cells 
were gated, and further gating was carried 
out for cell activation: CD44+CD62L−. 
F-J, Fold change in granzyme B, TNF-α, 
IFN-γ, IL-6, and perforin mRNA expression 
levels in CD8 T cells isolated from NPCs. 
Data are shown as mean ± SEM (*P < .05, 
**P < .01, ***P < .001)
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