
1Hepatobiliopancreatic Center, The Affiliated Zhongda Hospital, School of Medicine, Southeast University, Nanjing, China; 2Department of Hepatobiliopancreatic Surgery, Xuzhou First
People’s Hospital, Xuzhou, China.
∗Correspondence to JiaHua Zhou: taizh938@163.com
#Xingchao Song and Wenjin Li are considered co-first authors.

DOI: 10.17305/bb.2024.10962

© 2024 Song et al. This article is available under a Creative Commons License (Attribution 4.0 International, as described at https://creativecommons.org/licenses/by/4.0/).

Biomolecules and Biomedicine, 2025, Vol. 25, No. 1, 144–154 144 www.biomolbiomed.com

R E S E A R C H A R T I C L E

Study on the mechanism of liver cancer immune escape
mediated by MINDY1 through regulation of PD-L1
ubiquitination level
Xingchao Song1,2#, Wenjin Li2#, Chunyan Tian2, Xiao Ma2, Weibin Yang2, and JiaHua Zhou1∗

The novel deubiquitinase enzyme, motif interacting with ubiquitin-containing novel DUB family-1 (MINDY1), is highly expressed in liver
cancer tissues and plays a crucial role in maintaining the stemness of liver cancer cells. Programmed death ligand-1 (PD-L1) is an
immunosuppressive molecule overexpressed by tumor cells. The potential role of MINDY1 in inhibiting the stemness of liver cancer
cells by deubiquitinating PD-L1 has not yet been reported. To investigate the mechanism by which MINDY1 mediates immune escape in
liver cancer through the regulation of PD-L1 ubiquitination, we examined the expression levels of MINDY1 and PD-L1 in liver cancer and
adjacent tissues from 50 hepatocellular carcinoma (HCC) patients using protein imprinting and immunohistochemistry. We analyzed
the relationship between the expression levels of MINDY1 and PD-L1 in liver cancer tissues and their correlation with the 5-year
tumor-free survival rates of patients. Subsequently, MINDY1 expression was knocked down in Huh7 cells using small interfering RNA
interference or upregulated through transfection with a MINDY1 overexpression plasmid. The effects of MINDY1 knockdown or
overexpression on the proliferation, apoptosis, migration, and invasion of HCC cells, as well as the regulation of PD-L1 binding and
ubiquitination, were assessed. The 5-year tumor-free survival rates were significantly lower in both the high MINDY1 expression group
and the high PD-L1 expression group (χ 2 = 4.919 and 13.158, respectively). A significant difference in survival was observed between
the high and low MINDY1 expression groups (χ 2 = 27.415). MINDY1 was found to directly interact with PD-L1, with MINDY1 gene
knockdown promoting PD-L1 ubiquitination and MINDY1 overexpression inhibiting PD-L1 ubiquitination. All comparisons yielded
statistically significant results (P < 0.05). In conclusion, MINDY1 inhibits the malignant progression of liver cancer by inhibiting PD-L1
ubiquitination and mediating immune escape.
Keywords: Motif interacting with ubiquitin-containing novel DUB family-1 (MINDY1), programmed death ligand-1 (PD-L1),
ubiquitination, hepatocellular carcinoma (HCC), immune escape, mechanism.

Introduction
Primary liver cancer is a highly prevalent and dangerous malig-
nant tumor in China, with the fifth-highest incidence and the
second-highest mortality [1]. The major causes of primary liver
cancer are hepatitis B, hepatitis C, and cirrhosis caused by
alcohol, followed by aflatoxin, non-alcoholic fatty liver disease,
and liver fluke [2]. Hepatocellular carcinoma (HCC) is the most
important type of primary liver cancer, accounting for 80% of
total cases [3]. HCC has an insidious onset, strong invasion, and
a tendency for easy metastasis and recurrence [4]. Treatment
of this disease includes surgical resection, transhepatic arterial
embolization chemotherapy, molecular targeted drug therapy,
immunotherapy, etc., but the results are still unsatisfactory [5].
The progression of HCC in the body is a multi-step process,
including occurrence, development, invasion, and metastasis,
and involves many factors. At present, the understanding of

its molecular events in the medical community is incomplete.
Exploring the mechanisms of invasion and metastasis of HCC
and searching for molecular targets are still urgent problems to
be solved.

The body’s innate immune system can monitor, recognize,
and eliminate mutant tumor cells and inhibit their devel-
opment. However, some tumor cells can evade attack and
destruction by the immune system by changing antigen speci-
ficity, secreting inhibitory cytokines, or participating in nega-
tive immune regulation, etc., leading to immune escape [6, 7].
Programmed death ligand-1 (PD-L1) is an immunosuppressive
molecule overexpressed by tumor cells [8]. Clinical studies
have found that high expression of PD-L1 is associated with
poor prognosis and shortened survival in liver cancer [9, 10].
Additionally, the reduced expression of PD-L1 can promote the
killing effect of NK cells on liver cancer cells [11].
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The regulation of PD-L1 expression in tumor cells
involves multiple levels, such as genome, transcrip-
tion, post-transcription, translation, and post-translation.
Post-translational modifications, such as glycosylation, ubiq-
uitination, and palmitoylation, affect its expression and
localization in tumor cells. Ubiquitination refers to the process
by which ubiquitin is attached to the target protein via
enzymatic action, while the reverse process of ubiquitination
is called deubiquitination [12]. Deubiquitination can lead to
the activation or deactivation of carcinogenic pathways [13].
Motif interacting with ubiquitin-containing novel DUB family-
1 (MINDY1), a novel deubiquitinating enzyme, is highly
expressed in liver cancer tissues and maintains the stemness
of liver cancer cells, which is associated with a poor prognosis
of liver cancer [14]. However, whether MINDY1 can inhibit
the stemness of hepatoma cells by deubiquitinating PD-L1 has
not been reported. Therefore, we explored the mechanism of
MINDY1 mediating liver cancer immune escape by regulating
the level of PD-L1 ubiquitination, to provide a reference for
clinical immunotherapy of HCC.

Materials and methods
Clinical specimen source, cell line, and main reagents
Liver cancer and adjacent tissues (>5.0 cm away from the
tumor margin) were obtained from surgical specimens of 50
HCC patients at the Affiliated Zhongda Hospital. The inclusion
criteria for patients were as follows: (1) None of the patients
had received radiotherapy or chemotherapy before the tissue
samples were collected, and all were confirmed by pathological
diagnosis. (2) All patients had complete follow-up data and had
provided informed consent for sample collection for this study.
Follow-up will be completed by December 2023.

The liver cancer cell lines HepG2, HCCLM3, and Huh7
used in this study were purchased from Shanghai Hongshun
Biotechnology Co., Ltd. The differentiation degree of HepG2
is relatively high, and the biotransformation characteristics
of metabolic enzymes in the cells are relatively complete,
without the need for exogenous activation systems. In drug
action-related research, its metabolic enzymes remain stable
and do not change with increasing passage times. The bio-
transformation metabolic enzymes it contains are homologous
to normal human liver parenchymal cells. Therefore, this cell
line can be used for in vitro liver cell metabolism studies.
HCCLM3 cells are a highly spontaneous lung metastatic liver
cancer cell line widely used in basic and clinical research on the
pathogenesis of human liver cancer, as well as in the screening
of anti-tumor drugs. Huh7 is AFP positive and highly differ-
entiated, characterized by HBV negativity and susceptibility
to the hepatitis C virus (HCV), and can be used for regulat-
ing gene expression mechanisms, metabolism, etc. The reason
Huh7 cells are more suitable for co-culture is that they have
specific advantages in studying tumor metastasis mechanisms.
Firstly, Huh7 cells are widely used in liver cancer research
because they can simulate some characteristics of human liver
cancer, including cell migration and invasion ability. Secondly,

the characteristics of Huh7 cells have great potential in studying
the biological properties of tumors.

The MINDY1 overexpression plasmid was purchased from
Shanghai Tuoran Biotechnology Co., Ltd. DMEM culture
medium and fetal bovine serum (FBS) were purchased from
Shanghai Lianshuo Biotechnology Co., Ltd. The Transwell
chamber (ECM550) was purchased from Chemicon, USA; RNA
extraction reagent Trizol was purchased from Invitrogen, USA;
the reverse transcription kit was provided by Wuhan Google
Biotechnology Co., Ltd., primary antibody and transfection kit
were purchased from Guangzhou Ruibo. The peroxidase kit was
purchased from Shanghai Dingguo Biotechnology Co., Ltd.

Cell correlation quantitative assay
Peripheral blood lymphocyte isolation

5 mL of peripheral blood was extracted from non-tumor
patients using EDTA anticoagulant tubes. Slowly add blood to
the surface of the lymphocyte separation solution (5 mL) con-
tained in a 15 mL centrifuge tube; mix gently and centrifuge
(2600 rpm, 30 min, room temperature). The lymphocyte layer
(the second milky white layer) is collected with a pipette and
transferred to a new centrifuge tube. Add PBS and centrifuge
(3000 rpm, 20 min), then discard the supernatant. Add 1 mL
erythrocyte lysate, thoroughly blow and mix, and transfer to
1.5 mL EP tubes. Let it rest at room temperature for 10 min
and centrifuge again (3000 rpm, 20 min, –20 °C). The white
precipitate is the desired lymphocytes.

Liver cancer Huh7 cells were co-cultured with lymphocytes

The growth state of Huh7 cells was observed under a micro-
scope. When the cells adhered to the wall by 80%–90%, the
original culture medium was discarded, and the cells were
washed with PBS twice. 1 mL of 0.25% Trypsin-EDTA was added
for digestion for about 3 min. Trim and centrifuge (1500 rpm,
5 min, room temperature). After rinsing with PBS, the medium
of DMEM-RPMI 1640 was thoroughly blown and mixed, and
1 mL of cell suspension was added. When the cell adhesion ratio
was about 50%, the original culture medium was discarded.
After PBS washing, 4 mL of DMEM-RPMI 1640 medium was
added. The peripheral blood lymphocytes obtained above were
first blown and mixed with 2 mL of DMEM-RPMI 1640 medium.
Then, 1 mL of the cell suspension was added to the Huh7 cell
culture bottle, which was the cell co-culture medium of Huh7
cells and peripheral blood lymphocytes from HCC. The control
group of Huh7 cells (without lymphocytes) was cultured for 24 h
with 50% adherent cells.

Immunohistochemical method

We followed the instructions of the immunohistochemical
Streptomyces antibiotic protein-peroxidase kit. The presence
of tan staining in the cytoplasm was defined as positive gene
expression, while the absence of tan staining in the cytoplasm
was defined as negative.

Western blot

After the cells reached confluence, the culture medium was
discarded and cleaned with PBS. Denature buffer lysis solution
was added to each well, collected in an EP tube, and placed in
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a 100 °C metal bath for 10 min. After cooling, the supernatant
was centrifuged (4 °C, 12,000 r/min, 5 min), and the protein
concentration was determined using the BCA method. A 20 μg
standard protein sample was transferred to the PVDF mem-
brane through 10% SDS-PAGE gel electrophoresis. The mem-
brane was sealed with 5% skim milk powder for 1 h, washed
with TBST, antibodies (diluted 1000 times) were added, and the
mixture was incubated in a shaking bed at 4 °C overnight. After
re-cleaning, horseradish peroxidase labeled with a secondary
antibody was added (diluted 5000 times) and incubated in a
room-temperature shaker for 1.5 h. After cleaning again, the
ECL reagent (liquid A: liquid B = 1:1) was covered with a PVDF
membrane, and the image was developed using a gel imaging
system.

Cell biological behavior detection
Cell transfection

Huh7 cells at the logarithmic growth stage were inoculated
with 5 × 105 cells/well, cultured in 6-well plates for 24 h to
reach 60% confluence, and then transfected with fluid. Trans-
fected cells with empty MINDY1 expression vectors were used
as the control group. The expression of MINDY1 in Huh7
cells was knocked down using the small interfering RNA
(siRNA) interference technique or upregulated by transfection
with a MINDY1 overexpression plasmid, which constituted the
MINDY1 knockdown group and MINDY1 overexpression group,
respectively.

siRNA interference method: 2 μL transfection reagent iet-
PRIME and 2 μL si-RNFl25 knockdown sequence were added to
200 μL buffer and mixed thoroughly for 15 min, then added to
the medium for gentle mixing for 4 h, followed by the addition
of with 2 mL fresh medium. These steps were repeated after 24 h
for a second transfection, and cells were collected 48 h later.

Transfection with MINDY1 overexpression plasmid: We
added PBS solution to two 10 mL centrifuge tubes. Then, the
plasmid was added to one tube, and transfection reagent to the
other. Both tubes were combined into a centrifuge tube and
mixed well. The transfection reagent was added to the plasmid
drop by drop and left to stand for 20 min. The mixture was
evenly distributed onto Huh7 cell plates and cultured in incu-
bators. Short hairpin RNA (shRNA) was then used to construct
stable cell lines with upregulated and downregulated MINDY1.

Transwell invasion

The control group, MINDY1 knockdown group, and MINDY1
overexpression group were selected with two wells each, and
the number of migrating and invading HCC cells was detected
by Transwell assay. After digestion, the cells were washed with
PBS buffer solution and re-suspended in 10 g/L BSA. The cell
density was adjusted to 105 cells/mL, and 150 μL of cell sus-
pension was added into the Transwell chamber for culture.
After one day, ethanol was added and fixed, and cell invasion
was observed under a microscope after staining. Cell migration
was detected by a cell scratch test. Cells in each group were
inoculated into 18-well plates, and when they reached 90% con-
fluence, three vertical lines were made using a 100 μL pipette
tip. The cells were washed with PBS buffer and then observed

for one day after adding 0.5% serum medium. Cell migration
was observed under a microscope.

Cell proliferation assay (CCK-8 method)

With green fluorescent protein (GFP) transfected Huh7
(HUH7-GFP) as control, the CCK-8 method was used to assess
the effect of MINDY1 transfected Huh7 (HUH7-MINDY1) on cell
proliferation. The ratio of CCK-8 to the medium was 1:10, and
the original medium was discarded. The cells were washed with
PBS, and then CCK-8-containing medium was added. The cells
were incubated at 37 °C for 2 h, and OD values were monitored
continuously at 24, 48, 72, 96, and 120 h after transfection to
calculate the cell proliferation rate.

Cell apoptosis and cycle distribution were detected by flow
cytometry

The cells of each group were propagated in 5-well plates and
cultured in 5% CO2 at 37 °C. Afterward, 0.25% trypsin was added
for digestion, and the cells were centrifuged at 1000 r/min for
10 min. The cells were washed with PBS buffer, centrifuged
again, and then 1 mL of PI dye solution was added and incubated
at room temperature in the dark for 60 min. Cell apoptosis
and cycle distribution were detected by flow cytometry using
specific fluorescence.

RNA immunoprecipitation (RIP) experiment

600 μL NP40 lysate was added to the cell precipitate, gently
blown and mixed, and placed in an ice bath for 10 min. After
the ice bath, the sample was centrifuged at 12,000 rpm at 4 °C
for 10 min, and 550 μL of the supernatant was transferred to
a new EP tube. The remaining 50 μL of the supernatant was
used for total and frozen at –80 °C for storage. The EP tube con-
taining 550 μL supernatant was mixed with 20 μL of anti-Flag
agar–agar beads or 10 μL of anti-Myc immunomagnetic beads
pre-treated with PBST, and incubated in a refrigerator at 4 °C
for 2 h. After centrifugation for 5 min, the supernatant was dis-
carded, and the beads containing the precipitate were collected.
NP40 or PBST lotion was added and rotated in the refrigerator
at 4 °C for 2 min, and this process was repeated three times. A
5×SDS-PAGE Loading Buffer (50 μL) was added to the cleaned
anti-Flag agar–agar beads or anti-Myc immunomagnetic bead
precipitates. At the same time, an appropriate amount of
5×SDS-PAGE Loading Buffer was added to the total stored in the
refrigerator at –80 °C, and the mixture was boiled for 10 min
before centrifugation. The SDS-PAGE gel electrophoresis was
performed.

Ubiquitination experiments

Each Huh7 cell sample was mixed with 200 μL of SDS diluent
(NP40 diluted with 10% SDS to 2%) and then placed on ice
for 5 min after vortexing (repeated three times). The sample
was then boiled for 10 min, followed by adding an appropriate
amount of NP40 lysate and cooling in an ice bath for 10 min.
It was centrifuged at 12,000 rpm at 4 °C for 10 min. A total of
50 μL of the supernatant was stored it in the refrigerator at
–80 °C for future use. Additionally, the remaining supernatant
was collected in an EP tube, mixed with 10 μL of PBST-treated
anti-HA immunomagnetic beads, and incubated with rotation
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Figure 1. Expression of MINDY1 and PD-L1. (A) MINDY1 mRNA extracted from HCC tissues was assessed by immunohistochemical methods; (B) The
expression of PD-L1 in HCC tissues was detected by western blot assay; (C) The relative expression of MINDY1 in HCC patients; (D) The relative expression
of PD-L1 in HCC patients; (E) Correlation between MINDY1 expression and PD-L1 in cancer tissues. MINDY1: Motif interacting with ubiquitin-containing
novel DUB family-1; PD-L1: Programmed death ligand-1; HCC: Hepatocellular carcinoma.

in a refrigerator at 40 °C overnight. After that, the sample
was placed on a magnetic rack for 10 s, the supernatant was
discarded, and 500 μL of PBST was added, followed by three
washes. An appropriate amount of 5×SDS-PAGE Loading Buffer
was added to the immunomagnetic bead precipitate and the
total sample. Both were then boiled in boiling water for 10 min
and centrifuged again. The supernatant was used for SDS-PAGE
gel electrophoresis.

Ethical statement
This study was approved by the Hepatobiliopancreatic Center,
the Affiliated Zhongda Hospital, School of Medicine, Southeast
University. Signed informed consent was obtained from every
participant.

Statistical analysis
The experimental data were analyzed using SPSS 23.0 software.
Continuous data were described as mean ± standard devia-
tion, and were analyzed using an independent sample t-test
for normally distributed data. A nonparametric rank-sum test
was used for skewed data. Kaplan–Meier curves were used to
analyze the influence of gene expression on survival. Pear-
son correlation was applied to test the correlation between
two sets of data. A P value < 0.05 showed a significant
difference.

Results
Expression and correlation analysis of MINDY1 and PD-L1 in
different HCC tissues of HCC patients
Immunohistochemical and western blot tests assessed
MINDY1 and PD-L1 protein expression in the cancerous and
para-cancerous tissues of HCC patients. The results showed
that MINDY1 and PD-L1 protein levels in cancerous tissues were
higher than those in para-cancerous tissues (Figure 1A and 1B).
The relative expression levels of MINDY1 and PD-L1 protein in
cancer tissues were 6.56 ± 1.32 μg/mL and 0.75 ± 0.21 μg/mL,
respectively, while in para-cancer tissues, they were 5.25 ± 1.83
μg/mL and 0.51 ± 0.18 μg/mL, respectively. The expression
levels of MINDY1 and PD-L1 were significantly higher in cancer
tissues (t = 3.949, 5.366; all P < 0.001) (Figure 1C and 1D).
The expression of MINDY1 in cancer tissues was positively
correlated with PD-L1 (r = 0.540, P < 0.001) (Figure 1E).

The average expression values of MINDY1 and PD-L1 in
the cancer tissues of HCC patients were divided into high and
low-grade groups. Compared with the low expression group
(MINDY1 < 6.56 μg/mL or PD-L1 < 0.75 μg/mL), the 5-year
tumor-free survival rates were lower in the high expression
group of MINDY1 (≥6.56 μg/mL) and the high expression group
of PD-L1 (≥0.75 μg/mL) (χ2 = 4.919, 13.158; all P < 0.05)
(Table 1).
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Table 1. Effects of MINDY1 and PD-L1 on 5-year tumor-free survival in HCC patients

Group
MINDY1 high expression

group (n = 27)
MINDY1 low expression

group (n = 23)
PD-L1 high expression

group (n = 28)
PD-L1 low expression group

(n = 22)

5-year tumor-free survival 8 (29.63) 14 (60.87) 6 (21.43) 16 (72.73)

Die 19 (70.37) 9 (39.13) 22 (78.57) 6 (27.27)

χ2 4.919 13.158

P 0.027 0.001

The numbers represent n (%). MINDY1: Motif interacting with ubiquitin-containing novel DUB family-1; PD-L1: Programmed death ligand-1; HCC: Hepato-
cellular carcinoma.

Figure 2. Effects of MINDY1 and PD-L1 on survival in HCC patients. Kaplan–Meier curve illustrating the effect of MINDY1 (A) and the effect of PD-L1 (B).
MINDY1: Motif interacting with ubiquitin-containing novel DUB family-1; PD-L1: Programmed death ligand-1; HCC: Hepatocellular carcinoma.

Kaplan–Meier curve analysis showed a statistically signifi-
cant difference in the survival period between the high and low
MINDY1 expression groups (χ2 = 27.415, P < 0.001). However,
there was no significant difference between the high and low
PD-L1 expression groups (χ2 = 0.006, P = 0.939) (Figure 2).

The relationship between MINDY1 and PD-L1 in cancer tissues
and clinicopathology
Continuous data were categorized by mean value, and the rela-
tionship between the expression levels of MINDY1 and PD-L1
in HCC patients and clinicopathological features was analyzed.
The results showed no statistically significant differences in the
expression levels of MINDY1 and PD-L1 across different ages,
sex, HBsAg, AFP, ALT, tumor size, BCLC staging, tumor number,
cirrhosis, portal vein tumor thrombi, microvascular invasion,
and other basic conditions (P > 0.05) (Table 2).

The effects of MINDY1 and PD-L1 on HCC cells and their
mechanisms detected at the cellular level
Expression of MINDY1 and PD-L1 in HCC cells

The mRNA relative expressions of MINDY1 and PD-L1 in human
HCC HepG2, HCCLM3, and Huh7 cells were higher than in
human normal liver epithelial cells HL-02. Additionally, the
mRNA relative expressions of MINDY1 and PD-L1 in HCCLM3
and Huh7 cells were higher than in HepG2 cells (Figure 3A
and 3B). MINDY1 and PD-L1 expressions were increased in the

MINDY1 overexpression group, while they were decreased in
the MINDY1 knockdown group (Figure 3C and 3D).

Effects of knockdown or overexpression of MINDY1 on
proliferation, apoptosis, migration, and invasion of HCC cells

Compared with the control group and the MINDY1 overexpres-
sion group, the proliferation rate of HCC cells in the MINDY1
knockdown group decreased 72 h after transfection, while
the apoptosis rate increased gradually 24 h after transfection
(all P < 0.05) (Figure 4). Compared with the control group,
the number of migratory and invasive cells decreased in the
MINDY1 knockdown group, and increased in the MINDY1 over-
expression group (P < 0.05) (Table 3). Compared with the con-
trol and MINDY1 overexpression groups, the proportion of HCC
cells in the G1 phase increased in the MINDY1 knockdown group
(all P < 0.05) (Table 4).

Interaction of MINDY1 with PD-L1 and ubiquitination
modification
RIP experiment results showed that anti-Mindy1 antibod-
ies could precipitate PD-L1, indicating that MINDY1 directly
interacts with PD-L1 (Figure 5A). The results of ubiquitina-
tion experiments indicated that MINDY1 gene knockdown
promoted PD-L1 ubiquitination, while MINDY1 gene overex-
pression inhibited PD-L1 ubiquitination (Figure 5B and 5C).
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Table 2. The relationship between MINDY1 and PD-L1 and clinicopathology in HCC patients

Data Case number MINDY1 (μg/mL ) t/Z P PD-L1 (μg/mL) t/Z P

Age –1.086 0.283 –1.617 0.112

≤58 years 27 6.37 ± 1.29 0.70 ± 0.21
>58 years 23 6.78 ± 1.28 0.80 ± 0.20

Gender –0.843∗ 0.399 –1.136 0.261

Male 34 6.44 ± 1.31 0.72 ± 0.21
Female 16 6.80 ± 1.30 0.80 ± 0.21

HBsAg 1.041 0.303 0.829 0.411

Positive 38 6.67 ± 1.24 0.76 ± 0.22
Negative 12 6.21 ± 1.48 0.70 ± 0.20

AFP 1.724 0.091 1.036 0.306

Positive 41 6.71 ± 1.22 0.76 ± 0.21
Negative 9 5.88 ± 1.51 0.68 ± 0.20

ALT 0.132 0.896 –0.872 0.387

≤40 U/L 20 6.59 ± 1.29 0.71 ± 0.20
>40 U/L 30 6.54 ± 1.33 0.77 ± 0.22

Tumor size 0.978 0.333 0.902 0.371

≤5 cm 6.78 ± 1.32 0.78 ± 0.24
>5 cm 6.41 ± 1.29 0.72 ± 0.19

BCLC staging 1.590 0.118 0.552 0.583

A 29 6.81 ± 1.29 0.76 ± 0.23
C 21 6.21 ± 1.28 0.73 ± 0.19

Tumor number –1.167∗ 0.243 1.282 0.206

Single 36 6.71 ± 1.26 0.77 ± 0.21
Multiple 14 6.16 ± 1.39 0.68 ± 0.16

Cirrhosis –1.493 0.142 0.130 0.897

Yes 35 6.13 ± 0.94 0.75 ± 0.20
No 15 6.74 ± 1.41 0.74 ± 0.22

Portal vein cancer thrombi 0.674 0.504 1.399 0.168

Yes 13 6.63 ± 1.32 0.77 ± 0.21
No 37 6.34 ± 1.28 0.67 ± 0.14

Microvascular invasion –1.020∗ 0.308 –0.169 0.866

Yes 20 6.35 ± 1.37 0.74 ± 0.25
No 30 6.87 ± 1.16 0.75 ± 0.15

∗Indicates that a non-parametric rank sum test (Z) was used. HBsAg: Hepatitis B surface antigen; AFP: Alpha-fetoprotein; ALT: Alanine aminotransferase;
BCLC staging: Barcelona clinic liver cancer staging; MINDY1: Motif interacting with ubiquitin-containing novel DUB family-1; PD-L1: Programmed death
ligand-1; HCC: Hepatocellular carcinoma.

Discussion
The microenvironment within an HCC tumor is highly
immunosuppressive, and the effector T-cell response is very
poor in advanced HCC [15]. Tumor immune escape is one
of the main reasons for the further development and dete-
rioration of liver cancer, and overexpression of tumor cell
PD-L1 can promote tumor immune escape [16]. PD-1/PD-L1
inhibitors can target the inhibition of the PD-1/PD-L1 sig-
naling pathway and induce the recombination of antigen
peptide-histocompatibility complex (MHC) and T cell receptor
(TCR), thus activating the anti-tumor immune response of T
lymphocytes and inhibiting the growth of tumor cells [17, 18].

The novel deubiquitinase MINDY1 is highly expressed in liver
cancer tissues and maintains the stemness of liver cancer cells.
It is worth exploring whether it can inhibit the stemness of liver
cancer cells by deubiquitinating PD-L1. However, there are few
related research reports.

Our study found that the expression levels of MINDY1 and
PD-L1 proteins in HCC patients’ cancer tissues were higher than
those in paracancerous tissues, suggesting that MINDY1 may
be a maintenance factor for HCC cells. The expression of
MINDY1 was positively correlated with PD-L1, indicating that
the deletion or mutation of the MINDY1 gene might affect
the transcription or protein expression of PD-L1 in some way.
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Figure 3. Expression of MINDY1 and PD-L1 in hepatocellular carcinoma cells. (A) Relative expression of MINDY1 mRNA; (B) Relative expression
of PD-L1 mRNA; (C) Relative expression of MINDY1 in each group; (D) Relative expression of PD-L1 in each group. MINDY1: Motif interacting with
ubiquitin-containing novel DUB family-1; PD-L1: Programmed death ligand-1.

Figure 4. Proliferation and apoptosis of knockdown or overexpressed MINDY1 cells. (A) Cell proliferation; (B) Cell apoptosis. ∗Indicates P < 0.05 for
comparison between two groups of data. MINDY1: Motif interacting with ubiquitin-containing novel DUB family-1.

Table 3. Transwell cell invasion experiment migration and invasion
cell number of Huh7 cells in each group

Group
Migration cell

number
Invasion cell

number

Control group 436 ± 15 472 ± 20

MINDY1 knockdown group 169 ± 22a 178 ± 23a

MINDY1 overexpression group 1103 ± 32a 925 ± 25a

aCompared with control group, P < 0.05. MINDY1: Motif interacting with
ubiquitin-containing novel DUB family-1.

In terms of patient prognosis, patients with high expression
of MINDY1 have a higher 5-year tumor-free survival rate,
while those with high expression of PD-L1 have a lower 5-year
tumor-free survival rate, which is consistent with previous
studies [19]. Additionally, there was a significant difference
between the high and low expression of MINDY1 in cancer
tissues and the survival time of HCC patients, with patients with

Table 4. Cell cycle distribution in each group

Group G1 (%) S (%) G2 (%)

Control group 30.35 ± 3.08 31.22 ± 3.09 32.04 ± 3.06

MINDY1 knockdown group 59.13 ± 5.26b 19.16 ± 2.50b 19.22 ± 2.48b

MINDY1 overexpression
group

30.43 ± 3.18 31.58 ± 3.14 32.11 ± 3.12

bCompared with control group or MINDY1 knockdown group, P < 0.05.
MINDY1: Motif interacting with ubiquitin-containing novel DUB family-1.

high expression of MINDY1 showing a trend of lower survival
time. However, we did not find that the expression levels of
MINDY1 and PD-L1 were correlated with the clinicopathologic
data of HCC patients, which may be related to the small number
of samples collected—this is also a limitation of this experiment
and may lead to statistical bias regarding pathological features.
Many studies have found that high expression of MINDY1 is a
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Figure 5. Interaction between MINDY1 and PD-L1 and the ubiquitination modification detected by RIP experiment. (A) MINDY1 interacts with
PD-L1; (B) PD-L1 ubiquitination during MINDY1 knockdown; (C) PD-L1 ubiquitination during MINDY1 overexpression. MINDY1: Motif interacting with
ubiquitin-containing novel DUB family-1; PD-L1: Programmed death ligand-1; RIP: RNA immunoprecipitation.

risk factor for poor cancer prognosis [20], which is inconsistent
with this study. We speculate that it may be related to the high
expression of PD-L1 in liver cancer tissues. PD-L1 activity in
CD8+ T cells and cancer/immune/stromal cells participates in
breast cancer immune escape [21]. Anti-PD-L1 immunotherapy
is becoming increasingly important in cancer treatment. The
upregulation of PD-L1 expression in cancer cells depends on aci-
dosis and the induction of IFN-γ, a novel immune escape mech-
anism in response to anti-PD-L1/PD-1 therapy [22]. Predicting
patients’ responses to PD-1/PD-L1, monitoring disease progres-
sion, and predicting clinical outcomes based on biomarkers is
an effective method for guiding cancer immunotherapy [23].

By observing the effects of knocking down or overexpress-
ing MINDY1 on the proliferation, apoptosis, migration, and
invasion of liver cancer cells, we can systematically under-
stand the impact and overall effect of changes in MINDY1
expression on various aspects of liver cancer cells. Our results
showed that the proliferation rate of MINDY1 knockdown HCC
cells decreased 72 h after transfection, and the apoptosis rate
gradually increased 24 h after transfection, indicating that
MINDY1 knockdown has a certain inhibitory effect on the
growth and reproduction of HCC cells and promotes apopto-
sis. We also found that the number of migrating and invading
cells decreased in MINDY1 knockdown HCC cells, while the
number increased in the MINDY1 overexpression group. The
proportion of MINDY1 knockdown HCC cells in the G1 phase
increased. These results indicated that the knockdown of the
MINDY1 gene could block the migration, invasion, and cell
cycle distribution of HCC cells, thus affecting their continuous
development. Changes cell cycle can have certain effects on

cell apoptosis and proliferation, which are fundamental aspects
of cell behavior [24]. Retarding the cell cycle distribution of
cancer cells plays an important role in promoting apoptosis.
The cell cycle is divided into G1, S, and G2 phases, which cor-
respond to the early phase, the synthetic phase, and the late
phase of DNA synthesis. Blocking liver cancer cells in the G1
phase can enhance their apoptosis capacity, thus inhibiting the
proliferation of liver cancer cells [25, 26]. The above research
results indicate that knocking down the MINDY1 gene can
inhibit the proliferation, migration, and invasion of liver can-
cer cells, as well as promote their apoptosis. The independent
effect of MINDY1 gene knockdown in liver cancer cells was
demonstrated.

We conducted further ubiquitination experiments and
found that anti-MINDY1 antibodies can precipitate PD-L1,
indicating that MINDY1 can directly interact with PD-L1,
and regulate the stability of the PD-L1 protein. This further
confirms the key role of MINDY1 in the PD-L1 repair pathway.
MINDY1 gene knockdown promotes PD-L1 ubiquitination,
while MINDY1 gene overexpression inhibits PD-L1 ubiquitina-
tion. PD-L1 specifically binds to programmed death 1 (PD-1),
promoting the immunoreceptor tyrosine-based inhibition
motif (ITIM) and immunoreceptor tyrosine-based switch
motif (ITSM) in PD-1 cells, which recruit protein tyrosine
phosphatase 1 (SHP-1) and SHP-2. This, in turn, blocks T-cell
signal transduction, leading to T-cell dysfunction [27, 28].
T-cell dysfunction severely weakens immune function, pro-
moting the immune escape of tumor cells and thus tumor
progression [29, 30]. Xia et al. [31] showed that MINDY1
is an independent risk factor for maintaining stem cell
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characteristics and poor prognosis in HCC. Their findings
revealed that MINDY1 was highly expressed in liver cancer
stem cells with expression levels in liver cancer tissues being
higher than in adjacent tumors. The growth of transplanted
tumors after MINDY1 knockout was significantly reduced and
inhibited, consistent with our study results. In addition, Tang
et al. [20] suggested that MINDY1 promotes the proliferation of
breast cancer cells, and this induction was related to the stabi-
lization of estrogen receptor alpha. Luo et al. [32] also confirmed
that MINDY1 plays a catalytic role in the YAP deubiquitination
enzyme, thereby promoting the progression of bladder cancer.
Although MINDY1 is a deubiquitinase enzyme, it has good
specificity for leaving K48-linked polyubiquitin chains [14].
However, little is known about its catalytic mechanism, and
more reliable studies are needed to explore it. We hypothesized
that after MINDY1 deletion in HCC, PD-L1 expression may
be regulated through the ubiquitination modification path-
way, thus affecting the immunity of the liver cancer tumor
microenvironment. However, there are limitations in this
study, namely, the failure to clarify whether MINDY1 is an
independent prognostic factor in HCC patients, and to detect
the effects of MINDY1 and PD-L1 on tumor growth in mice
with liver cancer transplantation. Therefore, more in-depth
studies are needed to provide more evidence for clinical studies
on the MINDY1 gene and liver cancer immunotherapy. We
investigated the immune escape mechanism of liver cancer
mediated by MINDY1 by regulating PD-L1 ubiquitination
levels at the cellular level, but with limitations. Although
we have conducted in-depth research on the immune escape
landscape and molecular mechanisms of MINDY1 in liver
cancer, there are significant differences in the biological
mechanisms and frequencies related to immune escape among
different cancer types, which increases the complexity of the
study and limits the widespread application of our research
results.

Conclusion
In summary, MINDY1 and PD-L1 mRNA expression levels
are positively correlated in liver cancer, and MINDY1 can
inhibit PD-L1 ubiquitination to mediate immune escape in liver
cancer, thereby preventing the malignant progression of the
disease.

Conflicts of interest: Authors declare no conflicts of interest.

Funding: This article was funded by the Xuzhou’s Project
for Bringing in Clinical Medical Expert Teams—Academician
Wu Mengchao Team of the Eastern Hepatobiliary Surgery Hos-
pital, affiliated with the Naval Medical University (Xuzhou
Health Commission No.: 2018TD001).

Data availability: The corresponding author can provide the
data supporting the findings of this study upon request.

Submitted: 09 July 2024
Accepted: 12 August 2024
Published online: 31 August 2024

References
[1] Shi JF, Cao M, Wang Y, Bai FZ, Lei L, Peng J, et al. Is it possible to

halve the incidence of liver cancer in China by 2050? Int J Cancer
2021;148(5):1051–65. https://doi.org/10.1002/ijc.33313.

[2] de Mattos ÂZ,Debes JD, Boonstra A, Yang JD, Balderramo DC,
Sartori GDP, et al. Current impact of viral hepatitis on liver can-
cer development: the challenge remains. World J Gastroenterol
2021;27(24):3556–67. https://doi.org/10.3748/wjg.v27.i24.3556.

[3] Yang Y, Xiong L, Li M, Jiang P, Wang J, Li C. Advances in radio-
therapy and immunity in hepatocellular carcinoma. J Transl Med
2023;21(1):526. https://doi.org/10.1186/s12967-023-04386-y.

[4] Liu H, Xiang Y, Zong QB, Dai ZT, Wu H, Zhang HM, et al. TDO2 modu-
lates liver cancer cell migration and invasion via the Wnt5a pathway.
Int J Oncol 2022;60(6):72. https://doi.org/10.3892/ijo.2022.5362.

[5] Norman JS, Li PJ, Kotwani P, Shui AM, Yao F, Mehta N. AFP-L3 and
DCP strongly predict early hepatocellular carcinoma recurrence after
liver transplantation. J Hepatol 2023;79(6):1469–77. https://doi.org/10.
1016/j.jhep.2023.08.020.

[6] Onkar SS, Carleton NM, Lucas PC, Bruno TC, Lee AV, Vignali DAA,
et al. The great immune escape: understanding the divergent immune
response in breast cancer subtypes. Cancer Discov 2023;13(1):23–40.
https://doi.org/10.1158/2159-8290.CD-22-0475.

[7] Dai J, Qu T, Yin D, Cui Y, Zhang C, Zhang E, et al. LncRNA LINC00969
promotes acquired gefitinib resistance by epigenetically suppressing
of NLRP3 at transcriptional and posttranscriptional levels to inhibit
pyroptosis in lung cancer. Cell Death Dis 2023;14(5):312. https://doi.
org/10.1038/s41419-023-05840-x.

[8] Dermani FK, Samadi P, Rahmani G, Kohlan AK, Najafi R. PD-1/PD-L1
immune checkpoint: Potential target for cancer therapy. J Cell Physiol
2019;234(2):1313–25. https://doi.org/10.1002/jcp.27172.

[9] Chen L, Huang X, Zhang W, Liu Y, Chen B, Xiang Y, et al. Correlation of
PD-L1 and SOCS3 co-expression with the prognosis of hepatocellular
carcinoma patients. J Cancer 2020;11(18):5440–8. https://doi.org/10.
7150/jca.46158.

[10] Li TE, Zhang Z, Wang Y, Xu D, Dong J, Zhu Y, et al. A novel
immunotype-based risk stratification model predicts postoperative
prognosis and adjuvant TACE benefit in Chinese patients with hepa-
tocellular carcinoma. J Cancer 2021;12(10):2866–76. https://doi.org/10.
7150/jca.54408.

[11] Fabian KP, Padget MR, Donahue RN, Solocinski K, Robbins Y,
Allen CT, et al. PD-L1 targeting high-affinity NK (t-haNK) cells induce
direct antitumor effects and target suppressive MDSC populations. J
Immunother Cancer 2020;8(1):e000450. https://doi.org/10.1136/jitc-
2019-000450.

[12] Yadav P, Subbarayalu P, Medina D, Nirzhor S, Timilsina S,
Rajamanickam S, et al. M6A RNA methylation regulates histone
ubiquitination to support cancer growth and progression. Cancer Res
2022;82(10):1872–89. https://doi.org/10.1158/0008-5472.CAN-21-
2106.

[13] Zou T, Lin Z. The involvement of ubiquitination machinery in cell
cycle regulation and cancer progression. Int J Mol Sci 2021;22(11):5754.
https://doi.org/10.3390/ijms22115754.

[14] Abdul Rehman SA, Armstrong LA, Lange SM, Kristariyanto YA,
Gräwert TW, Knebel A, et al. Mechanism of activation and regula-
tion of deubiquitinase activity in MINDY1 and MINDY2. Mol Cell
2021;81(20):4176–90.e6. https://doi.org/10.1016/j.molcel.2021.08.024.

[15] Papadakos SP, Arvanitakis K, Stergiou IE, Koutsompina ML,
Germanidis G, Theocharis S. γ δ T cells: a game changer in the
future of hepatocellular carcinoma immunotherapy. Int J Mol Sci
2024;25(3):1381. https://doi.org/10.3390/ijms25031381.

[16] Sun Y, Jing Y, Huang M, Ma J, Peng X, Wang J, et al. The PD-1/PD-Ls
pathway is up-regulated during the suppression of experimen-
tal autoimmune encephalomyelitis treated by Astragalus polysac-
charides. J Neuroimmunol 2019;332:78–90. https://doi.org/10.1016/j.
jneuroim.2019.03.019.

[17] Parvez A, Choudhary F, Mudgal P, Khan R, Qureshi KA, Farooqi H, et al.
PD-1 and PD-L1: architects of immune symphony and immunotherapy
breakthroughs in cancer treatment. Front Immunol 2023;14:1296341.
https://doi.org/10.3389/fimmu.2023.1296341.

[18] Chen J, Zhang D, Yuan Y. Anti-PD-1/PD-L1 immunotherapy in con-
version treatment of locally advanced hepatocellular carcinoma.
Clin Exp Med 2023;23(3):579–90. https://doi.org/10.1007/s10238-022-
00873-6.

[19] Zhu C, Xue J, Wang Y, Wang S, Zhang N, Wang Y, et al. Efficacy
and safety of lenvatinib combined with PD-1/PD-L1 inhibitors plus

Song et al.
MINDY1 and PD-L1 in HCC immune escape 152 www.biomolbiomed.com

https://www.biomolbiomed.com
https://doi.org/10.1002/ijc.33313
https://doi.org/10.3748/wjg.v27.i24.3556
https://doi.org/10.1186/s12967-023-04386-y
https://doi.org/10.3892/ijo.2022.5362
https://doi.org/10.1016/j.jhep.2023.08.020
https://doi.org/10.1016/j.jhep.2023.08.020
https://doi.org/10.1158/2159-8290.CD-22-0475
https://doi.org/10.1038/s41419-023-05840-x
https://doi.org/10.1038/s41419-023-05840-x
https://doi.org/10.1002/jcp.27172
https://doi.org/10.7150/jca.46158
https://doi.org/10.7150/jca.46158
https://doi.org/10.7150/jca.54408
https://doi.org/10.7150/jca.54408
https://doi.org/10.1136/jitc-2019-000450
https://doi.org/10.1136/jitc-2019-000450
https://doi.org/10.1158/0008-5472.CAN-21-2106
https://doi.org/10.1158/0008-5472.CAN-21-2106
https://doi.org/10.3390/ijms22115754
https://doi.org/10.1016/j.molcel.2021.08.024
https://doi.org/10.3390/ijms25031381
https://doi.org/10.1016/j.jneuroim.2019.03.019
https://doi.org/10.1016/j.jneuroim.2019.03.019
https://doi.org/10.3389/fimmu.2023.1296341
https://doi.org/10.1007/s10238-022-00873-6
https://www.biomolbiomed.com


Gemox chemotherapy in advanced biliary tract cancer. Front Immunol
2023;14:1109292. https://doi.org/10.3389/fimmu.2023.1109292.

[20] Tang J, Luo Y, Long G, Zhou L. MINDY1 promotes breast cancer cell
proliferation by stabilizing estrogen receptor α. Cell Death Dis 2021
Oct 13;12(10):937. https://doi.org/10.1038/s41419-021-04244-z. Erra-
tum in: Cell Death Dis 2022;13(1):88. https://doi.org/10.1038/s41419-
022-04549-7.

[21] Zou Y, Ye F, Kong Y, Hu X, Deng X, Xie J, et al. The single-cell
landscape of intratumoral heterogeneity and the immunosuppressive
microenvironment in liver and brain metastases of breast cancer.
Adv Sci (Weinh) 2023;10(5):e2203699. https://doi.org/10.1002/advs.
202203699.

[22] Knopf P, Stowbur D, Hoffmann SHL, Hermann N, Maurer A, Bucher V,
et al. Acidosis-mediated increase in IFN-γ-induced PD-L1 expression
on cancer cells as an immune escape mechanism in solid tumors.
Mol Cancer 2023;22(1):207. https://doi.org/10.1186/s12943-023-
01900-0.

[23] Zdrenka M, Kowalewski A, Ahmadi N, Sadiqi RU, Chmura Ł,
Borowczak J, et al. Refining PD-1/PD-L1 assessment for
biomarker-guided immunotherapy: a review. Biomol Biomed
2024;24(1):14–29. https://doi.org/10.17305/bb.2023.9265.

[24] Tong H, Wang L, Shi J, Jin H, Zhang K, Bao Y, et al. Upregulated
miR-322-5p regulates cell cycle and promotes cell proliferation
and apoptosis by directly targeting Wee1 in mice liver injury. Cell
Cycle 2022;21(24):2635–50. https://doi.org/10.1080/15384101.2022.
2108128.

[25] Kawano Y, Tanaka M, Fujishima M, Okumura E, Takekoshi H,
Takada K, et al. Acanthopanax senticosus Harms extract causes G0/G1
cell cycle arrest and autophagy via inhibition of Rubicon in human liver
cancer cells. Oncol Rep 2021;45(3):1193–201. https://doi.org/10.3892/
or.2021.7948.

[26] Zheng J, Zeng L, Tang M, Lin H, Pi C, Xu R, et al. Novel ferrocene
derivatives induce g0/g1 cell cycle arrest and apoptosis through the
mitochondrial pathway in human hepatocellular carcinoma. Int J Mol
Sci 2021;22(6):3097. https://doi.org/10.3390/ijms22063097.

[27] Wan W, Ao X, Chen Q, Yu Y, Ao L, Xing W, et al. METTL3/IGF2BP3
axis inhibits tumor immune surveillance by upregulating N6-
methyladenosine modification of PD-L1 mRNA in breast cancer. Mol
Cancer 2022;21(1):60. https://doi.org/10.1186/s12943-021-01447-y.

[28] Fang W, Zhou T, Shi H, Yao M, Zhang D, Qian H, et al. Progran-
ulin induces immune escape in breast cancer via up-regulating PD-L1
expression on tumor-associated macrophages (TAMs) and promoting
CD8+ T cell exclusion. J Exp Clin Cancer Res 2021;40(1):4. https://doi.
org/10.1186/s13046-020-01786-6. Erratum in: J Exp Clin Cancer Res
2022;41(1):93. https://doi.org/10.1186/s13046-022-02292-7.

[29] Zhang H, Xia Y, Wang F, Luo M, Yang K, Liang S, et al. Alde-
hyde dehydrogenase 2 mediates alcohol-induced colorectal cancer
immune escape through stabilizing PD-L1 expression. Adv Sci (Weinh)
2021;8(10):2003404. https://doi.org/10.1002/advs.202003404.

[30] Tang W, Zhou J, Yang W, Feng Y, Wu H, Mok MTS, et al. Aberrant
cholesterol metabolic signaling impairs antitumor immunosurveil-
lance through natural killer T cell dysfunction in obese liver. Cell
Mol Immunol 2022;19(7):834–47. https://doi.org/10.1038/s41423-022-
00872-3.

[31] Xia BL, Liu KW, Huang HX, Shen MM, Wang B, Gao J. [Deubiquitinating
enzyme MINDY1 is an independent risk factor for the maintenance
of stemness and poor prognosis in liver cancer cells]. Zhonghua Gan
Zang Bing Za Zhi 2023;31(5):518–23. https://doi.org/10.3760/cma.j.
cn501113-20230130-00028.

[32] Luo Y, Zhou J, Tang J, Zhou F, He Z, Liu T, et al. MINDY1 pro-
motes bladder cancer progression by stabilizing YAP. Cancer Cell Int
2021;21(1):395. https://doi.org/10.1186/s12935-021-02095-4.

Related articles

1. IGHG1 promotes malignant progression in breast cancer cells through the regulation of AKT and VEGF signaling

Yong Zhang et al., Biomol Biomed, 2023

2. Exosome miR-4738-3p-mediated regulation of COL1A2 through the NF-κB and inflammation signaling pathway alleviates osteoarthritis
low-grade inflammation symptoms

Jun Xu et al., Biomol Biomed, 2023

3. The mechanism of high mobility group box-1 protein and its bidirectional regulation in tumors

Zhongjia Tian et al., Biomol Biomed, 2023

Song et al.
MINDY1 and PD-L1 in HCC immune escape 153 www.biomolbiomed.com

https://www.biomolbiomed.com
https://doi.org/10.3389/fimmu.2023.1109292
https://doi.org/10.1038/s41419-021-04244-z
https://doi.org/10.1038/s41419-022-04549-7
https://doi.org/10.1038/s41419-022-04549-7
https://doi.org/10.1002/advs.202203699
https://doi.org/10.1002/advs.202203699
https://doi.org/10.1186/s12943-023-01900-0
https://doi.org/10.1186/s12943-023-01900-0
https://doi.org/10.17305/bb.2023.9265
https://doi.org/10.1080/15384101.2022.2108128
https://doi.org/10.1080/15384101.2022.2108128
https://doi.org/10.3892/or.2021.7948
https://doi.org/10.3892/or.2021.7948
https://doi.org/10.3390/ijms22063097
https://doi.org/10.1186/s12943-021-01447-y
https://doi.org/10.1186/s13046-020-01786-6
https://doi.org/10.1186/s13046-020-01786-6
https://doi.org/10.1186/s13046-022-02292-7
https://doi.org/10.1002/advs.202003404
https://doi.org/10.1038/s41423-022-00872-3
https://doi.org/10.1038/s41423-022-00872-3
https://doi.org/10.3760/cma.j.cn501113-20230130-00028
https://doi.org/10.3760/cma.j.cn501113-20230130-00028
https://doi.org/10.1186/s12935-021-02095-4
https://www.bjbms.org/ojs/index.php/bjbms/article/view/8508
https://www.bjbms.org/ojs/index.php/bjbms/article/view/9921
https://www.bjbms.org/ojs/index.php/bjbms/article/view/9760
https://www.biomolbiomed.com


Supplemental data

Graphical Abstract. Study on the mechanism of liver cancer immune escape mediated by MINDY1 through regulation of PD-L1 ubiquitination levels.
We investigated the relationship between the expression levels of MINDY1 and PD-L1 in liver cancer and adjacent tissues and prognosis, and observed the
effects of MINDY1 knockdown or overexpression on the proliferation, apoptosis, migration, and invasion of liver cancer cells, as well as the regulation of
PD-L1 binding and ubiquitination. The results confirmed a positive correlation between the expression levels of MINDY1 and PD-L1 mRNA in liver cancer.
MINDY1 inhibits PD-L1 ubiquitination-mediated immune escape in liver cancer, thereby preventing the malignant progression of liver cancer. This can provide
a reference for exploring the mechanisms of HCC invasion and metastasis and identifying molecular targets for liver cancer.
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