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Histone Lactylation-Driven Ubiquitin-Specific Protease 34
Promotes Cisplatin Resistance in Hepatocellular
Carcinoma
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Abstract

Background: Ubiquitin-specific protease 34 (USP34) is a deubiq-
uitinase that has been shown to play a critical role in the process of
tumor drug-resistance. The objective of this study was to investigate
the role of USP34 in cisplatin resistance in hepatocellular carcinoma
(HCO).

Methods: Firstly, we analyzed the USP34 levels in cisplatin-sensitive
and -resistant patients using The Cancer Genomic Atlas (TCGA) data
from Gene Expression Profiling Interactive Analysis (GEPIA2). The
cell viability and half-maximal inhibitory concentration (IC,,) were
measured by Cell Counting Kit-8 (CCK-8) assay. The cell apoptosis
of HepG2 and HepG2/DDP cells was detected by annexin V-fluores-
cein isothiocyanate/propidium iodide (FITC/PI) double staining. The
expression levels of USP34, multidrug resistance-associated protein
1 (MRP1), p-glycoprotein (p-gp), pan-lysine lactylation (Pan-Kla),
histone H3 lysine 18 lactylation (H3K18la), lactate dehydrogenase
A (LDHA) and lactate dehydrogenase B (LDHB) were measured by
Western blot. HCC samples from the GEPIA2 database were used
to determine the correlation between USP34 with LDHA and LDHB
expression.

Results: USP34 was significantly upregulated in cisplatin-resistant
HCC tissues and cells. Functional studies found that knockdown of
USP34 inhibited HepG2 and HepG2/DDP cell proliferation and sur-
vival. Importantly, knockdown of USP34 enhanced cisplatin sensitivity
in HepG2 and HepG2/DDP cells. Mechanistically, lactylation of his-
tones promoted the expression level of USP34 in HepG2/DDP cells.

Conclusion: USP34 promotes the progression of HCC by regulating
histone lactylation levels and cisplatin resistance in HCC.
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Introduction

Hepatocellular carcinoma (HCC) is a primary malignant tumor
of the liver, commonly found in chronic liver disease and cir-
rhosis patients [1]. At present, various treatment strategies for
HCC include surgical resection, chemotherapy, and liver trans-
plantation [2]. Cisplatin is a commonly used chemotherapy
drug in the clinical treatment of HCC, designed to kill cancer
cells by inhibiting their DNA replication and division [3]. Al-
though cisplatin has achieved certain therapeutic effects in the
treatment of HCC, the emergence of drug-resistance has be-
come a key factor limiting its therapeutic effect [4]. Therefore,
a deep understanding of the cisplatin resistance mechanism in
HCC is of great significance for improving treatment efficacy.

During cellular metabolism, the accumulation of lactic
acid promotes the lactylation of histone lysine. Lactylation
refers to the accumulation of lysine residues on lactylation
modified histones during cellular metabolism [5]. As is well
known, lactylation originates from the lactate produced by cel-
lular glucose metabolism and is regulated by glycolysis and
mitochondrial oxidative metabolism [6]. Previous studies have
reported that lactylation is not only closely related to the en-
ergy metabolism of tumor cells, but also participates in regu-
lating biological processes such as tumor cell growth, prolif-
eration, and metastasis [7]. Especially the protein modification
driven by lactate has been found to play an important role in
the mechanism of tumor resistance [8]. These provide us with
a new perspective to explore the mechanism of cisplatin resist-
ance in HCC.

Ubiquitin-specific protease 34 (USP34) is a kind of deu-
biquitinase, which has been proved to be upregulated in many
cancers, including pancreatic cancer [9], laryngeal squamous
cell carcinoma [10], breast cancer [11], etc. In addition, USP34
is associated with cancer cell resistance to cisplatin. Research
reports that knockdown of USP34 increases the drug sensitivi-
ty of laryngeal squamous cells to cisplatin and reduces cell sur-
vival rate [10]. As is well known, the main mechanism of ac-
tion of cisplatin in the treatment of cancer is to form complexes
with DNA, causing DNA strand breakage and damage, thereby
interfering with the DNA synthesis and repair of cancer cells,
inducing cell cycle arrest and apoptosis, and thereby inhibiting
the proliferation and spread of cancer cells [12]. Interestingly,
during DNA damage, USP34 stabilizes the RNF168 repair
protein through deubiquitination, mediating DNA repair. In the
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absence of USP34, RNF168 is rapidly degraded, DNA repair
is impaired, and cell survival rate decreases [13]. Therefore,
we speculate that USP34 may be related to the mechanism of
HCC cisplatin resistance.

The purpose of the research was to investigate the role of
USP34 in cisplatin resistance and explore the relationship be-
tween the USP34 and histone lactylation in HCC. The results
showed that interference with USP34 inhibited the prolifera-
tion and survival of HCC cells and increased the sensitivity
of drug-resistant cells to cisplatin. The increased expression
of USP34 in drug-resistant cells was associated with elevated
levels of histone lactylation.

Materials and Methods

Tissue samples

Tumor tissues and adjacent normal tissues from 40 HCC pa-
tients at the hospital were collected, including 20 cisplatin-sen-
sitive HCC patients and 20 cisplatin-resistant HCC patients.
This study was reviewed and approved by the Ethics Com-
mittee of the First Affiliated Hospital of Air Force Medical
University (No. KY20172013-1, date of approval: 2017-04-
06). The study was performed in line with the principles of the
Declaration of Helsinki.

Cell culture

Human normal liver cell line IHHA-1, HCC cell line HepG2
and cisplatin-resistant cell line HepG2/DDP were purchased
from the American Type Culture Collection (ATCC, VA,
USA). All cells were incubated with Dulbecco’s modified Ea-
gle medium (DMEM) and 10% fetal bovine serum at 37 °C
and 5% CO,,.

Cell transfection

The interference RNA of USP34 (si-USP34-1, si-USP34-2),
lactate dehydrogenase A (LDHA) (si-LDHA) and lactate de-
hydrogenase B (LDHB) (si-LDHB) were designed and syn-
thesized by GenePharma (Shanghai, China). The respective
siRNAs together with Lipofectamine 2000 (Invitrogen, CA,
USA) were used for the cell transfection according to the man-
ufacturer’s protocol. The cells were harvested for subsequent
study following 48 h of transfection.

Real-time quantitative polymerase chain reaction (RT-qP-
CR)

Total RNA was extracted from the sample and cells by the Tri-
zol reagent (Invitrogen, CA, USA), and the concentration was
determined. cDNA was synthesized using a reverse transcrip-
tion kit (Takara, Shiga, Japan) according to the manufacturer’s
protocol.

Cell viability analysis and half-maximal inhibitory con-
centration (IC))

To evaluate the IC,, of HCC cells, cells were seeded in 96-well
plates and tested via Cell Counting Kit-8 (CCK-8) assay. After
culturing the cells overnight, 10 pL. CCK-8 reagent was added
and incubated in each well for further 4 h. The optical density
(OD) value at 450 nm was evaluated by a microplate reader
(Bio-Rad, CA, USA) to assess the cell viability. Finally, the
IC,, of HCC cells for DDP was calculated.

Cell apoptosis

Apoptosis assays were performed using annexin V-fluorescein
isothiocyanate (FITC) Apoptosis Assay Kit (Takara, Shiga, Ja-
pan) according to the manufacturer’s protocol. The treated cells
were digested with trypsin, washed three times with phosphate-
buffered saline (PBS) and then resuspended in 100 pL binding
buffer. Subsequently, annexin-V and propidium iodide (PI) were
added to the cell suspension and incubated for 15 min. Fluores-
cence intensity was detected by FACSCalibur flow cytometry
(BD Biosciences, CA, USA) and apoptosis rate was calculated.

The Cancer Genomic Atlas (TCGA) dataset

In order to determine the correlation between USP34 and
LDHA and LDHB expression in HCC, Gene Expression Pro-
filing Interactive Analysis (GEPIA2) [14] was searched to ob-
tain the transcription status of HCC samples.

Western blot

HCC cell lines were lysed using radioimmunoprecipitation as-
say (RIPA) lysate (Qiagen, NRW, Germany) and the levels of
each protein were detected using the bicinchoninic acid (BCA)
kit (Thermo Fisher Scientific, MA, USA). Equal proteins were
isolated by 10% sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to polyvinylidene
fluoride (PVDF) membranes (Millipore, MA, USA). Following
blocking for 2 h, the membranes were cultured with the indicated
antibodies overnight at 4 °C. The primary antibodies were as fol-
lows: anti-USP34 (1:800), anti- multidrug resistance-associated
protein 1 (MRP1) (1:800), anti-p-glycoprotein (p-gp) (1:800), an-
ti-LDHA (1:800), anti-LDHB (1:800), anti-pan-lysine lactylation
(Pan-Kla) (1:800), anti-histone H3 lysine 18 lactylation (H3K-
18la) (1:800) and anti-B-actin (1:2,000). After washing with Tris-
buffered saline with Tween 20 (TBST) solution (Takara, Shiga,
Japan), the membranes were incubated with secondary antibody
(1:5,000) for 1 h, and the results were displayed using enhanced
chemiluminescence (Pierce; Thermo Fisher Scientific, Inc.).

Statistical analysis

To ensure the reliability of the results, all experiments were
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Figure 1. USP34 is significantly upregulated in cisplatin-resistant HCC tissues and cells. (a) The expression of USP34 in HCC and
normal liver tissue using TCGA data from GEPIA2. (b) The expression of USP34 in tumor tissues of cisplatin-resistant patients and
cisplatin-sensitive patients. (c) HepG2 and HepG2/DDP cells were treated with different concentrations (1, 2, 5, 10, 15, 20, 30 uM)
of cisplatin for 48 h, and OD values were measured after 36 h. (d) The IC4, of HepG2 and HepG2/DDP cells. (e) The mRNA ex-
pression of USP34 in IHHA-1, HepG2 and HepG2/DDP cells. (f) The protein expression of USP34 in IHHA-1, HepG2 and HepG2/
DDP cells. *P < 0.05. GEPIA2: Gene Expression Profiling Interactive Analysis; HCC: hepatocellular carcinoma; ICy,: half-maximal
inhibitory concentration; OD: optical density; TCGA: The Cancer Genomic Atlas; USP34: ubiquitin-specific protease 34.

performed with at least three sets of replications, and the find-
ings were expressed as mean + standard error of the mean
(SEM). When comparing just two groups, f-test was used.
However, for assessing disparities among multiple groups,
one-way analysis of variance (ANOVA) was adopted followed
by Tukey’s post hoc test.

Results

USP34 was increased in cisplatin-resistant HCC tissues
and cells

USP34 levels in HCC and normal tissues were analyzed using
TCGA data from GEPIA2, and it was found that USP34 was
increased in HCC tumor tissue (Fig. 1a). Moreover, the mRNA
of USP34 in tumor tissue was significantly upregulated, and the
expression of USP34 in tumor tissue of cisplatin-resistant pa-
tients was increased than that of cisplatin-sensitive patients (Fig.
1b). In addition, HepG2 and HepG2/DDP cells were treated
with different concentrations of cisplatin, and the cell viability
of HepG2/DDP cells was promoted compared with HepG?2 cells
(Fig. 1c). It was found that the ICy, of HepG2/DDP cells was

significantly higher compared with HepG2 cells (Fig. 1d). Fi-
nally, compared with IHHA-1 cells (normal human liver cells),
USP34 mRNA and protein levels were elevated in HepG2 cells
and further elevated in HepG2/DDP cells (Fig. le, f).

Knockdown of USP34 inhibited HepG2 and HepG2/DDP
cell viability and survival

To explore the effect of USP34 on HCC, USP34 siRNAs
(si-USP34-1, si-USP34-2) were transfected into HepG2 and
HepG2/DDP cells. RT-qPCR and Western blot results showed
a decrease in USP34 mRNA and protein levels, and the inter-
ference efficiency of si-USP34-2 was higher (Fig. 2a, b). So,
subsequent experiments were conducted using si-USP34-2.
Further research has found that interference with USP34 in-
hibited the cell viability (Fig. 2¢) and promoted apoptosis of
HepG2 and HepG2/DDP cells (Fig. 2d).

Knockdown of USP34 enhanced cisplatin sensitivity in
HepG2 and HepG2/DDP cells

To investigate the effect of USP34 on the sensitivity of HepG2
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Figure 2. Knockdown of USP34 inhibits HepG2 and HepG2/DDP cell proliferation and survival. Constructing siRNA of USP34
(si-USP34-1, si-USP34-2) for transfection into HepG2 and HepG2/DDP cells. (a) The mRNA expression of USP34 in HepG2
and HepG2/DDP cells. (b) The protein expression of USP34 in HepG2 and HepG2/DDP cells. (c) The cell viability of HepG2 and
HepG2/DDP cells. (d) The cell apoptosis of HepG2 and HepG2/DDP cells. *P < 0.05. USP34: ubiquitin-specific protease 34.

and HepG2/DDP cells to cisplatin, HepG2 and HepG2/DDP
cells were treated with different concentrations of cisplatin af-
ter transfection with si-USP34. We found that knockdown of
USP34 reduced the cell viability and IC,; of HCC cells (Fig.
3a-d). As expected, interference with USP34 significantly in-
hibited the protein levels of resistance-related proteins MRP1

and p-gp (Fig. 3e).

Upregulation of USP34 was associated with histone lacty-
lation

Next, we investigated the potential mechanism of upregulation
of USP34 in HCC. Firstly, we detected Pan-Kla and H3K18la,
the most abundant form of histone lactylation, in THHA-1,
HepG2, and HepG2/DDP cells. The results revealed that the
levels of Pan-Kla and H3K18la were upregulated in HepG2
cells, and further elevated in HepG2/DDP cells (Fig. 4a). The
result suggests that a higher degree of lactylation may be re-
lated to the development and maintenance of drug-resistance.
Lactylation is closely related to lactate metabolism. Lac-
tate dehydrogenase (LDH) plays a key role in the metabolism
of lactic acid, responsible for catalyzing the production of lac-
tic acid. Inhibiting LDH reduces histone lactylation, while ex-
ogenous addition of sodium lactate (Nala) increases the level

26

of histone lactylation [6]. By analyzing TCGA data on GE-
PIA2, the results revealed that the expression of USP34 was
positively correlated with LDHA and LDHB expression (Fig.
4b, ¢). In addition, we analyzed the correlation between USP34
and genes related to lactate production (PDHA1, PFKP, PKM)
and lactate transport (SLC16A1) in HCC tissues, and found
a significant positive correlation between USP34 and these
genes (Supplementary Material 1, gr.elmerpub.com). Interfer-
ence with USP34 did not affect the levels of LDHA, LDHB,
Pan-Kla, and H3K18la (Fig. 4d). On the contrary, silencing
of LDHA and LDHB decreased the mRNA and protein lev-
els of USP34 (Fig. 4e, f), as well as Pan-Kla and H3K18la
levels (Fig. 4f). In addition, exogenous supplementation of 15
uM Nala partially reversed the effects of silencing of LDHA
and LDHB (Fig. 4e, f). This suggests that the upregulation of
USP34 may be related to histone lactylation.

Discussion

USP34 is an important member of the deubiquitinase family
and plays a key regulatory role in the progression of many
tumors [15]. Research reports that USP34 stabilizes the ex-
pression of Pinl through deubiquitylation and promotes Ubc9
isomerization in glioma stem cells, maintaining the stemness
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Figure 3. Knockdown of USP34 enhances cisplatin sensitivity in HepG2 and HepG2/DDP cells. HepG2 and HepG2/DDP cells
were transfected with si-USP34 and treated with different concentrations (1, 2, 5, 10, 15, 20, 30 uM) of cisplatin. (a) The cell vi-
ability of HepG2. (b) The cell viability of HepG2/DDP cells. (c) The IC;, of HepG2 cells. (d) The IC4, of HepG2/DDP cells. (e) The
protein expression of MRP1 and p-gp in HepG2 and HepG2/DDP cells. *P < 0.05. IC;: half-maximal inhibitory concentration;
MRP1: multidrug resistance-associated protein 1; p-gp: p-glycoprotein; USP34: ubiquitin-specific protease 34.

of glioma stem cells and promoting the growth of glioblas-
toma [16]. In addition, the level of USP34 was upregulated in
pancreatic cancer, and USP34 promoted the proliferation and
migration of pancreatic cancer cells, as well as inhibited cell
apoptosis [17]. In addition, Dai et al reported that USP34 was
increased in cisplatin-resistant laryngeal squamous cell carci-
noma cells, and knockdown of USP34 increased the drug sen-
sitivity of resistant cells to cisplatin, indicating a close correla-
tion between USP34 and cisplatin resistance [10]. As is well
known, changes in tumor lesion size are closely related to the
chemotherapy drug-resistance [18]. The mechanism of cispla-
tin treatment for tumors is to disrupt the structure and function
of tumor cell DNA, interfere with tumor cell DNA repair, and
thereby inhibit tumor cell proliferation. The role of USP34 in
mesenchymal stem cells and DNA damage repair has been re-
ported [13, 19]. Therefore, we believe that USP34 may be re-
lated to the mechanism of HCC cisplatin resistance. This study
found that the expression levels of USP34 were increased in
cisplatin-resistant HCC tissues and cells, and interference with
USP34 increased cisplatin sensitivity in HCC cells.

Histone lactylation is a novel post-translational modifica-
tion of proteins, which is related to cellular metabolism and gene
expression regulation, and has attracted much attention in tumor
biology [20]. Lactylation is widely involved in the metabolic
regulation process of the liver, which includes non-liver specific
metabolic pathways such as sugar, protein and lipid metabo-
lism, as well as liver specific metabolic pathways such as bile
acid metabolism and drug metabolism [21, 22]. Research has
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found that the overall trend of lactylation is higher in cancer
tissues than in adjacent tissues in HCC, indicating a potential
connection between lactylation modification and the occur-
rence and development of HCC [23]. In addition, oncogenic M2
macrophages isolated from melanoma and lung cancer tissues
in mice were significantly positively correlated with lactylation
levels, suggesting that high lactylation and histone lactylation
levels in macrophages may contribute to tumor formation and
malignant progression [24, 25]. It is worth noting that there are
reports that lactylation is closely related to drug-resistance in
cancer cells. Li et al reported that lactylation drives cisplatin
resistance in bladder cancer and accelerates cancer progression
[26]. Consistent with this, our research found that the level of
lactylation increased in cisplatin-resistant HCC cells, suggesting
that a higher degree of lactylation is associated with the develop-
ment and maintenance of drug-resistance.

Lactylation is a method of modifying proteins by intro-
ducing lactic acid groups (Lysine) into the protein molecule.
Lactylation is widely present in living organisms and has a sig-
nificant impact on the function and stability of proteins [27]. It
can regulate the cellular localization, interaction, stability, and
activity of proteins [28]. With the rapid development of prot-
eomics technology, the application of lactylation in proteomics
research is receiving increasing attention [29]. Chen et al re-
ported that lactate promotes macrophage polarization towards
M2-like phenotype through the lactylation of histone lysine,
thereby inhibiting the immune response within the tumor mi-
croenvironment and exerting anti-cancer effects [30]. Twenty-
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Figure 4. Upregulation of USP34 is associated with histone lactylation. (a) The protein expression of Pan-Kla and H3K18la in
IHHA-1, HepG2 and HepG2/DDP cells. (b, c) The correlation between USP34 and LDHA and LDHB expression was analyzed
using TCGA data from GEPIA2. Constructing siRNA of USP34 (si-USP34) for transfection into HepG2 and HepG2/DDP cells.
(d) The levels of LDHA, LDHB, Pan-Kla and H3K18la in HepG2/DDP cells. HepG2 and HepG2/DDP cells were transfected with
LDHA or LDHB siRNA (si-LDHA or si-LDHB) and then treated with sodium lactate (Nala). () The mRNA expression of USP34 in
HepG2/DDP cells. (f) The levels of LDHA, LDHB, USP34, Pan-Kla and H3K18la in HepG2/DDP cells. *P < 0.05. GEPIA2: Gene
Expression Profiling Interactive Analysis; H3K18la: histone H3 lysine 18 lactylation; LDHA: lactate dehydrogenase A; LDHB:
lactate dehydrogenase B; Pan-Kla: pan-lysine lactylation; TCGA: The Cancer Genomic Atlas; USP34: ubiquitin-specific protease

34.

eight lysine lactylation (Kla) sites were identified on core his-
tones such as H3, H4, H2A and H2B in human HeLa cells and
mouse bone marrow-derived macrophages (BMDMs) [31].
Four target genes regulated by H3K18 lactylation modifica-
tion were found in melanoma cell lines. Among them, YTH-
DF2 was highly expressed in the tissues of melanoma patients,
and the higher the expression level of YTHDF2, the worse the
prognosis indicators of patients. This indicates that H3K18
lactylation modification affects the occurrence and develop-
ment of melanoma by regulating the expression of YTHDF2
[6]. The above results suggest that lactylation modification is
involved in the progression of various tumors by regulating the
expression of key proteins.

In summary, the results of this study showed that USP34
was upregulated in HCC tissue, and its expression was higher
in HCC tissue of cisplatin-resistant patients. In addition, inter-
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ference with USP34 inhibited the proliferation and survival of
HCC cells, and increased the sensitivity of drug-resistant cells to
cisplatin. Mechanism research has found that histone lactylation
induced increased expression of USP34, which was involved in
the progression and regulation of HCC. It suggests that histone
lactylation mediated USP34 plays a critical regulatory role in the
cisplatin resistance of HCC (Fig. 5). Although this is a gratifying
result, there are still some shortcomings in the current research.
In the future, we need further research to evaluate off target ef-
fects and their roles in non-cancer cells to ensure clinical safety.

Supplementary Material

Suppl 1. The expression of USP34 is positively correlated
with PDHA1, PFKP, PKM and SLC16A1 expression in HCC
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tissues. (A-D) The correlation between USP34 and PDHAI,
PFKP, PKM and SLCI6A1 expression was analyzed using
TCGA data from GEPIA2.
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