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Ubiquitin-specific protease 3 facilitates cell proliferation by
deubiquitinating pyruvate kinase L/R in gallbladder cancer
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Ubiquitin-specific protease 3 (USP3), a kind of cysteine protease, is a crucial family member of deubiquitinating enzymes. USP3 is
aberrantly expressed in several tumors, which may contribute to cancer progression. However, the role of USP3 in gallbladder
cancer (GBC) is still unknown. In the current study, we detected the expression of USP3 in GBC tissues, measured its contribution to
the cell proliferation in GBC progression, and further studied the underlying mechanism of USP3 in GBC through pyruvate kinase L/
R (PKLR; a kind of glycolytic enzyme). We found that the expression of USP3 in GBC tissues were higher than that of adjacent
tissues, and the protein levels of USP3 and PKLR were positively correlated. Additionally, overexpressed USP3 significantly
promoted cell proliferation in vitro and tumor growth in vivo, while the silencing of USP3 inhibited proliferation and tumor growth.
Glycolysis in GBC cells ws promoted by the USP3 overexpression and inhibited bye USP3 downregulation. Moreover, the loss of
USP3 promoted the ubiquitination and weakened the stability of PKLR. Results of the rescue assay confirmed that PKLR knockdown
suppressed USP3-induced oncogenic activity in USP3 overexpressed GBC cells. These findings imply that USP3 is an essential
positive regulator in GBC progression, and USP3-PKLR plays a vital role in the progression and metabolism of GBC.
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INTRODUCTION
Gallbladder cancer (GBC) is a rare, invasive, malignant tumor of
the biliary tract with highly variable representation1–3. The
etiology of this tumor is complex, but it has been reported to
be related to gallstones4. Because of late diagnosis and, most
patients detect symptoms and signs at an advanced stage, which
makes GBC a significant threat to human health5. The lack of
specific and sensitive diagnostic markers has significantly
impacted the mortality of this disease6. Normally, radical resection
is the most effective strategy to treat GBC7. Unfortunately, the
number of patients involved in this operational course is hugely
limited, and many patients can only receive non-surgical
treatment8,9. Some clinical treatments, including conventional
chemotherapy, radiotherapy, and molecular targeted therapy
render GBC patients with time to relieve; whereas, in the past
several years, overall survival has not significantly improved10.
Thus, it is an urgent need for effective diagnostic biomarkers and
potential therapeutic targets in GBC treatment.
The ubiquitin-proteasome pathway is a crucial intracellular

protein degradation regulatory system11. Deubiquitination is an
important anti-ubiquitination mechanism catalyzed by deubiqui-
tination enzymes (DUBs). Ubiquitin-specific protease (USP) 3, a
kind of cysteine protease belonging to the USP family, is a crucial
family member of DUBs12. Recent studies have emphasized the
significant meaning of USP3 in tumor progression. USP3 plays a
significant role in many biological interactions13,14. It has been
reported that USP3 overexpression facilitates cell migration and

invasion in gastric cancer12, and USP3 could promote breast
cancer cell proliferation by deubiquitinating KLF515. This research
illustrates the potential of USP3 in cancer progression, but the role
of GBC is not known
Pyruvate kinase L/R (PKLR), a kind of glycolytic enzyme, is

considered a key regulator in glycolysis16. It catalyzes the
production of pyruvate and ATP from phosphoenolpyruvate. Also,
the alteration of energy metabolism is an important hallmark of
cancer17. Some researchers have implied that the increment of
glycolysis is related to the activation of oncogenes or mutated
tumor suppressor genes18,19. Credibly, PKLR can act as a driver of
tumor growth and metastasis20. Wang et al. showed that
circFOXP1 promotes tumor progression in gallbladder cancer by
regulating PKLR expression21, and Nguyen’s et al. found that PKLR
promotes colorectal cancer liver colonization through the induc-
tion of glutathione synthesis22. These studies indicated the
potential role of PKLR in cancer progression by regulating energy
metabolism.
In this study, we aimed to investigate the effects of USP3 on the

GBC progression. We found that USP3 exhibited a higher
expression in GBC tissues than adjacent tissues. USP3 promoted
the cell proliferation in vitro and the tumor growth in vivo. We also
demonstrated that USP3 was a positive regulator of PKLR, and it
deubiquitinated and stabilized PKLR. Further studies on the
molecular mechanisms of energy metabolism and progression
of GBC may provide new targets and therapeutic approaches for
patients with advanced GBC.
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MATERIALS AND METHODS
Clinical samples
This study was approved by the Medical Research Ethics Committee of the
First Affiliated Hospital of Zhengzhou University (No. 7, 2019) and carried
out following the requirements of the Helsinki declaration. Sixteen pairs of
GBC and adjacent specimens were collected in the First Affiliated Hospital
of Zhengzhou University from August 2019 to January 2021. GBC tissues
were harvested from the center of the tumor tissues. Adjacent tissues were
harvested from 1 cm beyond the visible edge of the tumor tissues and
further identified by pathological analysis. All participants involved in this
study were aware and provided informed consent.

Cell culture and transfection
GBC-SD cells (iCell Bioscience Inc, Shanghai) were cultured in RPMI-1640
medium (Sigma, USA) supplemented with 10% fetal bovine serum (FBS,
Sigma, USA) and 5% CO2 at 37 °C. NOZ cells (iCell Bioscience Inc, Shanghai)
were cultured in DMEM medium (Sigma, USA) containing 10% FBS and 5%
CO2 at 37 °C. After cells adhered to the glass surface, the medium was
replaced every 6–8 h.
For transfection, Opti-MEM (Invitrogen, USA) was mixed with lipofecta-

mine 2000 (Invitrogen, USA), and then Opti-MEM was mixed with shRNA-,
OE-, or siRNA-, respectively. After 48 h, GBC-SD and NOZ cells were
maintained in a completed culture medium containing 400 or 300 g/ml
G418 (Sigma, USA)23, respectively. After 7 days of screening, the completed
culture medium was replaced for 10 days, and stably transfected cell lines
were obtained. In the additive group, 20 μM MG132 (Aladdin, Shanghai)
was added15, and the cells were collected and detected 6 h later.

Real-time quantitative PCR
Total RNA was isolated from cultured GBC cells using an RNA extraction kit
(BioTeke, Inc. Beijing) according to the manufacturer’s instructions, and
RNA was quantified by Nano 2000 spectrophotometry (Thermo, USA). The
synthesis of cDNA was performed with total RNA using Super M-MLV
reverse transcriptase (BioTeke, Inc. Beijing). The level of mRNA was
measured by real-time quantitative PCR (qRT-PCR) analysis based on SYBR
Green kit (Sigma, USA) and quantified with the ExicyclerTM 96 apparatus
(BIONEER, Korea). The thermal cycling steps were: 94 °C for 5 min, 94 °C for
15 s, 60 °C for 25 s, 72 °C for 30 s, and 40 cycles of 72 °C for 5.5 min, 40 °C for
2.5 min, 60 °C to 94 °C for 34 s, and 25 °C for 1–2min. USP3 primers were
listed as follows (GenScript, Nanjing): forward 5′ TTAGCCCAGAGTCCTTAT 3′
and reverse 5′ AGCCGTGACAACAGTAGA 3′. The housekeeping gene β-
actin was used as an internal standard.

Western blot
Total protein was extracted from the tumor tissues or whole cells using
lysis buffer (Beyotime, Shanghai). Bicinchoninic acid (BCA) assay kit
(Beyotime, Shanghai) was utilized for protein quantification. Protein about
20–40 μg was subjected to 10% SDS-PAGE and then transferred to
polyvinylidene difluoride membranes. Membranes were blocked with 5%
skimmed milk powder (Yili, China) in PBS for 1 h, then, incubated with
primary antibodies (1:500, Aceptab, USA) overnight at 4 °C. After washing
by TBST buffer, the membranes were incubated with corresponding HRP-
linked secondary antibody (1:5000, Beyotime, Shanghai) for 45 min at
37 °C. Finally, the membranes were detected by the ECL Plus reagents
(Beyotime, Shanghai) and visualized by Gel-Pro-Analyzer (Media
Cybernetics, USA).

Cell proliferation assay
Cells (4 × 103 cell/well) were plated in 96-well plates and cultured at 37 °C
overnight. Cell proliferation was guided by the Cell Counting Kit 8 (CCK8)
method (Beyotime, Shanghai) after incubating cells for 0, 24, 48, 72, and
96 h. The optical density of each well was measured by a microplate reader
(BIOTEK, USA) at 450 nm.

EdU assay
For cell incubation with EdU, cell proliferation was monitored with the cell
proliferation EdU image kit (KeyGEN Biotech Corp, Jiangsu) according to
the manufacturers’ instructions. After adding Click-iT solution, cells were
incubated for 30min at room temperature in the dark. DAPI solution was
used for 5 min to stain the cells. Images were taken under an inverted
fluorescent microscope (OLYMPUS, Japan).

Plate colony formation assay
For plate colony formation assay, stably transfected cells were seeded in
35mm dishes. After 2 weeks, cells were immobilized with 4% polyox-
ymethylene solution (Sino Biological Inc, Beijing) for 20min at room
temperature. Then, cells were stained with Wright-Giemsa staining solution
(Jiancheng Bioengineering Institute, Nanjing) for 5 min, and the colonies
were recorded.

Cell cycle analysis
Cell cycle analysis was conducted to GBC-SD and NOZ cells by employing
Cell Cycle Detection Kit (KeyGEN Biotech Corp) in accordance with the
manufacturers’ instructions. Cells were fixed in 70% ethanol overnight,
followed by three washes with PBS. Next, cells were stained with RNase/PI
(1:9, v/v) for 30min in the dark. Cells were subsequently analyzed with a
NovoCyte flow cytometer (ACEA Biosciences, San Diego, California, USA).

In vivo tumor formation assay
In vivo tumor formation assay was performed after approval by the Ethical
Committee for The First Affiliated Hospital of Zhengzhou University (No. 7,
2019). In this section, mice were fed and housed adaptively for a week.
Stable expressed shRNA-USP3 or OE-USP3 GBC-SD cells (1 × 106 per
mouse) were injected into subcutaneous tissue. The diameter of tumor
tissue was measured, and the volume was calculated every 3 days. After
4 weeks, the mice were sacrificed with 200mg/kg body weight sodium
pentobarbital (Xiya Regent, China) and tumors were removed for
further use.

Immunohistochemical method
All of the tissue samples were fixed and embedded in paraffin before
being sliced into 5 μm thick sections, followed by deparaffinization and
antigen retrieval. The tissue sections were incubated with 0.3% hydrogen
peroxide for 15min and blocked with 10% normal goat serum (Solarbio,
Beijing). Then, the slides were incubated with primary antibody (1:100,
USP3, Aceptab, USA; Ki67, ABclonal, China) at 4 °C overnight, and then
HRP-labeled goat anti-rabbit antibody (1:500, Thermo Fisher, USA) was
added at 37 °C for 1 h. After the incubation with DAB substrate solution
(Beijing Solarbio), hematoxylin (Solarbio, Beijing) was used for counter-
staining. All sections were observed and photographed with a microscope
(OLYMPUS, Japan).

Immunofluorescence staining (IF)
Cells were washed with 1 × PBS, fixed with 4% paraformaldehyde, and
incubated with 0.1% Triton X-100 (Solarbio, Shanghai, China) for 30min at
room temperature. After adding goat serum, the cells were incubated with
primary antibody (USP3, 1:100; Aceptab, USA; PKLR, 1:50, Santa, China) at
4 °C overnight and then incubated with the appropriate secondary
antibodies (Cy3 labeled goat anti-rabbit IgG, FITC-labeled goat anti-
mouse IgG: 1:200, Beyotime, Shanghai) for 60min at room temperature.
The nuclei were counterstained with DAPI (Aladdin, Shanghai). The IF
signals were detected and recorded using an OLYMPUS-BX53 microscope
(OLYMPUS).

Co-immunoprecipitation and ubiquitin assay
For co-immunoprecipitation and ubiquitin experiments, total protein was
extracted with a BCA kit (Beyotime, Shanghai). PBS was used as the pre-
cleaning regent for Protein A/G plus agarose beads. Protein (1 μg/μL,
500 μL) was immunoprecipitated with the indicated IP antibodies (1 μL) at
4 °C overnight, followed by an incubation with 60 µL of protein A/G Plus
agarose beads at 4 °C for 2 h. Immunoprecipitates were washed three
times with PBS buffer and eluted with SDS sample loading buffer
(Beyotime, Shanghai). Proteins were boiled for 5 min and then analyzed
by western blotting with indicated antibodies. IP antibodies mentioned
above referred to PKLR (IP mouse) antibody and USP3 (IP mouse)
antibody. Anti-K48 and anti-K63 ubiquitin antibodies were purchased
from Abclonal.

Protein stability analysis
Transfected GBC-SD cells were treated with 10 μg/ml cycloheximide (CHX;
MCE, Shanghai, China), after which cells were harvested after 0, 2, 4, 8, and
24 h. Subsequently, cells were lysed by 1mM PMSF buffer and then
subjected to western blot with anti-PKLR as indicated.
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Glucose consumption, ATP, pyruvic acid, and lactic acid assays
Glucose consumption was accessed using a glucose assays kit (Jiancheng
Bioengineering Institute, Nanjing) according to the manufacturer’s
protocol. The product of ATP, pyruvic acid, and lactic acid in the medium
was measured respectively with corresponding kits (Jiancheng Bioengi-
neering Institute, Nanjing) according to the specification of the product.
BCA kit (Beyotime, Shanghai) was used in this section as the instrument to
build the standard curve. The optical density value was measured and used
as a standard curve to measure the concentration in the test samples.

Statistical analyzes
The results in this subject were subjected to statistical analysis using
Graphpad software version 8.0. Clinical data was analyzed by paired t-test
and the others were analyzed by one-way or two-way ANOVA. The
correlation of the protein expression between USP3 and PKLR was
analyzed by pearson’s correlation. Data were collected from at least three
independent experiments, and p < 0.05 was considered to be statistically
significant.

RESULTS
USP3 is up-regulated in clinical GBC tissues
To explore whether USP3 was regulated in GBC, we first analyzed
the mRNA and protein expression of USP3 in tumor and adjacent
tissues from GBC patients. In Fig. 1A, the results of qRT-PCR
showed that the mRNA expression level of USP3 was up-regulated
in GBC tissues compared to adjacent tissues. The same results of
the changes of the protein levels of USP3 and PKLR were obtained
by western blot (Fig. 1B). Furthermore, the data from the Pearson
correlation analysis revealed that the protein expression of USP3
and PKLR was positively correlated in GBC tissues and adjacent
tissues (Fig. 1C).

USP3 affects the proliferation of GBC cells in vitro
Considering the significant association between USP3 expression
and GBC tissues, two GBC cell lines, GBC-SD and NOZ cells were
transfected with shRNA-USP3 and OE-USP3 to regulate USP3
expression, respectively. As shown in Fig. 2A, B, USP3 successfully
realized overexpression and interference in GBC-SD and NOZ cells.
We analyzed the role of USP3 in GBC cell proliferation. CCK8 assays
showed that the down-regulation of USP3 significantly reduced
the viability of GBC-SD and NOZ cells, while overexpression
accomplished the opposite result (Fig. 2C). EdU assay was
detected additionally. There was a trend that USP3 knockdown
exhibited a lower proliferative activity, and the contrary trends
were observed in the two cells by USP3 overexpression (Fig. 2D).
Consistently, the plate colony formation assay showed that the
knockdown of USP3 suppressed the growth capacity of GBC-SD
and NOZ cells (Fig. 2E, F). In contrast, the upregulation of USP3
improved the plate colony formation ability of GBC-SD and NOZ
cells (Fig. 2E, F). Furthermore, the cell cycle analysis in GBC cell
lines were performed by flow cytometry. As revealed in

supplemental Fig. 1A, C, the number of cells in G1 phase were
increased, accompanied by the reduction of cells in S phase in
GBC-SD and NOZ cells with USP3 knockdown. The opposite results
were observed by the overexpression of USP3 (supplemental
Fig. 1B, D). Therefore, USP3 promoted the proliferation ability of
GBC cells.

USP3 regulates the tumor growth of GBC in vivo
To further test the effects of USP3 on tumorigenicity in vivo, we
applied two sets of experiments. First, GBC-SD cells stably
transfected with shRNA or overexpressed vector were injected
into the nude mice subcutaneously. The volume and size of the
tumors formed with USP3-downregulated cells were significantly
decreased, while the parameters of the tumors that developed
from USP3-overexpressed cells were significantly increased
(Fig. 3A).
To further confirm USP3 expression in GBC xenograft tumor

tissues, we examined USP3 expression in murine tumor samples
using immunohistochemical staining. The results indicated that
USP3 was downregulated in tumor of mice injected with USP3-
knockdown-GBC-SD cells and was upregulated in tumor with
USP3 overexpression (Fig. 3B). Moreover, the expression of tumor
proliferation marker Ki67 was increased in tumors with USP3
upregulation and was decreased in tumors with USP3 down-
regulation (Fig. 3B). These findings revealed that USP3 promoted
the in vivo growth of GBC tumors.

USP3 interacts with PKLR and induces deubiquitination of
PKLR
We further explored the underlying mechanism of the effects of
USP3 on GBC progression. The position of USP3 and PKLR was
visualized by a double immunofluorescence staining assay
according to a confocal laser scanning microscopy. Figure 4A
illustrated that both USP3 (red fluorescence) and PKLR (green
fluorescence) were localized in the same regions in GBC-SD and
NOZ cells. Merged images in Fig. 4A revealed that the two
proteins were co-localized mainly in the nucleus and slightly in the
cytoplasm according to overlapping fluorescence signals. More-
over, the interaction between USP3 and PKLR was predicted by
HitPredict database (http://www.hitpredict.org/) and Biogrid
database (https://thebiogrid.org/). Then, the physical interaction
between them was defined by Co-IP in GBC cells (Fig. 4B).
Since USP3 mediates the removal and processing of ubiquitin24,

it was speculated that USP3 might regulate PKLR protein stability
through deubiquitination of PKLR. To assess this possibility, the
cells were treated with the proteasome inhibitor MG132 to block
protein degradation15. Western blot results showed that the K48
and K63-linked ubiquitination of PKLR was suppressed by USP3
overexpression and was enhanced by USP3 knockdown (Fig. 4C).
Then, we found that the half-life of PKLR protein was reduced by
the loss of USP3 (Fig. 4D). These results clarified that the USP3

Fig. 1 USP3 is aberrantly expressed in gallbladder carcinoma (GBC) samples. A The mRNA expression level of USP3 was tested by qRT-PCR.
※※, p < 0.01. B Protein expression level of USP3 and PKLR was displayed by western blot. A, adjacent tissue. C, cancer tissue. C The correlation
between the protein expression of USP3 and PKLR was analyzed by Pearson’s correlation analysis in GBC and adjacent samples.
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Fig. 2 USP3 promotes GBC cell proliferation. GBC-SD and NOZ cells were stably transfected with shRNA-USP3-1/2 or OE-USP3, respectively.
The overexpression or knockdown efficiency of USP3 in GBC-SD and NOZ cells was assessed by qRT-PCR (A) and western blot (B), respectively.
Cell proliferation ability was performed by CCK8 assay (C), EdU (D), and colony formation assay (E, F). Data are expressed as mean ± SD. ns no
significant, ※, p < 0.05; ※※, p < 0.01.Scale bars display 50 μm in (D).
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depletion promoted the ubiquitination of PKLR and the degrada-
tion of the PKLR protein.
To further confirm the regulation of USP3 on PKLR expression,

the protein level of USP3 and PKLR was analyzed both in vitro and
in vivo. As displayed in Fig. 4E, the protein expression level of PKLR
was consistent with USP3. USP3 and PKLR were downregulated in
GBC cells transfected with shRNA-USP3-1/2 and were upregulated
in GBC cells with USP3 overexpression. Then, similar results were
obtained in tumor tissues of xenograft mice (Fig. 4F).

USP3 regulates glycolysis of GBC cells
Considering PKLR has been regarded as a key regulator in the
glycolysis procedure, we further determined the role of USP3 in
GBC cells during glycolysis. USP3-downregulated GBC cells
consumed less glucose (Fig. 5A) and exhibited lower cellular
ATP levels (Fig. 5B), lactic acid production (Fig. 5C), and pyruvic
acid production (Fig. 5D) than that of cells transfected with shRNA-
NC. Adversely, USP3-overexpressed GBC cells caused a clear
promotion in glucose consumption, cellular ATP level, lactate

production, and pyruvic acid production in GBC cells (Fig. 5A–D).
This phenomenon implied that USP3 was involved in glycolysis of
GBC cells.

USP3 affected the malignant phenotypes and glycolysis of
GBC cells by the regulation of PKLR
We further investigated the role of PKLR depletion in malignant
phenotypes in GBC-SD cells with USP3 overexpression. As shown in
Fig. 6A, down-regulation of PKLR suppressed the cell proliferation
ability of cells with USP3 upregulation. Furthermore, the consump-
tion of glucose and content of lactic acid were reduced by the loss
of PKLR in GBC-SD cells transfected with OE-USP3 (Fig. 6B, C). These
results suggested that USP3 affected the malignant phenotypes
and glycolysis of GBC cells by regulating PKLR.

DISCUSSION
Deubiquitinase is a kind of protease that participates in various
cellular processes25–28. Previous research has indicated its

Fig. 3 USP3 ectopic expression regulates tumor growth in vivo. A The changes in tumor volume were analyzed over time in mice injected
with GBC-SD cells transfected with OE-USP3 or shRNA-USP3. B USP3 and Ki67 expression was measured by immunohistochemical staining.
Data are expressed as mean ± SD. Scale bar= 50 μm.※, p < 0.05; ※※, p < 0.01.
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Fig. 4 USP3 regulates the ubiquitination and stability of PKLR in GBC cells. A Double fluorescence staining for USP3 and PKLR in GBC-SD
and NOZ cells, with the nuclei counterstained with DAPI. Scale bars represent 25 μm. B The protein of GBC-SD and NOZ cells was
immunoprecipitated by an anti-USP3 or anti-PKLR antibody. C OE-USP3 or shRNA-USP3-1/2 was transfected into GBC-SD cells for 48 h. After
treatment with 20mM/L MG132 for 6 h, PKLR was immunoprecipitated with anti-PKLR antibody, and the polyubiquitination of PKLR was
examined by western blot using anti-ubiquitin (K48 and K63). D GBC-SD cells were pretreated with CHX 10 μg/mL for 0, 2, 4, 8, and 24 h. Cell
lysates were analyzed by western blot. E The protein expression level of PKLR in GBC-SD and NOZ cells. (F) The protein expression level of
PKLR and USP3 in tumor tissues of mice.
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feasibility in the molecular pathophysiology of tumors. Li et al.29

found that USP4 inhibits the cell growth of breast cancer through
the upregulation of PDCD4. Li et al.30 have shown that USP9X
could promote tumor cell survival and confer chemoresistance
through YAP1 stabilization. These results all show a positive or

negative relationship between USP expression level and malig-
nancy cancers. USP3, a member of the USP subfamily of
deubiquitinase, also has been studied in recent years31,32. Wu
et al.33 found an increased expression of USP3 in gastric
carcinoma patients than that of non-tumor tissues. The similar

Fig. 5 USP3 regulates glycolysis in GBC-SD and NOZ cells. The cellular glucose consumption (A), ATP level (B), lactic acid content (C), and
pyruvic acid content (D) were assessed in GBC-SD and NOZ cells transfected with shRNA-USP3-1/2 or OE-USP3. Data are expressed as
mean ± SD. ns no significant, ※, p < 0.05; ※※, p < 0.01.
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results were obtained in the current study. Herein, we discovered
that GBC tissues exhibited a higher expression level of USP3
compared to adjacent tissues. Our findings indicated a potential
relationship between USP3 expression and GBC progression.
We found that many studies have examined the role of

deubiquitinating enzymes in cell proliferation in recent years34.
Zhang et al.35 discovered that suppression of USP17 inhibits the
growth and invasion of lung cancer cells. Chen et al.36 showed
that USP9X substrate TTK contributes to tumorigenesis in non-
small-cell lung cancer, and the knockdown of USP9X or TTK
inhibits cell proliferation, migration, and tumorigenesis. These
results indicate the potential role of USP family in various cancer
progressions. Therefore, USP3 may affect GBC progression. Fang
et al.12 concluded that the overexpression of USP3 accelerates
gastric carcinoma cell proliferation and cell cycle progression.
USP3 knockdown suppressed breast cancer cell proliferation in
HCC cell lines15. Herein, similar results were further elucidated by
the promoted proliferation of USP3-upregulated GBC cells in vitro
and the facilitated growth of USP3-overexpressed GBC tumor
in vivo. The contrary results were observed in USP3-knockdown
cells and tumors. Overall, these findings indicate that USP3
promoted the proliferation of GBC cells.
Aerobic glycolysis is a typical metabolic change involved in

cancer phenomena, including rapid cell proliferation, invasion,
and migration37. Pyruvate kinase family members are vital
regulatory enzymes that play critical roles in various malignan-
cies38 and interact with other glycolytic enzymes39. PKLR is a key
factor of glycolytic reprogram regulation; for instance, suppression
of PKLR affects metabolism40,41. High PKLR expression is
correlated with enhanced glucose consumption, increased ATP,
and lactic acid production, which attribute to the proliferation and
growth of cancer cells. One study26 showed that improved PKLR
expression promotes colorectal cancer liver colonization through
induction of glutathione synthesis. A rencent paper20 demon-
strated that NQO1/PKLR axis promotes the progress of breast
cancer via modulating glycolytic reprogramming. PKLR also has
been confirmed to play an important role in glycolytic metabolism
in GBC cells21. In the present study, PKLR was assumed to interact
with USP3, which was later identified by co-IP and fluorescence
staining analysis. Interestingly, the K48 and K63-linked ubiquitina-
tion of PKLR were suppressed by USP3 overexpression and was
enhanced by USP3 overexpression. As is known, K48-linked
ubiquitin chains are the most prevalent proteasome-targeting
signaling42. Although K63-linked ubiquitin chains have mainly

been linked with altering protein complex formation, signaling, or
trafficking, there is evidence stating that they can promote
proteasomal targeting43,44. Thus, we concluded that the PKLR
ubiquitination affected by USP3 was at leastassociated with K48
and K63-linked ubiquitin chains.
Our study revealed that PKLR was a downstream effector of

USP3 and regulated glucose metabolism in GBC cells. Knockdown
of USP3 caused less glucose consumption and lower cellular ATP
levels, lactate production, and pyruvic acid production than the
control cells. These results give evidence that the USP3/PKLR
plays an important role in cancer progression by modulating
glycolytic metabolism in GBC. Furthermore, we found that the
loss of PKLR reduced the proliferated curves, content of glucose
consumption, and lactic acid in GBC-SD cells with high expression
of USP3. Though these in vitro results indicate that USP3
regulates the malignant phenotype of GBC partly by PKLR,
in vivo confirmation is still needed, which will be explored in our
further investigation.
In this work we concentrate on USP3, an important oncogene,

which is overexpressed in various cancers, including GBC. USP3
can promote the cell proliferation of GBC cells in vitro and in vivo.
In addition, USP3 is involved in the glycolysis process of GBC cells
via PKLR regulation. Overexpressed USP3 stabilized PKLR protein
by binding to and deubiquitinating PKLR. These findings indicate
that USP3 is an important positive regulator in GBC progression,
and USP3-PKLR plays a key role in the progression and
metabolism of GBC.
In conclusion, USP3 is highly expressed in GBC tissues. USP3

promotes the GBC progression by regulating the glycolysis, which
was mediated as least partly by the deubiquitination and the
stability of PKLR.

DATA AVAILABILITY
The datasets generated or analyzed during the study are available from the
corresponding author upon reasonable request.
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