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Abstract: Farnesoid X receptor (FXR) signaling plays an important role in liver regeneration and carcinogenesis. 
Dysregulation of FXR signaling is linked to the pathogenesis of hepatocellular carcinoma (HCC) while FXR knockout 
mice spontaneously develop HCC as they age. Ubiquitin specific peptidase 2b (USP2b) is a deubiquitinating enzyme 
regulating protein stability and other activities. In our recent study, we found that USP2b was significantly downregu-
lated in subjects with HCC and exhibited both tumor-promoting and tumor suppressive activity in a context-depen-
dent manner. However, the mechanistic link between FXR signaling and USP2b and its implications in the pathogen-
esis of HCC remain to be determined. In this study, we revealed that USP2b was transcriptionally regulated by FXR. 
Activation of FXR significantly increased while antagonizing FXR reduced USP2b mRNA and protein expression in 
vitro and in vivo. Consistently, USP2b expression was significantly reduced in FXR knockout (FXR-KO) mice. Further 
investigation showed that USP2b was transcriptionally regulated by FXR in an isoform-specific manner, predomi-
nantly by FXRα2 but not FXRα1. The transcription starting sites (TSS) of USP2 isoforms were determined by 5’RACE, 
which leads to the identification of the USP2b-specific promoter. An FXR response element (FXRE) was identified 
in the USP2b promoter and functionally characterized. FXR directly bound to the FXRE in vitro and recruited to the 
USP2b promoter in intact cells and in vivo. Further study revealed that upon FXR activation, co-activator-associated 
arginine methyltransferase 1 (CARM-1) was significantly recruited to the human USP2b promoter while coactiva-
tors glutamate receptor-interacting protein 1 (GRIP-1) and peroxisome proliferator-activated receptor-γ coactivator 
1α (PGC-1α) were significantly recruited to the mouse USP2b promoter. Over-expression of USP2b in FXR-KO mice 
significantly slowed down tumor growth with reduced tumor size while maintained comparable tumor numbers con-
sistent with its tumor suppressive activity. In summary, this study demonstrated that USP2b was transcriptionally 
regulated by FXR in an isoform-dependent manner and USP2b played a tumor-suppressive role in the pathogenesis 
of FXR deficiency-induced HCC.
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Introduction

Hepatocellular carcinoma (HCC) is the sixth 
most common cancer and the third leading 
cause of cancer-related deaths in the United 
States [1]. Annual rates of liver cancer cases 
and death cases continue to increase over time 
[2]. HCC is usually diagnosed at later stages (III 
to IV) when patients have already developed a 
progressive disease [3]. Currently, the treat-
ment options for HCC are limited and liver 
transplants are the only option if HCC is detect-
ed early. 

The nuclear receptor farnesoid X receptor (FXR) 
has been well recognized as a master metabol-
ic regulator and plays critical roles in maintain-
ing the homeostasis of cholesterol, bile aci- 
ds, glucose, and lipids [4, 5]. However, FXR also 
plays critical roles in liver regeneration and  
provides protection against HCC development. 
Dysregulation or decreased FXR expression is 
associated with the development of HCC [5-8]. 
In our previous study, we found that FXR iso-
form expression was markedly altered in HCC 
tumor tissues [9]. The FXR-α1/FXR-α2 ratios 
were significantly increased, with undetectable 
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FXR-α2 expression in one third of the HCC tu- 
mor samples. Consistently, FXR knockout (FXR-
KO) mice spontaneously develop HCC tumors 
as they aged [6, 10]. However, the underlying 
mechanism by which FXR protects HCC devel-
opment is not fully understood. 

Ubiquitination is an enzymatic process that 
involves the binding of a ubiquitin to a substrate 
protein for subsequent proteasomal degrada-
tion of the ubiquitinated proteins [11, 12]. On 
the other hand, ubiquitin can be removed from 
ubiquitinated proteins by deubiquitinating en- 
zymes [13, 14]. Therefore, protein stability is 
regulated by both ubiquitination and deubiquiti-
nation processes. Ubiquitin specific peptidase 
2 (USP2) is a deubiquitinating enzyme known  
to play important roles in various physiologi- 
cal and pathological conditions [15-19]. Three 
USP2 isoforms have been reported including 
USP2a, USP2b and USP2c [20-22]. Among the 
3 isoforms, USP2b is the predominant isoform 
expressed in the liver with USP2c below detec-
tion level [23]. In our previous study, we found 
that USP2b expression was significantly down-
regulated in HCC subjects. USP2b exhibited 
tumor suppressive activities in vitro in HepG2 
and Huh 7 cells by enhancing apoptosis [23]. 
However, the underlying mechanism by which 
USP2b was significantly down-regulated in HCC 
subjects and whether FXR regulates USP2b 
with implications in the pathogenesis of HCC 
remains to be determined.

In this study, we demonstrated that USP2b was 
transcriptionally regulated by the FXR signaling 
pathway in an FXR isoform-specific manner 
with FXRα2 being the predominant regulator. 
Activation of FXR significantly increased while 
antagonizing FXR reduced USP2b expression in 
vitro and in vivo. Dissection of the USP2b pro-
moters led to identification of the functional 
FXR responsive element (FXRE) in the US- 
P2b promoter. Upon activation, FXR and its 
coactivators were specifically recruited to the 
USP2b promoters. Further in vivo study with 
FXR-KO mice revealed that USP2b significantly 
slowed down HCC tumor growth with markedly 
reduced tumor size consistent with its tumor 
suppressive activity. The results thus demon-
strated that FXR-mediated dysregulation of 
USP2b played a role in the pathogenesis of 
HCC.

Materials and methods

Chemicals and reagents

Obeticholic acid (OCA) (catalog #113945), GW- 
4064 (catalog #131851), and DY268 (catalog 
#1609564-75-1) were purchased from Chem 
Shuttle (Hayward, CA). Dimethyl sulfoxide (DM- 
SO) (catalog #67-68-5) was purchased from 
Sigma (St. Louis, MO). The GenJet transfection 
reagents (catalog #SL100489) were purchased 
from Signagen Laboratories (Frederick, MD). 
Dual-luciferase promoter reporter assay sys-
tem (catalog #E1980) was purchased from Pro- 
mega (Madison, WI).

Plasmid constructs

Human FXRα2 and FXRα1 expression con-
structs were kindly provided by Dr. Matthew 
Stoner (University of Rhode Island, Kingston, 
RI) and Dr. David Mangelsdorf (University of 
Texas Southwestern Medical Center), respec-
tively. Promoter reporter constructs were syn-
thesized and purchased from Gene Universal 
(Delaware, USA). These promoter constructs 
were cloned with the promoter regions of 
USP2b (-1.5 kb) into the pGL3-basic vector con-
taining the firefly luciferase gene. Element 
reporter constructs were also synthesized and 
purchased from Gene Universal. Element 
reporters consisting of three copies of the wild 
type (WT) or mutated USP2b-FXRE were con-
structed by cloning the elements into the pGL3-
Promoter vector. The pRL-null vector with the 
wild type Renilla luciferase gene was used as 
the control reporter vector for luciferase activi-
ty normalization (catalog #E2271, Promega). 

Cell culture 

Human hepatoma cell line Huh 7 (catalog #HB-
8065) were purchased from American Type 
Culture Collection (ATCC). Cells were cultured  
in DMEM (catalog #11965092, Thermo Fisher 
Scientific) supplemented with 1% penicillin-
streptomycin (catalog #15140122, Thermo 
Fisher Scientific), 1% non-essential amino aci- 
ds (catalog #13-114E, Lonza), and 10% fetal 
bovine serum (FBS) (catalog #LSAC12306C, 
Wilkem Scientific). 

Short-term mouse studies

WT C57BL/6J mice (stock #000664) and FXR-
KO mice (stock #007214) were obtained from 
the Jackson Laboratory (Bar Harbor, Maine). 
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Mice were fed a regular chow diet and treated 
with vehicle (1,2-propanediol, n=8 or 10), OCA 
(50 mg/kg, n=10 or 11), or DY268 (10 mg/kg, 
n=8) twice a day for three days via oral gavage. 
Liver samples were collected on treatment day 
three at the 2 pm time frame and snapped fro-
zen in liquid nitrogen. These studies were app- 
roved by the Institutional Animal Care and Use 
Committee (IACUC) of the University of Rhode 
Island.

Long-term mouse HCC models

As reported and demonstrated in our laborato-
ry, FXR-KO mice spontaneously developed HCC 
tumor at the age of 13-15 months on a regular 
diet [6, 10]. FXR-KO mice at the age of 2-3 
months were hydrodynamically injected with 
USP2b expression construct plasmid DNA at  
a dose of 0.5 µg/g via tail vein. Control mice 
received no treatment or empty expression vec-
tor. All mice were on a regular chow diet. At the 
age of 13-15 months, the mice were eutha-
nized. Body and liver weights were recorded. 
Visible tumors in the liver were counted, and 
the tumor sizes were measured. 

5’ rapid amplification of cDNA ends (5’RACE)

Nuclear RNA was extracted from liver tissues 
using the Sureprep Nuclear/Cytoplasmic RNA 
Purification kit from Fisher Scientific (catalog 
#BP2805-50). Nuclear RNA was utilized to 
detect transcription starting sites (TSS) follow-
ing the 5’RACE kit protocol which was pur-
chased from Thermo Fisher Scientific (catalog 

#18374058). The USP2b gene specific primers 
(GSP) used for cDNA synthesis and PCR ampli-
fication were purchased from Gene Universal 
(primers listed on Table 1). GSP1 and 2 were 
used for cDNA synthesis, and GSP3, 4, and 5 
were used for the nested PCR. It should be 
mentioned that all the primers are in the first 
intron of USP2b to make sure that only the pre-
mRNAs were amplified. PCR products were  
isolated and subjected to sequencing by the 
Rhode Island Genomics and Sequencing  
Center (RIGSC).

Transfection and treatments of Huh 7 cells

Huh 7 cells seeded in 6-well plates were trans-
fected with 2 µg of pcDNA, FXRα1, or FXRα2 for 
16 hours followed by treatment with vehicle 
(0.1% DMSO), FXR agonist OCA (1 μm or 5 μm), 
FXR agonist GW4064 (1 μm), or FXR antagonist 
DY268 (1 μm) for 30 hours. At the end of  
the treatment, cells were lysed and cell lysates 
were collected for protein detection and total 
RNA extraction for mRNA quantification as des- 
cribed before [24, 25].

Real-time quantitative reverse transcription 
PCR (RT-qPCR)

Total RNA isolation from Huh 7 cells or liver tis-
sues, cDNA synthesis and TaqMan real-time 
PCR assays were performed as previously des- 
cribed [24, 25]. TaqMan PCR probes including 
human USP2b (catalog#: Hs01592505_m1), 
small heterodimer partner (SHP) (catalog#: 
Hs00222677_m1) and glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) (catalog#: 435- 

Table 1. A list of oligonucleotides used in 5’RACE, EMSA and ChIP-PCR assays 
Assays Name of the oligos Sequence of the Oligos
5’RACE USP2a-5RACE-GSP1 ATTCTCGGGCTACACAACACACAG

USP2a-5RACE-GSP2 TGATCAGCACACAGATGGCT
USP2a-5RACE-GSP3 CTACATTTCTCACGTCCAGACTG
USP2a-5RACE-GSP4 GCTGCCTTTGACACCCTACT
USP2a-5RACE-GSP5 GAGTCTCAAAGCTGGTACTGAC
USP2b-5RACE-GSP1 CAAGCCTGCGATCTCTAGGGATG
USP2b-5RACE-GSP2 CCAGGAGACCCTTGGAAAAGAG
USP2b-5RACE-GSP3 CGAGGAACATCTCGGGGATTC
USP2b-5RACE-GSP4 CTCATGATAGACTGGGGTTGATC

EMSA USP2b-FXRE wt TGGAGAAAGGTCGCTGCAGTTTGTCCGGGGTCC
USP2b-FXRE-Mut TGGAGAAAAAAAAAAAAAAAATTGTCCGGGGTCC

ChIP-PCR hUSP2b-F GATTCAGTCAGAGTCTGGGT
hUSP2b-R GTACACGCACACATGACCAC
mUSP2b-F GGGTGAAATGCTTGTGTGTG
mUSP2b-R ATTTTGAGCCTACGGGTGTG
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2665), mouse USP2b probes (catalog#: Mm- 
01168648) and mouse GAPDH probes (cata-
log#: 4352661) were purchased from Thermo 
Fisher Scientific. 

Western blot analysis

Total protein was extracted from Huh 7 cells or 
liver tissues using RIPA lysis buffer for protein 
detection via western blot as published previ-
ously [9, 26, 27]. Primary goat anti-USP2 total 
(AF5804, R & D Systems) and secondary rabbit 
anti-goat IgG (H+L) HRP antibodies (catalog 
#81-1620, Thermo Fisher Scientific) were used. 
Protein bands were quantified with Image J. 

Dual-luciferase reporter assays

The dual-luciferase reporter assays were per-
formed as reported before [23, 24]. Briefly, Huh 
7 cells seeded in 24-well plates were transfect-
ed with 100 ng of pUSP2b (-1.5 kb) promoter 
reporter or FXRE reporter constructs, 100 ng of 
FXRα1, FXRα2 or pcDNA vector as control, fol-
lowed by treatment of transfected cells with 
FXR agonist OCA (5 μm) or vehicle for 30 hours. 
Cells were lysed with the passive lysis buffer. 
The dual-luciferase reporter assays were car-
ried out with cell lysates according to the proto-
col provided by the manufacturer. The firefly 
luminescence was normalized based on the 
Renilla luminescence signal, and the ratio of 
treatment over control served as fold activa-
tion. Data is presented as mean ± standard 
deviation of at least three separate experi- 
ments.

Electrophoretic mobility shift assay (EMSA) 

To test FXR’s direct binding to the FXRE in  
the USP2b promoter in vitro, nuclear protein 
extracts of Huh7 cells transfected with FXRα2 
were collected using the NE-PER™ Nuclear and 
Cytoplasmic Extraction Kit from Thermo Fisher 
Scientific (catalog #78833). EMSA was perfor- 
med using the LightShift Chemiluminescent 
EMSA Kit purchased from Thermo Fisher Sci- 
entific (catalog #20148) as described [9, 26]. 
The sense and antisense oligonucleotide pro- 
bes containing the USP2b-FXRE were 5’ end 
biotin-labeled and synthesized by Gene Uni- 
versal. To establish the specificity of the bind-
ing, competition assays were conducted by in- 
cubation of nuclear proteins and biotin-labeled 
probe with 40X unlabeled or mutated USP2b-

FXRE. The sequences of the FXRE probe and 
FXRE mutant were listed in Table 1. To deter-
mine whether FXR is a component of the pro-
tein complex binding to the probe, supershift 
assays were performed using antibodies aga- 
inst human FXR (catalog #sc-25309, Santa 
Cruz Biotechnology). Non-immune mouse IgG 
(sc-2025, Santa Cruz Biotechnology) was in- 
cluded as a negative control. For the super- 
shift assays, antibodies were incubated with 
nuclear extracts at 4°C for 40 min before add-
ing the biotin-labeled probe. The protein-DNA 
complexes were resolved in a 6.5% native  
polyacrylamide gel, transferred to nylon mem-
branes, and detected by chemiluminescence 
according to the EMSA protocol provided by  
the manufacturer. 

Chromatin immunoprecipitation (ChIP) and 
ChIP-qPCR

Huh 7 cells in 6-well plates were transfected 
with 2 µg of FXRα2 plasmid DNA for 16 hours, 
followed by treatment with DMSO (0.1% v/v) or 
OCA treatment (1 µm) for 30 hours. Liver tis-
sues from mice treated with OCA (50 mg/kg, 
twice a day for three days via oral gavage) or 
vehicle were also used for ChIP assays. Chro- 
matins were prepared from transfected Huh 7 
cells or mouse liver tissues as described previ-
ously [9, 25]. A fraction of chromatins (5 µg) 
was immunoprecipitated with 2 µg of anti-FXR 
antibodies (catalog #sc-25309, Santa Cruz 
Biotechnology), anti-RNA polymerase II anti-
bodies as the positive control, and non-immune 
IgG as the negative control, which were pur-
chased with the Epigentek ChIP system (cata-
log #P-2027-48). ChIP assays were performed 
following the Epigentek ChIP protocol. Chro- 
matin immunoprecipitated DNA was quantified 
with the SYBR green qPCR kit (catalog #A25742, 
Thermo Fisher Scientific). Human and mouse 
USP2b specific primers flanking the FXRE were 
used for ChIP-qPCR (Table 1). To determine 
coregulator recruitment within the USP2b pro-
moter regions upon FXR activation, chromatins 
were immunoprecipitated with antibodies aga- 
inst nuclear corepressor (NCoR) (catalog #sc-
8994, Santa Cruz Biotechnology), steroid re- 
ceptor coactivator 1 (SRC-1) (catalog #sc-
6096, Santa Cruz Biotechnology), glucocorti-
coid receptor interacting protein 1 (GRIP-1) 
(catalog #sc-8996, Santa Cruz Biotechnology), 
co-activator-associated arginine methyltrans-
ferase 1 (CARM-1) (catalog #33176, Santa Cruz 
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Biotechnology), and peroxisome proliferator-
activated receptor-gamma coactivator-1alpha 
(PGC-1α) (catalog #sc-5815, Santa Cruz Bio- 
technology), followed by ChIP-qPCR as descri- 
bed above. 

Statistical analysis 

Student t-test was applied to pair-wise com- 
parison for normally distributed data. One-way 
ANOVA was applied to analyze data with multi-
ple groups, followed by Tukey post-hoc test for 
multiple comparisons. Non-parametric Mann-
Whitney U test was performed for data with 
non-normal distribution. Tukey’s Fence was 
used to detect outliers. A p-value of 0.05 or 
lower was considered statistically significant. 

Results

USP2b expression was upregulated by FXR 
activation and downregulated by FXR antago-
nism in vitro in Huh 7 cells

Our previous study showed that USP2b expres-
sion levels were significantly reduced [23] while 
FXR signaling was dysregulated in HCC sub-
jects [9]. To determine whether USP2b is regu-
lated by the FXR signaling, Huh 7 cells were 

FXR regulated USP2b expression in vivo in 
mice

To substantiate the findings from Huh 7 cells, 
we treated the mice with FXR agonist OCA or 
FXR antagonist DY268, followed by measuring 
the mRNA and protein levels of USP2b. As 
shown in Figure 2A, OCA treatment markedly 
induced USP2b mRNA (P<0.001). On the other 
hand, treatment with FXR antagonist DY268 
significantly down-regulated USP2b mRNA ex- 
pression (P<0.05) (Figure 2C). Serving as  
positive control, SHP mRNA expression was  
significantly up- and down-regulated by OCA 
(Figure 2B) and DY268 (Figure 2D), respective-
ly. Consistent with the mRNA levels, USP2b  
protein levels were significantly induced by  
OCA (Figure 2E and 2F) while DY268 treat- 
ment significantly reduced USP2b protein 
abundances (Figure 2G and 2H). The data  
convincingly demonstrated that USP2b is  
transcriptionally regulated by the FXR signaling 
pathway in vivo.

To confirm the results, we tested the effects  
of FXR knockout on USP2b expression. We 
hypothesized that USP2b expression was mini-
mally affected by FXR agonist or antagonist in 

Figure 1. The effects of FXR agonist and antagonist treatment on USP2b 
expression in vitro in Huh 7 cells. Huh 7 cells seeded in 6-well plates were 
treated with (A) FXR agonist OCA at two doses (1 μm and 5 μM) and ve-
hicle or (B) with FXR antagonist DY268 (1 μM) and vehicle for 30 hours, 
followed by quantification of USP2b mRNA levels with real-time PCR. (C) 
USP2b protein expression detected by Western blot, following treatments 
of Huh 7 cells with FXR agonist and antagonist as described in (A and B). 
(D) Quantification USP2b protein levels showed in (C). *P<0.05, **P<0.01, 
***P<0.001 in Student’s t-test for pair-wise comparison or one-way ANOVA, 
followed by Tukey post-hoc test for multiple group comparisons. 

treated with FXR agonist OCA 
or antagonist DY268, followed 
by detection of USP2b mRNA 
by real-time PCR and protein 
by Western blot. As shown in 
Figure 1A, OCA dose-depend-
ently induced USP2b mRNA 
expression (P<0.01 and P< 
0.001). On the other hand, 
DY268 significantly reduced 
USP2b mRNA expression (P< 
0.05) (Figure 1B). Consistent- 
ly, USP2b protein levels were 
markedly increased in the  
cells treated with OCA (P< 
0.05) while treatment with 
DY268 had limited effects on 
USP2b protein levels (Figure 
1C and 1D). Taken together, 
activation of FXR significantly 
increased USP2b expression 
at both mRNA and protein lev-
els while antagonizing FXR 
reduced USP2b mRNA but  
not protein levels. The results 
demonstrated that FXR signal-
ing regulated USP2b expres-
sion in vitro in Huh 7 cells. 
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Figure 2. The effects of FXR activation and antagonism on USP2b expression in vivo in mice. C57BL/6J wt mice were 
treated with OCA (50 mg/kg) (n=11), DY268 (10 mg/kg) (n=8) and vehicle (n=8) twice a day for three days via oral 
gavage, followed by quantification of USP2b mRNA and protein levels. (A) The mRNA levels of USP2b and (B) FXR tar-
get gene SHP, following FXR activation with OCA. (C) The mRNA levels of USP2b and (D) SHP, following treatment of 
FXR antagonist DY268. (E) USP2b protein detected by Western blot and (F) quantification of the USP2b protein lev-
els showed in (E), following treatment with FXR agonist OCA or vehicle. (G) USP2b protein detected by Western blot 
and (H) quantification of USP2b protein levels following treatment with FXR antagonist DY268. *P<0.05, **P<0.01, 
***P<0.001 with Student’s t-test.
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the absence of FXR. As shown in Figure 3A, 
USP2b mRNA expression was significantly re- 
duced in FXR knockout (FXR-KO) mice when 
compared with wt mice, consistent with the 
notion that FXR activation induces USP2b ex- 
pression. More convincingly, knockout of FXR 
completely blunted the effects of FXR agonist 
OCA and antagonist DY268 on USP2b expres-
sion. As shown in Figure 3B, USP2b mRNA 
expression levels were comparable in mice 
treated with OCA or vehicle. Similarly, USP2b 
mRNA expression was not affected by DY268 
treatment (Figure 3C). Consistent with USP2b 
mRNA expression, USP2b protein abundances 
were minimally altered in mice treated with OCA 
(Figure 3D and 3E) or DY268 (Figure 3F and 
3G) when compared to corresponding vehicle 

controls. The data thus fully established that 
USP2b was transcriptionally regulated by the 
FXR signaling pathway and USP2b is a down-
stream target of FXR pathway. 

Isoform-specific transcriptional regulation of 
USP2b by FXR

There are two FXR isoforms in the liver, includ-
ing FXRα1 and FXRα2. To determine whether 
USP2b is regulated by FXRα1, FXRα2 or both, 
Huh 7 cells were transfected with FXRα1, 
FXRα2 or pcDNA vector as control, followed by 
treating the transfected cells with two doses of 
FXR agonist OCA or vehicle. As shown in Figure 
4A, low levels of USP2b mRNA induction, 3.5 
and 7.5-fold, were detected in cells transfected 

Figure 3. USP2b expression in FXR-KO mice. (A) USP2b mRNA expression levels in wt and FXR-KO mice. (B) FXR-KO 
mice were treated with FXR agonist OCA (50 mg/kg) and vehicle or (C) with FXR antagonist DY268 (10 mg/kg) and 
vehicle twice a day for three days via oral gavage, followed by quantification of USP2b mRNA levels by real-time PCR. 
(D) USP2b protein detected by Western blot and (E) quantification of USP2b protein levels following treatment with 
FXR agonist OCA. (F) USP2b protein detected by Western blot and (G) quantification of USP2b protein levels following 
treatment with FXR antagonist DY268. *P<0.05 with Student’s t-test. 
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with pcDNA vector and treated with 1 and 5 μM 
OCA, respectively. Such low levels of induction 
are most likely due to activation of the endoge-
nous FXRα1 and FXRα2 in Huh 7 cells. When 
the cells were transfected with FXRα2, USP2b 
mRNA expression was dose-dependently and 
potently induced by OCA. The USP2b mRNA  
levels increased by 4.5 and 30.8-fold in cells 
treated with 1 and 5 μM OCA, respectively. 
However, when the cells were transfected with 
FXRα1, the expression levels of USP2b mRNA 
were minimally induced by OCA, increasing  
2.1 and 1.8-fold in cells treated with 1 and 5 
μM OCA, respectively. Furthermore, when com-
pared to the cells transfected with pcDNA  
vector control, the expression levels of USP2b 
mRNA in cells transfected with FXRα1 were  
significantly reduced (P<0.05). 

Consistent with mRNA levels, USP2b protein 
expression levels were significantly upregulat-
ed in cells transfected with FXRα2 in the pres-

and USP2b expressions in human and mouse 
HCC tumor tissues [23, 24]. USP2a expression 
was upregulated while USP2b expression was 
significantly downregulated. We also found  
that USP2b expression exhibited a robust circa-
dian pattern while USP2a expression showed 
limited fluctuation during a 24-hour period 
(Figure 5), which is in line with a previous re- 
port [28]. The differential expression chara- 
cteristics of these two isoforms suggest a 
potential for two separate promoters directing 
USP2a and USP2b transcription. Indeed, bioin-
formatic analysis predicted USP2a and USP2b 
to display alternative promoters [29]. To con-
firm such prediction, 5’RACE was performed 
using nuclear pre-mRNA isolated from mouse 
liver tissues and primers designed within  
the 1st intron of the pre-mRNA. The resulting  
PCR products were subjected to nucleotide 
sequence analysis to uncover the transcription 
starting sites (TSS) of USP2a and USP2b. As 
shown in Figure 6A, the TSS for USP2a and 

Figure 4. Isoform-specific upregulation of USP2b expression by FXR. Huh 7 
cells seeded in 6-well plates were transfected with FXRα1, FXRα2 or empty 
vector (pcDNA) for 16 hours followed by treatment with OCA at two doses (1 
and 5 μm) and vehicle for 30 hours. (A) USP2b mRNA levels were quantified 
by real-time PCR. (B) USP2b protein levels detected by Western blot in the 
cells transfected FXRα2 or (C) FXRα1, following treatment with OCA (5 μM) 
or vehicle. *P<0.05 with Student’s t-test. 

ence of 5 μM OCA (Figure 4B). 
In contrast, USP2b protein ex- 
pression levels were notably 
reduced in cells transfected 
with FXRα1 in the presence of 
5 μM OCA (Figure 4C). Taken 
together, the data demonstra- 
ted that USP2b was transcrip-
tionally upregulated by FXRα2 
signaling pathway while FXRα1 
may act as a competitor or 
repressor to interfere FXRα2-
mediated transcriptional regu-
lation of USP2b. 

Transactivation of USP2b pro-
moter by FXR signaling

To further dissect the tran-
scriptional regulation of USP2b 
by FXR signaling, the tentative 
USP2b promoter was cloned 
into a luciferase reporter and 
characterized. It was speculat-
ed that USP2 isoforms includ-
ing USP2a and USP2b were 
transcribed from a single pro-
moter and derived from alter-
native splicing of the pre- 
mRNA [23]. However, in our 
previous studies, we revealed 
an opposite trend of USP2a 
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Figure 5. Distinct circadian patterns of USP2a and 
USP2b. The USP2a, USP2b and USP2 total mRNA 
levels were detected and quantified with real-time 
PCR using isoform-specific primers at 6 time points 
(every 4 hours during a 24-hour period, N=4/time).

USP2b was different, more specifically, USP2b 
TSS is located approximately 18 kb down-
stream the USP2a TSS. The data thus con-
firmed that USP2a and USP2b expression  
are under the control of two independent 
promoters. 

To functionally characterize the USP2b promot-
er, a 1.5 kb promoter region upstream USP2b 
TSS was cloned into the pGL3 luciferase report-
er vector, resulting in pGL3-USP2b (-1.5 kb)  
reporter construct. As shown in Figure 6B,  
similar to the cells receiving negative pcDNA 
control, treatment with FXR agonists OCA  
and GW4064 did not induce USP2b promoter 
activities in cells transfected with FXRα1. 
However, in the cells transfected with FXRα2, 
the basal USP2b promoter activity was signifi-
cantly increased. More importantly, treatment 
with OCA and GW4064 significantly induced 
USP2b promoter activities. The data thus dem-
onstrated that activation of FXRα2 but not 
FXRα1 induced transactivation of USP2b pro-
moter. Indeed, the ratios of FXRα1 and FXRα2 
dictated the transactivation of the USP2b  
promoter. As the ratios of FXRα2 decreased 
from 100% to 0%, the USP2b promoter trans-
activation levels were gradually reduced in the 
absence or presence of FXR agonist OCA 
(Figure 6C). The results are consistent with the 
FXRα2-specific regulation of USP2b expression 
at mRNA and protein levels (Figure 4).

Identification of the functional FXR response 
element (FXRE) in the USP2b promoter

To map the FXRE in the USP2b promoter, the 
genomic sequence of the 1.5 kb fragment 
upstream the TSS of USP2b was bioinformati-

cally analyzed with three software PROMO, 
NUBIScan, and MatInspector. The predicted 
FXRE that was commonly predicted by the three 
software was selected to test its activities. 
Within the USP2b promoter, one such FXRE 
was identified at the nucleotide sequence 
-1.353 to -1.314 kb (Figure 7A). The predicted 
FXRE sequence (AGGTCGCTGCAGT) is 62%  
conserved with the IR1 FXRE consensus se- 
quence. To functionally test the FXRE, three 
repeats of the FXRE wild type and FXRE mutant 
were cloned into the pGL3p element reporter 
vector, resulting in phUSP2b-FXRE and phUS-
P2b-FXRE-mut reporter constructs, followed by 
characterization of the reporters with lucifer-
ase assays in the presence of FXRα2 and its 
agonist OCA. As shown in Figure 7B, FXR  
activation by OCA significantly increased lucif-
erase activities of the FXRE reporter while mini-
mal activities were detected in the cells trans-
fected with FXRE-Mut. The data thus confirmed 
the functionality of FXRE in the USP2b 
promoter. 

FXRα2 specifically binds to the FXRE of USP2b 
promoter in vitro

To confirm the direct binding of FXRα2 to the 
identified FXRE in the USP2b promoter, two 
series of EMSAs were performed with 5’ end 
biotin-labeled USP2b-FXRE oligonucleotides  
as the DNA probes containing the predicted 
FXREs (oligonucleotides listed on Table 1)  
and nuclear protein extracts from FXRα2-
transfected Huh 7 cells. As shown in Figure  
7C, when USP2b-FXRE probes were incubated 
with nuclear extract containing FXRα2 protein, 
a single dominant shifted band was displayed. 
The shifted band was completely outcompeted 
by 40× unlabeled wt FXRE oligonucleotides  
but not by the 40× mutated FXRE oligonucle-
otides, indicating the specific binding of the 
FXRE probe with a cellular protein. To deter-
mine whether the shifted band resulted from 
FXR’s binding to the FXRE probe, super-shift 
assays were performed with antibodies against 
FXR. Preincubation with FXR antibodies and 
nuclear FXR extracts resulted in complete dis-
appearance of the shifted band, suggesting 
that the binding of FXR antibodies to FXR pro-
tein interferes with its binding to the FXRE 
probe. On the other hand, preincubation with 
IgG antibodies as negative control sustained 
the DNA/protein complex formed, indicating 
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that the IgG antibody does not interfere FXRα2 
binding to the USP2b-FXRE probe. On the other 
hand, it was noted that there was a new shifted 
band with smaller size with IgG antibodies. This 
shifted band most likely resulted from non-spe-
cific binding of a protein in the IgG preparation 
to the FXRE probe. Taken together, the data 
demonstrated that FXRα2 specifically bound to 
the FXRE in the USP2b promoter. 

FXR was recruited to the FXRE of USP2b pro-
moter in vivo and in intact cells

A series of ChIP assays were carried out to 
determine whether FXR is specifically recruited 
to the FXRE of the USP2b promoter. First, to 
determine whether FXR is enriched in the FXRE 
of USP2b promoter in human liver, chromatins 
were prepared from human liver tissues, fol-
lowed by immunoprecipitation with antibodies 
against human FXR, RNA polymerase II as posi-
tive control and non-immune IgG as negative 
control. As shown in Figure 8A, FXR recruit-
ment to the FXRE of USP2b promoter was sig-
nificantly enriched when compared with non-
immune IgG control. As expected, RNA poly- 

merase II was also robustly recruited to the 
USP2b promoter. The data thus demonstrated 
that FXR was enriched in the FXRE of USP2b 
promoter in human liver tissues.

We next performed ChIP assays to determine 
whether FXR’s recruitment to the FXRE of 
USP2b promoter was increased upon FXR acti-
vation in vitro in Huh 7 cells and in vivo in mice. 
For the in vitro study, Huh 7 cells were trans-
fected with FXRα2 for 16 hours, followed by 
treatment with DMSO or OCA for 30 hours. 
Chromatin was extracted from these cells and 
immunoprecipitated with antibodies against 
FXR and RNA polymerase II, and non-immune 
IgG antibodies. As shown in Figure 8B, FXR and 
RNA polymerase II’s recruitment to the FXRE of 
USP2b promoter were significantly increased 
upon FXR activation by OCA when compared to 
the vehicle treatment while minimal changes 
were detected with the non-immune IgG.

For the in vivo study, mice were treated with 
vehicle or OCA (50 mg/kg) twice a day for three 
days, and liver samples were collected on day 
three. Chromatin was extracted from liver tis-

Figure 6. Identification of USP2b promoter and its transactivation by FXR. A. The transcription starting sites (TSS) 
for USP2a and USP2b were identified by 5’RACE. Liver tissues were used to isolate pre-mRNA from hepatocyte nu-
clei, followed by PCR amplification and sequencing of the TSS. B. Huh 7 cells were co-transfected USP2b promoter 
reporter with FXRα1, FXRα2 or empty pcDNA vector, followed by treatment of the cells with OCA (5 μM), GW4064 (1 
μM) or vehicle for 30 hours and subsequent detection of luciferase activities in the dual luciferase assays. C. Huh 
7 cells were transfected with FXRα1 and FXRα2 in a series of ratios from 0% to 100%, followed by treatment of the 
cells with OCA (5 μM) or vehicle for 30 hours and subsequent detection of luciferase activities. *P<0.05, **P<0.01, 
***P<0.001 with Student’s t-test or one-way ANOVA, followed by Tukey post-hoc test.
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sues and immunoprecipitated with anti-FXR, 
anti-RNA polymerase II antibodies, and non-
immune IgG as negative controls. As shown in 
Figure 8C, there was a significant increase in 
FXR and RNA-polymerase II recruitment in the 
USP2b promoters upon FXR activation by OCA 
when compared to vehicle treatment. On the 

other hand, there were no changes in FXR and 
RNA polymerase II recruitment detected with 
non-immune IgG. Taken together, the consis-
tent data from in vitro in Huh 7 cells and in vivo 
in mice demonstrated that FXR was specifically 
and increasingly recruited to the FXRE of the 
USP2b promoter upon FXR activation, leading 
to increased transcription of the USP2b by FXR 
signaling. 

The recruitment dynamics of FXR co-regula-
tors to the FXRE of USP2b promoters following 
FXR activation

Studies have demonstrated that transcription- 
al coactivators such as SRC-1 [30], GRIP-1 [31], 
CARM-1 [32] and PGC-1α [33] are recruited 
with ligand-activation of FXR. On the other 
hand, NcoR is associated with FXR signaling 
[34]. To investigate the recruitment dynamics 
of FXR co-regulators to the human USP2b pro-
moter following FXR activation, Huh 7 cells 
were treated with FXR agonist OCA or vehicle  
as control, followed by performing the quan- 
titative ChIP assays for those co-regulators. As 
shown in Figure 9A, there was a significant 
increase in CARM-1 recruitment to the human 
USP2b promoter regions when compared to 
vehicle treatment. As expected, RNA poly-
merase II recruitment to the region was also 
significantly increased. Minimal changes were 
detected upon FXR activation for SRC-1. The 
recruitment of three other co-regulators, inclu- 
ding NcoR, GRIP-1 and PGC-1α, was reduced 
but without reaching statistical significance.  
As expected, no changes were detected by  
the non-immune IgG. The results thus estab-
lished that CARM-1 was the major co-activator 
recruited to the human USP2b promoter upon 
FXR activation, leading to increased human 
USP2b transcription. 

To investigate the recruitment dynamics of FXR 
co-regulators to the mouse USP2b promoter 
following FXR activation, mice were treated 
with FXR agonist OCA or vehicle. Chromatin was 
extracted from mouse liver tissues and immu-
noprecipitated with antibodies against core-
pressor NCoR, and coactivators SRC-1, GRIP-1, 
CARM-1, and PGC-1α along with anti-RNA poly-
merase II as a positive control and non-immune 
IgG as a negative control. As shown in Figure 
9B, coactivators GRIP-1 and PGC-1α were sig-
nificantly recruited to the mouse USP2b pro-

Figure 7. Identification and functional character-
ization of the FXRE in the USP2b promoter. A. The 
sequence and location of the FXRE in the USP2b 
promoter. Three copies of the FXRE and its mutant 
were cloned into the pGL3-Promoter (pGL3p) vec-
tor, resulting in two element reporter constructs 
phUSP2b-FXRE and phUSP2b-FXRE-Mut. B. Huh 7 
cells seeded in 24-well plates were co-transfected 
phUSP2b-FXRE, phUSP2b-FXRE-Mut or pGL3p-vector 
with FXRα2, followed by treatment of the transfected 
cells with OCA (5 μM) for 30 h and subsequent detec-
tion of luciferase activities in the dual luciferase as-
says. C. Electrophoretic mobility shift assays (EMSA) 
were carried out using biotin labeled FXRE as probe 
and nuclear extract isolated from Huh 7 cells overex-
pressing FXRα2. *P<0.05 with Student’s t-test. 
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moter upon FXR activation. As expected, RNA 
polymerase II recruitment was also significantly 
increased, while no changes were detected by 
the non-immune IgG. Taken together, the re- 
sults established that coactivators GRIP-1 and 
PGC-1α were the major coactivators recruited 
to the mouse USP2b promoter upon FXR acti-
vation, responsible for transcriptional enhance-
ment of mouse USP2b following FXR activa- 
tion.

The effects of exogenously expressed USP2b 
on the development of HCC in FXR-KO mice

Our current study demonstrated that USP2b 
was transcriptionally regulated by the FXR sig-
naling. Activation of FXR significantly upregu-
lated USP2b expression. The findings are con-
sistent with our previous results that HCC sub- 
jects had reduced or totally absent FXR ex- 

pression [9] with concurrently reduced USP2b 
expression [23]. It is well established by others 
and demonstrated in our laboratory that FXR-
KO mice spontaneously develop HCC as they 
age at 13-15 months [6, 23, 24]. To determine 
whether the reduced USP2b expression in FXR-
KO mice contributes to the pathogenesis of 
HCC, FXR-KO mice were given USP2b expres-
sion construct hydrodynamically at young age. 
Control FXR-KO mice received no treatment or 
empty expression vector. HCC development 
was assessed at the age of 13-15 months. As 
shown in Figure 10A, there were no differen- 
ces in body weight between the two groups. 
However, the average liver weight was signifi-
cantly reduced from 2.5±0.7 g in control mice 
to 1.9±0.5 g in the USP2b-treated mice (P< 
0.05) (Figure 10B). Consequently, the liver/
body weight ratios were significantly reduced 

Figure 8. FXR recruitment to the FXRE of USP2b promoter in vivo and in intact cells. A. ChIP-PCR assays were car-
ried out using chromatins isolated from human liver tissues and antibodies against FXR and RNA polymerase II (as 
positive control) and non-immune IgG (as negative control). B. Huh7 cells were transfected with FXRα2 for 16 hours, 
followed by treatment with DMSO or OCA for 30 hours. Chromatin was extracted from the transfected cells and im-
munoprecipitated with antibodies against FXR and RNA polymerase II, and non-immune IgG antibodies, followed 
by ChIP-PCR assays. C. Mice were treated with vehicle (n=6) or OCA (n=6) (50 mg/kg) twice a day for three days, 
and liver tissues were collected on day three. Chromatin was extracted from liver tissues and immunoprecipitated 
with anti-FXR, anti-RNA polymerase II antibodies, and non-immune IgG, followed by the ChIP-PCR assays. *P<0.05, 
**P<0.01, ***P<0.001 with Student’s t-test for pair comparison or one-way ANOVA, followed by Tukey post-hoc test 
for multiple group comparison.
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from 0.078±0.024 in control mice to 0.060± 
0.008 in the USP2b-treated mice (P<0.05) (Fi- 
gure 10C). USP2b overexpression decreased 
the percentages of mice developed tumors 
from 94.7% in control to 85.7% in USP2b-
treated mice without reaching a statistical sig-
nificance (Figure 10D). Tumor size measure-
ments revealed that the average tumor size 
was significantly reduced in USP2b-treated 
mice when compared to control mice (P<0.001) 
(Figure 10E and 10G) while the numbers of 
tumors in each tumor-bearing mouse were 
comparable in both groups (Figure 10F and 
10G). Taken together, exogenous overexpres-
sion of USP2b in FXR-KO mice significantly 
reduced liver weight and tumor size with limited 
effects on tumor numbers, consistent with its 
tumor suppressive activity.

Discussion

Previous studies have demonstrated that  
both FXR and USP2b are dysregulated in  
HCC [9, 23, 35-37]. The expression levels of 
FXR were largely downregulated and such 
downregulation was negatively correlated with 
the malignancy grade of HCC [35-37]. Our  
previous study also found that USP2b expres-
sion was significantly downregulated in HCC 
tumor when compared to normal healthy  
liver tissues [23]. However, the molecular link-
age between FXR dysregulation and reduced 
USP2b expression in HCC is unknown. In  
this study, we discovered that FXR transcrip-
tionally regulated USP2b expression. Activation 
or antagonizing of FXR signaling potently  
upregulated or down-regulated USP2b expres-

Figure 9. Recruitment of FXR coregulators to the FXRE of USP2b promoter upon FXR activation. A. Huh7 cells were 
transfected with FXRα2, followed by treatment with vehicle DMSO or OCA for 30 hours. B. Mice were treated with 
vehicle or OCA (50 mg/kg) via oral gavage for 3 days and liver tissues were collected. Chromatins were prepared 
from Huh 7 cells and mouse liver tissues and immunoprecipitated with antibodies against FXR coregulators includ-
ing NcoR, SRC-1, GRIP-1, CARM-1 and PGC-1α and RNA polymerase II as positive control and non-immune IgG as 
negative control. *P<0.05, **P<0.01, ****P<0.001 with Student’s t-test. 
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sion, respectively, in vitro in Huh 7 cells (Figure 
1) and in vivo in mice (Figure 2). Consistently, 
USP2b mRNA expression was significantly 

reduced in FXR-KO mice when compared to  
wt mice (Figure 3A). The findings thus estab-
lished a molecular link between FXR signaling 

Figure 10. The effects of exogenous overexpression of USP2b on the development of HCC in FXR-KO mice. FXR-KO 
mice at the age of 2-3 months were hydrodynamically injected with USP2b expression construct plasmid DNA at a 
dose of 0.5 µg/g via tail vein. Control mice received no treatment or empty expression vector. All mice were on a 
regular chow diet. At the age of 13-15 months, the mice were euthanized. Body and liver weights were recorded. Vis-
ible tumors in the liver were counted, and the tumor sizes were measured. (A) body weight, (B) liver weight, (C) liver/
body weight ratios, (D) percentages of mice developing visible tumors, (E) tumor sizes, (F) tumor number per mouse 
and (G) representative livers from control and USP2b-overexpressed group. *P<0.05, ***P<0.001 with Student’s 
t-test for the data in (A-E) and Mann-Whitney U test for the data in (F). 
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and USP2b expression and provided an expla-
nation for reduced USP2b expression in HCC  
as a result of FXR dysregulation. 

There are three isoforms of USP2 that have 
been reported including USP2a, USP2b and 
USP2c [20-22]. In our previous study, we dem-
onstrated that USP2a and USP2b were ex- 
pressed in human and mouse liver with USP2b 
being the predominant isoform whereas USP2c 
was not detected in both human and mouse 
liver [23]. It has been speculated that USP2 iso-
forms are transcribed from a single promoter 
and derived from alternative splicing of the pre-
mRNA [23]. However, in our previous studies, 
we revealed an opposite trend of USP2a and 
USP2b expressions in human and mouse HCC 
tumor tissues [23, 24]. USP2a expression was 
significantly upregulated while USP2b expres-
sion was significantly downregulated. We also 
found that USP2b expression exhibited a ro- 
bust circadian pattern while USP2a expression 
showed limited fluctuation during a 24-hour 
period (Figure 5), which was largely in line with 
a previous report [28]. The differential expres-
sion characteristics of these two isoforms sug-
gest a potential for two separate promoters 
directing USP2a and USP2b transcription. In- 
deed, bioinformatic analysis was consistent 
with this notion and predicted USP2a and 
USP2b to display alternative promoters [29]. To 
confirm such prediction, 5’RACE was performed 
using nuclear pre-mRNA from mouse liver tis-
sues and primers designed within the 1st intron 
of the pre-mRNA. The results of the 5’RACE 
revealed that the TSS for USP2a and USP2b are 
located far apart. More specifically, the USP2b 
TSS is located approximately 18 kb down-
stream the USP2a TSS (Figure 6A). The data 
thus confirmed that USP2a and USP2b expre- 
ssion are under the control of two alternative 
promoters. The identification of a functional 
FXR response element (FXRE) within the  
USP2b promoter (Figure 7), and the demon-
stration of direct FXR binding and coactivator 
recruitment to the region (Figures 8 and 9),  
further validate the USP2b-specific promoter 
directing USP2b transcription.

With the new findings that USP2a and USP2b 
are transcribed from alternative promoters, we 
were able to characterize the USP2b promoter 
in depth. As shown in Figure 6B, transactiva-
tion of USP2b promoter is FXR isoform depen-
dent. In the presence of FXRα2, USP2b promot-

er was potently transactivated by FXR agonists 
while limited effects were detected in the pres-
ence of FXRα1 (Figure 6B). The data is consis-
tent with the USP2b expression levels in the 
presence of FXRα1 or FXRα2 (Figure 4A). Treat- 
ment with FXR agonist OCA significantly increa- 
sed USP2b mRNA levels in the presence of 
FXRα2. However, minimal effects on USP2b 
mRNA expression were detected by OCA in the 
presence of FXRα1 (Figure 4). Thus, the results 
firmly established that USP2b was transcrip-
tionally regulated by FXR signaling in an iso-
form-dependent manner, namely by FXRα2 not 
FXRα1. Therefore, the relative expression lev-
els of FXRα1 and FXRα2 or the ratio of FXRα1/
FXRα2 expression levels dictate the transcrip-
tional expression levels of USP2b (Figure 6C). 
In our previous study, we found that FXR expres-
sion was dysregulated in HCC tumors with sig-
nificantly reduced or totally absence of FXRα2 
expression [9]. In other words, the FXR isoform 
expression was shifted from FXRα2 to FXRα1 
in HCC tumors. It is thus reasonably stated that 
significantly reduced USP2b expression in HCC 
was, at least in part, a result of FXR dysregula-
tion with reduced FXRα2 expression.

Hydrodynamic injection has been used for 
transgene expressions in vivo, especially in the 
liver with over 40% hepatocytes expressing the 
transgenes following a single injection [38, 39]. 
Several studies have applied the technique to 
develop animal models for HCC [40-43]. In this 
study, we used hydrodynamic injection to exog-
enously overexpress USP2b in FXR-KO mice to 
determine the effects of increasing USP2b ex- 
pression on the pathogenesis of HCC. It should 
be noted that the duration of USP2b overex-
pression following the hydrodynamic injection 
is unknown. It has been reported that the dura-
tions of transgene expression after hydrody-
namic injection greatly vary from a few days to 
over one year dependent on the promoter and 
vector backbone [38, 44, 45]. We used pcDNA 
vector with a CMV promoter driving USP2b ex- 
pression. It is very likely that high level of USP2b 
expression is transient with gradually declining 
expression over time. It is speculated that sus-
taining high levels of USP2b overexpression 
would result in more robust effects on the 
pathogenesis of HCC in FXR-KO mice.

In our in vivo study, it should be noted that 
although the average numbers of tumors in 
each tumor-bearing mouse were increased 
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from 5.5±4.8 in control to 12.9±15.8 in USP2b-
treated mice, the difference did not reach sta-
tistical significance with the nonparametric 
Mann-Whitney U test (Figure 10F). The increa- 
sed average from the USP2b group was mainly 
due to the two outlier mice detected by the 
Tukey’s Fence with 47 and 50 tumors, respec-
tively. The reasons for the two outliers having 
more tumors than the rest of the group remain 
unknown. We thus concluded that overexpres-
sion of USP2b in FXR-KO mice had limited 
effects on tumor occurrence. 

It is well established that FXR acts as a tumor 
suppressor in HCC development through multi-
ple mechanisms [46-48]. In our previous study, 
we also found that USP2b exhibited tumor sup-
pressive activities in vitro in HepG2 and Huh 7 
cells [23]. Overexpression of USP2b in HepG2 
and Huh 7 cells significantly enhanced bile 
acid-induced apoptosis [23]. Consistent with 
the findings in vitro, our in vivo study revealed 
that overexpression of USP2b in FXR-KO mice 
where USP2b expression was reduced (Figure 
3A) significantly slowed down tumor growth 
with reduced tumor sizes (Figure 10E). With the 
identification of USP2b as a downstream target 
of FXR signaling in this study, we speculate that 
FXR’s ability to exert its tumor suppressive 
effects is, at least in part, mediated through its 
target USP2b.

In conclusion, our study reveals a previously 
unrecognized FXRα2-dependent transcription-
al regulation of USP2b, elucidates the distinct 
promoter architecture of USP2 isoforms, and 
highlights the functional relevance of USP2b in 
FXR-deficiency-induced HCC. These findings lay 
the groundwork for future investigations into 
isoform-specific FXR modulation of USP2. The 
interplay between FXR isoforms and USP2b 
expression suggests that restoring FXRα2 ex- 
pression and activity or upregulating USP2b 
expression could represent novel strategies for 
HCC intervention.
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