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Abstract

Ubiquitin-specific protease 2 (USP2) has a regulatory function in cell growth or death and is
involved in the pathogenesis of various diseases. USP2 gene can generate 7 splicing variants
through alternative splicing, and 5 variants respectively as USP2-201, USP2-202, USP2-204,
USP2-205, USP2-206 can encode proteins. The influence of circadian rhythm, nutrition and
androgen on specific signaling molecules or cytokines can regulate the alternative splicing of USP2.
Specifically, PKC activator, IL-1(3, TNF-a, PDGF-BB, TGF-B1 are all regulatory factors for USP2’s
alternative splicing. USP2-201 plays a crucial role in cell cycle progression, and is also of great
significance in EGFR recycling. USP2-202 can activate apoptosis signaling pathway to participate in
cell apoptosis, and USP2-204 can induce cell anti-virus reaction to decrease. In general, we collect
and summarize the factors involved in the alternative splicing of USP2 in this review to further
understand the mechanism behind the USP2’s alternative splicing.

Key words: USP2, alternative splicing, ubiquitin, deubiquitination, regulation.

Introduction

Alternative splicing which is an important step
between transcription and translation in multicellular
eukaryotes affecting chromatin modification and
signal transduction can be regulated by many
transcriptional factors [1]. Alternative splicing allows
a single gene to produce two or more similar but
distinct mature mRNA variants that expand the
coding capabilities of eukaryotic genomes [2-4].
Abnormal alternative splicing of some disease-related
genes is also associated with pathogenesis and
therapeutics, such as metabolic alterations and
therapeutic tools in diabetes mellitus [5].Through
alternative splicing, USP2 gene also can produce
different splicing variants which have their specific
roles [6, 7].

It is speculated that the different abundance of
USP2 isoforms in different tissues is partly caused by
splicing regulatory factors [8, 9]. These splicing
regulatory factors as trans-acting factors directly or
indirectly recognize and bind with cis-acting elements
on the pre-mRNA in the spliceosome to play a role

[10]. Currently, the cis-acting elements are usually
divided into ESEs, ESSs, ISEs and ISSs according to
their locations and functions.

It is of great significance to understand the
regulation mechanism of the USP2’s alternative
splicing for the further understanding of USP2
[11-13]. Through recent studies, the alternative
splicing products of USP2 have been found from
primarily two splicing variants USP2-201 (USP2-69,
USP-2a) and USP2-204 (USP2-45, USP-2b) to the
presently seven variants [14, 15]. Therefore, it is
necessary to review the molecular mechanisms
involved in the regulation of USP2’s alternative
splicing and the significance of its products [16-18].

The alternative splicing products of USP2
gene and their distribution

The human USP2 gene containing 17 exons is
located in 11g23.3 [19]. The mouse derived USP2 gene

with 21 exons is localized to 9A5.1, while the location
of Rat USP2 gene containing 17 exons is 8q22. USP2
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gene can generate 7 splicing variants through
alternative splicing, of which 5 variants can code
protein. USP2-201 (USP2-a, USP2-69) mRNA has 3732
bases encoding the longest protein subtype with 605
amino acids [20]. USP2-202 (USP2-c) mRNA is
composed of 2903 bases and encodes the protein with
362 amino acids. USP2-204 (USP2-b, USP2-45) mRNA
including 1704 bases can encode the protein with 396
amino acids. USP2-205 and USP2-206 mRNA with 563
and 677 bases respectively were less learned than the
previous three subtypes, encoding the protein
composed of 137 and 167 amino acids. The USP2-203
and USP2-207 mRNA with 670 and 637 bases
respectively only have introns without the ability of
protein encoding [5]. These protein subtypes differ in
the length and the amino acid composition of the N
terminal of the protein. While all the protein subtypes
have the same structure in C terminal, which contains
the Cys and His residues required for the catalytic
activity [21, 22]. USP2-201, USP2-202, USP2-204
contains 13, 12, 12 exons respectively. They have the
same exon composition in the 3' terminal while differ
in the 5' terminal (Figure 1) [23].

A  USP2 pre-mRNA

USP2-202 mRNA
5’ L

C USP2 pre-mRNA

USP2-204 mRNA
5’ [

The mRNA expression of USP2-201 and
USP2-204 in different tissues of the rat was detected
by using the mRNA probes designed according to the
specific region of the 5' terminal of the two isoforms
[22]. USP2-204 mRNA was discovered in skeletal
muscle, lung, heart, brain, liver, testis except ovary.
However, USP2-201 mRNA was detected only in
skeletal muscle, heart and testis. The mRNA
abundance of the two subtypes was both highest in
the testis. Florian Haimerl detected the expression of
USP2 mRNA in mouse liver through RT-PCR and
found that the proportion of the USP2-202 mRNA was
up to 89%, while USP2-201 and USP2-204 mRNA
occupy a litter percentage--4% . 7% respectively.
USP2 was also involved in the cutaneous T-cell
lymphomas, the mRNA level of USP2 isoforms
expressed in tumor mycosis fungoides and plaque
mycosis fungoides was mearsured using RT-PCR.
USP2-201 mRNA expressed in tumor mycosis
fungoides was 2.3 fold lower than that in plaque
mycosis fungoides, while the expression of USP2-204
and USP2-202 mRNA was not detected [24].
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Figure 1. Schematic represents the factors involved in the USP2's alternative splicing. A. TNF-a, PDGF-BB, TGF-B1, IL-18, androgen and PKC promote or inhibit
USP2-201’s alternative splicing by directly or indirectly influencing splicing enhancer (se, orange box) or splicing silencer (ss, green box) which are both located on the
pre-mRNA (double dashed line). B. TNF-a inhibits USP2-202’s alternative splicing by directly or indirectly influencing splicing silencer (ss, green box) which is located
on the pre-mRNA (double dashed line). C. Nutritional signals, Clock, PGC-1a, PKC and Bmal | promote or inhibit USP2-204’s alternative splicing by directly or
indirectly influencing splicing enhancer (se, orange box) or splicing silencer (ss, green box) which are both located on the pre-mRNA (double dotted line). USP2-201,
USP2-202, USP2-204 contains 13, 12, 12 exons respectively, of which 11 exons are identical (blue boxes), others are unique to each mRNA (red boxes).
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To further confirm the USP2 expression at the
protein level in different tissues of mouse, Florian
Haimerl found that USP2-202 protein existed in
mouse heart, brain, liver and kidney while USP2-204
protein was mainly expressed in kidney by using
Western blot [25]. Immunofluorescence analysis of
HELA cells transfected with the plasmids of USP2-201
or USP2-202 showed that USP2-201 and USP2-202
proteins were both dispersed around nucleus and
adjacent to the endoplasmic reticulum while didn't
coincide with mitochondria and Golgi. The similar
sub-cellular location of USP2-201 and USP2-202
protein was also observed in MCEF7 cells transfected
with the plasmids of them [26]. Further
immunofluorescence localization of GFP-USP2-201
fusion protein in HELA cells proved that
GFP-USP2-201 protein localized in early endosomes
involved in EGFR degradation cycle [27]. In normal
fibroblasts, USP2-201, USP2-202, USP2-204 and
USP2-205 protein were located in peroxisomes,
cytoplasm and nucleus. The C terminals of the four
subtypes above all contain a weak sequence to target
the PTS1 which can interact with the corresponding
peroxisome receptor--PEX5 to input USP2 protein
subtypes into peroxisome matrix after translation [21].

Factors involved in the alternative
splicing of USP2 gene

Circadian rhythm

In the study of the effect of USP2 gene on the
maintenance of normal sodium balance and blood
pressure in mouse, it was found that the expression of
USP2-204 mRNA and protein in renal tissues of mice
was rhythmical [28, 29]. The renal tissue lysate of mice
was taken at 4, 8, 12, 16, 20, 24 o’clock of the day to
detect the expression of USP2-204 protein by specific
antibodies. The experiment showed that USP2-204
protein in renal tissue increased continuously in the
light stage and reached the highest value at 12 o’clock
which was the junction between the light and dark
phases. Subsequently, the expression of USP2-204
protein decreased gradually from 12-24 o’clock which
was the dark stage. Similar alterations of USP2-204
protein were also observed in the study of Daniel
Pouly [30]. The expression curve of USP2-204 mRNA
in renal tissue of mouse was also single peak and the
highest value appeared at 8-12 o’clock. It is suggested
that the alternative splicing of USP2-204 in mouse
kidney may be in the pattern of circadian rhythm.

Matthew M also proved that biological clock can
regulate the expression of USP2 in gluconeogenesis
[31, 32]. Specific primers depending on USP2-201,
USP2-204 mRNA were designed to detect the
expression of two kinds of mRNA in mice liver tissue

at the different time points of the day, and the results
indicated that circadian rhythm could regulate
USP2-204 mRNA expression but didn’'t have any
impact on USP2-201 mRNA. The abundance of
USP2-204 mRNA increased gradually in the light
phase, and reached the highest value at the junction
point between the light and dark phase. After
entering the dark phase, the expression of USP2-204
mRNA decreased gradually. Bmall, the key molecule
involved in the biological clock in the mouse liver,
was also associated with circadian rhythm: the mRNA
level of Bmall decreased gradually in the light stage
and increased entering the dark phase. Obviously,
circadian rhythm regulated Bmall and USP2-204 in
the opposite direction. The correlation between Bmall
and USP2-204 was further validated in an
experimental mouse model: the expression of
USP2-204 mRNA with circadian rhythm was almost
eliminated when mice liver's Bmall gene was
knocked out. It is proved that circadian rhythm can
participate in the alternative splicing of USP2-204 in
mouse liver and USP2-204 is the downstream target of
Bmall during the process (Figure 1C).

Nutrition

Matthew M further studied the influence of
continuous feeding, fasting and refeeding on the
expression of 47 kinds of USPs in mouse liver, and
confirmed that USP2 was the only type that can be
regulated among all USPs [31]. Starvation can
significantly increase the mRNA level of USP2 in
mouse liver, while refeeding can reverse the change.
In order to determine whether the regulation of
starvation on USP2 is subtype-specific, specific
primers were designed according to USP2-201,
USP2-204 mRNA. It was found that the level of
USP2-204 mRNA in the mouse liver during fasting
increased nearly 3.2 times compared with the
previous feeding phase, while the expression of
USP2-201 mRNA was almost not affected. And the
phenomenon of starvation’s regulation on USP2-204
mRNA level was liver-specific, as it was not detected
in skeletal muscle and white adipose tissue. Further
experiment showed that there was an interaction
between USP2 and the transcription
coactivator —PGC-1a which is related with various
liver fasting reactions. Compared with the control
group, both mouse primary hepatocytes transfected
with GFP-PGC-la and mouse liver infected with
PGC-1 adenovirus were found that the level of
USP2-204 mRNA nearly increased 35 times while
USP2-201 mRNA wasn't affected. These results
indicate that starvation can specifically promote the
alternative splicing of USP2-204 in the mouse liver,
but it has no effect on the alternative splicing of
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USP2-201 (Figure 1C).

Androgen

In the research of the expression of USP2-201 in
prostate cancer, Edgard Graner treated prostate
cancer cells--LNCap cells which were cultured in
charcoal-stripped serum with DHT 0, 7, 24, 48 hours
respectively. And he observed that USP2-201 protein
gradually increased when treatment time prolonged
[33]. However, when the cell treated with DHT and
bicalutamide which is an anti-androgen drug
simultaneously, = USP2-201  protein  decreased
gradually when treatment time prolonged. Similarly,
when the castrated rats treated with testosterone, the
USP2-201 mRNA level gradually increased 0, 24, 48,
96 hours after treatment. These phenomena may
suggest that androgen can promote the alternative
splicing of USP2-201 (Figure 1A).

Signaling pathway molecules and
cytokines involved in the alternative
splicing of USP2 gene

PKC signaling pathway molecules

It was found that USP2 can change its exon
usage in the process of human myeloid cell lines
HL-60, THP-1, U937 differentiate into macrophage
like cells induced by PMA which is a PKC activator
[34]. When HL-60, THP-1, U937 cells treated with
PMA for 0, 12, 24, 48, 72 hours respectively, USP2-201,
USP2-204 mRNA levels were detected by RT-PCR.
USP2-201 mRNA of cells treated with PMA for 12
hours was found much less than that of cells without
treatment. When the processing time prlonged to 24,
48, 72 hours, the level of USP2-201 mRNA rebounded
slightly but was still significantly lower than that of
cells without treatment. On the other side, the
expression of USP2-204 mRNA continually increased
when treatment time prolonged. It may indicate that
PMA could induce the decrease of USP2-201 mRNA
but promote the expression of USP2-204 mRNA in
HL-60, THP-1 and U937 cells. Further studies were
made by performing Western blot analysis to find
whether PMA also had an effect on the expression of
USP2-201, USP2-204 protein. When cells” treatment
time was between 0 and 8 hours, USP2-201 was the
major USP2 protein subtype expressed. However, the
protein expression was remarkably different when
cells’ treatment time prolonged to 24 hours: USP2-204
protein level was significantly improved while
USP2-201 protein was almost undetectable. Further
prolonging cells’ treatment time to 48 hours, two
subtypes maintained the same protein levels as cells’

treatment time was 24 hours. All these data hint that
PKC activation may regulate the exon usage of USP2
gene in the process of myeloid cells differentiating
into macrophage like cells: PKC activation can
promote the alternative splicing of USP2-204 while
inhibit USP2-201’s alternative splicing (Figure 1).

Cytokines

IL-1B, which can cause glomerular MsC
proliferation, is one of the main factors of
glomerulonephritis [35, 36]. Immunohistochemistry
researches showed that USP2-201 was up-regulated in
MsC of mesangial proliferative glomerulonephritis
[36]. It was further found that there was an interaction
between IL-1p and USP2-201: When rats” MsC treated
with IL-18 for 12-24 hours, USP2-201 mRNA
gradually increased. At the same time, the change in
USP2-201 protein induced by IL-1p was detected to be
the same as that of mRNA. It may suggest that IL-1p
promotes the alternative splicing of USP2-201 in MsC
of mesangial proliferative glomerulonephritis, in
addition, it was found that IL-13 did not affect the
alternative splicing of USP2-204.

Florian Haimerl et al. observed that when mice
pretreated with a low dose of TNF-a by injection, the
degree of liver injury induced by GalN/TNF-a can be
reduced significantly, and this protective effect
sustained 24 hours [25]. Reoverexpression of
USP2-202 gene in the primary liver cells of mice
whose USP2 gene was knocked-out can increased the
degree of cell injury and apoptosis induced by Act.D/
TNF-a slightly. The mechanism behind the
phenomena is that TNF-a has impact on the
alternative splicing of mouse liver’'s main USP2
subtype-USP2-202 which can induce apoptosis of
hepatocyte: TNF-a can downregulate the mRNA and
protein expression of USP2-202 in mouse liver.

Xing Mao, et al. treated MsC (without other
cytokine stimulation) with TGF-1, TNF-a, PDGF-BB
respectively and observed the impact of these three
cytokines on USP2 alternative splicing for 36 hours
[37, 38]. Compared with PDGF-BB and TNF-qa,
TGF-f1 had the weakest ability in promoting
USP2-201’s alternative splicing and worked in a
time-independent manner. The ability of TNF-a to
promote the alternative splicing of USP2-201 was
between TGF-f1 and PDGEF-BB, and can lead
USP2-201 protein to increase over time. PDGF-BB was
the most potent cytokine that promoted USP2-201's
alternative splicing in the anti-Thyl.1 nephritis rat
model, and the increase curve of USP2-201 protein
showed a single peak whose highest value was found
at 12 hours after stimulation (Figure 1).
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Figure 2. The significance of USP2-201 in cell cycle and EGFR recycling. A. USP2-201 can deubiquitinate Ub-cyclin Al into cyclin Al which can promote cell cycle
progression from G2 to M phase. Meanwhile, USP2-201 can deubiquitinate Ub-cyclin D1 into cyclin DI to promote cell cycle progression from G1 to S phase. B. The
EGFR is ubiquitinated after its activation and can be internalized by plasma membrane to early endosome where USP2-201 exists. Then the deubiquitinated EGFR can
return back to membrane, while the ubiquitinated EGFR can be transported to lysosomes for degradation.

The significance of alternative splicing
products of USP2 gene

EGFR recycling

EGFR is a transmembrane tyrosine kinase
receptor [39]. The activation of EGFR is involved in
many signaling pathways and has effects on cell
proliferation, cell differentiation and tumorigenesis
[40]. As many membrane receptors, the activated
EGFR can be internalized by plasma membrane to
early endosomes, then it can either return back to
membrane or be transported to lysosomes for
degradation [41]. The process is regulated by the
alternative splicing products of USP2 [27, 42].
USP2-201 located to early endosomes in HeLa cells
can improve the level of membrane EGFR. The
molecular mechanism is that the activated membrane
EGFR phosphorylated and ubiquitinated at the same
time, then the Ub-EGFR internalized to early
endosomes. The Ub-EGFR can further be
deubiquitinated by USP2-201 to return back to the
plasma membrane, which can enhance the recycling
of EGFR and activate the molecules involved in the
EGFR signaling pathway. It was also found in NSCLC
cells where EGFR is highly expressed, USP2-201 can
prevent the degradation of both mutant and
wild-type EGFR. As a matter of fact, in NSCLC tissue
the expression of EGFR protein was positively
correlated with USP2-201 protein (Figure 2B).

Cell cycle progression

Cyclin Al which is essential for promoting cell

cycle progression from G2 to M phase is intimately
related with prostate and bladder cancer [43-45].
Jayoung et al. have found that there was also a
relationship between USP2 and Cyclin Al, the
alternative splicing products of USP2 promote the
development of bladder cancer through regulating
CyclinAl [33, 46]. The mechanism is that USP2-201
can prevent the ubiquitination of CyclinAl to
improve the stability of CyclinA1 protein which plays
a role in the development of bladder cancer.
Overexpression of USP2-201 gene in T24 human
bladder cancer cells can induce cell proliferation and
improve cell’s invasion ability. By contrast, when
USP2-201 gene of T24 cell was knocked down by
shRNA, cell’s proliferation and invasion capabilities
decreased.

CyclinD1 is an important regulatory factor
during the transition from the G1 to S phase in the cell
cycle [47-49]. Jing, Shan, et al. screened 76
deubiquitination enzymes’ catalytic ability on
Ub-CyclinD1 in vitro, and found that USP2-201 was a
specific deubiquitination enzyme for CyclinD1 [50]. In
293T cells the Ub-CyclinD1 was deubiquitinated by
USP2-201 thus promoting cell cycle progression from
G1 to S phase. Both human breast cancer cell MCF-7
and prostate cancer cell PC3 have a high expression of
CyclinD1 protein, of which the USP2-201 gene
knockdown can significantly reduce the CyclinD1
protein and further result in growth inhibition.
Magiera et al. demonstrated that the most potent LCA
derivative, LCA hydroxyamide, can inhibit USP2-201
in cyclin D1-expressing cells, without the dependence
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on p53 status. Thus it can further result in the
destabilization of cyclin D1, cell cycle arrest and
growth inhibition [51]. Mindy I. Davis et al. also
reported the discovery of a small molecule inhibitor
targeting USP2-201 induced an increase in cellular
cyclin D1 degradation (Figure 2A) [52].

Cell apoptosis

TNF-a and TNFR1 can deliver apoptosis signal,
RIP1 is one of the downstream molecules in apoptosis
signaling pathway [53-55]. In human breast cancer
MCEF7 cells, USP2-202 can elevate the level of RIP1 to
promote apoptosis by deubiquitinating Ub-RIP1 [26].
The apoptosis induction effect by USP2-201 is much
weaker, because the deubiquitination interaction
between Ub-RIP1 and USP2-201 was inhibited by
TRAF2. Overexpression of USP2-201 in TRAF2 gene
knocked-out mouse embryonic fibroblast cell can
significantly increase the RIP1 level and promote cell
apoptosis (Figure 3A).

Cellular antiviral response

Ub-TBK1 can increase the level of IFN-B to
participate in HEK293’s antiviral response, and
USP2-204 is a negative regulator in this process [56,
57]. When Ub-TBK1 was deubiquitinated by
USP2-204 into TBK1, the ability of TBK1 to induce
IFN-B was decreased, resulting in the decrease of
HEK?293’s anti Sendai virus reaction (Figure 3B).

Conclusions and perspectives

The current researches on the alternative splicing
products of USP2 mainly focus on the 3 subtypes:
USP2-201, USP2-202 and USP2-204. It is found that
TGF-B1, TNF-a, PDGF-BB, IL1-f and androgen are
regulatory factors for USP2-201’s alternative splicing

A

Cell membrane

SP2-202

]

I

i
1
4

Cell apoptosis

to promote the expression of USP2-201 by directly or
indirectly interacting with SE which is a splicing
regulatory element on pre-mRNA. While the
interaction between PKC and regulatory element SS
inhibits the expression of USP2-201. For the
alternative splicing of USP2-202, TNF-a which is a
negative regulation factor for USP2-202 is the only
regulatory factor found so far. Nutritional factors,
biological clock, PKC, PGC-1a are USP2-204’s positive
alternative splicing factors which play roles in
promoting the alternative splicing of USP2-204, while
Bmall is an inhibiting alternative splicing factor for
USP2-204 (Figure 1). These three alternative splicing
products' functions were embodied in many ways.
USP2-201 promotes cell cycle progression through the
regulation on cell cycle regulatory proteins CyclinA1l,
CyclinD1, on the other hand, USP2-201 located in
early endosomes deubiquitinates Ub-EGFR to
improve the utilization rate of the EGFR by promoting
EGER to return back to the plasma membrane (Figure
2). USP2-202 deubiquitinates the Ub-RIP1 to activate
apoptosis signaling pathway resulting in cell
apoptosis and USP2-204 participates in cell antiviral
response (Figure 3). The specific sequence of the
splicing regulatory elements SE, SS on the USP2
pre-mRNA and the interaction between them and
related regulatory factors are still unknown.
Simultaneously, there is a need to validate the current
conclusions on USP2’s alternative splicing and the
study on the alternative splicing of USP2 remains to
be deficient. With the accumulation of data in the
future, the specific process of the alternative splicing
of USP2 and the molecular mechanism behind it will
be further elucidated. Then it is possible to regulate
USP2’s alternative splicing products as needed.

B

Anti Sendai virus reaction l

Cell membrane

USP2-204

Figure 3. The significance of USP2-202 and USP2-204 in cell apoptosis and cellular antiviral response. A. USP2-202 can elevate the level of RIP1 to induce cell
apoptosis by deubiquitinating Ub-RIP1. B. USP2-204 regulate the ubiquitination degree of TBKI to determine the level of IFN-f3 in cell’s anti Sendai virus response.
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Interleukin-1p; MsC: glomerular mesangial cell;
TGF-B1: transforming growth factor-pl; TNF-a:
tumor necrosis factor-a; PDGF-BB: platelet-derived
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