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USP15 inhibits HPV16 E6 degradation and catalytically inactive USP15
has reduced inhibitory activity
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Summary. - High-risk human papillomaviruses (HPVs) possess transforming activity leading to develop-
ment of the cancer, including oropharyngeal, anal, penile, vulvar, vaginal, and cervical cancer. The stability of
E6 is essential for its complete function as an oncoprotein. Using the yeast two-hybrid system, we identified
ubiquitin-specific protease 15 (USP15) as an HPV16 E6-interacting protein. USP15 cleaves polyubiquitin
chains of HPV16 E6 and/or ubiquitin precursors. Our results indicate that USP15 could increase the level of
HPV16 E6 by inhibiting E6 degradation. USP15 inhibited the degradation of HPV16 E6 in dose-dependent
manner. In contrast, catalytically inactive mutants of USP15 had a reduced inhibitory effect on E6 degradation.
In particular, USP15 mutants of all three cysteine boxes and the NHL mutant of the KRF box had a drasti-
cally reduced inhibitory effect on HPV16 E6 degradation. In addition, HPV16 E6 mRNA was not induced by
USP15; therefore, HPV16 E6 appears to be post-translationally regulated. These results suggest that USP15
has the ability to stabilize E6 as a deubiquitinating enzyme, and as an oncoprotein affects biological functions

in infected human cells.
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Introduction

Human papillomaviruses (HPVs) have been etiologically
linked to human cervical cancer (Strohl et al., 2015). HPVs
target skin or mucosal epithelial cells (zur Hausen, 1991a,b).
HPVs can be classified as either high-risk or low-risk depend-
ing on the transforming potential of the virus. Most cervical
cancers and a significant proportion of other anogenital can-
cers have been associated with infection by a small number
of high-risk genital HPV types (Dell and Gaston, 2001).

Tumorigenesis induced by high-risk genital HPVs has
been linked to the expression of two viral oncoproteins, E6
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and E7, which cooperate in cellular immortalization and
transformation processes (Schwarz et al., 1985). An impor-
tant function of the high-risk type E6 is the degradation of
p53 (Crook et al., 1991; Crook et al., 1994; Pim and Banks,
1999; Scheftner et al., 1993; Thomas et al., 1999; Yang and
Lu, 2015) via E6-AP (Alarcon et al., 1999; Ansari et al., 2012;
Beaudenon and Huibregtse, 2008; Cooper et al., 2003). The
degradation of p53 by HPV E6 is specific to high-risk HPVss,
but several studies have suggested that low-risk type E6 may
be able to bind with low affinity to p53 (Kehmeier et al.,
2002; Li and Coffino, 1996; Oh et al., 2004; Stewart et al.,
2004; White et al., 2012). High-risk type E6 is also known to
activate telomerase via the upregulation of hTERT expression
(Liu et al., 2008; Van Doorslaer and Burk, 2012; Wang et al.,
2015a,b; Xu et al., 2013). Many cellular proteins have already
been reported to bind to high-risk HPV E6 proteins, such as
p300/CREB-binding protein (CBP) (Howie et al., 2011; Xie
et al., 2014), the focal adhesion protein paxillin (Vande Pol
et al., 1998; Wu et al., 2014), the calcium-binding protein
E6-binding protein (E6-BP) (Sherman et al., 2002), and
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PDZ domain proteins, but the physiological importance of
these interactions with E6 proteins remains unknown. In
this study, to analyze the precise function of HPV16 E6,
we used the yeast two-hybrid system to investigate cellular
proteins that interact with HPV16 E6. We found ubiquitin-
specific protease 15 (USP15) to be a protein that interacts
with HPV16 E6. USP15 encodes a protein that consists of
952 amino acids and functions as a deubiquitinating enzyme
(DUB). Vos et al. (2009) already proved by mass spectrom-
etry analysis that USP15 could bind to HPV 16 E6.

Deubiquitination is an essential process that releases
ubiquitin chains from ubiquitin-protein conjugates. The hu-
man genome encodes approximately 100 putative DUBs that
belong to a superfamily of proteases. Within the DUB family,
USP (ubiquitin specific protease), and ubiquitin C-terminal
hydrolase are the most well-characterized enzymes. USP is
the major family of a variety of DUBs (Clague et al., 2012;
Kim et al., 2003). USP proteins constitute the largest family
with more than 60 members and they belong to the cysteine
protease family. A hallmark of this class of enzymes is the
presence of a catalytic core displaying the so-called histidine
(His) and cysteine (Cys) boxes. Several recent examples from
disparate model systems indicate that specific DUBs can
indeed target specific proteins and that these deubiquitina-
tion events can have a major physiological impact (Baker et
al., 1992; Kawakami et al., 1999).

A key event of HPV-induced oncogenesis is the integra-
tion of viral DNA into the genome of the infected cells,
accompanied by the disruption of the viral E2 DNA region
and over-expression of the viral E6 and E7 oncoproteins
(Eichten et al., 2004). HPV 16 E6 is an oncoprotein of which
its up-regulation is needed during HPV-related carcinogen-
esis. In this study, we confirmed that HPV16 E6 could bind
to USP15, which is a member of the UBP family of DUBs
(Baker et al., 1999). We speculated that USP15 stabilized
HPV16 E6 protein by binding with each other after the
infection to human cells. This stabilization of E6 appears
to be important for its function as an oncoprotein in the
infected human cells.

Materials and Methods

Cell lines, transfection and construction of plasmids. 293T and
SiHa cells were obtained from the American Type Culture Collec-
tion (Manassas, USA). Cells were grown in Dulbecco's modified
Eagle's medium supplemented with 10% fetal bovine serum and
antibiotics. Transient transfection was carried out using Lipo-
fectamine LTX reagents (Invitrogen, USA). HA-tagged HPV E6
and FLAG-tagged USP15 expression plasmids were constructed
by cloning of HPV16 E6 DNA and the human USP15 ¢cDNA into
pCMV-HA (BD Science, USA) and pFLAG-CMV-2 (Sigma, USA)
expression vectors, respectively. The E6 DNA of HPV 16 was gener-

ated by PCR using plasmids (pHPV16) obtained from the Japanese
Collection of Research Bioresources Gene Bank (National Institute
of Biomedical Innovation, Osaka, Japan). The primer sequences
for the construction of these expression vectors are summarized
in Table 1.

Yeast two-hybrid assay. The yeast two-hybrid assay was per-
formed by the sequential method using the Proquest two-hybrid
system (Invitrogen) according to the manufacturer's instruc-
tions. Briefly, HPV16 E6 DNA was cloned into the shuttle vector
pDEST32 using the Gateway system (Invitrogen) and the vector
was then transfected into MaV203 yeast cells to establish a yeast
strain harboring the pDEST32-HPV16 E6 bait plasmid. The hu-
man fetal brain cDNA library (Invitrogen) was cloned into vector
pPC86 and then transfected into HPV16 E6-competent yeast cells.
Plasmids from the positive clones were isolated, and the interac-
tion phenotypes were assessed using various plates. Control yeast
strains supplied in the Proquest two-hybrid system were used to
assess the strength of the interactions, which were designated A-E
as follows: A = no interaction; B = weak interaction; C = moderate
interaction; D = strong interaction; and E = very strong interaction.
Control A contained no inserts in the resident plasmids; control B
represented the interaction between human Rb and human E2F1;
control C represented the interaction between drosophila DP and
drosophila E2F; control D represented the interaction between rat
cFos and mouse cJun; and control E contained GAL4 in pCL1 and
empty pPC86 vector. The PCR primer sequences used in the yeast
two-hybrid assay are shown in Table 1.

Site-directed mutagenesis. Site-directed mutagenesis was per-
formed using the Gene Tailor™ site-directed mutagenesis system
(Invitrogen). The primer sequences used in the construction of the
mutant pFLAG-CMV2-USP15 vectors are shown in Table 1. In
total, we constructed 12 USP15 mutants (Table 2), including seven
mutants of the Cys box, three mutants of the His box, and one mu-
tant each of the aspartic acid (Asp) domain and the KRF domain.

Western blot and co-immunoprecipitation. Proteins were
extracted using elution buffer containing 150 mmol/l NaCl,
50 nmol/l Tris (pH 8.0), and Halt™ protease inhibitor cocktail
(EDTA-free; Thermo Fisher Scientific, USA) and homogenizing in
a Sonifier 450 (Branson, Japan). For Western blot, the cell lysates
were resolved by 10% SDS-PAGE and transferred onto nitrocel-
lulose membranes. The membranes were then incubated with
primary antibodies, then with peroxidase-conjugated species-
matched secondary antibodies, and developed using ECL-Plus
(GE Healthcare, USA). Anti-FLAG M2 (Sigma), anti-HA (Roche,
Germany), anti-USP15 (ab97533; Abcam, UK), anti-B-actin
(A5316; Sigma), anti-HPV16 E6 (sc-1583; Santa Cruz Biotech-
nology, USA), and anti-p-tubulin (GTX101279; GeneTex, USA)
antibodies were used. Reciprocal co-immunoprecipitation was
performed in 293T cells transfected with the plasmids contain-
ing pCMV-HA-HPV16 E6 and pFLAG-CMV2-USP15 constructs
using anti-FLAG magnetic beads (Sigma) and anti-HA magnetic
beads (Thermo Scientific, USA). After Western blot, anti-HA
precipitation was developed by anti-USP15 antibody and anti-
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Table 1. Primers used for cloning, mutagenesis and quantification

Target Name Sequence

Primer sequences for the construction of Gate Way cloning

HPV 16 E6 DNA attB1 GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGCACCAAAAGAGAACTGC
attB2 GGGGACCACTTTGTACAAGAAAGCTGGGTACAGCTGGGTTTCTCTACGTGT
Primer sequences for the construction of expression vector
HA-HPV 16 E6 forward GACCGGAATTCTGTTTCAGGACCCACAGGAG
reverse CAGGAAGATCTTTACAGCTGGGTTTCTCTAC
FLAG-USP15 forward TACCCAAGCTTGCGGAAGGCGGAGCGGCGGATC
reverse TCTAGTCTAGATTAGTTAGTGTGCATACAGT
Primer sequences for site directed mutagenesis of USP15 cysteine box
14 Cys > Ser forward ACAATGAACAGCCAGGCCTCTCTGGCCTAAGTAA
reverse GAGGCCTGGCTGTTCATTGTTTCTTCCAGG
24 Cys > Ser forward TAAGTAACTTGGGAAATACGTCTTTCATGAACTC
reverse CGTATTTCCCAAGTTACTTAGGCCACAGAGG
34 Cys > Ser forward TCATGAACTCAGCTATTCAGTCTTTGAGCAACAC
reverse CTGAATAGCTGAGTTCATGAAACACGTATTT
Primer sequences for site directed mutagenesis of USP15 histidine box
1 His  Pro forward ATCTGATTGCTGTTTCCAACCCCTATGGAGGGAT
reverse GTTGGAAACAGCAATCAGATTATAGCGGCA
2% His - Pro forward ATGGAGGGATGGGAGGAGGACCCTATACTGCTTT
reverse TCCTCCTCCCATCCCTCCATAGTGGTTGGA
Primer sequences for site directed mutagenesis of USP15 aspartic acid and KRF domain
Asp > Gly forward TCTCTGGATATCAGCAGCAAGGCTGTCAAGAACT
reverse TTGCTGCTGATATCCAGAGAACTGAGGTGC
KRE - NHL forward GTACTTGTAGTACATCTCAATCAATTGTCTTACAGTCG
reverse TTGAGATGTACTACAAGTACTGGAGGCAGG
Primer sequences for semiquantitative RT-PCR
forward TTTCAGGACCCACAGGAGCG
HPV 16 E6
reverse TTACAGCTGGGTTTCTCTAC
B-actin forward ACAATGAGCTGCGTGTGGCT
reverse TCTCCTTAATGTCACGCACGA
Table 2. List of constructed mutants FLAG precipitation was detected by anti-HPV 16 E6 antibody. The
controls of input were detected with corresponding antibodies,
Mutant number Amino acid change and B-actin was used as a loading control.
Cysteine box mutants Semi-quantitative PCR. We used the guanidinium thiocyanate
Mutant 1 1% Cys > Ser procedure for total RNA extraction by using ISOGEN (Nippon
Mutant 2 27 Cys > Ser Gene, Japan). Extracted RNA was treated with RNase-free DNase
Mutant 3 3 Cys > Ser under the conditions recommended by the suppliers (Boehringer
Mutant 4 1%, 2" Cys > Ser Mannheim, Germany). Complementary DNA was generated
Mutant 5 1%, 314 Cys > Ser from total RNA using 200 U of the MuLV reverse transcriptase
Mutant 6 24,31 Cys > Ser (Invitrogen) with random primers (Invitrogen). We used RT-
Mutant 7 14,2, 3% Cys > Ser PCR for mRNA semi-quantitation. We determined the optimal
Histidine box mutants number of PCR cycles required for the amplification of cDNA
Mutant 8 1* His > Pro products to observe the predicted exponential production of the
Mutant 9 2 His > Pro respective PCR products of HPV16 E6 and B-actin. Amplifica-
Mutant 10 1% 2% His > Pro tion was carried out for 20 to 35 cycles to ensure a linear range.
Aspartic acid domain mutant Finally, the relative level of HPV16 E6 mRNA was calculated by
Mutant 11 Asp > Gly normalization with -actin mRNA as a control, as determined
KRF domain mutant by densitometry.

Mutant 12 KRF > NHL
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Results

Identification of USP15 as a cellular target of HPV16 E6

The precise mechanism of HPV-induced carcinogenesis
has not yet been fully elucidated; therefore, we attempted
to identify the cellular proteins that interact with HPV16

E6 to better understand the function of this important pro-
tein. Yeast two-hybrid screening was performed to isolate
cDNAs encoding cellular proteins that interact with HPV16
E6. We screened the human fetal brain ¢cDNA library and
identified seven cDNAs that encode HPV16 E6-interacting
proteins. Of these, E6- AP was previously known to interact
with HPV E6 (Huibregtse et al., 1991). Another one was
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Fig. 1

Interaction between HPV16 E6 and USP15

(a) Yeast two-hybrid assay of HPV16 E6 and USP15 (*) interaction. Yeast colonies containing USP15 grew on plates with SC-Leu-Trp, SC-Leu-Trp-His +
3AT and SC-Leu-Trp-Ura, but they did not grow on plates with SC-Leu-Trp + 0.2% FOA. These colonies also demonstrated X-Gal activity. The SC-Leu
plate was used as a control. (b) Reciprocal co-immunoprecipitation assay of HPV16 E6 interaction with USP15. 293T cells were transfected with HA-
tagged HPV16 E6 together with FLAG-tagged USP15. Co-immunoprecipitation with anti-HA magnetic beads was detected with anti-FLAG antibody
(panel 1); with anti-FLAG M2 magnetic beads was detected with anti-HA antibody (panel 2); Western blot was analysed with anti-HA antibody (panel 3);
anti-FLAG antibody (panel 4); B-actin (loading control, panel 5). Lane 1 - no trasfection; lane 2 - transfection with only pCMV-HA-HPV 16 E6; lane
3 — with both pPCMV-HA-HPV16 E6 and pFLAG-CMV2-USP15; lane 4 - with only pFLAG-CMV2-USP15.
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Fig. 2

Inhibition of HPV16 E6 degradation by USP15
(a) SiHa or 293T cells were transfected with pFLAG-CMV2-USP15 and ana-
lysed by Western blot or PCR. Western blot of transfected cells was detected
by anti-HPV16 E6 antibody (panel 1); anti-FLAG antibody (panel 2); anti-a
tubulin antibody (loading control, panel 3). PCR was done to detect mRNA
of HPV16 E6 (panel 4) and B-actin (loading control, panel 5). SiHa cells were
transfected with empty vector (lane 1); pPFLAG-CMV2-USP15 (lane 2); 293T
cells (no expression of HPV16) were transfected with pPFLAG-CMV2-USP15
(lane 3). (b) Western blot of USP15 dose-dependent inhibition of HPV16 E6
degradation. The pFLAG-CMV2-USP15 vector was transfected into 293T cells
using different amounts of DNA (from 0.1 to 8.0 pg). Only 0.5 g of transfected
DNA was sufficient for inhibiting the degradation of HPV16 E6. Western blot
was detected with anti-HA antibody (panel 1); anti-FLAG antibody (panel
2) and P-actin antibody (panel 3). Cells 293T were transfected with empty
vectors (lane 1); pCMV-HA-HPV16 E6 alone (lane 2); pCMV-HA-HPV16
E6 and different concentrations of pFLAG-CMV2-USP15 (lanes 3-9).

apart of the cDNA encoding USP15 (amino acids 307-962)
(Fig. 1a) (Baker et al., 1999). USP15 encodes a member of
the UBP family of DUBs. USP enzymes play critical roles in
ubiquitin-dependent processes through polyubiquitin chain

disassembly and the hydrolysis of ubiquitin-substrate bonds.
In this study, because the yeast phenotypes were [SC-Leu-
Trp-His+3AT (+), SC-Leu-Trp+FOA (-), SC-Leu-Trp-Ura
(+)] and the colonies showed X-Gal positivity (blue color),
we assumed that HPV16 E6 interacts with USP15.

HPV16 E6 and USP15 interaction

To test whether HPV16 E6 physically binds to USP15
in mammalian cells, we constructed expression plasmids
containing pCMV-HA-HPV16 E6 and pFLAG-CMV2-
USP15 and transfected them into 293T cells. The reciprocal
co-immunoprecipitation assay using anti-FLAG and anti-HA
magnetic beads was performed firstly by immunoprecipita-
tion of the cell lysates using anti-HA magnetic beads and then
Western blot assay with anti-FLAG M2 antibody. Distinct
specific band with appropriate size of USP15 was visual-
ized (Fig. 1b panel 1, lane 3). In addition, cell lysates were
also immunoprecipitated with anti-FLAG magnetic beads,
and Western blot was performed using anti-HA antibody.
A specific band with the size of HPV 16 E6 protein was
detected (Fig. 1b, panel 2, lane 3). When only HA-HPV 16
E6 or FLAG-CMV2-USP15 vector was transfected into the
293T cells, no band was detected (Fig. 1b, lane 2 in panel 1
and lane 4 in panel 2). These results revealed that HPV16
E6 binds to USP15 in 293T cells (Fig. 1b).

USPI5 inhibits the degradation of HPV16 E6

The pCMV-HA-HPV16 E6 vector was transfected into
293T cells with or without the pFLAG-CMV2-USP15 vec-
tor. It could be seen, that USP15 inhibited the degradation
of HPV16 E6 when compared to the control (Fig. 1b, lane
2 and 3 in panel 3). We confirmed this effect of USP15 to
endogenous HPV16 E6 using SiHa cell line (Fig. 2a). HPV16
is integrated in to the genome of SiHa cells (el Awady et al.,
1987). Also, in these cells degradation of HPV 16 E6 protein
was inhibited by USP15 (Fig. 2a, lane 2 in panel 1). 293T cells
were transfected by FLAG-CMV2-USP15 vector as negative
control (Fig. 2a, lane 3 in panel 1). As a loading control,
a-tubulin was used (Fig. 2a, panel 3). Semi-quantitative PCR
showed that the amount of HPV16 E6 mRNA remained
mostly unchanged regardless of whether the pFLAG-CMV2-
USP15 vector was transfected or not (Fig. 2a, lanes 1 and 2 in
panel 4). Therefore, we speculated that this degradation effect
on HPV16 E6 is post-translationally regulated. As a cDNA
loading control, B-actin was used (Fig. 2a, panel 5).

USPI5 dose-dependently inhibits the degradation
of HPV16 E6

We next investigated whether USP15 dose-dependently
inhibits the degradation of HPV16 E6. Different amounts
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Schematic representation of the USP15 protein
USP15 contains several catalytic domains, including Cys, His, Asp, and KRF boxes. Seven mutants of the Cys box, one mutant each of the Asp and KRF
domains, and three mutants of the His box were constructed in this study (Table 2).

of the pFLAG-CMV2-USP15 vector (from 0.1 to 8.0 ug)
were transfected into cells seeded on 10-cm dishes. Twenty-
four hours after transfection, the 293T cells were sonicated,
separated on the gel and analyzed by Western blot. Even after
transfection with 0.5 g of the pFLAG-CMV2-USP15 vector
the USP15 protein was detectable, and the amount of HPV16
E6 gradually increased in correlation with the amount of the
pFLAG-CMV2-USP15 vector (Fig. 2b). These data show that
USP15 strongly and dose-dependently inhibits the degrada-
tion of HPV'16 E6.

USP15 stabilizes HPV16 E6 through its deubiquitinating
enzymatic activity

USP15 contains several domains that are associated with
enzymatic activity, including the Cys box, His box, Asp box,
and KRF box (Fig. 3). We investigated whether disruption
of these domains affects the stabilization of E6 by USP15.
Several mutants of USP15 were constructed as described in
Fig. 3. The Cys box of USP15 has three cysteines, and we
constructed seven mutants of these portions. Each USP15
mutant of the Cys box had a reduced inhibitive effect on
HPV16 E6 degradation (Fig. 4a); in particular mutant
containing mutations in all three cysteines had drastically
reduced (7.3%) inhibitive effect on HPV16 E6 degradation
as compared to wild-type USP15 (Fig. 4a, lane 10). The His
box of USP15 has two histidines, and we constructed three
His mutants. Among the His mutants, the mutation of the
second histidine and both the first and second histidines
had a reduced inhibitive effect on HPV16 E6 degradation

(Fig. 4b, lanes 5 and 6). We assume that in the His box, the
second histidine was more important for the enzymatic ac-
tivity of USP15. In addition, the Asp-Gly mutant of USP15
had a reduced inhibitive effect on HPV16 E6 degradation
(Fig. 4b, lane 7). Notably, the NHL mutant of the KRF box
showed drastically reduced function of USP15 as a DUB
(Fig. 4b, lane 8). The NHL mutant had a reduced inhibitive
effect (3.8%) on HPV16 E6 degradation as compared to
wild-type USP15. These data demonstrate that catalytically
inactive USP15 has reduced function as a DUB for HPV16
E6, therefore, we confirmed that USP15 stabilizes HPV16 E6
through its deubiquitinating enzymatic activity.

Discussion

High-risk HPVs such as HPV16 and HPV18, initiate the
development of multiple types of cancers in the anogenitalia,
including essentially 100% of cervical cancers (zur Hausen,
2000). The high-risk HPV types encode two oncoproteins,
E6 and E7. A key event of HPV-induced oncogenesis is the
integration of viral DNA into the human genome. Integration
results in the disruption of the viral E2 DNA region, inducing
the over-expression of the viral E6 and E7 oncoproteins and
promoting their oncogenic functions effectively in the infected
human cells (Eichten et al., 2004). The high-risk HPV E6 protein
plays crucial roles in high-risk HPV-induced cancers. HPV E6
is a transcriptional transactivator that binds double-stranded
DNA. HPV E6 proteins are approximately 150 residues long
and they contain two zinc finger motifs composed of four C-
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Analysis of the function of catalytically inactive USP15 mutants to HPV16 E6
Western blot of USP15 mutants 1-7 (a) and 8-12 (b) was analysed by: anti-HA antibody (panel 1); anti-FLAG antibody (panel 2) and anti f-actin an-
tibody (loading control, panel 3). The reduction rate (%) of HPV16 E6 degradation was calculated by using NIH Image. All USP15 mutants (1-12) had
a reduced inhibitive effect on HPV16 E6 degradation. In particular, mutants 7 and 12 showed reduction of up to 7.3% and 3.8% respectively. Cells 293T
were transfected with empty vectors (lane 1); pPCMV-HA-HPV 16 E6 alone (lane 2); pCMV-HA-HPV16 E6 and wild type pFLAG-CMV2-USP15 (lane 3);
1-7 mutants of pFLAG-CMV2-USP15 ((a) lane 4-10); 8-12 mutants of pFLAG-CMV2-USP15 ((b) lane 4-8).

X-X-C motifs that are required for E6 function (Barbosa et al.,
1989; Barbosa and Schlegel, 1989; Cole and Danos, 1987). HPV
E6 not only binds to E6-AP to form a complex that targets the
P53 tumor suppressor protein for proteasome-mediated deg-
radation, but it also impedes p53 acetylation by hindering the
inactivation of p53 and inhibitor of growth protein 4 (ING4)
(Guo et al., 2013). HPV E6 directly interacts with the hTERT
protein to facilitate the post-translational modification of
hTERT, which enhances the activity of h\TERT (Van Doorslaer
and Burk, 2012). It also has transforming activity that inactivates
the human p53 tumor suppressor protein by targeting it for
proteasome degradation. The HPV E6 oncoprotein is involved

in cell cycle deregulation, where p53 is abrogated. Although
the high-risk HPV E6 has important functions in high-risk
HPV-induced cancers, these functions remain poorly under-
stood. Therefore, we attempted to identify the proteins that
interact with HPV16 E6 to understand the specific function
of HPV 16 E6. In this report, we confirmed USP15 as a protein
that interacts with HPV16 E6, because USP15 has already been
reported to associate with HPV16 E6 in a mass spectrometry
analysis in 2009 (Vos et al., 2009). Here, we used the yeast two-
hybrid system to show that the USP15 protein binds to HPV16
E6, resulting in a positive interaction. We also showed for the
first time that USP15 stabilizes the HPV 16 E6 protein through
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deubiquitination, which ultimately leads to the inhibition of
HPV16 E6 degradation. DUBs affect the ubiquitin status of
target proteins. The degradation of proteins is an irreversible
process, so specificity in the ubiquitin system must be strictly
maintained. USPs can remove covalently attached ubiquitin
moieties from target proteins and regulate both the stability
and ubiquitin-signaling state of their substrates. Aberrations in
the ubiquitin-proteasome system have been recently connected
to the pathogenesis of several human protein degradation dis-
orders, including cancer and neurodegenerative diseases. As
such, the proteasome is now considered to be important in the
mechanism of carcinogenesis (Chen and Zhao, 2013; Jarvius et
al., 2013; Yang et al., 2009).

In this study, we showed that USP15 could not induce
HPV16 E6 transcription; therefore, we speculated that HPV16
E6 is regulated post-translationally by USP15. But Vos et al.
(2009) reported that USP15 induced HPV16 E6 transcripts.
Further analysis will be needed at this point. USP15 is a ubiq-
uitously expressed DUB that was first discovered in 1999; it
belongs to the USP family of DUBs (Baker et al., 1999). Since
the discovery of USP15, not much has been revealed about its
function nor the association between USP15 and cancer. Only
a few studies have reported data on the association between
carcinogenesis and USP15. USP15 mediates the stability of
MDM?2 in cancers (Zou et al., 2014), and because USP15
binds to MDM2 and cleaves the ubiquitin chains from MDM2,
USP15 functions as a deubiquitinase of MDM2. USP15
was reported to be overexpressed as a result of USP15 gene
amplification in some glioblastomas (Eichhorn et al., 2012),
and USP15 gene amplification was also present in breast and
ovarian cancers (Eichhorn et al., 2012), indicating that the
oncogenic role of USP15 is associated with the carcinogenesis
of some human cancers (Zou et al., 2014).

In the present study, we confirmed that HPV 16 E6 inter-
acted with USP15 and inhibited the degradation of HPV16
E6. Protein degradation via the ubiquitin system plays
a crucial role in numerous cellular signaling pathways and so
does USP15 as one of the DUBs. USP15 has been identified
as a gene that encodes a protein of 952 amino acids that con-
tains the highly conserved Cys and His boxes present in all
members of the UBP family of DUBs (Baker et al., 1999). We
showed that disruptions of the Cys, His, Asp, and KRF boxes
of USP15 result in reduced inhibition of HPV16 E6 degra-
dation. In particular, Cys box and KRF domain of USP15
were important for the inhibition of HPV16 E6 degradation.
USP15, but not the catalytically inactive USP15 mutants, was
capable of inhibiting the degradation of HPV16 E6.

After HPV 16 infects the human cells, the viral oncoprotein
E6 is expressed in the cells. Subsequently, the HPV16 E6 pro-
tein binds USP15, which is produced by human cells, and the
degradation of HPV16 E6 is inhibited, thus demonstrating the
function of E6 as an oncoprotein. The function of the E6 pro-
tein may be seen in the progression to cervical intraepithelial

neoplasia (CIN) 1 and 2 at the episomal state, and then to CIN3
after the integration of HPV DNA into human chromosomes
(Briolat et al., 2007; Cricca et al., 2007; Evans et al., 2008; Haf-
ner et al., 2008; Hopman et al., 2004; Vinokurova et al., 2008).
USP15 appears to exert its effects on HPV16 E6 by influencing
protein stability. From these data, we hypothesized that USP15
inhibits the degradation of HPV 16 E6 by binding each other
immediately after the infection in human cells. In CIN1 and
2, the HPV DNA is maintained in the undifferentiated basal
cells of the squamous cell layer as extrachromosomal nuclear
plasmids, and HPV16 E6 expression is relatively suppressed.
HPV16 E6 is induced by the suppression of HPV E2 due to dis-
ruption of the HPV DNA that causes integration into human
chromosomes. This induction of HPV E6 by the suppression
of HPV E2 expression is observed in CIN3, as the integration
of HPV DNA into human chromosomes was seen at this stage
(CIN3), and USP15 inhibited the degradation of HPV16 E6
in these lesions. Therefore, USP15 is very important for the
maintenance of HPV16 E6 via the inhibition of HPV16 E6
degradation even in normal cervical squamous cells and in
all the intraepithelial lesions.

We conclude that the inhibition of HPV16 E6 degradation by
USP15is important for its function as an oncoprotein in cervical
carcinogenesis. Our results confirmed a potentially significant
interaction between HPV16 E6 and USP15 as Vos et al. already
reported, because these data suggest that agents that antagonize
USP15 may be therapeutically useful for preventing disease
onset and progression through HPV16 E6 stabilization.
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