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E3 ubiquitin ligases have been implicated in the ubiquitination and proteasome-mediated degradation of several
key regulators of cell cycle. Owing to their pleotropic behavior, E3 ubiquitin ligases are tightly regulated both at
transcriptional and post-translational levels. The E3 ubiquitin ligase TRUSS (tumor necrosis factor receptor-associated
ubiquitous scaffolding and signaling protein) which negatively regulates c-Myc, are found down-regulated in most
human cancer cell lines. However, the mechanism of regulation of intracellular levels of TRUSS remains elusive. Here we
show that TRUSS is expressed majorly during the G1 phase of cell cycle and its level starts to decline with the
expression of S-phase specific E3 ligase Skp2. Enforced expression of Skp2 led to a marked increase in the
ubiquitination of TRUSS after its phosphorylation by GSK3b and followed by rapid proteolytic degradation. Our co-
immunoprecipitation studies suggested a direct interaction between Skp2 and TRUSS through the LRR motif of Skp2.
Interestingly, the human tumor samples that exhibited elevated expression of Skp2, showed relatively poor expression
of TRUSS. Further, enforced expression of HBx, the oncoprotein of Hepatitis B virus which is known to stabilize c-Myc
and enhance its oncogenic potential, led to the intracellular accumulation of TRUSS as well as c-Myc. Apparently, HBx
also interacted with TRUSS which negatively impacted the TRUSS-c-Myc and TRUSS-Skp2 interactions leading to
stabilization of TRUSS. Thus, the present study suggests that TRUSS is a novel substrate of E3 ligase Skp2 and that
disruption of TRUSS-Skp2 interaction by viral oncoproteins could lead to pathophysiological sequelae.

Introduction

The ubiquitin-proteasome system (UPS) serves as a pivotal
regulator of cellular homeostasis via destruction of regulatory
proteins within the cell. It is essential for the regulation of cell
cycle, transcription, DNA damage repair and even apoptosis.1 It
consists of 3 different enzymes E1 (Ubiquitin activating enzyme),
E2 (Ubiquitin-conjugation enzyme) and E3 (ubiquitin ligase)
working in a chain to transfer the ubiquitin moiety to the target
proteins followed by their degradation by 26S proteasome.2

Cullin-based E3 ubiquitin ligases are the largest class of UPS
with a central role in cell cycle progression and includes Skp1-
cullin1-F box protein (SCF), Elongin B/C-cullin 2-VHL protein
and Cullin 4-based E3 ligase.3 SCF is the most studied class
of E3 ligases having multiple F-box proteins as a substrate

recognition component including Skp2, Fbw7 and bTrCP. Both
Skp2 and Fbw7 functions as a positive regulator of cell cycle pro-
gression by regulating the intracellular levels of c-Myc, cyclin
D1, cyclin A, cyclin E, p57, BRCA2, ORC1, E2F, c-Jun, and
Notch. Therefore, it is not surprising to note that the Skp2 and
Fbw7 levels are found deregulated in many cancers.4,5 Cullin4,
which is conserved from yeast to human uses damaged DNA
binding protein 1 (DDB1) as a linker to interact with substrate
recognition subunit called DDB1 and cullin1-associated factors
(DCAFs), and regulates a wide array of cellular process including
cell proliferation, cell survival, DNA repair and genomic integ-
rity.6 More than 2 dozen proteins are reported to be degraded by
CRL4s E3 ubiquitin ligases including xeroderma pigmentosum
group C proteins (XPC) and damaged DNA binding protein 2
(DDB2) that are involved in DNA damage repair, and histone
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H2A, H3 and H4 that are essential for chromatin assembly.
Recent studies on CRL4s have suggested over 50 different sub-
strate recognition components or DCAFs.7-11 Tumor necrosis
factor receptor-associated ubiquitous scaffolding and signaling
protein is one of the DCAFs known to regulate c-Myc are well
known to be overexpressed in several hematological and solid
tumors. Though, deregulated expression of TRUSS has been
observed in many cancers,12 very little is known about its other
cellular targets and functions. Alterations, such as mutations in
the myc gene, its overexpression, translocation, gene amplification
or even enhanced protein stability contribute to Myc-induced
oncogenesis.13,14

CRLs are targeted by several viruses, which exploit the ubiqui-
tination pathway in order to evade the innate cellular antiviral
response and help viral propagation. Viruses belonging to para-
myxovirus family such as simian virus 5, human parainfluenza
virus type 2 and mumps virus use DDB1-Cul4 to degrade signal
transducer and activator of transcription protein which otherwise
would mount an antiviral interferon response.15-17 The HBx pro-
tein of Hepatitis B virus (HBV) is also known to bind DDB1
possibly to facilitate viral replication by extending the S phase of
cell cycle.18,19 Further, HBx is shown to stabilize c-Myc by dis-
rupting the SCFSkp2 complex and interfering with its
ubiquitination.20

Although both TRUSS and Skp2 regulate the intracellular
levels of c-Myc, it is not clear if both regulators work in synergy
or act sequentially during different phases of the cell cycle. Thus,
the selective disruption of SCFSkp2 complex by HBx in order to
regulate Myc functions, prompted us to study the cellular regula-
tion of TRUSS activity under the HBx microenvironment. In
the present study, we show that intracellular TRUSS levels are
negatively regulated by Skp2 and that TRUSS levels are stabilized
in the presence of viral HBx or upon down-regulation of Skp2.

Results

Skp2 interacts with TRUSS
TRUSS has been identified as a Myc regulator whose levels are

downregulated in cancerous cells.12 Considering the importance
of c-Myc in cell cycle regulation, we analyzed the expression of
TRUSS in the synchronized population of human hepatoma
Huh-7 cells (Fig. S1A). We observed that TRUSS protein is
expressed during first 6 h of release and then declined as cells
progressed to S phase coinciding with the appearance of S phase
kinase protein 2 (Skp2) albeit its mRNA levels remains
unchanged during the same period (Fig. S1B, C). These results
suggested 2 things: (a) TRUSS protein level gets down-regulated
at the onset of S phase independent of its gene expression, and
(b) TRUSS could be a substrate of Skp2. To investigate the regu-
lation of TRUSS by Skp2, we first investigated the interaction
between 2 proteins. Our co-immunoprecipitation studies sug-
gested that TRUSS bound to Skp2 in a cellular milieu as HA-
tagged recombinant TRUSS could pull down Skp2 (Fig. 1A).
The TRUSS-Skp2 interaction was, however, disrupted in the
presence of DLRR-Skp2 but not DF-Skp2 suggesting the

involvement of LRR motif in substrate binding (Fig. 1B).The
specificity of this interaction was further evident from the abro-
gation of Skp2 binding to endogenous TRUSS in the presence of
TRUSS-specific shRNA (Fig. 1C; Fig. S2). Further our muta-
tional studies with TRUSS deletion mutants suggested that the
entire length of TRUSS except for its N terminal 72 amino acids,
was required for Skp2 binding (Fig. 1D). Together these results
substantiated that Skp2 specifically interacts with TRUSS in a
cellular milieu.

Skp2 mediates degradation of TRUSS by promoting
its polyubiquitination

The levels of E3 ubiquitin ligases are considered to be proteo-
lytically regulated by each other during the cell cycle.21 Since the
TRUSS level declined as cells moved from the G1 to S phase, we
studied the regulation of TRUSS in the presence of Skp2, a key
E3 ubiquitin ligase involved in the S phase progression. The
intracellular level of TRUSS was measured after co-expressing
either Skp2 or its deletion mutants DC-Skp2 and DF-Skp2
(shown in Fig. 1D). Enforced expression of Skp2 led to a dra-
matic decline in the levels of TRUSS protein. Interestingly, the
TRUSS level was restored in the presence of dominant negative
mutant DF-Skp2 but not by DC-Skp2 suggesting the involve-
ment of F box region of Skp2 in TRUSS degradation (Fig. 2A).
Further, increased expression of Skp2 was associated with a pro-
gressive decline in the TRUSS levels (Fig. 2B). As expected, the
endogenous TRUSS was also destabilized following Skp2 overex-
pression but was stabilized in the presence of DF-Skp2 (Fig. 2C).
Interestingly, no significant change in the TRUSS mRNA level
was observed under these conditions (Fig. S3) suggesting a post-
transcriptional regulation of TRUSS protein. This conjecture
was confirmed by enforced expression of CDH1 which is a
known regulator of Skp2.21 There was a marked increase in the
stability of TRUSS in the presence of CDH1 probably due to
the degradation of Skp2 (Fig. S4). As TRUSS appeared to be a
substrate of Skp2, we next checked the half-life of TRUSS in the
presence of Skp2. Cells transfected with TRUSS and/or Skp2
expression vectors were subjected to cycloheximide (CHX) treat-
ment to inhibit de novo protein biosynthesis. As shown in Fig-
ure 2D, enforced expression of Skp2 resulted in a considerable
decrease in the steady-state levels of TRUSS protein in the pres-
ence of CHX due to its destabilization by Skp2. Further, meta-
bolic labeling of cells in presence of 35S labeled amino acids
followed by pulse chase and densitometric analyses of autoradio-
graphs suggested a considerable decrease in the steady state levels
of TRUSS in the presence of Skp2 (Fig. 2E). While the TRUSS-
transfected cells showed only a marginal (~25%) decline in
TRUSS level in first 2h, and nearly 50% decrease by 4h. In con-
trast, cells co-expressing TRUSS and Skp2 showed a rapid
decline (~60% decrease within first 2h) in TRUSS level. To inves-
tigate the role of ubiquitin-proteasome system (UPS) in this pro-
cess, TRUSS protein was immunoprecipitated in the presence of
MG132 (a proteasome inhibitor). As shown in Figure 2F, there
was a marked increase in the polyubiquitination of TRUSS in
the presence of Skp2 (lane 3). As expected, the DF-Skp2 mutant
that did not destabilize TRUSS also did not promote the
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Figure 1. Interaction of TRUSS with Skp2. Huh-7 cells were transfected with the expression vectors for HA-TRUSS and WT-Skp2 (2.5 mg each) (A) or HA
TRUSS (1mg) along with WT-Skp2 and DF-Skp2, DNF-Skp2, DLRR-Skp2, DC-Skp2 and LRR-Skp2 (2 mg each) (B), or with 2.5 mg of shRNA TRUSS (C) or with
2.5 mg each of different deletion mutants of TRUSS (D). The cell lysates were immunoprecipitated with indicated antibodies followed by immuno-blot-
ting for Skp2, FLAG, TRUSS and GAPDH.
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Figure 2. Regulation of TRUSS expression by Skp2. Huh-7 cells were transfected with expression vectors of HA-TRUSS (1 mg) along with 1.5 mg each of WT–Skp2,
Flag-DF-Skp2 or DC Skp2 (A) or with increasing concentrations in combination with (0.5, 1 and 2 mg) of either Skp2 and Flag DF-Skp2 (1 mg) (B) or with WT–Skp2
and Flag-DF-Skp2 (C). Cell lysates were western-blotted for recombinant TRUSS, Skp2, c-Myc. Huh-7 cells were transiently transfected either with 2.5 mgWT-TRUSS
alone or alongwithWT-Skp2 (D). After 48 h, cells were incubatedwith cycloheximide for indicated time points and the cell lysates werewestern-blotted for TRUSS,
Skp2 andGAPDH. Huh-7 cellsweremetabolically labeledwith [35S]methionine/cysteinemix, pulse chased for indicated timeperiods flowedby the immunoprecip-
itation of cell lysates with anti-HA antibody resolved by SDS/PAGE and auto-radiographed (E). The total cell lysates were also western blotting for TRUSS and Skp2.
GAPDH was used as internal control. (F) For ubiquitination assay, HEK293 cells were transfected with wild-type HA-TRUSS (1 mg), along with 2 mg each of His-Ub,
WT-Skp2 andDF-Skp2 as indicated. The ubiquitinated proteins were pulled down under denaturing conditions using Ni-NTA agarose beads andwere analyzed via
protein gel blotting. The asterisk indicates a band thatmay correspond to TRUSS nonspecifically bound to the Ni-NTA beads.
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polyubiquitination of TRUSS (lane 4). Together, these results
suggested that TRUSS is a substrate of Skp2 and that its intracel-
lular levels are regulated via polyubiquitination.

Downregulation of Skp2 stabilizes TRUSS by inhibiting
its ubiquitination

To further confirm the role of Skp2 in the regulation of intra-
cellular TRUSS levels, we downregulated endogenous Skp2 using
specific small interfering RNAs (siRNA) (Fig. 3A). Knocking
down of Skp2 expression resulted in the stabilization of TRUSS
protein (Fig. 3B) an overall increase (P < 0.001) in the steady-
state level of TRUSS in the presence of CHX (Fig. 3C). Also,

there was a marked decline in the polyubiquitination of TRUSS
in the presence of Skp2 siRNA (Fig. 3D, compare lane 3 to 4).
Together these results suggested that Skp2 is a regulator of polyu-
biquitination and degradation of TRUSS.

Elevated expression of Skp2 correlates with low expression
of TRUSS in human tumors

As we observed that overexpression of Skp2 down-regulated
TRUSS levels and an earlier report suggested low levels of
TRUSS in a number of human cancer cell lines,12 we next inves-
tigated the pattern of TRUSS and Skp2 protein expression in dif-
ferent tumor tissues. Serial sections of different human tumors

Figure 3. Skp2 depletion promotes TRUSS accumulation. Huh-7 cells were transfected with different concentrations of Skp2 siRNA (A) (B). Cell lysates
were western-blotted for TRUSS, Skp2, and GAPDH. Huh-7 cells were transiently transfected with Skp2 siRNA (C). After 48 h, cells were incubated with
cycloheximide for indicated time points and the cell lysates were western-blotted for TRUSS, Skp2 and GAPDH. Data are shown as mean § SD of 3 inde-
pendent observations (P < 0.001). For ubiquitination assay, HEK293 cells were transfected with wild-type HA TRUSS (1 mg), in combination with 2 mg of
His-Ub, WT-Skp2 (1 mg) and Skp2 siRNA {20nM (lane 3) and 50 nM (lane 4)} (D). The ubiquitinated proteins were pulled down under denaturing condi-
tions using Ni-NTA agarose beads and were analyzed via western blotting. The asterisk indicates a band that may correspond to TRUSS nonspecifically
bound to the Ni-NTA beads.
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(one each of HCC, pancreatic adenocarcinoma, colonic adeno-
carcinoma and breast invasive ductal carcinoma) and their adja-
cent non-cancerous tissues (ANCT) prepared from the paraffin
blocks, were analyzed by immunohistochemistry (IHC) using
specific antibodies. Our IHC results revealed that Skp2 was
expressed at high levels in all the tumor samples analyzed while a
diffused expression of TRUSS was observed in these tumor sam-
ples (Fig. 4). In contrast, the ANCT samples, with the exception
of pancreatic tissue, showed relatively low expression of both
TRUSS and Skp2 (Fig. S5). Together these results suggested
that poor expression of TRUSS in tumor tissues is possibly due
to its in vivo regulation by elevated levels of Skp2.

Phosphorylation of TRUSS by GSK3b is essential for its
recognition by Skp2

The intracellular levels and activity of many regulatory proteins
are determined by their site-specific phosphorylation by specific
protein kinases.22 To find whether phosphorylation of TRUSS was
required for its Skp2-mediated degradation and to identify the
kinase(s) involved in the process, we performed a bioinformatical
analysis of the primary sequence of TRUSS. Our analysis predicted

at least 9 putative phosphorylation sites for GSK3b within TRUSS
sequence (Fig. 5A). To establish the involvement of GSK3b in
TRUSS phosphorylation, we treated the Skp2-expressing cells with
increasing concentrations (5, 10 and 20mM) of GSK3b inhibitor
and measured TRUSS levels. Our immunoblot analysis showed a
marked increase in TRUSS stability in the presence of GSK3b
inhibitor despite Skp2 overexpression (Fig. 5B). Moreover, our
pulse-chase analysis revealed that the GSK3b inhibitor delayed the
turn-over of TRUSS (Fig. 5C). We next investigated the possible
role of phosphorylation in the ubiquitination of TRUSS.Our ubiq-
uitination assay revealed that cells treated with different doses (5, 10
and 20mM) of GSK3b inhibitor showed a progressive inhibition in
the ubiquitination of TRUSS (Fig. 5D). Together these data sug-
gested that GSK3b-mediated phosphorylation of TRUSS is essen-
tial for its Skp2-dependent ubiquitination and proteasomal
degradation.

Viral oncoprotein HBx interacts with TRUSS and enhances
its intracellular stability

Accumulation of Myc protein has been implicated in the
development of hepatocellular carcinoma,14 while TRUSS levels

Figure 4. TRUSS and Skp2 protein expression in different human tumor tissues. Serial tissue sections of HCC, pancreas, colon and breast tumor tissues
were analyzed for the expression of TRUSS and Skp2 using specific antibodies. Incubation of samples with IgG was used as negative control. The hema-
toxylin and eosin (H-E)-stained sections of different tumor tissues are also shown. All images, original magnification, £ 100.
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are generally downregulated in
most human cancer cell lines.12

Therefore, we measured the levels
of TRUSS in hepatoma cells fol-
lowing enforced expression of
HBx. There was a marked
increase in the level of recombi-
nant HA-TRUSS protein as well
as c-Myc in the presence of HBx
(Fig. 6A). Further, the levels of
endogenous TRUSS also
increased, albeit marginally, in
the presence of HBx (Fig. 6B).
These findings could be corrobo-
rated in HepG2.2.15 cells that
carry chromosomally integrated
sequences of the HBV genome
and express the HBx gene.
HepG2.2.15 cells showed the
accumulation of native TRUSS as
compared to HepG2 cells
(Fig. 6C). As TRUSS protein got
stabilized in the presence of HBx,
we next examined the possible
interaction between TRUSS and
HBx. Our Co-immunoprecipita-
tion studies suggested an interac-
tion between HBx and TRUSS in
a cellular milieu (Fig. 6D). Fur-
ther, confocal microscopy
revealed the co-localization of
HBx and TRUSS in the perinuclear region of cells (Fig. S6). To
fine map the HBx interacting domain of TRUSS, we used the
deletion mutants of TRUSS described in the previous section. As
shown in Figure 6E, the N-terminal (1–72) and (148–383)
domains of TRUSS were essential for its interaction as deletions
of both N-terminal (1–72) amino acids (lane 2), and C-terminal
(148–797) amino acids (lane 3) compromised its binding with
HBx but remained intact in presence of N-terminal (1–383)
amino acids (lane 4). Notably, the Skp2-TRUSS interaction also
seemed to be compromised in the presence of HBx (Fig. 6F,
compare lane 1 and 2) as well as in overexpressed Skp2 condi-
tions (Fig. 6F, compare lane 3 and 4) and thus, be a reason for
TRUSS stabilization. Further, the interaction between HBx and
TRUSS led to a dramatic reduction in the ubiquitination of
TRUSS (Fig. 6G, compare lanes 2 and 3) and enhancing its sta-
bility and accumulation. Apparently, HBx stabilizes TRUSS by
compromising the Skp2-TRUSS interaction and preventing its
ubiquitination.

HBx disrupts Skp2-c-Myc and TRUSS-c-Myc interactions
leading to c-Myc accumulation

Earlier we have shown that HBx can disrupt the SCFSkp2 com-
plex leading to the accumulation of its target protein c-Myc.20

Although, TRUSS has a role in Myc degradation,12 it was sur-
prising to note that Myc level did not decrease and rather

increased, despite elevated levels of TRUSS under the HBx
microenvironment (Fig. 6A). Therefore, we examined the status
of TRUSS/Myc and Skp2/Myc interactions in the presence of
HBx. We found that the interaction of Skp2 with c-Myc was
abrogated in the presence of HBx (Fig. 7A). Further, the interac-
tion between TRUSS and c-Myc was also compromised in pres-
ence of HBx, just as Skp2-c-Myc interaction (Fig. 7B).
Together, these results suggested a competitive binding of HBx
with Skp2 and TRUSS leading to interference with the functions
of CRL4TRUSS complex.

Discussion

Regulated protein degradation is essential for maintaining
homeostasis in the cell. The E3 ubiquitin ligases reportedly play
a central role in this process as their deregulation often results in
diseased states including cancers.23 Skp2, which is recognized as
the key regulator of c-Myc in the cell,24 also functions as a cell
cycle regulator by controlling the levels of cyclin-dependent
kinase inhibitors such as p27, p130, p57 and p21,25-28 and repli-
cation control protein such as hORC1 and Cdt1,29-30 Cyclin E31

and E2F132 has been reported differently expressed in several
cancers. More recently, Skp2 has been shown to exhibit homeo-
static regulation of tumor suppressor DAB2IP and suppression

Figure 5. GSK3b facilitates TRUSS degradation. Huh-7 cells were transfected with expression vectors of WT-
Skp2 with increasing concentrations of GSK3b inhibitor viii (5 mM, 10 mM and 20 mM) (B). Cell lysates were
western-blotted for TRUSS and GAPDH. Huh-7 cells were transiently transfected either with 2.5 mg WT-Sp2
alone or along with GSK3b inhibitor viii (20 mM) (C). After 48 h, cells were incubated with cycloheximide for
indicated time points and the cell lysates were western-blotted for TRUSS, and GAPDH. Cells were transfected
with wild-type HA TRUSS (1 mg), in combination with 2 mg His-Ub, WT-Skp2 (1 mg) and increasing doses of
GSK3b inhibitor viii (5 mM, 10 mM and 20 mM) (D). The cell lysates were harvested after MG132 treatment
and immunoprecipitated with anti-HA antibody followed by immunoblotting for His.

2694 Volume 14 Issue 16Cell Cycle



Figure 6. Stabilizationof TRUSS in thepresenceof viralHBx.Huh-7cellswereco-transfectedwith theHBxexpressionvectorX0andHA-TRUSS (1.5 mgeach) (A) or X0
alone (B) andthecell lysateswereproteingelblotted forTRUSS, c-MycandHBx. (C)Cell lysatesofun-transfectedHepG2andHepG2.2.15cellswerewestern-blotted for
endogenousTRUSS.Huh-7cellswere transfectedwithX0 (2.5 mg)alongwith2.5 mgeachofeitherwild-typeHA-TRUSS (D) or TRUSSdeletionmutants (E), and thecell
lysateswereimmunoprecipitatedwithantiHAantibodyfollowedbyimmuno-blottingforHBxorrecombinantTRUSS.Huh-7cellsweretransfectedwithexpressionvec-
torsHA-TRUSS (1 mg)alongwiththeexpressionvectorsofHBx (2 mg) (set I)or2 mgeachofHBxandSkp2(Set II) (F), thecell lysateswere immunoprecipitatedwithanti
HA antibody followedby immuno-blotting for HBx. (G) For ubiquitination assay, cells were transfectedwithHA-TRUSS in combinationwith Ub and or X0 and the cell
lysateswereharvestedafterMG132 treatmentand immunoprecipitatedwithanti-HAantibody for the recombinantTRUSS followedby immuno-blottingwithanti-His
antibody.
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of JARID1B demethylase activity
in prostate carcimona.33,34 Like-
wise cullin1 based E3 ubiquitin
ligases, cullin4-based E3 ubiquitin
ligases also play an important role
in cell proliferation, DNA damage
repair7 and ubiquitylation of his-
tone10 via different DCAFs like
Cul4-DDB1-Det1-Cop1 regulate
intracellular c-jun level.35

The present study showed that
TRUSS expression peaked during
the G1 phase of cell cycle and as
the cells progress from G1 to S
phase TRUSS level gets down-reg-
ulated coinciding with Skp2
expression. TRUSS is a regulator
of c-Myc but very little is known
about other biological functions of
TRUSS and its regulation. Here
we have shown that Skp2 post-
translationally degraded TRUSS
protein without affecting its
mRNA level. The regulation of
TRUSS by Skp2 involved a direct
interaction between 2 proteins and
required the LRR motif of Skp2 and nearly full length TRUSS
except the N-terminal 1–72 amino acids (Fig. 1A-D). The speci-
ficity of TRUSS regulation by Skp2 was evident from the restora-
tion of its level in the presence of dominant negative Skp2
(Fig. 2A-C). Further, a sharp decrease in the half-life of TRUSS
in the CHX treated cells and TRUSS labeled with 35S under
Skp2 microenvironment corroborated with our findings that
Skp2 indeed was a regulator of TRUSS (Fig. 2D, E). Further,
enhanced polyubiquitination and degradation of TRUSS follow-
ing Skp2 overexpression (Fig. 2F) and accumulation of TRUSS
protein or increase in its half-life in a Skp2-depleted environment
confirmed the regulatory role of Skp2 in maintaining intracellu-
lar TRUSS levels (Fig. 3). We also present compelling evidence
supporting that Skp2-mediated TRUSS degradation is facilitated
by GSK3b. We found that inhibition in GSK3b activity inhib-
ited the polyubiquitination of TRUSS and confirmed that phos-
phorylation of TRUSS by GSK3b was necessary for its
degradation (Fig. 5).

The regulation of TRUSS levels by Skp2 observed in cell cul-
ture experiments were adequately substantiated by our in vivo
studies. Immunohistochemical analysis of 4 different human can-
cer samples (liver, pancreas, colon and breast) showed enhanced
expression of Skp2 (Fig. 4) as compared to adjacent non-cancer-
ous tissues (ANCT) (Fig. S5). Interestingly, serial sections of the
same tumors showed poor expression of TRUSS (Fig. 4) indicat-
ing its possible regulation by Skp2 in vivo.

Viral oncoproteins are known to target the ubiquitin-protea-
somal pathways to support their replication and propagation.7

Viruses not only regulate the host-encoded E3 ligases but also
encode their own Ub ligases in order to exploit the cellular

homeostasis.36-40 The viral HBx oncoprotein which is implicated
in hepatocellular carcinoma (HCC),41 is also known to regulate
the proteasomal functions.42 HBx can destabilize the SCFSkp2

complex resulting in increased intracellular stability of c-Myc,20

and its improved co-operation with c-Myc in ribosomal biogene-
sis and cell transformation.43 Since TRUSS is a regulator of Myc
protein, analysis of TRUSS levels indicated its accumulation in
HepG2.2.15 cells that constitutively express the HBx oncopro-
tein (Fig. 6C). Akin to this observation, a high TRUSS level was
also seen in the HBx-transfected hepatoma cells (Fig. 6A, B).
Interestingly, HBx reduces the polyubiquitination of TRUSS
which leads to the stabilization of TRUSS (Fig. 6G). The stabili-
zation of TRUSS also involved a direct interaction between
TRUSS and HBx (Fig. 6D) and involved the N-terminal 1–72
amino acids of TRUSS (Fig. 6E). Thus, it is quite possible that
HBx binding to TRUSS could mask the domain required for
Skp2 interaction. While the interaction of Skp2 with TRUSS
results was followed by ubiquitination and proteasomal degrada-
tion TRUSS, HBx seemed to interfere with TRUSS degradation
by disrupting the TRUSS-Skp2 interaction (Fig. 6F).

Since Myc is a target of TRUSS, the elevated TRUSS level
under HBx microenvironment is expected to destabilize c-Myc.
To our surprise, we noted that Myc levels also remained higher
under these conditions (Fig. 6A, B). The elevated Myc levels pos-
sibly be due to a compromise in the interaction between Skp2/c-
Myc and TRUSS/c-Myc and destabilization of the CRL4TRUSS

complex in the presence of HBx (Fig. 7). The mechanism by
which HBx can override the Skp2 functions has been reported
earlier.20 Herein, we established the mechanism of HBx-medi-
ated destabilization of CRL4TRUSS complex. Our domain

Figure 7. Destabilization of the CRL4TRUSS complex and accumulation of c-Myc in the presence of HBx. Huh-
7 cells were transfected with WT-Skp2 (1 mg) alone or along with the expression vectors of HBx (2 mg) (A)
or HA-TRUSS alone or along with expression vector of HBx (B). The cell lysates were immunoprecipitated
with anti-Skp2 (A) or anti-HA antibodies (B) followed by their immunoblotting with indicated antibodies.
GAPDH was used as internal control in all experiments.
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mapping studies suggested that amino acid regions 1–72 of
TRUSS are crucial for its interaction with HBx (Fig. 6E). Note
that the same N-terminal 1–72 amino acids of TRUSS are criti-
cal for recruiting DDB1-Cul4 complex and mediating Myc deg-
radation.12 Thus, the HBx binding with TRUSS is likely to mask
and prevent DDB1-Cul4 interaction. As a result the CRL4TRUSS

complex gets destabilized resulting in the accumulation of c-Myc
levels.

Thus, the present study suggests that Skp2 is a major regulator
of TRUSS activity during the G1/S transition. The degradation
of TRUSS during G1/S transition may be a mechanism to stabi-
lize certain positive regulators of cell cycle. Thus, TRUSS turn-
over by Skp2 could be an inbuilt mechanism in the regulation of
cell cycle. Further, it involves a direct interaction between Skp2
and TRUSS followed by ubiquitination and degradation of
TRUSS. The viral HBx seems to destabilize both SCFSkp2 and

CRL4TRUSS complexes to get con-
trol over their targets including c-
Myc (Fig. 8). A deregulated c-
Myc level might be leading to cell
transformation and creating a
ground for other players to trigger
hepatocarcinogenesis.

Materials and Methods

DNA recombinants
The expression vector for wild-

type HBx (X0) has been described
previously.44 The HA-tagged wild
type and mutant TRUSS expres-
sion vectors were kindly provided
by Michael D Cole.12 Details of
expression vectors for full length
Skp2 with N-terminal Myc tag
(pcDNA3 MT-Skp2), F box
deleted Skp2 with FLAG tag
(pcDNA-FLAG/DF Skp2), full
length Ubiquitin with His tag
(His-Ub) and C-terminal trun-
cated mutant of Skp2 (DC-Skp2)
can be found elsewhere.20 Expres-
sion vector details for FLAG-
Skp2, FLAG-Skp2-DF, FLAG-
Skp2-DLRR, FLAG-Skp2-LRR,
FLAG-Skp2-DNF and HA-
DDB1 are available upon request.
Expression vectors for wild-type
CDH1 (HA-CDH1) and myc tag
ubiquitin (pUI-myc-Ub) were
kind gifts from Vishwa M. Dixit
and Michael M. Lai.45,46

Antibodies and chemical
inhibitors

Antibodies for c-Myc, Skp2,
Ubiquitin, CDH1, CDC6,
DDB1, HA-tag, HIS-Tag, and
GAPDH were purchased from
Santa Cruz Biotechnologies (Cali-
fornia, USA). TRUSS antibody
was purchased from Abcam
(Cambridge, USA) and

Figure 8. Schematic representation of the regulatory network of E3 ubiquitin ligases TRUSS and Skp2. (A)
Regulation of c-Myc and TRUSS by Skp2 and c-Myc by TRUSS. (B) Stabilization of TRUSS and c-Myc in the
presence of HBx oncoprotein of hepatitis B virus.
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Proteintech (USA). Development of a monoclonal antibody
against HBx has been described earlier.47 Protein-A, protein-G
sepharose and protease inhibitor cocktail were procured from
Amersham Biosciences, UK. The proteasome inhibitor MG132
(carbobenzoxy-L-leucycl-L-leucy-L-leucinal; 20 mM) was pur-
chased from Calbiochem (Germany). Cycloheximide (30 mg/
ml) was purchased from Sigma-Aldrich. The GSK3b inhibitor
viii (AR-A014418; N-(4-Methoxybenzyl)-N0-(5-nitro-1,3-thia-
zol-2-yl)urea) was purchased from Santa Cruz Biotechnologies
(California, USA).

Cell culture, DNA and siRNA transfections
The human hepatoma Huh-7 cells, Human embryonic kin-

dey HEK293, hepatoblastoma HepG2 and HepG2.2.15 cells
were maintained in Dulbecco’s modified Eagle’s medium (Life
Technologies, USA) supplemented with 10% fetal bovine serum
at 37�C in a humidified atmosphere with 5% CO2. Cells in
60 mm (0.6 £ 106 cells) or 100 mm (2 £ 106 cells) culture
dishes were transfected respectively with a total of 2.5 and
5.0 mg of individual or combination of plasmids using Lipofect-
amine (Life Technologies, USA) according to the manufacturer’s
instructions. For expression/interaction studies, cells were har-
vested 48 h post-transfection while for pulse–chase experiments,
cells were harvested at the indicated time intervals 30 h post-
transfection. For Skp2 knock-down studies Skp2 siRNA
(Silencer select Skp2 siRNA) and negative control siRNA
(Silencer select Negative control siRNA) were transfected in
Huh-7 cells using Lipofectamine RNAiMAX according to the
manufacturer’s protocol. Cells were then harvested after 48 hours
and used for further experiments. Sense and Antisense Skp2
siRNA oligos sequences are available upon request.

RNA isolation and its quantitation
Total RNA was isolated from cells using TRIzol reagent as per

the supplier’s instructions (Life Technologies, USA). Reverse
transcriptase PCR (RT-PCR) was performed with M-MuLV
reverse transcriptase (Fermentas, Thermo Fisher Scientific, USA)
according to the manufacturer’s guidelines. The real-time quanti-
tative PCR (RT-qPCR) was done using specific primers for
TRUSS, forward (TRUSS-F) 50-AGCAGCAGCTCGC-
TAATTTC-30 and reverse (TRUSS-R) 50-AAAGCCAG-
GAATGCTGAGAA-30 and GAPDH, forward (GAPDH-F) 50-
CGACCACTTTGTCAAGCTCA-30 and reverse (GAPDH-R)
50- AGGGGTCTACATGGCAACTG-30 as described
previously.48

Cell synchronization and flow cytometry
Huh-7 cells were synchronized by serum starvation for 72 h

and stimulated by replacing complete medium containing 10%
fetal bovine serum. The cell-cycle kinetics was done by growing
cells in the absence or presence of serum using a FACS Calibur
flow cytometer (Becton Dickinson, USA) after staining with pro-
pidium iodide. Cell-cycle analysis was performed using FlowJo
software (Tree Star, Ashland, USA).

Immuno-precipitation and immuno-blotting
Cell lysates were prepared in buffer A [50 mM Tris/HCl (pH

7.6), 120 mM NaCl and 0.5% (v/v) Nonidet P40]. Protein esti-
mation was carried out in the cleared cell lysates using Bradford’s
reagent. Equal amount of the extracts were incubated with differ-
ent primary antibodies (1 mg) for overnight at 4�C. Protein A–
Sepharose beads (Amersham Biosciences, UK) were added to
each sample (10%, v/v) and incubated further for 3 h at 4�C.
After five washes with buffer A, samples were recovered in 30 ml
of 3x SDS gel-loading buffer, resolved by SDS/PAGE (10% gel)
and electro-transferred on to a nitrocellulose membrane. Protein
bands were visualized by enhanced chemiluminescence detection
system (Cell Signaling Technology, USA). For immuno-blotting
(IB), equal amounts of protein samples were electrophoretically
separated, transferred onto nitrocellulose membrane, and visual-
ized as above. To determine the half-life of TRUSS, Huh-7 cells
were transfected with TRUSS expression vector and treated with
30 mg/ml cycloheximide for indicated time points and the cell
lysates were immunoblotted with anti-HA antibody.

Pulse-chase analysis
To determine the half-life of TRUSS, Huh-7 cells were trans-

fected with TRUSS expression vector with or without Skp2 or
transfected with Skp2 siRNA for 48 h and treated with 30 mg/
ml cycloheximide for indicated time points and the cell lysates
were immunoblotted with anti-HA and anti-TRUSS antibody.
Further to find the turn-over of TRUSS protein, Huh-7 cells
transfected with TRUSS expression construct for 30h, and meta-
bolically labeled in the presence of 110 mCi of [35S] cysteine/
methionine mix (NEN Life Science Product) for 2h, followed by
incubation with an excess of unlabeled methionine and cysteine
for different time periods. After washing with ice-cold PBS, cell
lysates were prepared in buffer A, immunoprecipitated using anti
HA (TRUSS) antibody, resolved by SDS PAGE (8% gel) and
autoradiographed.

Immunofluorescence staining
For immunofluorescence staining, cells were seeded on cover-

slips in 12-well culture plates, transfected as described above for
36 h then starved for 72 hours and harvested at indicated time
points. After a PBS wash, cells were fixed with 4% paraformalde-
hyde for 15 min and permeabilized with 0.5% Tween-20 for
20 min at room temperature. After rehydration in PBS for
30 min, cells were incubated for 1 h at room temperature with
appropriate antibodies in PBS containing 5% BSA. After a quick
wash, cells were incubated further for 1 h either with anti-mouse
IgG coupled to Alexa Fluor 488 dye and/or with anti-rabbit IgG
coupled to Alexa Fluor 594 dye in PBS with 5% BSA at a 1:2000
dilution. After a PBS wash, the coverslips were mounted in anti-
fade reagent containing DAPI (Invitrogen); the fluorescence
images were acquired at £60 using a Nikon A1R confocal micro-
scope and analyzed with the help of NIS-Elements software
(Nikon).
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In-vivo ubiquitination assay
The ubiquitination assay was done following 2 different pro-

tocols: (1) Huh-7 cells were transfected with the indicated plas-
mids for 48 h were treated with 30 mM MG132 for 1 h before
harvest and lysed by the denatured buffer (50 mM Tris-Cl (pH
8.0), 5 mM DTT, and 1% SDS). The lysates were sonicated,
and supernatants were recovered after centrifugation at
13,000 rpm for 10 min. HA-TRUSS was immunoprecipitated
by anti-HA antibodies. Ubiquitinated TRUSS protein in the
immunoprecipitate was detected by SDS-PAGE and immuno-
blotting with anti-ubiquitin and anti-His antibodies. (2)
HEK293 cells were transfected with the indicated expression
plasmids as above and treated with 30 mM MG132 for 2 h. Cell
pellets were lysed in buffer I (6 M guanidinium-HCl, 0.1 M
Na2HPO4/NaH2PO4, 10 mM Tris-HCl [pH 8.0], 10 mM ß-
mercaptoethanol) and incubated with Ni-NTA beads at room
temperature for 6 h. Beads were sequentially washed once with
buffer I, buffer II (8 M urea, 0.1 M Na2HPO4/NaH2PO4,
10 mM Tris-HCl [pH 8.0], 10 mM ß-mercaptoethanol), and
buffer III (8 M urea, 0.1 M Na2HPO4/NaH2PO4, 10 mM
Tris-HCl [pH 6.3], 10 mM ß-mercaptoethanol). Proteins were
eluted from beads in buffer IV (200 mM imidazole, 0.15 M
Tris-HCl [pH 6.7], 30% glycerol, 0.72 M ß-mercaptoethanol,
and 5% SDS) for 30 minutes at room temperature. Eluted pro-
teins were analyzed by Western blotting with anti-TRUSS
antibody.

Patient’s Tissue Specimens and Ethics Statement

A total of 4 tumor tissues including one each of HCC, pan-
creas, breast and colon carcinoma along with 4 matched available
adjacent non-cancerous tissue (ANCT) specimens were used
from the paraffin blocks archived in the All India Institute of
Medical Sciences hospital. Necessary ethical clearance for this
study was obtained from the Institutional Human Ethical Com-
mittee of the All India Institute of Medical Sciences, New Delhi
(Ref. No. IESC/T-20/04.01.2013).

Immunohistochemical Analysis

Thin tissue sections (5 mm) were first stained with hematoxy-
lin and eosin (H&E) followed by analysis for the expression of
TRUSS and Skp2 proteins by immunohistochemistry (IHC)
using rat polyclonal anti-TRUSS and rat polyclonal anti-Skp2
antibodies or control IgG. IHC was performed on positively
charged glass slides coated with 10% poly 1-lysine

(Sigma-Aldrich) for the detection of Skp2 and TRUSS proteins.
After de-paraffinization, the sections were boiled in a water bath
(Widsons Scientific Works, New Delhi, India) for 15 min in
10 mM citrate buffer, pH 6.0. After cooling to room tempera-
ture, blocking for endogenous peroxidase activity was carried out
by treating the sections with 5% H2O2 in methanol for 30 min,
followed by treatment with commercially available Ultra Block V
solution (LabVision Corporation, Thermo Scientific, CA, USA)
for 5 min. The slides were then incubated overnight at 4�C with
anti-TRUSS and anti-Skp2 antibodies at 1:100 and 1:50 dilution
respectively. The HRP polymer linked secondary antibody-based
detection kit (UltraVision LP Large Volume Detection System
HRP Polymer; LabVision Corporation) was used for the detec-
tion. The slides were then incubated with primary antibody
enhancer for 30 min followed by HRP polymer for 30 min and
developed using diaminobenzidine as a chromogen and images
captured at 100x magnification using a Nikon Eclipse 80i
microscope.
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