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ABSTRACT

Purpose To understand the regulated degradation of KSHV K7.
Methods Proteomic screen and immunofluoresence micros-
copy identified that K7 recruits polyubiquitin chains to mem-
brane fractions; IP and GST pulldown verified the interaction
between K7 and Iso T1; Protein stability assay and RQ-PCR
demonstrated Iso T facilitates K7 degradation.

Results The K7-containing membrane fraction contains a higher
level of deubiquitinating (DUB) activity and K7 interacts with a
cellular DUB, isopeptidase T (Iso T1). Mutational analyses re-
vealed that the ubiquitin-associated domains of Iso T are neces-
sary and sufficient to bind K7. Confocal microscopy and
fractionation analyses indicated that K7 increases the membrane-
associated Iso TI. Furthermore, the knockdown of IsoT | by
shRNA-mediated silencing greatly increased K7 ubiquitination
even when proteasome activity was inhibited by lactacystin.
Conclusions IsoT| disassembles of free ubiquitin chains to
facilitate K7 degradation.

KEY WORDS Iso T - K7 - KSHV

INTRODUCTION

Kaposi’s sarcoma-associated herpesvirus (KSHV, also known
as human herpesvirus 8 or HHV-8) is the etiological agent of
Kaposi’s sarcoma (KS) (1). KSHV infection is also linked to
primary effusion lymphoma and multicentric Castleman’s
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diseases, rare lymphoproliferative malignancies of B cell origin
(2,3). Genomic sequence indicates that KSHV is a member of
gamma-2 herpesviridae that also includes herpesvirus saimiri,
rhesus monkey rhadinovirus, and murine herpesvirus 68
(4-6). As an oncogenic DNA virus, the large KSHV genome
encodes numerous viral proteins that can stimulate cellular
proliferation and trigger inflammatory responses when
expressed in mammalian cells (7). Interestingly, both latent
and lytic proteins are implicated in the oncogenesis of KSHV-
assoclated malignancies [please see reviews (8,9)]. For exam-
ple, the KSHV latent vFLIP or K13 and lytic viral G protein-
coupled receptor (vVGPCR) are oncogenic in a mouse model
(10-12). In tissue culture, vGPCR potently activates multiple
signaling cascades and downstream transcripition factors,
thereby inducing cytokine production and establishing an
angioproliferative state to promote cell growth (13,14). Cells
expressing vVGPCR induce tumor formation in nude mice and
vGPCR transgenic mice develop angiogenic lesions resem-
bling human KS (12,14,15). These observations indicate that
vGPCR 1is tumorigenic i vwo and suggest that vGPCR is a
significant contributor to the sarcomagenesis of KS.
Collectively, these findings support the notion that both lytic
and latent infections of KSHV play important roles in the
pathogenesis of KS.

KSHYV K7 is a small membrane protein that is expressed
during early reactivation of latently-infected B cells or de novo
KSHYV infection of endothelial cells (16,17). Scientific re-
searchers have shown that K7 targets multiple cellular factors
to escape from cellular antiviral apoptosis (17—19). These
cellular factors include calcium-modulating cyclophilin ligand
(CAML), ubiquitin-like (UBL) and ubiquitin-associated
domaincontaining PLIC1, and anti-apoptotic Bcl-2.
Interaction with CAML promotes calcium release from the
endoplasmic reticulum (ER) and presumably facilitates recov-
ery from apoptotic stimuli (18). Additionally, K7 contains a
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Bcl-2 homology domain and a baculovirus inhibitor-of-
apoptosis domain that bind Bcl-2 and activated caspase 3,
respectively, thereby impeding caspase-dependent apoptosis
(17). Finally, K7 interacts specifically with the highly con-
served UBA domain of PLIC1 that otherwise sequesters
polyubiquitinated proteins from the proteasome, leading to
the rapid degradation of IxkB and p53 (19). These findings
clearly established anti-apoptotic activity of K7 in mammalian
cells and are inferred to prevent cellular antiviral activities.
Yet, the roles of K7 in KSHV infection remain obscure.
Recently, we have discovered that K7 binds KSHV vGPCR
and induces its proteasomal degradation (20). Interestingly,
K7 significantly reduces vVGPCR tumorigenicity in nude mice,
implying that the protein expression of K7 and vGPCR is
important for KSHV-associated malignancies. Thus, under-
standing the mechanisms governing K7 and vGPCR protein
expression will shed light on KSHV pathogenesis.

Regulated protein degradation plays important roles for
a number of fundamental biological processes including
viral replication. In higher eukaryotes, proteins are degrad-
ed either by the ubiquitin-proteasome system (UPS) or the
lysosome. For UPS substrates, proteins destined for destruc-
tion are tagged with ubiquitin through concerted actions of
the El activating enzyme, E2 conjugating enzyme, and E3
ligase (21). Conversely, polyubiquitin chains can be “edited”
by DUB enzymes (such as Ubp6) to slow down protein
degradation (22). Polyubiquitinated proteins are then trans-
ferred to the proteasome in which proteolytic degradation
occurs. While proteasomal substrates are degraded,
ubiquitin chains are disassembled to replenish the free
ubiquitin pool. Presumably, timely disassembly of free
polyubiquitin chains also prevents potential competitive
binding to proteasomal subunits that otherwise serve as
acceptors for polyubiquitinated proteins, thereby facilitating
the ubiquitin/proteasome-depdendent proteolysis (23).
Isopeptidase T1 [Iso T1, also known as ubiquitin-specific-
processing protease (USP) 5] is the major DUB that disas-
sembles free polyubiquitin chains @ wvitro (24). Indeed, the
yeast homolog of Iso T1, Ubpl4 is essential for normal
ubiquitin recycling and proteasomal degradation of a model
substrate, ub-P-Pgal (23). Knockout of Ubpl4 results in an
accumulation of free ubiquitin chains and inhibits ub-P-pgal
degradation, supporting the possibility that free ubiquitin
chains compete for binding to proteasome. However,
overexpression of Ubpl4 also inhibits ub-P-fgal degrada-
tion, suggesting that Ubpl4 has unrecognized function in
proteasome-mediated proteolysis (23).

Herein, we have identified the deubiquitinatination at
which K7 targets a cellular DUB, Iso T1, to modulate
ubiquitin catabolism. It was found that K7 interacts with
the UBA domains of Iso T1 and increases its membrane
localization, thereby inducing an accumulation of free
ubiquitin chains. The knockdown of Iso T1 and
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overexpression of Iso T1 enzyme dead mutant significantly
block K7 degradation. Interestingly, knockdown of Iso T'1
results in an accumulation of polyubiquitinated K7 when
the proteasome is inhibited. Our study supports the conclu-
sion that K7 recruits cellular Iso T1 to ER membrane,
where Iso T'1 disassembles of free ubiquitin chains to facil-
itate K7 degradation.

MATERIALS AND METHODS
Cell Culture and Transfection

HEK293T (293T), Hella, and human endothelial ECV cells
were bought from American Typical Collection Center
(ATCC) and grown in DMEM supplemented with 10% fetal
bovine serum, 2 mM L-glutamine, 100 U/ml penicillin, and
100 pg/ml streptomycin. BJAB/T-Rex FRT or BJAB/T-
Rex K7 cells were grown in RPMI 1640 supplemented with
10% fetal calf serum, 5 mM L-glutamine, 100 U/ml penicil-
lin, and 100 pg/ml streptomycin. HeLa cells were transfected
with Fugene 6, 2937T cells were transfected with calcium
phosphate (Clontech), and ECV cells were transfected
with lipofectamine 2000 (Invitrogen). The stable
HEK293/T-Rex and BJAB/T-Rex inducible cell lines
were maintained with 100 and 200 pg/ml hygromycin,
respectively, and induced with 1 pg/ml of doxycycline as
previously described (25).

Plasmids

If not specified, all constructs are derived from
pcDNAS/FRT/TO (Invitrogen). Plasmids containing K7
and K7 mutants were described elsewhere (18,19). Iso T1
and USP6 were amplified by PCR and inserted into
pcDNA5S/FRT/TO that contains either a Flag epitope or
an HA epitope using BamHI and Xhol. Iso T1 mutant
lacking UBAI, UBAII, or UBAI+II were constructed using
overlapping PCR primers and cloned into
pcDNA5/FRT/TO similarly. The UBAI [amino acid (aa)
633-671], UBAII (aa 702-736), and UBAI+II (aa 633—736)
were PCR amplified and cloned into pGEX-4T-1 (Promega)
between BamHI and Xhol sites. The plasmid containing
GST-PLIC1(382-589) used as a positive control was de-
scribed previously (19).

Immunoprecipitation and Immunoblot

Immunoprecipitation and immunoblot were performed as
previously described (18,26). Briefly, centrifuged whole cell
lysates were precleared with protein A/G agarose for
90 min at 4°C. Antibody (up to 2 pg) was added to the
supernatant and the mixture was incubated at 4°C up to
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12 h, after which, 20 ul of protein A/G agarose was added
and incubation was further extended for another hour. After
extensive washing, precipitated proteins were resolved by
SDS-PAGE and analyzed by immunoblot.

Immunoblot detection was performed with anti-V3 anti-
body (1:5000, Invitrogen), anti-Flag M2 antibody (1:5000,
Sigma), anti-HA (1:2000, Covance), anti-PDI (1:3000,
Calbiochem.), anti-calreticulin (1:3000, Bethyl Group), or
anti-actin (1:30,000, Abcam) separately. Proteins were visu-
alized with chemical luminescent detection reagent (Pierce)
and a Fuji LAS-3000 camera.

Immunofluorescence Microscopy

HeLa cells were fixed with paraformaldehyde and perme-
abilized with Triton X-100 [0.2% in phosphate buffered
saline (PBS, 137 mM NaCl, 2.7 mM KCI, 10 mM
Na2HPO4, 2 mM KH2PO4, pH7.4)]. After stained with
primary and secondary antibodies, cells were analyzed by
immunofluorescence microscopy as previously described
(26). For commercial antibodies, mouse monoclonal anti-
Flag antibody (1:1000), rabbit polyclonal anti-Flag antibody
(1:400, Sigma), anti-PDI (1:200, Calbiochem.), mouse mono-
clonal anti-V5 antibody (1:500, Invitrogen), anti-HA (1:200,
Covance) were used. All conjugated secondary antibodies
were obtained from Molecular Probes and diluted at 1:1000
(Alexa 488-conjugated) or 1:500 (Alexa 568-conjugated).

Protein Purification and GST Pulldown Assay

GST or GST fusion proteins containing the UBAI, UBAII,
UBAI+II domains of Iso T1, or PLIC1(382-589) were
expressed and purified as previously described (19,26).
Briefly, BL21 cells carrying plasmids expressing GST or
GST fusion proteins were induced with 1 mM Isopropyl
f-D-1-thiogalactopyranoside for 2 h. Proteins were solubi-
lized in PBS containing 0.1% sarcosyl and 1% Triton X-
100, supplemented with protease inhibitor cocktail.
Glutathione sepharose resin was added to centrifuged su-
pernatant and incubated at 4°C for 1 h. After extensive
washing, protein bound resin was either directly used for
GST pulldown assays or stored at —20°C for future
experiments.

GST pulldown assays were performed as previously de-
scribed (19,26). Briefly, 293T cells transfected with plasmid
containing K7 were lysed with NP40/Triton X-100 buffer
(150 mM NaCl, 50 mM Tris. HCI, pH7.4, 5 mM EDTA,
1% NP40, 1% Triton X-100) supplemented with protease
inhibitor cocktail. Centrifuged supernatant was mixed with
protein-loaded glutathione resin and the mixture was incu-
bated at 4°C for 2 h. After extensive washing, protein was
eluted with SDS-PAGE loading buffer at 95°C for 5-10 min
and analyzed by immunoblot.

Protein Stability

Transiently transfected ECV cells were pulse labeled with *>S-
methionine/cysteine (Met/Cys) for 30 min. After extensive
washing with PBS, cells were chased with regular medium up
to 16 h. At various time points, cells were harvested, washed
with cold PBS, resuspended in RIPA buffer (50 mM Tris—HCI
[pH7.4], 150 mM NaCl, 0.5% sodium deoxycholate, 0.1%
SDS, 1% NP40, 5 mM EDTA/EGTA), and lysed by passing
through a 26-G syringe 15 times. Centrifuged supernatant
was pre-cleared with protein A/G agarose and then mixed
with 2 pg of anti-Flag M2 antibody. Incubation was carried
out at 4°C for 4-6 h. Protein A/G agarose was added and
incubation was further extended for up to 90 min. After
extensive washing with RIPA buffer, precipitated proteins
were resolved by SDS-PAGE, and analyzed by autoradiogra-
phy. The relative intensity of both K7 protein bands was
quantified using phosphorimager to obtain a composite deg-
radation curve.

Intracellular Fractionation

BJAB/T-Rex or HEK293/T-Rex cells were harvested,
washed with ice-cold PBS, and resuspended with hypotonic
buffer (10 mM Tris; 250 pM sucrose; 20 mM HEPES, pH
7.4; 0.2 mM EDTA) supplemented with 1 mM DTT and
protease inhibitor cocktail. The suspension was incubated on
ice for 15 min and lysed with a homogenizer for 25 strokes.
Nuclei and unbroken cells were removed by centrifugation at
700%g for 15 min. The supernatant was collected and centri-
fugation was repeated once. The supernatant at this point is
regarded as whole cell lysate and subjected to centrifugation at
16,000xg for 30 min. The pellet was then resuspended with
hypotonic buffer and supernatant was transferred to a new
tube. Both supernatant and resuspended pellet were
centrifuged at 16,000%g for 15 min; this process was repeated
twice to obtain the membrane fraction (pellet) and cytosolic
fraction (supernatant). The protein fractions were then ana-
lyzed by immunoblot or used for  vitro deubiquitination
assays (the membrane fraction only).

Knockdown of Iso Tl and Real Time PCR

Five plasmids (pLKO.puro) expressing shRNA targeting Iso
T1 and the control plasmid expressing a scrambled shRNA
were purchased from Sigma. Plasmids were transfected into
ECV cells to transiently knock down Iso T1 expression.
Alternatively, transfected cells were selected with puromycin
(1 pg/ml) to establish stable cell lines and multiple colonies
were pooled for quantification of knockdown efliciency by real
time PCR.

For real time PCR, total RNA was extracted with Trizol
according to manufacturer’s protocol (Invitrogen). The
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primers were designed using Primer Express v1.5 (Applied
Biosystems). The efficiency and specificity of the primers
were validated and real-time PCR using ¢cDNA was
performed with an ABI 7500 sequence detection system
(Applied Biosystems).

Deubiquitination Assay

The i vitro deubiquitination assay was performed as previous-
ly described (27). Briefly, 10 pg of the membrane fraction
1solated as described above was incubated with 1 pg of tetra-
ubiquitin substrate (Affinity Research Products) in 20 pl of
50 mM Tris—HCI (pH7.2) containing 1 mM dithiothreitol
(DTT) for 2 h at 37°C.. Reaction mixtures were analyzed by
SDS-PAGE, followed by silver staining or coommassie
staining and immunoblot with a mouse monoclonal antibody
against ubiquitin (P4D1, Santa Cruz).

RESULTS

K7 Induces an Accumulation of Free Ubiquitin Chains
in the Membrane Fraction

It has been shown that K7 protein is regulated by the UPS
degradation pathway (19). While K7 induces vGPCR deg-
radation (20), K7 protein expression is greatly increased by
vGPCR (unpublished data). These findings suggest that K7
protein is dynamically regulated during KSHV replication.
To further understand molecular mechanisms by which K7
1s degraded, we employed a proteomic screen to identify
proteins enriched in the K7-containing membrane fraction.
The membrane fractions from BJAB/T-Rex FRT
(BJAB/FRT) and BJAB/T-Rex K7 (BJAB/K7) cells were
resolved by isoelectric focusing and SDS-PAGE. Proteins
differentially displayed were selected for mass spectrometry
analysis (Fig. 1). Two peptides of an 8 kDa candidate protein
matching ubiquitin were identified, suggesting that K7 ex-
pression induces an accumulation of ubiquitin in the mem-
brane fraction (Fig. 1).

To test whether K7 induces an accumulation of ubiquitin
chains in the membrane fraction, total protein of 50 pg (whole
cell lysate) or 10 pg (the membrane fraction) was analyzed by
coommassie staining and immunoblot with P4D1 anti-
ubiquitin antibody. This revealed that there was a substan-
tially higher level of ubiquitin in the membrane fraction of
BJAB/K7 cells than in that of BJAB/FRT cells, supporting
the notion that K7 induces an accumulation of ubiquitin in
the membrane fraction (Fig. 2a). Surprisingly, the size of these
proteins corresponds to a monomer, dimer, trimer, tetramer,
and oligomers of ubiquitin, suggesting that these proteins are
free (unanchored) ubiquitin or polyubiquitin chains. In agree-
ment with this possibility, immunoblot analysis using antibody
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Fig. 1 Identification of ubiquitin accumulated in the membrane fraction of
BJAB/K7 cells. The membrane fractions of BJAB/FRT cells and BJAB/K7 cells
were resolved by two-dimensional gel electrophoresis. Proteins differen-
tially displayed were excised and subjected to mass spectrometry analysis.
Two peptides matching ubiquitin were identified and highlighted in red
(bottom).

(FK2) reacting specifically with polyubiquitinated proteins did
not yield significant difference between the two membrane
fractions (Fig. 2, right panel). Ubiquitin localizes predomi-
nantly in the cytosol or nucleus; the fact that K7 increases
membrane localization of ubiquitin suggests that K7 alters its
intracellular distribution. This possibility was examined by
indirect immunofluorescent microscropy with transiently
transfected HeLa cells. In HeLa cells, ubiquitin distributed
throughout the entire cytoplasm with a more concentrated
perinuclear localization. Upon K7 expression, ubiquitin
displayed a more punctate pattern that also includes a diffused
perinuclear region (Fig. 2b). The punctate intracellular struc-
tures are positive for both ubiquitin and K7, indicating that
these two proteins co-localize to intracellular compartments.
This observation supports the conclusion that K7 alters
ubiquitin intracellular distribution and suggests that K7 may
interact with these ubiquitin chains.

It has been shown that K7 interacts with multiple compo-
nents of the UPS system including cellular PLIC1 and the
proteasome substrate, vVGPCR (19,20). The observation that
K7 induces accumulation of ubiquitin chains in the mem-
brane fraction prompted us to test whether K7 associates with
these ubiquitin chains. 293T cells were transfected with a
plasmid containing either the wt K7 or the 5 K>R mutant
(all lysine residues changed to arginine). The 5K>R mutant



Regulated Protein Degradation of KSHV K7

753

a
WCL MF WCL MF WCL MF
SLE L QL E &8k
1
—-— o — — | Y
188 —
98— (v % ' £ )
-
62—
&
49— v -
- e
38—
28— TS —
7 “ —
4= -
-~ P

Coomassie IB: aUb IB: a Ub-P(FK2)

P

1
aHA aUb aUb
Ubiquitin

Only -l -

L B

- < <7

—— KT

K7 K7 B5K/R

d

Ubiquitin: score 100; hit 4

MQIFVKTLTG KTITLEVEPS
DTIENVKAKI QDKEGIPPDQ
QRLIFAGKQL EDGRTLSDYN
IQKESTLHLV LRLRGG

Fig. 2 K7 induces an accumulation of polyubiquitin chains in the membrane fraction. (a) K7-induced ubiquitin accumulation analyzed by immunoblot.
Whole cell lysates (WCL, 50 ug) and the membrane fractions (MF 10 ug) from BJAB/FRT or BJAB/K7 cells were resolved by SDS-PAGE, followed by
coommassie staining (left panel), immunoblot analysis using anti-ubiquitin (P4D |') (middle panel) or FK2 (right panel). Numbers on the left indicate protein
standards in kilodalton. Note, K7 is not detected by immunoblot analysis. (b) K7 co-localizes with ubiquitin. Hela cells were transfected with a plasmid
containing HA-ubiquitin alone or with a plasmid containing K7-V5. Cells were stained with anti-HA and FITC-conjugated anti-V5 antibodies. Images at the
right represent an enlarged (2-fold) view of the boxed regions. Representative sections and their overlay are shown. (€) K7 associates with ubiquitin by co-
immunoprecipitation. 293T cells were transfected with a plasmid containing V5-tagged wt K7 or the 5K>R mutant. At 36 h post-transfection, centrifuged
whole cell lysates were precipitated with anti-ubiquitin (P4D ). Precipitated proteins (top panel) and whole cell lysates (bottom panel) were analyzed by
immunoblot with anti-V5 antibody. Anti-HA antibody was included as a negative control. (d) Identification of ubiquitin as a K7-interacting protein. K7 binding
proteins were purified by anti-Flag agarose resin and identified by mass spectrometry. Peptide sequences matching to ubiquitin were highlighted in red and

the score is indicated.

which can not be ubiquitinated was included as a control to
rule out the possibility that K7 is precipitated by covalently
conjugated ubiquitin chains. Whole cell lysate was centrifuged
and precipitated with P4D1 antiubiquitin antibody. Indeed,
we found that K7 was readily detected in immunocomplexes
precipitated by anti-ubiquitin antibody, but not by ant-HA
antibody, indicating an interaction between K7 and ubiquitin
chains (Fig. 2¢). Of note, the K7 species precipitated by the
P4D1 anti-ubiquitin antibody correspond to K7 without
ubiquitination and the 5K>R mutant is equally precipitated.
Furthermore, ubiquitin and its precursor were identified as
K7-binding proteins by affinity purification and mass spec-
trometry analysis (Fig. 2d). Taken together, these findings
collectively support the conclusion that K7 modulates intra-
cellular ubiquitin metabolism.

Evidence that K7 Recruits a Deubiquitinating Enzyme
(DUB) to the Membrane Fraction

The fact that K7 induces an accumulation of ubiquitin chains
in the membrane fraction indicates altered catabolism of
ubiquitin chains and suggests that K7 deregulates the
dissembly of free polyubiquitin chains. One possible scenario

is that K7 increases DUB activity in the membrane fraction in
order to affect deubiquitination and subsequent protein deg-
radation. To test this, an i vitro deubiquitination assay was
performed to assess the membrane-associated DUB activity.
Tetraubiquitin was used as a substrate and 10 pg of total
membrane proteins were added. As expected, there was sig-
nificantly less of the tetra-, tri-, and di-ubiquitin that were
converted into ubiquitin monomers, in the reaction containing
the membrane fraction derived from BJAB/K7 cells (Fig. 3,
left panel). Silver staining also supports this observation and
confirms that the same amount of membrane proteins was
added (Fig. 3, right panel). This result indicates that there is
more DUB activity associated with the membrane fraction of
BJAB/K7 cells than that of BJAB/FRT cells. This further
implies that K7 recruits a DUB(s) to the intracellular
membrane.

K7 Interacts with the UBA Domains of Iso T1
Our data from fractionation and i vitro deubiquitination
assays support the possibility that K7 expression increases

the membrane localization of a cellular DUB(s). Thus, we
explored the possibility that K7 interacts with a cellular
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Fig. 3 The membrane fraction from BJAB/K7 contains a higher level of
deubiquitinating enzyme activity than the control. Ten ug of the membrane
fractions of BJAB/K7 or BJAB/FRT cells were used for an in vitro de-
ubiquitination assay with tetraubiquitin as a substrate. Reaction mixtures
were analyzed by SDS-PAGE, followed by immunoblot with anti-ubiquitin
(P4DI, left panel) or by silver staining (right panel). Mem: membrane
fraction. Numbers on left panel indicate the relative intensity of remaining
tri- and tetraubiquitin.

DUB(s). There are approximately 95 DUBs annotated in the
human genome, but only two contain UAB domains with
which K7 interacts (28). These two DUBs include Iso T'1 (also
known as USP5) and Iso T3 (also known as USP13). While the
function of Iso T3 remains unknown, Iso T1 and its yeast
homolog Ubpl14 are major cytosolic DUBs that disassemble
free polyubiquitin chains (23,24). Interestingly, knockout of
Ubp14, the yeast homolog of Iso T'1, results in an accumula-
tion of free polyubiquitin chains. Thus, we examined whether
K7 deregulates cellular Iso T1.

Initially, we assessed a possible interaction between K7 and
Iso T1 by a coimmunoprecipitation (co-ip) assay. 293T cells
were transfected with plasmids containing K7-V5 and Flag-Iso
T1 or Flag-USP6. The USP6 serves as a control as it does not
contain a UBA domain. We found that K7 was precipitated by
anti-Flag antibody in the presence of Flag-Iso T1, but not of
Flag-USP6 (Fig. 4a). This result supports a specific interaction
between K7 and Iso T1 and also suggests that K7 interacts
with Iso T'1 via the UBA domains. Iso T'1 contains two putative
UBA domains that are situated within its internal region (aa
633-736), designated UBAI and UBAII (diagrammed in
Fig. 4b) (23). To assess the contribution of these two UBA
domains to the interaction between Iso T'1 and K7, Iso T1
mutants that lack the UBAI, UBAIIL, or UBAI+II were
constructed and used for a co-ip experiment. The assay re-
vealed that the deletion of UBAII, but not UBAI, abolished the
interaction of Iso T'1 with K7 (Fig. 4b). Moreover, deletion of
both UBA domains also abrogated this interaction, consistent
with the importance of the UBAII domain. These results
indicate that UBAII is necessary for Iso T1 to bind K7.
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It has been shown that the UBA domain of PLICI is
sufficient to interact with K7 (19), therefore we examined
whether the UBA domains of Iso T1 also interact with K7.
The UBAI UBAIIL, and UBAI+II domains were expressed
and purified from E.coli as GST fusion proteins. Whole cell
lysate of 293T cells, transfected with a plasmid containing K7-
Flag, was mixed with glutathione resin loaded with either
GST or GST fusion proteins. K7, recovered by GST fusion
proteins, was analyzed by immunoblot with anti-Flag anti-
body. Interestingly, it was found that both UBA domains
(UBAIHII) are necessary to interact with K7, but neither the
UBAI domain, nor the UBAII domain is able to independent-
ly interact with K7 (Fig. 4c). However, it is possible that K7
interacts with UBAII and the UBAI is necessary to allow
proper folding of UBAII when it is expressed as a GST fusion
protein (Fig. 4c). Furthermore, the UBAI+II was able to
recover significantly higher amount of K7 than the GST-
PLIC1(382-589). As the UBAI and UBAII domains are rel-
atively small (39 and 35 aa, respectively) and the GST fusion
proteins containing these UBA domains did not show signif-
icant size difference (Fig. 4c, lane 1, 2, and 3 of bottom panel),
the AUL (DTYRYI) epitope was inserted downstream of
UBAI and UBAII domains. Immunoblot analysis using anti-
AUI antibody indicated that these fusion proteins were cor-
rectly expressed (Fig. 4c, middle panel). Taken together, these
data conclude that K7 interacts with Iso T1 wia its UBA
domain(s).

K7 Deregulates Cellular Iso T1

The membrane fraction of BJAB/K7 cells contains more
DUB activity than that of BJAB/FRT cells, suggesting the
recruitment of Iso T'1 by K7. This notion is consistent with the
observed interaction between K7 and Iso T'1. Given that K7 is
a transmembrane protein, we examined whether Iso T1 also
localizes to intracellular membrane structures (such as the ER)
in the presence of K7. HeLa cells were transfected with
plasmids containing Flag-Iso T1 or K7-VJ, fixed and then
subjected to immunofluorescent microscopy. While Iso T'1
distributed throughout a cell with primary localization in the
nucleus, K7 showed more punctate staining in the cytoplasm
(Fig. 5a). Because Iso T is highly expressed and resides in the
cytosol and nucleus (Fig. 5a), cells were permeabilized and
washed extensively with PBS before fixation to remove
cytosolic/nuclear Iso T'1. This approach permits the detection
of membrane-associated Iso T'1 by confocal microscopy. Iso
T1 has an intracellular pattern of membrane structures similar
to that stained by anti-V5 antibody for K7, supporting that
K7 recruits Iso T1 to the membrane fraction (Fig. 5b). In the
absence of K7, there was a minimal level of Iso T'1 associated
with membrane after extensive washing (data not shown). This
further emphasizes that K7 is responsible for the membrane
association of Iso T'1.
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Fig. 4 K7 interacts with cellular isopeptidase T (Iso T ) deubiquitinating enzyme. (a) K7 interacts with Iso T1 by co-immunoprecipitation. 293T cells were
transfected with plasmids containing V5-tagged K7 and Flag-tagged Iso T'| or USP6. At 36 h posttransfection, cells were harvested and centrifuged cell lysates were
subjected to precipitation with anti-Flag antibody. Precipitated proteins were analyzed by immunoblot with anti-V5 (K7, top panel) or anti-Flag (middle panel).
Whole cell lysates were analyzed by immunoblot with anti-V5 (bottom panel). (b) The second UBA domain of Iso T is important for its interaction with K7.
Plasmids containingwt Iso T1 or Iso T | mutants with deletions of the first UBA (AUBAI), the second UBA (AUBAII), or both (AUBAI+11), together with a plasmid
containing K7-V5, were transfected into 293T cells. Co-immunoprecipitation and immunoblot were performed as in (a). Precipitated proteins were analyzed by
immunoblot with anti-V5 (K7, top panel) or anti-Flag (2nd panel from top). Whole cell lysates were analyzed by immunoblot with anti-Flag (3rd panel from top) and
anti-V5 (bottom panel) antibodies. USP: ubiquitin-specifc-processing protease. Al, deletion of UBAI; All, deletion of UBAII; Al+II, deletion of UBAI+II. () The
UBA domains of Iso T are sufficient to interact with K7. GSTor GST fusion proteins containing PLIC 1(382-589), UBAI, UBAII, or UBAI+Il were used for an in
vitro GST pulldown assay. Proteins recovered by protein-loaded glutathione sepharose were analyzed by immunoblot with anti-V5 (K7, top) and anti-AU | (GST-

UBAI or UBAIl, middle), or by coommassie staining (GST proteins, bottom).

To further corroborate the data from confocal microscopy,
HEK293/T-Rex cells were transfected to establish a
HEK?293/T-Rex HA-Iso T'1 cell line in which Iso T'1 expres-
sion 1s induced with doxycycline as previously described (25).
After Iso T'1 expression was confirmed (Fig. 5¢), HEK293/T-
Rex HA-Iso T1 cells were transfected with a plasmid
containing K7-Flag and induced with doxycycline (1 pg/ml).
At 36 h post-transfection, cells were harvested and subjected
to intracellular membrane fractionation. Whole cell lysate was
centrifuged to obtain the membrane fraction and cytosolic
fraction. Whole cell lysates, the membrane fraction, and cyto-
solic fraction were analyzed by immunoblot with antu-PDI,
anti-actin, and anti-Flag (K7). K7 was previously shown to
localize in both the mitochondrion and ER compartment
(17,18). In agreement with our data from confocal microsco-
py, K7 consistently increased the amount of Iso T1 in the
membrane fraction, despite the fact that Iso T is predomi-
nantly a cytosolic protein (Fig. 5d).

Iso Tl is Important for K7 Degradation

It has been shown that K7 is a proteasome substrate and its
protein expression is determined largely by posttranslational
degradation (19). Recently, we have found that K7 interacts
with vGPCR and induces its proteasome-dependent degrada-
tion (20). Our findings revealed that both vGPCR and K7 are

proteasome substrates whose protein expression is regulated
by the UPS system. Iso T'1 is one of the major cytosolic DUBs
at which multiple protein degradation pathways converge.
We reasoned that alteration of Iso T1 expression likely im-
pacts the regulated degradation of K7.

To examine the roles of Iso T'1 in K7 protein degradation,
we employed both shRNA-mediated knockdown and
overexpression of the enzyme dead mutant of Iso T1, Iso
T1C335S. Among five shRINA molecules tested, two shRNA
had significant effect in reducing Iso T'1 expression by transient
transfection assay and real time PCR analysis. In particular,
the sShRNA #1 and #4 had similar knockdown efficiency of
approximately 50% by immunoblot analysis and of 60% by
real time PCR, respectively (Fig. 6). Next, K7 protein expres-
sion was examined by immunoblot under conditions of Iso T'1
knockdown or overexpression of the enzyme dead mutant.
Knockdown of Iso T1 significantly increased K7 protein ex-
pression, with the shRNA #4 showing more pronounced effect
(Fig. 7a). It has been indicated that K7 protein level is regulated
by degradation (19), therefore a pulse chase experiment was
performed to examine the role of Iso T'1 in K7 degradation.
Indeed, Iso T1 knockdown by shRNA silencing greatly
inhibited K7 degradation (Fig. 7b). Furthermore,
overexpression of the Iso T1 C335S enzyme dead mutant
dramatically promoted K7 protein expression and inhibited
K7 protein degradation (Fig. 7a and c). Presumably, the Iso
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Fig. 5 K7 recruits Iso T to the intracellular membrane. (a) Distinct intracellular localization of Iso T| and K7. Hela cells transfected with plasmids
containing either Flag-Iso T1 or K7-V5. At 16 h post-transfection, cells were fixed and stained with rabbit anti-Flag (top panel) or mouse anti-V5. One
representative section is shown. (b) Intracellular colocalization of Iso T| and K7. Hela cells transfected with plasmids containing Flag-Iso T'| and K7-V5 were
permeabilized with 0.2% triton X-100, and then washed extensively with PBS to remove cytosolic Iso T1. Cells were fixed and stained with rabbit anti-Flag
and mouse anti-V5. Representative sections and their overlay are shown. Images at the right represent an enlarged (3-fold) view of the boxed regions.
Representative sections and their overlay are shown. (c) Induced expression of Iso T1 in HEK293 cells. Stable HEK293/T-Rex HA-Iso T1 (Iso T1) cells or
vector (Vec) cells were induced with doxycycline (I ug/ml) for 36 h. Whole cell lysate was analyzed by immunoblot with anti-HA antibody. (d) K7 increases
Iso T1 membrane localization by fractionation. HEK293/T-Rex HA-Iso T were transfected with a plasmid containing K7-Flag and induced with doxycycline
(I ug/ml). At 36 h post-transfection, cells were harvested and subjected to intracellular fractionation. Whole cell lysate (WCL), the membrane fraction (MF),
and cytosolic fraction (Cyto) were obtained and analyzed by immunoblot with anti-HA (Iso T1, top panel), anti-PDI (2nd panel), anti-B-actin (3rd panel), and
anti-Flag (K7, bottom panel). Numbers below the top panel indicate relative intensity of the Iso T protein.

T1C335S mutant functions as a dominant negative of the wt  findings indicate that Iso T1 1s a critical component of the
Iso T1 and other closely related DUBs. Collectively, these ~ UPS system that regulates K7 protein degradation.
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Fig. 6 Knockdown of Iso T| by shRNA-mediated silencing. (@) Knockdown of Iso T| by transient transfection. 293T cells were transfected with plasmids as
indicated. At 48 h post-transfection, whole cell lysates were analyzed by immunoblot with anti-Flag antibody. Numbers indicate the relative intensity of Iso T |
band that was normalized to USP6 band. Data represents three independent experiments and numbers at the bottom denote mean (top row) and standard
deviation (bottom row). Scr scrambled shRNA. (b) Knockdown of Iso T by real time PCR. Stable ECV cells carrying pLKO.puro, pLKO.Iso T IshRNA# |, or
pLKO.Iso T1shRNA#4 were collected for total RNA extraction and real time PCR analysis. RQ relative quantity.
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Fig. 7 Iso Tl is important for K7 degradation. (a) Knockdown of Iso TI increases K7 protein expression. ECV cells were transfected with
plasmids as indicated. At 36 h posttransfection, whole cell lysates were analyzed by immunoblot with anti-Flag (K7, top panel) or anti-actin
(bottom panel). (b) Knockdown of Iso T inhibits K7 degradation. ECV cell transfected with plasmids as indicated (on the left) were pulse labeled
with [35S]-methionine/cysteine mix and chased up to 2 h. Anti-Flag precipitated K7 was analyzed by autoradiography (left panels) and K7
proteins (both bands) were quantified using phosphorimager (right diagram). Gly glycosylated; ungly unglycosylated. Data represent three
independent experiments and error bars denote standard deviation. (€) Overexpression of Iso TI C335S mutant increases K7 protein
expression. ECV cells were transfected with plasmids as indicated. At 36 h post-transfection, whole cell lysates were prepared and analyzed
by immunoblot with anti-Flag (K7, top panel), anti-HA (Iso T1C335S, middle panel), and anti-actin (bottom panel). (d) Overexpression of Iso T
C335S inhibits K7 degradation. ECV cell transfection, pulse chase, autoradiography analysis were performed as described in (b). Data represent

three independent experiments and error bars denote standard deviation.

Knockdown of Iso Tl Induces an Accumulation
of Polyubiquitinated K7 Proteins

Previous data indicated that Iso T1 and its yeast homolog
Ubpl4 are important for cellular ubiquitin recycling and
proteasome-dependent degradation of a model substrate,
ub-P-Pgal (23,24). The ub-P-Pgal is a cytosolic soluble sub-
strate of the end-rule pathway, while K7 is an ER mem-
brane protein that is presumably degraded via the ERAD
pathway. Given that knockdown of Iso T1 impeded the
degradation of K7 and Iso T1 is involved in ubiquitin
catabolism, we sought to examine whether Iso T'1 is impor-
tant for the ubiquitination of K7 that precedes the
proteasomal degradation. Therefore, K7 ubiquitination
was assessed in ECV cells by immunoprecipitation and
immunoblot. When Iso T1 expression was reduced by
shRNA-mediated silencing, significantly more
polyubiquitinated K7 intermediates were detected
(Fig. 8a). This result indicates that Iso T1 is important
for K7 ubiquitination.

Iso T1 and yeast Ubpl4 are proposed to disassemble
polyubiquitin chains that otherwise may “saturate”
proteasome ubiquitin acceptors. Thus, knockout of Ubpl4
inhibits ubiquitin-dependent proteolysis (23). If such a defect
in ubiquitin-dependent proteolysis of a proteasome sub-
strate 1s solely due to a competitive binding of accumulated
free polyubiquitin chains to ubiquitin acceptors of the
proteasome, inhibition of the proteasome likely alleviates
the accumulation of polyubiquitinated K7 when Iso T1
expression is reduced by shRNA-mediated silencing. To test
this, K7 ubiquitination status was examined after Iso T1
knockdown and treatment by a proteasome inhibitor,
lactacystin. Interestingly, the polyubiquitinated K7 was sig-
nificantly increased even after treatment with lactacystin
(Fig. 8b). These observations suggest that the accumulation
of polyubiquitinated K7 is mainly due to increased
ubiquitination, particularly when the proteasome is
inhibited by lactacystin. These findings reveal that the dis-
assembly of ubiquitin chains by Iso T'1 is important for K7
ubiquitination.
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Fig. 8 Knockdown of Iso T induces accumulation of polyubiquitinated K7. (a) Knockdown of Iso T increases polyubiquitinated K7. ECV cells were
transfected with plasmids as indicated. At 36 h post-transfection, cells were harvested and centrifuged cell lysates were precipitated with anti-Flag (K7) and
eluted with the Flag peptide. Proteins were analyzed by immunoblot with anti-ubiquitin (left panel) and anti-Flag (K7, right panel). Lac Lactacystin. (b)
Knockdown of Iso T increases polyubiquitinated K7 after treatment with a proteasome inhibitor, lactacystin. ECV cells were transfected with plasmids as
indicated and treated with lactacystin (20 uM) for 6 h before harvest. Precipitation and immunoblot analysis were performed as described in (a). Proteins
were analyzed by immunoblot with anti-ubiquitin (left panel) and anti-Flag (K7, right panel). (c) Model for Iso T1 function in K7 ubiquitination and
degradation. Iso T disassembles free ubiquitin chain to prevent “clogging” of the proteasome and facilitates K7 degradation.

DISCUSSION

We have previously shown that K7 interacts with and in-
duces vGPCR degradation, thereby reducing vGPCR tu-
morigenicity in nude mice (20). These findings implicate
K7-regulated vGPCR expression in KSHV-associated ma-
lignancies. The K7 protein level is primarily regulated by
protein degradation, therefore we set out to investigate the
mechanisms by which K7 is degraded. Within this report,
we demonstrated that K7 physically interacts with Iso T1
and induces an accumulation of ubiquitin chains in the
membrane fraction. Using K7 as a substrate of the ERAD
pathway, the knockdown of Iso T1 or overexpression of its
enzyme dead mutant significantly inhibit K7 degradation
and increase its protein expression. Interestingly, knock-
down of Iso T'1 also drastically increases K7 ubiquitination.
These data support the notion that the disassembly of free
ubiquitin chains is an important regulatory step of the
ERAD pathway.
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A proteomic screen identified ubiquitin chains accumulat-
ed in the membrane fraction derived from BJAB/K7 cells,
which is further supported by immunoblot analysis using anti-
ubiquitin antibody. Interestingly, these ubiquitin chains are
not attached to protein substrates, indicative of altered
ubiquitin catabolism. However, the free ubiquitin pool ap-
pears to be normal in the whole cell lysate (Fig. 2a), suggesting
that K7 may specifically modulate membrane-associated
polyubiquitin breakdown. Ubiquitin shows significant locali-
zation to the perinuclear region that is reminiscent of the ER
and nuclear membrane, supporting its active role in the
ERAD pathway. Upon K7 expression, ubiquitin displayed a
punctate pattern that was shared by K7 staining (Fig. 2b).
These punctate structures likely represent subcellular com-
partments where active protein degradation was shown to
take place (29). Furthermore, K7 was detected in complexes
precipitated by an anti-ubiquitin antibody (Fig. 2c).
Conversely, ubiquitin was also identified by mass spectrome-
try as one of the K7-binding proteins (Fig. 2d). These data
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indicate that K7 directly interacts with free polyubiquitin
chains. However, K7 may recruit polyubiquitin chains to
intracellular membranes through other indirect mechanisms,
because K7 protein in the membrane fraction (of BJAB/K7
stable cells) is below detection in the absence of a proteasome
inhibitor (data not shown). Nevertheless, these findings sup-
port the conclusion that K7 meddles the ubiquitin catabolism
to induce its own protein degradation.

Iso T1 is one of the major cytosolic DUBs in mammalian
cells. Deletion of UBp14 that encodes the yeast homolog of Iso
T1 resulted in accumulation of free (unanchored) ubiquitin
chains, a phenotype that we observed within the membrane
fraction in cells expressing K7. This shared phenotype
prompted us to investigate the deregulation of K7 by Iso
T1. Indeed, K7 interacts with and increases the membrane
association of Iso T'1 and the overall DUB activity associated
with the membrane fraction (Figs. 3 and 5). Consistent with a
previous report (23), we observed delayed degradation kinetics
of K7 upon Iso T'1 knockdown (Fig. 7). Paradoxically, knock-
down of Iso T1 led to a significant increase in K7
ubiquitination and interestingly, knockdown of Iso T1 in-
creased K7 ubiquitination when proteasome activity was
inhibited by lactacystin (Fig. 8b). Overexpression of Ubpl4
also inhibited the ubiquitin-dependent proteolysis of ub-
P-Bgal, which is potentially due to reduced levels of free
ubiquitin chains and consequent ubiquitination (23). If so,
how does increased ubiquitination by Iso T1 knockdown
contribute to reduced K7 degradation? The apparent para-
dox can be explained by the fact that proteasome degradation
1s downstream of the ubiquitination step. It is also possible that
Iso T'1 knock down promotes the ubiquitination/degradation
the entire cellular protein repertoire causing a “traffic jam” of
the proteasome degradation pathway and K7 accumulation.
We have noticed that knocking down Iso T1 increased the
protein expression of vVGPCR and induced the accumulation
of polyubiquitinated vGPCR (data not shown ). Thus, the
proteasome proteolytic activity will dictate the K7 degrada-
tion rate. Critical experiments will be those aimed to identify
ERAD proteins that allow us to separate the positive effect on
ubiquitination from the inhibitory effect on protein degrada-
tion upon Iso T1 knockdown. Additionally, experiments to
examine the regulation of Iso T1 DUB activity in concert with
other components of the ERAD pathway will reveal addition-
al molecular details of K7 protein degradation.

The polyubiquitinated intermediates of K7 were signifi-
cantly increased when Iso T'1 expression was reduced and was
independent of proteasome inhibition by lactacystin,
suggesting that degradation of ubiquitinated K7 is very effi-
cient and ubiquitination likely is one of the upstream rate-
limiting steps. Such a conjecture is consistent with the ob-
served specificity and degradation kinetics determined by
various E3 ligase complexes of the ERAD pathway (30,31).
So, how does Iso T1 DUB activity contribute to efficient

ubiquitination? One intriguing possibility is that the Iso T'1
DUB activity within membrane proximity shortens the long
polyubiquitin chains and accumulate relative shorter (Ub3,
Ub4, and Ub3) chains that can be directly conjugated to K7
and other ERAD substrates (Fig. 8c). By doing so, efficient
ubiquitination is achieved to accelerate the ERAD of mem-
brane proteins such as K7. It has been reported that an E2
(Ube2g¢2) in conjunction with gp78 (E3) directly transfers
preformed ubiquitin chains to an ERAD substrate (32). It will
be interesting to examine whether K7 degradation depends
on the Ube2g2/gp78 ligase complex. Additionally, upstream
molecular events such as substrate selection within the ER
lumen likely represent other rate-limiting steps of ERAD
pathway. One notable example is the exploitation of ERAD
pathway by multiple herpesviral proteins to induce degrada-
tion of the class I major histocompatibility molecule (33-35).

Given that vGPCR 1is implicated in KSHV-associated ma-
lignancies, the regulated degradation of vGPCR induced by
K7 will allow characterization of the molecular events that
determine vGPCR protein level by the UPS system. This will
also elucidate general mechanisms of how vGPCR-dependent
transformation can be regulated by other viral factors and
cellular pathways. These mechanisms may be exploited by
other herpesviral GPCRs that are encoded by cytomegalovi-
rus and Epstein-Barr virus. Furthermore, K7 is an early lytic
gene product during KSHV infection and its expression is
sustained in reactivated PEL cells. Although the roles of K7 in
KSHYV lytic replication are still unknown, the ability of K7 to
regulate protein expression at a post-translational level in the
ER compartment has significant implications for KSHV lytic
replication. It is conceivable that K7 may induce other viral
protein degradation in the ER compartment, thereby regu-
lating viral lytic replication at a post-translational step.
Actually, KSHV latent infected BCBL-1/T-Rex K7 cells
(K7 induced-expressing BCBL-1 cells)were used to analyze
KSHYV protein expression regulated by K7 and we found that
K7 expression downregulates the protein expression of K1,
K8.1, vIRF and K8 during KSHYV lytic replication (data not
shown). In fact, it is established that viral replication proceeds
with cascades of gene expression regulated mainly at the
transcription and translation level, yet very little is known
how posttranslational mechanisms contribute to the highly
programmed expression of viral proteins. K7 offers a potential
system to investigate the post-translational events that modu-
late viral lytic replication.

In support of the importance of DUBs in viral infection,
Kattenhorn ¢t al. have identified a functional viral DUB, the
N-terminal fragment of a large herpesvirus tegument pro-
tein (ORF64 of KSHV) that is conserved among all herpes-
virus members (36,37). Combined with biochemical assays,
a bioinformatics approach identified EBV thymidine kinase
(BXLF1) and primase (BSLF1) that contain low yet signifi-
cant intrinsic DUB activity (38). These studies echo the
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notion that DUB enzymes are important for herpesvirus
replication. With diverse cellular DUBs available during
viral infection, herpesviruses likely have evolved strategies
to usurp these critical components of the UPS pathway to
regulate protein degradation and signal transduction (39). In
fact, herpes simplex virus ICPO engages cellular USP7 in
order to increase ICPO protein expression during viral in-
fection (40), while Epstein-Bar virus EBNAI targets USP7
to foster p53 degradation (41). Our current study demon-
strated that K7 deregulates Iso T1 to induce an accumula-
tion of free ubiquitin chains and promote protein
ubiquitination, leading to rapid protein degradation.
Future experiments will address the roles of K7-Iso T1
interaction in K7-induced protein degradation (such as K7
and vGPCR) and KSHYV lytic replication.
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