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Major Histocompatibility Complex Class II HLA-DRa Is
Downregulated by Kaposi’s Sarcoma-Associated Herpesvirus-Encoded
Lytic Transactivator RTA and MARCHS
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ABSTRACT

Kaposi’s sarcoma-associated herpesvirus (KSHV) maintains two modes of life cycle, the latent and lytic phases. To evade the at-
tack of the cell host’s immune system, KSHV switches from the lytic to the latent phase, a phase in which only a few of viral pro-
teins are expressed. The mechanism by which KSHV evades the attack of the immune system and establishes latency has not
been fully understood. Major histocompatibility complex class II (MHC-II) molecules are key components of the immune sys-
tem defense mechanism against viral infections. Here we report that HLA-DRa, a member of the MHC-II molecules, was down-
regulated by the replication and transcription activator (RTA) protein encoded by KSHV ORF50, an important regulator of the
viral life cycle. RTA not only downregulated HLA-DRa at the protein level through direct binding and degradation through the
proteasome pathway but also indirectly downregulated the protein level of HLA-DRa by enhancing the expression of MARCHS,
amember of the membrane-associated RING-CH (MARCH) proteins. Our findings indicate that KSHV RTA facilitates evasion
of the virus from the immune system through manipulation of HLA-DRa.

IMPORTANCE

Kaposi’s sarcoma-associated herpesvirus (KSHV) has a causal role in a number of human cancers, and its persistence in infected
cells is controlled by the host’s immune system. The mechanism by which KSHV evades an attack by the immune system has not
been well understood. This work represents studies which identify a novel mechanism by which the virus can facilitate evasion of
an immune system. We now show that RTA, the replication and transcription activator encoded by KSHV (ORF50), can function
as an E3 ligase to degrade HLA-DRa. It can directly bind and induce degradation of HLA-DRa« through the ubiquitin-protea-
some degradation pathway. In addition to the direct regulation of HLA-DRa, RTA can also indirectly downregulate the level of
HLA-DRa protein by upregulating transcription of MARCHS. Increased MARCHS results in the downregulation of HLA-DRa.

Furthermore, we also demonstrate that expression of HLA-DR« was impaired in KSHV de novo infection.

aposi’s sarcoma-associated herpesvirus (KSHV), also called
human herpesvirus 8 (HHV-8), is a Rhadinovirus belonging
to the Gammaherpesvirinae subfamily. It was discovered in Kapo-
si’s sarcoma (KS) lesions and is also associated with primary effu-
sion lymphoma (PEL) and multicentric Castleman’s disease (1—
3). Almost 20% of all human malignancies are caused by viruses
(4). The majority of infected individuals do not develop tumors,
although immunosuppressive conditions like AIDS and organ
transplantation can dramatically increase the risk of developing a
malignancy. This suggests an active role for the host immune sys-
tem in controlling KSHV infections (5, 6). During its coevolution
with the host, KSHV hijacks and manipulates many of the host
machineries to override the host immune surveillance (7, 8). The
host ubiquitin system has fundamental roles in regulating cellular
events, like protein degradation and trafficking, signal transduc-
tion, endocytosis, and the immune response (9). It has been ex-
ploited or mimicked by many viruses to establish persistence in
the host cell, including that utilized by KSHV. There are many
challenging facets yet to be unraveled to fully comprehend the
mechanisms by which KSHV uses the ubiquitin system for im-
mune evasion and viral proliferation during infection and patho-
genesis. The present study provides additional insight into the
ubiquitin-related mechanisms deployed by KSHV, which may
serve as potential targets for future therapeutic interventions.
MHC (major histocompatibility complex) class I and class 11
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(MHC-I and -II) are necessary for the induction and regulation of
the adaptive immune responses to pathogenic agents such as vi-
ruses (10). The early K3 and K5 genes of KSHV are capable of
modulating the MHC-I pathway (11). Both K3 and K5 can signif-
icantly induce internalization and degradation of MHC-I mole-
cules during KSHV de novo infection (11-13). Although the
mechanism by which KSHV interferes with MHC-II during
KSHV primary infection is poorly understood, mechanisms by
which other herpesviruses modulate MHC-II have been reported.
US2, US3, and pp65 encoded by human cytomegalovirus
(HCMV; a betaherpesvirus) disrupts the MHC-II pathway by tar-
geting HLA-DRa for degradation (14-16). BZLF1 and gp42 en-
coded by Epstein-Barr virus (EBV; a gammaherpesvirus) inhibit
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the MHC-II pathway by blocking the interaction between
MHC-II and the CD4 receptor (17, 18). Herpes simplex virus 1
(HSV-1; an alphaherpesvirus)-encoded gB manipulates the
MHC-II pathway by perturbing the trafficking of HLA-DR (19).

The RING-CH domain has been identified in different viral-
associated E3 ligases, which include KSHV K3 and K5, also re-
ferred to as modulators of immune recognition 1 (MIR1) and
MIR2, respectively. Murine gammaherpesvirus 68 (MHV-68)
mK3, myxoma virus M153R, HSV ORF12, and swinepox virus
C7L also contain RING-CH motifs (20). The viral versions were
found to be pirated from their host counterparts, which included
11 human homologs called membrane-associated RING-CH 1
(MARCH]1) through 11. MARCH8/cMIR (cellular MIR) was the
first to be characterized (21, 22). MIR1 and MIR2 can polyubiq-
uitinate MHC-I molecules and mark them for degradation (21).
MIR1 downregulates all MHC-I molecules, but MIR2 downregu-
lates only two members of MHC-I molecules (HLA-A and
HLA-B) (11, 21). In addition, mK3 downregulates MHC-I mole-
cules through the endoplasmic reticulum-associated degradation
(ERAD) pathway that includes Lys48-linked polyubiquitination
which marks it for proteasomal degradation (23). The 11 MARCH
proteins are expressed in a tissue-specific manner and portray
different subcellular localizations (24). Various substrates have
been found for the MARCH proteins, and further research on
substrate recognition is still ongoing (21). MARCHB8/cMIR is ex-
pressed at a generally low level in selected tissues, including lymph
nodes and bone marrow, with subcellular localization in endo-
cytic or lysosomal vesicles (24). Interestingly, induced expression
of MARCHS is known to downregulate B7-2, Fas, HLA-A, MHC-
11, and the transferrin receptor (21, 25).

Lytic replication of KSHYV is initiated by the expression of RTA
encoded by KSHV ORF50, is the control switch for expression of
many early lytic genes, such as the K3 and K5 genes, and is also
important for mediating KSHV viral DNA replication (26). As a
transcription factor, recent studies showed that RTA regulates cel-
lular genes by direct binding to sequence-specific DNA binding
sites named RTA-responsive elements (RRE) or via its associa-
tions with other transcription factors (27, 28). However, the
mechanisms of regulating cellular genes by RTA is still not fully
elucidated.

It has been suggested that RTA may play an important role in
immune modulation and can perturb the production of type I
interferon (IFN) (29). Interferon regulatory factor 7 (IRF-7) is
essential for the induction of IFN-a/f3 genes upon infection of
KSHYV (30). RTA promotes the ubiquitination and degradation of
IRF-7, which results in inhibition of IRF-7-mediated IFN-a and
IFN-B mRNA production (29). The myeloid differentiation pri-
mary response 88 (MyD88) and TIR domain-containing adapter
inducing IFN-B (TRIF) are the major adaptors that bind to the
Toll-like receptors (TLRs). MyD88 and TRIF activation leads to
expression of numerous cytokines. These include tumor necrosis
factor alpha (TNF-a), interleukin 6 (IL-6), IFN-«, IEN-f3, and
IFN-v (31-36). RTA also promotes the ubiquitination and degra-
dation of MyD88 and TRIF through the ubiquitin-proteasome
pathway during KSHV primary infection, which results in disrup-
tion of the signal transmission of TLRs and the subsequent anti-
viral cascade (37, 38).

RTA is upregulated during the KSHYV lytic phase and packaged
into KSHV particles during virus release. Therefore, its synthesis is
not needed from the beginning of virus infection. This suggests
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that RTA may play an important role in immune evasion. Here we
demonstrate that RTA can promote the ubiquitination and deg-
radation of HLA-DRa and reveal a potential new mechanism by
which KSHV can evade attack by the innate immune system.

MATERIALS AND METHODS

Plasmid and antibodies. pPCDNA3-RTA, PGEX-RTA, His-Ubal, His-
Ubc5a, and His-ubiquitin were described previously (39, 40). The coding
sequences (CDS) of MHC-II molecules were generated by using PCR and
cloned into pA3M vector using the following primers: for HLA-DRa, 5'-AT
AAGAATGCGGCCGCCAGAGGCCCCCTGCGTTCTG-3" and 5'-CG
GGATCCATGGCCATAAGTGGAGTCCC-3'; for HLA-DR, 5'-CGGGA
TCCATGGTGTGTCTGAAGTTCCC-3" and 5'-ATAAGAATGCGGCC
GCGCTCAGGAATCCTGTTGGCT-3'; for HLA-DPa, 5'-CGGGATCC
ATGCGCCCTGAAGACAGAAT-3" and 5'-ATAAGAATGCGGCCGCC
AGGGTCCCCTGGGCCCGGG-3'; for HLA-DPB, 5'-CGGGATCCATG
ATGGTTCTGCAGGTTTC-3" and 5'-ATAAGAATGCGGCCGCTGCA
GATCCTCGTTGAACTT-3'; for HLA-DQa, 5'-CGGGATCCATGATC
ACATTCCTGCCGCT-3" and 5 -ATAAGAATCGGCCGCCAATGGCC
CTTGGTGTCTGG-3'; for HLA-DQR, 5'-CCCAAGCTTATGTCTTGG
AAGAAGGCTTT-3" and 5'-ATAAGAATGCGGCCGCGTGCAGAAGC
CCTTTCTGAC-3'. The anti-Myc (9E10), anti-hemagglutinin (anti-HA;
12CAS5), and anti-RTA antibodies were generated from hybridomas and
column purified. Rabbit anti-HLA-DRa was purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA, USA). Mouse anti-Flag (M2) anti-
body was purchased from Sigma-Aldrich Biotechnology (St. Louis, MO,
USA).

Expression and purification of recombinant proteins. Overnight
cultures (2 ml) of Escherichia coli BL21(DE3) were transferred to and
incubated in 200 ml of culture medium and grown at 30°C to an optical
density of about 0.6 at 600 nm. After IPTG (isopropyl-B-p-thiogalacto-
pyranoside) induction (0.5 mM, 2 h at 30°C), the bacteria were collected
and sonicated in lysis buffer containing 20 mM Tris-HCI (pH 8.0), 100
mM NaCl, 0.5% NP-40, 1 mM EDTA, 1 M dithiothreitol (DTT), 5%
Sarkosyl, 1 mM phenylmethylsulfonyl fluoride (PMSF), 10 pg/ml apro-
tinin, 10 pg/ml leupeptin, and 10 pg/ml pepstatin. His-tagged proteins
were purified by Ni* " -nitrilotriacetic acid (Ni*"-NTA) agarose chroma-
tography (Qiagen, Valencia, CA, USA), and glutathione S-trans-
ferase(GST)-tagged proteins were purified by glutathione Sepharose 4B
(GE Healthcare Life Science, Piscataway, NJ, USA). The purified proteins
were then dialyzed with dialysis buffer containing 40 mM HEPES (pH
8.0), 60 mM potassium acetate, 1 mM MgCl,, 0.5 mM EDTA, 10% glyc-
erol, and 1 mM DTT.

In vitro GST pulldown assay. An in vitro GST pulldown assay was
performed as previously described (41). Briefly, purified GST-tagged RTA
proteins (5 pg) expressed in bacteria were incubated with 10 pl glutathi-
one Sepharose 4B for 4 h at 4°C, followed by the addition of 2 ug purified
His-tagged HLA-DRa or His-tagged HLA-DR@ protein, and then incu-
bated at 4°C overnight. The mixture was washed four times with ice-cold
phosphate-buffered saline (PBS). The pellet was then subjected to SDS-
PAGE and stained with Coomassie brilliant blue G250.

Generation and purification of Bac16-KSHYV viral particles. Purified
Bac16-KSHV plasmid was transfected into HEK293T cells by Ca,(PO,),
to yield HEK293T-Bac16-KSHV cells. Hygromycin B (100 pg/ml) was
added after 24 h of transfection for selection. Homogenous populations of
cells harboring Bac16-KSHV were identified by GFP expression after 3
weeks of selection. Butyric acid at a final concentration of 3 mM and
tetradecanoyl phorbol acetate (TPA) (Sigma Inc., St. Louis, MO, USA) at
20 ng/ml were used for lytic induction. Cell suspensions were centrifuged
at 3,000 rpm for 20 min, and the supernatant was filtered through a 0.45-
pm-pore-size filter. The viral particles were concentrated by ultracentrif-
ugation at 70,000 X g at 4°C.

Cell culture of KSHYV cells. The KSHV-positive cell lines BCBL1, BC3,
and TREXBCBL1-RTA and the KSHV-negative cell line TRExBJAB-RTA
were grown in RPMI 1640 medium (Invitrogen Inc., Carlsbad, CA, USA),
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with 7% bovine growth serum (BGS), supplemented with r-glutamine,
penicillin, and streptomycin. The HEK293T, HEK293T-Bac16-KSHYV,
and SAOS-2 cells were maintained in Dulbecco’s modified Eagle’s me-
dium (Invitrogen Inc., Carlsbad, CA, USA) with 5% BGS, supplemented
with penicillin and streptomycin. The TRExBCBL1-RTA and TRExBJAB-
RTA cells were kindly provided by Jae Jung (University of Southern Cal-
ifornia). Lytic reactivation of the KSHV-positive cells, BCBL1, BC3,
and HEK293T-Bac16-KSHV, was induced using butyric acid at a final
concentration of 3 mM and TPA at a final concentration of 20 ng/ml.
TRExBCBL1-RTA and TRExBJAB-RTA cells were induced by adding
tetracycline at a final concentration of 8 pg/ml.

IFA. Immunofluorescence assays (IFA) were performed as previously
described (39). Briefly, the cells were fixed with 4% paraformaldehyde and
0.1% Triton X-100 for 15 to 20 min. Fixed cells were incubated with the
specific primary antibody in PBS overnight at 4°C. After subsequent
washes with PBS, the cells were incubated with 1:1,000 secondary anti-
bodies (Invitrogen Inc., Carlsbad, CA, USA) and 1:500 DAPI (4',6-di-
amidino-2-phenylindole). Finally, the cells were washed and mounted in
mounting medium and visualized using a FluoView FV300 confocal mi-
croscope (Olympus, Inc., Melville, NY, USA). The intensity of the [FA
signal was analyzed using Image] software.

Transfection and WB. The transfections were performed by electro-
poration using a Gene Pulser I RF module (Bio-Rad, Hercules, CA, USA).
For SAOS-2 cells, electroporation was carried out at the following settings:
voltage, 210 V; capacitance, 975 wF. For other cells, electroporation was
carried out at the following settings: voltage, 230 V; capacitance, 975 wF.
At 48 h posttransfection, cells were harvested and lysed in radioimmuno-
precipitation assay (RIPA) buffer, and the protein concentration was
measured by the Bradford assay. Samples were applied to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and subse-
quently transferred to nitrocellulose membranes. Western blotting (WB)
was performed with appropriate antibody, and specific proteins were
identified by specific secondary antibodies conjugated to IRDye 800 or
680 (Rockland Immunochemicals, Inc., Gilbertsville, PA, USA). The
membranes were then washed, and the signals were visualized by using an
Odyssey infrared image (LI-COR, Inc., Lincoln, NE, USA).

Quantitation by real-time PCR. Total RNA was extracted from cells
by treatment with TRIzol and purified with chloroform and isopropa-
nol. cDNA was then made by using a high-capacity RNA-to-cDNA kit
(Applied Biosystems, Foster City, CA, USA) by following manufactur-
er’s protocol. Quantitative real-time PCRs (RT-PCR) were performed
with Power SYBR green mix (Applied Biosystems, Foster City, CA,
USA). GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was
used as an internal control, and each sample was tested in triplicate.
The primers used for MARCHS8 were 5'-CGGGCCGAGCGGAACCA
GGAAT-3" and 5'-TGTGCACACTCAGGCCAAAGACGA-3'. The
primers used for MARCH9 were 5'-AGTCTCGGCTCCGCATGTTTC
TGA-3" and 5'-CTCCGACCCGTAGTACTCCTCCTC-3'. The spe-
cific primers for MHC-II molecules were described previously (42).
The RTA- and GAPDH-specific primers were described in earlier re-
ports (43, 44). Data analyses were performed on the StepOnePlus RT-
PCR platform (Applied Biosystems, Inc., Foster City, CA, USA) by
using the 27 *4¢T method of relative quantitation.

Ubiquitination assays. In vivo and in vitro ubiquitination assays were
performed as described previously (40). Briefly, for the in vitro ubiquiti-
nation assay, 500 ng of purified His-tagged Ubal, 1.5 pg of purified His-
tagged Ubc5a, 1.5 pg of GST-tagged RTA, 2.5 pg of purified His-tagged
ubiquitin, and 2.5 pg of His-tagged HLA-DRo were mixed in a 50-.l
reaction mixture containing 4 mM HEPES (pH 8.0), 6 mM potassium
acetate, 5 mM MgCl,, 1 mM DTT, and 1.5 mM ATP. Reaction mixtures
were incubated for 1 h at 30°C. Reaction products were fractionated by
SDS-PAGE and analyzed by Western blotting with specific antibodies. For
the in vivo ubiquitination assay, cells were transfected by electroporation
with DNA vectors expressing a specific protein. Cells were incubated for
36 h and treated for an additional 12 h with 10 puM MG132 (Enzo Life
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Sciences, Farmingdale, NY, USA) before being harvested. Proteins were
immunoprecipitated with specific antibodies and resolved by SDS-PAGE.
The extent of ubiquitination of the immunoprecipitated complexes was
detected by specific antibodies.

Chromatin immunoprecipitation (ChIP) assay. Fifty million BCBL1
cells were fixed with 1% formaldehyde for 10 min at room temperature
after treatment with TPA and butyric acid for 24 h, followed by the addi-
tion of glycine at a final concentration of 125 mM for 5 min to stop
cross-linking. The cells were washed three times with ice-cold PBS and
then lysed in cell lysis buffer containing 5 mM PIPES (pH 8.0), 85 mM
KCl, 0.5% NP-40, 1 mM PMSF, 10 pg/ml aprotinin, 10 pg/ml leupeptin,
and 10 pg/ml pepstatin for 10 min on ice. The nuclei were pelleted down
by centrifugation at 5,000 rpm for 5 min and sonicated in nuclear lysis
buffer (50 mM Tris [pH 8.0], 10 mM EDTA, 1% SDS) supplemented with
protease inhibitors to an average fragment of 500 to 1,000 bp. Samples
were centrifuged for 10 min at 15,000 rpm to remove the cell debris and
diluted 10-fold in dilution buffer (0.01% SDS, 1.1% Triton X-100, 16.7
mM Tris-HCI [pH 8.0], 167 mM NaCl, and 1.2 mM EDTA plus protein
inhibitors). After preclearance with a salmon sperm DNA-protein A/G-
Sepharose slurry for 30 min at 4°C with rotation, the samples were divided
into two fractions. One fraction was incubated with RTA antibody and the
other with control mouse IgG. The precipitated immune complex was
washed subsequently with low-salt buffer (20 mM Tris [pH 8.0], 150 mM
NaCl, 0.1% SDS, 1.0% Triton X-100, 2 mM EDTA), high-salt buffer (20
mM Tris [pH 80], 500 mM NaCl, 0.1% SDS, 1.0% Triton X-100, 2 mM
EDTA,), LiCl wash buffer (0.25 M LiCl, 1.0% NP-40, 1% deoxycholate, 1
mM EDTA, 10 mM Tris[pH 8.0]), and twice in TE buffer (10 mM Tris
[pH 8.0],1 mM EDTA). Chromatin was then eluted with an elution buffer
(1% SDS, 0.1 M NaHCO,). Elution was then reverse cross-linked by add-
ing I wlof 10 mg/ml RNase and 5 M NaCl to reach a final concentration of
0.3 M and incubated at 65°C for 5 h. The reverse-cross-linked DNA was
purified with a Zyppy spin column (Zymo Research, Irvine, CA, USA)
after treatment with proteinase K.

The purified DNA was analyzed by RT-PCR for the presence of the
MARCHS promoter region. The primers used for MARCHS8 promoter
amplification were as follows: P1, 5'-GCTATCAAACGGGAGGAA-3'
and 5'-TAGGGAGCGAAAGCAAAC-3'; P2, 5'-GGTTTCACCGTGTTA
GCC-3" and 5'-GTATTCCCAGCACTTTGG-3"; P3, 5'-TGGCTCTACT
GCTTCTGG-3' and 5'-AACCCTTTGGCTCAACAA-3'; P4, 5'-GAGCT
ATGCAGGGCTGAT-3" and 5'-CTCGGAAAGGTTAAGGAAAT-3'.

Statistical analysis. Each experiment was repeated at least three times.
The mean scores were examined by using Student’s ¢ test.

RESULTS

HLA-DRa protein levels are dramatically reduced in the pres-
ence of RTA. Regulation of MHC-II molecules during the KSHV
latent cycle by LANA has been well reported (42, 45). However,
how KSHV regulates MHC-II molecules during KSHV de novo
infection remains largely unknown. RTA is highly produced dur-
ing the KSHYV lytic phase and packaged into KSHV particles dur-
ing virus release (46, 47). To examine whether RTA targeted the
MHC-II pathway, a key component of the immunity system, we
monitored changes in the MHC-II molecules by RT-PCR. We first
investigated whether RTA can regulate MHC-II at the transcript
level. TREXBJAB-RTA cells were treated with tetracycline (8 pg/
ml). Forty-eight hours after treatment, RNA was isolated from
these cells and RT-PCR analysis to determine levels of MHC-II
molecules was performed. The results showed that there was no
significant change in the transcription levels of MHC-II molecules
(Fig. 1A). To investigate whether ectopic expression of RTA could
affect the protein levels of MHC-II molecules, we transfected in-
creasing amounts of the RTA expression plasmid together with
the same amount of different MHC-II molecules into BJAB cells.
Inclusion of RTA showed a reduction in the level of HLA-DRa
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antibodies. Tet, tetracycline; RD, relative density.

protein in a dose-dependent manner. The levels of the other
MHC-II molecules remained relatively unchanged (Fig. 1B). This
result was further confirmed in another two KSHV-negative B-cell
lines, DG-75 and Ramos (Fig. 1C). To validate the reduction of
HLA-DRa by RTA, TREXBJAB-RTA cells were induced by tetra-
cycline to induce the expression of RTA, and reduced levels of
endogenous HLA-DRa were detected by immunoblotting 48 h
after induction (Fig. 1D). Similarly, the protein levels of HLA-
DRa were also reduced as expected in tetracycline-treated TREx-
BCBL1-RTA cells (Fig. 1E). These results suggest that RTA can
contribute to the downregulation of HLA-DRa at the protein lev-
els but not the transcript levels.

RTA-mediated downregulation of HLA-DRa occurs through
the proteasomal degradation pathway. As described above, RTA
did not regulate HLA-DRa at the level of transcription. We won-
dered whether RTA regulated HLA-DRa expression at the post-
translational level. For this purpose, cycloheximide (CHX) assays
were performed in SAOS-2 cells. SAOS-2 cells were transfected
with RTA expression plasmid or its control. At 24 h posttransfec-
tion, the cells were treated with 40 wg/ml CHX to stop the protein
synthesis. Cell lysates harvested at the indicated times were sub-
jected to Western blot analysis. The CHX assay revealed that ec-
topic expression of RTA is associated with decreased HLA-DRa
half-life (Fig. 2A, compare lanes 3, 4, 7, and 8). Since protein
degradation is usually related to ubiquitination, we wanted to fur-
ther determine whether the downregulation of HLA-DRa is ubiq-

8050 jviasm.org

Journal of Virology

uitin dependent. We treated SAOS-2 cells expressing RTA with
increasing concentrations of proteasome inhibitor MG132 for 12
h (Fig. 2B). Cell lysates from these SAOS-2 cells were subjected to
Western blot analysis. The results show that in the presence of
MG132, the downregulation of HLA-DRa was inhibited and the
reduction of HLA-DRa protein levels was almost completely re-
versed (Fig. 2B, compare lanes 1 and 8). These results strongly
suggest that downregulation of HLA-DRa mediated by RTA is
through the proteasomal degradation pathway.

The observations that RTA decreases the half-life of HLA-DRa
and that the proteasome inhibitor MG132 can reverse the down-
regulation of HLA-DRa mediated by RTA allow us to reach the
potential conclusion that RTA can degrade HLA-DRa through
the proteasome degradation pathway.

RTA interacts with HLA-DRa and mediates its downregula-
tion via the ubiquitin-proteasome degradation pathway. The
studies described above showed that ectopic expression of RTA
affects the levels of HLA-DRa protein. RTA possesses ubiquitin
E3 ligase activity and promotes IRF7 degradation via the ubiqui-
tin-proteasome pathway. This results in disruption of the antiviral
pathway induced by KSHYV infection (29), Therefore, we wanted
to further examine whether RTA can physically bind to HLA-
DRa, which can result in reduction of HLA-DRa protein levels.
For this purpose, SOAS-2 cells were cotransfected with the RTA
plasmid together with the Myc-tagged HLA-DRa plasmid. Cell
lysates were harvested and immunoprecipitated with RTA specific
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complex with RTA but not from the cell lysate without RTA
(Fig. 3A). To further validate the result, a reverse coimmunopre-
cipitation assay was also performed in SAOS-2 cells that were
cotransfected with RTA and HLA-DRa. Cell lysates were har-
vested, and relevant antigens were coimmunoprecipitated with
the anti-Myc specific antibody (Fig. 3B). The results show that
Myc antibodies coimmunoprecipitated RTA from the cell lysate
with HLA-DRa but not from the lysate without HLA-DRa as
expected (Fig. 3B). To further visualize the interaction of these
two proteins under physiological conditions, we used KSHV-pos-
itive BCBL1 cells (Fig. 3C). Endogenous coimmunoprecipitation
between RTA and HLA-DRa supported our result above which
showed that RTA can associate with HLA-DRa.. We further inves-
tigated whether RTA bound to HLA-DRa directly. E. coli-ex-
pressed GST-tagged RTA proteins, His-tagged HLA-DRa, and
His-tagged HLA-DR@ proteins were purified, and an in vitro GST
pulldown assay was performed (Fig. 3D). RTA directly bound to
HLA-DRa instead of HLA-DRP in the absence of any other pro-
tein (Fig. 3D, lane 4). Since RTA functioned as an E3 ubiquitin

then treated with 0, 5, 10, and 20 mM MG132 for 12 h. RTA, HLA-DRa, and

GAPDH antibodies were used for Western blotting. RD, relative density. ligase and can directly bind to HLA-DRa, we wanted to investigate

whether RTA can promote the polyubiquitination of HLA-DRa.
For this purpose, we performed in vitro ubiquitination assays to
test whether RTA can function as an E3 ubiquitin ligase to add a
polyubiquitin chain to HLA-DRa (Fig. 3E). Purified bacterially
expressed His-DRa (substrate), GST-RTA (E3 ubiquitin ligase),
His-Ubal (E1 ubiquitin activating enzyme), and His-Ubc5a (E2

antibody, followed by Western blotting with anti-Myc and anti-
RTA antibodies to detect the association between RTA and HLA-
DRa (Fig. 3A). The results show that RTA antibodies coimmuno-
precipitated with the Myc-tagged HLA-DRa from the cell lysate in

A B
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FIG 3 RTA binds to and promotes polyubiquitination of HLA-DRa. (A) SAOS-2 cells were either transfected with 10 ug pA3M-HLA-DRa alone or cotransfected with
10 g pCDNA3-RTA by electroporation. Thirty-six hours later, the cells were treated with 10 uM MG132 for another 12 h. Cell lysates were then immunoprecipitated
with RTA antibodies. Ten percent of the lysates was loaded as input; lysates and immunoprecipitation (IP) complexes were resolved by SDS-PAGE and subjected to WB
with the indicated antibodies. (B) SAOS-2 cells were either transfected with 10 ug pCDNA3-RTA alone or cotransfected with 10 pg pA3M-HLA-DRa by electropora-
tion. Thirty-six hours later, the cells were treated with 10 uM MG132 for another 12 h. Cell lysates were then immunoprecipitated with Myc antibodies. Ten percent of
the lysates was loaded as input; lysates and IP complexes were resolved by SDS-PAGE and subjected to WB with the indicated antibodies. (C) Thirty million BCBLLI cells
were treated with TPA and butyric acid for 24 h. Cells were harvested and lysed with RIPA buffer. Cell lysates were then immunoprecipitated with mouse IgG (mIgG) and
RTA antibodies. Ten percent of the lysates was loaded as input. Lysates and IP complexes were resolved by SDS-PAGE and subjected to WB with the indicated antibodies.
(D) Invitro GST pulldown assays were performed as described in Materials and Methods. The interactions between RTA and HLA-DRa were resolved by SDS-PAGE and
detected by Coomassie brilliant blue staining. (E) In vitro ubiquitination assays were carried out as described in Materials and Methods. The mixture was subjected to
SDS-PAGE and WB analysis using specific antibodies. Ub, ubiquitin.
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ubiquitin conjugating enzyme), together with His-ubiquitin, were
mixed and incubated at 30°C for 1 h in the presence of ATP in
vitro. We observed that RTA along with E1 and E2 can promote
the addition of polyubiquitin chains to HLA-DRa (Fig. 3E, lane
3). However, in the absence of E1 or E2, RTA failed to add the
polyubiquitin chain to HLA-DRa (Fig. 3E, lanes 1 and 2, respec-
tively). These results indicate that RTA can function as an E3 ubiq-
uitin ligase to add the polyubiquitin chain to HLA-DRa and were
responsible for HLA-DRa degradation through the proteasomal
degradation pathway.

RTA expression leads to induction of MARCHS levels. It is
well documented that HLA-DRa is a substrate of MARCHS and
MARCHY, members of the membrane-associated RING-CH
(MARCH) family of proteins, and is degraded by MARCHS8 and
MARCH9 through the ubiquitin-proteasome degradation path-
way (48). To investigate whether RTA can also affect MARCHS-
or MARCH9-mediated HLA-DRa degradation, TRExBJAB-RTA
and TRExBCBL1-RTA cells were treated with tetracycline (Fig. 4A
and B). RTA expression was induced by tetracycline in TREx-
BJAB-RTA cells, and the cell lysates were harvested at the indi-
cated days. As expected, the RTA protein expression steadily in-
creased. Importantly, a significant increase in the transcription
level as well as the protein level of MARCHS was observed in
induced cells, compared to the uninduced cells, which correlated
with the observed increase in RTA protein levels. Detection of
GAPDH confirmed that similar amounts of protein were loaded
in each lane (Fig. 4A, right). Interestingly, the mRNA level of
MARCH9 showed no significant change (Fig. 4A, middle). These
results were further validated in TRExXBCBL1-RTA cells. Similar
results were obtained for the protein and transcript levels of
MARCHS. A significant increase in MARCHS protein expression,
which correlated with the increase in RTA protein levels, was seen
(Fig. 4B). Interestingly, although the patterns of increase of
MARCHS8 in protein and mRNA levels were similar, the
MARCHS8 mRNA levels increased about 40-fold at day 3 in TREx-
BCBL1-RTA cells treated with tetracycline, compared to a 7-fold
increase in MARCHS8 mRNA levels in TRExBJAB-RTA cells hav-
ing the same treatment. This phenomenon was also observed at
the protein level; the protein levels of MARCH 8 were upregulated
about 10-fold at day 3 in TRExBCBL1-RTA cells induced with
tetracycline. This was compared to an observation of a 4-fold in-
crease of MARCHS protein levels in TRExBJAB-RTA cells with
the same treatment (Fig. 4A and B). This difference may be due to
the difference in genomic background between BCBL-1 and BJAB
cells. BCBL-1 is a KSHV-positive cell line, so RTA expression in
this cell line will result in KSHYV lytic activation. It is also possible
that other KSHV genes may transcriptionally upregulate
MARCHS.

To further confirm the role of RTA in MARCHS upregulation,
BCBL1 and BC3 cells were induced by TPA and butyric acid to
Iytic replication. BCBL1 and BC3 cells were harvested at the indi-
cated days after induction (Fig. 4C). Expression levels of RTA and
MARCHS transcripts were quantitated by RT-PCR. MARCHS ex-
pression at the mRNA and protein levels was induced upon in-
creased RTA expression due to reactivation (Fig. 4C). To further
confirm that RTA can transcriptionally upregulate MARCHS, a
ChIP assay was performed (Fig. 4D). The chromatin was soni-
cated to an average length of 500 bp, as confirmed by DNA agarose
gel electrophoresis (Fig. 4D, lower right). RTA protein from ly-
sates was immunoprecipitated using the RTA specific antibody
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(Fig. 4D, lower right), and DNA fragments associated with the
immunoprecipitated complex were purified and analyzed by RT-
PCR using the designed primers (Fig. 4D). The results of the ChIP
assay showed that RTA can bind to the promoter region between
the region from bp —1,000 (— 1K) to bp —500 (—0.5K) upstream
from the TSS (transcription start site) of MARCHS8 (Fig. 4D). To
investigate whether ectopic expression of RTA could also affect
the expression of MARCHS at the protein level, SAOS-2 and BJAB
cells were cotransfected with increasing amounts of Myc-RTA
plasmid together with a constant amount of Flag-MARCHS plas-
mid. The increased ectopic expression of RTA did not affect the
expression of MARCHS at the protein level (Fig. 4E). Together,
these results showed that RTA upregulates MARCHS through as-
sociation with the MARCHS promoter to transcriptionally acti-
vate MARCHS.

RTA downregulates HLA-DR« through the MARCHS path-
way. The coimmunoprecipitation and reverse coimmunoprecipi-
tation assays performed in SAOS-2 cells showed a complex
formed between HLA-DRa and MARCHS (Fig. 5A). These data
further confirmed previous results showing that HLA-DRa is the
substrate of MARCHS8 (48). Our above-described data showed
that RTA can transcriptionally upregulate MARCHS. Therefore,
we hypothesized that RTA may indirectly mediate the downregu-
lation of HLA-DRa through the MARCHS E3 ligase. To test this
hypothesis, we performed a ubiquitination assay in BJAB
shMARCHS cells and its control BJAB shCT cells (Fig. 5B). We
found that ubiquitination of HLA-DRa mediated by RTA is re-
duced in a MARCHS knockdown cell line (Fig. 5B, compare lanes
2 and 4). These results suggest that MARCHS can partially con-
tribute to the ubiquitination of HLA-DRa. Since the ubiquitina-
tion of proteins typically leads to protein degradation through the
proteasome degradation pathway, we wondered whether the re-
duction in ubiquitination of HLA-DRa in the MARCHS8 knock-
down cells can also partially rescue the protein levels of HLA-DRa
in the presence of RTA (Fig. 5C). Western blot results showed that
knockdown of MARCHS partially rescued the protein level of
HL-DRa in the presence of RTA (Fig. 5C, compare lanes 1, 3, and
4). These results suggest that RTA can downregulate the HLA-
DRa level through induction of the MARCHS E3 ligase.

Expression of HLA-DRa is impaired during KSHV de novo
infection. HLA-DRa is considered to be an intrinsically cytoplas-
mic protein that is delivered to the cell surface and other organ-
elles after synthesis (49, 50). We queried whether the protein levels
of HLA-DRa were reduced during KSHV primary infection, es-
pecially during the early stage. For this purpose, 20 million BJAB
cells were infected with Bac16-KSHYV virus particles and moni-
tored at different days postinfection (Fig. 6A). Subsequently, 1
million cells were harvested and examined by immunofluores-
cence. The rest of the cells were subjected to Western blot analysis
(Fig. 6B). Since RTA is packaged in the KSHV virion and released
into host cells during primary infection, we monitored RTA sig-
nals during the early stages of KSHV de novo infection at day 1.
RTA signals were increased in expression up to 7 days postinfec-
tion. This increase in RTA signals corresponded to a gradual de-
crease in HLA-DRa as well as upregulation of MARCHS8 expres-
sion in Bac16-KSHV-infected BJAB cells (Fig. 6B). The HLA-DRa
and RTA signals observed by immunofluorescence were quanti-
tated using Image] software. Interestingly, the levels of HLA-DRa
showed a striking reduction as infection proceeded up to 7 days
(Fig. 6B). These results further support our hypothesis that RTA
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performed. The relative levels of MARCHS8 and MARCHY were normalized to that of GAPDH (left and middle panels). Western blot analysis was used to detect
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MARCHS8 and MARCHY were normalized to that of GAPDH (left and middle panels). Western blot analysis was used to detect the RTA and MARCHS8
expression levels (right panel). Values represent the intensities of MARCHS proteins and were normalized against that of GAPDH and compared to the signal
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FIG 5 RTA-mediated HLA-DRa downregulation through the MARCHS8
pathway. (A) SAOS-2 cells were either transfected with 10 ng pA3M-HLA-
DRa alone or cotransfected with 10 g of pA3F-MARCHS by electroporation.
Thirty-six hours later, the cells were treated with 10 wM MG132 for another 12
h. Cell lysates were then immunoprecipitated with Myc antibodies. Ten per-
cent of the lysates was loaded as input; lysates and IP complexes were resolved
by SDS-PAGE and subjected to WB with the indicated antibodies (left panel).
SAOS-2 cells were either transfected with 10 wg pA3F-MARCHS alone or
cotransfected with 10 pwg pA3M-HLA-DRa by electroporation. Thirty-six
hours later, the cells were treated with 10 uM MG132 for another 12 h. Cell
lysates were then immunoprecipitated with Flag antibodies. Ten percent of the
lysates was loaded as input; lysates and IP complexes were resolved by SDS-
PAGE and subjected to WB with the indicated antibodies (right panel). (B) In
vivo ubiquitination assays were carried out in BJAB shMARCHS cells in com-
parison to a control. Fifteen million cells were transfected with RTA by elec-
troporation. At 36 h posttransfection, the cells were treated with 10 pM
MG132. Twelve hours later, the cells were lysed and immunoprecipitated with
HLA-DRa. Lysates and IP complexes were resolved by SDS-PAGE and sub-
jected to WB with the indicated antibodies. (C) RTA was transfected into stable
MARCHS knockdown BJAB cells by electroporation. Forty-eight hours later,
the cells were lysed and subjected to WB with the indicated antibodies. Ub,
ubiquitin.

can contribute to downregulation of HLA-DRa in KSHV-infected
cells during the early stage of de novo infection. Interestingly, the
RTA protein expression at day 7 was slightly reduced but did not
lead to a rescue in expression of HLA-DRa, as measured by im-

munofluorescence and Western blot analysis (Fig. 6B). The pro-
tein level of MARCHS, however, was depressed at day 7 compared
to thatat day 5 (Fig. 6B, lower right). This difference may be due to
the fact that HLA-DRa is regulated not only by RTA but also
by the KSHV antigen LANA, a latency-associated protein which
can transcriptionally inhibit MHC-II molecules, including HLA-
DRa (42, 45). Similar to previous studies, in this study we showed
that exogenously expressed LANA can inhibit the MHC-II mole-
cules, including HLA-DRa in BJAB cells (Fig. 6C, left panel). Fur-
thermore, LANA knockdown in the KSHV PEL cell line BC3
showed rescue of the MHC-II molecules, including HLA-DRa
(Fig. 6C, right panel). To further corroborate the role of RTA in
the downregulation of HLA-DRa, a similar IFA was performed
using TREXBJAB-RTA cells that were treated or mock treated with
tetracycline (8 pg/ml) for 48 h (Fig. 6D). As expected, HLA-DRa
expression was downregulated and MARCHS was upregulated in
RTA-expressed BJAB cells. Furthermore, quantitation of HLA-
DRa signals demonstrated a clear reduction in the tetracycline-
induced cells (Fig. 6D). We conclude from these results that RTA
can contribute to the downregulation of HLA-DRa in KSHV-
infected cells expressing the lytic transactivator RTA.

DISCUSSION

KSHYV infection has multiple effects on the MHC-I and -II path-
ways. K3 and K5 encoded by KSHV induce the internalization and
degradation of MHC-I molecules (11, 13, 25). LANA, the major
latency antigen, inhibits the expression of MHC-II through bind-
ing to the RFX and IRF4 (42, 45). Recently, studies showed that
primary effusion lymphoma (PEL) cells lost the capability to be
recognized by specific CD4 T cell clones. This was in response to
LANA, which is found abundantly in PEL cells. However, if
MHC-II molecules can be reintroduced in the PEL cells, these cells
can then be recognized by the CD4 T cells (51, 52). This finding
strongly suggests that the regulation of MHC-II molecules is im-
portant for evasion of the immune surveillance system and might
be an important strategy for persistent infection of KSHV. Here
we demonstrate a new strategy in that RTA facilitates evasion of
the adaptive immune system by KSHV through the degradation of
HLA-DRa (Fig. 6E). RTA can bind directly to HLA-DRa and
promote its ubiquitination and degradation. In addition to the
direct downregulation of HLA-DRa, RTA can also indirectly
downregulate HLA-DRa. RTA-induced transcriptional increase
of the E3 ligase MARCHS results in subsequent ubiquitination
and degradation of HLA-DRa, a substrate of MARCHS (48).
The role of RTA in binding and degrading HLA-DRa early
after infection is advantageous, as it is already present in the virion
particle and does not need to be synthesized before targeting HLA-
DRa for degradation (46, 47). RTA can immediately inhibit the
MHC-II pathway through degradation of HLA-DRa when re-
leased into the host cell after entry of the virus. Our IFA data

obtained at day 0. (C) BC3 and BCBLI cells were reactivated using chemical inducer TPA and butyric acid for 0, 1, 2, and 3 days. RNA was isolated, and RT-PCR
was performed. The relative levels of MARCHS and RTA were normalized to that of GAPDH (top and lower right panels). Western blot analysis was used to
detect RTA and MARCHS expression (bottom panel). Values which represent the intensities of MARCHS proteins were normalized against that of GAPDH and
compared to the signal obtained at day 0. (D) RTA binds to the MARCHS8 promoter. The schematic at the top shows the region of the MARCHS promoter and
the specific region targeted by the designed primers. Fifty million BCBLI cells were treated with TPA and butyric acid for 24 h. Cells were harvested, and ChIP
assays were performed as described in Materials and Methods using mouse IgG (mIgG) and anti-RTA antibodies; the cells were subjected to RT-PCR analysis
using the primers described in Materials and Methods (P1 to P4). The DNA fragments after sonication and the immunoprecipitated RTA are shown to the right
of the bar graph. 1K represents 1,000. (E) SAOS-2 and BJAB cells were cotransfected with 0, 10, and 20 pg RTA and 10 pg Flag-MARCHS. At 48 h posttrans-
fection, the cells were lysed and subjected to WB analysis with RTA, Flag, and GAPDH antibodies.
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analysis was used to detect the RTA, HLA-DRa, and MARCHS expression (lower right). Values represent the intensities of the indicated proteins and were
normalized against that of GAPDH and compared to the signal obtained at day 0. (C) Quantitative RT-PCR analysis of MHC-II in BJAB cells transfected with
LANA (left panel). Quantitative RT-PCR analysis of MHC-II in LANA stable knockdown BC3 cells (right panel). (D) IFA for TRExBJAB-RTA. Induced or
mock-induced cells were harvested and stained with RTA antibodies and HLA-DRa antibodies. Nuclei were counterstained by using DAPI. Western blot analysis
was used to detect RTA, HLA-DRa, and MARCHS expression (right panel). Values represent the intensities of the indicated proteins and were normalized against
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HLA-DRa. In KSHV-infected cells, the lytic transactivator RTA is bound to the MARCHS8 promoter and transcriptionally upregulates MARCHS. Upregulated
MARCHS can bind to and degrade HLA-DRa. At the same time, RTA can promote ubiquitination of HLA-DRa and downregulate HLA-DRa through the
ubiquitin-proteasome degradation pathway.
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showed that RTA signals can be abundantly found in the host cell
during the early stages of KSHV infection of the B-cell line BJAB,
which results in downregulation of HLA-DRa. Coimmunopre-
cipitation and in vitro GST pulldown assays clearly showed a direct
interaction between RTA and HLA-DRa. The in vitro ubiquitina-
tion results showed that RTA can function as an E3 ligase to ubiq-
uitinate and degrade HLA-DRa via the ubiquitin-proteasome
degradation pathway. Furthermore, the degradation of HLA-DRa
results in disruption of the MHC-II pathway.

Studies performed on different isotypes of MHC-II to deter-
mine the isotypes of MHC-II regulated by MARCHS8 showed that
MARCHS was able to redirect HLA-DRa from exosomes into a
degradation pathway in a cell type-dependent manner (53). HLA-
DRa was ubiquitinated and degraded by MARCHS, and in the
presence of MARCHS, the cell surface levels of HLA-DRa were
dramatically reduced (53, 54). Upregulation of MARCHS also led
to impaired development of CD4" T cells and downregulation of
IL-1 receptor accessory protein (ILIRAP), thus preventing subse-
quent activation of NF-kB (55, 56). These findings strongly sug-
gest that MARCHS can regulate the adaptive immune system,
especially through the MHC-II pathway. We showed that during
KSHYV infection, RTA can manipulate this pathway. Transcrip-
tional increase of MARCHS upon RTA expression resulted in the
downregulation of its substrate, HLA-DRa, which results in per-
turbation of the MHC-II pathway.

The present study has identified an important role for RTA in
the downregulation of HLA-DRa expression and the upregula-
tion of MARCHS. As an E3 ligase of HLA-DRa, RTA reduces the
protein levels of HLA-DRa and also negatively regulates the
MHC-II pathway. This property may be necessary for KSHV in-
fection as well as for replication in KSHV-infected cells. Negative
regulation of the MHC-II pathway especially through HLA-DRa
provides a strategy for bypassing the immune response for escape
and survival of KSHV. However, further investigation is needed to
explore the detailed molecular mechanism for inhibition of HLA-
DRa and upregulation of MARCHS by RTA, as well as the other
potential consequences due to upregulation of MARCHS.
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