
Virology 412 (2011) 357–365

Contents lists available at ScienceDirect

Virology

j ourna l homepage: www.e lsev ie r.com/ locate /yv i ro
The central repeat domain 1 of Kaposi's sarcoma-associated herpesvirus (KSHV)
latency associated-nuclear antigen 1 (LANA1) prevents cis MHC class I
peptide presentation

Hyun Jin Kwun a, Suzane Ramos da Silva a,b, Huilian Qin c, Robert L. Ferris d,e,f, Rusung Tan c,
Yuan Chang a,⁎, Patrick S. Moore a,⁎
a Cancer Virology Program, University of Pittsburgh Cancer Institute, University of Pittsburgh, 5117 Centre Avenue, Pittsburgh, PA, USA
b Department of Pathology, Botucatu School of Medicine at Sao Paulo State University, Sao Paulo, Brazil
c Department of Pathology and Laboratory Medicine, British Columbia Children's Hospital, University of British Columbia, Vancouver, British Columbia, Canada
d Department of Otolaryngology, University of Pittsburgh Medical Center, Pittsburgh, PA, USA
e Cancer Immunology Program, University of Pittsburgh Cancer Institute, Pittsburgh, PA, USA
f Department of Immunology, University of Pittsburgh Medical Center, Pittsburgh, PA, USA
⁎ Corresponding authors at: UPCI, 5117 Centre Ave, S
USA. Fax: +1 412 623 7715.

E-mail addresses: yc70@pitt.edu (Y. Chang), psm9@

0042-6822/$ – see front matter © 2011 Elsevier Inc. Al
doi:10.1016/j.virol.2011.01.026
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 5 July 2010
Returned to author for revision
20 December 2010
Accepted 19 January 2011
Available online 15 February 2011

Keywords:
Kaposi's sarcoma-associated herpesvirus
Latency-associated nuclear antigen 1
Major histocompatibility complex class I
Immune evasion
KSHV LANA1, a latent protein expressed during chronic infection to maintain a viral genome, inhibits major
histocompatibility complex class I (MHC I) peptide presentation in cis as ameans of immune evasion. Through
deletional cloning, we localized this function to the LANA1 central repeat 1 (CR1) subregion. Other CR
subregions retard LANA1 translation and proteasomal processing but do not markedly inhibit LANA1 peptide
processing by MHC I. Inhibition of proteasomal processing ablates LANA1 peptide presentation. Direct
expression of LANA1 within the endoplasmic reticulum (ER) overcomes CR1 inhibition suggesting that CR1
acts prior to translocation of cytoplasmic peptides into the ER. By physically separating CR1 from other
subdomains, we show that LANA1 evades MHC I peptide processing by a mechanism distinct from other
herpesviruses including Epstein–Barr virus (EBV). Although LANA1 and EBV EBNA1 are functionally similar,
they appear to use different mechanisms to evade host cytotoxic T lymphocyte surveillance.
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Introduction

Viral latency is a mechanism for reducing expression of proteins
susceptible to immune recognition. During latency, the large human
DNA tumor viruses, Epstein–Barr virus (EBV or HHV4) and Kaposi's
sarcoma-associated herpesvirus (KSHV or HHV8) exist as episomes
that replicate in tandem with the cell genome using host replication
proteins (Collins and Medveczky, 2002). To be retained in cells,
however, the expression of several viral proteins from the latent viral
genome must be maintained. The Epstein–Barr nuclear antigen 1
(EBNA1) and latency-associated nuclear antigen 1 (LANA1) are
analogous to each other and act to tether the viral episomes to the
host genome for EBV and KSHV respectively, allowing proper
segregation of virus during cell division (Ballestas et al., 1999; Barbera
et al., 2004; Grogan et al., 1983; Harris et al., 1985). Both viral proteins
have DNA binding domains at each end with long intervening central
repeat sequences.
EBNA1 has been extensively studied for its intrinsic properties that
retard peptide antigen presentation. The central EBNA1 Gly-Ala
repeat region (GAr) was first shown by Masucci and colleagues to
inhibit its own proteasomal degradation in cis, thus reducing the pool
of EBNA1 peptides available for antigen processing (Levitskaya et al.,
1995). Proteasomes are directly coupled to the peptide translocation
machinery that pumps viral peptides into the lumen of the
endoplasmic reticulum (ER), allowing efficient loading of viral
peptides onto MHC I prior to transport to the plasma membrane
(Yewdell, 2007). More recently it has been reported that misfolded
proteins which are rapidly shuttled into proteasomal pathways
comprise a major source for MHC-presented peptides (Schubert et
al., 2000). Up to 20% of all newly synthesized cellular proteins are
misfolded, so-called defective ribosomal products (DRiPs), and
processed in this manner thus allowing robust and rapid immune
surveillance sampling of foreign proteins (Yewdell and Nicchitta,
2006). EBNA1 GAr appears to avoid DRiP formation by retarding its
own ribosomal translation (Tellam et al., 2007; Yin et al., 2003). While
slower EBNA1 translation generates fewer misfolded EBNA1 mole-
cules, sufficient amounts of this viral protein accumulate because of
decreased proteasomal protein turnover (Tellam et al., 2007; Yin et al.,
2003). Since the EBNA1 GAr domain is responsible for both inhibiting
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protein degradation inhibition and retarding translation, distinguish-
ing the relative significance of these two effects for EBNA1 immune
evasion has been difficult.

KSHV is a gammaherpesvirus relative of EBV that causes Kaposi's
sarcoma (KS), primary effusion lymphoma and a subset of multi-
centric Castleman's disease (Cesarman et al., 1995; Chang et al.,
1994; Soulier et al., 1995). With the onset of the African AIDS
pandemic, KS is now the most commonly reported neoplasm for
adults in parts of sub-Saharan Africa (Parkin et al., 2008). Although
KS is a major unmet public health burden in Africa, this problem
will likely best be addressed through development of inexpensive
vaccines or immunotherapy. Identifying mechanisms used by KSHV
to avoid immune recognition will assist in the identification of
effective KSHV vaccine antigens.

Similar to EBV EBNA1, KSHV LANA1 also has a central repeat (CR)
domain (321–937 aa). The LANA1 CR is comprised of repeats rich in
glutamine (Q), glutamate (E), and aspartate (D). Unlike EBNA1 GAr
repeats, the LANA1 repeats are imperfect and may be further divided
into three subdomains: CR1, CR2, and CR3 (Kwun et al., 2007). Using
the entire central repeat region, Zaldumbide et al. reported that the CR
functions as a cis-acting inhibitor of MHC-antigen processing,
analogous to EBNA1 GAr (Zaldumbide et al., 2007). More detailed
analyses have been hampered by the difficulty in cloning these
extensively repeated domains. We previously showed that a junc-
tional domain between CR2 and CR3 participates in retardation of
LANA1 translation, and similar to the EBNA1 GAr, this effect is likely to
be caused by peptide rather than mRNA structures (Kwun et al.,
2007). We also found that some LANA1 isoforms have abnormally
prolonged half-lives, suggesting that the CRmay avoid CTL processing
through the same mechanisms previously described for EBNA1 GAr
(Kwun et al., 2007). Here, we havemapped the individual CR domains
involved in surface presentation of ovalbumin peptides fused to
Fig. 1. The central repeat (CR) 2 domain of LANA1 inhibits LANA1 turnover. (A) LANA1 repea
LANA1, and cloned as fusion proteins with a destabilized enhanced green fluorescent protei
and LANAd1EGFP), 0.065 (LANAd1EGFP and LANAΔCR123d1EGFPd), 0.0225 (LANAd1EGFP
cloned into d1EGFP were also determined. P value=0.0441 (d1EGFP and CR2-d1EGFP), 0.0
(CR2-d1EGFP and CR2CR3-d1EGFP). Normalized EGFP fluorescence at time 0 (A and B right
treatment (gray bars) to assess protein turnover. Results are average values performed in trip
by two-tailed Student's t test using Prism software (GraphPad).
various LANA1 constructs. We find that neither CR2 nor CR3 are
primarily responsible for peptide presentation evasion. Instead, CR1
appears to block peptide presentation prior to translocation of
peptides into the ER. These data show for the first time that LANA1
and EBNA1 use different mechanisms to avoid antiviral CTL
recognition and indicate that gammaherpesvirus immune evasion is
more diverse than previously assumed, providing important implica-
tions for the design of T cell based immunotherapeutic approaches.

Results

To identify subregions responsible for self-inhibition of LANA1
protein degradation, we generated LANA1 deletion constructs of CR
domains (LANAΔCR123) and each CR subdomain (LANAΔCR1,
LANAΔCR2, LANAΔCR3), in the context of full-length LANA1 (Kwun
et al., 2007). A PEST-sequence destabilized EGFP (d1EGFP) protein
(Clontech) was cloned into the C-terminus (Fig. 1A) or N-terminus
(Fig. S1) and protein turnover rates were assessed by measuring
fluorescence. LANA1 full-length and deletion mutant constructs were
transfected into 293 cells and allowed to recover for 24 h. Cells were
then treated with 100 μg/ml cycloheximide (CHX) for 12 h to inhibit
new protein synthesis and residual EGFP-tagged protein was
determined by fluorimetry.

As seen in Fig. 1A, full-length LANA1 protein markedly stabilizes
the turnover of PEST-EGFP sequences: 67.5% of LANA1-d1EGFP
protein remains 12 h after CHX inhibition of new protein synthesis
while nearly all unfused vector (d1EGFP) protein has undergone
degradation during the same period. To exclude the possible effect of
the position of the GFP tag artificially affecting the stabilization of the
fusion proteins, both C- (Fig. 1A) and N-terminally (Fig. S1) fused
PEST-EGFP constructs were examined and show similar patterns.
When each repeat domain is expressed as a PEST-EGFP expression
t regions (CR1, CR2, CR3) were individually and in combination deleted from full-length
n (d1EGFP) (left panel) to ensure rapid proteasomal turnover. P value=0.007 (d1EGFP
and LANAΔCR2d1EGFP). (B) Turnover of individual LANA1 CR regions and subregions
22 (CR2-d1EGFP and CR1-d1EGFP), 0.0106 (CR2-d1EGFP and CR3-d1EGFP), and 0.0325
panel, black bars) was used as a reference to compare EGFP fluorescence 12 h after CHX
licate from independent experiments. P values between different groups, were obtained
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construct individually or in combination with other repeat domains,
only LANA1 CR2-containing peptides have significantly diminished
protein turnover (Fig. 1B). Taken together, these data suggest that CR2
primarily inhibits cis protein turnover in the context of the larger
LANA1 structure and also that the primary structure of CR2 alone is
sufficient to retard proteasomal degradation.

To determine whether, like EBNA1, LANA1 domains retarding cis
LANA1 translation also inhibit proteasomal degradation, we examined
a CR2–EcoRV–CR3 fragment containing an inserted EcoRV DNA
sequence that disrupts the junction between the CR2 and CR3
domains. We previously found that this insertion diminishes LANA1
CR translation retardation mediated by the CR2CR3 junction (Kwun et
al., 2007). Turnover of CR2–EcoRV–CR3, however, was unchanged
from the parental fragment having an intact CR2–CR3 junction
suggesting that this region is not active in preventing protein
turnover. Unlike EBNA1, the translation retardation of KSHV LANA1
(CR2–CR3 junction) can be physically separated from its proteasomal
inhibition function (CR2 domain).
Fig. 2. Construction and expression of EGFP-LANAOVA. (A) Schematic diagram of EGFP-LANA
determined by immunoblotting (B), in vitro translation labeled with [35S]-Met (C) and fluo
We took advantage of an ability to dissociate these two
processing functions to determine their importance in MHC class I
presentation. LANA1 full-length and deletion constructs were fused
with EGFP in the N-terminus and the ovalbumin (OVA) peptide
SIINFEKL in the C-terminus (Fig. 2A). Surface presentation of
SIINFEKL by the murine MHC I allele H2Kb is detected by flow
cytometry using the 25-D1.16 antibody (eBioscience) directed
against the peptide bound to the H2Kb cleft (Porgador et al., 1997).
We expressed each construct in human 293KbC2 cells engineered for
stable expression of murine H2Kb (a kind gift of Jonathan Yewdell)
(Tscharke et al., 2005). Expression of each deletion construct was
confirmed by immunoblotting (Fig. 2B), in vitro translation (Fig. 2C),
as well as fluorescence microscopy (Fig. 2D).

As expected, the constructs with deleted CR2 or CR3 domains had
higher translation efficiencies compared to full-length LANA1 since
this disrupts the CR2–CR3 junction (Fig. 2C). Moreover, expression of
the CR1 deletion construct had similar translation efficiency as full-
length LANA1, consistent with the site of translation retardation lying
1OVA constructs used to measure SIINFEKL antigen presentation. Protein expression was
rescence of the EGFP-LANA1 fusion proteins (D).

image of Fig.�2
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between CR2 and CR3. These proteins thus accumulated in the
nucleus similar to parental LANA1 due to retention of nuclear
localization signals present in the N and C-termini of LANA1 (Fig. 2D).

Two color flow cytometry for allophycocyanin (APC)-conjugated
25-D1.16 antibody (eBioscience) and EGFPwere next used tomeasure
Fig. 3. The CR1 region of LANA1 inhibits MHC I peptide antigen presentation in cis. (A) Repr
cells expressing EGFP-LANA1OVA constructs (Fig. 2A). Cells were stained with APC anti-mou
EGFP positivity to ensure construct expression and then the percentage SIINFEKL presenting
times using either APC or phycoerythrin (PE) 25-D1.16 (eBioscience) for detection and sh
experiments (mean±S.D.). P=0.0001 (EGFP and EGFPOVA), 0.0023 (EGFPOVA and LANAOVA

0.0311 (LANAOVA and LANAΔCR12OVA). P values between different groups, were obtained by
pretreatment conditions on antigen presentation. Cells were pretreated with MG132 (prot
SIINFEKL peptide presentation was determined by flow cytometry analysis.
SIINFEKL surface expression in cells expressing the various LANA1
deletion constructs. EGFP vector and EGFPOVA constructs were used as
negative and positive controls, respectively. Consistent with the
results of Zaldumbide et al. (2007), the LANA1-SIINFEKL fusion
protein shows marked reduction of SIINFEKL presentation compared
esentative results from flow cytometry analysis for SIINFEKL presentation on 293KbC2
se MHC class I Kb-SIINFEKL (25-D1.16) 24 h after transfection. Samples were gated for
cells were determined by APC positivity. All experiments were repeated at least three

ow similar results. (B) Quantitation of SIINFEKL presentation from three independent
), 0.0049 (LANAOVA and LANAΔCR1OVA), 0.0135 (LANAOVA and LANAΔCR123OVA), and
two-tailed Student's t test using Prism software (GraphPad). (C, D) The effect of different
easome inhibitor) (C), interferon gamma (immunoproteasome inducer) (D) and then
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to the EGFPOVA control. We also confirm that LANA1 inhibition of
antigen presentation is dependent on the central repeat region since
the fusion protein lacking this segment (LANAΔCR123OVA) is
presented to a similar extent as the EGFPOVA control protein
(Figs. 3A and B). Surprisingly, we find that neither the CR2–CR3
junction, which impedes LANA1 translation (Fig. 2C), nor the CR2
domain, which inhibits proteasomal processing (Figs. 1A and B) are
predominantly responsible for SIINFEKL immune evasion (Figs. 3A
and B). Instead, all LANA1 constructs lacking CR1, including deletion
of CR1 alone (LANAΔCR1OVA), deletion of the entire CR region
(LANAΔCR123OVA) and deletion of CR1CR2 (LANAΔCR12OVA), show
markedly increased SIINFEKL peptide presentation compared to
LANAOVA. In contrast, LANA1 proteins with the CR2 region deleted
(LANAΔCR2OVA and LANAΔCR23OVA) inhibit MHC I peptide presen-
tation similar to the parental LANA1 molecule. Transfection efficiency
for each of the constructs was similar (Fig. 2D), as monitored through
the expression of EGFP protein by flow cytometry analysis (50 to 70%
of 25,000 cells were positive for EGFP expression, Fig. 3A), regardless
of translation efficiency (Fig. 2C). The amount of total MHC class I level
on the surface determined by flow cytometry using anti-mouse MHC
class I (H-2Kb) (clone AF6-88.5.5.3, eBioscience) was unchanged
despite LANA1 expression (data not shown) indicating that inhibition
of SIINFEKL peptide presentation is not due to a general down-
regulation of MHC I surface expression by LANA1. In addition,
cotransfection of CR1 and EGFPOVA from separate plasmids does not
inhibit SIINFEKL presentation (data not shown), indicating that CR1
acts in cis to prevent MHC presentation of SIINFEKL rather than in
trans. Since surface expression level of MHC I is unchanged by LANA1,
it is unlikely that total MHC I is targeted for trans downregulation as is
the case with the KSHV K3 and K5 proteins (Coscoy, 2007).

We next examined whether LANA1 antigen is processed in a
proteasomal-dependent or -independent fashion (e.g., autophagy) by
pretreating 293KbC2 cells transfected with various LANA1OVA con-
structs withMG132 (Fig. 3C). As seen in Fig. 3C, presentation is largely
abolished byMG132 pretreatment, indicating that LANA1 is processed
for MHC I presentation through canonical proteasomal processing.
Preliminary experiments suggest that neither rapamycin nor chloro-
quine pretreatment modifies LANA1OVA presentation, consistent with
autophagy playing a small role, if any, in LANA1 immune processing
(unpublished data). To determine if immunoproteasomal processing
is critical to LANA1 presentation, we pretreated cells with interferon
gamma (Fig. 3D). Relatively higher antigen presentation of LANA1
suggests that immunoproteasomal processing enhances LANA1
presentation.
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That LANA1 CR1 inhibits presentation in cis but does not either
retard synthesis of LANA1 or its proteasomal degradation suggests
that it might reduce translocation of LANA1 peptides from the cytosol
into the ER for loading ontoMHC I. We therefore bypassed this step by
introducing endoplasmic reticulum (ER) signal peptide (SP)
sequences (Persson et al., 1980) into the N-terminal of EGFP-
LANA1OVA constructs (SP-LANAOVA, SP-LANAΔCR1OVA) and then
Fig. 4. The effect of endoplasmic reticulum (ER) targeting signal peptide (SP) on LANA1 an
Tracker (red) fluorescence in living cells. The EGFP signal of SP constructs precisely overlappe
293KbC2 cells expressing either EGFP-LANA1OVA or SP-EGFP-LANA1OVA constructs with pre
examined expression and antigen presentation. SP construct-
expressing cells (green) were also loaded with ER-tracker (red), a
marker for the ER, to determine the localization of LANA1 (Fig. 4A). In
contrast to LANAOVA without SP, SP-LANAOVA is efficiently processed
for MHC I presentation (Fig. 4B). Both LANAΔCR1OVA proteins, with or
without the SP, undergo similar levels of antigen presentation
suggesting that CR1 inhibits pre-ER steps in peptide presentation
tigen presentation. (A) LANA1 expression was determined with EGFP (green) and ER-
d with that of the ER-Tracker. (B) Flow cytometry analysis for SIINFEKL presentation on
treatment of MG132 and interferon gamma.

image of Fig.�4
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(Fig. 4B). Pretreatment of SP-LANAOVA with MG132 diminished
peptide presentation and so we cannot exclude that this protein
undergoes retrotranslocation and proteasomal degradation.

Discussion

Cytotoxic T lymphocyte (CTL) recognition of infected host cells is
critical to the immune control of KSHV infection (Wilkinson et al.,
2002). The response is initiated when intracellular viral proteins are
degraded by the proteasomal machinery, allowing short peptide
sequences to be processed and presented on the infected cell surface
bound to major histocompatibility class I (MHC I) antigens (Schubert
et al., 2000). Using ova-fusion constructs, we examined LANA1 cis-
inhibition of antigen presentation. While our studies provide general
insights into LANA1 antigen presentation, caution is needed in
interpreting them and our results require confirmation under more
natural settings.

To understand the mechanisms of LANA1 CTL immune evasion, we
previously examined translational retardation and turnover inhibition
mediated by LANA1 (Kwun et al., 2007). We found that a LANA1
peptide sequence at the junction of the CR2 and CR3 subdomains was
required to retard translation of LANA1 mRNA, an effect similar to the
EBNA1 GAr. We also found that LANA1 proteins containing the entire
CR domain inhibit proteasomal turnover as has been previously
described (Kwun et al., 2007). Although these findings could suggest
the possibility for common mechanisms to evade MHC I presentation
for latent viral protein peptides by the large DNA tumor viruses, this is
not always the case as the herpesvirus saimiri (HVS) reduces mRNA
levels of the open reading frame (ORF73) protein homologous to
KSHV LANA1 to avoid MHC class I antigen presentation (Gao et al.,
2009). Careful analysis of the individual LANA1 CR domains also
indicates that KSHV and EBV use different mechanisms to evade CTL
immune responses against their major latency proteins.

Here we show that the LANA1 CR1 domain is primarily responsible
for in cis prevention of MHC I presentation of LANA1 peptides. Unlike
EBV EBNA1 (Apcher et al., 2009), this effect can be physically
separated from the translation retardation and proteasome inhibition
domains, suggesting that neither is critical for LANA1 evasion of
antigen presentation. Surprisingly, CR1's immune evasion mechanism
appears to be more complex than simple inhibition of proteasomal
processing. The CR2 domain expressed as an isolated fragment
markedly retards cis proteasomal processing yet its contribution to
inhibition of MHC I peptide presentation is minimal compared to CR1.

Since MHC I presentation inhibition occurs in cis and yet
proteasomal processing is not markedly inhibited by CR1, one
possibility is that CR1 domain decouples proteasomal processing of
LANA1 from the ER translocation machinery. Immunoproteasomal
processing is tightly linked to the surface of the ER membrane so that
peptides generated by processing are efficiently translocated by the
transporter associated with antigen presentation 1 (TAP1) (Brooks et
al., 2000). Herpes simplex virus ICP47 binds to TAP1 and blocks
transport of viral peptides into the ER (Fruh et al., 1995; Hill et al.,
1995; York et al., 1994). Cytomegalovirus also blocks peptide
transport by producing a protein, US6, that blocks TAP1 (Hengel et
al., 1997; Lehner et al., 1997). When we bypass this machinery using
an ER signal peptide to translocate LANA1 directly into the ER, both
LANA1 and LANA1 lacking a CR1 domain are efficiently presented to
MHC I. LANA1 expressed into the lumen of the ER might be processed
by ER aminopeptidase associated with antigen processing (ERAAP)
(Blanchard et al., 2010) or by retrotranslocation and proteasomal
processing of LANA1 protein, either of which may be TAP-dependent.
This raises the possibility that CR1 delocalizes the active immuno-
proteasome from the TAP machinery so that peptides generated in cis
are not efficiently translocated into the ER. LANA1 does not affect
expression of TAP1 or immunoproteasome components, LMP2 or
LMP7 (data not shown), consistent with CR1 not disrupting the
processing and translocation machinery itself and suggesting a
potentially novel mechanism of viral immune evasion from CTL
recognition. Despite their functional similarities, EBV EBNA1 and
KSHV LANA1 avoid CTL recognition through different mechanisms
and LANA1 serves as a unique model for interrogating this system.

KSHV proteins have been shown to possess a remarkable array of
immune evasion activities (Coscoy, 2007). Understanding how KSHV
avoids effective immune responses during latency is critical for
development of effective vaccines to prevent and treat tumors caused
by this virus. Our findings suggest that a LANA1 therapeutic vaccine
candidate lacking the CR1 domain may be more effective than the
parental molecule for inducing a functional CTL response against virus
infected cells. Regardless of whether or not CR1 deletion candidates
ultimately are useful for therapeutic vaccines, there is a striking need
for KSHV vaccine candidates that can be employed in sub-Saharan
Africa where KSHV is ubiquitous and where KS is now one of the most
commonly reported tumors (Chang et al., 1996; Chokunonga et al.,
1999; Wabinga et al., 1993).

Materials and methods

Plasmids

LANA1 full-length/deletion and the central repeat subdomain
(CR1, CR2, CR3 or CR2/CR3) containing constructs were generated by
PCR with a BC-1 DNA template and fused to EcoRI/HindIII sites of
pd1EGFP-N1 encoding a destabilized EGFP in the C-terminus as
described previously (Kwun et al., 2007) to examine protein turnover.
A destabilized EGFP was also amplified by PCR using primers
(pd1EGFP-sense, GGA TCC GCC ACC ATG GTG AGC AAG GGC GAG
GAG CTG; pd1EGFP-antisense, GAA TTC CAC ATT GAT CCT AGC AGA
AGC ACA) and inserted into BamHI/EcoRI sites in the N-terminus of
LANA1 constructs (Fig. S1). For flow cytometry studies of antigen
presentation, LANA1 full length or deletion mutants of the CR region
were generated with various PCR reactions using primers (Kwun et
al., 2007) inserted into EcoRI/HindIII sites. The EGFPOVA expression
construct, enhanced GFP (EGFP) was amplified from the pEGFP-C1
vector (Clontech) by PCR and inserted into BamHI/EcoRI sites (Kwun
et al., 2007). The chicken ovalbumin epitope SIINFEKL peptide
sequence was introduced into HindIII/XhoI sites using direct ligation
of the following primers: SIIN-forward 5′-AAG CTT AGC ATA ATT AAT
TTC GAA AAG CTC TAA GCG GCC GCG CTC GAG-3′; and SIIN-reverse
5′-CTC GAG CGC GGC CGC TTA GAG CTT TTC GAA ATT AAT TAT GCT
AAG CTT-3′. For SP constructs, N-terminal ER signal peptide sequence
was introduced in front of EGFP using the following primers: SP-sense
5′-GGA TCC GCC ACC ATG AGG TAC ATG ATT TTA GGC TTG CTC GCC
CTT GCG GCA GTC TGC AGC GCT ATG GTG AGC AAG GGC GAG GAG;
and EGFP-antisense 5′-CTT GAA TTC CTT GTA CAG CTC GTC CAT GC-3′.
Correct insert sequences were determined by DNA sequencing for all
plasmids.

In vitro transcription/translation and immunoblotting

LANA1 constructs (Fig. 2A) were digested and linearized with XhoI
enzyme. DNA templates were in vitro transcribed using T3 RNA
polymerase and Riboprobe in vitro transcription system (Promega).
RNA concentrations were determined by UV spectroscopic measure-
ment (NanoVue, GE Healthcare) at 260 nm, and 0.5 M equivalents of
RNA were calculated for use in uncoupled in vitro translation with a
rabbit reticulocyte lysate system (Promega) and [35S]-methionine (GE
Healthcare). Reaction products were resolved on SDS-PAGE gel, dried,
exposed overnight to screens, and read using a Typhoon imager (GE
Healthcare). All the expression levels for LANA1 construct were also
confirmed by immunoblotting with anti-GFP (Santa Cruz) or anti-
alpha-tubulin (Sigma).
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Analysis of GFP fluorescence (protein turnover)

HEK293 cells were grown in Dulbecco's Modified Eagle Medium
(DMEM) supplemented with 10% FBS and transfected with
Lipofectamine-2000 (Invitrogen), with either d1EGFP or LANAd1EGFP
constructs (Fig. 1). To examine inhibition of GFP turnover, pd1EGFP-N1
(Kwun et al., 2007) encoding a destabilized EGFP with an estimated
half-life (t1/2) of 1 hwasused for constructing fusions toCR subdomains
or LANA full-length/deletion mutant constructs at the N terminus of
EGFP. Twenty-four hours after transfection, cells were placed in DMEM
with 100 μg/ml CHX (Sigma) to inhibit new protein synthesis or in an
equal volume of DMSOdiluent as control. Sampleswere harvested 12 h
after CHXor control treatment and lysed in buffer (50 mMTris–HCl [pH
8.0], 150 mM NaCl, 0.1% SDS, 3 mM EDTA, 1% Triton X-100, 1 mM NaF,
and 1 mM Na orthovanadate) supplemented with proteinase inhibi-
tors. Fluorescent protein determination was measured using 50 μg of
protein in 100 μl of PBS using a Synergy 2 microplate reader (BioTek).

Flow cytometry analysis for antigen presentation

HEK293 cells stably expressing the mouse class I allele H-2Kb

(referred to as 293KbC2 kindly provided by Dr. Yewdell) (Tscharke
et al., 2005) were grown in DMEM with 10% FBS supplemented with
0.5 mg/ml G418 (Hyclone). For flow cytometry analysis, 293KbC2
cells were transfected with 1 μg of EGFP-LANA1OVA constructs (Fig. 3)
or SP-EGFP-LANA1OVA constructs (Fig. 4) using Fugene 6 (Roche) and
harvested and washed with PBS 24 h after transfection and stained
with allophycocyanin (APC) or phycoerytherin (PE) anti-mouse MHC
class I Kb-SIINFEKL (25-D1.16) (eBioscience) for 30 min at 4º. Cells
were washed twice with PBS and analyzed using a DAKO CyAn high
speed analyzer. For each experiment, gating was performed for
positive EGFP fluorescence, and 25,000 events were collected and
analyzed. The cells were treated with MG132 (Sigma, 20 μM for 12 h)
or interferon gamma (eBioscience, 1000 U/ml for 24 h) before
harvest. All experiments were repeated at least three times for
reproducibility, with representative experiments shown.

Fluorescence microscopy

For ER labeling, the cells were incubated at 37 °C for 30 min with
ER-Tracker Red (Molecular Probes) and processed following the
manufacturer's method. Cells were analyzed using Nikon TS100 with
Spot insight digital camera or an Olympus AX70 epifluorescence
microscope equipped with a Spot RT digital camera.

Statistic analysis

Data were compared by analysis of variance with paired Student's
t-test using Prism software (GraphPad). Values were considered
significant at pb0.05.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.virol.2011.01.026.
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