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ABSTRACT Kaposi’s sarcoma-associated herpesvirus (KSHV) is the causative agent
for Kaposi sarcoma (KS), primary effusion lymphoma (PEL), and multicentric Castle-
man disease (MCD). Like other herpesviruses, it has latent and lytic repertoires. How-
ever, there is evidence that some lytic genes can be directly activated by certain cel-
lular factors. Cells undergoing endoplasmic reticulum stress express spliced X-box
binding protein 1 (XBP-1s). XBP-1s is also present in large amounts in germinal cen-
ter B cells. XBP-1s can activate the KSHV replication and transcription activator (RTA)
and lytic replication. It can also directly activate KSHV-encoded viral interleukin-6
(vIL-6) and, thus, contribute to the pathogenesis of KSHV MCD. KSHV thymidine ki-
nase (TK), the ORF21 gene product, can enhance the production of dTTP and is im-
portant for lytic replication. It can also phosphorylate zidovudine and ganciclovir to
toxic moieties, enabling treatment of KSHV-MCD with these drugs. We show here
that XBP-1s can directly activate ORF21 and that this activation is mediated primarily
through two XBP-response elements (XRE) on the ORF21 promoter region. Deletion
or mutation of these elements eliminated XBP-1s-induced upregulation of the pro-
moter, and chromatin immunoprecipitation studies provide evidence that XBP-1s
can bind to both XREs. Exposure of PEL cells to a chemical inducer of XBP-1s can in-
duce ORF21 within 4 hours, and ORF21 expression in the lymph nodes of patients
with KSHV-MCD is predominantly found in cells with XBP-1. Thus, XBP-1s may di-
rectly upregulate KSHV ORF21 and, thus, contribute to the pathogenesis of KSHV-
MCD and the activity of zidovudine and valganciclovir in this disease.

IMPORTANCE Spliced X-box binding protein 1 (XBP-1s), part of the unfolded protein
response and expressed in developing germinal center B cells, can induce Kaposi’s
sarcoma-associated herpesvirus (KSHV) lytic replication and directly activate viral
interleukin-6 (vIL-6). We show here that XBP-1s can also directly activate KSHV ORF21, a
lytic gene. ORF21 encodes KSHV thymidine kinase (TK), which increases the pool of
dTTP for viral replication and enhances lytic replication. Direct activation of ORF21
by XBP-1s can enhance viral replication in germinal center B cells and contribute to
the pathogenesis of KSHV multicentric Castleman disease (MCD). KSHV-MCD is char-
acterized by systemic inflammation caused, in part, by lytic replication and overpro-
duction of KSHV vIL-6 in XBP-1s-expressing lymph node plasmablasts. KSHV thymi-
dine kinase can phosphorylate zidovudine and ganciclovir to toxic moieties, and
direct activation of ORF21 by XBP-1s may also help explain the effectiveness of zid-
ovudine and valganciclovir in the treatment of KSHV-MCD.
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Kaposi’s sarcoma-associated herpesvirus (KSHV), also called human herpesvirus-8
(HHV-8), is a gammaherpesvirus that is the causative agent of several tumors or

hyperproliferative diseases, including Kaposi’s sarcoma (KS), a form of multicentric
Castleman disease (MCD), and primary effusion lymphoma (PEL) (1–4). These diseases
most often develop in patients with immunodeficiency from human immunodeficiency
virus (HIV) infection, transplantation, or other causes but can also develop in patients
without obvious immunodeficiency, especially in sub-Saharan Africa (5). Like other
herpesviruses, the life cycle of KSHV is composed of latent and lytic phases (6–8). In
latent infection, only a restricted number of genes are expressed. When induced into
the lytic phase, the full genome is expressed and viral replication and cell lysis ensues.
This switch is mediated by the activation of the replication and transcription activator
(RTA), which turns on the lytic program by activating other KSHV genes in an orderly
cascade as well as inducing more RTA in a positive feedback loop (7–9). RTA can be
activated in infected cells by a variety of stimuli, including inflammatory cytokines, a
variety of cell signaling pathways, hypoxia, and endompasmic reticulum (ER) stress
(10–14). Recently, it has been shown that some of the lytic genes of KSHV can be
directly activated by cellular factors without the involvement of RTA (13, 15, 16). In
particular, it has been shown that hypoxia-inducible factors (HIFs), which accumulate in
cells exposed to hypoxia and certain other stresses, can directly induce KSHV open
reading frames (ORFs) 34 to 37 and ORF74 by binding to hypoxia response elements
(HREs) on the promoter region of these genes (13, 16, 17).

Spliced X-box binding protein 1 (XBP-1s) is one of the key proteins in the unfolded
protein response (UPR) to endoplasmic reticulum (ER) stress caused by factors such as
an excess of protein production (18, 19). In cells undergoing ER stress, a 26-nucleotide
intron is excised from the mRNA of unspliced XBP-1 (XBP-1u) by inositol-requiring
enzyme � (IRE1�) and then translated to create XBP-1s (20) which then enters the
nucleus where it can activate specific cellular genes of the UPR by binding to XBP-1
response elements (XREs) in their promoter regions. High levels of XBP-1s are expressed
in B cells undergoing differentiation to plasma cells in lymph node germinal centers,
where it protects against ER stress induced by immunoglobulin production (21). XBP-1s
has been reported to activate KSHV RTA both in normoxic cells and in cells exposed to
hypoxia (12, 22, 23). In addition, XBP-1 has been shown to induce gene activation in
other gammaherpesviruses; in particular, it can induce lytic replication and the expres-
sion of LMP1, a latent oncoprotein, in Epstein-Barr virus and can also indirectly induce
lytic activation of murine gammaherpesvirus 68 through activation of the latent protein
M2 (24–28).

KSHV-MCD is a severe systemic illness characterized by inflammatory flares caused
by the overproduction of a number of cytokines, including KSHV-encoded human
interleukin-6 (hIL-6); viral IL-6 (vIL-6), an analog of hIL-6; and interleukin-10 (IL-10)
(29–32). KSHV-MCD is characterized by intermittent flares and is usually fatal within 2
years if not treated. The key pathological finding is the presence of KSHV-infected
plasmablasts in lymph nodes, especially in the mantle zones of the germinal centers
(33). These plasmablasts express KSHV latency-associated nuclear antigen (LANA), and
a subset also express KSHV vIL-6, a gene inducible in the lytic cycle that is sometimes
expressed at low levels during latency (15, 29, 34–36). In some of these plasmablasts
that express vIL-6, other KSHV lytic genes, such as ORF45, are also expressed; however,
more than 60% of those expressing vIL-6 do not express ORF45 (15). The production of
vIL-6 by plasmablasts without the full lytic cascade of KSHV is believed to be important
in KSHV-MCD pathogenesis; otherwise, the KSHV-infected plasmablasts would lyse and
the disease would be self-limiting. Our group recently showed that XBP-1s can directly
upregulate vIL-6 production by binding to XRE on the promoter of vIL-6 (15), and this
likely contributes to the pathogenesis of KSHV-MCD.

Two genes of KSHV, namely, ORF21 and ORF36, can phosphorylate certain antiviral
drugs, leading to the production of their active triphosphate moieties. ORF21, a
thymidine kinase, can phosphorylate both zidovudine (AZT) and ganciclovir (GCV)
(37–39), and ORF36, a phosphotransferase, can phosphorylate GCV (37, 39–41). In
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addition to manifesting antiviral activity, the phosphorylated forms of these drugs are
toxic to the KSHV-infected cells (39). Based on this observation and the expression of
KSHV lytic genes by at least some KSHV-MCD plasmablasts, we explored the use of
these drugs as a treatment for flares of KSHV-MCD and observed that 86% of patients
had major clinical responses when treated with a combination of high-dose AZT and
valganciclovir, an oral prodrug of GCV (42). This is now a recommended treatment for
KSHV-MCD (43). To try to better understand why this regimen might be effective given
the activation of vIL-6 in many MCD plasmablasts without other lytic genes, we
explored the possibility that ORF21 and ORF36 might also be directly activated in
KSHV-MCD lymph nodes. Given the high levels of XBP-1s in germinal center developing
B cells, we hypothesized that XBP-1s might also play a direct role in activating KSHV
ORF21 and/or ORF36.

RESULTS
Identification of XREs in the ORF21 promoter. To assess whether KSHV-encoded

ORF21 and/or ORF36 could be upregulated by XBP-1s, we cotransfected HEK-293T cells
with luciferase reporter plasmids for KSHV ORF21 (Fig. 1A), KSHV ORF36, KSHV vIL-6
(positive control), and pGL3basic control reporter plasmid, along with XBP-1s, XBP-1u,
or a negative-control plasmid (pcDNA3.1). Consistent with our previous study (15),
XBP-1s increased the promoter activity of the vIL-6 promoter by about 7-fold (P � 0.05)
(Fig. 1B). In addition, XBP-1s, but not XBP-1u, increased the activity of the ORF21
promoter by about 5-fold (P � 0.01). In these experiments, some upregulation of the
pGL3 basic promoter was also observed upon cotransfection with XBP-1s, but the
upregulation of vIL-6 and ORF21 was substantially more. In contrast, no upregulation
of the ORF36 promoter over that seen with the pGL3 basic promoter was seen upon
cotransfection with XBP-1s (Fig. 1B). These results provide evidence that XBP-1s may
activate the ORF21 promoter region but not the ORF36 promoter region.

We analyzed the promoter sequences of ORF21 and ORF36 for potential XRE and
hypoxia response elements (HREs) (Fig. 1A) using MacVector software (version 14.5.3).
Four XRE core sequences (ACGT) (44) were found within the 1,239-bp upstream region
of the ORF21 start codon. Further analysis using MATCH (public version 1.0) showed
that two of these potential XREs (XRE3 and XRE4) had full consensus XRE sequences. All
four XREs are encoded in the 5= to 3= direction on the sense strand. In addition, the
promoter region had 6 core HRE (RCGTG) sequences, where R is A or G. The ORF36
promoter region has 28 core XRE sequences but only 1 consensus XRE, and as
previously described, it has 6 HREs (16). To further define the region of the ORF21
promoter that may mediate XBP-1-specific activation, we made truncated forms of the
ORF21 promoter region, namely, pORF21-624 (lacking XRE4), pORF21-316 (lacking XRE3
and 4), and pORF21-256 (lacking XRE 2, 3, and 4). When cotransfected with XBP-1s, the
upregulation of pORF21-624 was approximately half of that seen with pORF21-1239
(Fig. 1C). Also, pORF21-316 had a much lower level of XBP-1s-induced activity and the
activity was completely lost in pORF21-256 (Fig. 1C). Taken together, these findings
provide evidence that XRE3 and/or XRE4 are functional XREs that mediate XBP-1s
upregulation of ORF21.

To further identify and characterize the functional XRE(s) that mediate the response
to XBP-1, we performed site-directed mutagenesis of XRE3 and XRE4 on the full-length
(1,239 bp) promoter. Two to four point mutations of the core XRE sequence of XRE3
were introduced into pORF21-1239WT to produce pORF21-1239XRE3M1, M2, and M3
and were introduced into the core sequence of XRE4 to produce pORF21-1239XRE4M1,
M2, and M3 (Fig. 2A). All three mutations of XRE3 significantly decreased the XBP-1s-
induced activation of pORF21-1239 in transfected HEK-293T cells, and mutation 3
virtually eliminated the XBP-1s-induced upregulation of the promoter (P � 0.005) (Fig.
2B). In contrast, mutations of XRE4 had little or no effect (P � 0.05). These results
indicate that XRE3 is the primary contributor to the response of the ORF21 promoter to
XBP-1s, although XRE4 as well as other potential XREs may contribute to the full
response.
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The ORF21 promoter contains potential HREs but does not respond to hypoxia.
It has been shown that germinal centers are hypoxic environments (45, 46). The ORF21
promoter (to bp 1,239) contains 6 hypoxia response element (HRE) consensus se-
quences ([A/G]CGTG), suggesting that it might also directly respond to hypoxia or
hypoxia-inducible factors (HIFs) (47). To test this, cells were transfected with an ORF21
or ORF36 promoter, without or with an XBP-1s expression plasmid and then placed in
a normoxia or hypoxia environment. While hypoxia induced a 2.0-fold upregulation of
ORF36 in these experiments (P � 0.05), hypoxia did not significantly affect promoter

FIG 1 Schematic of ORF21 luciferase (LUC) promoter constructs and results of activation of various promoter
constructs by XBP-1u and XBP-1s. (A) ORF21 promoter contains 4 XBP-1 response element (XRE) core sequences
(5=-ACGT-3=) (44), including 2 consensus (5=-NNGNTGACGTGKNNNWT-3=) XRE sequences (3 and 4) within 1,239 bp
upstream of the ORF21 start codon (nucleotide positions 34144 to 35382 of KSHV-BAC36; GenBank accession
number HQ404500). Consensus XREs are indicated as black squares and the other two (core only) XREs as gray
squares. XRE1, �8 to �5; XRE2, �262 to �259; XRE3, �321 to �318; XRE4, �629 to �626. Direction of each XRE
is indicated with an arrow. Consensus core HREs are shown as black triangles. Constructs of promoters pORF21-624,
pORF21-316, and pORF21-256 were made by sequential deletions as shown. (B) Comparison of the activation of the
ORF21-1239, vIL-6, and ORF36 promoter luciferase reporter constructs by XBP-1 unspliced (XBP-1u) or spliced
(XBP-1s). HEK-293T cells were cotransfected with 300 ng of different promoter luciferase plasmids and 50 ng of an
internal �-Gal control plasmid (pGL3 basic empty vector) in the presence of 100 ng of an expression plasmid
encoding XBP-1u, XBP-1s, or pcDNA3.1 expression plasmid control. Values are expressed as fold increase over the
respective control reporter plasmid transfected with an empty expression vector (pcDNA3.1) and represent the
mean of three independent experiments. Error bars denote the standard deviations, and asterisks show the P values
(*P � 0.05, **P � 0.01) for the comparison shown with the pGL3B control. (C) Comparison of the activation of
ORF21 and truncated forms of the ORF21 luciferase reporter by XBP-1s or pcDNA3.1 plasmid control. 293T cells
were cotransfected with 300 ng of each ORF21 promoter and 50 ng of an internal �-Gal control plasmid in the
presence of 100 ng of an expression plasmid encoding XBP-1s or pcDNA3.1 control. Values are expressed as
fold increase over pGL3basic transfected with an empty expression vector (pcDNA3.1) and represent the mean
of three independent experiments. Error bars denote the standard deviations, and asterisks show the P values
as in (B).

Wang et al. Journal of Virology

March 2020 Volume 94 Issue 5 e01555-19 jvi.asm.org 4

https://www.ncbi.nlm.nih.gov/nuccore/HQ404500
https://jvi.asm.org


activation of ORF21, suggesting that hypoxia does not activate the ORF21 promoter
(Fig. 3A). Interestingly, there was a somewhat enhanced response of ORF21 to XBP-1s
in the presence of hypoxia (29.6- versus 23.0-fold, P � 0.05) (Fig. 3A). To more specif-
ically look at the effect of HIFs, we cotransfected the degradation-resistant HIF-1�

(drHIF-1) with the pORF21-1239WT or pORF36 reporter plasmids. There was no increase
in the ORF21-1239WT promoter response with dr-HIF-1 (Fig. 3B). In contrast, an ORF36
promoter construct (pORF36), used as a positive control, was upregulated 10-fold by
dr-HIF-1 (Fig. 3B). We also determined if tunicamycin (TM), which increases levels of
XBP-1s by inhibiting N-linked glycosylation, causing protein misfolding, and inducing
ER stress (48), also upregulated HIF (and could potentially upregulate ORF36 or ORF21
by that mechanism). BCBL-1 cells were treated with TM (0.5 to 2.5 �g/ml); CoCl2
(75 �M), a hypoxia mimic, served as a positive control. While CoCl2 dramatically
induced HIF-1� protein expression in BCBL-1 PEL cells, TM treatment increased XBP-1s
protein (Fig. 3C and also seen in Fig. 5D of reference 15) but failed to increase HIF-1�

protein expression in these cells (Fig. 3C). Therefore, TM does not appear to induce
HIF-1� in BCBL-1 cells.

The ORF21 promoter responds to RTA, and RTA enhances its response to
XBP-1s. Since KSHV RTA is the principal lytic activator of KSHV that then induces many
downstream viral promoters, we wanted to dissect the ability of RTA and XBP-1s to

FIG 2 Effect of XRE3 and XRE4 mutations in the ORF21 promoter on the response to XBP1s. (A) Construct
of the wild-type ORF21 and mutant reporter plasmids. Three different mutant reporters for each XRE
were constructed in the pORF21-1239 full-length promoter, containing a 2- to 4-bp substitution within
core XRE sequences. DNA sequences for the XRE3, XRE4 wild type, and mutant plasmids are shown. The
underlined regions and bold letters indicate the mutations from wild type for each mutant construct. (B)
Comparison of the activation of wild-type pORF21-1239 luciferase reporter with the XRE3 or XRE4 mutant
luciferase reporters by XBP-1s. HEK-293T cells were cotransfected with 300 ng of pORF21-1239WT or X3
or X4 M1, 2, or 3 promoters and 50 ng of an internal �-Gal control plasmid in the presence of 100 ng of
an expression plasmid encoding XBP-1s (black bars) or pcDNA3.1 expression plasmid control (gray bars).
Values are expressed as fold increase over the pGL3basic reporter transfected with an empty expression
vector (pcDNA3.1) and represent the mean of three independent experiments. Error bars denote the
standard deviations. **P � 0.01 and ***P � 0.005 for the comparisons shown; none of the comparisons
between the X4 mutations and wild type (WT) were significant (P � 0.05).
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activate the ORF21 promoter. To this end, we cotransfected HEK-293T cells with an
RTA-expression vector or a pcDNA3.1 control and pORF21-1239 full-length promoter in
the presence or absence of the XBP-1s expression plasmid. RTA transfection induced an
approximately 28-fold activation of the pORF21-1239 promoter compared with the
pGL3b control. Moreover, activation of the pORF21 promoter was increased to 59-fold
in RTA- and XBP-1s-cotransfected cells. (Fig. 3D) These results suggest that both RTA

FIG 3 The ORF21 promoter contains potential HREs but does not respond to hypoxia in the absence of XBP-1s. (A).
Comparison of the activation of wild-type pORF21 and pORF36 luciferase reporter in response to hypoxia.
HEK-293T cells were cotransfected with 300 ng of pORF21 or 36 luciferase promoter, 100 ng of an expression
plasmid encoding XBP-1s (black bars) or pcDNA3.1 control (gray bars), and 50 ng of an internal �-Gal control
plasmid, cultured in normoxia for 32 hours, and then cells were treated in normoxic or hypoxic (1% oxygen)
conditions for 16 hours. Values are expressed as the fold increase over the value for the pGL3 basic reporter
transfected with an empty expression vector (pcDNA3.1) in normoxia and represent the mean of three indepen-
dent experiments. Error bars denote the standard deviations. (*P � 0.05; NS, not significant). (B). Comparison of the
activation of the wild-type pORF21-1239 luciferase reporter or the HIF-responsive pORF36 reporter in response to
degradation-resistant HIF-1 (dr-HIF-1). HEK-293T cells were cotransfected with 300 ng of the pORF21-1239 lucifer-
ase reporter or pORF36 promoter and 50 ng of an internal-�-Gal control plasmid in the presence of 100 ng of an
expression plasmid encoding dr-HIF-1 or the pcDNA3.1 expression plasmid control. Values are expressed as the fold
increase over the value of the pGL3basic reporter transfected with an empty expression vector pcDNA3.1 for each
reporter construct and represent the mean of three independent experiments. Error bars denote standard
deviation; ****P � 0.001; NS, not significant. (C) Western blot showing XBP-1s (55 kDa) and RTA (85 kDa) expression
in BCBL-1 cells 48 hours after treatment with 0.5 �g/ml to 2.5 �g/ml of tunicamycin. As seen, TM induces XBP-1s
and RTA but does not induce HIF-1� production in BCBL-1 cells. However, HIF-1� protein expression is seen in
BCBCl-1 cells 48 hours after treatment with CoCl2 at 75 �M. Actin was used as the loading control, and TPA was
a control for KSHV activation. (D) Comparison of the activation of the pORF21-1239 luciferase reporter by RTA,
XBP-1s, or both. HEK-293T cells were cotransfected with 300 ng of pGL3b control reporter plasmid DNA or the
pORF21-1239 promoter luciferase reporter and 50 ng of an internal �-Gal control plasmid in the presence of 10 ng
of a DNA expression plasmid encoding RTA and 100 ng pcDNA3.1, 100 ng of an expression plasmid for XBP-1s and
10 ng pcDNA3.1, or both RTA and XBP-1s expression plasmids. Values are expressed as the fold increase over the
value for the pGL3b basic reporter transfected with pcDNA3.1. Shown are the mean � standard deviation of
triplicate determinations from one representative experiment expressed as the fold change compared with the
level of nontreated cells.
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and XBP-1s can activate the pORF21 promoter and that XBP-1s can enhance the
activation of the ORF21 promoter by RTA.

Functional binding of XBP-1s to the ORF21 promoter. To further explore the
activation of ORF21 by XBP-1s, we assessed the binding of XBP-1s to the promoter DNA
by chromatin immunoprecipitation assay (ChIP). BCBL-1 cells were treated with
0.5 �g/ml TM for 48 hours to induce XBP-1s. Cells were treated with 37% formaldehyde
to cross-link the DNA followed by DNA fragmentation. Immunoprecipitation was
performed with rabbit anti-XBP-1 antibody or rabbit anti-histone H3 antibody, and
reverse cross-linked immunoprecipitated DNA was amplified by real-time PCR using
primers surrounding the XRE2, XRE3, and the XRE4 sites (Table 1; Fig. 4). DNA that was
immunoprecipitated by the anti-XBP-1s antibody, but not control IgG antibody, was
found to be enriched for the DNA sequences identified when amplified by primers
surrounding XRE2, XRE3, and, to a somewhat lesser extent, XRE4 in TM-treated BCBL-1
cells (Fig. 4B) compared with dimethyl sulfoxide (DMSO) control (Fig. 4A). However,
there was no amplification seen with primers directed against a region of ORF21 distant
from the XRE (�56 to �210 bp from the start site) or a sequence in the ORF36 promoter
(away from a putative XRE sequence). These results provide evidence that XBP-1s can
bind to the ORF21 promoter in the region of XRE2, XRE3, and/or XRE4. It should be
noted that this assay cannot distinguish which of these is the functional XRE, in part
because XRE2, 3, and 4 are all within 370 bp of each other (Fig. 1) and fragments of DNA
may extend for up to 900 bp or so and, thus, include more than one XRE after
sonication. Also, the degree of binding to a given XRE may not directly correlate with
XRE activity.

An ER stress inducer that promotes XBP-1s production upregulates ORF21
mRNA in BCBL-1 cells. We next asked if induction of XBP-1s in PEL cells would lead to
increased production of ORF21 mRNA, and if so, we assessed its time course. BCBL-1
cells were exposed to TM and harvested at 4, 8, or 24 hours. Real-time quantitative PCR
showed that TM induces spliced XBP-1 (XBP-1s) and total XBP-1 mRNA within 4 hours
in BCBL-1 cells, and they generally increased at later time points (Fig. 5A and B). There
was a dose-dependent induction of total XBP-1 at TM levels ranging from 0.1 �g/ml to
2.5 �g/ml. However, at the highest dose of TM utilized (2.5 �g/ml), the levels of XBP-1s
RNA decreased between 8 and 24 hours, and at 24 hours, the highest levels of XBP-1s
RNA was seen at 1 �g/ml (Fig. 5A). This decrease may be because of the suppression
of IRE1�-mediated splicing of XBP-1 mRNA by high levels of XBP-1s (49). Also, by
24 hours, TM was toxic at the highest dose tested; in a separate experiment, the
number of viable cells at 24 hours was 96% of control with 0.25 �g/ml, 77% of control
with 0.5 �g/ml, 53% with 1 �g/ml, and 20% of control with 2.0 �g/ml TM. In these same
cells, TM exposure also induced production of ORF21 mRNA at 4 h, 8 h, and 24 h (Fig.
5C to E). In addition, consistent with previous results (15), TM induced the production
of RTA and vIL-6 mRNA. XBP-1s alone or in combination with hypoxia has previously

TABLE 1 Primers used in CHIP-PCR

Target Primer direction Sequence (5= to 3=)
ORF21NonXRE Forward 5=-CTGTGCCCTAGAGTCACCTCA-3=

Reverse 5=-AAAAGAGCAGGTAACCGGGCCCA-3=

ORF36NonXRE Forward 5=-TGTGACGGCTGAGCAGCATGT-3=
Reverse 5=-TTGTCCAGGTGTGTTCTCGC-3=

ORF21XRE2 Forward 5=-ATCGAGTCGGAGAGTTGGCAC-3=
Reverse 5=-TGAGGTGACTCTAGGGCACAG-3=

ORF21XRE3 Forward 5=-GTGATAGTCCACGCCTCGGTA-3=
Reverse 5=-GTAGAGCTCAAGACTTGTCTG-3=

ORF21XRE4 Forward 5=-TTCGCACGAGTTGGCTGCGCAGT-3=
Reverse 5=-TGCTGACATCAGAAAGGTCC-3=
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been reported to upregulate RTA (12, 22, 23), and we considered the possibility that the
effects of TM on ORF21 were mediated solely through its upregulation of RTA. In this
regard, the upregulation of ORF21 was seen as early as 4 hours (Fig. 5C), which is too
early to see substantial secondary effects of RTA activation of ORF21 (9). Also, there was
little or no induction of ORF21 by the lytic inducer 12-O-tetradecanoylphorbol-13-
acetate (TPA) until 8 hours, and at 8 hours (Fig. 5D) and 24 hours (Fig. 5E), the
upregulation of ORF21 by TM was substantially greater than the upregulation of RTA or
the induction of ORF21 induced by TPA. Taken together, these results provide evidence
that XBP-1 can directly induce ORF21 and that this may be particularly important soon
after XBP-1 induction. At later timepoints, it is quite possible that XBP-1s and RTA work
in tandem to upregulate ORF21.

Tunicamycin enhances the cytotoxicity of AZT and GCV in BCBL-1 cells. Since
ORF21 can phosphorylate GCV and AZT, leading to toxic triphosphates, we next asked
if these drugs might be more toxic in BCBL-1 cells exposed to TM. BCBL-1 cells were

FIG 4 ChIP showing binding of XBP-1s to the ORF21 promoter in TM-treated cells. BCBL-1 cells were
treated with DMSO (A) or TM treatment (0.5 �g/ml) (B) for 48 hours to induce XBP1s and then
cross-linked. Chromatin IP of fragmented DNA was performed with anti-XBP-1 antibody, CHIP positive-
control anti-histone H3 antibody, or control IgG. Precipitated DNA was assayed by qPCR with specific
primers for amplification of XRE2, 3, or 4 of the ORF21 promoter and with primers for an ORF21, ORF36
non-XRE region as a negative control. The data were quantitated as described in the Materials and
Methods. Results shown are the mean � standard deviation of triplicate determinations from a typical
experiment of three experiments performed. In controls performed at the same time, DNA immu-
noprecipitated with histone H3 antibody, but not XBP-1 antibody or control IgG, was enriched for
RPL30 exon 3.
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treated with different concentrations of the above drugs for 72 h, and cell viability was
assessed by the ATP luminescence assay. Unlike previous studies on the effects of HIF
on GCV and AZT in PEL (39), assessment of the effects of XBP-1s was complicated
somewhat because TM (0.25 �g/ml) alone showed toxicity at this dose and resulted in
a 23% decrease in viable cells. As shown in Fig. 6, AZT at 10 �M had little to no effect
on cell viability (97% viable). However, in the presence of TM at 0.25 �g/ml, AZT
decreased viability to 76% of the TM-only control. Also, TM enhanced the killing by GCV
at 250 �M and 500 �M and in combination with AZT as well (Fig. 6). These data suggest
that by increasing ORF21 gene expression, the phosphorylation of AZT and GCV is
enhanced, leading to increased toxicity.

FIG 5 XBP-1, ORF21, RTA ,and vIL-6 mRNA upregulation mediated by TM, a chemical inducer of XBP-1s, in the
BCBL-1 PEL line. BCBL-1 cells were treated with increasing doses of TM to induce ER stress; cells were also treated
with TPA as an inducer of RTA or a DMSO control. Real-time quantitative PCR showing expression of spliced XBP-1
(A) and total XBP-1 (B) in BCBL-1 cells treated with the compounds shown for 4 h, 8 h, and 24 h. (C, D, and E)
Real-time quantitative PCR showing expression of ORF21, vIL-6, and RTA mRNA in BCBL-1 cells cultured in the same
way and harvested at 4 hours (C), 8 hours (D), and 24 hours (E). Shown are the mean � the standard deviation of
triplicate determinations from one representative experiment out of three expressed as the fold change compared
with the DMSO control.
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ORF21 mRNA is detected predominantly in XBP-1-expressing cells in KSHV-
MCD patients’ lymph nodes. To determine if the induction of ORF21 expression is
associated with the expression of XBP-1 in KSHV-MCD lymph nodes, we analyzed the
expression of these 2 mRNA species by RNAscope. We examined lymph nodes from 2
patients with KSHV-MCD, and a considerable number of these cells expressed XBP-1. A
smaller number of ORF21� cells were found; these were seen predominantly in B cell
follicles of these KSHV-MCD lymph nodes. Most of the cells expressing ORF21 also
expressed XBP-1; in one node, 27 of 43 (62.8%) of counted cells expressing ORF21 also
expressed XBP-1, and in the other node examined, 48 of 68 (70.1%) of counted cells
expressing ORF21 also expressed XBP-1. Consistent with previous results, most of the
cells expressing ORF21 failed to express CD20. Two representative pictures of one of
these lymph nodes are shown (Fig. 7 A and B) along with a probe control stained for
CD20 (Fig. 7C). It should be noted that only 75 of 1,110 (6.8%) counted cells expressing
XBP-1 coexpressed ORF21; however, this was most likely because only a small
percentage of the differentiating B cells in KSHV-MCD lymph nodes are infected
with KSHV (15, 33).

DISCUSSION

In this study, we show that KSHV-encoded ORF21 can be directly activated by
XBP-1s and that this activation is mediated primarily through two XRE sequences in the
promoter region of ORF21, one (XRE4) with its core sequence at bp �629 to �626, and
one (XRE3) with its core sequence at bp �321 to �318. ChIP studies provide evidence
that XBP-1s can bind to both XREs; however, mutagenesis studies show that much of
this activity is mediated by XRE3. We also show that exposure of cells to TM, an inducer
of ER stress, can upregulate ORF21 within 4 hours and that the toxicity of the
combination of AZT and GCV is enhanced in the presence of ER stress. Finally, we show
that in the lymph nodes of patients with KSHV-MCD, ORF21 mRNA is primarily observed
in cells in which XBP-1 is expressed.

There is substantial evidence that KSHV infection of B cells in germinal centers is
important in the transmission and biology of the virus as well as in the pathogenesis

FIG 6 Toxicity of TM, AZT, and GCV in the BCBL-1 cell line after exposure to 0.25 �g/ml TM. BCBL-1 cells
were put into culture in 200 �l wells at 100,000 cells ml�1 and incubated for 24 h. The cells were then
treated with the indicated concentrations of AZT (10 �M) and GCV (250 �M or 500 �M) in the absence
(gray bar) or presence (black bar) of TM at 0.25 �g/ml for 72 h. Cell viability was then determined using
the ATP viability assay, and the relative live cell number was calculated against the PBS controls exposed
or not exposed to TM. Bars show the average of treatments done in triplicate. * denotes a P value of
�0.05 and ** denotes a P value of �0.01 comparing the relative decrease in control versus TM-treated
cells. Note that in the TM control, the relative live cell number was decreased by 23% compared with the
non-TM control.
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of KSHV-induced diseases, especially KSHV-MCD (50–52). The early steps of KSHV
infection often involve the tonsils, and infection of B cells in the tonsillar germinal
centers and their release can then enable the systemic spread of the virus throughout
the body (50, 51). Developing germinal center B cells express high levels of XBP-1s (19,
53). In addition, the germinal centers of lymph nodes are a hypoxic environment with
elevated levels of HIF (45, 46). Interestingly, KSHV has evolved to respond to the cellular
expression of HIF and XBP-1s in a variety of ways.

It was previously shown that HIF and XBP-1s can each activate KSHV RTA (12–14, 23,
54), and this, in turn, can induce the lytic repertoire. It was also shown that certain lytic
genes can be directly activated by these stimuli without the requirement for RTA
activation; hypoxia can directly induce ORF34-37 and ORF74 (13, 16, 17), and XBP-1s
can directly induce vIL-6 (15). In this work, we expand this observation to show that
ORF21 can be directly activated by XBP-1s. Genes that respond to cellular factors, such
as HIF-1� or XBP-1s, often have multiple response elements for these factors in their
promoter regions, with one of these elements sometimes mediating most of the effect.
As seen here, ORF21 has 4 potential XRE elements in its promoter region, of which 2
(XRE3 and XRE4) are consensus XREs (44). While truncation experiments suggested that
XRE3 or 4 might mediate the effect and ChIP binding suggested that XBP-1s might bind
XRE2, 3, or 4, mutagenesis experiments provided evidence for a dominant role for XRE3.
However, it is possible that XRE4 also plays a contributory role.

Given that XBP-1s can also activate RTA, a challenge is separating out the direct
effect on ORF21 from an indirect effect through RTA activation. In this regard, we found
that substantial ORF21 upregulation by TM, an XBP-1s inducer, was observed as early
as 4 hours; in contrast, when BCBL-1 cells are induced to lytic activation, for example
by TPA, substantial upregulation of ORF21 is not seen until 8 hours (Fig. 5) (9). The rapid
and robust upregulation of ORF21 in response to TM suggests that this is, at least in
part, a direct effect through XBP-1s. In addition, as seen in Fig. 3C, XBP-1s can work
together with RTA to induce an even more robust upregulation of ORF21 than either
alone.

This raises the question of what evolutionary pressure led to the activation of ORF21
by XBP-1s. Like other herpesvirus thymidine kinases, thymidine kinase phosphorylates
thymidine, ultimately leading to the triphosphate form that is needed for DNA repli-
cation. Both XBP-1s and hypoxia can also activate RTA and lytic replication of KSHV
(11–13, 15, 16, 22, 23). Direct activation of ORF21 by XBP-1s can enable the relatively
earlier production of thymidine-triphosphate in these cells, which is especially impor-

FIG 7 RNAscope analysis of ORF21 and XBP-1 in representative sections of a lymph node from a patient with KSHV-MCD. (A and B) A paraformaldehyde-fixed
paraffin-embedded lymph node from a patient with KSHV-MCD was analyzed for ORF21 (green) and XBP-1 (red) mRNA as described in the Materials and
Methods. The white arrows denote cells that express both ORF21 and XBP-1, while the pink arrow denotes a cell that expresses ORF21 only. In addition, CD20
protein expression is identified by immunohistofluorescence (blue), and nuclei identified by 4=,6-diamidino-2-phenylindole (DAPI) is shown in gray. (C) A
probe-control section stained for CD20. It is worth noting that most KSHV plasmablasts do not express CD20. The scale bar is 100 �m.
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tant for viral replication in nondividing cells that have relatively little dTTP. The
activation of pancreatic endoplasmic reticulum kinase (PERK) as part of the unfolded
protein response can lead to cell cycle arrest, and induction of KSHV-induced thymidine
phosphorylation in these situations can act to ensure an adequate supply of dTTP in
such cells (which otherwise may have insufficient thymidine triphosphate). KSHV-
encoded proteins may have a variety of functions. There is recent evidence that in
addition to acting as a thymidine kinase, the gene carried by ORF21 can function as a
tyrosine kinase, autophosphorylating itself; this leads to an interaction with Crk family
proteins and the p85 regulatory unit of P-12 kinase (55, 56). Also, the ORF21 gene
product leads to extensive cell contraction and membrane blebbing (55). Whether
these effects are advantageous to the virus or a bystander effect is unclear at this point.
RTA activation not infrequently leads to incomplete lytic gene activation of KSHV (57).
Thus, having these otherwise lytic genes directly activated by XBP-1s (or coactivated by
XBP-1s and RTA) may serve to enhance lytic replication in certain environments and
may have other advantages for KSHV that are not yet fully understood. Enhancement
of lytic replication by the ORF21 gene product may also play an important role in the
pathogenesis of KSHV-MCD.

Based on the observations that KSHV ORF36 could phosphorylate GCV (37, 39–41)
and that ORF21 could phosphorylate AZT and GCV to yield toxic moieties (37–39), our
group showed that patients with KSHV-MCD flares could be treated with virus-activated
cytotoxic therapy using the combination of high-dose AZT and valganciclovir (42). This
is now a recommended therapy for KSHV-MCD (43). This said, it was somewhat puzzling
in retrospect that this approach was successful, given the subsequent finding that
many KSHV-MCD plasmablasts express vIL-6 but not the full KSHV lytic repertoire (15).
The results of the current study provide a clue to explain this puzzle by showing that
KSHV ORF21 in the KSHV-MCD plasmablasts can be directly activated by XBP-1s and
also that XBP-1s can enhance RTA-induced activation of ORF21. We also show that
treatment of PEL cells with TM to induce ER stress rapidly upregulates the production
of XBP-1s, increases the amount of ORF21 in as little as 4 hours, and enhances the
toxicity AZT, GCV, or their combination. However, interpretation of these latter exper-
iments is complicated by the toxic effects of TM in these cells at doses that induce
XBP-1s and the potential for XBP-1s-induced RTA activation, and it is unclear just how
much direct ORF21 activation contributes to the activity of this regimen in patients.
Even so, as we have seen here, RTA and XBP-1s can also work together to upregulate
ORF21. Moreover, there is evidence that germinal centers can be a hypoxic environ-
ment, and this may contribute to the activity of this regimen through upregulation of
ORF36 and phosphorylation of GCV (16, 45, 46).

In summary, we show in this work that XBP-1s, a mediator of the unfolded protein
response, can directly activate ORF21 through binding to XRE in its promoter region
and can also work with RTA to induce a robust activation of ORF21. This finding may
help explain the activity of high-dose AZT plus valganciclovir in the treatment of
KSHV-MCD. Moreover, it can provide insights into the pathogenesis of KSHV-MCD and
the ways that KSHV has evolved to take advantage of the environment of lymph node
germinal centers.

MATERIALS AND METHODS
Cell lines, drugs, and reagents. HEK-293T cells (American Type Culture Collection [ATCC], Manassas,

VA) were maintained in Dulbecco’s modified Eagle’s medium (Invitrogen Corp., Carlsbad, CA) supple-
mented with 10% fetal bovine serum (FBS) (heat inactivated; HyClone, Logan, UT) and penicillin
(Pen)/streptomycin (Strep)/glutamine (Invitrogen Corp., Carlsbad, CA). BCBL-1 (NIH AIDS Research and
Reference Reagent Program) cells were maintained in RPMI 1640 medium (Gibco, Grand Island, NY)
supplemented with 10% FBS and pen/strep/glutamine. All cells were utilized within 30 passages of
procurement or less than 3 months of culture. Except where indicated, cultures were maintained in 95%
air and 5% CO2 at 37°C. AZT, GCV, and cobalt chloride (CoCl2) (Sigma, St. Louis, MO) were prepared in
phosphate-buffered saline (PBS). TM and TPA were prepared in dimethyl sulfoxide (DMSO) (all from
Sigma). DMSO at an equivalent final concentration was used as a vehicle control where appropriate.

Plasmid DNA construction and site-directed mutagenesis. Expression plasmids encoding un-
spliced (pcDNA-XBP1u) and spliced XBP-1 (pcDNA-XBP1s) were gifts from Kazatoshi Mori (Kyoto, Japan)
(18). An expression plasmid encoding KSHV RTA (pcDNA-RTA) was a kind gift from Keiji Ueda (Osaka

Wang et al. Journal of Virology

March 2020 Volume 94 Issue 5 e01555-19 jvi.asm.org 12

https://jvi.asm.org


University Graduate School of Medicine, Osaka, Japan). The expression plasmid encoding a degradation-
resistant form of hypoxia-inducible factor 1� (dr-HIF-1) has been described previously (16, 58). pcDNA3.1
empty vector was used as a control. All plasmids were purified with a maxiprep kit (Qiagen, Valencia, CA)
and inserts verified by DNA sequencing.

The KSHV ORF21 luciferase promoter reporter constructs from pORF21-1239 were created spanning
nucleotides 1,239 bp upstream of the ATG start site of ORF21. DNA fragments were amplified by PCR
from KSHV-infected BCBL-1 cells induced with sodium butyrate using gene-specific primers containing
NheI and BglII sites to the 5= and 3= end, respectively (Fig. 1A). Three deletions of ORF21 promoter
luciferase reporter constructs (pORF21-624, pORF21-316, and pORF21-256) were amplified by PCR using
pORF21-1239 plasmid DNA as a template with 5= primers (5=-AGTTATGCTAGCTTCCGGGTGTGGGGC-3=),
(5=-AGTCATGCTAGCCTCACGGTGTTGGTT-3=), (5=-AGTCATGCTAGCCATACGGGCTGATGC-3=), which con-
tained NheI sites and the common 3= primer 5=-AGCTGCAAGCTTTGGTACGTCCAACCG-3= which con-
tained a HindIII site. PCR fragments were purified and cloned into the corresponding sites of the reporter
vector pGL3basic (Promega Corporation, Madison, WI). (Recognition sequences are underlined.) The
ORF21 promoter luciferase reporters pORF21-1239X3-M1, M2, M3 and pORF21-1239X4-M1, M2, and M3
containing mutagenized XREs were constructed from pORF21-1239 wild type using the GeneArt site-
directed mutagenesis system (Invitrogen Corp., Carlsbad, CA) (15, 58, 59). These mutant plasmids
contained 2 to 4 nucleotide substitutions (from ACGT to ACAG or CTAG or CCAG) in XREs. Primer
sequences used to mutate XRE3 mutation 1 were 5=-CCTTGAGCTCGCTGTGACAGTCTCACGGTGTTGGTT 3=
and complementary 3= primer 5=-AACCAACACCGTGAGACTGTCACAGCGAGCTCAAGG-3=; sequences for
mutating XRE3 mutation 2 were 5=-CCTTGAGCTCGCTGTGCTAGTCTCACGGTGTTGGTT-3= and complemen-
tary 3= primer 5=-AACCAACACCGTGAGACTAGCACAGCGAGCTCAAGG-3=. Primers for mutation 3 were
5=-CCTTGAGCTCGCTGTGCCAGTCTCACGGTGTTGGTT-3= and 5=-AACCAACACCGTGAGACTGGCACAGCGAG
CTCAAGG-3=. Primer sequences used to mutate XRE4 mutation 1 were 5=-GCTTGTGAATAAACAGCACAG
TTTCCGGGTGTGGGGCC-3= and complementary 3= primer 5=-GGCCCCACACCCGGAAACTGTGCTGTTTATT
CACAAGC-3=; for mutating XRE4 mutation 2, primers were 5=-GCTTGTGAATAAACAGCCTAGTTTCCGGGT
GTGGGGCC-3= and complementary 3= primer 5=-GGCCCCACACCCGGAAACTAGGCTGTTTATTCACAAGC-3=.
Primers for mutation 3 were 5=-GCTTGTGAATAAACAGCCCAGTTTCCGGGTGTGGGGCC-3= and 5=-GGCCCC
ACACCCGGAAACTGGGCTGTTTATTCACAAGC-3=. The KSHV ORF36 luciferase promoter reporter construct
was described previously (16); it was called in that paper the ORF35-37 (35-37P1/1891 or 35-37P1)
reporter plasmid. Reactions and transformation were performed according to the manufacturer’s pro-
tocol. All constructs were confirmed by DNA sequencing.

Transfection and luciferase reporter assays. HEK-293T cells were transfected using Fugene6
transfection reagent (Promega Corporation, Madison, WI) following the manufacturer’s protocol. For
luciferase reporter experiments, 1 � 105 HEK-293T cells/well were plated in a 12-well plate and the
following day were cotransfected with 300 ng/well of reporter plasmid DNA, and either expression
plasmid DNA or a control (pcDNA3.1) of 100 ng/well in the presence of 50 ng DNA of an internal control
plasmid, pSV-�-Gal (Promega Corporation, Madison, WI), was used to normalize for transfection effi-
ciency. Expression plasmids encoding unspliced (pcDNA-XBP-1u) and spliced XBP-q (pcDNA-XBP-1s)
have been described previously (15, 59). The pcDNA3.1 empty expression vector was used as a control.
All plasmid DNA was purified with a maxiprep kit (Qiagen, Valencia, CA). The amount of each expression
plasmid DNA used was 100 ng/well for pcDNA-XBP1u, 100 ng/well for pcDNA-XBP1s, and 5 ng/well for
pcDNA-RTA. The amount of control plasmid pcDNA3.1 and expression plasmid used was equal. Cells
were incubated for 48 hours, lysed with 250 �l per well of 1� reporter lysis buffer (Promega Corporation),
and freeze-thawed once. After centrifugation at 13,000 � g for 8 minutes, 20 �l and 50 �l of cell lysates
were used to determine luciferase and �-galactosidase (�-Gal) in the extracts. Means and standard
deviations were calculated, and conditions were compared using the 2-tailed Student’s t test for paired
values.

Chromatin immunoprecipitation assay (ChIP). Chromatin immunoprecipitation assays were per-
formed using the SimpleChIP enzymatic chromatin IP kit (no. 9003; Cell Signaling Technologies). BCBL-1
cells were treated with 0.5 �g/ml TM or DMSO control for 48 h at 37°C and then cross-linked with 37%
formaldehyde at a final concentration of 1% at room temperature for 10 min. Fragmented chromatin was
prepared by nuclease and sonication. Chromatin immunoprecipitation was performed with rabbit
anti-XBP-1 polyclonal antibody (5 �g; TA328002; OriGene, Rockville MD), rabbit anti-histone H3 (a
technical positive control; 1:50; no. 4620; Cell Signaling Technologies) monoclonal antibody, and normal
rabbit IgG (a negative control; 5 �g; no. 2729; Cell Signaling Technologies). After reverse cross-linking and
DNA purification, immunoprecipitated DNA was quantified by real-time PCR using power SYBR green mix
(no. 4367659; Applied Biosystems) with primers for XBP-1 binding sites in the ORF21 promoter, XRE2,
XRE3, and XRE4. In addition, primers for regions of ORF21 and ORF36 lacking the XREs were used as
negative controls, while RPL30 exon 3 (no. 7014; Cell Signaling Technologies) was used for a technical
positive control. The CHIP-PCR primers used are listed in Table 1. Fold enrichment was calculated based
on the threshold cycle (CT) value of the IgG control using the comparative CT method (15).

RNA isolation, reverse transcriptase PCR (RT-PCR), real-time quantitative PCR. Total cellular RNA
was isolated from cells using the RNeasy minikit (Qiagen, Hilden, Germany). For real-time quantitative
PCR, cDNA was synthesized using the reverse transcriptase enzyme SuperScript II (Invitrogen Corp.,
Carlsbad, CA) (15, 59). Real-time PCR was performed with SYBR green (no. 4367659; Applied Biosystems);
the gene-specific PCR primers used are listed in Table 2. Samples were run in triplicate, and PCR was
performed using an ABI StepOnePlus thermocycler (Applied Biosystems). Actin was used as a house-
keeping gene, and quantitative PCR (qPCR data) (CT) values were analyzed using the ΔΔCT method. The
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qPCR data are presented as the fold change in target gene expression compared with the control �
standard error of mean.

Immunoblotting. Nuclear extracts were prepared from BCBL-1 using the NE-PER nuclear and
cytoplasmic protein extraction reagent (Pierce, Rockford, IL). Protein concentrations were determined
using the Pierce bicinchoninic acid (BCA) protein assay kit. A total of 40 �g of nuclear protein was
electrophoresed on 4% to 12% NuPAGE gels (Invitrogen Corp., Carlsbad, CA). Proteins were transferred
to a nitrocellulose membrane using the iBlot dry blotting system, and the membrane was blocked with
50% Li-Cor blocking buffer diluted with 1� Tris-buffered saline with Tween 20 (TBST) (10 mM Tris-HCl [pH
8.0], 150 mM NaCl, and 0.05% Tween 20) for 1 hour at room temperature. Blots were then incubated with
1:1,000 anti-HIF-1� mouse monoclonal antibody (BD Biosciences, San Jose, CA), 1:1,000 XBP-1s rabbit
polyclonal antibody (Biolegend, San Diego, CA), 1:10,000 RTA rabbit polyclonal antibody (a gift from
Muzmmel Haque, Louisiana State University Agricultural Center), and mouse anti-�-actin at a 1:50,000
dilution (Sigma, St. Louis, MO) overnight at 4°C. After being washed with washing buffer, the blots were
incubated with anti-mouse or anti-rabbit IRDye 800CW secondary antibody (Li-Cor Biosciences). Western
blots were visualized using an Odyssey scanner and analyzed using ImageStudio (Li-Cor Biosciences) (59).

Determination of GCV and AZT cytotoxicity with and without TM activation of XBP-1. BCBL-1
cells were seeded at 100,000 cells/ml in 96-well plates (200 �l/well) and incubated for 24 hours. Cells
were treated with PBS, tunicamycin, GCV, or AZT or with different combinations of the drugs. Cells were
incubated for an additional 72 hours in a normoxic incubator. Cell viability assays were assessed using
the Cell-Glo luminescent cell viability assay (Promega). Luminesce was read by the VictorX3 instrument
(Perkin-Elmer) (39).

RNAscope analysis. Formalin-fixed paraffin-embedded lymph node biopsy specimens were ob-
tained from patients with KSHV-MCD on protocols of the HIV and AIDS Malignancy Branch; these
protocols were approved by the National Cancer Institute Institute Institutinal Review Board, and all
patients gave written informed consent. ORF21 (probe number ACD 559011; ACD Bio, Newark, CA) and
XBP-1 (probe number ACD 436251) RNA was detected using next-generation, ultrasensitive in situ
hybridization technology as previously described (60). We combined RNAscope with immunofluores-
cence staining, targeting a subset of B cells using anti-CD20 antibody (Dako; clone L26; Agilent, Santa
Clara, CA). To quantify the number of ORF21-positive cells harboring XBP-1, high-magnification confocal
images were collected across lymph nodes and manually counted using an Olympus FV10i confocal
microscope using a 60� phase contrast oil-immersion objective and imaging using sequential mode to
separately capture the fluorescence from the different fluorochromes at an image resolution of
1,024 � 1,024 pixels. To maximize the size of the tissue to be assessed, we stained and quantified a total
of 2 sections (5 �m) per sample.

Statistics. Where indicated, the mean and standard deviation were calculated for experiments
repeated 3 or more times. Statistical comparisons reported were performed using the Student’s two-
tailed paired t test.
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TABLE 2 Primers used in real-time PCR

Target Primer direction Sequence (5= to 3=)
ORF21 Forward 5=-CCCTGAGGAGAGGAAACCACTAAC-3=

Reverse 5=-CCGACTGGCAAAAATGCTGC-3=

RTA Forward 5=-TTGCCAAGTTTGTACAACTGCT-3=
Reverse 5=-ACCTTGCAAAGACCATTCAGAT-3=

vIL-6 Forward 5=-CTGTTACCGTACCGGCATCT-3=
Reverse 5=-GGGTGGACTGTAGTGCGTCT-3=

XBP-1s Forward 5=-GTCTGCTGAGTCCGCAGCAGG-3=
Reverse 5=-TCCTTCTGGGTAGACCTCTGGGAG-3=

XBP-1t Forward 5=-GCAGGTGCAGCCCAGTTGTCAC-3=
Reverse 5=-CCCCACTGACAGAGAAAGGGAGG-3=

VEGF Forward 5=-CCTTGCTGCTCTACCTCCAC-3=
Reverse 5=-AGCTGCGCTGATAGACATCC-3=

Actin Forward 5=-CCTTCCTGGGCATGGAGT-3=
Reverse 5=-CAGGGCAGTGATCTCCTTCT-3=
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