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Primary effusion lymphoma (PEL) is an aggressive B-cell lymphoma
most commonly diagnosed in HIV-positive patients and universally
associated with Kaposi’s sarcoma-associated herpesvirus (KSHV).
Chemotherapy treatment of PEL yields only short-term remissions
in the vast majority of patients, but efforts to develop superior
therapeutic approaches have been impeded by lack of animal mod-
els that accurately mimic human disease. To address this issue, we
developed a direct xenograft model, UM-PEL-1, by transferring
freshly isolated human PEL cells into the peritoneal cavities of
NOD/SCID mice without in vitro cell growth to avoid the changes
in KSHV gene expression evident in cultured cells. We used this
model to show that bortezomib induces PEL remission and extends
overall survival of mice bearing lymphomatous effusions. The proa-
poptotic effects of bortezomib are not mediated by inhibition of
the prosurvival NF-κB pathway or by induction of a terminal un-
folded protein response. Transcriptome analysis by genomic arrays
revealed that bortezomib down-regulated cell-cycle progression,
DNA replication, and Myc-target genes. Furthermore, we demon-
strate that in vivo treatment with either bortezomib or doxorubicin
induces KSHV lytic reactivation. These reactivations were temporally
distinct, and this difference may help elucidate the therapeutic win-
dow for use of antivirals concurrently with chemotherapy. Our find-
ings show that this direct xenograft model can be used for testing
novel PEL therapeutic strategies and also can provide a rational
basis for evaluation of bortezomib in clinical trials.

Kaposi’s sarcoma-associated herpesvirus | Herpesvirus 8

Primary effusion lymphoma (PEL) is a distinct and aggressive
subtype of non-Hodgkin’s lymphoma (NHL) universally as-

sociated with infection by Kaposi’s sarcoma-associated herpesvi-
rus (KSHV), also called “human herpesvirus-8” (HHV-8) (1, 2).
PEL most commonly presents with pleural, peritoneal, or peri-
cardial malignant effusions without a contiguous tumor mass (3).
Rarely, PEL also may develop as an isolated solid tumor mass
exhibiting amorphology, immunophenotype, and gene-expression
profile similar to classical liquid-phase PEL (4). This lymphoma is
diagnosed most commonly in HIV-positive patients, accounting
for 4% of all NHLs in this population, but also may develop in
immunosuppressed HIV-negative individuals (5, 6).
AlthoughKSHV is directly implicated in the oncogenesis of this

lymphoma, most PEL cases also are associated with EBV (7), and
the combination of the two may facilitate transformation. The
majority of tumor cells in PEL are latently infected with KSHV,
but a small subset undergoes spontaneous lytic replication (8).
Latent infection is characterized by expression of the major latent
transcripts which include latency-associated nuclear antigen-1
(LANA-1), viral Fas-associated with death domain (FADD)–like
interleukin-1β–converting enzyme (FLICE)/caspase 8–inhibitory
protein (vFLIP), and viral cyclin (v-CYC). LANA-1 is necessary
formaintenance of the viral episome (9). The lytic phase of KSHV
infection, which results in viral replication and cell lysis (10), is
associated with increased expression of early and late lytic genes
such as RTA, vIL-6, and K8.1 (11). Studies have shown that

KSHV-encoded vFLIP is essential for PEL survival by activating
the antiapoptotic genes downstream of NF-κB (12).
The optimal therapy for PEL is unknown because the disease

is rare and data from large-scale clinical trials are lacking. The
lack of optimized therapy combined with the aggressive nature
of PEL results in a short median survival of only 6 mo (13),
underscoring the urgent need for development of new thera-
peutics. Currently, cyclophosphamide, doxorubicin, vincristine,
and prednisone (CHOP) chemotherapy is used frequently as
a first-line therapy for PEL, leading to short-lived remissions in
only 43% of patients (5). In HIV-positive patients, highly active
antiretroviral therapy (HAART) can induce lymphoma re-
mission and is associated with a better prognosis (13). Recently,
several new therapeutic strategies based on in vitro and in vivo
studies of PEL have been proposed. These strategies include
activating TNF-related apoptosis-inducing ligand (TRAIL)–me-
diated apoptosis by IFN-α and azidothymidine (14, 15), inhibiting
NF-κB (16, 17), or administering antiviral therapy concomitantly
with activation of lytic viral replication (18).
Several factors have limited progress in understanding and

effectively treating PEL. Because the disease is rare, many studies
have been performed only on PEL cell-line models that may de-
viate from the original tumor behavior in patients. Indeed, it has
been shown that PEL depends on the tumor microenvironment
for canonical growth, because in vitro cell-culture conditions can
lead to KSHV and host gene-expression signatures that differ
from patterns observed in vivo (19). These culture-induced changes
in expression of KSHV-associated genes also have been docu-
mented at the protein level (20). Therefore improved models are
needed that may reflect primary tumors more accurately. In an
attempt to create an improved in vivo model system for elucidation
of PEL pathogenesis and evaluation of novel therapeutic strategies,
our laboratory recently developed a PEL mouse model (UM-PEL-
1) that was established without ex vivo propagation of the human
PEL cells to avoid culture-induced changes in KSHV gene ex-
pression. This model mimics human disease more accurately and
may serve as a valuable tool for the study of this malignancy.
Additionally, we showed that bortezomib treatment induces
KSHV lytic reactivation and is a potent anti-PEL tumor agent.
These findings warrant initiation of clinical studies of bortezomib
alone or in combination with antivirals in patients with PEL.
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Results
Case Report. An 86-y-old HIV-negative white male with extensive
cardiovascular disease and renal failure presented with weight
loss, shortness of breath, and a right pleural effusion. A pleural
tap led to a diagnosis of B-cell PEL based on the presence of
atypical lymphoid cells that stained positive for CD45, CD30,
CD38, CD138, HLA-DR, HHV-8 (LANA1), and Epstein–Barr
encoded RNA (EBER) (Figs. S1 and S2 and Table S1). CD3,
CD19, CD20, and CD79a staining was negative. A monoclonal
rearrangement of the B-cell receptor and a complex karyotype
(Fig. S1B) confirmed the diagnosis. The patient received doxo-
rubicin (Adriamycin) and bortezomib therapy and demonstrated
a marked decrease in pleural effusion. However, the patient
developed neutropenic sepsis and died within 30 d of diagnosis.

Development of the UM-PEL-1 in Vivo Model. PEL cells (2 × 107)
obtained from the diagnostic tap of the aforementioned patient
were injected into the peritoneal cavities of immunodeficient
NOD/SCID mice immediately after retrieval. Injected mice de-
veloped peritoneal swelling within 5–7 d, whereas mock-injected
mice did not (Fig. 1A). Mice injected with PEL cells and then
untreated became moribund because of disease within 2–3 wk.
The in vivo PEL model could be propagated via collection of
PEL cells from ascites (referred to as “UM-PEL-1 cells”) and
injection into peritoneal cavities of naïve mice with a 100% en-
graftment rate (72 of 72 injected mice). Cell-surface antigen
expression was monitored in sequential xenografts to ensure
maintenance of PEL phenotype.

Histological Findings. Peritoneal effusions as well as solid lym-
phomas were evident in mice at postmortem analysis, and tumor
nodules were found on peritoneal or serosal surfaces or in as-
sociation with the omentum (Fig. 1B). Some tumors infiltrated
the parenchyma of the pancreas or bowel wall smooth muscle
(Fig. 1C). No involvement of the spleen, bone marrow, lymph
node, lung, liver, or kidney was seen. Tumor cells were medium
to large in size with pleomorphic nuclear outlines, prominent
nucleoli, moderate to abundant cytoplasm, and an immuno-
phenotype identical to the primary PEL cells (Fig. 1 D–J). PCR
analysis showed a monoclonal VH4–34 IgG heavy chain with
83% homology to the germ line and evidence of antigen selec-
tion. The UM-PEL-1 karyotype depicted in Fig. S1B was iden-

tical to the karyotype of the primary cells and demonstrated 51,
XY, dup(1)(q22q31), +4, +5, +7, +19, add(21)(p13). UM-PEL-
1 cells derived from mice ascites also could grow and be prop-
agated in vitro; these cells were designated “UM-PEL-1c.”

UM-PEL-1 Cells Are Infected with KSHV. Immunofluorescence anti-
body analysis for KSHV LANA showed that UM-PEL-1 cells
freshly isolated from mouse ascites or solid tumors exhibited the
classic punctate pattern indicative of episomal KSHV (Figs. 2A
and 3A). In addition, cells and tumors uniformly expressed the
latent gene Kaposin (ORF K12). A fraction of UM-PEL-1 cells
expressed the late lytic viral gene K8.1, which generally is the
consequence of spontaneous lytic reactivation (Fig. 3A). Similar to
other PEL cell lines, UM-PEL-1 can be induced lytically by the
addition of the histone deacetylase inhibitor trichostatin A (TSA),
causing a significant increase in the expression of the lytic trans-
activator gene RTA and K8.1 (Fig. 2 B and C). Cell-free TSA-in-
duced supernatants were able to transfer KSHV to Vero cells,
indicating that UM-PEL-1 cells bear infectious KSHV virions (Fig.
2 D and E). Comparative analysis of UM-PEL-1c cultured cells
and UM-PEL-1 ascites and solid tumors carried out by real-time
quantitative PCR (qPCR) showed variations in KSHV latent and
lytic gene expression. UM-PEL-1c cells express more latent and
lytic genes in vitro, whereas ascites and tumors show intermediate
levels of expression (Fig. 3B). Relative viral load measurements
showed the same trend (Fig. 3C). Taken together, these data
further suggest that different microenvironments (in vitro versus in
vivo) affect KSHV copy number and expression patterns.

Bortezomib Induces Apoptosis of UM-PEL-1 Cells. We set out to use
the UM-PEL-1 cells to compare the efficacies of established and
proposed PEL therapies. We therefore evaluated the anti-PEL
activity of bortezomib and doxorubicin. Direct comparisons of
these therapies were conducted on UM-PEL-1c cells that were
collected from mice and propagated in vitro in standard culture
conditions. These cells were treated with the chemotherapies for
up to 72 h, and cell viability was assessed by flow cytometric
analysis. Although treatment with doxorubicin as well as borte-
zomib reducedUM-PEL-1c cell viability, the latter induced higher
levels of apoptosis at earlier time points at clinically achievable
concentrations (Fig. 4A and Fig. S3). Induction of apoptosis with
either treatment was dose and time dependent, and a majority of
UM-PEL-1c cells were sensitive to either treatment.

Bortezomib Enhances Survival of Mice Bearing PEL Xenografts. Al-
though bortezomib induced apoptosis more potently than
doxorubicin in UM-PEL-1c cells in vitro, in vivo studies were
necessary to compare the efficacies of the two chemotherapies
because of the substantial changes in the KSHV and host tran-
scriptome during ex vivo culture. To this end, UM-PEL-1 cells
were used to establish lymphomatous effusions in the peritoneal
cavities of NOD/SCID mice. On the third day after injection of
UM-PEL-1 cells, mice began receiving twice-weekly i.p. injec-
tions of PBS, bortezomib, or doxorubicin for 3 wk. Mice were
monitored daily. In vivo treatment of the UM-PEL-1–bearing
mice with bortezomib (0.3 mg/kg) was well tolerated and im-
proved mouse overall survival compared with control animals
treated with PBS (P < 0.01; median survival of bortezomib-
treated mice was 32 d, compared with 15 d in controls) (Fig. 4B).
I.p. doxorubicin injections (1.25 mg/kg) at the same treatment
intervals resulted in a median survival of 24 d, significantly in-
ferior to median survival with bortezomib (P = 0.035). Because
viral biology is intricately linked to PEL survival, we interrogated
the effects of the therapies on KSHV gene expression. We found
that in vivo both bortezomib and doxorubicin led to an increase in
the overall KSHV gene expression, including up-regulation of the
lytic transactivator RTA, early lytic genes ORF49, ORF57, and
vGPCR and late lytic genes K8.1 and glycoprotein B (gB) (Fig. 4C

A UM-PEL-1Mock

UM-PEL-1Mock

B C D

E F G

H I J
CD45 CD20 CD138

KSHV EBV PAX5

Fig. 1. Establishment and characterization of UM-PEL-1. (A) Mice 7 d after
mock injection or injection with UM-PEL-1 cells. (B and C) H&E-stained sec-
tions of mouse tissue show a tumor nodule on the serosal surface of the
bowel wall (B) and tumor cells infiltrating pancreatic parenchyma (C). (D)
Tumor cells are medium to large with pleomorphic nuclear outlines, prom-
inent nucleoli, and abundant cytoplasm and exhibit plasmacytoid differen-
tiation. (E–J) Immunohistologic stains show that the tumor cells are positive
for CD45 (E), weakly positive to absent CD20 (F), and strongly positive for
CD138 (G). Tumor cells also harbor KSHV (H) and EBV RNA detected by an in
situ EBER probe (I). Tumor cells lack the B-cell transcription factor PAX5 (J).
(Original magnifications: B and C, 100×; D–J, 600×.)
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and D). Although both drug treatments led to an induction of
KSHV lytic replication, they did so in a temporally distinct man-
ner. Specifically, lytic reactivation was evident at 1 d after borte-
zomib treatment and 7 d after doxorubicin treatment.

Bortezomib Does Not Affect Constitutive Activation of NF-κB in UM-
PEL-1 Cells. The potent anti-PEL activity of bortezomib prompted
us to examine several potential mechanisms for this effect.
Bortezomib has been shown to induce apoptosis by several
mechanisms, one being the inhibition of the NF-κB prosurvival
transcription factor (21–24). Previous reports have shown that
PELs may exhibit constitutive activation of NF-κB that is nec-
essary for their survival (17, 25). We therefore examined the

status of NF-κB activation in UM-PEL-1 cells freshly obtained
from mice ascites. NF-κB EMSA showed intranuclear p50 and
p65 proteins indicative of constitutive activation of NF-κB. The
activation of this transcription factor could be inhibited by in
vitro treatment with the selective NF-κB inhibitor Bay-11 (Fig.
5A). Treatment with bortezomib (20 μM), however, was not ef-
fective in inhibiting constitutive NF-κB activity, as evidenced by
the continued presence of intranuclear p50 and p65 proteins.

Bortezomib Treatment Does Not Induce a Terminal Unfolded Protein
Response. PELs, which exhibit a plasma cell-like gene expression
signature, have been shown to constitutively exhibit a partially
activated unfolded protein response (UPR) (26). The source of
the activated UPR is unknown, because these lymphomas, unlike
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Fig. 2. UM-PEL-1 cells express KSHV antigens and
produce infectious virions. (A) UM-PEL-1 cells stained
for latent antigens LANA and Kaposin. (B and C) UM-
PEL-1 cells were treated with Trichostatin A (TSA,
40 nM) for 72 h, and real-time qPCR was performed
(B) as well as immunostaining of late lytic antigen
K8.1 (C). (D) LANA staining of Vero cells (KSHV-
negative cell line) after exposure to supernatants
from untreated or TSA-treated (400 nM) UM-PEL-1
cells. (E) Quantification of LANA-positive Vero cells
after supernatant treatment. Ten fields were coun-
ted for each condition, and data represent means ±
SD. LANA-positive Vero cells are indicative of KSHV
de novo infection. All results are representative of
three independent experiments.
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Fig. 3. KSHV gene expression is microenvironment dependent. (A) Frozen-
section immunostaining of PEL solid lymphomas for LANA, Kaposin, and late
lytic antigen K8.1. Insets show areas of stained tumors at higher magnification.
(Magnification: A, ×400; Insets, ×1,600.) (B and C) In vitro-cultured UM-PEL-1c
cells have higher viral loads than ascites and solid tumors. mRNA levels of KSHV
latent and lytic genes were determined by qPCR analysis. Relative expression
levels were normalized to in vitro-cultured UM-PEL-1c cells (B). DNA was iso-
lated, and KSHV viral loads were determined by qPCR using LANA-specific
primers (C). All results are representative of three independent experiments.
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Fig. 4. Bortezomib potently induces apoptosis and lytic reactivation in UM-
PEL-1 cells and improves overall survival of PEL mice. (A) In vitro-cultured
UM-PEL-1c cells were treated with bortezomib or doxorubicin at the in-
dicated doses. Cell viability was assayed by YO-PRO/PI staining and flow
cytometric analysis at indicated time points. Results are representative of
three independent experiments. (B) Mice were injected i.p. with 2 × 107 UM-
PEL-1 cells. After 3 d mice were treated twice weekly for 3 wk with PBS,
bortezomib (BORT) at 0.3 mg/kg, or doxorubicin (DOX) at 1.25 mg/kg. Mice
were killed when moribund or showing signs of discomfort. Results are
representative of two independent experiments. (C and D) UM-PEL-1 mRNA
levels of latent, early, and late lytic genes were determined by qPCR and
normalized to PBS control. Each group was composed of three mice.
Bortezomib-treated (C) and doxorubicin-treated (D) mice were analyzed at
day 1 and day 7 after treatment. Data from C and D represent means ± SD.
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plasma cells, do not express Ig protein (27). It has been shown
that apoptosis and cell death can be induced in cells exhibiting an
activated UPR by inhibiting the 26S proteasome (21). We
therefore examined the expression of several UPR-associated
proteins in UM-PEL-1 cells after treatment with bortezomib.
GRP78 is an endoplasmic reticulum (ER) molecular chaperone
that is up-regulated during a physiological, or nonterminal, UPR
(28). We observed constitutive expression of GRP78 in UM-
PEL-1 cells, indicative of an activated UPR, but no further in-
duction of protein levels after bortezomib treatment (Fig. 5B).
Cells undergoing extensive ER stress frequently block de novo

protein synthesis via phosphorylation of eukaryotic initiation factor
2α (eIF-2α) (29). Bortezomib treatment did not result in enhanced
phosphorylation of eIF-2α (Fig. 5B), suggesting that inhibiting the
26S proteasome in PEL did not significantly enhance ER stress. We
did observe an increase in total eIF-2α protein levels in cells treated
with 20 nM bortezomib for 12 h; this transient effect may have been
caused by inhibition of eIF-2α degradation by the 26S proteasome.
Activating transcription factor 4 (ATF4) frequently is associ-

ated with terminal UPR induction which up-regulates expression
of proapoptotic GADD153/CHOP (30). ATF4 levels remained
constant during bortezomib treatment (Fig. 5B), further sug-
gesting that this drug does not induce apoptosis by activating
a terminal UPR in UM-PEL-1 cells.

In Vivo Bortezomib Treatment Down-Regulates Expression of Genes
Regulated by c-myc and E2F3 as well as Cell-Cycle Progression and
DNA Replication Genes. To examine further the mechanism of the
bortezomib-induced apoptosis, we carried out gene-expression
profiling of UM-PEL-1 cells. The microarray analysis was con-
ducted on mice bearing UM-PEL-1 xenografts after treatment for

24 h with PBS or bortezomib. We used Gene Set Enrichment
Analysis (GSEA) to identify gene sets that were concordantly
induced or repressed by treatment with bortezomib, compared
with treatment with PBS (Fig. 5C and Table S2). Bortezomib
significantly repressed genes involved in cell-cycle progression,
DNA replication, and response to DNA damage stimuli. [All
false discovery rates (FDRs) < 0.001.] Furthermore, genes in-
duced by Myc or E2F3 forced expression, and genes that are
bound by Myc in human B cells as determined by ChIP paired-
end ditags (ChIP-PET) (31, 32) also were repressed by bortezo-
mib. A total of 1,248 individual known genes were repressed at
least 2-fold (mean, 3.5-fold; maximum, 41-fold) in bortezomib-
versus PBS-treated cells, whereas 502 were up-regulated (mean,
2.8-fold; maximum, 34-fold). Many of these genes were modu-
lated similarly by bortezomib treatment of Adult T-cell Leukemia
(ATL) cells (Fig. S4) (33). The correlation between expression
levels of these genes in our experiment compared with bortezo-
mib-treated ATL cells was 0.61 (P < 0.0001). Analysis of the di-
rection of changes in gene expression in the experiments also
showed strong concordance (P < 0.0001 by χ2-test).
As mentioned, targets of the Myc transcription factor were

shown to be down-regulated after 24 h of bortezomib treatment
in the gene-expression analysis. In agreement with the array
results, we observed down-regulation of Myc protein levels after
24 h of bortezomib treatment (Fig. 5B). Interestingly, bortezo-
mib treatment led to a transient induction in Myc levels at 12 h
before subsequent down-regulation.
We also examined the effects of bortezomib on the phos-

phorylation status of Akt and JNK. No activation of JNK and
Akt was observed in untreated or bortezomib-treated UM-PEL-1
cells (Fig. S5).

Discussion
Significant challenges, including disease rarity and lack of ade-
quate models, have hindered progress in understanding PEL
oncogenesis and evaluating new therapies. We set out to develop
an in vivo model of this lymphoma that could reflect better the
biology of the tumor without potential artifacts introduced by in
vitro cell propagation. We directly transplanted PEL cells col-
lected from the pleural effusion of a patient into the peritoneal
cavities of immunodeficient NOD/SCID mice without ex vivo
culture. This model may reflect the in vivo characteristics of this
disease more accurately, as demonstrated by culture-induced
changes in KSHV gene expression, and can be used to assess the
efficacy of new therapeutic approaches. In addition, our study
demonstrates the potent in vivo anti-PEL activity of bortezomib.
Finally, we show that bortezomib as well as doxorubicin treat-
ment can induce lytic reactivation of PEL in vivo. Our findings
provide a strong basis for evaluation of bortezomib as a therapy
for PEL in clinical trials.
The 26S proteasome inhibitor bortezomib is an effective treat-

ment for several malignancies, including multiple myeloma (23)
and mantle cell lymphoma (24). Bortezomib can induce apoptosis
via several mechanisms, including NF-κB inhibition (17, 34), ac-
tivation of a terminal UPR (21), and prevention of degradation of
proapoptotic proteins and tumor-suppressor genes targeted for
ubiquitination by KSHV during viral oncogenesis (22). Although
bortezomib potently induced apoptosis of UM-PEL-1 cells, our in
vitro results showed that it did not effectively blockNF-κB activity.
One possible explanation for the lack of NF-κB inhibition is the
strong bortezomib-induced up-regulation of the KSHV early lytic
gene vGPCR, which is a NF-κb activator (35).
It has been reported previously that PEL commonly exhibits

a constitutively active UPR (26), and this UPR may potentially
be exacerbated further by treatment with bortezomib to induce
a terminal UPR and subsequent apoptosis (21). Although UM-
PEL-1 cells exhibited constitutive ER stress, treatment with
bortezomib did not induce a terminal UPR, thus suggesting that
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bortezomib (20 nM) for the indicated time periods. Nuclear extracts were
prepared and assayed by EMSA using NF-κB–specific consensus oligonucleo-
tides as probes. Results are representative of three independent experiments.
(B) UM-PEL-1c cells were treated with bortezomib for the specified time
periods.Whole-cell lysateswereprepared, andWestern blotswere performed
with specified antibodies. Immunoblotting for actin served as a loading con-
trol. Normalized densitometry of the phosphorylated eIF-2α (p-eIF-2α)/eIF-2α
ratio is shown. The value in untreated cells was defined arbitrarily as 1. The
results are representative of three independent experiments. (C) Sets of genes
whose expression is significantly repressed by treatment with bortezomib
compared with PBS. The top bar (not to scale) represents the ranked list of all
genes ordered by their expression in bortezomib-treated versus PBS-treated
PEL. Vertical black bars represent the ranking of member genes of the in-
dicated gene sets. All FDRs < 0.001; see also Table S2.

13072 | www.pnas.org/cgi/doi/10.1073/pnas.1002985107 Sarosiek et al.

D
ow

nl
oa

de
d 

at
 N

at
io

na
l U

ni
ve

rs
ity

 o
f S

in
ga

po
re

 o
n 

D
ec

em
be

r 
27

, 2
02

0 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002985107/-/DCSupplemental/pnas.201002985SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002985107/-/DCSupplemental/pnas.201002985SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002985107/-/DCSupplemental/pnas.201002985SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002985107/-/DCSupplemental/pnas.201002985SI.pdf?targetid=nameddest=ST2
www.pnas.org/cgi/doi/10.1073/pnas.1002985107


the proapoptotic effects of this chemotherapy are mediated by
another pathway in these cells.
Other survival pathways may be implicated in bortezomib-

mediated apoptosis inUM-PEL-1 cells.KSHVgenesK1 and vGPCR
can activate prosurvival Akt signaling to facilitate proliferation, sur-
vival, and tumorigenesis (36). Notably, some PEL cells have been
shown to be dependent on this PI3K/Akt/mammalian target of
rapamycin (mTOR) signaling axis for survival (37). Bortezomib-
induced block of PI3K signaling leads to apoptosis, at least in hepa-
tocellular carcinoma (38). However, we did not observe Akt activa-
tion in untreated or bortezomib-treated UM-PEL-1 cells.
We used gene-expression profiling to identify potential genes

that are modulated by bortezomib treatment during induction of
apoptosis. GSEA showed that several pathways are repressed by
24-h bortezomib treatment, including cell-cycle progression and
DNA replication. In particular, the RB1 and PIM2 genes were
repressed and may facilitate cell-cycle arrest in bortezomib-treated
cells. In addition, we observed a strong repression of Myc target
genes. Myc can be stabilized in PEL cells because of LANA-me-
diated inhibition of Myc phosphorylation and degradation (39).
Myc stabilization has been shown to enhance proliferation, sur-
vival, and maintenance of the transformed state in the B-cell lin-
eage (40, 41) and therefore may be essential for KSHV viral
oncogenesis and lymphomagenesis. The down-regulation of Myc
by bortezomib therefore may contribute to UM-PEL-1 cell death.
It is important to note, however, that we observed a transient up-
regulation of Myc protein levels by bortezomib at the 12-h time
point. Myc also has a well-established role in induction of apo-
ptosis (42, 43), and its up-regulation could have an effect on cell
viability, as well. Further experiments to elucidate the role of Myc
in bortezomib-treated UM-PEL-1 cells are necessary.
Our in vivo studies showed that bortezomib, as well as doxoru-

bicin, was able to induce a lytic reactivation of KSHV within UM-
PEL-1 cells that may result in viral replication and eventual tumor
cell lysis. Indeed, others have shown that lytic reactivation of
KSHV in PEL cells can be induced by various agents, such as TSA
or butyrate, and may induce tumor cell lysis. Because of the diffi-
culty of developing effective therapies for PEL, it has been pro-
posed that inducing lytic reactivation of malignant cells during
concomitant antiviral therapy may be an effective treatment ap-
proach (18). Our in vivo finding that bortezomib treatment can
induce lytic reactivation of KSHV in PEL is in agreement with
previous in vitro reports (44). Surprisingly, we also observed lytic
reactivation after in vivo treatment with doxorubicin, although at
a different time point. This finding stresses the need to study
carefully the temporal dynamics of lytic activation induced by
specific agents to optimize the potential benefit of adding antiviral
drugs, such as ganciclovir or azidothymidine, to any front-line
therapy. These antiviral nucleoside analogs have antiproliferative
properties of their own when phosphorylated, a mechanism that
can be exploited in the presence of HHV-8 thymidine kinase. The
addition of antiviral drugs to bortezomib or doxorubicin therapy
may increase clearance of PEL cells and improve survival.
Optimization of the therapeutic regimen for PEL has re-

mained elusive because the rarity of the disease has prevented
the launch of large-scale clinical trials. Additionally, patients
diagnosed with PEL have an average survival of only 6 mo. It
therefore is imperative that any clinical trials conducted for the
evaluation of PEL therapies have a focused approach and in-
clude only therapies with the highest likelihood of success. Our
UM-PEL-1 model will allow more in-depth studies of novel
therapeutic approaches before their inclusion in clinical trials.
Indeed, we used this model to compare directly the in vivo ef-
ficacy of bortezomib and doxorubicin, which commonly is used as
a front-line therapy for PEL. Our results showed bortezomib to
be significantly more effective in increasing overall survival of
mice bearing PEL tumors. This finding correlated well with our
in vitro data showing more robust activation of apoptosis by

bortezomib than by doxorubicin, both delivered at clinically
relevant concentrations. The in vivo efficacy of bortezomib,
coupled with its favorable safety profile and lack of cardiotox-
icity, provides a rational basis for testing this drug alone or in
combination with antivirals in clinical trials of PEL.

Materials and Methods
Reagents. Bortezomib was obtained from Millennium Pharmaceuticals, and
doxorubicin was purchased from Sigma-Aldrich. P-eIF2α, eIF2α, GRP78, pAkt,
and Myc antibodies were purchased from Cell Signaling Technologies. ATF4,
pJNK, and actin antibodies were purchased from Santa Cruz Biotechnology.
CD3, CD19, CD20, CD30, CD38, CD45, CD79a, CD138, and HLA-DR antibodies
were purchased from Beckman Coulter.

UM-PEL-1 Cells. Pleural effusion collected during the diagnostic tap of the
patient with PEL was centrifuged over Ficoll/Paque gradient following the
manufacturer’s instructions (GE Healthcare) and was resuspended in effu-
sion fluid. PEL cells (2 × 107) were injected i.p. into 6- to 8-wk-old female
NOD/SCID mice (Jackson Laboratory). Mice were monitored daily for tumor
growth. After 5–7 d, mice developed peritoneal swelling and were killed. A
portion of the ascites was removed immediately postmortem via para-
centesis; these cells are referred to as “UM-PEL-1” cells. For propagation,
UM-PEL-1 cells were injected into the peritoneal cavities of additional NOD/
SCID mice without ex vivo culture.

Cell Lines. For in vitro studies, UM-PEL-1 cells collected from mice were cul-
tured in RPMI medium 1640 (Mediatech,) supplemented with 10% FBS
(Mediatech), 2 nM glutamine (Gibco BRL), and penicillin/streptomycin (Gibco
BRL). Cells cultured in vitro are referred to as “UM-PEL-1c” cells. The KSHV-
positive, EBV-negative BC-3 PEL cell line derived from an HIV-negative pa-
tient (45) also was cultured in the supplemented RPMI medium 1640. 293T
cells were cultured in DMEM supplemented with 10% FBS, 2 nM glutamine,
and penicillin/streptomycin.

NF-κB EMSA and Apoptosis Studies. UM-PEL-1 cells were isolated from peri-
toneal cavities of mice harboring lymphomatous effusions by paracentesis,
were placed into culture, and were treated with either Bay-11 or bortezomib.
Cells (5 × 106) were collected at the indicated time points and used for nu-
clear protein extraction and EMSA supershift analyses as described pre-
viously (46) and summarized briefly in SI Materials and Methods.

For apoptosis studies, 105 cells/mL were incubated with or without bor-
tezomib or doxorubicin for specified time periods, collected, washed with 1×
PBS, and stained with propidium iodide (PI) (Invitrogen) and YO-PRO (Invi-
trogen) following the manufacturer’s instructions. Flow cytometric analysis
was performed on a Becton-Dickinson LSR analyzer (BD Biosciences).

In Vivo Tumor Studies. UM-PEL-1 cells (2 × 107) isolated from ascites of tumor-
bearing mice were resuspended in 250 μL ascites fluid and injected i.p. into
additional NOD/SCID mice. Mice were assigned randomly to a treatment
group and on day 3 began receiving i.p. injections of PBS, bortezomib (0.3
mg/kg), or doxorubicin (1.25 mg/kg). Mice were monitored daily and were
killed when moribund or exhibiting signs of discomfort in accordance with
institutional guidelines. All procedures with animals were conducted in
conformity with an approved institutional animal protocol.

RNA Isolation and Real-Time Quantitative PCR. RNA was isolated with the
RNeasy Plus kit (QIAGEN) and DNase treatment on columns. We transcribed
500 ng of RNA into cDNA using the Reverse Transcription System (Promega)
and Random Primers (Promega) according to the manufacturer’s instructions.
Real-time quantitative PCR (qPCR) was performed using an ABI Prism 7000
Sequence Detection System (Applied Biosystems) with Sybr Green PCR
Master Mix (New England Biolabs). Sequences of primer sets are given in SI
Materials and Methods. Melting curve analysis was performed to verify
specificity of products as well as water and RT controls in every run. Data
were analyzed using the △Ct method as in Mutlu et al. (47). Target gene
expression was normalized to GAPDH by taking the difference between Ct
values for target genes and GAPDH (△△ Ct value). These values then were
calibrated to that of the control sample to give the Ct value. The fold target
gene expression is given by the formula: 2–△△Ct.

Analysisof IgGVHgenerearrangementwasdoneaspreviously reported (48).

Vero Cell Infections. UM-PEL-1 cells were induced with TSA at 40 nM for 48 h
and then at 400 nM for 24 h. Supernatants were centrifuged three times at
500 × g for 10 min at 4 °C. One milliliter of supernatant was added to 2 × 105
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Vero cells and incubated for 24 h. The medium was removed, and cells were
washed three times with Dulbecco’s PBS (Gibco BRL) and incubated for 72 h.
LANA staining was performed as described below.

Immunofluorescence Staining, Western Blot Analysis, and Microarray Hybrid-
ization. Immunostaining was performed as previously described by Mutlu
et al. (47). Whole-cell extracts were prepared by lysing 5 × 106 cells, and
Western blot analysis was performed as previously described (49).

Microarray hybridization was performed using the Affymetrix Human
Gene 1.0ST arrays. A brief description of the procedure and analysis is pro-
vided in SI Materials and Methods.

Statistical Analysis. Mice survival curves were estimated using the Kaplan–
Meier product-limit method and were compared using the log-rank test.
P values <0.05 were considered statistically significant.
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