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Abstract: The recent development of chemotherapeutic proteasome inhibitors, such as bort-
ezomib, has improved the outcomes of patients suffering from the plasma cell malignancy
multiple myeloma. Unfortunately, many patients treated with these drugs still suffer relapsing
disease due to treatment-induced upregulation of the antiapoptotic protein Mcll. We have
recently demonstrated that an oncolytic poxvirus, known as myxoma, can rapidly eliminate
primary myeloma cells by inducing cellular apoptosis. The efficacy of myxoma treatment on
proteasome inhibitor—relapsed or —refractory myeloma, however, remains unknown. We now
demonstrate that myxoma-based elimination of myeloma is not affected by cellular resistance
to proteasome inhibitors. Additionally, myxoma virus infection specifically prevents expres-
sion of Mcl! following induction of the unfolded protein response, by blocking translation of
the unfolded protein response activating transcription factor (ATF)4. These results suggest that
myxoma-based oncolytic therapy represents an attractive option for myeloma patients whose
disease is refractory to chemotherapeutic proteasome inhibitors due to upregulation of Mcll.
Keywords: drug resistance, oncolytic

Introduction

Multiple myeloma (MM) is a clonal plasma cell malignancy that is newly diagnosed in
over 24,000 patients annually.'? Historically, the prognosis for MM patients was grim;
however, the recent development of chemotherapeutic proteasome inhibitors (PIs), such
as bortezomib (BTZ), has begun to improve these outcomes.> PIs block degradation
of misfolded proteins, which increases the protein-folding load in the endoplasmic
reticulum (ER). This subsequently induces a lethal unfolded protein response (UPR)
in MM cells, due to their inherently high translational burden.®’ Unfortunately, while
PIs have significantly improved the outcomes of many MM patients, disease relapse
remains a major clinical challenge,® and the prognosis for these relapsed patients is
grim. Therefore, alternative treatments, particularly ones effective against relapsed or
refractory disease, are required.

One proposed alternative is the use of cancer tropic replicating viruses, an approach
known as oncolytic virotherapy. This approach is especially attractive for relapsed/
refractory patients since oncolytic viruses often eliminate infected malignant cells
through mechanisms distinct from those used by traditional chemotherapeutics and
can therefore overcome drug resistance in a variety of cancer models.'! A variety
of oncolytic viruses have been shown to have therapeutic potential for treating MM
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including: reovirus, vesicular stomatitis virus, vaccinia virus,
and measles.'”?° Indeed, systemic injection of attenuated
measles virus was recently shown to cause disease remission
in an MM patient suffering from relapsed disease,” demon-
strating that oncolytic therapy can offer clinical benefit to
patients suffering from relapsed MM.

Our lab is interested in the clinical potential of an onco-
lytic virus known as myxoma (MYXV). MYXV is a member
of the Poxviridae, whose natural tropism is tightly restricted
to lagomorphs (rabbits).”! Injection of MY XV into European
rabbits causes a highly lethal disease known as myxomatosis.
However, the virus is completely nonpathogenic in any other
known species and is unable to replicate in or kill normal cells
in vivo due to its susceptibility to the host innate inflamma-
tory response.?>? In contrast to its benign nature in normal
tissues, MYXV has demonstrated significant oncolytic
potential against a wide variety of solid tumors including:
glioma, medulloblastoma, gallbladder cancer, melanoma,
pancreatic cancer, and rhabdoid tumors.?*** Despite these
promising preclinical results, MYXV infection is gener-
ally nonlytic, and the virus is often outperformed by other
oncolytic poxviruses in vitro.*® Therefore, identifying the
mechanisms through which MYXV mediates its oncolytic
effects remains a critical question.

We have recently reported that treatment of any of four
established human MM cell lines, as well as a number of MM
patient samples, with MYXV resulted in a complete loss of
malignant cell viability within 6 hours. This oncolysis was
specific to MM cells as normal hematopoietic cells were not
affected by viral treatment. These effects were strong enough
that ex vivo MY XV treatment could successfully prevent MM
relapse in animal models of contaminated autologous stem
cell transplant.3* Due to these promising results, we wanted
to determine the mechanisms involved in MY X V-based treat-
ment of human MM as well as explore the possibility of using
MYXV as a novel treatment for PI-refractory MM.

Materials/subjects and methods

Cell lines and reagents

BSC40 and U266 cells were purchased from the American
Type Culture Collection (ATCC) (Manassas, VA, USA). BTZ-
sensitive (Dox40) and -resistant (Dox40%™%) human MM cells*
were a kind gift from Dr Bei Liu at the Medical University of
South Carolina. BSC40 cells were cultured in Dulbecco’s Mod-
ified Eagle’s Medium (DMEM) plus 10% fetal bovine serum
plus 1x penicillin-streptomycin-L-glutamine (Mediatech,
Inc., Manassas, VA, USA). U266, Dox40, and Dox4082
cells were cultured at concentrations below 5x10° cells/mL in

Roswell Park Memorial Institute (RPMI)-1644 with 25 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
plus 20% fetal bovine serum plus 1x penicillin-streptomycin-
I-glutamine. Cell viability was performed by CellTiter® 96
Non-Radioactive Cell Proliferation Assay (MTT) (Promega
Corp, Fitchburg, WI, USA) and read on a FLUOstar Optima
Plate reader (BMG LABTECH GmbH, Ortenberg, Germany).
The following antibodies were used: from Cell Signaling
Technology, Inc. (Danvers, MA, USA), Mcll (5453) activat-
ing transcription factor (ATF)4 (11815), CHOP (CCAAT/-
enhancer-binding protein homologous protein) (2895), Actin
(8457), and p-elF20:(3398); and from Santa Cruz Biotechnol-
ogy (Dallas, TX, USA), protein kinase RNA-like ER kinase
(PERK) (13073), elF20. (11386), and ATF6 (22799).

Virus amplification, purification,

and infection

vMY X-GFP (recombinant MY XYV strain Lausanne express-
ing green fluorescent protein [GFP] under a viral synthetic
early/late promoter) was a kind gift from Dr Grant McFad-
den.’® The virus was amplified in BSC40 cells as previously
described.”” In short, cells were infected with vMY X-GFP
at a multiplicity of infection (MOI) =0.05, and then virus
was allowed to replicate for 72 hours. Cells were removed
from plates, mechanically lysed and the resulting supernatant
clarified through a 36% sucrose pad. The resulting pellet was
then further purified through a discontinuous (40%, 36%,
32%, 28%, and 24%) sucrose gradient. Virus banding at the
40%/36% interface was pelleted, resuspended in phosphate-
buffered saline (PBS), and stored at —80°C.

Unless otherwise noted, experiments were carried out
by infecting cells at a concentration of 1x107 cells/mL for
30 minutes using MOI =10. After the infection period, media
was added to dilute cells to a concentration of 1x10° cells/mL.
Drug treatments (1 WM Brefeldin [ Acros Organics, Pittsburgh,
PA, USA], 200 nM thapsigargin [Acros Organics], 50 plg/mL
cytosine arabinoside [Sigma-Aldrich Corp, St Louis, MO,
USA], 10 uM MG132 [Selleckchem, Houston, TX, USA],
12.5 nM BTZ [LC Laboratories, Woburn, MA, USA], or
10 nM GSK2606414 [Calbiochem®, Merck KGaA, Darm-
stadt, Germany]) were performed post-vMY X-GFP infection,
by adding drug to the media when the cells were diluted. All
experiments were controlled with mock infection, which refers
to parallel treatment of cells with a PBS vehicle control.

Immunoblot analysis
For immunoblot analysis, cell were lysed in 1x Laemmli
buffer and then separated on sodium dodecyl sulfate
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polyacrylamide gel electrophoresis (SDS-PAGE gels).
Proteins were then transferred to Immobilon®-P PVDF
membrane (EMD Millipore, Billerica, MA, USA), using
wet transfer. Following transfer, membranes were blocked
in 5% milk in TBS plus 1% Tween® 20. Membranes were
incubated with primary and secondary antibodies in 5%
milk for 30 minutes. Following each antibody incubation,
membranes were washed three times with tris-buffered
saline (TBS) plus 1% Tween 20. Quantitation was done
using densitometry on Photoshop CS6.

Quantitative real-time polymerase chain

reaction (QPCR)

RNA was purified using an RNeasy kit (Qiagen, Venlo, the

Netherlands), and complementary (c)DNA generated as

previously described.”* gPCR was performed using SYBR®

Green PCR Core Reagents on a StepOne™ Real-Time PCR

System (Invitrogen; Life Technologies Corp, Carlsbad, CA,

USA). The generated data was normalized to 18sRNA and

plotted as percent expression. The primers used for the qPCR

were as follows:

— CHOP_Fw 5GACTGAGGAGGAGCCAGAAC/
CHOP_Rv 5’ACCACTCTGTTTCCGTTTCC

— ATF4_Fw 5’AATACAACTGCCCTGTTCCC/ ATF4_
Rv 5’CGTGAGAAGCCTGAATGAGA

— 18s_Fw 5’"TAAAGGAATTGACGGAAGGG/ 18s_Rv
5’CTGTCAATCCTGTCCGTGTC.

XBP-1 splicing

RNA from cells was purified with an RNeasy kit (Qiagen)
and cDNA synthesized as above.? Subsequently, a frag-
ment from the XBP-1 gene was amplified by PCR using
the following primers: XBP1_Fw 5’AAACAGAGTAG-
CAGCTCAGACTGC/ XBP1_Rv 5TCCTTCTGGGTAGAC-
CTCTGGGAG. The resulting PCR product was digested with
Pstl at 37°C overnight (Fermentas, Pittsburgh, PA, USA).
Pstl-digested and -undigested samples were electrophoresed
on an 8% DNA acrylamide gel and then visualized with SYBR
Gold (Invitrogen; Life Technologies Corp).

Polysome profile

A total 2.5x107 U266 cells per condition were infected as
described above. At 12 hours postinfection, cells were pel-
leted, resuspended in TMK  lysis buffer (10 mM Tris pH
7.4, 5 mM MgCl,, 100 mM KCl, 1% Triton X-100, and
0.5% deoxycholate, in diethyl pyrocarbonate [DEPC]-treated
water; 2 mM dithiothreitol [DTT] and 100 pug/mL cyclo-
hexamide added fresh just before use), and homogenized

with a 26 gauge needle before placing on ice for 5 minutes.
Samples were centrifuged at 10,000x g for 5 minutes at
4°C, the supernatant then layered on top of a (50%, 40%,
30%, 20%, and 10%) discontinuous sucrose gradient, and
centrifuged at 35,000 rpm for 3 hours at 4°C. After cen-
trifugation, the gradient was separated into 25 fractions of
400 uL each. RNA was extracted from each fraction using
TRIzol® (Invitrogen; Life Technologies Corp), and the
localization of various ribosomal subunits in each fraction
was determined using electrophoresis. RNA fractions were
then combined into transfer (t)RNA, 40s, 60s, and polysome
samples based on the electrophoretic profile, and cDNA was
synthesized from each fraction as above. Fragments from
individual genes were then amplified by PCR from each
fraction and products visualized on an 8% DNA acrylamide
gel stained with SYBR SAFE (Invitrogen; Life Technologies
Corp). The primers used were as follows:

— ATF4_Fw 5’GCATGGTTTCCAGGTCATCT/ATF4_Rv

5’AGTCCCTCCAACAACAGCAA
— UBC_Fw 5TTGCCTTGACATTCTCGATG/ UBC_Rv
5’ATCGCTGTGATCGTCACTTG.

Results

MYXYV Kkills Pl-resistant MM cells

To assess the feasibility of MY XYV virotherapy on Pl-resistant
MM cells, we asked whether drug resistance affected the loss
of MM cell viability induced by MYXV treatment. Dox40
and Dox4087% cells® were infected with MY XV at MOls, and
then cell viability was analyzed 24 hours postinfection, using
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. We observed that MYXV treatment
caused equal losses of viability from both PI-sensitive and
-resistant Dox40 MM cells (Figure 1), suggesting that MY XV
treatment can overcome the resistance to PI-based chemo-
therapy developed by some MM cells.

MY XV simultaneously induces and

inhibits the UPR in human MM cells

Since PIs eliminate MM cells by inducing a lethal UPR,%7%
and resistance to PI treatment is often mediated by changes
in this pathway,* we next asked how MY XYV treatment might
affect the UPR in human MM cells. We therefore investigated
the expression of the UPR death effector molecule, CHOP,
following infection with MYXYV in either the presence or
absence of an existing UPR response. U266 MM cells,
which are highly susceptible to MYXV treatment,* were
mock-treated or infected with MYXV in either the pres-
ence or absence of the UPR-inducer brefeldin-A (BreA).

Oncolytic Virotherapy 2015:4

submit your manuscript 3

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dunlap et al

Dove

120
NS -.- Dox40

100
={ = Dox4082

80 -

60 -
NS

Percent viability

40 -

20 -

O T T T T T 1
0 0.1 0.3 1 3 10

MOl

Figure | MYXV eliminates bortezomib-resistant human MM cells. Dox40 or
Dox408™ cells were infected with MYXV at the indicated MOls. After 24 hours,
cellular viability was measured using the MTT assay. No significant differences in the
killing of Dox40 or Dox40°%™ were observed.

Abbreviations: Dox40, bortezomib-sensitive human multiple myeloma cells;
Dox408™%, bortezomib-resistant human multiple myeloma cells; MM, multiple
myeloma; MOI, multiplicity of infection; MYXV, myxoma virus; NS, not significant.

At 6 hours after infection, cells were harvested and CHOP
expression was assayed by immunoblot (Figure 2A). Con-
sistent with an inactive UPR, we observed that mock-treated
U266 cells displayed virtually no expression of CHOP. Cells
infected with MYXV displayed slightly increased CHOP
expression; however, this expression was significantly lower
than that observed in cells treated with BreA. Interestingly,
cells infected with MYXV failed to induce high levels of
CHOP even when treated with BreA. Since CHOP is pre-
dominantly regulated transcriptionally, we next asked how
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BreA 1,600 Hkk
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Figure 2 MYXV prevents expression of CHOP. U266 cells were either mock-
infected or infected with MYXYV at MOI =10 and subsequently incubated with | pM
BreA. Six hours after infection, cells were harvested and analyzed for either (A)
CHOP and actin protein expression via immunoblot or (B) expression of CHOP
mRNA using qPCR. ***P<0.005 using Student’s t-test.

Abbreviations: BreA, brefeldin-A; MOI, multiplicity of infection; mMRNA, messenger
RNA; MYXYV, myxoma virus; qPCR, quantitative real-time polymerase chain reaction.

MYXV affected expression of the CHOP messenger (m)
RNA (Figure 2B). Consistent with our results for the CHOP
protein, we observed that expression of the CHOP mRNA
was low in mock-treated cells and that infection with MY XV
induced this expression only slightly. In contrast, treatment
with BreA induced expression of the CHOP mRNA to much
more robust levels; however, this induction was prevented
by MYXYV infection. These data are consistent with MY XV
inducing and subsequently inhibiting the UPR.

MYXV differentially affects
each arm of the UPR

The UPR is comprised of three major pathways, each mediated
by a single ER-resident stress-sensing protein.**#! Activation
of any of these pathways can result in CHOP expression. Since
our result indicated that MY XV both induced and inhibited
the UPR, we next asked whether viral infection might dif-
ferentially affect each of these pathways. Human U266 MM
cells were infected with MY XV and then either mock-treated
or treated with BreA. At 6 hours postinfection, the activation
of each arm of the UPR was analyzed.

The first arm of the UPR is mediated by the stress sensor
inositol-requiring protein-1 (IRE1).#** ER stress results in
dimerization and phosphorylation of IRE1, which in turn,
excises 26nt from the mRNA of the transcription factor XBP1.
This excision causes a frame shift in the XBP1 mRNA, allow-
ing for the translation of the active XBP1s isoform, which
transcribes genes involved in protein folding, quality control,
and ER-associated degradation (ERAD). To assess activation
of the IRE1 arm of the UPR, we therefore assayed whether
this splicing event had taken place. Total cellular RNA was
reverse-transcribed into cDNA, and then a fragment surround-
ing the spliced region of XBP1 was amplified using PCR.
The sensitivity of this PCR fragment to digestion with Pstl,
a unique restriction site found within the 26nt region of the
mRNA, which is removed upon splicing, was then determined
(Figure 3A). We observed that in mock-treated cells, the
majority of the XBP1 PCR product was sensitive to digestion
with Pstl, indicating that the mRNA was not being spliced by
activated IREL. In contrast, in cells treated with BreA, signifi-
cant amounts of XBP1 PCR products were resistant to Pstl
digestion, indicating that BreA treatment induced activation of
IRE1 and subsequent splicing of the XBP1 mRNA. This Pst1-
resistant PCR product was not observed following infection
with MYXYV, and infection did not significantly prevent the
appearance of this resistant product following BreA treatment,
suggesting that MY XV neither activates nor inhibits the IRE1
arm of the UPR.
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Figure 3 MYXYV differentially activates each arm of the UPR. MYXV-treated U266 cells were harvested 6 hours postinfection. (A) RNA extracted from U266 cells was
subjected to qPCR. The resulting PCR product was then digested with Pstl, loaded onto an 8% DNA acrylamide gel, and stained with SYBR® Gold. PCR products derived
from XBPI mRNA, which had undergone IREl-mediated splicing, contain a Pstl-resistant band of higher molecular weight (arrow). (B) U266 lysate was subjected to
treatment with 50 mM DTT prior to loading onto a Laemmli gel. Samples were then immunoblotted for ATFé. Full-length ATF6 (arrow) is lost following activation. (C) U266
lysate was separated on a Laemmli gel and then immunoblotted with antibodies against PERK. Phosphorylated PERK is observed as a high-molecular-weight band (arrow).

Abbreviations: ATF, activating transcription factor; BreA, brefeldin-A; DTT, dithiothreitol; IREI, inositol-requiring protein-1; mRNA, messenger RNA; MYXYV, myxoma virus; PCR,
polymerase chain reaction; PERK, protein kinase RNA-like endoplasmic reticulum kinase; qPCR, quantitative real-time polymerase chain reaction; UPR, unfolded protein response.

The second arm of the UPR is mediated by the tran-  we observed that immunoblot for PERK revealed a single
scription factor ATF6.4% ATF6 normally resides in the ER  band, consistent with nonphosphorylated PERK. Similar
membrane, but when cells undergo translational stress, itis  to ATF6, however, infection with MYXYV, treatment with
transported to the Golgi by the COPII complex, whereitcan  BreA, or both, rapidly induced the appearance of a second,
be cleaved by the site 1 and site 2 proteases. This proteolysis  higher-molecular-weight band corresponding to directly
event releases the cytosolic fragment of ATF6, which then  phosphorylated PERK (Figure 3C). Additionally, infec-
traffics to the nucleus as an active transcription factor where  tion with MYXV or treatment with BreA rapidly induced
it upregulates expression of proteins associated with ERAD.*  phosphorylation of elF2¢. (Figure 4A), and treatment with
To assess the activation of this arm of the UPR, we therefore  the PERK-specific inhibitor GSK2606414 reduced the abun-
asked whether ATF6 underwent proteolytic cleavage during  dance of phosphorylated eIF20o in MY X V-infected MM cells
MYXV infection (Figure 3B). Consistent with an inactive  (Figure 4B and C). These data suggest that MY XYV infection
UPR, in mock-treated cells, we observed a band correspond-  activates the PERK arm of the UPR, leading to subsequent
ing to full-length ATF6. This band, however, was lost follow- ~ PERK-mediated phosphorylation of elF2c.
ing infection with MY XV or treatment with BreA, suggesting
that MY XV activates the ATF6 arm of the UPR. MY XYV inhibits exp ression of ATF4

The third arm of the UPR is mediated by the stress sen-  Phosphorylation of e[F2o leads to global translational arrest,
sor PERK.* Upon ER stress, PERK is phosphorylated and  allowing for protein refolding. Sustained activation of eIF2aq,
subsequently phosphorylates the translational regulator  however, results in preferential translation of ATF4, which
elF20. This results in global translational arrest, allowing  is the primary mediator in CHOP-mediated apoptosis dur-
for reduction of the existing protein burden. To assess the  ingthe UPR. Since our data indicated that MY XYV infection
activation of this arm of the UPR, we assayed the direct phos-  induced sustained phosphorylation of elF2c. (Figure 4B)
phorylation of PERK (Figure 3C) as well as the subsequent  but did not cause induction of CHOP (Figure 2), we asked
phosphorylation of the translation factor elF2¢. (Figure 4).  whether viral infection might affect expression of ATF4.
Consistent with an inactive UPR, in mock-treated cells, Consistent with the UPR being inactive in resting U266

A B C '
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ST > 2265 2 4 568 m 8 0! ® 4 hpi
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Figure 4 Phosphorylation of elF2alpha: (A) U266 cells were either mock-infected or infected with MYXYV at MOI =10 and subsequently incubated with | uM BreA. Six hours
after infection, phosphorylation of elF20. was analyzed using immunoblot. (B) U266 cells were pretreated for 30 minutes with the PERK-specific inhibitor GSK2606414 at a
final concentration of 10 nM. Cells were mock-infected or infected with MYXYV at MOI =10. At the indicated time points, cells were harvested, and the phosphorylation of
elF20 was analyzed using immunoblot. (C) Densitometry quantitation of data shown in (B).

Abbreviations: BreA, brefeldin-A; GSK, GSK2606414; hpi, hours postinfection; MOI, multiplicity of infection; MYXV, myxoma virus; p, phosphorylated; PERK, protein
kinase RNA-like endoplasmic reticulum kinase.
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cells, we observed that these cells expressed virtually no
ATF4 protein (Figure 5). Interestingly, while infection with
MYXYV activated the PERK arm of the UPR, no induction of
ATF4 protein was observed, and infected cells were unable
to induce ATF4 expression following treatment with BreA.
These data suggest that, while MYXV activates the PERK
arm of the UPR, it subsequently blocks downstream signaling
from this pathway by inhibiting expression of ATF4.

MYXV blocks ATF4 protein expression

through a translational mechanism

ATF4 is a master regulator of the UPR as well as the integrated
stress response. As such, it is tightly regulated through a variety
of mechanisms, including transcriptional, translational, and post-
translational.*”*8 We therefore wished to determine the mecha-
nism through which MY XV infection inhibited expression of the
ATF4 protein. To test whether the lack of ATF4 protein was due
to rapid degradation, we infected human U266 MM cells with
MYXV in the presence or absence of the proteasomal inhibitor
MG132 and assayed the induction of ATF4 protein after 6 hours
(Figure 6A). We observed that while MG132 alone induced high
levels of ATF4 expression, infection with MY XV still prevented
this induction, suggesting that the virus did not block ATF4 by
inducing rapid protein degradation. We therefore asked whether
MYXV infection might prevent ATF4 expression by affecting
the expression of the ATF4 mRNA. Human U266 MM cells
were infected with MYXV in either the presence or absence
of BreA, and the levels of ATF4 mRNA were then measured
using qPCR. Consistent with previous reports demonstrating
induction of ATF4 mRNA during cellular stress,* we observed
that activation of the UPR by BreA caused a roughly twofold
induction of the ATF4 mRNA (Figure 6B). In contrast, MYXV

BreA
x > x >
g £ 3 £
= = = =
ATF4 S v
ACHD Gl o— o—

Figure 5 MYXV inhibits expression of ATF4. U266 cells were either mock-infected
or infected with MYXV at MOI =10 and subsequently incubated with | uM BreA. Six
hours after infection, expression of ATF4 was analyzed using immunoblot.
Abbreviations: ATF, activating transcription factor; BreA, brefeldin-A; MOI,
multiplicity of infection; MYXV, myxoma virus.
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Figure 6 MYXV prevents translation of ATF4 mRNA. (A) U266 cells were either
mock-infected or infected with MYXV at MOI =10 and subsequently incubated with
| UM BreA or 10 nM MGI32. Cells were then either mock-infected or infected with
MYXYV at MOI =10. Six hours after infection, the expression of ATF4 was analyzed
using immunoblot. (B) U266 cells were either mock-infected or infected with MYXV
at MOI =10 and subsequently incubated with | uM BreA. After 6 hours, RNA was
harvested, cDNA synthesized, and the expression of ATF4 mRNA was determined
using qPCR. (C) Quantitation of qPCR normalized to 18s RNA. (D) U266 cells were
either mock-infected or infected with MYXV at MOI =10 and subsequently incubated
with | uM BreA. Twelve hours postinfection, translation of ATF4 or UBCH5 mRNAs
was analyzed using polysome profiling. ***P<0.005 and *P<<0.05 using Student’s t-test.
Abbreviations: ATF, activating transcription factor; BreA, brefeldin-A; cDNA,
complementary DNA; MOI, multiplicity of infection; mRNA, messenger RNA;
MYXYV, myxoma virus; qPCR, quantitative real-time polymerase chain reaction.

infection induced a much smaller induction of ATF4 mRNA,
and this infection was additive with the induction caused by
BreA treatment. Additionally, even in mock-treated U266 cells,
robust expression of ATF4 mRNA was observed (Figure 6C).
Taken together, these data indicate that MYXYV infection has
only minimal effects on the transcription of ATF4 and that high
levels of ATF4 mRNA are found in infected cells, suggesting
that MY XV does not prevent ATF4 protein expression through
a transcriptional mechanism.

The final known level of regulation of ATF4 expression is
at the level of protein translation. To assess whether MY XV
affected ATF4 translation, we used polysome analysis to
determine the level of translation occurring on the ATF4
mRNA (Figure 6D). We observed that under resting condi-
tions, while the ATF4 mRNA was abundantly expressed, the
majority of this mRNA was found in monosome and light
polysome fractions, indicating that translation of this mRNA
was low. In contrast, treatment of cells with BreA caused a
noticeable shift of ATF4 mRNA toward heavier polysome
fractions, indicating that this treatment increased gene trans-
lation. This shift, however, was blocked in cells infected with
MYXYV, suggesting that MY XV infection inhibits expression
of ATF4 by blocking the translation of its mRNA during
activation of the UPR.
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MYXV infection depletes Mcl|

One of the primary mechanisms for MM cell resistance to
PI-based chemotherapy is the increased expression of an anti-
apoptotic molecule, Mcl1. Interestingly, Mcl1 is a transcrip-
tional target of ATF4, and depletion of ATF4 during the UPR
both prevents expression of Mcll and resensitizes resistant
MM cells to PI treatment.***° Since our data indicated that
MYXV treatment effectively killed PI-resistant MM cells and
prevented expression of ATF4 during activation of the UPR,
we next asked whether viral infection altered expression of
Mcll. Human U266 MM cells were infected with MY XV at
MOI =10. At the indicated time points, cells were then har-
vested and the expression of Mcl1 analyzed by immunoblot.
We observed that while resting MM cells expressed high
levels of Mcll, these levels were rapidly reduced following
MYXV infection (Figure 7A). To determine whether this
depletion also occurred in the context of PI treatment, U266
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Figure 7 MYXYV prevents expression of Mcll during the UPR. (A) U266 cells were
either mock-infected or infected with MYXV at MOI =10. At the indicated times
postinfection, cells were harvested, and the expression of Mcll was analyzed using
immunoblot. (B) U266 cells were either mock-infected or infected with MYXV at
MOI =10 and subsequently incubated with 10 nM MG132. Six hours postinfection,
expression of ATF4 and Mcl| was analyzed using immunoblot.

Abbreviations: ATF, activating transcription factor; MOI, multiplicity of infection;
MYXYV, myxoma virus; UPR, unfolded protein response.

cells were either mock-treated or infected with MYXV and
then treated with InM BTZ. At 6 hours postinfection, the
expression of both ATF4 and Mcl1 was measured by immu-
noblot. Consistent with previous literature,* we observed that
treatment of mock-infected MM cells with BTZ resulted in a
significant increase in the expression of ATF4 as well as an
upregulation of Mcll. However, in cells infected with MY XYV,
ATF4 expression was significantly depressed and Mcl1 levels
were reduced below baseline (Figure 7B). These data indicate
that MY XYV infection can alleviate the upregulation of Mcl1
responsible for MM cell resistance to PI therapy.

Discussion
Due to their secretion of high levels of immunoglobulin,
MM cells are extremely sensitive to drugs or conditions
that induce a lethal UPR. This sensitivity is the basis for the
novel chemotherapeutics based around the PI BTZ, which
has been demonstrating exciting success for the treatment of
MM patients. Chemotherapeutic Pls act by inhibiting protein
degradation in the proteasome. This causes a backlog of
misfolded proteins, which induces a lethal, CHOP-mediated
UPR in MM cells. Since MY XYV largely represses expression
of CHOP (Figures 2), these data suggest that combination
therapy with MY XV and BTZ in nonresistant patients might
be counterproductive since viral infection would prevent
the primary mechanism of action of the chemotherapeutic.
We did not observe any synergy between BTZ and MYXV
in vitro (data not shown); however, this is likely due to the
extremely high sensitivity of MM cells to MY X V-based kill-
ing, which renders synergy difficult to measure.
Interestingly, while induction of the UPR is the primary
mechanism of killing for chemotherapeutic Pls, this induc-
tion is also a primary mediator of cancer cell resistance. This
resistance develops when the UPR induced by PIs results in
enhanced expression of ATF4. This enhanced ATF4 subse-
quently results in increased expression of the antiapoptotic
protein Mcll, which in turn, prevents PI-based elimination
of MM cells. Interestingly, MYXV infection specifically
blocks expression of ATF4, apparently by inhibiting transla-
tion of the ATF4 mRNA (Figure 6). In addition to this block,
MYXYV also depletes the cellular stores of Mcll, suggesting
that MYXV can overcome the development of resistance
to PI mediated by Mcll overexpression. Importantly, these
results were seen in two other MM cell lines (Figure S1),
indicating that they are likely applicable to MM in general
and not specific to U266 cells. Thus, MY XV might represent
an attractive treatment option, either as a monotherapy for
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Figure 8 Model of MYXV modulation of the UPR. The UPR is primarily comprised of three distinct arms mediated by the ER stress sensors IREI, ATF6, and PERK. Our
results indicate that MYXV infection activates both the ATF6é and PERK arms of the UPR (shown in blue) while having virtually no effect on the IRE| arm. After activation of
PERK, however, MYXYV infection subsequently blocks the downstream signaling from this arm by actively inhibiting the translation of ATF4 (shown in red).

Abbreviations: ATF, activating transcription factor; ER, endoplasmic reticulum; IREI, inositol-requiring protein-1; MYXV, myxoma virus; PERK, protein kinase RNA-like

endoplasmic reticulum kinase; UPR, unfolded protein response.

Pl-resistant patients or as a sensitizing agent for chemothera-
peutic PI in relapsed/resistant patients.

In normal cells, the objective of the UPR is to unburden
the ER by expanding the mechanisms for protein refold-
ing, removal of misfolded proteins, and by slowing down
translation. If these mechanisms are unable to alleviate
ER stress in a timely manner, however, the UPR also pro-
vides mechanisms, predominantly through induction of
the proapoptotic transcription factor CHOP, through which
to eliminate the injured cell. MYXYV repression of CHOP
(Figure 2A) is therefore in line with viral survival strategies
that have evolved to combat the prolonged ER stress resulting
from the rapid production of viral proteins during infection.
Indeed, a variety of other viruses have been shown to modu-
late the UPR in both positive and negative manners. MY XV
appears to predominantly inhibit the UPR by blocking
translation of ATF4 (Figure 8). This blockade has the effect

of preventing the high levels of CHOP expression needed
to drive UPR-mediated apoptosis. Interestingly, ATF4 is a
central transcription factor for the integrated stress response
as well as the UPR. This suggests that MY X V-infected cells
might display altered responsiveness to a variety of stress
inducers that activate the integrated stress response. The
natural end results of such alterations, however, remain to
be determined.

MYXYV infection in MM cells leads to activation of
PERK and subsequent phosphorylation of elF2o. This
result is consistent with previous reports? that MYXV
induces phosphorylation of elF2a through a PKR-inde-
pendent mechanism. However, while treatment with the
PERK-inhibitor GSK2606414 clearly dampened the total
levels of P-elF2o in MY XYV infected cells, it did not com-
pletely eliminate this phosphorylation. Therefore, we are
unable to rule out the possibility that one of the other elF20.
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kinases also plays a role. For example, GCN2 has been shown
to phosphorylate eIF2o during amino acid starvation, which
is known to occur during rapid viral infections. Thus, the
phosphorylation of elF2a during MYXYV infection and the
resulting blockade of ATF4 are likely to be more complex
than we currently understand.

In conclusion, our previous results demonstrate
that MYXYV is a promising new therapeutic option to
treat MM. However, the mechanisms through which the
virus interacts with MM cells are complex and appear to
have significant impact for combination therapy with exist-
ing chemotherapeutics.
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Figure SI MYXV blocks ATF4 and Mcll expression in RPMI-8226 and MM.IS
myeloma cells.

Notes: (A) RPMI-8226 human MM cells were infected with MYXV at MOI =10. At
the indicated time points, cells were harvested, and the expression of Mcll (top) or
ATF4 (bottom at 6 hours) was analyzed using immunoblot. (B) MM.IS human MM
cells were infected with MYXV at MOI =10. At 6 hours postinfection, cells were
harvested, and the expression of Mcll (top) or ATF4 (bottom) was analyzed using
immunoblot.

Abbreviations: ATF, activating transcription factor; hpi, hours postinfection;
MOI, multiplicity of infection; MM, multiple myeloma; MYXV, myxoma virus; RPMI,
Roswell Park Memorial Institute.
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