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Abstract

Proteasome inhibition is an effective therapy for multiple myeloma (MM) patients; however, the
emergence of drug resistance is common. Novel therapeutic strategies to overcome proteasome
inhibitor resistance are needed. In this study, we examined whether targeting deubiquitylating
(DUB) enzymes upstream of 20S proteasome overcomes proteasome inhibitor resistance. Gene
expression analysis, immunohistochemical studies of MM patient bone marrow, reverse
transcription—PCR and protein analysis show that Rpn11/POH1, a DUB enzyme upstream of 20S
proteasome, is more highly expressed in patient MM cells than in normal plasma cells.
Importantly, Rpn11 expression directly correlates with poor patient survival. Loss-of-function
studies show that Rpn11-siRNA knockdown decreases MM cell viability. Pharmacological
inhibition of Rpn11 with O-phenanthroline (OPA) blocks cellular proteasome function, induces
apoptosis in MM cells and overcomes resistance to proteasome inhibitor bortezomib.
Mechanistically, Rpn11 inhibition in MM cells activates caspase cascade and endoplasmic stress
response signaling. Human MM xenograft model studies demonstrate that OPA treatment reduces
progression of tumor growth and prolongs survival in mice. Finally, blockade of Rpn11 increases
the cytotoxic activity of anti-MM agents lenalidomide, pomalidomide or dexamethasone. Overall,
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our preclinical data provide the rationale for targeting DUB enzyme Rpn11 upstream of 20S
proteasome to enhance cytotoxicity and overcome proteasome inhibitor resistance in MM.

INTRODUCTION

Protein ubiquitylation and deubiquitylation is regulated by various enzymes.1=3 Specifically,
ubiquitin ligases link ubiquitin moiety to proteins, thereby facilitating their degradation via
the 20S proteasome. In contrast, deubiquitylating enzymes (DUBS) remove ubiquitin from
proteins and prevent their degradation.#° DUBs play a pivotal role in maintaining cellular
protein homeostasis by regulating protein activation, turnover rate, recycling and
localization.5~2 Many human diseases are linked to dysfunction of DUBS, suggesting that
inhibitors of DUB enzymes represent a potential novel therapeutic strategy.10-12

DUBs are categorized into cysteine proteases (USP, UCH, OTU, MJD) and metalloproteases
(JAMM/Jab1/Mov34 metalloenzyme).13 Among these, Rpn11/POH1, UCHLS5 and USP14
are primarily responsible for mediating 19S proteasome DUB activity;1-3:14-16 therefore,
modulating their function may affect the uptake of protein substrate for degradation through
the downstream 20S proteasome subunit. Our previous study showed that inhibition of
USP14 and UCHL5 overcomes proteasome inhibitor resistance in multiple myeloma
(MM).1117 To date, the role of Rpn11 in MM biology remains undefined.

Rpnll DUB removes the ubiquitin chain from the proteins at the 19S proteasome entry gate,
allowing for the translocation of proteins from 19S proteasome lid to the 20S proteasome
subunit for degradation.18:1° Mutations in the JAMM domain of Rpn11 cause lethality in
yeast as well as in mammalian cells.18-22 Other studies showed that knockdown of Rpni1
using small interfering RNA (siRNA) inhibits the proliferation of Hela cells.?122 These
studies suggest that Rpn11 mediates deubiquitylation and protein degradation. In this study,
we utilized our /n vitroand in vivo models of MM to examine (1) the prognostic relevance
and functional significance of Rpnll and (2) whether blockade of Rpnll DUB activity
triggers cytotoxicity and overcomes bortezomib resistance.

RESULTS

Prognostic relevance and functional significance of Rpn11/POH1 in MM

We first analyzed the correlation between baseline Rpn11 gene expression and overall
survival of MM patients using gene expression data sets from 170 and 550 newly diagnosed
uniformly treated MM patients. High Rpni1 levels at diagnosis correlated with poor overall
survival in MM (P = 0.024; Figure 1a and Supplementary Figure 1). Rpnl1 expression was
analyzed in samples from normal individuals and patients with monoclonal gammopathy of
undetermined significance or smoldering multiple myeloma as well as active MM. Rpni11
expression correlates with the progression of the disease (Supplementary Figure 2).
Similarly, Rpnl11 expression was elevated in tumor cells from patients versus normal plasma
cells (Supplementary Figure 3). Reverse transcription-PCR (RT-PCR) analysis confirmed
higher Rpni1levels in patient MM cells compared with normal peripheral blood
mononuclear cells (Figure 1b). Consistent with gene expression studies, we found elevated
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Rpn11 protein levels in MM cells (Figure 1c). Immunohistochemistry analysis of bone
marrow (BM) biopsies from MM patients and normal donors showed higher Rpn1l
expression in MM cells than normal cells (Supplementary Figure 4). Importantly,
transfection of Rpn11-siRNA, but not scr-siRNA, reduced viability of MM cells in a time-
dependent manner (Figure 2a, £ < 0.0001). Together, our findings imply that Rpn1l may
contribute in MM pathogenesis.

OPA targets Rpnll and blocks protein degradation

A prior study showed Rpn11 metalloprotease mediates deubiquitylation and facilitates
protein degradation via proteasome.1® To determine whether Rpn11 blockade affects Rpn11
DUB activity and/or protein degradation in MM cells, we utilized a metallopeptidase
inhibitor O-phenanthroline (OPA) that inhibits Rpn11 activity.1® Bortezomib was utilized as
an inducer of polyubiquitylation. OPA treatment increased the levels of polyubiquitylated
proteins in both bortezomib-sensitive MM.1S and bortezomib-resistant ANBL6.BR cells
(Figure 2b). An increase in ubiquitylated proteins is a hallmark of proteasome inhibition,23
and we here observed a similar increase in ubiquitylated protein in OPA-treated MM cells.
Furthermore, OPA-treated GFPu-1 cells showed a marked accumulation of Ub-GFP,
indicating impaired proteasome-mediated protein degradation (Figure 2¢). No significant
inhibition of chymotrypsin-like, trypsin-like or caspase-like proteasome activities was
observed in OPA-treated MM cells (Figure 2d). Our data are in concert with other studies
reporting a similar role for Rpn11 in proteasome-mediated protein degradation.23

We next examined whether OPA-triggered blockade in proteasome function is due to
inhibition of Rpn11 DUB activity. For these studies, we utilized two distinct assays. First,
recombinant human Rpn11 was incubated with dimethyl sulfoxide control or OPA for 30
min; Ub-GFP substrate was then added for 1 h, followed by analysis for cleaved green
fluorescent protein (GFP) using SDS—polyacrylamide gel electrophoresis and western
blotting with anti-GFP antibody. Results showed that OPA inhibits Rpn11-mediated Ub
cleavage from Ub-GFP in a concentration-dependent manner (Figure 2e). Second, we
utilized Ub-AMC (ubiquitin 7-amino-4-methycoumar) assays to assess the effect of OPA on
Rpn11 versus other DUBSs using recombinant DUB proteins. OPA inhibits Rpn11 DUB
activity (half-maximal effective concentration range: 10-12 um) (Figure 2f). Similar
analyses confirmed that OPA did not significantly affect the activity of other recombinant
DUBs (USP1/USP2/USP4/USP5/USP7/USP8/USP20/UCH37) (see Table in Figure 2g).
Taken together, these findings provide evidence for the specificity of OPA against Rpn11.

OPA inhibits MM cell growth and overcomes drug resistance

The cytotoxic effect of OPA was examined using MM cell lines as well as tumor cells from
MM patients resistant to various therapies (bortezomib, lenalidomide, dexamethasone
(Dex)). OPA decreases the viability of various MM cell lines in a concentration-dependent
manner (Figure 3a). As for MM cell lines, OPA also reduced the viability of all patient MM
cells, including tumor cells from patients refractory to bortezomib, lenalidomide and Dex
therapies (Figure 3b). In contrast, OPA at the half-maximal inhibitory concentration (10-12
um) for patient MM cells showed no significant toxicity against normal peripheral blood
mononuclear cells (Figure 3c), suggesting a favorable therapeutic index for OPA in MM.
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OPA inhibits tumor-promoting activity of MM BM microenvironment

Bone marrow stromal cells (BMSCs) regulate MM cell growth and protect against drug
cytotoxicity by both tumor cell-BMSC adhesion and cytokine secretion.24 Similarly,
plasmacytoid dendritic cells (pDCs) are key components of MM BM milieu, and enhance
tumor growth and survival.11:25 Using /n vitro BMSC-MM or pDC-MM cell co-culture
assays, we show that OPA inhibited both BMSC- or pDC-induced MM.1S growth
(Supplementary Figure 5), without affecting the viability of BMSCS or pDCs (data not
shown).

Cytotoxic activity of OPA against MM cells

Cell-cycle analysis showed that OPA treatment is associated with increase in S phase and
growth arrest in G2/M phase (Figure 4a). OPA treatment decreased growth arrest-related
protein CDC25C and its downstream protein CDC2, as well as cyclin B1, in both MM.1S
and ANBL6.BR cell lines (Figure 4b). Furthermore, OPA induced apoptosis in MM cells
(Figure 4c), evidenced by Annexin V/propidium iodide staining, activation of caspase-3,
caspase-7, caspase-8 and caspase-9 as well as poly (ADP-ribose) polymerase cleavage
(Figures 4d and e). OPA-triggered apoptosis was markedly inhibited in the presence of a
pan-caspase inhibitor (Supplementary Figure 6).

Blockade of Rpnl1l DUB activity OPA triggers ER stress response

As shown in Figure 2b, OPA induces accumulation of ubiquitylated proteins. Earlier reports
showed that increased intracellular ubiquitylated protein initiates the endoplasmic reticulum
(ER) response signaling and cell death,23 and we therefore examined whether OPA induces
ER stress response signaling via p-elf2a and BIP. Parallel experiments were performed
using proteasome inhibitor bortezomib as a positive control for ER stress induction. A more
robust upregulation of p-elf2a in MM cells was observed in response to treatment with OPA
than bortezomib (Figure 4f). Although similar levels of BIP were induced in OPA- or
bortezomib-treated MM cells, OPA triggered an earlier induction of p53 compared with
bortezomib (Figure 4f). In addition, OPA robustly induced another tumor suppressor protein
hDLG1,26:27 whereas only modest increases in hDLG1 levels were observed in bortezomib-
treated cells. Of note, OPA triggered similar induction of ER stress response signaling and
tumor suppressor proteins p53 and hDLG1 in bortezomib-resistant ABL6.BR cells
(Supplementary Figure 7).

Cytotoxic activity of OPA in in vivo model of MM

Having defined the anti-MM activity of Rpn11 DUB inhibitor /n vitro, we next examined
whether OPA similarly affects MM cell growth /in vivo using a murine xenograft model of
human MM.11.28.29 OPA reduced tumor progression and extended survival time in mice
(Figure 5a). /n vivo anti-MM activity of OPA is further evident from analysis of mice tumors
for the markers of growth inhibition, apoptosis, angiogenesis and polyubiquitylation
(Figures 5b and c).
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Combining Rpn11 DUB inhibitor OPA with immunomodulatory drugs lenalidomide,
pomalidomide or conventional agent Dex triggers synergistic anti-MM activity

Bortezomib combination therapy is now widely used in the treatment of MM patients.
Similar to the mechanism of action of bortezomib, Rpn11 DUB blockade also inhibits
protein degradation. Based on these findings, we examined the efficacy of combinations of
OPA against MM cells. Results showed that OPA adds to the anti-MM activity of
immunomodulatory drugs (pomalidomide and lenalidomide) and conventional agent (Dex)
(combination index < 1.0) (Figures 6a—c and Supplementary Figures 8-10).

DISCUSSION

In this study we demonstrate that targeting 19S proteasome-associated DUB enzyme Rpnll
triggers apoptosis in MM cells, including those that are resistant to conventional (Dex,
melphalan or doxorubicin) and novel agents (bortezomib). Our study highlights for the first
time the prognostic and functional relevance of DUB enzyme Rpnll in MM. Analysis of
Gene Expression Profiles (GEP) data set from 170 newly diagnosed uniformly treated MM
patients showed that Rpn11is a poor prognostic factor in MM. RT-PCR and protein
expression analysis showed elevated Rpn11 levels in MM versus normal cells. Our data are
consistent with the tumor-promoting role of Rpn11 observed in hepatocellular carcinoma
models,30 and indicate that Rpn11 contributes in MM pathogenesis.

The role of Rpnll in MM was further examined using siRNA and pharmacological
inhibition strategies. Rpn11-siRNA reduced MM cell viability, as was observed in prior
studies of Rpni1knockdown in yeast and mammalian cells.1922 Furthermore, Rpn11
knock-down triggered a time-dependent significant decrease in MM.1S cell viability. Rpn11
DUB activity is linked to protein degradation via the proteasome, and we therefore next
asked whether Rpn11 inhibition blocks protein degradation in MM cells using Rpn11
inhibitor OPA.1° OPA increased levels of ubiquitylated proteins, reflecting inhibition of
cellular protein degradation via the proteasome. Consistent with this finding, results showed
accumulation of Ub-GFP, indicating impaired proteasome degradation. Rpn11 is localized in
the 19S proteasome subunit, whereas the proteasomal catalytic activities (CT-L, C-L and T-
L) mediating protein degradation reside within the 20S proteasome. As expected, OPA
blocked cellular proteasome function without inhibiting 20S proteasome proteolytic
activities. We next confirmed the specificity of OPA against Rpnll in two ways: first, we
showed that OPA blocks the Rpnl11 DUB activity in an /n vitro assay using Ub-GFP; and
second, we utilized DUB enzymatic assays with recombinant DUBs to show that OPA
selectively inhibits Rpn11 activity, without affecting other DUBs (USP1/USP2/USP4/USP5/
USP7/USP8/USP20/UCH37). These data show that OPA inhibits both Rpn11 DUB activity
and proteasome function, without altering 20S proteolytic activities or other DUBs. The
therapeutic strategy to inhibit Rpn11 may be therefore clinically relevant, especially for the
MM patients who are refractory to bortezomib therapy. For example, mutations or defects in
the 20S core proteolytic activities can confer bortezomib resistance; and importantly,
proteasome blockade by targeting Rpn11 will occur irrespective of defects in the
proteasomal activities.
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Prior studies showed the requirement of Rpn11 DUB activity for survival of mammalian
cells.2230 OPA inhibits this activity and causes MM cell death. Anti-MM activity of OPA
was observed against cells exhibiting varied cytogenetic abnormalities as well as those that
are resistant to current therapies.31-3% Furthermore, OPA decreased MM cell viability even
in the presence of the MM-host BM microenvironment. Our findings therefore demonstrate
that blockade of Rpn11 DUB activity in MM cells using OPA overcomes the tumor-
protective activity of the MM-host BM milieu.

Delineation of OPA-induced MM cell death signaling pathways showed involvement of
apoptotic caspases. Moreover, OPA induced p53 and ER stress signaling cascade. Our
finding that OPA decreases viability of p53-null ARP1 MM cells supports the therapeutic
potential of Rpn11 blockade in patients with p53 mutations. Of note, the anti-MM activity of
OPA was observed even against bortezomib-resistant MM cells. Other studies have reported
a role of Rpnl1 in signaling pathways mediating cell differentiation, DNA repair pathways
and transcription, as well as in multidrug resistance and mitochondrial function.36-40
However, it remains to be determined whether all these functions of Rpn11 are linked to
DUB activity of Rpnl11; and importantly, whether Rpn11 inhibition will modulate these
biological processes in MM cells.

We also confirmed the /n vitro anti-MM activity of OPA in using /n vivo xenograft models
of human MM. OPA blocks tumor growth progression /n vivo, and extend host survival.
Moreover, tumor cell apoptosis is associated with anti-angiogenic activity /n vivo.

Combining therapeutic agents targeting protein degradation with immunomodulatory drugs
has demonstrated synergistic preclinical MM cytotoxicity.#1-44 Furthermore, combination of
proteasome inhibitor bortezomib and immunomodulatory agents lenalidomide or
pomalidomide are effective therapies for newly diagnosed or relapsed/refractory MM. As
OPA blocks protein degradation, we hypothesized that it may similarly induce additive/
synergistic anti-MM activity in combination with immunomodulatory drugs. Indeed, we
found that combining OPA with lenalidomide, pomalidomide or Dex induces synergistic
anti-MM activity. Future clinical combinations strategies will determine whether Rpn11
inhibitors can overcome proteasome inhibitor resistance with a favorable therapeutic index.

Collectively, our data provide the rationale for the development of novel therapeutics
targeting 19S proteasome-associated DUB enzyme Rpnll in MM.

MATERIALS AND METHODS

Cell culture

MM cell lines (MM.1S, MM.1R, RPMI8226, INAG, Dox40, LR5, ARP1) and peripheral
blood mononuclear cells from normal healthy donors were cultured in RPMI-1640 medium
containing 10% fetal bovine serum and antibiotics. ANBLS6 cells were kindly provided by
Dr Robert Orlowski (Houston, TX, USA).#> Tumor cells, BMSCs and pDCs were cultured
as described previously.28:29 Helsinki protocol was followed for obtaining informed consent
from all patients. Bortezomib, dexamethasone, lenalidomide or pomalidomide were obtained
from Selleck Chemicals LLC (Houston, TX, USA), and OPA was obtained from
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Calbiochem (San Diego, CA, USA). Recombinant DUBs were obtained from Creative
BioMart (Rpn11l/ PSMD14, Shirley, NY, USA), Boston Biochem (USP1, USP7, Cambridge,
MA, USA) and LifeSensors Inc. (USP2, USP4, USP5, USP8, USP20, Uch37, Malvern, PA,
USA).

Plasma cell isolation

Plasma cells were isolated from patient BM samples using CD138 microbeads from
Miltenyi Biotec Inc. (San Diego, CA, USA) following the manufacturer’s instructions. The
purity of CD138+ cells is over 99%.

Cell viability, apoptosis and immunoblot analysis

Cell viability was assessed by WST (Clontech, Mountain View, CA, USA)/CellTiter-Glo
Luminescent assays (Promega, Madison, W1, USA) as described previously.1! Apoptosis
was assessed with Annexin/propidium iodide staining.#® Caspase activity was measured
using caspase-8 and caspase-9 Fluorometric Assay Kit (Enzo Life Sciences, Farmingdale,
NY, USA) as per the manufacturer’s instructions. Cell cycle and immunoblot analysis was
performed as described previously.4

Transient transfections

Genome control siRNA or Rpn1l ON-TARGET plus SMART pool siRNA (Dharmacon,
Inc., Lafayette, CO, USA, target sequences: 5 -GAACAAGUCUA-UAUCUCUU-3"; 5'-
GGCAUUAAUUCAUGGACUA-3"; 5'-AGAGUUGGAUGG-AAGGUUU-3"; and 5’-
GAUGGUUGUUGGUUGGUAU-3") were transfected using the cell line Nucleofector Kit
V (Amaxa Biosystems, Cologne, Nordrhein-Westfalen, Germany). Cells were harvested 24
h post transfection, followed by analysis using both immunoblotting and cell viability
assays.

Ubiquitin-AMC assays
Of each recombinant DUB, 20 nm was incubated with dimethyl sulfoxide control or OPA in
assay buffer (40 mm Tris/HCI pH 7.4; 5% glycerol; 0.005% Tween-20; 1 mwm dithiothreitol;
0.05 mg/ml ovalbumin) for 30 min at 37 °C, and Ub-AMC (500 nm) was then added for 20
min, followed by measurement of fluorescence intensity.

Ubiquitin-GFP cleavage assay

Recombinant human Rpn11 was incubated with dimethyl sulfoxide control or OPA for 30
min at room temperature; Ub-GFP substrate was then added to the reaction mixture for 1 h,
followed by analysis of cleaved GFP using SDS—polyacrylamide gel electrophoresis and
western blotting with anti-GFP antibodies.

Reverse transcription—PCR

Total cellular RNA was extracted from purified CD138+ MM cells or normal peripheral
blood mononuclear cells using Trizol reagent and subjected to reverse transcription reaction
with iScript cDNA synthesis kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA), followed
by RT-PCR analysis.
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Analysis of Rpnll

The Affymetrix Human Exon 1.0 ST Array data for 170 newly diagnosed MM patients were
quality controlled and normalized with aroma.affymetrix package
(aroma.affymetrix_3.1.0.tar.gz). Gene expression was estimated with a PLM model. The
survival analysis was carried out using the R-package ‘Survival’. High and low expression
groups were compared with log-rank test. Raw data are available at http://
www.nchi.nlm.nih.gov/geo/ (accession number: GSE39754).

Animal model study

Statistics

All studies were performed with prior approval from the institutional animal care and use
committee (DFCI). MM xenografts were established as previously described.1! Tumor-
bearing SCID mice (10 mice/group) received vehicle control or OPA (20 mg/kg) 3 times/
week for 18 days. Tumor volume was measured every third day. Mice survival is shown in
the Kaplan—-Meier plot (£ < 0.005). Tumors from mice were analyzed for apoptosis,
ubiquitylation and angiogenesis with immunostaining, as previously described.11:28
Immunostained tissues were imaged by microscopy (Nikon inverted TE2000 microscope;
Tokyo, Japan). Protein extracts from mice tumors were also assessed for apoptotic markers
using immunoblotting.

Student’s #test was applied to derive statistical significance. Mice survival was calculated
with GraphPad Prism software (GraphPad Software, Inc., La Jolla, CA, USA). Cytotoxic
activity of drug combinations was calculated using isobologram analysis and CalcuSyn
software program (Biosoft, Great Shelford, Cambridge, UK).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expression and prognostic relevance of deubiquitylating enzyme Rpn11lin MM
(a) Kaplan—Meier plots of Rpnilexpression versus overall survival of newly diagnosed,

uniformly treated, MM patients (n7= 170). Red line points to the patient group with elevated
Rpn11 expression and shorter survival, whereas blue line represents patient cohort with
lower Rpn11and longer survival. The raw data for expression profiling and the CEL files
can be found at the website Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/)
under accession number: GSE39754. (b) RNA from MM patient BM (CD138+) and (n7=3)
or normal peripheral blood mononuclear cells (PBMCs; n= 3) were analyzed for Roni1
expression using RT-PCR. (c) Analyses of Rpnl11 expression in MM cell lines, patient
tumor cells and normal PBMCs using immunoblotting with indicated antibodies. A
representative blot from three independent experiments is shown.
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Figure 2. Functional significance of Rpn11
(a) Effect of Rpn1l knockdown on MM.1S cell viability was assessed using scr-siRNA or

Rpn11-siRNA with WST assay at 24 and 48 h post transfection (mean £ s.d.; 7=3; P<
0.0001). Immunablotting confirmed knockdown of Rpn11l at 24 h post transfection. (b)
Effect of OPA (10 pm) versus bortezomib (BTZ; 5 nm) on intracellular polyubiquitylation in
MM.1S or ANBL6.BR cells. Immunoblotting was performed with anti-ubiquitin or anti-p-
actin antibodies (Abs). (c) Effect of OPA on the accumulation of Ub-GFP in GFPu-1
reporter cell line. GFPu-1 cells were treated with OPA for 15 h, and total cell extracts were
analyzed with immunoblotting using anti-GFP, or anti-tubulin Abs. (d) Analysis of
proteasomal activities in OPA-or bortezomib-treated MM.1S cells. Cells were treated with
indicated drugs for 3 h, and cell extracts were analyzed for proteasome activities (C-L,
caspase-like; CT-L, chymotrypsin-like; T-L, trypsin-like proteasome activity) (mean + s.d.; n
= 3). (e) Recombinant human Rpn11 (1 pg) was incubated with OPA for 30 min at room
temperature; 1 ug Ub-GFP was then added to the reaction for 1 h, followed by analysis of
cleaved-GFP using SDS—polyacrylamide gel electrophoresis (SDS-PAGE) and western
blotting with anti-GFP Abs. (f) Recombinant human Rpnl1 was incubated with OPA for 30
min at 37 °C, followed by the assessment of DUB activity using Ub-AMC assay (mean
+s.d.; P<0.005, 7=3). (g) Recombinant proteins USP1, USP2, USP4, USP5, USP7, USP8,
USP20, UCH37 or Rpn11 were incubated with dimethyl sulfoxide (DMSO) control or OPA
for 30 min at 37 °C, followed by assessment of DUB activity using Ub-AMC assay.
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Figure 3. Rpnl1linhibitor OPA triggers MM cell death
(a) Various MM cell lines were treated with OPA for 48 h, and cell viability was measured

using WST assay (P < 0.05; n= 3). Data are shown in a Heatmap format. (b) Patient MM
cells were treated with OPA for 48 h, and cell viability was measured using CellTiter-Glo
assay (mean = s.d. of triplicate cultures; £< 0.0001 for all patient samples). (c) Normal
peripheral blood mononuclear cells (PBMCs) were treated with OPA for 48 h, and cell
viability was measured using CellTiter-Glo assay (mean + s.d. of quadruplicate cultures).
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Figure 4. M echanism of action of OPA in MM cells
(a) MM.1S cells were treated with OPA (10 um) for 24 h, followed by analysis of DNA

content using propidium iodide (PI) staining (meanzs.d.; /7=3; P< 0.001). (b) MM.1S cells
were treated with OPA for 12 h, and cell extracts were then analyzed for indicated molecules
using western blotting. (¢) MM.1S cells were treated with OPA (10 pwm) for 24 h, followed
by analysis of apoptosis using Annexin V/PI staining (mean +s.d.; 7=3; £< 0.002). (d)
MM.1S and ANBL6.BR cells were treated with OPA for 12 h; cell extracts were then
analyzed for the indicated molecules using immunoblotting. (€) MM.1S cells were treated
with OPA (10 pwm) for 12 h, and enzymatic activity of indicated caspases was then analyzed
(mean £ s.d.; n=3; P<0.0001). (f) MM.1S cells were treated with OPA or bortezomib, and
cell extracts were then analyzed for indicated molecules using immunoblotting.
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Figure5. In vivo anti-MM activity of Rpnllinhibitor OPA
(a) SCID mice with MM.1S tumors were treated with vehicle control or OPA (20 mg/kg;

intraperitoneal (i.p.), 3 x each week) for 18 days. Tumor volume was measured at the
indicated times (mean tumor volume * s.d., 10 mice/group). Mice survival was assessed
using Kaplan—-Meier plots. (b) Cellular extracts from mice tumors were analyzed for the
indicated molecules using immunoblotting. (c) Mice tumors were analyzed for the indicated
molecules by immunostaining. All images were obtained with a Nikon inverted TE2000
microscope (40 x magnification; scale bar, 10 pum).
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Figure 6. OPA addsto theanti-MM activity of immunomodulatory agents and Dex
(a) MM.1S cells were treated for 48 h with OPA, lenalidomide or OPA plus lenalidomide

and then analyzed for cell viability. Raw data were subjected to isobologram analysis to
measure synergistic activity. The graphs were obtained from the values given in the
Supplementary Figure 8. The combination index (Cl) of < 1.0 indicates synergy. (b) MM.1S
cells were treated for 48 h with OPA, pomalidomide or OPA plus pomalidomide and then
analyzed for cell viability. Raw data were subjected to synergy analysis as in (a). The graphs
were obtained from the values given in the Supplementary Figure 9. (c) MM.1S cells were
treated for 48 h with OPA, Dex or OPA plus Dex and then analyzed for cell viability. Raw
data were subjected to synergy analysis as in (a). The graphs were obtained from the values

given in the Supplementary Figure 10.
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