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Key Points

• Deubiquitylating enzymes
USP14 and UCHL5 are
involved in the tumorigenesis
of MM.

• b-AP15 is a specific USP14
and UCHL5 inhibitor, which
blocks growth and induces
apoptosis in MM cells.

Proteasome inhibitors have demonstrated that targeting protein degradation is effective

therapy in multiple myeloma (MM). Here we show that deubiquitylating enzymes (DUBs)

USP14 and UCHL5 are more highly expressed in MM cells than in normal plasma cells.

USP14 andUCHL5 short interfering RNA knockdown decreasesMM cell viability. A novel

19S regulatory particle inhibitor b-AP15 selectively blocks deubiquitylating activity of

USP14 and UCHL5 without inhibiting proteasome activity. b-AP15 decreases viability in

MM cell lines and patient MM cells, inhibits proliferation of MM cells even in the presence

of bone marrow stroma cells, and overcomes bortezomib resistance. Anti-MM activity of

b-AP15 is associatedwith growth arrest via downregulation of CDC25C,CDC2, and cyclin

B1 as well as induction of caspase-dependent apoptosis and activation of unfolded

protein response. In vivo studies using distinct human MM xenograft models show

that b-AP15 is well tolerated, inhibits tumor growth, and prolongs survival. Combining

b-AP15 with suberoylanilide hydroxamic acid, lenalidomide, or dexamethasone induces synergistic anti-MM activity. Our preclinical

data showing efficacy of b-AP15 in MM disease models validates targeting DUBs in the ubiquitin proteasomal cascade to overcome

proteasome inhibitor resistance and provides the framework for clinical evaluation of USP14/UCHL5 inhibitors to improve patient

outcome in MM. (Blood. 2014;123(5):706-716)

Introduction

The ubiquitin proteasome pathway is a validated therapeutic target
in multiple myeloma (MM), evidenced by the US Food and Drug
Administration approval of bortezomib and carfilzomib.1,2 Recent
studies have focused on targeting enzymes that modulate protein
ubiquitin conjugation/deconjugation upstream of the proteasome
rather than the proteasome itself, with the goal of producing more
specific, potent, and less toxic therapies targeting the ubiquitin
proteasome pathway. Importantly, many human diseases are linked
to dysfunction of ubiquitin ligases and/or deubiquitylating enzymes
(DUBs), suggesting that inhibitors of ubiquitylating or DUB enzymes
represent a potential therapeutic strategy.3,4

The human genome encodes approximately 100 putative DUBs,
which are classified into five families: USP (ubiquitin-specific pro-
cessing protease), UCH (ubiquitin C-terminal hydrolase), OTU
(ovarian tumor ubiquitin), MJD (Josephin domain), and JAMM
(Jab1/Mov34 metalloenzyme).5,6 Note that the first 4 families are
cysteine proteases, whereas the fifth family consists of metal-
loproteases; to date, USP and UCH are the best characterized
families.7 DUBs play a central role in regulating cellular processes,
such as cell growth, proliferation, apoptosis, DNA repair, kinase

activation, and transcription.8,9 In mammalian cells, three DUBs are
associated with the proteasome: USP14, UCHL5/Uch37, and
Rpn11.6,10-12 Both USP14 and UCHL5 reversibly associate with
the 19S regulatory particle, whereas Rpn11 is an intrinsic subunit of
the proteasome lid subcomplex of the 19S regulatory particle;
therefore, modulating their functions may affect the proteasomal
uptake of protein substrate for degradation. These DUBs have also
been implicated in cancer. Screening for genetic abnormalities by
using retroviral expression libraries and the 3T3 focus formation
assay shows involvement of USP14 in ovarian carcinogenesis.13 A
recent study shows that USP14 is highly expressed in colorectal
cancer and correlates with pathologic stage as well as liver and
lymph node metastases.14 Deubiquitylation of CXCR4 by USP14 is
also crucial for both CXCR4 degradation and chemotaxis.15

UCLH5, like USP14, plays an important role in regulating
oncogenic signaling.16 For example, transforming growth factor-b
(TGF-b) is a critical regulator of cell proliferation, differentiation,
and tumor pathogenesis; UCHL5 regulates TGF-b/Smad signaling
by binding to intracellular Smad transcription factors, thereby
allowing for deubiquitylation and stabilization of the TGF

Submitted May 1, 2013; accepted November 24, 2013. Prepublished online as

Blood First Edition paper, December 6, 2013; DOI 10.1182/blood-2013-05-

500033.

D.C. and K.C.A. are senior coauthors.

The online version of this article contains a data supplement.

The publication costs of this article were defrayed in part by page charge

payment. Therefore, and solely to indicate this fact, this article is hereby

marked “advertisement” in accordance with 18 USC section 1734.

© 2014 by The American Society of Hematology

706 BLOOD, 30 JANUARY 2014 x VOLUME 123, NUMBER 5

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/123/5/706/1378066/706.pdf by guest on 19 M

ay 2023

https://crossmark.crossref.org/dialog/?doi=10.1182/blood-2013-05-500033&domain=pdf&date_stamp=2014-01-30


receptor.17 UCHL5/Rpn13 complex also regulates nuclear factor kB
signaling pathway via interactionwith inhibitor of kB.18Additionally,
knockdown of UCHL5 induces apoptosis, whereas overexpres-
sion of UCHL5 promotes cell proliferation in A549 cells. Finally, the
clinical significance of UCHL5 was demonstrated in a recent analysis
of tumor specimens from 111 patients with esophageal squamous cell
carcinoma, showing a direct correlation between the elevated ex-
pression of UCHL5 and lymph node metastasis.19

A recent study described a small molecule inhibitor of USP14 and
UCHL5.20 In contrast to the proteasome inhibitors, b-AP15 blocks
the deubiquitylating activity of 19S regulatory particle–associated
USP14 andUCHL5without affecting proteolytic activities of the 20S
core particle.20 Interestingly, b-AP15 triggers cancer cell apoptosis,
regardless of TP53 status and BCL2 expression level, and inhibits
tumor growth andmetastasis in vivo.21 Given the therapeutic success
of proteasome inhibition in MM, we attempted to examine whether
b-AP15 blockade of USP14 and UCHL5 had anti-MM activity. Our
in vitro and in vivo studies suggest that targetingDUBs can overcome
proteasome inhibitor resistance, providing the basis for their clinical
evaluation.

Materials and methods

Cell culture and reagents

Human MM cell lines MM.1S, MM.1R, KMS-11, ARP-1, RPMI 8226,
DOX40, LR5, ANBL-6 (ANBL6.WT), and ANBL-6-bortezomib-resistant
(ANBL-6.BR), solid tumor cell lines COLO320, LS174, and SHSY5Y, and
peripheral blood mononuclear cells (PBMCs) from normal healthy donors
were cultured in RPMI-1640 medium supplemented with complete medium
(10% fetal bovine serum, 100 units/mL penicillin, 100 mg/mL streptomycin,
and 2 mM L-glutamine) at 37°C and 5% CO2. Solid tumor cell lines DLD-1,
7860, and U2OS cells were cultured in Dulbecco’s modified Eagle medium
supplemented with complete medium. Patient MM cells and bone marrow
stromal cells (BMSCs) were prepared as described previously.22 Informed
consent was obtained from all patients, in accordance with the Helsinki
Protocol. b-AP15 was provided by Vivolux AB (Uppsala Science Park,
Uppsala, Sweden); lenalidomide, bortezomib, and suberoylanilide hydroxa-
mic acid (SAHA) were purchased from Selleck Chemicals LLC (Houston,
TX); and dexamethasone was obtained from Calbiochem (San Diego, CA).

Western blotting

Cell lysis was prepared followed by sodium dodecyl sulfate polyacrylamide
gel electrophoresis transferring and blocking as described previously.22

Immunoblotting was performed by using antibodies against poly ADP ribose
polymerase (PARP) (BD Bioscience Pharmingen, San Diego, CA), caspase 8,
caspase 9, caspase 3, cyclin B1, cyclin E1, cyclin D1, CDC25C, CDC2, p21,
cyclophosphamide, doxorubicin, vincristine, and prednisone (CHOP) (D46F1
rabbit monoclonal antibody; Cell Signaling, Beverly, MA), USP14 (Bethyl
Laboratories), UCHL5, p-eIF2a (Abcam), XBP-1 (SantaCruzBiotechnology),
and p-IREa (Thermo Scientific). Blots were then developed by enhanced
chemiluminescence (Amersham, Arlington Heights, IL).

Transient transfection

MM.1S cells were transiently transfected with genome control short in-
terfering RNA (siRNA), USP14 siRNA, UCHL5 siRNA, or USP14 plus
UCHL5ON-TARGETplus SMARTpool siRNA (Dharmacon, Inc., Lafayette,
CO) using the cell line Nucleofector Kit V (Amaxa Biosystems, Cologne,
Germany). Cells were harvested 24 hours posttransfection, followed by
analysis using both immunoblotting and cell viability assay.

Ub-VS labeling

MM.1S cells were treated with dimethylsulfoxide or b-AP15 (100 nM) for 3
hours, harvested, and lysed in lysis buffer (50 mM N-2-hydroxyethylpiperazine-

N9-2-ethanesulfonic acid; pH 7.4], 250 mM sucrose, 10 mM MgCl2, 2 mM
adenosine triphosphate, 1mMdithiothreitol), followed by removal of debris by
centrifugation. Total protein (25 mg) was labeled with 1 mM hemagglutinin
[HA] -tagged ubiquitin-vinyl sulfone (HA-Ub-VS) probe for 30 minutes at
37°C and then subjected to western blotting.21

Analysis of proteasome and HtrA2/Omi activities

Proteasome activity assaywas performed by using 20S ProteasomeAssayKit,
SDS-Activated (Calbiochem), as previously described.1 High temperature
requirement protein A2 (HtrA2)/Omi serine protease activity was determined
by measuring cleavage of HtrA2/Omi substrate b-casein using an in vitro
enzyme-based assay.22

Cytotoxicity and cell migration assays

Cell viability in MM cell lines, patient MM cells, and normal PBMCs was
assessed as described previously.23 Migration was performed by using 24-
well transwell plates (Millipore, Billerica, MA) in the presence of 10% fetal
bovine serum or stromal-derived factor-1 (SDF-1), and migrating cells were
quantified by measuring the intensity of fluorescence.22

Apoptosis and cell cycle analysis

MM.1S cells were treated with vehicle or b-AP15 (100 nM) for 24 hours and
then stained with Annexin V-fluorescein isothiocyanate/PI (BD Biosciences,
San Jose; Clontech, Mountain View, CA), followed by quantification of
apoptotic cells using FACSCalibur (BDBiosciences). Caspase 8 andCaspase-
9 Fluorometric Assay Kit (Enzo Life Sciences, Farmingdale, NY) was used to
measure caspase activity. Cell cycle analysis was performed as described
previously.21

Human plasmacytoma xenograft models

All experiments involving animals were approved by an institutional Animal
Care and Use Committee. The subcutaneous MM.1S mouse xenograft model
and the disseminated KMS-11 xenograft model were performed as previously
described.23,24 b-AP15 (4 mg/kg) was injected for 14 consecutive days in the
subcutaneous model. For the disseminated xenograft model, mice were treated
7 days postinjectionwith either vehicle or b-AP15 (4mg/kg) for 10 consecutive
days. Imaging was done on days 16, 24, and 32 using a Xenogen Imaging
System.

Immunostaining

Tumor sections from mice were stained with antibodies. Immunostained
tissueswere imaged by usingmicroscopy (Zeiss AxioImagerM1Microscope;
Oberkochen, Germany).21,23

Statistical analysis

AStudent t test was used to determine a significant difference, and P, .05 was
considered statistically significant. Mouse survival was determined by using
GraphPad Prism software (GraphPad Software, La Jolla, CA). Isobologram
analysis was performed by using the CalcuSyn software program (Biosoft,
Ferguson, MO, and Cambridge, United Kingdom). A combination index
(CI) ,1.0 indicates synergism, and CI 5 1 indicates additive activity.

Results

USP14 and UCHL5 are highly expressed in patient MM cells and

MM cell lines

Examination of the expression of USP14 and UCHL5 in MM cells
showed that bothMMcell lines and patient cells expressedUSP14 and
UCHL5 (Figure 1A-B); notably, USP14 and UCHL5 expression is
higher inMMcell lines than in normal PBMCs (Figure 1B). Similarly,
immunostaining of bone marrow biopsies from MM patients and
normal healthy donors showed that USP14 and UCHL5 are highly
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expressed in MM cells; in contrast, normal plasma cells lack
detectable USP14 and UCHL5 expression (Figure 1C and supple-
mental Figure 1, available on the Blood Web site).

We next assessed the functional significance of USP14 and
UCHL5 in MM cells by using siRNA strategy. USP14 and UCHL5
protein expression was markedly knocked down by USP14 and
UCHL5 smart pool siRNAs compared with scrambled siRNA, as
quantified by densitometric analysis (Figure 1D). Transfection of

MM.1S cells with either USP14 siRNA or UCHL5 siRNA alone
triggered cell death compared with scrambled siRNA transfected
cells (Figure 1E). Importantly, simultaneous knockdown of USP14
and UCHL5 induced significantly greater cell death vs cells trans-
fected with siRNA against either USP14 or UCHL5 (Figure 1E).
Together, these data suggest a growth-promoting role for USP14
and UCHL5 in MM cells and provide a rationale for potential
therapeutic targeting of USP14 and UCHL5 in MM.

Figure 1. Characterization of 19S-associated deubiquitylating enzyme USP14 and UCHL5 in MM. (A) Purified CD1381 patient MM cells were lysed in protein lysis buffer

and then subjected to immunoblotting with USP14 and UCHL5 antibodies. (B) MM cell lines and PBMCs from healthy donors were lysed in lysis buffer; lysates were then

subjected to immunoblotting with USP14 and UCHL5 antibodies. Blots shown are representative of 3 independent experiments. (C) IHC analysis of bone marrow biopsies from

normal donors andMMpatients showingUSP14 and UCHL5 expression. Scale bar5 60mM.Red arrowheads indicate USP14 or UCHL5-positive cells (brown). (D) MM.1S cells

were transfected with scramble siRNA, USP14 siRNA, UCHL5 siRNA, or USP14 plus UCHL5 siRNA by using the cell line Nucleofector Kit V. The cells were harvested 24 hours

posttransfection and subjected to immunoblotting with USP14 and UCHL5 antibodies. (E) MM.1S cells were transfected with scramble siRNA, USP14 siRNA, UCHL5 siRNA, or

both USP14 and UCHL5 siRNA, followed by viability analysis using a CellTiter-Glo assay. Percentage of cell viability was normalized to scramble siRNA control.
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b-AP15 inhibits USP14 and UCHL5 activity in MM cells

It is well established that inhibition of DUBs or proteasome causes
accumulation of ubiquitinated proteins.25 Our result showed that
treatment of MM.1S cells with b-AP15 (100 nM), like bortezomib,
induced time-dependent accumulation of ubiquitinated proteins
(Figure 2A). The disappearance of b-AP15 activity on poly-
ubiquitination at later time points might be due to the onset of cell-
cycle arrest and apoptosis. Additionally, b-AP15 inhibited the activity
of both USP14 and UCHL5 as evident by decreased Ub-VS labeling
when compared with mock vehicle–treated MM.1S cells (Figure 2B).
While b-AP15 blocks the deubiquitylating activity of USP14 and
UCHL5, it does not inhibit proteasome activity. Specifically, treatment
of MM.1S cells with b-AP15 for 3 hours did not affect chymotrypsin-
like, trypsin-like, or caspase-like proteasome activities (Figure 2C).
The proteasome inhibitor bortezomib served as a control for
chymotrypsin-like activity inhibitor (Figure 2C). To further confirm
b-AP15–specific activity against USP14 and UCHL5, we examined
the effect of b-AP15 on other DUBs such asUSP7 orUCHL3by using
additional MM cell lines RPMI-8226 and KMS-11. No inhibition of
total DUBs or proteasome proteolytic activity in b-AP15–treated MM
cells was observed (supplemental Figure 2A-B). In addition, b-AP15
significantly inhibited bothUSP14 andUCHL5,whereas no inhibition
of USP7 or UCHL3 was noted (supplemental Figure 2C-D). Further-
more, there was no inhibition in HA-Ub-VS binding in protein lysates
from b-AP15–treated MM cells (supplemental Figure 2E). Together,
our results show that b-AP15 potently inhibits USP14 and UCHL5
without affecting enzymatic activity of other DUBs.

Examination of the activity of b-AP15 and bortezomib on a
neuronal cell survival protease HtrA2/Omi22 showed that bortezomib
inhibited HtrA2/Omi while no significant inhibition of HtrA2/omi
was noted in response to b-AP15 treatment (Figure 2D).

Anti-MM activity of b-AP15 in vitro

Various humanMMcell lines, including drug-resistant cell lines, were
treated with b-AP15 for 48 hours, followed by assessment for cell
viability. A significant concentration-dependent decrease in viability
of all MM cell lines was observed in response to treatment with
b-AP15 (Figure 3A). b-AP15 showed 50% inhibitory concentration
(IC50) in drug-resistant–derived cell lines similar to that in parental
isogenic cell lines. Interestingly, a potent antitumor activity of b-AP15
was also observed in solid tumor cell lines (supplemental Figure 3).
b-AP15 also significantly decreased the cell viability of all primaryMM
cells from patients, including those who had relapsed after multiple
prior therapies with lenalidomide, dexamethasone, or bortezomib
(Figure 3B). It is worth noting that b-AP15 at IC50 for MM cells does
not significantly affect the viability of normal PBMCs (Figure 3C).

BMSCs confer a cytoprotective effect to MM cells. In our results,
significant inhibition of BMSC-induced proliferation ofMM.1S cells
was noted in response to b-AP15 treatment (Figure 3D).

SDF-1 binds to G-protein–coupled CXCR4, the known substrate
of USP14,15 and most important, CXCR4 is implicated in MM
metastasis.26 We therefore examined serum or SDF-1–induced MM
cell migration. Serum or SDF-1 alone increased MM.1S cell mi-
gration; conversely, b-AP15 inhibits serum or SDF-1–dependent mi-
gration (Figure 3E). These cells were .95% viable prior to and after
performing the migration assay.

b-AP15 induces apoptosis and cell cycle arrest in MM cells

To further understand the mechanism of action underlying
b-AP15–induced MM cell death, MM.1S cells were treated with
b-AP15 (100 nM) for 12 hours, and then stainedwithAnnexinV/PI. b-
AP15 triggered a significant increase in both early (Annexin V1/PI2)

Figure 2. b-AP15 targets USP14 and UCHL5 in MM cells. (A) MM.1S cells were treated with dimethylsulfoxide (DMSO) or b-AP15 (100 nM) for indicated times or treated with

bortezomib for 3 hours; protein lysates were subjected to immunoblotting with anti-polyubiquitin or anti-actin antibodies. (B) MM.1S cells were treated with DMSO or b-AP15 for

3 hours; cells were lysed in lysis buffer and total protein was labeled with HA-Ub-VS probe and then subjected to immunoblotting with USP14 and UCHL5 antibodies. (C) MM.1S

cells were treatedwithDMSO, b-AP15, or bortezomib for 3 hours; protein lysateswere analyzed for proteasomeactivity. The percentage of proteasomeactivity was normalized to

DMSO control (mean6 standard deviation [SD], n5 3). (D) Recombinant human HtrA2 enzyme was incubated with its substrate b-casein in assay buffer, followed by sodium

dodecyl sulfate polyacrylamide gel electrophoresis, silver staining, and quantification of cleaved b-casein. The bar graph represents the percentage of HtrA2-induced b-casein

cleavage in the presence of bortezomib (3 nmol/L) or b-AP15 (100 nmol/L) vs DMSO control. Data represent means6 SD (n5 2; P, .05 for bortezomib). CT-L, chymotrypsin-

like; T-L, trypsin-like; C-L, caspase-like.
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and late (Annexin V1/PI1) apoptotic cell populations (Figure 4A).
Moreover, b-AP15 markedly increased the cleavage of PARP, a
hallmark of apoptosis. We next examined whether b-AP15 affects the
intrinsic (via caspase 9) and extrinsic (via caspase 8) apoptotic sig-
naling pathways. Our data show that b-AP15 activates caspase 8 and
caspase 9 followed by activation of caspase 3 (Figure 4B). Addi-
tionally, b-AP15 induced caspase 8 and caspase 9 enzymatic activity,
as determined by using enzyme-linked immunosorbent assay
(Figure 4C). Importantly, blockade of caspases by pan-caspase
inhibitor significantly attenuated b-AP15–triggered MM cell death
(Figure 4D).

Recent studies indicate that DUBs play a pivotal role in the
regulation of the cell cycle.7 We therefore examined the effect of
b-AP15 on cell cycle profile by using 2 distinctMMcell lines—MM.1S
and KMS-11. b-AP15 induced significant G2/M phase growth arrest in
both cell lines (Figure 4E). In accordance with these findings, b-AP15
treatment decreased G2/M phase cell cycle regulatory proteins cdc25c
and its downstream protein cdc2, as well as cyclin B1 (Figure 4F). We
also examined the effect of b-AP15 on G1/S phase marker proteins
including cyclin E1, cyclin D1, and p21. Results showed that b-AP15
induced p21 without any significant change in cyclin E1 or cyclin D1
(supplemental Figure 4A).

b-AP15 triggers endoplasmic reticulum stress response

signaling in MM cells

Accumulation of ubiquitylated proteins (misfolded/unfolded) in-
duces unfolded protein response (UPR) and apoptosis.25 A head-to-
head experiment comparing the effect of b-AP15 and bortezomib on
endoplasmic reticulum (ER) stress response showed that treatment

of MM.1S with b-AP15 or bortezomib activates PERK and IRE1-
mediated ER stress signaling, evidenced by significant induction of
p-IREa and p-eIF2a (Figure 4G). XBP-1 plays an important role in
MM pathogenesis and drug resistance.27 Although we observed the
induction of the splicing form of XBP-1, XBP-1(s) with bortezomib
treatment, no induction of XBP-1(s) was detected with treatment
with b-AP15 (Figure 4H).We did not detect the active form of ATF6
in cells treated with either b-AP15 or bortezomib (data not shown).
Additionally, b-AP15 and bortezomib triggered induction of CHOP
(Figure 4E). We next compared the effect of b-AP15 vs bortezomib
on induced ER stress response signaling by using ANBL6.WT and
ANBL6.BR cell lines. b-AP15 upregulated p-eIF2a and CHOP in
both ANBL6.WT and ANBL6.BR cells (supplemental Figure 4B).
Bortezomib-induced cytotoxicity in ANBL6.WT correlated with
induction of p-eIF2a and CHOP. In contrast, treatment of ANBL6.
BR with IC50 for ANBL6.WT triggered no significant decrease
in viability, but it upregulated p-eIF2a without altering CHOP
expression (supplemental Figure 4B). No basal-level expression
change in p-eIF2a and CHOP expression was noted in ANBL6.WT
vs the ANBL6.BR cell line.

Anti-MM activity of b-AP15 in MM xenograft mouse models

Having shown that b-AP15 induced apoptosis inMMcells in vitro, we
next examined the in vivo efficacy of b-AP15 by using two distinct
MMxenograft mousemodels. Amarked reduction in tumor growth as
well as prolongation of survival was noted in b-AP15–treated mice vs
mice receiving vehicle alone (Figure 5A-B). Mechanistic study using
immunohistochemical (IHC) staining showed a decrease in prolif-
eration marker Ki67 and an increase in the number of caspase 3

Figure 3. Anti-MM activity of b-AP15. (A) MM cell lines were treated with DMSO or b-AP15 at different concentrations for 48 hours, followed by measurement of cell viability

with 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl tetrazolium bromide (MTT) assay. (B) Purified CD1381 patient MM cells were treated with DMSO or b-AP15 for 24 hours,

followed by assessment of viability using CellTiter-Glo assay. (C) PBMCs from healthy donors were treated with DMSO or b-AP15 for 48 hours, and cell viability was

measured by CellTiter-Glo assay. (D) MM.1S cells were cultured alone or with BMSCs for 48 hours in the presence or absence of b-AP15, and DNA synthesis was measured

by 3H-TdR (tritiated thymidine) uptake. (E) MM.1S cells were pretreated with DMSO or b-AP15 overnight and then allowed to migrate for 4 hours in a transwell plate in the

presence or absence of 10% serum or SDF-1. Migrating cells were detached and quantified by fluorescence (mean 6 SD; n 5 3; P , .001).
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Figure 4. Mechanisms of b-AP15–induced MM cell death. (A) MM.1S cells were treated with DMSO or b-AP15 (100 nM) for 24 hours, followed by analysis for apoptosis with

Annexin V/PI double staining (mean6 SD; n5 3; P, .001). (B) MM.1S cells were treated with DMSO or b-AP15 for 12 hours; protein lysates were subjected to immunoblotting with

anti-PARP, caspase 3, caspase 8, or caspase 9 antibodies. (C) MM.1S cells were treated with b-AP15 (100 nM) for 12 hours, followed by measurement of caspase 8 and caspase 9

enzymatic activity (mean6 SD; n5 3; P, .001). (D) MM.1S cells were incubated with or without pan-caspase inhibitor for 1 hour and then treated with DMSO or b-AP15 (150 nM)

for an additional 24 hours, followed by assessment of cell viability using MTT assay (mean 6 SD; n 5 3; P , .005 for b-AP15 alone vs b-AP15 plus pan-caspase inhibitor). (E)

MM.1S and KMS-11 cells were treated with DMSO or b-AP15 (100 nM) for 48 hours and fixed in 70% ethanol. After washing with phosphate-buffered saline, cells were stained with

PI, and DNA content of cells was analyzed using fluorescence-activated cell sorter. (F) MM.1S and KMS-11 cells were treated with DMSO or b-AP15 (100 nM) for 24 hours; protein

lysates were subjected to immunoblotting with anti-CDC25C, CDC2, cyclin B1, or b-actin antibodies. (G) MM.1S MM cells were treated with DMSO or b-AP15 (100 nM) for the

indicated times; protein lysates were subjected to immunoblotting with anti–p-eIF2a, p-IREa, CHOP, or b-actin antibodies. (H) MM.1S MM cells were treated with DMSO or b-AP15

(100 nM) for 24 hours; cytosolic and nuclear proteins were prepared with NE-PERNuclear and Cytoplasmic Extraction Reagents (Thermo Scientific, Rockford, IL) and subjected to

immunoblotting with anti–XBP-1 and Lamin A/C antibodies. FL, full length of the protein; CF, cleaved form of the protein; s, splicing form; u, unsplicing form.
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cleavage–positive cells in tumors excised frommice receiving b-AP15
(Figure 5C). Vascular endothelial growth factor (VEGF) and VEGF
receptor 2 (VEGFR2) play a central role in tumor angiogenesis, and
we therefore examined the expression of VEGF and VEGFR2 as well
as other tumor growth–associated angiogenesis markers LYVE1 and
CD31 in control vs b-AP15–treated mouse tumors. A marked re-
duction in VEGF, VEGFR2, LYVE1 and CD31 expression was ob-
served in tumors from b-AP15–treated mice vs mice receiving vehicle
alone (Figure 5C). Moreover, the doses of b-AP15 administered were
well tolerated bymice, since no significant weight loss was noted in the
study (Figure 5D). As seen in Figure 5E, b-AP15–treatedmice retained
normal creatinine, hemoglobin, and bilirubin levels.

To further validate the in vivo anti-MM activity of b-AP15, we
used aKMS-11 disseminatedMMxenograftmousemodel. Treatment
of KMS-11–bearing mice with b-AP15 significantly decreased the
tumor burden of the mice (Figure 6A); of note, only 2 of 8 mice

receiving b-AP15 treatment showed signs of disease. As shown in
Figure 6B, a significant decrease in bioluminescence intensity was
observed in b-AP15– vs vehicle-treated mice at day 32. Furthermore,
b-AP15 treatment dramatically prolonged survival, with the median
survival extending from 55 to.93 days (Figure 6C). IHC analysis in
tumor tissues showed that b-AP15 enhanced ubiquitination in tumor
cells in vivo. Specifically, the K48-linked ubiquitination was clearly
evident in tumor sections from b-AP15–treated mice vs the vehicle
control group (Figure 6D). Taken together, our findings using two
distinct murine xenograft models of human MM show potent in vivo
antitumor activity of b-AP15 at doses that are well tolerated.

Combining b-AP15 with SAHA, lenalidomide, or

deexamethasone triggers synergistic anti-MM activity

Preclinical and clinical studies showed that combining anti-MM
agents can enhance cytotoxicity, reduce toxicity, and overcome

Figure 5. b-AP15 inhibits tumor growth and prolongs survival in xenograft mouse model.MM.1S cells (5 3 106) were subcutaneously inoculated into mouse hind flank

region. On days 21 to 23, when the tumors reached 150 to 200 mm3, mice were randomized to control or b-AP15 treatment groups (7 mice in each group) and treated with

vehicle control or b-AP15 (4 mg/kg) for 14 consecutive days. (A) Tumor volume was measured every other day. Data shown are mean6 SD (n 5 7; P , .001). (B) Mice were

euthanized when tumor volume reached 2000 mm3, and survival is shown in a Kaplan-Meier plot (P , .05). (C) Tumor sections from control and b-AP15–treated mice were

immunostained with anti–caspase 3, Ki67, VEGF, VEGFR2, LYVE1, or CD31 antibodies. Scale bar 5 10 mM. (D) Mouse body weight was measured every other day. Data

shown are mean 6 SD. (E) Hemoglobin, creatinine, and bilirubin from mouse serum were measured at the end of treatment. Data shown are mean 6 SD.
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drug resistance. Therefore, we next examined whether b-AP15 can
be combined with other drugs to enhance cytotoxicity. MM.1S
cells were treated with b-AP15 and SAHA, lenalidomide, or dexa-
methasone across a range of concentrations for 24 hours and then
analyzed for viability. An analysis of synergistic anti-MM activity
demonstrated that the combination of low concentrations of b-AP15
and lenalidomide, histone deacetylase (HDAC) inhibitor SAHA, or
dexamethasone triggered synergistic anti-MM activity, with a CI
,1.0 (Figure 7A-C).

Discussion

Recent reports have identified several DUBs,7,16,28 and elucidation of
their structures and functional roles in tumorigenesis has provided the
impetus for validating them as novel therapeutic targets in cancer.29-31

Although USP14 and UCHL5 have been implicated in the tumor-
igenesis and progression of colorectal cancer and esophageal squamous
cell carcinoma,14,19 their role in MM is undefined. Consistent with
previous studies,15,16,21 we found that USP14 and UCHL5 are highly
expressed inMM cells vs normal plasma cells and PBMCs, suggesting
a role of USP14 and UCHL5 in MM pathogenesis. Most notably,
knockdown of USP14 and UCHL5 decreased MM cell viability,
indicating involvement of USP14 and UCHL5 in MM growth and
survival.

A recent study identified b-AP15, a novel small molecule in-
hibitor of USP14 and UCHL5.21 Here, we examined the anti-MM
activity of b-AP15 by using our in vitro and in vivo models of
MM. b-AP15 induced a marked increase in ubiquitylated proteins

and inhibited the labeling of USP14 and UCHL5 with HA-Ub-VS.
No difference in the labeling of other DUBs with Ub-VS probe was
observed, confirming that b-AP15 is a selective DUB inhibitor. In
addition, a previous study found that treatment with b-AP15 achieved
the free ubiquitin pool decreases to an extent similar to that of
bortezomib in colon carcinoma and melanoma cells, and over-
expression of K48 and WT ubiquitin chains only slightly changed
the apoptotic activity vs control.21 These data suggest that although
depletion of the free ubiquitin pool is likely to be a factor, overex-
pression of ubiquitin does not appear to reverse this process.21

Moreover, b-AP15 triggered no alteration in the proteolytic activities
of the proteasome and total DUB activity. Together, these data
demonstrate that b-AP15 targets the deubiquitylating function of
USP14 and UCHL5 in the cellular environment.

Peripheral neuropathy associated with bortezomib therapy is partly
the result of blockade of neuronal cell survival protease HtrA2/Omi.2

In this study, we found no significant inhibition of HtrA2/Omi in
response to b-AP15 treatment, whereas bortezomib inhibited HtrA2/
Omi activity. These data highlight another distinction between
bortezomib and b-AP15 and further indicate the selectivity of
b-AP15.

We next characterized the mechanism underlying anti-MM activ-
ity of b-AP15.We showed that b-AP15 decreased viability ofMMcell
lines and primary patient tumor cells without markedly affecting the
normal viability of PBMCs, suggesting selective anti-MMactivity and
a favorable therapeutic index for b-AP15. The difference of b-AP15
IC50 in MM cell lines may be due to the genetic heterogeneity
characteristics of MM.23,32 Moreover, b-AP15 decreased the viability
of both ANBL-6.WT and ANBL-6.BR MM cells, confirming the
ability of b-AP15 to overcome bortezomib resistance. We found

Figure 6. b-AP15 reduces tumor burden and prolongs survival in disseminated KMS-11 MM xenograft model. b-AP15 was dissolved in Cremophor EL/polyethylene

glycol 400 (1:1) to a stock concentration of 8 mg/mL, which was diluted in saline immediately before injection. KMS-11-LUC2 cells (5 3 106) were injected intravenously in

female SCID mice. After being injected for 7 days, mice were randomized into control and b-AP15 treatment groups (8 mice per group). Mice were treated with vehicle or

b-AP15 (4 mg/kg) for 10 consecutive days. (A) The representative imaging was taken at day 32 by using a charge-coupled device (CCD camera, Xenogen IVIS Lumina

System). (B) The bioluminescence in the animal was measured at days 16, 24, and 32 of tumor cell injection. Signal intensity was quantified by using IGOR Pro version 4.09A

Software (WaveMetrics, Inc., Lake Oswego, OR). The effect of the treatments was expressed as percentage of radiance inhibition with respect to control group values (P , .001).

(C) Mice were sacrificed when paralysis was observed, and the number of days of survival is shown in a Kaplan-Meier plot (P , .001). (D) Tumor sections from control and

b-AP15–treated mice were immunostained with anti–Ub-K48 antibody. Scale bar 5 50 mM.
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similar responses to b-AP15 in tumor cells from patients in whom
MM was resistant to therapies such as bortezomib, lenalidomide,
and dexamethasone.

It is well established that BMSCs confer resistance to anti-MM
agents via cell adhesion–mediated drug resistance. In our study,
b-AP15 inhibits BMSC-induced proliferation of MM.1S cells in
a concentration-dependent fashion, suggesting that b-AP15 has the
ability to overcome cell adhesion–mediated drug resistance.

DUBs play a role in diverse signaling pathways including apoptosis
and cell cycle progression.5,9,33 Cell cycle is tightly regulated by
numerous cyclins, cyclin-dependent kinases, and checkpoint proteins
which, in turn, are degraded in a timely manner by the ubiquitin
proteasome signaling pathway. For example, CDC25C dephosphor-
ylates cyclin B–bound CDC2 and triggers entry into mitosis.34

Moreover, CDC25C and cyclin B are degraded through a proteasome-
mediated degradation pathway.9,35,36 Prior studies have established
that p21 mediates growth arrest in different cell-cycle phases. Acti-
vation of p21 triggers inhibition of CDK1-cyclin B1 kinase activity
which, in turn, blocks the progression of cells through G2 or G2/M.37

Our results show that b-AP15 induces G2/M phase cell cycle arrests,
downregulates CDC25C, CDC2, and cyclin B1, and upregulates p21
inMM cells. Themechanism of b-AP15–mediated depletion of cyclin
B1, CDC2, and CDC25C is unclear, but it is likely due to enhanced
degradation of proteasome-regulated cyclins.

Our mechanistic study shows that b-AP15 triggers apoptosis in
MM cells via activation of caspases, and addition of a pan-caspase
inhibitor attenuates b-AP15–induced MM cell death. We also

found that both b-AP15 and bortezomib triggered UPR, evidenced
by induction of p-IREa, p-eIF2a, and CHOP. We did not detect an
active form of ATF6 in either b-AP15– or bortezomib-treated cells.
However, in contrast to bortezomib, b-AP15 did not affect XBP-1
splicing. It is possible that b-AP15 activates the IRE1/JNK path-
way instead of the IRE1/XBP-1 pathway,38 and this remains to be
further examined. Nonetheless, these data show that both b-AP15
and bortezomib trigger ER stress signaling in MM.1S cells, albeit
with some distinction.

Bortezomib-induced cytotoxicity in ANBL6.WT correlated with
induction of p-eIF2a and CHOP. In contrast, treatment of ANBL6.BR
with IC50 of bortezomib for ANBL6.WT triggered no significant
decrease in viability, but it upregulated p-eIF2a without altering
CHOP (supplemental Figure 4). These data suggest that bortezomib
triggered a weaker UPR in ANBL6.BR compared with ANBL6.
WT cells. Our data are consistent with a previous report showing that
a weak UPR induction can be resolved by induction of p-eIF2a via
protein synthesis inhibition; this may prevent both CHOP upregula-
tion and apoptosis.39 Together, our data suggest that b-AP15–
triggered apoptosis in MM cells occurs in a caspase-dependent
manner and involves induction of UPR signaling pathways.

In addition to our in vitro studies, we also examined anti-MM
activity of b-AP15 in vivo. A marked growth inhibitory effect of
b-AP15 was observed in two distinct human MM xenograft mouse
models. Our data show that b-AP15 is well tolerated, inhibits
tumor growth, and prolongs survival in mice. These findings are
consistent with the reported antitumor activity of b-AP15 in solid

Figure 7. Combination of b-AP15 with other anti-MM agents shows additive to synergistic effect in MM. (A) MM.1S cells were treated for 48 hours with b-AP15, SAHA, or

b-AP15 plus SAHA and then assessed for viability by using theMTT assay. Isobologram analysis shows the synergistic cytotoxic effect of b-AP15 andSAHA. The graphs (right panel)

are derived from the values given in the tables (left panel). CI,1 indicates synergy. (B) MM.1S cellswere treated for 48 hours with b-AP15, lenalidomide, or b-AP15 plus lenalidomide

and then assessed for viability by using an MTT assay. Synergistic anti-MM activity was analyzed as in panel (A). (C) MM.1S cells were treated for 48 hours with b-AP15,

dexamethasone, or b-AP15plus dexamethasone and then assessed for viability by usinganMTTassay. Synergistic anti-MMactivitywas analyzed as in (A). Fa, fraction of viable cells.
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tumor xenograft models.21 In addition, b-AP15 treatment was not
associated with any significant toxicity, since no differences in
body weight and/or alteration in blood chemistry were noted. The
remarkable anti-MM activity of b-AP15 in vivo was confirmed by
IHC analysis for apoptosis (caspase 3 cleavage), proliferation
(Ki67), and associated angiogenesis (VEGF, VEGFR2, LYVE1,
and CD31) of tumor sections from tumors harvested from control
and b-AP15–treated mice. In agreement with our in vitro data,
analysis of tumors excised from mice showed accumulation of
K48-linked polyubiquitylated proteins in b-AP15–treated mice
but not in mice treated with vehicle, reflecting blockade of proteasome
function in tumor cells. Together, these data demonstrated a dual
effect of b-AP15: increased MM cell apoptosis and decreased
angiogenesis.

Finally, we also examined whether b-AP15 can be combined with
other conventional (dexamethasone) and novel (SAHA, lenalidomide)
anti-MM agents. Besides proteasomal degradation, intracellular pro-
tein homeostasis also regulated via an HDAC-dependent aggressome-
autophagic signaling pathway. Blockade of both mechanisms of
protein catabolism by combining bortezomib and HDAC inhibitor
induces significant cytotoxicity in MM cells. Consistent with these
findings, our data show synergistic anti-MM activity of b-AP15
with HDAC inhibitor SAHA. We also found that b-AP15 adds to
the anti-MM activity of dexamethasone and lenalidomide. Together,
these data confirm the potential clinical benefit of combining DUB
inhibitors with HDAC inhibitors, lenalidomide, or dexamethasone.

Collectively, our preclinical studies therefore demonstrate potent
in vitro and in vivo anti-MM activity of b-AP15 at doses that are well
tolerated in human MM xenograft mouse models. These findings
provide the proof of concept for evaluation of USP14/UCHL5 DUB
inhibitors, alone and in combination, as potential therapy to improve
patient outcome in MM.
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