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In multiple myeloma (MM), homeostasis is largely maintaideby misfolded protein
clearance via the proteasomal and aggresomal pathways. Hisne deacetylase 6
(HDACG6) binds polyubiquitinated proteins and dynein motsr and transports this
protein cargo to the aggresome for further degradation. Acordingly, a combination
of an HDACG6 inhibitor and bortezomib (BTZ) could increase udpitinated protein
accumulation, leading to further apoptosis. Here we evaluad the anti-MM activity
of MPT0G413, a novel specic HDAC6 inhibitor, usingin vitro and in vivo models.
MPT0G413 treatment more signi cantly inhibited cell growt in MM cells than in
normal bone marrow cells. Furthermore, the combination of MT0G413 and BTZ
enhanced polyubiquitinated protein accumulation and syngistically reduced MM
viability, increased caspase-3, caspase-8, caspase-9 leals, and cleaved poly (ADP)
ribosome polymerase and also inhibited adherence of MM callto bone marrow stromal
cells (BMSC) and reduced VEGF and IL-6 levels and cell growth a co-culture system.
The combination treatment disturbed the bone marrow microavironment and induced
synergic, caspase-dependent apoptosis. Xenograft tumor gpwth signi cantly decreased
in combination-treated SCID mice. In conclusion, MPTOG41&nd BTZ synergistically
inhibit MM viability, providing a framework for the clinid&valuation of combined therapies
for MM.

Keywords: multiple myeloma cells, histone deacetylase 6, bort ezomib, combination therapy, bone marrow stromal

cells, synergistic effect

INTRODUCTION

Multiple myeloma (MM) is a B cell malignancy characterized byphaiferation of bone marrow
(BM) plasma cells and the production of large amounts of abndimanunoglobulins () In the
United States, it was estimated that 30,770 new MM cases woulidgpeosed in 2018, accounting

for 1.8% of newly diagnosed cancer casgs Furthermore, 12,770 MM-related deaths in 2018

accounted for an estimated 2.1% of all cancer deaihs (
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In the past decade, MM treatment outcomes have improvedn important role in this pathway because it can bind both
since the approval of thalidomide-related immunomodulatorypolyubiquitinated proteins and dynein motors, thus recrogi
drugs and the proteasome inhibitor bortezomib by the FDA.the protein cargo to dynein motors for further autosomal
Although MM patients have exhibited good responses to thesdegradation 24).
agents §), the incidence of relapse remains high¥). Therefore, A recent study showed that ACY-1215, a HDACS6 inhibitor
new agents are needed to ensure better long-term outconnes fourrently in phase Il clinical trials, could suppress the growth
such patients. of MM when administered as a component of combination

Histone deacetylases (HDACs) are enzymes that removkerapy @5. Therefore, a combination of an HDACG6 inhibitor
acetyl groups from lysines of histones and thus, act asnd BTZ could increase the accumulation of ubiquitinated
gene transcription regulators6). HDACs are considered proteins and enhance BTZ-induced cell cytotoxicity. Several
attractive cancer therapeutic targets because changestonki studies also indicated combination HDAC6 inhibitors with
modi cation are frequently observed in human cancers,anticancer agents provide strong scientic rationale in the
including MM. Accordingly, four small-molecule pan-HDAC clinical setting of hematological malignanciesty However,
inhibitors have been introduced for hematologic maligniasc the mechanism by which this combination therapy would a ect
(7, 8). Recent clinical studies have evaluated the use dfie interactions of MM cells with bone marrow stromal cells
pan-HDAC inhibitors, such as vorinostat (suberoylanilide (BMSCs) remains unclear.
hydroxamic acid, SAHA) or panobinostat (LBH589) in  We previously developed a series of 5-aroylindolyl-substitued
combination with bortezomib (BTZ) to inhibit both proteasah hydroxamic acids compounds with potential HDACS6 inhibitory
and aggresomal protein degradation and overcome clinicactivity. Among them, N-hydroxy-4-((5-(4-methoxybenzpy
resistance to BTZ9). However, the side e ects of regimens 1H-indol-1-yl)methyl)benzamide (MPT0G413) exhibited potent
combining pan-HDAC inhibitors and BTZ, which include and selective inhibitory activity against HDAC6, with ansiC
fatigue, diarrhea, nausea(), QT-interval prolongation {1, 12), value of 3.92nM and 100-fold greater selectivity for HDAC6
and thrombocytopenia 1(3), limit the clinical utility of these relative to other HDACs isoforms2(/). However, the molecular
combination treatmentsi(4). action by which MPT0G413 inhibits the growth of MM cells

HDAC6, a member of the class 1IB HDAC family, has not been clearly elucidated. In this study, we evaludted t
contains two catalytic domains and a C-terminal zincanticancer activity of a combination of the specic HDAC6
nger domain that binds free ubiquitin as well as mono- inhibitor MPTOG413 and BTZ in bothin vitro and in vivo
and polyubiquitinated proteins with high anity (5. This models and studied the e ects of this combination therapy
unique cytoplasmic deacetylase can deacetylate substrates parameters such as cytokine secretion and cell adhesion
such as tubulin, heat shock protein 90 (HSP90), and cortactim a microenvironment comprising MM cells and BM. Our
(16-18). A previous report has demonstrated that HDACG6- results demonstrate that the combination of MPT0G413 and
de cient mice are viable and normally develop, indicatingBTZ not only induced synergic apoptosis in MM cells, but also
that HDACG6 inhibition would not cause severe side e ectsdownregulated VEGF, IL-6 secretion to inhibit MM growth in a
(19. Furthermore, HDAC6 plays an important role in MM/BMSC co-culture system. From a translational perspective,
misfolded/unfolded protein degradation, in addition to its these ndings could potentially improve the e cacy of anti-
roles in cell morphology, adhesion, migration, and tumorl cel MM treatment.
invasion/metastasi().

For the production of high amount of abnormal
immunoglobulins, MM cells heavily depend on MATERIALS AND METHODS
misfolded/unfolded protein clearance mechanisms, pardidyl
the proteasomal and aggresomal pathways, to maintaiMaterials
homeostasisZl, 22). Proteasomes are abundant multi-enzymeMPT0G413 were synthesized by Professor Jing-Ping Liou, and
complexes that provide the main pathway for degradatiorthe purities were> 98%. We used non-conjugated primary
of intracellular protein and thus, help in the removal of antibodies against HDAC6 (#7612), Caspases-3 (#9681),
misfolded/unfolded proteins A1). The FDA has approved (#9746), and 9 (#9502), acetyl-histone 3 (#9677), acetyl-histone
bortezomib, a proteasome inhibitor that blocks the proteaabm 4 (#8647), histone 3 (#9715), histone 4 (#2935), aeetybulin
degradation of abnormal protein. Although this drug prolongs(#5335), were purchased from Cell Signaling Technology
survival in MM patients, its long-term treatment has been(Danvers, MA, USA). a-tubulin (GTX112141), dynein
shown to lead to drug-resistant relapse in most patiert),( (GTX80684), ubiquitin (GTX19247), ICAM (GTX100450),
as mentioned previously. In addition, proteasome inhibitionLC3B (GTX127375), acetyl-histone 2 (GTX633388) and histone
has multifactorial downstream biological e ects and dilgct 2 (GTX129418) were purchased from GeneTex (Hsinchu,
aects both MM cells and the BM microenvironment via Taiwan). PARP (sc-7150) were purchased from Santa Cruz
the inhibition of cytokine secretion, suppression of adhasio (Island, CA, USA). VLA4 (11-0119-42) were purchased from
molecule expression, and inhibition of angiogenesig).(The eBioscience Inc. (San Diego, CA, USA). The labeled secondary
aggresomal pathway degrades ubiquitinated misfoldedidatb  antibodies were horseradish peroxidase (HRP)-conjugated ant
proteins and ultimately induces the autophagic clearance ahouse or anti-rabbit IgG antibodies (Jackson ImmunoRegearc
these proteins via lysosomal degradatici¥)( HDAC6 plays Inc., West Grove, PA, USA).
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Cell Culture precipitated beads were washed three times with 1 mL of ice-
RPMI-8226 and NCI-H929 were purchased from Bioresourceold cell lysis bu er and bound immune complexes separated
Collection and Research Center (Hsinchu, Taiwan). The humahy 8% SDS-PAGE, followed by immunoblotting using the
bone marrow stromal cell line HS-5 was kindly providedanti-HDACG6 antibody.

by Prof. Yu, Alice Lin-Tsing (Genomics Research Center,

Academia Sinica, Taipei, Taiwan). The cells were cultured iXenograft Studies

Roswell Park Memorial Institute medium (RPMI) 1640 (RPMI-RPMI-8226 cells (1 10’) were implanted subcutaneously
82226 and NCI-H929) or Dulbecco's Modi ed Eagle's mediuminto eight-week-old male nude mice. When the tumors reached
(DMEM) (HS-5), respectively supplemented with 20% (v/v)an average volume of 200 nimthe mice were randomly
(RPMI-82226 and NCI-H929) and 10% (v/v) (HS-5) heat-divided into four groups & D 5) and then were treated
inactivated fetal bovine serum (both from InvitrogenTM &if intraperitoneally with the vehicle (0.5% EtOH/0.5% Cremophor
Technologies, Carlsbad, CA, USA), 100 U/mL of penicillinjn 5% dextran, 0.2 mL/20g mouse), BTZ (0.5 mg/kg, i.p.,
100mg/mL of streptomycin, and 10mM sodium pyruvate qd), MPT0G413 (25 mg/kg, i.p., qwk), or combination BTZ
(Biological Industries, Kibbutz Beit Haemek, Israel). Aélls with MPTOG413 treatment. The length (L) and width (W)
were maintained at 3T in a humidied atmosphere of of the tumor were measured by caliper every 3 to 4 days,
5% CQ in air were periodically checked for Mycoplasmaand the tumor volume was calculated as L W2/2. The
contamination. These cells have performed STR-PCR pro lingpercentage of tumor growth inhibition (%TGI) as determined

at BCRC. by the formula: {1 — [(TY/T0)/(Ct/C0)]/1 — [CO/Ct]} 100.
Tt: tumor volume of treated at time t. TO: tumor volume
Cell Cytotoxicity and Cell Proliferation of treated at time 0. Ct: tumor volume of control at time

t. CO: tumor volume of control at time 0. Exclusion criteria
Assay . . . :
and animal experiments were performed in accordance with

Cell cytotoxicity was measured by the colorimetric MTT assay . . .
Cells (1 1(F) in 1ml of medium in 24-well plates were relevant guidelines and regulations followed ethical dgads,

incubated with vehicle (control) or vehicle with test compal and protocols have been reylewed an_d "%‘pprov.ed by_A”“F‘a'

. Use and Management Committee of Taipei Medical University

for 48 h. After various treatments, 1 mg/mL of MTT was added(lACUC no. LAC-2015-0163)

and the plates were incubated at &7for an additional 2 h, then ’ ’

0 I .

the cells were pelleted and lysed by 10%SDS with 0.0; M H ell Adhesion Assay
and the absorbance at 570 nm was measured on a micropl

reader. Cells (1 10 were incubated for 48 h with the indicated MI-8226 or NCI-H929 (19 were treated with MPT0GA13,
. . . BTZ, or the combination therapy for 24h, then the MM
concentrations of test compound and the cell proliferation was

0 - cells (5 10% were labeled for 1h at 3T with 0.1mg/mL
measured by the 5-bromo-2leoxyuridine (BrdU) assay (Roche, BCECF-AM and washed twice with growth medium, and then,
Mannhein, Germany).

labeled cells were added to HS-5 and incubated for 1 h. Non-
L. adherent cells were removed from the plates by phosphate-
Immunoblot and Immunoprecipitation bu ered saline (PBS) washed three times, and the adherent
Analyses cells were photographed by Leica DMIRE2 inverted microscope.
Cells (1 10°) were incubated for 10min at € in lysis The numbers of adherent MM cells were counted in four
buer (20mM HEPES, pH 7.4, 2mM EGTA, 50mM randomly chosen elds per well at 100 magnication in
b-glycerophosphate, 0.1% Triton X-100, 10% glyceroluorescent microscopy.

ImM DTT, 1mg/mL of leupeptin, Sng/mL of aprotinin,

1mM phenylmethylsulfonyl uoride, and 1mM sodium Quanti cation of VCAM-1 Expression

orthovanadate), were scraped o, incubated on ice for anThe level of cell surface VCAM-1 expression was determined
additional 10min, and centrifuged at 17, 000g for 30 min aty ELISA assay2f). RPMI-8226 or NCI-H929 (1%) were

4 C. Protein samples (8@g) were then electrophoresed on treated with MPT0G413, BTZ, or the combination therapy for
sodium dodecyl sulfate polyacrylamide gels (SDS-PAGE) ar?#ih, and then, MM cells were added to HS-5 and incubated
transferred onto a nitrocellulose membrane, which was thefior 1 h. Non-adherent cells were removed from the plates by
blocked by incubation for 30 min at room temperature with phosphate-bu ered saline (PBS) washed three times, the cells
5% bovine serum albumin (BSA) in phosphate-bu ered salinevere washed twice with PBS and xed at room temperature
with 10% tween-20 (PBST). Immunoblotting was performedwith 1% paraformaldehyde for 30 min. After washing with PBS,
by overnight incubation at 4C with primary antibodies in they were then blocked with 1% BSA in Tris-bu ered saline
PBST, followed by incubation for 1h at room temperaturecontaining 0.05% Tween-20 (TTBS) for 15min before being
with HRP-conjugated secondary antibodies. Bound antib®dieincubated successively with anti-VCAM-1 antibody (1:108) f
were measured using ECL reagent (Advansta Corp., Menlbh and horseradish peroxidase-labeled anti-mouse antibody
Park, CA, USA) and exposure to photographic Im. In (1:1000) for 30 min. After the incubation, the cells were veakh
the immunoprecipitation assay, cell lysates (19Q) were twice with PBS. O-Phenylenediamine dihydrochloride stdist
immunoprecipitated overnight at £ with 1 mg of anti- [0.4 mg/ml in phosphate-citrate bu er, pH 5.0; 24.3mM citric
ubiquitin or dynein antibody and A/G agarose beads. Theacid; 51.4 mM Na2HPO412 H20; 12% H202 (v/v)] was then
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applied to the cells for 30 min and 3 M sulfuric acid added to stoBrdU proliferation assay to examine whether MPT0G413 could
the reaction. The absorbance was measured at 450 nm by ELI8Aibit the growth of MM cells. MPT0G413 was added to the

reader. Each assay was performed in triplicate. cultures of two MM cell lines, RPMI-8226, NCI-H929, as well as
to the BMSC line HS-5, and the &lvalues were evaluated. As
Immuno uorescence Assay shown inFigure 1B MPT0G413 inhibited MM cell proliferation

RPMI-8226 or NCI-H929 cells were cultured on tissue culture-n a dose-dependent manner, with §ghalues of 1.31 0.58mM
treated glass slides with or without 2rb ACY-1215 and/or in RPMI-8226 and 0.73 0.24mM in NCI-H929: both values
2.5nM BTZ. After 24 h, cells were xed by 100% methanol andvere lower than that in BMSCs (LOmM), indicating the higher
permeabilized by PBST. After blocking in 0.5% BSA, cells wegglectivity of MPT0G413 for MM cells. We also determined the
stained with anti-ubiquitin, LC3B antibody (GeneTex, Ime, cell cytotoxic e ects of MPTOG413 using a MTT assay. The
CA), VLA4 (Invitrogen, San Diego, USA) 1:100 for 1 h at room|Csg values of MPT0G413 were 4.153.37mM in RPMI-8226
temperature. Cells were washed and incubated with AlexarFluand 11.20 2.19mM in NCI-H929, which were lower than
488 goat anti-mouse Ab (Ubiquitin) or FITC-conjugated goatthe values for the HDAC6 inhibitors ACY-1215 (6.77 2.38
anti-Rabbit antibody (LC3B) for 1 h. After subsequent washe and >100mM, respectively) and Tubastatin A (13.00 0.65
DAPI was added for 30 min. The slides were mounted with 90%nd > 100mM, respectively) Table 1, Supplemental Figure L
glycerol and images were taken using a Nikon Ti-E microscopg HS-5, all three drugs had an kg > 100mM. Furthermore,
with 60 Plan-Apo VC/NA 1.4 oil lens equipped with an Andor MPT0G413 inhibited MM cell viability in a dose- and time-
Clara camera. dependent manner until 72 h, and this e ect was less pronounced
. . . in HS-5 cells Figure 10Q. In summary, MPT0G413 appears to
Immunohistochemical Analysis inhibit MM cell proliferation and viability and to speci cally
Tissue sections (Bm) were dewaxed and rehydrated. Antigentarget malignant tumor cells.
retrieval was done by autoclaving the slides in Trilogy sotut e next determined the inhibitory e ects of MPTOG413 on
(Cell Marque, Hot Springs, AR) at 121 for 10min. After the activity of HDACs. To understand this e ect in MM cells,
blocking with 3% HO2 and 5% fetal bovine serum, the we used Western blotting to analyze the accumulation ofykcet
slides were allowed to react with against Caspase 3, acetyla-tubulin in cell lysates. As shown ifigure 1D, MPT0G413
tubulin (1:100, Cell Signaling) at € overnight. The slides were signi cantly increased the accumulation and acetylatidhae
then incubated with polymer-HRP reagent (Dako Cytomation,tubulin, the cytoplasmic HDAC6 substrate, in a concentration
Glostrup, Denmark). The peroxidase activity was visualizéd w dependent manner, but had little e ect on the acetylation
diamino-benzidine tetrahydroxychloride solution (DAKOJhe  of histone H3K9, the nuclear substrate for class | HDACS.
sections were counterstained with hematoxylin. Dark browrFurthermore, MPT0G413 treatment further enhanced acetyl-
nuclear staining was de ned as positive and no staining waa-tubulin accumulation, compared to ACY-1215 treatment

de ned as negative. (I mM). Further, signi cant acetyl-tubulin increase in response
to lower concentration (0.tnM) treatment in RPMI-8226
ELISA Assay and NCI-H929 cells; MPTOG413 only induced mild acetyl-

RPMI-8226 or NCI-H929 (1 10%) were co-cultured with HS- histone H4 levels increase at higher concentration Vg
5 and treated with MPT0G413, bortezomib or the combinationin RPMI-8226 cells, and it even didn't cause signicant

therapy 24 h. The medium was collected and assayed for IL-6 @getyl-histone H4 increasing from 0.1 to ®M in NCI-
VEGF using commercial kits (Invitrogene, San Diego, USA).  H929 cells Supplemental Figure 2. In addition, MPT0G413

. and the pan-HDAC inhibitor SAHA induced similar levels
Data Analysis of acetyla-tubulin accumulation; however, the former caused
The data are expressed as the meaBEM and were analyzed |ggs H3K9 acetylation at the same concentration (/5.
using one-way ANOVA. When ANOVA showed signicant \ye further conrmed that the HDAC6 inhibition mediated
di erences between groups, Tukey®st hoctest was used to by MPT0G413 was not due to a decrease in HDAC6
determine the pairs of groups showing statistically sigmita |eyels in either RPMI-8226 or NCI-H929 cell§igure 1B.
di erences. Ap < 0.05 was considered statistically signi cant. These results suggest that MPTOG413 is a potent HDAC6

selective inhibitor.

RESULTS

MPT0G413 Suppresses Growth, Induces Combination of MPT0G413 and Bortezomib
Apoptosis, and Inhibits HDACG6 Activity in Synergistically Enhanced Cell Apoptosis in
Multiple Myeloma Cells Human Multiple Myeloma Cells

The structure of MPT0G413 is shown iRigure 1A In a As a combination of ACY-1215 and BTZ had been used in a
previous study, we described the synthesis of this moleaue aclinical trial of MM (25, 29, we further evaluated the ability
demonstrated its ability to inhibit HDACG6 with an 16g value of  of a combination of MPT0G413 and BTZ to induce apoptosis
3.92nM. Notably, MPT0G413 was 558.7-, 144.9-, 1058.7-,-164i8 MM cells. RPMI-8226 and NCI-H929 cells were incubated

, and 15255.1-fold more selective for HDAC6 than for HDAC1,with increasing concentrations of MPTOG413 and BTZ 48h,
2, 3, 8, and 10, respectively7. In this study, we rst used a after which viability was assayed using a MTT assay. As shown
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FIGURE 1 | MPT0G413 potently inhibited histone deacetylase (HDAC6)a inhibited multiple myeloma cell growth and proliferatim (A) Chemical structure of
MPT0G413. (B) Human multiple myeloma cell lines (RPMI-8226, NCI-H92; dertyj 1 104) and human bone marrow stromal cells (HS-5; density, 5 103) were
incubated with or without the indicated concentrations of MPT0G413 for 48 h. Cell proliferation was evaluated using a 5romo-2°—deoxyuridine (BrdU) proliferation
assay. (C) RPMI-8226, NCI-H929, and HS-5 cells were exposed to MPTOG413 tthe indicated concentrations for 24, 48, and 72 h. Cell viallity was measured using
a MTT assay.(D,E) RPMI-8226 and NCI-H929 cells were treated with DMSO or MPTOG43.(0.1, 1, 2.5, 10mM) and SAHA (2.5mM) for 24 h. Cells were subsequently
harvested, and the lysates were subjected to Western blotiig of the indicated proteins. Protein levels in the Westernlbts were quanti ed using Image J software.

The results are shown as mean SEM from three independent experiments.j < 0.05, **p < 0.01, and **p < 0.001, compared with HS-5 cells group(B) and the
control group (C-E).
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in Figure 2A (middle and right panels), a signi cant decreaseTABLE 1 | ICsg values (nM) of histone deacetylase (HDAC) inhibitors in multiple
in viability was observed after combined treatment relattge ~ myeloma and bone marrow stromal cell (BMSC) lines.
single-agent therapy, and this combination e ect was syrstigi

RPMI-8226 NCI-H929 HS-5
because the combined index values werk0. To characterize
the mechanism of synergistic cytotoxicity induced by thewptocai3 415 337 11.20 2.9 >100
combined treatment, we used annexin V and propidium iodideacy-1215 6.77 2.38 >100 >100
double-staining and ow cytometry to examine cell apoptosisTupastatin A 13.00 0.65 >100 >100

Notably, we observed signi cant increases in both early ate |
apoptosis (88.47% in RPMI-8226 and 70.98% in NCI-H929) after

48 h of treatment with the combination therapy, whereas «ithe

BTZ (2.5nM) or MPTOG413 (#M in RPMI-8226 and 1M in  less aggresome formation (LC3B)rigures 3C,D. These
NCI-H929) alone only induced mild apoptosi§ifures 2B,g.  data indicate that the combination therapy inhibited both
Furthermore, the combination of MPT0G413 and BTZ for 24 hthe proteasomal and aggresomal pathways and induced the
caused marked increases in the levels of cleaved PARP, caspgaggregation of polyubiquitinated proteins in MM cells, leading
3, caspase 8, and caspas€igure 2D) in both RPMI-8226 and to apoptosis Figures 2B,3. Our data thus supported the
NCI-H929 cells, further indicating the synergistic e ect this  Synergistic anti-MM activity of this combination of MPT0G413
combination therapy on apoptosis. and BTZ.

) . Combination of MPT0G413 and
MPTO0G413 Disrupted Bortezomib-Induced Bortezomib Inhibited Multiple Myeloma

Aggresome Fprmgthn by Inhibiting Cell Growth in RPMI-8226 Xenograft Mice
HDACG/Dyn_eIn Blndmg L We next evaluated the ability of MPT0G413 to inhilit vivo
Previous studies have demonstrated that ubiquitinylateqq, growth in a xenograft mouse model. Upon reaching a
unfolded proteins are targeted for degradation by both themor size of 200 m mice received intraperitoneal injections
proteasomal .and aggresomal pqthvv_a@).( In this study, ot yepicle (control), MPT0G413 (25 mg/kg), BTZ (0.5 mg/kg),
we_hypothesized that the combination (?f MPTOG_M?’ anq)r a combination of MPTOG413 and BTZ for 15 days or until
BTZ would block both pathways and trigger a signi cant e endpoint tumor volume of 1,500 minwas achieved. As
accumulation of polyubiquitinated proteins, leading incsea  ghoun inFigure 4A, the administration of either MPTOG413 or
in cellular stress and apoptosigigure 3A). HDAC6 contains g7 gjone signi cantly reduced the tumor volume, with tumor
both dynein motor binding and ubiquiti_n binding domainsz rowth inhibition (TGI) rates of 36.9 and 59.2%, respectively
and a previous study _revealed _that this enzyme CO_U|d blnalotably, the combination therapy led to a more potent reduetio
polyubiquitinated proteins, recruit these unfolded/misfetd i, (,mor volume, with a TGI of 70.8%. No signi cant body

proteins to dynein motors along microtubules, and thus,ejght losses were observed during any of the treatment gerio
enhance degradation via the autophage-lysosomal pathwaiqre 45). H&E staining of the tumor tissue revealed that
(24). Furthermore, BTZ treatment was shown to enhancedne combination therapy enhanced nuclear condensationjenhi
autophagosome formation, as evidenced by an increase jgmnohistochemical staining revealed more apoptotic cells
the levels of the autophagosomal marker LC3B).(We 1St 54 increased cleaved caspase 3 expression in response to
examined whether MPTOG413 inhibited HDACG activity via ompination treatment. Moreover, slides from the MPT0G413
the ubiquitin binding domain or dynein binding domain. Afte  eatment group revealed the accumulation of acesgtibulin
treating RPMI-8226 and NCI-H929 cells with MPTOG413 (1gjgyre 4Q). These results demonstrated that the combination of

and 2.5mM) for 12h, the co-immunoprecipitation of dynein \ipT0G413 and BTZ could induce MM cell apoptosis/ivo.
with HDAC6 was markedly inhibited in a dose-dependent

manner, whereas the co-immunoprecipitation of ubiquitindte Combination of MPT0G413 and

proteins and HDAC6 was una ectedrF{gure 3B). Moreover, . - .
the combination of MPT0G413 and BTZ increased theBortezomlb Inhibited the Adhesion of

accumulation of polyubiquitinated proteins in RPMI-8226 Multiple Myeloma Cells to Bone Marrow

and NCI-H929 cells when compared with either agent alonéStromal Cells

(Figure 3Q. To further conrm the eects of MPTOG413 Previous studies demonstrated that the adherence of MM cells
inhibited aggresome formation, we treated NCI-H929 cellso BMSC cells stimulates the latter to release growth factors
with 2.5mM MPT0G413 and/or 2.5nM BTZ for 12 h, followed (e.g., VEGF and IL-6) that would support the proliferation and
by staining with an anti-LC3B and/or anti-ubiquitin antildy.  survival of the former cell type3(, 32). In this study, we
Notably, cells treated with BTZ expressed LC3B in the cytoplas evaluated the e ects caused by the exposure of MM cells in a
suggesting the inhibition of the proteasomal pathway and amM microenvironment to combination therapy. First, we stedi
increase in aggresome formation in the cefigures 3C,0D. whether a combination of MPT0G413 and BTZ could inhibit
The combination of MPT0G413 and BTZ, which blockedthe adherence of MM cells to BMSCs. As showrfigure 5A,

the proteasomal and aggresomal pathways, led to an obviotlse combination therapy signi cantly inhibited this adheree,
increase in the expression of ubiquitinated proteins buttretdy = compared with either single-agent therapy. We further assesse
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FIGURE 2 | A combination of MPT0G413 and bortezomib synergisticallynhibited multiple myeloma cell viabilityA) RPMI-8226 and NCI-H929 cells were treated with
the indicated concentrations of MPT0G413, bortezomib, or bth agents for 48 h. The effects on cell viability were analgdl using a MTT assay (left panel). The
combination index values for the combination of MPT0G413 ahbortezomib were calculated using CompuSyn software (midié and right panels).(B) RPMI-8226
and NCI-H929 cells were treated with MPT0G413 (41M in RPMI-8226 cells and 10mM in NCI-H929 cells), bortezomib (2.5 nM), or combination thapy for 48 h,
followed by staining with propidium iodide and annexin V andnalysis by ow cytometry. (C) Proportions of apoptotic cells in response to the drug treanents
described in (B). Results are shown as mean SEM from three independent experiments. *f¥ < 0.001 compared with the control group. ###p < 0.001 compared
with the relevant control group.(D) RPMI-8226 and NCI-H929 cells were treated with MPT0G413 (2.5M), bortezomib (2.5 nM), or combination therapy for 12 h.
Whole cell lysates were immunoblotted with the indicated aibodies.
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FIGURE 3 | MPT0G413 inhibited the binding of histone deacetylase (HD26) to dynein and induced the signi cant accumulation of polybiquitinated proteins when
combined with bortezomib. (A) Hypothetical rationale of proteasome and aggresome pathwginhibition by bortezomib and MPT0G413(B) RPMI-8226 and
NCI-H929 cells were treated with MPT0G413 (1 and 2.5M) for 6 h, and total cell lysates were subjected immunoprepitation with 1 mg of an anti-dynein or
anti-ubiquitin antibody, followed by immunoblotting withan anti-HDAC6 antibody.(C) RPMI-8226 and NCI-H929 cells were cultured with MPT0G413 (2.5MM),
bortezomib (2.5 nM), or combined therapy for 12 h. Whole cel/sates were subjected to Western blotting with antibodiespeci c¢ for ubiquitin and LC3. (D) NCI-H929
cells were treated with MPT0G413 (2.5nM), bortezomib (2.5 nM), or combination therapy for 6 h and stined by anti-LC3B (green) and anti-ubiquitin (red) antilolies
and DAPI (blue) prior to confocal microscopy analysis. Saabar D 50 nm.

the expression of adhesion molecules, such as vascular deljure 7summarizes the mechanisms suggested to underlie these
adhesion molecule-1 (VCAM-1) and VLA-4, using ELISA andobserved e ects.

immuno uorescence imaging, respectively and found that the

combination of MPT0G413 and BTZ decreased the expression ¢| SCUSSION

both proteins Figures 5B,C respectively) in HS-5 and MM cells.

We then examined whether the combination of MPTOG4134DACs, which regulate the expression of tumor-associateese
and BTZ could inhibit MM cell growth in the presence of via histone modi cation, play crucial roles in tumorigenssi
BMSCs after 48h incubation. Using a BrdU assay, we founficcordingly, these enzymes have been recognized as théiapeu
that the combination therapy not only signi cantly inhibite targets in both solid tumors and hematologic malignancies
MM cell growth relative to either single-agent therapy in the(33-35). To date, several small-molecule inhibitors of HDACs
absence of BMSCs, but also markedly downregulated MM celave been introduced for the treatment of several hematologi
proliferation in the co-culture systemF{gure 6A). Moreover, malignancies. For example, SAHA, PXD101, and LBH589
the combination therapy reduced VEGF and IL-6 levels imave been approved for the treatment of cutaneous T-cell
the BM microenvironment Eigures 6B,G. In summary, the |ymphoma, peripheral T-cell lymphoma, and MM, respectively
combination of MPTO0G413 and BTZ inhibited the adherence(36). According to previous studies, the combination of an
of MM cells to BMSCs, and suppressed cell growth and VEGRDACS inhibitor and BTZ synergistically induced apoptosis
and IL-6 secretion in the bone marrow microenvironment.in MM cells via inhibition of the proteasomal and aggresomal
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FIGURE 4 | Anticancer activities of MPT0G413 alone and combined with drtezomib in a RPMI-8226 xenograft model(A,B) Nude mice bearing RPMI-8226 tumors
( 200 mm3) were divided into four groups and treated with saline, MPT®413 (25 mg/kg), bortezomib (0.5 mg/kg), or a combination of MP0G413 and bortezomib
for 15 days. Tumor volumes(A) and body weights (B) were measured. Results are shown as mean SEM (nD 5). (C) Tumor was excised from each mouse after a
15-day treatment. Paraf n sections of RPMI-8226 xenografts vere stained with hematoxylin and eosin and antibodies spedi for cleaved caspase 3 or
acetyl-a-tubulin. Sections were examined by light microscopy (200 magni cation). Scale barD 100 mm.

pathways of protein degradation and subsequent activation aff MPT0G413 on HDAC6 was not mediated by a decrease in
apoptosis pathway4 (25, 30). Moreover, ndings from aclinical HDACS protein levelsEigure 1B).

study of a combination of an HDACSG inhibitor and BTZ forthe ~ We further observed a synergistic increase in MM cell
treatment of MM have been encouraging7f. These ndings apoptosis Figure 2) and ubiquitinated protein accumulation
indicated that HDACSG is a suitable target for MM treatment. with the combination of MPT0G413 and BTZ, compared to
HDACEG is also suitable for research purposes, as knockout mi@ther single-agent therapyrigures 3C,D and determined that
are viable and develop normallyL9). Previously, we identied this e ect was mediated by the inhibition of the proteasomal
MPT0G413 as a potent and highly selective HDACG6 inhibitorand aggresomal pathways. HDAC6 contains both ubiquitin
(27). In this study, we evaluated whether MPTOG413 couldand dynein motor binding domains and can thus bind to
exert anti-MM activity. Our results showed that MPT0G413polyubiquitinated misfolded proteins and dynein, respedtive
treatment markedly inhibited the growth and viability of MM Consequently, HDAC6 transports its misfolded protein cargo
cells but did not similarly inhibit the growth of normal BMSCs along microtubules to the aggresomes, where recognition
(Figures 1B,Q. In other words, MPTOG413 appears selective foby autophagy adapter proteins mediates the clearance of the
tumor cells. aggregate via the autophagy-lysosomal pathwiy &9, 40).

To understand the speci c inhibitory e ect of MPT0G413 As shown inFigure 3B, MPT0G413 blocked the binding of
on HDACSG6 activity, we evaluated the e ect of this drug on theHDAC6 with dynein and thus, inhibited the transport of
acetylation of histones, as well agubulin, a cytosolic HDAC6 misfolded proteins transport to the aggresome. To conrm
substrate §9). Notably, we found that MPT0G413 induced that HDACG6 inhibition disrupted aggresome formationt),
tubulin acetylation at low concentrations but only trigger we evaluated the expression and localization of LC3B, an
lysine acetylation on histone H3 at higher concentrationsautophagosomal marker4(), using Western blotting and
Furthermore, we demonstrated that the speci ¢ inhibitory ete immuno uorescence imaging. Notably MPT0G413 treatment
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FIGURE 5 | A combination of MPT0G413 and bortezomib inhibited the adhsion of multiple myeloma cells to bone marrow stromal cellfA) RPMI-8226 and
NCI-H929 multiple myeloma cells were treated with MPT0G412(5 mM), bortezomib (2.5 nM), or both agents for 24 h and subsequetty labeled with 10m\V
BCECF-AM. The labeled cells were subsequently co-culturedith HS-5 bone marrow stromal cells for 2 h. After incubationnon-adherent cells were removed by
gentle washing with phosphate-buffered saline, and adher& multiple myeloma cells were, respectively photographedy light and uorescence microscopy. Images
depict 40  magni cation (Scale barD 50 mm). Image J software was used to quantify the uorescence micrscopy images. (B) Multiple myeloma cells were
co-cultured with HS-5 cells and incubated with MPT0G413 (5 mM), bortezomib (2.5 nM), or a combination of both agents for 2h. The expression of VCAM-1 was
measured by ELISA as described in the Materials and Methods.é3ults represent the mean SEM from three independent experiments.p < 0.05, **p < 0.01, and
*p < 0.001 compared with the control group. #p < 0.05 and ##p < 0.01 compared with the relevant control group.(C) RPMI-8226 and NCI-H929 cells were
treated with MPT0G413 (2.5mM), bortezomib (2.5 nM), or combination therapy for 6 h. Subsquently, the samples were stained with anti-VLA4 (red) anDAPI (blue)
prior to a confocal microscopy analysis. Scale bab 20 nm.

signi cantly disrupted aggresome formation, increased We also evaluated the anti-MM e ect of MPT0G413ihywivo
polyubiquitinated  protein accumulation Fgures 3C,D, model. Here MPT0G413 signi cantly inhibited tumor growth,
and induced MM cell apoptosis-{gures 2B-D. and the combination treatment further suppressed tumor grtowt
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FIGURE 6 | Combination treatment of MPT0G413 and bortezomib inhibité multiple myeloma cell growth and VEGF and IL-6 releas¢A—-C) RPMI-8226 and
NCI-H929 multiple myeloma cells were co-cultured with or witout HS-5 bone marrow stromal cells and subsequently treaté with the indicated concentrations of
MPTO0G413, bortezomib, or both therapies for 48 h. Cell prdieration (A) was evaluated using a BrdU proliferation assay. VEGB) and IL-6 (C) levels were detected
using respective ELISA kits. f§ < 0.05, ##p < 0.01, and ###p < 0.001 compared with the untreated group (without HS-5). p < 0.05, **p < 0.01, and **p < 0.001
compared with the untreated group (with HS-5)r{ D 3).

with a %TGI of 70.8%. Notably, none of the treatments causand acetyl-Histone H4 levels between MPT0G413 vs. control
body weight lossesF{gures 4A,B. Further, MPT0G413 even group (Supplemental Figure 3. These results clearly translate
at high dose (1,000 mg/kg/day) by intraperitoneal injectfon  our cellular ndings to an established animal models of MM.

6 days still does not cause body weight loss in mi¢8. (In In the bone marrow microenvironment, the binding of
contrast, previous studies demonstrated that ACY-1215 @lonMM cells to BMSCs triggers the secretion of cytokines such
only decreased around 30% tumor volume in mié)( and as VEGF and IL-6 to promote MM cell growth, survival,
ACY-1215 alone or combination with bortezomib within the migration, and chemotherapeutic resistande44). Previously,

rst 5-10 days caused body weight l108d0% in mice 42). HDACS6 inhibition signi cantly compromised the migration
Panobinostat, a pan-HDAC inhibitor, also caused body weighand adhesion of Burkitt's lymphoma cellgl5) and reduced
loss in mice, and the MTD of panobinostat was 20 mg/kgVLA4 expression in hematopoietic stem cells and acute myeloid
(43). The immunohistochemical analysis also revealed thdeukemia blast cellsi@). BTZ was also shown to downregulate
MPTO0G413 increased the accumulation of acetylsbulin when  VLA4 expression and overcome cell adhesion-mediated drug
administered alone and signi cantly increased the leveledved resistance 47). We hypothesized that a combination therapy
caspase 3 in combination with bortezomHEigure 4C), and there  would suppress the adhesion of MM cells to BMSC via VLA4
was no obvious increasing acetyl-Histone H2, acetyl-Histd8 and VCAM-1. Using a MM/BMSC co-culture model to mimic
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FIGURE 7 | Summary of mechanisms by which MPT0G413 and bortezomib inbit multiple myeloma cell survival and growth.

the bone marrow microenvironment, both MPT0G413 andapproved by Animal Use and Management Committee of Taipei
bortezomib inhibited the adherence of MM cells to BMSCMedical University (IACUC no. LAC-2015-0163).
(Figure 5A), while combination treatment further enhanced this
e ect by blocking the connection between VLA4 and VCAM- AUTHOR CONTRIBUTIONS
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