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Letter to the Editor

Histone deacetylase (HDAC) 6, a class-1lb HDAC, is the only HDAC with two functional
deacetylase domains and a zinc finger motif. HDAC6 was initially described as tubulin
deacetylase; however, it also deacetylates other non-histone proteins, including heat shock
protein (Hsp90). Importantly, HDACS6 has an essential role in aggresomal protein
degradation pathway, an alternative system to the proteasome for degradation of
polyubiquitinated misfolded/unfolded proteins. Specifically, HDACS6 binds both
polyubiquitinated proteins and dynein motors, thereby acting to recruit protein cargo to
dynein motors for transport to aggresomes for lysosomal degradation 1. We have previously
shown that inhibition of both proteasomal and aggresomal protein degradation using
bortezomib (BTZ) to inhibit the proteasome and tubacin to inhibit HDACS, respectively,
induces accumulation of polyubiquitinated proteins and significant MM cell stress, followed
by apoptosis 2. More recently, a hydroxamic acid HDACS selective inhibitor ACY-1215
combined with BTZ shows significant anti-MM activities in preclinical studies 2, which has
been rapidly translated to phase I/11 clinical studies in relapsed/refractory MM patients 4.
Previous studies have also shown that the non-selective HDAC inhibitor vorinostat in
combination with BTZ also triggers synergistic cytotoxicity in MM °, which has provided
the framework for combination clinical trials ©.
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Carfilzomib (CFZ) is an epoxyketone proteasome inhibitor, which recently received
accelerated FDA approval to treat relapsed refractory MM 7: 8. In this study, we asked
whether HDACSG inhibitors enhance anti-MM toxicity induced by CFZ. We also delineated
differential molecular mechanisms that trigger synergistic MM toxicity triggered by CFZ in
combination with either HDACS selective or class-I| HDAC selective inhibitors ACY-1215
and MS275 (entinostat), respectively °.

We first compared the combination effect of the HDACS6 selective inhibitor ACY-1215 with
either BTZ or CFZ in MM cell lines. Synergistic cytotoxicity induced by CFZ with
ACY-1215 was greater than BTZ with ACY-1215 in both RPMI8226 (Figure 1A, upper
panel) and MM.1S cells (Figure 1A, lower panel). To further confirm the role of HDAC6
inhibition, we carried out similar combination cytotoxicity experiments using the chemically
unrelated HDACS selective inhibitor tubastatin-A. Consistent with the ACY-1215 results,
tubastatin-A synergistically enhanced both BTZ- and CFZ-induced cytotoxicity.
Interestingly, synergistic cytotoxicity, based on combination index (CI) < 1, was more
significant in RPMI18226 cells than MM.1S cells (Supplementary Figure 1). Although BTZ
has remarkable clinical activity in MM, acquired resistance limits its long-term utility. We
therefore next examined whether HDACS inhibition can overcome BTZ resistance in vitro
using BTZ-resistant ANBL (ANBL-R) human MM cell line. Importantly, synergistic
cytotoxicity of ACY-1215 with BTZ was observed even in ANBL-R cells. Similar to Figure
1A, this synergistic cytotoxicity was even more significant with CFZ than BTZ (Figure 1B).
These results suggest that CFZ may have greater clinical activity in MM than BTZ when
combined with HDACSG inhibitors.

We and others have shown that non-selective HDAC inhibitors in combination with BTZ
trigger synergistic cytotoxicity in MM 10: 11, These non-selective HDAC inhibitors block
not only HDACS but also class-I HDAC activity 2, and whether synergistic cytotoxicity
induced by non-selective HDAC inhibitors with BTZ is due solely to HDAC6 blockade
remains unclear. Indeed, we have recently shown that both HDAC3 knockdown and a small
molecule HDAC3 selective inhibitor BG45 trigger synergistic MM cytotoxicity in
combination with BTZ 12, To address this question, we first examined the cytotoxicity of
class-1 HDAC selective inhibitor MS275 in combination with CFZ. MS275 with CFZ
induced synergistic cytotoxicity in RPMI18226 cells and additive cytotoxicity in MM.1S
cells (Supplementary Figure 2). Consistent with our studies, MS275 with BTZ also shows
significant anti-tumor activities in other cancer cell types 13.

We next determined whether different molecular mechanisms mediate the synergistic MM
cell cytotoxicity of HDACSG versus class-I HDAC inhibition in combination with CFZ. We
first defined the doses of ACY-1215 (2 uM) and MS275 (2 uM) with CFZ (10 nM), which
induced equivalent cytotoxicity (35%) (Supplementary Figure 3), and used these culture
conditions for subsequent experiments. We have shown that ACY-1215 with BTZ triggers
accumulation of polyubiquitinated proteins associated with cell stress 3. Although not all
polyubiquitinated proteins are degraded by the proteasome, recent studies have shown that
proteins specifically linked with lysine (K)48 polyubiquitin are degraded by proteasomes 14.
Our studies showed that CFZ induced accumulation of K48-linked polyubiquitinated
proteins; and that ACY-1215, but not MS275, markedly enhanced this effect (Figure 2A).
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These results further confirm our previous observation showing involvement of HDACS in
mediating protein degradation via aggresomes; conversely, that blocking HDACS6 increases
proteasomal protein breakdown.

RPMI8226 was the most sensitive MM cell line to combined treatment of HDACS6 inhibitors
with proteasome inhibitors. Moreover, our previous studies have shown that RPMI18226
cells constitutively express XBP-1 spliced form, a marker of unfolded protein response
(UPR) upon endoplasmic reticulum (ER) stress 1. RPMI18226 cells are therefore under
constitutive ER stress at physiological conditions. We consequently hypothesized that
combining ACY-1215, but not MS275, with CFZ further enhanced ER stress by
accumulating polyubiquitinated proteins, resulting in enhanced sensitivity to the
combination treatment. Indeed, among MM cell lines, RPMI18226 cells are the most
sensitive to ER stressor tunicamycin (Supplementary Figure 4). Importantly, we observed
that downstream molecules of ER stress (p-IREla, p-elF2a, p-JNK, CHOP) were
significantly enhanced by combination of ACY-1215 with CFZ (Figure 2A). We further
confirmed ER stress triggered by this combination treatment using qPCR to demonstrate
enhanced XBP-1 splicing (Figure 2B). These results indicate that proteasome inhibition with
HDACS inhibition, but not class-l HDAC inhibition, triggers accumulation of
polyubiquitinated proteins followed by ER stress.

We further delineated downstream apoptotic pathway, in cells treated with these
combinations. Caspases-3 and -7, hallmarks of caspase activation, were cleaved by
treatment with ACY-1215 or MS275 in combination with CFZ; however, caspase-9 was
more significantly cleaved by ACY-1215 than MS275 in RPMI8226 cells. In contrast,
caspase-10 was cleaved by CFZ with MS275, but not ACY-1215. Apoptosis-inducing factor
(AIF) contributing caspase-independent apoptosis was not induced (Figure 2C). Consistent
with RPMI18226 cells, we observed enhanced CHOP and capase-9 cleavage by ACY-1215
with CFZ, as well caspase-8 cleavage by MS275 with CFZ in primary MM tumor cells
(Supplementary Figure 5A). To confirm the significance of caspase cleavage (activation),
we used selective caspase inhibitors in the combination treatments. As expected, caspase-9
inhibitor has more prominent inhibitory effect in cytotoxicity induced by ACY 1215 with
CFZ than MS275 with CFZ in RPMI8226 cells (Supplementary Figure 5B) and primary
MM tumor cells (Supplementary Figure 5C and 5D).

In summary, we show that BTZ and CFZ trigger significant cytotoxicity in MM cells when
combined with selective HDACS6 inhibitors (ACY-1215, tubastatin-A), and that more potent
synergistic cytotoxicity of HDACS inhibitors was observed with CFZ than with BTZ. We
also showed synergistic cytotoxicity triggered by combination CFZ with class-1 HDAC
inhibitor MS275. Importantly, HDACSG inhibitor ACY-1215, but not MS275, triggered
marked accumulation of K48-linked polyubiquitinated proteins and endoplasmic reticulum
stress, followed by unfolded protein response. Moreover, CFZ combined with ACY-1215
predominantly triggered intrinsic apoptotic signaling, whereas CFZ with MS275 triggered
the extrinsic apoptotic pathway. Our results therefore delineate distinct apoptotic pathways
induced by CFZ with HDACSG versus class-1 HDAC inhibition, providing the preclinical
framework for clinical evaluation of combination therapy to improve patient outcome in
MM.
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Materials and Methods

Cells

Dex-sensitive MM.1S and resistant MM.1R human MM cell lines were kindly provided by
Dr. Steven Rosen (Northwestern University, Chicago, IL). U266, RPMI18226, and NCI-
H929 (H929) human MM cells were obtained from American Type Culture Collection.
OPM1 and OPM2 plasma cell leukemia cell lines were kindly provided by Dr. Edward
Thompson (University of Texas Medical Branch, Galveston, TX). All cell lines were
cultured in RPMI-1640 containing 10% fetal bovine serum (FBS), 2 uM L-glutamine, 100
U/ml penicillin, and 100 pg/ml streptomycin (Life Technologies, Grand Island, NY).
ANBLS6 bortezomib-sensitive (S) and -resistant (R) cells were kindly provided by Dr. Robert
Orlowski (M.D. Anderson Cancer Center) and cultured in the presence of IL-6 (2.5 ng/ml)
and bortezomib (5 ng/ml). Myeloma tumor cells were purified from the bone marrow
aspirates from patients using the RosetteSep® negative selection system (Stem Cell
Technologies, Vancouver, BC, Canada) after informed consent was obtained in accordance
with the Declaration of Helsinki and approval by the Institutional Review Board of the
Dana-Farber Cancer Institute.

Reagents and antibodies

HDACS selective inhibitor ACY-1215 was obtained from MedKoo Biosciences (Chapel
Hill, NC). HDAC 6 selective inhibitor tubastatin-A, BTZ, CFZ, and entinostat (MS275)
were obtained from Selleck Chemicals (Houston, TX). Anti-HDACS, -a-tubulin, -GAPDH,
-K48-linked-ubiquitin, -K63-linked-ubiquitin, -phospho-JNK, -CHOP, -caspase-3, -
caspase-8, -caspase-9, -caspase-10, -PARP, -AlF, and -IRE1a Abs were purchased from
Cell Signaling Technology (Danvers, MA). Anti-phospho-IRE1a Ab was obtained from
Affinity Bioreagents (Golden, CO). Anti-acetylated a-tubulin was purchased from Sigma
(St. Louis, MQ). Inhibitors of caspase-8 (Z-IETD-FMK) and caspase-10 (Z-AEVD-FMK)
were purchased from R&D Systems (Minneapolis, MN). Capse-9 inhibitor 111 (Ac-LEHD-
CMK) was purchased from Calbiochem (San Diego, CA).

Cell growth assay

Cell growth was assessed by measuring 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) dye absorbance. Briefly, cells were pulsed with 10 pl of 5
mg/ml MTT to each well for the last 4 h of the cultures, followed by 100 pl isopropanol
containing 0.04N HCI. Absorbance was measured at 570/630 nm using a spectrophotometer
(Molecular Devices Corp., Sunnyvale CA). All experiments were performed in
quadruplicate.

Immunoblotting

Whole cell lysates were obtained by cell lysis in TritonX-100 buffer (50 mM Tris-HCI [pH
7.4], 150 mM NaCl, 1% NP-40, 5 mM EDTA, 5 mM NaF, 2 mM NagVOyg, 1 mM PMSF, 5
pg/ml leupeptin, and 5 pg/ml aprotinin) and subjected to SDS-PAGE, transferred to
nitrocellulose membrane (Bio-Rad Laboratories, Hercules, CA), and immunoblotted with
specific Abs.
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RNA extraction and RT-PCR

RNA was extracted using RNeasy Mini Kit (Invitrogen, Grand Island, NY) and measured by
a Nanodrop spectrophotometer (Labtech International LTD., Uckfield, UK). cDNA was
synthesized using the Superscript I11 First strand synthesis Kit (Invitrogen). To evaluate
relative expression levels of XBP1u/XBP1s, RT-PCR analysis was performed using PCR
SuperMix (Invitrogen). Human XBP1 primer sequences were as follows: 5’
CCTGGTTGCTGAAGAGGAGG-3 and 5-CCA TGGGGAGATGTTCTGGAG-3". Murine
XBP1 primer sequences were as follows: 5-ACACGCTTGGGAATGGACAC-3’ and 5'-
CCATGGGAAGATGTTCTGGG-3'. B-actin was used as a loading control, with primers as
follows: 5-GGGTCAGAAGGATTCCTATG-3 and 5-GGTCTCAAACATGATCTGGG-3.
PCR products were analyzed on a 3.5% agarose gel.

Statistical analysis

The combination effect of HDAC inhibitors with proteasome inhibitors was analyzed by
isobologram analysis using the CalcuSyn software program (Biosoft, Ferguson, MO) to
determine whether the combination was additive or synergistic; a combination index (ClI) <
1.0 indicates a synergistic effect.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. HDACS inhibition enhances proteasome inhibitor-induced cytotoxicity
(A) RPMI18226 (upper panel) and MM.1S cells (lower panel) were treated with BTZ or CFZ

in the presence of control media ((J), and with 1 uM (M), 2 uM (H), or 3 uM (H) ACY-1215
for 48h. (B) BTZ-sensitive (S) and —resistant (R) ANBL cells were treated with BTZ (upper
panel) or CFZ (lower panel) in the presence of control media (OJ), as well as with 1 yM (m),
2 UM (m), or 3 UM (m) ACY-1215 for 48h. Cell growth was assessed by MTT assay, and
data represents mean + SD from average of 2 (A) or 3 (B, C) independent experiments.
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Figure 2. HDACG inhibitor combined with carfilzomib triggers ER stressfollowed by intrinsic
apoptotic pathway

RPMI8226 cells were treated with control media (C), ACY-1215 (ACY, 2 uM), or MS275
(MS, 2 uM), in the absence or presence of CFZ (10 nM) for 16h. (A and C) Cell lysates
were subjected to Immunoblotting with indicated Abs; CF, cleaved fragment. (B) Total

RNA was extracted; XBP1 and -actin mRNA were evaluated by RT-PCR.

GAPDH
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