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In multiple myeloma (MM), homeostasis is largely maintained by misfolded protein clearance via the proteasomal and aggresomal pathways. Histone deacetylase 6 (HDAC6) binds polyubiquitinated proteins and dynein motors and transports this protein cargo to the aggresome for further degradation. Accordingly, a combination of an HDAC6 inhibitor and bortezomib (BTZ) could increase ubiquitinated protein accumulation, leading to further apoptosis. Here we evaluated the anti-MM activity of MPT0G413, a novel specific HDAC6 inhibitor, using in vitro and in vivo models. MPT0G413 treatment more significantly inhibited cell growth in MM cells than in normal bone marrow cells. Furthermore, the combination of MPT0G413 and BTZ enhanced polyubiquitinated protein accumulation and synergistically reduced MM viability, increased caspase-3, caspase-8, caspase-9 levels, and cleaved poly (ADP) ribosome polymerase and also inhibited adherence of MM cells to bone marrow stromal cells (BMSC) and reduced VEGF and IL-6 levels and cell growth in a co-culture system. The combination treatment disturbed the bone marrow microenvironment and induced synergic, caspase-dependent apoptosis. Xenograft tumor growth significantly decreased in combination-treated SCID mice. In conclusion, MPT0G413 and BTZ synergistically inhibit MM viability, providing a framework for the clinical evaluation of combined therapies for MM.
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INTRODUCTION

Multiple myeloma (MM) is a B cell malignancy characterized by the proliferation of bone marrow (BM) plasma cells and the production of large amounts of abnormal immunoglobulins (1) In the United States, it was estimated that 30,770 new MM cases would be diagnosed in 2018, accounting for 1.8% of newly diagnosed cancer cases (2). Furthermore, 12,770 MM-related deaths in 2018 accounted for an estimated 2.1% of all cancer deaths (2).

In the past decade, MM treatment outcomes have improved since the approval of thalidomide-related immunomodulatory drugs and the proteasome inhibitor bortezomib by the FDA. Although MM patients have exhibited good responses to these agents (3), the incidence of relapse remains high (4, 5). Therefore, new agents are needed to ensure better long-term outcomes for such patients.

Histone deacetylases (HDACs) are enzymes that remove acetyl groups from lysines of histones and thus, act as gene transcription regulators (6). HDACs are considered attractive cancer therapeutic targets because changes in histone modification are frequently observed in human cancers, including MM. Accordingly, four small-molecule pan-HDAC inhibitors have been introduced for hematologic malignancies (7, 8). Recent clinical studies have evaluated the use of pan-HDAC inhibitors, such as vorinostat (suberoylanilide hydroxamic acid, SAHA) or panobinostat (LBH589) in combination with bortezomib (BTZ) to inhibit both proteasomal and aggresomal protein degradation and overcome clinical resistance to BTZ (9). However, the side effects of regimens combining pan-HDAC inhibitors and BTZ, which include fatigue, diarrhea, nausea (10), QT-interval prolongation (11, 12), and thrombocytopenia (13), limit the clinical utility of these combination treatments (14).

HDAC6, a member of the class IIB HDAC family, contains two catalytic domains and a C-terminal zinc finger domain that binds free ubiquitin as well as mono- and polyubiquitinated proteins with high affinity (15). This unique cytoplasmic deacetylase can deacetylate substrates such as tubulin, heat shock protein 90 (HSP90), and cortactin (16–18). A previous report has demonstrated that HDAC6-deficient mice are viable and normally develop, indicating that HDAC6 inhibition would not cause severe side effects (19). Furthermore, HDAC6 plays an important role in misfolded/unfolded protein degradation, in addition to its roles in cell morphology, adhesion, migration, and tumor cell invasion/metastasis (20).

For the production of high amount of abnormal immunoglobulins, MM cells heavily depend on misfolded/unfolded protein clearance mechanisms, particularly the proteasomal and aggresomal pathways, to maintain homeostasis (21, 22). Proteasomes are abundant multi-enzyme complexes that provide the main pathway for degradation of intracellular protein and thus, help in the removal of misfolded/unfolded proteins (21). The FDA has approved bortezomib, a proteasome inhibitor that blocks the proteasomal degradation of abnormal protein. Although this drug prolongs survival in MM patients, its long-term treatment has been shown to lead to drug-resistant relapse in most patients (23), as mentioned previously. In addition, proteasome inhibition has multifactorial downstream biological effects and directly affects both MM cells and the BM microenvironment via the inhibition of cytokine secretion, suppression of adhesion molecule expression, and inhibition of angiogenesis (22). The aggresomal pathway degrades ubiquitinated misfolded/unfolded proteins and ultimately induces the autophagic clearance of these proteins via lysosomal degradation (24). HDAC6 plays an important role in this pathway because it can bind both polyubiquitinated proteins and dynein motors, thus recruiting the protein cargo to dynein motors for further autosomal degradation (24).

A recent study showed that ACY-1215, a HDAC6 inhibitor currently in phase II clinical trials, could suppress the growth of MM when administered as a component of combination therapy (25). Therefore, a combination of an HDAC6 inhibitor and BTZ could increase the accumulation of ubiquitinated proteins and enhance BTZ-induced cell cytotoxicity. Several studies also indicated combination HDAC6 inhibitors with anticancer agents provide strong scientific rationale in the clinical setting of hematological malignancies (26). However, the mechanism by which this combination therapy would affect the interactions of MM cells with bone marrow stromal cells (BMSCs) remains unclear.

We previously developed a series of 5-aroylindolyl-substitued hydroxamic acids compounds with potential HDAC6 inhibitory activity. Among them, N-hydroxy-4-((5-(4-methoxybenzoyl)-1H-indol-1-yl)methyl)benzamide (MPT0G413) exhibited potent and selective inhibitory activity against HDAC6, with an IC50 value of 3.92 nM and 100-fold greater selectivity for HDAC6 relative to other HDACs isoforms (27). However, the molecular action by which MPT0G413 inhibits the growth of MM cells has not been clearly elucidated. In this study, we evaluated the anticancer activity of a combination of the specific HDAC6 inhibitor MPT0G413 and BTZ in both in vitro and in vivo models and studied the effects of this combination therapy on parameters such as cytokine secretion and cell adhesion in a microenvironment comprising MM cells and BM. Our results demonstrate that the combination of MPT0G413 and BTZ not only induced synergic apoptosis in MM cells, but also downregulated VEGF, IL-6 secretion to inhibit MM growth in a MM/BMSC co-culture system. From a translational perspective, these findings could potentially improve the efficacy of anti-MM treatment.

MATERIALS AND METHODS

Materials

MPT0G413 were synthesized by Professor Jing-Ping Liou, and the purities were > 98%. We used non-conjugated primary antibodies against HDAC6 (#7612), Caspases-3 (#9661),−8 (#9746), and−9 (#9502), acetyl-histone 3 (#9677), acetyl-histone 4 (#8647), histone 3 (#9715), histone 4 (#2935), acetyl-α-tubulin (#5335), were purchased from Cell Signaling Technology (Danvers, MA, USA). α-tubulin (GTX112141), dynein (GTX80684), ubiquitin (GTX19247), ICAM (GTX100450), LC3B (GTX127375), acetyl-histone 2 (GTX633388) and histone 2 (GTX129418) were purchased from GeneTex (Hsinchu, Taiwan). PARP (sc-7150) were purchased from Santa Cruz (Island, CA, USA). VLA4 (11-0119-42) were purchased from eBioscience Inc. (San Diego, CA, USA). The labeled secondary antibodies were horseradish peroxidase (HRP)-conjugated anti-mouse or anti-rabbit IgG antibodies (Jackson ImmunoResearch Inc., West Grove, PA, USA).

Cell Culture

RPMI-8226 and NCI-H929 were purchased from Bioresource Collection and Research Center (Hsinchu, Taiwan). The human bone marrow stromal cell line HS-5 was kindly provided by Prof. Yu, Alice Lin-Tsing (Genomics Research Center, Academia Sinica, Taipei, Taiwan). The cells were cultured in Roswell Park Memorial Institute medium (RPMI) 1640 (RPMI-82226 and NCI-H929) or Dulbecco's Modified Eagle's medium (DMEM) (HS-5), respectively supplemented with 20% (v/v) (RPMI-82226 and NCI-H929) and 10% (v/v) (HS-5) heat-inactivated fetal bovine serum (both from InvitrogenTM Life Technologies, Carlsbad, CA, USA), 100 U/mL of penicillin, 100 μg/mL of streptomycin, and 10 mM sodium pyruvate (Biological Industries, Kibbutz Beit Haemek, Israel). All cells were maintained at 37°C in a humidified atmosphere of 5% CO2 in air were periodically checked for Mycoplasma contamination. These cells have performed STR-PCR profiling at BCRC.

Cell Cytotoxicity and Cell Proliferation Assay

Cell cytotoxicity was measured by the colorimetric MTT assay. Cells (1 × 105) in 1 ml of medium in 24-well plates were incubated with vehicle (control) or vehicle with test compound for 48 h. After various treatments, 1 mg/mL of MTT was added and the plates were incubated at 37°C for an additional 2 h, then the cells were pelleted and lysed by 10%SDS with 0.01 M HCl, and the absorbance at 570 nm was measured on a microplate reader. Cells (1 × 104) were incubated for 48 h with the indicated concentrations of test compound and the cell proliferation was measured by the 5-bromo-2′-deoxyuridine (BrdU) assay (Roche, Mannhein, Germany).

Immunoblot and Immunoprecipitation Analyses

Cells (1 × 106) were incubated for 10 min at 4°C in lysis buffer (20 mM HEPES, pH 7.4, 2 mM EGTA, 50 mM β-glycerophosphate, 0.1% Triton X-100, 10% glycerol, 1 mM DTT, 1 μg/mL of leupeptin, 5 μg/mL of aprotinin, 1 mM phenylmethylsulfonyl fluoride, and 1 mM sodium orthovanadate), were scraped off, incubated on ice for an additional 10 min, and centrifuged at 17, 000 g for 30 min at 4°C. Protein samples (80 μg) were then electrophoresed on sodium dodecyl sulfate polyacrylamide gels (SDS-PAGE) and transferred onto a nitrocellulose membrane, which was then blocked by incubation for 30 min at room temperature with 5% bovine serum albumin (BSA) in phosphate-buffered saline with 10% tween-20 (PBST). Immunoblotting was performed by overnight incubation at 4°C with primary antibodies in PBST, followed by incubation for 1 h at room temperature with HRP-conjugated secondary antibodies. Bound antibodies were measured using ECL reagent (Advansta Corp., Menlo Park, CA, USA) and exposure to photographic film. In the immunoprecipitation assay, cell lysates (100 μg) were immunoprecipitated overnight at 4°C with 1 μg of anti-ubiquitin or dynein antibody and A/G agarose beads. The precipitated beads were washed three times with 1 mL of ice-cold cell lysis buffer and bound immune complexes separated by 8% SDS-PAGE, followed by immunoblotting using the anti-HDAC6 antibody.

Xenograft Studies

RPMI-8226 cells (1 × 107) were implanted subcutaneously into eight-week-old male nude mice. When the tumors reached an average volume of 200 mm3, the mice were randomly divided into four groups (n = 5) and then were treated intraperitoneally with the vehicle (0.5% EtOH/0.5% Cremophor in 5% dextran, 0.2 mL/20 g mouse), BTZ (0.5 mg/kg, i.p., qd), MPT0G413 (25 mg/kg, i.p., qwk), or combination BTZ with MPT0G413 treatment. The length (L) and width (W) of the tumor were measured by caliper every 3 to 4 days, and the tumor volume was calculated as L × W2/2. The percentage of tumor growth inhibition (%TGI) as determined by the formula: {1 – [(Tt/T0)/(Ct/C0)]/1 – [C0/Ct]} × 100. Tt: tumor volume of treated at time t. T0: tumor volume of treated at time 0. Ct: tumor volume of control at time t. C0: tumor volume of control at time 0. Exclusion criteria and animal experiments were performed in accordance with relevant guidelines and regulations followed ethical standards, and protocols have been reviewed and approved by Animal Use and Management Committee of Taipei Medical University (IACUC no. LAC-2015-0163).

Cell Adhesion Assay

RPMI-8226 or NCI-H929 (105) were treated with MPT0G413, BTZ, or the combination therapy for 24 h, then the MM cells (5 × 104) were labeled for 1 h at 37°C with 0.1 μg/mL BCECF-AM and washed twice with growth medium, and then, labeled cells were added to HS-5 and incubated for 1 h. Non-adherent cells were removed from the plates by phosphate-buffered saline (PBS) washed three times, and the adherent cells were photographed by Leica DMIRE2 inverted microscope. The numbers of adherent MM cells were counted in four randomly chosen fields per well at × 100 magnification in fluorescent microscopy.

Quantification of VCAM-1 Expression

The level of cell surface VCAM-1 expression was determined by ELISA assay (28). RPMI-8226 or NCI-H929 (105) were treated with MPT0G413, BTZ, or the combination therapy for 24 h, and then, MM cells were added to HS-5 and incubated for 1 h. Non-adherent cells were removed from the plates by phosphate-buffered saline (PBS) washed three times, the cells were washed twice with PBS and fixed at room temperature with 1% paraformaldehyde for 30 min. After washing with PBS, they were then blocked with 1% BSA in Tris-buffered saline containing 0.05% Tween-20 (TTBS) for 15 min before being incubated successively with anti-VCAM-1 antibody (1:100) for 1 h and horseradish peroxidase-labeled anti-mouse antibody (1:1000) for 30 min. After the incubation, the cells were washed twice with PBS. O-Phenylenediamine dihydrochloride substrate [0.4 mg/ml in phosphate-citrate buffer, pH 5.0; 24.3 mM citric acid; 51.4 mM Na2HPO4 · 12 H2O; 12% H2O2 (v/v)] was then applied to the cells for 30 min and 3 M sulfuric acid added to stop the reaction. The absorbance was measured at 450 nm by ELISA reader. Each assay was performed in triplicate.

Immunofluorescence Assay

RPMI-8226 or NCI-H929 cells were cultured on tissue culture–treated glass slides with or without 2.5 μM ACY-1215 and/or 2.5 nM BTZ. After 24 h, cells were fixed by 100% methanol and permeabilized by PBST. After blocking in 0.5% BSA, cells were stained with anti-ubiquitin, LC3B antibody (GeneTex, Irvine, CA), VLA4 (Invitrogen, San Diego, USA) 1:100 for 1 h at room temperature. Cells were washed and incubated with Alexa Fluor 488 goat anti–mouse Ab (Ubiquitin) or FITC-conjugated goat anti-Rabbit antibody (LC3B) for 1 h. After subsequent washes, DAPI was added for 30 min. The slides were mounted with 90% glycerol and images were taken using a Nikon Ti-E microscope with 60 × Plan-Apo VC/NA 1.4 oil lens equipped with an Andor Clara camera.

Immunohistochemical Analysis

Tissue sections (5 μm) were dewaxed and rehydrated. Antigen retrieval was done by autoclaving the slides in Trilogy solution (Cell Marque, Hot Springs, AR) at 121°C for 10 min. After blocking with 3% H2O2 and 5% fetal bovine serum, the slides were allowed to react with against Caspase 3, acetyl-α-tubulin (1:100, Cell Signaling) at 4°C overnight. The slides were then incubated with polymer-HRP reagent (Dako Cytomation, Glostrup, Denmark). The peroxidase activity was visualized with diamino-benzidine tetrahydroxychloride solution (DAKO). The sections were counterstained with hematoxylin. Dark brown nuclear staining was defined as positive and no staining was defined as negative.

ELISA Assay

RPMI-8226 or NCI-H929 (1 × 104) were co-cultured with HS-5 and treated with MPT0G413, bortezomib or the combination therapy 24 h. The medium was collected and assayed for IL-6 or VEGF using commercial kits (Invitrogene, San Diego, USA).

Data Analysis

The data are expressed as the mean ± SEM and were analyzed using one-way ANOVA. When ANOVA showed significant differences between groups, Tukey's post hoc test was used to determine the pairs of groups showing statistically significant differences. A p < 0.05 was considered statistically significant.

RESULTS

MPT0G413 Suppresses Growth, Induces Apoptosis, and Inhibits HDAC6 Activity in Multiple Myeloma Cells

The structure of MPT0G413 is shown in Figure 1A. In a previous study, we described the synthesis of this molecule and demonstrated its ability to inhibit HDAC6 with an IC50 value of 3.92 nM. Notably, MPT0G413 was 558.7-, 144.9-, 1058.7-, 164.8-, and 15255.1-fold more selective for HDAC6 than for HDAC1, 2, 3, 8, and 10, respectively (27). In this study, we first used a BrdU proliferation assay to examine whether MPT0G413 could inhibit the growth of MM cells. MPT0G413 was added to the cultures of two MM cell lines, RPMI-8226, NCI-H929, as well as to the BMSC line HS-5, and the GI50 values were evaluated. As shown in Figure 1B, MPT0G413 inhibited MM cell proliferation in a dose-dependent manner, with GI50 values of 1.31 ± 0.58 μM in RPMI-8226 and 0.73 ± 0.24 μM in NCI-H929; both values were lower than that in BMSCs (>10 μM), indicating the higher selectivity of MPT0G413 for MM cells. We also determined the cell cytotoxic effects of MPT0G413 using a MTT assay. The IC50 values of MPT0G413 were 4.15 ± 3.37 μM in RPMI-8226 and 11.20 ± 2.19 μM in NCI-H929, which were lower than the values for the HDAC6 inhibitors ACY-1215 (6.77 ± 2.38 and >100 μM, respectively) and Tubastatin A (13.00 ± 0.65 and > 100 μM, respectively) (Table 1, Supplemental Figure 1). In HS-5, all three drugs had an IC50 >100 μM. Furthermore, MPT0G413 inhibited MM cell viability in a dose- and time-dependent manner until 72 h, and this effect was less pronounced in HS-5 cells (Figure 1C). In summary, MPT0G413 appears to inhibit MM cell proliferation and viability and to specifically target malignant tumor cells.
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FIGURE 1. MPT0G413 potently inhibited histone deacetylase (HDAC6) and inhibited multiple myeloma cell growth and proliferation. (A) Chemical structure of MPT0G413. (B) Human multiple myeloma cell lines (RPMI-8226, NCI-H92; density, 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 5-bromo-2′-deoxyuridine (BrdU) proliferation assay. (C) RPMI-8226, NCI-H929, and HS-5 cells were exposed to MPT0G413 at the indicated concentrations for 24, 48, and 72 h. Cell viability was measured using a MTT assay. (D,E) RPMI-8226 and NCI-H929 cells were treated with DMSO or MPT0G413 (0.1, 1, 2.5, 10 μM) and SAHA (2.5 μM) for 24 h. Cells were subsequently harvested, and the lysates were subjected to Western blotting of the indicated proteins. Protein levels in the Western blots were quantified using Image J software. The results are shown as mean ± SEM from three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001, compared with HS-5 cells group (B) and the control group (C–E).




Table 1. IC50 values (μM) of histone deacetylase (HDAC) inhibitors in multiple myeloma and bone marrow stromal cell (BMSC) lines.
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We next determined the inhibitory effects of MPT0G413 on the activity of HDACs. To understand this effect in MM cells, we used Western blotting to analyze the accumulation of acetyl-α-tubulin in cell lysates. As shown in Figure 1D, MPT0G413 significantly increased the accumulation and acetylation of α-tubulin, the cytoplasmic HDAC6 substrate, in a concentration-dependent manner, but had little effect on the acetylation of histone H3K9, the nuclear substrate for class I HDACs. Furthermore, MPT0G413 treatment further enhanced acetyl-α-tubulin accumulation, compared to ACY-1215 treatment (1 μM). Further, significant acetyl-α-tubulin increase in response to lower concentration (0.1 μM) treatment in RPMI-8226 and NCI-H929 cells; MPT0G413 only induced mild acetyl-histone H4 levels increase at higher concentration (2.5 μM) in RPMI-8226 cells, and it even didn't cause significant acetyl-histone H4 increasing from 0.1 to 10 μM in NCI-H929 cells (Supplemental Figure 2). In addition, MPT0G413 and the pan-HDAC inhibitor SAHA induced similar levels of acetyl-α-tubulin accumulation; however, the former caused less H3K9 acetylation at the same concentration (2.5 μM). We further confirmed that the HDAC6 inhibition mediated by MPT0G413 was not due to a decrease in HDAC6 levels in either RPMI-8226 or NCI-H929 cells (Figure 1E). These results suggest that MPT0G413 is a potent HDAC6 selective inhibitor.

Combination of MPT0G413 and Bortezomib Synergistically Enhanced Cell Apoptosis in Human Multiple Myeloma Cells

As a combination of ACY-1215 and BTZ had been used in a clinical trial of MM (25, 29), we further evaluated the ability of a combination of MPT0G413 and BTZ to induce apoptosis in MM cells. RPMI-8226 and NCI-H929 cells were incubated with increasing concentrations of MPT0G413 and BTZ 48 h, after which viability was assayed using a MTT assay. As shown in Figure 2A (middle and right panels), a significant decrease in viability was observed after combined treatment relative to single-agent therapy, and this combination effect was synergistic because the combined index values were <1.0. To characterize the mechanism of synergistic cytotoxicity induced by the combined treatment, we used annexin V and propidium iodide double-staining and flow cytometry to examine cell apoptosis. Notably, we observed significant increases in both early and late apoptosis (88.47% in RPMI-8226 and 70.98% in NCI-H929) after 48 h of treatment with the combination therapy, whereas either BTZ (2.5 nM) or MPT0G413 (4 μM in RPMI-8226 and 10 μM in NCI-H929) alone only induced mild apoptosis (Figures 2B,C). Furthermore, the combination of MPT0G413 and BTZ for 24 h caused marked increases in the levels of cleaved PARP, caspase 3, caspase 8, and caspase 9 (Figure 2D) in both RPMI-8226 and NCI-H929 cells, further indicating the synergistic effect of this combination therapy on apoptosis.
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FIGURE 2. A combination of MPT0G413 and bortezomib synergistically inhibited multiple myeloma cell viability. (A) RPMI-8226 and NCI-H929 cells were treated with the indicated concentrations of MPT0G413, bortezomib, or both agents for 48 h. The effects on cell viability were analyzed using a MTT assay (left panel). The combination index values for the combination of MPT0G413 and bortezomib were calculated using CompuSyn software (middle and right panels). (B) RPMI-8226 and NCI-H929 cells were treated with MPT0G413 (4 μM in RPMI-8226 cells and 10 μM in NCI-H929 cells), bortezomib (2.5 nM), or combination therapy for 48 h, followed by staining with propidium iodide and annexin V and analysis by flow cytometry. (C) Proportions of apoptotic cells in response to the drug treatments described in (B). Results are shown as mean ± SEM from three independent experiments. ***p < 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 (2.5 μM), bortezomib (2.5 nM), or combination therapy for 12 h. Whole cell lysates were immunoblotted with the indicated antibodies.



MPT0G413 Disrupted Bortezomib-Induced Aggresome Formation by Inhibiting HDAC6/Dynein Binding

Previous studies have demonstrated that ubiquitinylated unfolded proteins are targeted for degradation by both the proteasomal and aggresomal pathways (29). In this study, we hypothesized that the combination of MPT0G413 and BTZ would block both pathways and trigger a significant accumulation of polyubiquitinated proteins, leading increases in cellular stress and apoptosis (Figure 3A). HDAC6 contains both dynein motor binding and ubiquitin binding domains, and a previous study revealed that this enzyme could bind polyubiquitinated proteins, recruit these unfolded/misfolded proteins to dynein motors along microtubules, and thus enhance degradation via the autophage-lysosomal pathway (24). Furthermore, BTZ treatment was shown to enhanced autophagosome formation, as evidenced by an increase in the levels of the autophagosomal marker LC3B (30). We first examined whether MPT0G413 inhibited HDAC6 activity via the ubiquitin binding domain or dynein binding domain. After treating RPMI-8226 and NCI-H929 cells with MPT0G413 (1 and 2.5 μM) for 12 h, the co-immunoprecipitation of dynein with HDAC6 was markedly inhibited in a dose-dependent manner, whereas the co-immunoprecipitation of ubiquitinated proteins and HDAC6 was unaffected (Figure 3B). Moreover, the combination of MPT0G413 and BTZ increased the accumulation of polyubiquitinated proteins in RPMI-8226 and NCI-H929 cells when compared with either agent alone (Figure 3C). To further confirm the effects of MPT0G413 inhibited aggresome formation, we treated NCI-H929 cells with 2.5 μM MPT0G413 and/or 2.5 nM BTZ for 12 h, followed by staining with an anti-LC3B and/or anti-ubiquitin antibody. Notably, cells treated with BTZ expressed LC3B in the cytoplasm, suggesting the inhibition of the proteasomal pathway and an increase in aggresome formation in the cell (Figures 3C,D). The combination of MPT0G413 and BTZ, which blocked the proteasomal and aggresomal pathways, led to an obvious increase in the expression of ubiquitinated proteins but relatively less aggresome formation (LC3B) (Figures 3C,D). These data indicate that the combination therapy inhibited both the proteasomal and aggresomal pathways and induced the aggregation of polyubiquitinated proteins in MM cells, leading to apoptosis (Figures 2B,C). Our data thus supported the synergistic anti-MM activity of this combination of MPT0G413 and BTZ.
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FIGURE 3. MPT0G413 inhibited the binding of histone deacetylase (HDAC6) to dynein and induced the significant accumulation of polyubiquitinated proteins when combined with bortezomib. (A) Hypothetical rationale of proteasome and aggresome pathway inhibition by bortezomib and MPT0G413. (B) RPMI-8226 and NCI-H929 cells were treated with MPT0G413 (1 and 2.5 μM) for 6 h, and total cell lysates were subjected immunoprecipitation with 1 μg of an anti-dynein or anti-ubiquitin antibody, followed by immunoblotting with an anti-HDAC6 antibody. (C) RPMI-8226 and NCI-H929 cells were cultured with MPT0G413 (2.5 μM), bortezomib (2.5 nM), or combined therapy for 12 h. Whole cell lysates were subjected to Western blotting with antibodies specific for ubiquitin and LC3. (D) NCI-H929 cells were treated with MPT0G413 (2.5 μM), bortezomib (2.5 nM), or combination therapy for 6 h and stained by anti-LC3B (green) and anti-ubiquitin (red) antibodies and DAPI (blue) prior to confocal microscopy analysis. Scale bar = 50 μm.



Combination of MPT0G413 and Bortezomib Inhibited Multiple Myeloma Cell Growth in RPMI-8226 Xenograft Mice

We next evaluated the ability of MPT0G413 to inhibit in vivo tumor growth in a xenograft mouse model. Upon reaching a tumor size of 200 mm3, mice received intraperitoneal injections of vehicle (control), MPT0G413 (25 mg/kg), BTZ (0.5 mg/kg), or a combination of MPT0G413 and BTZ for 15 days or until the endpoint tumor volume of 1,500 mm3 was achieved. As shown in Figure 4A, the administration of either MPT0G413 or BTZ alone significantly reduced the tumor volume, with tumor growth inhibition (TGI) rates of 36.9 and 59.2%, respectively. Notably, the combination therapy led to a more potent reduction in tumor volume, with a TGI of 70.8%. No significant body weight losses were observed during any of the treatment periods (Figure 4B). H&E staining of the tumor tissue revealed that the combination therapy enhanced nuclear condensation, while immunohistochemical staining revealed more apoptotic cells and increased cleaved caspase 3 expression in response to combination treatment. Moreover, slides from the MPT0G413 treatment group revealed the accumulation of acetyl-α-tubulin (Figure 4C). These results demonstrated that the combination of MPT0G413 and BTZ could induce MM cell apoptosis in vivo.
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FIGURE 4. Anticancer activities of MPT0G413 alone and combined with bortezomib 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, MPT0G413 (25 mg/kg), bortezomib (0.5 mg/kg), or a combination of MPT0G413 and bortezomib for 15 days. Tumor volumes (A) and body weights (B) were measured. Results are shown as mean ± SEM (n = 5). (C) Tumor was excised from each mouse after a 15-day treatment. Paraffin sections of RPMI-8226 xenografts were stained with hematoxylin and eosin and antibodies specific for cleaved caspase 3 or acetyl-α-tubulin. Sections were examined by light microscopy (200 × magnification). Scale bar = 100 μm.



Combination of MPT0G413 and Bortezomib Inhibited the Adhesion of Multiple Myeloma Cells to Bone Marrow Stromal Cells

Previous studies demonstrated that the adherence of MM cells to BMSC cells stimulates the latter to release growth factors (e.g., VEGF and IL-6) that would support the proliferation and survival of the former cell type (31, 32). In this study, we evaluated the effects caused by the exposure of MM cells in a BM microenvironment to combination therapy. First, we studied whether a combination of MPT0G413 and BTZ could inhibit the adherence of MM cells to BMSCs. As shown in Figure 5A, the combination therapy significantly inhibited this adherence, compared with either single-agent therapy. We further assessed the expression of adhesion molecules, such as vascular cell adhesion molecule-1 (VCAM-1) and VLA-4, using ELISA and immunofluorescence imaging, respectively and found that the combination of MPT0G413 and BTZ decreased the expression of both proteins (Figures 5B,C, respectively) in HS-5 and MM cells.
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FIGURE 5. A combination of MPT0G413 and bortezomib inhibited the adhesion of multiple myeloma cells to bone marrow stromal cells. (A) RPMI-8226 and NCI-H929 multiple myeloma cells were treated with MPT0G413 (2.5 μM), bortezomib (2.5 nM), or both agents for 24 h and subsequently labeled with 10 μM BCECF-AM. The labeled cells were subsequently co-cultured with HS-5 bone marrow stromal cells for 2 h. After incubation, non-adherent cells were removed by gentle washing with phosphate-buffered saline, and adherent multiple myeloma cells were, respectively photographed by light and fluorescence microscopy. Images depict 40 × magnification (Scale bar = 50 μm). Image J software was used to quantify the fluorescence microscopy images. (B) Multiple myeloma cells were co-cultured with HS-5 cells and incubated with MPT0G413 (2.5 μM), bortezomib (2.5 nM), or a combination of both agents for 24 h. The expression of VCAM-1 was measured by ELISA as described in the Materials and Methods. Results 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 (2.5 μM), bortezomib (2.5 nM), or combination therapy for 6 h. Subsequently, the samples were stained with anti-VLA4 (red) and DAPI (blue) prior to a confocal microscopy analysis. Scale bar = 20 μm.



We then examined whether the combination of MPT0G413 and BTZ could inhibit MM cell growth in the presence of BMSCs after 48 h incubation. Using a BrdU assay, we found that the combination therapy not only significantly inhibited MM cell growth relative to either single-agent therapy in the absence of BMSCs, but also markedly downregulated MM cell proliferation in the co-culture system (Figure 6A). Moreover, the combination therapy reduced VEGF and IL-6 levels in the BM microenvironment (Figures 6B,C). In summary, the combination of MPT0G413 and BTZ inhibited the adherence of MM cells to BMSCs, and suppressed cell growth and VEGF and IL-6 secretion in the bone marrow microenvironment. Figure 7 summarizes the mechanisms suggested to underlie these observed effects.
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FIGURE 6. Combination treatment of MPT0G413 and bortezomib inhibited multiple myeloma cell growth and VEGF and IL-6 release. (A–C) RPMI-8226 and NCI-H929 multiple myeloma cells were co-cultured with or without HS-5 bone marrow stromal cells and subsequently treated with the indicated concentrations of MPT0G413, bortezomib, or both therapies for 48 h. Cell proliferation (A) was evaluated using a BrdU proliferation assay. VEGF (B) and IL-6 (C) levels were detected using respective ELISA kits. #p < 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) (n = 3).
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FIGURE 7. Summary of mechanisms by which MPT0G413 and bortezomib inhibit multiple myeloma cell survival and growth.



DISCUSSION

HDACs, which regulate the expression of tumor-associated genes via histone modification, play crucial roles in tumorigenesis. Accordingly, these enzymes have been recognized as therapeutic targets in both solid tumors and hematologic malignancies (33–35). To date, several small-molecule inhibitors of HDACs have been introduced for the treatment of several hematologic malignancies. For example, SAHA, PXD101, and LBH589 have been approved for the treatment of cutaneous T-cell lymphoma, peripheral T-cell lymphoma, and MM, respectively (36). According to previous studies, the combination of an HDAC6 inhibitor and BTZ synergistically induced apoptosis in MM cells via inhibition of the proteasomal and aggresomal pathways of protein degradation and subsequent activation of apoptosis pathways (1, 25, 30). Moreover, findings from a clinical study of a combination of an HDAC6 inhibitor and BTZ for the treatment of MM have been encouraging (37). These findings indicated that HDAC6 is a suitable target for MM treatment. HDAC6 is also suitable for research purposes, as knockout mice are viable and develop normally (19). Previously, we identified MPT0G413 as a potent and highly selective HDAC6 inhibitor (27). In this study, we evaluated whether MPT0G413 could exert anti-MM activity. Our results showed that MPT0G413 treatment markedly inhibited the growth and viability of MM cells but did not similarly inhibit the growth of normal BMSCs (Figures 1B,C). In other words, MPT0G413 appears selective for tumor cells.

To understand the specific inhibitory effect of MPT0G413 on HDAC6 activity, we evaluated the effect of this drug on the acetylation of histones, as well as α-tubulin, a cytosolic HDAC6 substrate (38). Notably, we found that MPT0G413 induced α-tubulin acetylation at low concentrations but only triggered lysine acetylation on histone H3 at higher concentrations. Furthermore, we demonstrated that the specific inhibitory effect of MPT0G413 on HDAC6 was not mediated by a decrease in HDAC6 protein levels (Figure 1E).

We further observed a synergistic increase in MM cell apoptosis (Figure 2) and ubiquitinated protein accumulation with the combination of MPT0G413 and BTZ, compared to either single-agent therapy (Figures 3C,D) and determined that this effect was mediated by the inhibition of the proteasomal and aggresomal pathways. HDAC6 contains both ubiquitin and dynein motor binding domains and can thus bind to polyubiquitinated misfolded proteins and dynein, respectively. Consequently, HDAC6 transports its misfolded protein cargo along microtubules to the aggresomes, where recognition by autophagy adapter proteins mediates the clearance of the aggregate via the autophagy-lysosomal pathway (24, 39, 40). As shown in Figure 3B, MPT0G413 blocked the binding of HDAC6 with dynein and thus, inhibited the transport of misfolded proteins transport to the aggresome. To confirm that HDAC6 inhibition disrupted aggresome formation (41), we evaluated the expression and localization of LC3B, an autophagosomal marker (40), using Western blotting and immunofluorescence imaging. Notably MPT0G413 treatment significantly disrupted aggresome formation, increased polyubiquitinated protein accumulation (Figures 3C,D), and induced MM cell apoptosis (Figures 2B–D).

We also evaluated the anti-MM effect of MPT0G413 by in vivo model. Here MPT0G413 significantly inhibited tumor growth, and the combination treatment further suppressed tumor growth with a %TGI of 70.8%. Notably, none of the treatments cause body weight losses (Figures 4A,B). Further, MPT0G413 even at high dose (1,000 mg/kg/day) by intraperitoneal injection for 6 days still does not cause body weight loss in mice (27). In contrast, previous studies demonstrated that ACY-1215 along only decreased around 30% tumor volume in mice (25); and ACY-1215 alone or combination with bortezomib within the first 5–10 days caused body weight loss >10% in mice (42). Panobinostat, a pan-HDAC inhibitor, also caused body weight loss in mice, and the MTD of panobinostat was 20 mg/kg (43). The immunohistochemical analysis also revealed that MPT0G413 increased the accumulation of acetyl-α-tubulin when administered alone and significantly increased the level of cleaved caspase 3 in combination with bortezomib (Figure 4C), and there was no obvious increasing acetyl-Histone H2, acetyl-Histone H3 and acetyl-Histone H4 levels between MPT0G413 vs. control group (Supplemental Figure 3). These results clearly translate our cellular findings to an established animal models of MM.

In the bone marrow microenvironment, the binding of MM cells to BMSCs triggers the secretion of cytokines such as VEGF and IL-6 to promote MM cell growth, survival, migration, and chemotherapeutic resistance (1, 44). Previously, HDAC6 inhibition significantly compromised the migration and adhesion of Burkitt's lymphoma cells (45) and reduced VLA4 expression in hematopoietic stem cells and acute myeloid leukemia blast cells (46). BTZ was also shown to downregulate VLA4 expression and overcome cell adhesion-mediated drug resistance (47). We hypothesized that a combination therapy would suppress the adhesion of MM cells to BMSC via VLA4 and VCAM-1. Using a MM/BMSC co-culture model to mimic the bone marrow microenvironment, both MPT0G413 and bortezomib inhibited the adherence of MM cells to BMSC (Figure 5A), while combination treatment further enhanced this effect by blocking the connection between VLA4 and VCAM-1. In our previous study, HDAC6 inhibition mediated Hsp90 acetylation, which caused HIF-1α degradation and subsequently, VEGF downregulation (48). In this study, we observed similar reductions in VEGF, as well as IL-6, secretion from BMSC in response to MPT0G413. These data reasonably explain why our combination treatment synergistically inhibited the growth of MM cells.

In conclusion, both in vitro and in vivo studies strongly suggest that MPT0G413 and bortezomib synergistically act via the simultaneous inhibition of the aggresomal and proteasomal pathways, respectively, to enhance MM cytotoxicity. Our findings warrant the advancement of this combination therapy into clinical development.
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