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Abstract

We examined the pre-clinical activity of pan- histone deacetylase inhibitor LBH589 in 

combination with mTORC1 inhibitor RAD001 and observed that the drug combination strongly 

synergized in inducing cytotoxicity in multiple myeloma (MM) cells. LBH589 caused an increase 

in acetylated histones and RAD001 inhibited mTORC1 activity. RAD001 caused potent G0/G1 

arrest while LBH589 induced pronounced apoptosis, both of which were enhanced when the drugs 

were used in combination. LBH589/RAD001 combination led to down regulation of pStat3, 

cyclins, CDKs and XIAP and up regulation of pro-apoptotic Bcl-2 family proteins. A clinical trial 

is underway using LBH589/RAD001 combination in relapsed MM patients.
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1. Introduction

Histone acetylation is a process regulated by two groups of enzymes with opposite 

functions, namely histone acetyl transferase [HAT] and histone deacetylase [HDAC][1]. In 

the nucleus, genomic DNA is tightly wrapped around histone octamers called 

nucleosomes[2]. Histone acetylation by HAT neutralizes the positive charge of lysine 

residues on histones thereby weakening the DNA-histone interaction and increasing 

transcription whereas histone deacetylation catalyzed by HDAC reverses this effect leading 

to a global decrease in histone acetylation and transcription[3, 4]. HDAC inhibitors (HDACi) 

have shown potent anti-cancer effects in hematological tumor systems including MM [5]. In 

MM, HDACi have been shown to up regulate p21, p53, pro-apoptotic members of the Bcl2 

family and dephosphorylated Rb [6-8]. In addition, it is now known that HDAC inhibitors 
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can also cause acetylation of non-histone proteins thus modulating the expression of an even 

wider array of proteins[9]. Thus, the mechanism of action of HDAC inhibition is unclear and 

anti-tumor effects elicited by HDACi could differ greatly. Despite encouraging preclinical 

activity demonstrated by HDAC inhibitors, the clinical activity of these compounds as single 

agents has been limited in a MM setting[10-12]. Clinical trials are currently underway 

testing HDACi in combination with existing therapies and initial responses are promising 

when HDACi is used in combination with bortezomib alone or bortezomib plus 

dexamethasone[13].

The mammalian target of rapamycin (mTOR) protein, a member of the PI3K-related kinase 

family physically interacts with multiple proteins to form two different complexes called 

mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2). Out of the two, mTORC1 

is the well studied rapamycin sensitive complex. In addition to being activated through the 

PI3K/Akt pathway, mTORC1 can be regulated through several other signals including the 

Mek/Erk pathway, cellular energy levels, amino acids and DNA damage[14-18]. Activated 

mTORC1 promotes cap dependent translation, lipid synthesis and inhibits autophagy, all 

leading to increased tumor growth and survival[19-21]. Aberrant activation of the PI3K/Akt/

mTOR pathway is a common feature in MM and is a contributing factor in promoting tumor 

cell proliferation and apoptosis resistance to existing therapies[22-25]. In addition, the 

Mek/Erk pathway is also activated in MM through either activating Ras or Raf mutations or 

up regulation of tumor promoting cytokines including IGF, IL6 and VEGF[23, 24, 26-28]. 

Both these pathways are therapeutically relevant with inhibitors targeting either of these 

pathways alone or in combination showing encouraging preclinical activity in MM[25, 

29-31]. Rapamycin and rapalogs that block mTORC1 activity can induce a cytostatic effect 

on MM cells in vitro[32]. However, mTORC1 inhibitors fail to induce significant 

cytotoxicity in MM cells and have shown poor activity in the clinic as a single agent when 

tested on patients with MM[33].

Since LBH589 and RAD001 have demonstrated direct anti-MM effects through non-

overlapping mechanisms as well as anti-angiogenic properties[34, 35] in vitro, we wanted to 

investigate potential activity of a combination of the two drugs against myeloma cells and 

patient samples. Here, we show the efficacy of LBH589/RAD001 combination in inhibiting 

MM cell proliferation, inducing apoptosis and inhibiting angiogenesis in vitro on myeloma 

cell lines both alone and in combination with bone marrow stromal cells and tumor 

promoting cytokines. Though LBH/RAD was synergistic in their action in killing all MM 

cell lines examined, we present evidence indicating that the drug combination could elicit 

their effects through different mechanisms in different cell lines and patient cells. A clinical 

trial is currently ongoing examining this combination in relapsed/refractory MM patients.

2. Materials and Methods

2.1. Multiple myeloma cell lines, patient cells and bone marrow stromal cells

Dexamethasone sensitive (MM1.S) and resistant (MM1.R) human MM cell lines; 

doxorubicin resistant (DOX 40), and melphalan resistant (LR5) RPMI 8226 human MM cell 

lines and sensitive RPMI 8226 cell line, OPM-2, NCI-H929 and U266 cell lines were used 

for the current study. All the cell lines were cultured in RPMI 1640 media (Sigma Chemical, 
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St. Louis, MO) that contained 10% fetal bovine serum, 2 mM L-glutamine (GIBCO, Grand 

Island, NY), 100U/mL penicillin, and 100μg/mL streptomycin. All cell lines were obtained 

as indicated earlier[25]. Freshly obtained BM aspirates from patients were collected with 

informed consent and were processed to obtain patient samples or stromal cells as 

previously mentioned[31, 36]. Patient cells were cultured in RPMI 1640 media that 

contained 20% fetal bovine serum, 2mM L-glutamine (GIBCO), 100U/ml penicillin and 

100μg/ml streptomycin.

2.2. LBH589 and RAD001

LBH589 and RAD001 were synthesized and provided by Novartis (Basel, Switzerland) 

under a Material Transfer Agreement (MTA).

2.3. Cell viability and proliferation assays

Cell viability and proliferation assays were performed using MTT and tritiated thymidine 

uptake assays respectively as described earlier[25, 31, 36, 37]. In experiments with BMSC, 

5000 cells (BMSCs) were plated onto 96 well plates and allowed to adhere overnight before 

adding myeloma cells. For cytokine experiments, cells were treated with IL6 (25ng/ml) or 

VEGF (50ng/ml) along with either LBH589 or RAD001 or both for 48hrs. All experiments 

were performed in triplicate.

2.4. Isobologram analysis

The interaction between LBH589 and RAD001 was analyzed using the CalcuSyn™ 

software program (Biosoft, Ferguson, MO). This program is based upon the Chou-Talalay 

method, which calculates a combination index (CI), and analysis is performed based on the 

following equation: CI = (D)1/(Dx)1 + (D)2/(Dx)2 + (D)1(D)2/(Dx)1(Dx)2, where (D)1 and 

(D)2 are the doses of drug 1 and drug 2 that have x effect when used in combination, and 

(Dx)1 and (Dx)2 are the doses of drug 1 and drug 2 that have the same x effect when used 

alone[38]. Data from the MTT viability assay was expressed as the fraction of cells killed by 

the individual drug or the combination in drug-treated cells compared with untreated cells. A 

CI of 1.0 indicates an additive effect, whereas CI values below 1.0 indicate synergistic 

effects.

2.5. Apoptosis measurement

Apoptosis of MM cell lines was examined using the Annexin/PI assay as described 

before[25, 31, 36, 37]. Briefly, cells were washed twice with annexin binding buffer (ABB) 

(10mM HEPES pH 7.4, 140mM NaCl, 2.5mM CaCl2). 100μl cells were treated with 3μl of 

annexin V-FITC (Caltag, Burlingame, CA, USA) for 15mins at room temperature. Cells 

were washed again with ABB and resuspended in 500μl of ABB containing 5μl of 1mg/ml 

propidium iodide (Sigma). Samples were then run on a Canto flow cytometer (BD 

Biosciences, San Jose, CA, USA).

For patient cells, apoptosis was examined using the Apo2.7 assay as described earlier[31, 

37]. Briefly, fresh bone marrow cells were ACK lysed, washed and resuspended in culture 

media and incubated with the drugs for the indicated time points. The cultures were 

harvested, washed once in PBS and resuspended in 1ml PBS/3%BSA. 100μl of cells were 
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then stained with Apo 2.7 PE (Beckman Coulter, Miami, FL, USA) or isotype control for 

15minutes. Cells were washed again in PBS and resuspended in 1% paraformaldehyde and 

stored in the dark at 4°C until run on the Canto Flow cytometer (BD Biosciences)

2.6. Mitocapture and Cytochrome c assays

The MitoCapture Apoptosis Detection Kit and cytochrome c release assay kit (both from 

Calbiochem, San Diego, CA, USA) were used as per the manufacturer's recommendations 

and as described in a previous study[39]. The mitocapture assay was done using the 

MitoCapture apoptosis detection kit (Calbiochem, San Diego, CA, USA). Cells were spun 

and resuspended in 0.5ml of freshly prepared MitoCapture reagent (1μl of MitoCapture 

reagent to 1ml of MitoCapture buffer) and incubated for 1hr in a 37°C incubator. Cells were 

spun and resuspended in 0.5ml of MitoCapture buffer. For cytochrome c assay, we used the 

cytochrome c release assay kit (Calbiochem). Cells were spun and resuspended and 

incubated in 100μl of permeabilization buffer for 10 minutes on ice. Following this, cells 

were fixed using 200 μl of 8% paraformaldehyde for 20 minutes at room temperature. Cells 

were then spun and washed thrice in PBS. Cells were then incubated in blocking buffer for 

1hr at room temperature. Cells were then washed once with wash buffer and incubated with 

either anti- cytochrome c antibody or mouse IgG for 1hr at room temperature. After washing 

cells once with wash buffer, cells were incubated with anti-IgG FITC for 1hr at room 

temperature. Cells were then washed once in wash buffer and resuspended in 0.5ml of 1% 

paraformaldehyde and run on a Canto flow cytometer.

2.7. BrdU assay

After treating cells with the drug(s), cells were harvested, washed once in staining buffer 

(SB, 1% BSA/PBS) and resuspended in 1 ml of culture media plus 10μl of BrdU (APC 

BrdU Flow Kit Cat# 552598, BD Biosciences) for a one hour incubation. After harvest, the 

cells were processed and stained as per the manufacturer's instructions. The numbers 

indicated in figures 5A and B indicate % cells positive for BrdU.

2.8. Cell cycle analysis

Cells were incubated with the drug(s) as indicated. Cells were harvested, counted, and 

washed with PBS. While vortexing, 2ml of cold 85% ETOH was slowly added to the dry 

pellet. The tubes were capped and left at 4 degrees overnight. The tubes were spun and the 

pellets washed twice with PBS. The pellet was resuspended in 0.1 ml RNase (5ug/ml cat# 

R7884, Sigma, St.Louis, MO.) and incubated at 37 degrees. 0.9 ml PBS was added to each 

tube and mixed. 10μl of PI (1mg/ml) was added to each tube, mixed and held at 4 degrees 

until run on the Canto flow cytometer. Cell cycle statistics were calculated using the cell 

cycle platform analysis, FlowJo software (Tree Star, Inc. Ashland, OR).

2.9. Western Blotting

MM cell lines MM1S or DOX40 were incubated with LBH589 or RAD001 or the 

combination for the indicated time points and lysed using RIPA buffer (50mM HEPES (pH 

7.4), 150mM NaCl, 1% Triton X-100, 30mM sodium pyrophosphate, 5mM EDTA, 2mM 

Na3VO4, 5mM NaF, 1mM phenylmethyl-sulfonyl-fluoride (PMSF) and protease inhibitor 
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cocktail). Protein concentrations in the lysate were measured by bicinchoninic protein assay 

(Pierce, Rockford, IL, USA). Equal amounts of protein were loaded onto a SDS-PAGE gel 

and transferred onto a nitrocellulose membrane. Membranes were probed with individual 

antibodies and antigen-antibody complexes were detected using enhanced 

chemiluminescence (Amersham, Arlington Heights, IL). All antibodies except those 

mentioned below were purchased from Cell Signaling Technologies (Daverns, MA). Puma 

antibody was purchased from ProSci Inc. (Poway, CA) and AcH3 and AcH4 antibodies were 

purchased from Millipore (Billerica, MA).

Angiogenesis assay—We performed an in vitro angiogenesis assay (Angiokit, TCS 

Cellworks, Buckinghamshire, UK) as described earlier[40].

3. Results

3.1. LBH589 and RAD001 are cytotoxic to myeloma cells

First, we examined the cytotoxic effects of LBH589 and RAD001 as single agents on MM 

cells. LBH589 demonstrated dose dependent cytotoxicity on all tested MM cells (Figure 

1A). The IC50 ranged from 10-20nM. However, RAD001 as a single agent was able to 

induce significant dose dependent cytotoxicity only in OPM2 cells and not in the other MM 

cell lines examined clearly indicating resistance mechanisms activated by MM cells upon 

RAD001 treatment (Figure 1B). We next evaluated the capability of LBH589 and RAD001 

to inhibit proliferation of MM cells in vitro. Both LBH589 and RAD001 demonstrated 

inhibition of proliferation of MM cells at doses lower than cytotoxic concentrations. The 

IC50 for LBH589 and RAD001 in proliferation assays were found to be 5-15nM and 

5-1000nM respectively. (Figures 1C and D respectively).

3.2. LBH589 and RAD001 demonstrate synergy as anti-MM agents

We tested LBH589/RAD001 combination first on MM1S cells, where the combination 

induced synergistic killing of MM1S cells after 48hours of drug treatment (Figure 2A). 

Next, we wanted to examine if this synergistic effect was observed in other MM cell lines. 

When we incubated the MM cell lines with 10nM of LBH589 and RAD001 in combination, 

we observed synergy as indicated by CI and Fa values (Figure 2B). The proliferation of all 

MM cell lines was inhibited to a significantly greater extent when LBH589 and RAD001 

were used in combination than when used as single agents (Figure 2C). Such inhibitory 

effects were observed at doses as low as 1nM of either of the drugs.

3.3. LBH589/RAD001 combination overcomes the protective effects of the tumor 
microenvironment

The tumor promoting cellular and non-cellular members of the microenvironment have been 

shown to protect MM cells to existing therapies. Hence, we wanted to examine if LBH589/

RAD001 combination was able to overcome this protection when co-cultured with bone 

marrow stromal cells (BMSCs) or with the cytokines IL6 or VEGF. When MM1S or OPM2 

cells were co-cultured with either IL6 (25ng/ml) or VEGF (50ng/ml) and incubated with 

LBH589 and RAD001 as single agents, we observed that both the drugs as single agents 

were able to inhibit the cytokine induced proliferation. However, the drugs when treated 
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together were able to inhibit the cytokine-induced proliferation more efficiently than when 

treated as single agents (Figures 2D and E). Similar effects were observed when MM1S cells 

were co-cultured with BMSCs (Figure 2F).

3.4. LBH589/RAD001 induces apoptosis in MM cells

When we treated MM1S or OPM2 cells with indicated concentrations of the drugs for 24 or 

48hours, we observed time dependent increase in cells undergoing apoptosis with LBH589 

treatment. RAD001 was unable to induce potent apoptosis. More importantly, the drug 

combination was able to induce significantly more apoptosis in both cell lines tested 

(Figures 3A and B). Similar effects were also observed when we treated patient derived 

myeloma cells with either the drugs alone or in combination (Figure 3C).

We next wanted to examine if the apoptosis induced by LBH589/RAD001 combination 

involved mitochondrial mechanisms. For this, we treated MM1S or OPM2 cells with 

indicated concentrations of the drugs for 48hrs and examined for mitochondrial injury by 

performing mitocapture (Figures 3D and E) and cytochrome c assays (Figures 3F and G). 

Clearly, LBH589 unlike RAD001 elicited increased mitochondrial damage and cytochrome 

c release in both MM1S and OPM2 cells, both clear indications of the involvement of the 

mitochondrial apoptotic pathway (Figures 3D-G). Here again, LBH589/RAD001 

combination was more effective in inducing mitochondrial damage and cytochrome c release 

into cytosol in both cell lines examined. To further confirm apoptotic cell death, we 

examined levels of caspases and PARP. We observed increase in activated caspases 8, 9, 3 

and cleaved PARP after LBH589 treatment and this effect was enhanced when LBH589 was 

used in combination with RAD001 (Figures 3H and I).

3.5. LBH589/RAD001 combination induces mitochondrial apoptosis through different 
signals in different MM cells

Given that LBH589/RAD001 combination induced potent apoptosis, we then wanted to 

examine the mechanisms mediating this effect. For this, we incubated MM1S and OPM2 

cells with indicated concentrations of the drugs for 24hrs and monitored expression levels of 

activator BH3- only proteins Bim, Bid and Puma, sensitizer BH3-only protein Bad, the multi 

domain pro-apoptotic proteins Bax and Bak and the anti-apoptotic proteins Bcl2, Bcl-Xl, 

Mcl1 and XIAP. We observed up regulation of all three isoforms of Bim (Bim EL, Bim L 

and Bim S), Puma, Bax and Bak expression in MM1S cells and down regulation of Bcl-Xl 

and XIAP (Figure 4A). In OPM2 cells, we observed that LBH589/RAD001 combination 

induced expression levels of Puma, Bad and Bak and down regulation of XIAP (Figure 4B). 

Bid expression was not altered in both cell lines (data not shown). These differences in the 

ability of LBH589/RAD001 combination to modulate levels of pro and anti apoptotic 

proteins was also observed in MM patient cells with LBH589/RAD001 down regulating 

XIAP and Mcl1 in patient 1 (Figure 4C). There was no difference in the expression of other 

pro and anti apoptotic proteins. In patient 2, however, LBH589/RAD001 induced up 

regulation of all pro apoptotic proteins examined including Bim, Bid, Bad, Bak and Bax 

with minimal effects on the levels of anti apoptotic proteins examined (Figure 4D). Both 

patients did not demonstrate expression of Puma (data not shown). Thus, our data clearly 
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indicated that multiple mechanisms that are specific for a cell line/patient cell could mediate 

the apoptosis induced by LBH589/RAD001 combination.

3.6. LBH589/RAD001 combination inhibits MM cell proliferation, induces G0/G1 arrest and 
inhibits cyclins and cyclin dependent kinases

From figure 2D it was apparent that LBH589/RAD001 significantly inhibited proliferation at 

doses much lower than IC50 values. The results were confirmed by performing BrdU 

incorporation assays. After 48hrs of incubation with 1nM of LBH589/RAD001 

combination, there was about a 50% reduction in cells expressing BrdU (Figure 5A) while 

the drugs, as single agents were unable to inhibit the proliferation significantly in MM1S 

cells. Treating OPM2 cells with 1nM of LBH589/RAD001 combination inhibited the 

proliferation by 80% as observed by the decrease in BrdU expressing cells (Figure 5B). 

Next, we performed cell cycle assays to identify the stage at which the cells were arrested by 

LBH589/RAD001. In both MM1S and OPM2, 1nM of the drug combination was able to 

arrest cells in the G0/G1 stage (Figures 5C and D). Unlike apoptosis induction, this effect 

was primarily driven by RAD001.

We then examined the expression levels of proteins implicated in G0/G1 progression to 

better understand the mechanism of LBH589/RAD001 induced cell cycle arrest. As shown 

in figures 5E and F there was a clear decrease in levels of cyclin D3, Cdk4, cyclin E, Cdk2 

and Cdk6 in both cell lines. As expected, this decrease was most pronounced when cells 

were treated with RAD001 or the combination.

3.7. LBH589/RAD001 combination inhibits angiogenesis

We have shown that tumor angiogenesis increases with disease progression in MM 

patients[41, 42]. Both HDAC and mTOR inhibitors have been shown to inhibit 

angiogenesis[34, 35]. We therefore performed an in vitro angiogenesis assay to observe if 

LBH589/RAD001 combination inhibited tubule formation in vitro. We observed reduced 

angiogenesis when myeloma cells were treated with LBH589 or RAD001 with a greater 

reduction when treated in combination. Importantly, this inhibitory effect on tubule 

formation was observed at non-cytotoxic concentrations (Figure 5G).

3.8. LBH589/RAD001 modulates multiple signaling pathways in MM

We then examined the expression levels of both acetylated histone H3 (AcH3) and 

acetylated histone H4 (AcH4) post LBH589 treatment as readout for the HDAC inhibitory 

activity of LBH589 in both MM cell lines and patient samples. We observed significant up 

regulation of both AcH3 and AcH4 when cells were treated with LBH589 or the drug 

combination (Figures 6A-D). Next, we examined mTOR activity levels post drug treatment. 

pmTOR, as expected, was potently inhibited by RAD001 and the drug combination in both 

MM cell lines and patient cells (Figures 6A-D). RAD001 was clearly able to inhibit 

rapamycin sensitive mTORC1 activity as shown by decrease in both p-p70S6K (Figures 6A-

D) and pS6 (Figures 6A and B) while being unable to inhibit the rapamycin insensitive 

mTORC1 activity as shown by the lack of inhibition of p4EBP1 (The37/46) (Figures 6A-C).

Ramakrishnan et al. Page 7

Leuk Res. Author manuscript; available in PMC 2017 October 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



It is known that mTORC2 mediated activation of pAkt (Ser473) by rapamycin and rapalogs 

contributes towards resistance to these agents[43]. In some studies, LBH589 has been shown 

to be able to down regulate pAkt thereby sensitizing cells to mTORC1 inhibitors. In other 

studies, synergy between HDAC inhibitors with inhibitors of the PI3K/Akt pathway has 

been shown to be independent of pAkt down regulation. We therefore wanted to examine 

levels of pAkt after the drug treatment. In addition, we also examined how the drug 

combination modulates other important signaling pathways in MM, namely MEK/Erk and 

Jak2/Stat3 pathways. We observed down regulation of pAkt post RAD001 treatment in 

MM1S cells (Figure 6A). On the contrary, LBH589 caused an up regulation of pAkt and 

other members of the PI3K/Akt pathway including pGSK3β and pmTOR. However, 

LBH589/RAD001 combination effectively down regulated pAkt, pmTOR and p-p70S6K 

(Figure 6A). In OPM2 cells, we observed a slight up-regulation of pAkt post RAD001 

treatment. However neither LBH589 nor the combination was able to down regulate this 

induction in pAkt levels (Figure 6B). When we examined pAkt pathway regulation in 

primary MM patient cells, we observed down regulation of pAkt when treated with 

LBH589/RAD001 combination in cells from patient 1 (Figure 6C). However, in cells from 

patient 2 we observed up regulation of pAkt post RAD001 treatment and this was not 

abolished by LBH589 treatment alone or in combination with RAD001 (Figure 6D). Thus, 

the observed synergy between LBH589/RAD001 in MM cells appears to be independent of 

pAkt down regulation. Similarly, MEK/Erk pathway inhibition also does not seem to 

contribute to the observed synergy as noted by pErk levels post drug treatment (Figures 6A-

D). LBH589 was able to down regulate pStat3 in OPM2 and the two patient cells examined 

(Figures 6B-D). However, LBH589 caused an up regulation of pStat3 in MM1S cells 

(Figures 6A). RAD001 caused a decrease in pStat3 levels in MM1S and patient 1(Figures 

6A and C) while not modulating the levels of pStat3 in OPM2 and patient 2 (Figures 6B and 

D). Importantly, pStat3 was down regulated when treated with LBH589/RAD001 

combination in both MM cell lines and patient samples (Figures 6A-D). Thus, LBH589/

RAD001 combination shows promising synergistic activity in MM cells with RAD001 

causing more potent growth arrest and LBH589 inducing more pronounced apoptosis.

4. Discussion

Novel therapies have improved the clinical outcomes in MM[44]. Despite improvements, 

MM still remains incurable and MM patients eventually relapse and become refractory to 

existing therapies. Significant efforts are underway to develop newer drugs based on a better 

understanding of the disease biology. It is now well appreciated that clonal heterogeneity is a 

common feature in MM[45]. This could be an important factor for why majority of newer 

targeted therapies fail to produce significant and prolonged responses in clinical trials and 

also for the relapse observed in patients treated with existing therapies. Hence, novel agents 

that can act on multiple targets or those that modulate pathways regulating multiple targets 

down stream have the potential to elicit significant anti-MM responses across a wider group 

of patients. LBH589 is an epigenetic drug with an increasing number of targets it can act on. 

Likewise, mTORC1 modulates various cellular processes causing cellular growth and 

proliferation. Here, we have examined the activity of LBH589 with the mTORC1 inhibitor 

RAD001 and observed potent synergy when used in combination across several MM cell 
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lines and patient cells. The combination was able to induce apoptosis, inhibit proliferation 

and overcome tumor protective effects of the microenvironment at concentrations much 

lower than effective single agent doses.

We then examined expression levels of pro and anti apoptotic proteins, cell cycle regulatory 

proteins and signaling proteins to better understand the mechanism of LBH589/RAD001 

induced synergy. Though our results were inconclusive in identifying a particular 

mechanism of action of this drug combination, we clearly demonstrated that LBH589/

RAD001 could elicit its functions through multiple routes in different cells. Some possible 

explanations for this are: 1) LBH589 is an epigenetic drug with a growing list of effector 

molecules including non-histone proteins Hsp90, Stat3, p53, NF-κB and several other 

transcription factors[9], 2) LBH589 is a pan- HDACi and its functions therefore could 

depend on expression levels of individual HDACs and 3) LBH589, in addition, might carry 

out its functions by influencing and maintaining double stranded break (DSB) points and 

thereby promoting DNA instability[46]. Though all MM cell lines proliferate, differences in 

their proliferating rate could alter their sensitivity to the drug. 4) mTORC1 can regulate 

multiple processes including translation, lipogenesis, autophagy. In addition, mTORC1 can 

regulate activation states of pAkt, pStat3 and HIF1α. To complicate things further, all these 

effects by mTORC1 could considerably differ between cell lines even within the same 

disease[47].

There are reports indicating that RAD001 and other mTOR inhibitors up regulate pAkt (Ser 

473). However, it is also known that mTORC1 inhibitors could cause either an increase or a 

decrease in the levels of pAkt (Ser 473) depending on the cell line by differentially 

modulating mTORC2 assembly and also the duration of exposure to the inhibitor[48]. In our 

hands, RAD001 treatment was not observed to stimulate increase in levels of pAkt (Ser 473) 

in MM1S cells. In order to check if the RAD001 induced down regulation of pAkt (Ser 473) 

was also observed in other cell lines, we examined levels of pAkt (Ser 473) post RAD001 

treatment in MM1R, H929, U266, RPMI8226, DOX and LR5 cells. We observed that pAkt 

(Ser 473) was up regulated in H929, U266, RPMI8226, DOX and LR5 cells in addition to 

OPM2. pAkt (Ser 473) was down regulated in MM1S and MM1R cells (data not shown). 
We then examined pAkt (Ser 473) levels after treatment with 10nM rapamycin or 10nM 

RAD001 for 24hrs in three cell lines H929, MM1S and RPMI8226 (data not shown). Like 

RAD001, rapamycin down regulated pAkt (Ser 473) in MM1S cells and up-regulated pAkt 

in H929 and RPMI8226 cells. It was noted that RAD001 caused a greater down regulation 

of pAkt (Ser 473) in MM1S cells and a greater up regulation in H929 and RPMI8226 cells 

(data not shown). Thus, this differential regulation of pAkt (Ser 473) was not limited to 

RAD001 but was also found to occur with other mTORC1 inhibitors.

To conclude, we report the effectiveness of LBH589/RAD001 combination in killing 

myeloma cells at low nanomolar concentrations. Furthermore, LBH589/RAD001 could 

inhibit proliferation, induce G0/G1 arrest and induce apoptosis by modulating multiple 

signaling pathways and down stream effector proteins. While the studies do not pinpoint a 

single mechanism active in all cell lines and patient samples, it demonstrates pleiotropic 

mechanisms in different cell lines the cumulative effect of which appear to induce cell cycle 

arrest, tilting the balance between pro- and anti-apoptotic proteins towards apoptosis and 
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down regulation of cell survival signaling pathways. This is particularly relevant in a cancer 

such as myeloma, which is very heterogeneous in terms of their underlying biology, in that it 

can overcome the effect of multiple overlapping and compensatory pathways for survival. 

Though much remains to be done in identifying precise mechanism of action, the data from 

our study clearly indicates the effectiveness of LBH589/RAD001 combination as anti-MM 

agents. In clinical trials, the immune status of patients should be closely monitored as 

LBH589 at similar doses used in our study has been shown to modulate the phenotype and 

impair the function of antigen presenting dendritic cells[49].
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