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Abstract

Purpose—To explore the efficacy and define mechanisms of action of co-administration of the

PI3K/mTOR inhibitor BEZ235 and pan-HDAC inhibitor panobinostat in DLBCL cells.

Experimental Design—Various DLBCL cells were exposed to panobinostat and BEZ235 alone

or together after which apoptosis and signaling/survival pathway perturbations were monitored by

flow cytometry and Western blot analysis. Genetic strategies defined the functional significance of

such changes, and xenograft mouse models were used to assess tumor growth and animal survival.

Results—Panobinostat and BEZ235 interacted synergistically in ABC-, GC-, and double-hit

DLBCL cells, and MCL cells, but not normal CD34+ cells. Synergism was associated with

pronounced AKT dephosphorylation, GSK3 dephosphorylation/activation, Mcl-1 downregulation,

Bim up-regulation and increased Bcl-2/Bcl-xL binding, diminished Bax/Bak binding to Bcl-2/Bcl-

xL/Mcl-1, increased γH2A.X phosphorylation and histone H3/H4 acetylation, and abrogation of

p21CIP1 induction. BEZ235/panobinostat lethality was not susceptible to stromal/

microenvironmental forms of resistance. Genetic strategies confirmed significant functional roles

for AKT inactivation, Mcl-1 down-regulation, Bim up-regulation, and Bax/Bak in synergism.

Finally, co-administration of BEZ235 with panobinostat in immunocompromised mice bearing
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SU-DHL4-derived tumors significantly reduced tumor growth in association with similar

signaling changes observed in vitro, and increased animal survival compared to single agents.

Conclusions—BEZ235/panobinostat exhibits potent anti-DLBCL activity, including in poor-

prognosis ABC- and double-hit sub-types, but not in normal CD34+ cells. Synergism is most

likely multi-factorial, involving AKT inactivation/GSK3 activation, Bim up-regulation, Mcl-1

down-regulation, enhanced DNA damage, and is operative in vivo. Combined PI3K/mTOR and

HDAC inhibition warrants further attention in DLBCL.
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INTRODUCTION

Recent evidence indicates that epigenetic changes affecting chromatin remodeling and gene

expression e.g., histone acetylation or methylation, and DNA methylation play critical roles

in tumorigenesis [1]. Genes implicated in these processes are frequently mutated in various

cancers, including non-Hodgkin lymphoma (NHL) [2, 3], providing a rationale for targeting

epigenetic aberrations in cancer therapy. In this context, histone deacetylase inhibitors

(HDACIs) have been used to reverse aberrant epigenetic changes and to restore normal gene

expression programs, culminating in the approval of the HDACIs vorinostat and romidepsin

for cutaneous T-cell lymphoma and peripheral T-cell lymphoma respectively [4, 5].

Moreover, a number of other novel HDACIs, particularly panobinostat (LBH-589), are

currently under evaluation in NHL with promising preliminary results [6, 7] HDACIs exert

anti-tumor activity through multiple mechanisms. In addition to their histone hyper-

acetylation effects, they also modulate activity of various non-histone proteins (e.g., p53,

STAT, Bcl-6, and Hsp90) [8-10], induce reactive oxygen species and ceramide [11], death

receptors [12], and modulate expression of Bcl-2 family members e.g., up-regulation of the

pro-apoptotic Bim through a mechanism involving E2F1 [13].

PI3K/AKT/mTOR is one of the most frequently dysregulated survival signaling pathways in

cancer [14]. In NHL, aberrant activation of this pathway involves diverse mechanisms

including, pTEN loss, decreased expression, or mutation, PI3Kα mutations, PI3Kδ

overexpression/activation, and BCR receptor activation [15-17]. PI3K activation leads to

activation of multiple downstream effectors, among which AKT/mTOR axis plays a critical

role in diverse cell processes, including growth, survival, metabolism, and autophagy [18].

Other important PI3K downstream signaling pathways involve PDK1, GSK3, Mcl-1, Bim,

Bad, and p53, among others [18]. In this regard, we have recently shown in a leukemia

model that PI3K/AKT inhibition leads to Mcl-1 down-regulation which, in conjunction with

Bim, plays critical roles in cell death mediated by regimen incorporating BH3-mimetics [19,

20]. Recently, multiple inhibitors of PI3K/AKT/mTOR pathway have been developed [21],

of which several (e.g., CAL-101, BEZ235, SF1126) are currently undergoing clinical

evaluation in diverse tumor types including NHL [22, 23].

We have previously reported that combined treatment with PI3K/AKT and HDAC inhibitors

exhibits potent anti-leukemic activity [11, 24]. Similar findings were subsequently described
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in diverse solid tumors [25, 26]. However, little is known about whether this approach could

be effective in NHL, particularly in diffuse large B-cell lymphoma (DLBCL), including the

poor prognosis ABC and MYC/Bcl-2 double-hit sub-types, or mantle cell lymphoma. These

considerations, in conjunction with recent evidence indicating frequent mutations in histone

modifying proteins [2, 3], and dysregulation of the PI3K pathway [15-17] in DLBCL

prompted us to investigate whether this strategy would be effective in these diseases and to

elucidate mechanism of anti-tumor actions. Notably, co-administration of clinically

achievable concentrations of the HDACIs panobinostat and the dual PI3K/mTOR inhibitor

BEZ235 [6, 22], interacted synergistically to induce apoptosis, reduce growth and viability,

and circumvent resistance mediated by stromal cells in various NHL cell lines, including the

poor-prognosis ABC and MYC/Bcl-2 double-hit sub-types, while exhibiting little toxicity

toward normal CD34+ cells. Furthermore, in a subcutaneous xenograft mouse model,

combined treatment was well tolerated, and effectively reduced tumor growth and enhanced

animal survival.

METHODS

Cells

Human non-Hodgkin lymphoma SU-DHL4 and SU-DHL16 (DLBCL GC subtype), HBL-1

and TMD8 (DLBCL ABC subtype), OCI-LY18 and CARNAVAL (DLBCL MYC/Bcl-2

double-hit), Jeko-1 (Mantle cells lymphoma) cell lines and genetically modified lines are

described in details in Supplementary Methods. SU-DHL4, SU-DHL16, OCI-LY18,

CARNAVAL, and Jeko-1 cells were authenticated by ATCC (Basic STR Profiling).

Stromal cells

Human bone marrow stromal HS-5 cells were purchased from American Type Culture

Collection (ATCC) and cultured as above. HS-5 conditioned media was prepared by

culturing HS-5 cells to 70% confluence, after which media was removed and replaced with

fresh media. After 24 hr of incubation HS-5-conditionned media was collected and debris

removed by centrifugation. Lymphoma cells were incubated in HS-5-conditioned media for

24 hr before treatment. For co-culture studies, lymphoma cells were incubated with HS-5

cells for 24 hours, then treated for 24 hr, after which non-adherent cells were collected and

subjected to Annexin V/PI assay.

Normal CD34+ cells

Normal bone marrow CD34+ cells were obtained with informed consent from patients

undergoing routine diagnostic procedures for non-myeloid hematopoietic disorders as before

[20]. These studies have been sanctioned by Virginia Commonwealth University

Investigational Review Board.

Reagents

The dual PI3K/mTOR inhibitor BEZ235 and the HDACI panobinostat were provided by

Novartis. Idelalisib (CAL-101) and IPI-145 were purchased from ChemieTeck. The GSK3

inhibitor IX (2′Z,3′E)-6-bromoindirubin-3′-oxime (BIO), its inactive analogue MeBIO, and
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SBHA were purchased from Calbiochem. CHIR-98014 was purchased from Sellek

chemicals.

Assessment of apoptosis

Apoptosis was routinely assessed by Annexin V/PI analysis as previously described [20].

Cell growth and viability

Cell growth and viability were assessed by CellTiter-Glo Luminescent Assay (Promega)

[20].

Clonogenicity

Colony-formation assays were performed in methylcellulose as previously described [27].

Immunoprecipitation and immunoblotting

Immunoprecipitation and immunoblotting were performed as previously described [27].

Primary antibodies used in these studies are described in Supplementary Methods.

Subcellular fractionation

Cytosolic and membrane fractions were separated as previously described [11].

Bax and Bak conformational change

Bax and Bak conformational change was assessed as previously described [27].

In vivo studies

Animal studies were conducted under an approved protocol by the Virginia Commonwealth

University Institutional Animal Care and Use Committee. Female beige nude mice (Charles

River laboratories) were inoculated subcutaneously in the flank with 10 × 106 luciferase-

expressing SU-DHL4 cells. Once tumors became apparent, mice were randomly separated

into 4 groups and treated with 50 mg/kg BEZ235 (intraperitoneally), and 15 mg/kg

panobinostat (by oral gavage) alone or in combination, or vehicle (controls) once daily 5

days per week. Panobinostat was dissolved in D5W at a concentration of 2 mg/mL; BEZ235

was dissolved in NMP 10% (1-methyl-2-pyrrolidone)/PEG300 90%. Tumor volumes were

calculated using the formula (length × width2)/2, and when tumor length reached 1.7 cm,

mice were euthanized. In some cases, mice were monitored for tumor growth using the IVIS

200 imaging system (Xenogen Corporation, Alameda, CA) as previously described [20]. For

tumor analysis, mice were treated twice over a 24-hr interval (at 0 hr and at 18 hr), after

which tumors were excised, lysed, and subjected to Western blot analysis.

Statistical analysis

The significance of differences between experimental conditions was determined using the

Student’s t test for unpaired observations. Survival rates were analyzed by Kaplan–Meyer

and comparisons of survival curves and median survival were analyzed by logrank test.
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RESULTS

AKT activation opposes panobinostat lethality

To determine whether AKT activation status had an impact on the activity of the clinically

relevant HDAC inhibitor panobinostat in DLBCL, stable ectopic expression of constitutively

active AKT (AKT-CA) was performed in SU-DHL16 cell line. Dose response studies

revealed that AKT-CA-expressing cells exhibited significant resistance to panobinostat-

mediated cell death compared to empty vector cells (Fig. 1A). These cells were also less

sensitive to panobinostat-mediated growth inhibition and viability reduction (Fig. 1B).

Similar results were observed in SU-DHL4 cells (Supplementary Fig. 1). Panobinostat

induced dose-dependent dephosphorylation of AKT at both residues threonine 308 and

serine 473 in parental cells, in association with a clear dephosphorylation of the AKT

substrate PRAS40 (Fig. 1C). Notably these effects were attenuated by ectopic expression of

AKT-CA. These findings indicate that PI3K/AKT activation status represents an important

factor determining panobinostat activity in DLBCL and raise the possibility that PI3K/AKT

pathway inhibition might potentiate panobinostat activity in NHL cells.

Co-administration of panobinostat and BEZ235 markedly inhibits cell growth and viability
and induces apoptosis in NHL cells

Effects of combined treatment with panobinostat and the dual PI3K/mTOR inhibitor

BEZ235 were examined in diverse DLBCL subtypes including GC (SU-DHL4, SU-DHL16,

and OCI-LY7) and ABC (HBL-1 and TMD8), MYC/Bcl-2 double-hit (OCI-LY18 and

CARNAVAL) as well as MCL (Jeko-1) cell lines. Notably, combined treatment with very

low, clinically relevant concentrations [6, 22] of panobinostat (7.5-15 nM) and BEZ235

(25-200 nM) resulted in a marked induction of cell death (Fig. 1D) in association with a

sharp decline in cell growth and viability (Fig. 1E) in each cell line tested. In contrast agents

administered individually had only minimal effects. Co-administration of the histone

deacetylase inhibitor SBHA and the PI3Kδ inhibitor CAL-101 or the PI3Kδ/γ inhibitor

IPI-145 also led to enhanced lethality in multiple DLBCL lines, although effects were

somewhat less pronounced than those observed with BEZ235/Panobinostat (Supplementary

Figure 2A). Significantly, median dose effect analysis performed in several cell lines

including SU-DHL4, SU-DHL16, HBL-1, OCI-LY18, and Jeko-1 demonstrated highly

synergistic interactions between BEZ235 and panobinostat (Supplementary Fig.2B-F). Sub-

cellular localization analysis in SU-DHL4 and HBL-1 cells revealed a pronounced release of

cytochrome c and AIF into the cytosol following combined, but not individual, treatment

(Fig. 1F). These effects were associated with pronounced increases in caspase-3 and PARP

cleavage in SU-DHL4, SU-DHL16, Jeko-1, and HBL-1 cells (Fig. 1G). Similar results were

obtained in OCI-LY18 cells (data not shown). In sharp contrast, combined treatment with

BEZ235 and panobinostat only minimally induced apoptosis in or reduced the colony-

forming capacity of normal CD34+ progenitor cells (Figs 2A and 2B respectively).

Together, these findings indicate that co-administration of low concentrations of the HDACI

panobinostat and the dual PI3K/mTOR inhibitor BEZ235 sharply induces cell death in

various NHL cells, including ABC-, GC-, and double-hit DLBCL and MCL cells, but not in

normal CD34+ progenitor cells, raising the possibility of therapeutic selectivity.
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Treatment with BEZ235/panobinostat is associated with a profound increase in histone H3
and H4 acetylation, marked DNA damage induction, and abrogation of p21CIP1

upregulation in DLBCL cells

As a primary action of panobinostat, like other HDACIs, is to increase acetylation of

histones and other proteins, we sought to determine whether this effect might be potentiated

by PI3K inhibition. As shown in Figure 2C and Supplementary Fig. 3, combined treatment

with panobinostat and BEZ235 resulted in a pronounced increase in acetylation of histones

H3 and H4 in SU-DHL4, SU-DHL16, HBL-1, OCI-LY18, as well as OCI-LY7 cells.

Similarly, a marked induction of γH2A.X phosphorylation, an indicator of DNA double-

strand breaks [28], was observed with combined treatment (Fig. 2C and Supplementary Fig.

3). Notably, agents administered individually had only minor effects. In studies involving

human leukemia cells [24], PI3K/AKT inhibition abrogated HDACI-mediated p21CIP1/WAF1

up-regulation, which we and others have shown to promote cell death [24, 29, 30].

Interestingly, BEZ235 completely abrogated panobinostat-induced p21CIP1 up-regulation in

various lymphoma cell lines, including SU-DHL4, SU-DHL16, HBL-1, and OCI-LY18

(Fig. 2C and Supplementary Fig. 3). These findings were associated with a pronounced de-

phosphorylation of AKT by BEZ235, particularly when combined with panobinostat,

whereas AKT protein levels were largely unaffected. Of note, panobinostat also induced a

modest but discernible reduction in AKT phosphorylation without affecting AKT protein

levels. Together, these findings indicate that combined HDAC and PI3K/mTOR inhibition

triggers enhanced histone acetylation, DNA damage, and abrogation of p21CIP1 induction in

diverse DLBCL cells.

BEZ235/panobinostat lethality involves Mcl-1 down-regulation

Consistent with previous reports by our and other groups involving other tumor types [20,

27, 31], BEZ235 significantly reduced Mcl-1 protein levels in SU-DHL4, HBL-1, and OCI-

LY18, effects that persisted following combined treatment (Fig. 3A). Identical results were

obtained in SU-DHL16 cells (Supplementary Fig. 4A). Combined treatment also induced

modest but discernible increases in Bim protein levels. In contrast, no major changes in

expression of other anti-apoptotic family members (e.g., Bcl-2 or Bcl-xL) or the pro-

apoptotic proteins Bax or Bak, were observed (Fig. 3A). However, robust changes in Bax

and Bak conformation were observed with combined treatment, whereas individual agents

had minimal effects (Fig. 3B). To test whether Mcl-1 down-regulation plays a functional

role in BEZ235/panobinostat-mediated lethality, studies employing siRNA against Mcl-1

were performed. Down-regulation of Mcl-1 with siRNA significantly increased sensitivity to

panobinostat in SU-DHL4 and in SU-DHL16 (Fig 3C) arguing that Mcl-1 down-regulation

plays a functional role in BEZ235/panobinostat-mediated cell death.

Bim, Bax, and Bak play important functional roles in BEZ235/panobinostat-mediated anti-
DLBCL activity

To determine whether Bim plays a functional role in BEZ235/panobinostat-mediated

lethality, transduction of SU-DHL4 and SU-DHL16 with lentiviruses carrying a shRNA

construct against Bim was performed. As shown in Supplementary Figures 4B-C, dose-

response studies revealed that Bim knockdown rendered cells significantly more resistant to
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either BEZ235 or panobinostat. Notably, Bim knockdown also rendered cells significantly

less susceptible to the lethal action of BEZ235/panobinostat co-administration (Fig. 3D and

Supplementary Fig. 4D). These effects were associated with pronounced diminution in

caspase-3 and PARP cleavage (Supplementary Fig. 4E). Parallel studies involving

immunoprecipitation analysis revealed that exposure to BEZ235 alone, or in combination

with panobinostat, markedly increased Bim binding to Bcl-2 and Bcl-xL, an effect that

correlates with significant reductions in Bak binding to all major anti-apoptotic bcl-2

members (e.g., Mcl-1, Bcl-2, and Bcl-xL) as well as a decrease in Bax binding to Mcl-1 and

Bcl-2 (Supplementary Figure 5). Of note, reductions in Bak or Bax binding to Mcl-1/Bcl-2/

Bcl-xL were also observed with panobinostat or BEZ235 alone.

To examine whether Bax and Bak play a functional role in BEZ235/panobinostat anti-

DLBCL activity, stable knockdown experiments using shRNA against Bax or Bak were

conducted. Dose-response studies revealed that knockdown of Bax or Bak rendered cells

significantly more resistant to either BEZ235 or panobinostat (Supplementary Figures 6A-

D). In addition, these cells were significantly less susceptible to BEZ235/panobinostat

lethality compared to the control cells (Fig. 3E). Together, these findings demonstrate that

co-administration of BEZ235 and panobinostat leads to increased binding of Bim to Bcl-2

and Bcl-xL, accompanied by release of Bak and Bax from the major neutralizing molecules

Bcl-2, Bcl-xL. They also indicate that perturbations in Mcl-1, Bim, Bax and Bak play

functional roles in BEZ235/panobinostat anti-DLBCL activity.

AKT and GSK3 contribute functionally to the anti-DLBCL activity of the BEZ235/
panobinostat regimen

To assess the role of AKT inactivation in BEZ235/panobinostat lethality, AKT-CA-

expressing SU-DHL16 cells were employed. Notably, AKT-CA-expressing cells displayed

significant resistance to BEZ235/panobinostat lethality, reflected by decreased caspase-3

and PARP cleavage (Fig. 4A), diminished Annexin V/PI positivity (Fig. 4B), and marked

reduction in the decline in cell growth and viability (Fig. 4C). Significantly, ectopic

expression of AKT-CA also markedly decreased γH2A.X phosphorylation mediated by

BEZ235/panobinostat (Fig. 4A), suggesting that AKT inactivation is required for BEZ235/

panobinostat-induced DNA damage.

In view of the important role that GSK3 plays in AKT signaling, additional studies were

conducted to determine whether this kinase plays a role in cell death mediated by co-

exposure to BEZ235 and panobinostat. Western blot analysis revealed that exposure to

BEZ235, alone as in combination, led to diminished GSK3 phosphorylation at inhibitory

serine 9/21 sites in multiple cell lines including SU-DHL4, SU-DHL16, HBL-1, and OCI-

LY18 (Fig. 4D). This was accompanied by a significant decline in β-catenin protein levels, a

well-established GSK3 substrate, indicating GSK3 activation. In fact, phosphorylation of β-

Catenin by GSK3 leads to its ubiquitination and proteasomal degradation. Of note

panobinostat alone also triggered a decrease in GSK3 phosphorylation in SU-DHL4 and SU-

DHL16, but not in HBL-1 or OCI-LY18 cells. Notably, c-Myc, another GSK3 target which

we and others have shown to be down-regulated by BEZ235 or panobinostat [19, 32], was

also markedly down-regulated by these agents alone as well as together (Fig. 4D).
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Additional studies revealed that pretreatment with the GSK3α/β inhibitors BIO or

CHIR-98014 diminished the inhibitory effects of BEZ235/panobinostat on cell growth and

viability (Fig. 4E). In contrast, the Bio inactive analogue MeBIO had no effect on BEZ235/

panobinostat activities. These findings argue that GSK3 activation contributes functionally

to the anti-DLBCL activity of the BEZ235/panobinostat regimen.

BEZ235/panobinostat circumvents environmental forms of resistance mediated by stromal
cells

Stromal cells have been increasingly associated with lymphomagenesis and resistance to

chemotherapy [33-35]. To test whether stromal cells confer resistance to BEZ235/

panobinostat in SU-DHL4, HBL-1, or OCI-LY18, studies were performed in the presence of

human bone marrow stromal cell HS-5-conditioned media. Notably, the BEZ235/

panobinostat regimen was equally effective in inducing caspase-3 and PARP cleavage,

increasing γ-H2A.X phosphorylation (Fig. 5A), promoting cell death (Fig. 5B) and reducing

growth and viability (Supplementary Fig. 7A) in HS-5-conditioned media compared to

regular media. In contrast, cell susceptibility to doxorubicin was significantly attenuated in

the presence of HS-5-conditioned media (Supplementary Fig. 7B). Co-culture with HS-5

cells also failed to protect SU-DHL4 or OCI-LY18 cells from BEZ235/panobinostat

lethality (Fig. 5C). Notably, Western blot analysis revealed a discernible increase in Mcl-1

and decrease in Bim protein levels in cells cultured in the presence of HS-5-conditioned

media compared to controls (Fig. 5D). However, treatment with BEZ235 or BEZ235/

panobinostat abrogated AKT phosphorylation and p21CIP1 induction, attenuated GSK3

phosphorylation, down-regulated Mcl-1, up-regulated Bim, and increased H3 and H4

acetylation in the presence of HS-5-conditionned media, similar to effects in regular media

(Fig. 5D).

Co-administration of BEZ235 and panobinostat significantly inhibits, tumor growth, and
prolongs survival in an in vivo lymphoma xenograft model

To determine whether inhibition of PI3K/mTOR enhances panobinostat lethality in vivo, a

subcutaneous xenograft mouse model employing SU-DHL4 cells was employed.

Interestingly, combined treatment with panobinostat and BEZ235 significantly reduced

tumor growth. In contrast, individual agents had only modest effects (Figs. 6A-B).

Furthermore, Western blot analysis performed on tumor tissue excised from animals treated

twice over a 24 hr interval revealed identical results to those observed in vitro. Specifically,

combined treatment led to a pronounced increase in Bim protein level, histone H3 and H4

acetylation, and γH2A.X phosphorylation, as well as a decrease in AKT phosphorylation

(Fig. 6C). Consistent with tumor growth inhibition, Kaplan-Meier analysis (Fig. 6D)

revealed that combined treatment significantly prolonged mouse survival compared to either

agent alone (P = 0.001, and P = 0.0386 for combined treatment vs panobinostat or BEZ235

respectively; logrank test). Of note, while BEZ235 led to a modest prolongation in survival,

panobinostat was ineffective in this regard. Significantly, combined treatment, like the

agents alone, did not induce major changes in mouse weights (e.g., > 10%; Supplementary

Fig. 8). Together, these findings indicate that combined treatment with BEZ235 and

panobinostat significantly inhibits tumor growth in vivo and prolongs survival of mice

bearing lymphoma xenografts.
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DISCUSSION

Components of the PI3K/AKT/mTOR pathway as well as chromatin modifier-related

proteins are frequently mutated in various cancer types, particularly those of lymphoid

origin [2, 3, 15, 16]. Such considerations provided a strong rational for targeting these

protein classes in cancer. In fact, preclinical and clinical studies have demonstrated

promising activity of PI3K inhibitors such as BEZ235 or HDACis such as panobinostat in

diverse tumor types including those of lymphoid origin [6, 7, 21]. We previously reported

that non-clinically relevant PI3K inhibitors (e.g. LY294002) interacted synergistically with

HDACIs in myeloid leukemia cells [11, 24], and subsequent studies demonstrated analogous

interactions in epithelial tumor cells [25, 26]. The present report demonstrates that DLBCL

cells may be particularly vulnerable to this strategy.

The findings that ectopic expression of constitutively active AKT renders lymphoma cells

resistant to panobinostat lethality indicate that PI3K/AKT pathway activation status plays a

critical role in determining panobinostat activity, and suggest that PI3K/AKT inhibition

might potentiate panobinostat toxicity in lymphoma cells. Indeed, co-administration of very

low (nanomolar) concentrations of panobinostat and the dual PI3K/mTOR inhibitor BEZ235

synergistically induced apoptosis in diverse DLBCL cell lines including both GC-, ABC-,

poor prognosis MYC/Bcl-2 double-hit DLBCL, as well as mantle cell lymphoma cells but

not in normal hematopoietic CD34+ cells, highlighting the potential for therapeutic

selectivity. This selectivity may reflect the frequent addiction of DLBCL cells to PI3K/AKT

activation [36] and the well-established preferential toxicity of HDACIs toward malignant vs

normal cells [12, 37, 38]. Importantly, the BEZ235 and panobinostat concentrations

employed were well below clinically achievable maximum plasma concentration (C-max;

[6, 22]). It should be noted that we did not observe a clear correlation between AKT

phosphorylation level and panobinostat sensitivity in multiple lymphoma cell lines (data not

shown). These findings could reflect the fact that AKT phosphorylation is not the sole

determinant of lymphoma cell responsiveness to panobinostat, and/or the possibility that

high basal AKT activation may reflect enhanced reliance on this pathway for survival.

Recently, it has become apparent that Mcl-1 plays a critical role in the survival of many

tumor cell types, including malignant hematopoietic cells [20]. Significantly, and consistent

with recent studies in acute myeloid leukemia [20], BEZ235 effectively decreased Mcl-1

protein level in DLBCL cells, arguing for a functional role for Mcl-1 downregulation in

BEZ235/panobinostat lethality in DLBCL. However, it is important to note that despite

down-regulating Mcl-1, BEZ235 alone was not a potent inducer of cell death at the

concentrations employed. Nevertheless, the finding that Mcl-1 knock-down significantly

enhanced panobinostat lethality suggest that Mcl-1 down-regulation cooperates with other

panobinostat actions to trigger cell death. It is also likely that other Mcl-1-independent

BEZ235 actions contribute to synergistic interactions with panobinostat. For example, PI3K

inhibition induces activation of FOXO3, a transcription factor that generally plays a pro-

apoptotic role [18]. While the mechanism by which BEZ235/panobinostat exerts its anti-

lymphoma activities is likely to be multi-factorial, the present observations support a model

in which BEZ235/panobinostat down-regulates Mcl-1, increases Bim protein levels and

binding to Bcl-2 and Bcl-xL, leading to Bax and Bak release from these anti-apoptotic
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proteins and promotion of cell death. This notion is supported by the marked changes in Bax

and Bak conformation/activation and the ability of Bim, Bax, or Bak knock-down to render

cells resistant to BEZ235/panobinostat lethality.

Previous studies have shown that HDACIs, among numerous actions, can inactivate the

AKT pathway [39]. While panobinostat also decreased AKT phosphorylation in DLBCL

cells in a dose-dependent manner, these effects were modest at low concentrations, and may

not have been sufficient to lower the apoptotic threshold for other panobinostat actions. It is

also possible that other PI3K/mTOR-dependent AKT-independent effects of BEZ235

contributed to increased panobinostat-mediated lethality. Other potential downstream PI3K

targets that may contribute to BEZ235/panobinostat interactions include PDK1, which

promotes cell survival in an AKT-dependent as well as an AKT-independent manner [40].

In addition, one of the mechanisms by which AKT increases cell survival is by

phosphorylating the serine/threonine protein kinase GSK3 at serine 9/21, an event that leads

to its cytoplasmic sequestration and inhibition [41]. The observations that GSK3 was

dephosphorylated in cells treated with BEZ235/panobinostat along with down-regulation of

the GSK3 downstream target β-Catenin and c-Myc proteins level indicate GSK3

inactivation. Moreover the findings that GSK3 inhibitors BIO or CHIR-98014 significantly

diminished BEZ235/panobinostat lethality argue for a functional role for GSK3 in cell death

mediated by this regimen. GSK3 pro-apoptotic activity involves multiple mechanisms,

including perturbations in Mcl-1, Bim, FOXO3, β-catenin, c-Myc, and Cyclin D1 among

others [42, 43]. However, the mechanism(s) involved in the present studies remains to be

determined.

Induction of DNA damage and inhibition of DNA repair have been implicated in the anti-

tumor activity of both HDACs as well as PI3K inhibitors [28, 37, 44]. The observation that

co-treatment with BEZ235/panobinostat led to a sharp increase in γ-H2A.X

phosphorylation, and the early onset of this phenomenon (4-8 hr) i.e., before significant cell

death was observed, suggest that DNA damage contributed to combined treatment toxicity.

Moreover, in view of the role of p21CIP1 in the DNA damage response [45], abrogation of

panobinostat-mediated p21CIP1 induction by BEZ235 may have enhanced DNA damage and

ultimately potentiated cell death. Indeed, studies by our group and others groups have shown

that p21CIP1 plays an anti-apoptotic role in malignant cells exposed to HDACIs [24, 29, 30].

The mechanism by which PI3K inhibitors diminish p21CIP1 protein levels is unclear;

however Rössig L et al [46] have shown that GSK3 phosphorylates the p21CIP1 protein at

threonine 57, leading to its destabilization. Whether GSK3 activation by BEZ235 was

responsible for p21CIP1 abrogation in lymphoma cells remains to be determined.

Another notable observation was the pronounced increase in H3 and H4 acetylation, which

may reflect combined inhibition of histone deacetylation (by panobinostat) and increased

histone acetylation by histone acetyl transferase CBP (by BEZ235). In this regard, Liu et al

have shown that AKT inhibits CBP activity [47]. It is recognized that the mechanism and

the functional significance of this finding are uncertain, and efforts to address these issues

are underway.
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Microenvironmental factors e.g., stroma mediate resistance to chemotherapy in multiple

systems, including lymphoid malignancies [33-35]. Significantly, the ability of BEZ235/

panobinostat to kill DLBCL cells in the presence of HS-5 cells or HS-5-conditioned media

argues that this regimen can circumvent certain forms of microenvironmental resistance.

Stromal factor-related resistance has been attributed to diverse mechanisms including, AKT

activation, Bim down-regulation, and Mcl-1 up-regulation, among others[48]. Significantly,

HS-5-conditioned media did not reverse BEZ235/panobinostat-mediated AKT inactivation

or Mcl-1 down-regulation, although Mcl-1 protein levels in non-treated cells were slightly

higher in the presence of HS-5-conditioned media compared to regular media. Notably, Bim

was down-regulated in the presence of HS-5-conditioned media, in agreement with previous

studies [48]. However, exposure to BEZ235 alone or in combination, restored Bim protein

levels similar to those observed in cells cultured in regular media, suggesting that this action

may have contributed to restoration of sensitivity.

Finally, in vivo studies employing a murine xenograft model demonstrated that co-

administration of BEZ235 and panobinostat exhibited potent anti-DLBCL activity.

Specifically, BEZ235/panobinostat, administered at well-tolerated doses, significantly

inhibited tumor growth and enhanced murine survival. Notably, several of the changes

observed in vitro e.g., AKT dephosphorylation/inactivation, Mcl-1 down-regulation, Bim

upregulation, enhanced histone H3 and H4 acetylation and γ-H2A.X phosphorylation were

recapitulated in tumor tissues following in vivo drug treatment, suggesting that similar

mechanisms of anti-tumor efficacy may be operative in intact animals. Such findings raise

the possibility that these changes might serve as pharmacodynamic response determinants in

future trials.

In summary, the present studies indicate that the BEZ235/panobinostat regimen effectively

induces cell death in various DLBCL lines, including poor-prognosis sub-types (e.g., ABC-

and double-hit DLBCL). Importantly, it is also active in the presence of a protective

microenvironment conferred by bone marrow-derived HS-5 stromal cells, and in the in vivo

setting. The present findings also suggest that underlying mechanisms are likely to be multi-

factorial e.g., down-regulation of Mcl-1, up-regulation of Bim, increased binding of Bim to

Bcl-2 and Bcl-xL, and activation of GSK3. Of note, Mcl-1 and Bim may also play important

roles in determining lymphoma cell sensitivity to chemotherapeutic agents e.g., doxorubicin

or dexamethasone [49, 50]. In conjunction with evidence implicating aberrations in histone

acetylation and the PI3K pathway in lymphoma [2, 3, 15, 16], these findings raise the

possibility that combining PI3K/AKT/mTOR inhibitors such as BEZ235 and HDACIs like

panobinostat may represent a novel and effective strategy against various NHL subtypes

including poor prognosis ABC-DLBCL, MYC/Bcl-2 double-hit, as well as MCL, and

possibly other hematologic malignancies. Accordingly, plans to test this concept are

currently underway.
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Refer to Web version on PubMed Central for supplementary material.
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TRANSLATIONAL RELEVANCE

Despite recent advances in the treatment of non-Hodgkin’s lymphoma (NHL), certain

subtypes e.g., diffuse large B-cell lymphoma (DLBCL)-ABC sub-type and double-hit

DLBCL continue to exhibit poor prognoses. The present studies demonstrate that

combined treatment with the dual PI3K/mTOR inhibitor BEZ235 and the histone

deacetylase inhibitor panobinostat exhibits potent preclinical activity both in vitro and in

vivo in DLBCL, including subtypes associated with poor outcomes such as ABC-DLBCL

and double-hit DLBCL with overexpression of Bcl-2 and c-MYC. This strategy was also

highly effective in other NHL lymphoma sub-types. Significantly, interactions were

observed at extremely low drug concentrations substantially lower than clinically

achievable maximum plasma levels, highlighting the therapeutic potential of this

approach. The present studies also provide a molecular framework for identifying

pharmacodynamic markers of patient responses.
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Fig. 1. Disruption of PI3K/AKT/mTOR pathway markedly potentiates panobinostat lethality in
various NH lymphoma cell lines
(A-C) SU-DHL16 cells ectopically expressing a constitutively active AKT construct (A,

inset) were exposed to increasing panobinostat concentrations for 24 hr, after which the

extent of cell death was assessed using Annexin V/PI staining assay (A) and cell growth and

viability were evaluated using a CellTiter-Glo Luminescent assay (B). Alternatively,

Western blot analysis was performed following 4 hr treatment (C). (D-E) Cells were

exposed to BEZ235 (25 nM for SU-DHL16 and 200 nM for the remaining cell lines) and

panobinostat (7.5 nM for SU-DHL16; 10 nM for HBL-1, TMD8, OCI-LY18, CARNAVAL;

and Jeko-1; and 15 nM for SU-DHL4, and OCI-LY7) alone or together for 24 hr for all cell

lines with the exception of CARNAVAL cells (48 hr), after which cell death or cell growth

and viability were assessed as in (A-B). (F-G) Western blot analysis on cytosolic fractions

(F) or whole cell lysates (G) in various NHL cell lines following 24 hr treatment with

BEZ235 and panobinostat as in D. For A, B, D, E, error bars = S.D for 3 independent

experiments; * P < 0.02. C-PARP = cleaved PARP.
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Fig. 2. Treatment with BEZ235/panobinostat is not toxic to normal human CD34+ cells, and is
associated with a marked increase in histone H3 and H4 acetylation, induction of DNA damage,
and abrogation of p21CIP1 induction
Annexin V/PI analysis at 24 hr (A), or colony formation assay (B) on normal human CD34+

cells. C) Western blot analysis following 4-8 hr cell exposure to BEZ235 ± panobinostat.
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Fig. 3. BEZ235/panobinostat lethality involves Mcl-1 down-regulation, and perturbations in
Bim, Bax, and Bak
(A) Western blot analysis on cells treated for 8 hr with BEZ235 (200 nM) ± panobinostat

(10 nM for HBL-1 and OCI-LY18; 15 nM for SU-DHL4). (B) Bax and Bak conformational

changes in SU-DHL4 cells following 16 hr treatment as in A. C) cell growth and viability in

SU-DHL4 and SU-DHL16 transiently transfected with siRNA against Mcl-1 (si-Mcl-1), or

non-silencing siRNA (si-NS), and exposed to panobinostat for 16 hr. Error Bars: S.D of 3

independent experiments; * P < 0.05. D) SU-DHL4 and SU-DHL16 cells in which Bim was

knocked down using lentiviral particles carrying shRNA constructs against Bim or non-

silencing shRNA (sh-NS) were exposed to BEZ235 (200 nM for SUDHL4 and 25 nM for

SU-DHL16) ± panobinostat (15 nM for SU-DHL4 and 7.5 nM for SU-DHL16) for 24 hr

after which the extent of cell death was determined using Annexin V/PI assay. Error Bars:

S.D of 3 separate experiments; * P < 0.01 for SU-DHL16 and P < 0.02 for SU-DHL4. E)

Annexin V/PI assay in SU-DHL4 cells stably transfected with shRNA constructs against

Bax (shBax), Bak (shBak), or non-silencing shRNA (sh-NS) following 24 hr treatment with
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200 nM BEZ235 ± 15 nM panobinostat. Inset: Western blot on non-treated cells. Each

sample was run twice. Error Bars: S.D of 3 separate experiments; * P < 0.05.
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Fig. 4. Ectopic expression of constitutively active AKT or inhibition of GSK3 diminishes
BEZ235/panobinostat lethality
A) Western blot on constitutively active Myc-tagged AKT-expressing SU-DHL16 cells

following 24 hr exposure to 25 nM BEZ235 ± 7.5 nM panobinostat. Alternatively, the extent

of cell death (B) or cell growth and viability (C) were assessed at 24 hr as in Fig. 1A-B.

Error Bars: S.D of 3 independent experiments; * P < 0.02. D) SU-DHL4, SU-DHL16,

HBL-1, and OCI-LY18 cells were treated with BEZ235 (200 nM for SU-DHL4, HBL-1, and

OCI-LY18; 25 nM for SU-DHL16) ± panobinostat (7.5 nM for SU-DHL16; 10 nM for

HBL-1, and OCI-LY18; 15 nM for SU-DHL4) for 8 hr, then cells were lysed and Western

blot performed using the indicated antibodies. E) SU-DHL4 and HBL-1 cells were exposed

to combined treatment with BEZ235 and panobinostat as in (D) in the presence or the

absence of BIO, MeBIO, or CHIR-98014 (2 μM each). Twenty-four hr after treatment, cell

growth and viability were assessed using CellTiter-Glo Luminescent assay. * = significantly

greater than values obtained in the absence of BIO or CHIR-98014 (P < 0.05).
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Fig. 5. BEZ235/panobinostat treatment is effective in the presence of a protective stromal
microenvironment
A) SU-DHL4 cells were treated with 200 nM BEZ235 ± 15 nM panobinostat in the presence

of HS-5-conditioned media (HS-5 CM) or regular media (RM) for 24 hr after which cells

were lysed and subjected to Western blot analysis. B) Annexin V/PI assays in SU-DHL4,

HBL-1, and OCI-LY18 cells following 24 hr treatment with BEZ235 (200 nM) ±

panobinostat (10 nM for HBL-1 and OCI-LY18; 15 nM for SU-DHL4). C) SU-DHL4 and

OCI-LY18 cells were co-cultured with HS-5 cells for 3 hr, and then exposed to BEZ235 ±

panobinostat for 24 hr as in (B) after which cells were photographed using an Olympus

microscope. D) Western blot analysis of SU-DHL4 cells treated as in (A) for 8 hr.
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Fig. 6. BEZ235/panobinostat significantly inhibits tumor growth and prolongs survival in a
xenograft mouse model
Tumor growth in beige nude mice (7 mice/condition) bearing luciferase-expressing SU-

DHL4-derived tumors treated 5 days a week with BEZ235 (50 mg/kg) and panobinostat (15

mg/kg) alone or in combination. Mice were also imaged prior to and 3 weeks after treatment

using an IVIS 200 imager (B). C) Xenograft-bearing mice were treated as in (A) twice over

a 24 h interval after which tumors were excised, lysed, and subjected to Western blot

analysis. D) Kaplan-Meyer plot involving 7 mice/condition treated as in (A). The median

survival was prolonged from 34 to 51 days for mice exposed to the combined treatment. The

survival curves differed significantly between combined treatment and other treatments (P =
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0.001 for BEZ235/panobinostat vs panobinostat; P = 0.0386 for BEZ235/panobinostat vs

BEZ235; logrank test).
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