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Summary
Interactions between the Bruton tyrosine kinase (BTK) inhibitor PCI-32765 and the proteasome
inhibitor (bortezomib) were examined in diffuse large-B cell lymphoma (DLBCL) and mantle cell
lymphoma (MCL) cells, including those highly resistant to bortezomib. Co-administration of
PCI-32765/bortezomib synergistically increased mitochondrial injury and apoptosis in germinal
centre- or activated B-cell-like-DLBCL cells and in MCL cells. These events were accompanied
by marked AKT and nuclear factor (NF)-κB (NFKB1) inactivation, down-regulation of Mcl-1
(MCL1), Bcl-xL (BCL2L1), and XIAP, and enhanced DNA damage (e.g., γH2A.X formation)
and endoplasmic reticulum (ER) stress. Similar interactions were observed in highly bortezomib-
resistant DLBCL and MCL cells, and in primary DLBCL cells. In contrast, PCI-32765/bortezomib
regimens displayed minimal toxicity toward normal CD34+ bone marrow cells. Transfection of
DLBCL cells with a constitutively active AKT construct attenuated AKT inactivation and
significantly diminished cell death, whereas expression of an NF-κB “super-repressor”
(IκBαser34/36) increased both PCI-32765 and bortezomib lethality. Moreover, cells in which the
ER stress response was disabled by a dominant-negative eIF2α construct were resistant to this
regimen. Finally, combined exposure to PCI-32765 and bortezomib resulted in more pronounced
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and sustained reactive oxygen species (ROS) generation, and ROS scavengers significantly
diminished lethality. Given promising early clinical results for PCI-32765 in DLBCL and MCL, a
strategy combining BTK/ proteasome inhibitor warrants attention in these malignancies.
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INTRODUCTION
The Bruton tyrosine kinase (BTK) is a member of the TEC family of tyrosine kinases and is
involved in B-cell antigen receptor (BCR) signalling (Hussain et al, 2011). Chronic BTK
activation has been implicated in the pathogenesis of certain B-cell malignancies (Davis et
al, 2010). BCR activation leads to BTK plasma membrane translocation, phosphorylation at
Y551 by members of the Src family kinases (e.g., BLK, LYN, FYN, and SYK), and
autophosphorylation at Y223 (Rawlings et al, 1996). BTK induction then triggers activation
of phospholipase C and Ca+2 mobilization, leading in turn to downstream events (e.g.,
proliferation, differentiation) mediated through multiple transcription factors (e.g, nuclear
factor [NF]-κB (NFKB1], NF-AT) and survival signalling cascades e.g., Ras/Raf/MEK/
ERK and PI3K/AKT (Mohamed et al, 2009).

PCI-32765 (Ibrutinib) is a selective and irreversible BTK inhibitor that binds covalently to a
Cys481 residue with the BTK active site, preventing Tyr223 phosphorylation required for
activation (Honigberg et al, 2010). Preclinical studies in chronic lymphocytic leukaemia
(CLL) demonstrated inhibition of proliferation and/or induction of cell death by PCI-32765,
associated with interruption of three signalling pathways critical for malignant B cell
survival (Lopez-Guerra & Colomer, 2010;Wickremasinghe et al, 2011;Castillo et al, 2012)
e.g. NF-κB, ERK1/2, and AKT (Herman et al, 2011). Importantly, PCI-32765 has shown
significant activity in refractory/relapsed CLL/small lymphocytic leukaemia (SLL) (O’Brien
et al, 2011; Harrison, 2012).

Diffuse large-B-cell lymphoma (DLBCL), an aggressive form of non-Hodgkin lymphoma
(NHL), has been divided into three groups based upon gene profiling patterns: germinal-
centre B-cell-like DLBCL (GC-DLBCL), activated B-cell-like DLBCL (ABC-DLBCL) and
mediastinal or unclassified type (Staudt & Dave, 2005). These sub-categories exhibit distinct
differences in survival, chemo-responsiveness, and NF-κB status (Bea et al, 2005). For
example, ABC-DLBCL is associated with activation of and dependence upon NF-κB
regulatory genes (e.g., TNFAIP3, CARD11) (Compagno et al, 2009), and has a significantly
worse prognosis than other sub-types (Bea et al, 2005). Mantle cell lymphoma (MCL) is
associated with short disease-free and overall survivals characteristic of aggressive
lymphomas (Williams et al, 2011). Recently, BTK has been shown to be critical for BCR
signalling and survival of ABC-DLBCL cells expressing wild-type CARD11, an NF-κB
adaptor protein, but not for cells with mutant CARD11 or GC-DLBCL (Davis et al, 2010).
Furthermore, ibrutinib displays significant preclinical activity against ABC-DLBCL cells in
vitro and in vivo (Balbasubramanian et al, 2011), and encouraging activity in relapsed/
refractory ABC-DLBCL (Harrison, 2012;Staudt et al, 2011). Initial phase II trials results in
patients with relapsed/refractory disease also appear promising (Wang et al, 2011).

The ubiquitin-proteasome system degrades diverse intracellular proteins, and plays an
important role in responses to cellular stresses (oxidative injury and DNA damage),
maintenance of the balance between pro- and anti-apoptotic proteins, and signal transduction
regulation (Bedford et al, 2011). The boronic anhydride, bortezomib, a reversible
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proteasome inhibitor, was the first to enter the clinic (Adams et al, 1999), and was approved
for refractory multiple myeloma (Richardson et al, 2006). Bortezomib preferentially targets
malignant cells and circumvents Bcl-2 (BCL2)-related resistance (An et al, 1998).
Mechanisms of proteasome inhibitor lethality include accumulation of misfolded proteins
and endoplasmic reticulum (ER) stress induction, oxidative injury, inhibition of NF-κB (by
accumulation of IκBα), up-regulation of pro-apoptotic proteins (e.g., Bim [BCL2L11]), p53
(TP53) and JNK (MAPK8) stabilization, and interference with DNA repair (Nencioni et al,
2007). While PIs classically inhibit NF-κB, recent evidence indicates up-regulation in some
cell types (Hideshima et al, 2009), including DLBCL, due to autophagic IκBα degradation
(Jia et al, 2012). Bortezomib was approved for refractory MCL (Fisher et al, 2006); in
contrast, it has limited single-agent activity in relapsed DLBCL (Goy et al, 2005). However,
bortezomib significantly improved survival was observed in ABC-DLBCL (but not GC-)
patients receiving dose-adjusted EPOCH (etoposide, doxorubicin, vincristine, prednisone,
cyclophosphamide) (Dunleavy et al, 2009).

Several considerations support a strategy combining ibrutinib with proteasome inhibitors in
NHL. First, in malignant B-cells, ibrutinib interrupts three pathways (e.g., NF-κB, AKT, and
ERK1/2) (Herman et al, 2011) important for NHL cell survival (Lopez-Guerra & Colomer,
2010;Wickremasinghe et al, 2011;Castillo et al, 2012). Second, interruption of each of these
pathways potentiates proteasome inhibitor lethality in malignant cells (Dai et al,
2003;Orlowski et al, 2002;Ikeda et al, 2010;Yeramian et al, 2012;Dasmahapatra et al,
2010;Dasmahapatra et al, 2012;Dasmahapatra et al, 2011). The present results demonstrate
synergistic interactions between ibrutinib and bortezomib in bortezomib-sensitive or -
resistant DLBCL and MCL cells, and support further pursuit of this strategy.

METHODS
Cells

SUDHL16, SUDHL6, SUDHL4 (all GC-subtype), OCI-LY10 (ABC-subtype) and
Granta519, Rec-1 (both mantle cell) were obtained as described (Dasmahapatra et al,
2010;Dasmahapatra et al, 2011). Bortezomib-resistant SUDHL6-25BR (GC-DLBCL), OCI-
LY10-40BR (ABC-DLBCL), Granta-25BR (haem) lines were generated as previously
described (Dasmahapatra et al, 2010;Dasmahapatra et al, 2011). Cells ectopically expressing
constitutively activated AKT were generated by transfecting pUSE-myr-AKT1 cDNA
(Upstate Biotechnology, Lake Placid, NY) into SUDHL16 cells by electroporation as
previously described (Dasmahapatra et al, 2012). Stable clones were selected by serial
dilution using antibiotics. SUDHL16 cells were stably transfected with Ser32/Ser36-mutated
IκBα cDNA (IκBα-SR) or an empty vector (pcDNA3.1) as described earlier (Dai et al,
2005). Stable clones expressing eIF2α–DN in SUDHL16 cells were generated using
standard techniques as previously described (Rahmani et al, 2007;Dasmahapatra et al,
2009). All experiments were performed with logarithmically growing cells (e.g., 4.0 - 5.0 ×
105 cells/ml). Mycoplasma tests were uniformly negative (MycoAlert Mycoplasma
Detection Kit, Lonza, Inc., Rockland, ME, USA).

Reagents
Bortezomib (Velcade®) was provided by Millennium Pharmaceuticals (Cambridge, MA,
USA). PCI-32765 was purchased from ChemieTek Inc. (Indianapolis, IN, USA). 7-
Aminoactinomycin D (7-AAD), AKTi (inhibitor VIII) were purchased from Calbiochem,
(Millipore, Billerica, MA, USA), Perifosine was provided by the National Cancer Institute
Cancer Therapy Evaluation Program (Rockville, MD, USA). All agents were formulated in
dimethyl sulfoxide (DMSO).
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Experimental Format
Cells were cultured as previously described (Dasmahapatra et al, 2010). Cells were treated
with desired drugs and prepared for analysis as described below.

Assessment of cell death and apoptosis
Cell viability was monitored by flow cytometry using 7-AAD staining as previously
described (Dasmahapatra et al, 2010). Alternatively, Annexin V/propidium iodide (PI)
staining (both BD PharMingen, San Diego, CA, USA) was employed to monitor early
(Annexin V+) or late (Annexin V+, PI+) apoptosis. In all studies, results of 7-AAD and
Annexin V/PI assays were concordant.

Isolation of primary DLBCL mononuclear cells and CD34+ cells
These studies have been approved by the Investigational Review Board of Virginia
Commonwealth University. Primary DLBCL mononuclear cells (96% purity) were isolated
by standard Ficoll-Hypaque separation; normal CD34+ cells were isolated using an
immunomagnetic bead separation technique, both as previously described (Dasmahapatra et
al, 2010).

Western blot Analysis
Western blot samples were prepared from whole cell pellets as described (Dasmahapatra et
al, 2010). Primary antibodies were sourced as follows: cytochrome C, phosphorylated (p)-
FKHR, FKHR, 4EBP1, Mcl-1, p-eiF2α, eiF2α were from Santa Cruz Biotechnology (Santa
Cruz, CA, USA); pAKT, AKT1, p-ERK, ERK, p-GSK3α/β, GSK3α/β, p-4EBP1, Bcl-xL,
cleaved caspase-3 were from Cell Signaling Technology, Beverly, MA; SMAC was from
Upstate Biotechnology; Tubulin and PARP were from Oncogene (San Diego, CA, USA).
XIAP and Caspase-2 antibodies were purchased from BD BioScience (Sparks, MD, USA).
γH2A.X was from Millipore.

Measurement of reactive oxygen species (ROS) Production
Cells were treated with 20 μM 2/,7/- dicholorodihydrofluorescein diacetate for 30 min at
37°C and fluorescence was monitored by flow cytometry using fluorescence-activated cell
sorting (FACS) and analysed with Cell Quest software (Dasmahapatra et al, 2011).

NF-κB Activity
Nuclear protein was extracted using a Nuclear Extract Kit (Active Motif, Carlsbad, CA,
USA). NF-κB activity was determined by enzyme-linked immunosorbent assay (ELISA)
TransAM NF-κB p65 Transcription Factor Assay Kit (Active Motif), according to the
manufacturer’s instruction (Dasmahapatra et al, 2010;Dasmahapatra et al, 2011).

Electrophoretic mobility shift assay (EMSA)
Consensus oligonucleotides corresponding to the sites of the immunoglobulin κlight-chain
enhancer binding for NF-κB were purchased from Promega (Madison, WI, USA) and
labelled with [γ-32P] ATP. Nuclear extracts were prepared by using NE-PER™ nuclear and
cytoplasmic extraction reagents as described above. A total of 5 μg/condition of nuclear
proteins was subjected to EMSA for NF-κB/DNA binding as described previously
(Dasmahapatra et al, 2010;Dasmahapatra et al, 2011).

Terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) Assays
Slides were prepared by using 50-100 μl sample aliquots by cytospin. TUNEL assays were
performed with fluorescein −12-dUTP using a terminal transferase recombinant kit (Roche,

Dasmahapatra et al. Page 4

Br J Haematol. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Indianapolis, IN, USA; catalogue no 1373 242 & 220582 kit) and Vectashield / PI kit
(Vectashield, Burlingame, CA, USA; catalogue no H-1200) as per the manufacturer’s
protocol (Dasmahapatra et al, 2012).

Wright Giemsa Staining
Slides were prepared similarly to the TUNEL assay and staining was done with a
commercially available Diff-Quik stain kit (Dade-Behring, Newark, DE, USA) as per
manufacturer’s instruction.

Statistical Analysis
Differences between experimental conditions were assessed using two-sided 0.05 level t-
tests. Synergistic drug interactions were formally tested by Median Dose Effect analysis in
conjunction with a commercially available software program (CalcuSyn, Biosoft, Ferguson,
MO) (Chou & Talalay, 1984).

RESULTS
PCI-32765 and bortezomib interact synergistically in ABC or GC DLBCL cells and MCL
cells

Exposure (48 h) of GC- (SUDHL-4 or -6,-16) or ABC- (OCI-LY10) DLBCL cells to
minimally toxic concentrations of bortezomib (e.g., 2.5 to 8 nM) or PCI-32765 (5 – 7.5 μM)
in combination resulted in marked increases in cell death (Fig 1A). TUNEL assays
(SUDHL6 cells) confirmed the pronounced increase in positivity with combined treatment
(Supporting Fig 1A), while photomicrographs of Wright-Geimsa-stained specimens
demonstrated the accompanying striking reduction in cells (Supporting Fig 1B). Very
similar results were obtained in MCL cells (GRANTA519 and Rec1; Fig 1B). Moreover,
significant potentiation of apoptosis was observed in each cell type over a range of
concentrations of both bortezomib (e.g., SUDHL16; 1.5 – 4 nM, SUDHL4; 4-8 nM,
SUDHL6; 2-6 nM, OCI-LY10; 4-8 nM) and PCI-32765 (e.g., SUDHL16 ; 3-5 μM,
SUDHL4; 4-8 μM, SUDHL6; 3-8 μM, OCI-LY10; 5-10 μM), compared to single agent
treatment (data not shown). Median Dose Effect analysis of cell death induction in SUDHL6
cells for constant ratios (1:2500) of bortezomib and PCI32765 yielded Combination Index
(CI) values considerably less than 1.0, indicating a synergistic interaction (Fig 1C).
Equivalent results (e.g., CI values ranging from 0.3 to 0.5) were obtained in multiple other
cell types including SUDHL16, SUDHL4, OCI-LY10, Granta 519, and Rec-1 (data not
shown). Time course analysis of cell death in SUDHL6 cells revealed clear increases in cell
death for the combination after 24 h exposure, which became more pronounced over the
ensuing 24 h (Fig 1D). Dose-response studies revealed that 48-h exposure of cells to 3 nM
bortezomib in combination with 4 μM PCI-32765 resulted in significant increases in cell
death, with further increases in apoptosis as the PCI32765 concentration was raised (Fig
1E). Finally, equivalent concentrations of bortezomib and PCI-32765 exposure (48 h)
resulted in significantly enhanced cell death in primary DLBCL cells (GC subtype), but
exerted little toxicity toward normal bone marrow CD34+ cells (Fig 1F).

Co-exposure of DLBCL or MCL cells to PCI-32765 and bortezomib leads to enhanced
mitochondrial injury and caspase activation, AKT pathway inactivation, down-regulation of
anti-apoptotic proteins, DNA damage, and ER stress

The impact of combined exposure to PCI-32765 and bortezomib was then examined in
DLBCL and MCL cells. These studies were performed at 24 h i.e., prior to the onset of
extensive apoptosis, to reduce the confounding effects of cell death induction. Combined
treatment of SUDHL6 cells with PCI-32765 and bortezomib resulted in a marked increase in
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cytochrome c and SMAC release, accompanied by caspase-3 cleavage and PARP
degradation (Fig 2A). Moreover, PCI-32765, particularly when combined with bortezomib,
induced marked down-regulation of phospho-AKT and multiple downstream targets (e.g.
GSK3, FHKR and 4EBP1 (Fig 2A). In contrast, little dephosphorylation of ERK1/2 was
observed at this interval.

Combined treatment also resulted in a sharp reduction in the expression of several anti-
apoptotic Bcl-2 family members, including Mcl-1 (MCL1), XIAP, and Bcl-xL (BCL2L1), as
well as a clear increase in expression of γH2A.X, a marker of double-strand DNA breaks
(Celeste et al, 2002) (Fig 2B). Finally, while individual treatment had only modest effects,
combined exposure resulted in cleavage of caspase-2 expression accompanied by
phosphorylation of eIF2α, indicators of ER stress induction (Teske et al, 2011).

Similar results were observed in ABCDLBCL (OCI-LY10) and MCL (Granta 519) cells,
i.e., combined exposure resulted in clear increases in mitochondrial injury and caspase
activation, more pronounced inactivation of AKT and down-regulation of anti-apoptotic
proteins (e.g., Mcl-1), accompanied by increased expression of DNA damage/ γH2A.X, and
evidence of ER stress (e.g. caspase-2 cleavage, eIF2α phosphorylation (Fig 2C and 2D). As
observed in the case of SUDHL6 cells, OCI-LY10 cells failed to display ERK1/2
dephosphorylation with combined treatment, although moderate reductions were noted in
Granta cells.

PCI-32765 and bortezomib interact synergistically in bortezomib-resistant DLBCL and MCL
cells

Parallel studies were performed in DLBCL and MCL cells resistant to bortezomib. Exposure
(48 h) to 15, 25, or 15 nM bortezomib, respectively, killed essentially 100% of parental
SUDHL6, OCI-LY10, or Granta cells, but exerted only minimal toxicity toward their
bortezomib-resistant counterparts (Fig 3A). However, co-administration of PCI-32765 at
concentrations that were only modestly toxic by themselves to bortezomib-resistant cells
(e.g. 6 to 7.5 μM) resulted in very pronounced cell death in each of the resistant cell lines
(Fig 3B). Findings in bortezomib-resistant SUDHL6 cells were confirmed by TUNEL
assays (Supporting Fig 2A) and examination of Wright-Geimsa-stained slides (Supporting
Fig 2B). As observed in parental cells, combined exposure (24 h) of resistant SUDHL6 cells
to PCI-32765 and bortezomib resulted in marked increases mitochondrial damage and
caspase activation, as well as inactivation of the AKT pathway (Fig 3C). Co-treatment also
resulted in down-regulation of anti-apoptotic proteins, enhanced DNA damage (γH2A.X
formation), and evidence of ER stress (e.g. caspase-2 cleavage, eIF2α phosphorylation (Fig
3D). Similar results were obtained in other resistant lines (data not shown). Together, these
findings indicate that the PCI-32765/bortezomib regimen is effective against bortezomib-
resistant as well as -sensitive DLBCL and MCL cells and elicits similar changes in survival-
and stress-related proteins.

AKT inactivation plays a significant functional role in PCI-32765/bortezomib synergism
To assess the functional significance of AKT inactivation in the activity of this regimen,
SUDHL16 cells expressing a constitutively active (myristolated) form of AKT were
employed as before (Dasmahapatra et al, 2012). Two clones (SUDHL16 CA-AKT Cl 2 and
Cl 6) expressed clear increases in phospho-AKT and GSK-3α/β compared to empty vector
controls (Fig 4A, inset). These clones were significantly more resistant to PCI-32765/
bortezomib-mediated cell death than controls (P < 0.02; Fig 4A). Consistent with these
findings, cells expressing constitutively active AKT expressed higher levels of phospho-
AKT, and displayed diminished levels of cleaved caspase-3, PARP, and γH2A.X compared
to controls following combined bortezomib/PCI32765 (24 h) exposure (Fig 4B). Moreover,
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the small molecule AKT inhibitor, perifosine, or the commercially available AKT inhibitor,
AKTi, significantly potentiated bortezomib lethality relative to bortezomib treatment alone
in SUDHL6 cells (Figure 4C). On the other hand, little change in p-ERK was observed in
mutant or empty-vector controls with combined treatment. In separate studies, ectopic
expression of constitutively active MEK1/2 did not significantly diminish bortezomib/
PCI32765 activity (data not shown), arguing against the likelihood that ERK1/2 inactivation
plays a significant role in the activity of this regimen. Together, these findings argue that
inactivation of AKT contributes functionally to the activity of the PCI-32765/bortezomib
regimen

Evidence for the contribution of NF-κB inactivation to PCI-32765/bortezomib synergism
The effects of combining PCI-32765 and bortezomib on NF-κB activation was then assessed
in SUDHL6 and OCI-LY10 cells. EMSA analysis revealed that exposure (24 h) of cells to
minimally toxic concentrations of PCI-32765 (6-7.5 μM) or bortezomib (3-8 nM)
individually resulted in reductions in DNA binding activity (Fig 5A). Quantification of NF-
κB activation by ELISA assay revealed that NF-κB activity after combined exposure to both
agents was significantly less than activity in cells exposed to only one agent for both GC-
(SUDHL6) as well as ABC- (OCI-LY10) DLBCL cells (P < 0.05; Fig 5B). To assess the
functional significance of this phenomenon, parallel studies were performed with cells
expressing an IκBα “super-repressor” construct. This construct, which cannot be
phosphorylated by IKK on serine residues 34 and 36, is resistant to degradation, and thus
binds to prevents translocation of p65 RelA to the nucleus, preventing its activation (Dai et
al, 2005). Notably, super-repressor clones were significantly more sensitive to cell death
induced by both PCI-32765 and bortezomib than their control counterparts (P < 0.05; Fig
5C) arguing that enhanced NF-κB inactivation following combined treatment contributes to
PCI-32765/bortezomib actions. Finally, the effects of combined treatment with PCI32765
and bortezomib were examined in SUDHL6-26BR cells. Combined treatment with
PCI-32765 and bortezomib significantly enhanced inhibition of NF-kB compared to single-
agent treatment in these bortezomib-resistant cells, as observed in their sensitive
counterparts (Figure 5D).

Role of the ER stress response in PCI-32765/bortezomib activity in DLBCL cells
The preceding findings indicated that combined exposure of bortezomib-sensitive or -
resistant DLBCL cells to PCI-32765 and bortezomib resulted in evidence of ER stress,
manifested by cleavage of capases-2, and phosphorylation of eIF2α, a component of the
unfolded protein response responsible for blocking protein translation (Xu et al, 2005). To
determine whether this phenomenon contributed to apoptosis, effects of the PCI-32765/
bortezomib regimen were compared in empty-vector control SUDHL16 cells versus cells
expressing a dominant-negative form of eIF2α (Rahmani et al, 2007). As shown in Fig 6A,
two clones (eIF2α-DN Cl16 and Cl24) were significantly more resistant to PCI-32765/
bortezomib-induced cell death than controls (P <0.05). Consistent with these results, cells
expressing DN clones displayed reduced caspase-3 degradation and PARP cleavage
compared to controls, although inactivation of AKT was equivalent (Fig 6B). These findings
suggest that the ER stress response contributes to PCI-32765/bortezomib anti-lymphoma
effects, and argue that this phenomenon operates downstream of AKT inactivation. In
contrast, expression of dominant-negative eIF2α partially but clearly inhibited the induction
of DNA damage reflected by γH2A.X formation.

Combined exposure to PCI-32765 and bortezomib leads to oxidative injury-mediated cell
death in DLBCL cells

Previous studies by our group (Yu et al, 2004) and others (Ling et al, 2003) have linked
bortezomib-mediated activity to oxidative injury (e.g. ROS generation). To determine
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whether this phenomenon might contribute to PCI-32765/bortezomib interactions, ROS
generation was monitored in OCI-LY10 cells following exposure to the agents individually
and in combination. Exposure to bortezomib (8 nM) resulted in an increase in ROS at 10 h,
which increased gradually over the ensuing 24 h (Fig 7A). Interestingly, exposure to
PCI-32765(6.0μM) alone led to a clear increase in ROS after 1 h, which began to decline by
4 h, and returned to baseline levels by 18 h. To the best of our knowledge, this is the first
demonstration that PCI-32765 induces, albeit transiently, ROS in transformed cells.
Notably, combined exposure to PCI-32765 and bortezomib induced ROS at early intervals,
as in the case of PCI-32765 alone, but in contrast, levels increased over the entire 36-h
exposure interval. Thus, combining PCI-32765 with bortezomib resulted in both more
sustained as well as pronounced ROS generation. To assess the functional significance of
this phenomenon, cells were co-incubated with the ROS scavenger TBAP. Co-
administration of TBAP significantly reduced ROS induced by bortezomib or the
PCI-32765/bortezomib regimen (Fig 7B), and partially but significantly diminished its lethal
effects (P < 0.05; Fig 7C). Consistent with these results, TBAP reduced PCI-32765/
bortezomib-induced λH2A.X formation, but did not prevent inactivation of AKT. Similar
results were obtained in SUDHL6 cells (Fig 7D), Together, these findings suggest that
potentiation of oxidative injury contributes to synergistic interactions between PCI-32765
and bortezomib in DLBCL cells.

DISCUSSION
Evidence of the role of the BCR signalling complex in B-cell transformation (Davis et al,
2010) prompted the development of the BTK inhibitor ibrutinib, which in pre-clinical
studies has shown impressive activity against both CLL and DLBCL cells (Herman et al,
2011;Balbasubramanian et al, 2011). The ability of ibrutinib to kill these cells has been
linked to the interruption of three survival signalling pathways, e.g., AKT, ERK, and NF-
κB, known to be important for the survival of malignant B-cells (Lopez-Guerra & Colomer,
2010;Castillo et al, 2012;Wickremasinghe et al, 2011). Importantly, early clinical results
suggest significant activity of ibrutinib in CLL, DLBCL, and MCL (Harrison, 2012).
However, the activity of single agents, including those that inhibit multiple targets, may be
limited by redundant signalling pathways, arguing for combination strategies in this setting
(Stommel et al, 2007). The observations that bortezomib has established or potential activity
in MCL (Fisher et al, 2006) and DLBCL (Dunleavy et al, 2009) respectively, and that each
of the pathways interrupted by ibrutinib has been associated with bortezomib resistance
(Kim et al, 2012;Orlowski et al, 2002;Jung et al, 2012), make this an attractive candidate for
such a combination strategy. Indeed, the results of this study demonstrate that ibrutinib and
bortezomib synergistically induce cell death in broad array of DLBCL and MCL cells, and
argue that inhibition of multiple ibrutinib targets contributes to this interaction.

Recent evidence indicates that genetic profiling of the NF-κB dependence of DLBCL cells
can predict their sensitivity to certain chemotherapeutic agents. For example, ABC-DLBCL
cells, which are NF-κB-dependent, are more sensitive than their GC-counterparts to IKK
inhibitors (Lam et al, 2005). Significantly, patients with ABC-DLBCL, but not those with
GC-DLBCL, benefitted from the addition of bortezomib, which has been shown to
inactivate NF-κB, to cytotoxic chemotherapy (Dunleavy et al, 2009). Analogously, genetic
interruption of the BTK pathway inhibited the growth of ABC-DLBCL cells, but not that of
GC-DLBCL cells or cells with CARD11 mutations (Davis et al, 2010). In this context, the
lack of BCR signalling in GC cells has recently been attributed to high phosphatase activity
(Khalil et al, 2012). Moreover, initial clinical studies suggest that ibrutinib exhibits superior
activity in ABC-DLBCL (Staudt et al, 2011). However, it is important to note that
combining ibrutinib with bortezomib was equally effective against ABC-DLBCL and GC-
DLBCL cells, and that both types exhibited marked inhibition of NF-κB activation in
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response to the combination regimen. In addition to this consideration, multiple mechanisms
of action of the ibrutinib/bortezomib regimen may account for its activity in both ABC- and
GC-DLBCL cells. Importantly, genetic interruption of NF-κB sensitized DLBCL cells to
both ibrutinib and bortezomib. These findings are consistent with prior evidence that other
inhibitors of the NF-κB pathway (e.g., flavopiridol) (Takada & Aggarwal, 2004) potentiate
bortezomib activity in malignant haematopoietic cells in association with increased NF-κB
inactivation (Dai et al, 2003). Interestingly, whereas a recent report described bortezomib-
mediated NF-κB activation in DLBCL cells resulting from autophagosomal IκBα (Jia et al,
2012), we observed inactivation, at least at the intervals monitored here. This discrepancy
could reflect the possibility that NF-κB modulation by proteasome inhibitors may depend
upon their relative effects on autophagosomal versus proteasomal IκBα degradation. In any
case, co-administration of ibrutinib resulted in further NF-κB inactivation in both ABC- and
GC-DLBCL cells, which may have lowered activity to levels insufficient for cell survival,
including in cells not inherently addicted to this pathway.

Co-administration of ibrutinib with bortezomib resulted in the early and pronounced
inactivation of AKT as well as multiple downstream AKT targets. BCR-mediated AKT
activation is mediated by multiple protein tyrosine kinases, including both SYK and BTK
(Craxton et al, 1999). AKT activation promotes cell survival through multiple mechanisms,
including down-regulation of pro-apoptotic proteins such as BAD and Bim (Datta et al,
1997), and activation of NF-κB (Datta et al, 1999). Of note, AKT activation status has been
shown to be an important determinant of bortezomib sensitivity in transformed cells (Chen
et al, 2008), including MCL cells (Kim et al, 2012). The observation that cells expressing
constitutively active (myristolated) AKT were significantly less sensitive to ibrutinib/
bortezomib than their control counterparts supports the notion that AKT inactivation plays a
significant functional role in cell death induction by this regimen. In contrast, combined
exposure of DLBCL cells to ibrutinib/bortezomib failed to induce down-regulation of the
MEK1/2/ERK1/2 pathway, which generally exerts a cytoprotective role Notably, the
observation that constitutive activation of MEK1/2/ERK1/2 failed to diminish ibrutinib/
bortezomib activity argues against a functional role for ERK1/2 inactivation in the activity
of this regimen. In contrast to results in DLBCL cells, combined bortezomib/PCI32765
exposure did diminish, although only modestly, ERK1/2 phosphorylation in Granta cells.
Whether this action contributed to regimen activity in these cells remains to be determined.

Exposure of DLBCL and MCL cells to minimally toxic concentrations of ibrutinib induced
pronounced increases in ROS unaccompanied by evidence of significant DNA damage (e.g.,
γH2A.X formation). However, co-administration of bortezomib enhanced ROS production
further, and led to a striking increase in γH2A.X formation. Induction of ROS has been
implicated in bortezomib activity toward malignant epithelial (Ling et al, 2003) and
haematopoietic cells (Yu et al, 2004), but to the best of our knowledge, has not been
associated with ibrutinib actions. The latter phenomenon is consistent with evidence that
pathways interrupted by ibrutinib, e.g., NF-κB (Dai et al, 2005) and AKT (Gao et al,
2005;Kim et al, 2001), has individually been shown to protect cells from oxidative injury.
Furthermore, interruption of AKT is known to disable DNA repair processes (Toulany et al,
2006). Thus, co-adminstration of ibrutinib may both increase ROS production in DLBCL
and MCL cells while simultaneously potentiating lethal DNA damage by attenuating repair.
The ability of antioxidants, such as TBAP, to diminish ibrutinib/bortezomib effects in these
cells supports a significant functional role for oxidative injury in synergistic interactions.

Co-administration of ibrutinib and bortezomib synergistically increased cell death in
DLBCL and MCL cells resistant to bortezomib. Mechanisms of resistance to proteasome
inhibitors may be multifactorial, and include mutations in, or over-expression of proteasome
sub-units, increased expression of heat shock proteins, and up-regulation of anti-apoptotic
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proteins, such as Bcl-2 or Mcl-1, among others (Mujtaba & Dou, 2011). In addition,
increased activation of NF-κB (Jung et al, 2012) or AKT (Kim et al, 2012) has been
described in bortezomib-resistant cells. In the present studies, mechanisms postulated to
contribute to synergistic interactions between ibrutinib and bortezomib in parental DLBCL
and MCL cells were observed in their bortezomib-resistant counterparts, e.g., inactivation of
NF-κB, AKT, and Mcl-1 down-regulation. In this context, Mcl-1 has been implicated in
resistance of malignant haematopoietic cells to bortezomib (Hu et al, 2012). In addition,
recent studies have implicated diminished oxidative injury in resistance of malignant
haematopoietic cells (e.g., MCL) to proteasome inhibitors (Weniger et al, 2011).
Significantly, ibrutinib/bortezomib co-administration promoted ROS generation and sharply
increased DNA damage (e.g., γH2A.X formation) in bortezomib-resistant cells, arguing that
oxidative injury contributes to the effectiveness of the ibrutinib/bortezomib regimen in the
present studies. Finally, it is noteworthy that in contrast to results obtained with other AKT
inhibitors (e.g., 2-medroxyestradiol), in which ROS generation was shown to be responsible
for AKT inactivation in malignant haematopoietic cells (Gao et al, 2005), TBAP failed to
prevent PCI-32765/bortezomib-mediated AKT dephosphorylation in DLBCL cells. These
findings, as well as the observed protective effects of constitutive AKT activation, suggest
that in the present setting, AKT inactivation operates upstream of ROS generation to
promote regimen-induced cell death.

The unfolded protein response to ER stress is a dynamic process that may initially serve a
protective function but which may ultimately promote cell death (Lin et al, 2007).
Proteasome inhibitors, such as bortezomib, which prevent protein degradation are well-
established inducers of ER stress (Obeng et al, 2006). It is noteworthy that co-administration
of PCI-32765 with bortezomib induced evidence of this process in both bortezomib-
sensitive and –resistant DLBCL cells. Because NF-κB is known to regulate the ER stress
response (Xu et al, 2005), it is tempting to speculate that the marked reduction in NF-κB
activation in cells exposed to both PCI-32765 and bortezomib may have contributed to this
event. Additional studies will be required to test this hypothesis. Regardless of the
mechanism, the reduced sensitivity of DLBCL cells expressing dominant-negative eIF2α to
the PCI-32765/bortezomib regimen suggests that the ER stress response contributes to cell
death in this setting.

In summary, the present results suggest that the BTK inhibitor PCI-32765 and the
proteasome inhibitor bortezomib interact synergistically in DLBCL and MCL cells, through
multiple mechanisms, including induction of ROS and DNA damage, down-regulation of
anti-apoptotic proteins (e.g., Mcl-1, Bcl-xL), inactivation of the AKT and NF-κB pathways,
and induction of ER stress. Notably, in contrast to preclinical results involving BTK
inhibition alone (Davis et al, 2010), this strategy is equally effective in ABC- and GC-
subtypes of DLBCL, as well as in bortezomib-resistant cells. In view of emerging or
established evidence of activity of these agents in DLBCL and MCL, further exploration of
this strategy in the in vivo setting appears justified, and is currently underway.
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Figure 1. PCI-32765 and bortezomib interact synergistically in ABC or GC-DLBCL cells and
MCL cells but not in normal cells
(A-B) Cells were treated with minimally toxic concentrations of bortezomib (SUDHL6 3
nM, OCI-LY10 8 nM, SUDHL4 5 nM, SUDHL16 2.5 nM, Granta 519 5 nM, Rec-1 15 nM)
in the presence or absence of PCI (SUDHL6 7.5 μM, OCI-LY10 6 μM, SUDHL4 7.5 μM,
SUDHL16 5.0 μM, Granta 519 7.5 μM, Rec-1 7.5 μM) for 48 h, after which cell death was
monitored by 7-AAD staining and flow cytometry (C) Fractional Effect values were
determined by comparing results obtained for untreated controls and treated cells following
48-h exposure to agents administered at a fixed ratio (bortezomib:PCI, 1:2500), after which
Median Dose Effect analysis was employed to characterize the nature of the interaction.
Combination Index (CI) values less than 1.0 denote a synergistic interaction. (D) SUDHL6
cells were treated with bortezomib 3.0 nM ± PCI 7.5 μM for different time intervals, after
which cell death was monitored by flow cytometry and 7-AAD staining. (E) SUDHL6 cells
were treated with varying PCI (4-8 μM) concentrations in the presence or absence of fixed
concentrations of bortezomib (1.0 or 5.0 nM) for 48 h, after which cell death was monitored
by flow cytometry and 7-AAD staining (F) Primary human DLBCL (GC subtype)
mononuclear cells (96% purity) were isolated as described in Methods and re-suspended in
medium containing 10% fetal calf serum at a cell density of 0.75 × 106/ml cells. They were
then treated with bortezomib (4 nM) ± PCI32765 (6.0 μM) for 10 h. CD34+ cells were
collected from the bone marrow, isolated by an immunomagnetic bead separation technique
as described in Methods, and exposed to bortezomib ± PCI as indicated for 48 h. Cell death
was monitored by Annexin V/propidium iodide staining. For all studies, values represent the
means for 3 experiments performed in triplicate ± S.D. For A-B ** = significantly more than
values obtained for bortezomib or PCI treatment alone < 0.02. D-F, * = significantly greater
than values obtained for bortezomib or PCI treatment alone in SUDHL6 cells or primary
DLBCL cells; P < 0.05. Cont, control; BRTZ, bortezomib; PCI, PCI-32765.
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Figure 2. Co-exposure of DLBCL or MCL cells to PCI-32765 and bortezomib leads to
modulation of multiple survival and stress-related pathways
(A) SUDHL6 cells were treated for 24 h with bortezomib (3.0 nM) ± PCI (7.5 μM). (B)
OCI-LY10 cells were treated for 24 h with bortezomib (8.0 nM) ± PCI (6.0 μM). (C) Granta
cells were treated for 24 h with bortezomib (5.0 nM) ± PCI (7.5 μM). (A-C) Expression of
the indicated proteins was determined by Western blotting using indicated antibodies. Each
lane was loaded with 20 μg of protein; blots were stripped and re-probed with antibodies to
tubulin to ensure equivalent loading and transfer. Results are representative of three
independent experiments. cont, control; BRTZ, bortezomib; PCI, PCI-32765.
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Figure 3. PCI-32765 and bortezomib interact synergistically in bortezomib-resistant DLBCL
and MCL cells
(A) Bortezomib-resistant SUDHL6-25BR, OCI-LY10-40BR, Granta-25BR cells and their
parental counterparts were treated for 48 h with the indicated concentration of bortezomib,
after which cell death was monitored by 7-AAD staining and flow cytometry. Results
represent the means ± standard deviation for 3 separate experiments performed in triplicate.
(B) SUDHL6-25BR, OCI-LY10-40BR, Granta-25BR cells were treated with minimally
toxic concentrations of bortezomib and PCI. Concentrations were as follows:
SUDHL6-25BR - bortezomib (15 nM) ± PCI (7.5 μM), OCI-LY10-40BR - bortezomib (25
nM) ± PCI (6.0 μM), Granta – 25BR - bortezomib (15 nM) ± PCI (7.5 μM). Cell death was
monitored by 7-AAD after 48 h, as described above in A. (C-D) SUDHL6-25BR cells were
exposed for 24 h to bortezomib and PCI as in (B), after which Western blot analysis was
performed with the indicated antibodies. cont, control; BRTZ, bortezomib; PCI, PCI-32765.
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Figure 4. AKT inactivation plays a significant functional role in PCI-32765/bortezomib
synergism
SUDHL16 cells were stably transfected with constitutively active (myristolated) AKT
constructs (AKT cl.2 and 6) or empty vector (pUSE), and exposed for 48 h to bortezomib
(3.0 nM) ± PCI (5.0 μM), after which cell death was monitored by 7-AAD staining and flow
cytometry. Results represent the means ± standard deviation (SD) for 3 separate experiments
performed in triplicate. Inset: Western blots showing expression of AKT and p-GSK-3α/β in
empty vector control and AKT clones. (B) Cells were treated as described above in (A) for
24 h, after which Western blot analysis was performed to monitor expression of the
indicated proteins. Each lane was loaded with 20 μg of protein; blots were stripped and re-
probed with antibodies to tubulin to ensure equivalent loading and transfer. Results are
representative of three independent experiments. (C) SUDHL6 cells were treated for 48 h
with bortezomib (3 nM) ± perifosine ( PF: 2.5 μM) or AKTi ( 500 nM) after which cell
death was monitored by 7-AAD staining and flow cytometry. Results represent the means ±
SD for 3 separate experiments performed in triplicate. For A, ** = significantly less than
values obtained for bortezomib + PCI treatment in SUDHL16 cells expressing pUSE cells; P
< 0.02. C, * = significantly more than values obtained for bortezomib, perifosine or AKTi
treatment alone in SUDHL6 cell; P < 0.05. cont, control; BRTZ, bortezomib; PCI,
PCI-32765.
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Figure 5. Evidence for the contribution of inactivation of NF-κB to PCI-32765/bortezomib
synergism
(A) SUDHL 6 and OCI-LY10 - DLBCL cells were treated with bortezomib (3.0-8.0 nM) ±
PCI (6-7.5 μM) and for 24 h. Nuclear proteins were extracted using a nuclear extract kit
(Active Motif) and then subjected to electrophoretic mobility shift assay (EMSA) gel shift
assays to assess NF-κB DNA binding as described in Methods. (B) Using the same nuclear
proteins, NF-κB activity was determined using an enzyme-linked immunosorbent assay
(ELISA) TransAM NF-κB p65 Transcription Factor Assay Kit (Active Motif), as described
in Methods. (C) SUDHL16-IKK super repressor cell (sup-rep) with empty vector control
was treated with the indicated concentration of either bortezomib or PCI alone for 48 h and
cell death was measured by 7AAD staining. (D) SUDHL 6-25BR cells were treated with
bortezomib (15 nM) ± PCI (7.5 μM) for 24 h. Nuclear proteins were extracted using a
nuclear extract kit (Active Motif) and NF-κB activity was determined using an ELISA
TransAM NF-κB p65 Transcription Factor Assay Kit (Active Motif), as described in
Methods. Values represent the means ± standard deviation of triplicate determinations for 3
separate experiments. For B & D * = significantly less than values for bortezomib or PCI
alone; P < 0.05, For C ** = significantly greater than values for bortezomib or PCI alone
than empty vector control; P < 0.05. cont, control; BRTZ, bortezomib; PCI, PCI-32765.
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Figure 6. Role of ER stress in PCI-32765/bortezomib activity in DLBCL cells
(A) SUDHL16 cells stably transfected with an eIF2α-DN (CL.24 and Cl.16) or an empty
vector (pcDNA3.1) construct were incubated with 2.5 nM bortezomib + 5.0 μM PCI. After
36-h of drug exposure, cell death was monitored by 7-AAD staining and flow cytometry.
Values represent the means ± standard deviation for triplicate determinations for 3 separate
experiments. (B) Following 16-h of drug exposure to SUDHL16-eIF2α cells and empty
vector controls cells as described in (A) above, Western blot analysis was employed to
monitor protein expression using the indicated antibodies. Blots were stripped and re-probed
with anti-tubilin antibodies to ensure equal loading and transfer of protein (20 μg each lane).
For A* = significantly less than values for control cells; P < 0.05. Two additional studies
yielded equivalent results. cont, control; BRTZ, bortezomib; PCI, PCI-32765.
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Figure 7. Combined exposure to PCI-32765 and bortezomib leads to oxidative injury-mediated
cell death in DLBCL cells
(A) OCI-LY10 cells were treated with bortezomib (8.0 nM) ± PCI (6.0 μM) as above after
which reactive oxygen species (ROS) generation was monitored at the indicated intervals
(B) OCI-LY10 cells were treated with bortezomib (8.0 nM) ± PCI-6.0 μM (± pre-treatment
with 400 μM TBAP for 3 h) for 24 h after which ROS generation was monitored as
described in Methods. (C) After treatment as in (B) above for 48 h, cell death was monitored
by 7AAD staining (D). Values represent the means ± standard deviation for triplicate
determinations for 3 separate experiments. Following 24-h of drug exposure as in (C) above,
expression of the indicated proteins was monitored by Western blotting. Blots were stripped
and re-probed with anti-tubilin antibodies to ensure equal loading and transfer of protein (20
μg each lane). For B and C, * = significantly different from values for combination
treatment without TBAP pretreatment controls, P < 0.05. cont, control; BRTZ, bortezomib;
PCI, PCI-32765.

Dasmahapatra et al. Page 21

Br J Haematol. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


