Down-regulation of Mcl-1 potentiates HDACi-mediated apoptosisin leukemic cells
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Abstract
Mcl-1 is an anti-apoptotic Bel-2 family member, whose degradation is supposedly
required for induction of apoptosis. However, histone deacetylase inhibitors (HDACH)
induce apoptosis primarily through the Bak/Mcl-1/Noxa and Bim pathways without
decreasing Mcl-1. To investigate this discrepancy, we examined the role of Mcl-1 on
HDACi-mediated apoptosis. Inhibition of either Class I or Class Il HDAC by selective
HDAC: caused an upregulation of Mcl-1 mRNA and protein. Down-regulation of Mcl-1
by three structurally unrelated cyclin dependent kinase inhibitors potentiated
HDACi-mediated apoptosis in primary chronic lymphocytic leukemic (CLL) cells and
K562 cells. Sensitivity to HDACi-induced apoptosis was increased ~10-fold by the
cyclin dependent kinase inhibitors. Nanomolar concentrations of HDACi, ~300-fold
lower than required to induce apoptosis alone, sensitized cells to TRAIL, emphasizing
that the mechanism(s) whereby HDACi induce apoptosis is clearly distinct from those by
which they sensitize to TRAIL. Furthermore knockdown of Mcl-1 potentiated
HDACi-mediated apoptosis in K562 cells. Thus HDACi-mediated Mcl-1 upregulation
plays an important anti-apoptotic regulatory role in limiting the efficacy of HDACi
-induced apoptosis, which can be overcome by combination with an agent that
down-regulates Mcl-1. Thus a clinical trial in some cancers is warranted using a

combination of an HDACi with agents that down-regulate Mcl-1.



Introduction

Chronic lymphocytic leukemia (CLL), one of the most common forms of adult
leukemia, is a disease of failed apoptosis and new treatments are needed for aggressive
forms of the disease. Induction of apoptosis involves activation of either the intrinsic or
extrinsic pathway. ' Bcl-2 family proteins are important regulators of apoptosis and
divide into pro-survival anti-apoptotic proteins, such as Bcl-2, Bel-xp, Bfl-1 and Mcl-1,
multidomain pro-apoptotic proteins, such as Bax and Bak, and pro-apoptotic BH3-only
proteins, including Bad, Bik, Bim, Bmf, Puma and Noxa. L2 1n response to apoptotic
signals, Bax and Bak oligomerize at mitochondrial membranes leading to cytochrome c
release and caspase activation. The anti-apoptotic Bcl-2 proteins inhibit cytochrome ¢
release through blocking Bax and Bak activation. BH3-only proteins act upstream of Bax
and Bak and their activity is tightly controlled by diverse transcriptional and
post-translational mechanisms. ** BH3-only proteins bind selectively to individual
anti-apoptotic Bcl-2 family members and neutralize their function. >

Increased survival of CLL cells correlates with increased Mcl-1 levels and
failure to achieve a complete remission with fludarabine or chlorambucil. 7 Mcl-1 plays
a critical role in development of the immune system and in early hematopoiesis. 810
Mcl-1 has a short half life and its expression is tightly regulated by survival and apoptotic
signals. ® Mcl-1 may be transcriptionally regulated by ERK, JAK/Stat, p38 MAPK,
PI3K/Akt, phosphorylation of e[F2c. and E2F1. '™ Mcl-1 may also be phosphorylated
by JNK, GSK-3a and B and cyclin dependent kinase (CDK), and this phosphorylation

regulates Mcl-1 turnover and its anti-apoptotic function. '*'> Levels of Mcl-1 are



increased by cytokines, such as IL-4 and IFNy, and by proteasomal inhibitors, which

8916 Mcl-1 levels are decreased by MAPK inhibitors, tyrosine

prevents its degradation.
kinases inhibitors (Gleevec), the Raf inhibitor (BAY43-9006/sorafenib) and CDK
inhibitors (roscovitine and flavopiridol). ' Mcl-1 levels may be decreased by
proteasomal degradation ' or caspase-dependent cleavage. '® A decrease of Mcl-1 has
been proposed to be essential for the induction of apoptosis by diverse apoptotic stimuli
including the induction of UV- and cycloheximide-mediated apoptosis. ' '*!

Histone deacetylase inhibitors (HDACI) are a new class of targeted anti-cancer

22,23

agents. HDAC: induce apoptosis primarily by activation of the intrinsic pathway and

appears to require de novo protein synthesis of BH3-only proteins, such as Bim and Bmf.
23 In this regard, we have recently demonstrated that HDACi-mediated apoptosis in
CLL and lymphoma cells was accompanied by a functionally important upregulation of
Bim and Noxa. *° Although HDACi alone may be clinically useful, they will most likely
be of value in combination with other anti-tumor agents. We have shown that CLL cells,
which are inherently resistant to TNF-related apoptosis-inducing ligand (TRAIL), are
sensitized by prior treatment with an HDAC:i that preferentially inhibits HDAC Class I

but not Class II. 2728

HDAC: also potentiate the activity of several anti-cancer drugs that

act primarily through the intrinsic pathway. > However, the precise mechanisms whereby

HDAC: potentiate the activation of the “intrinsic pathway” have not been elucidated.
We now demonstrate that exposure of cells including CLL cells to HDAC:H,

which induce apoptosis, results in the upregulation of Mcl-1, which is functionally

important and exerts an anti-apoptotic effect on HDACi-mediated apoptosis.



Method and M aterials

Lymphocyte purification, cell linesand culture. CLL cells, obtained with patient
consent and local ethical committee approval, were cultured (4-5 x 10° cells ml™ 1) as

described. >’ Jurkat T cells (clone E6-1), K562, a human myelogenous leukemic cell line
and H1299, a lung cancer cell line, were cultured in RPMI 1640 medium supplemented
with 10 % FBS and 5% Glutamax .

Reagents. Media and serum were from Life Technologies, Inc (Paisley, UK). Unless
otherwise stated, antibodies to Bcl-2 family proteins and other proteins were as
previously described. ****The HDACi, LBH589, was kindly provided by Dr. P. Atadja
(Novartis Pharmaceuticals Corporation, East Hanover, NJ). Depsipeptide was kindly
provided by Dr. E. Sausville (National Cancer Institute, Bethesda, MD). MG132,
2-naphthylvinyl ketone (2-NVK), MS-275, Bisindolylmaleimide IX (Bis 9), Bay11-7082,
Nutlin-3a and the CDK inhibitors, NU6102, SU5612 and roscovitine, were from
Calbiochem (La Jolla, CA). MC1568 and MC1575, two specific class Il HDACI, were
kindly provided by Dr. A. Mai (Universita degli Studi di Roma, Rome, Italy). ** The
anti-Fas Ab (CH-11) was from Upstate (Lake Placid, NY) and the rabbit anti-Bim Ab was
from Chemicon (Temecula, CA). Other chemicals were from Sigma (Poole, United
Kingdom). Z-VAD.fmk was from MP Biomedicals and Obiogene (Irvine, CA).
Recombinant His-TRAIL was prepared as previously described. %’

Quantification of apoptosis and western blot analysis. Apoptosis in CLL cells and all

cell lines was assessed by an increase in phosphatidylserine (PS) externalization as



previously described. >’ ECs values were determined by non-linear regression analysis
using Graph PAD Prism (GraphPAD software Inc, San Diego, CA).

Real-time RT-PCR. Samples for real-time RT-PCR analysis were prepared as described.
%% Real time amplification reactions were performed with 900 pmol forward or reverse
primers, designed using the Primer Express software v2.0 (Applied Biosystems,
Warrington, UK). The sequences for B-actin were as previously described %% and those for
Mcl-1 were forward, GAGGCTGGGATGGGTTTGT and reverse,
AAAGCCAGCAGCACATTCT. Statistical significance of the data was assessed by an
unpaired two tailed t-test on log 2 transformed data.

Small RNA Interference (SRNA) of Mcl-1. K562 cells (1.5x10° cells) were transfected
with small interfering RNA (siRNA) oligonucleotides (Ambion, Austin, TX) at a final
concentration of 25 nM (a) and 75 nM (a') using HyPerFect transfection reagent (3 ul in
serum free RPMI medium), essentially as recommended by the manufacturer (Qiagen,
Crawley, West Sussex, UK). Briefly, after 6 h transfection, RPMI, 10%FCS, 1 x glutamax
were added followed by incubation for another 42 h. Cells were exposed to LBH589 as
described in the legend to Figure 5. H1299 cells were seeded at 1.5x10° cells per well in
6-well plates and incubated for 24 h. Cells were transfected with siRNA oligonucleotides
(Ambion) at a final concentration of 20 nM using Effectene (Qiagen). After 24 h, cells
were exposed for a further 12 h in the presence or absence of an HDACi. The sequences
used for RNAi were as follows; Mcl-1a sense, 5'-(GAAACGCGGUAAUCGGACUtt)-3";
Mcl-1a antisense, 5'-(AGUCCGAUUACCGCGUUUCTtt)-3"; Mcl-1a' sense,

5'-(GUAUCACAGACGUUCUCGULtt)-3"; Mcl-1 a' antisense,



5'-(ACGAGAACGUCUGUGAUACTt)-3'. Untargetted oligos were from Ambion (ID

#4611).

Results

Induction of apoptosis by diver se chemicals but not by HDACi and MG132 is
accompanied by a decrease of Mcl-1

To investigate whether a decrease in Mcl-1 was a common feature accompanying
apoptosis, Jurkat cells were exposed to diverse agents including, cycloheximide (a
protein synthesis inhibitor), MG132 (a proteasomal inhibitor), LBH589 (a HDAC),
etoposide (a DNA topoisomerase II inhibitor), Bis IX (a PKC inhibitor), 2-naphthylvinyl
ketone (2-NVK) (a Jak3 inhibitor), % cyclosporin A ( a calcineurin inhibitor), roscovitine
(a CDK inhibitor) and anti-Fas Ab (CH-11). A decrease in Mcl-1 accompanied the
induction of apoptosis by all these agents except LBH589 and MG132 (Figure 1A).
LBH589 and MG132, and to a lesser extent roscovitine and 2-NVK, but not the other
agents, caused a marked induction of Noxa, whereas only LBH589 and MG132 caused a
marked increase in Bim (Figure 1A). Using K562 cells to examine whether these effects
were cell type specific, a clear decrease in Mcl-1 was observed after exposure to
Actinomycin D (a transcriptional inhibitor), Bay11-7082 (an IkB phosphorylation
inhibitor) and 2-NVK but not after MG132 or both HDACi, LBH589 and TSA, despite
induction of marked apoptosis (39-65 %) (Figure 1B). Trichostatin A (TSA) and LBH589,
caused an increase in Noxa and Bim (Figure 1B lanes 4 and 5), as in our earlier study. *°

To examine if similar changes also occurred in CLL cells, freshly isolated cells



from four patients were exposed to different apoptosis inducers, including prednisilone,
used to treat CLL, and nutlin-3a, an MDM2 antagonist that induces apoptosis in CLL
cells. *° Induction of apoptosis by all these chemicals except LBH589, TSA and MG132
was accompanied by a loss of Mcl-1, although some inter-individual variation was
observed (Figure 1C and Supplementary Figure 1). Except with cycloheximide, this
decrease of Mcl-1 was accompanied by an immunoreactive band of ~30 kDa (Figure 1C,
marked with an asterisk), which most likely was due to caspase mediated cleavage of
Mecl-1. '3 This cleavage product was also observed in cells exposed to MG132,
LBHS589 and TSA, but in these cases no clear loss of Mcl-1 was observed (Figure 1C
lanes 3, 4, 12 and 13). Increases in Noxa were observed following exposure of CLL cells
to MG132, LBH589 and TSA (Figure 1C and Supplementary Figure 1). LBH589 and
TSA increased Bimgp in some patients in agreement with our previous observations,
although greater variation was observed. *° Prednisolone also caused an increase in Bim
levels (Figure 1C lanes 9 and 18 and Supplementary Figure 1). No changes in the levels
of Bcl-2, Bax and Bak accompanied the induction of apoptosis in CLL cells by all 8
chemicals (data not shown).

Taken together these results demonstrated that although a decrease of Mcl-1 was
a common feature of apoptosis in CLL, Jurkat and K562 cells induced by variety of
different chemical agents, it was not an absolute requirement, as no decrease was
observed in MG132 and HDACi-induced apoptosis (Figure 1). Whilst inhibition of the
proteasome was responsible for the accumulation of Mcl-1 following MG132, this did not

appear to be the primary explanation for Mcl-1 accumulation following exposure to



HDACI, as HDAC: resulted in only a small accumulation if any of ubiquitinated proteins
(Supplementary Figure 2A). Rather our data suggested that despite extensive induction of
apoptosis, HDACi may even cause accumulation of Mcl-1 by a mechanism other than
proteasomal inhibition. To test this possibility, we assessed the ability of HDACi to
induce a transcriptional upregulation of Mcl-1 and also measured Mcl-1 levels in cells
exposed to HDAC: in the presence of the caspase inhibitor, z-VAD.fmk.

HDACI causes atranscriptional upregulation of Mcl-1 mMRNA

LBHS589 caused a time dependent increase in Mcl-1 mRNA levels in Jurkat and K562
cells, which was largely abrogated by Actinomycin D (Figure 2A and B). To investigate
whether inhibition of class I or class Il HDACs was required for Mcl-1 upregulation, we
used MS-275 and MC1568, which are specific for class I and II, respectively, whereas
LBHS589 inhibits both classes. 2* MS-275 (25 UM) also caused an increase in Mcl-1
mRNA similar to LBH589 (10 uM), whereas MC1568 resulted in a smaller increase
(Figure 2B). Thus inhibition of class I, and to a lesser extent class Il HDAC, results in a
transcriptional upregulation of Mcl-1.

Prior to examining effects of these different HDACi on Mcl-1 protein levels, we
confirmed their efficacy to inhibit HDACs. LBH589 induced hyperacetylation of histone
H3, H4 and tubulin, confirming it inhibited both class I and I HDACs (Figure 2C lane 2).
2832 MS-275 induced hyperacetylation of histone H3 and —H4 but not of tubulin,
confirming it specifically inhibited HDAC class I (Figure 2C lanes 3 and 4), whereas
MC1568 and MC1575 induced hyperacetylation of tubulin but not of histones H3 and

—H4, confirming they specifically inhibited HDAC class II (Figure 2C lanes 5 and 6). **



As inhibition of HDACS6, a Class I HDAC, has been reported to cause an accumulation
of protein aggregates due to inhibition of proteasomal activity **, we examined further the
ability of the HDAC: to inhibit the proteasome. In agreement with this study, both HDAC
Class II inhibitors caused a small accumulation of ubiquitinated proteins (Supplementary
Figure 2B), suggesting that Mcl-1 accumulation may be partially due to proteasomal
inhibition. Next we examined the effects of the HDACi on levels of Mcl-1 in the
presence of z-VAD.fmk, to exclude possible effects of caspase cleavage of Mcl-1. All
four HDAC: resulted in an increase in Mcl-1 compared to the untreated cells, which
contained z-VAD.fmk but no HDAC: (Figure 2C compare lanes 2-6 with lane 1). As these
results suggested that increases in Mcl-1 protein levels were more readily seen in the
presence of a caspase inhibitor, we examined this possibility in both Jurkat and CLL cells.
In both Jurkat and CLL cells, LBH589 alone induced a small increase in Mcl-1 levels but
this increase was markedly enhanced in the presence of z-VAD.fmk (Figure 2D and E).
Taken together our data demonstrated that inhibition of either HDAC class I or class II
resulted in an increase in Mcl-1 mRNA and protein.

CDK inhibitors decrease Mcl-1 and potentiate HDACi-mediated apoptosis.

To ascertain if this increase in Mcl-1 was functionally important, we used CDK

34,35 Non-toxic concentrations of 3 CDK

inhibitors, which decrease Mcl-1 in some cells.
inhibitors, roscovitine, SU9516 and NU6102, all caused a marked decrease in Mcl-1
without affecting Noxa (Figure 3A compare lanes 3-5 with lanel). LBH589 (250 nM

and10 uM) caused an induction of Noxa (Figure 3A lanes 8 and 12). Combination of the

CDK inhibitors with LBH589 (250 nM) resulted in a marked sensitization of

10



LBHS589-induced apoptosis assessed by PS externalization, caspase-3 processing and
PARP cleavage (Figure 3A compare lane 8 with lanes 9-11). A higher LBH589
concentration (10 uM) alone for 24 h induced apoptosis (Figure 3A lane 12). Thus
concentrations of CDK inhibitors, which decreased Mcl-1, potentiated K562 cells to
LBHS589. The ECsy for LBH589 to induce apoptosis was 1728 nM and this was reduced
to 146, 148 and 181 nM in the presence of roscovitine, SU9516 and NU6102,
respectively (Figure 3B). The similarity of the concentration response of the 3 CDK
inhibitors to sensitize cells to LBH589 suggested that the mechanism of sensitization was
similar (Figure 3B). Low concentrations of LBH589 (~25 nM), which neither induced
apoptosis nor decreased Mcl-1, markedly potentiated TRAIL-induced apoptosis in K562
cells, with an ECso= 6 nM (Figure 3B). Thus the mechanism whereby LBH589
potentiated TRAIL-induced apoptosis differed from how CDK inhibitors potentiated
LBHS589-induced apoptosis.

Similarly all 3 CDK inhibitors potentiated some but not all CLL cells to
LBH589-induced apoptosis, as assessed both by PS externalization (Figure 3C and
Supplementary Figure 3) and by caspase-3 activation and PARP cleavage (Figure 3D
compare lane 8 with lanes 9-11). LBH589 was ~10-fold more potent at inducing
apoptosis in the presence of the CDK inhibitors (Figure 3C). Low LBH589
concentrations (~25 nM), which alone did not induce apoptosis, sensitized CLL cells to
TRAIL, assessed by PS externalization (Figure 3C), processing of caspase-3 and PARP
cleavage (Figure 3D lanes 2 and 6-7).

Mcl-1 knockdown potentiates HDACi-mediated apoptosis

11



To assess the specific contribution of Mcl-1 to the sensitization, we utilized two sets of
siRNA (#a and #a') of Mcl-1 in K562 cells both because of their high transfection
efficiency and their low toxicity to HyperFect transfection reagent. Both sets of Mcl-1
siRNA reduced Mcl-1 without affecting other Bcl-2 family proteins (Figure 4B and data
not shown). Knockdown of Mcl-1 by siRNA alone, which did not induce apoptosis
(Figures 4A lanes 1-3), potentiated apoptosis induced by intermediate (250 nM) but not
low (25 nM) LBHS589 concentrations assessed by PS externalization (Figure 4A lanes
4-9) and enhanced processing of caspase-3 and cleavage of PARP (Figure 4B lanes 4-6).
To investigate whether Mcl-1 levels were important for the induction of
apoptosis by LBH589 alone, we examined the effect of Mcl-1 siRNA on the induction of
apoptosis by a high concentration of LBH589 (10 uM). This concentration alone did not
induce apoptosis in K562 cells when exposed for only 15 h (Supplementary Figure 4) but
it did induce apoptosis if exposed for 24 h (Figure 1B). Both sets of siRNA for Mcl-1
potentiated LBH589-induced apoptosis (Supplementary Figure 4) demonstrating a
critical anti-apoptotic role for Mcl-1 in inhibiting LBH589-induced apoptosis. To test
whether this effect was cell type or HDACi specific, we examined the effects of Mcl-1
siRNA on sub-toxic concentrations of three HDACi in H1299 cells. Mcl-1 siRNA caused
a specific reduction of Mcl-1 without affecting other Bcl-2 family proteins and resulted in
a marked potentiation of HDACi-induced apoptosis (Supplementary Figure 5 and data
not shown).Thus levels of Mcl-1 are also key regulators of HDACi-induced apoptosis in
H1299 cells, supporting the suggestion that HDACi-mediated Mcl-1 upregulation exerts

an important anti-apoptotic effect on HDACi-induced apoptosis.
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Discussion
Several reports have proposed that a decrease of Mcl-1 is essential for the induction of

17, 19-21
However, no such decrease was observed

apoptosis by diverse apoptotic stimuli.
following apoptosis induced by either HDACi or MG132 in Jurkat, K562 and CLL cells
and in some cases an increase in Mcl-1 was observed, which was particularly evident in
the presence of a caspase inhibitor (Figures 1-3). Thus prevention of caspase mediated
cleavage of Mcl-1 greatly facilitated the visualization of HDACi-mediated increase in
Mcl-1 (Figure 2), which is compatible with the known ability of HDACi to modulate
transcription. * It is also possible that HDACi-mediated proteasomal inhibition may also
have made a minor contribution to the observed increase in Mcl-1, in agreement with a
recent suggestion. 3% Our finding that Mcl-1 was not decreased in the presence of HDACi
was also surprising in view of recent work demonstrating that Noxa binding to Mcl-1
could neutralize its anti-apoptotic function and also enhance Mcl-1 degradation. *'*’
Thus HDACi-induced elevation of Noxa observed in both our present and previous study
%% would have been predicted to result in Mcl-1 degradation. Our findings of elevated
Mcl-1 levels in the presence of high levels of Noxa (Figures 1 and 3) raise the possibility
of additional levels of control in some cell types, such as CLL cells, including limiting
activities of MULE the proposed ubiquitin E3 ligases for Mcl-1. **

The upregulated Mcl-1 was functionally important as marked potentiation to

HDACi-induced apoptosis was observed following inhibition of the upregulation by

either CDK inhibitors or Mcl-1 siRNA (Figures 3-4 and Supplementary Figures 4-5).
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How did the combination of an HDACi and the CDK inhibitor induce apoptosis despite
LBHS589 (250 nM) resulting in increased Mcl-1 levels (Figures 3-4)? Down-regulation of
Mcl-1alone did not induce apoptosis (Figure 4), although it was required for potentiation
of HDACi-mediated apoptosis. The most likely explanation for this potentiation was the
HDACi-mediated increased levels of Bim and Noxa, which neutralize Mcl-1 and activate
Bax/Bak, together with CDK inhibitor-mediated decreased levels of Mcl-1. Other studies
have also indicated that down-regulation of Mcl-1 may be a promising strategy to
sensitize to apoptosis by many agents, including the novel Bcl-2 antagonist, ABT-737. '
3940 The HDACi-mediated down-regulation of Bcl-x; may also contribute to
HDACi-mediated apoptosis.

CDK inhibitors act as potent transcriptional repressors resulting in the inhibition
of synthesis of short-lived anti-apoptotic proteins, such as Mcl-1, and their rapid
proteasomal degradation. *l CDK inhibitors down-regulate Mcl-1 through disruption of
RNA polymerase IT function and enhanced binding of E2F1 to the Mcl-1 promoter. 2
Transcriptional regulation of Mcl-1 is complex and may be affected by many signaling
pathways as discussed in the Introduction. It is not known how these various pathways
may be modified by HDACi to upregulate Mcl-1 transcription. HDACi-mediated
increases in Mcl-1, Noxa and Bim are induced in a p53-independent manner, as K562
cells are p53 negative.

Relatively high concentrations of LBH589 alone were required to induce
apoptosis in K562 cells, with an ECsp = 1700 nM (Figure 3B). Induction of apoptosis by

HDAC: alone appears to be mediated primarily by induction of BH3-only proteins, in a

14



23:26 1n H1299 cells, HDAC:I did not cause an increase in either

cell type specific manner.
Bim or Noxa (data not shown) suggesting they may regulate an as yet uncharacterized
proapoptotic protein(s). In the presence of a CDK inhibitor, LBH589 was ~10-fold more
potent at inducing apoptosis compared to LBH589 alone (Figure 3B) and this potentiation
was mediated primarily by decreasing Mcl-1 levels. Approximately 300-fold lower
concentrations of LBH589 were required to sensitize K562 and CLL cells to TRAIL than
to induce apoptosis alone, most likely by increased formation of the death inducing
signaling complex (DISC). *” In the present study, low nanomolar concentrations of
LBHS589, which sensitized to TRAIL-induced apoptosis in K562 and CLL cells, did not
cause a decrease in Mcl-1 levels (Figure 3A and D compare lanes 1 and 6). Thus these
results demonstrate that the mechanism of HDACi-sensitization to TRAIL is Mcl-1
independent and clearly different from that described in other studies. ****

In summary, our results highlight that the combination of an HDACi with either
a CDK inhibitor or with TRAIL will enable the induction of apoptosis at 10-300-fold
lower HDACi doses, thus potentially circumventing much if not all of the inherent
toxicity, such as cardiotoxicity, associated with higher HDACi doses. Thus our studies
provide a mechanistic basis to support the use of a combination of an HDAC:i either with

agents that decrease Mcl-1, such as CDK inhibitors, or with TRAIL in a clinical trial in

certain hematological malignancies, such as CLL.
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Figurelegends

Figure 1. A decreasein Mcl-1 does not accompany M G132- and HDACi-induced

apoptosisin Jurkat, K562 and CLL cells.

(A) Jurkat cells were exposed for 8 h to cycloheximide (CHX 1 uM), MG132 (1 uM),
LBHS589 (10 uM), etoposide (10 uM), bisindoylmaleimide IX (Bis IX 1 uM),
2-naphthylvinyl ketone (2-NVK 10 uM), cyclosporin A (10 uM), roscovitine (10 uM)
and anti-Fas Ab (CH-11 50 ng/ml). (B) K562 cells were exposed for 24 h to Actinomycin
D (Act D 5 pg/ml), MG132 (2 uM), Trichostatin A (TSA 25 uM), LBH589 (10 uM),
Bay11-7082 (5 uM) and 2-naphthylvinyl ketone (2-NVK 25 uM). (C) CLL cells from 2
patients were exposed for 20 h to cycloheximide (CHX 10 uM), MG132 (1 uM),
LBHS589 (10 uM), 2-naphthylvinyl ketone (2-NVK 2.5 uM), cyclosporin A (10 uM),
roscovitine (10 uM), Nutlin-3a (10 uM) and prednisolone (25 uM). The asterisk (*)
indicates the probable caspase-mediated Mcl-1 cleavage product. Apoptosis was assessed
by PS (PS) externalization as described in Method and Materials and cells were analyzed

by western blotting using tubulin as a loading control.

Figure 2 LBH589 causes a transcriptional upregulation of Mcl-1 mRNA

(A) Jurkat cells were exposed to LBH589 (10 uM) for 1 or 2 h either alone or in the
presence of Actinomycin D (Act D, 5 ug/ml). (B) K562 cells were exposed to LBH589
(250 nM and 10 uM), MS-275 (25 uM) and MC1568 (10 uM) for 2 or 4 h either alone or
with Actinomycin D (Act D, 5 pug/ml). Expression of Mcl-1 and B-actin was analyzed by

real-time RT-PCR and the results expressed as the fold change in Mcl-1 expression
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normalized to the expression of B-actin. (C) K562 cells were exposed to LBH589 (10
uM), MS-275 (10 or 25 uM), MC1568 (10 uM), MC1575 (10 uM) or MG132 (2 uM) for
20 h. z-VAD.fmk (25 uM) was present in all incubations including the control cells. Cells
were analyzed by western blotting. * p<0.05. (D) Jurkat cells were exposed to LBH589
(LBH) (10 uM) for 8 h either alone or in the presence of z-VAD.fmk (25 uM). (E) CLL
cells from patients #3 and 4 were exposed to the indicated concentration of LBH589 for
20 h either alone or in the presence of z-VAD.fmk (75 uM). In (D and E), apoptosis was
assessed by phosphatidylserine (PS) externalization and Mcl-1 was assessed by western

blotting using tubulin as a loading control.

Figure 3 CDK inhibitorsdecrease Mcl-1 levels and potentiate L BH589-mediated
apoptosis

(A and B) K562 cells were exposed to LBH589 for 24 h either alone or in the presence of
roscovitine (Ro, 10 uM), NU6102 (N, 25 uM) or SU9516 (S, 5 uM). K562 cells were also
exposed to LBH589 for 24 h prior to exposure to TRAIL (TR, 200 ng/ml) for a further 4 h.
(C and D) CLL cells were exposed to LBH589 for 20 h either alone or in the presence of
roscovitine (5 uM), NU6102 (25 uM) or SU9516 (5 uM). CLL cells were also exposed to
LBHS589 for 20 h prior to exposure to TRAIL (200 ng/ml) for a further 4 h. K562 and CLL
cells were then analyzed for the induction of apoptosis by PS externalization (A-D) or for
effects on the indicated proteins by western blotting (A and D). Ci and Cii depict data

from 2 individual patients.

Figure4 Mcl-1 ssIRNA potentiate LBH589-mediated apoptosis

17



K562 cells were transfected for 48 h with either two sets of siRNA for Mcl-1 (a and a') or
with a control untargeted sequence (-). Cells were then exposed to LBH589 (either 25 or
250 nM) for 24 h. Cells were analyzed for the induction of apoptosis by PS
externalization (A and B) or for effects on the indicated proteins by western blotting (B).
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