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Vorinostat induced cellular stress disrupts the p38 mitogen activated
protein kinase and extracellular signal regulated kinase pathways
leading to apoptosis in Waldenstrom macroglobulinemia cells
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Abstract

Histone deacetylases (HDAGCS) are aberrantly expressed, and inhibitors of HDACs induce apoptosis in lymphoplasmacytic
cells (LPCs) in Waldenstrom macroglobulinemia (WM). The molecular profile by which these agents induce apoptosis in
WM LPCs remains to be delineated. We examined the activity of the histone deacetylase inhibitor, vorinostat, and dissected
its pro-apoptotic pathways in WM LPCs. Vorinostat induced apoptosis in WM cells through activating specific caspases at
varying times. Inhibitors of apoptosis (IAPs) were down-regulated after vorinostat treatment. Cellular stress induced in
vorinostat-treated WM cells was reflected by changes in the mitogen activated protein kinase (MAPK) pathways. Activated
phospho-p38 MAPK was up-regulated at 12 h, while phospho-extracellular signal-regulated kinase (Erk) abruptly decreased
at 24 h. Bortezomib did not augment vorinostat induced primary WM cell killing as reported in other B-cell disorders. These
studies support that stress induced apoptosis in vorinostat-treated WM LPCs is mediated through disrupting the activity of
the Erk and p38 MAPK pathways.
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Introduction . . .. .
(HDACG:Ss) are involved in transcription regulation and

Waldenstrom macroglobulinemia (WM) is a low-
grade lymphoproliferative disorder characterized by
bone marrow infiltration of lymphoplasmacytic cells
and the production of monoclonal immunoglobulin
(IgM) protein [1,2]. Despite advances in treatment,
WM remains incurable. As such, novel therapies
based on WM molecular targets are needed.

Using gene expression profiling, we observed that
the expression of histone deacetylases in primary
WM CDI19+ cells was different from that of
healthy donor CD19+ cells [3]. Histone deacetylases

signal transduction through the modification of
histones and non-histone proteins [4]. The discovery
of HDAC/co-repressor complexes was the basis for
the rational design of HDCA inhibitors, which were
shown to block leukemic cell maturation [5,6].
Further pharmacologic modification of HDAC in-
hibitors improved their potency to the micromolar
range [6]. The HDAC inhibitors include benzamide
derivatives, such as MS-275, and hydroxamic acid
derivatives, such as vorinostat (suberoylanilide hydro-
xamic acid; SAHA) [7]. Vorinostat exhibits a wide
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range of activity, including reactivation of leukemic
cell differentiation, re-expression of tumor suppressor
genes, induction of reactive oxygen species (ROS),
modulation of nuclear factor-kB (NF-xB) pathways,
disruption of heat shock protein (HSP) function,
perturbation of Bcl-2 family members, and activation
of extrinsic apoptotic pathways [8—12].

The initiation of apoptosis requires the activation of
caspase cascades, which are regulated in part by
members of the inhibitors of apoptosis (IAP) family.
IAPs are evolutionarily conserved proteins among
viruses, yeasts, nematodes, fish, flies, and mammals.
In humans, eight members are currently described,
including NAIP, cIAP1, cIAP2, XIAP, survivin,
apollon, livin, and testicular specific-IAP (Ts-IAP)
[13]. IAPs are known to prevent caspases from
cleavage i virro, and are able to delay the cell death
response to apoptotic stimuli when overexpressed
[14]. In TAP-deleted mice, NAIP, cIAP2, and XIAP
promote the survival of neurons, cardiomyocytes, or
macrophages in stress conditions, such as hypoxia,
anoxia, and serum deprivation [15-17]. The presence
of an internal ribosome entry site (IRES) element and
an upstream open reading frame in a few IAPs allows
continuous translation of these selective proteins only
under stress conditions, while translation is shut off
globally [18-20]. More recently, endoplasmic reticu-
lum (ER) stress has been shown to induce the
expression of IAPs [21]. In HDAC inhibitor treated
cells, increased ROS, disrupted HSPs, and dysregu-
lated transcription escalate ER stress, which could
result in altered expression of IAPs as well as mitogen
activated protein kinase (MAPK) pathways.

Three mammalian MAPKSs have been well studied,
including extracellular signal regulated kinase (Erk),
c-jun NH,-terminal kinase (JNK), and p38 MAPK.
They are proline-directed protein kinases that relay
intra- and extracellular stimuli on cellular prolifera-
tion, differentiation, and death. Growth factors and
mitogenic stimuli usually activate Erk, while stress
signals such as ultraviolet irradiation, osmotic stress,
pro-inflammatory cytokines, and anti-cancer drugs
activate JNK and p38 MAPK. Constitutive activation
of the MAPK pathways drive the oncogenic transfor-
mation of fibroblast cells, and is often detected in
human cancer cells harboring a variety of genetic
mutations [22,23]. Andreeff’s group has shown that
inappropriate MAPK phosphorylation is an indepen-
dent predictor of poor response to chemotherapy and
shorter survival in patients with acute myeloid
leukemia (AML) [24]. Lee er al. [25] have shown
that phosphoacetylation of histone H3 occurs through
activation of both Erk and p38 MAPK during early
embryonic stem cell differentiation. Cancer cells
share many properties of embryonic stem cells in
that they can self-renew as well as proliferate

indefinitely [26]. It is conceivable that epigenetic
modifications and the cellular stress response induced
by HDAC inhibitors work in concert, leading to
either differentiation or apoptosis of tumor cells.

Several of the HDAC specific inhibitors are being
investigated clinically in other B-cell malignancies,
alone and in combination therapy, including with the
proteasome inhibitor bortezomib, where additive and
potentially synergistic activity has been observed [27—
31]. Bortezomib is active in both upfront as well as
relapsed/refractory WM, producing response rates of
60-80%. As part of these efforts, we sought to
elucidate the activity of the prototypic HDAC
inhibitor, vorinostat, and to delineate its molecular
mechanisms in WM as monotherapy and in combi-
nation therapy with bortezomib in BCWM.1 cells
and primary WM tumor cells.

Materials and methods
Cells

The BCWM.1 cell line is derived from a patient with
untreated WM [32]. Primary WM cells were obtained
from the bone marrow of previously treated patients
with WM, and sorted by CD19+ microbead selection
(Miltenyi Biotec, Germany) with >90% purity as
confirmed by flow cytometric analysis with human
monoclonal CD20—phycoerythrin (PE) antibody (BD
Bioscience, CA). Previous therapies for patients whose
cells were used in this study included fludarabine/
rituximab (z = 3), cyclophosphamide based rituximab
therapy (n = 4), and bortezomib based therapy (n = 2).
Peripheral blood mononuclear cells (PBMCs) were
obtained from healthy subjects after the removal of red
blood cells with Human RBC lysis buffer (Boston
BioProducts, MA). Cells were cultured at 37°C in
RPMI 1640 containing 10% fetal bovine serum
(Sigma-Aldrich Corp., MO), 2 mmol/L. of 1-gluta-
mine, 100 units/mL of penicillin, and 100 pg/mL of
streptomycin (Invitrogen, CA). Approval for these
studies was obtained from the Dana-Farber Cancer
Institute Review Board. Informed consent was ob-
tained from all patients and healthy volunteers in
accordance with the Declaration of Helsinki.

Reagents

Vorinostat with a purity of >97% was commercially
obtained. A 10 mM stock solution of vorinostat was
dissolved in dimethylsulfoxide (DMSO) and stored
at —80°C; it was diluted in culture medium (0-
50 pM) immediately before use. The maximum final
concentration of DMSO (<0.1%) did not affect cell
viability or induce cytotoxicity in all the cell lines
and primary cells. Bortezomib was commercially
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obtained. A 1 mg/mL stock solution of bortezomib
was dissolved in phosphate buffered saline (PBS) and
stored at —80°C; the stock solution was diluted in
culture medium (5-100 pg/mL) before use.

Apoprosis assay

Apoptosis was determined by flow cytometry using
annexin V-fluorescein isothiocyanate (FITC) and
propidium iodide (PI) staining. BCWM.1 cells
(0.5 x 10° cells/well) were cultured in 24-well
Falcon plates (BD Labwear, N]) for 24 h with
medium alone or with vorinostat (0-5 pM) in the
presence or absence of sublethal doses of bortezomib
(0-45 pg/mL). Cells were harvested and centrifuged
for 4 min at 2000 rpm. Cells were subsequently re-
suspended at 1 x 10° cells/mL in binding buffer
(10 mmol/I. HEPES buffer [4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid], pH 7.4, 150 mmol/L
NaCl, 5 mmol/LL KCl, 1 mmol/LL. MgCl,, 1.8 mmol/LL
CaCl,), and stained with annexin V-FITC and PI in
the dark for 15 min. Cells were analyzed by flow
cytometry.

Immunoblotting

BCWM.1 cells were lysed using protein lysis buffer
(Cell Signaling Technology, MA), and reconstituted
with 5 mmol/L of NaF, 2 mmol/L of NazVO,, 1 mmol/
L of polymethylsulfonyl fluoride, 5 pg/mL of leupep-
tine, and 5 pg/mL of aprotinin. Whole cell lysates were
subjected to sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to
polyvinylidene difluoride membranes (BioRad Labo-
ratories, CA). Immunoblotting was performed using
anti-acetyl-H3, anti-acetyl-H4, anti-caspase 3, anti-
caspase 4, anti-caspase 6, anti-caspase 7, anti-caspase
8, anti-caspase 9, anti-caspase 12, anti-poly(ADP-
ribose) polymerase (PARP), anti-cIAP1, anti-cIAP2,
anti-XIAP, anti-survivin, anti-livin, and anti-tubulin
antibodies obtained from Cell Signaling Technology.

Analytical and statistical methods

The mean, standard deviation, Spearman correlation,
and sign test were calculated using Microsoft’s Excel
software and R (R Foundation for Statistical Comput-
ing). A p-value of <0.05 was deemed to be significant.

Results

Effect of vorinostat alone and in combination with
bortezomib on cytotoxicity of BCWM. 1 cells

We previously reported that the expression level of
HDACs (HDAC4, HDACY9, and Sirt5) in bone
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marrow CD19+ cells isolated from patients with
WM was significantly different from that of healthy
donors [33]. We therefore sought to examine the
effect of the prototypic HDAC inhibitor, vorinostat,
on WM tumor cell killing using BCWM.1 cells.
BCWM.1 cells were cultured with medium alone or
vorinostat at escalating doses (0—5 pM) for 24 h prior
to examination for apoptosis by annexin V-FITC
and PI staining. We determined that the 50%
inhibitory concentration (ICsy) for BCWM.1 cells
was 4 uM (Figure 1). The ICs5, for primary WM
CD19+ cells ranged from 0.5 to 2 uM (Figure 2).
BCWM.1 cells were next cultured with medium,
vorinostat (0—5 pM) alone, and in combination with
sublethal doses of bortezomib (0-45 pg/mL) for 24 h
prior to annexin V and PI staining (Figure 1). The
combinational effect of the drugs was determined
using CalcuSyn [34] (Figure 1). Vorinostat and
bortezomib resulted in synergistic increased cell
killing over a wide range of tested doses in
BCWM.1 cells. The optimal synergistic dose combi-
nation was determined to be 3 pM of vorinostat with
30 pg of bortezomib, which resulted in a mean
apoptosis of 75.4 + 4.9% at 24 h. We next per-
formed a time course experiment using BCWM.1
cells treated with vorinostat (3 pM), bortezomib
(30 pg), and both for 0, 6, 12, and 24 h. The
percentage of apoptosis when BCWM.1 cells were
treated with vorinostat (3 pM) was 2.37 + 0.96%,
2.54 + 0.68%, 2.15 + 0.42%, and 12.41 + 1.03%
at 0, 6, 12, and 24 h. The percentage of apoptosis
when BCWM.1 cells were treated with bortezomib
(30 pg) was 2.37 + 0.96%, 6.87 + 0.54%, 30.66 +
3.21%, and 57.01 + 1.31% at 0, 6, 12, and 24 h.
The percentage of apoptosis when BCWM.1 cells
were treated with both vorinostat and bortezomib
was 2.37 + 0.96%, 5.97 + 1.45%, 42.39 + 8.96%,
and 73.81 + 2.36% at 0, 6, 12, and 24 h, with a p-
value of 0.035. The combined apoptotic effect of
bortezomib and vorinostat did not increase propor-
tionally to the dosing increase in either bortezomib or
vorinostat. Therefore, sublethal doses of bortezomib
and vorinostat were used in the subsequent experi-
ment to decrease potential toxicity.

Effect of vorinostar alone and in combination with
bortezomib on primary WM cell cytotoxicity

We next evaluated the effect of vorinostat, alone and
in combination with bortezomib, on primary WM
tumor cells. CD19+ bone marrow cells were isolated
from nine previously treated patients with WM.
These cells were then cultured with medium alone,
sublethal doses of bortezomib (0—45 pg/mL), vorino-
stat (0.5-2 pM), or both for 24 h (Figure 2).
Sublethal doses of bortezomib were used in this
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Figure 1. Cell killing effect of vorinostat as monotherapy and in combination with bortezomib in BCWM.1 WM cells. (A) BCWM.1 cells
were cultured with vorinostat, V, alone and in combination with bortezomib, B, for 24 h prior to annexin V and PI staining. One of the three
representative experiments is shown. (B) The combination indices (CI) of bortezomib and vorinostat are shown.

study due to its dose-dependent toxicity as shown by
Orlowski er al. [35]. The dosing ranges determined
from experiments with BCWM.1 cells were used in
the treatment of primary WM cells, given the relative
scarcity of primary WM cells. A mean change in
apoptosis over untreated cells of 11.98%, 73.59%,
and 84.39% was observed by annexin V and PI
staining at 24 h when primary WM CD19+ cells were
treated with bortezomib, vorinostat, or both, com-
pared to medium alone. In contrast, a minimal
change in apoptosis was observed when PBMC
CD 19+ cells were cultured with vorinostat, bortezo-
mib, or both, compared to medium alone (Figure 2).
At the dose range examined, vorinostat was more
effective than bortezomib in inducing apoptosis.

The combination of vorinostat and bortezomib was
also more effective than bortezomib alone, while the
combination of vorinostat and bortezomib did not
significantly differ from vorinostat alone in inducing
apoptosis in primary WM tumor cells isolated from
patients with WM (Figure 2).

Caspase 7 and PARP were activated much earlier than
other caspases in vorinostat treated BCWM. 1 cells

We next performed experiments to elucidate the
molecular mechanisms by which vorinostat induced
WM cell death. BCWM.1 cells were cultured in
medium alone, or in the presence of a sublethal dose
of vorinostat (3.5 pM), bortezomib (30 pg/mL), or
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Figure 2. Apoptosis of WM bone marrow CD19+ cells and healthy donor PBMCs after treatment with bortezomib, B, vorinostat, V, or both.
(A) CD19+ cells from three healthy donor PBMCs and nine WM bone marrow samples were isolated. CD19+ cells were cultured with
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medium, bortezomib, vorinostat, bortezomib plus vorinostat for 24 h prior to annexin V and PI staining. (B) Percentage change in apoptosis

after drug treatment compared to control medium is shown.

vorinostat (3 pM) plus bortezomib (30 pg/mL) for 0,
6, 12 and 24 h prior to cell lysate preparation and
immunoblotting with anti-caspase 3, anti-caspase 4,
anti-caspase 7, anti-caspase 8, anti-caspase 9, anti-
caspase 12, anti-PARP, and anti-tubulin antibodies
(Figure 3). There was basal activation of caspase 7
and PARP in untreated BCWM.1 cells. Increased
cleavage of caspase 7 and PARP starting at 6 h were
observed after treatment with vorinostat, compared
to control. In contrast, caspase 3, caspase 6, and
caspase 9 were not activated until 24 h following
vorinostat treatment. In bortezomib treated
BCWM.1 cells, there was a transient increase of
cleaved caspases 3, 7, and 9 at 6 h, which returned to
baseline at 12 h and did not reappear until 24 h.
However, cleaved PARP did not appear until 24 h.
When BCWM.1 cells were treated with vorinostat
plus bortezomib, activation of caspases 3 and 7 and
PARP peaked at 12 h and returned to baseline at
24 h. We also examined caspase 8 expression,
although this was absent at baseline and following
treatment (data not shown). There was no activation
of caspase 6 in bortezomib or bortezomib plus

vorinostat treated BCWM.1 cells. The pattern of
caspase activation was different in BCWM.1 cells
treated with vorinostat alone, bortezomib alone, or
bortezomib plus vorinostat. Most interesting, caspase
7 and PARP were activated much earlier than
caspase 3 in vorinostat treated BCWM.1 cells.

Vorinostat down-regulated inhibitors of apoptosis in
BCWM.1 cells

Since caspase 3 activation typically precedes that of
caspase 7, the finding that caspase 7 was activated
earlier than caspase 3 following vorinostat treatment
of BCWM.1 cells suggested an alternative mechan-
ism of activation for caspase 7. We therefore
investigated IAPs as potential candidates for vorino-
stat related caspase 7 activation in WM. BCWM.1
cells were cultured with medium, vorinostat
(3.5 uM), bortezomib (30 pg/ml), or vorinostat
(3 uM) plus bortezomib (30 pg/mL) for 0, 6, 12 and
24 h prior to cell lysate preparation and immuno-
blotting with anti-cIAP1, anti-cIAP2, anti-XIAP,
anti-survivin, anti-livin, and anti-tubulin antibodies
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Figure 3. Western blot analysis for induction of apoptotic cascades, following treatment of BCWM.1 cells with bortezomib and vorinostat,
alone and in combination. BCWM.1 WM cells were cultured with medium alone, bortezomib, vorinostat, or both for 0, 6, 12, and 24 h prior
to immunoblotting. The major caspases and their activated counterparts are shown.

(Figure 4). In untreated BCWM.1 cells, cIAPI1,
cIAP2, XIAP, and survivin were expressed at high
levels, though declined by 12 h following vorinostat
treatment, and continuously declined by 24 h. XIAP
was undetectable in BCWM.1 cells after 12 h of
vorinostat treatment. The initial protein expression
level of livin was lower compared to other IAPs tested
here. There was a paradoxical increase in livin at 6 h
after vorinostat treatment. However, the expression
of livin protein was reduced after 24 h of vorinostat
treatment compared to control (Figure 4).

Vorinostat inhibited HDAC activity in BCWM. 1 cells

To demonstrate the direct inhibitory effect of
vorinostat on HDACs, BCWM.1 cells were cultured
with medium, vorinostat, bortezomib, or vorinostat
plus bortezomib for 0, 6, 12, or 24 h prior to cell
lysate preparation and immunoblotting with anti-
acetyl-H3, anti-acetyl-H4, and anti-tubulin anti-
bodies (Figure 5). Acetyl-H3 and acetyl-H4, which
are substrates of HDACs, were increased following
6 h of vorinostat treatment in BCWM.1 cells. The
levels of acetyl-H3 and acetyl-H4 were persistently
elevated after 24 h treatment with vorinostat. In
bortezomib treated BCWM.1 cells, acetyl-H3 and
acetyl-H4 were increased after 6 h of treatment, but

Vorinostat

0 6 12 24h

c-IAP1

c-IAP2

XIAP

Livin

Survivin

Tubulin

Figure 4. Effect of vorinostat on inhibitors of apoptosis (IAPs) in
BCWM.1 WM cells. BCWM.1 cells were cultured with medium
or vorinostat for 0, 6, 12, and 24 h prior to immunoblotting.

returned to baseline at 12 h. The level of acetyl-H3
and acetyl-H4 increased 6 h after treatment with
bortezomib plus vorinostat, and remained elevated
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Figure 5. Effect of vorinostat and bortezomib, alone and in combination, on acetyl-H3, acetyl-H4, and MAPK pathways in BCWM.1 cells.
BCWM.1 cells were cultured with medium, vorinostat, bortezomib, or both for 0, 6, 12, and 24 h prior to immunoblotting.

at 24 h. The increased acetyl-H3 and acetyl-H4
confirmed a decreased activity of HDACs after
BCWM.1 cells were treated with vorinostat alone
or in combination with bortezomib.

Vorinostat suppressed Erk pathway but activated p38
MAPK pathway

BCWM.1 cells were cultured with medium, vorino-
stat (3.5 uM), bortezomib (30 pg/mL), or vorinostat
(3 uM) plus bortezomib (30 pg/mL) for 0, 6, 12, and
24 h prior to cell lysate preparation and immunoblot-
ting with anti-Erk, anti-phospho-Erk, anti-p38
MAPK, anti-phospho-p38 MAPK, anti-JNK, anti-
phospho-JNK, and anti-tubulin antibodies (Figure
5). The expression of Erk in BCWM.1 cells was
increased after 6 h of vorinostat treatment and 12 h of
bortezomib treatment, but decreased significantly
when both drugs were combined. The activated
Erk, phospho-Erk, was expressed at a high level in
untreated cells, and reduced abruptly at 24 h follow-
ing vorinostat treatment. Phospho-Erk in BCWM.1
was up-regulated 12 h following bortezomib treat-
ment. There was no change in phospho-Erk expres-
sion when both bortezomib and vorinostat were
combined. The level of p38 MAPK was unchanged
when BCWM.1 cells were treated with vorinostat or
bortezomib, but was decreased significantly with both
drugs combined. There was a persistent increase in
phospho-p38 MAPK after BCWM.1 cells were
treated with vorinostat or bortezomib, starting at
12 h. The expression of phospho-p38 MAPK was

unchanged in vorinostat plus bortezomib treated
BCWML.1 cells. JNK expression was elevated in
vorinostat treated BCWM.1 cells, but was unchanged
in bortezomib or vorinostat plus bortezomib treated
cells. The expression of phospho-JNK was minimally
detectable in vorinostat treated BCWM.1 cells and
remained unchanged in BCWM.1 cells treated with
bortezomib or bortezomib plus vorinostat.

Discussion

In this study, we sought to address the molecular
pathways induced by vorinostat in WM cells. We
observed by gene expression profiling (GEP) and
quantitative real-time polymerase chain reaction (q-
PCR) that HDAC expression in bone marrow
lymphoplasmacytic cells was different between pa-
tients with WM and healthy donors. The HDAC
expression pattern in BCWM.1 cells was more
similar to that in WM CDI19+ cells compared to
healthy donor CD19+ cells [3]. Akin to our results
with BCWM.1 WM cells, vorinostat also demon-
strated significant apoptosis of primary WM cells,
which occurred at micromolar ranges. In contrast,
vorinostat did not produce significant apoptosis in
healthy donor CD19+ cells. This difference may
reflect the ability of vorinostat to alter the activity of
HDAGCs, suggested by our findings of increased
acetyl-H3 and acetyl-H4 expression following vor-
inostat treatment in BCWM.1 cells. The differential
cytotoxicity may also reflect different baseline geno-
mic stability between healthy donor CD19+ cells and
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WM tumor cells, as tumor cells have higher genomic
instability and a greater mutation rate.

We also observed that vorinostat had synergistic
anti-tumor effects when combined with bortezomib
in BCWM.1 cells over a wide range of dosing combi-
nations. Vorinostat alone was more effective than
bortezomib in inducing apoptosis in WM CD19+
cells. While the combination of vorinostat plus bor-
tezomib showed accentuated WM tumor cell killing
compared to bortezomib alone, this combination did
not accentuate that observed with vorinostat alone.
Others have reported that the extent of apoptosis can
be impacted by the sequence of drug administration
[36]. Experiments addressing the sequential admin-
istration of bortezomib followed by vorinostat (or vice
versa) warrant further exploration. While others have
demonstrated increased anti-tumor activity in com-
binations of HDAC inhibitors and bortezomib by
preclinical studies using multiple myeloma and
mantle cell lymphoma, these studies have predomi-
nantly relied on cell line data [29,36,37], which may
not be reflective of primary tumor cells.

To address the mechanism of vorinostat induced-
apoptosis in WM cells, we studied the activation of
caspases, given their critical role in apoptosis [38]. We
showed that vorinostat- and bortezomib-induced
apoptosis in BCWM.1 cells was associated with
activation of the mitochondrial dependent and ER
stress-induced apoptosis pathways by activating
caspase 3, caspase 6, caspase 7, and caspase 9. We
also observed that caspase 7 and PARP were activated
earlier, starting at 6 h, while caspases 3, 6, and 9 were
activated 24 h after vorinostat treatment. We there-
fore hypothesized that the regulators of caspase 7
might be affected by vorinostat at an earlier time
point. Further investigation confirmed that there was
significant down-regulation of IAP family members,
including c-IAP1, c-IAP2, XIAP, survivin, and livin
after 12 h of treatment with vorinostat, which may
allude to greater sensitivity for IAPs in modulating
caspase 7 versus caspase 3 in WM cells. While c-IAP1
degradation was caspase 8 dependent in TRAIL
(tumor necrosis factor-related apoptosis-inducing
ligand)-induced apoptosis of liver cancer cells [39],
IAP down-regulation was shown to be caspase-
independent in human promyelocytic leukemia cells
[40]. Further investigation of whether IAP down-
regulation is caspase-dependent in WM would be
interesting. The reduction in the IAPs could not
solely be due to caspase-dependent degradation given
that the tubulin level remained unchanged, and the
degree of reduction in each of the IAPs varied.

The suppressive effect of vorinostat on IAPs could
be through multiple mechanisms. Increased acetyl-
H3 and acetyl-H4 after vorinostat treatment allows
higher and dysregulated genomic transcription,

resulting in greater ER stress. The internal ribosome
entry site elements present in cIAP1 and cIAP2
(cIAP1/2) abrogate their up-regulation during ER
stress. A reduction in cIAP1/2 decreases the expres-
sion of XIAP, which is the most potent IAP to inhibit
caspases 3, 7, and 9 [21]. ER stress suppresses cIAP1/
2 directly and XIAP indirectly, resulting in decreased
expression of cIAP1/2 and a dramatic decrease in
XIAP. The reduction in these IAPs allows caspases 3,
7, and 9 to be activated. The reason for the
paradoxical increase of livin in BCWM.1 cells at 6 h
after vorinostat treatment is unclear at this point. The
paradoxical increase in livin may reflect the initial
response of BCWM.1 cells to vorinostat induced
cellular stress by preferentially increasing the tran-
scription and translation of livin, as is seen in the
increase of XIAP, cIAP1, and cIAP2 in other tumor
cells treated with vorinostat [18-20]. Our result is in
accordance with the observation of others, and pro-
vides a mechanistic explanation as to how vorinostat
induces apoptosis in WM cells through the activation
of specific caspases. While Mitsiades er al. showed
that there was a lack of involvement of caspases in
vorinostat-induced apoptosis in multiple myeoloma
[41], this differential utilization of caspases is likely
due to an intrinsic difference between multiple
myeloma and Waldenstrom macroglobulinemia.

Cellular stress induced by vorinostat is also known
to activate MAPK pathways, as observed in human T-
cell lymphoma cells and Philadelphia chromosome
bearing leukemic cells [42,43]. We further studied the
stress pathways including Erk, JNK, and p38 MAPK
in vorinostat treated WM cells. The combination of
vorinostat and bortezomib did not lead to increased
phosphorylation of JNK and p38 MAPK versus
vorinostat or bortezomib alone, even though a clear
synergistic apoptotic effect of vorinostat and borte-
zomib in BCWM.1 cells was observed. This dis-
crepancy could be due to the ability of vorinostat to
block bortezomib-mediated activation of Erk. The
pivotal anti-apoptotic role of Erk activation found in
our studies is consistent with that reported by others,
namely that inhibition of Erk activation increases
bortezomib lethality in malignant B cells [44]. The
total protein of JNK, p38, and Erk was unchanged
when cells were treated with vorinostat alone, increa-
sed when cells were treated with bortezomib, and
decreased when cells were treated with both drugs.
The reduction in total protein indicates that vorino-
stat could potentially restore proteasome degradation
of total JNK, p38 MAPK, and Erk in cells treated
with bortezomib, implying the potential of vorinostat
to overcome bortezomib resistance in WM cells.

It is known that histone H3 phosphoacetylation is
directly mediated by MSKI1 (mitogen and stress
activated kinase 1) via activation of MAPK pathways
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[45,46]. As discussed earlier, acetylated H3 increases
global transcription and ER stress and decreases IAP
expression, which further augment caspase activa-
tion, with the resultant formation of an auto-
amplification loop toward cell death. The caspase
activation pattern was dramatically different in cells
treated with vorinostat, bortezomib, or vorinostat
plus bortezomib, which underscored the different
mechanisms utilized by specific drugs prior to the
common apoptotic pathway. In bortezomib treated
BCWM.1 cells, the fluctuation of cleaved caspases 3,
7, and 9 is likely due to a survival signal from the
activation of Erk pathways starting at 12 h. Even
though the activated Erk signal persisted until 24 h, it
is likely overcome by other altered signals from p38,
NF-«B, and AKT pathways, with the overall balance
tipping toward final apoptosis, as shown in our and
other studies [6,47].

To our knowledge, this is the first study to address
the effect of vorinostat on the MAPK pathway in B-
cell lymphoma and leukemia. The altered activation
of Erk and p38 MAPK pathways is associated with a
reduction in cIAP1, cIAP2, XIAP, and livin following
the treatment of WM cells with vorinostat. Taken
together, these studies support that stress induced
apoptosis in WM cells is mediated through disrupting
the balanced activity between the Erk and p38 MAPK
pathways. Vorinostat induced cellular stress results in
activation of the p38 MAPK pathway and a reduction
of the IAP family members, leading to early activation
of caspase 7. While the inhibition of the Erk pathway
by vorinostat results in delayed activation of caspases
3, 6, and 9 at 24 h, the collective signaling strength of
p38 MAPK activation as well as inhibition of Erk
likely determines the apoptotic fate of WM cells upon
vorinostat treatment.

In conclusion, vorinostat induced cellular stress
disrupts the p38 MAPK and Erk pathways leading to
apoptosis in WM cells. These studies provide further
support of histone deacetylase inhibitors as thera-
peutic agents for the treatment of Waldenstrom
macroglobulinemia.
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