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Abstract Mantle cell lymphoma (MCL) is aggressive with
poor prognosis. Due to t(11;14)(q13;q32), cyclin D1 is
overexpressed. The in vitro activities of arsenic trioxide
(As2O3) in MCL were investigated. In MCL lines Jeko-1
and Granta-519, As2O3 induced dose-dependent and time-
dependent increases in apoptosis accompanied by cyclin D1
suppression. Downregulation of cyclin D1 resulted in de-
creased retinoblastoma protein phosphorylation, which led to
repressed G1 progression to S/G2 phases. As2O3 did not
affect cyclin D1 gene transcription. Instead, As2O3 activated
glycogen synthase kinase-3beta (by tyrosine-216 phosphor-
ylation) and IkappaB kinase alpha/beta (by serine-176/180
phosphorylation), both of which phosphorylated cyclin
D1 at threonine-286, leading to its poly-ubiquitination and
degradation in the proteasome. These observations were
recapitulated partly in primary MCL samples obtained from
patients refractory to conventional treatment. Our findings
suggested that As2O3 might be clinically useful in MCL.
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Introduction

Mantle cell lymphoma (MCL) is a well-defined B-cell lym-
phoma in theWorld Health Organization classification [1] and
accounts for 3–10 % of all non-Hodgkin lymphomas [2].
Practically all cases possess the translocation t(11;14)(q13;
q32) [1], which juxtaposes the immunoglobulin heavy chain
joining region on chromosome 14 to the CYCLIN D1

(CCND1) gene on chromosome 11 [3]. The molecular conse-
quence is placement of CCND1 under the control of the
immunoglobulin heavy chain gene enhancer [4], leading to
cyclin D1 overexpression.

Cyclin D1 assembles with its catalytic partners cyclin-
dependent kinase 4 (CDK4) and CDK6 to form an active
holoenzyme complex, which phosphorylates the retinoblasto-
ma (Rb) protein [5]. Phosphorylated Rb releases E2F tran-
scription factors from inhibition, enabling E2Fs to coordinate-
ly regulate genes necessary for DNA replication and, hence,
progression into the S phase [6]. Therefore, cyclin D1
overexpression consequent on t(11;14) leads to enhanced
G1/S transition, a crucial step contributing to cellular prolif-
eration and transformation.

CCND1 transcription is carefully regulated throughout the
cell cycle [7]. Cyclin D1 level declines during the S phase,
which has been attributed to its increased proteasomal degra-
dation [8]. The proteasomal degradation of cyclin D1 is pos-
itively regulated by phosphorylation at threonine-286, which
is mediated by glycogen synthase kinase-3beta (GSK-3β) [9,
10]. GSK-3β-induced threonine-286 phosphorylation also
promotes cyclin D1 binding to a nuclear exportin CRM1,
hence increasing its nuclear export [11]. Recently, it has been
shown that threonine-286 phosphorylation can also be medi-
ated by IkappaB kinase alpha (IKKα) [12], which thereby
controls the subcellular localization and turnover of cyclin D1
[12]. These mechanisms ensure that cyclin D1 levels are well
controlled.

Arsenic trioxide (As2O3) is a standard treatment for acute
promyelocytic leukemia (APL) [13]. The myriad of molecular
mechanisms underlying the efficacy of As2O3 in APL sug-
gests that the drug might also be effective in other malignan-
cies [14]. Preliminary clinical evidence indicated that As2O3

might be effective in MCL. A patient with concomitant
therapy-related APL and MCL was reported to show a com-
plete response of both diseases after oral As2O3 treatment
[15]. Furthermore, in a clinical trial of intravenous As2O3
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and ascorbic acid in 18 patients with refractory lymphomas,
only 1 patient responded, and the patient had MCL [16].

In this report, we investigated the in vitro activities of
As2O3 on MCL cell lines and primary patient specimens.

Materials and methods

Cell lines

The MCL lines Jeko-1 and Granta-519 (ACC 553 and ACC
342; German Collection of Microorganisms and Cell Cul-
tures, Braunschweig, Germany) were cultured in RPMI
1640 with 20 % fetal bovine serum (FBS) and DMEM with
10 % FBS, respectively.

Primary human samples

Peripheral blood was obtained with informed consent from
patients who were refractory to conventional chemotherapy,
with the development of MCL in the leukemic phase. Mono-
nuclear cells were collected by Ficoll–Paque density centrifu-
gation, washed, and resuspended in culture medium for ex-
perimental use.

Reagents and antibodies

Reagents and antibodies used included cell culture re-
agents, TRIzol, SuperScript III One-Step Reverse Tran-
scription Polymerase Chain Reaction (RT-PCR) Systems,
and anti-ubiquitin antiserum (Life Technologies, Carlsbad,
CA, USA); kinase inhibitors and their inactive analogues
(Merck, Darmstadt, Germany); antiserum to phospho-
GSK-3β (tyrosine-216) and protein G agarose (Millipore,
Billerica, MA, USA); mouse monoclonal antibodies to
ubiquitin, clone FK1, and clone FK2 (Biomol, Plymouth
Meeting, PA, USA); antisera to cyclin D1, phospho-cyclin D1
(threonine-286), GSK-3β, IKKα/β, phospho-IKKα/β (ser-
ine-176/180), Rb, phospho-Rb (serine-795), caspase-3, and
β-actin (Cell Signaling Technology, Beverly, MA, USA);
ECL Kit and Ficoll–Paque Plus (GE Healthcare, Little
Chalfont, UK); cell proliferation kit I (MTT) (Roche Diag-
nostics, Basel, Switzerland); annexin V-FITC Kit and DNA-
Prep Reagents Kit (Beckman Coulter, Fullerton, CA, USA).

MTT, apoptosis assay, and cell cycle analysis

Cell viability before and after As2O3 treatment was assessed
by MTT assay (Roche) according to standard methods. To
study As2O3-induced apoptosis, annexin V-positive pro-
pidium iodide (PI)-negative cells were enumerated by stan-
dard flow cytometric protocols (Beckman Coulter). For cell
cycle analysis, As2O3-treated cells were lysed by DNA-Prep

LPR and stained with DNA-Prep Stain (Beckman Coulter)
before flow cytometric analysis.

Semiquantitative RT-PCR for CCND1

RNA was extracted from control or As2O3-treated cells with
TRIzol, and cDNAwas synthesized (from 1 μg RNA) with a
40-cycle PCR (SuperScript III One-Step RT-PCR), using the
CCND1 primers 5′-CTG GCC ATG AAC TAC CTG GA-3′
(forward) and 5′-GTC ACA CTT GAT CAC TCT GG-3′
(reverse). Cycling conditions were 15 s at 94 °C (first cycle,
2 min), 30 s at 58 °C, and 1 min at 68 °C (last cycle, 5 min).
For internal control, GAPDH was also amplified (forward
primer: 5′-AAC GGA TTT GGC CGT ATT GG-3′; reverse
primer: 5′-CTT CCC GTT CAG CTC TGG G-3′).

Western blotting analysis

Control or As2O3-treated cells (1×106 cells/ml) were lysed
(50 mM Tris–HCl, 100 mM NaCl, 5 mM EDTA, 40 mM
NaP2O7, pH 7.5, 1 % Triton X-100, 4 μg/ml aprotinin, 1 mM
dithiothreitol, 200 μMNa3VO4, 0.7 μg/ml pepstatin, 100 μM
phenylmethylsulfonyl fluoride, and 2 μg/ml leupeptin). Clar-
ified lysates were resolved on 12% SDS-polyacrylamide gels,
transferred to nitrocellulose membranes, blocked with 5 %
nonfat milk, incubated with the appropriate primary antibod-
ies and horseradish peroxidase-conjugated secondary antisera,
visualized by chemiluminescence with the ECL Kit, and
quantified by densitometry (ChemiDoc XRS+System; Bio-
Rad Laboratories, Hercules, CA, USA).

Co-immunoprecipitation assays

Lysates from control or As2O3-treated cells were treated with
the appropriate precipitating antibodies (4 μg/sample) or
nonimmune sera at 4 °C for 1 h, followed by incubation with
30 μl of protein G agarose (50 % slurry) at 4 °C for 2 h.
Immunoprecipitates were washed, boiled (5 min), and ana-
lyzed by Western blotting.

Results

As2O3 induced dose-dependent and time-dependent apoptosis
in MCL cell lines

As2O3 induced dose-dependent cytotoxicity in Jeko-1 and
Granta-519 cells (Fig. 1a) by a significant induction of apo-
ptosis (Fig. 1b). Western blot analysis showed that caspase-3
activation was involved in As2O3-induced apoptosis (Fig. 1c),
appearing first at 4 h after treatment.
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Fig. 1 As2O3 inhibited the proliferation of MCL cells by inducing
apoptosis and dose-dependent and time-dependent downregulation of
cyclin D1. a Jeko-1 and Granta-519 cells (2×104 in 100 μl) were cultured
in As2O3 for 72 h. There was a concentration-dependent decrease in
viability. *P<0.05, cell viability was significantly decreased as compared
with baseline (triplicate experiments, one-way analysis of variance
[ANOVA] with Dunnett's posttests). b As2O3 induced apoptosis in
MCL. Jeko-1 cells (1×106 cells/ml) were treated in As2O3 (4 μM,
37 °C, 24 h) and resuspended in 500 μl buffer containing annexin V-FITC
and PI for 20 min on ice before flow cytometric analysis. #P<0.05,
annexin V-positive PI-negative cells increased from a mean of 8.5 % in
the control to 56.1 % in As2O3-treated groups (triplicate experiments, one-
way ANOVAwith Dunnett's posttests). Similar results were also obtained
in Granta-519 cells (data not shown). c As2O3 activated caspase-3. Jeko-1
and Granta-519 cells (1×106 cells/ml) were treated with As2O3 (4 μM) for
various durations. Cell lysates were immunoblotted with anti-caspase-3 or

anti-β-actin antibodies. Caspase-3 activation (cleavage of caspase-3 from
full-length 35 kDa into smaller fragments of 17 and 19 kDa) in both cell
lines occurred after 4 h of As2O3 treatment. Expression of β-actin was
unchanged. Representative Western blot of triplicate experiments was
shown, with two other sets giving similar results. d Jeko-1 and Granta-
519 cells (1×106 cells/ml) were treated with As2O3 for 8 h. Cell lysates
were immunoblotted with anti-cyclin D1 or anti-β-actin antibodies. There
was a dose-dependent downregulation of cyclin D1, which first became
significant at 2 μM of As2O3. Representative Western blot and densito-
metric measurements of triplicate experiments were shown (*P<0.05,
one-way ANOVA with Dunnett's posttests). There was no change in β-
actin. e Time-dependent downregulation of cyclin D1 by As2O3 (4 μM),
which first became significant after 2 h. Representative Western blot and
densitometric measurements of triplicate experiments were shown
(*P<0.05, one-way ANOVAwith Dunnett's posttests)
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Fig. 2 As2O3 did not affect CCND1 gene expression in MCL cells, but
regulated cyclin D1 degradation via GSK-3β and IKKα/β. a Cells were
treated with different concentrations of As2O3 as indicated at 37 °C for
8 h. No change in CCND1 gene transcription was observed with As2O3

treatment, as shown by semiquantitative RT-PCR. Representative gels
from one of three experiments shown; two other sets yielded similar
results. b Jeko-1 cells (1×106 cells/ml) were treated with 4 μM As2O3

for 2 h. Cell lysates were immunoblotted with anti-phospho-cyclin D1
(Thr-286), p-Thr-286, or anti-cyclin D1 antibodies. As2O3 induced a
significant increase in cyclin D1 Thr-286 phosphorylation. Representative
Western blot and densitometric analysis of triplicate experiments were
shown (C control; *P<0.05, one-way ANOVAwith Dunnett's posttests). c
Cell lysates were immunoblotted with anti-phospho-GSK-3β (Tyr-216),
p-Try-216, or anti-GSK-3β antibodies. As2O3 (4 μM, 2 h) also induced a
significant increase in GSK-3β activation (phosphorylation). Representa-
tiveWestern blot and densitometric analysis of triplicate experiments were
shown (C control; *P<0.05, one-way ANOVAwith Dunnett's posttests).
d Prior to As2O3 treatment (4 μM, 8 h), Jeko-1 cells were preincubated
with the GSK-3β inhibitor, 6-bromoindirubin-3′-oxime (BIO; 10 μM,
30 min). The downregulation of cyclin D1 induced by As2O3 was signif-
icantly reduced by inhibition of GSK-3β. RepresentativeWestern blot and

densitometric analysis of triplicate experiments were shown (*P<0.05,
one-way ANOVA with Dunnett's posttests). e Jeko-1 cells (1×106 cells/
ml) were treated with As2O3 (4 μM, 2 h). Cell lysates were immu-
noblotted with anti-phospho-IKKα/β (Ser-176/180), pSer-176/180, or
anti-IKKα/β antibodies. As2O3 treatment resulted in a significant activa-
tion (phosphorylation) of IKKα/β. Representative Western blot and den-
sitometric analysis of triplicate experiments were shown (C control;
*P<0.05, one-way ANOVA with Dunnett's posttests). f Prior to As2O3

treatment (4 μM, 8 h), Jeko-1 cells were preincubated with the IKKα/β
inhibitor BMS-345541 (BMS; 10 μM, 30 min). Cell lysates were immu-
noblotted with anti-cyclin D1 or β-actin antibodies. Inhibition of IKKα/β
significantly alleviated As2O3-induced cyclin D1 downregulation.
Representative Western blot and densitometric analysis of triplicate
experiments (*P<0.05, one-way ANOVAwith Dunnett's posttests). g
Immunoprecipitation experiments of cell lysates from Jeko-1 cells
treated with As2O3 (4 μM, 2 h). Immunoprecipitates (IP) with anti-
IKKα/β antibody followed by immunoblotting (IB) showed in-
creased cyclin D1 binding after As2O3 treatment. Conversely, immu-
noprecipitates with anti-cyclin D1 antibody showed increased IKKα/
β binding. Representative Western blot of triplicate experiments was
shown, with two other sets giving similar results
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Fig. 3 As2O3 induced ubiquitination of cyclin D1, leading to its degra-
dation in the proteasome. a Jeko-1 cells (1×106 cells/ml) were treated
with 4 μM As2O3 for different durations as shown. Cell lysates were
immunoprecipitated (IP) and immunoblotted (IB) with antibodies as
indicated. Lysates immunoprecipitated with anti-cyclin D1 and
immunoblotted with anti-ubiquitin showed that As2O3 induced a time-
dependent increase in binding of ubiquitin to cyclin D1. Conversely,
when the lysates were immunoprecipitated with an anti-ubiquitin anti-
body and immunoblotted for cyclin D1, As2O3 was also found to induce a
time-dependent increase in cyclin D1 binding to ubiquitin. The results of
the densitometric analysis (of the major bands) in triplicate experiments
were shown next to a representative immunoblot (*P<0.05, one-way
ANOVAwith Dunnett's posttests). Note that in the crude lysates, cyclin
D1 could be detected to be downregulated at 2 h. Images of the Western
blot (with band size ranging from 25 to 45 kDa, representing cyclin D1
attached to varying copies of ubiquitin) were compressed in height for
better fitting in the figure. b Lysates from Jeko-1 cells treated with As2O3

(4 μM, 2 h) immunoprecipitated with an anti-cyclin D1 antibody, follow-
ed by immunoblotting with appropriate antibodies. As2O3 treatment led
to a significant increase in cyclin D1 ubiquitination as shown by the FK1
antibody, which detected poly-ubiquitin moieties. Similarly, an increase
in cyclin D1 ubiquitination was observed with the FK2 antibody, which
detected both mono-ubiquitin and poly-ubiquitin moieties. The apparent

increase in band density might be due to additional mono-ubiquitination
of cyclin D1, although owing to the lack of an antibody that recognized
only mono-ubiquitin moieties this could not be further verified. Repre-
sentativeWestern blot of triplicate experiments was shown, with the other
sets showing similar results. c Jeko-1 cells (1×106 cells/ml) treated with
As2O3 (4 μM, 8 h) with or without prior treatment for 30 min with the
proteasome inhibitors MG132 (30 μM), bortezomib (Bort, 10 μg/ml),
and lactacystin (Lact, 10μM). Cell lysates were immunoblottedwith anti-
cyclin D1 or anti-β-actin antibody. Proteasomal inhibition resulted in
significant alleviation of the As2O3-induced cyclin D1 degradation. Rep-
resentative Western blot analysis and densitometric analysis of triplicate
experiments (*P<0.05, one-way ANOVA with Dunnett's posttests).
However, whether the prevention of As2O3-induced cyclin D1 degrada-
tion by proteasomal inhibitors might rescue the cells from As2O3 cyto-
toxicity could not be tested because all the proteasomal inhibitors
(MG132, bortezomib, and lactacystin) were themselves cytotoxic to
Jeko-1 and Granta cells on prolonged incubation (data not shown). d
Treatment with the lysosomal inhibitor ammonium chloride (NH4Cl)
(2.5 mM) did not result in any change in As2O3-induced downregulation
of cyclin D1. Representative Western blot analysis and densitometric
analysis of triplicate experiments (#P=not significant, one-way ANOVA
with Dunnett's posttests)
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As2O3 downregulated cyclin D1 in MCL cell lines
and primary patient samples

As2O3 induced a dose-dependent and time-dependent de-
crease in cyclin D1 in both Jeko-1 and Granta-519 cells
(Fig. 1d, e), first detectable at 0.5 to 1 h, becoming significant
at 2 h, and almost complete at 8–12 h (Fig. 1e).

As2O3 induced posttranscriptional downregulation of cyclin
D1

RT-PCR showed that CCND1 gene transcription was unaf-
fected by As2O3 treatment, suggesting that the decrease in
cyclin D1 levels was posttranscriptional (Fig. 2a).

As2O3-induced cyclin D1 downregulation was related
to GSK-3β activation

In Jeko-1 cells, As2O3 significantly increased cyclin D1 phos-
phorylation at threonine-286, a prerequisite for cyclin D1
degradation (Fig. 2b). Cyclin D1 phosphorylation is mediated
by GSK-3β, which itself requires prior activation by tyrosine-

216 phosphorylation. Accordingly, As2O3 in fact significantly
increased GSK-3β tyrosine-216 phosphorylation, which
paralleled the timing and magnitude of cyclin D1 threonine-
286 phosphorylation (Fig. 2c). The GSK-3β inhibitor, 6-
bromoindirubin-3′-oxime, successfully prevented As2O3-in-
duced cyclinD1 downregulation (Fig. 2d). Because the diluent
for 6-bromoindirubin-3′-oxime (dimethyl sulfoxide [DMSO])
was mildly toxic to Jeko-1 cells, its action on ameliorating
As2O3-induced cytotoxicity could not be studied. These ob-
servations indicated that As2O3 downregulated cyclin D1
posttranscriptionally, apparently by increasing its degradation
through GSK-3β.

As2O3-induced cyclin D1 downregulation was also dependent
on IKKα/β

As2O3 significantly increased IKKα/β serine-176/180 phos-
phorylation, which was required for IKKα/β activation
(Fig. 2e). Pretreatment with the IKKα/β inhibitor BMS-
345541 significantly prevented As2O3-induced cyclin D1
downregulation, suggesting that IKKα/β was a molecular
mediator of As2O3 (Fig. 2f). After As2O3 treatment, co-
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cells were treated with As2O3 (4 μM). Cell lysates were immunoblotted
with anti-phospho-Rb-Ser-795, pRb (Ser-795), or anti-Rb antibodies.
There was a time-dependent downregulation of phosphorylated Rb, with
no change in total Rb. Downregulation of phosphorylated Rb first became
significant 4 h after treatment. Representative Western blot and densito-
metric analysis of triplicate experiments were shown (*P<0.05, one-way
ANOVAwith Dunnett's posttests). b Cell cycle analysis by flow cytom-
etry with control (0.1 % DMSO) or As2O3 treatment (4 μM, 8 h). Cells
(1×106 cells/ml) were cultured in As2O3 for 8 h, resuspended in ice-cold

phosphate-buffered saline, lysed by DNA-Prep LPR, and stained with
DNA-Prep Stain for 20 min on ice before flow cytometric analysis.
Results from a representative experiment were shown. Dotted line indi-
cated the raw data, while the filled tracing represented modeling by the
ModFit LT software (Verity Software House). As2O3 induced a signifi-
cant increase in sub-G1 (apoptotic) population (control=8.5±0.3 % ver-
sus As2O3=16.2±0.8 %, Dunnett's posttests, P<0.05) and a significant
decrease in the S/G2 population (S phase, control=4.2±0.4 % versus
As2O3=2.7±0.2 %, Dunnett's posttests, P<0.05; G2 phase, control=
17.2±1.1 % versus As2O3=5.5±0.4 %, Dunnett's posttests, P<0.05)
(triplicate experiments)
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immunoprecipitation with an anti-IKKα/β antibody showed
increased cyclin D1 binding to IKKα/β. Similarly, when
cyclin D1 was immunoprecipitated, IKKα/β was also con-
firmed to co-immunoprecipitate (Fig. 2g). These results indi-
cated that As2O3 activated IKKα/β, which bound cyclin D1,
thus participating in its downregulation.

As2O3 promoted cyclin D1 ubiquitination

To study if As2O3-induced cyclin D1 downregulation was
mediated via ubiquitination, immunoprecipitation of As2O3-
treated Jeko-1 cell lysates with an anti-cyclin D1 antibody
showed a time-dependent increase in bound ubiquitin, first
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Fig. 5 The mechanistic actions of As2O3 were recapitulated in primary
MCL samples. a Eight primary MCL patient samples were treated with
As2O3 (4 μM, 24 h). A significant increase in apoptotic cells (asterisks
annexin V-positive, PI-negative) were seen. The fold increase in apopto-
sis was obtained by comparing As2O3-treated and 0.1 % DMSO-treated
(control) cells (one-way ANOVA with Dunnett's posttests, P<0.05).
b Cell cycle analysis by flow cytometry with control (0.1 % DMSO) or
As2O3 treatment (4 μM, 8 h). Results from a representative experiment
were shown. As2O3 induced a significant increase in sub-G1 cells
(arrow). The results of primary MCL cells from eight patients were
summarized in the right graph, showing a significant increase in
sub-G1 fraction after As2O3 treatment (one-way ANOVAwith Dunnett's

posttests, P<0.05). c As2O3 mediated caspase-3 activation in primary
MCL cells. Primary MCL cells from patients (1×106 cells/ml) were
treated with As2O3 (4 μM). As2O3-induced caspase-3 activation occurred
after 4 h. Expression of β-actin was unchanged. Representative Western
blot of triplicate experiments was shown, with two other sets giving
similar results. d Primary MCL cells from patients (1×106 cells/ml) were
treated with As2O3 (4 μM). As2O3 induced a progressive time-dependent
downregulation of cyclin D1, which again was first significant after 2 h.
RepresentativeWestern blot and densitometric measurements of triplicate
experiments were shown (*P<0.05, one-way ANOVA with Dunnett's
posttests)
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detectable at 0.5 h and progressively increasing to up to 2 h
(Fig. 3a). Immunoprecipitation with an anti-ubiquitin anti-
body also showed a time-dependent increase in bound cyclin
D1, peaking at 2 h (Fig. 3a). These results showed that As2O3

activated GSK-3β and IKKα/β, leading to cyclin D1
threonine-286 phosphorylation and its subsequent ubiqui-
tination. After immunoprecipitation with an anti-cyclin D1
antibody, immunoblotting with FK1 that recognized poly-
ubiquitin moieties [17] and FK2 that recognized both poly-
ubiquitin and mono-ubiquitin moieties [17] showed that
As2O3 significantly increased ubiquitin binding to cyclin D1
(Fig. 3b). The results clearly indicated that As2O3 induced
poly-ubiquitination of cyclin D1.

As2O3 induced cyclin D1 degradation in proteasomes
but not lysosomes

To show that cyclin D1 ubiquitination resulted in its degra-
dation, Jeko-1 cells were preincubated with the 26S and 20S
proteasome inhibitors MG132 (30 μM), bortezomib (10 μg/
ml), and lactacystin (10 μM) before As2O3 treatment.
Proteasomal inhibition significantly attenuated As2O3-in-
duced cyclin D1 downregulation (Fig. 3c). On the other
hand, preincubation with the lysosomal inhibitor ammoni-
um chloride (NH4Cl) had no effect (Fig. 3d). The results
confirmed that As2O3 downregulated cyclin D1 by promot-
ing its poly-ubiquitination, hence targeting it to proteasomal
degradation.

As2O3-induced downregulation of cyclin D1 resulted
in suppression of Rb phosphorylation

As2O3 suppressed Rb phosphorylation, first detectable at
2 h, which was at least 1 h later than As2O3-induced cyclin
D1 downregulation (Fig. 4a). Total Rb remained un-
changed, indicating that As2O3 affected the activation rath-
er than the stability of Rb. Remarkably, suppression of Rb
phosphorylation followed a time course similar to that of
cyclin D1 downregulation (Fig. 1d, e). Finally, cell cycle
analysis showed that As2O3 induced a significant increase
in the apoptotic population and a significant decrease in the
S/G2 population (Fig. 4b). Collectively, As2O3-induced
downregulation of cyclin D1 preceded and resulted in the
suppression of Rb phosphorylation, leading to a block in
G1 progression to S and G2 phases.

The mechanistic actions of As2O3 on cell lines
were recapitulated in primary MCL samples

Eight primary MCL patient samples were treated with As2O3.
A significant increase in apoptosis was observed, as shown by
flow cytometric analysis of annexin Vand PI (Fig. 5a) and cell
cycle analysis (Fig. 5b). The increase in apoptosis was

mediated by caspase-3 activation (Fig. 5c). Finally, signif-
icant downregulation of cyclin D1 was also observed after
As2O3 treatment (Fig. 5d), following a time course that
was almost identical to those seen in Jeko and Granta cell
lines (Fig. 1d, e).

Discussion

In this study, we provided in vitro evidence of response of
MCL to As2O3. There are several novel observations. We
showed that As2O3 induced apoptosis in MCL cell lines and
primary patient samples. As2O3 induced a dose-dependent
and time-dependent suppression of cyclin D1, which re-
stored Rb to a hypophosphorylated state, resulting in a
blockade of G1 progression into the S/G2 phases. The time
course of As2O3-induced changes was also consistent with
this sequence of changes. As2O3-induced cyclin D1 sup-
pression was first evident at 0.5–1 h, becoming significant
at 2 h. Activation (suppression of phosphorylation) of Rb
was first evident at 2 h and became significant at 4 h, which
was also the time when caspase-3 activation was first
observable.

We then showed that CCND1 transcription was unaffected
by As2O3 treatment. In MCL cells, CCND1 is under the
transcriptional control of the immunoglobulin heavy chain
gene enhancer, which is not known to be affected by As2O3.
Furthermore, under physiologic conditions, cyclin D1 levels
during the cell cycle are controlled via alteration in stability
and not changes in the transcription of cyclin D1 [7]. Finally,
cyclin D1 levels were decreased as early as 0.5 h after As2O3

treatment, suggesting that protein degradation rather than
decreased gene transcription was involved.

Cyclin D1 turnover is regulated by threonine-286 phos-
phorylation, a process mediated by GSK-3β [8–11]. GSK-3β
is itself tightly regulated. Mitogens inactivate GSK-3β by a
pathway involving Ras, phosphatidylinositol 3-kinase (PI3K),
and protein kinase B/Akt [18]. Ras activates PI3K, which in
turn activates Akt. Akt inactivates GSK-3β by phosphorylat-
ing it at serine residue 9 [19]. This removes the inhibition of
GSK-3β on cyclin D1, allowing cyclin D1 to accumulate and
thus activate cell cycling.

On the other hand, GSK-3β can be activated by phosphor-
ylation at tyrosine-216 in the kinase domain [20]. The mech-
anisms controlling GSK-3β tyrosine-216 phosphorylation are
largely undefined. GSK-3β might autophosphorylate. The
tyrosine kinases Fyn [21], Csk [22], and Pyk2 [23] have been
implicated in tyrosine-216 phosphorylation. Therefore, our
findings were novel in showing that As2O3 might also in-
crease tyrosine-216 phosphorylation. Interestingly, arsenic
might not be the first example of a cation that regulates
GSK-3β phosphorylation, as calcium had also been reported
to enhance GSK-3β phosphorylation, via activation of the
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calcium-sensitive kinase Pyk2 [24]. Whether As2O3 acts
through a similar mechanism will have to be investigated. In
any case, the end result of As2O3-mediated increase in GSK-
3β tyrosine-216 phosphorylation is an increase in cyclin D1
threonine-286 phosphorylation, a key step in its degradation.
Again, the time course of As2O3-enhanced GSK-3β and thus
cyclin D1 phosphorylation paralleled that of As2O3-induced
cyclin D1 downregulation.

Another recently defined cyclin D1 regulation mechanism
is the IKK system [12]. The IKK complex is the major
regulatory component in the nuclear factor kappa-B (NF-κB)
pathway. It comprises the catalytic subunits IKKα and IKKβ
and a regulatory subunit IKKγ/NEMO [25]. Interestingly,
IKKα has been shown to phosphorylate cyclin D1 at
threonine-286, the same site targeted by GSK-3β [12]. IKKα
requires activation by phosphorylation at serine-176, before
participating in the regulation of NF-κB by phosphorylation
of IκB [26]. IKKα serine-176 phosphorylation is mediated by
NF-κB inducing kinase (NIK) [27]. Hence, our finding of
As2O3-induced phosphorylation of IKKα/β is another impor-
tant original observation, which may help to define the inter-
action of IKK and cyclin D1 in cell cycle control. Notably,
As2O3 mediated an increase in the physical interaction be-
tween IKKα/β and cyclin D1, as shown by co-immuno-
precipitation experiments. Finally, an IKKα/β specific inhib-
itor, BMS, alleviated As2O3-induced cyclin D1 down-
regulation. Taken together, these results indicated that
IKKα/β was also a co-effector of As2O3. How As2O3 in-
creases IKKα/β phosphorylation is unclear. However, NIK
is activated by multiple stimuli, including tumor necrosis
factor and interleukin-1 [27]. The potential interaction of
As2O3 with these signaling molecules requires future studies.

We further showed that As2O3-mediated cyclin D1
threonine-286 phosphorylation increased its ubiquitination.
The time course of cyclin D1 ubiquitination was commensu-
rate with the timing of the biochemical events induced by
As2O3. After As2O3 treatment, cyclin D1 ubiquitination was
first detected at 30 min, coinciding with the observed de-
crease in cyclin D1 protein. Moreover, the demonstration of a
specific chain of molecular events preceding cyclin D1
downregulation, and the absence of decreases in other pro-
teins on Western blot analysis indicated that As2O3-mediated
cyclin D1 degradation was not due to a nonspecific process of
protein destruction.

Cyclin D1 is a cytosolic and nuclear protein. Degradation of
this category of proteins is mediated via poly-ubiquitination,
which targets proteins to the proteasomes [28]. Accordingly,
we showed significant increases in poly-ubiquitination of cy-
clin D1 upon As2O3 treatment. Moreover, inhibition of the
proteasome successfully prevented As2O3-induced cyclin D1
downregulation. On the other hand, inhibition of lysosomes,
the site of degradation of mono-ubiquitinated proteins [29], did
not interfere with As2O3-induced cyclin D1 downregulation.

Although, in the immunoprecipitation experiments, As2O3-
induced mono-ubiquitination could not be entirely excluded,
the inability of lysosomal inhibition to attenuate cyclin D1
suppression argued against significant mono-ubiquitination
of cyclin D1. Furthermore, mono-ubiquitination affects pre-
dominantly membrane-bound proteins [29] and is, therefore,
unlikely to be involved in As2O3-induced decrease of cyclin
D1. Hence, these results indicated that As2O3 downregulated
cyclin D1 by promoting its proteasomal degradation (Fig. 6).

Our study provided evidence that As2O3 downregulated
cyclin D1 at the protein level. Interestingly, in a recent study,
MCL cell lines were also shown to have downregulation of
cyclin D1 protein when treated with As2O3, although the
molecular mechanism was not provided [30]. However, it is
unlikely that the actions of As2O3 in downregulating cyclin
D1 are specific to MCL. More likely, it is the overexpression
of cyclin D1 in MCL that makes it sensitive to As2O3. These
results also imply that As2O3 might be effective in other
neoplasms that overexpress cyclin D1, a proposition that
warrants further investigations. The capability of As2O3 in
augmenting proteasomal degradation of cyclin D1 is reminis-
cent of its action on another fusion oncoprotein PML-RARA
in APL. As2O3 binds directly to cysteine residues in the zinc
finger domain of the PML protein [31], thereby enhancing the
conjugation of an ubiquitin-related peptide SUMO-1 to the
PML-RARA protein [32]. This directs PML-RARA to
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nuclear bodies, which are nuclear matrix domains containing
11S proteasome constituents recruited by As2O3 treatment. In
this way, As2O3 triggers proteasome-dependent degradation
of SUMO-conjugated PML-RARA [31, 32]. Therefore,
As2O3 may act in conjunction with components of the
proteasomal system to degrade target proteins. Findings of
the current study corroborate with this proposition.

Some of these findings were recapitulated in primary MCL
samples. Owing to limitations of cell number and in vitro
growth capabilities of primary samples, we were unable to
validate all the observations from cell lines. However, induc-
tion of apoptosis and downregulation of cyclin D1 could be
demonstrated. Importantly, these primary samples were
obtained from patients who were refractory to conventional
chemotherapy, suggesting that As2O3 might be useful in the
clinical salvage of these patients.

In conclusion, As2O3 induced significant in vitro suppres-
sion of MCL cells, both from established lines and primary
patient samples. The concentrations of As2O3 were within the
range achievable when As2O3 was used to treat patients with
APL [33]. Furthermore, prolonged use of As2O3 has shown
remarkable safety, and the advent of oral As2O3 has solved
many of the problems associated with intravenous As2O3,
particularly in obviating cardiac arrhythmias [34]. These
in vitro observations should be validated clinically.
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