0026-895X/04/6503-571-581$20.00

MOLECULAR PHARMACOLOGY

Copyright © 2004 The American Society for Pharmacology and Experimental Therapeutics
Mol Pharmacol 65:571-581, 2004

Vol. 65, No. 3
2861/1134925
Printed in U.S.A.

Evidence of a Functional Role for p2

1 WAF1/CIP1 Down-

Regulation in Synergistic Antileukemic Interactions between
the Histone Deacetylase Inhibitor Sodium Butyrate and

Flavopiridol

Roberto R. Rosato, Jorge A. Almenara, Chunrong Yu, and Steven Grant
Departments of Medicine (R.R.R., J.A.A., C.Y., S.G.), Biochemistry (S.G.), and Pharmacology (S.G.), Medical College of

Virginia, Virginia Commonwealth University, Richmond, Virginia
Received July 30, 2003; accepted December 4, 2003

This article is available online at http://molpharm.aspetjournals.org

ABSTRACT

The functional significance of disruption of p21VAF"/<'PT induc-
tion by flavopiridol (FP) in human leukemia cells (Jurkat) ex-
posed to the histone deacetylase (HDAC) inhibitor sodium bu-
tyrate (SB) was investigated. Coexposure of leukemic cells to
FP blocked SB-mediated induction of p21WAF"/CPT and re-
sulted in a marked increase in mitochondrial injury, activation of
procaspases-3 and -8, Bid cleavage, and PARP degradation.
Enforced expression of p21WAF"/CP1 (i e in Jurkat cells induc-
ibly expressing p21"AF7/C/P1 ynder the control of a doxycy-
cline-responsive promoter) partially but significantly reduced
cytochrome ¢ and apoptosis-inducing factor release, loss of
mitochondrial membrane potential, caspase-3 and -8 activa-
tion, Bid cleavage, poly(ADP-ribose)polymerase (PARP) degra-
dation, and apoptosis in response to SB/FP. Furthermore, in-
creasing expression of p21WAF/CIPT (i e | by culturing cells in

the presence of higher concentrations of doxycycline) rendered
cells more resistant to SB/FP-mediated lethality. Enforced ex-
pression of p21VAF7/C/F1 did not modify SB/FP-mediated JNK
activation or generation of reactive oxygen species. Consistent
with these results, Jurkat cells stably expressing a p21WvAF7/CP1
nuclear localization mutant (p21ANLS) were also resistant to
SB/FP-mediated mitochondrial injury, activation of pro-
caspases-3 and -8, PARP cleavage, and apoptosis. Finally,
enforced expression of full-length or ectopic expression of
ANLS p21WAFT/CIPT increased the amount of p21WAFT/CIPT ¢o-
immunoprecipitating with procaspase-3. Together, these find-
ings suggest that interruption of HDAC-mediated p21WAF7/c/P1
induction by FP plays a significant functional role in potentiating
apoptosis, possibly by preventing the formation of a pro-
caspase-3/ p21WAF1/CIPT complex.

Histone deacetylase (HDAC) inhibitors represent a novel
class of agents that has recently been developed as potential
anticancer agents for the treatment of solid tumors and he-
matological malignancies. These agents promote the acetyla-
tion of histones, chromatin relaxation, and the transcription
of diverse genes involved in cellular differentiation, among
other functions (Melnick and Licht, 2002; Rosato and Grant,
2003). HDAC inhibitors such as sodium butyrate (SB), sub-
eroylanilide hydroxamic acid (SAHA), apicidin, and trichos-
tatin A represent structurally diverse compounds that share
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the capacity to interrupt cell cycle progression in G; and GoM
phase, resulting in growth arrest, differentiation, and/or cell
death (Marks et al., 2001; Rosato and Grant, 2003). The
latter represent alternative and, under some circumstances,
mutually exclusive cell fates (Selvakumaran et al., 1994,
Rosato et al., 2001). The degree to which each of these pro-
cesses occurs is highly dependent on cell type, agents em-
ployed, and drug dose and treatment interval (Melnick and
Licht, 2002). Notably, exposure of different cell lines to
HDAC inhibitors results in up-regulation, at the transcrip-
tional level, of the endogenous cyclin-dependent kinase
(CDK) inhibitor p21WAF¥/CIP1 \yhich inhibits multiple cyclin/
CDK complexes and may also exert direct antiapoptotic ac-
tions (El Deiry et al., 1993; Rosato et al., 2002), possibly by

ABBREVIATIONS: HDAC, histone deacetylase; SB, sodium butyrate; SAHA, suberoylanilide hydroxamic acid; CDK, cyclin-dependent kinase; FP,
flavopiridol; PMA, phorbol 12-myristate 13-acetate; ANLS, p21WAF"/CIP7 |acking the nuclear localization signal; PBS, phosphate-buffered saline;
BOC-bp-fmk, benzyloxycarbonyl-Asp(Ome)-fluoromethyl ketone; PBS-T, phosphate-buffered saline/Tween 20; PARP, poly(ADP-ribose)poly-
merase; AlF, apoptosis inducing factor; CDKI, cyclin-dependent kinase inhibitor; Dox, doxycycline; Ays,,, mitochondrial membrane potential; JNK,
c-Jun N-terminal kinase; SAPK, stress-activated protein kinase; ASK, apoptosis signal-regulating kinase; ROS, reactive oxygen species; PAGE,
polyacrylamide gel electrophoresis; Pl, propidium iodide; DiOCg, 3,3-dihexlyoxacarbocyanine.
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directly blocking activation of caspases (e.g., caspase-3) (Asada
et al., 1999). CDK inactivation leads in turn to dephosphoryla-
tion of retinoblastoma protein, which then binds to and inacti-
vates E2F, resulting in transcriptional repression of cell cycle
progression genes, growth arrest, and cell differentiation
(Rosato et al., 2002). We and others have demonstrated the
critical functional role of p21WAFY/CIFL jn HDAC inhibitor-
induced cell growth arrest, differentiation, and apoptosis in
malignant cells (Han et al., 2000; Rosato et al., 2001).

Flavopiridol [FP (L86-8275; NSC 649890)] represents a
family of polyhydroxylated flavones that includes quercetin
and genistein and that has demonstrated promising preclin-
ical activity (Wang, 2000). FP binds to the CDK ATP binding
pocket and potently inhibits cdk2, cdc2, and cdk4 at submi-
cromolar concentrations, although at higher concentrations
it inhibits other kinases, including protein kinase C, epider-
mal growth factor receptor, and extracellular regulated ki-
nase 1 (Sedlacek et al., 2002). In preclinical studies, FP has
been shown to induce apoptosis in lung cancer cells (Shapiro
et al., 1999) and, at nanomolar concentrations, in malignant
hematopoietic cells (Parker et al., 1998; Semenov et al.,
2002). Administration of FP has been associated with G,M
and G;S arrest, depending upon the model system (Carlson
et al., 1996; Motwani et al., 1999), as well as down-regulation
of ¢yclin D1 (Carlson et al., 1999). In addition, FP, by inhib-
iting the positive transcription elongation factor-b complex,
may act as a transcriptional repressor (Chao and Price,
2001). FP also interacts synergistically with more estab-
lished chemotherapeutic agents, including cytarabine (Bible
and Kaufmann, 1997) and paclitaxel (Bible and Kaufmann,
1997; Motwani et al., 1999). More recently, we demonstrated
that FP synergistically induces apoptosis in human leukemia
cells when combined with certain differentiation-inducing
agents, including phorbol 12-myristate 13-acetate (PMA) and
HDAC inhibitors such as SAHA and SB, events associated
with abrogation of p21WAFY/CIPL expression (Cartee et al.,
2001; Almenara et al., 2002; Rosato et al., 2002). In view of
evidence that disruption of p21"AF¥CIP1 jnduction promotes
HDAC inhibitor-mediated lethality (Rosato et al., 2001), it is
tempting to speculate that FP-mediated repression of this
CDKI contributes to lethality.

Currently, direct evidence that interference with p2
expression by FP contributes functionally to synergistic
antileukemic interactions with HDAC inhibitors is lack-
ing. To address this issue, we have employed human leu-
kemia cells inducibly expressing p21"Af¥¢IF1 ynder the
control of a tetracycline-responsive promoter, as well as
leukemia cells stably expressing a nuclear localization sig-
nal p21WAFL/CIPL myutant (ANLS). The latter accumulates
in the cytoplasm, where it blocks caspase activation (Asada
et al.,, 1999). Our results support the notion that FP-
mediated attenuation of p21"AF¥/CIPI jnduction plays a
key functional role in promoting HDAC inhibitor-induced
apoptosis in human leukemia cells, possibly through a
mechanism involving blockade of the apoptotic caspase
cascade.

1 WAF1/CIP1

Materials and Methods

Cells. Jurkat cells were obtained from American Type Culture
Collection (Rockville, MD). Cells were maintained in a 37°C, 5% CO.,
fully humidified incubator and cultured in RPMI 1640 medium sup-

plemented with sodium pyruvate, minimal essential medium, essen-
tial vitamins, L-glutamate, penicillin, streptomycin, and 10% fetal
bovine serum (Invitrogen, Carlsbad, CA). Jurkat cells stably express-
ing cytoplasmic p21WAFYCIPL (i e | lacking the nuclear localization
signal; aa 1-140) (p21WAFV/CIPI ANLS) were obtained by polymerase
chain reaction amplification as described by Asada et al. (Asada et
al., 1999). Briefly, a full-length p21WAF/¢IP1 ¢DNA (kindly provided
by Dr. Steven Elledge, Baylor College of Medicine, Houston, TX) was
used as template in conjunction with the following set of primers:
forward: 5'-ATGTCAGAACCGGCTGGGGAT-3'; reverse: 5'-CCTG-
GAGACTCTCAGGGTCGATAA-3'. The corresponding polymerase
chain reaction fragment was subcloned using the TOPO-TA cloning
kit (Invitrogen), removed as an EcoRI fragment, and cloned into
pcDNA3.1 (Invitrogen), sequenced and transfected into Jurkat cells.
Neomycin-resistant clones (designated p21ANLS 8 and 35) were
isolated and expanded in medium containing G418 (0.4 mg/ml) for 3
weeks and then tested by Western immunoblot analysis for the
ectopic expression of a truncated protein using an antibody against
p21WAFLCIPL Al] experiments were performed using cells in logarith-
mic phase growth suspended at 2.5 X 10° cells/ml.

Tet-On Inducible p21"AF/CIP1_Jyurkat Cell Lines. A stable Jurkat
lymphoblastic leukemia cell line inducibly expressing p21"VA##/CIP
was generated as follows. A full-length p21"AF/CIP1 ¢DNA (kindly
provided by Dr. Steven Elledge, Baylor College of Medicine, Houston,
TX) was subcloned into the pTRE2-hygro2-Myc expression vector
(BD Biosciences Clontech, Palo Alto, CA) according to standard
techniques. Jurkat “Tet-On” cells that stably express a reverse tet
transactivator regulator protein (BD Biosciences Clontech) were
transfected with Myc-tagged p21WAFZ/CIPI_hTRE2-hygro2 by elec-
troporation (600 V, 60 ms) using 0.4-um cuvettes. Stable clones
derived from single cells were selected by limiting dilution in
RPMI 1640 medium supplemented with 10% of Tet-System-
approved fetal bovine serum (BD Biosciences Clontech) in the
presence of 0.4 mg/ml hygromycin. To test for induced expression
of the myc-p21WAF/CIP1  stable clones were left untreated or
treated for 24 h with 2 pg/ml doxycycline, after which they were
harvested and analyzed for myc-p21WAFY/CIPI Ly Western blot
analysis as described below.

Drugs and Chemicals. Sodium butyrate was supplied as a pow-
der (Calbiochem, La dJolla, CA) and dissolved in PBS before use.
Flavopiridol FP (186 8275; NSC 649890) was kindly provided by Dr.
Edward Sausville (Cancer Treatment and Evaluation Program, Na-
tional Cancer Institute, Bethesda, MD). FP was formulated in di-
methyl sulfoxide (Sigma-Aldrich, St. Luis, MO) and 10~2 M stock
solution was stored at —20°C. The pan-caspase inhibitor BOC-D-fmk
was purchased from Enzyme System Products (Livermore, CA) and
dissolved in dimethyl sulfoxide.

Assessment of Apoptosis. Apoptotic cells were evaluated by
both morphological assessment of Wright-Giemsa—stained cytospin
preparations and by annexin V/PI staining (BD Biosciences PharM-
ingen, San Diego, CA) as per the manufacturer’s instructions, as
described previously (Almenara et al., 2002). The extent of apoptosis
was determined using a Becton Dickinson FACScan flow cytometer.

Assessment of Mitochondrial Membrane Potential. At the
indicated intervals, cells were harvested and 2 X 10° cells were
incubated with 40 nM DiOCg for 15 min at 37°C. Analysis was then
carried out on Becton-Dickinson FACScan cytofluorometer. The per-
centage of cells exhibiting low levels of DiOCg, reflecting loss of
mitochondrial membrane potential, was determined as described
previously (Rosato et al., 2002)

Analysis of Cytosolic Cytochrome ¢ and AIF. A technique
described previously was employed (Almenara et al., 2002). The
S-100, or cytosolic fraction, was subjected to Western analysis as
described above. For each condition, 30 ug of the S-100 fraction was
loaded on the gel and probed with the corresponding antibody.

Western Blot Analysis. Whole cell-pellets were washed twice in
PBS, resuspended in PBS, and lysed by the addition of 1 volume of
loading buffer. Total proteins (30 ug) per point were separated by 4
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to 12% Bis-Tris Nu-Page precast gel system (Invitrogen) and elec-
troblotted to nitrocellulose. The blots were blocked in 5% nonfat milk
in PBS-T and probed for 1 h with the appropriate dilution of primary
antibody. Blots were washed 3 X 10 min in PBS-T and then incu-
bated with a 1:2000 dilution of peroxidase-conjugated secondary
antibody for 1 h at room temperature. Blots were again washed 3 X
10 min in PBS-T and then developed by enhanced chemiluminesence
(PerkinElmer Life and Analytical Sciences, Boston, MA). Where
indicated, blots were stripped and reprobed with antibodies directed
against actin.

Antibodies for Western Blot Analysis. Primary antibodies for
the following proteins were used at the designated dilutions: pro-
caspase 3, caspase 9, p21"VAFY/CIPI (1:1000; BD Transduction Labo-
ratories, Lexington, KY); cleaved caspase-3 and -9 (1:1000; Cell Sig-
naling Technology, Beverly, MA); PARP (1:1000; BioMol, Plymouth
Meeting, PA); cytochrome ¢ (1:1000; BD Biosciences PharMingen);
apoptosis-inducing factor (AIF), Bid, pJNK, JNK2 (1:2000; Santa
Cruz, Santa Cruz, CA); caspase 8 (1:2000; Alexia Corporations, San
Diego, CA); actin (1:2000; Sigma-Aldrich Chemicals). Secondary an-
tibodies conjugated to horseradish peroxidase were obtained from
Kirkegaard and Perry Laboratories, Inc. (Gaithersburg, MD).

Measurement of ROS Production. Cells were treated with 20
uM  2',7'-dichlorodihydrofluorescein diacetate (Molecular Probes,
Eugene, OR) for 30’ at 37°C, fluorescence was measured by flow
cytometry on a FACS scan, and analyzed with CELLQuest software.
H,0, was used as a positive control.

Immunoprecipitation Assay. Cells were harvested (2 X 107),
washed in ice-cold PBS, suspended in immunoprecipitation assay
buffer (1% Nonidet P-40, 0.5% sodium deoxycholate, and 0.1% SDS
in PBS) containing protease inhibitors, and quickly sonicated on ice.
After centrifugation, the supernatant was incubated with antibody
against pro-caspase 3 (BD Transduction Laboratories) and rocked
overnight at 4°C. Immune complexes were immunoprecipitated with
immunomagnetic microspheres, Dynabeads M-450 precoated with
sheep anti-Mouse IgG (Dynal Biotech, Lake Success, NY). The beads
were washed with radioimmunoprecipitation assay buffer, treated
with 1X sample buffer, boiled, and loaded in precast gels for Western
blot analysis.

Immunohistochemistry. After cytospin, the cells were fixed for
10 min in a mix of ethanol/acetic acid (95/5%) and washed with
water. The cytospin preparations were permeabilized for 15 min with
0.1% Triton and washed again with water. All the slides were placed
in endogenous blocking solution (methanol + 10% hydrogen perox-
ide) for 20 min at room temperature. The slides were washed three
times with water and once with PBS. All sections were blocked with
PBS/1% bovine serum albumin for 1 h at room temperature and then
incubated overnight at 4°C in a humidified chamber with the appro-
priate dilutions of mouse monoclonal anti-human p21WAF/CIPL gntj-
body (BD Transduction Laboratories). The slides were washed in
PBS and detected as per manufacturer’s instructions using a Vec-
tastain ABC Kit (Vector Laboratories, Burlingame, CA). Positive
cells were revealed by the use of diaminobenzidine as a substrate
(BioGenex, San Ramon, CA), washed, and counterstained with mod-
ified Harris hematoxylin for 30 s. No positive cells were identified
when the specific antibodies were replaced with isotype-matched
control antibodies.

Statistical Analysis. The significance of differences between ex-
perimental conditions was determined using the student’s ¢ test for
unpaired observations.

Results

Cotreatment with SB/FP Blocks p21"Af7/CIPI Tnduc-
tion and Promotes Apoptosis in Jurkat Lymphoblastic Leu-
kemia Cells. Previously, we demonstrated that coadministra-
tion of HDAC inhibitors (e.g., SAHA, SB) with FP resulted in
a striking increase in apoptosis in human myelomonocytic

in HDAC Inhibitor/Flavopiridol-Induced Apoptosis 573

U937 leukemia cells (Almenara et al., 2002; Rosato et al.,
2002). In Jurkat lymphoblastic leukemia cells, 1 mM SB or
200 nM FP administered alone induced apoptosis only mod-
estly, reflected by the percentage of AnexinV/PI" cells (Fig.
1A). However, the combination of SB and FP resulted in a
pronounced apoptotic response (i.e., =60% within the first
24 h). Furthermore, exposure of Jurkat cells to FP resulted in
abrogation of both the basal expression of p21WAFZ/CIPL g
well as that induced by exposure to SB (Fig. 1B). The mech-
anism by which FP blocked p21"AF”CIP1 expression was
caspase-independent (Fig. 1B), in that the caspase inhibitor
Boc-p-fmk (20 uM) failed to block down-regulation of this
CDKI (Fig. 1B, BF+1). Thus, analogous to results obtained in
U937 cells exposed to PMA (Cartee et al., 2001) or SAHA
(Almenara et al., 2002), interference with induction of
p21WAFL/CIPL [y TP dramatically increased apoptosis in Jur-
kat cells.

Enforced Expression of p21"AFY/CIPL Protects Cells
against HDAC Inhibitors/FP-Induced Cell Death. To inves-
tigate the functional role of dysregulated p21WAFY/CIPI ox.
pression in SB/FP-induced apoptosis, two separate Jurkat
cell lines transfected with a p21"WA#?/CIP1 cDNA (J-p21-5 and
J-p21-15) under the control of a Tetracycline-responsive pro-
moter were employed. In these lines, expression of the gene of
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Fig. 1. Exposure of Jurkat cells to SB/FP induces apoptosis and p21"VAF#/CIP1
down-regulation. A, Jurkat cells were exposed to 1 mM SB, 200 nM FP,
or both for 24 h, after which the percentage of apoptotic cells was moni-
tored by AnexinV/PI staining. B, Western blot analysis of lysates from
Jurkat cells treated for 24 h with 1 mM SB (B), 200 nM FP (F), or the
combination SB/FP (BF) with or without the pan-caspase inhibitor
Boc-D-fmk (20 uM; BF+I). After treatment, cells were pelleted and
lysed, and 30 ug of protein was separated by SDS-PAGE as described
under Materials and Methods. Blots were then probed with an anti-
p21WAFUCIPT gntibody, after which they were stripped and reprobed
with an antibody to actin to ensure equivalent loading and transfer.
The results of a representative study are shown; two additional experi-
ments yielded similar results. **, p < 0.01; values significantly greater
than those obtained from untreated cells (C) or cells treated with
either drug alone (B, F). Results represent the means for three sepa-
rate experiments = S.D.
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interest (in this case, p21VAFY/CIPL) can be induced by cultur-
ing cells in the presence of either tetracycline or doxycycline
(Dox). When cells were exposed individually to 1 mM SB, 300
nM FP (data not shown), or 400 nM FP for 24 h, minimal
apoptosis occurred in the presence or absence of Dox. In
contrast, a marked increase in apoptosis was observed in
cells exposed to SB and either 300 or 400 nM FP in the
absence of Dox. Moreover, the extent of cell death was sig-
nificantly reduced (i.e., approximately 40 to 50%; p < 0.001)
in both of the clones (J-p21-5 and J-p21-15) when Dox was
added to the medium (Fig. 2A). In separate studies, treat-
ment of untransfected cells or cells transfected with an empty
vector with Dox did not modify SB/FP-mediated cell death
(data not shown). Apoptosis was also essentially abrogated
by addition of the pan-caspase inhibitor Boc-D-fmk (+I; 25
uM). Western blot analysis of lysates collected after treat-
ment demonstrated that for both inducible clones, addition of
Dox resulted in a very pronounced increase in p21WA#/CIP1
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expression in control cells (Fig. 2B). Levels of Dox-induced
p21WAFI/CIPL expression (C*) were between three and five
times higher than those achieved by exposing uninduced
(=Dox) to SB (B) (Fig. 2A, insets). Although levels of
p21WAFLCIPL ip cells exposed to 300 nM SB/FP, and partic-
ularly to 400 nM SB/FP, in the presence of Dox were less than
those of controls, they were nevertheless substantially
greater than those observed in drug-treated cells cultured in
the absence of Dox, and comparable with, if not quite as great
as, those observed in uninduced cells exposed to SB alone.
Addition of Boc-D-fmk partially restored p21WAFZ/CIPI Jeyels
to those of controls, suggesting that reductions in Dox-in-
duced p21WAFYCIPI expression in drug-treated cells reflected
caspase-mediated degradation of ectopic protein.

Western blot analysis of lysates from J-p21-15 cells ex-
posed to SB (1 mM) + FP (400 nM) in the presence or absence
of Dox revealed that enforced expression of p21WAFZ/CIP1
resulted in a pronounced decrease in the activation of the
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Fig. 2. Enforced expression of p21"AFYCIPL protects cells against HDAC inhibitor/FP-induced cell death. A, Jurkat cells inducibly expressing

p21WAFI/CIPT ¢ellg (J-p21, clones 5 and 15) were pretreated with or without Dox (CJ, —Dox; M, +Dox) for 24 h, after which they were exposed to 1 mM
SB (B), 300 or 400 nM FP (F), or the combination SB/FP (BF) in the presence (+1I) or absence of the caspase inhibitor Boc-D-fmk (20 uM) for 24 h. The
apoptotic response was then evaluated by flow cytometric analysis of AnnexinV/PI staining; results correspond to the means for three separate
determinations = S.D. ** p < 0.01; values significantly lower than those obtained in cells cultured in the absence of Dox (—Dox). A, inset, WB analysis
of p21WAFI/CIPT expression in lysates from J-p21-5 and J-p21-15 clones cultured in the absence (C) or presence of 1 mM SB (B). For comparison,
p21WAFL/CIPT expression in cells induced with Dox for 24 h (C*) is shown. B, after treatment as indicated, cell lysates were collected and 30 ug of protein
was separated by SDS-PAGE as described under Materials and Methods. Blots were then probed with an anti-myc tag antibody, after which they were
stripped and reprobed with an antibody to actin to ensure equivalent loading and transfer. The results of a representative study are shown; two
additional experiments yielded similar results.
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caspase cascade, manifested by diminished cleavage/activa-
tion of caspases-9, -3, and-8, and Bid, as well as PARP deg-
radation and the appearance of a caspase-9 cleavage frag-
ment (Fig. 3). Together, these findings indicate that enforced
expression of p21WAFI/CIPI i SB/FP-treated cells signifi-
cantly attenuates the lethal effects of this regimen. They are
also consistent with the notion that p21"VAF2/CIF1 down-reg-
ulation plays a significant functional role in synergistic an-
tileukemic interactions between these agents.
SB/FP-Induced Cell Lethality Is Dependent Upon the
Level of p21"VAF/CIP1 Txpression. Results from the previous
studies suggested that enforced expression of p21WAF/CIPI
blocked SB/FP-induced apoptosis. Attempts were therefore un-
dertaken to determine whether p21"VAF¥CIPL jnhibitory effects
could be related to the level of Dox-induced protein expression.
To address this issue, J-p21-5 cells were incubated for 24 h in
the presence of 0, 0.1, or 2.0 ug/ml Dox followed by exposure to
1 mM SB/300 nM FP for an additional 24 h, after which the
extent of apoptosis was evaluated. Western blot analysis of
lysates from J-p21 cells after 24 h of Dox revealed that 0.1 ug/ml
Dox induced a modest increase in p21WAFYCIPL expression,
whereas 2.0 mg/ml resulted in a more pronounced increase in
protein levels. As shown in Fig. 4B, administration of 0.1 mg/ml
Dox modestly but significantly (P < 0.05) reduced apoptosis
induced by SB/FP compared with cells cultured in the absence
of Dox. Moreover, addition of 2.0 ug/ml Dox to the medium,
which robustly induced p21"AF#CTP1 regulted in a further re-
duction in SB/FP-mediated lethality (P < 0.05 versus cells
exposed to 0.1 pg/ml Dox). Together, these findings suggest that
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Fig. 8. Enforced expression of p21"WAF/CIP1 diminishes activation of the
caspase cascade by SB/FP. J-p21-15 cells were pretreated with or without
Dox for 24 h, after which they were coexposed to 1 mM SB/300 nM FP
(BF) for an additional 24 h. Cell lysates were collected, and 30 pg of
protein was separated by SDS-PAGE as described under Materials and
Methods. Blots were then probed with the antibodies against pro-
caspase-3, cleaved/activated caspase-3, caspase-8, Bid, caspase-9,
cleaved/activated caspase-9, and PARP; they were then stripped and
reprobed with an antibody to actin to ensure equivalent loading and
transfer. The results of a representative study are shown; two additional
experiments yielded similar results. CF, cleavage fragment.
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the level of p21WAFY/CIPI jpnduction plays a role in determining
the extent to which SB/FP-mediated lethality is attenuated.

Enforced p21"AF7CIP1 Expression Diminishes SB/FP-
Mediated Mitochondrial Injury. Previous studies have dem-
onstrated that coadministration of HDAC inhibitors with FP
results in a marked increase in mitochondrial injury includ-
ing a loss of mitochondrial membrane potential (Ay,,) and
release of cytochrome ¢ and AIF into the cytosol (Almenara et
al., 2002; Rosato et al., 2002). Therefore, mitochondrial
events were evaluated in J-p21-15 cells treated for 24 h = 1
pg/ml Dox followed by exposure to 1 mM SB + 300 nM FP for
an additional 24 h. Treatment of uninduced cells (—Dox) with
SB or FP alone had no effect on either Ay, or release of
cytochrome ¢ and AIF into the cytosolic S-100 fraction (data
not shown). However, coadministration of SB/FP resulted in
a marked increase in the percentage of cells displaying loss of
Ay, (Fig. 5A) as well as increased cytosolic release of cyto-
chrome ¢ and AIF (Fig. 5B). When parallel studies were
performed in cells cultured in the presence of Dox, a signifi-
cant reduction in loss of Ay, was noted (P < 0.02 versus cells
cultured in the absence of Dox). Similarly, SB/FP-mediated
release of cytochrome ¢ and AIF was modestly but discernibly
diminished in cells exposed to Dox. These findings indicate
that enforced expression of p21WAFY/CIPL attenuates mito-
chondrial damage induced by simultaneous exposure of cells
to SB in conjunction with FP.

Protection against SB/FP-Induced Cell Death by
p21WAFI/CIPT Does Not Involve Activation of the Pro-Apop-
totic SAPK/JNK Pathway or ROS Generation. There is evi-
dence that the apoptosis inhibitory activity of p21VAFZ/CIPL g
related to the inhibition of the stress-activated mitogen-acti-
vated protein kinase cascade through binding to the apopto-
sis signal-regulating kinase-1 (ASK) (Asada et al., 1999),
which in turn is activated by oxidative stress. Attempts were
therefore made to determine the effects, if any, of enforced
expression of p21WAFV/CIPI on SB/FP-mediated activation of
the stress-related JNK pathway or on generation of reactive
oxygen species (ROS). Western blot analysis of lysates from
J-p21-15 cells cultured in medium or Dox for 24 h followed by
exposure to SB/FP for 3, 12, and 24 h revealed no changes in
expression of phospho-JNK (Fig. 6A). In addition, flow cyto-
metric analysis revealed no significant effect of Dox exposure
on ROS generation after SB/FP treatment [Fig. 6B; results
obtained after 3-h treatment are shown; similar observations
were made at 12 and 24 h (data not shown)]. These findings
argue against the possibility that p21"WAF/CP1_mediated cy-
toprotective effects involve perturbations in the oxidative
stress-SAPK/JNK axis.

Cytoplasmic Localization of p21"Af¥/CIPI Vediates its
Protective Role against SB/FP-Induced Cell Death. Recent
reports have attributed the apoptosis-inhibitory activity of
p21WAFLCIPL ¢ itg translocation into the cytoplasm (Asada et
al., 1999; Suzuki et al., 2000). Based on these observations,
we investigated the cellular localization of ectopically ex-
pressed p21WAFLCIPL 4 jdentify possible mechanisms re-
sponsible for the cytoprotective role of p21WAFZ/CIPL [n situ
immunocytochemical analysis demonstrated very low ex-
pression of p21"VAF/C?P1 jn noninduced (—Dox) J-p21-15 cells
(Fig. 7TA). After 24-h exposure to Dox, robust expression of
p21WAFI/CIPL g detected that localized in both the nucleus,
where the strongest signals were observed, and in the cyto-
plasm (Fig. 7B). Because cytoplasmic accumulation of
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p21WAFI/CIPL hag heen proposed to account for its antiapop-
totic effects, Jurkat cells were stably transfected with a
p21WAFLCIPI_DNA lacking the C-terminal domain coding for
the nuclear localization signal (p21-ANLS; aa 1-140) (Asada
et al., 1999). These cells displayed clear cytoplasmic expres-
sion of the ANLS p21WAFY/CIPI deletant mutant, detected by
immunohistochemical analysis (Fig. 7D), whereas no signal
was observed in the corresponding J/EV (empty vector) cells
(Fig. 7C). The specificity of the immunohistochemical stain-
ing was verified by the use of irrelevant control primary
antibodies (data not shown) as well as by immunostaining
with secondary antibody alone (Fig. 7D, inset). Expression of
p21WAFL/CIPI ANLS was further confirmed by Western blot
analysis of lysates obtained from two separate clones (8 and
36) demonstrating robust expression of a rapidly migrating
species compared with full-length (aa 1-164) p21WAF7/CIPI,
as shown in lysates from Jurkat cells treated for 24 h with
either 10 nM PMA or 1 mM SB (Fig. 7E). In contrast to the
effects of full-length p21WAFY/CIFI expression on leukemia
cells (Cartee et al., 2001; Rosato et al., 2001), ectopic expres-
sion of p21-ANLS affected neither cell cycle traverse nor
differentiation (data not shown).

ug Dox
A

Doxug/ml 0 0.1 2

Exposure of two separate p21-ANLS clones (designated 8
and 36) to SB/FP resulted in a significant decrease in apo-
ptosis monitored by AnnexinV/PI (P < 0.01 in each case; Fig.
8A). Inhibition of drug-induced apoptosis by cytoplasmic
p21WAFLCIPL oorrelated closely with diminished mitochon-
drial damage, reflected by a decrease in the percentage of
cells exhibiting a reduction in AV, (P < 0.02 in each case;
Fig. 8B). In accord with these findings, reductions in
caspase-8 and -3 activation, the appearance of a caspase-3
cleavage product, and PARP degradation were observed in
both p21-ANLS clones (Fig. 8C). Together, these findings are
consistent with the notion that cytoplasmic localization of
p21WAFL/CIPL hlaygs a key role in the antiapoptotic actions of
this CDKI in cells exposed to the SB/FP regimen.

Enforced Expression of p21"A77C¢P1 Leads to In-
creased Formation of a Complex with Caspase 3. Accumulat-
ing evidence suggests that the antiapoptotic activity of cyto-
plasmic p21WAFY/CIPI stems from formation of a complex with
caspase 3, thereby inhibiting activation of the caspase cas-
cade (Suzuki et al., 1999, 2000). In view of the association
between cytoplasmic accumulation of p21WAF#CIP1 gnd inhi-
bition of SB/FP-induced cell death (Figs. 7 and 8), the forma-

Fig. 4. Relationship between

p21WAFLCIPT jnduction and SB/FP-
induced cell death. A, J-p21-15
cells were pretreated with 0, 0.1, or
2.0 pg/ml Dox for 24 h, after which

<« p21°w!

they were coexposed to 1 mM SB/

300 nM FP (BF) as above. Cell ly-
sates were prepared, and 30 ug of
was protein separated by SDS-

P Actin

50

— *

PAGE as described under Materi-
als and Methods. Blots were then
probed with an anti-myc tag anti-
body that recognizes inducible
p21WAFLCIPI - after which they
were stripped and reprobed with
an antibody to actin to ensure
equivalent loading and transfer.
The results of a representative
study are shown; two additional
experiments yielded similar re-
sults. B, J-p21-15 cells pretreated
for 24 h with the indicated concen-
trations of Dox were exposed for an
additional 24 h to 1 mM SB/300

30
20
10
ol mSmm

% dead cells

nM FP (BF) and the extent of cell
death was determined by flow cy-
tometry (AnnexinV/PI, 7-amino-
actinomycin D uptake) as de-
scribed under Materials and
Methods. Values represent the
means for three separate experi-
ments performed in triplicate *+
S.D. * p < 0.01; values signifi-

C BF
Dox pg/ml — 0

BF
0.1

cantly lower than those obtained
with Dox-untreated (—Dox) cells.
#, p < 0.01; values significantly
lower than those obtained with
cells pretreated with 0.1 pug Dox.

BF
2

pug Dox
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tion of caspase 3-p21WAFY/CIPL complexes was examined
in cells ectopically expressing full-length and ANLS
p21WAFI/CIPL - Yyhole-cell lysates from *Dox J-p21 and
p21-ANLS cells were immunoprecipitated with an anti-pro-
caspase-3 monoclonal antibody and the composition of the
pro-caspase-3/p21WVAFY/CIPL complex was analyzed by West-
ern blot. Figure 9 demonstrates that p21"VAF?/C7P1 wag unde-
tectable in immunoprecipitates from either noninduced
J-p21 (—Dox) cells or empty-vector control 3.1-Jurkat
cell lysates (Fig. 9, A and B, respectively). In contrast,
p21WAFUCIPL \yag readily detected in pro-caspase 3 immuno-
precipitates in lysates obtained from Dox-induced J-p21 and
p21-ANLS cells. Reverse immunoprecipitates (i.e., IP:
p21WAFI/CIPL \Wastern blot: caspase-3) yielded similar results
with respect to detection of complex formation (data not shown).
Finally, as shown in Fig. 9C, for both =Dox-treated J-p21 cells,
exposure to SB increased the amount of p21WA#Z/CIP1 jp com-
plex with pro-caspase 3. Furthermore, these levels seemed sig-
nificantly diminished after SB/FP treatment of Dox-induced
J-p21 cells (Fig. 9C). These findings indicate that cytoplasmic
p21WAFI/CIPL gggociates with pro-caspase 3 and raise the

A

o
o

O - Dox
m +Dox

S
i
*

20

% cells with “low” DIOC,

0 I '
C BF

B -Dox +Dox
C BF C BF
pr— wwww | «— Cytochrome c
-_ - W | <« AIF
— <«— Actin

Fig. 5. Enforced expression of p21WAF/CIP1 attenuates SB/FP-mediated
mitochondrial damage. A, J-p21-15 cells were pretreated with or without
Dox for 24 h followed by exposure to 1 mM SB/300nMFP (BF) for an
additional 24 h, after which the percentage of cells exhibiting loss of Ay,
was evaluated by flow cytometric analysis of DiOCg4 uptake as described
under Materials and Methods. Results represent the means for three
separate experiments performed in triplicate + S.D. *, p < 0.01; values
significantly lower than those obtained with Dox-untreated cells (—[Dox).
B, after pretreatment for 24 h with or without Dox, J-p21-15 cells were
exposed to SB + FP as indicated above and pelleted; protein lysates were
extracted from the cytosolic S-100 fraction as described under Materials
and Methods. Protein (30 pg) were separated by SDS-PAGE, and blots
were then probed with the indicated antibodies, after which they were
stripped and reprobed with an antibody to actin to ensure equivalent
loading and transfer. The results of a representative study are shown;
two additional experiments yielded similar results.
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possibility that this event may inhibit activation of
the caspase cascade, thereby blocking SB/FP-induced ap-
optosis. Conversely, interference with p21"VAF?/CTP1 jnqyc-
tion e.g., by FP may attenuate this process and, in so
doing, promote SB-induced cell death.

Discussion

The CDKI p21WAFZ/CIPL jg critically involved in cell cycle
arrest after DNA damage (Bartek and Lukas, 2001) as well
as that accompanying differentiation induction by various
agents including HDAC inhibitors (Freemerman et al., 1997;
Rosato et al., 2001). However, there is accumulating evidence
that this CDKI plays a key role in regulating the apoptotic
response of leukemia and other neoplastic cells to such
agents. For example, stable expression of a p21WAFV/CIP1
antisense construct has been shown to increase the sensitiv-
ity of human leukemia cells to SB, SAHA, and, most recently,
the benzamide HDAC inhibitor MS-275 (Vrana et al., 1999;
Rosato et al., 2001, 2003). Conversely, up-regulation of p21
correlated with reduced sensitivity and interference with
activation of the apoptotic cascade induced by the HDAC
inhibitor azelaic bishydroxamic acid (Burgess et al., 2001).
Recently, we reported that the pharmacologic CDK inhibitor
FP interacts synergistically with SAHA and SB to induce
mitochondrial injury and apoptosis in human leukemia cells
(Almenara et al., 2002; Rosato et al., 2002). The rationale for
these studies stemmed from the premise that because cell
cycle arrest is required for leukemic cell maturation
(Freytag, 1988), a pharmacologic CDK inhibitor might be
expected to enhance maturation by HDAC inhibitors and
other differentiation-inducing agents. However, contrary to
expectations, FP opposed HDAC inhibitor-mediated matura-
tion and instead promoted leukemic cell apoptosis. Signifi-
cantly, this phenomenon was accompanied by a marked at-
tenuation of the p21WAF¥CIPI response (Almenara et al.,
2002; Rosato et al., 2002). Based upon earlier results involv-
ing leukemia cells displaying an impaired p21WAFZ/CIFPZ
response (Vrana et al., 1999; Rosato et al., 2001), it was
tempting to postulate that FP-mediated antagonism of
p21WAFL/CIPL jnduction contributed to the lethality of this
drug combination. However, direct support for this concept
has been lacking. The results described herein provide evi-
dence that FP-mediated abrogation of the p21WAF¥/CIFL yeo.
sponse in human leukemia cells plays a significant functional
role in promoting HDAC inhibitor-mediated lethality.

The mechanism by which FP blocks p21"A#7/CP1 jnduction
is not known with certainty but may be related to the ability
of this agent to inhibit transcription. For example, FP has
been shown to form duplexes with DNA (Bible et al., 2000)
and to mimic the actions of the transcriptional inhibitor
actinomycin D (Lam et al., 2001). More recently, FP has been
found to be a potent inhibitor of the positive-transcription
elongation factor-b by virtue of its ability to block phosphor-
ylation of the carboxyl-terminal domain (Chao et al., 2000).
In this regard, the ability of FP to down-regulate expression
of the antiapoptotic protein Mcl-1 at the transcriptional level
has been implicated in induction of cell death in multiple
myeloma cells (Gojo et al., 2002). Analogously, FP has been
shown to interfere with transcription of p21"VAF¥/CP1 ip hu-
man leukemia cells exposed to the phorbol ester PMA (Cartee
et al., 2001). Although p21WAF¥CIPL 5 3 known target of
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apoptotic caspases (Gervais et al., 1998), the inability of the
broad caspase inhibitor Boc-D-fmk to block FP actions argues
against this as a mechanism of p21"WAF¥CIPL qown-regula-
tion. Taken together, these findings suggest that FP inter-
feres with expression, at the transcriptional level, of a num-
ber of proteins required to oppose apoptosis in malignant
hematopoietic cells, particularly those undergoing matura-
tion.

There is considerable evidence, primarily indirect, support-
ing the notion that interference with p21"A#?/“’ induction
by FP contributes, at least in part, to potentiation of HDAC
inhibitor-mediated apoptosis. For example, expression of
p21WAF/CIPL 54 heen shown to protect tumor cells from the
lethal effects of ionizing radiation and doxorubicin (Wang et
al., 1999a). Conversely, loss of p21"WAF/CIPI ha5 been found
to sensitize cells to cytotoxic drugs (Wang et al., 1998), low-
dose cytarabine (Wang et al., 1999b), and various differenti-
ation-inducing agents, including phorbol esters (Wang et al.,
1998) and HDAC inhibitors (Vrana et al., 1999; Rosato et al.,
2001). In view of these findings, it is tempting to propose that
interruption of p21"WAF/CIP1 induction in HDAC inhibitor-

A -DOX

treated cells contributes to enhanced lethality. However, direct
evidence that this is in fact the case has been lacking. It is
therefore noteworthy that enforced expression of p21"VAF#/CIP1
significantly, although partially, blocked HDAC inhibitor/
FP-mediated apoptosis, as well as activation of the caspase
cascade (e.g., cleavage of caspases-3 and -8, Bid, and PARP).
The observation that enforced expression of p21WAF¥/CIPI
reduced the extent of FP/HDAC inhibitor-mediated apoptosis
by only 50% could reflect multiple factors, including caspase-
mediated protein degradation, which may prevent levels
from reaching those achieved in uninduced cells exposed to
an HDAC inhibitor alone. In support of this notion, cells
displaying greater (enforced) expression of p21WAFV/CIFL ere
more resistant to HDAC inhibitor-mediated lethality than
those exhibiting a more modest induction (Fig. 4B). Alterna-
tively, heterogeneous expression of the A-NLS mutant
(Fig. 7) could be responsible for incomplete protection from
FP/HDAC inhibitor lethality. Finally, other factors (e.g.,
Mcl-1 down-regulation) (Rosato et al., 2002) could contribute
to synergistic interactions between these agents. Neverthe-
less, taken together, such findings argue that interference
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3 12 24
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Fig. 6. Analysis of the SAPK/JNK pathway and ROS production. A, J-p21-15 cells were pretreated with or without Dox for 24 h followed by exposure
to 1 mM SB/300 nM FP (BF) for an additional 3, 12, or 24 h, after which cell lysates were prepared and 30 ug of protein was separated by SDS-PAGE
as described under Materials and Methods. Blots were then probed with the corresponding phospho-JNK and JNK antibodies. The blots were stripped
and reprobed with an antibody to actin to ensure equivalent loading and transfer. The results of a representative study are shown; two additional
experiments yielded similar results. B, after induction with Dox as described above, J-p21 cells were exposed to 1 mM SB/300 nM FP (BF) for
additional 3 h, after which they were labeled with an oxidative-sensitive dye (2',7'-dichlorodihydrofluorescein diacetate) and analyzed by flow
cytometry to quantify the percentage of cells displaying an increase in ROS production (reflected by a rightward shift of the histogram). As controls,
cells were treated with 10 uM H,O, for 15 min and analyzed in parallel (far right). Values represent the means for three separate experiments = S.D.
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with HDAC inhibitor-mediated p21"A# /€21 jnduction by FP
plays a significant, albeit partial functional role in synergis-
tic antileukemic interactions between these agents.

The mechanism by which p21"A#?/CIP1 jnhibits apoptosis
is not known with certainty but may involve, at least in part,
cell cycle arrest permitting repair of DNA damage (McDonald
et al., 1996). Alternatively, p21"WAF/CIP1 ig known to associ-
ate with ASK-1, an upstream activator of the stress-activated
MAP kinase cascade, resulting in inactivation of the pro-
apoptotic SAPK/JNK pathway (Asada et al., 1999). However,
the failure of enforced expression of p21WAFY/CIPI to modify
JNK activation in SB/FP-treated cells would argue against
this mechanism in the present case. Recently, p21WAF#/cIP1
has been shown to form a complex with procaspase-3, thereby
protecting cells against Fas-mediated apoptosis (Suzuki
et al, 1998). The binding region responsible for
p21WAFLCIPIhracaspase 3 interactions was later localized to
the N-terminal region of the p21"AF¥CIP1 protein and inde-
pendent of the Cdk2 or proliferating cell nuclear antigen-
binding domains (Suzuki et al., 1999). Furthermore, it has

J-p21 (-Dox) J-p21 (+Dox)

C PMA B A8 A35
BE—

<« p21Cipt

«—ANLS-p21Ciet

Fig. 7. Subcellular localization of enforced ectopically-expressed full-length
p21WAFICIPL gnd ANLS p21WAF/CIPT Tmmunohistochemical analysis of non-
induced J-p21 cells (A), 24-h Dox-induced J-p21 cells (B), Jurkat cells trans-
fected with either the pcDNAS3.1 empty vector (C), or pcDNA3.1-p21"A"
crpi-ANLS (D). Cells were treated as described under Materials and
Methods. Arrows indicate cells in which enforced p21"AF /P expression is
detected in both the nucleus and the cytoplasm (A, B) or in the cytoplasm
(p21WAFICIPT _ANLS) (D), as identified with a specific p21"VAF¥CIP1 gntibody.
D, inset, negative control (NC) with secondary antibody alone. E, Western
blot analysis of lysates from p21"A*»CIPZ ANLS clones (A8 and A35). PMA
and B indicate lysates from Jurkat cells treated for 24 h with either 10
nM ¢cPMA) or 1 mM SB as positive controls for induced endogenous
full-length p21WAFY/CIPI Two additional studies yielded equivalent
results.
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Fig. 8. Jurkat cells stably expressing p21"A"/CIP1_ANLS are resistant to
FB-induced cell death. A, Jurkat cells transfected with either empty
vector (J/EV) or two clones expressing p21"WAF/CIPIANLS (A8 and A35)
were treated with 1 mM SB/300 nM FP for 24 h, after which the extent of
apoptosis was determined by flow cytometry analysis of Annexin V/PI
and 7-amino-actinomycin D uptake. Values represent the means for three
separate experiments performed in triplicate = S.D. *, p < 0.01; values
significantly lower than those obtained with J/EV control cells. B, Jurkat
control EV and p21WAF/CIPIANLS cells were treated as above and the
percentage of cells exhibiting loss of Ay, was evaluated by flow cytometry
analysis as described under Materials and Methods. Values represent the
means for three separate experiments performed in triplicate = S.D. *,
p < 0.01; values significantly lower than those obtained with J/EV control
cells. C, Western blot analysis of lysates from the same samples tested in
A and B. After treatment, cell lysates were prepared and 30 ug of protein
was separated by SDS-PAGE as described under Materials and Methods.
Blots were then probed with the corresponding antibodies against pro-
caspase-3, cleaved/activated caspase-3, caspase-8, and PARP. The blots
were stripped and reprobed with an antibody to actin to ensure equiva-
lent loading and transfer. The results of a representative study are
shown; two additional experiments yielded similar results. CF, cleavage
fragment.
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been suggested that the function of p21WAF¥/CI¥1 a5 an inhib-
itor of cell cycle progression versus apoptosis may be deter-
mined by its subcellular localization (Asada et al., 1999).
Specifically, in human leukemia cells, p21"WA¥/CIP1 pyclear
localization correlates with growth arrest and induction of
differentiation, whereas in the cytoplasm this CDKI may
primarily act by forming inhibitory complexes with pro-
caspase-3 and ASK-1 (Suzuki et al., 1998; Asada et al., 1999).
Thus, FP, by blocking p21"AF¥C¢IP1 jnduction and thereby
preventing its cytosolic accumulation, may promote HDAC
inhibitor-mediated activation of the apoptotic caspase cas-
cade.

The results of the present study, in which two genetically engi-
neered cell types were employed [i.e., one expressing inducible
full-length p21"AFYCIPL and the other stably expressing a C-ter-
minal-deleted form lacking the nuclear localization signal (cyto-
plasmic p21"WAFYCIPD)] - support this concept. For example, cells
inducibly expressing full-length p21"VA*/CIP1 o1 stably expressing
a nuclear localization signal mutant (ANLS) displayed diminished
caspase activation, PARP cleavage, and apoptosis in response to
combined treatment with FP and an HDAC inhibitor. Further-
more, enforced expression of full-length or ANLS-p21WAF/CIPI

A

J-p21-5 J-p21-15
Dox - + - #

e P21 Cip1

IgG

-«

B  JEV A8 A35

s B p21©e
~ e | . 1c
C
- Dox + Dox

<« IgG

IP: pro-caspase 3

resulted in a marked increase in the amount of p21WAF#/CIP!
associating with procaspase-3. The possibility that such an event
might antagonize activation of a key effector caspase such as
procaspase-3 seems plausible (Asada et al., 1999). However, why
inactivation of caspase-3 would diminish mitochondrial injury in
cells exposed to the HDAC inhibitor/FP regimen is unknown (Fig.
5). In this context, studies by other groups (Sun et al., 2002) as well
as our own (Almenara et al., 2002; Rosato et al., 2002) have sug-
gested the presence of an amplification loop in which activation of
the intrinsic and receptor-related extrinsic pathways cooperate to
promote mitochondrial injury. Such a loop has been postulated to
involve activation of procaspase-8 by activated procaspase-3, re-
sulting in cleavage of Bid, which translocates to the mitochondria
and promotes release of pro-apoptotic mitochondrial proteins (Sun
et al., 2002). Consistent with this view, enforced expression of
p21WAFYCIPT diminished HDAC inhibitor/FP-mediated caspase-8
activation and cleavage of Bid. It is therefore possible that by
antagonizing procaspase-3 activation, p21"Af»CP1 may interfere
with an amplification loop that promotes mitochondrial injury;
conversely, interference with p21"VAF/CIP1 jpduction (i.e., by FP)
may promote HDAC inhibitor-mediated release of cytochrome ¢
and related proteins.

IP: pro-caspase 3

Fig. 9. Ectopically expressed p21"ACIP coimmunopre-

cipites with pro-caspase 3. Both inducible J-p21 cell lines
(clones 5 and 15) as well as p21"AF/CIPIANLS cell
lines (A8 and A35) were monitored for coimmunoprecipi-
tation of pro-caspase 3 and p21WAFY/CIPL 1 ysates from
J-p21 cells preincubated with or without Dox for 24 h (A)
and from J/EV control and p21-ANLS cells (A8 and A35)
(B) were immunoprecipitated with an anti-procaspase-3
antibody as described under Materials and Methods, af-
ter which they were subjected to Western blot analysis
with p21WAFY/CIPL gntibody. C, J-p21 cells (clones 5 and
15) were pretreated with or without Dox for 24 h followed
by exposure to 1 mM SB alone (B) or in combination with
300 nM FP (BF) for an additional 24 h. The cell lysates
were then immunoprecipitated with an anti-pro-
caspase-3 antibody followed by Western blot analysis
using an anti-p21"WAFYCIPT gntibody. The band corre-
sponding to IgG represents a loading control. The results
of a representative study are shown; two additional ex-
periments yielded similar results.

IP: pro-caspase 3

|L : - — p21 Cip1
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In summary, the present studies provide, for the first time,
evidence that interference with p21"VAF*/¢IP1 jnduction by FP
plays a significant functional role in promoting leukemic cell
mitochondrial injury, caspase activation, and apoptosis after
exposure to HDAC inhibitors. They also suggest that atten-
uation of cytoplasmic p21WAFYCIPL gecumulation, as well as
activation of a procaspase-3, procaspase-8, and Bid amplifi-
cation loop, may contribute to this phenomenon. Given accu-
mulating support for the notion that p21WAF¥/CIPL plays a
major role in regulating the apoptotic response of leukemic as
well as other neoplastic cells to HDAC inhibitors (Burgess et
al., 2001; Rosato et al., 2001), the concept of combining these
agents with FP, which transcriptionally represses the ex-
pression of p21WAFY/CIPL (Cartee et al., 2001) and other an-
tiapoptotic proteins (e.g., Mcl-1) (Gojo et al., 2002) seems to
be a rational one. Finally, it will be of interest to determine
whether other CDK inhibitors can mimic the actions of FP in
opposing p21WAFY/CIPL jnduction and/or in promoting HDAC
inhibitor-mediated lethality. Accordingly, studies designed to
answer these questions are currently in progress.
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