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Abstract

Purpose Flavopiridol is known to modulate the tran-
scription of genes. We investigated the effect of flavo-
piridol pretreatment on TRAIL cytotoxicity and on the
expression of FLIP; in different TRAIL-resistant cell
lines, because FLIP expression is known to confer
TRAIL-resistance.

Methods Apoptosis was assessed by PI staining and
protein expression by Western blotting. RT-PCR was
used for mRNA quantitation. siRNA gene silencing
was used to knock down FLIP;.

Results  Flavopiridol pretreatment synergized TRAIL-
induced apoptosis in human myeloma and breast cancer
cells. Flavopiridol treatment repressed the transcrip-
tion of FLIP; and downregulated its expression in both
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myeloma and breast cancer cells. Silencing of FLIP
gene by siRNA sensitized myeloma cells to TRAIL.
Flavopiridol treatment downregulated the expres-
sion of the proapoptotic members of the Bcl-2 family
proteins (Bak, Bax and PUMA-a). The expression of
the antiapototic Bcl-2 members (Bcl-2 and Bcl-X;)
was not altered by flavopiridol treatment in myeloma
cells.

Conclusion Our data indicate that flavopiridol syner-
gizes TRAIL cytotoxicity by downregulation of FLIP;
and this synergistic effect is Bcl-2 family independent.

Keywords Flavopiridol - FLIP - TRAIL -
Bcl-2 family - Apoptosis

Introduction

Flavonoids, like quercetin and genistein, have been
shown to arrest tumor cell growth. Flavopiridol is a
new synthetic flavone that showed a potent antitumor
activity both in vitro and in vivo [1, 2]. Flavopiridol
acts by inhibition of cyclin-dependent kinases (cdks)
[3] and was the first cdk inhibitor to enter clinical tri-
als [4, 5]. Flavopiridol is not merely a cdk inhibitor
that causes cell cycle arrest; it can induce apoptosis
[1], inhibit transcription [6] and angiogenesis [7].
Flavopiridol also showed a synergistic cytotoxic effect
when combined with other chemotherapeutic agents
[8] and TNF-related apoptsis-inducing ligand
(TRAIL) [9, 10].

The cellular FLICE-inhibitory protein (c-FLIP) is a
key regulator of death receptor signaling [11]. Numer-
ous isoforms of c-FLIP exist, of which two splice vari-
ant isoforms are mostly expressed: the short isoform
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(FLIP) and the long isoform (FLIP;). Both isoforms
have two death effector domains. The long isoform has,
in addition, an inactive caspase-domain. The incorpo-
ration of FLIP; or FLIPg in the death inducing signal-
ing complex (DISC) inhibits the autocatalytic cleavage
of caspase-8/caspase-10 and consequently inhibits the
activation of the effector caspases [12, 13]. Persistent or
transient expression of FLIP; or FLIPg has been
shown to confer resistance against TRAIL and was
able to modulate TRAIL-sensitivity in prostate cancer
[14] and melanoma cells [15], respectively. On the con-
trary, FLIP; was reported in other studies as apoptosis
mediator by promoting the activation of caspase-8 and
acted as apoptosis inhibitor only at high ectopic expres-
sion levels [16, 17].

In this study, we investigated the effect of flavopir-
idol on the expression of FLIP; and other Bcl-2 family
proteins and the consequences of these effects on
TRAIL cytotoxicity in TRAIL-resistant cell lines.
Flavopiridol downregulated FLIP; expression in
TRAIL-resistant breast cancer and multiple myeloma
cell lines and synergized TRAIL-induced apoptosis.
FLIP; gene silencing by siRNA sensitized TRAIL-
resistant myeloma cells in a similar pattern as flavopir-
idol. In spite of the synergistic effect of flavopiridol on
TRAIL-induced apoptosis, flavopiridol downregu-
lated the expression of the proapoptotic members of
the Bcl-2 family (PUMA, Bak and Bax) without alter-
ing the expression of the antiapoptotic members of the
Bcl-2 family. Our data suggest that flavopiridol sensi-
tizes TRAIL-resistant cells by downregulation of
FLIP; in a manner not affected by the expression of
the Bcl-2 family proteins.

Materials and methods
Reagents

The antibodies used were as follows: rabbit polyclonal
antibodies for Bim, Bak, Bcl-X; (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA), PUMA-a (Imgenex,
San Diego, CA, USA) and PARP (Biosource Interna-
tional, Camarillo, CA, USA); mouse polyclonal anti-
bodies for Bax, Bcl-2, FLIP;; (Santa Cruz
Biotechnology) and B-Tubulin (Upstate, Charlottes-
ville, VA, USA). Flavopiridol was a generous gift from
Dr. Kenneth Bauer (School of Pharmacy, University of
Maryland). RT-PCR primers were synthesized by Inte-
grated DNA Technologies (Coralville, IA, USA). All
other chemicals used were of analytical grade from
Fisher Scientific (Suwanee, GA, USA) or Sigma (St.
Louis, MO, USA).
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Cell culture

MMI1S myeloma cells and MD A-MB-468 breast cancer
cells were cultured in RPMI 1640 medium (GIBCO,
Grand Island, NY, USA) supplemented with 10% FBS
(GIBCO) in a humidified incubator supplied with 5%
carbon dioxide.

XTT colorimetric assay and propidium iodide (PI)
staining

XTT cell proliferation assay was done as described pre-
viously [18]. Apoptosis was measured by estimating the
sub-G1 population after PI staining. Cells (1 x 10°) were
washed twice in PBS and then fixed in 70% ethanol
overnight at 4°C. Cells were washed once in PBS and
then incubated with a PI solution (50 pg/ml) containing
RNase at 37°C for 30 min. Sub-G1 peak was estimated
using FACScan flow cytometer and CellQuest software.

Immunoblotting analysis
Immunoblotting was done as described previously [19].
RT-PCR analysis

RNA was extracted using the Qiagen RNeasy kit
(Qiagen, Valencia, CA, USA). RT-PCR was per-
formed using the Access RT-PCR system (Promega,
Madison, WI, USA) as per the manufacturer’s instruc-
tions. The following primers were used for c-FLIP to
amplify 833 bp product; sense: 5’GCTGAAGTCA
TCCATCAGGT3’, antisense: S'CATACTGAGATG
CAAGAATTS3'. Bcl-2 and Bcl-X primers used were as
follows, sense: S'TTCTTTGAGTTCGGTGGGGTC3';
antisense: STGCATATTTGTTTGGGGCAGG3' and
sense: S'TTGGACAATGGACTGG TTGA3Z'; anti-
sense: 5’ GTAGAGTGGA TGGTCAGTG-3', respec-
tively. Proper loading was confirmed by using the
following specific primers for glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH): sense: 5'T CTGCCC
CCTCTGCTGATGC3’; antisense: 5'CCACCACCC
TGTTGCTGTAG3'.

Transfection and siRNA gene silencing

Four different c-FLIP gene-specific siRNA were
designed and ligated to pSilencer hygro vector as per
the manufacturer’s instructions (Ambion, Austin, TX,
USA). The following two complimentary oligonucleotides
ATGAAGTCAGCCCTCAGAA and TTCTGAGG
GCTGACTTCAT with the loop sequence TTCAAG
AGA provided the best silencing effect as confirmed by
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Western blotting. The 19 nucleotide oligo corresponds
to nucleotides 329-347 of FLIP; mRNA (accession
number: AF005774). Alignment of the oligonucleotide
with FLIP¢ mRNA (accession number: AF005775) did
not show any perfect similarity, indicating specificity to
the long isoform only. The pSilencer vector was subcl-
oned and used to transfect MM1S cells using Lipofec-
tamine 2000 (Invitrogen, Carlsbad, CA, USA).
Scrambled siRNA was used as a negative control and
was generated by the GeneBlocker negative control
siRNA vector (Biovision Research Products, Moun-
tain View, CA, USA).

Statisitical analyses

Results are shown as mean £ SD. Student’s ¢ test was
used to determine significant differences. In all cases,
P < 0.05 was considered statistically significant.

Results

Flavopiridol synergizes TRAIL-induced apoptosis
and downregulates FLIP; expression in myeloma cells

We previously reported the relative resistance of
MMIS myeloma cells to TRAIL cytotoxic effect in
comparison to other myeloma cell lines [18]. Flavopir-
idol pretreatment of MM1S cells (50 and 100 nM) for
24 h followed by TRAIL (50 ng/ml) for another 24 h
synergized TRAIL-induced apoptosis (Fig. 1a). The
combination index (CI) values were calculated using
Calcusyn software (Biosoft, UK) and were 0.217 for
flavopiridol 50 nM and 0.048 for flavopiridol 100 nM,
suggesting strong synergism.

The synergistic effect of flavopiridol on TRAIL was
also observed in XTT survival assay (Fig. 1b) either by
flavopiridol pretreatment or cotreatment for 48 h (data
not shown).

The synergistic effect of flavopiridol on TRAIL-
induced apoptosis was consistent with the increase in
PARP cleavage after sequential treatment when com-
pared to each drug alone (Fig. 1c).

Flavopiridol is known for its transcription inhibition
effects. To investigate the effect of flavopiridol on the
transcription and protein expression of both isoforms
of FLIP, RT-PCR and Western blotting were used to
quantitate the mRNA and protein levels of FLIP,
respectively. Flavopiridol (100 nM) repressed the tran-
scription and protein expression of FLIP; after 24 h of
treatment without altering the expression of FLIPg
(Fig. 1d, e, respectively).

Flavopiridol downregulates FLIP; and synergizes
TRAIL-induced apoptosis in TRAIL-resistant breast
cancer cells

MD A-MB-468 breast cancer cells are known for their
TRAIL-resistance [19]. Sequential treatment with
different doses of flavopiridol for 24 h followed by
TRAIL for another 24 h synergized TRAIL-induced
apoptosis (Fig. 2a). The calculated CI values for the
combination were 0.2 (flavopiridol 50 nM-TRAIL
50 ng/ml) and 0.06 (flavopiridol 100 nM-TRAIL
50 ng/ml), suggesting strong synergism. The effect on
FLIP;, was also investigated and flavopiridol
(100 nM) treatment downregulated FLIP; expres-
sion (Fig. 2b).

FLIP; gene silencing sensitizes TRAIL-resistant
myeloma cells

In order to correlate FLIP; downregulation by flavo-
piridol to its sensitizing effect on TRAIL, FLIP; gene
was silenced in MM1S myeloma cells by siRNA as
described under Materials and methods and gene
silencing was confirmed by Western blotting (Fig. 3a).
To detect the effect of FLIP; silencing on TRAIL cyto-
toxicity, MMIS cells transfected with scrambled or
FLIP; siRNA were treated with TRAIL (100 ng/ml)
for 24 h. Downregulation of FLIP; significantly
reduced MM1S cells survival in the presence of TRAIL
(Fig. 3b).

Flavopiridol downregulates the proapoptotic Bcl-2
family members expression in myeloma cells

Bcl-2 family members are known for their proapo-
totic and antiapoptotic effects [20, 21]. Bel-2 and Bcl-
X, are antiapototic proteins and their overexpres-
sion significantly contributed to TRAIL-resistance
[22]. On the other hand, the proapoptotic members
of the Bcl-2 protein family play a major role in the
disruption of the mitochondrial membrane potential
AY,, and the release of different mitochondrial proa-
poptotic proteins [23]. Flavopiridol (100 nM) did not
alter the expression of Bcl-2 or Bcel-X; (Fig. 4a) in
spite of the transcriptional repression of the Bcl-2
gene (Fig. 4b). Moreover, flavopiridol did not modu-
late the transcription of Bcl-X; in MMIS cells
(Fig. 4b). Surprisingly, flavopiridol downregulated
the expression of the proapoptotic Bcl-2 proteins,
Bak, Bax and PUMA-a without affecting the
expression of any of the three isoforms of Bim
(Fig. 4a).
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Fig. 1 Flavopiridol synergizes TRAIL cytotoxic and apoptotic
effects and represses FLIP; transcription and protein expression
in MMI1S myeloma cells. a Apoptosis assay using PI staining
showing dose response of flavopiridol (FP) for 48 h, TRAIL (T)
for 24 h and the sequential treatment of flavopiridol (24 h) fol-
lowed by TRAIL (24h) in MMIS cells. Data represent the
mean =+ SD for three replicates. b XTT cell proliferation assay
showing the enhanced effect of pretreatment of MM1S cells with
flavopiridol (FP) for 24 h followed by TRAIL for another 24 h.
Data represent mean £ SD for four replicates and * indicates sig-
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Fig. 2 Flavopiridol synergizes TRAIL-induced apoptosis and
downregulates FLIP; expression in MDA-MB-468 breast cancer
cells. a Apoptosis assessment using PI staining and sub-G1
determination in MDA-MB-468 cells using different doses of

Discussion

In this study, we investigated the effect of flavopiridol
on the expression of FLIP; in two TRAIL-resistant
cancer cell lines and the consequences of this effect on
TRAIL-resistance. Flavopiridol downregulated the
expression of FLIP; in both MM1S myeloma cells and
MDA-MB-468 breast cancer cells and synergized
TRAIL-induced apoptosis. The sensitization of MM1S
cells to TRAIL after FLIP; gene silencing strongly
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nificant difference from TRAIL or Flavopiridol treatment alone
at P < 0. 05. ¢ Immunoblotting showing the effect on PARP cleav-
age; cells were treated with FP (100 nM) for 48 h, TRAIL
(100 ng/ml) for 24 h or sequential treatment with FP for 24 h and
TRAIL for 24 h. The antibody used detects only the ~85 kDa of
cleaved PARP. d RT-PCR showing the effect of FP (100 nM) on
FLIP; after different time intervals. ¢ Immunoblotting showing
the effect of FP (100 nM) on the expression of FLIP; and FLIPg.
The values above each band represent an arbitrary value of the
signal density
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flavopiridol (FP) and TRAIL (T). Data represent mean =+ SD for
three replicates. b Immunoblotting showing the effect of flavopir-
idol (100 nM) on FLIP; expression in MDA-MB-468 cells

support the correlation between TRAIL-resistance
and FLIP; expression.

The synergy between TRAIL or TNF-a and flavo-
piridol was reported recently [9, 10]. The synergistic
effect in human leukemia cells was attributed to the
downregulation of the XIAP protein (member of the
inhibitor of apoptosis proteins family) by flavopiridol
without affecting the expression of FLIP [10]. On the
other hand, flavopiridol synergy with TNF-a was attrib-
uted to the inhibition of NF-kB transcriptional activity
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Fig. 3 Downregulation of FLIP; sensitizes MM1S TRAIL-resis- T+F indicates TRAIL +FLIP siRNA. Data represent

tant cell line. a Immunoblotting showing the effect of scrambled
and FLIP; siRNA on the expression of FLIP;. b XTT colorimet-
ric assay showing the effect of TRAIL (100 ng/ml) for 24 h on
FLIP; siRNA-transfected cells and scrambled-transfected cells.
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Fig. 4 Flavopiridol downregulates the expression of the proa-
poptotic Bcl-2 family proteins without modulating the antiapop-
totic members in MMI1S myeloma cells. a Immunoblotting
showing the effect of flavopiridol (100 nM) on the expression of
the proapoptotic Bcl-2 proteins (Bim; the three isoforms, Bak,
Bax and PUMA o) and the antiapoptotic proteins; Bcl-2 and Bcl-
X.- b RT-PCR showing the effect of flavopiridol (100 nM) on the
transcription of the antiapoptotic Bcl-2 family proteins

by flavopiridol [9]. This indicates that different intracel-
lular factors could contribute to this synergistic effect.
We also demonstrated in this study the synergistic
effect of flavopiridol on TRAIL. However, we
observed the downregulation of FLIP; and established
a correlation between FLIP; and TRAIL-resistance by
silencing the FLIP; gene. In support of this correlation,
persistent FLIP; overexpression was shown to confer
TRAIL-resistance in prostate cancer [14].

The observed downregulation of FLIP; by flavopir-
idol in myeloma cells was consistent with the observed
decrease in its mRNA level. However, the lack of a
quantitative correlation between mRNA transcript
level and protein expression does not support this as a
proposed mechanism for FLIP; downregulation. Other
possible mechanisms like increased protein degrada-
tion via the ubiquitin-proteasome pathway needs fur-
ther investigation.

mean £ SD for four replicates and * indicates significant differ-
ence from TRAIL treatment in nonscrambled-transfected cells at
P <0.05

The effect of flavopiridol on the expression of the
Bcl-2 family has been controversial. Downregulation
and transcriptional repression of Bcl-2 by flavopiridol
was reported previously [24]. Another group reported
the same effect at high concentrations of flavopiridol
(>100 nM) without any change at lower concentrations
[25]. However, these findings of Bcl-2 downregulation
were not confirmed by others [26-28]. In our study, we
could not detect any downregulation of Bcl-2 or Bcl-
X, which is in agreement with the Bcl-2 independence
of flavopiridol-induced apoptosis [28]. The downregu-
lation of Bak, Bax and PUMA-a does not contradict
with the observed TRAIL-enhancing effect, because
TRAIL-induced apoptosis can be executed in a mito-
chondrial-independent manner through the extrinsic
pathway.

The possibility that the observed synergistic effect of
flavopiridol on TRAIL is due to multiple factors and
not solely attributed to the downregulation of FLIP|
cannot be ruled out. Other proteins like XIAP, survi-
vin, c-IAP1 could be downregulated and contribute to
this effect. However, the observation that FLIP; down-
regulation by siRNA doubled the cytotoxic effect of
TRAIL indicates that FLIP; plays a major role in
TRAIL-resistance in these cells. Moreover, during the
revision process of this manuscript, another study [29]
reported the same effect of flavopiridol in several
breast cancer cells and found that XIAP gene silencing
or abrogation of NF-kB activity were not enough to
sensitize breast cancer cells to TRAIL, which support a
dominant role of FLIP expression over XIAP expres-
sion and NF-kB activity in the observed flavopiridol
synergy.

Mcl-1 is a member of the antiapoptotic Bcl-2 family
and thought to play a key role in mediating drug resis-
tance in multiple myeloma. Flavopiridol was shown to
repress the transcription and downregulate Mcl-1
expression in other myeloma cell lines [30]. Cholangio-
carcinoma cells that overexpress Mcl-1 and exhibit
TRAIL resistance were sensitized to TRAIL by Mcl-1
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gene silencing [31], further demonstrating the role of
Mcl-1 in mediating TRAIL resistance. We did not
observe any change in Mcl-1 expression in MM1S cells
after 24 and 48 h treatment with flavopiridol (data not
shown). The reported effect of flavopiridol on Mcl-1
was detected at early time points (6 h) and then Mcl-1
expression was almost restored to the basal level at
14 h [30], which may explain the observed unaltered
expression of Mcl-1 after 24 h in our study. Further-
more, the higher dose of flavopiridol (200 nM vs.
100 nM in this study) and the different cell line used
may contribute to this difference.

In conclusion, this study showed that (1) flavopiridol
repressed the transcription and protein expression of
FLIP;, (2) flavopiridol synergized TRAIL-induced
apoptosis in a Bcl-2 independent manner and (3)
FLIP; downregulation could be a useful strategy in
sensitizing TRAIL-resistant cells.
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