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Abstract
Purpose Combination of two diVerentiation agents
such as phenylbutyrate (PB) and 13-cis-retinoic acid
(CRA) has been shown to have an additive inhibitory
eVect on tumor growth in preclinical studies. In this
report we explored the hypotheses that these “cyto-
static” agents may have a greater antitumor activity in
combination with “cytotoxic” compounds and their
biological eVect may be sequence-dependent.
Methods The antitumor activity of combination of
PB and CRA with paclitaxel (TX ) and doxorubicin
(DOXO) on human prostate and colon carcinoma cell
lines was assessed both in vitro and in vivo. The eVect
on cell cycle, apoptotic rate, cycline expression and
induction of p21 expression was also determined.
Results Following treatment of tumor cells with
PB + CRA + TX or DOXO, inhibition of tumor cell
growth was greatly enhanced as compared to
PB + CRA, TX or DOXO alone, with >90% growth
inhibition. However, when the cells were pretreated
with PB + CRA followed by TX or DOXO, the
enhanced inhibition was abolished suggesting a protec-
tive eVect to this sequence. Interestingly treatment
with PB + CRA restored sensitivity to DOXO in PC-3
human prostate cancer cell line. PB + CRA induced

p21 expression and cell-cycle arrest in G1 phase, while
TX and DOXO induced G2/M arrest. p21 and p53-deW-
cient colon carcinoma cell lines were more sensitive to
the eVect of PB + CRA and TX as single agents and in
combination, as compared to the wild type cells. When
p21-deWcient cells were pretreated with PB + CRA fol-
lowed by TX the protective eVect was still observed.
Treatment of tumor cells with combination of these
drugs induced cell cycle delay at multiple mitotic
checkpoints before undergoing apoptosis. Tumor
growth was signiWcantly inhibited and delayed in ani-
mals treated with either TX or concomitantly with TX
and PB + CRA as compared to control. Animals
treated with all three agents demonstrated further
growth inhibition or delay than the TX alone or
PB + CRA arm.
Conclusions These results suggest a rational therapeu-
tic approach for combination of diVerentiation-inducing
agents with cytotoxic drugs given concomitantly, but
not sequentially.

Keywords DiVerentiation agents · Cytotoxic drugs · 
Cell cycle · Prostate cancer

Introduction

The use of diVerentiation inducing compounds is gain-
ing an increased interest as a therapeutic strategy in
cancer treatment [1]. SpeciWc gene expression modula-
tion in tumor cells that reinstates a more diVerentiated
phenotype may represent the main stem of the so
called “diVerentiation therapy”. Several natural prod-
ucts and synthetic compounds continue to be tested in
preclinical models and in clinical trials. Our group has
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been involved in the preclinical and clinical develop-
ment of the small fatty acid chain Phenylbutyrate (PB),
a diVerentiation-inducing agent with histone deacety-
lase (HDAC) inhibition properties [5, 6, 16, 17, 21].
This compound inhibits tumor cell proliferation in sev-
eral tumor types by induction of G1 cell cycle arrest
and speciWc cell cycle—related proteins such as p21.
We also reported that PB in combination with 13-cis-
retinoic acid (CRA) has an additive inhibitory eVect in
human prostate carcinoma cell lines in vitro and in vivo
[17]. Treatment with the combination of CRA and che-
motherapy (paclitaxel, vinblastine) was well tolerated
in phase-I/II studies. Objective responses including
complete remissions were observed in patients with
squamous cell carcinomas, while minimal activity in
patients with advanced renal cell cancer was observed
in a phase II study [2, 26, 27, 30].

Cell-cycle checkpoints represent novel potential tar-
gets for cancer therapy [22, 28]. By activating check-
point-mediated apoptosis pathways or by exploiting
drug sensitivity due to loss of checkpoint function,
novel molecular targeted therapeutic strategies are
currently under clinical testing. Several studies support
the notion that the cell cycle plays also a critical role in
chemosensitivity for combination chemotherapy. Com-
monly used chemotherapy agents induce cell arrest in
G2/M. Microtubule inhibitors (MTI) and antracyclins
such as paclitaxel and doxorubicin (DOXO), respec-
tively, induce a P53-independent G2/M arrest and sub-
sequent apoptosis. However, “cytostatic” agents such
as the diVerentiation-inducing agents small chains fatty
acids (i.e. PB) and retinoids, induce G1 arrest or G1/S
checkpoint delay.

The observation that cytostatic agents such as PB
and CRA can induce G1 arrest raises the possibility
that this class of agents might inhibit the eVects of
proliferation-dependent agents. In fact, combination
therapy of the cyclin dependent kinase inhibitor Xavo-
piridol induced chemoresistance when CPT-11, paclit-
axel and docetaxel were administered subsequently in
in-vivo cancer models. When Xavopiridol was given
after the chemotherapeutic agents an enhanced antitu-
mor eVect was observed [13, 14]. Similar results have
been observed in combination with gemcitabine [7].
Flavopiridol in combination with DOXO induced a
synergistic antitumor eVect when doxorubicin treat-
ment followed Xavopiridol [3]. Other combination
strategies that sensitized tumor cells to chemothera-
peutic drugs include the combination of all-trans-reti-
noic acid (ATRA) and CRA with gemcitabine and
cisplatin, the combination of vitamin D analogues with
either cisplatin or carboplatin, and the combination of
cyclooxygenase inhibitors or the synthetic retinoid

fenretinide with carboplatin and cisplatin in diVerent
tumor models [8, 11, 15, 24]. Furthermore, the orally
active EGFR tyrosine kinase inhibitor geWtinib, which
causes G1 cell cycle arrest, has been shown to enhance
the antitumor eVect of paclitaxel when given intermit-
tently but not when given continuously [23].

In a recent report the HDAC inihibitor depsipep-
tide (FK228) induced P-glycoprotein expression and
DOXO resistance in promyelocytic leukemia, when
cells were treated Wrst with the combination of ATRA
and FK228 followed by DOXO. In contrast, when
ATRA/FK228 was administered after DOX exposure,
the apoptotic rate was increased [25]. The HDAC
inhibitor suberoylanilide hydroxamic acid (SAHA) has
been shown to antagonize DOXO cytotoxicity, but
when given at least 48 h prior to DOXO exposure, the
combination treatment resulted in synergistic antitu-
mor activity against breast cancer cells [10].

In this report we explored the hypothesis that the
“cytostatic” diVerentiation-inducing agents PB and
CRA may have a greater inhibitory eVect in combina-
tion with “cytotoxic” compounds paclitaxel (TX) and
DOXO. The combination is active in diVerent tumor
types both in vitro and in vivo, but its eYcacy is sched-
ule-dependent. Our Wndings conWrm that the interac-
tion between diVerentiation-inducing agents and cell
cycle dependent chemotherapy agents is of great inter-
est in the development of novel antitumor therapies
and highlights the importance of preclinical studies for
a rational clinical design of combination strategies.

Materials and methods

Cell lines and reagents

Human prostate carcinoma cell lines PC3, DU-145
(ATCC), and colon carcinoma cell lines HCT116,
HCT116 p21¡/¡, HCT116 p53¡/¡ (kindly provided by
Dr. Bert Vogelstein, Johns Hopkins Oncology Center)
were maintained in RPMI 1640 and McCoy media
(Gibco BRL), respectively. Murine renal cell carci-
noma cell line (RENCA) was maintained in DMEM.
Media were supplemented with 10% fetal bovine
serum (FBS)(Sigma Chemical Co., St Louis, MO,
USA) and 2 mm L-glutamine (Gibco, BRL). Stock
solutions of 10¡3 M 13-cis-RA (CRA) (Sigma Chemi-
cal Co., St Louis, MO, USA), 250 mM PB (Triple
Crown America, Perkorie, PA, USA) were prepared in
DMSO and PBS, respectively, and stored at 4°C. Pac-
litaxel (TX) was purchased as stock solution in cremo-
phor/ETOH at concentration of 6 mg/ml (7 mM)
(Bristol-Myers-Squibb) or in powder form (Sigma).
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Doxorubicin (DOXO) was kindly provided by the
pharmacy at the Sidney Kimmel Comprehensive Can-
cer Center at Johns Hopkins. For the in vivo studies
the PB, CRA, and TX were either dissolved or diluted
in PBS (PB), propileneglicole (CRA) or DMSO (TX
and DOXO). For the in vitro studies the compounds
were dissolved in PBS (PB) or DMSO (CRA, TX, and
DOXO).

Colony formation assay

Exponentially growing tumor cells were seeded at 500
cells per well in six-well plates and allowed to attach
for 48 h. Cells were treated with 2.5 mM PB + 10 �M
CRA with either 10–20 nM TX, 50 nM DOXO, or
combination in complete medium containing DMSO
less than 0.001 or 0.1%, respectively. After 4 h (TX or
DOXO) or 72 h (PB + CRA) cells were rinsed, and
fresh medium was added. Cultures were observed for
7–10 days and then were Wxed and stained with crystal
violet. Colonies of greater than 30 cells were scored as
survivors. Each condition was counted in duplicate
(10 Welds/well) on an inverted microscope. Results are
expressed as mean colonies number § SEM. The
experiments were repeated two times with similar
results.

Apoptosis assay

Exponentially DU-145 tumor cells were seeded in
60 mm wells in duplicates and allowed to attach for

48 h. Then, cells were treated with TX (1 nM) for 4 h
or/and PB + CRA (2.5 mM and 10 �M) for 24 h. Cells
were rinsed, total cells were harvested, Wxed in metha-
nol and stained with DAPI. Stained nuclei were viewed
using Xuorescence microscopy and scored. A minimum
of 200 cells were counted for each determination.

FACS analysis for cell cycle and apoptosis

The cell cycle analysis was performed under similar
experimental conditions as described above with either
DU145 or PC3 cells. Cells were treated with DOXO
(50 nM) or TX (1 nM) for 4 h with or without
PB + CRA (2.5 mM and 10 �M) for 24 h. Cell cycle
analysis was performed using the Cellular DNA Flow-
cytometric Analysis Kit (Roche, Indianapolis, IN,
USA). Cells treated with agents were harvested by
trypsinization, washed, and Wxed in 70% ethanol on
ice, followed by incubation with RNase. The cells were
then stained with propidium iodide (PI) and subjected
to a Xow cytometry analysis of cell cycle by FACSCali-
bur (Beckton Dickinson Immunocytometry Systems,
San Jose, CA, USA) and CellQuest software (BD). To
determine the apoptosis rate, aliquots of 105 cells were
washed three times in PBS and resuspended in binding
buVer. A total of 5 �l of annexin V-FITC and/or 5 �l of
a PI were added, followed by incubation at room tem-
perature in the dark for 15 min using Annexin V-FITC
Apoptosis Detection Kit I (BD Bioscience). Cells were
immediately analyzed by FACSCalibur as described
above. PI negative (¡) and annexin V (+) positive cells

Fig. 1 Combination of PB, CRA, and TX has an inhibitory eVect
on tumor cell growth in vitro. PC3 and DU-145 cells were plated
in six well plates (5 £ 102/well) and cultured in the presence of
2.5 mM PB/10 �M CRA and 10 nM TX for 72 and 4 h, respec-
tively. After 10 days tumor cells colonies were counted in dupli-
cates. a Representative example of colony formation assay. b TX
or PB + CRA treatment alone showed an inhibitory eVect on

hormone-independent human prostate carcinoma cell lines PC3
and DU-145. Combination of PB + CRA + TX resulted in an
additive inhibitory eVect. Results are expressed as mean of colo-
nies (% inhibition) § SEM. The experiments were repeated
twice with similar results. *PB + CRA or TX versus control =
P < 0.05; **PB + CRA + TX versus TX or PB + CRA = P < 0.01
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were considered apoptotic, and PI (+) positive and
annexin V (+) positive cells were considered dead cells. 

Western blot analysis of cyclins

After the same treatment conditions as above for 24,
48, and 72 h, the cells were washed twice with PBS and
homogenized with M-PER Mammalian Protein
Extraction Reagent (Pierce, Rockford, IL, USA). Pro-
teins (10 �g/lane) from the cell lysates were applied to
4–15% Tris–HCl gel (Bio-Rad, Hercules, CA, USA)
and blotted with primary antibodies anti-Cyclin A,
Cyclin B, Cyclin E or ß-actin. The antibody binding
was revealed using horseradish peroxidase-conjugate
secondary antibodies and an enhanced chemilumines-
cence blot detection system (Amersham Biosciences,

Piscataway, NJ, USA). All antibodies for Western blot
analysis were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA, USA) except for the anti-ß-actin
antibody (Sigma, St, Louis, MO, USA). Results were
reproducible in repeated experiments. Enhanced
chemiluminescence (Perkin Elmer Life sciences, Bos-
ton, MA, USA) was used for detection.

Reverse transcription-PCR for p21

The semi-quantitative PCR for p21 performed using
the same primer sequences for p21 (5�-GCCGAAGTC
AGTTCCTT-3� and 5�-TCATGCTGGTCTGCCGC-
3�) as described previously [19]. In short, total mRNA
from cells was isolated with Trizol reagent (Invitro-
gen). One thousand nanogram of (total) mRNA was

Fig. 2 Combination of PB, CRA, and TX induces tumor cell
apoptosis. a DU-145 prostate carcinoma cells were treated with
PB + CRA (2.5 mM, 10 �M) or TX (1 nM) for 4 and 24 h, respec-
tively, and apoptosis was determined by nuclear fragmentation
with DAPI. Combination of PB + CRA with TX induced a sig-
niWcant increase in the apoptotic rate as compared to single

agents. In b results are expressed as mean % apoptotic
cells § SEM. *PB + CRA or TX versus control = P < 0.004;
**PB + CRA + TX versus CRA + PB or TX = P < 0.0001. c
DU145 cell annexin-V staining showed a signiWcant increase of
the % apoptotic cells assessed by FACS-analysis
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subjected to semiquantitative reverse transcription-
PCR for p21 using a Mastercycler (Eppendorf, West-
bury, NY, USA). Similar results were observed in
repeated experiments.

Tumor growth in vivo

Male athymic nude or female BALBc mice (Taconic)
4–6 weeks old were kept in a temperature-controlled
room on a 12/12 h light/dark schedule with food and
water ad libitum. Animals were injected subcutaneously
in the Xank region bilaterally with 2 £ 106 tumor cells
(PC3, HCT116 or RENCA) resuspended in HANKS
solution and mixed with Matrigel (1:1) (Collaborative
Biomedical Products, Bedfors, MA, USA) in a Wnal
volume of 0.2 ml. In one set of experiments (“interven-
tion” model) as the tumor volume reached a measur-
able size (50–100 mm3) 20 animals for each tumor were
randomly placed in four groups (Wve animals/group):
control, PB + CRA, TX, and PB + CRA + TX. Ani-
mals in the control group were treated with daily
administration of vehicle (polyethylenglicole and/or
cremophor) by 20�� gauge gavage needle and with
intraperitoneal (i.p.) injections, respectively. PB
(600 mg/kg/day) was administered concomitantly by
i.p. injections (300 mg/kg/day, 9 a.m. and 5 p.m., for
4 weeks). CRA was administered by gavage needle
(30 mg/kg/day, 9 a.m., for 4 weeks). TX was adminis-
tered i.p. (5 mg/kg/day 9 a.m., 5 days a week for
2 weeks). In a separate set of experiments in the PC3

model (“prevention” model) drugs were administered
starting the day after tumor implantation. Tumor vol-
ume was measured with a caliper twice a week and cal-
culated according to the formula = A (length) £ B
(width) £ C (height) £ 0.5236 and reported as
mean § SEM. The animals were treated for approxi-
mately 4–8 weeks, then were euthanized. Animals
treated with PB + CRA sometimes showed a transient
weight loss during the second week of treatment with
spontaneous recovery.

Statistical analysis

DiVerences between means of unpaired samples were
evaluated by Student’s t-test using the Sigmaplot pro-
gram. P < 0.05 was taken to indicate statistical signiW-
cance.

Results

Combination of PB+CRA and paclitaxel has a greater 
antitumor eVect in vitro

To determine the antiproliferative eVects of PB, CRA,
and TX either individually or in combination, colony
formation assays were performed. Treatment with com-
bination of PB and CRA induced a 27 and 51% growth
inhibition in PC3 and DU-145 prostate carcinoma cell
lines, respectively (Fig. 1a, b). PC3 and DU-145 growth

Fig. 3 The inhibitory eVect induced by combination of diVerenti-
ation agents (PB and CRA) with cytotoxic drugs (TX and
DOXO) on tumor cell growth is schedule dependent. Colony for-
mation assay showed that when tumor cells (PC3) were treated
concomitantly with PB + CRA (2.5 mM + 10 �M, respectively)
and either 10 nM TX (a), 20 nM TX (b) or 50 nM DOXO (c), an
additive inhibitory eVect was achieved. However, as tumor cells
were pretreated with PB + CRA for 68 h and then with TX or
DOXO the additive eVect was abolished (similar eVect when

DOXO or TX preceded PB + CRA). Results are expressed as
mean of colonies (% inhibition) § SEM. a, b *PB + CRA or TX
or PB + CRA followed by TX versus control, or TX followed by
PB + CRA veruss PB + CRA followed by TX = P < 0.01.
**PB + CRA + TX versus PB + CRA and TX or DOXO =
P < 0.03. c *PB + CRA or PB + CRA followed by DOXO or
DOXO followed by PB + CRA versus control = P < 0.01.
**PB + CRA + DOXO versus PB + CRA or DOXO = P < 0.03

0 0

50

100

150

200

250

300

350

400

450

500

180

200

20

40

60

80

100
120
140

160

180

200

0

20

40

60

80

100

120

140

160

)85(
* )76(

*

)89(
**

)13(
*

)49(
* 9( 9)

**

Con
tr

ol
PB+C

RA
TX

PB+C
RA+T

X

TX

PB+C
RA

PB+C
RA

TX

C
ol

on
ie

s 
(%

 in
hi

bi
ti

on
)

Con
tr

ol
PB+C

RA

TX

BP
+C

RA+T
X

TX

PB
C+

RA

PB+C
RA

TX

)19(
*

)95(
*

Mn01loxaT

)99(
*

)5.18(
*

*

Mn02loxaT

C
no
tr

ol
PB+C

RA
DO

X
O

PB+C
RA+D

O
XO

PB+C
RA

DO
XO

DO
XO

PB+C
RA

)03(
*

)01(

)67(
**

)32(
*

)72(
*

Mn05niciburoxoD
A B C
123



334 Cancer Chemother Pharmacol (2007) 60:329–339
were inhibited 45 and 67% by TX, respectively. How-
ever, the addition of TX to PB and CRA resulted in a
greater eVect of 90% growth inhibition of these human
prostate carcinoma cell lines. To address the question
whether combination of PB and CRA is required for a
greater antitumor eVect of TX, we performed single
agent treatment with CRA and PB and in combination
with TX. Treatment with CRA alone, PB alone or the
combination of PB and TX or CRA and TX resulted in
a growth inhibition of 29, 34, 39, and 49%, respectively,
in the PC3 cell line. These results clearly showed that a
combination of CRA and PB is required to increase the
growth inhibitory activity of TX.

The antitumor eVect of PB + CRA and TX was associ-
ated with induction of apoptosis assessed by DAPI stain-
ing (Fig. 2a, b). PB + CRA and TX induced 25 and 10%
apoptosis as compared to 2% in control, respectively.
The combination of the diVerentiation agents and cyto-
toxix agent had an additive eVect with a »55% induction

of apoptosis. Comparable eVect on apoptosis was con-
Wrmed by Annexin V staining studied by FACS (Fig. 2c).

Sequence-dependent eVect of combination 
of PB + CRA and TX or DOXO

To determine whether the order of drug addition aVects
the observed inhibitory eVect, we varied the treatment
schedule. When human prostate PC3 cells were treated
with TX and PB + CRA simultaneously an additive
dose-dependent inhibitory eVect in the colony forma-
tion assay was observed (up to 98–99% inhibition of
proliferation Fig. 3a, b). However, when the cells were
treated in the PB + CRA ! TX sequence, the additive
inhibitory eVect was abrogated and a signiWcant antago-
nism was observed since the inhibition of proliferation
dropped to 59% versus 67% with paclitaxel only. Thus,
pretreatment of tumor cells with PB + CRA partially
antagonized the action of TX. This sequence-dependent

Fig. 4 Combination of PB + CRA with DOXO induces both G1
and G2 cell cycle arrest. a DU-145 tumor cells were treated as
above and harvested for cell cycle analysis. DOXO (50 nM) in-
duced increased G2/M arrest, while PB + CRA (2.5 mM + 10 �M,
respectively) induced G1/S arrest. Combination of these cytotoxic
agents induced both G1 and G2 arrest and decreased cells in S
phase compared to untreated control cells. b PC3 cells were

treated with TX (1 nM) with or withour PB + CRA (2.5 mM +
10 �M, respectively) and harvested for cell cycle analysis as de-
scribed above. TX in combination with PB + CRA also induced a
G2 arrest. c Treatment of PC3 cells for respectively 24, 48, and
72 h resulted in a signiWcant reduction of protein expression of
Cyclin A and E. d Treatment of PC3 and DU-145cells with
PB + CRA induced expression of p21 at mRNA level

C D
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interaction was not limited to the combination of
PB + CRA with paclitaxel. In a similar experiment PC3
cells were treated with DOXO, PB + CRA and combi-
nation. PC3 cells were resistant to DOXO as single
agent, but simultaneous treatment with PB + CRA and

DOXO a potent inhibitory eVect was observed (up to
76% inhibition; Fig. 3c). However, when the cells were
treated in the PB + CRA ! DOXO or DOXO  ! PB
+ CRA sequence, this inhibitory eVect was abolished
(23 and 27% inhibition, respectively, similar to PB +
CRA only with 30% inhibition).

Simultaneous treatment with PB + CRA and cell 
cycle-dependent cytotoxic agents imposes multiple 
artiWcial checkpoints

Cell cycle checkpoints and apoptosis are regulated by
cdc2 kinases and their inhibitors [22]. To investigate the
potential mechanism of the sequence-dependent addi-
tive inhibitory eVect, Wrst we examined the eVect of
PB + CRA and either DOXO or TX on cell cycle distri-
bution of treated tumor cells. Twenty-four hour
PB + CRA treatment of DU145 (or PC3, data not
shown) tumor cell line resulted in a decreased percent-
age of S phase cells and a decreased number of cells
going through mitosis as cell accumulated in G1, while
DOXO treatment induced G2 arrest (Fig. 4a). Similar
results were observed with TX in PC3 cells (Fig. 4b).
Combination treatment revealed a combined G1 and G2
arrest as compared to control and single agents. We also
assessed the modulation of cyclins involved in cell cycle
checkpoints including cyclin A, B, and E. Cyclin A and
E, and to a lesser extent cyclin B, were downregulated at
the protein levels following treatment with PB + CRA
with a maximum eVect at 72 h (Fig. 4c). Then, we
assessed the role of p21, which controls G1 and S phase
checkpoints and is also involved in the regulation of the
G2/M checkpoint. P21 has been shown to be upregu-
lated by diVerentiation agents such as PB and retinoids.
Treatment of PB + CRA induced expression of p21 at
mRNA level (Fig. 4d). The induction of p21 was inde-
pendent of wild-type p53 since PC3 cell line is p53-null.
We tested this combination also in a human colon carci-
noma cell line, HCT116, and p21- and p53-deWcient
derived cell lines. In both cell lines as well as in the
parental cell line combination of PB + CRA with TX
had an additive inhibitory eVect on proliferation (85–
99% inhibition as compared to control) (Fig. 5). Again,
when PB + CRA treatment either preceded or followed
TX treatment in the p21-, p53-deWcient and parental cell
lines the additive inhibitory eVect was abolished.

Combination of PB + CRA with TX has an additive 
inhibitory eVect in tumor models in vivo

To determine the antitumor eVect of PB + CRA and the
cytotoxic agent TX we tested this combination in three
diVerent tumor models. In the PC3 tumor model, growth

Fig. 5 The inhibitory eVect induced by combination of PB, CRA,
and TX on tumor growth is p21/p53 independent. a Concomitant
treatment with PB + CRA (2.5 mM + 10 �M, respectively) + TX
(10 nM) showed additive/synergistic inhibitory eVect in colonies
formation in human colon carcinoma HCT116 cells. However, as
described in PC3 cells, pretreatment of HCT116 with PB + CRA
for 68 h abolished the additive eVect. HCT116 p21¡/¡ and
HCT116 p53¡/¡ are equally sensitive to this combination, suggest-
ing a p21/p53 independent mechanism. Results are expressed as
mean of colonies (% inhibition) § SEM. b, c *PB + CRA or TX
or PB + CRA followed by TX versus control, or TX followed by
PB + CRA versus PB + CRA followed by TX = P < 0.01. **PB +
CRA + TX versus PB + CRA and TX or DOXO = P < 0.03
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was signiWcantly inhibited with either TX or PB + CRA
as compare to control (73 and 35% inhibition, respec-
tively). However animals treated with concomitant PB,
CRA and paclitaxel showed a greater tumor growth
inhibition as compared to TX alone or PB + CRA (87%
inhibition) (Fig. 6a). In the “prevention” model tumor
growth was signiWcantly delayed by TX treatment as
compared to either control or PB + CRA alone. How-
ever, further tumor growth delay was observed with the
PB + CRA + TX treatment (Fig. 6b). Similar antitumor
eVect of the PB + CRA + TX combination was obtained
in the HCTT116 human colon carcinoma model and the
murine RENCA orthotopic model (Fig. 6c, d).

Discussion

In this report we investigated the antitumor eVect of
combination of diVerentiation agents with cell-cycle

dependent cytotoxic compounds both in vitro and
in vivo. The combination of the G1 arrest-inducing PB
and CRA with the G2 arrest-inducing cytotoxic agents
paclitaxel and doxorubicin resulted in a greater inhibi-
tion of cell proliferation and increased tumor cell apo-
tosis as compared to PB + CRA or cytotoxic agent
alone. Our results revealed that combination of PB and
CRA with pretreatment of tumor cells with G1 arrest-
inducing agents could signiWcantly repress the cell-kill-
ing activity of cell cycle-dependent agents such as pac-
litaxel and doxorubicin. This combination of
diVerentiation agents and cell-cycle dependent cyto-
toxic drugs resulted in simultaneous cell-cycle check-
point delays at the G1/S and G2/M transitions, setting
up for “apoptosis-prone collisions” [9] (Fig. 7). We
hypothesize that when cells are treated simultaneously
with drugs activating more than one diVerent cell-cycle
checkpoint, the cells are unable to escape, and conse-
quently undergo apoptosis. These results suggest that a

Fig. 6 Combination of PB, CRA, and TX has an inhibitory eVect
on tumor cell growth in vivo. a, c Animals bearing established
HCT116 human colon and PC3 human prostate tumors (50–
100 mm3) were treated with PB + CRA (600, 30 mg/kg/day), TX
(5 mg/kg/day) or PB + CRA + TX. Single agents PB + CRA and
TX showed tumor growth inhibition as compared to control. A
greater inhibitory eVect upon combination of PB + CRA + TX
was observed. Results are expressed as mean of tumor
volume § SEM. *P < 0.05 versus control; **P < 0.02 versus
PB + CRA and TX. b Tumor growth delay experiment. In this
experiment, treatment as described for a, c was started 1 day after
tumor implantation before tumors were established. PC3 tumor
growth was signiWcantly delayed in animals treated with either

TX or concomitantly with TX and PB + CRA as compared to
control. However, animals treated with all three agents demon-
strated further growth delay than the TX alone arm *P < 0.003
versus control **P < 0.012 versus TX. d Treatment in animals in-
jected with murine RENCA cells were treated when tumors were
established as described for a, c. Combination treatment with
PB + CRA + TX as compared to single agents showed a greater
inhibition as determined by primary tumor weights. Results are
expressed as means of tumor weights (mg) from two separate
experiments §SEM.*P < 0.038 versus control; **P < 0.024 versus
PB + CRA and TX. Dashed bar Duration of treatment with TX.
Filled bar Duration of treatment with PB + CRA
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decrease in the number of tumor cells traversing the
cell cycle during PB + CRA treatment, as represented
by increased G1 arrest, presumably contributes to the
antagonism between PB + CRA and paclitaxel or
doxorubicin during the sequential exposure.

The antagonism described upon combination of
cytotoxic drugs with cytostatic agents has been
reported with other agents. For example, when Xavo-
piridol, a kinase inhibitor which induces G1 arrest, was
administered concomitantly with or preceding paclit-
axel, docetaxel and gemcitibine or SN38 (the metabo-
lite of irinotecan), similar antagonistic eVects were
reported [13]. Similarly, following treatment with the
EGFR tyrosine kinase inhibitor, geWtinib, that induces
a G1 arrest, resistance against paclitaxel was observed
in murine tumor models [23]. The sequence of drug
exposure for enhanced antitumor activity was also
important in the combination of DOXO with either
Xavopiridol or with ATRA and FK228 [3, 25]. These
reports and our results indicate that the sequence-
dependent eVect observed with PB + CRA in combina-
tion with either paclitaxel or doxurubicin may be
related to the diVerentiation agent induced G1 arrest.
The diVerence between DOXO and TX may be due to
the fact that DOXO has topoisomerase inhibitory
activity while TX is a microtubule inhibitor. Following
treatment with DOXO DNA transcription may be dis-
rupted but not with TX. DiVerentiation agents such as
CRA and PB may interfere in DNA function and tran-
scription. We speculate that DOXO speciWcally inter-
feres with this activity of the diVerentiation agents and
thereby abolishes the activity of PB + CRA when given
following the diVerentiation agents.

Other agents with more speciWc histone deacethy-
lase inhibition activity are currently in early clinical

development. Several preclinical studies suggest that
HDAC inhibitors may induce primarily tumor cell
growth inhibition at lower doses and tumor cell apop-
tosis at higher concentrations. The benzamide MS-275
has been shown to induce primarily G1 arrest in epithe-
lial and leukemia cells. Interestingly, the HDAC inhib-
itor SAHA has been shown to induce G1 arrest at
<0.5 �m concentration and G2 arrest at higher in vitro
drug concentrations [10]. Thus, the drug concentration-
dependent eVect on cell cycle may have direct impact
on the optimal clinical trial design of these compounds
when tested in combination with cytotoxic agents.
Clinical studies with the combination of CRA and che-
motherapy (TX and vinblastine) showed that this com-
bination is well tolerated but has minimal clinical
beneWt in renal cell cancer [2, 26, 27]. PB has been clin-
ically studied as monotherapy. PB is also well tolerated
and caused stable diseases and one complete remission
in a group of patients with recurrent malignant gliomas
[16]. Treatment strategies of CRA plus HDAC inhibi-
tors have been clinically tested in patients with hema-
tologic malignancies. A recent study with the
combination of valproic acid plus CRA revealed that
this combination is well tolerated, but only showed
some beneWt in a subgroup of patients with AML [4,
20]. Based on our recent preclinical data a phase I clin-
ical trial with the HDAC inhibitor MS-275 in combina-
tion with CRA has been initiated at our institution
[29]. To date no combination strategies with of CRA,
HDAC inhibitors and chemotherapy have been clini-
cally tested. Our results provide a strong rationale for
such a combination strategy.

Preliminary results with the novel HDAC inhibitors
are showing potential antagonism with diVerent sched-
ules. Thus, the sequence dependent phenomenon
described in our study suggests that careful pharmaco-
kinetic studies should guide the clinical testing of the
novel HDAC inhibitors in combination with cell-cycle
dependent cytotoxic agents. The sequence dependent
additive eVect may be aVected by the HDACI plasma/
tumor concentration reached in the treated patients
and whether G1 or G2 tumor cell arrest is the result of
the treatment.

As previously reported with diVerentiation inducing
agents the treatment of PB + CRA induced p21 gene
expression and reduced cyclin A and E expression at the
protein level, which correlates with a G1 cell cycle arrest.
P21 prevents cell-cycle progression by inhibiting the
activity of cyclin dependent kinase inhibitors such as
cyclin E-associated CDK2. Cyclin E is primarily involved
in G1–S phase transition, while cyclin A determines S
phase progression and cyclin B is involved in G2 [22].
The experiments with p21 null cell lines suggest that p21

Fig. 7 Model of apoptosis-prone “collisions” induced by diVer-
entiation agents in combination with cell cycle-dependent cyto-
toxic drugs
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induction is not required for the sequence dependent
eVect of PB + CRA + TX combination. Previous reports
suggest the absence of p21 may sensitize tumor cell to
MTI induced apoptosis, but the exact role of p21 in
HDAC inhibitor induced apoptosis remains unclear [12].

Another very interesting and potential clinical
important Wnding is that the DOXO resistant PC3 cell
line can be sensitized by combination of CRA + PB.
To date no clinical agent has been found to eVectively
circumvent multidrug resistance-1 (DOXO) in cancer
patients. Several clinical attempts to circumvent drug
resistance against DOXO in solid malignancies have
been explored including cyclosporin and verapamil,
agents that were very potent in preclinical models [18].
However, no clinical beneWt from these agents has
been observed in the clinic, partly because circumven-
tion of drug resistance required very high doses of
these drugs causing severe toxicity.

In conclusion, our study demonstrates that combina-
tion of diVerentiation agents (PB and retinoids) with
cell-cycle dependent cytotoxic drugs (TX and DOXO)
produces a greater schedule-dependent inhibitory eVect
as compared to single agents in diVerent tumor cell
lines both in vitro and in vivo. Because of the current
clinical testing of more suitable diVerentiation agents
and speciWc HDAC inhibitors, this combination ther-
apy is of great interest, and conWrms a potential avenue
for developing novel antitumor combination therapies.
These results suggest that concomitant disruption of the
cell cycle at diVerent checkpoints may force tumor cell
to undergo apoptosis. Thus, combinations of drugs that
impose diVerent artiWcial checkpoints may represent a
novel therapeutic strategy to be tested in clinical trials.
Further insight into the mechanisms involved in the
interaction among these agents will optimize treatment
design and will expand the potential role of diVerentia-
tion inducing agents in the treatment of cancer.
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