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Abstract

Rigorous efforts in searching for novel chemosensitizers and unraveling
their molecular mechanism have identified curcumin as one of the
promising candidates. Our earlier report has shown that cervical cancer
cells can be sensitized by curcumin to paclitaxel-induced apoptosis
through down-regulation of NF-kB and Akt. The present study is an
attempt to decipher the signaling pathways regulating the synergism
of paclitaxel and curcumin and to determine whether the synergism
exists in vivo. The study has clearly proved that Akt and NF-«B
function successively in the sequence of paclitaxel-induced signaling
events where Akt is up-stream of NF-kB. Inactivation of NF-«B
did not affect the activation of Akt and survivin, while that of Akt
significantly inhibited NF-kB and completely inhibited up-regulation of
survivin. Up-regulation of cyclin-D1, COX-2, XIAP, and c-IAP1 and
phosphorylation of MAPKs were completely inhibited on inactivation
of NF-kB assigning a key regulatory role to NF-kB in the synergism.
While up-regulation of survivin by paclitaxel is regulated by Akt,
independent of NF-kB, inactivation of neither Akt nor NF-kB produced
any change in Bcl-2 level suggesting a distinct pathway for its action.
Mouse cervical multistage squamous cell carcinoma model using
3-methylcholanthrene and a xenograft model of human cervical cancer in
NOD-SCID mice using HeLa cells were used to evaluate the synergism
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in vivo. The results suggest that curcumin augments the antitumor action
of paclitaxel by down-regulating the activation and down-stream signaling
of antiapoptotic factors and survival signals such as NF-kB, Akt, and
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MAPKSs.
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3.1 Introduction

In parallel to the identification of chemothera-
peutic agents, a great deal of effort is put in
for the identification of phytochemicals known
as chemosensitizers, which can enhance the ef-
ficacy of conventional chemotherapy. Paclitaxel,
isolated from Taxus brevifolia, is one of the
commonly prescribed chemotherapeutic drugs
against a wide spectrum of epithelial cancers.
However, administration of lower doses of this
drug has been shown to activate various survival
signals, leading to chemoresistance (Aggarwal
et al. 2005; Mabuchi et al. 2004). Earlier studies,
including ours, have shown that curcumin, the
active principle of Curcuma longa, has synergis-
tic effect with paclitaxel in inducing apoptosis
in cancer cells and reducing tumorigenesis (Bava
et al. 2005; Aggarwal et al. 2006), and this
has been correlated with the down-regulation of
various survival signals by curcumin (Aggarwal
et al. 2006; Anto et al. 2000; Chen and Tan 1998).

Studies from our laboratory as well as that
of others have clearly established that paclitaxel
activates NF-kB and Akt in several cell systems,
inhibition of which sensitizes cancer cells to
paclitaxel (Bava et al. 2005; Mabuchi et al. 2004;
Aggarwal et al. 2005). However, no study has
yet explored whether these two molecules act
independently or interdependently in the syner-
gism of paclitaxel and curcumin. Moreover, the
regulatory role of other survival signals such as
mitogen-activated protein kinases (MAPKs), AP-
1, Bcl-2, COX-2, cyclin D1, and IAPs have never
been correlated to this synergism. Hence, this
study investigates the major signaling molecules
regulating the synergism.

NF-kB ¢ Akt « MAPKSs * Synergism

Moreover, apart from a xenograft study using
human breast cancer cells (Aggarwal et al. 2005),
the combination of paclitaxel and curcumin has
not been tested in vivo. Based on our earlier
in vitro observations on the synergistic anticancer
activity of curcumin and paclitaxel in cervical
cancer cells (Bava et al. 2005), we carried out
two preclinical studies: one a carcinogen-induced
multistage tumor model that better reflects the
architectural and cellular complexity of patient-
derived tumor specimens and the other a hu-
man cervical cancer xenograft model in NOD-
SCID mice. We have identified for the first
time that activation of NF-kB is associated with
3-methylcholanthrene-induced tumorigenesis in
Swiss albino mice and the suppression of NF-kB
activation and other survival signals by curcumin
leads to the augmentation of paclitaxel-induced
apoptosis, thereby enhancing the therapeutic out-
come of paclitaxel in vivo.

3.2 Materials and Methods

3.2.1 Reagents

All the cell culture reagents were purchased
from Life Technologies Inc. Radiolabeled (y-
32P) ATP was purchased from Bhabha Atomic
Research Centre, India. The primers used in the
PCR studies and the oligos for electrophoretic
mobility shift assay (EMSA) were custom syn-
thesized by Genosys, Sigma. Antibodies against
B-actin and IkBa and all secondary antibodies
were purchased from Sigma. Paclitaxel, U0126,
SP600125, SB203580, and LY294002 were pur-
chased from Calbiochem (San Diego, CA). An-
tibodies against phospho-ERK1/2, phospho-p38,
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phospho-Akt, Akt, c-Jun, cyclin D1, PCNA,
caspase-3, caspase-7, caspase-8, caspase-9, c-
IAP1, phospho-p38, phospho-SAPK/INK, and
survivin- and rhodamine-conjugated secondary
antibody were obtained from Cell Signaling
Technology (Beverly, MA) and those against
Bcl-2, MDR-1, MMP-2, MMP-9, VEGF, p50,
RelA, Bcl-2, c-IAP, XIAP, survivin, COX-2,
phospho-JNK, ERK-2, JNK-1, p38 DAPI, and
Annexin V apoptosis detection kit were pur-
chased from Santa Cruz Biotechnology (Santa
Cruz, CA). Mouse monoclonal anti-XIAP was
procured from BD Biosciences (San Diego, CA).
All other reagents and antibodies were obtained
from Sigma.

3.2.2 Cell Culture

HeLa cells were purchased from the National
Centre for Cell Sciences (NCCS), Pune, India.
For immunoblotting, FACS, and electrophoretic
mobility shift assay (EMSA), 1 x 10° cells were
seeded/60 mm plate and for MTT assay 5,000
cells/well were seeded/96-well plate.

3.2.3 Western Blot Analysis

Cell/tissue samples were lysed in ice-cold RIPA
buffer with protease inhibitors and Western blot-
ting was performed as described (Bava et al.
2005).

3.2.4 MTT Assay

Proliferative/cytotoxic effect of paclitaxel and/or
curcumin was determined by MTT assay as de-
scribed earlier (Anto et al. 2002).

3.2.5 Drug Treatment

In all combination treatments, curcumin (5 M)
was added 2 h before adding paclitaxel (5 nM).
Inhibitors of MAPKs and Akt were added 1 h
before the addition of paclitaxel.

3.2.6 Stable Transfection

HeLa cells were stably transfected with IkBa
DM-pcDNA3, Akt-DNpcDNA3, and Akt WT-
pcDNA3 vector using the calcium phosphate
transfection kit (Invitrogen) according to manu-
facturer’s protocol. Stable clones were isolated
using G418. Reverse Transcription Polymerase
Chain Reaction (RT-PCR) — Total RNA isolated
was reverse transcribed to cDNA using MMLV
reverse transcriptase. The PCR products were
resolved by electrophoresis.

3.2.7 Annexin V-Propidium lodide
Staining

The membrane flip-flop induced by paclitaxel
and/or curcumin was assessed as described earlier
(Anto et al. 2003) according to manufacturer’s
protocol.

3.2.8 Electrophoretic Mobility Shift
Assay (EMSA)

Nuclear extract was isolated from cells after drug
treatment and nuclear translocation of NF-kB and
AP-1 was detected by EMSA and the specificity
of the bands was confirmed by supershift and
cold competition as described earlier (Anto et al.
2002; Amato et al. 1998). Nuclear extracts from
tissue samples were prepared and EMSA was
performed to evaluate DNA-binding activity of
NF-«B or AP-1 as described elsewhere (Banerjee
et al. 2002; Chaturvedi et al. 2000).

3.2.9 Immunocytochemical

Analysis

For immunocytochemical localization of intra-
cellular proteins, the cells were grown on glass
cover slips and exposed to various concentra-
tions of the drugs for the desired time. The
cells were then washed with PBS, fixed with
4 9% paraformaldehyde, permeabilized with 0.4 %
Triton X-100 for 20 min at room temperature,



24

and blocked with 3 % normal goat serum in
PBS for 1 h. Antibody (anti-p65) diluted 1:100
in PBS containing 3 % normal goat serum was
added to cover the cells and incubated overnight
at 4 °C. Unbound antibody was washed off
with PBS, and the cells were incubated with
2 pg/ml rhodamine-conjugated secondary anti-
body for 1 h at room temperature. The unbound
secondary antibody was washed off and the
cells were covered with 1 pg/ml 4',6-diamidino-
2-phenylindole (DAPI) for 10 min. The cover
slips with cells were mounted in glycerol, ex-
amined, and photographed under a fluorescence
microscope.

3.2.10 Animal Experiments

All animal studies were done in accordance with
Institute  Animal Ethics Committee-approved
protocols. Murphy’s string method (Hussain and
Rao 1991; Murphy 1961) was followed for tu-
mor induction in the uterine cervices of 6-week-
old, virgin female Swiss albino mice. Carcino-
gen (600 pwg)-impregnated cotton threads or
similar cotton threads without carcinogen were
inserted into the canal of the uterine cervix
of Swiss albino mice. Tumor development was
checked by palpation thrice a week, starting
from the 15th day of tumor induction. After
30 days, the 3-MC-treated animals were ran-
domized into four groups (n = 12) to yield even
distribution of tumor sizes and control animals
into two groups (n=12), and drug adminis-
tration was started the same day as indicated
in Fig. 3.1a. Curcumin was encapsulated into
a uni-lamellar liposome formulation containing
phosphatidyl choline and cholesterol (Kuttan
et al. 1985) and injected intraperitoneally on
alternate days at the dose of 25 mg/kg body
weight. Paclitaxel was dissolved in Cremophor
vehicle (Cremophor EL/ethanol 1:1, diluted 1:4
with PBS) and injected i.p. at 10 mg/kg doses
twice weekly. The control animals were injected
with empty liposomes and/or Cremophor ve-
hicle. The drug treatment was continued until
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the animals were sacrificed on the 120" day
and the cervical tumors or the normal cervices
were excised. Tumor volume was calculated as
(length x width?)/2.

The xenograft studies to evaluate the efficacy
of paclitaxel and curcumin, either alone or in
combination against human cervical cancer cells
in vivo, were carried out in female, 6-week-old,
nulliparous non-obese diabetic severe combined
immunodeficient (NOD-SCID) mice. HeLa cells
(5 x 10 were injected subcutaneously in the
flank of a NOD-SCID female mouse, and after
4 weeks, when the xenograft tumor reached a
volume of 2.5 c¢cm?, the tumor was excised,
cut into small pieces (~0.5 mmx0.5 mm),
and these tumor fragments were subcutaneously
transplanted into the left flank of 24 NOD-SCID
mice using an 11-gauge trocar. Six animals each
were randomly assigned to four study cohorts
including a positive control group where the
animals were left untreated, a paclitaxel-alone
group, a curcumin-alone group, and the combi-
nation group where the animals received both pa-
clitaxel and curcumin. Drug administration was
started when the tumors reached the volume of
50 mm?®. The route and dose of drug admin-
istration were exactly the same as that followed
in the carcinogen-induced cervical tumor model
in Swiss albino mice and continued up to 6
weeks, after which the animals were sacrificed
and the tissue samples were collected for further
analyses.

3.2.11 Histology
and Immunohistochemistry

For histopathologic examination, 5 jLm sections
cut from the formalin-fixed, paraffin-embedded
tissues were deparaffinized, rehydrated, stained
with hematoxylin and eosin, and mounted with
DPX. Immunolocalization of specific proteins in
the tissue sections was done using the Iso-IHC
kit (Biogenex) following manufacturer’s instruc-
tions. Photomicrographs were captured using a
Nikon Eclipse E600 microscope.
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Fig. 3.1 Dependence of NF-kB and Akt in paclitaxel-
mediated signaling events and on the synergistic ef-
fect of paclitaxel and curcumin. (a-b) HeLa cells were
transfected with pcDNA3-vector or pcDNA3-AktDN or
pcDNA3-Akt WT construct by calcium phosphate trans-
fection method, G418-resistant clones were selected, and
expression level of Akt was detected by Western blot.
(¢) HeLa-Neo, HeLa-AktDN, and HeLa-Akt WT cells
were treated with paclitaxel for 1 h. Nuclear extracts
were prepared and EMSA was done to detect NF-kB
activation in response to paclitaxel. (d) HeLa cells pre-
treated with curcumin or LY294002 (5 wM) were treated
with paclitaxel for 1 h, nuclear extracts were prepared,
and EMSA was done to study NF-kB status in response
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to paclitaxel treated with the Akt inhibitor, LY294002,
and/or curcumin. (e) HeLa-Neo and Hela-IkBao DM cells
were treated with paclitaxel for 1 h and nuclear extracts
were prepared to do EMSA using y-32P labeled NF-kB
oligonucleotide. (f) HeLa-Neo and Hela-IkBa DM cells
were treated with paclitaxel for 1 h whole cell lysates were
prepared for immunoblotting against p-Akt serine 473.
(g) HeLa-Neo, HeLa-Akt DN, and HeLa-Akt WT cells
were treated with paclitaxel and/or curcumin as indicated,
incubated for 72 h and the cell viability was assessed by
MTT assay (h) HeLa cells were treated with paclitaxel
and/or curcumin for 16 h and stained for Annexin V-PI
positivity. Annexin V-positive cells in five different fields
were counted, and the average was taken
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3.2.12 RNA Extraction and Real-Time
Q-PCR

Total RNA was extracted from tissue samples
using TRIZOL reagent (Invitrogen Corporation).
Five microgram of RNA was used for cDNA
synthesis using MMLYV reverse transcriptase and
random hexamers (Promega). Real-time quantita-
tive PCR analysis was performed on an ABI 7500
real-time PCR system (Applied Biosystems) with
2 WL of cDNA in a total reaction volume of 20 pL
using the SYBR Green PCR mix (Eurogentec,
Belgium). Fold change in expression levels be-
tween normal and other treatment groups was
calculated relative to the endogenous gene B-actin
using the 2- A ACt method (Livak and Schmittgen
2001).

3.2.13 Annexin Staining

To identify phosphatidylserine externalization,
cells were stained with FITC-conjugated An-
nexin V (Santa Cruz Biotechnology) according to
the manufacturer’s instructions followed by flow
cytometry.

3.2.14 Terminal Deoxynucleotidyl
Transferase-Mediated Nick
End Labeling (TUNEL) Assay

TUNEL assay was performed to detect apoptosis
in formalin-fixed, paraffin-embedded xenograft
tumor tissue sections using DeadEnd™ Col-
orimetric TUNEL System (Promega) following
manufacturer’s instructions.

3.2.15 Statistical Analysis

Data are presented as mean =+ SE of three inde-
pendent experiments. Two-tailed Student’s 7-test
was used for statistical analysis. P value <0.05
was considered statistically significant.
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3.3 Results

NF-kB and Akt Act
Sequentially in the Synergism
of Paclitaxel and Curcumin,
and Inactivation

and Over-expression of Akt

in HeLa Cells Lead to Partial
Inhibition of the Synergistic
Effect of Paclitaxel

and Curcumin

3.3.1

Based on our earlier finding that NF-kB and Akt
have a critical role in regulating the chemosensi-
tization of HeLa cells by curcumin (Bava et al.
2005), we investigated whether these two im-
portant pathways work independently or con-
currently in the synergism of paclitaxel and
curcumin. To explore this, stable clones of
DN Akt, WT Akt, and HeLa-Neo were devel-
oped.

Clones with maximum expression were se-
lected for further studies (clone 5 in the case of
DNAKkt and clone 2 in the case of wild-type Akt)
(Fig. 3.1a-b). Interestingly, compared to HeLa-
Neo cells, paclitaxel-induced NF-kB DNA bind-
ing was much less in HeLa-Akt DN cells, while in
HeLa-Akt WT cells it was much higher confirm-
ing that Akt mediates paclitaxel-induced NF-kB
activation (Fig. 3.1c). It was noteworthy that in-
activation of Akt either by transfection of DN Akt
or by using the inhibitor LY294002 did not com-
pletely inhibit NF-kB DNA-binding ability by
paclitaxel (Fig. 3.1d), indicating that paclitaxel-
induced NF-kB activation is only partially reg-
ulated by Akt. Earlier studies from our labora-
tory have shown that paclitaxel activates NF-kB
and Akt in HelLa cells, while curcumin down-
regulates both of these (Bava et al. 2005). The
extent of NF-kB inhibition by LY294002 was less
than that of curcumin (Fig. 3.1d), suggesting that
curcumin acts not only by inhibiting Akt but has
other mediators through which it down-regulates
NF-«B. Further, the pretreatment with LY294002
and then curcumin, synergistically reduced the
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paclitaxel-induced NF-kB activation (Fig. 3.1d).
To examine whether NF-kB has any role in regu-
lating the activation of Akt, we used HeLa-IkBa
DM cells (Bava et al. 2005) and confirmed the
activity of IkBa DM cells by EMSA (Fig. 3.1e).
However, in these cells paclitaxel did not produce
any difference in the phosphorylation status of
Akt (Fig. 3.1f), thereby proving that paclitaxel-
induced phosphorylation of Akt is independent of
NF-«kB.

While pretreatment with curcumin brought
down the viability of paclitaxel-treated HeLa-
Neo cells from 80 to 62 %, the synergistic
effect was significantly reduced (p <0.0001),
though not completely inhibited in HeLa-Akt
DN cells, even though the inactivation of Akt
itself sensitized the cells to paclitaxel and cur-
cumin (Fig. 3.1g). Moreover, the over-expression
of WT Akt abolished the effect of paclitaxel
and curcumin either alone or in combination
(Fig. 3.1g). Over-expression of WT Akt increased
the resistance to paclitaxel producing negligible
synergistic effect with curcumin (Fig. 3.1g). It
was remarkable to note that neither inhibition
nor over-expression of Akt completely inhibited
the synergistic effect of paclitaxel and curcumin,
suggesting that Akt has only a partial role in
regulating the synergism.

The apoptotic status of the cells was eval-
vated by Annexin V/PI staining. The results
were in concordance with that of the MTT
assay. In HeLa-Neo cells, synergism of pacli-
taxel and curcumin was evident (Fig. 3.1h).
But when Akt was shut down, the synergis-
tic effect was significantly reduced (p < 0.005)
even though the inactivation of Akt itself sen-
sitized the cells to paclitaxel- and curcumin-
induced externalization of phosphatidylserine
(Fig. 3.1h) highlighting the role of Akt in
paclitaxel-induced signaling. Supporting this ob-
servation, Akt over-expression significantly in-
hibited paclitaxel-induced apoptosis (p <0.01),
which was not appreciably affected by curcumin
(Fig. 3.1h).

3.3.2 COX-2 and Cyclin D1 Play
Regulatory Roles in the
Synergistic Effect of Paclitaxel
and Curcumin
in an NF-kB-Dependent
Manner, and Among the IAPs
that Play Regulatory Roles
in the Synergistic Effect
of Paclitaxel and Curcumin,
Survivin Alone is Independent
of NF-«B

As reported earlier (Aggarwal et al. 2005), we
observed that paclitaxel induced the expression
of COX-2, which is an immediate early gene
regulated by NF-kB. In our study, we observed
a down-regulation of paclitaxel-induced COX-
2 expression by curcumin in HeLa cells both
in the protein level (data not shown) as well
as in the RNA level (Fig. 3.2a). We observed
a complete inhibition of COX-2 expression in
HeLa-IkBa DM cells (Fig. 3.2a) and a partial
inhibition of the same in HeLa-Akt DN cells
(Fig. 3.2a), whereas in the HeLa-Akt WT cells,
COX-2 expression was found to be higher than
that of HeLa-Neo cells (Fig. 3.2a). Collectively,
these data indicate that paclitaxel-induced COX-
2 expression is completely regulated by NF-kB
and partly by Akt. It is also evident that paclitaxel
can induce NF-kB independent of Akt confirming
the hypothesis that NF-kB is the key regulator of
paclitaxel-induced signaling events.

As several studies have reported that NF-kB is
the key regulator of cyclin D1, we investigated
whether cyclin D1 has any role in the syner-
gism of paclitaxel and curcumin. We observed a
significant down-regulation of paclitaxel-induced
cyclin D1 expression by curcumin (Fig. 3.2b),
and as expected, inactivation of NF-kB by trans-
fection of IkBa DM completely inhibited the up-
regulation of cyclin D1 expression by paclitaxel
(Fig. 3.2b). However, the basal expression of
cyclin D1 was significantly higher in IkBa DM
cells compared to control.
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Fig. 3.2 Regulatory role of NF-k B and Akt in paclitaxel-
induced expression of COX-2, cyclin DI, and IAPs.
(a) HeLa, HeLa-IkBao DM, HeLa-Akt DN, and HeLa-Akt
WT cells were treated with paclitaxel and/or curcumin for
24 h and total RNA was isolated. The RT-PCR products
were then resolved by agarose gel electrophoresis. B-actin
was used as the internal control. (b) HeLa and HeLa-IkBa
DM cells were treated with paclitaxel and/or curcumin for

IAPs are a family of proteins that function
as ubiquitin ligases and promote the degra-
dation of caspases and are considered to be
regulated by NF-kB. We observed that pacli-
taxel induced the up-regulation of XIAP, c-IAP1,
and survivin in HeLa cells which are signifi-
cantly down-regulated by curcumin (Fig. 3.2c).
Another interesting observation was that the

24 h and whole cell lysate was immunoblotted against
anti-cyclin D1. B-actin was used as the internal control.
(¢) HeLa-Neo, HeLa-IkBa DM, and HeLa-Akt DN cells
were treated with paclitaxel and/or curcumin for 24 h and
the whole cell lysate was immunoblotted using antibodies
against XIAP, c-IAP1, and survivin and detected by ECL.
B-actin was used as the loading control

up-regulation of XIAP and c-IAP1 by paclitaxel
was completely inhibited when NF-kB was shut
down, while that of survivin remained unaffected
(Fig. 3.2¢). Though survivin is generally consid-
ered as an NF-kB-dependent gene, recent reports
have clearly demonstrated regulation of survivin
by PI3K/Akt pathway (Zhao et al. 2010). This
made us to check the status of all the IAPs in
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response to paclitaxel in HeLa-Akt DN cells.
Supporting the observation of Zhao et al. (2010),
we observed a complete inhibition in the up-
regulation of survivin as well as that of XIAP
and c-IAP1 (Fig. 3.2c) indicating that paclitaxel-
induced up-regulation of survivin is regulated by
Akt in an NF-kB-independent manner. However,
as in the case of cyclin D1, the basal expressions
of all the IAPs were significantly higher in IxBa
DM cells as well as Akt DN cells compared to
control.

3.3.3 MAPKs and AP-1 Contribute
to the Synergism of Curcumin
and Paclitaxel
in an NF-kB-Dependent
Manner, While Bcl-2 Regulates
the Synergism, Independent
of NF-kB and Akt

We also investigated the involvement of MAPKs,
another set of survival signals induced by lower
concentrations of paclitaxel. Our study revealed a
transient phosphorylation of ERK1/2, JNK, and
p38 that started within 5 min of the paclitaxel
treatment, peaked at 15 min, and then receded by
30 min (Fig. 3.3a). Interestingly, curcumin signif-
icantly reduced this phosphorylation of MAPKs,
signifying a possible role for MAPKs in reg-
ulating the synergism (Fig. 3.3b). Further, we
also evaluated the role of NF-kB in paclitaxel-
induced phosphorylation of MAPKs. Interest-
ingly, we found that inhibition of NF-kB pathway
by IkBa-DM transfection completely inhibited
the phosphorylation of all the three MAPKs by
paclitaxel (Fig. 3.3c) clearly indicating that NF-
kB is regulating the phosphorylation of MAPK
pathway by paclitaxel.

AP-1 transcription factors are complexes of
DNA-binding proteins made up of homodimers
of Jun family members or heterodimers of Jun
and Fos family members. We observed a dose-
dependent increase in the DNA-binding activ-
ity of AP-1 in response to paclitaxel in HeLa
cells (data not shown). It was also found that
pretreatment with curcumin significantly down-
regulated the AP-1 activation induced by pa-

clitaxel (Fig. 3.3d). We also examined whether
ERK1/2, INK, or p38 phosphorylation in re-
sponse to paclitaxel contributes to the activation
of AP-1 by treating HeLa cells with paclitaxel
and/or U0126 (10 pM), SP600125 (50 pwM),
and SB203580 (40 wM) which are inhibitors of
ERK1/2, JNK, and p38, respectively. As expected
the inhibitors of all the MAPKSs especially that
of p38 and JNK significantly inhibited the AP-1
DNA-binding activity induced by the paclitaxel,
suggesting the involvement of ERK1/2, JNK, and
p38 in the activation of AP-1 induced by pacli-
taxel (Fig. 3.3e). Hence, the study demonstrates
that the partial down-regulation of the AP-1 DNA
binding by curcumin may be due to the inhibition
of these MAPKs which acts up-stream of AP-1.

We also explored whether ERK1/2, p38, and
JNK can regulate the NF-kB signaling events
induced by paclitaxel. It was noteworthy that
none of the inhibitors produced a significant
downregulation to paclitaxel-induced NF-«kB ac-
tivation (Fig. 3.3f), strongly correlating with our
previous observation that NF-kB is up-stream of
MAPK pathway in the regulation of paclitaxel
signaling.

Deregulated expression of the antiapoptotic
protein Bcl-2 plays an important role in cell death
as well as in the nonsensitiveness of cancer cells
to chemotherapy. Several studies have demon-
strated that NF-kB and Akt have regulatory roles
in endogenous Bcl-2 protein expression. We ob-
served a dose-dependent up-regulation of Bcl-
2 protein by paclitaxel in HeLa cells (data not
shown), which was significantly abrogated by
curcumin (Fig. 3.3g). However, we observed up-
regulation of Bcl-2 protein in HeLa-IkBa DM as
well as HeLa-Akt DN cells, indicating that pacli-
taxel is inducing Bcl-2 in HeLa cells independent
of NF-kB as well as Akt (Fig. 3.3g).

3.3.4 Curcumin Potentiates
the Antitumor Effects
of Paclitaxel in 3-MC-Induced
Cervical Tumors in Mice

The schematic representation of various groups
employed in the study is depicted in Fig. 3.4A.
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Following tumor induction with 3-MC, palpable
tumors began to appear within 20-25 days. Tu-
mors developed in the group I and curcumin-
alone-treated group III animals continued to
grow during the span of the experiment and
reached the maximum volume up to 5,500 mm3,
whereas >60 % of the tumors in the paclitaxel-
alone group and >85 % of the combination-
treated tumors did not grow beyond a volume
of 3,200 mm?>. The final tumor incidence per-
centage (Fig. 3.4B) and the mean tumor volume
(Fig. 3.4C) among different groups were deter-
mined after sacrificing the animals on day 120.
In group I, 66 % of the animals treated with 3-
MC (positive control) developed tumors with a
mean tumor volume of 1,613 mm?>. In group II
and group III, where the animals received either
paclitaxel or curcumin, respectively, the tumor
incidence percentages were 44 and 60, and the
mean tumor volume among these groups were
965 and 1,294 mm?, respectively. Mice of group
IV, which received both paclitaxel and curcumin,
showed a tumor incidence of only 24 %, and the
mean tumor volume was reduced to 656 mm?.
None of the animals from group V and group
VI (negative controls) show any signs of tu-
mor development during the span of the study.
Moreover, 3-MC treatment or administration of
paclitaxel and/or curcumin had no adverse effects
on the tumor-bearing animals or normal controls
(group VI) as assessed by body weight observa-
tion and liver function tests (data not shown). Mi-
croscopic analysis of the formalin-fixed paraffin-

<

embedded tissue sections showed different grades
of squamous cell carcinoma, and this observa-
tion was verified by a histopathologist. Rep-
resentative photomicrographs of H&E-stained
tissue sections showing 3-MC-induced multi-
stage squamous cell carcinogenesis are given in
Fig. 3.4D.

3.3.5 Curcumin Inhibits
Constitutively Active
and Paclitaxel-Induced NF-xB
in 3-MC-Induced Cervical
Tumors and Down-regulates
the Transcription of NF-kB
Target Genes

Since most of the carcinogens and infectious
agents linked with cancer have been shown to
activate the NF-kB pathway, we investigated
whether NF-kB is associated with 3-MC-induced
cervical tumorigenesis. While constitutive activa-
tion of NF-kB and higher levels of nuclear DNA-
binding activity were observed in 3-MC-induced
cervical tumors and 3-MC+ paclitaxel-treated
animals, administration of curcumin abolished
the constitutively activated as well as paclitaxel-
induced NF-kB. Incubation of DNA-protein com-
plexes with p65 antibody resulted in the su-
pershift of active band (Fig. 3.5A). To further
confirm the activation of NF-kB by 3-MC and pa-
clitaxel, we examined the NF-kB DNA-binding
activity in 10 tissue samples each from the six

Fig. 3.3 Involvement of MAPK Pathway and Bcl-2 in reg-
ulating the synergism of paclitaxel and curcumin. (a) Ki-
netics of paclitaxel-induced phosphorylation of MAPKs-
ERK1/2, JNK, and p38 in HeLa cells were studied by
treating them with paclitaxel for different time intervals
(0-120 min). The whole cell lysate was immunoblotted
against phospho-ERK1/2, phospho-JNK, and phospho-
p38 antibodies and detected by ECL. B-actin was used
as the loading control. (b) The effect of curcumin on
phosphorylation of MAPKs was detected by pretreat-
ing HeLa cells with curcumin and then with paclitaxel
for 15 min and immunoblotting the whole cell lysate
against phospho-ERK1/2, phospho-JNK, and phospho-
p38 antibodies. (¢) HeLa-IkBoo DM cells were treated
with paclitaxel and/or curcumin for 15 min and the whole
cell lysate was immunoblotted against phospho-ERK1/2,

phospho-JNK, and phospho-p38 antibodies. HeLa-Neo
cells treated with and without paclitaxel were used as
controls. (d) HeLa cells were pretreated with curcumin
and then with paclitaxel (5nM) for 30 min, nuclear extracts
were prepared, and EMSA was done to study the effect
of curcumin on activation of AP-1. The arrowhead shown
indicates the position of the active DNA-binding complex
of AP-1. (e-f) HeLa cells pretreated with U0126 (10 wM),
SP600125 (50 wM), or SB203580 (40 wM) were treated
with paclitaxel for 30 min. Nuclear extracts were prepared
and EMSA was done using radiolabeled AP-1 primer to
detect the AP-1 status and radiolabeled NF-kB primer
to detect the NF-kB status. (g) HeLa-Neo, HeLa-IkBa
DM, and HeLa-Akt DN cells were treated with paclitaxel
and/or curcumin for 24 h and the whole cell lysate was
immunoblotted against Bcl-2 antibody
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Fig. 3.4 Combination of paclitaxel and curcumin re-
duces tumor incidence and tumor volume in cervical
tumor model. (A) Schematic representation of experimen-
tal protocols for evaluating the anticancer properties of
paclitaxel and curcumin against 3-MC-induced carcino-
genesis in Swiss albino mice. (B) Effect of paclitaxel
and curcumin, alone or in combination, on 3-MC-induced
cervical tumors. The tumors were distinguished from
normal cervices based on size as well as histopathology,
and the percentage of tumor-bearing animals per group is
shown. Data represents three sets of experiments carried

experimental groups. But in a few (<10 %) of the
tumor-bearing mice, curcumin was unable to in-
hibit the NF-kB activity, probably because of the
need for a higher dose or any genetic variability
among animals (Fig. 3.5B). Immunohistochemi-
cal analysis of tissue samples harvested from 3-
MC-alone and 3-MC+- paclitaxel-treated animals
revealed increased expression and prominent nu-
clear localization of the p65 subunit of NF-kB

out independently. (C) The mean tumor volume and rep-
resentative photographs of cervix samples from different
experimental groups are shown. (D) Histological changes
induced by 3-MC treatment in the cervical epithelium
of Swiss albino mice. Formalin-fixed, paraffin-embedded
tissue sections were stained with hematoxylin and eosin.
The representative photomicrographs show progressive
stages of squamous cell carcinoma. The panels depict
(a) normal epithelium, (b—c) squamous hyperplasia, (d—f)
dysplastic epithelium, and (g-i) SCC with characteristic
keratin pearl formation

in comparison with normal cervical epithelium
(Fig. 3.5C). Consistent with the results obtained
from EMSA, curcumin could down-regulate the
expression and nuclear localization of p65 in
tissue samples derived from curcumin and cur-
cumin + paclitaxel-treated mice. Having estab-
lished the association between NF-kB activation
and 3-MC-induced tumor progression, we ana-
lyzed the functional status of NF-kB activation by
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assessing the mRNA expression levels of NF-kB
target genes such as COX-2, cyclin D1, ICAM-1,
VEGF, MMP-2, and MMP-9 by real-time quan-
titative RT-PCR. Tissue samples from groups I
and II showed high mRNA expression levels of
these genes, whereas low levels were detected
in the tumor samples collected from animals
treated with curcumin either alone or in com-
bination with paclitaxel (Fig. 3.5D). Curcumin
in combination with paclitaxel could not down-
regulate the transactivation of these target genes
in a few of the highly aggressive cervical tumors
(indicated with “*”),

3.3.6 Curcumin Represses
NF-kB-Dependent Gene
Products, Potentiates
the Antiproliferative Effect
of Paclitaxel, and Enhances
Paclitaxel-Induced Caspase
Activation

Western blot analyses revealed that paclitaxel
either further induced or did not down-regulate 3-
MC-induced activity of various NF-kB-regulated
gene products COX-2, cyclin D1, MMP-2, MMP-
9, and VEGF that are directly involved in tumor
cell proliferation, angiogenesis, and metastasis
(Fig. 3.6A). Immunohistochemical analysis for
the cell proliferation marker PCNA in the tis-
sue samples revealed that curcumin significantly
enhanced paclitaxel-induced inhibition of pro-
liferation as evidenced by reduced PCNA im-
munoreactivity compared with the positive con-
trol group (Fig. 3.6B). Diverse antiapoptotic pro-
teins such as Bcl-2, c-IAP1, survivin, and XIAP
which are reported to be transactivated by NF-
kB were also found to be up-regulated in most
of the tumor samples collected from 3-MC-alone
and 3-MC+paclitaxel groups (Fig. 3.6C). The
expression levels of these molecules were sig-
nificantly down-regulated by curcumin. We also
observed the cleavage and activation of procas-
pases 8, 9, 3, and 7 in paclitaxel-treated cervi-
cal tumors of mice, which was significantly up-
regulated when curcumin was co-administered
(Fig. 3.6D).

3.3.7 Curcumin-Mediated
Augmentation of Antitumor
Effects of Paclitaxel
in 3-MC-Induced Cervical
Tumors Involves
the Down-regulation
of MDR1, Akt, MAPK, and AP-1
Pathways

3-MC-induced tumors as well as those treated
with paclitaxel exhibited a strong over-expression
of MDRI1, which was significantly down-
regulated by curcumin (Fig. 3.7a). Immunoblot-
ting with a phospho-specific antibody against Akt
at Ser473 points toward the hyperactivation of
Akt by phosphorylation in 3-MC-induced tumors
compared to normal controls. More interestingly,
the animals that were administered with cur-
cumin either alone or in combination with pa-
clitaxel showed relatively low levels of phospho-
Akt in comparison with the carcinogen-alone-
or paclitaxel-treated groups. But, over-expression
and hyperactivation of Akt was observed in well-
developed tumors from curcumin-treated animals
(Fig. 3.7b). We also found hyperphosphorylation
at Ser136 of Bad, a well-known direct target of
phosphorylation and inactivation by Akt, indicat-
ing a possible antiapoptotic effect of activated
Akt. The expression and activation status of
the three important MAP kinases — extracellular
signal-regulated protein kinase (ERK), c-Jun-
NH2 kinase (JNK), and p38 — were analyzed
by Western blotting, and extensively high phos-
phorylation of ERK-1/2 and JNK was observed
in most of the 3-MC-induced tumor samples
when compared to normal controls. Paclitaxel
treatment alone did not alter the phosphory-
lation levels of ERK-1/2 and JNK in the tu-
mor tissues, whereas administration of curcumin,
alone or in combination with paclitaxel, inhibited
the phosphorylation of these molecules signifi-
cantly. On the other hand, the phosphorylation
and expression status of p38 was not found
to significantly vary among the experimental
groups, indicating a lesser role of p38 in medi-
ating the carcinogenic action of 3-MC as well
as in the chemotherapeutic action of paclitaxel
and curcumin (Fig. 3.7¢c) though we observed a
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downregulation of paclitaxel-induced activation
of p38 by curcumin in the human cervical cancer
cell line, HeLa (Fig. 3.3b). The expression of
phospho-c-Jun, a proto-oncogene which is the
direct target of both JNK and ERK-1/2, and
the central component of all activator protein-1
(AP-1) complexes, was found elevated in those
samples with high levels of phospho-JNK and
phospho-ERK1/2 (Fig. 3.7c). Moreover, the sig-
nificantly higher levels of nuclear DNA-binding
activity of AP-1 detected in 3-MC-induced tumor
samples were suppressed by curcumin alone or in
combination with paclitaxel (Fig. 3.7d).

3.3.8 Combined Treatment
of Paclitaxel and Curcumin
Decreases the Tumor Volume,
Down-regulates NF-kB,
and Enhances Apoptosis
in Human Cervical Cancer
Xenografts Compared
to Individual Treatments,
in NOD-SCID Mice

The mean tumor volume at the time of necropsy
in the untreated control group was 2.66 cm?,
and administration of curcumin alone did not
show any significant effect on the xenograft tu-
mor growth, and the mean tumor volume was
2.47 cm®. Paclitaxel treatment alone suppressed
the growth of HeLa xenograft tumors and re-
duced the final mean tumor volume to 1.83 cm?,
whereas curcumin considerably enhanced the an-
titumor activity of paclitaxel, and the remark-
able synergistic antitumor efficacy of these com-
pounds resulted in a mean tumor volume of

<

1.32 cm® at the time of necropsy (Fig. 3.8a,

b). Nuclear extracts prepared using tumor sam-
ples were used for electrophoretic mobility shift
assay, and higher NF-kB activation levels were
observed in the untreated tumors while paclitaxel
treatment resulted in a further up-regulation of
NF-«kB activation levels. On the contrary, cur-
cumin treatment either alone or in combination
with paclitaxel significantly down-regulated the
nuclear DNA-binding activity of NF-kB, in vivo
(Fig. 3.8c). These results confirmed that sup-
pression of paclitaxel-induced NF-kB activation
by curcumin is an important molecular mecha-
nism by which this compound sensitizes HeLa
xenograft tumors in NOD-SCID mice to pacli-
taxel therapy. The in vivo apoptotic effects of cur-
cumin and/or paclitaxel in ectopically implanted
human cervical cancer xenografts in NOD-SCID
mice were assessed by TUNEL staining. As
shown in Fig. 3.8d, tumor sections from con-
trol and curcumin-alone-treated groups did not
show any considerable positivity for apoptotic
cells, while paclitaxel-treated samples showed
substantial amount of TUNEL staining. More
interestingly, in tumor samples collected from
animals treated with both the agents, curcumin
could significantly enhance the apoptotic effects
of paclitaxel in comparison with the individual
treatment.

3.4 Discussion

Tumor cells often escape apoptosis by over-
expressing antiapoptotic proteins which give
them survival advantage (Gagnon et al. 2008).
Some conventional chemotherapeutic drugs in

<«

Fig. 3.5 Curcumin reduces the activation of NF-kB and
its downstream targets induced by paclitaxel and 3-MC.
(A) Individual and combined effects of paclitaxel and cur-
cumin on NF-kB activation in 3-MC-induced cervical tu-
mors and normal controls are shown. Equal concentrations
of nuclear extracts prepared from tissue samples were
analyzed by EMSA. Supershift analysis using anti-p65
antibody is also done as described in “Materials and Meth-
ods.” (B) EMSA results showing NF-kB activation status
in ten different animals from each of the six experimental
groups. (C) Immunohistochemical localization of the p65
subunit of NF-kB in the tissue sections correlates with

EMSA results. The different panels indicate (a) the cyto-
plasmic localization of p65 in normal cervical epithelium,
increased nuclear localization of p65 in (b) 3-MC-alone-
treated (c) or 3-MC+paclitaxel-treated groups, inhibition
of nuclear translocation of p65 in (d) 3-MC+-curcumin
or in (e) 3-MC+paclitaxel+curcumin, and (f) a highly
aggressive tumor from paclitaxel+curcumin group shows
strong nuclear positivity for p65. (D) Effect of paclitaxel
and/or curcumin on transactivation of NF-kB-dependent
genes in 3MC-induced cervical tumors and control tissues.
Relative mRNA expression levels of target genes were
determined by quantitative RT-PCR
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Fig. 3.6 Curcumin inhibits NF-kB-dependent genes and
the proliferative effect of paclitaxel and augments
paclitaxel-induced caspase activation. (A) Western blot
analysis for different NF-kB-regulated gene products in
3-MC-induced tumors or control tissue samples harvested
from mice of different treatment groups. At least six
samples per group were analyzed, and representative
data of two randomly selected animals from each group
is shown. (B) Immunohistochemical analysis on tissue
sections using PCNA antibody. Representative staining

low concentrations cause up-regulation of sur-
vival signals, thereby necessitating increment of
the effective dose of treatment. Several stud-
ies including ours have shown that paclitaxel
activates NF-«kB and Akt, which have critical
roles in regulating cell survival, proliferation,
invasion, and metastasis (Huang and Fan 2002;

patterns in mouse cervical epithelium of (a) normal con-
trol, (b) 3-MC-treated, (¢) 3-MC+Cur-treated, (d) 3-
MC+Ptx-treated, (e) 3-MCHCur+Ptx-treated, and (f)
a very aggressive tumor from 3-MC+Cur+Ptx-treated
group are shown. (C) Effect of curcumin and/or pacli-
taxel on the expression levels of various NF-kB-regulated
antiapoptotic proteins in 3-MC-induced cervical tumors
was detected by Western blotting. (D) Western blots
showing curcumin-mediated enhancement of paclitaxel-
induced caspase activation in the tumor tissue samples

Bava et al. 2005). On the contrary, curcumin,
the natural polyphenolic compound, promotes
apoptosis by interfering in various cell survival
signaling pathways including NF-kB and Akt
(Anto et al. 2002; Aggarwal et al. 2006). Our ear-
lier findings (Bava et al. 2005) have clearly shown
that paclitaxel-induced activation of NF-kB and
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Fig. 3.7 Curcumin enhances paclitaxel-induced
chemotherapy by downregulating Akt, MAPK, and
AP-1 pathways in 3-MC-induced cervical tumors. (a)
Expression of MDR-1 protein in tissue samples collected
from different experimental groups. Western blot analysis
was carried out with anti-MDR-1 and B-actin levels are
shown as loading control. (b) Down-regulation of Akt
activation in 3-MC-induced cervical tumors by curcumin.
Western blot analyses were performed with anti-phospho-
Akt, anti-Akt, and anti-phospho-Bad on tissue lysates.
(¢) Inhibition of MAPK phosphorylation by curcumin
in 3-MC-induced tumors. Activation status of various

Akt in HeLa cells involves phosphorylation of
IKK, and its down-regulation by curcumin which
contributes to the sensitization of HeLa cells to
the paclitaxel-induced apoptosis involves inhibi-
tion of the same. Here we have tried to dissect

MAPKSs in tissue samples was detected by Western
blotting using phosphorylation-specific antibodies against
ERK1/2, JNK, phospho-c-jun, and p38. The expression
levels of total MAPKSs are shown as loading control. (d) 3-
MC-induced cervical carcinogenesis in mice is associated
with constitutive activation of AP-1. Curcumin inhibits the
constitutive activation of AP-1 when given alone or along
with paclitaxel. Nuclear extracts prepared from tumor or
control tissue samples were assayed for AP-1 activation
by EMSA. The arrowhead denotes active AP-1-DNA
complex

out the pathways contributing to the synergism of
paclitaxel and curcumin.

In the current study, we observed a sig-
nificant down-regulation of paclitaxel-induced
NF-kB activation upon Akt inactivation. While
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Fig. 3.8 Curcumin enhances the antitumor activity of
paclitaxel against human cervical cancer xenografts in
NOD-SCID mice. (a) Representative gross images of
mice bearing subcutaneous tumors with or without drug
treatment after 6 weeks. (b) The mean tumor volumes in
different treatment groups after 6 weeks of drug treatment.
Individual tumor volume was calculated by the standard
formula a X b2/2, where a is the longest diameter and b is
the shortest diameter. Data is represented as mean tumor
volume + standard error (P <0.05). (¢) Effect of cur-
cumin treatment, alone or in combination with paclitaxel,
on NF-kB activation in HeLa xenograft tumors in SCID
mice. Equal concentrations of nuclear extracts prepared

over-expression of Akt resulted in an increase in
paclitaxel-mediated NF-kB activation, no change
in Akt activation was observed when NF-kB
was shut down, clearly indicating that Akt is
up-stream of NF-kB in the paclitaxel-mediated
signaling events in HeLa cells. Furthermore,

from tumor samples or normal controls were analyzed
by EMSA as described under “Materials and Methods.”
Tumor samples from five animals per group were analyzed
individually and representative data from three randomly
selected tumors from each group is shown. (d) Rep-
resentative photomicrographs showing TUNEL staining
pattern in formalin-fixed, paraffin-embedded xenograft tu-
mor sections from different treatment groups. Dark brown
staining is indicative of nuclei with fragmented DNA.
Cell nuclei were counterstained with hematoxylin. NOTE:
All error bars indicate standard deviation between three
independent experiments

analysis of paclitaxel-induced COX-2 expression
in the HeLa-Akt WT cells and the HelLa-Akt
DN cells shows that the expression of COX-2,
an NF-kB-dependent gene, is also regulated by
Akt. While inactivation of Akt reduced COX-
2 expression, over-expression of Akt resulted
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in the up-regulation of COX-2. Supporting this
observation, a reduction in the synergistic effect
of paclitaxel and curcumin was noted in the cell
viability and apoptotic studies using the Akt DN-
transfected HeLa cells. Over-expression of Akt
made the cells resistant to paclitaxel as well as to
the synergistic effect. Up-regulation of cyclin D1,
another NF-kB-dependent gene, was also com-
pletely inhibited when NF-kB was shut down,
implicating the key regulatory role of NF-kB in
paclitaxel signaling.

Interestingly a marked difference was noted
in the synergism in the case of HeLa-Akt DN
and HeLa-IkBa DM cells. While a complete
inhibition in synergism was observed in the case
of HeLa-IkBa DM cells, only partial inhibition
was noted in HeLa-Akt DN cells suggesting that
inhibition of Akt by curcumin is not the only
pathway by which curcumin inhibits NF-kB.

While expression of XIAP and c-IAPI1 was
dependent on NF-kB, that of survivin was in-
dependent though curcumin effectively down-
regulated paclitaxel-induced expression of all
these. However, we observed a complete inhibi-
tion of survivin up-regulation in HeLa-Akt DN
cells confirming that Akt is regulating survivin
signaling independent of NF-kB as observed by
other investigators (Zhao et al. 2010; Zhu et al.
2008). Our study also indicates that paclitaxel-
mediated up-regulation of Bcl-2 is independent of
NF-kB and Akt even though contradictory reports
exist (Catz and Johnson 2003).

Paclitaxel-induced activation of MAPK sig-
naling pathway is already reported (Bacus et al.
2001). Among these three kinases, ERK1/2 mod-
ule has most often been implicated in cell prolif-
eration (Cobb 1999) while the biological effects
of JNK and p38 activation are highly conflict-
ing and, depending on the cellular context and
stimuli, they exert both protective as well as
proapoptotic functions (Lee et al. 1998; Seidman
et al. 2001). Even though JNK signaling is at-
tributed to apoptotic responses, it has been shown
that the JNK cooperates with other signaling
pathways like NF-«kB to mediate cell survival.
Sustained JNK activation with the absence of a
survival pathway may lead to apoptosis (Lamb

et al. 2003), while transient JNK activation me-
diates survival (Liu et al. 1996). Likewise, there
are reports indicating the involvement of p38
in paclitaxel-induced activation (Oh et al. 2006;
Seidman et al. 2001) as well as inhibition (Yu
et al. 2001) of apoptosis. In the present study
we observed a transient activation of all the three
MAPKSs, ERK1/2, JNK, and P38, by paclitaxel
and significant down-regulation of the same by
curcumin, suggesting that curcumin could be a
useful adjunct in therapeutic regimen using pa-
clitaxel. The study also revealed that phosphory-
lation of MAPKSs is completely inhibited when
NF-kB is shut down indicating that NF-kB is up-
stream of MAPKSs in paclitaxel signaling.

AP-1 is a well-known down-stream effector
of MAPK pathway. As reported (Amato et al.
1998), we also observed that paclitaxel induces
DNA binding of AP-1 and curcumin signifi-
cantly down-regulated it. Since curcumin inhib-
ited paclitaxel-induced activation of all the three
MAPKSs that contribute to the increased expres-
sion and activation of AP-1, inhibition of AP-1
by curcumin was predictable. Curcumin may also
directly inhibit the binding of AP-1 to the DNA
response element (Hahm et al. 2002).

Both ERK and JNK signaling pathways have
been implicated in NF-kB activation through
phosphorylation and subsequent degradation of
the inhibitory subunit IkBa (Chen et al. 1999).
p38-dependent activation of NF-kB via IKK
pathway has also been reported (Chio et al. 2004).
Thus, both the transcription factors AP-1 and
NF-kB are the targets of MAP kinase signaling
cascades (Lee et al. 2002). In our study also,
pretreatment with specific inhibitors of MAPKs
significantly inhibited nuclear translocation of
AP-1, while that of NF-«kB was unaffected further
confirming that NF-kB is up-stream of MAPKSs in
paclitaxel signaling. Various studies indicate that
NF-kB and AP-1 may modulate the activity of
each other. NF-kB transactivation has been found
to be elevated by agents that can also activate
AP-1 during tumor progression (Li et al. 1997).
Besides, NF-kB inhibitors have been found to
attenuate AP-1 activity (Li et al. 1998). Fur-
ther, the response to AP-1 is strikingly enhanced
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when NF-kB subunits are present and vice versa
(Fujioka et al. 2004; Stein et al. 1993).

NF-«kB signaling pathway has been consid-
ered as a highly attractive target for the devel-
opment of chemotherapeutic drugs, and several
compounds which inhibit this pathway are cur-
rently under preclinical or clinical trials. While
several of them are general inhibitors of NF-kB
activation, some inhibit target-specific steps and
others target multiple steps in the NF-kB pathway
(Gupta et al. 2010). However, none of them
has been approved for human use because most
of them lack specificity and thus interfere with
the physiological role of NF-kB in maintaining
cellular homeostasis. Hence, the most important
challenge is to develop NF-«kB inhibitors based
on their ability to specifically inhibit pathways
leading to carcinogenesis, so that the risk of
undesired side effects can be avoided. Paclitaxel
is a very effective chemotherapeutic drug which
acts mainly through induction of tubulin poly-
merization and cell cycle arrest. However, studies
have shown that paclitaxel induces apoptotic cell
death via a pathway independent of mitotic arrest
(Huang et al. 2000; Lieu et al. 1997). Since
lower concentration of paclitaxel leads to the
concomitant activation of several survival signals,
it fails to induce apoptosis at these concentrations
necessitating a higher concentration of the drug
for the purpose which in turn becomes the main
reason for its toxicity. Hence, compounds like
curcumin, which can counteract these survival
signals, can be of therapeutic benefit when used
in combination with paclitaxel.

Taken together, our results indicate that NF-
kB is the central player in the synergism of
paclitaxel and curcumin. Though not the only
regulator, Akt is a major regulator of NF-kB,
which through the phosphorylation of MAPKSs
regulates a set of survival signals. The study also
reveals that NF-kB is the regulator of COX-2,
cyclin D1, XIAP, and c-IAP1. While survivin is
regulated by Akt, independent of NF-kB, Bcl-2 is
operating through a pathway independent of both.
However, further studies are required to rule out
the role of direct down-stream targets of Akt in
the synergistic effect of paclitaxel and curcumin.

C.N. Sreekanth et al.

Our next attempt was to evaluate the efficacy
of the synergism using in vivo tumor models. For
this, we used a chemical carcinogen-induced pre-
clinical tumor model and the xenograft cervical
cancer model and have shown how a suboptimal
dose of the nontoxic dietary phytochemical cur-
cumin circumvents the mechanisms of paclitaxel
resistance and sensitizes tumor cells to paclitaxel
treatment. The inconsistent findings on curcumin
bioavailability in preclinical and clinical studies
continue to be a major concern (Anand et al.
2007), and recent evidences suggest that lipo-
somal encapsulation enhances its bioavailability
and makes this compound amenable to systemic
dosing (Li et al. 2007; Narayanan et al. 2009).
In this study we encapsulated curcumin into uni-
lamellar liposomes and injected intraperitoneally
in order to improve its bioavailability and to
eliminate dosing variability.

The initial gross observations on the per-
centage of tumor-bearing animals as well as
mean tumor volume among different experi-
mental groups provided an early hint about the
synergistic anticancer activity of paclitaxel and
curcumin against 3-MC-induced carcinogenesis.
More interestingly, paclitaxel-curcumin combi-
nation therapy afforded significantly better tu-
mor response than standard single-drug treat-
ment. Consistent with previous reports (Chhabra
et al. 1995), histopathological analysis of 3-
methylcholanthrene-induced cervical tumors de-
rived from our study revealed different stages of
squamous cell carcinoma, and such progressive
multistage carcinogenesis models better reflect
the molecular and cellular complexity of human
epithelial tumors.

Consistent with the role of NF-kB in oncoge-
nesis and survival, cumulative experimental and
epidemiologic evidence demonstrates the preva-
lence of aberrant constitutive activation of NF-
kB in human tumors of diverse tissue origin
and in various cancer cell lines (Aggarwal 2004;
Karin et al. 2002). Reports also indicate that
inhibition of NF-kB ameliorates the pathogen-
esis and overcomes therapeutic resistance (Ahn
et al. 2007). Moreover, paclitaxel induces NF-
kB activation in several cell types, and adjuvants
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that inhibit NF-kB function can enhance its ther-
apeutic efficiency (Bava et al. 2005; Inoue et al.
2008). To our knowledge this is the first report to
reveal the strong association of constitutive NF-
kB activity with 3-MC-induced tumorigenesis in
mice, and we found that curcumin suppresses the
nuclear translocation and DNA-binding activity
of NF-kB very effectively in the tumor tissues
when given alone or in combination with pacli-
taxel. The results of the xenograft experiments
using HeLa cells also corroborate the central
findings of the 3-MC-induced multistage carcino-
genesis study, and together they suggest that the
administration of curcumin along with paclitaxel
can potentially enhance the therapeutic outcome
of paclitaxel in vivo.

The transcriptional activation and overexpres-
sion of NF-kB target gene products such as the
stress response protein COX-2, cell cycle regu-
latory protein cyclin D1, cell adhesion molecule
ICAM-1, proteolytic enzymes such as matrix
metalloproteinases 2 and 9, and the angiogenic
factor VEGF in human cancers is well docu-
mented (Aggarwal et al. 2005). Our data substan-
tiates the ability of curcumin to circumvent the
detrimental effects of oncogenic NF-kB, such as
induction of proliferation, cell invasion, metas-
tasis, and angiogenesis. The expression patterns
of several NF-kB-dependent antiapoptotic genes
such as Bcl-2, survivin, XIAP, and c-IAP in the
tissue samples showed excellent correlation with
the NF-«kB activity, and consequently cells with
elevated NF-kB activity will be more resistant
to paclitaxel-induced cell death. Since these pro-
teins play central roles in the suppression of apop-
tosis, their inhibition by curcumin can enhance
the apoptotic activity of paclitaxel when given
together. This notion is confirmed by increased
caspase activation observed in the tumor samples
treated with the combinatorial regimen.

In many human malignancies, over-expression
of the multidrug resistance (MDR-1) gene prod-
uct P-glycoprotein is a major obstacle to effective
chemotherapy, and it functions as an energy-
dependent efflux pump for which paclitaxel is a
substrate (Bradley and Ling 1994). In addition,
MDR-1 gene expression is regulated by NF-kB
in different cell types (Bentires-Alj et al. 2003;

Zhou and Kuo 1997), and several groups have
shown that curcumin down-regulates MDR-1 ex-
pression in different cell types either through
inhibiting the NF-kB pathway or by direct inter-
action (Choi et al. 2008; Ganta and Amiji 2009).
Our data suggest that the inhibition of MDR-1
expression by curcumin in 3-MC-induced tumor
samples can enhance the intracellular accumula-
tion of paclitaxel and contribute at least in part to
the synergistic effect of these agents.

Constitutive and drug-induced activation of
the serine-threonine kinase Akt and the three
major MAPKs — ERK1/2, p38, and JNK - have
been widely implicated in cancer cell prolifera-
tion, survival, and resistance to apoptotic stimuli
(Chang and Karin 2001; Hokeness et al. 2005).
Paclitaxel has been reported to activate Akt (Ho-
keness et al. 2005) and MAPK pathways (Kuo
et al. 2006; Yagi et al. 2009) and thereby com-
promises its apoptotic potential, whereas inhi-
bition of these pathways by curcumin increases
susceptibility of cancer cells to chemotherapeu-
tic agents (Aggarwal et al. 2006; Bava et al.
2005; Gagnon et al. 2008). Although activated
JNK contributes to some apoptotic responses,
the JNK-dependent apoptotic signaling pathways
can be blocked by activation of NF-kB and
Akt pathways (Xia et al. 1995). Since curcumin
remarkably inhibited the activation of MAPKSs
in 3-MC-induced tumors, it could attenuate the
DNA-binding activity of the down-stream tran-
scription factor AP-1. Furthermore, activated Akt
can contribute to the induction of NF-kB ac-
tivity (Kane et al. 1999). Nevertheless, down-
regulation of Akt activation, ERK1/2 and JNK
pathways, and DNA-binding activity of AP-1 by
curcumin are possible mechanisms by which the
3-MC-induced tumors are sensitized to paclitaxel
therapy.

Collectively, we have shown that curcumin,
the pharmacologically safe chemosensitizer, can
significantly augment the anticancer potential of
paclitaxel by targeting multiple signaling events
using well-defined preclinical models, and these
in vivo evidences on the existence of therapeutic
synergism between these agents underscore the
essential need for validating this combination
through clinical trials.
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