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In this study we have investigated hyaluronan (HA)-mediated
CD44 (anHA receptor) interactionswith p300 (a histone acetyl-
transferase) and SIRT1 (a histone deacetylase) in human breast
tumor cells (MCF-7 cells). Specifically, our results indicate that
HA binding to CD44 up-regulates p300 expression and its
acetyltransferase activity that, in turn, promotes acetylation of
�-catenin and NF�B-p65 leading to activation of �-catenin-as-
sociated T-cell factor/lymphocyte enhancer factor transcrip-
tional co-activation andNF�B-specific transcriptional up-regu-
lation, respectively. These changes then cause the expression of
the MDR1 (P-glycoprotein/P-gp) gene and the anti-apoptotic
gene Bcl-xL resulting in chemoresistance in MCF-7 cells. Our
data also show that down-regulation of p300, �-catenin, or
NF�B-p65 in MCF-7 cells (by transfecting cells with p300-,
�-catenin-, orNF�B-p65-specific small interfering RNA) inhib-
its the HA/CD44-mediated �-catenin/NF�B-p65 acetylation
and abrogates the aforementioned transcriptional activities.
Subsequently, there is a significant decrease in bothMDR1 and
Bcl-xL gene expression and an enhancement in caspase-3 activ-
ity and chemosensitivity in the breast tumor cells. Further anal-
yses indicate that activation of SIRT1 (deacetylase) by resvera-
trol (a natural antioxidant) induces SIRT1-p300 association and
acetyltransferase inactivation, leading to deacetylation of
HA/CD44-induced �-catenin and NF�B-p65, inhibition of
�-catenin-T-cell factor/lymphocyte enhancer factor andNF�B-
specific transcriptional activation, and the impairment of
MDR1 and Bcl-xL gene expression. All these multiple effects
lead to an activation of caspase-3 and a reduction of chemore-
sistance. Together, these findings suggest that the interactions
betweenHA/CD44-stimulated p300 (acetyltransferase) and res-
veratrol-activated SIRT1 (deacetylase) play pivotal roles in reg-
ulating the balance between cell survival versus apoptosis, and
multidrug resistance versus sensitivity in breast tumor cells.

Multidrug resistance and disease relapse are challenging
clinical problems in the treatment of breast cancers (1–3).
Because little is known regarding the molecular basis of breast
tumor cell signaling and chemotherapeutic responses, it is
important to identifymolecule(s) that can be used to predict the
oncogenic potential and possible chemoresistance of breast
carcinoma-derived cancer cells. During the search for cellular
regulators that correlate with breast tumor cell functions and
possible chemoresistance, hyaluronan (HA)2 (a major compo-
nent in the extracellular matrix of most mammalian tissues)
was identified as a prime candidate (4, 5). HA is a nonsulfated,
unbranched glycosaminoglycan consisting of repeating disac-
charide units, D-glucuronic acid and N-acetyl-D-glucosamine
(6, 7). HA is synthesized by specific HA synthases (7, 8) and
digested into various smaller molecules by hyaluronidases (9).
HA is clearly enriched in stem cell niches and in breast tumors
(10, 11). In breast cancer patients, HA concentrations are often
higher in malignant tumors than in benign or normal tissues,
and in some tumor types the level of HA is predictive of malig-
nancy (11). Furthermore, elevatedHA levels have been found in
the serum of breast cancer patients (12).
CD44 denotes a family of cell-surface glycoproteins that are

expressed in a variety of cells and tissues, including breast
tumor cells and carcinoma tissues (5, 13–16). Nucleotide
sequence analyses reveal that there exist numerous CD44 iso-
forms (derived by alternative splicingmechanisms), all of which
are variants of the standard form, CD44s (17, 18). All CD44
isoforms contain an HA-binding site in their extracellular
domain and thereby serve as major cell surface receptors for
HA (19). The CD44 isoforms expressed in breast cancer stem
cells display a unique ability to initiate tumor cell-specific prop-
erties (20–22). Recent studies indicate that breast cancer
tumors contain a subpopulation of highly tumorigenic cancer
stem cells characterized by high CD44 expression and low (or
no) CD24 expression (CD44�CD24�/low) (20–22). Purified
CD44�CD24�/low breast tumor cells are capable of generating
phenotypically distinct cells resulting in heterogeneous tumors
in immunodeficient mice (20–22). These findings indicate that
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CD44-expressing breast tumor cells display the hallmark stem
cell properties of self-renewal and the ability to generate heter-
ogeneous cell populations. In fact, CD44 is now thought to be
one of the important cell surface markers for cancer stem cells
(20–22). Because both CD44 andHA are overexpressed at sites
of tumor attachment and HA binding to CD44 stimulates a
variety of tumor cell-specific functions and tumor progression
(5, 13–16, 23–33), the HA-CD44 interaction is considered an
essential requirement for tumor progression.
Resistance to chemotherapeutic drugs used in breast cancer

treatments (e.g. doxorubicin and etoposide) is generally associ-
ated with the overexpression of themultidrug resistance gene 1
(MDR1 or P-glycoprotein (P-gp)) (34). The MDR1/P-gp pro-
tein is a transmembrane ATP-dependent transporter molecule
that plays a critical role in drug fluxes and chemotherapeutic
resistance in a variety of cancers (35–38). In addition, both HA
and CD44 are known to be involved in chemotherapeutic drug
resistance with many cancer types, including breast cancer
(39–46). Specifically, HA binding stimulatesMDR1 expression
anddrug resistance in breast tumor cells (41, 42).Most recently,
we have found that HA/CD44-mediated Nanog-Stat-3 signal-
ing plays an important role in activatingMDR1 gene expression
in breast tumor cells (46). Furthermore, the HA/CD44-medi-
ated ErbB2 signaling pathway and the phosphatidylinositol
3-kinase/AKT-related survival pathway have also been found to
be involved in chemotherapeutic drug resistance of breast
tumor cells (42). Previously, we reported that activation of sev-
eral other HA-CD44-mediated oncogenic signaling pathways
(e.g. intracellularCa2�mobilization (43), epidermal growth fac-
tor receptor-mediated ERK signaling (44), topoisomerase acti-
vation (45), and ankyrin function (46)) leads tomultidrug resist-
ance in tumor cells. However, the mechanism by which
HA/CD44 activates the oncogenic signaling leading to multi-
drug resistance in breast cancer has not been fully elucidated.
The transcriptional co-activator p300 is a histone acetyl-

transferase (HAT) (47, 48) that serves to integrate diverse sig-
naling pathways involved in different cellular functions (49). It
has been shown that p300 contributes to the assembly of mul-
ticomponent transcription co-activator complexes (50). Specif-
ically, the p300 acetyltransferase promotes histone acetylation
that,inturn,regulatespromoteractivitybyremovingchromatin-
dependent repression (51, 52). Furthermore, the p300 acetyl-
transferase acetylates a number of transcriptional factors (e.g.
p53, FOXO-1, E2F, HMG I(Y), and HNF-4) resulting in tran-
scriptional regulation (53–57). A recent study indicates that
p300 acetyltransferase acetylates �-catenin (at lysine 345) (58),
which then binds to the transcription factor T-cell factor/lym-
phocyte enhancer factor (TCF/LEF) in the nucleus (58). This
event is followed by transcriptional activation of target genes
such as c-myc, E-cadherin, and cyclin D1 (59). In addition, p300
acetyltransferase acetylates NF�B-p65 (at lysine 310) (60, 61)
which in turn stimulates NF�B-specific transcriptional activity
and up-regulates the expression of the anti-apoptotic genes of
the Bcl-2 family, such as Bcl-xL (62, 63). Moreover, overexpres-
sion of a proteolytic fragment of the cytoplasmic domain of
CD44 potentiates transactivation mediated by p300 (64),
whereas degradation of p300 is sufficient to cause transcrip-
tional repression and chemosensitivity (65). However, the exact

regulatory mechanisms involved in CD44-linked p300 signal-
ing and chemotherapeutic responses in breast tumor cells have
not been established.
The SIR2 (the silent information regulator 2-also referred to

as sirtuins) gene family of protein belongs to histone deacety-
lases (HDACs), which are highly conserved with seven mam-
malian homologs, SIRT1–SIRT7 (66). SIRT1 is an NAD�-de-
pendent deacetylase that is implicated in the regulation of cell
survival and longevity/life span in many different organisms
ranging from yeast to mice (67–69). SIRT1 has also been found
in a variety of epithelial tumors, including breast cancer cells
(70, 71). Resveratrol (3,5,4-trihydroxystilbene) is a phytoalexin
extracted from vegetal dietary sources and displays chemopre-
ventive and chemotherapeutic properties (72–74). The func-
tion of resveratrol is thought to involve the activation of SIRT1
deacetylase activity leading to transcriptional silencing (75). In
fact, resveratrol is now considered to be a powerful cancer-
fighting agent (74, 76, 77). Because very little is known about the
intracellular pathways that may be affected by resveratrol-me-
diated SIRT1 activity, identification of signaling events will be
very important. At present, SIRT1 has been shown to regulate
cell fate in part by deacetylating the p53 protein at lysine 382
and inhibiting p53-mediated transcriptional activation and
apoptosis (78). Activated SIRT1 also antagonizes p300-medi-
ated activation and acetylation ofNF�B-p65 that, in turn, atten-
uates transcriptional activity and reduces the expression of
anti-apoptotic genes (e.g. Bcl-xL) leading to apoptosis or cell
death (61, 79). Furthermore, SIRT1 induces deacetylation and
repression of p300 itself (81). Mutational analysis demon-
strated that SIRT1 repression of p300 involves both lysine 1020
and lysine 1024 (81). These results indicate the possible exist-
ence of important cross-talk between SIRT1 and p300 in the
regulation of cellular signaling. The question of whether an
interaction between resveratrol-activated SIRT1 and p300
occurs in HA/CD44-mediated oncogenesis and chemoresis-
tance in breast tumor cells is an important focus of this study.

MATERIALS AND METHODS

Cell Culture—The human breast tumor cell line, MCF-7
cells, was purchased fromATCC (Manassas, VA) and grown in
RPMI 1640 medium supplemented with 10% fetal bovine
serum. Cells were routinely serum-starved (and therefore
deprived of serum HA) before adding HA.
Antibodies and Reagents—Monoclonal rat anti-CD44 anti-

body (clone 020; isotype IgG2b; obtained from CMB-TECH,
Inc., San Francisco) recognizes a determinant of the HA-bind-
ing region common to CD44 and its principal variant isoforms
(13–16, 19–28, 79–81). This rat anti-CD44 was routinely used
for HA-related blocking experiments and immunoprecipita-
tion. Immunoreagents such as goat anti-MDR1 (P-glycoprotein
170) antibody, rabbit anti-SIRT1 antibody, mouse anti-�-cate-
nin antibody, and mouse anti-NF�B-p65 antibody were pur-
chased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).
Several reagents, including resveratrol, rabbit anti-Bcl-xL anti-
body, and rabbit anti-acetylated lysine antibody, were obtained
from Cell Signaling Technology, Inc. (St. Louis, MO). Mouse
anti-p300 antibody and rabbit anti-pro-caspase-3 antibody
were purchased from EMD Chemicals, Inc. (Gibbstown, NJ)
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and Millipore (Billerica, MA), respectively. Rabbit anti-NF�B-
p65 (acetyl-K-310) antibody was fromAbcam Inc. (Cambridge,
MA).
Caspase-3 inhibitor V (Z-D(OMe)QMD(OMe)-FMK) was

purchased from Calbiochem. Doxorubicin hydrochloride and
etoposide (VP-16) were from Sigma. Healon HA polymers
(�500,000-dalton polymers), purchased from Pharmacia &
Upjohn Co. (Kalamazoo, MI), were prepared by gel filtration
column chromatography using a Sephacryl S1000 column. The
purity of the HA polymers used in our experiments was further
verified by anion exchange high performance liquid chroma-
tography followed by protein and endotoxin analyses using
BCA protein assay kit (Pierce) and an in vitro Limulus amebo-
cyte lysate assay (Cambrex Bio ScienceWalkersville Inc.,Walk-
ersville, MD), respectively. No protein or endotoxin contami-
nation was detected in this HA preparation.
RNA Oligonucleotides—The siRNA sequence targeting

humanp300 or�-catenin orNF�B-p65 (frommRNAsequence,
GenBankTM accession numbers NM_001429 or NM_001904
or NM_021975, respectively) corresponds to the coding region
relative to the first nucleotide of the start codon. Target
sequences were selected using the software developed by
Ambion Inc. As recommended by Ambion, p300-specific or
�-catenin-specific or NF�B-p65-specific targeted regions were
selected beginning 50–100 nucleotides downstream from the
start codon. Sequences close to 50% G/C content were chosen.
Specifically, p300 target sequence (5�-AATGGTGCTGAA-
GAGGAGGGA-3�), �-catenin target sequence (5�-AAAT-
CAATCCAACAGTAGCCT-3�), NF�B-p65 target sequences
(target sequence 1, 5�-AAGGATTGAGGAGAAACGTAA-3�;
target sequence 2, 5�-AACTCAAGATCTGCCGAGTGA-
3�; target sequence 3, 5�-AAGGCTATAACTCGCCTAGTG-
3�; and target sequence 4, 5�-AAGATTGAGGAGAAACG-
TAAA-3�), and scrambled sequences (5�- AAGGGAGTGT-
GAGAGTGAGCG-3�) were used. These p300/�-catenin/
NF�B-p65-specific target sequences were then aligned to the
human genome data base in a BLAST search to eliminate
sequences with significant homology to other genes. Sense and
antisense oligonucleotides were provided by Operon Biotechnol-
ogies Inc. (Huntsville, AL) and Thermo Scientific Dharmacon
(Lafayette, CO). For construction of the siRNA, a transcription-
based kit fromAmbionwas used (SilencerTM siRNAconstruction
kit).MCF-7 cells were then transfectedwith siRNAusing siPORT
Lipid as transfection reagent (SilencerTM siRNA transfection kit;
Ambion,TX)according to theprotocolprovidedbyAmbion.Cells
were incubatedwith 50 pmol of p300 siRNAor 50 pmol of�-cate-
nin siRNA or 50 pmol of NF�B-p65siRNA or 50 pmol of siRNA
containing scrambled sequences or no siRNA for at least 48 h
before biochemical experiments and/or functional assays were
conducted as described below.
Quantitative PCR (Q-PCR)—Total RNA was isolated from

MCF-7 cells (untransfected or transfected (50 pmol each) with
p300 siRNA or �-catenin siRNA orNF�B-p65 siRNA or siRNA
with scrambled sequences; or treated with 20 �M resveratrol in
the presence or absence of 50 �g/ml HA treatment for 24 h)
using Tripure isolation reagent kits (RocheApplied Science), as
described above. First strand cDNAs were synthesized from
RNA using Superscript First Strand Synthesis system (Invitro-

gen). Gene expression was quantified using probe-based Sybr
Green PCR master mix kits, ABI PRISM 7900HT sequence
detection system, and SDS software (Applied Biosystems, Fos-
ter City, CA). A cycle threshold (minimal PCR cycles required
for generating a fluorescent signal exceeding a preset threshold)
was determined for each gene of interest and normalized to a
cycle threshold for a housekeeping gene (36B4) determined in
parallel. The 36B4 is a human acidic ribosomal phosphoprotein
PO whose expression was not changed in tumor cells trans-
fected with p300 siRNA (or with �-catenin siRNA, NF�B-p65
siRNA, siRNA with scrambled sequences) or treated with 20
�M resveratrol in the presence or absence of 24 h of HA treat-
ment. The Q-PCR primers used for detecting gene expression
of MDR1 and Bcl-xL were as follows. Specifically, two MDR1-
specific primers (the sense primer 5�-TGCGACAGGAGAT-
AGGCTG-3� and the antisense primer 5�-GCCAAAATCA-
CAAGGGTTAGCTT-3�) and two Bcl-xL-specific primers (the
sense primer 5�-GAGCTGGTGGTTGACTTTCTC-3� and the
antisense primer 5�-TCCATCTCCGATTCAGTCCCT-3�)
were used. Finally, for detecting 36B4 gene expression, two
36B4-specific primers (the sense primer 5�-GCGACCTG-
GAAGTCCAACTAC-3� and the antisense primer 5�-ATCT-
GCTGCATCTGCTTGG-3�) were used.
Immunoprecipitation and Immunoblotting Techniques—

MCF-7 cells were pretreatedwith anti-CD44 antibody or trans-
fected with p300 siRNA (or �-catenin siRNA or NF�B-p65
siRNA or siRNA with scrambled sequences; or treated with 20
�M resveratrol or without any treatment, as above). Following
HA (50�g/ml) treatment (or noHA treatment) for various time
intervals (e.g. 0, 5, 15, or 30 min, or 24 h) at 37 °C, cell lysates
isolated from these cells were immunoblotted using various
immunoreagents (e.g.mouse anti-p300 (2 �g/ml) or goat anti-
MDR1 (2 �g/ml) or rabbit anti-Bcl-XL (2 �g/ml) or rabbit anti-
NF�B-p65 (acetyl-K-310) (2 �g/ml) or rabbit anti-�-tubulin (2
�g/ml) (as a loading control), respectively).

In addition, immunoprecipitation was conducted after
homogenization of the cell lysate using mouse anti-�-catenin
antibody followed by goat anti-mouse IgG beads. Subsequently,
the immunoprecipitated materials were solubilized in SDS
sample buffer, electrophoresed, and blotted onto nitrocellu-
lose. After blocking nonspecific sites with 3% bovine serum
albumin, the nitrocellulose filters were incubated with rabbit
anti-acetylated lysine antibody (2�g/ml) ormouse anti-�-cate-
nin antibody (2 �g/ml), respectively) for 1 h at room tempera-
ture. In some cases, the cell lysates were immunoprecipitated
with mouse anti-p300 followed by goat anti-mouse IgG beads.
Subsequently, the immunoprecipitated materials were pro-
cessed for immunoblotting using rabbit anti-SIRT1 antibody (2
�g/ml) or anti-p300 antibody (2 �g/ml), respectively.

In addition, cell lysates of MCF-7 cells transfected with p300
siRNA (or�-catenin siRNAorNF�B-p65 siRNAor siRNAwith
scrambled sequences; or treatedwith 20�M resveratrol orwith-
out any treatment) as abovewere treatedwith doxorubicin (4�
10�9 to 1.75 � 10�5 M) or etoposide (1 � 10�9 to 1 � 10�4 M)
with no HA or with HA (50 �g/ml) or anti-CD44 plus HA for
24 h at 37 °C. These lysate samples were immunoblotted with
rabbit anti-pro-caspase-3 antibody.
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Luciferase Reporter Assays—Transactivation assays were
conductedwithMCF-7 cells (untreated or pretreatedwith anti-
CD44 antibody or transfected with p300 siRNA or �-catenin
siRNA or NF�B-p65 siRNA or siRNA with scrambled
sequences, or treated with 20 �M resveratrol) as above. Follow-
ing 24 h of HA (50 �g/ml) treatment (or no HA treatment),
these cells (or various siRNA-treated cells) grown in 35-mm
diameter dishes were transfected with 1.0 �g of a plasmid con-
taining a multimeric TCF/LEF-1 consensus-binding sequence
driving the luciferase reporter gene (pTop-flash) or a mutant-
inactive form (pFop-flash) (kindly provided by Robert Nissen-
son, University of California at San Francisco and Veterans
Affairs Medical Center, San Francisco). pTop-flash, but not
pFop-flash, is responsive to co-activation of TCF/LEF by
�-catenin (82). The relative luciferase units were expressed as
the amount of pTop-flash-derived luciferase activity divided by
the amount from control pFop-flash. The reporter construct
pNF�B-Luc, which contains five NF�B-binding sites in front of
a luciferase gene, was obtained from Stratagene (La Jolla, CA).
A plasmid encoding �-galactosidase (1.0 �g) was also co-trans-
fected to enable normalization for transfection efficiency. After
24 h, expression of the reporter (luciferase) and the control
(�-galactosidase) genes were determined using enzyme assay
systems from Promega as per the manufacturer’s instructions.
p300HATActivity Assay—The p300HAT activity wasmeas-

ured using aHAT activity colorimetric assay kit fromBioVision
(Mountain View, CA). The assay is designed to measure the
amount of the free form of coenzyme A released from acetyl
coenzyme A after its acetyl group is coupled to a substrate pep-
tide (containing the �-amino group of lysine residues in his-
tones) by HAT in the reaction. Specifically, the p300 (�15 �g)
was first isolated from MCF-7 cells (untreated or treated with
50�g/mlHA for 15min or pretreatedwith anti-CD44 antibody
for 1 h followed by HA addition for 15 min or treated with 20
�M resveratrol for 1 h in the presence or absence of HA) using
mouse anti-p300-conjugated beads. In each reaction,�15�g of
p300 was incubated with HAT substrates (peptides containing
the �-amino group of lysine residues in histone) and coenzyme
A in a 96-well plate as per the manufacturer’s instructions.
Samples were then measured at 440 nm in a plate reader
(SpetraMAX 250, Molecular Device, Sunnyvale, CA).
SIRT1 HDAC Activity Assay—SIRT1 HDAC activity was

measured using a HDAC assay kit (colorimetric detection)
from Millipore (Billerica, MA) essentially following the proto-
col provided. SIRT1 belongs to class III HDACs that require
NAD� as a co-factor to achieve deacetylation so in all reactions
100 �M NAD� was supplemented. Specifically, the SIRT1 was
first isolated from MCF-7 cells (untreated or treated with 50
�g/ml HA for 15 min or pretreated with anti-CD44 antibody
for 1 h followed by HA addition for 15 min or treated with 20
�M resveratrol for 1 h in the presence or absence of HA) using
rabbit anti-SIRT1-conjugated beads. In each reaction, �20 �g
of SIRT1was incubated inHDACassay buffer (25mMTris-HCl
(pH 8.0), 137 mM NaCl, 2.7 mM KCl, and 1 mM MgCl2) with or
without 4 �M trichostatin A (specific inhibitor for class I and II
but not class III) colorimetric substrate (acetylated histone pep-
tide) to be deacetylated. The product of this deacetylation reac-
tion was released and measured absorbance at 405 nM. Positive

control (HeLa cell nuclear extract), negative control (H2O or
lysis buffer), or samples with or without NAD� were also
included in the assays.
InVitro TumorCell GrowthAssays—MCF-7 cells were either

untreated or pretreatedwith anti-CD44 antibody or transfected
with p300 siRNA (or �-catenin siRNA or NF�B-p65 siRNA or
siRNAs with scrambled sequences, or treated with 20 �M res-
veratrol in the presence or absence of HA) as above. These cells
were then plated in 96-well culture plates in 0.2 ml of Dulbec-
co’s modified Eagle’s medium/F-12 medium supplement
(Invitrogen) containing either 0.5% fetal bovine serum or no
serum for 24 h at 37 °C in 5% CO2, 95% air. In each experiment,
a total of five plates (6 wells/treatment (e.g. HA treatment/
plate)) was used. Experiments were repeated 5–6 times. The in
vitro growth of these cells was determined by measuring
increases in cell number using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide assay (CellTiter 96� nonra-
dioactive cell proliferation assay according to the procedures
provided by Promega). Subsequently, viable cell-mediated
reaction products were recorded by aMolecular Devices (Spec-
tra Max 250) enzyme-linked immunosorbent assay reader at a
wavelength of 450 nm.
In some experiments,MCF-7 cells were pretreatedwith anti-

CD44 antibody or transfected with p300 siRNA (or �-catenin
siRNA or NF�B-p65 siRNA or siRNA with scrambled
sequences, or treated with 20 �M resveratrol, or without any
treatment, as above). These cells (5 � 103 cells/well) were then
treated with various concentrations of doxorubicin (4 � 10�9

to 1.75� 10�5 M) or etoposide (1� 10�9 to 1� 10�4 M)with no
HA or with HA (50 �g/ml). After 24 h of incubation at
37 °C, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide-based growth assays were analyzed as described
above. The percentage of absorbance relative to untreated con-
trols (i.e. cells treated with neither HA nor chemotherapeutic
drugs) was plotted as a linear function of drug concentration.
The 50% inhibitory concentration (IC50) was identified as a
concentration of drug required to achieve a 50% growth inhibi-
tion relative to untreated controls.
Caspase Assays—MCF-7 cells (untransfected or transfected

with p300 siRNA or �-catenin siRNA or NF�B-p65 siRNA or
siRNA with scrambled sequences, or treated with 20 �M res-
veratrol, as above in the presence or absence of 10�M caspase-3
inhibitor V, Z-D(OMe)QMD(OMe)-FMK) were incubated
with doxorubicin (0.5�M) or etoposide (0.15�M) for 24 h in the
presence or absence of HA (50 �g/ml) or anti-CD44 plus HA.
Caspase 3 activation was then determined by immunoblotting
cell lysates (isolated from these samples) with anti-pro-
caspase-3 antibody. Reduction (or loss) of pro-caspase-3 or the
degradation/fragmentation of pro-caspase-3 was designated as
caspase-3 activation according to the manufacturer’s protocol.
Apoptosis Assays—MCF-7 cells (untransfected or transfected

with p300 siRNA or �-catenin siRNA or NF�B-p65 siRNA or
siRNA with scrambled sequences, or treated with 20 �M res-
veratrol in the presence or absence of 10�M caspase-3 inhibitor
V, Z-D(OMe)QMD(OMe)-FMK, as above) were treated with
doxorubicin (0.5 �M) or etoposide (VP-16) (0.15 �M) with no
HA or with HA (50 �g/ml) or anti-CD44 plus HA. Subse-
quently, these cells were incubated with fluorescein isothiocya-
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nate-conjugated annexin V (for measuring apoptotic cells)
using apoptosis detection kit (Calbiochem) according to the
manufacturer’s protocol. Samples were then examined under a
Zeiss inverted microscope. Every cell in each of five fields was
counted for the number of apoptotic cells. Cells were desig-
nated apoptotic when displaying annexin V-positive staining.
In each sample, at least 500 cells from five different fields were
counted, with the percentage of apoptotic cells calculated as
annexin V-positive cells/total number of cells.

RESULTS

HA/CD44-mediated p300 Expression and Acetyltransferase
Activation

HA-mediated CD44 signaling is known to be involved in
transcriptional regulation during tumor progression (46, 83,
84). Transcriptional co-activators such as p300 (acetyltrans-
ferase) play critical roles in transcriptional activation (47–50).
Although the cytoplasmic domain of CD44 has been shown to
interact with p300 in COS cells (64), the effect of HA on p300
function in breast tumor cells has not been investigated. To
assess the involvement of the HA-CD44 interaction in p300
signaling, we first employed an immunoblot analysis utilizing
anti-p300 antibody to identify p300 in breast tumor cells

(MCF-7 cell line). Our data clearly
indicate that p300 expression is ele-
vated at 24 h following HA treat-
ment in MCF-7 cells (Fig. 1A, panel
a, lane 3). In contrast, a low level of
p300 is detected in tumor cells pre-
treated with anti-CD44 antibody
followed by 24 h of HA addition
(Fig. 1A, panel a, lane 2) or without
any HA treatment (Fig. 1A, panel a,
lane 1). However, normal rat IgG
treatment does not appear to block
HA-induced p300 expression (Fig.
1A, panel a, lanes 4 and 5). It is now
commonly accepted that p300 pro-
tein displays acetyltransferase activ-
ity that transfers an acetyl group to
the �-amino group of lysine residues
located in histone or non-histone
proteins (47, 48). In this study, HA
treatment of MCF-7 cells caused an
elevation of p300 acetyltransferase
activity using a histone peptide as a
substrate (Fig. 1B, bar 3). Cells pre-
treated with anti-CD44 antibody
plusHA treatment (Fig. 1B, bar 2) or
treated with no HA (Fig. 1B, bar 1)
show a significantly lower level of
acetyltransferase activity. However,
normal rat IgG treatment does not
appear to reduce HA-induced p300
acetyltransferase activity (Fig. 1B,
panel b, bars 1 and 2). These obser-
vations suggest that the expression
and acetyltransferase activity of

p300 in breast tumor cells are both HA-dependent and CD44-
specific.

HA/CD44-activated p300 Acetyltransferase Stimulates
�-Catenin and NF�B Signaling

�-Catenin phosphorylation by ErbB2/epidermal growth fac-
tor receptor tyrosine kinase induces �-catenin nuclear translo-
cation, leading toTCF/LEF transcriptional co-activation in epi-
thelial tumor cells (84–89). It is also well documented that
activation of the inhibitor of �B (I�B) kinase (IKK) complex
(IKK� and IKK�) byNF�B-inducing kinase causes phosphoryl-
ation of the I�Bs, targeting them for ubiquitination and degra-
dation by proteasomes that liberate p65 and p50 from theNF�B
complex for nuclear translocation and transactivation of a vari-
ety of target genes (90–93). Recent studies indicate that both
�-catenin and NF�B-p65 can be acetylated and subsequently
participate in transcriptional activation (58, 59, 60–63, 91). To
assess whether acetylation of either �-catenin and/or NF�B-
p65 occurs in breast tumor cells activated by HA/CD44-medi-
ated p300 acetyltransferase, we first analyzed �-catenin and
NF�B-p65 acetylation inMCF-7 cells. Our results indicate that
the level of acetylated lysine residues of �-catenin (as detected
by anti-�-catenin-mediated immunoprecipitation followed by

FIGURE 1. Analyses of HA/CD44-mediated p300 expression and p300 acetyltransferase activity in MCF-7
cells. A, detection of p300 expression. Cell lysates isolated from MCF-7 cells (untreated (lane 1); or pretreated with
rat anti-CD44 antibody (10 �g/ml) for 1 h followed by 24 h of HA (50 �g/ml) treatment (lane 2); or treated with HA (50
�g/ml) for 24 h (lane 3); or pretreated with normal rat IgG (10 �g/ml) for 1 h followed by no HA addition (lane 4) or
24 h of HA (50 �g/ml) treatment (lane 5)) were immunoblotted with anti-p300 antibody (panel a) or anti-actin
antibody (panel b) (as a loading control). B, inset b, measurement of p300 acetyltransferase activity. The p300 was first
isolated from MCF-7 cells (untreated (B, bar 1), or pretreated with rat anti-CD44 antibody for 1 h followed by 50 �g of
HA addition for 15 min (B, bar 2), or treated with 50 �g/ml HA for 15 min (B, bar 3), or pretreated with normal rat IgG
for 1 h followed by no HA addition (panel b, bar 1) or 50 �g of HA addition for 15 min (panel b, bar 2)) using p300
isolated from mouse anti-p300-conjugated beads. In each reaction, �15 �g of p300 was incubated with histone
acetyltransferase substrates (peptides containing the�-amino group of lysine residues in histones) and coenzyme A.
The p300 acetyltransferase activity was then measured using an acetyltransferase colorimetric assay kit from BioVi-
sion as described under “Materials and Methods.” The p300 acetyltransferase activity in untreated cells is designated
as 100% (control). The values expressed in this figure represent an average of triplicate determinations of 3–5
experiments with a standard deviation less than �5%.
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immunoblotting with anti-acetylated lysine antibody (Fig. 2A,
lane 3)) or NF�B-p65 (as detected by anti-p65-acetyl lysine 310
antibody (Fig. 2B, lane 3)) is greatly enhanced in MCF-7 cells
treatedwithHA. In contrast, the acetylation of either�-catenin
or NF�B-p65 is relatively low inMCF-7 cells without HA treat-
ment (Fig. 2, A, panel a, lane 1, and B, panel a, lane 1), or in
those cells pre-treated with anti-CD44 followed by HA treat-
ment (Fig. 2,A, panel a, lane 2, andB, panel a, lane 2). However,
normal rat IgG treatment does not appear to inhibit HA-in-
duced�-catenin/NF�B-p65 acetylation (Fig. 2,A, panel a, lanes
10 and 11, and B, panel a, lanes 10 and 11). These observations
strongly suggest that HA-mediated acetylation of �-catenin or
NF�B-p65 is CD44-dependent. Importantly, transfection of
MCF-7 cells with p300 siRNA (but not scrambled sequence
siRNA) effectively blocks HA-mediated acetylation of �-cate-
nin andNF�B-p65 acetylation (Fig. 2,A, panel a, lanes 4–7, and
B, panel a, lanes 4–7). Together these findings support the con-
clusion that HA/CD44-activated p300 acetyltransferase is
closely involved in acetylation of both�-catenin andNF�B-p65
in breast tumor cells.

�-Catenin-mediatedTCF/LEFTranscriptionalCo-activation—
There is good evidence that transcriptional co-activation by
acetylated �-catenin occurs through its binding to TCF/LEF
transcription factors (84–89). Consequently, we examined the
potential impact of �-catenin (activated by HA/CD44-medi-
ated p300) co-activation of TCF/LEF transcriptional activity
using luciferase reporter assays. Specifically, we utilized firefly
luciferase reporter plasmids containing either pTop-flash
(wild-type plasmid containing TCF/LEF-binding sites for
�-catenin) or pFop-flash (mutant plasmid lacking TCF/LEF-

binding sites for �-catenin), which
are transiently transfected into
MCF-7 cells. With this technique,
�-catenin-mediated TCF/LEF tran-
scriptional co-activation can be
measured by the ratio of pTop-flash
to pFop-flash luciferase units. Our
results indicate that TCF/LEF tran-
scriptional co-activation by �-cate-
nin is greatly enhanced in MCF-7
cells treated with HA (Fig. 3A, bar
3). The level of �-catenin-mediated
TCF/LEF-transcriptional co-activa-
tion is low in cells treated with vehi-
cle (no HA) (Fig. 3A, bar 1) or pre-
treated with rat anti-CD44 antibody
followed by HA treatment (Fig. 3A,
bar 2). However, normal rat IgG
treatment does not appear to inhibit
HA-induced TCF/LEF transcrip-
tional co-activation by �-catenin
(Fig. 3, inset a, bars 1 and 2). The
level of �-catenin-mediated TCF/
LEF transcriptional co-activation is
greatly reduced if these cells were
pretreated with p300 siRNA (Fig.
3A, bars 6 and 7) or �-catenin
siRNA (Fig. 3A, bars 8 and 9) (but

not scrambled sequence siRNA) (Fig. 3A, bars 4 and 5), fol-
lowed by no HA or with HA addition, respectively. These find-
ings demonstrate that HA/CD44-activated p300 is tightly cou-
pled with �-catenin-associated TCF/LEF transcriptional
co-activation in MCF-7 cells.
NF�B-p65 in Transcriptional Activation—Although phos-

phorylation of NF�B-p65 is required for its transcriptional reg-
ulation, acetylation of NF�B-p65 by p300 acetyltransferase also
plays an essential role in regulating NF�B signaling (60, 61,
90–93). Here we have investigated whether HA/CD44-acti-
vated p300 affectsNF�B-p65-mediated transcriptional activity.
After transfection of MCF-7 cells with NF�B-specific reporter
plasmids, relative luciferase activity was measured. Our results
demonstrate that NF�B-specific transactivation activity is sig-
nificantly stimulated in cells treated with HA (Fig. 3B, bar 3) as
comparedwith that in cells not treated withHA (Fig. 3B, bar 1),
or in cells pretreated with rat anti-CD44 antibody followed by
HA treatment (Fig. 3B, bar 2). However, normal rat IgG treat-
ment does not appear to block HA-induced NF�B transcrip-
tional activity (Fig. 3, inset b, bars 1 and 2). These observations
reveal that HA-mediated CD44 signaling is directly involved in
NF�B-regulated transactivation in breast tumor cells. It is also
noted that NF�B-specific transcriptional activation is signifi-
cantly decreased when MCF-7 cells were pretreated with p300
siRNA (Fig. 3B, bars 6 and 7) or NF�B-p65 siRNA (Fig. 3B, bars
8 and 9), but not scrambled sequence siRNA (Fig. 3B, bars 4 and
5), followed by no HA or with HA addition, respectively. The
fact that down-regulation of both p300 and NF�B-p65 inhibits
NF�B-specific transcriptional activity suggests that HA/CD44-

FIGURE 2. Analyses of HA/CD44-induced acetylation of �-catenin and NF�B-p65 in MCF-7 cells. A, detec-
tion of �-catenin acetylation. Cell lysates isolated from MCF-7 cells (untreated (lane 1); or pretreated with rat
anti-CD44 antibody (10 �g/ml) for 1 h followed by 15 min HA (50 �g/ml) incubation (lane 2); or treated with HA
(50 �g/ml) for 15 min (lane 3); or pretreated with scrambled sequence siRNA in the absence (lane 4) or presence
of HA (lane 5); or pretreated with p300 siRNA in the absence (lane 6) or presence of HA (lane 7); or treated with
resveratrol in the absence (lane 8) or presence of HA (lane 9); or pretreated with normal rat IgG (10 �g/ml) for 1 h
followed by no HA addition (lane 10) or 15 min of HA (50 �g/ml) incubation (lane 11)) were immunoprecipitated
(IP) with anti-�-catenin antibody followed by immunoblotting with anti-acetylated lysine antibody (panel a) or
reblotted with anti-�-catenin antibody (panel b) (as a loading control). B, detection of NF�B-p65 acetylation.
Cell lysates isolated from MCF-7 cells (untreated (lane 1); or pretreated with rat anti-CD44 antibody (10 �g/ml)
for 1 h followed by 15 min HA (50 �g/ml) incubation (lane 2); or treated with HA (50 �g/ml) for 15 min (lane 3);
or pretreated with scrambled sequence siRNA in the absence (lane 4) or presence of HA (lane 5); or pretreated
with p300 siRNA in the absence (lane 6) or presence of HA (lane 7); or treated with resveratrol in the absence
(lane 8) or presence of HA (lane 9); or pretreated with normal rat IgG (10 �g/ml) for 1 h followed by no HA
addition (lane 10) or 15 min HA (50 �g/ml) incubation (lane 11)) were immunoblotted with anti-acetylated
NF�B-p65 (at lysine 310, K-310) antibody (panel a) or reblotted with anti-NF�B-p65 antibody (panel b) (as a
loading control).
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activated p300 is closely linked to NF�B-p65 signaling in
MCF-7 cells.
Expression of MDR1 and Bcl-xL Genes and Proteins by

HA/CD44-p300-activated �-Catenin and NF�B Signaling—
Previous studies indicate that HA-CD44 interaction induces
transcriptional up-regulation of the MDR1 gene and the
expression of multidrug resistance in different cell types (49–
55). Hyaluronan also plays a role in regulating the expression of
anti-apoptotic proteins (in particular the Bcl-2 family of pro-
teins such as Bcl-xL) in many different cell types (94). However,
the cellular and molecular mechanisms underlying the expres-
sion of MDR1 and Bcl-xL genes and proteins induced by
HA/CD44-mediated signaling pathways in breast tumor cells
are poorly understood. To investigate whether HA/CD44 and
p300-regulated �-catenin/NF�B signaling pathways partici-
pate inMDR or Bcl-xL expression (at the transcript and protein
levels), we have used primers specific for MDR1 or Bcl-xL and
quantitative PCR (Q-PCR) to measure the expression of these
two genes in MCF-7 cells. Immunoblotting analyses using
either anti-MDR1 antibody or anti-Bcl-xL antibody were also
employed to detect the production of these two proteins in
these tumor cells. Our data indicate that the expression of both
MDR1 and Bcl-xL (at both mRNA and protein levels) is signif-
icantly increased inMCF-7 cells treatedwithHA (Fig. 4, I, panel
A, bar 3, and I, panel B, lane 3; and II, panel A, bar ,3 and II,
panel B, lane 3). In contrast, the expression of MDR1/Bcl-xL
genes and proteins is relatively low in MCF-7 cells without any
HA treatment (Fig. 4, I, panel A, bar 1 and I, panel B, lane 1; and
II, panel A, bar 1, and II, panel B, lane 1) and in those cells
pretreated with rat anti-CD44 antibody followed by HA treat-
ment (Fig. 4, I, panel A, bar 2, and I, panel B, lane 2; and II, panel
A, bar 2, and II, panel B, lane 2). However, normal rat IgG
treatment does not appear to block HA-inducedMDR1/Bcl-xL
gene/protein expression (Fig. 4, I, inset a, bars 1 and 2; I, panel
B, lanes 12 and 13; and II, inset a, bars 1 and 2; II, panel B, lanes
12 and lane 13). These observations indicate that the expres-
sion ofMDR1 and anti-apoptoticmolecule Bcl-xL (at both tran-
script and protein levels) is HA- and CD44-dependent. Most
importantly, down-regulation of p300,�-catenin, or NF�B-p65
by treating cells with p300 siRNA (Fig. 4, I, panel A, bars 6 and
7, and I, panel B, lanes 6 and 7; and II, panel A, bars 6 and 7, and
II, panel B, lanes 6 and 7), �-catenin siRNA (Fig. 4, I, panel A,
bars 8 and 9, and I, panel B, lanes 8 and 9), or NF�B-p65 siRNA
(Fig. 4, II, panel A, bars 8 and 9, and II, panel B, lanes 8 and 9),
respectively, significantly inhibits the HA/CD44-activated
expression of MDR1 or Bcl-xL genes and proteins (Fig. 4, I and
II). These findings demonstrate that the HA/CD44-activated
p300 function and �-catenin/NF�B signaling pathways partic-
ipate in the production of MDR1 or anti-apoptotic molecule
(Bcl-xL) in breast tumor cells.
Resveratrol-activated SIRT1 (Deacetylase) Inhibits p300

Acetyltransferase, �-Catenin, and NF�B Signaling—SIRT1 is a
member of sirtuin protein family ofNAD�-dependent deacety-
lases that mediates down-regulation of transcriptional activity
and promotes cell survival (66–69). Resveratrol (a polyphenol
compound) has been shown to activate SIRT1 deacetylase
activity and to have chemopreventive properties (75–77). In an
effort to uncover the functional impact of SIRT1 regulation of

FIGURE 3. Measurement of HA/CD44-mediated transcriptional activation
in MCF-7 cells. A, inset a, measurement of �-catenin-mediated TCF/LEF-tran-
scriptional co-activation. MCF-7 cells (untreated (A, bar 1); or pretreated with
rat anti-CD44 antibody for 1 h followed by 24 h of HA treatment (A, bar 2); or
24 h of HA treatment (A, bar 3); or pretreated with scrambled sequence siRNA
in the absence (A, bar 4) or presence of HA (A, bar 5); or pretreated with p300
siRNA in the absence (A, bar 6) or presence of HA (A, bar 7); or pretreated with
�-catenin siRNA in the absence (A, bar 8) or presence of HA (A, bar 9); or
treated with resveratrol in the absence (A, bar 10) or presence of HA (A, bar 11);
or pretreated with normal rat IgG for 1 h followed by no HA addition (inset a,
bar 1) or 24 h of HA treatment (inset a, bar 2)) were transfected with either
pTop-flash or pFop-flash as described under the “Materials and Methods.”
Subsequently, these samples were lysed, and luciferase activities were deter-
mined by luminometry. Data expressed as relative luciferase activity units
(pTop-flash units divided by mutant pFop-flash units) are the mean of 3–5
separate experiments. Means � S.E. are shown. The activity of �-catenin-
mediated TCF/LEF-transcriptional co-activation in untreated cells is desig-
nated as 100% (control). The values expressed in this figure represent an
average of triplicate determinations of four experiments with a standard
deviation less than �5%. B, inset b, measurement of NF�B-specific transcrip-
tional activation. MCF-7 cells (untreated (B, bar 1); or pretreated with rat anti-
CD44 antibody for 1 h followed by 24 h of HA treatment (B, bar 2); or 24 h of HA
treatment (B, bar 3); or pretreated with scrambled sequence siRNA in the
absence (B, bar 4) or presence of HA (B, bar 5); or pretreated with p300 siRNA in
the absence (B, bar 6) or presence of HA (B, bar 7); or pretreated with NF�B-p65
siRNA in the absence (B, bar 8) or presence of HA (B, bar 9); or treated with
resveratrol in the absence (B, bar 10) or presence of HA (B, bar 11); or pre-
treated with normal rat IgG for 1 h followed by no HA addition (panel b, bar 1)
or 24 h if HA treatment (panel b, bar 2)) were co-transfected with pNF�B-Luc
(luciferase reporter vector) and a plasmid encoding �-galactosidase (to
enable normalization for transfection efficiency). After 24 h, expression of the
reporter (luciferase) and the control (�-galactosidase) genes were deter-
mined using enzyme assays and luminometry as described under the “Mate-
rials and Methods.” The values expressed in this figure represent an average
of triplicate determinations of 3–5 experiments with a standard deviation of
less than �5%. The activity of NF�B-specific transcriptional activation in
untreated cells is designated as 100% (control). The values expressed in this
figure represent an average of triplicate determinations of four experiments
with a standard deviation of less than �5%.
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HA/CD44-mediated p300 signaling events (e.g. �-catenin and
NF�B pathways) and chemoresistance in breast tumor cells, we
treated MCF-7 cells with resveratrol (at the micromolar con-
centration range) and examined the effects of SIRT1 (deacety-
lase) activation on HA/CD44-p300-mediated oncogenesis and
tumor cell behaviors (e.g. anti-apoptosis and chemosensitivity).
Our data indicate that HA binding to CD44 does not enhance
the activity of SIRT1 deacetylase inMCF-7 cells (Fig. 5A, bars 1
and 3), and no significant SIRT1 association with p300 is
detected inMCF-7 cells incubated with or without HA (Fig. 5B,
panels a and b, lanes 1 and 3) or incubated with rat anti-CD44
antibody or normal rat IgG followed by HA addition (Fig. 5, A,
bar 2, and inset a, bars 1 and 2, and B, panels a and b, lanes 2, 6,
and 7). In contrast, p300 acetyltransferase activity is stimulated
in a CD44-specific and HA-dependent manner (Fig. 5C, lanes
1–3, and inset c, bars 1 and 2). However, treatment of MCF-7
cells with resveratrol markedly
enhances SIRT1 deacetylase activity
(Fig. 5A, bars 4 and 5), which in turn
forms a complex with p300 (Fig. 5B,
panels a and b, lanes 4 and 5) and
causes a significant reduction in
HA/CD44-induced p300 acetyl-
transferase activity (Fig. 5C, bars 4
and 5). It is noted that HA/CD44-
p300-induced acetylation of �-cate-
nin (Fig. 2A, panels a and b, lanes 8
and 9) and NF�B-p65 (Fig. 2B, pan-
els a and b, lanes 8 and 9) are also
inhibited by resveratrol. Conse-
quently, transcriptional activities
(mediated by �-catenin-associated
TEF/LEF and NF�B-p65) are atten-
uated (Fig. 3, A, bars 10 and 11, and
B, bars 10 and 11), and the expres-
sion of the MDR1 (Fig. 4, I, panel A,
bars 10 and 11, and I, panel B, lanes
10 and 11) and Bcl-xL (Fig. 4, II,
panelA, bars 10 and 11, and II, panel
B, lanes 10 and 11) at both transcript
and protein levels is decreased in
MCF-7 cells treated with resvera-
trol. These findings suggest that res-
veratrol-activated SIRT1 plays an
important role in inhibiting
HA/CD44-activated p300 acetyl-
transferase and impairing the
�-catenin and NF�B-p65 signaling
cascades in breast tumor cells.
HA/CD44-stimulated p300 Sig-

naling Versus Resveratrol-activated
SIRT1 Function in Regulating Che-
motherapeutic Responses—To fur-
ther assess whether chemothera-
peutic drug responses in MCF-7
cells might be regulated by
HA-CD44 interaction with p300
(versus resveratrol-activated SIRT1)

and�-catenin/NF�B signaling events, we performed tumor cell
growth assays using two anti-breast cancer chemotherapeutic
drugs (doxorubicin and etoposide) in the presence or absence
of HA or anti-CD44 antibody plus HA. In the absence of HA,
doxorubicin-treated MCF-7 cell growth displays a low level of
tumor cell survival with IC50 values of 60 nM, whereas etopo-
side-treated MCF-7 cell growth also exhibits a relatively low
number of tumor cell survival with IC50 values of �500 nM
(Table 1). However, the addition ofHAenhances cell survival in
untreated controls and reduces the ability of both doxorubicin
(IC50 of 310 nM) and etoposide (IC50 of 6260 nM) to induce
tumor cell death (Table 1). These observations suggest that HA
causes increased tumor cell survival and increased resistance to
both doxorubicin and etoposide-induced cell death (Table 1).
Furthermore, pretreatment of these tumor cells with anti-
CD44 antibody followed byHA addition significantly decreases
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tumor cell survival and reduces the HA-mediated drug resist-
ance (Table 1). However, normal rat IgG treatment does not
appear to block HA-mediated tumor cell growth and chemore-
sistance (Table 1, part A). This suggests that HA-CD44 inter-
action promotes cell survival in the presence of chemothera-
peutic drugs such as doxorubicin and etoposide in breast tumor
cells. Moreover, down-regulation of p300, �-catenin, or NF�B-
p65 (by transfecting tumor cells with p300 siRNA or �-catenin
siRNA or NF�B-p65 siRNA) or up-regulating SIRT1 function
(by treating cells with resveratrol) effectively attenuates HA-
mediated tumor cell survival and enhances multidrug sensitiv-
ity in MCF-7 cells (Table 1).
Alterations in apoptosis or programmed cell death are major

hallmarks of cancer cells that are multidrug-resistant (95–98).
Activation of a specific class of proteases, the caspases (“cys-
teine protease cleaving after Asp”) represents a key apoptotic
pathway in tumor cells (97, 98). Caspases are known tomediate
their effects by cleaving specific substrates in the cell (97, 98).
Prior to cell death, cytotoxic agents often promote both cleav-
age and activation of caspases-3, followed by apoptosis (95–98).
To determinewhether the reduced cell survival in theseMCF-7
cells (treated with p300/�-catenin/NF�B-p65siRNAs) in the
presence of chemotherapeutic drugs (e.g. doxorubicin and eto-
poside) (Table 1) is because of activation of the apoptotic path-
way(s), we analyzed caspase-3 activity in these samples. Our
results show a minimal amount of either pro-caspase-3 or apo-
ptosis in MCF-7 cells without chemotherapeutic drug treat-
ment (Fig. 6, A, lane 1, and B, lane 1). However, MCF-7 cells
transfected with scrambled sequence siRNA followed by doxo-
rubicin or etoposide treatment reveal both caspase-3 activation
(indicated by pro-caspase-3 cleavage or reduction) and apopto-
sis in the absence of HA addition (Fig. 6,A, lane 2, andB, lane 2;
Table 2). The fact that the caspase-3 inhibitor V effectively
blocks doxorubicin and etoposide-mediated cleavage of pro-
caspase-3 and apoptosis (Fig. 6,A, lane 3, andB, lane 3; Table 2)
(in the absence of HA) suggests that caspase-3 activity is tightly

linked to multidrug-associated cytotoxicity in breast tumor
cells. We have also found that HA treatment of MCF-7 cells
significantly decreases multidrug-induced caspase-3 activation
in MCF-7 cells pretreated with siRNA with scrambled
sequences (Fig. 6, A, lane 4 and B, lane 4; and Table 2). These
results further support the idea that HA serves as a protective
agent tominimize chemotherapy-induced caspase-3 activation
and apoptosis.
Finally, down-regulation of HA/CD44-activated p300 and

�-catenin/NF�B signaling by treating MCF-7 cells with p300
siRNA (or �-catenin siRNA) or NF�B-p65 siRNA enhances
multidrug-induced pro-caspase-3 cleavage and apoptosis (Fig.
6, A, lanes 5–7, and B, lanes 5–7, and Table 2). These results
suggest that caspase-3 activity and apoptosis induced by che-
motherapeutic drugs are significantly affected by HA/CD44-
mediated p300 function and its downstream signaling events
(e.g. �-catenin or NF�B pathways). It is also noted that up-reg-
ulating SIRT1 activity (by treating cells with resveratrol) pro-
motes caspase-3 activation and apoptosis following therapeutic
drug treatments (Fig. 6, A, lane 8, and B, lane 8, and Table 2).
These observations suggest that resveratrol-activated SIRT1
(deacetylase) is capable of causing caspase-3-mediated apopto-
tic events and multidrug sensitivity in breast tumor cells.

DISCUSSION

Chemotherapeutic agents such as doxorubicin and etoposide
(VP-16) are commonly used to inhibit DNA synthesis and
topoisomerase II-regulated DNA metabolism, respectively, in
the treatment of breast cancer patients (98–103). In particular,
the ability of doxorubicin to bind DNA and/or produce free
radicals is thought to be a possiblemechanism for the induction
of cytotoxic effects on tumor cells (98, 99, 101). Etoposide is a
topoisomerase II active agent that kills tumor cells by stabiliz-
ing topoisomerase II-DNA cleavable complexes and inhibiting
DNAdecatenation, resulting in cell death (100, 102, 103). How-
ever, both of these drugs often display limited cytotoxic killing

FIGURE 4. Detection of HA/CD44-mediated expression of MDR1 or Bcl-xL in MCF-7 cells. I, analyses of MDR1 expression in MCF-7 cells. A, inset a, detection
of MDR1 gene expression. Total RNA isolated from MCF-7 (untreated (A, bar 1); or pretreated with anti-CD44 antibody for 1 h followed by 24 h of HA treatment
(A, bar 2); or 24 h of HA treatment (A, bar 3); or pretreated with scrambled sequence siRNA in the absence (A, bar 4) or presence of HA (A, bar 5); or pretreated with
p300 siRNA in the absence (A, bar 6) or presence of HA (A, bar 7); or pretreated with �-catenin siRNA in the absence (A, bar 8) or presence of HA (A, bar 9); or
treated with resveratrol in the absence (A, bar 10) or presence of HA (A, bar 11); or pretreated with normal rat IgG for 1 h followed by no HA addition (inset a, bar
1) or 24 h of HA treatment (inset a, bar 2)) was reverse-transcribed and subjected to Q-PCR using MDR1-specific primer pairs as described under “Materials and
Methods.” Relative mRNA expression levels of MDR1 in various treatments were calculated after normalization with 36B4 mRNA levels as determined by Q-PCR.
The level of MDR1 gene expression in untreated cells is designated as 100% (control). The values expressed in this figure represent an average of triplicate
determinations of three experiments with a standard deviation of less than �5%. B, detection of MDR1 protein expression. Cell lysates isolated from MCF-7
(untreated (lane 1); or pretreated with anti-CD44 antibody for 1 h followed by 24 h of HA treatment (lane 2); or 24 h of HA treatment (lane 3); or pretreated with
scrambled sequence siRNA in the absence (lane 4) or presence of HA (lane 5); or pretreated with p300 siRNA in the absence (lane 6) or presence of HA (lane 7);
or pretreated with �-catenin siRNA in the absence (lane 8) or presence of HA (lane 9); or treated with resveratrol in the absence (lane 10) or presence of HA (lane
11); or pretreated with normal rat IgG for 1 h followed by no HA addition (lane 12) or 24 h of HA treatment (lane 13)) were processed for immunoblotting using
anti-MDR1 antibody (panel a) or anti-�-tubulin antibody (as a loading control) as described under the “Materials and Methods.” II, analyses of Bcl-xL expression
in MCF-7 cells. A, inset a, detection of Bcl-xL gene expression. Total RNA isolated from MCF-7 (untreated (A, bar 1); or pretreated with anti-CD44 antibody for 1 h
followed by 24 h of HA treatment (A, bar 2); or 24 h of HA treatment (A, bar 3); or pretreated with scrambled sequence siRNA in the absence (A, bar 4) or presence
of HA (A, bar 5); or pretreated with p300 siRNA in the absence (A, bar 6) or presence of HA (A, bar 7); or pretreated with NF�B-p65 siRNA in the absence (A, bar
8) or presence of HA (A, bar 9); or treated with resveratrol in the absence (A, bar 10) or presence of HA (A, bar 11); or pretreated with normal rat IgG for 1 h followed
by no HA addition (panel a, bar 1) or 24 h of HA treatment (panel a, bar 2)) was reverse-transcribed and subjected to Q-PCR using Bcl-xL-specific primer pairs as
described under the “Materials and Methods.” Relative mRNA expression levels of Bcl-xL in various treatments were calculated after normalization with 36B4
mRNA levels as determined by Q-PCR. The level of Bcl-xL gene expression in untreated cells is designated as 100% (control).The values expressed in this figure
represent an average of triplicate determinations of three experiments with a standard deviation less than �5%. B, detection of Bcl-xL protein expression in
MCF-7 cells. Cell lysates isolated from MCF-7 (untreated (lane 1); or pretreated with anti-CD44 antibody for 1 h followed by 24 h of HA treatment (lane 2); or 24 h
of HA treatment (lane 3); or pretreated with scrambled sequence siRNA in the absence (lane 4) or presence of HA (lane 5); or pretreated with p300 siRNA in the
absence (lane 6) or presence of HA (lane 7); or pretreated with NF�B-p65 siRNA in the absence (lane 8) or presence of HA (lane 9); or treated with resveratrol in
the absence (lane 10) or presence of HA (lane 11); or pretreated with normal rat IgG for 1 h followed by no HA addition (lane 12) or 24 h of HA treatment (lane
13)) were processed for immunoblotting using anti-Bcl-xL antibody (panel a) or anti-�-tubulin antibody (as a loading control) as described under the “Materials
and Methods.”
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and anti-tumor effects due to chemoresistance, which occurs in
de novo tumor cells (98–103). At present, the mechanisms
underlyingMDR, one of themajor causes of breast cancer treat-
ment failure, are poorly understood.
Both HA and CD44 are considered potential activators of

malignant transformation because in many tumors (including
breast tumors) these molecules are specifically associated with
oncogenic signaling (5, 13–16, 23–33), transcriptional activa-
tion (46, 83, 84), and chemoresistance (39–46). Several HA-de-
pendent and CD44-specific signaling pathways have recently
been linked to chemoresistance (39–46). For example,
HA/CD44-mediated ErbB2 signaling and phosphatidylinositol
3-kinase-AKT activation were found to be involved with che-
motherapeutic drug resistance in breast tumor cells (42).
Activation of HA-CD44-mediated oncogenic signaling path-

ways, including intracellular Ca2�

signaling (43), epidermal growth
factor receptor-mediated ERK sig-
naling (44), and topoisomerase acti-
vation (45), were also shown to play
a role in multidrug resistance in
head and neck cancer cells. These
observations strongly suggest a
functional link between HA-medi-
ated CD44 signaling and multidrug
resistance.
It is well established that the phe-

notype of multidrug resistance
(MDR) is mediated by overexpres-
sion of the multidrug resistance
gene 1 (MDR1 or P-glycoprotein
(P-gp)) (35–38). The MDR1 gene
product functions as a drug efflux
pump actively reducing intracellu-
lar drug concentrations in resistant
tumor cells (35–38). A recent study
indicates that Nanog-Stat-3-medi-
ated transcriptional activation and
cytoskeleton (ankyrin) function
are involved in HA/CD44-induced
MDR1 gene expression, drug efflux,
and chemoresistance in both breast
and ovarian tumor cells (46). Never-
theless, the regulatory processes
involved in transcriptional regula-
tion for MDR1 and other chemore-
sistance-related gene products in
breast tumor cells have not been
fully elucidated.
There is increasing evidence that

both chromatin remodeling and
epigenetic modifications control
MDR1 expression levels (104), in
particular, HATs and HDACs
known to function as transcrip-
tional co-activators or in co-repres-
sor complexes during MDR1 gene
expression (104). One of the general

co-activator complexes contains p300, displays acetyltrans-
ferase activity, and interacts with a variety of transcription fac-
tors to regulate RNA polymerase II-mediated transcription in
cancer (105, 106). Repression of transcriptional activity
requires histone deacetylase (i.e. class I, II, and III HDACs)
(107). SIRT1 belongs to the class III HDAC, which functions as
an NAD-dependent deacetylase for a number of non-histone
substrates (61, 67–69, 78, 79). Resveratrol, a polyphenol found
in fruits, is a potent activator of SIRT1 deacetylase activity and
has significant anti-cancer effect (74, 76, 77). In this study we
have found that both p300 acetyltransferase and SIRT1
deacetylase are expressed in MCF-7 cells (Figs. 1 and 5). In
addition, HA-CD44 interaction activates p300 acetyltrans-
ferase activity (Figs. 1 and 5) but not SIRT1 deacetylase activity
(Fig. 5). Our results also show that HA/CD44-activated p300

FIGURE 5. Analyses of resveratrol-mediated SIRT1 deacetylase activation and SIRT1-p300 interaction in
MCF-7 cells. A, measurement of SIRT1 deacetylase activity. The SIRT1 was first isolated from MCF-7 cells
(untreated (A, bar 1); or pretreated with rat anti-CD44 antibody for 1 h followed by 50 �g/ml HA addition for 15
min (A, bar 2); or treated with 50 �g/ml HA for 15 min (A, bar 3); or treated with resveratrol in the absence (A, bar
4) or presence of HA (A, bar 5); or pretreated with normal rat IgG for 1 h followed by no HA addition (inset a, bar
1) or 50 �g/ml HA addition for 15 min (inset a, bar 2)) using SIRT1 isolated from rabbit anti-SIRT1-conjugated
beads. In each reaction, �20 �g of SIRT1 was incubated with histone deacetylase buffer containing acety-
lated substrates (acetylated histone peptide). The product of this deacetylation reaction was then released and
measured. Absorbance was read at 405 nM, and data were analyzed as described under the “Materials and
Methods.” The SIRT1 deacetylase activity in untreated cells is designated as 100% (control). The values
expressed in this figure represent an average of triplicate determinations of 3–5 experiments with a standard
deviation less than �5%. B, measurement of resveratrol-mediated SIRT1-p300 interaction. Cell lysates isolated
from MCF-7 cells (untreated (lane 1); or pretreated with rat anti-CD44 antibody (10 �g/ml) for 1 h followed by
15 min of HA (50 �g/ml) treatment (lane 2); or treated with HA (50 �g/ml) for 15 min (lane 3); or treated with
resveratrol in the absence (lane 4) or presence of HA (lane 5); or pretreated with normal rat IgG (10 �g/ml) for 1 h
followed by no HA addition (lane 6) or 15 min HA (50 �g/ml) treatment (lane 7)) were immunoprecipitated (IP)
with anti-p300 antibody followed by immunoblotting with anti-SIRT1 antibody (panel a); or reblotted with
anti-p300 antibody (panel b) (as a loading control). C, inset c, measurement of p300 acetyltransferase activity.
The p300 was first isolated from MCF-7 cells (untreated (C, bar 1); or pretreated with anti-CD44 antibody for 1 h
followed by 50 �g of HA addition for 15 min (C, bar 2); or treated with 50 �g/ml HA for 15 min (C, bar 3); or
treated with resveratrol in the absence (C, bar 4) or presence of HA (C, bar 5); or pretreated with normal rat IgG
(10 �g/ml) for 1 h followed by no HA addition (inset c, bar 1) or 15 min HA (50 �g/ml) treatment (inset c, bar 2))
using p300 isolated from mouse anti-p300-conjugated beads. In each reaction, �15 �g of p300 was incubated
with HAT substrates (peptides containing the �-amino group of lysine residues in histones) and coenzyme A.
The p300 acetyltransferase activity was then measured using a HAT colorimetric assay kit from BioVision as
described under “Materials and Methods.” The p300 acetyltransferase activity in untreated cells is designated
as 100% (control). The values expressed in this figure represent an average of triplicate determinations of 3–5
experiments with a standard deviation of less than �5%.
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acetyltransferase serves as a potent transcriptional regulator by
acetylating both histone and non-histone substrates (e.g.
�-catenin and NF�B-p65) (Figs. 1 and 2). In contrast, resvera-
trol-activated SIRT1 deacetylase promotes SIRT1-p300 com-
plex formation resulting in inactivation of p300 acetyltrans-
ferase (Fig. 5) and a reduction in the acetylation of both
�-catenin and NF�B-p65 (Fig. 2). These results reveal a novel
interplay between HA/CD44-activated p300 acetyltransferase
and resveratrol-activated SIRT1 deacetylase during the regula-
tion of acetylation versus deacetylation states of �-catenin and
NF�B-p65 in breast tumor cells. Consequently, whether acety-

lation (or deacetylation) of �-catenin and NF�B modulates
their functions in breast tumor cells is a very important issue.
The cytoskeletal protein, �-catenin, contributes to oncogen-

esis of some tumors (108, 109). In cancer cells, an uncomplexed
phosphorylated form of �-catenin accumulates in the cyto-
plasm prior to translocation into the nucleus where it binds to
the TCF/LEF family of transcription factors and activates tran-
scription of downstream genes such as cyclinD1 and c-myc (58,
59, 84–89). HA-mediated CD44 interaction with ErbB2 also
stimulates �-catenin phosphorylation and TCF/LEF transcrip-
tional co-activation in ovarian tumor cells (84). A prior study
showed that acetylation of �-catenin is also capable of mediat-
ing TCF/LEF-specific transcriptional co-activation (84–89).
Our results now indicate that HA/CD44-activated p300 pro-
motes �-catenin acetylation (Fig. 2), which in turn stimulates
TCF/LEF-specific transcription (Fig. 3A), activates target gene
(e.g. MDR1 (P-gp)) expression (Fig. 4I), and results inmultidrug
resistance (Table 1). Most importantly, we have found that that
down-regulation of p300 or �-catenin (by transfecting cells
with p300 siRNA or �-catenin siRNA) or inhibition of p300
acetyltransferase activity (Fig. 5) or �-catenin acetylation (Fig.
2) (by treating cells with resveratrol and activating SIRT1
deacetylase) effectively reduces TCF/LEF-specific transcrip-
tional activation (Fig. 3A), MDR1 (P-gp) gene expression (Fig.
4I), and chemoresistance (Table 1). These findings indicate that
HA/CD44-activated p300 acetyltransferase and resveratrol-ac-
tivated SIRT1 deacetylase selectively up- or down-regulate
�-catenin signaling andMDR1 gene expression (P-gp) required
for chemoresistance in breast tumor cells.
NF�B belongs to a family of transcription factors that are

involved in inflammation, cell pro-
liferation, differentiation, apoptosis,
and cell survival (90). It contains five
subunits, including p65 (RelA), p50,
p52, RelB, and c-Rel (90, 91). These
subunits often form a complex as
homo- or heterodimers for the reg-
ulation of certain transcriptional
activities (60, 61, 90–93). In addi-
tion, NF�B-p65 can be post-transla-
tionally modified by either phos-
phorylation or acetylation (60, 61,
90–93), and post-translational
modifications of NF�B-p65 can
influence the transcription of spe-
cific genes (60, 61, 90–93). For
example, acetylation of NF�B-p65
by p300 acetyltransferase affects
both DNA binding and transcrip-
tional activity (60, 61). Deacetyla-
tion of NF�B-p65 by deacetylases
results in an increase of NF�B-p65
association with I�B or a loss of the
transactivation capability of the
protein (61). A recent study indi-
cates that HA-mediated CD44 sig-
naling promotes transcription of
EMS1/cortactin via an NF�B-

FIGURE 6. Analyses of caspase-3 activation in chemotherapeutic drug-treated MCF-7 cells. A, measure-
ment of caspase-3 activation in doxorubicin-treated MCF-7 cells. Cell lysates isolated from MCF-7 (treated with
no drug (lane 1); or pretreated with scrambled sequence siRNA (without HA) plus 0.5 �M doxorubicin (lane 2); or
pretreated with scrambled sequence siRNA (without HA) plus 0.5 �M doxorubicin and caspase-3 inhibitor (lane
3); or pretreated with scrambled sequence siRNA (with HA) plus 0.5 �M doxorubicin (lane 4); or pretreated with
p300 siRNA (with HA) plus 0.5 �M doxorubicin (lane 5); or pretreated with �-catenin siRNA (with HA) plus 0.5 �M

doxorubicin (lane 6); or pretreated with NF�B-p65 siRNA (with HA) plus 0.5 �M doxorubicin (lane 7); or treated
with resveratrol and HA plus 0.5 �M doxorubicin (lane 8)) were immunoblotted with anti-pro-caspase-3 anti-
body. B, measurement of caspase-3 activation in etoposide-treated MCF-7 cells. Cell lysates isolated from
MCF-7 (treated with no drug (lane 1); or pretreated with scrambled sequence siRNA (without HA) plus 2 �M

etoposide (lane 2); or pretreated with scrambled sequence siRNA (without HA) plus 2 �M etoposide and
caspase-3 inhibitor (lane 3); or pretreated with scrambled sequence siRNA (with HA) plus 2 �M etoposide (lane
4); or pretreated with p300 siRNA in the presence of HA plus 2 �M etoposide (lane 5); or pretreated with
�-catenin siRNA in the presence of HA plus 2 �M etoposide (lane 6); or pretreated with NF�B-p65 siRNA in the
presence of HA plus 2 �M etoposide (lane 7); or treated with resveratrol and HA plus 2 �M etoposide (lane 8))
were immunoblotted with anti-pro-caspase-3 antibody.

TABLE 1
IC50 analyses of doxorubicin and etoposide in MCF-7 cell growth
IC50 is designated as “the nanomolar concentration of chemotherapeutic drugs (e.g.
doxorubicin or etoposide) that causes 50% inhibition of tumor cell growth.” IC50
values are presented as themeans� S.D. All assays consisted of at least six replicates
and were performed on at least three different experiments.

Treatments
Doxorubicin
(IC50) (nM)

Etoposide
(IC50) (nM)

�HA �HA �HA �HA
A. Effects of anti-CD44 antibody and resveratrol treatments on the IC50

of doxorubicin and etoposide in HA-mediated MCF-7 cell growth
Untreated cells (control) 60 � 5 310 � 14 501 � 34 6260 � 75
Normal rat IgG-treated cells 58 � 4 305 � 7 487 � 22 6100 � 43
Rat anti-CD44-treated cells 48 � 3 51 � 4 251 � 14 282 � 17
Resveratrol-treated cells 44 � 6 45 � 7 112 � 9 120 � 7

B. Effects of p300 siRNA, �-catenin siRNA, and NF�B-p65 siRNA
treatments on the IC50 of doxorubicin and etoposide in
HA-mediated MCF-7 cell growth

Scrambled siRNA-treated cells 64 � 6 325 � 12 460 � 45 5982 � 90
p300 siRNA-treated cells 32 � 3 42 � 4 158 � 13 170 � 15
�-Catenin siRNA-treated cells 40 � 6 52 � 5 39 � 5 50 � 4
NF�B-p65 siRNA-treated cells 20 � 2 21 � 3 63 � 5 79 � 6
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dependent mechanism leading to both invasion and adhesion
of breast cancer cells to bone marrow endothelial cells (80).
NF�B also participates in a survival pathway associated with
chemoresistance in breast cancer cells (110). Although NF�B
appears to be functionally coupled with breast cancer progres-
sion, the underlying mechanisms of NF�B signaling cascades
contributing to HA/CD44-regulated oncogenesis and drug
resistance in breast tumor cells are not well understood.
Here we have observed that p300 acetyltransferase mediates

NF�B-p65 acetylation (Fig. 2) and up-regulates NF�B-specific
transcriptional activity (Fig. 3B) in an HA-specific and CD44-
dependent manner. NF�B-specific transcription also regulates
the expression of certain genes (e.g. Bcl-xL) that participate in
cell survival processes (62, 63). Moreover, we have determined
that NF�B-specific transcriptional activation (mediated by
acetylated p65 in the presence of HA/CD44-activated p300)
significantly up-regulates the expression of anti-apoptotic
genes such as Bcl-xL (Fig. 4II). Most importantly, treatment of
cells with either p300 or NF�B-p65-specific siRNAs (which
effectively down-regulate the expression of p300 or NF�B-p65
in MCF-7 cells) not only blocks HA/CD44-stimulated NF�B-
p65 acetylation (Fig. 2) but also impairs NF�B-specific tran-
scriptional activity (Fig. 3B) and the expression of Bcl-xL (Fig.
4II). Our results also reveal that inhibition of p300 acetyltrans-
ferase activity (Fig. 5) (by treating cells with resveratrol and
activating SIRT1 deacetylase) effectively reduces NF�B-p65
acetylation (Fig. 2). These effects greatly abrogate NF�B-spe-
cific transcriptional activation (Fig. 3B) andBcl-xL gene expres-
sion (Fig. 4II) as well as increasemultidrug sensitivity (Table 1).
These observations all support the notion that HA/CD44-acti-
vated p300 acetyltransferase and resveratrol-activated SIRT1

deacetylase induce selective activation (or inhibition, respec-
tively) of NF�B signaling essential for anti-apoptotic gene
expression and chemosensitivity in breast tumor cells. Accu-
mulating evidence indicates that the cyclic AMP-response ele-
ment-binding protein shares a great deal of structural homol-
ogy and functional similarity with p300 in tumor cells (50).

FIGURE 7. A proposed model for the interaction between HA/CD44-medi-
ated p300 (acetyltransferase) signaling and resveratrol-activated SIRT
(deacetylase) in breast tumor cells. HA binding to CD44 promotes p300
acetyltransferase activity (step A, indicated by solid lines), which in turn causes
acetylation of both �-catenin (step A, 1a) and NF�B-p65 (step A, 1b). Acety-
lated �-catenin and NF�B-p65 then stimulate TCF/LEF-transcriptional co-ac-
tivation (step A, 2a) and NF�B-specific transcriptional activation (step A, 2b),
resulting in MDR1 (step A, 3a) and Bcl-xL (step A, 3b) gene expression, respec-
tively. The HA/CD44-p300 function leading to �-catenin/NF�B signaling
events contribute to cell survival (anti-apoptosis) and chemoresistance (step
A, 4) in breast tumor cells. In contrast, treatment of breast tumor cells with
resveratrol induces SIRT1 deacetylase activity, which promotes SIRT1 associ-
ation with p300 (step B, indicated by dashed lines). Subsequently, p300 trans-
ferase activity is down-regulated (step B), and acetylation of both �-catenin
(step B, 1a) and NF�B (step B, 1b) is decreased, and TCF/LEF transcriptional
co-activation (step B, 2a) and NF�B-specific transcriptional activity (step B, 2b)
are inhibited. These changes caused by resveratrol-activated SIRT1 lead to
loss of MDR1 (step B, 3a) and Bcl-xL (step B, 3b) gene expression, stimulation of
apoptosis/cell death, as well as reduction of chemoresistance (step B, 4) in
breast tumor cells. The close interaction between HA/CD44-mediated p300
(acetyltransferase) signaling and resveratrol-activated SIRT1 (deacetylase)
plays an important role in maintaining a balance between cell survival versus
apoptosis and multidrug resistance versus sensitivity in breast epithelial
tumor cells.

TABLE 2
Analyses of multidrug-induced apoptosis in MCF-7 cells
Cells were designated apoptotic when displaying annexin V-positive staining. In
each sample, at least 500 cells from five different fields were counted, with the
percentage of apoptotic cells calculated as annexin V-positive cells/total number of
cells. The values are presented as the means � S.D.

Treatments
Apoptotic cells (annexin V-positive

cells/total cells � 100%)
No Drug �Doxorubicin �Etoposide

A. Effects of HA and caspase-3 inhibitor treatments on multi-drug-
induced apoptosis in MCF-7 cells

Untreated cells (control) 1.2 � 0.4 44.2 � 3.5 39.4 � 3.2
HA-treated cells 1.1 � 0.3 14.8 � 2.6 12.6 � 2.1
Caspase-3 inhibitor-treated cells 1.3 � 0.5 18.9 � 1.2 15.8 � 1.7
Caspase-3 inhibitor-treated
cells � HA

1.2 � 0.1 6.7 � 0.3 4.8 � 0.5

B. Effects of p300 siRNA, �-catenin siRNA and NF�B-p65 siRNA
treatments on multi-drug-induced apoptosis in MCF-7 cells

Scrambled siRNA-treated cells 2.5 � 0.6 42.7 � 4.4 38.2 � 3.5
Scrambled siRNA-treated
cells � HA

2.4 � 0.5 21.6 � 3.4 13.4 � 1.9

p300 siRNA-treated cells 15.7 � 4.2 62.7 � 7.6 51.4 � 4.6
p300 siRNA-treated
cells � HA

16.0 � 3.9 48.2 � 4.7 46.3 � 3.4

�-Catenin siRNA-treated cells 14.5 � 3.3 65.1 � 4.8 62.3 � 5.5
�-Catenin siRNA-treated
cells � HA

12.0 � 1.8 49.4 � 4.7 56.8 � 4.4

NF�B-p65 siRNA-treated cells 13.7 � 1.2 53.9 � 4.6 60.2 � 4.9
NF�B-p65 siRNA-treated
cells � HA

11.8 � 2.9 44.1 � 4.5 52.8 � 3.5

C. Effects of resveratrol treatment on multidrug-induced apoptosis in
MCF-7 cells

Resveratrol-treated cells 25.5 � 3.4 80.4 � 6.3 69.7 � 3.8
Resveratrol-treated cells � HA 23.8 � 3.8 82.9 � 5.8 66.1 � 3.4
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Other SIRT familymembers (66)may also be present in epithe-
lial tumor cells. The question of whether HA-CD44 interaction
affects cyclic AMP-response element-binding protein func-
tion and/or whether resveratrol influences other SIRT mem-
bers in regulating oncogenesis and chemotherapeutic
responses in breast tumor cells awaits further investigation.
Chemotherapeutic drugs (e.g. doxorubicin and etoposide)

have been shown to induce the release of cytochrome c from
mitochondria, which togetherwithApaf-1 (apoptosis protease-
activating factor-1) and caspase 9 forms apoptosomes (111).
Subsequently, caspase-3 is activated resulting in cytotoxic kill-
ing in tumor cells (95–98). Our results indicate that both
caspase-3 activation (Fig. 6) and apoptosis (Table 2) occur in
chemotherapeutic drug-treated MCF-7 cells (in the absence of
HA treatment). In contrast, caspase-3 activity (Fig. 6) and apo-
ptosis (Tables 1 and 2) are significantly reduced in HA-treated
MCF-7 cells following anti-tumor agent (e.g. doxorubicin or
etoposide) treatment. In addition, therapeutic drug-induced
caspase-3 activation and apoptosis can be partially blocked by
caspase-3 inhibition (Fig. 6 and Table 2). These results suggest
that activation of caspase-3-mediated apoptotic pathway(s) is
involved in chemotherapeutic responses. Our observations are
consistent with previous findings indicating up- or down-reg-
ulation of caspase-3 contributes to chemoresistance or chemo-
sensitivity, respectively, in breast tumor cells (98).
To further dissect the regulatory mechanisms involved in

HA-mediated anti-apoptosis and chemoresistance, we have
analyzed the role of HA/CD44-mediated p300 function and
NF�B signaling in regulating the expression of the Bcl-2 family
(and other anti-apoptotic members of the Bcl-2 family mem-
bers such as Bcl-xL) in breast tumor cells during chemothera-
peutic drug treatment. Our results reveal that treatment of
MCF-7 cells with either p300 siRNA or NF�B-p65 siRNA
reduces Bcl-xL gene/protein expression (Fig. 4II), accompanied
by caspase activation (Fig. 6) and apoptosis (Table 2), as well as
reversal of HA-mediated protection of breast tumor cell sur-
vival from chemotherapeutic drug exposure (Table 1). These
findings suggest that anti-apoptotic molecules such as Bcl-xL
may be closely linked to HA/CD44-mediated p300 function,
NF�B signaling, and chemoresistance in breast tumor cells.
Further analyses show that a decrease in Bcl-xL expression (Fig.
4, B and C) by resveratrol-activated SIRT1 promotes caspase-3
activation (Fig. 6) and apoptosis (Table 2) in breast tumor cells
following therapeutic drug treatments. Bcl-2 family members,
such as Bcl-XL, mediate their anti-apoptotic function by pre-
venting cytochrome c release frommitochondria. This process
leads to inactivation of caspases, impairment of apoptosis, and
enhancement of multidrug resistance in tumor cells (111).
Bcl-xL also interacts with a number of cellular proteins and
mitochondria membrane components causing the up-regula-
tion of metabolite exchanges and maintaining mitochondria
homeostasis for cell survival (112). The question of whether
HA/CD44-activated p300 function (or NF�B signaling) versus
resveratrol-activated SIRT1 can selectively prevent versus stim-
ulate Bcl-xL-regulated cytochrome c localization and/or stimu-
late versus attenuate mitochondria membrane potential in reg-
ulating breast tumor cell survival/anti-apoptosis versus death

following anti-tumor drug treatments is currently under inves-
tigation in our laboratory.
Taken together, the results from this study have provided

important insights into the mechanism by which HA/CD44-
activated p300 function and �-catenin/NF�B signaling, as well
as their target genes, regulate multidrug resistance in breast
tumor cells. Our findings also reveal the anti-breast cancer
properties of resveratrol-activated SIRT1, which down-regu-
lates HA/CD44-mediated oncogenesis and silences p300-regu-
lated �-catenin/NF�B signaling events, required for improving
chemosensitivity. This new information should allow novel
approaches focused on reducing multidrug resistance to be
developed for the treatment of human breast cancer.
As summarized in Fig. 7, we propose that HA binding to

CD44 promotes p300 acetyltransferase activity (step A), which
in turn causes acetylation of both �-catenin (step A, 1a) and
NF�B-p65 (step A, 1b). Acetylated �-catenin and NF�B-p65
then stimulate TCF/LEF-transcriptional co-activation (Fig. 7,
stepA, 2a) andNF�B-specific transcriptional activation (stepA,
2b), resulting inMDR1 (step A, 3a) and Bcl-xL (step A, 3b) gene/
protein expression, respectively. The HA/CD44-p300 function
leading to �-catenin/NF�B signaling events contribute to cell
survival (anti-apoptosis) and chemoresistance (Fig. 7, step A, 4)
in breast tumor cells. In contrast, treatment of breast tumor
cells with resveratrol induces SIRT1 deacetylase activity, which
promotes SIRT1 association with p300 (Fig. 7, step B). Subse-
quently, p300 transferase activity is down-regulated (Fig. 7, step
B); acetylation of both �-catenin (step B, 1a) and NF�B (step B,
1b) are decreased, and TCF/LEF transcriptional co-activation
(step B, 2a) and NF�B-specific transcriptional activity (step B,
2b) are inhibited. These changes caused by resveratrol-acti-
vated SIRT1 result in loss ofMDR1 (Fig. 7, stepB, 3a) andBcl-xL
(step B, 3b) gene/protein expression, stimulation of apoptosis/
cell death, as well as reduction of chemoresistance (step B, 4) in
breast tumor cells. The close interaction between HA/CD44-
stimulated p300 (acetyltransferase) and resveratrol-activated
SIRT1 (deacetylase) is proposed to be responsible formaintain-
ing a balance between cell survival versus apoptosis and multi-
drug resistance versus sensitivity in breast epithelial tumor
cells.
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