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Abstract

L ossof expression of retinoic acid receptor B2 (RARB2), a potent tumor
suppressor gene, is commonly observed during breast carcinogenesis.
RARP2 silencing can be traced to epigenetic chromatin changes affecting
the RARB P2 promoter. Here we show that retinoic acid therapy fails to
induce RARB2in primary breast tumors, which carry a methylated RARB
P2 promoter. DNA methylation leads to repressive chromatin deacetyla-
tion at RARB P2. By inducing an appropriatelevel of histonereacetylation
at RARB P2 we could reactivate endogenous RARB2 transcription from
unmethylated as well as methylated RARB P2 in breast cancer cell lines
and xenograft tumors, and obtain significant growth inhibition both in
vitro and in vivo. This study may havetrandational implicationsfor breast
cancer and other cancers carrying an epigenetically silenced RARB P2
promoter.

Introduction

Vitamin A and its active metabolites, including RA,* are essential
for growth and cell differentiation of epithelial tissue (1). Retinoids
exerts their effects mainly via nuclear receptors, the RARs and the
RXRs, both of which are members of the nuclear receptor superfamily
(1). The human RARB gene is expressed as three isoforms: g1, B2,
and 34 (2). The biologically active RARB2 isoform (1, 2) is under the
regulation of the P2 promoter containing a high affinity RA-respon-
sive element RARE (3), which is associated with the transcriptional
activation of RARB2 by RA in a variety of cells (1).

RARB2 mRNA expression is greatly reduced in a number of dif-
ferent types of human carcinomas including breast carcinoma (4-7).
A growing literature has demonstrated that the anticancer effect of RA
is primarily mediated by RARB2, which is a potent tumor suppressor.
Expression of RARB2 in RARB2-negative cancer cells restored RA-
induced Gl and caused decreased tumorigenicity (8). Exogenous
expression of RARB2 results both in RA-dependent and RA-independ-
ent apoptosis, and growth arrest even in breast cancer cell lines with
scanty amounts of RARq, the first effector of RARB P2 (4, 5, 9).
Inhibition of RARB2 expression in RARB2-positive cancer cells abol-
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ished RA effects (10). Moreover, RARB2 knockouts of F9 teratocar-
cinoma cells could not undergo growth arrest in the presence of RA,
indicating that RARB2 is required for the growth inhibitory action of
RA (11). Finally, expression of RARB2 antisense caused an increased
frequency of carcinomas in transgenic mice (12). How RARB2 exerts
its anticancer activity is still largely unknown. Studiesin breast cancer
cell lines indicate two major RARB2 antineoplastic mechanisms,
namely RA-induced apoptosis and RA-independent antiactivator
protein-1 activity (5, 9). Moreover, RARB2 may be involved in the
enhancement of tumor immunogenicity (13). Thus far, induction of
antitumoral effects in concomitance with endogenous RARB2 up-
regulation in response to retinoids has been successfully achieved
only in patients with oral premalignant lesions (14). In contrast, most
epithelial tumors, including breast cancer, showed poor or no response
to retinoid treatment (15, 16). In a clinical trial of RA in advanced
breast carcinoma patients, RARB2 was induced only in one-fourth of
RARB2-negative breast tumors (16).

The potential causes for progressive decrease in RARB2 mMRNA
expression during breast carcinogenesis (6, 7) and lack of RA re-
sponse may be both genetic and epigenetic. However, we and others
(17-19) have found that lack of RARB2 is more often because of DNA
methylation affecting the RARB P2 promoter of one or more RARB
alleles. This made us hypothesize that silencing of RARB2 because of
epigenetic changes in the RARB P2 chromatin may hamper RARB P2
inducibility by RA and be a cause of RA resistance (18). Here we
show that thisisindeed the case. We were able to analyze pathol ogical
specimens of primary breast tumors of aclinical trial of RA (16) and
found that those tumors, which did not express RARB2 at the end of
RA therapy, carry a methylated RARB P2. Thus, lack of inducibility
of RARB2 by RA seems to be because of an aberrant repressive
chromatin status at RARB P2.

Apparently, all of the machinery necessary for RARB2 reactivation
in the presence of RA seemsto be intact in breast cancer cells lacking
endogenous RARB2 expression, because these cells can transcription-
ally activate an exogenous RARB2 RARE (4). In the presence of RA,
anorma RARB P2 is activated first by RARa/RXR heterodimers and
cofactors and subsequently by RARB2/RXR heterodimers (20) via
dynamic histone acetylation. We reasoned that provided that at |east
one genomic copy of RARR is intact, and provided that sufficient
cofactors and effectors (for instance RAR«a/RXR) are available in a
cell, endogenous reactivation of RARB2 should be feasible by revers-
ing the repressive constraints affecting the P2 promoter. Here we
show that by inducing an appropriate level of RARB P2 acetylation we
could restore RARB2 transcription from both unmethylated and meth-
ylated RARB P2 promoters in RARB2-negative carcinoma cells of
breast. Endogenous RARB2 reactivation resulted in significant Gl both
in vitro and in vivo. This study may have trandational implications:
(a) RARB P2 methylation seemsto be a“ predictor” of RA responsein
breast cancer; and (b) reactivation of RARB2 may be a strategy to
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restore RARB2 anticancer effects in breast cancer as well as in other
epithelial cancers where the RARB P2 promoter is epigenetically
silenced.

Materials and Methods
Cells and Drug Treatments

Cells. Breast and larynx cancer cell lines were maintained in DMEM with
5% FCS; lung and prostate cancer cell lines were maintained in RPMI 1640
with 5% FCS.

Drug Treatments. Cells seeded at different concentrations and in different
vessels according to the objective of the analysis (see details in the different
sections) were allowed to attach to the plastic substrate before being treated for
periods ranging from 24 h to 6 days with different drug(s) and vehicles.
All-trans-RA (Sigma, Milan, Italy) dissolved in 95% ethanol was used at final
concentrations of 1 and 5 um; 5-Aza-CdR (Sigma) dissolved in 0.45% NaCl
containing 10 mm sodium phosphate (pH 6.8) was used at afinal concentration
of 0.8 um; PB (Triple Crown America Inc., Peekasie, PA) dissolved in PBS
was used at final concentrations of 2.5 and 5 mm; and TSA (Sigma) dissolved
in ethanol was used at final concentrations ranging from 33 to 330 nwm.

Gl. Gl was caculated using the trypan blue method according to standard
protocols.

Clonogenicity. Five-hundred to 1000 cells/well were seeded in six-well
plates, enabled to attach overnight to the plastic substrate before the addition
of the appropriate concentrations of the desired drug(s) or vehicles (controls).
The medium were replaced with drug-free medium for the desired time. Asthe
colonies became visible (2-3 weeks), cells were fixed with methanol, stained
with Giemsa (1:10 in distilled water), and counted.

Apoptotic Index. Apoptosis was evaluated by the in situ cell death and
horseradish peroxidase detection kit (Roche, Milan, Italy) according to the
manufacturer’ s recommendations. The apoptotic index was calculated as AC/
TC, where AC is the number of apoptotic cellsand TC the number of total cells
counted under a light microscope.

Breast Tumor Samples. Formalin-fixed, paraffin-embedded sections from
breast tumor from patients enrolled in a clinica trial Phase 1B (16) were
provided by the Pathology Department, Istituto per lo Studio e la Cura dei
Tumori, Genoa (Italy).

DNA and RNA Extraction. Extraction of DNA and RNA from breast
cancer cell lines was performed with DNAzol and Trizol, respectively (In-
vitrogen, Carlsbad, CA). DNA from paraffinated breast cancer samples was
extracted from three consecutive sections.

RT-PCR. Rea-time RT-PCR was performed on cDNA obtained with
Superscript first-strand synthesis kit (Invitrogen) using the ABI PRISM 7700
Sequence Detection System (TagMan), and the following primers and probes
(Applied Biosystems, Foster City, CA) RAR« sense, 5'-TGTGGAGTTCGC-
CAAGCA-3'; RAR«a antisense 5'-CGTGTACCGCGTGCAGA-3'; and RAR«
oligoprobe, 5'-FAM-CTCCTCAAGGCTGCCTGCCTGGA-TAMRA-3'; RARB
sense 5'-CTTCCTGCATGCTCCAGGA-3'; RARB antisense 5'-CGCTGAC-
CCCATAGTGGTA-3'; RARB oligoprobe 5'-FAM-CTTCCTCCCCCTCGAG-
TGTACAAACCCT-TAMRA-3'; GAPDH sense, 5'-GAAGGTGAAGGTCGG
AGTC-3; GAPDH antisense 5'-GAAGATGGTGATGGGATTTC-3'; and
GAPDH oligoprobe, 5'-FAM-CAAGCTTCCCGTTCTCAGCC-TAMRA-3'.

Quantitation was performed by the comparative threshold cycle C, method.
For semiquantitative RT-PCR, 50 ng of Dnase-treated total RNA was ampli-
fied with the Superscript One-Step RT-PCR System (Invitrogen). The 82 and
B4 transcripts were identified simultaneously with sense primer 5'-AACGC-
GAGCGATCCGAGCAG-3' and antisense primer 5'-ATTTGTCCT GGCA-
GACGAAGCA-3'; the B1 transcript with the sense 5'-TGACGTCAGCA-
GTGACTACTG-3' and antisense: 5-GTGGT TGAACTGCACATTC-
AGA-3' primers; and the actin transcript with the sense 5'-ACCATGG-
ATGATGATATCG-3' and antisense 5-ACATGGCTGGGGTGTTGAAG-
3'primers.

MSP. Bisulfite modification of genomic DNA and MSP analysis using
U3/M3 and U4/M4 RARB P2 primers were as described (18).

ChIP Assay. ChIP analysis was performed with the ChIP kit (Upstate
Biotechnology, New York, NY) according to the manufacturer’s instructions
with minor modifications and anti-acetyl-histone H3, anti acetyl-histone H4,
and anti-phospho H3 antibodies (Upstate Biotechnology). Chromatin was

immunoprecipitated from 2 X 10° cells treated with different drug (s) or
control vehicles. For duplex PCR the primers included: the RARB P2 sense
primer 5'-GCCGAGAACGCGAGCGATCC-3', the RARB P2 antisense
primer 5-GGCCAATCCAGCCGGGGC-3', the GAPDH sense primer 5'-
ACAGTCCATGCCATCACTGCC-3', and GAPDH antisense primer 5'-
GCCTGCTTCACCACCTTCTTG- 3'.

Xenograft Mouse Models of Breast Cancer. Female athymic nude mice
(Taconic Farms Inc., Germantown, MD) 6 weeks of age were injected with 1.5
mg/kg of body weight depo-estradiol (Florida Infusion Co, Palm Harbor, FL)
2 days before s.c. bilateral inoculation in the flank region with 5 X 10° breast
carcinoma cells resuspended in serum-free medium (Invitrogen) and mixed
with Matrigel (1:1; BD Biosciences, Bedford, MA) in afinal volume of 0.2 ml.
Mice for each cell line were randomly placed in groups (5 mice/group). Mice
in the control group were treated with i.p. injections of vehicle (DMSO) six
times a week. RA (2.5 mg/kg of body weight) and TSA (1 mg/kg of body
weight) were administered by i.p. injections six times a week. Treatment was
initiated when pal pable tumors were established. Tumor volume was measured
with a caliper twice a week and calculated according to the formula: A
(length) X B (width) X C (height) X 0.5236. Mice were treated for 3—4 weeks,
then euthanized. Tumors were harvested for molecular studies.

Statistical Analysis. Data from the trypan blue counts, clonogenicity as-
says, apoptotic index, and tumor size are presented as means = SE. Differ-
ences between groups were analyzed using the Student’s test for independent
samples. The level of significance was set at P < 0.05.

Results

RA Cannot Induce RARB2 Reactivation in Human Primary
Breast TumorsCarrying a Methylated RARB P2. Here we provide
evidence that primary breast tumors, which do not show RARB2
induction after RA-therapy, carry a methylated RARB P2 promoter.
By using M SP we analyzed the DNA of 13 breast tumorsincluding 12
invasive ductal carcinoma and 1 lobular adenocarcinoma of patients
enrolled in a clinical trial of RA therapy (16). These tumors were
characterized previously for estrogen receptor, proliferation index
(Ki67 reactivity), and RARB2 expression before and after RA therapy
(16). Four RARB2-positive tumors carried an unmethylated RARS P2.
Of the 9 tumors with very low or negative baseline RARB2 transcrip-
tion, 3 carried an unmethylated P2 and 6 carried a methylated P2 (Fig.
1A). On RA treatment, the tumors carrying a methylated P2 did not
show RARPB2 reactivation (Fig. 1A). Representative RARB P2 MSPs
of an unmethylated tumor (Patient 28) and a methylated tumor (Pa-
tient 5) are reported in Fig. 1B aong with the M SPs of two prototypic
breast cancer cell lines, T47D and MCF7, carrying an unmethylated
and a methylated RARB P2, respectively. The presence of both un-
methylated (U) and methylated (M) products likely reflects a mixture
of norma and malignant cells in the tumor sample. These data
strongly indicate that a methylated RARB P2 is associated with lack of
RARB2 inducibility by RA.

Endogenous RARB2 Reactivation by RA |sPossible Only When
There Is Sufficient Histone Acetylation at RARB P2. By using
ChIP and anti-acetyl-H3 and- H4 antibodies we analyzed the RARpB
P2 acetylation status of three prototypic breast carcinoma cell lines,
the RARB2-positive Hs578t line constitutively expressing also 34 (the
other transcript regulated by RARB P2), and the RARB2- negative
T47D and MCF7 lines. We found that RARB P2 chromatin was
acetylated in the unmethylated, RARB2-positive Hs578t cell line and
in the RARB2-negative T47D cell line but not in the RARB2-negative
MCF7 cell line. Results of ChlP with the anti-acetyl-H4 antibody is
reported in Fig. 1C. When we treated the RARB2-negative T47D and
MCF7 cell lines with pharmacological doses of RA (1 um) we
observed an increase in acetylation of RARB2 transcription in the
unmethylated T47D cells but not in the methylated MCF7 cells (Fig.
1C). Negative ChlP with anti-acetyl-H3 and -H4 antibodies in MCF7
cells was not because of rearrangements/deletions of the RARB P2
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RARS transcription and RARR P2 methylation status in primary breast tumors
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E
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F
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Fig. 1. RARB2 inducibility by RA treatment and RARB P2 methylation/acetylation status in breast cells, and primary and xenograft breast tumors. A, RA treatment fails to reactivate
RARPB2 in primary breast tumors with a methylated RARB P2 promoter; B, MSP analysis of a RA-inducible tumor where RARB2 was observed after 3 weeks of RA therapy shows
the presence of an unmethylated promoter (Patient 28). In contrast, a tumor where RA therapy failed to reactivate RARB2 carries a methylated P2 (Patient 5); C, RARB2 transcription
(RT-PCR) and RARB P2 acetylation (ChIP analysis) of RARB2-positive (Hs578t) and -negative (T47D, MCF7) cell lines. RA treatment enhanced RARB P2 reacetylation and induced
RARPB2 in unmethylated T47D cells but not in methylated MCF7 cells; D, control ChlP with antiphosphorylated H3 shows the integrity of MCF7 RARB P2; E and F, RARB2 (but not
RARa) reactivation by RA treatment in T47D cells and xenograft tumors but not in MCF7 cells and xenograft tumors. Endogenous RARB2 reactivation is associated with significant

loss of clonogenicity and tumor GI; bars, =SD.

region because ChIP with the antiphospho-H3 antibody gave a posi-
tive signal (Fig. 1D).

Thus, RARB2 transcription seems possible only when thereis an
adequate level of histone acetylation of RARB P2. Treatment with
pharmacological concentrations of RA alone can increase acetyla-
tion in ahypoacetylated RARB P2 (T47D), but not in adeacetylated
RARB P2.

Endogenous RARB2 Reactivation from an Unmethylated RARSB
P2 Is Associated with Significant GI both in Vitro and in Vivo.
Reacetylation at RARB P2 and endogenous RARB2 reactivation were
found associated with biological effectsin vitro and in vivo (Fig. 1, E
and F). RARB2 but not RAR«a expression (evaluated by real-time
RT-PCR) after RA treatment in both T47D cells and xenograft tumors
(Fig. 1, E and F) correlated with complete loss of clonogenicity (Fig.
1E) and significant Gl in xenograft tumors (*, P< 0.05; Fig. 1F).
Identical RA treatment did not induce RARB2 in MCF7 cells and
xenograft tumors where the observed Gl can be interpreted as because
of RARB2-independent effects.

Reacetylation of H3 and H4 Histones at RARB P2 Restores
RARB2 Transcription from a Methylated RARB P2. Next, we
tried to reactivate RARB2 from a methylated RARB P2 by modulating
the promoter acetylation status in two cell lines carrying a methylated
RARB P2, MCF7 and MDA-MB-231 (18). We induced chromatin
reacetylation at RARB P2 by using two reacetylating agents, PB, a

short fatty acid, and TSA, a hydroxamic acid-based hybrid polar
compound (21), as well as a DNA-demethylating agent, 5-Aza-CDR.
Promoter reacetylation and transcriptional activation induced by
5-Aza-CDR treatment (0.8 um for 96 h; Fig. 2B) occurred in con-
comitance to RARB P2 demethylation (Fig. 2B). In contrast, promoter
reacetylation (Fig. 2A) and transcriptional activation induced either
with PB (2.5 mm for 72 h) or TSA (33-330 nv for 24—48 h) in
combination with RA (1 um; Fig. 2B) occurred from a RARB P2
methylated promoter. In Fig. 2B (right and middle panels) we show
theresults of an experiment of RARB2 reactivation using 330 nm TSA
and 1 um RA. Thus, RARB P2 reacetylation is necessary and sufficient
to restore the promoter susceptibility to RA action even in the pres-
ence of persisting methylation. Interestingly, RARB2 reactivation was
possible aso in breast cancer cells (MDA-MB-231) with very low
endogenous RARa.

TSA and RA Needs To Be Administered Simultaneously to
Obtain RARB2 Reactivation from a Methylated RARB P2. TSA is
known to induce transient chromatin acetylation of ~2% of genesin
a human cell (21, 22). We compared the occurrence of RARB P2
reactivation in MCF7 cells either treated for 24 h with TSA (330 nv)
followed by 24 hwith 1 um RA or treated for 24 h with TSA (330 nm)
in combination with 1 um RA. We observed that both histone H3 and
histone H4 acetylation faded on removal of TSA (Fig. 3A) likely
because of the ability of DNA-methylated sites to reattract HDAC
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(MSP) with combined TSA/RA treatment in both MCF7
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RARB2 reactivation in MCF7 (right).
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complexes. The best strategy for RARB2 reactivation was to use both
RA and TSA simultaneously (Fig. 3A). Apparently, RARB P2 chro-
matin needs to be maintained “sufficiently relaxed” to enable RA-
induced RARB P2 transactivation from a methylated promoter.

Combined TSA and RA Specifically Target Transcription from
RARB P2 but not the Adjacent RARB P1 Promoter. One of the
major criticisms of the potential harmful effects of chromatin remod-
eling drugs (demethylating and reacetylating agents) concerns their
nonspecific modul ation/reactivation of many gene promotersin acell,
particularly the developmentally inactivated promoters. For this rea-
son, we liked to compare the effects of TSA = RA and 5-Aza
CDR = RA on the reactivation of RARB P1, the promoter adjacent to
RARB P2, which is a developmentally inactivated promoter (2). P1,
differently from P2, does not contain a RARE. Treatment with 5-Aza-
CdR (0.8 um) = RA (1 um) for 96 h but not TSA (330 nm) = RA (1
um) for 48 h induced transcription from RARB P1 in MDA-MB-231
cells (Fig. 3B). The NCI H69 B1 served as a positive control for 81
transcript expression/size. Apparently TSA cannot restore the activity
of P1, whereas 5-Aza-CDR can reactivate both promoters. Thus, by
extrapolating from the effects on P1 and P2, it is possible that a
TSA-based treatment is less likely to randomly reactivate develop-
mentally inactivated promoters (like P1) than recently inactivated
promoters (like P2).

In Vitro and in Vivo Biological Effects Associated with RARB2
Reactivation from a Methylated RARB P2. Different concentra-
tions of TSA (33-330 nm) combined with RA (1 um) for 48 h result
in RARB2 reactivation and significant Gl in MCF7 cells (Fig. 3C). RA
treatment alone was ineffective, whereas treatments with different
concentrations of TSA aone (33-330 nwm) result, per se, in consistent
Gl. Nevertheless, RA (1 um) significantly (P < 0.05) potentiated the
TSA growth inhibitory action (Fig. 3C). A combined RA and TSA
treatment significantly affected also the proapoptotic action of RA or
TSA aone (Fig. 3D). Thus, nm concentrations of TSA can modulate
the response to pharmacological levels of RA in cells with a methy-
lated RARB P2 inducing profound antiproliferative and apoptotic
effects.

Next, we attempted RARB2 reactivation in MCF7 xenograft tumors.
Preliminarily, we observed that TSA was not toxic in female nude
mice when administered six times a week for 4 weeks at concentra-
tions ranging from 0.5-5 mg/kg of body weight (data not shown).
These data confirmed that TSA is a drug with lack of toxicity in vivo
(23). Then, we treated groups of five 6—8 week-old female nude mice
bearing MCF7 xenograft tumors with i.p. injections of the lowest
concentrations of TSA (0.5 and 1 mg/kg body weight) and RA (2.5
mg/kg body weight) aone or in combination six times/week for 4
weeks. Tumor growth and general animal conditions (body weight/
behavior) were measured and monitored for the entire duration of
treatment. At the end of week 4, animals were sacrificed. Tumors of
mice receiving 1 mg/kg of TSA in combination with RA (2.5 mg/kg
of body weight) showed consistent RARB2 reactivation evaluated by
RT-PCR (Fig. 3F). TSA treatment, which alone also induced Gl,
significantly modulated the response of RA (Fig. 3E).

RARB2 Reactivation Can Be Induced by Combined TSA and
RA Treatment in a Variety of Epithelial Carcinoma Cells. We
analyzed the correlation between methylation and acetylation status at
RARB P2 in additional breast cancer cell lines as well as carcinoma
cell lines of other tissues (prostate and larynx). Partial/complete P2
methylation (evaluated by MSP analysis before and after 5-Aza-CDR
treatment) was always associated with a RARB P2 deacetylated status
(evaluated by ChIP with anti-acetyl-H3 and -H4 antibodies). The
presence of an epigenetically modified RARB P2 always correlated
with transcriptional silencing (Fig. 4A). TSA (33-330 nv) and RA (1
um) treatments always resulted in reactivation of endogenous RARB2
from an epigenetically silenced RARB P2 (Fig. 4A).

Discussion

There is mounting evidence in epithelial cancer cell lines and
anima models (5, 8—13) of the potent anticancer effects of the tumor
suppressor RARB2. It has also been demonstrated that effective res-
toration of endogenous RARB2 can be a powerful strategy to treat
premalignant oral lesions (14). Here we report that endogenous
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RARB2 expression can be reactivated in breast cancer cells and
xenograft tumors, and correlateswith Gl in vivo and in vitro. We show
that RARB2 reactivation can be tailored to a specific breast cancer by
using either pharmacologica concentrations of RA alone or in com-
bination with chromatin remodeling drugs based on the knowledge of
the epigenetic status of the RARB P2 promoter, which contains the
RARE.

We observed that failure of RARB2- negative breast tumors to respond
to RA therapy does correlate with the methylation status of the RARB P2
promoter (Fig. 1, A and B). Specifically, breast tumors, which failed to
re-express RARB 2 after RA therapy, carried a methylated RARB P2
promoter, whereas breast tumors carrying an unmethylated RARB P2
re-expressed RARB2 after 3 weeks of RA treatment (18). These data
paralleled what we observed in xenograft tumors of T47D and MCF7
cdls, carrying an unmethylated and methylated RARB P2, respectively
(Fig. 1F). These data clearly indicated that methylation at RARB P2 is a
major hurdle for successful RA therapy.

It is known that DNA methylation can induce repressive chromatin
remodeling by causing massive histone deacetylation at the methyl-
ated sites (24—27). By using prototypic RARB2-negative breast cancer
cell lines carrying either an unmethylated RARB P2 (T47D) or a
methylated RARB P2 (MCF7 and MDA-MB-231) we observed that
RA treatment alone (1 wg/ml) induced RARB2 reactivation, concom-
itant with an increase of promoter histone acetylation, only in cells
carrying an unmethylated RARB P2 (Fig. 1C). In contrast, we did not

obtain RARB2 reactivation by the same RA treatment in cells carrying
a methylated/descetylated RARB P2. These results corroborated our
hypothesis (18) that differential RA resistance in cancer cells may be
because of differential levels of repression at RARB P2. Repression
consequent to differential levels of HDAC accumulation at the pro-
moter is perhaps due to an altered RA metabolism and/or decreased
levels of RARq, or other cofactors, essential for RARB P2 activity. It
is possible that an inactive, hypoacetylated promoter (in our case
RARB P2) may be capable to attract additional epigenetic changeslike
DNA methylation leading to additional deacetylation, ultimately re-
sulting into gene silencing (24). Both defects of RA metabolism and
low levels of RARa have indeed been detected in breast carcinoma
cells (28-31). In particular, MCF7 line carries at least two defects,
which can lead to low intracellular concentrations of RA, namely
altered expression of lecithin:retinol acyl transferase and aldehyde
dehydrogenase 6, whereas MDA-MB-231 line presents a very low
level of endogenous RARa.

To reverse deacetylation of RARB P2 and test whether we could
obtain endogenous RARRB2 reactivation in MCF7 and MDA-MB-231
cells with a methylated/deacetylated promoter we used different chro-
matin remodeling drugs including 5-Aza-CDR, PB, and TSA. All of
the three drugs were capable of inducing reacetylation at P2 (Fig. 2,
A and B). Reacetylation was obtained in concomitance with demeth-
ylation with 5-Aza-CDR and in the presence of methylation with
either TSA or PB (Fig. 2, A and B). TSA, expected to reactivate ~2%
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A

Epigenetic status of RARPB P2 and RARp transcription in epithelial cancer cell lines

Cell lineTissue RARp P2 RARP transcription
Methylation _ Acetylation -RA +RA +TSA +TSA +RA
Hs578t Breast Unmethylated Acetylated Positive nd nd nd
HCC 2185 Breast Unmethylated Acetylated Positive nd nd nd
T47D Breast Unmethylated Hypo Acetylat Negative Induced nd nd
DU 145 Prostate Partially Meth. Deacetylated Negative Not Induced NotInduced Induced
PC3 Prostate  Partially Meth. Deacetylated Negative Mot Induced MNotinduced Induced
HCC 712  Breast Methylated Deacetylated Negative Not Induced NotInduced Induced
MCF7 Breast Methylated  Deacetylated Negative NotInduced NotInduced Induced
LNCaP Prostate Methylated Deacetylated Negative Not Induced NotInduced Induced
Hep2 Larynx Methylated Deacetylated Negative Mot induced Mot induced Induced
Fig. 4. Reactivation of RARB2 in different ep-
ithelial cancer cells where RARB2 is epigenetically
silenced. A, reacetylation of RARB P2 and RARB2
reactivation was induced by TSA plus RA in epi- B
thelial carcinoma cell lines from different tissues
showing partial or complete RARB P2 methylation;
B, a model by which progressive deacetylation at &
RARB P2 likely occurs during epithelial carcino- Normal RAR B P2
genesis. Both mild and severe deacetylation at z Physiological RA
RARB P2 in RARB2-negative epithelial cancer cells o™ %k‘i{% 4
can be reversed pharmacologicaly by RA aone @ Transcription

(middle panel) or a combination of HDACIs and
RA (bottom panel), respectively.

HaT D
Hypoacetylated RAR p-P2

of inactive genes in a tumor cell (21, 22, 32) is, in our opinion, the
most desirable of the three drugs to modulate RARB2 reactivation and
RA response from a methylated RARB P2. To be effective TSA needs
to be administered in concomitance with RA, probably to maintain the
chromatin status sufficiently transparent to enable RAR/RXR access
(Fig. 3A). Apparently, TSA can modulate reacetylation of RARB P2
and RA response at far lower concentration (33 nv) than PB (2.5 mm).
TSA aone or in combination with RA differently from 5-Aza-CDR is
ineffective at reactivating P1, the developmentally inactivated pro-
moter adjacent to P2 in the RARB gene (Fig. 3B). This finding
suggests that TSA may spare to reactivate developmentally inacti-
vated promoters, and, therefore, is likely to produce fewer harmful
effects than 5-Aza-CDR when used in vivo.

According to a recent report and our experience TSA is nontoxic and
nonteratogenic in mice (23), and for this reason may have potentia
clinical value. We were successful in obtaining RARB2 reactivation in
xenograft tumors of MCF7 cells containing a methylated RARB P2 by

HAT ATA
Growth inhibition

Pharmacological RA
&

Transcription

Growth inhibition
& apoptosis

Growth inhibition
& apoptosis

treating tumor-bearing mice with combined TSA (1 mg/kg body weight)
and RA (2.5 mg/kg body weight) for 4 weeks. In vivo RARB2 reactivation
by RA+TSA (Fig. 3F) was associated with consistent tumor Gl
(Fig. 3E). Even if the combined TSA and RA treatment seems to be
optima in achieving RARB2 reactivation both in vitro and in vivo, in
some cell lines and xenograft tumors, occasionaly, we observed RARB2
reactivation usng TSA aone. This might be because of re-expression
of RARB2 from a minima basal promoter, independent of the RA-
responsive element as aready reported (33).

We aso tested whether endogenous reactivation was possible in
other RARB2-negative epithelial cancers cell lines. RARB2 inducibil-
ity was observed in additional breast cancer cell lines (HCC 2185 and
HCC 712) as well as three prostate cell lines (PC-3, DU 145, and
LNCaP) and one larynx carcinoma cell line (Hep2; Fig. 4A). In all of
the lines tested thus far, we observed that endogenous reactivation of
RARB2 by TSA (33-330 nm) and RA (1 wg/ml) correlated with
significant in vitro Gl and apoptosis.
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Our overall data suggest ageneral model where RARB P2, normally
regulated by a dynamic HDAC/HAT baance in the presence of
physiological levels of RA, (Fig. 4B, top panel) undergoes increased
HDAC accumulation during epithelial cell tumorigenesis (Fig. 4B).
Both mild hypoacetylation at RARB P2 (like the one observed in
T47D cells) and severe deacetylation at RARB P2 (like the one
detected in al of the other epithelia cell lines) can be reversed but
require different pharmacological treatments. RA treatment alone
(Fig. 4B, middle panel) can reactivate transcription from a mildly
hypoacetylated RARB P2, whereas treatment with an HDACI, like
TSA, isrequired to make the promoter susceptible to RA action (Fig.
4B, bottom panel).

Other novel HDACIs (21, 32) need to be tested to see whether we
can additionally improve the efficiency of reacetylation of methylated
RARB P2 and, consequently, the susceptibility to RA response. How-
ever, we anticipate that also other HDACIs will affect the acetylation
of multiple promoters and proteins like TSA does. Thus, there is a
need to engineer different, extremely specific, chromatin remodeling
reagents to obtain specific promoter targeting, leaving unaffected the
chromatin of all other genes.

At the present time our study provides useful information for
potential translational applications for breast cancer and other epithe-
lial cancers. A methylated RARB P2 can be used as a “predictor
marker” of RA responsiveness. RARB P2 methylation can be detected
at an early stage of breast carcinogenesis, and on minimum quantities
of breast ductal lavage cells (34), making it possible to identify breast
cancer patients with tumors that may benefit from endogenous RARB2
reactivation therapy.

Acknowledgments

We thank Drs. Nancy E. Davidson and Saraswati Sukumar, Breast Cancer
Laboratory, Sidney Kimmel Comprehensive Cancer Center at Johns Hopkins
University, Baltimore, Maryland, where part of this study was performed. We
thank Dr. Arvind Virmani for the HCC 2185 and HCC 712 cell lines and Drs.
Reuben Lotan and James Herman for useful discussions and encouragement in
the preliminary stage of this work. We are indebted to Silvia Pozzi and Chad
Morrisfor their expert technical assistance with some of thein vitro and in vivo
biological experiments.

References

1. Chambon, P. A decade of molecular biology of retinoic acid receptors. FASEB J., 10:
940-954, 1996.

2. Toulouse, A., Moarin, J., Pelletier, M., and Bradley, W. E. Structure of the human
retinoic acid receptor 8 1 gene. Biochim. Biophys. Acta, 1309: 1-4, 1996.

3. de The, H., Vivanco-Ruiz, M. M., Tiollais, P., Stunnenberg, H., and Dejean, A.
Identification of a retinoic acid responsive element in the retinoic acid receptor
gene. Nature (Lond.), 343: 177-180, 1990.

4. Swisshelm, K., Ryan, K., Lee, X., Tsou, H. C., Peacocke, M., and Sager, R.
Down-regulation of retinoic acid receptor 8 in mammary carcinoma cell lines and its
up-regulation in senescing normal mammary epithelia cells. Cell Growth Differ., 5:
133-141, 1994.

5. Liu, Y., Lee, M. O., Wang, H. G,, Li, Y., Hashimoto, Y ., Klaus, M., Reed, J. C., and
Zhang, X. Retinoic acid receptor 8 mediates the growth-inhibitory effect of retinoic
acid by promoting apoptosis in human breast cancer cells. Mol. Cell. Biol., 16:
1138-1149, 1996.

6. Widschwendter, M., Berger, J., Daxenbichler, G., Muller-Holzner, E., Widschwendter,
A., Mayr, A., Marth, C., and Zeimet, A. G. Loss of retinoic acid receptor (3 expression
in breast cancer and morphologicaly normal adjacent tissue but not in the normal
breast tissue distant from the cancer. Cancer Res., 57: 4158—4161, 1997.

7. Xu, X. C., Sneige, N., Liu, X., Nandagiri, R., Lee, J. J., Lukmanji, F., Hortobagyi, G.,
Lippman, S. M., Dhingra, K., and Lotan, R. Progressive decrease in nuclear retinoic
acid receptor B messenger RNA level during breast carcinogenesis. Cancer Res., 57:
4992-4996, 1997.

8. Si,S. P, Lee, X., Tsou, H. C., Buchshaum, R., Tibaduiza, E., and Peacocke, M. RAR
B 2-mediated growth inhibition in HeLa cells. Exp. Cell Res., 223: 102-111, 1996.

9. Lin, F., Xiao, D., Kolluri, S. K., and Zhang, X. Unique anti-activator protein-1
activity of retinoic acid receptor «. Cancer Res., 60: 3271-3280, 2000.

10. Houle, B., Rochette-Egly, C., and Bradley, W. E. Tumor-suppressive effect of the
retinoic acid receptor B in human epidermoid lung cancer cells. Proc. Natl. Acad. Sci.
USA, 90: 985-989, 1993.

11. Faria, T. N., Mendelsohn, C., Chambon, P., and Gudas, L. J. The targeted disruption
of both alleles of RARB(2) in F9 cells results in the loss of retinoic acid-associated
growth arrest. J. Biol. Chem., 274: 26783-8, 1999.

12. Berard, J., Laboune, F., Mukuna, M., Masse, S., Kothary, R., and Bradley, W. E.
Lung tumors in mice expressing an antisense RARB2 transgene. FASEB J., 10:
1091-1097, 1996.

13. Toulouse, A., Loubeau, M., Morin, J., Pappas, J. J., Wu, J., and Bradley, W. E. RARf3
involvement in enhancement of lung tumor cell immunogenicity revealed by array
analysis. FASEB J., 14: 1224-1232, 2000.

14. Lotan, R., Xu, X. C., Lippman, S. M., Ro, J. Y., Lee, J. S, Lee, J. J,, and Hong, W. K.
Suppression of retinoic acid receptor-B in premalignant ora lesions and its up-
regulation by isotretinoin. N. Engl. J. Med., 332: 1405-1410, 1995.

15. Sutton, L. M., Warmuth, M. A., Petros, W. P., and Winer, E. P. Pharmacokinetics and
clinical impact of all-trans retinoic acid in metastatic breast cancer: a phase Il trial.
Cancer Chemother. Pharmacol., 40: 335-341, 1997.

16. Toma, S., Raffo, P., Nicolo, G., Canavese, G., Margallo, E., Vecchio, C., Dastoli, G.,
lacona, 1., and Regazzi-Bonora, M. Biological activity of al-trans-retinoic acid with
and without tamoxifen and a-interferon 2ain breast cancer patients. Int. J. Oncol., 17:
991-1000, 2000.

17. Bovenzi, V., Le, N. L., Cote, S, Sinnett, D., Momparler, L. F., and Momparler, R. L.
DNA methylation of retinoic acid receptor B in breast cancer and possible therapeutic
role of 5-aza-2'-deoxycytidine. Anticancer Drugs, 10: 471-476, 1999.

18. Sirchia, S. M., Ferguson, A. T., Sironi, E., Subramanyan, S., Orlandi, R., Sukumar,
S., and Sacchi, N. Evidence of epigenetic changes affecting the chromatin state of the
retinoic acid receptor 32 promoter in breast cancer cells. Oncogene, 19: 15561563,
2000.

19. Widschwendter, M., Berger, J, Hermann, M., Muller, H. M., Amberger, A.,
Zeschnigk, M., Widschwendter, A., Abendstein, B., Zeimet, A. G., Daxenbichler, G.,
and Marth, C. Methylation and silencing of the retinoic acid receptor-B2 gene in
breast cancer. J. Natl. Cancer Inst., 92: 826—832, 2000.

20. Kruyt, F. A., van den Brink, C. E., Defize, L. H., Donath, M. J., Kastner, P., Kruijer,
W., Chambon, P., and van der Saag, P. T. Transcriptional regulation of retinoic acid
receptor B in retinoic acid-sensitive and -resistant P19 embryocarcinoma cells. Mech.
Dev., 33: 171-178, 1991.

21. Marks, P. A., Richon, V. M., Breslow, R., and Rifkind, R. A. Histone deacetylase
inhibitors as new cancer drugs. Curr. Opin. Oncol., 13: 477-483, 2001.

22. Van Lint, C., Emiliani, S., and Verdin, E. The expression of a small fraction of
cellular genes is changed in response to histone hyperacetylation. Gene Expr., 5:
245-253, 1996.

23. Nervi, C,, Borello, U., Fazi, F., Buffa, V., Pelicci, P. G., and Cossu, G. Inhibition of
histone deacetylase activity by trichostatin A modulates gene expression during
mouse embryogenesis without apparent toxicity. Cancer Res., 61: 1247-1249, 2001.

24. Ng, H. H., and Bird, A. DNA methylation and chromatin modification. Curr. Opin.
Genet. Dev., 9: 158163, 1999.

25. Nan, X., Ng, H. H., Johnson, C. A., Laherty, C. D., Turner, B. M., Eisenman, R. N.,
and Bird, A. Transcriptional repression by the methyl-CpG-binding protein MeCP2
involves a histone deacetylase complex. Nature (Lond.), 393: 386-389, 1998.

26. Jones, P. L., Veenstra, G. J., Wade, P. A., Vermaak, D., Kass, S. U., Landsberger, N.,
Strouboulis, J., and Wolffe, A. P. Methylated DNA and MeCP2 recruit histone
deacetylase to repress transcription. Nat. Genet., 19: 187-191, 1998.

27. Cameron, E. E., Bachman, K. E., Myohanen, S., Herman, J. G., and Baylin, S. B.
Synergy of demethylation and histone deacetylase inhibition in the re-expression of
genes silenced in cancer. Nat. Genet., 21: 103-107, 1999.

28. Andreola, F., Giandomenico, V., Spero, R., and De Luca, L. M. Expression of a
smaller lecithin:retinol acyl transferase transcript and reduced retinol esterification in
MCF-7 cells. Biochem. Biophys. Res. Commun., 279: 920-924, 2000.

29. Guo, X., Ruiz, A., Rando, R. R., Bok, D., and Gudas, L. J. Esterification of
al-trans-retinol in normal human epithelial cell strains and carcinoma lines from oral
cavity, skin and breast: reduced expression of lecithin:retinol acyltransferase in
carcinoma lines. Carcinogenesis (Lond.), 21: 1925-1933, 2000.

30. Rexer, B. N., Zheng, W. L., and Ong, D. E. Retinoic acid biosynthesis by normal
human breast epithelium is via aldehyde dehydrogenase 6, absent in MCF-7 cells.
Cancer Res., 61: 70657070, 2001.

31. Mira, Y. L. R, Zheng, W. L., Kuppumbatti, Y. S., Rexer, B., Jing, Y., and Ong, D. E.
Retinol conversion to retinoic acid is impaired in breast cancer cell lines relative to
normal cells. J. Cell Physiol., 185: 302-309, 2000.

32. Marks, P. A, Richon, V. M., and Rifkind, R. A. Histone deacetylase inhibitors:
inducers of differentiation or apoptosis of transformed cells. J. Natl. Cancer Inst., 92:
1210-1216, 2000.

33. Minucci, S., Horn, V., Bhattacharyya, N., Russanova, V., Ogryzko, V. V., Gabriele,
L., Howard, B. H., and Ozato, K. A histone deacetylase inhibitor potentiates retinoid
receptor action in embryonal carcinoma cells. Proc. Natl. Acad. Sci. USA, 94:
11295-11300, 1997.

34. Evron, E., Dooley, W. C., Umbricht, C. B., Rosenthal, D., Sacchi, N., Gabrielson, E.,
Soito, A. B., Hung, D. T., Ljung, B., Davidson, N. E., and Sukumar, S. Detection of
breast cancer cells in ductal lavage fluid by methylation-specific PCR. Lancet, 357:
1335-1336, 2001.

2461

Downloaded from cancerres.aacrjournals.org on October 1, 2012
Copyright © 2002 American Association for Cancer Research


http://cancerres.aacrjournals.org/
http://www.aacr.org/

