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Introduction 
Retinoids and breast cancer: the hurdle ofretinoid resistance 
Retinoids, the natural and synthetic Vitamin A analogs, are powerful drugs for cancer 
differentiation therapy and prevention. Among natural retinoids, all-trans retmoic acid 
(RA) 9- cis RA and 13- cisRA, have been shown to be potent agents regulatmg normal 
groMh and differentiation of epithelial cells both in vitro and in vivo. Search for novel 
apoptosis- inducing retinoids has led to the development of synthetic retinoids such as N- 
(4-hydroxyphenyl retinamide) (4HPR) used in cancer treatment (Gudas et al, 1994; 
Costa et al., 1994). The effects of retinoids are mostly mediated by a special family of 
ligand-depe'ndent transcription factors, called retinoic acid receptors (RARs) and retinoid 
X receptors (RXRs) (see for review Chambon, 1996). 
Retinoids recognized to be clinically valuable for their efficacy in differentiation therapy 
of acute promyelocitic leukemia and oral preneoplasia (see for review Minucci and 
Pelicci 1999), have received a lot of attention also for breast cancer therapy. The promise 
of retinoids for breast cancer prevention and treatment was first demonstrated by animal 
data showing that administration of natural RA and synthetic retinoids can inhibit the 
initiation and promotion of mammary tumors induced by carcinogens (Costa, 1994; 
Moon and Mehta 1990). Moreover, RA and other retinoids can inhibit the growth of 
human breast cancer cells in vitro (Gudas et al., 1994). However, clinical trials have 
indicated the existence of a major hurdle of retinoid differentiation therapy in breast 
cancer, the retinoid resistance of a subset of tumors (Smith et al, 1992; Lippman et al., 
1997) This fact was recently confirmed by a clinical trial Phase 1 study using RA on 50 
women with operable breast cancer (Toma et al., 2000). RA treatment determined 
biological effects only in 1 out of 4 tumors, indicating that RA resistant tumors are 
different fi-om RA sensitive tumors in mediating RA action. 
RA- resistance in breast cancer and inactivity of the nuclear receptor RAR beta 
Analysis of RARs and RXRs receptors in breast cancer cell lines and primary tumors has 
pointed to a very consistent correlation between retinoid resistance and a reduced 
expression of one of the receptor, RAR beta. There are two types of RAR beta negative 
breast cancer cells (Liu et al., 1996), a subset where RAR beta expression can be 
reactivated by RA, while another subset where RAR beta cannot be reinduced. The 
reinduction of RAR beta results in growth inhibition and apoptosis (Li et al, 1995; 
Seewaldt et al, 1995, 1997; Liu et al., 1996). Notably, loss of RAR beta expression was 
observed not only in breast cancer cell lines but also in primary tumors (Xu et al, 1997; 
Sirchia et al, 2000; Widschwendtner et al, 2000) and affects the growth properties of 
cells (Liu et al, 1996; Faria et al.,1999). 
The RAR beta promoter and its regulatory elements 
Loss of heterozigosity at chromosome region 3p24, where RAR beta is located has been 
documented in breast cancer. However, homozygous loss of RAR beta does not seem to 
be the major cause for the lack of RAR beta expression (Virmani A, Dallas, and personal 
communication). Recently, we and others showed that DNA methylation of the RAR beta 
P2 promoter is a factor of RAR beta silencing and RA resistance (Sirchia et al, 2000; 
Bovenzi et al, 1999; Widschwendtner et al, 2000). Interestingly, we found methylation 
at P2 also in primary breast tumors. RAR beta P2 under the regulation of several nuclear 
receptors (Lin et al, 2000) contains the RA- response element (beta-RARE) and controls 



the expression of beta-2 and 4 transcripts     (Swisshelm et al., 1994; Seewaldt et al., 
1997). 
Combination of RA and histone deacetylase (HDAC) inhibitors can overcome the 
constraint ofDNA methylation atRAR beta 
The relationship between epigenetic RAR beta silencing and RA-resistance suggests a strategy 
to overcome    RAR beta silencing caused by DNA methylation and the   massive repression 
mediated by the MeCP2 corepressor multiprotein complex   with histone deacetylase   (HDAC) 
activity (Nan et al., 1998; Razin 1998) based on the use of HDAC inhibitors. .   So far, the only 
other suggested strategy to obtain RAR beta reinduction is to exploit alterantive retinoid 
pathways in RA resistant cell lines  (Wu et al., 1997).    An analysis of how silencing of RAR 
beta P2 may occur is the basis to devise a strategy to reverse this silencing.  It is noteworthy to 
recall that the RAR beta promoter is regulated, even in its unmethylated form, by the balance of 
HDAC/HAT activity tethered by the RARs heterodimers in the absence/presence    of RA. 
Second, according to the model that gene inactivity may attract DNA methylation (Ng and Bird, 
1999) the repressive chromatin state in the absence of RA (Fig.lA) may predispose the CGs, 
present in the promoter to be methylated (Fig. IB). This in turn would result in the accumulation 
of HDAC corepressor complexes tethered by the MeCP2 protein (Fig.lC) and in a severe 
repressive chromatin state (Fig. ID). This would explain why RA alone is not capable to relieve 
the massive repression of RA resistant cells. However, our recent in vitro data suggest that it is 
possible to restore RAR beta expression and RA- sensitivity in RA-resistant, P2 methylated cells 
even in the presence of DNA methylation by removing some HDAC activity with a HDACI and 
applying at the same time the ligand RA  (Sirchia et al., 2000). 
Old and new HDACIs 
HDAC inhibitors are recognized inducers of differentiation or apoptosis of transformed cells 
(Marks et al., 2000). The aliphatic and aromatic fatty acids, such sodium phenylbutyrate (PB) 
and phenylacetate (PA) have been reported to induce tumor cell cytostasis, differentiation and 
apoptosis in various hematological and solid tumors, including prostate cancer. 
Phenylacetate/butyrate have been reported to upregulate the expression of RARD in 
neuroblastoma cells and thus to enhance retinoid-specific activity (Sidell et al., 1998). One of us 
has shown that the combination of PB and 13-cis-RA can induce significant biological 
effects associated with RAR beta re expression in prostate tumors (Pili et al., 2001). Trichostatin 
(TSA), a specific inhibitor of histone deacytelase potentiates RA-induced differentiation by 
enhancing RXR/RAR heterodimer binding to RARE (Minucci et al. 1997). Finally that the 
prototype of a family of hybrid polar compounds, suberoylanilide hydroxamic acid (SAHA) is a 
novel potent HDACI and suppresses the growth of cancer cells in vitro and in vivo (Butler et al., 
2000). These preliminary findings strongly suggest that modulating the acetylation status of the 
RAR beta P2 chromatin with HDACIs, is likely to be sufficient to restore the activity of the RAR 
beta P2 promoter and, with it, RA-sensitivity in RA-resistant cells. 

During the first six months of this grant from April 1, 2002 to September 30, 2003 we 
performed most of the experiments outlined in Taskl at the Sidney Kimmel Cancer 
Center at Johns Hopkins, Baltimore. Since October 1^, 20021 moved to Roswell Park 
Cancer Institute, Buffalo, NY. The Award is in the process of being transferred at the 
time I am writing this report. 



Body 
Task 1: To use different HDAC inhibitors in combination with RA to treat RA-resistant 
breast cancer cell lines with a methylated P2 promoter to assess whether by changing the 
acetylation status atP2 we can restore RAR 0 expression 

Results 
Briefly, breast cancer cell lines characterized for their methylation status at RAR beta and RA- 
response the unmethylated cell lines Hs578t, T47D and the methylated lines MCF7, MDA-MB- 
231, were treated with RA, alone (l-SjiM) or in combination, with HDAC inhibitors TSA 
(20-100 ng/ml), PB (2.5-5mM) The acetylation status of the chromatin was studied by a 
specific technique called chromatin immunoprecipitation (ChIP) (Keshet et al., 1986; Hebbes et 
al., 1994; Eden et al., 1998) using antibodies directed against the acetylated H3 and H4 histones. 
Using Chip we analyzed: 1) the baseline acetylation status of the RAR beta 2 promoter in RA- 
sensitive and RA-resistant breast cancer cell lines and 2) the chromatin acetylation at RAR beta 2 
by different combinations of RA and either TSA or PB. 
Abs against both the acetylated H3, H4 histones (Upstate Biotechnology),the 
phosphorylated H4 as a control with primers designed on RAR beta P2.The acetylation 
status were analyzed in all the cell lines after treating them with RA alone, or in 
combination, with either TSA or PB . The acetylation status was also tested after 
treatment with the demethylating agent 5-Aza-CdR (0.75|xM). Changes in the DNA 
methylation status at RAR beta P2 level were analyzed by using methylation specific 
PCR (MSP) (Herman eta 1., 1996); RAR beta transcripts were analyzed by RT-PCR and 
primers described (Sirchia et al, 2000; Virmani et al., 2001). 

Detailed Methods and Results : see appended paper  by Sirchia et al. Cancer Research, 
2002 

Key Accomplishments 

• Evidence that RAR P 2-negative tumors show variable histone hypoacetylation (fi-om mild to 
severe) of the chromatin embedding RAR P P2. Severe histone hypoacetylation is associated 
with DNA methylation of P2 

• Evidence that RAR P2 expression can be restored by the demethylating agent 5-Aza-CdR as 
well as by   combining the histone deacetylase inhibitor trichostatin A (TSA) with 
pharmacological doses of RA 

• Evidence that reacetylation of the chromatin associated with the RAR P P2 is necessary 
and sufficient to restore expression even from a methylated RAR P P2 

• Evidence that endogenous reactivation of a methylation- silenced   RAR P2   is associated 
with significant tumor growth inhibition in vitro and in xenograft models of breast cancer 

Reportable Outcome 
One Paper (Appendix 1) 
One Abstract (Appendix 2) 



Conclusions 
The work performed  indicates that if modulation of the repressed chromatin status of 
the promoter of the RAR P tumor suppressor gene in RA-resistant cells   can restore RA- 
sensitivity  both in vitro and in vivo 
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Appendix  1 
[CANCERRESEARCH 62, M5S-2461, Uxy I, 2002) 

Advances in Brief  

Endogenous Reactivation of the RARp2 Tumor Suppressor Gene Epigenetically 
Silenced in Breast Cancer' 

SUvia M. Sirchia,^ Mingqiang Ren,* Roberto Pili, Elena Sironi, Giolia Somenzi, Riccardo Gliidooi, Salvatore Toma, 
Giddo Nicoio, and Nicoletta SacctaP 

UdwraktyqfGoKtia andBkKfiemutry. San Paoh UnivenityHa^l^ g Si  C X. Jt C ff.SiJ Sdmv 
Kmmd Ccmgmhowyi Cancer Center at Johns Hoplma Umvmily. Baltimore, htaryhnd 21231-1000 [U. H. R. P.. N. S.J: Depi^lmenl of Onajogf. BMo^ and Cenriti 
Vmwrsitf (fCtnoa. 16132 Italy /S T.J; and Naliomd hstitulefor Cancer Sesearck. 16132 Genoa, taly /S T.. G. N.] 

Abstnct 

Lass rfexin-cssM of rctfaiMc add rece|>tsr ^2 (Jt4Jtp% a poteat tmnM- 
sappresMT goK, is cwnuBlr alnervcd dnriiig breast cardaogenesis. 
RARpi dendag caa be tiacetf to efig/sae&c chnmatia change ifiediiig 
the RAMfi P2 prmaoler. Here we sbew that retmoic add tberapy bBs ta 
imiace XilJl^ bi primary breast tnoran, whkh cany a ncthylated £>M0 
r2 prasnter. DNA aietbylatiaa leads tn repressive cimmafa deacetyla- 
tiaB at JMff^ PL By lodadag aa appropriate level of Ustaae reacetylatiiai 
at RAKfi P2 yn COBM reactivate endogcaoos KARp2 fraascriptiaB front 
BnraetfajlBted is «el as nethylaled KAltfl JP2 in breast canco- cefl iiaes 
and xeaograft taiaars, md obtaia significaBt gnnrtb isbBiiti^ both im 
mftv and » WiVL Tbis 9twiy may have traajlatiniai BopHeatioBS for breast 
cancer lad etker eaacen cjHnyfaig «i epigeoelicaBy sBeBced RASft P2 
proBMiter. 

lalrodoctioa 

Vitamin A and its active metabolites, including RA,'* aie essential 
for growth and cell dififoentiatim of epithelial tissne (IX Retinoids 
exerts their efiects mainly via nuclear lecq^tots, the RARs and the 
RXRs, bodt of which are inembss of die nuclear receptor superfamily 
(1). The famnan RARp gene is e^qsessed as three isofocms: fil, p2, 
and p4 (2). The biologically active RAItp2 isofbrm (1,2) is under ttie 
regulation of the P2 iHwnota- containii^ a high afiBnity RA-resptm- 
sive element RARE (3), ^x^iich is associ^ed with the tcanscripticmal 
activation of RAR^ by RA in a variety of cells (I). 

RARfS. mRNA eiq^ession is greatly reduced in a number of dif- 
feaoit types crf'fauman carcinomas including breast carcinoma (4-7). 
A growing literature has demonstrated that the anticancer efiect of RA 
is primaiily mediated by RAR^2, which is a potent tuniOT suppiesstH-. 
ExjKCssioii afRARp2 in AlR^-negative caacer cells restored RA- 
induced GI and caused decreased tumorigenicity (8). Exogeaious 
expression of RARp2 results both in RA-dependaa md RA-independ- 
ent q)0]rtDsis, and gtowdi arrest even in breast cancer ceH lines with 
scanty amounts of RARo, the first eflectw of RARp P2 (4, 5, 9). 
Inhibition ofRASp2 expression in A4if^2-posilive cancer cells abol- 

Reccived 1/17/02; accepad 3/7/02. 
Tbe cos of pubfication of Ifais aiticle vac de&ayo) in pan by die paynKot of page 

duDges. TIBS article nmst ibacfi»e be heitby nunkcd advertisement in accmknce with 
18 U.S.C. SectioB 17)4 solely U) indicsee dns fsa. 

' E. a WM nipponed by a fellowship of die ASM Foundaaon (ItalyX IKS woifc has 
been fiaided by dc DAMD 17-99-1-9241 Awaid ban d« United Siaies Anny Hfcdical 
Reseaidi Ptogtian and an AIRC-2001 Award (Italy) to N. S. 

^ Hies autkoB have equally counbuted to dns wort 
•■ To wtBTi requests feriepiinls should be addressed, at Sidney Kimmel Cranprehm- 

sive. Cancer Ctnter at Johns HofAins Unrvasity, BBCIW 406. 1650 Orleans Snect, 
Ballimare MD 21231-1000. Phone (410)955-8489; Fat (410) 614^«)73; E-maiL- 
i>saixhi@aoLcoirt. 

* The abhicviawms used arr. RA, remmic acid; RAR, leonok: add lecepoir, RXR. 
letinoid X reaptor, RARE, lerinoic add responsive element; re, phcnyl buiyrate; 
S-Aza-CdR, 5-«2»-2' deraycytidinff, ISA, Ttichostatin A; GI, gnrwth inhibition; RT- 
PCR, irrase Bmscripdoo-PCR; GAPDH, glyceraldehyde-3-pbospiiatB dehydrogenase; 
MSP, tiRtbybiiao-qjecific PCR; ChIP, cfawnaiia immunopiecipitaiion; HDAC, Ustone 
deacetylase; HAT, histone acetytaansfetasc; HDACt, Itisintt deacetyiase inUbitar. 
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ished RA efiects (10). Mweover, RAR^l knodcDuts rfF9 teiatocar- 
cinoma cells could not undeigo growth arrest in die presence of RA, 
indicating th^ RARp2 is required fw the growth inhibitory acticm of 
RA (11). Finally, expresacm of RARp2 antisense caused an incroased 
fiequency of carcinomas m transgenic mice (12). How RAR^2 exerts 

its anticancer activity is still largely unknowiL Studies in beast cancer 
cell lines indicate two majcR' RAR^2 antineoplastic uKchanisms, 
namely RA-indnced apoptosis and RA-indqiendent antiactivatM 
jwotEin-l activity (S, 9). MmreovQ-, RARp2 taay be involved in the 
enhanconait of tnmor immunogonci^ (13). Thus &r, inductioa of 
antitumoral eSects in ccHicamitance with endogenous RAR^ up- 
regulation in te^Kinse to retinoids has been successfully achieved 
tmly in patients wifli oral premaKgnant lesions (14). Bi cimtrast, most 

epithelial hmvns, inchidii^ breast cancer, flowed poor w no response 
to retincHd treatment (15, 16). fii a cUnica] trial of RA in advanced 
breast carctocma patients, RARp2 was induced wily in ooe-fourtti of 
RARfi2-ae:ga6ve breast tumors (16). 

The potential causes fer |Hogressive decrease in RAR^ mRNA 
expressicHi during Ixcast carcinogenesis (6, 7) and lack of RA re- 
sponse may be both genetic and qrigenetic. However, we ami odios 
(17-19) have found that lad: of iU/;^2 is m(»e oAen becaise of DNA 
methylation afiectii^ fte RARp P2 promoter of one m nuwe RARp 
alleles. This made us hypothesize diat silencing of RARp2 because of 

epi^netic changes in die J&4i?^ P2 chromatin may hanqjer A4/;^ P2 
inducibiiity by RA and be a cause of RA resistance (18). Hoe we 

show that dns is indeed die case. We were able to analyze pathological 
spedmens of jsimary breast tumors of a cfimca] trial of RA (16) and 
fouml diat those tuoHHS, which did not express RARp2 at the aid of 
RA ther^iy, cany a methylated RARp P2. Thus, lack of inducibiiity 
of RARp2 by RA seems to be because of an aberrant repressive 
chromatiu status at RARp P2. 

Apparently, all of the machinery necessary for RARp2 leactivatitm 
in Ae presence of RA seems to be intact in breast cancer cells laddng 
endogaious RARp2 oqaession, because these cells can transoiption- 
ally activate an exo^ious RARP2 RARE (4). In flie presence of RA, 

a ncrnnal/J453 P2 is activated first by RARo/RXR hetaDdimeis and 
cofactors and subsequently by RAR^2/RXR heterodimas (20) via 
dynamic hishme acetylatioa We reasoned that {Hovided that at least 
one ^auHnic copy of RARp is intact, and provided fliat sufiicient 
coftctors and effectors (for instance RARce/RXR) are available in a 
cell, endogenous reactivation of RARp2 should be feasible by revers- 
ing fee repressive constraints affecting the P2 promoter. Here we 

show Ihat by inducing an aiqxqjriate level of/tl^^ P2 acetylatitm we 
could restore RARp2 transcriptioa fixan bodi unmethylated and meth- 
ylated RARp P2 jHtHDoters in RARp2-n&gfitiys carcinoma cells of 
tweast Endogenous RARp2 reactivation resuhed in significant GI both 
in vitro and in vivo. This study may have translational implications: 
(a) RARp P2 methylati<Hi scans to be a "predictM" of RA response in 
breast cancer, and (b) reactivati«i of RARp2 may be a strategy to 
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restore RAR^2 anticancer effects in breast cancer as well as in other 
epithelial cancers where the RARp P2 promoter is epigenetically 
silenced. 

Materials and Methods 

CeOs and Drug TYealmarts 

CeBs. Breast and larynx cancer ceD lines were maintained in DMEM with 
5% FCS; lung and pioslate cancer cell lines were maintained in RPMl 1640 
with 5% FCS. 

Drug Treatments. Cells seeded at AffeteiA concenHatioos and in cKileicxA 
vesseb according to the objective of the analysis (see details in the diEfetent 
sectirais) were aOowed to attadi to the plastic substrate befrae being tiealed fin- 
periods raiding (ran 24 b to 6 days with different drug(s) and vehicles. 
Al!-friws-RA (Sigma, Milan, Italy) dissolved in 95% ethanol was used at final 
conccntiaticBis of 1 and 5 ;IM; S-Az»-CdR (Sigma) dissolved m 0.45% NaCl 
containing 10 mw sodium phosfdiate (pH 6.8) was used at a final coocenti^ion 
of 0.8 /JM; PB (Triple Crown America Inc., Peekasie, PA) dissolved in PBS 
was usedM final concentrations of 2.5 and 5 mM; and TSA (Sigma) dissolved 
in ethanol was used at final concentrations ranging fiom 33 to 330 nM. 

GL Gl was calculated using the tiypan blue method acnsding to standsd 
protocols. 

CkiDOgenidty. Five-hundred to 1000 cells/well were seeded in six-well 
plates, enabled to attadi ovemigbt to the plastic substrate befcne the addition 
of the apiHopriate conccnbaticms of Bie desired dn^s) or vehicles (controls). 
The medium were replaced with dnig-fiee medium fen-the desired time. As the 
colonies became visible (2-3 weeks), cells were fixed with methanol, stained 
with Giemsa (1:10 in distilled waterX and counted. 

Apeptotic Index. Apoptosis was evaluated by the in sibi cell death and 
hoiseiadish peroxidase detection kit (Roche, Milan, Italy) according to the 
manufecturer's recomrnendations. The apoptotie index was calculated as AC/ 
TC, where AC is the number of ^loptotic cells aid TC the number of total cells 
counted under a Ught microscope. 

K-^astTumw Samples. Fonnalin-fixed, paiaBia-embedded sections from 
breast tumor fiom patients enrolled in a clinical trial Phase IB (16) were 
provided by the Pathology Dqtaitment, Istituto per lo Studio c la thira del 
Tumori, Genoa (Italy). 

DNA and RNA EitractieB. Exttaction of DNA and RNA fiom breast 
cancer cell lines was perlbnned with DNAiol and Trizol, re^wctively (In- 
vitrogen, Carlstrad, CAX DNA firan paiaiTinated breast cancer sauries was 
extracted from three consecutive sections. 

RT-PCR- Real-time RT-PCR was performed oa cDNA otaained with 
Superscript first-strand synthesis kit (Invitrogen) using the ABI PRISM 7700 
Sequence Detection System (TaqMan), and the following primeis and faobes 
(Applied Biosystems, Foster City, CA) RARa sense, 5'-TGTGGAGTTCGC- 
CAAGCA-3'; RARa antisense 5'-CGTGTACXX>CGTGCAGA-3'; and RARa 
oligoprobe, S'-FAM-CTCCTCAAGGCTGCCrGCCniGGA-TAMRA-S'; RARfi 
sense S'-CrrCCn-GCATGCTCCAGGA-3'; RAR^ antisense S'-CCJCTGAC- 
CCCATAGTGGTA-3'; RARfi oligoprobe 5"-FAM-CrrOCTCC<X<7rCCJAG- 
TCjrACAAACCCT-TAMRA-3'; GAPDH sense, S'-tSAAGGrGAAGGTCGO 
AGTC-3'; GAPDH antisense 5'^lAAGATGGTGATGGGATTTC-3'; and 
G/tfOH oligoprobe, 5'-FAM-CAAGCnCCXXnTCrCAGCC-TAMRA-3'. 

Quantitation was perfoimed by the axnparative threshold cycle C, method. 
For semiquantitative RT-PCR, 50 ng of Dnase-treated total RNA was ampli- 
fied wHh the Superscript One-Step RT-PCR System (Invitrogen). The p2 and 
^4 transcripts were identified simultaneously with sense primer S'-AACGC- 
GAGCGATCCGAGCAG-3' and antisense primer 5'-ATTTGTCCT GGCA- 
GACGAAGCA-3'; the pi transcript with Ite sense 5'-TGACGTCAGCA- 
GTGACrACTG-3' and antisense: S'-GTGGT TGAACTGCACATTC- 
AGA-3' primers; and the actin transcript with the sense S'-ACCATGG- 
ATGATGATATCG-3' and antisense S'-ACATGGCTGGGGTGTTGAAG- 
3'pnnifirs. 

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

Chip Assay. ChlP analysis was performed with the ChlP 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 

iiraramoprecipitated from 2 x 10* ceUs treated with different drug (s) or 
control vehicles. For duplex PCR the iKimeis mcluded: the RARfi P2 sense 
primer 5'-GCCGAGAACGCGAGCGATCC-3'. the RARfi P2 antisense 
primer 5'-GGCCAATCCAGCCGGGG03', the GAPDH sense primer 5'- 
ACAGTCCATGCCATCA{niGC<^3', and GAPDH antisense primer 5'- 
(3CCrCKnTCACCA(XTTCTTG- 3'. 

Xenograft Mouse Modefa of Breart Cancer. Female athymic nude mice 
(Taconic Farms hic, Geimantown, MD) 6 wedcs of age were ii^ected with 1.5 
mg/kg of body weight depo-estiadiol (Honda Infiisicm Co, Palm Harbor, FL) 
2 days beftire s-c. bilateral inocid^cm in the flank region with 5x10* breast 
carcinoma cells resuspcaded in sennn-fiec medium (hivitiDgai) and mixed 
with Matrigd (1:1; BD Biosciences, Bedford. MA) in a final volume of 0.2 niL 
Mice fir each cell line were randomly fixti m gcovpi (5 nuce/gftnip). Mkc 
in the control groi^ were treated with i.p. injections of vehicle (DMSO) six 
times a week. RA (2J mg*g of body weig}4) and TSA (1 mg/kg of body 
weight) were admmistered by i.p. injections six tnnes a week. Trealmejtf was 

initiated when palpable tumras were established. Ttmor volume was measured 
with a caliper twice a week and calculated according, to tie fmnuh: A 
(length) X B (width) X C (height) X 0.5236. Mice were treated for 3-4 weeks, 
then etdhanized. Tumors were harvested for mcdecular studies. 

Statistical Analysis. Data firan the tiypan blue counts, doimgenicity as- 
says, apoptotie index, and tumor size are {Resented as means ± SE. Differ- 
ences between groups were analyzed using the Student's test for independert 
samples. Hie level of significance was set at/» < 0.05. 

Results 
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RA Cannot Indnce RAJtp2 Reactivadoit ia Homaa Primary 
Breast Tnmon Carrying a Methylated RARft P2. Here we provide 
evidence tiiat pimary laeast tumors, which do not show RAJtfiZ 
inductiim after RA-therapy. cany a methylated RAItp P2 iwomoter. 

By using MSP we analyzed Ae DNA of 13 beast tumors inchiding 12 
invasive ductaJ carcinoma and 1 lobular adenocatcinoma of patients 
enrolled in a clinical trial of RA therapy (16). These tunois were 
characterized previously far estrogen receptor, proliferation index 
(Ki67 reactivity), and RAJip2 expressiim before and after RA therapy 
(16X Four itlRj32-positive tumors carried an maasOLyhtedRARp P2. 
Of the 9 tinnors wift very low or negative baseline RAR^Z transcrip- 
tion, 3 carried an uometfaylated P2 and 6 carried a methylated P2 (Fig. 
L4). On RA treatment, flie tumors carrying a methylated P2 did not 
show RARI32 reactivatioo (Fig. U). Representative RARfi P2 MSPs 
of an unmethylated tumOT (Patient 28) and a methylated tumor (Pa- 
tient 5) are reported m Fig. IB alwig with die MSPs of two [rototypic 
Iseast cancer cell Imes, T47D and MCF7, canying an unmethylated 
and a methylated RARp P2, respectively. The presence of botti un- 
methylated (U) and methylated (M) products likely reflects a mixture 
of normal and malignant cells in the tumor sample. These data 
strongly indicate that a methylated RARp P2 is associated with lack of 
RARP2 mducibilily by RA 

Endogenous RARpZ Reactivation by RA Is Poss3>le Only When 
There Is Safficient Histone Acetylatioa at RAXp P2. By using 
Chip and anti-acetyi-H3 and- H4 antibodies we analyzed the RARp 
P2 acetylation status of three prototype breast carcinoma ceil lines, 
the A4if^2-positrve Hs578t line constitutively expressing also ^4 (the 
other transcript regulated by RARp P2), and the RARp2- negative 
t47D and MCF7 lines. We found ftat RARp P2 chromatin was 
acelylated m the umnethylated, RARp2-positivs Hs578t ceD line and 
in the A4/f^2-negative T47D cell line but not in the «^32-negatrve 
MCF7 cell line. Results of ChlP with flie anti-acetyl-H4 antibody is 
repwted in Fig. IC. When we treated the Mff^2-negatrve T47D and 
MCF7 cell lines with phaimacological doses of RA (1 ^M) we 
observed an increase in acetyiatim of RARpZ transcription in the 
unmethylated T47D cells but not in the methylated MCF7 ceUs (Fig. 
IQ. Negative CMP with anti-acetyI-H3 and -H4 antibodies in MCF7 
cells was not because of rearrangements/deletions of the RARp P2 
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region because CMP with the antiphospho-FO antibody gave a posi- 
tive signal (Fig. ID). 

Thus, RARp2 tianscripticm seems possible only when there is an 
adequate level of histone acetylation of RARp P2. Treatment with 
pharmacological concentrations of RA alone can increase acetyla- 
tion in a hypoacetylated RARp P2 (T47D), but not in a deacetylated 
RARpPl. 

EodogenOBS RAMp2 ReactivatioB from an Unmethylated RAKp 
P2 Is Associated vnth Significant GI both in Vitro and » t^o. 
Reacetylation at RARp P2 and endogenous RARP2 reactivation were 
found associated with biological effects in vitro and in vivo (Fig. 1, E 
and F). RAR^Z but not RARa exjwession (evahiated by real-tinje 
RT-PCR) after RA treatment in both T47D ceUs and icenograft tumors 
(Fig. 1, £ and F) correlated with complete loss rfclonogenicity (Fig. 
\E) and significant GI in xenograft twnors (*, P< 0.05; Fig. IF). 
Identical RA treatment did not induce RARp2 in MCF7 cells and 
xenograft tumors where the observed GI can be interpreted as because 
of/f/4Rp2-independent effects. 

Reacetylatioa of H3 and H4 Histones at RARfi P2 Restores 
RARp2 TranscriptkHi from a Methylated RAR^ P2. Next, we 
tried to reactivate RAR^ from a methylated RARfi P2 by modulating 
the promoter acetylation status in two cell lines carrying a methylated 
RARp P2, MCF7 and MDA-MB-231 (18). We induced chromatin 
reacetylation at RARp P2 by using two reacetylating agents, PB, a 
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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 piM for 96 h; Fig. 2S) occurred in cmi- 
comitance to RARp P2 demethylation (Fig. Zfl). In contrast, promoter 
reacetylation (Fig. 2A) and transcriptiraial activation mduced eitfier 
with PB (2.5 mM for 72 h) or TSA (33-330 nM f« 24-48 h) in 
combination with RA (1 ^; Fig. 25) occurred fiom a RARp P2 
methylated promoter, hi Fig. 2B (right and middle panels) we show 
the results of an experiment of RARp2 reactivation using 330 nM TSA 
and 1 ;iM RA Thus, RARp P2 reacetylation is tiecessaiy and sufficient 
to restwe flie pttwaotar susceptibility to RA action even in the jwes- 
ence of persisting methylatiMi. Interestingly, RARp2 reactivation was 
possible also in breast cancer cells (MDA-MB-231) with very low 
endogenous RARa. 

TSA and RA Needs To Be Administered Simultaneously to 
Obtain RASfi2 Reactivatioa from a Methylated RARp P2. TSA is 
known to induce transiait chromatm acetylation of-2% of genes in 
a human cell (21, 22). We cwnpared the occurrence of RARp P2 
reactivation in MCF7 ceUs either treated for 24 h with TSA (330 nw) 
foUowed by 24 h with 1 /iM RA or treated for 24 h with TSA (330 nM) 
in combination with 1 /IM RA. We observed that both histone H3 and 
histone H4 acetylation faded on removal of TSA (Fig. iA) likely 
because of the ability of DNA-methylated sites to reattract HDAC 
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Fig. 2. Rcacttytaiion of methylated RAR(I P2 is sufB- 
cicM and oecrssaiy ftr RAR^ icaciivatioo by RA. A. 
rcacecyfatioo of i methylaied RARp P2 (MCF7 cells) is 
induced ai bodi H3 !Bid H4 Mstones with two HDACIs, PB 
and TSA. A proimHer icacctylatian (CUP) and RARpZ 
leactivaioo (evaluated by RT-PCX) ocons, in caaxxm- 
tance witk RARp P2 dcmediybtian (crahiaied by MSP) 
with 5-Aza-CdR neammt and widma demelbylatiaD 
(ACT) wifli combined TSA/RA ticaanent in bodj MCF7 
(1^) aid MDA-MB-231 (midJk) cells; PB needs to be 
used at a imjcfa htgher concenDatiai than TSA to induce 
RARP2 naclivfflion in MCF7 {right). 
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compJexes. The best strategy fw RARp2 reactivation was to use bodi 
RA and TSA simultaneously (Fig. iA). Apparently, RARp P2 duo- 
matin needs to be maintained "sufiiciently relaxed" to estable RA- 
indnced RARp P2 transactivation fiom a methylated promotCT. 

Combined TSA and RA SpeciBcaDy Target Transcriptioii from 
RARp P2 but not tbe Adjacent RARfi PI Promoter. One of tfie 
major criticisms of the poteitfia] harmful effects of chrtMnatin remod- 
eling drugs (demetfaylating and teacetylatmg agents) concerns their 
non^)ecific modulation/^feactivalicn of many gene promoters in a cell, 
particularly the developmentally inactivated prwnotCTS. For this rea- 
son, we liked to compare the effects of TSA ± RA and S-Aza- 
CDR ± RA on the reactivation of RARp PI, the promoter adjacent to 
RARp P2, which is a developmentally inactivated promoter (2). PI, 
differently ftom P2, does not contain a RARE. Treatment with S-Aza- 
CdR(0.8nM)± RA{1 /iM)fbr%hbutnotTSA(330nM)±RA(l 
/IM) for 48 h induced transcription ftom RARp PI in MDA-MB-231 
cells (Fig. 35). The NCI H59 pi served as a positive control for pi 
transcript exjHession/size. Apparently TSA cannot restore the activity 
of PI, whereas 5-Aza-CDR can reactivate both promoters. Thus, by 
extr^wlating from the effects on PI and P2, it is possible that a 
TSA-based treatment is less Kkely to randomly reactivate develc^ 
mentally inativated promoters (like PI) than recently inactivated 
promoters (Kke P2). 

IH Vitro and in Vivo Biological Effects Associated with RARpZ 
ReactivatioB from a Methylated RARp P2. Different concentra- 
tions of TSA (33-330 nM) combined with RA (1 /iM) for 48 h lesuh 
in RARp2 reactivation and significant GI in MCT7 cells (Fig. 3C). RA 
treatment alone was ineffective, whereas treatments with different 
concentrations of TSA alone (33-330 UM) result, per se, in consistent 
GI. Nevertheless, RA (1 HM) significantly (P < 0.05) potentiated the 
TSA growth inhibitory action (Fig. 3Q. A combined RA and TSA 
treatment significantly affected also the jHioapoptotic action of RA or 
TSA alone (Fig. 3D). Thus, DM concentrations of TSA can modulate 
the response to pharmacological levels of RA in cells with a methy- 
lated RARp P2 inducing profound antiproJiferative and apoptotic 
effects. 
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Next we attempted RARp2 reactivation in MCF7 xenogtaft tumws. 
PreKminatily, we observed that TSA was not toxic m female nude 
mice when administered ax times a week ft» 4 wedcs at ccmcentia- 
tions tanging from 0.5-5 mg/kg of body weight (data not shown). 
These data confiimed that TSA is a drug with lack of toxieity w yfvo 
(23). Then, we treated gtwqw of five 6-8 week-old female nude mice 
bearing MCF7 xenograft tumws with i.p. injections of the kiwest 
concentrations of TSA (0.5 and 1 mg/kg body weight) and RA (2.5 
mg/kg boify weight) alwje or in c«Hnbination six times/week fi«- 4 
wedcs. TumtM^ growth and general animal conditions (body weight/ 
behavior) ware measured and monitOTed fw the entire duration of 
treatment At the end of wedc 4, animals were sacrificed. Tumors of 
mice receiving 1 mg/kg of TSA in combination witii RA (2.5 mg/kg 
of body weight) diowed consistent RARp2 reactivation evaluated 1^ 
RT-PC31 (Fig. 3F). TSA treatment which alone also induced GI, 
significantly modulated the response of RA (Fig. 3£). 

11ARP2 Reactivatioa Cao Be Induced by Combined TSA aad 
RA Treatment in a Variety of Epithelial Cardooraa CeBs. We 
analyzed the correlation between methylation and acetylation status at 
RARp P2 in additimal breast cancer cell lines as well as carcinoma 
cell lines of other tissues (prostate and larynx). Partial/coanplete P2 
methylation (evahiated by MSP analysis before and after 5-Aza-CDR 
treatment) was always associated with a RARp P2 deacetylated status 
(evahiated by ChIP with anti-acetyl-H3 and -H4 antibodies). The 
presence of an epigenetically modified RARp P2 ahvays cwrelated 
with transcriptional silencing (Fig. 44). TSA (33-330 UM) and RA (1 
/AM) treatinents ahvays resulted in reactivatimi of endogenous RARpZ 
from an epigenetically silenced RARp P2 (Fig. 4A). 

Discussion 

There is mounting evidence in epithehal cancer cell lines and 
animal models (5, 8-13) of the potent anticancer effects of the tumor 
supp^essor RARp2. It has also been demonstrated that effective res- 
toration of endogenous RARp2 can be a powerfid stiategy to treat 
premalignant oral lesions (14). Here we report that endogenous 
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Fig. 3. Effixts of combined RA SKI TSA Deammi on 
RAJlfi2 icactivaikm from a mctbylaied SARp P2 m vim 
md in mo. A, TSA and RA nust be adnunsuicd simul- 
taneously ID icanivatc .K/l«^ fiom a meibyfatcd A4fi0 P2: 
B. TSA, iBaeaiy bam S-Aza-CDR, does not icacdvae 
*e devriopmcntaliy inactivaied RAR^ PI pnmuiCT. 5'io 
RASpn; C and D. combined TSA (33-330 nM) and RA 
(1 iiM} Beadnents can reactivate KAX$2 and si^nfKaitly 
affect boa Gl and qx^xotic aidot rf MCF7 cells; £ 
sipiificant oanor GI was observed, in concomitance with 
endogenous SASP2 nactivatiisi as evahiaicd by RT-PCR. 
(/> inMCF7xenogiHft[umasafter4weeksofc«nbBKd 
TSA (I mg/kg body wei^) and RA (2,5 mgflcg body 
weight) inaimem; harx ±SD. 
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JlARp2 expression can be reactivated in breast cancer cells and 
xenograft tumors, and correlates with (3 in vivo and in vitro. We show 
that RARP2 reactivation can be tailored to a specific t»east cancer by 
usmg either fAarmacologica] concentratians t^RA alone or in cwn- 
bination with dirmnatin remodeling drugs based on the knowledge of 
the qrigenetic status of the RAS^ P2 promoter, which contains the 
RARE. 

We observed that feihire of/t4/f32-negative breast tmnois to lesposHl 
to RA thoapy does correlate with the me%lation slahis of the A4J?^ P2 
{Horaota- (Fig. \,Aand B). Specifically, bnsast tmnors, THOA failed to 
IB-express RAR^ 2 after RA thoajpy, carried a melhylated RAR^ P2 
promoter, whereas Iweast tumors canying an umnethylated RAR^ P2 
le-exjxessed RAR^ after 3 wedks of RA treatmait (18). These data 
paralleled what we observEd in xenograft tumms of T47D and MCF7 
ceUs, carrying an unmethylated and methylated RAR^ P2, respectively 
(Fig. lf> These data cle^ indicated that methybtion at il4/fpP2 is a 
major hurdle for successfiil RA therapy. 

It is known that DNA methylation can mduce repressive chromatin 
remodeling by causing massive histone deacetylation at the methyl- 
ated sites (24-27). By using prototypic ;L</jp2-negalive breast cancer 
cell lines carrying eiflier an unmethylated RAR^ P2 (T47D) or a 
methylated RAR^ P2 (MCR and MDA-MB-231) we observed that 
RA treatment alone (I /ng/mi) induced RAR^2 reactivation, concom- 
itant with an increase of [womoter histwie acetyhtion, only m cells 
carrying an unmethylated RAR^ P2 (Fig. IC), In contrast, we did not 
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obtam RARP2 reactivation by die same RA treatment in cells canying 
a methylated/deacetylated RARfi P2. These resuhs CMroboraled our 
hypofliesis (18) that differential RA resistance in cancer cells may be 
because of differential levels of repressitm at RAR^ P2. Repression 
consequent to differential levels of HDAC accumulation at the pro- 
motor IS perhaps due to an ahered RA metaboKsm and/or decreased 
levels of RARa, or other cofectors, essential fcxRARp P2 activity It 
IS possible that an inactive, hypoacetylated jwomoter (in our case 
RAR^ P2) may be capable to attract additiwial epigenetic changes like 
DNA methylation leading to additional deacetylation, uWmalely re- 
suhing into gene silencing (24). Bodi defects of RA metabolism and 
low levels of RARot have indeed been detected in breast carcinoma 
cells (28-31). In particular, MCF7 line carries at least two defects 
which can lead to low imraceUuIar concentratiMis of RA, namely 
altered ejqwession of Ieci1hin:retinol acyl hansferase and aldehyde 
dehydrogenase 6, whereas MDA-MB-231 line presents a very low 
level of enctogenous RARa. 

To reverse deacetylation of RARp P2 and test whether we could 
obtain endogenous RARfi2 reactivation in MCF7 and MDA-MB-Bl 
cells with a methylated/deacetylated promoter vi-e used different chro- 
matin remodeling drugs including S-Aza-CDR, PB, and TSA All of 
the three drags were capable of inducing leacetylation at P2 (Fig 2 
A and S). Reacetylation was obtained in cwicomitance with demeth- 
ylatwn with S-Aza-CDR and in the presence of metfiylation with 
either TSA or PB (Fig. 2, A and 5). TSA, expected to reactivate -2% 
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Fig. 4. Reactmdon ofRARfi2 in difioait ep- 
ididial cancer cclb wboe XARp2 is cptgcnctically 
siksced. jt leacsiykman irf'AiA^ P2 and R4Rp2 
n;activaiioa was induced by TSA phis RA in epi- 
thelial caicinociia cell lines from diffefent tissues 
showing paitial or canptae Jttff^ P2 mediylation: 
B, a model fay wlsch progfcssivc desKctyJaiwo ai 
RARp n Waiy occurs during epidielial cacino- 
geaesis. Boeh mild and severe deacctyl^on at 
iUj;^P2 in itU^-negativcepidieUalcaiiccx cells 
can be icvnsed phannacologically by RA alone 
(m'iJU2e panel) or a cmnbnation of HDACIs and 
RA {bottom p<met% lespectivEly. 
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of inactive genes in a tumor cell (21, 22, 32) is, in our opinion, the 
most desirable of the three drugs to modulate RAS^2 reactivation and 
RA response fiom a methylated RARfi P2. To be effective TSA needs 
to be adttrinistoed m craicomitance with RA, probably to maintain the 
chrmnatin status sufficiently transparart to enable RAR/RXR access 
(Fig. 3/4). Apparently, TSA can modulate reacetylation of RARp P2 
and RA response at far lower concentration (33 UM) dian PB (2,5 nun). 
TSA alone w in comlmiation with RA differently from 5-Aza-CDR is 
ineffective at reactivating PI, the developmentally inactivated pro- 
moter adjacent to P2 in the RAR^ gene (Fig. 3S). This finding 
suggests that TSA may spare to reactivate developmentally inacti- 
vated pDmoters, and, therefore, is likely to produce fewer harmful 
effects than 5-Aza-CDR when used in vivo. 

Accoflding to a recait rqxat and our experience TSA is nontoxic and 
nonteratogenic in mice (23), and fw this reason may have potential 
clinicaJ vahie. We were successful in obtaining RARP2 reactivatiffli in 
xenogiaft tumois of MCF7 cells cwrtaining a methylated RARp P2 by 

treating tumffl--bearing mice with ctmbined TSA (I mg/kg body weighl) 
and RA (2.5 mglcg body wei^) fw 4 weeks. At vn« A4J?^ reactivation 
by RA+TSA (Fig. 3F) was associated with cwisistEnt tumor GI 
(Fig. 3£). EvED if the combined TSA and RA treatmeitt seeans to be 
optimal in achieving RARp2 reactivation bodi m vifro and m vfw>, in 
some cen lines and xemjgraft tumffls, occasicmally, we observed iM/f02 
reactivatirai using TSA alone. This might be because of re^xpessim 
of RARIi2 fiom a miniiml basal promoter, indqjendent of the RA- 
responsive dement as already reported (33). 

We also tested whether endogenous reactivation was possible in 
other il4J?p2-negative epithelial cancers ceU lines. RARp2 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. 44). In all of 
the lines tested thus far, we observed that endogenous reactivation of 
RAR^2 by TSA (33-330 nM) and RA (1 pig/ml) correlated with 
significant in vitro GI and apoptosis. 
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Our overall data suggest a general model where RARp P2, mmnally 
regulated by a dynamic HDAC7HAT balance in the jKesence of 
lAysiological levels of RA, (Fig. IB. top panel) undergoes increased 
HDAC accumulation during epithelial ceU tumotigenesis (Fig. 45). 
Both mild hypoacetylation at RARp P2 (like the one observed in 
T47D cdls) and severe deacelylation at RARfi P2 (like the one 
detected in all of the other epithelial cell lines) can be reversed but 
require difierent phannacologica] treatmaits. RA treatment alone 
(Fig. 45, midette panel) can reactivate transcription from a mildly 
hypoacetylated RARfi P2, whereas treatment with an HDACI, like 
TSA, is required to make the promoter susceptible to RA action (Fig. 
45, bottom panel). 

Oflia-novel HDAQs (21, 32) need to be tested to see whether we 
can addiliwially improve the efficiency of reacetylation (^'methylated 
RARfi P2 and, CMsequently, the susceptibility to RA regxwse. How- 
ever, we anticipate that also other HDAOs will affect the acetylation 
of multiple promotes and jwoteins like TSA does. Thus, th«e is a 
need to engineo- different, extremely specific, chromatin remocfeling 
reagents to obtain qjeciiic im>motea- targetnig, leaving unaffected the 
chromatin of all other genes. 

At the present time our study provides useful inftxmation ftir 
potential tianslational appiicaUoas fix heast cancer and other epithe- 
lial cancers. A methylated RAR^ P2 can be used as a "predictor 
maritM" of RA resptmsivMiess. RARfi P2 metfaylation can be detected 
at an early stage of breast careinogenesis, and cm minimum quantities 
of breast ductal lavage cells (34), making it possible to identify breast 
cancerpatijaits with tumors ttet may benefit from endogenous RARp2 
teactivatioo therapy. 
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Appendix  2 

AACR 2003 Original 

Abstract ED: 105479 Team: CB04 
Development of epigenetic RA- resistance in epithelial cancer cells 

Silvia Maria Sirchia, MingQiang Ren, Silvia Pozzi, Giulia Somenzi, Riccardo Ghidoni, Silvano Bosari, Roberto Pili, 
Nicoletta Sacchi, San Paolo University Hospital, School of Medicine, University of Milan, Milan, Italy; Sidney Kinunel 
Comprehensive Cancer Center at Johns Hopkins University, Baltimore, MD. 

Evidence has been accumulating that retinoic acid receptor (RAR)- signaling is altered in a great proportion of epithelial 
cancer cell lines derived from carcinomas of the breast, prostate, limg, stomach, colon, head and neck. Quite common are 
epigenetic changes in the RAR beta-receptor chromadn associated with lack of RAR beta transcription, loss of tumor 
suppressive RAR beta activity and development of RA-resistance. A few studies in primary tumors have shown lack of RAR 
beta transcription both in tumor cells and normal epithelial cells adjacent to the timior, but not in normal epithelial cells 
distant from the tumor site. Interestingly, analysis of RAR beta DNA methylation reveals the appearance of RAR beta 
hypermethylation in cells microdissected from different tumor sites as well as in histologically normal cells adjacent to the 
tumor. The overall data suggest that epigenetic alterations affecting RAR beta are an early event in the epithelial 
tumorigenesis process. Inspired by Ng and Bird original hypothesis (1999) that gene inactivation may be one factor that can 
provoke DNA methylation and chromatin changes, leading to irreversible gene silencing, we set out to test whether this is 
true in the case of RAR beta. Normally, RAR beta is transcriptionally active in the presence of ligand (RA), key 
transcriptional effectors, including RAR alpha and COUP-TF, and a variety of coactivator proteins and histone modifying 
enzymes. We forcedly induced RAR beta inactivation in breast (cancer) epithelial cells, wifli a normally ftmctioning RAR 
beta promoter, by both depleting the ligand and inhibiting the activity of key transcriptional effectors. As a consequence, we 
observed the appearance of non-random DNA hypermethylation in the RAR beta regulatory region and the concomitant 
development of RA-resistant phenotype. This mechanistic study has translational chemopreventive imphcations for epithelial 
cancers. Acknowledgements: This work was supported by US Army IDEA Awards DAMD17-99-1-9241 and DAMD17-02- 
1-0432 to NS. 


