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ABSTRACT: This study examines how accessibility to cisplatin on various genomic regions in T47D breast
cancer cells, including the retinoic acid recegiagene promoter and coding region and the dihydrofolate
reductase gene promoter and coding region, is affected by treatment of the cellsaigtie®roic acid,

a treatment that activates the retinoic acid receptgene promoter in these cells. A PCR-based assay
was used to measure cisplatin adduct density based on the inhibition of PCR amplification of templates
from cisplatin treated versus untreated cells. Treatment of cells vaibirgtinoic acid enhanced accessibility

to cisplatin on the retinoic acid recept8rgene promoter region, but not on the coding regions of that
gene nor on the dihydrofolate reductase gene promoter or coding regions, where accessibilities to cisplatin
remained 2-4 times lower than on the activated retinoic acid receptgene promoter. Examination of
smaller regions within this promoter region showed a repression of platination in the 500 bp region
surrounding the TATA box in cells prior to 8is retinoic acid treatment, which was abolished following
promoter activation. Differences in sequence composition between the various regions could not fully
account for differences in platination, suggesting that structural features such as bends in retinoic acid
receptor gene promoter DNA following gene activation, create energetically favorable sites for platination,
and contribute to the cytotoxicity of the drug.

cis-Diamminedichloroplatinum (cisplatin) is a highly ef- A structural distortion in DNA occurs upon cisplatin
fective chemotherapeutic agent used in the treatment of abinding that has been proposed to underlie the biological
variety of human tumorslj. Its cytotoxicity derives from  toxicity of cisplatin. Crystallographic studies reveal that the
its ability to damage DNA, forming primarily bifunctional 1 2-cisplatin cross-link induces a bend of about #ward
1,2-intrastrand cross-links between adjacent guanines orthe major groove of the DNA helix accompanied by thermal
adenine-guanine dinucleotides, as well as other minor adductsjestabilization 13). Such a bend appears to generate a
including interstrand cross-links2). Adduct formation  stryctural motif with biological specificity, as certain chro-
impedes DNA polymerase progression, inhibits DNA syn- masomal proteins bind with high affinity to these sites. These
thesis, a_nd.trlgge.rs apoptosss-5). W'h'lle |nh|b|t|on of 'DNA' proteins include histone H1L4), HMG1 (15), HMG2 (16),
synthesis is believed to be a critical step in cisplatin's yho 1 ;man structure-specific recognition protein SSRR1(
cytotoxicity, it does not by itself account for the marked 18), and the human transcription factor hUBESJ, all of
antitumor efficacy of cisplatin. For example, adducts formed Whi’Ch are proteins known to bend DNA and Who’se binding

by the geometric isomer of cisplatittans-diamminedichlo- : .
i : . to DNA might be facilitated by the bends generated by
roplatinum (transplatin), also impede DNA polymerase cisplatin. In contrast, the structural effects of transplatin

progression and inhibit DNA synthesi§)( Yet transplatin ‘0 be of 1 abili dt lai
does not induce apoptosis and has little antitumor activity. appear 1o be ot greater varia '.'MQ)' and transpiatin
adducts do not constitute high affinity binding sites for the

Furthermore, while cisplatin causes slowing of DNA syn- . :
thesis, cells treated with cisplatin do not arrest in S phase,abqve-mentlongd, chromosomal proteins (see 2@ffor
but progress and block in GZ) In addition, the extentto ~ "eview). Cisplatin’s toxicity may therefore be related to the

which DNA synthesis is slowed by cisplatin in sensitive structural consequences of adduct formation, which could
versus resistant cells does not correlate with its relative involve a disruption of normal binding of chromosomal
toxicity to those cells§). Several studies have pointed to Proteins, or an impediment to conformational changes that
transcription as a key target for cisplatin and have suggestedare necessary for biological regulation.

that cisplatin's ability to target certain genetic regulatory |, the studies reported here we have addressed the
elements and inhibit specific gene expression may Cont”b”tepossibility that cisplatin may actually target chromosomal

greatly to its toxicity 0—12). regions such as transcriptional promoters, where DNA bends
or partial unwinding of DNA may occur following transcrip-
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downstream regions of the retinoic acid recegt¢RARS)* Cisplatin Treatment<ells were plated at 50% confluency
gene in T47D breast cancer cells, where this gene undergoe#n six-well plates in medium supplemented with 10%
retinoic-acid-dependent activation. Adduct formation as charcoal-treated FBS in addition to the other standard
determined by a quantitative PCR-based assay was observeddditives described above. Following attachment, cultures
to be significantly higher on the activated RARromoter were pretreated 24 h in the presence or absencedl 1
than on a downstream region of the same gene, as well a®-cis retinoic acid (Sigma, St. Louis, MO), followed by a 2
on the coding and promoter regions of the constitutively h incubation in the presence or absence of 1 mM cisplatin
expressed housekeeping gene, dihydrofolate reductase (DHFR)Platinol, aqueous solution at 1 mg/mL, purchased from local
Adduct formation on the DHFR promoter, which does not pharmacies). The preincubation medium was then replaced,
undergo retinoic-acid-dependent activation, did not increaseand genomic DNA was prepared 24 h later as described
following retinoic acid treatment of cells. Cisplatin’s cyto- below. Although DNA repair has been observed to occur
toxicity may therefore derive in part from its ability to target over 24 h in cells treated with lower doses of cisplafiti
and disrupt the function of certain genetic regulatory loci 22), at the high levels used in our studies we observed an
such as the RAR promoter. overall increase in adduct formation over 24 h, so that adduct
densities approached-# adducts/10 Kb and were therefore
EXPERIMENTAL PROCEDURES readily detectable in our assay. The increase in adduct
Cell Culture. T47D breast cancer cells were purchased formation over time suggests that residual cisplatin continued
from ATCC and maintained in RPMI medium supplemented to cause DNA damage and that repair did not keep pace with
with 10% heat-inactivated fetal bovine serum, 1 mM sodium adduct formation under our conditions.
pyruvate, 2 mMcL-glutamine, 0.1 mM nonessential amino Preparation of Genomic DNADNA was prepared from
acids, and 5@g/mL gentamycin. Cell culture reagents were treated cultures using the QIAmp blood kit essentially
purchased from Irvine Scientific, Santa Ana, CA. All following the manufacturer’s protocol, except that cells were
experiments were performed using charcoal-treated serumlysed directly on the plate in the presence of PBS, Qiagen
(600 mg of activated charcoal/50 mL of serum for 10 min protease, and lysis buffer supplied in the kit. Following
at 4 °C, followed by filtration). purification, DNA was adjusted to 0.25 mg/mL in sterile
Analysis of RAR and DHFR Gene ExpressioAbout 5 water and stored at20° C until use.
x 10° T47D cells (at about 70% confluency) were treated  Analyses of DNA Damage by PCR Stop As§uyantita-
as indicated and total cellular RNA was prepared using the tive PCR was used to compare cisplatin adduct formation
Rneasy kit from Qiagen and following the manufacturer’'s on specific regions of DNA. The assay, known as the PCR
procedure. One microgram of RNA was reverse transcribed stop assay, has been descrikiz@).(Because Tag polymerase
into cDNA in a 20uL reaction containing 0.5 mM dNTPs s blocked at cisplatin adducts, the relative efficiency of PCR
(Pharmacia), 10Q:g/mL oligo dT (Promega), 2 units of  amplification of genomic DNA from cisplatin-treated versus
RNAsin (Promega), 10 units of Moloney Murine leukemia control cells decreases in proportion to platination levels.
virus reverse transcriptase (Promega), and reverse tranThe relative PCR efficiency is equivalent to the frequency
scriptase buffer (Promega). This cDNA was then used as a(P) of undamaged strands within a populatiéhis related
template for quantitative PCR. Primers were chosen so asto the average numben)(of cisplatin adducts per fragment,
to amplify a 178 base region of the RERoding sequence by the Poisson formulaP = e ™, or —(In P) = n. Adducts
encompassing parts of exons 4 and 5, as well as a 246 basger Kb would then be equal te(In P)/(size of fragment in
region of the coding sequence of the dihydrofolate reductaseKbs). We found that fragment sizes of around 1 Kb provided
from exons *-4. The sequences are as follows: RAR a sufficiently large target size to enable measurement of
message (forward), &5 TGTACAAACCCTGCTTCGTCT- adduct densities in the range 6:0.4 adducts/Kb observed
GC-3; (reverse) 5CTGGAGTCGACAGTATTGGCATCG- here. A drop in the PCR signal of damaged DNA to 0.67 of
3'; DHFR message (forward), &GTTCGCTAAACTG- the control signal would therefore reflect an average cisplatin
CATCGTCGC-3; (reverse) 5GTGGAGGTTCCTTGAG-  adduct density of—(In 0.67) = 0.4 adducts/fragment.
TTCTCTG — 3. Standard deviations among triplicate PCRs were in the range
Amplification conditions were as described below for the of +5%, meaning that adduct densities of less than about
PCR-stop assay. Quantitative conditions were verified by 0.05 adducts/fragment were undetectable. For each primer
preparing cDNA with 100 and 10 ng of RNA (in addition pair, we verified that product formation was directly pro-
to 1 ug of RNA) and amplifying serial 2-fold dilutions of  portional to input template DNA by performing a pilot
the cDNA from 2 to 0.2%.L of template to show that product  experiment with serial 2-fold dilutions of template, followed
formation was proportional to input template under our by electrophoresis on a 1% agarose gel containing./5
conditions. Following amplification, products were analyzed mL ethidium bromide. Bands were quantitated using Kodak
by agarose gel electrophoresis followed by band quantitationdigital camera and analysis software. Depending on the
using a Kodak digital camera. primer set, the amount of template used in the PCR reaction
Cell Viability. Following treatments, cell viability was  ranged 0.03-0.25ug/25 uL reaction. Reactions were per-
monitored by adding 10% Trypan blue and determining the formed in 25uL containing template DNA, 25 pmol each
fraction of cells that excluded the dye. of forward and reverse primer, 25 dNTPs (Pharmacia),
1.25 units of Tag polymerase (Qiagen) buffer (Qiagen),
1 Abbreviations: RAR, retinoic acid receptof; RARE, retinoic and solution Q (Qiagen). The amplification program was as

acid response element; PCR, polymerase chain reaction; DHFR, . o ; .

dihydrofolate reductase; ATCC, American type culture collection; PBS, fo!lo_ws' 01 CyCIe. (94 (z’ 1 mm. 30 S)’ 2_5 CyCIeS (92|C’ 1
phosphate-buffered saline; Kb, kilobase; bp, base pair; CDS, coding MiN; 57 °C, 1 min; 70°C, 2 min, 30 s); 1 cycle (94C, 1
sequence. min; 57°C, 1 min; 70°C, 7 min). Two independent templates
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Table 1: Primers Used for PCR-stop Assay of Genomic DNA

gene region amplified primer sequence's{53') product size (base pairs)

RAR 3 RARf Promoter 1: CGAGTGCAGTCAATTCAGCCAGG (for) 1043
(includes A,B,C below) 2. GCTTATCCTCTAGGTGTGGAGGC (rev)
(A) promoter, upstream and 1: see above (for) 624
including TATA and RARE 3: CTTCCTACTACTTCTGTCACACAG (rev)
(B) promoter region of 4: GGGAGAGAAGTTGGTGCTCAACG (for) 483
TATA and RARE 5. CCTTCCGAATGCGTTCCGGATC (rev)
(C) promoter, downstream 6: GCTTTTGCAGGGCTGCTGGGAG (for) 592
and including TATA and 2: see above (rev)
RARE
RARS CDS (1036 bp) 7: GGTGCAGAGCGTGTAATTACCTTG(for) 1036
(exon 10) 8: CTGCCTTGGAGGCTATCATTACTG(rev)
RARp CDS (483 bp) 7. see above (for) 483
(exon 10) 9: GGTCTTTGCCATGCATCTTGAGTG (rev)

DHFR DHFR promoter 10: CAGAATGGGAGTCAGGAGACCTG (for) 1000
11: GCAGAAATCAGCAACTGGGCCTC (rev)
DHFR CDS (1062 bp) 12: CCGTAGACTGGAAGAATCGGCTC (for) 1062
(exons 1,2,adjacent introns) 13: CAGTTGCCAATTCTGCCCCATGC (rev)
DHFR CDS (472 bp) 14: CAATTTCGCGCCAAACTTGACCG (for) 472
(exon 1 and adjacent introns) 15: GAGCTCTAAGGCACCTGACAAAC (rev)
DHFR CDS (272 bp) 16: GGTTCGCTAAACTGCATCGTCGC (for) 272
(exon 1 and adjacent introns) 17: CAGAAATCAGCAACTGGGCCTCC (rev)
(internal control)
RARE TATA
T

EXON 10
i // o < DHFR
1043 bases 1036 bases
A 624 bases

B — 483 bases
C v 592 bases

Ficure 1: Location and sizes of PCR amplification products from

1 2 3 4 5 6

FIGURE 2: Quantitative RT-PCR analysis of RERjene expression

the RARB gene of T47D cells (see also Table 1). For the analysis (lanes I-3) and DHFR gene expression (lanes8) in T47D cells
in Figure 3, PCR primers were chosen so as to amplify a 1043 bp under various conditions. Lanes 1 and 4: untreated T47D cells.

region of the RAR promoter, including the retinoic acid response
element (RARE) and TATA box, and a 1036 bp region of the RAR

Lanes 2 and 5: T47D cells treated 24 h witlxl¥ 9-cis retinoic
acid. Lanes 3 and 6: cells treated 24 h witlti9retinoic acid,

coding sequence (CDS). For the analysis in Figure 4, PCR primersf°|lowed by 2 h with 200uM cisplatin. Quantitative conditions

were chosen so as to amplify the subregions A, B, and C.

were prepared for each treatment condition, and each ong©SPectively,

for cDNA synthesis and PCR amplification were verified as
described in the Experimental Procedures. A total of 10 and,2
of the RARand DHFR PCR reactions were analyzed.

was analyzed in triplicate. As an internal PCR control for .iq was then used to analyze platination of the RAfene
each template, a 270 bp fragment of the dihydrofolate j, its active and inactive state.

reductase gene was amplified. This fragment is too small to

Preferential Cisplatin Adduct Formation on the Agted

register significant levels of damage under the conditions RARB Gene PromoterWe performed a PCR stop assay to
we used, and its amplification product was seen to vary by examine cisplatin adduct density on genomic DNA templates

less that 5% among the various templates. The primefis71

from 9<cis-retinoic-acid-treated (RA) or -untreated (RA)

used for PCR amplification of various regions of genomic gs. Regions spanning about 1 Kb in length of the BAR
DNA are summarized in Table 1. Figure 1 shows a SChemaﬂCpromoter (1043 bp), the RARcoding sequence (1036 bp)

representation of regions amplified from the RARBene.

RESULTS

Transcriptional Response of the RARSene to 9-cis
Retinoic Acid and CisplatinFigure 2 shows the results of

the DHFR promoter (1000 bp), and the DHFR coding

sequence (1062 bp) were examined as defined by primers
listed in Table 1. PCR products were analyzed on agarose
gels (Figure 3A) and bands were quantitated in order to
determine the relative PCR efficiencies from platinated versus

an RT-PCR assay demonstrating retinoic-acid-dependentunplatinated templates. Using templates from (RAells
activation of the RARR gene (lane 2 compared to lane 1) (Figure 3A, lanes 1 and 2), the relative PCR efficiencies from
and cisplatin-mediated inhibition of this activation (lane 3). platinated versus unplatinated templates (lane 2 versus lane
Under the same conditions, we observed little change in 1) were as follows: RAR promoter (0.88), RAR coding

DHFR expression (lanes%), indicating that expression of

sequence (0.85), DHFR promoter (0.85), DHFR coding

this gene is not retinoic acid dependent and that cisplatin sequence (0.87). Using templates from (RAcells (lanes

has little immediate effect on its expression. This is consistent 3 and 4), the relative PCR efficiencies from platinated versus
with another study in which treatment with cisplatin did not unplatinated templates (lane 4 versus lane 3) were as
alter levels of DHFR messag@4), although long term in  follows: RARS promoter (0.65), RAR coding sequence
vitro selection for cisplatin-resistant ovarian carcinoma cell (0.88), DHFR promoter (0.9), DHFR coding sequence (0.88).
lines by repeated exposure to cisplatin has been reported tdOn the basis of the PCR results, the cisplatin adducts
generate variants that overexpress DHFF8).( Genomic densities were calculated by the Poisson equation described
DNA from cells before and after treatment wittcBs-retinoic above. The results plotted in Figure 3B represent the averages
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As shown in Figure 3B, in the case of the RARDS
(1036 bp), the DHFR CDS (1062 bp), and the DHFR
promoter (1000 bp), treatment of cells withcB retinoic
acid has little effect on cisplatin adduct density. Thus, adduct
densities (in adducts per Kb) on these regions in untreated
cells (RA—) are observed to be 0.16 0.03, 0.13+ 0.08,
and 0.17+ 0.04, respectively. Adduct densities on these same
regions in 9eisretinoic-acid-treated cells (RA) are ob-
served to be 0.13 0.06, 0.2+ 0.04, and 0.1+ 0.07,
respectively.

In contrast, cisplatin adduct density on the RABRomoter
(1043 bp) is enhanced in cells following treatment of cells
with 9-cis retinoic acid (Figure 3B). For this region, adduct
densities increase from 0.120.04 adducts/Kb in untreated
cells (RA—-) to 0.4+ 0.16 adducts/Kb in treated cells (RA.
Cisplatin adduct density measured on the active BAR
promoter region in RA- cells is therefore about 2 times as
high as on the DHFR CDS (1062 bp) or DHFR promoter
regions in RAF cells, and nearly 3.5 times as high as on the
inactive RARZ promoter in RA- cells. Cisplatin adduct
density on the constitutively expressed DHFR promoter does

1 2 3 4 gt:ét) increase following @is retinoic acid treatment (Figure
B To determine the extent to which differences in sequence
without 9-cis retinoic acid composition might account for differences in adduct density,
Bl 1 1M 9-cis retinoic acid we examined the number of GG and AG dinucleotide pairs
(the major sites of adduct formation in DNA) in the various
DNA regions studied, as summarized in Table 2 (column
2). Clusters of three or four Gs were scored as one site. The
number of potential sites for adduct formation was in turn
used to estimate the relative frequencies of cisplatin targets
per Kb compared to the DHFR CDS (1062 bp) region (Table
2, column 5), given that AG is targeted by cisplatin only
about 40% as frequently as GG dinucleotid2s We find
that cisplatin adducts form on the RfERoromoter (1043
bp) about two times as frequently as we would anticipate
on the basis of sequence composition alone. That is, the
estimated frequency of targets is about the same for the
RARS promoter (1043 bp) region and the DHFR CDS (1062
bp) region, yet the observed adduct frequency on the
promoter region is about two times what it is on the DHFR
RARB RARB DHFR DHFR CDS (1062 bp) region (0.4= 0 0.16 versus 0.2 0.04
CDS promoter CDS promoter adducts/Kb). Similarly, the estimated frequency of targets

Ficure 3: Cisplatin adduct formation on various regions of T47D on _the R(f? promoter (1%43 lz:pgsls ?_%%Lg BNO tlmeshthe
cell genomic DNA as determined by the PCR stop assay. Regions€Stimated frequency on RAR (1C p), yet the
analyzed were the RARCDS (1036 bp), the RAR promoter observed adduct frequency is three times greater on the
(1043 bp), the DHFR CDS (1062 bp), and the DHFR promoter promoter compared to the CDS (G40 0.16 versus 0.13
(1000 bp). Genomic DNA was prepared from cells pretreated in g 0@ adducts/Kb). This suggests that other factors also

the presence (RA) or absence (RA) of 9-cis retinoic acid for : : : : :
24 h followed ly 2 h in thepresence or absence of 1 mM cisplatin. contribute to the preferential targeting of cisplatin to the

(A) Agarose gel analysis of PCR products from one experiment. induced_ RAR promoter. . _
Lanes 1 and 2 (RA cells). Lanes 3 and 4 (RA cells). Lanes 1 Location of Cisplatin Adducts within the Promoter Region.
and 3 (no cisplatin). Lanes 2 and 4 (plus cisplatin). (B) Bar graph To further localize adduct formation within the promoter,
showing cisplatin adducts per Kb as calculated from the PCR results\ya sybdivided the RAR promoter (1043 bp) region into
as described in the Experimental Procedures. The results represegg_lree overlapping regions A (624 bp), B (483 bp), and C

A
RARB
promoter

RARB
CDS

DHFR
promoter

DHFR
CDS

cisplatin adducts per Kb

the averages and standard deviations of two separate experimen - T )
with independently prepared templates, with each experiment being (592 bp) shown schematically in Figure 1, and defined by
performed in triplicate. For each experiment, results were corrected primers listed in Table 1. As shown in Figure 4, in the
for variations in the 270 bp PCR product of the DHFR gene. absence of promoter activation withc8 retinoic acid,
adduct formation is virtually undetectable in the central
and standard deviations of two separate experiments withregion (B) encompassing the TATA box and RARE (retinoic
independently prepared templates, with each experimentacid response element) and approximately equivalent in
being performed in triplicate and corrected for variations in regions A and C in adducts per Kb to what we observe on
the 270 bp PCR product of the DHFR gene. the larger 1043 base region of the promoter (0.17 adducts/



12436 Biochemistry, Vol. 38, No. 38, 1999 Haghighi et al.

Table 2: Comparison of Expected versus Observed Adduct Density in Various Gene Fragments from Cells Treateds Ri#tir®sic Acid
and 1 mM Cisplatin

1 2 3 4 5 6 7
) ) targets/Kb; expected adducts
cisplatin targets column3(b)= targets/Kb per Kb based on observed
gene no. of GG and per fragmerft fragment relative to DHFR;  observed DHFR adducts
fragment AG sites (a) (b) sum length (Kb) column 4+ 83 colum 5 x (0.2) per Ki¥

DHFR CDS GG 77 GG 77 88 83 1.0 0.2 0£20.04
1062 bases AG 26 AG 11
RARj3 CDS GG 25 GG 25 47 45 0.54 0.11 0.130.06
(1036 bp) AG 56 AG 22
RARf promoter GG 72 GG 72 92 88 1.1 0.21 041.16
(1043 bp) AG 50 AG 20
DHFR promoter GG 84 GG 84 106 106 1.3 0.26 0410.07
(1000 bp) AG 55 AG 22

2 AG adducts are about 40% as likely to form as GG addub® therefore, AG targets (column 3a&) AG sites (column 2)x 0.4.° From
column 7.¢ Calculated from PCR data in Table 2 using Poisson equation relating adducts per fragment to PCR signal, and correcting for fragment
size.

Kb on each of regions A, C versus 0.12 adducts/Kb on the without 9-cis retinoic acid
larger fragment overall). This suggests that some portion of N 1 pM 9-cis retinoic acid
the central region of the promoter included in fragment B is

protected from platination in the uninduced state. 0.5 7
Following promoter activation, all three regions A, B, and a
C sustain elevated levels of damage, (0439.07, 0.43+ < 047
0.07, and 0.2 0.11 adducts/Kb, respectively), which is 8
on the average what we observe on the larger 1043 base § 0.3
region of the activated promoter (04 0.16 adducts/Kb). 3
This confirms the measurement of adduct density on the e 0.2
larger 1043 base region (Figure 3 and Table 2) and supports 8
the conclusion drawn from the comparison of sequence § 0.1 4
composition that the activated RgRromoter sustains levels
of cisplatin damage greater than would be expected on the 0.0 ~ = G
basis of base composition alone. Because regions A, B, and A B c DHFR
C do not differ significantly between themselves in GG and (472)

AG sequence compositions, the result here suggests that e ) ) ) )
cisplatin adducts are distributed evenly over the activated Ficure 4: Cisplatin adduct formation on three overlapping regions

; (Y ; .~ A (624 bp), B (483 bp), and C (592 bp) of the RARromoter
promoter and that protection from platination in region B is 1943 1y region shown schematically in Figure 1. Primers used are

abolished by promoter activation. listed in Table 1. Cells were treated as in Figure 3. Results represent
the average of triplicate assays.

DISCUSSION o -
The possibility that promoter-specific structural changes

In these studies, we have used a PCR-based assay to deteti¥fluence reactivity with cisplatin is further supported by the
platination on genomic regions encompassing about 1 Kb analysis of subregions of the larger RARromoter frag-
of the RARS promoter, the RAR coding sequence (CDS), Mment, where we see that accessibility to cisplatin increases
the DHFR promoter, and the DHFR CDS in T47D breast over the entire promoter region following activation of the
cancer cells. We see that treatment of these cells witis 9-  Promoter. Furthermore, the accessibility to cisplatin of the
retinoic acid, a treatment that activates the RARRomoter ~ central region of the promoter, including the TATA box and
but not the DHFR promoter, results in a 3-fold increase in RARE appears to be suppressed in the inactive state, and
accessibility of the RAR promoter region to cisplatin (0.4  this suppression is relieved upon promoter activation. In this
+ 0.16 versus 0.12t 0.04 adducts/Kb). In contrast, the case, inhibition of accessibility to cisplatin might be due to
accessibilites to cisplatin of the DHFR promoter, DHFR steric hindrance due to the possible positioning of a nucleo-
CDS, and RAR CDS are not significantly altered by some at or near the start site of transcription. A recent
treatment of cells with @is retinoic acid, and observed analysis of a large set of unrelated RNA polymerase Il
adduct densities remain about-2-fold lower than on the  promoters, both TATA-containing and TATA-less, has
activated RAR promoter (0.1H- 0.07, 0.2+ 0.04, and 0.13  revealed a common bendability profile of DNA just down-
+ 0.06 adducts/Kb, respectively). The activated FBAR stream of the start site of transcription, suggesting that the
promoter appears therefore to be hypersensitive to cisplatinDNA could wrap around protein in a nucleoson#g)( In
adduct formation. Preferential platination of the RAR  addition, the complementary triplet pair, CAG/CTG, shown
promoter relative to the other regions examined could be to correlate with nucleosome positioning7( 28) is over-
attributed only in part to differences in sequence composition, represented in the region just downstream of the transcription
suggesting that structural factors also play a role in directing start site 26). Complexation with nucleosomes near the
adduct formation to certain sites. transcription start site of the inactive promoter might
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therefore impede adduct formation by cisplatin, and displace- certain promoters, as has been shown for a stably integrated
ment or destabilization of nucleosomes by the transcription mouse mammary tumor virus promoter-driven reporter gene
initiation complex might remove this impediment. (40). In this case, cisplatin treatment prior to hormonal
Following transcriptional activation, the RARpromoter induction prevented activation of the reporter gene and
not only becomes more accessible to cisplatin than it was blocked recruitment of the transcription complex to the
prior to transcriptional activation but also appears to bind promoter. (c) By targeting GG dinucleotides, cisplatin may
more cisplatin than would be expected based on sequenceénhibit certain regulatory elements rich in strings of gua-
composition alone. This suggests that some structural featurenosines, leading to selective inhibition of such promot@rs (
of the DNA of the activated promoter might make it an 10). (d) As suggested by our results, cisplatin may target a
energetically favorable site for cisplatin adduct formation. DNA structure generated in the active promoters of certain
One such feature might be an induced bend in the promotergenes, such as the RERgene. Assembled on activated
DNA generated as a result of proteiprotein interactions ~ promoters may be some of the factors needed to trigger
between transcription factors bound to distant sites (see refapoptosis, including the transcription factor p53. Of interest
29for review). Such a bend might provide the stored energy is the recent identification of HMG-1, which is known to
required for strand separation and initiation of transcription, bind to cisplatin adducts, as a specific activator of p&B.(
and this process could be blocked by the formation of a  The differential toxicities of various platinum drugs may
cisplatin adduct. therefore be related to their respective abilities to mimic or
The retinoidsall-trans-retinoic acid (ATRA) and Sis disrupt chromatin structures critical to transcription. Further
retinoic acid (9is RA), as well as several synthetic studies will be required to determine to what extent the
analogues of these natural retinoids, have attracted considerebservations made in this study extend to other promoters
able attention as potential chemotherapeutic agents for theand to other DNA damaging agents.
treatment of promyelocytic leukemid@) and other cancers
(31-33). As ligands for nuclear retinoic acid receptors REFERENCES
(RARq, B3, or y) and retinoid X receptors (RX® 3, or y), 1. Loehrer, P. J., and Einhorn, L. H. (1984hn. Intern. Med
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