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Abstract

Cisplatin, carboplatin, and oxaliplatin are three FDA-approved members of the platinum
anticancer drug family. These compounds induce apoptosis in tumor cells by binding to nuclear
DNA, forming a variety of structural adducts and triggering cellular responses, one of which is the
inhibition of transcription. In this report we present (i) a detailed review of the structural
investigations of various Pt-DNA adducts and the effects of these lesions on global DNA
geometry; (ii) research detailing inhibition of cellular transcription by Pt-DNA adducts; and (iii) a
mechanistic analysis of how DNA structural distortions induced by platinum damage may inhibit
RNA synthesis /n vivo. A thorough understanding of the molecular mechanism of action of
platinum antitumor agents will aid in the development of new compounds in the family.

Introduction

One of the great success stories in the field of cancer chemotherapy is that of cisplatin (cis-
diamminedichloroplatinum(ll), or ¢is-DDP) a curative treatment for testicular tumors.1
Approved by the Food and Drug Administration in 1978, cisplatin is also administered for
several other forms of cancer, including ovarian, cervical, head and neck, esophageal, and
non-small-cell lung cancers.1-3 Only in testicular cancer, however, does the drug reach
greater than 90% cure rates, approaching 100% in early stage cases.4, 5 Treatment can be
limited by toxic side effects, including nephrotoxicity, emetogenesis, and neurotoxicity.1
Resistance to the drug, either acquired or inherent, is also common.6 Two other members of
the platinum antitumor drug family, carboplatin and oxaliplatin (Fig. 1), have subsequently
been approved for use in the United States. Whereas carboplatin and cisplatin are cross-
resistant,7 oxaliplatin has a different spectrum of activity and has become a first-line therapy
for colorectal cancer.8

Since the serendipitous discovery of its antineoplastic activity,9, 10 many research groups
have focused on revealing the molecular details of the mechanism of action of cisplatin and
related compounds. The early steps of triggering cell death by platinum(Il) compounds
involve four stages. They are (1) cellular accumulation by both passive and active uptake;
(2) activation of the platinum(l1l) complex; (3) binding to nucleic acids to form a variety of
Pt-DNA adducts; and (4) the cellular response to DNA damage.11, 12 For years it was
thought that cisplatin entered cells primarily through passive diffusion, owing to data that
showed platinum uptake was neither saturable nor inhibited by structural analogues.13-15
However, a growing body of evidence suggests a role for active uptake by membrane
proteins, such as the copper transporter CTR1, in cisplatin accumulation.16, 17 Cisplatin
activation involves replacement of the chloride ligands with water molecules in consecutive
first order processes, driven by a drop in chloride ion concentration as the compound crosses
the cell membrane.18 The aquated forms of cisplatin bind DNA at the N7 position of purine
bases to form primarily 1,2-intrastrand adducts between adjacent guanosine residues.19 A
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smaller number of interstrand and monofunctional Pt-DNA adducts also form. The DNA
damage leads to disruption of several cellular processes including transcription and
replication. After cell cycle arrest occurs, the Pt lesions are either removed by nucleotide
excision repair or apoptosis is triggered.

Early mechanistic studies led to the formation of several classical structure-activity
relationships.20 In particular, it was hypothesized that an active platinum antitumor complex
should have square-planar geometry, contain two labile leaving groups in a cis
conformation, be neutral to facilitate passive diffusion across cell membranes, and contain
inert amine ligands in the non-leaving-group positions. Since that time, however, many non-
classical “rule-breakers,” including polynuclear platinum compounds,21 platinum(IV)
complexes,22 monofunctional platinum(ll) complexes,23 and compounds with frans
sterochemistry,24, 25 have been discovered with significant ability to destroy cancer cells.

The present article focuses on the DNA binding and cellular processing aspects of the
mechanism of action of platinum anticancer complexes. We first review structural studies of
various DNA adducts that arise from binding different members of the platinum antitumor
drug family. Cisplatin and related complexes bound to DNA have been thoroughly studied
by both X-ray crystallography and NMR spectroscopy, yielding abundant information about
platinum modification of DNA structure. We next describe studies demonstrating that
cisplatin blocks transcription and discuss data that implicate transcription inhibition as a
major pathway involved in cancer cell death. Finally, we discuss current hypotheses
detailing how platinum-DNA adducts block transcription by RNA polymerases and how this
disruption can promote apoptosis through p53-dependent and -independent pathways.

DNA Adducts Formed by Platinum Antitumor Agents

Cisplatin/Carboplatin

Cisplatin forms a spectrum of intra- and interstrand DNA cross-links, which have been
identified both /in vitroand in vivo.26-29 The major adduct, comprising ~65% of total
products, is a 1,2-{Pt(NHs),}2*-d(GpG) intrastrand cross-link. Other minor products include
1,2-d(ApG) (~25%) and 1,3-d(GpNpG) (5-10%) intrastrand adducts, as well as a smaller
number of interstrand cross-links (ICL) and monodentate adducts. Surprisingly, the 1,2-
d(GpA) lesion is not observed either in vitro or in vivo.30 Although carboplatin forms the
same type of adducts as cisplatin, the product profile is markedly different in cells.31 The
major carboplatin adduct identified was c¢/s-[Pt(NH3)2(dG),] (36%), which could arise from
1,3-d(GpNpG) intrastrand cross-links. Minor products included 1,2-d(GpG) (30%), 1,2-
d(ApG) (16%), as well as a small number of interstrand (3—-4%) cross-links and
monofunctional adducts. Because trans-diamminedichloroplatinum(ll) is incapable of
forming 1,2-intrastrand cross-links on DNA,32, 33 and because this complex has
insignificant antitumor activity in cells,34 intrastrand adducts are more likely to be
responsible for the cytotoxicity of cisplatin in cancer cells. Further investigations of
platinum interstrand cross-links revealed no correlation between the frequency of ICL
formation and cytotoxicity, providing additional evidence that intrastrand cross-links are
essential to tumor cell death.35

X-ray structural investigation of Pt-DNA adducts initially focused on platinated di-or
trinucleotides.36—-38 However, it was not until a platinated DNA dodecamer duplex
containing a site-specific 1,2-{Pt(NH3),}2*-d(GpG) intrastrand cross-link was solved by X-
ray crystallography that fine details of the structure of Pt-damaged DNA began to emerge
(see Fig. 2a).39, 40 The X-ray crystal structure revealed that the Pt adduct induces a global
bend in the DNA duplex by 35-40° and unwinds the double helix by ~25°. The major
groove is compacted and the minor groove widened and flattened. The DNA takes on A-
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form properties to the 5” side of the Pt cross-link and a B-form structure on the 3” side of the
1,2-d(GpG) adduct. The roll angle between platinated guanine bases is 26°. This relatively
shallow roll angle results in considerable strain being placed on the Pt-N7 bonds, displacing
the Pt atom out of the guanine ring planes by approximately 1 A each. Subsequent NMR
spectroscopic studies4l, 42 revealed differences between the solid state and solution
structures, which could be traced to crystal packing interactions in the former. The solution
structures showed bend angles of 60-70° and an exaggerated roll of 49° at the 1,2-
{Pt(NH3),}?* d(GpG) cross-link. In addition, the NMR structures contained exclusively B-
form DNA.

Examination of the NMR structures of duplex DNASs containing a 1,2-{Pt(NHs),}2*-d(GpG)
cross-link revealed significant distortion of the DNA base pair step to the 5" side of the
adduct.43, 44 This conformational change is marked by unusually large and positive shift
and slide values, indicating that the platinated base is significantly displaced toward the
major groove. As will be discussed in more detail later, this feature is also present in
structures of platinated DNA containing bound proteins and is believed to be a key
recognition element for proteins that interact with platinated DNA.

In addition to the structure of the 1,2-intrastrand cross-link, that of the 1,3-intrastrand cross-
link on duplex DNA has also been solved by NMR spectroscopy.45, 46 This lesion, a likely
major adduct of carboplatin-DNA binding, distorts double-stranded DNA in a different
manner than the 1,2-d(GpG) cross-link (Fig. 2b). In this structure the duplex is bent by ~30°
and the double helix displays local unwinding and widening of the minor groove, similarly
to features of the structure of the 1,2-d(GpG) cross-link. The 1,3-d(GpTpG) adduct differs,
however, in that base pairing of the 5° G*-C, where the asterisk denotes a platination site, is
disrupted and the internal thymidine of the adduct is extruded from the minor groove.
Although the area of the duplex in the immediate vicinity of the 1,3-d(GpTpG) adduct is
more severely distorted than in the 1,2-d(GpG) counterpart, the global effects of the 1,3-
cross-link on the DNA duplex are more subtle than for the 1,2-lesion, with a less dramatic
bend angle.

The structure of a DNA molecule containing a site-specific interstrand cisplatin cross-link
was solved both by X-ray crystallography47 (Fig. 2c) and by NMR spectroscopy.48 This Pt-
DNA adduct is structurally unique in many ways compared to the intrastrand cross-links. In
the ICL, the {Pt(NHs),}2* moiety binds in the minor groove and bends the helix by 47° in
that direction. The double helix is severely unwound, by 110°, resulting in the two cytosine
bases opposite the bound guanosines to be pointed outward, away from the duplex. As in the
intrastrand cross-links, the Pt N7 bonds are strained, with the Pt atom being displaced from
the guanine ring planes by 0.3 — 0.6 A. Platinum ICLs on DNA also adopt a unique head-to-
tail binding conformation whereby the ligating guanine bases are oriented in opposite
directions.49 Head-to-head binding is observed in all intrastrand cross-links of cisplatin on
double-stranded DNA.

Oxaliplatin produces a similar type of DNA adduct spectrum as cisplatin and carboplatin,
with the difference being that oxaliplatin-DNA lesions contain a {Pt(DACH)}2* (DACH =
trans-R, R-diaminocyclohexane) rather than a {Pt(NH5),}2* group.50, 51 DNA duplexes
containing site-specific 1,2-{Pt(DACH)}%*-d(GpG) adducts have been studied both by X-
ray crystallography52 and by NMR spectroscopy.53 The X-ray crystal structure is very
similar to that of the analogous cisplatin-damaged DNA, with the duplex bent toward the
major groove and the double helix taking on an A/B-form hybrid structure (Fig. 2d). The
NMR solution structure revealed the oxaliplatin-damaged DNA to be mostly B-form, further
emphasizing the effect of crystal packing on the X-ray structure. The solution structure was
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overall very similar to that of DNA bearing a cisplatin 1,2-d(GpG) cross-link, but the global
bend angle was only 31°, compared to 80° for the cisplatin adduct.

Despite the similarity of the oxaliplatin-1,2-d(GpG) structure to that of the cisplatin lesion,
several conformational differences were observed.54, 55 The cisplatin cross-link
preferentially forms hydrogen bonding interactions on the 5” side of the adduct and causes
more structural distortion to the base pair step at the 5" end. Conversely, oxaliplatin forms
hydrogen bonds more readily to the 3" side of the intrastrand cross-link. Particularly
pronounced is an interaction between a hydrogen atom of the NH, group of the DACH
ligand and the O6 oxygen atom of the 3" guanine base.52 This interaction can form only
with the biologically active R,R-isomer of oxaliplatin and not the inactive S,S-isomer. It has
been postulated that these conformational differences between oxaliplatin- and cisplatin-
DNA adducts may be responsible for differences in protein recognition and cellular
processing of the two platinum antitumor compounds.54-56

Non-classical platinum compounds

In addition to cisplatin/carboplatin and oxaliplatin, the DNA adducts of several additional
cytotoxic platinum compounds have been structurally characterized. The first of these
complexes to be investigated was satraplatin, ¢,c,ammine(cyclohexylamine)-
dichlorodiacetatoplatinum(IV), a platinum(IV) complex that reached Phase 11 clinical trials
for treatment of hormone-refractory prostate cancer.57, 58 The axial acetate ligands are
released as the platinum complex is reduced in the bloodstream, and the resulting
platinum(1l) complex binds DNA in a manner analogous to that of cisplatin. Two
orientational isomers form, in which the cyclohexylamine ligand is pointed either toward the
3" or the 5" end of the platinated DNA strand.59 These adducts appear in approximately a
2:1 ratio in favor of the 3”-orientational isomer. The structure of the major isomer of this
asymmetric bifunctional 1,2-d(GpG) adduct was characterized crystallographically on a
dodecamer duplex. c/ssAmmine(cyclohexylamine)platinum(11)-DNA adducts derived from
satraplatin cause the same conformational changes to the double helix as other platinum 1,2-
d(GpG) cross-links (Fig. 2e).60

Recently a cationic platinum(ll) complex containing three inert amine ligands and only one
labile leaving group, cis-diammine(pyridine)chloroplatinum(ll), or cDPCP, was crystallized
bound to a single guanosine residue of a DNA duplex.61 The resulting X-ray crystal
structure provided the first geometric information about an antitumor active monofunctional
platinum-DNA adduct (Fig. 2f).23, 62 This complex inhibits transcription at a level
comparable to that of cisplatin as revealed by /n vitro studies. Like oxaliplatin, it is
selectively taken up by cells bearing organic cation transporters (OCTSs). 61, 63 This
selectivity presents an opportunity for delivery to colorectal tumor cells that express OCT
membrane proteins in high abundance.63, 64 The global structure of cDPCP-damage DNA
is quite different from that of DNA containing a platinum intrastrand d(GpG) cross-link. The
latter platinated duplex is bent by ~40° towards the major groove at the site of the cross-link,
yet the monofunctional platinum—-dG lesion causes no significant distortion of the double
helix. Like the cisplatin intrastrand cross-link, however, the monofunctional adduct creates a
distorted base pair step to the 5 side of the platinum site that may be correlated to antitumor
activity.61

Effects of platinum binding on nucleosome structure

In eukaryotic organisms, ~80% of genomic DNA is wrapped in nucleosomes, which consists
of 146 base pairs of DNA wrapped in a left-handed superhelix around a core of eight histone
proteins.65, 66 It is therefore necessary to consider this component of the cellular
environment when studying the interactions of platinum compounds with their biological
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target. Our lab has used chemical methods to study the structural effects of cisplatin binding
on nucleosome structure and positioning.67-69 Double-stranded DNAs containing a
centralized site-specific 1,2-d(GpG) or 1,3-d(GpTpG) cross-link of cisplatin were
reconstituted into nucleosome core particles and analyzed by hydroxyl radical and
exonuclease footprinting. These investigations revealed that cisplatin intrastrand cross-links
direct nucleosome positioning to a preferred rotational and translational setting, with the
{Pt(NH3),}?* moiety directed inwards toward the histone octamer protein core. This
preferred position overrides that of strong native DNA positioning sequences and occurs in
nucleosomes prepared from both native, containing a variety of post-translational
modifications, and recombinant histones. Studies from another group demonstrated that
cisplatin or oxaliplatin adducts inhibit ATP-independent nucleosome mobility in samples of
nucleosome core particles treated with either drug.70 These data demonstrate that platinum
complexes influence not only the structure of the DNA double helix, but also that of
nucleosomes.

Protein Binding to Platinum-DNA Adducts

A number of proteins have been identified that bind to Pt-DNA adducts with specificity over
unmodified DNA, including those associated with DNA repair, HMG-domain proteins,
transcription factors, and others.11 Within the scope of this review, only proteins that play a
role in eukaryatic transcription will be discussed. Transcription factors that bind Pt-DNA
include human upstream binding factor (hUBF), TATA-binding protein (TBP), and Y-box
binding protein (YB-1). High-mobility group box protein 1 (HMGBL), a very abundant non-
histone chromosomal protein, binds cisplatin-DNA adducts tightly and with selectivity.
HMGBL1 is implicated to play a role in the mechanism of action of cisplatin in a variety of
ways. Structure specific recognition protein 1 (SSRP1), an HMG-domain containing protein,
is a subunit of FACT (facilitates chromatin transcription), which is a critical chromatin
remodeling factor involved in transcription of nucleosomal DNA. SSRP1 was the one of the
first HMG-domain proteins known to bind platinated DNA.

Upstream binding factor

The interaction between HMG-domain proteins and Pt-DNA adducts has been thoroughly
studied.71, 72 One member of this class of proteins, the ribosomal RNA transcription factor
hUBF, binds the cisplatin 1,2-d(GpG) cross-link with a K;of 60 pM, the highest known
affinity of any protein toward a Pt-DNA lesion.73 In an /n vitro transcription assay with
RNA polymerase I, treatment of DNA with cisplatin inhibited ribosomal RNA synthesis by
sequestering hUBF.74, 75

TATA-binding protein

The TATA-binding protein is a critical transcription factor for all three eukaryotic RNA
polymerases (pol I, 11, and 111).76 This protein binds DNA at promoter sites in the minor
groove, bending the double helix toward the major groove and causing a structural change
similar to that of a cisplatin intrastrand cross-link (see Fig. 3a).77 TBP binding to the 1,2-
{Pt(NH3),}?*-d(GpG) adduct is similar to that of a promoter binding in terms of affinity,
with Ky~ 0.3-10 nM. The kinetics are also similar, with relatively slow on and off rates.
TBP binds the 1,2-d(GpG) cross-link of cisplatin better than the 1,3-d(GpTpG) adduct.78

Y-box binding protein

Another transcription factor that binds cisplatin-modified DNA is YB-1, a protein that
recognizes an inverted CCAAT sequence termed the Y-box.79 This protein is important
both for signaling of DNA damage and for cell proliferation. YB-1 binds selectively to 1,2-
d(GpG), 1,2-d(ApG), and 1,3-d(GpTpG) cross-links of cisplatin,80 and is overexpressed in
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the nuclei of cisplatin-resistant cell lines.81, 82 mRNA for YB-1 is increased approximately
6-fold as a response to cisplatin treatment.83

High-mobility group box protein 1

HMGB1 has been implicated to have a regulatory effect on many cellular processes
involving DNA, including chromatin remodeling, recombination, replication, and
transcription.84, 85 The relationship between HMGB1 levels and cisplatin sensitivity is
reviewed elsewhere.11 Interest in the role of HMGBL1, and HMG-domain proteins in
general, in mediating cisplatin cytotoxicity has stimulated much research into the
interactions between the HMG domain and Pt-DNA adducts. HMGB1 contains two tandem
HMG domains, A and B, and a C-terminal acidic tail. The binding affinity of domain A for
the 1,2-{Pt(NH3),}?*-d(GpG) adduct depends on the flanking nucleotide sequence, with Ky
values ranging between 1.6 — 517 nM. The range of binding affinities for domain B is
slightly weaker, between 48 — 1300 nM.86 The full-length protein binds the cisplatin
intrastrand cross-link primarily through the A domain with a dissociation constant of 120
nM.87 HMGB1 also recognizes the interstrand cross-link of cisplatin, with approximately 5-
fold lower affinity.88 The structure of a complex between a 16mer duplex DNA containing
a centralized 1,2-d(GpG) cisplatin intrastrand cross-link and the A domain of HMGB1 was
solved by X-ray crystallography (Fig. 3b).89 The HMG domain binds the adduct in the
widened minor groove to the 3” side of the platinated strand. A phenylalanine residue
intercalates into a hydrophobic notch created by the cisplatin cross-link; binding of the
domain is dramatically reduced when this residue is mutated to alanine. These data provide
insight into the recognition of Pt-DNA adducts by all HMG-domain-containing, and
possibly other, proteins.

Structure specific recognition protein 1

SSRP1 was discovered from expression screening of a human B-cell cDNA library as a
protein that binds to cisplatin modified DNA.72 This protein, along with Spt16, comprise
the FACT heterodimer, which alleviates the nucleosomal barrier to transcription.90 FACT
binds cisplatin globally-modified DNA and the 1,2-d(GpG) cross-link with specificity over
undamaged DNA or DNA treated with frans-diamminedichloro-platinum(11).91 Isolated
SSRP1 did not form a high-affinity complex with cisplatin-DNA adducts, demonstrating the
requirement for Sptl16 in recognition of the platinum damage, but the truncated HMG
domain of SSRP1 did recognize the 1,2-d(GpG) cross-link. The affinity of this critical
transcriptional mediator for cisplatin-DNA damage suggests that binding of SSRP1 and
FACT to platinum cross-links may be important to the mechanism of transcription inhibition
by this drug.

Inhibition of Transcription by Platinum Antitumor Complexes

A key indication that cisplatin-DNA adducts inhibit transcription was uncovered when it
was reported that G, arrest of L1210 leukemia cells was required for apoptosis and that loss
of DNA replication viability did not correlate with cell death.92-94 Prior to these results,
inhibition of DNA replication had been widely considered to be a key to the mechanism of
cisplatin cytotoxicity.95-97 These new data suggested that cells arrested in G2 phase
because they could not synthesize mRNA necessary to pass into mitosis, implicating
transcription inhibition as a critical determinant in the pathway of apoptosis triggered by
cisplatin. Since these reports, numerous systems employing both site-specifically and
globally platinated DNA templates, with both recombinant proteins and living cells, have
been designed to study inhibition of transcription by cisplatin and other platinum anticancer
agents. Taken together, the data clearly demonstrate that the ability of a platinum complex to
block RNA synthesis correlates directly with its efficacy as an antitumor agent.98

Metallomics. Author manuscript; available in PMC 2010 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Todd and Lippard

Page 7

Reconstituted systems

Initial studies of transcription inhibition by platinum antitumor agents utilized DNA
containing site-specific Pt-DNA adducts transcribed by purified mammalian RNA
polymerase 11 (pol I1) and £. coli RNA polymerase (RNAP).99-102 Data from these
experiments demonstrated that 1,2-d(GpG) and 1,2-d(ApG) adducts of cisplatin blocked
both polymerases almost completely when placed on the DNA template strand, whereas
transcription was only slightly inhibited when the lesions were placed on the non-template
strand. The 1,2-{Pt(NH3),}2*-d(GpG) cross-link reduced binding affinity of £. co/i RNAP
and increased the apparent K, of the enzyme by a factor of 4-5.100 Furthermore, 1,3-
d(GpTpG) cross-links of both ¢is- and trans-diamminedichloroplatinum(l1) strongly blocked
elongation by both RNA polymerases.103 Modest inhibition was also observed when the
1,3-cross-link was located on the non-template, or coding, strand. Bifunctional Pt cross-links
were much more effective at impeding transcription progression than monofunctional
cisplatin adducts. Furthermore, arrested transcription elongation complexes were identified
as substrates of the RNA transcript cleavage reaction mediated by TFIIS, indicating that the
stalled elongation complex is not released from template DNA.102 Other studies using
globally platinated DNA probes and T7 or SP6 RNA polymerases showed that transcription
was halted primarily at 1,2-d(GpG) or d(ApG) Pt adduct sites, and to a lesser extent at the
cisplatin ICL locations,104 but no inhibition was observed due to monofunctional adducts of
[Pt(dien)CI]* or cis-[Pt(NH3)2(H,0)CI]*.105 Interstrand cross-links of #rans-DDP were
similarly effective at blocking these enzymes.106

Use of an immobilized DNA template allows for a high degree of control over
transcriptional experiments. Such systems have been utilized in more recent investigations
of RNA polymerase inhibition by Pt-DNA adducts to provide additional mechanistic insight.
In the first of these reports, site-specific 1,2-Pt-d(GpG) and 1,3-Pt-d(GpTpG) adducts of
both cisplatin and oxaliplatin were incorporated into DNA strands that were subjected to
both promoter-dependent and -independent transcription by T7 RNAP in a reconstituted
system.107 All four adducts strongly block transcription by the enzyme, with the oxaliplatin
1,3-d(GpTpG) adduct providing the greatest inhibition, followed by cisplatin 1,3-d(GpTpG),
cisplatin 1,2-d(GpG), then oxaliplatin 1,2-d(GpG) cross-links in decreasing order. It was
also discovered that UTP is incorrectly incorporated into the RNA strand opposite the
platinated guanosine residue and that stalled polymerases can resume transcriptional activity
upon removal of the platinum adduct by cyanide treatment.

Studies in cell extracts and cell culture

Other investigations of platinated DNA templates were performed either in live cells or
using cell extracts. The first such report utilized a plasmid containing a p-galactosidase (p-
gal) reporter gene transfected into HeLa, CHO, or human lymphoblastoid cell lines.108
Transcriptional activity was monitored colorimetrically by addition of the §-gal substrate
ortho-nitrophenol-p-galactoside. Plasmids treated with cisplatin inhibited transcription 2—3-
fold more readily than plasmids treated with frans-DDP. In this system RNA pol Il bypassed
cfs- and trans-DDP adducts with efficiencies of 0-16% and 60-70%, respectively, and
approximately four-fold more #rans-DDP relative to cisplatin was required to block gene
expression by 63%. Transcription of adenovirus major late promoter containing templates
by RNA pol Il in cell extracts was inhibited by treatment with cisplatin in a concentration-
dependent manner.109 Transcription of an undamaged template was also blocked by the
addition of exogenous platinum-damaged DNA, indicating that platinum adducts may
inhibit transcription initiation by hijacking essential transcription factors that bind Pt-DNA
adducts. In the same study it was demonstrated that cisplatin adducts can inhibit
transcription elongation as well. Site-specific 1,2-d(GpG) or 1,3-d(GpTpG) intrastrand
cross-links of cisplatin were introduced into DNA and used as transcription templates. Both
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adducts were efficient blocks of T3 RNA polymerase, and the 1,3-d(GpTpG) cross-link
inhibited transcription elongation by RNA pol 11 by 80%. Interestingly, pol Il efficiently
bypassed the 1,2-d(GpG) lesion, although this bypass may be a sequence-specific result, in
light of other data99, 102 that demonstrate nearly complete inhibition of pol Il by the
cisplatin 1,2-d(GpG) cross-link.

Transcription of immobilized DNA templates containing site-specific Pt-DNA adducts in
HelLa nuclear extracts revealed further details of pol Il inhibition.110 The arrested enzyme
remains stably associated with the Pt damage site and is capable of resuming transcription if
the platinum is removed. In HeLa cell culture, stalled pol Il was ubiquitylated by ubiquitin
ligases at Lys6, Lys-48, and Lys-63. However, only some portion of the modified enzyme
was released from the DNA and degraded by proteasomes; the rest remained stably bound at
the Pt-DNA adduct site.

Data from other studies measuring transcription fidelity in cells correlate well with those
collected from Jn vitro experiments. Treatment of human fibroblast cells with 50 M
cisplatin resulted in a 45% decrease in mMRNA levels and increased expression of p53 and
p21.111 Treatment of mouse tumor cells stably transfected with the mouse mammary tumor
virus promoter (MMTYV) with cisplatin resulted in highly inhibited expression. MMTYV has a
well-characterized chromatin structure, and these experiments determined that, concomitant
with reduced RNA levels, chromatin remodeling and transcription factor binding were also
inhibited.112 These effects were not observed when the cells were treated with frans-DDP.

Transcription-coupled repair of Pt-DNA adducts

Transcription-coupled repair (TCR) is a sub-pathway of nucleotide excision repair (NER)
that allows DNA damage sites recognized by stalled RNA polymerases to be preferentially
removed.113 TCR deficiency in cells has been positively correlated with cisplatin
sensitivity, whereas cells lacking proteins for global NER exhibit typical levels of resistance
to platinum treatment.114, 115 If transcription inhibition is a critical determinant of
cytotoxicity by platinum drugs, then the mechanism by which Pt-DNA adducts elude
transcription-coupled repair must be investigated. However, the TCR pathway in
mammalian cells is not well understood, and there is much still to be learned about the
mechanism of TCR and its role in processing Pt-DNA damage.

The connection between transcription inhibition by cisplatin damage and DNA repair was
investigated using immobilized DNA templates.116, 117 A site-specific 1,3-{Pt(NH3),}2*-
d(GpTpQG) intrastrand cross-link was incorporated into the template DNA to provide an
absolute block to transcription by pol 1l. The fate of the stalled polymerase and repair of the
cisplatin lesion were then examined both in whole cell extracts and in a reconstituted
system. In repair-proficient extracts, the Pt-DNA adduct was removed by dual excision
without release of pol 11.116 The elongation complex stalled at the damage site was stable to
detergent washes, but could be removed in an ATP-dependent process. RNA polymerase |1
containing a dephosphorylated carboxyl-terminal domain was more sensitive to release. In
the reconstituted system, the stalled elongation complex recruited several repair proteins,
including TFIIH, XPA, RPA, XPG, and XPF, in an ATP-dependent manner.117 In the
presence of CSB, the platinum lesion was excised and the RNA polymerase partially
released.

RNA polymerase Il is ubiquitylated in cells in response to transcription inhibition by
cisplatin or UV-damage, or a-amanitin treatment.110, 118 This effect is not observed in
cells deficient in TCR,119 and has been demonstrated in both live cells and nuclear extracts.
These results are consistent with ubiquitylation being an important step in the recognition of
stalled pol Il elongation complexes. Ubiquitylated pol Il was partially released from
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template DNA and degraded by the proteasome, but the rest remained stably bound at the
arrest site. The consequence of pol 1l removal by this mechanism has been debated: one
possibility is that polymerase removal is required to allow access of repair proteins to the
damage site. Another possibility is that degradation of the stalled polymerase triggers an
alternative pathway to TCR.

The Mechanism of Transcription Inhibition of Pt-DNA Adducts

The evidence to date has shown that DNA adducts of platinum antitumor compounds inhibit
eukaryotic transcription and strongly suggests that this process is directly correlated to its
efficacy as a chemotherapy agent. More recently, effort has been focused on establishing the
mechanism of this process. What is the molecular pathway linking formation of platinum-
DNA adducts to disruption of RNA synthesis? Hypotheses about how cisplatin and its
relatives inhibit transcription can be divided into three categories: (1) hijacking of
transcription factors, (2) a physical block of the enzyme, and (3) inhibition at the stage of
chromatin remodeling. These hypotheses are not mutually exclusive; one or more of them
may play a role in the cisplatin mechanism of action. Because previous studies suggest that
platinum anticancer agents block transcription at both the initiation and elongation stages, it
is likely that inhibition occurs by more than one mechanism.

Transcription factor hijacking

According to the transcription factor hijacking hypothesis, Pt-DNA adducts inhibit RNA
synthesis by serving as binding sites for transcription factors such as TBP that have high
affinity for platinated DNA. Interactions with cisplatin adducts prevent these transcription
factors from binding their native promoter sites, thus inhibiting transcription at the initiation
stage. The strongest evidence for this theory comes from the observation that transcription
of an undamaged DNA plasmid in human cell extracts can be inhibited in a concentration-
dependent manner by introduction of an exogeneous cisplatin-modified DNA substrate.109
Furthermore, it was demonstrated that microinjection of TBP into living cells in which
transcription levels had been reduced by either cisplatin- or UV-damage resulted in reversal
of the inhibition.120 A similar but less dramatic effect was observed after introduction of the
basal transcription factors TFIIB and TFIIH. Analysis of the X-ray crystal structures of the
TATA-TBP complex121 and double-stranded DNA containing the 1,2-d(GpG) intrastrand
cross-link of cisplatin reveals strong similarities between the structures of the double helix in
each model (Fig. 3a).120 The bifunctional platinum adduct creates a bent DNA structure
that mimics its protein-bound form. Together these data collectively suggest that
transcription factor hijacking by platinum-DNA adducts prevents the assembly of
transcription elongation complexes at promoter sites and inhibits the initiation of RNA
synthesis.

Roadblock of RNA polymerases

Data from many /n vitro transcription systems indicate that platinum-DNA adducts inhibit to
RNA polymerases at the site of the cisplatin cross-link,102, 107, 117 suggesting that the
DNA adducts serve as a physical impediment to transcription elongation by the enzyme.
Recently an X-ray crystal structure of RNA pol Il stalled at a cisplatin 1,2-d(GpG)
intrastrand cross-link revealed how the DNA damage may inhibit the enzyme.122 In this
structure the Pt adduct is located downstream of the pol Il active site, in the +2/+3 positions
along the template strand; ribonucleotide addition occurs at the +1 position of the template.
Attempts to place the cross-link inside the active site of the elongation complex resulting in
backtracking of the polymerase so that the damage site was again located downstream of the
reaction site. This result indicates that the adduct is not stably accommodated in the +1/+2 or
—1/+1 positions. From these data and from analysis of the X-ray crystal structure, the
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authors proposed that the cisplatin cross-link inhibits pol 1l due to a translocation barrier
whereby the bases in the platinated dinucleotide cannot rotate properly to allow entry into to
the enzyme active site, stalling the protein upstream of the platinum damage site.
Biochemical experiments demonstrated that the elongation complex misincorporates AMP
across from the 3" guanosine of the Pt lesion. The kinetics and manner of this process are
consistent with established nontemplated AMP incorporation known as the “A-rule,”123
which provides more evidence that the Pt cross-link never enters the pol 11 active site.
Stalling is independent of the G-A mismatch, indicating that the translocation barrier arising
from the Pt cross-link, not the mismatch, is primarily responsible of pol Il inhibition.
Finally, the authors demonstrated that if the intrastrand cross-link is introduced and
transiently stabilized upstream of the proposed translocation barrier, then lesion bypass and
revived transcription occurs.

The data discussed above describe a manner by which bifunctional Pt-DNA adducts can
serve as a physical roadblock to pol 1I. This hypothesis may not apply, however, to
monofunctional complexes or any non-classical platinum compounds that do not form
intrastrand cross-links with DNA. We have proposed a related but different theory as to how
certain monofunctional Pt complexes may inhibit transcription.61 We demonstrated that
cDPCP (Fig. 1) has antitumor activity in certain systems and that transcription in HeLa cells
of a plasmid treated with cDPCP is impaired at a level similar to that of cisplatin. Because
only one DNA base is covalently bound by the Pt complex, there is no rotational barrier that
prevents entrance of the Pt lesion into the pol Il active site. We have suggested that, when
the Pt-DNA adduct is in the +1 position, steric interactions between the aromatic pyridine
ligand and a nearby a-helix, termed the “bridge helix,” in the enzyme would change the
conformation of the guanosine base on the DNA template, possibly preventing recognition
by incoming CTP and leading to stalling of the polymerase.124 That monofunctional Pt
complexes lacking an aromatic or bulky ligand cis to the DNA-binding site are typically not
antitumor active is evidence to support this hypothesis,23 because these complexes would
not create such steric interactions with the protein. This mechanism might also apply to
platinum-DNA inter- and intrastrand cross-links.

Disruption of chromatin remodeling

Another possible manner by which cisplatin-DNA adducts may interfere with transcription
could occur at the level of chromatin reorganization. Proper nucleosomal positioning and
mobility are critical to the fidelity of transcription.125, 126 Initial transcription factor
binding occurs at DNA promoter sites that are characteristically nucleosome-free, which
allows the proteins to recognize and bind the naked DNA sequence. As the RNA polymerase
elongation complex subsequently transcribes along the template DNA, upstream
nucleosomes are continually shifted and unwrapped by chromatin remodeling complexes
such as FACT.90, 126 Data on the effects of cisplatin intrastrand cross-links on nucleosome
positioning and mobility suggest that platinum damage can inhibit transcription at both the
initiation and elongation stages by altering the nucleosomal organization of promoter sites
and reducing nucleosome mobility, respectively.

Nucleosome positioning is determined primarily by the intrinsic DNA sequence.65, 127
Research in our lab has demonstrated that DNA containing a site-specific 1,2-d(GpG) or
1,3-d(GpTpG) intrastrand cross-link of cisplatin enforces a characteristic rotational
positioning of the DNA strand around the nucleosome, such that the Pt adduct faces inward
towards the histone core.67-69 This effect, if it were to occur /n7 vivo, could disrupt native
nucleosomal organization and potentially disturb protein recognition of binding sites by
placing a nucleosome at the promoter position.
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In contrast to these results, research from another lab concluded that platinum damage does
not significantly effect nucleosome positioning. In these experiments nucleosome core
particles were treated with cisplatin or oxaliplatin, and both electrophoretic mobility shift
assays and X-ray crystallographic studies of crystals of NCP treated with the drugs indicated
no structural changes.70, 128 The difference between the two sets of experiments is that the
former results describe formation of nucleosomes from site-specifically platinated DNA,
where the position and structure of the adducts are known, whereas the latter involve global
treatment of nucleosomes with cisplatin or oxaliplatin, which will provide a heterogeneous
panoply of adducts. The latter authors suggest that platinum binds nucleosomal DNA in
positions where adducts are most readily accommodated by the nucleosome structure, thus
reinforcing the native positioning preference instead of modifying it. They find, however,
that nucleosomes treated with cisplatin or oxaliplatin have significantly decreased heat-
induced mobility. Inhibited nucleosomal sliding could also inhibit transcription by
preventing access of the RNA polymerase to the DNA template. A similar mechanism has
been proposed for a series of pyrroleimidazole polyamides that bind nucleosomal DNA,
inhibit nucleosomal mobility, and block transcription from a nucleosomal template, but not
from naked DNA.129-132 These polyamides reduce nucleosome sliding through a proposed
blockage of DNA rotation around the histone octamer. Data from this system suggest that
inhibition of nucleosome mobility is sufficient to reduce transcriptional activity. Given that
platinum intrastrand cross-links cause a similar reduction in DNA sliding on the
nucleosome, cisplatin may also block transcription through this twist diffusion mechanism.

From Transcription Inhibition to Apoptosis

Many transcriptional inhibitors have been tested as antitumor agents, including compounds
that bind directly to RNA polymerases133, 134 and agents that block transcription by
inhibiting phosphorylation of pol Il by CDK?9.135, 136 Inhibition of transcription induces a
cellular response leading to the activation of p53, a tumor suppressor protein, through the
ATR kinase.111, 137 Induction of p53 connects blocked RNA polymerase with cell cycle
checkpoints, DNA repair, and apoptosis. After a certain time point, if the transcription block
persists the cells will undergo apoptosis in either a p53-dependent or -independent manner.
The mechanism of this process is not clearly understood, but several pathways have been
proposed, as reviewed in detail elsewhere.137, 138 We briefly discuss them here. In general,
the half-lives of mMRNAs encoding for pro-apoptotic proteins such as Bax or Bid are longer
than for anti-apoptotic proteins such as Bcl-2 or Mcl-1; thus inhibition of transcription over
an extended period of time may adjust the ratios of pro- and anti-apoptotic proteins to
conditions favoring cell death.139, 140 Transcription inhibition may also lead to apoptosis
through either p53-dependent or -independent pathways. The role of p53 in this process is
highly controversial; the p53-dependent pathway may involve translocation of the protein to
mitochondria so that it can bind anti-apoptotic Bcl-2 family proteins and induce cell death.
141 However, other evidence suggests that transcription blockage can induce apoptosis in
cells lacking p53.142-144 A third possibility is that stalled transcription elongation
complexes can block the replication machinery if the polymerase is not removed from the
template DNA prior to cell entry into S phase. Finally, export of certain proteins from the
cell nucleus requires constant synthesis and export of mMRNAs.145 It is therefore possible
that apoptosis may result from inability to shuttle key proteins from the nucleus to the
cytoplasm.

The proposed pathways from inhibition of transcription to apoptosis have not been proved;
more research is necessary to determine whether these processes are involved in cell death.
They are mentioned here in the context of platinum antitumor drug mechanism because a
common characteristic of tumor cells is an impaired ability to undergo apoptosis.146
Resistance of certain cancers to cisplatin has been thoroughly investigated and many
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mechanisms are in play.147 However, one aspect often ignored by the community is that,
although platinum compounds can bind DNA and inhibit replication and transcription, if the
signaling pathway to apoptosis is malfunctioning in the cell, tumor destruction will not
occur. We have initiated preliminary studies involving platinum complexes which, in
addition to binding DNA, can stimulate the induction of apoptosis from mitochondria. We
hypothesize that such complexes may be capable of overcoming this resistance mechanism.

Future Directions

Much progress has been made in elucidating the mechanism of action of cisplatin, one of the
most successful anticancer therapeutics to date. With this information in hand, researchers
can begin to take a rational approach to designing new platinum complexes that specifically
target these pathways. Traditionally the focus of platinum drug design has been to prepare
compounds that form intrastrand DNA cross-links like cisplatin. In the future, research
should focus not on only on forming a certain type of DNA adduct, but on targeting and
manipulating a cellular pathway triggered by the DNA damage. In recent years, the entire
field of cancer research has moved away from general cytotoxic agents and focused more on
targeted therapies, where delivered agents accumulate preferentially in the tumor and spare
healthy tissue.148-151 Many strategies have been devised to synthesize tumor-specific
platinum complexes.152-156 By combining transcription-inhibiting design with tumor-
specific accumulation, researchers should be able to significantly improve the ability of
platinum complexes to treat cancer.
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Figurel.

Chemical structures of platinum anticancer agents. Cisplatin, carboplatin, and oxaliplatin are
FDA-approved for chemotherapy use in the United States. Satraplatin was the first Pt(1V)
complex to reach Phase I11 clinical trials as an orally available platinum compound. cDPCP
is a non-classical, monofunctional platinum complex with anti-tumor activity in colorectal
cancer cells that inhibits transcription /in vitro.
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(d)

Figure 2.
X-ray crystal and NMR structures of double stranded DNA containing adducts of various

platinum anticancer agents. (a) Cisplatin 1,2-d(GpG) intrastrand cross-link (LAlIO). (b)
Cisplatin 1,3-d(GpTpG) intrastrand cross-link (1DAA4). (c) Cisplatin inter-strand cross-link
(1A2E). (d) Oxaliplatin 1,2-d(GpG) intrastrand cross-link (LPG9). (e) Satraplatin 1,2-
d(GpG) intrastrand cross-link (1LU5). (f) cDPCP monofunctional adduct (3C0O3). PDB
accession codes are given in parentheses.
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Figure 3.

Protein recognition and binding to Pt-DNA adducts. (a) Overlay of X-ray crystal structures
of TBP-bound DNA (1TGH, blue) and DNA containing a cisplatin 1,2-d(GpG) intrastrand
cross-link (1AIO, burgundy). (b) X-ray crystal structure of HMGB1 domain A bound to a

cisplatin 1,2-d(GpG) intrastrand cross-link (LCKT). An intercalated phenylalanine residue
plays a key role in substrate recognition. PDB accession codes are given in parentheses.
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Figure 4.

Possible mechanisms of transcription inhibition by platinum antitumor agents. Platinum-
modified DNA can recruit transcription factors to the damage site, preventing these proteins
from binding promoter sites and blocking formation of transcriptional scomplexes. The Pt-
DNA adduct can also serve as a physical block to RNA polymeras-es when the lesion is
located on the transcribed DNA strand. Finally, Pt-DNA adducts can disrupt nucleosomal
structure and/or mobility and block transcription by prohibiting access to DNA by
transcriptional proteins.
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