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Introduction

In spite of its successful use for over 30 years as an
anticancer agent, there is almost no scientific article
dealing with cisplatin (cis-diamminedichloroplati-
num) that does not introduce its research subject
with the words “... but its mechanism of action is
not fully understood...”. When we were students
(some 25 years ago) and first heard of cisplatin, ev-
erything seemed so clear. Cisplatin tightly binds
DNA, bends it locally at the sites of the lesions, and
causes cellular demise by impeding DNA replication;
at that time—we have to admit—we did not dwell
very long on the question of whether it may be the
steric hindrance or the structural distortion, or both,
that brings about the inhibition of DNA replication.
Since then, there has been much discussion in the
literature of whether or not it is the progression of
DNA replication that, when halted by cisplatin ad-
ducts, results in cell death. Although there is un-
doubtedly a strong effect on DNA replication, the
latter may not be the reason but rather (one of) the
consequence(s) of the lethally hit cells. Consider, for
example, that cells proficient in DNA repair are able
to survive despite inhibition of the DNA replication,
whereas DNA-repair-deficient cells die at cisplatin
concentrations that do not inhibit DNA replication.!"
Thus, inhibition of DNA synthesis correlates with the
concentration of drug but not with the different sen-
sitivities of the cell lines. In other words, cell death
does not correlate with inhibition of DNA synthesis.
In fact, cisplatin lesions are not necessarily an insu-
perable obstacle for DNA replication, as several poly-
merases are capable of synthesizing past damaged
DNA sites (translesion synthesis; Figure 1).2

Levels and Potential Causes of Cisplatin

Cytotoxicity and Antitumor Activity

Nevertheless, due to genetic evidence, DNA is the commonly

accepted biological target of cisplatin. Thus, several alterna- [b
tives (or a combination thereof) to the stopping of DNA repli-
cation were suggested as the causes for cell decay, all of which
centered around DNA (see Figure 1). For example, titration of
essential DNA-binding proteins away from their natural sites of

ChemBioChem 2005, 6, 1157-1166 DOI: 10.1002/cbic.200400427 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

" C_i_s platin

CELL

= E
] .':'__ CYTOPLASM
£33 y NUCLEUS
DNA TTTCITTI T I T T O T T T T
o . ' - * o *
2 * 4 'Sensing {6 Poor 17 .Cam
DNA damage recognition (HMG)
| / (.a-? v Iprocessing
1 _‘Repair—‘*"; Inactivation Futile M‘N
. + repa cycles o,
Blocking /Enhanced :fm": <f§}{“m B ornmd\%
reagents repair k — 312 gufficient
Uhiattone (NER) | Signal transduction x.n repair
13,
Inhibition " MAY AFFECT: Trans- ~
of DNA | & 5. +Localization lesion
replication; ~ of DNA binding syn-
growth proteins thesis
arrest = Function
D ; h 1 of telomeres
cwnreginoy » Transcription
ofrepaur<16>
: h 4
Mutagenic tolerance,
¥ Survival/Resistance Apoptosis gg:g:jary cancers

Figure 1. Cisplatin’s fate, the levels of its action, and the possible biological outcomes
(simplified). The potential degree of cytotoxicity of cisplatin is reduced by its reflux rate
(1) and its detoxification by agents containing thiol groups (2). Cisplatin (in which the
chloride ligands were replaced by water) reacts with the DNA upon entering the nucleus
(3). DNA damage may be recognized by different sensors (4) and may be repaired (5),
thereby enabling survival of the cell. Moreover, enhanced or altered repair may lead to
resistance against cisplatin. Inefficient recognition and/or processing of the “naked” (6) or
the masked (7) adduct, or inactivation of the repair/processing enzymes (8) or unsuccess-
ful trials of repair (9), in the case of fine recognition, all lead to repair failure (10). Unre-
paired lesions may be bypassed by DNA polymerases (11) that may incorporate inappro-
priate nucleotides opposite a cisplatin adduct, ultimately resulting in manifestation of
mutations and cell transformation. In general, poor repair will lead, either directly by com-
ponents of the repair system themselves (12) or indirectly by interference with cellular
processes (13) through signal transduction within the nucleus and in the cytoplasm, to
two possible outcomes: Inhibition of DNA replication and growth arrest (14) to give the
cell another chance to repair the damage, after which the cell resumes proliferation or,
alternatively, when there is excess DNA damage, to programed cell death (15). In the case
where the cell decides to die, further energy-consuming repair is actively suppressed
(16), in order to preserve the cell's energy for the apoptotic program.

[a] Prof. Dr. H. Zorbas

Max-Planck Institute of Biochemistry

Am Klopferspitz 18, 82152 Martinsried (Germany)
Fax: (+49) 89-899-67940

E-mail: zorbas@bio-m.de

Prof. Dr. H. Zorbas

Bio" AG

Am Klopferspitz 19, 82152 Martinsried (Germany)
Prof. Dr. B. K. Keppler

University of Vienna, Institute of Inorganic Chemistry
Wahringer Strasse 42, 1090 Vienna (Austria)

a

1157



BIO

action by DNA sites bearing adducts of cisplatin,®'? futile
cycles of the mismatch repair (MMR) system,"? interference
with telomere replication and/or function," and general™ or
specific inhibition of the transcription of particular genes!®'”
have all been suggested.

The above enumeration addresses different levels and pa-
rameters through which cisplatin may operate, for example,
the kind and persistence of DNA
adducts, the structural distortion

of the DNA, susceptibility (or HGN\P/C' HaN
lack thereof) to DNA-repair /t\

. . . HsN Cl
mechanisms, interference with

synthetic processes of DNA (that
is, DNA replication or transcrip-
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sine—phosphate—guanosine) (1,2-d(GpG)) intrastrand cross-link,
that brings about local DNA untwisting and strong bending
was suggested to be the principal cause of cytotoxicity.”** In-
tense efforts led to the development of structural “rules” and
to noteworthy, clinically relevant cisplatin derivatives, including
carboplatin, oxaliplatin, and nedaplatin®*! (see examples in
Scheme 1). However, these “rules”, which emerged by trial and
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tion in the cell (dependent on
the concentration and potency
of cytoplasmic blocking re-
agents), its reactivity with DNA
under nuclear conditions, and the
availability of signal-transduction
components of the cell-death machinery, that is, of apoptosis.”
However, no theory revealing the reason for the cytotoxicity of
cisplatin has prevailed so far, presumably because all of these
parameters may contribute to a variable extent and at different
levels.

In addition, besides the causes directly concerning cytotoxici-
ty, there are other not conclusively answered questions regard-
ing the biological action of cisplatin; for example, why is the
cytotoxicity of cisplatin up to several orders of magnitude
stronger against malignant cells than against nontransformed
cells?® And furthermore, why is the antineoplastic effect of
cisplatin restricted to certain tumor types (for example, testicu-
lar cancer)? Maybe the distinct targeted cells/organs differ in
one or more of the parameters mentioned above (or in other
characteristics not yet detected), thereby rendering them dif-
ferentially susceptible to cisplatin. These issues pose additional
levels of complexity in the cisplatin story. Hence, research into
these unresolved but intriguing aspects is still feverishly ongo-

ing.

top to bottom).

Improving Parental Cisplatin

Obviously, matters have become more knotty than they
seemed to be some decades ago. Nevertheless, despite our
general ignorance with regard to the precise molecular mecha-
nisms of cisplatin, significant progress has been made concern-
ing important structural parameters that may influence, for ex-
ample, the potency, organospecificity, and side effects of cis-
platin. The main DNA adduct of cisplatin, the 1,2-deoxy(guano-
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Scheme 1. Chemical formulas of cisplatin, of some successful cisplatin analogues (carboplatin, oxaliplatin, nedapla-
tin), and of two promising derivatives in advanced clinical studies (satraplatin, BBR3464; from left to right, from

error, are rather empirical and several exceptions to them have
been reported, such as unexpected active derivatives forming
solely monofunctional adducts® and the activation of the
trans geometry of diamminedichloroplatinum.?” Therefore,
there is still a strong need to try and comprehend the underly-
ing molecular mechanisms of cisplatin action, particularly if
one wishes to develop novel, better derivatives on a rational
basis.

Central Lessons from Cisplatin Research and
Application

Out of the seemingly confusing information about the respon-
sible mechanisms of cisplatin cytotoxicity, two clear points
emerged as a minimum common basis from the study of cis-
platin and of other active, as well as inactive, platinum com-
plexes. Firstly, in order to be cytotoxic, platinum complexes
have to react with and persist on DNA; it is not (solely) the
high reactivity of a compound that renders it cytotoxic be-
cause fast repair of DNA adducts leads to a compound’s inacti-
vation. Secondly, accumulating evidence suggests that persist-
ing adducts of cisplatin (and of other effective cisplatin ana-
logues or derivatives) may operate by an active mechanism to
kill the cell, rather than by mere passive pathways, that is, im-
pediment of or interference with synthetic processes of DNA
leading to cell muddle. In other words, an active DNA adduct
must elicit signal transduction from the damaged DNA to the
cell-killing machinery.?®?
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These upshots led us to appreciate that the most crucial fea-
tures for a DNA adduct to be cytotoxic are, first, the ability to
efficiently escape the DNA repair system(s) and, second, the
ability to activate sensors that may translate the DNA damage
into a cell-death signal. Recently, two noteworthy papers ap-
peared®**" addressing these two key items. These reports con-
firmed old players and pathways of the cellular responses to
cisplatin and revealed unexpected new ones.

Identification of Cellular Proteins Interacting
with Cisplatin DNA Adducts

In the past, Lippard and co-workers had identified a high-mo-
bility group (HMG) domain protein that is able to interact with
DNA at the site of the major cisplatin adduct, the 1,2-d(GpG)
intrastrand cross-link. HMG-domain proteins are nonhistone ar-
chitectural constituents of chromatin that interact with DNA
curvature and thus may be attracted by the profound DNA
bend caused by this adduct. They do not interact with the cis-
platin adduct directly. The “genetic screen” applied at that
stage, however, cannot identify any “natural” proteins able to
interact with cisplatin-modified DNA, for example, only after
posttranslational modifications. To reveal the true events at the
site of modification, it is reasonable therefore to search for pro-
teins in their native form, that is, the form in which they exist
inside the cell. Hence, in a recent communication published in
the Journal of the American Chemical Society, Lippard and co-
workers applied photoaffinity labeling in the isolation and
identification of native nuclear proteins from Hela cells that
could interact with the 1,2-d(GpG) cross-link.*” Affinity labeling
is a classic biochemical method used, for instance, to identify
important residues at the active site of an enzyme. In this
method, a reactive substrate analogue is administered to an
enzyme. Due to its affinity to the active site, this analogue
binds to it and reacts covalently with a residue within the
active site, thus stably labeling and marking it; this facilitates
its identification by subsequent methods. Photoaffinity labeling
is a variant of the method, in which the substrate analogue
only becomes reactive after irradiation. In their work, Zhang
et al. succeeded in labeling (and later identifying) proteins in-
teracting with a 1,2-d(GpG) cisplatin adduct. To this end, these
investigators tethered a derivatized cisplatin bearing a photo-
reactive benzophenone moiety through a (CH,)s linker to the
single central d(GpG) of a double-stranded oligodeoxyribonu-
cleotide (25 mer; “oligo”). This oligo was equipped with two
other useful modifications, radioactive end labels and/or a
biotin group at one of the 3’ ends.

To check for a) a cisplatin-authentic structural distortion and
b) the capacity of benzophenone to capture, upon irradiation,
proteins intimately associated with the 1,2-d(GpG) lesion,
Zhang et al. first incubated the modified oligo with HMG-box
protein T (HMGB1) or HMG-domain derivatives, that is, poly-
peptides known to interact with the genuine 1,2-d(GpG) cispla-
tin adduct. After irradiation at 365 nm, the expected covalently
joined protein-DNA complexes could be detected by autora-
diography as mobility-shifted bands in a sodium dodecylsul-
fate (SDS) PAGE gel, a result attesting to the validity of the
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method. In an analogous manner, the oligo was incubated
with Hela total nuclear extract and irradiated; several resulting
covalent protein-DNA complexes held together by the cispla-
tin-spacer-benzophenone chain were separated and visualized
by autoradiography in an SDS PAGE gel.

To identify the bound proteins, the steps were repeated on
a large scale and protein-DNA complexes were enriched by a
procedure involving streptavidin-coated magnetic beads that
largely removes noncovalently bound proteins. DNA-cross-
linked proteins were then separated by SDS PAGE and identi-
fied by one or more of three methods: a) by mass spectrome-
try after transfer out of the gel matrix, b) by Western blotting
and detection with selected antibodies, or c) by the demon-
stration that, after photo-cross-linking, the protein species
from the Hela extract comigrated with individual purified pro-
teins in an SDS PAGE gel.

Involvement of HMG-Box Proteins and PARP in
Cisplatin Action

Among other, as yet unidentified proteins, HMGB1, HMGB2,
and poly(adenosine diphosphate-ribose)polymerase-1 (PARP-1)
were found to have been cross-linked to the cisplatin lesion. In
addition, in the particular case of PARP-1 the identity of this
protein could also be unequivocally confirmed by its specific
enzymatic reaction: PARP-1 catalyzes the transfer of several ad-
enosine diphosphate-ribose (ADP-ribose) molecules from the
nicotinamide adenine dinucleotide (oxidized form; NAD") onto
itself whenever it encounters DNA discontinuities or other
DNA damage.®? Indeed, addition of NAD™* prior to photo-
cross-linking to the Hela extract (or to pure PARP-1 as a posi-
tive control) yielded more slowly migrating (larger) cross-linked
species in an SDS PAGE experiment, a result indicative of the
autopoly(ADP-ribosyl)ation of PARP-1.

HMG-box proteins have been repeatedly suggested in the
literature as an aid for DNA lesions to escape repair. DNA ad-
ducts of cisplatin, particularly the 1,2-d(GpG) adduct, may
resist repair and persist on DNA®2233334 due to several rea-
sons. These include: a) inactivation of repair proteins by cross-
linking,®” b) recognition but incapacity of repair proteins to
cope with the lesion, for example, in futile cycles,"® c) poor
recognition and/or meager concomitant processing of particu-
lar lesions by repair proteins,”¥ and d) “camouflage” of lesions
by proteins that recognize, bind, and protect them from effi-
cient repair. It is this last category to which the HMG-box pro-
teins are supposed to belong. This scenario has been support-
ed with a large body of biochemical and genetic evi-
dence.l'#3¢4% Thus, although this finding in the recent paper™”
is not novel but is actually expected, it strengthens the evi-
dence by demonstrating again a direct association of “natural”
HMG-box proteins with the major cisplatin lesion. However,
this concept still does not address the question of whether
HMG-box proteins bound to cisplatin lesions may also consti-
tute a signal for cell death.

The second associated protein found, PARP-1, and poly(ADP-
ribosyl)ation are involved in virtually all dynamic DNA process-
es, that is, replication, transcription, repair, and recombina-
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tion.®? With regard to repair, activation of PARP-1 has been
previously associated with DNA lesions that can be handled by
the base excision repair (BER) system. Although PARP-1 was
thought until recently to have an absolute requirement for
DNA strand breaks in order to become enzymatically active,
more recent data™" also implicated this protein in the repair of
other types of lesions void of DNA breaks, that is, pyrimidine
dimers, and known to be removed by a different repair
system, that is, nucleotide excision repair (NER); NER is also re-
sponsible for the repair of cisplatin adducts. Thus, this finding
of Zhang et al. is consistent with earlier results, in which cispla-
tin was reported to effect major poly(ADP-ribosyl)ation in the
treated cells."? Moreover, sensitivity to cisplatin was shown to
increase by treatment of the cells with PARP-1 inhibitors.?
Hence, the report of the physical association of PARP-1 with
the 1,2-d(GpG) cisplatin adduct may well be in line with a role
of PARP-1 in the repair of this adduct.

PARP-1: Abolition or Boosting of Damage?

However, the interpretation of the PARP-1-related findings of
Zhang et al. might be more complex. Association of PARP-1
with a DNA lesion is normally very short due to rapid autopo-
ly(ADP-ribosyl)ation and repellence of PARP-1 from the DNA.
Lagueux et al. found that the rate of catalysis (k) of PARP-1
had already decreased by 25 % after 1 min of reaction, probably
due to a decrease in the affinity of PARP-1 for DNA."¥ Hence, it
is striking that in the experimental set up of Zhang et al. auto-
poly(ADP-ribosyl)ated PARP-1 was still sitting on the DNA and
was almost quantitatively captured by cross-linking, which fol-
lowed 30 minutes after incubation with NAD*. One would
assume that there would have been enough time for PARP-1
to at least partially dissociate from the DNA before cross-link-
ing occurred. Several interpretations are possible. For instance,
further operations at the 1,2-d(GpG) cisplatin adduct could
have been stalled at the autopoly(ADP-ribosyl)ation step of
PARP-1 (no dissociation) because of insufficient modification. It
is known that the degree of poly(ADP-ribosyl)ation varies with
regard to the particular DNA lesion. Accordingly, this state
could also mirror a physiological situation, in which an undis-
sociated PARP-1 would result in protection, not repair of the
lesion (similar to the suggested action of HMG-box proteins).
In fact, PARP-1 does not participate directly in the repair pro-
cess, which begins only after heavily poly(ADP-ribosyl)ated
PARP-1 has dissociated from the lesion.®**! In this context,
PARP-1 has been suggested to shield damaged DNA sites, for
example, strand breaks, from recombination®** until down-
stream effectors have been recruited and/or activated. Incapac-
ity of PARP-1 to dissociate would impede the next steps of
repair, and further processing of the 1,2-d(GpG) cisplatin
adduct might thus get stuck at this level. Accordingly, shield-
ing of the 1,2-d(GpG) adduct by PARP-1 with concomitant
escape from repair would indeed be more consistent with the
claims that this lesion is a bad substrate for NER®? rather
than the theory of PARP-1 marking (or preparing) this lesion
for repair.
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Moreover, PARP-1 may be able not only to interfere with the
repair of particular lesions but also to operate itself as a trigger
for a cytotoxic response. Overactivation of PARP-1, for example,
due to heavy DNA damage, may bring about the demise of
the cells by necrosis due to NAD* and adenosine triphosphate
(ATP) depletion.®? A proapoptotic signal may result from less
profane causes, that is, through the p53 pathway. There is
clear evidence supporting a role of PARP-1 in the activation of
p53, either by directly modifying the functional properties of
the latter or by recruiting the protein to damaged sites of
DNA.BZ On the other hand, it is known that activated p53, trig-
gered by cisplatin lesions, may lead to apoptosis, for example,
by transcription of the proapoptotic Bax protein.*® An apop-
totic response of the cell after the interaction of components
of a repair system with cisplatin lesions is well established for
MMR proteins.=?

The possible additional roles of PARP-1 supposed here,
either interfering with repair or even actively promoting apop-
tosis after binding to the 1,2-d(GpG) adduct, are not at odds
with other findings mentioned above that favor prosurvival ef-
fects instead. First, results from studies with PARP-1 chemical
competitive inhibitors (as well as from similar approaches like
negative dominant or nutritional inhibition) must be interpret-
ed with great scrutiny. Inhibitors, especially at high concentra-
tions, are usually not monospecific; characteristically, at least
one of the recently discovered nonclassical PARPs is also sensi-
tive to 3-aminobenzamide, which is often used in PARP-1 in-
hibition studies. Moreover, inhibitors competing with NAD* do
not hinder PARP-1 from binding to DNA lesions but instead
hold back its dissociation from the DNA, thus prolonging sur-
vival of genotoxic lesions. Hence, the cytotoxicity of these inhib-
itors may erroneously suggest a requirement of PARP-1 for
repair, although it is just the repair enzymes that are prevented
from having access to the DNA lesions. Nevertheless, the re-
quirement of PARP-1 in repair, at least in BER, could be un-
equivocally demonstrated by knock-out mice.”® However, the
effect of cisplatin on these animals has not been checked yet.
PARP-1 might well play a role in NER too, yet it might aid the
removal of cisplatin adducts other than the reluctant 1,2-d(GpG)
adduct, adducts which are more easily repaired.”**' Further-
more, it is clear that the precise action of PARP-1 may depend
on several additional factors. For example, it was shown previ-
ously that, after treatment of cells with methylnitrosourea,
PARP-1 played a role mainly in the repair of nontranscribed
genes, presumably serving to expose DNA to (base excision)
repair enzymes through chromatin remodeling.** In the report
of Flohr et al.,"" PARP-1 was claimed to be actively involved in
repair of DNA lesions (set at very low, noncytotoxic levels) han-
dled by NER, but only when a functional Cockayne syndrome
complementation group B (CSB) protein was present. CSB, on
the other hand, is known to be essential in transcription-cou-
pled repair, which also removes cisplatin adducts.*® Thus,
PARP-1 may appear important for particular repair processes
under certain conditions but not under others. In conclusion,
the outcome of the PARP-1 action, that is, repair or no repair,
may depend inter alia on the specific damaging agent, on the
particular repair system with which PARP-1 cooperates, and on
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the genetic background of the cell. This notion may shed
some light on the burning question of the apparent differential
susceptibility of cells to cisplatin (see above). For these rea-
sons, the detected physical association of PARP-1 with the 1,2-
d(GpG) cisplatin adduct™ does not necessarily signify repair of
this adduct through PARP-1 assistance. Be that as it may, it is
to the credit of Zhang et al. that they obtained direct evidence
for a probable involvement of PARP-1 in processing the main
cisplatin lesion. Their finding will undoubtedly instigate further
exciting research.

Further Protein Candidates Interacting with
Cisplatin Lesions

What other proteins might have been cross-linked to the 1,2-d-
(GpG) target? Besides the described species, other proteins are
known to interact in vitro and/or in vivo with cisplatin-dam-
aged DNA, for example, histone H1,"" and with the 1,2-d(GpG)
lesion in particular, for example, transcription factor UBF®'”
and the TATA binding protein (TBP).*” HMGB1, HMGB2, and
PARP-1 are abundant proteins; for example, one million mole-
cules of the latter are found in mammalian cell nuclei.* Al-
though UBF and TBP are more rare species, they interact with
the 1,2-d(GpG) cisplatin adduct with a much greater affinity
than HMGBI1: their dissociation constants at equilibrium
amount to ~60 pm"” and 300 pm,°*® respectively, in contrast
to the value of ~100-600 nm observed for HMGB1.5%*") There-
fore, these known proteins may be found among the few re-
maining predominant cross-linked bands. In addition, other
proteins interacting with structured DNA (for example, topo-
isomerases or cruciform binding proteins) may also have been
captured by the method used and may be identified. In con-
trast, we do not expect proteins proposed to initiate the NER
response by recognizing or binding single-strand DNA regions,
for example, replication protein A (RPA),***¥ to be among the
identified species, since the 1,2-d(GpG) cisplatin adduct is
known not to perturb the double-strandedness of DNA. On
the other hand, recombinant human RPA was indeed shown to
bind to a duplex DNA containing a single site-specific 1,2-d-
(GpG) cisplatin adduct with a 4-6-fold increased affinity, as
compared to an undamaged control DNA with an identical se-
quence.™ However, single-stranded DNA seems to be a pre-
requisite for high-affinity binding of RPA to duplex cisplatin-
damaged DNA.®"%2

Weaknesses of Affinity Chromatography for
the Identification of Interacting Partners

What is the physiological relevance of the approach of Zhang
etal.? In fact, by this, as well as by related methods,®” only
abundant and/or quite strongly binding proteins can be identi-
fied. Rare or rather weakly binding species might elude detec-
tion. In addition, since the native compartmentalization of the
nucleus is abolished, the identified proteins only reflect a pool
of possible, but not necessarily actual, interactions. Further-
more, due to the inclusion of the strong detergent SDS for the
separation of the cross-linked complexes by PAGE, proteins as-
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sociated with the latter by noncovalent bonds also evade de-
tection. Thus, potentially valuable information about the ensu-
ing steps and signaling pathways might get lost. Perhaps a
modification of the approach, for example, by blue native elec-
trophoresis,®**? would preserve this information. These con-
templations and suggestions can still be implemented. Mean-
while, the method introduced by Zhang et al. may provide an
orientation point at which to start when proteins interacting
with cisplatin lesions are to be isolated.

Involvement of DNA-Dependent Protein
Kinase in Cisplatin Action

The second paper that appeared in April 2004 in the Proceed-
ings of the National Academy of Sciences U.S.A.B" amazed the
cisplatin community with an entirely novel concept of cisplatin
action, which at the same time underscores the “active” mode
of cell killing by this drug.

The DNA-dependent protein kinase (DNA-PK) complex had
been previously shown to bind to cisplatin-damaged (linear)
DNA in vitro by a method similar to that of Zhang et al.*”
DNA-PK is instrumental in transducing signals from damaged
DNA to repair factors. In particular, DNA-PK is involved in reuni-
fication of DNA double-strand breaks (DSBs), caused, for exam-
ple, by ionizing radiation, through a kind of illegitimate recom-
bination, dubbed nonhomologous end joining (NHEJ); in addi-
tion, it seems to play a role in senescence, in the structure of
chromosomal ends,® and in DNA replication and transcription,
as well as in growth control by transducing signals to other
cellular components (for example, of the cell cycle or the
apoptotic machinery).®”” DNA-PK consists of the two DNA-
binding Ku polypetides, Ku70 and Ku80, and the catalytic
serine/threonine kinase subunit, DNA-PK_; the latter is a
member of the phosphatidylinositol 3 (PI3) kinase related
family, to which ataxia telangiectasia mutated (ATM) and ATM-
and Rad3-related (ATR) proteins, two more central players in
DNA-damage signaling, also belong. The DNA-PK activity that
binds in vitro cisplatin-damaged DNA (“damaged-DNA recogni-
tion protein-1”, DRP-1) was purified and shown to be the Ku
subunits (Ku heterodimer).® In order to check the function of
DNA-PK in cisplatin-damage processing in vivo, Jensen and
Glazer examined the response of immortalized mouse or ham-
ster cells deficient in components of the DNA-PK complex
(Ku80 or DNA-PK_) to one hour of treatment with cisplatin.®"
Surprisingly, they obtained an unexpected phenotype of the
mutant cells. At relatively low cell densities there was no differ-
ence in sensitivity to cisplatin between mutant and wild-type
cells (or mutant cells complemented with the respective func-
tional protein). This would signify that DNA-PK is irrelevant for
cisplatin damage and that its isolation by affinity chromatogra-
phy on cisplatin-damaged DNA®? would have been fortuitous
and/or without physiological relevance. However, when cells
were grown at 30-60-fold higher density than the populations
behaving indifferently, Ku80~'~ or DNA-PK., "~ cells were in fact
more resistant to cisplatin than their wild-type counterparts.
This suggested that under conditions of high-density growth,
DNA-PK may be a factor that sensitizes wild-type cells towards
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cisplatin, for example, by exerting a shielding function on cis-
platin adducts against repair (like HMG-box proteins; see
above) or by transmitting a death signal from cisplatin
damage to the apoptotic machinery (like MMR proteins; see
above), or both. With regard to the first possibility, Jensen and
Glazer proved that the unexpected higher sensitivity of wild-
type cells towards cisplatin was dependent on an unimpaired
kinase activity of DNA-PK. Thus, mere shielding of cisplatin le-
sions by binding of DNA-PK to damaged DNA would not suf-
fice as an explanation for the observed sensitivity of wild-type
cells. Hence, DNA-PK must be able to actively trigger cell
death.

Transmission of a Cisplatin-Originated Death
Signal to Neighbors through Gap Junctions

So, why was the increased sensitivity towards cisplatin of wild-
type cells relative to DNA-PK mutants only perceived at high
cell density? Obviously, a sort of communication may have
been required that was only possible between cells grown in
close proximity and that failed between dispersed, single cells.
Three modes of intercellular communication over short distan-
ces are known: a) the paracrine mode, for example, through
soluble cytokines or neurotransmitters, b) ligand-receptor in-
teractions between cell surfaces, for example, at the immuno-
logic synapse; and c) through gap junctions (gap-junction-
mediated intercellular communication, “GJIC"), which are tiny
channels built between and by two cells that allow the ex-
change of small molecules, that is, ions, metabolites, or secon-
dary messengers of signal transduction. Jensen and

Glazer could demonstrate that, for the presumed in-
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intercellular killing) were killed, whereas this amount increased
to about 95% with GJIC-positive cells (susceptible to intercellu-
lar cell killing). Thus, a substantial portion of wild-type cell
demise (about one third) was supposed to be due to intercel-
lular cell killing, which makes this phenomenon an important
factor of cisplatin action.

Theoretically, at least two possibilities exist to explain the in-
creased sensitivity of wild-type cells caused by gap junctions.
Contact of the two hemichannels (“connexons”), each one on
an adjacent cell, may elicit a mutual potentiation of the death
signal generated within the same cell by an (unknown) out-
side-in signaling mechanism or it may result in an inside-out
transmission of the death signal generated in each cell to its
neighbor. Jensen and Glazer demonstrated inside-out direc-
tionality of a death signal released by a sensitive cell to its
neighbor by showing that wild-type cells (sensitive) mixed
with Ku80™~ mutants (more resistant) and, grown at a cisplatin
concentration of 5 ugmL™", could sensitize the mutants to an
extent that was dependent on the ratio of sensitive to resistant
cells. In order to receive the death signal from a sensitive cell,
the gap junctions of the recipient were required to be intact
(Figure 2).

Significance of the Results of Jensen and
Glazer

In general, signal transduction through gap junctions is well
documented.®®7? Moreover, transmission of a growth-inhibition
signal or a death signal from dying cells to unsuspecting

tercellular communication, gap junctions were re- Cisplatin . o ~veE cELL CismatinMUTANTCELI_(KuBD'-")
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the propagation of the “entire” death signal to . — Y Y
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neighbors and that additional pathways (through cy-
tokines or receptors) play no or only a marginal role.
The absence of paracrine signaling was also largely
corroborated by a separate experiment.

By comparing the number of cell survivors at
a given cisplatin concentration, for example,
10 ugmL™', Jensen and Glaser determined that
about 60% of GJIC-negative cells (resistant against

1162

Figure 2. Simplified scheme and open issues (denoted by question marks) of the novel
mechanism of cisplatin action suggested by Jensen and Glazer. A condensed “classical”
cytotoxic pathway is depicted for lucidity. A signal in a wild-type cell generated by DNA-
PK recognition of a cisplatin—-DNA lesion is transmitted to a neighboring cell (a Kug0~/~
cell is shown here) through a gap junction (drawn here in section), thereby eliciting a
death signal in the latter cell. The signal-transmitting molecule, the signal-transduction
pathway, and the reason for the (implicit) “self-immunity” of the assassin cell are not
known. (See the text for further explanations.)
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neighbors through gap junctions has also been described in
the literature,”>”" including the well-known “bystander” phe-
nomenon. The latter is the production both in vitro and in vivo
of transmissible, cell-to-cell effects, for example, genotoxic
damage, between hit and nonhit cancer cells individually
exposed to ionizing irradiation”®®* or to chemotherapeutic
agents.® So, what then is the new dimension in the study of
Jensen and Glazer? It is the fact that decay of cells due to in-
tercellular communication and collateral injury was also shown
for cisplatin. Jensen and Glazer firmly established that gap
junctions mediate a considerable portion of cell killing by cis-
platin and that this commences at the DNA level by DNA-PK
signaling. This also provides an explanation for the earlier ob-
servation that cisplatin potentiated the effects of forced ex-
pression of connexin26 and vice versa,”” a fact suggesting
that cisplatin may synergize with gap junctions to promote
cell death.

The results of Jensen and Glazer are of twofold benefit. First,
they add to our understanding of the differential susceptibility
of cells to cisplatin; for instance, tumor cells (growing at high
density in tissues) that are or become resistant to cisplatin may
do so, at least in part, by losing their gap junctions. In fact,
some cancerous tissues have been found to downregulate ex-
pression of connexin genes,”>®” a process which may render
these tissues resistant to the cisplatin regimen. Second, this
knowledge may inspire adjuvant cancer therapy on a more ra-
tional basis, that is, by (pharmacological or gene-therapy-
aided) reexpression in cancerous tissue not only of the tumor-
suppressing connexin genes as suggested”>”>® but also of
DNA-PK in combination with cisplatin treatment.

What Might Be the Signal Mediator?

What might be the, so far unknown, signal entity that traverses
gap junctions of cisplatin-treated cells? Only molecules of
<1 kDa are allowed to pass the tiny opening. In other reports
of GJIC, Ca’t ions” cyclic adenosine monophosphate
(cAMP),8" and mediators of oxidative stress® have been dis-
cussed. However, Ca’* ions may be precluded as possible mes-
sengers in the work of Jensen and Glazer, since the GJIC inhibi-
tor oleamide, which selectively restricts gap junction permea-
bility to Ca** ions,”¥ was able to reduce cell death of wild-
type cells grown at high density down to that of wild-type
cells grown at low density. Moreover, “stretched” macromole-
cules may also come into consideration. Consider that, in an
unfolded state, proteins can get through the mitochondrial
membrane through translocases. However, newly synthesized
proteins are less likely to mediate this intercellular communica-
tion, since the transmission of the death signal occurred rapid-
ly (within 30-60 minutes). In addition, double-stranded RNA,
for example, small interfering RNAs (siRNAs) that are known to
overcome cell barriers, could probably slide longitudinally
through gap junctions rather easily. In fact, a putative siRNA
mediator could also be a direct consequence of Ku80-depen-
dent transcription, since Ku80 is known or thought to partici-
pate in additional cellular processes besides the repair of DNA,
for example, gene expression.®®
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Possible Physiological Importance of Killing
“Innocent” Cells

What is the point of killing neighbors, that is, the bystander
effect? First of all, with regard to X-ray radiation, it was demon-
strated that the bystander effect may, in fact, be detrimental
for micromass cultures of limb bud cells irradiated by a high,
challenging X-ray dose; nevertheless, at a low, conditioning
(radioadaptive) dose the bystander effect was important for
the induction of a protective response for cell proliferation and
differentiation.”” However, a “chemoadaptive” effect on the
treated cells at low concentrations of cisplatin was not report-
ed by Jensen and Glazer. One hypothesis for the role of by-
stander effects in biological systems is that they are protective
because they terminate division in cells with collateral or possi-
bly preexisting DNA damage that is not properly repaired.””

Still Open Questions

In conclusion, the report of Jensen and Glazer indeed fuels in-
triguing questions, provokes several speculations, and paves
the way to further, exciting research. However, this study also
raises some issues. Firstly, Jensen and Glazer obtained clearly
different behavior in wild-type cells to that in mutant cells at
rather high cisplatin concentrations (from 3.33 pum [1 ugmL™']
to 66.7 um [20 ugmL™']); at concentrations of <3.33 um, the
difference was very small to nonexistent. The IC;, value for cis-
platin in most sensitive cells in culture is around 1 um, depend-
ing on the cell line and the assay used. Since the pharmacolog-
ically relevant concentration (for example, that found in tumor
cells in animals treated with a therapeutic dose of cisplatin) is
about 5 um,”” it may be questioned whether the effect seen
by Jensen and Glazer at these high cisplatin concentrations
would be reflected in vivo to a significant extent. Secondly,
Jensen and Glazer mention that the effect they observed was
not noticed before, partially due to neglect of the respective
cell densities or to a possible lack of gap junctions in the
tested cells. Yet a different outcome to that found by Jensen
and Glazer has indeed been described upon DNA-PK inactiva-
tion, that is, DNA-PK mutants were markedly sensitized to cis-
platin (three- to fourfold) when compared with their respective
parental cell line.®” In the latter work, exponentially growing
cells at very low density were exposed to cisplatin for one
hour (conditions equivalent to those of Jensen and Glazer). By
contrast, Jensen and Glazer found no difference in the viability
of mutant cells versus wild-type cells at low density. Thirdly, for
the observed effect of DNA-PK signaling in vivo upon cisplatin
damage to DNA, Jensen and Glazer claim that the kinase func-
tion of DNA-PK must be active. However, in the past, other au-
thors®*? obtained evidence by in vitro assays that DNA ad-
ducts of cisplatin inhibited the DNA-PK kinase activity, the al-
leged prerequisite for the cell’s sensitization. Inhibition of the
DNA-PK phosphorylation activity is also in line with the fact
that cisplatin sensitizes tumor cells to ionizing radiation, proba-
bly through ensuing defects in double-strand break repair®® It
is difficult to reconcile the arising resistance found by Jensen
and Glazer with such reports demonstrating sensitivity of cells
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defective in DNA-PK. Fourthly and most importantly, it is not at
all clear what kind of pathway is supposed to generate and
convey the death signal. Jensen and Glazer determined that
wild-type cells and those mutant in Ku80 or GJIC grown at
high density were equally sensitive to DNA damage induced by
agents other than cisplatin, while Ku80~~ cells retained their
known extreme sensitivity against ionizing radiation, a result in-
dicating that the pathway might be damage specific. More-
over, Jensen and Glazer mentioned that cells deficient in MMR,
which are also known to show moderate resistance to cispla-
tin,®*4 did not display an apparent density dependence of the
resistant phenotype analogous to that of the DNA-PK mutants.
Therefore, the mechanism bestowing resistance through DNA-
PK inactivation must be fundamentally different to that of
MMR deficiency, or, inversely, the mechanism conferring sensi-
tivity through functional DNA-PK must be fundamentally differ-
ent to the signal transduction through MMR. In fact, the puta-
tive new mechanism might be much more peculiar than
thought at first glance. It is quite striking that the wild-type
cells supposed to generate and transmit a death signal
through DNA-PK had the same phenotype as the corresponding
DNA-PK mutants at low density, since this implies that the
former must have been immune against their own death signal-
ing (see Figure 2). However, all major known or presumed
signal cascades that are triggered by DNA damage also regu-
larly lead to repair or cell death within the cell, in which they
occur Therefore, even at low densities one would expect the
wild-type cells to be slightly more sensitive than the mutants
in the work of Jensen and Glazer. Yet the death signal sup-
posed to be produced by DNA-PK seems to have an exclusive
effect on neighboring cells and no impact on the cells that pro-
duce it. Jensen and Glazer demonstrated that wild-type cells in
the presence of cisplatin could kill the (more resistant) Ku80
mutants at high cell density. It would be interesting to also
check whether wild-type cells treated with cisplatin would be
able to kill naive (that is, untreated) wild-type cells or if the
latter would in fact be resistant to GJIC killing.

Possible Interrelations of PARP and DNA-PK in
Cisplatin Action

Overall, Jensen and Glazer showed that the generated death
signal required intact DNA-PK and had to be transmitted
through gap junctions. The events in between remain obscure.
Jensen and Glazer reported cell death of sensitive (wild-type)
cells to have been apoptotic as well as necrotic, a fact indicat-
ing that the signal transduction may involve several pathways,
for instance, interaction of DNA-PK with other sensors of DNA
damage. In this context, it is reasonable to speculate whether
PARP-1 could be implicated in the process, since PARP-1 is
known to effect cell necrosis upon the heavy DNA damage®?
that is to be expected at the high cisplatin concentrations
used by Jensen and Glazer. Is PARP-1 able to recruit and per-
haps regulate DNA-PK? PARP-1 and DNA-PK were actually
found to colocalize at the matrix attachment regions (MARs) of
chromatin® and, moreover, to copurify by affinity chromatog-
raphy on “base-unpairing regions” of MARs.” Interestingly, Ku
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autoantigen can form a molecular complex with PARP-1 in the
absence of DNA that also suggests a possible functional inter-
action between PARP-1 and DNA-PK.*>°! DNA-PK_ as well as
Ku70 contain poly(ADP-ribose)-binding motifs that could allow
PARP-1 to target DNA-PK through poly(ADP-ribose) and regu-
late some of its domain functions.” In fact, DNA-PK was
reported to be stimulated in vitro by PARP-mediated protein
ADP-ribosylation.®® On the other hand, DNA-PK was found to
suppress PARP-1 activity in vitro, probably through direct bind-
ing,*® in line with the in vivo result that PARP-1 deficiency can
rescue the site-specific recombination events at the gene loci
of the light- and heavy-chain immunoglobulins (V(D)J recombi-
nation) in SCID (DNA-PK.") mice.*”? Finally, PARP has recently
been suggested to also provide an (alternative) route for DSB
repair that complements the DNA-PK/XRCC4/ligase IV depen-
dent NHEJL.® The latter may not be surprising in light of the
fact that the affinity of PARP to blunt ends in vitro has been
determined to be about tenfold higher than that of DNA-PK.'”
In conclusion, these findings strongly suggest not only an in-
teraction but possibly also a mutual coordination of activity of
these enzymes in vivo in response to DNA damage. Therefore,
it would be interesting to check whether PARP~~ cells also dis-
play a higher resistance towards cisplatin than wild-type cells
at high density.

These last remarks round off the comments on the two con-
sidered papers, perhaps anticipating an unexpected connec-
tion of the research subjects. It is obvious that a lot more re-
search is required to clarify all the matters arising and to re-
solve the apparent contradictions. At the same time, it is
equally clear that cisplatin, thirty-five years after the discovery
of its antitumor activity in various tumor systems by Rosen-
berg, continues to be a source of utmost scientific excitement.
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