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S23906 belongs to a novel class of alkylating anticancer agents forming bulky monofunctional DNA
adducts. A unique feature of S23906 is its “helicase-like” activity leading to the destabilization of the
surrounding duplex DNA. We here characterize the recognition and repair of S23906 adducts by the
nucleotide excision repair (NER) machinery. All NER-deficient human cell lines tested showed increased

Keywon?s: o ) sensitivity to S23906, which was particularly pronounced for cells deficient in XPC, CSB and XPA. In

SN;;;%‘g‘de excision repair comparison, deficiencies in ERCC1 or XPF had lesser impact on the sensitivity to S23906. The sensitivity
. was, at least in part, linked to the conversion of unrepaired adducts into toxic DNA strand breaks as

Monofunctional alkylators . . . .

XPC shown by single cell electrophoresis and gamma-H2AX formation. The pharmacological relevance of

ERCC1 these findings was confirmed by the characterization of KB carcinoma cells with acquired S23906

resistance. These cells showed increased NER activity in vivo as well as toward damaged plasmid DNA in
vitro. In particular, both global genome NER, as shown by unscheduled DNA synthesis, and transcription-
coupled NER, as shown by transcriptional recovery, were up-regulated in the S23906-resistant cells. The
increased NER activity was accompanied by up to 5-fold up-regulation of XPC, CSB and XPA proteins
without detectable alterations of ERCC1 on the DNA, RNA or protein levels. Our results suggest that
$23906 adducts are recognized and repaired by both NER sub-pathways in contrast to other members of
this class, that are only recognized by transcription-coupled NER. We further show that NER activity can
be up-regulated without changes in ERCC1 expression.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction class of DNA targeted agents is characterized by the formation of

bulky monofunctional adducts, and one such compound, yondelis/

DNA targeted agents have proven clinical activity toward most
human cancers and remain the mainstay of cancer chemothera-
peutic regimens. However, additional drugs with novel mechan-
isms of action and/or different activities are needed. A promising
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tranbectedin was recently approved for clinical use in Europe. A
particularly interesting feature of this class of agents is their
capacity to modulate local chromatin structure. For example,
yondelis forms covalent adducts with guanine in the minor groove
of DNA that result in pronounced stabilization of the neighboring
duplex structure [1].

$23906 is an acronycine derivative which forms bulky adducts
with the exocyclic amino group of guanine residues in the minor
groove of DNA [2,3]. A unique property of S23906, compared to
other anticancer agents, is its “helicase-like” activity which leads
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to the destabilization of the duplex structure in the vicinity of the
adducts thereby facilitating base unpairing and helix opening [1].
Thus, although yondelis and S23906 target the same DNA residues,
their influence on local chromatin structure are completely
different. Both types of adducts can be converted into DNA double
strand breaks (DSBs) by collision with the replication fork and may
be accompanied by mitotic catastrophe [4-6].

Nucleotide excision repair (NER) is one of our most versatile
repair pathways in terms of lesion recognition and influences
the response to many DNA binding agents [7]. Recognition of
DNA damage can occur either by global genome repair (GG-
NER), that removes DNA damage from the entire genome, or by
transcription-coupled repair (TC-NER), that preferentially
repairs the transcribed strand of actively expressed genes. Both
processes are essentially similar except for the initial damage
recognition step that is performed by XPC-hHR23B in GG-NER
and by the stalled RNA polymerase I complex in TC-NER.
Transcription-coupled repair also requires Cockayne’s syn-
drome-related factors CSA and CSB. Then, the transcription/
repair factor IIH is recruited for strand separation which is
mediated by the helicase activity of XPD followed by the
recruitment of the XPA protein. Incision on each site of the
lesion is carried out by the endonucleases XPG and ERCC1-XPF,
which is the last step in the NER process. The generated gap is
subsequently filled by DNA repair synthesis [8-10].

Recently, large clinical trials have been undertaken to establish
if expression levels of the ERCC1 protein in patient tumors can
predict the response to platinum treatment [11]. The results are
encouraging provided the methodological issues can be resolved
[12]. In comparison, previous studies have revealed a complex
interaction between the bulky monofunctional alkylators and the
NER machinery. For example, irofulven is an excellent substrate for
TC-NER but is not recognized by GG-NER [13-16]. Furthermore,
the activity of irofulven toward a large tumor cell panel was closely
correlated with the expression of the XPG endonuclease, but not
with ERCC1 or XPF [14]. In a similar manner, yondelis is recognized
by TC-NER, but not by GG-NER [17]. However, in this case, the
yondelis adducts are not removed, but rather converted into more
toxic repair intermediates, most likely due to the formation of
stable complexes between the yondelis adducts and the XPG
endonuclease [18].

We here describe the interaction between S23906 and the NER
pathway. Human cells deficient for XPC, CSB and XPA showed
pronounced sensitivity to S23906, whereas deficiencies in ERCC1
and XPF played lesser roles. The pharmacological relevance of
these findings was further confirmed by the characterization of
tumor cells with acquired S23906 resistance. These cells showed

Table 1
Repair-proficient and -deficient cells used in this study.

increased NER activity and up to 5-fold up-regulation of XPC, CSB
and XPA proteins, but no detectable alterations in ERCC1. Our
results underline the unusual interactions between the bulky
monofunctional alkylators and the NER machinery and strongly
suggest that NER activity can be up-regulated independently of
ERCC1.

2. Materials and methods
2.1. Chemicals

The acronycine derivative S23906 (cis-1,2-diacetoxy-3,14-
dihydro-3,3,14-trimethyl-6-methoxy-7H-benz[b]pyrano[3,2-
d]acridin-7-one) was obtained from Institut de Recherches Servier
(Croissy sur Seine, France) while cisplatin was purchased from
Merck Génériques (Lyon, France).

2.2. Cells

NER-deficient cell lines derived from unexposed skin biopsies
of patients with xeroderma pigmentosum or Cockayne’s syndrome
were provided by Alain Sarasin (Villejuif, France), and included
198VI (wild type), MRC5-SV (wild type), XP162VI (XPA-deficient),
XP12RO-SV (XPA-deficient), XP202VI (XPC-deficient), XP4PA-SV
(XPC-deficient), SC1AN-SV (CSB-deficient), CS539VI (CSB-defi-
cient), XPCS2BA-SV (XPB-deficient), XP6BE-SV (XPD-deficient),
XPCS1LV (XPG-deficient) and XP871VI (XPF-deficient). An addi-
tional NER-deficient cell line, 165TOR (ERCC1-deficient) [19], was
kindly provided by Jan Hoeijmakers (Rotterdam, the Nether-
lands). The genetic alterations in the XP and CS cells are listed in
Table 1. KB parental and S23906-resistant KB/906 epidermoid
carcinoma cells [4] were a gift from Alain Pierré (Croissy sur Seine,
France).

2.3. Growth inhibition

Cells were exposed to the indicated concentrations of S23906
and cisplatin for 4-5 generation times followed by the
determination of cellular viability by the MTT colorimetric
assay as described previously [16]. Alternatively, cells were
exposed to 0-30]J/m? of UV-C irradiation followed by post-
incubation in drug-free media for 4-5 generation times and the
MTT assay. Cells deficient in ERCC1 and XPF have low metabolic
rates. Therefore, experiments with these cells were carried out
in 12-well plates with 15,000 cells/well in 5 ml media rather
than under standard conditions (24-well plates with 5000 cells/
well in 2 ml media).

Gene affected Human fibroblast strain

Alternative name

Mutation

wt 198VI AS198
wt MRC5-SV

XPA XP162VI AS162
XPA XP12RO-SV

XPB XPCS2BA-SV

XPC XP202VI AS202
XPC XP4PA-SV XPC1
XPD XP6BE-SV AS203
XPF? XP871VI AS871
XPG XPCS1LV

ERCC1 165TOR
CSB CS1AN-SV

CSB CS539VI AS539

c.682 C>T homozygous; p.Arg228X

c.619 C>T; p.R207X homozygous

€.296 T>C; p.F99S (only one allele expressed)
¢.1643_1644delTG homozygous; p.Val548AlafsX572
¢.1643_1644delTG homozygous; p.Val548AlafsX572
c.2047 C>T; p.R683W heterozygous and c.del106_183; p.del36_61
R589W heterozygous and exon 3 deletion heterozygous
c.delA 2170; p.A659X homozygous

C.472 C>T; p.GIn158X heterozygous

C.691 C>G; p.Phe231Leu heterozygous

¢.1009A>T; p.Lys337X and c.2569C>T heterozygous;
p-Tyr834CysfsX25 heterozygous

Promoter deletion; p. 0 homozygous

@ K. Jaspers and A. Sarasin, unpublished data.
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2.4. Unscheduled DNA synthesis (UDS)

Unscheduled DNA synthesis, which principally measures
global genome NER activity, was carried out as described
previously [14]. Briefly, growth-arrested cells were co-incubated
with 10 wCi/ml [methyl->H]thymidine (TRK-686 1 mCi/ml,
Amersham, Buckinghamshire, United Kingdom) and S23906
for 3 h or subjected to 254 nm UV-C irradiation followed by
post-incubation with methyl-[*H|thymidine. The number of
grains, indicating UDS, was determined for at least 30 nuclei/
sample for primary cell lines and 100 nuclei/sample for
transformed cell lines. Results are averages of at least two
independent experiments.

2.5. Single cell gel electrophoresis (comet assay)

XPA-proficient (MRC5-SV) and -deficient (XP12R0O-SV) cells
were exposed to the indicated drug concentrations for 1h at
37 °C in the dark and subjected to single cell electrophoresis
(comet assay) under alkaline conditions as described [20]. Image
analysis was performed using Komet 5.5 software (Kinetic
Imaging, Nottingham, UK) to determine the % of nuclear DNA
present in the comet tail. At least 100 cells were analyzed per
sample. Values represent the average of at least two indepen-
dent experiments.

2.6. Immunofluorescence and microscopy

XPA-proficient (MRC5-SV) and -deficient (XP12R0O-SV) cells
were treated with the indicated concentrations of S23906 for 1 h
and phosphorylated H2AX was revealed by immunocytochemis-
try with a y-H2AX-directed antibody (05-636, Upstate Biotech-
nology, Millipore, Saint-Quentin en Yvelines, France) as
described [5]. Fluorescence intensities were measured using
the MetaMorph Software (Universal Imaging, Downingtown, PA)
and the background fluorescence over non-cellular regions
was subtracted. At least 100 cells were analyzed per sample.
Values represent the average of at least two independent
experiments.

2.7. ERCC1 recruitment

KB and KB/906 cells were plated on coverslips, covered by 5 pm
MCE membranes (Fisher Scientific, Illkirch, France) and submitted
to local UV irradiation as described. [8]. UV-induced pyrimidine 6-
4 pyrimidone photoproducts (6-4PPs) were detected with mouse
monoclonal anti-6-4PPs antibodies (64M-2) as described [21]
while ERCC1 was revealed by a polyclonal rabbit anti-ERCC1
antibody (sc10785, clone FL-297, Santa Cruz Biotechnology, Saint-
Quentin, France). Secondary antibodies were Cy3-conjugated
donkey anti-mouse IgG antibody (715-165-151; Jackson Immu-
noResearch Laboratories, Bar Harbor, ME) and Alexa488-conjugat-
ed goat anti-rabbit IgG antibody (111-485-003; Jackson
ImmunoResearch Laboratories).

2.8. 3D assay

The DNA damage detection assay (3D) measures in vitro DNA
repair synthesis of UV adducts by cellular extracts and was
carried out according to previously published procedures [22].
Briefly, cellular extracts were incubated with UV-irradiated
plasmid DNA in the presence of dNTPs digoxigenylated
deoxynucleotide monophosphates for 30 min and the incorpo-
rated nucleotides were quantified by chemiluminescence by an
anti-DIG antibody conjugated with alkaline phosphatase (Roche,
Meylan, France).

2.9. Transcriptional recovery

The transcriptional recovery of UV-irradiated KB and KB/906
cells was carried out according to previously published procedures
[15] with minor modifications. Briefly, cells were UV-irradiated
and the transcriptional recovery was estimated by the incorpo-
ration of 5 wCi/ml [5->H]uridine (TRK-178, 1 mCi/ml, Amersham)
for 30 min. Cells were treated with trichloroacetic acid, loaded on
GF/C filters (Whatman, Brentford, UK) and the radioactivity was
determined by scintillation counting. The percentage of RNA
synthesis is indicated as the ratio of treated/untreated cells.

2.10. Relative quantitative PCR (qRT-PCR analysis)

Expression levels of selected genes were measured by qRT-PCR
as described previously [23]. The following validated primers were
obtained from Qiagen (Courtaboeuf, France): XPC (QT00080381),
CSB (QT00025732), XPA (QT01666133), XPD (QT00086758), XPB
(QT00080276), XPG (QT00029246), XPF (QT00063091), ERCC1
(QT00059374), HMBS/PBGD (QT00014462), 3-actin (QT00095431)
and GAPDH (QT01192646). All quantifications were carried out in
duplicate for two independent RNA extractions and normalized
using the geometric mean of the three references genes (HMBS/
PBGD, beta-actin and GAPDH) as recommended [24]. The
corresponding amplimer samples were run on 2% agarose
gel and PCR products were visualized by ethidium bromide
staining.

2.11. Western blotting

Western blot analysis was carried out as described previously
[15]. Expression of NER proteins was revealed using the following
antibodies: polyclonal rabbit anti-ERCC1 (sc10785, clone FL-297,
Santa Cruz Biotechnology), polyclonal goat anti-CSB (sc10459,
clone E-18, Santa Cruz Biotechnology), polyclonal rabbit anti-XPC
(ab21078, Abcam, Cambridge, UK) and polyclonal rabbit anti-XPA
(sc853, clone FL-273, Santa Cruz Biotechnology) while actin was
detected by monoclonal mouse anti-[3-actin (A5441, clone AC-15,
Sigma, Saint-Quentin Fallavier, France). The secondary antibodies
included horseradish peroxidase-conjugated donkey anti-goat,
horseradish peroxidase-conjugated donkey anti-rabbit and horse-
radish peroxidase-conjugated donkey anti-mouse (references 705-
035-003, 711-035-152 and 715-035-150; Jackson ImmunoRe-
search Laboratories).

2.12. ERCC1 codon 118 polymorphism

Amplification of the DNA region encompassing codon 3 was
carried out by PCR using the following primers: ECC1Ex3:
TGTGGTTATCAAGGGTCATCCC and ERCC1Ex3R: CATGCCCA-
GAGGCTTCTCATAG. Two independent PCR reactions were
carried out for each cell line followed by sequencing in both
directions.

3. Results
3.1. Cytotoxicity of S23906 toward NER-deficient cells

To determine the impact of nucleotide excision repair, we
determined the cytotoxicity of S23906 toward repair-proficient
and XPA-deficient cells that are deficient in both the global genome
and the transcription-coupled NER sub-pathways. Unexpectedly,
XPA deficiency was accompanied by almost 45-fold increased
sensitivity to S23906, compared to repair-proficient cells (Fig. 1A,
diamonds). To determine if these results were specific for
immortalized cell lines, similar experiments were carried out for
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Fig. 1. Cytotoxic activity of S23906 toward NER-deficient cells. Repair-proficient and -deficient cells were exposed to the indicated concentrations of S23906 for 3-4
generation times and the growth inhibitory effect was determined by the MTT viability assay. (A) Sensitivity of XPA-deficient cells to S23906. (& ) Repair-proficient SV40-
transformed MRC5-SV cells; (&) XPA-deficient XP12RO-SV transformed cells; (@) repair-proficient 198VI primary fibroblasts; (O) XPA-deficient XP162VI primary
fibroblasts. (B) Sensitivity of XPC-deficient cells to S23906. (¢ ) Repair-proficient MRC5-SV cells; (<) XPC-deficient XP4PA-SV SV40-transformed cells; (O) XPC-deficient
XP202VI primary fibroblasts. (C) Sensitivity of CSB-deficient cells to S23906. () Repair-proficient MRC5-SV cells; (<) CSB-deficient SC1AN-SV SV40-transformed cells; (O)
CSB-deficient CS539VI primary fibroblasts. (D) Sensitivity of XPB- and XPD-deficient cells to S23906. (4 ) Repair-proficient MRC5-SV cells; (<) XPB-deficient XPCS2BA-SV
SV40-transformed cells; (O) XPD-deficient XP203VI-SV SV40-transformed cells. (E) Sensitivity of XPG-deficient cells to S23906. () Repair-proficient MRC5-SV cells; (<)
XPG-deficient XPCS1LV SV40-transformed cells. (F) Sensitivity of ERCC1- and XPF-deficient cells to S23906. (@) Repair-proficient 198VI primary fibroblasts; (O) ERCC1-
deficient 165TOR primary fibroblasts; (<> ) XPF-deficient XP871VI primary fibroblasts. All values are averages of at least two independent experiments, each done in duplicate.

Standard deviations are indicated by error bars when they exceed symbol size.

primary cells. The results (Fig. 1A, circles) confirmed the marked
sensitivity of XPA-deficient cells to S23906.

3.2. Cytotoxicity of S23906 toward cells deficient in XPC, CSB, XPB,
XPD, XPG, ERCC1 or XPF

We then established the relative roles of the global and
transcription-coupled NER pathways. XPC cells, that are deficient
in global genome repair, were about 20-fold more sensitive to
$23906, whereas CSB cells, that are deficient for transcription-
coupled repair, were 20- to 35-fold more sensitive to S23906,
compared to repair-proficient cells (Fig. 1B and C). Similar
differences were observed for cells deficient in the XPB and XPD
helicases (Fig. 1D) or the XPG endonuclease (Fig. 1E).
comparison, cells deficient in ERCC1 or XPF showed at the most
2- to 3-fold increased sensitivity (Fig. 1F).

3.3. Repair of S23906 adducts

To confirm that the pronounced sensitivity of XPA-deficient
cells was associated with repair of S23906 adducts, immortalized
cells, proficient or deficient for XPA, were exposed to different
doses of S23906, and unscheduled DNA synthesis (UDS) was
determined. The results show that S23906 treatment was
accompanied by increased DNA repair in NER-proficient, but not
in XPA-deficient cells (Fig. 2A, left panel), similar to what was
observed for UV-C treatment (Fig. 2A, right panel). Therefore, the
pronounced sensitivity of XPA cells is, at least in part, due to the
absence of NER activity.

Next, DNA repair synthesis was determined for primary cells
proficient or deficient for XPA, ERCC1 and XPF. In contrast to the
XPA cells, ERCC1 and XPF cells showed residual repair activity,
which was particularly marked for UV-irradiated ERCC1 cells
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Fig. 2. Comparison of $23906 with other NER substrates. (A) Unscheduled DNA synthesis (UDS) in (@) XPA-proficient (MRC5-SV) and (O) XPA-deficient (XP12RO-SV) cells
following exposure to S23906 or UV irradiation. All values are averages at least 100 individual nuclei from two independent experiments. Standard deviations are indicated by
error bars when they exceed symbol size. (B) Unscheduled DNA synthesis (UDS) in (@) repair-proficient (198VI), (O) ERCC1-deficient (165TOR), (<) XPF-deficient (XP871VI)
and (1) XPA-deficient (XP162VI) primary fibroblasts following exposure to S23906 or UV irradiation. All values are averages at least 30 individual nuclei from two
independent experiments. Standard deviations are indicated by error bars when they exceed symbol size. (C) Western blot analysis of ERCC1 in ERCC1-proficient wt (198VI)
and ERCC1-deficient (165TOR) primary fibroblasts (lanes 1 and 2, respectively). (D) Relative sensitivities of XPC-, CSB- and XPA-deficient cells to S23906, cisplatin and UV
irradiation. The cytotoxic activities of cisplatin, $23906 and UV irradiation were determined for repair-proficient MRC5-SV cells (white bars), XPC-deficient XP4PA cells (grey
bars), CSB-deficient SC1AN-SV cells (black bars) and XPA-deficient XP12RO-SV cells (hatched bars) by the MTT assay. The relative sensitivity was calculated as the ratio
between the ICsq value for the wt cells and the ICsq value for the indicated repair-deficient strain. A value of 1 indicates unchanged sensitivity whereas values bigger than 1

indicate the corresponding degree of increased sensitivity.

(Fig. 2B, right panel). For S23906, the residual activity of ERCC1 was
less pronounced. However, it should be noted that the ICsq values
for ERCC1- and XPF-deficient cells are in the 1 wM dose range,
where the differences in UDS between repair-proficient and
ERCC1- and XPF-deficient cells are less important than at higher
doses of S23906.

Western blot analysis of repair-proficient and ERCC1-deficient
cells (Fig. 2C, lanes 1 and 2, respectively) revealed that the ERCC1-
deficient cells have very low levels of full-length ERCC1 protein.
These findings indicate that there is no straightforward relation-
ship between the protein levels and the catalytic activity of ERCC1
in these cells, in agreement with previous reports [19].

3.4. Comparison between S23906, cisplatin and UV irradiation

We then compared the impact of XPC, CSB and XPA function on
the sensitivity to S23906 in comparison with two classical NER
substrates, cisplatin and UV. Repair-proficient cells or cells
deficient for XPC, CSB or XPA were exposed to S23906, cisplatin
or UV irradiation and the ICsq values were determined by the MTT
assay. The relative sensitivity was calculated as the ratio between
the ICsq of the repair-proficient cells divided with the ICsq of the
repair-deficient cells. The results (Fig. 2D) show that the 3 NER
factors play a more pronounced role in the sensitivity to S23906,
compared to UV irradiation and cisplatin. Both XPC and CSB were

needed for the repair of UV and S23906 lesions, whereas CSB seems
to be more important than XPC for cisplatin.

3.5. Influence of XPA on the induction of $23906-induced DNA strand
breaks

We have previously shown that S23906 exposure is accompa-
nied by the formation of toxic DNA strand breaks [4]. To determine
if NER has an influence on the induction of strand breaks, repair-
proficient and XPA-deficient cells were exposed to different doses
0f S23906, and the induction of DNA strand breaks was determined
by single cell electrophoresis under alkaline conditions (the
alkaline comet assay). The results show that XPA deficiency was
accompanied by significantly (p < 0.001) increased formation of
DNA strand breaks (Fig. 3A).

For further analysis, the induction of gamma-H2AX, a sensitive
surrogate marker for the formation of double strand breaks, was
determined in repair-proficient and XPA-deficient cells after 1 h
exposure to S23906. The results show that XPA deficiency is
accompanied by a significant (p < 0.001) increase in gamma-
H2AX-associated fluorescence, compared to repair-proficient cells
(Fig. 3B and C). Taken together, these results indicate that
unrepaired $S23906 adducts are converted into toxic double strand
breaks, coherent with the marked influence of NER on cellular
survival.
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for 1h and the induction of phospho-H2AX was determined by
immunocytochemistry. (C) (@) Repair-proficient MRC5-SV and (O) XPA-
deficient XP12RO-SV cells were exposed to the indicated concentrations of
S$23906 for 1 h as shown in (B), and the phospho-H2AX signal was quantified by
MetaMorph analysis. a.u., arbitrary units. Each point represents the average of at
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symbol size.

3.6. NER in cells with acquired S23906 resistance

We then wanted to extend our findings to a different cellular
model. KB carcinoma cells were exposed to stepwise increased
concentrations of S23906 in the cell culture media as previously
described [4]. The resulting KB/906 cells were 15-fold resistant to
$23906 and approximately 3-fold cross-resistant to both cisplatin
and UV irradiation [4].

Next, UDS, which principally measures global genome repair,
was determined after cellular exposure to S23906 or UV
irradiation. The results showed significant increased UDS in the
KB/906 cells for all treatment conditions studied (Fig. 4A)
(p < 0.001). For further confirmation, the repair capacity of cellular
extracts from parental and S23906-resistant cells toward irradiat-
ed plasmid DNA was compared. Again, extracts from KB/906 cells
showed markedly higher repair activity than extracts from the
parental KB cells (Fig. 4B).

To determine if transcription-coupled repair was also up-
regulated, KB and KB/906 cells were UV-irradiated, and the
resumption of RNA synthesis was determined by the incorporation
of radiolabeled uridine. The results show that UV irradiation was
accompanied by transcriptional inhibition in both cell lines. Three
hours after irradiation, the transcriptional activity was fully

recovered in KB/906 cells but remained depressed in the parental
KB cells, which required an additional 3 h for full recovery (Fig. 4C).

3.7. Expression of NER factors in parental and S23906-resistant cells

Cellular levels of XPC, CSB, XPA and ERCC1 proteins were
determined by Western blot analysis. The results showed 4- to 5-
fold increased levels of XPC and CSB proteins and a 2-fold increase
of XPA in the resistant KB/906 cells. In clear contrast, protein levels
of ERCC1 were comparable for parental and resistant cells (Fig. 5A).

For further characterization, KB and KB/906 cells were
incubated in the absence or presence of cycloheximide (10 wM),
an inhibitor of de novo protein synthesis, overa 12 h period and the
protein levels of XPC were determined by Western blot analysis.
The results show unchanged levels of XPC protein in both cell lines
over the entire 12 h period (data not shown).

Messenger RNA levels of different NER factors were determined
by gRT-PCR analysis. Unexpectedly, except for XPA, a modest
down-regulation was observed for most XP factors in KB/906 cells,
compared to the parental cells (Fig. 5B).

3.8. ERCC1 codon 118 polymorphism in parental and S23906-
resistant cells

The ERCC1 gene exists in several polymorphisms, among which
the polymorphism in codon 118 may be particularly important for
resistance to alkylating agents [25]. PCR amplification and
sequencing of codon 118 in parental and S23906-resistant cells
showed that both cell lines presented the same sequence
corresponding to the rs11615, N118N (T354C) polymorphism
with C present on both alleles. Therefore, S23906 selection was not
accompanied by mutations at codon 118 of ERCC1.

3.9. Recruitment of ERCC1 in parental and S23906-resistant cells

Next, the recruitment of ERCC1 to locally UV-irradiated sites
was determined. The results show that ERCC1 is recruited to foci
with 6-4 photoproducts (6-4PPs) in both parental (Fig. 5C, left) and
S23906-resistant cells (Fig. 5C, right). These findings suggest that
the recruitment of XPF/ERCC1 proceeds normally in both cell lines.

4. Discussion

We here describe the interaction of the bulky monofunctional
antitumor alkylator S23906 with the nucleotide excision repair
machinery. Characterization of patient-derived NER-deficient
primary or immortalized fibroblast cell lines unambiguously
shows that S23906 adducts are recognized by GG-NER as well
as by TC-NER. Deficiencies of all NER proteins tested (XPC, CSB,
XPD, XPB, XPG, XPA, ERCC1 and XPF) were accompanied by
increased sensitivity to S23906, which for cells deficient in XPC,
CSB and XPA clearly exceeded the sensitivity levels observed for UV
and cisplatin, two classical NER substrates. Although patient-
derived XP mutants have the advantage of being clinically relevant,
they are derived from different individuals and are therefore not
isogenic. Thus, all findings for wt, CSB, XPC and ERCC1-XPF cells
were independently confirmed using cells derived from two
different individuals. For XPC cells, we were even able to compare
the response of cells from 2 different individuals carrying the same
mutation. For further confirmation, all findings for S23906 were
compared with the response to the classical NER substrates UV
radiation and cisplatin, which gave a response coherent with the
literature.

It is intriguing that the sensitivity pattern of S23906 is very
different from the pattern of yondelis, another bulky alkylating
agent that binds to the minor groove of DNA at the same residue as
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$23906. In contrast to S23906, Yondelis adducts are not recognized
by GG-NER [17]. Furthermore, the yondelis adducts are not
removed by NER, but rather converted into stable complexes
composed of the DNA adduct and the XPG endonuclease [18]. The
most striking difference between S23906 and yondelis adducts is
their influence on the surrounding DNA. S23906 adducts have a
helicase-like activity that destabilize local base-pairing whereas
yondelis adducts act as cross-link mimetics that stabilize the local
duplex structure. This suggests that the influence of DNA adducts
on the local DNA conformation have major impact on their
subsequent processing by the NER pathway.

We then extended our studies to a different model system, KB
carcinoma cells with acquired resistance to S23906. These cells
showed increased NER activity in vivo as well as toward damaged
plasmid DNA in vitro. Importantly, both global genome NER, as
shown by unscheduled DNA synthesis, and transcription-coupled
NER, as shown by transcriptional recovery, were up-regulated in
the S23906-resistant cells. The increased NER activity was
accompanied by an important accumulation of XPC, CSB and, to
a lesser degree, XPA proteins, but not of their respective mRNAs,
possibly due to negative feedback control. Incubation with
cycloheximide, an inhibitor of de novo protein synthesis, was
not accompanied by any detectable modifications of the XPC levels
in parental or S23906-resistant KB cells, similar to what has been
reported for primary human fibroblasts [26]. These findings

suggest, that the parental and resistant cell lines have similar
stability/turn-over of the XPC protein.

The importance of XPC was unexpected, considering that
irofulven and yondelis adducts are not recognized by GG-NER.
However, an important role for XPC in the recognition and repair of
$23906 adducts is fully coherent with current models for the XPC
recognition of damaged DNA. In particular, it has been shown that
the initial recognition of damaged DNA by the XPC orthologue
Rad4 as well as by human XPC requires a thermodynamically
destabilized double helix with non-hydrogen bonded bases.
Subsequently, a stable recognition complex is formed, mediated
by binding of the beta-hairpin domain 3 (BHD3) of XPC to single-
stranded DNA [27,28]. These observations strongly suggest that
the “helicase”-like influence of the S23906 adducts on the local
duplex structure favors their recognition by XPC.

No alterations were observed for ERCC1 on neither the DNA,
RNA or protein levels nor at the functional level in the S23906-
resistant cells in spite of their increased NER activity. This was
unexpected considering the current use of ERCC1 in response
prediction to platinum-based therapies. There are two major
models to explain the role of ERCC1 in response prediction. First,
ERCC1 is classically considered as a biomarker for NER activity
[11,29]. Considering that the NER pathway requires a large number
of proteins, the predictive value of ERCC1 could be explained by (a)
a specific role of ERCC1, with ERCC1 protein levels being the rate-
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limiting factor for the overall NER pathway or, alternatively, (b) a
representative role for ERCC1, which would be the case if the
expression of the different NER proteins, including, but not
restricted to, ERCC1, was coordinated.

An alternative, more recent model suggests that ERCC1 is
predictive because it is a multifunctional protein involved in
different pathways needed for the repair of platinum adducts [12].
ERCC1-XPF (but not other NER proteins) is required for incision of
cross-linked DNA [30,31] as well as for two different types of error-
prone DSB repair, single-strand annealing [32] and microhomol-
ogy-mediated end joining [33]. ERCC1-XPF also participates in the
Fanconi anemia pathway during homologous recombination [34]
and is associated with telomeres, where it modulates recombina-
tion of telomeric sequences and loss of telomeres from unprotect-
ed chromosome ends [35,36]. This is important, since cisplatin
forms a wide range of DNA lesions including monofunctional
adducts, intrastrand cross-links, interstrand cross-links and likely
interferes with telomeric functions [37]. Therefore, it is possible,
that ERCC1-XPF expression may be rate-limiting for some
function, other than NER, needed for repair of platinum adducts.

The results presented here clearly come out in favor of the
second model and indicate that there is no straightforward
relationship between protein levels of ERCC1 and NER activity.
Specifically, the patient-derived ERCC1-mutated 165TOR cells

showed only modest levels of increased sensitivity to S23906 in
spite of strongly decreased ERCC1 protein levels similar to the
findings reported for ERCC1-deficient cells exposed to UV
irradiation [19]. Furthermore, cells with acquired resistance to
$23906 show increased NER activity but unchanged ERCC1 levels.
Together, these findings suggest that although ERCC1-XPF is a
necessary element of the NER pathway and needed for repair of
$23906 adducts, it is not rate-limiting, consistent with its functions
in the last, rather than the initial steps, of the NER pathway. It is
possible that the catalytic activity of ERCC1 is sufficiently high to
carry out the excision step even at low protein levels. Alternatively,
the last excision step might, at least in part, also be carried out by a
FLAP endonuclease like FEN1.

In conclusion, ERCC1 expression cannot be recommended for
the prediction of sensitivity to bulky monofunctional alkylators
like S23906, whereas XPC and CSB appear as attractive candidates.
Generally, ERCC1 expression is not a marker of NER activity, but
may be correlated with the additional activities of this multifunc-
tional protein in recombination and cross-link repair.
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