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ABSTRACT

Trabectedin (ET-743, Yondelis) is a natural marine compound with antitumour activity cur-
rently undergoing phase II/III clinical trials. The mechanism of the drug’s action is still to be
defined, even though it has been clearly demonstrated the key role of Nucleotide Excision
Repair (NER). To get further insights into the drug’s mode of action, we studied the involve-
ment of the DNA-double strand break repair (DNA-DSB) pathways: homologous and non-
homologous recombination, both in budding yeasts and in mammalian cells and the pos-
sible cross-talk between NER and these repair pathways. Budding yeasts and mammalian
cells deficient in the non-homologous end-joining pathway were moderately sensitive to
trabectedin, while systems deficient in the homologous recombination pathway were
extremely sensitive to the drug, with a 100-fold decrease in the IC50, suggesting that tra-
bectedin-induced lesions are repaired by this pathway. The induction of Rad51 foci and
the appearance of y-H2AX were chosen as putative markers for DNA-DSBs and were stud-
ied at different time points after trabectedin treatment in NER proficient and deficient sys-
tems. Both were clearly detected only in the presence of an active NER, suggesting that the
DSBs are not directly caused by the drug, but are formed during the processing/repair of the
drug- induced lesions.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

direct evidence that DNA is trabectedin’s primary target, the
available experimental data strongly suggest that its cytotoxic

Trabectedin (ecteinascidin-743, ET-743, Yondelis) is a tetrahy-
droisoquinoline alkaloid isolated from the Carribean tunicate
Ecteinaiscidia turbinata in the late 1960s. This compound has
shown very interesting preclinical and clinical activity on sev-
eral malignancies, including ovarian carcinoma and sarco-
mas.*”

Trabectedin consists of three fused tetrahydroisoquinoline
rings referred to as subunits A, B and C. Even if there is not yet

* Corresponding author: Tel.: +39 0239014473; fax: +39 023546277.
E-mail address: damia@marionegri.it (G. Damia).

effects depend on the interaction with DNA. Trabectedin has
been shown to bind to the N2 position of guanine in the minor
groove of DNA with some sequence specificity.® Subunits A
and B of the drug are responsible for DNA recognition and
binding, whereas subunit C protrudes out of the minor groove
perpendicular to the helix axis.’ It was suggested that the C
ring interaction with nuclear proteins could account for
the cytotoxic effects of trabectedin, but recently it has been
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published that PM00128, a trabectedin analogue lacking the C
subunit, has shown a biological activity superimposable to
that of trabectedin.’®

We and others have previously demonstrated a unique
pattern of sensitivity to the drug in cells with defects in
NER.* It has in fact been reported that NER-deficient cells
are significantly less sensitive to trabectedin than NER-profi-
cient cells. The formation of lethal DNA breaks was reported
to be related to a functional transcription-coupled NER path-
way (TC-NER).***® Studies in S.pombe have suggested that the
action of trabectedin in eukaryotic cells might be the result of
NER inactivation through the formation of an inactive Rad13/
DNA/trabectedin ternary complex, thus conveying the idea
that NER components may represent the primary targets of
the drug. In the same work, it was shown that trabectedin-in-
duced damage requires DSB repair, suggesting a pivotal role of
this pathway in the drug-induced cytotoxicity. Very recent
data also suggest that in mammalian cells the homologous
recombination repair of DSB is important in modulating the
cellular response to trabectedin.®

In this paper, we investigated the involvement of these re-
pair pathways in budding yeast and in isogenic mammalian
systems, proficient and deficient in DSB repair. Indeed, the
data support the conclusion that not only does homologous
recombination repair play an important role in the mecha-
nism of the drug action, but also that the formation of tra-
bectedin induced cytotoxic DSBs needs a functional NER
pathway.

2. Materials and methods

2.1. S.cerevisiae strains and colony assay on plate

The genotype of the yeast strains used in this work is listed
in Table 1. The strains are isogenic derivatives of the wild
type W303 background, kindly provided by R. Rothstein
(Columbia University, NY). The strains were grown in YPD
at equal cellular concentration and sequentially diluted 1:6

Table 1 — Genotype of the mutant yeast strains studied

Mutant  Stock # Genotype

Wt W303 Mata, ade2-1, ura3, trpl-1, leu2-3, leu2-112,
his3-15, can1-100, GAL, PSI1+

mrell CY2330 W303, mrell::KanMX4

RADS51 CY2269 W303, RAD51::KanMX4

RAD52 CY2272 W303, RAD52::KanMX4

sgsl CY2570 W303, sgsl::KanMX4

top3 CY2284 W303, top3::KanMX4

RAD6 CY900 W303, RAD6::URA3

RAD18 CY2821 W303, RAD18::HIS3MX6

rev3 CY2366 W303, rev3::KanMX4

msh2 CY2361 W303, msh2::KanMX4

srs2 CY2643 W303, srs2::KanMX4

mecl CY3191 W303, mecl:: KanMX4, smll::HIS3MX6

RAD53 CY3205 W303, RAD53::KanMX4, sml1::HIS3MX6

tell CY2886 W303, srs2::3HA-Srs2, tell:: HIS3MX6

dunil CY2938 W303, dunl::KanMX4

RAD24 CY2054 W303, RAD24::TRP1

ku70 SY2149 W303, ku70::.LEU2

topl CY2278 W303, RAD24:: KanMX4

before being spotted on YPD plates without (UNT) or with
the indicated drugs. The drug concentrations used were
previously assayed for being sub-lethal for the wt strain.
Cellular growth was evaluated after incubation at 28 °C
for 3-5 days.

2.2. Mammalian cells and culture conditions

Chinese hamster ovary (CHO) cell lines (AA8, UV-96, V3-3,
irs1SF, CXR3, V79, VC8, VC8-BAC, VC8#13-10) were grown in
monolayer in Ham'’s F-10 medium (Cambrex, Bio Science, Ver-
viers, Belgium) containing 10% foetal bovine serum (FBS) (Sig-
ma-Aldrich Co. Ltd, UK), 1% (v/v) L-glutamine (200 mM), 1% (v/
v) Hepes (1 M) and 1.6% (v/v) NaHCO3 (7.5%) (Cambrex). XPA
human cells were maintained in RPMI-1640 (Cambrex) con-
taining 10% FBS and 1% (v/v) L-glutamine (200 mM). V3-3,
irs1SF, CXR3 were kindly provided by Dr. T. Helleday, while
V79, VC8, VC8-BAC, VC8#13-10 cells lines were obtained from
Dr. M. Zdzienicka. XPA cell line was kindly provided by Dr. Jim
Ford (Stanford University School of Medicine, CA, USA) and
the complemented cell line was obtained after transfection
with human XPA cDNA, kindly provided by Dr. Jim Ford. Sta-
bly transfected cells were maintained in medium containing
G418 500 pg/ml.

2.3. Drugs

Trabectedin, kindly supplied by PharmaMar (Colmenar Viejo,
Madrid, Spain), was stocked in DMSO at a concentration of
1 mM; DNA-PKcs inhibitor NU7026 was purchased by Calbio-
chem (La Jolla, CA, USA) and stocked in DMSO at 10 mM, cis-
DDP was purchased from Sigma-Aldrich (St. Louis, MO, USA).
All the drugs were diluted in warm medium just before use.

2.4.  Cytotoxicity assays

For clonogenic assays, cells were plated at 150 cell/ml and
after 48 h were treated for 1h with different drug concentra-
tions. Colonies were stained with 1% crystal violet (Sigma-
Aldrich) after 7-10 days and counted using the Entry Level Im-
age analysis system (Immagini & Computer, Bareggio, Milan,
Italy). In growth inhibition assays, exponential growing cells
were treated for 24 h with different concentrations of trabect-
edin, pre-incubated or not, for 1h with 20 uM DNA-PKcs inhib-
itor. Cells were counted 72 h after drug removal.

2.5.  Flow cytometric y-H2AX detection

y-H2AX was detected by a flow cytometric assay. Briefly, cells
were fixed in 1% formaldehyde-methanol free and in 70% eth-
anol; then permeabilised with 0.5% saponin and incubated for
1 h with anti-phospho-histone H2AX (1:20000). After washing
with 1% saponin, the secondary antibody (goat anti-mouse
Alexa-Fluor 488, Molecular Probes, Leiden, The Netherlands,
1:800) was added for 1 h. DNA was stained with 1 ml of a solu-
tion containing 0.5 pM TO-PRO-3 iodide (TP3) and 25 ul RNAse
1% in PBS. Flow cytometric analysis was performed on at least
20,000 cells by using FACS Calibur instrument. To calculate
the mean fluorescence intensity of y-H2AX antibody staining
in arbitrary units, background signal was subtracted. The data



EUROPEAN JOURNAL OF CANCER 44 (2008) 609-618 611

represent the average of three replicates and were analysed
using Cell Quest software.

2.6.  Immunocytochemical
detection

y-H2AX and Rad51 foci

At different times after drug wash-out, cells, grown on glass
cover slips, were washed with PBS and processed for y-H2AX
staining as described for the cytometric detection, except
for TP3, substituted by Hoechst 33358. Rad51 foci were de-
tected as already described,” with minor modification. For
both detections, slides were mounted with FluorSave Reagent
(Calbiochem) and analysed using an Olympus BX60 fluores-
cence microscope with a 100X UPIanAPO objective. For
Rad51 foci quantitation, 200 cells/point were counted.

3. Results

3.1. DSB repair is required to survive to trabectedin
treatment in S.cerevisiae

We evaluated the sensitivity to trabectedin of mutants in
genes required for DSB repair (MRE11, RAD51, RAD52, KU70),
replication fork restart (SGS1, TOP3), post-replicative repair
(PRR) (RAD6, RAD18, REV3, SRS2), mismatch repair (MSH2),
DNA topology (TOP1) and DNA damage checkpoint activation
(MEC1, TEL1, DUN1, RAD24). We used a drug concentration
that is sub-lethal in wt cells (data not shown). At this concen-

MMS

DDP

tration, only mutants in the homologous recombination path-
way -mrell, rad51 and rad52 (Fig. 1) exhibited hypersensitivity
to trabectedin. ku70 and dunl mutants also showed a mild
sensitivity. We also treated the same mutants with Methyl-
methane sulphonate (MMS) and Cisplatin (DDP), the former
is a methylating agent and the latter causes intra- and inter-
strand cross-links. Both treatments interfere with the replica-
tive fork progression resulting in the formation of DNA breaks
during replication. As shown in Fig. 1, MMS and DDP treat-
ments require the PRR and DSB repair pathways for survival.
Hence, the cytotoxic profile of trabectedin differs from the
ones of MMS and DDP relatively to the requirement of post
replicative repair genes.

3.2.  Effect of trabectedin on mammalian systems deficient
and proficient in DNA-DSB repair

The increased sensitivity of trabectedin in yeast mutants
lacking a functional DSB repair prompted us to investigate
its cytotoxic activity in a number of mammalian systems defi-
cient and proficient in repairing DSBs. These lesions are re-
paired in mammalian cells by two distinct mechanisms: the
non-homologous end-joining (NHE]) and the recombinational
repair (HR) (for review see'®'). The NHEJ pathway is consid-
ered error-prone as the two exposed DNA termini are simply
processed and ligated together; on the contrary, HR requires
the presence of an identical or near identical sequence and
is error free. We have already reported a 2-3-fold increased

Trabectedin

UNT

0,001 %

UNT 3mM

Fig. 1 - Cytotoxic activity of MMS, cisplatin and trabectedin in isogenic yeast mutants. The mutant genotype is listed in Table 1.
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sensitivity in human glioblastoma cell with a mutation in the
catalytic domain of DNA-PK (MO059J) compared to wild type
cells (M059K).'* However the system is not syngenic, as two
paired cell lines were obtained from different fragments of
the tumour biopsy and thus they could carry more differences
that the one found on DNA-PKcs.>° To better investigate the
role of NHE], we selected a CHO derived cell line lacking
DNA-PK (V3-3 cell line) and its wt counterpart (AA8). As
shown in Fig. 2 (panel A), a partial sensitisation could be ob-
served with V3-3 cells being 2-fold more sensitive to trabect-
edin treatment (IC50s 8.2 + 1.9 versus 15.2 + 3.25). These data
are corroborated by experiments in which the co-treatment
with NU-7026, a specific inhibitor of DNA-PKcs, causes a par-
tial sensitisation in AA8 cells (Fig. 2, panel B).

We then tested rodent cell lines with deficiencies in HR re-
pair due to specific functional inactivation in XRCC3 gene
(irs1SF cell line), a Rad51 paralog, and in XRCC11 gene, (VC8
cell line), a BRCA2 paralog and in cell lines derived from them,
in which the defect has been complemented by transfection
with the corresponding lacking gene. The products of the
above genes (XRCC3 and XRCC11) have a key role in HR.?%??
As depicted in Fig. 2, panel C, a 10-fold increase in trabectedin
sensitivity was observed in irs1SF cells, lacking a functional

XRCC3, while the pattern of sensitivity reversed in irs1SF cells
transfected with the XRCC3 gene (CXR3 cell line). A more dra-
matic increase in trabectedin sensitivity was observed
(approximately a 100-fold) in cells with BRCA deficiency
(Fig. 2, panel D), with an almost complete reversal of the drug
activity in VC8 complemented cells VC8-BAC and VC8#13-10,
These data strongly suggest that HR pathway is also involved
in the processing of trabectedin-induced DNA lesions in
mammalian cells.

3.3.  Rad51 foci formation by trabectedin treatment in CHO
NER proficient and deficient cells

We then reasoned that if HR is important for trabectedin cyto-
toxicity, the drug treatment should induce the formation of
Rad51 foci, considered foci where DNA DSBs are pro-
cessed.”®?* We investigated the kinetics of Rad51 foci forma-
tion after trabectedin treatment in AA8 cell lines and in its
subline UV-96, NER deficient due to a functional inactivation
of ERCC1. We chose this cellular system as it was previously
characterised for a different sensitivity to trabectedin cyto-
toxic activity being NER efficient cells less sensitive to the
drug (Fig. 3, panel A). Untreated UV-96 cells did display a
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Fig. 2 - Effect of 1 h trabectedin exposure on the clonogenicity of CHO cell lines (panels A, C and D). Each point is the
mean = SD of three experiments, each run in five replicates. Panel A. AAS8: wild type cell line (M); V3-3: DNA-PKcs deficient cell
line (O). Panel C. AA8 cell line (W); irs1SF : XRCC3 deficient cell line (A); CXR3 cell line: irs1SF XRCC3 cell line complemented
with human XRCC3 (A). Panel D. V79: wild type cell line (®); VC8 cell line: BRCA2 deficient cell line (x); VC8-BAC cell line: VC8
cell line complemented with human BRCA (<); VC8#13-10 cell line: VC8 cell line complemented with the entire human
chromosome 13 containing BRCA2 (¢). Panel B. Growth inhibition induced on AA8 cell line by 24 h exposure to trabectedin
alone (M) or after 1 h pre-incubation with 20 pM DNA-PKcs inhibitor, NU7026 (O). Each point is the mean + SD of three

experiments each run in triplicates.
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2-fold increase in the % of cells positive for Rad51 foci (33 + 3
versus 15 + 2 in AA8 cells). This is probably due to the fact that
UV-96 cells are NER deficient and can cope less efficiently
with endogenous damage. At the trabectedin concentration
of 20 nM, corresponding in AAS8 to the ICso, the number of
Rad51 foci increased with time reaching a peak at 4 h and
started to decline 48 h after drug washout (panel B). On the
contrary, on UV-96 cells, no increase in the % of cells positive
for Rad51 foci was observed at the same concentration, corre-
sponding to an ICyo, while a slight increment was observed at
the higher dose of 80 nM, corresponding to an ICs,, starting
from 8 h and peaking at 24 h after drug washout. The increase
in Rad51 foci did not, however, reach the magnitude found in
AAS8. Differently from AA8 cells, Rad51 foci almost completely
disappeared by 48 h in UV-96, suggesting that trabectedin in-
duces Rad51 foci formation only in the presence of an active
NER process.

3.4. y-H2AX phosphorylation induced by trabectedin
treatment in NER proficient and deficient cells

H2AX is a histone H2A variant that is specifically phosphory-
lated at Ser139 upon DSB induction and has been widely used
as a marker for the presence of DSBs.”>*® We assayed the

kinetics of y-H2AX induction by flow cytometry after trabect-
edin treatment both in AA8 and UV-96 cells.

The biparametric y-H2AX/DNA content analysis of un-
treated and treated AA8 and UV-96 cells are shown in Fig. 4.
As already reported for Rad51 foci, a higher % of cells positive
for y-H2AX was observed in control UV-96 cells than in control
AAB cells. Based on differences in DNA content, it was possi-
ble to discriminate between G4, S and G,M cell population and
correlate the drug-induced increase in phosphorylation of
H2AX to the cell cycle phases.

In AAS8 cells (Fig. 4, Panel A, left), already at 1 h after
drug-washout, y-H2AX increased mainly from S-early to
G,M phase in treated cells. At 24 h, the percentage of S-
G,M blocked 7-H2AX positive cells strongly increased in a
dose dependent manner, (panel A). At 20 nM, trabectedin in-
duced a complete S-G,M block. The fraction of positive y-
H2AX treated cells was 4.5 and 5-fold compared with the
control ones for 5 and 20 nM trabectedin respectively (data
not shown). Considering the mean intensity, the maximum
level of y-H2AX mean fluorescence was reached already at 1
h after drug-washout in S phase cells. At 24 h there was a
decrease of yH2AX in S phase cells, while an increase was
detected in GoM and G; phases in cells treated with the
higher concentration (Panel B, left).
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Fig. 3 — Panel A. Effect of 1 h trabectedin exposure on the clonogenicity of CHO cell lines. Each point is the mean + SD of three
experiments, each run in five replicates. AAS8 cell line (M); UV-96 cell line, NER deficient due to a non functional ERCC1 gene
(). Panel B. Percentage of Rad51 positive AA8 cells at different time intervals after drug-washout. Control (H); trabectedin 20
nM (). Panel C. Percentage of Rad51 positive UV-96 cells at different time intervals after drug-washout. Control (H);

trabectedin 20 nM (CJ); trabectedin 80 nM (m).
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Fig. 4 - Panel A. Flow cytometric analysis of y-H2AX levels in AA8 (left side) and UV-96 cell lines (right side) evaluated at
different time points after trabectedin treatment. Total DNA content is shown in the upper histograms, while in the lower
histograms are represented the DNA content of y-H2AX-negative cells (thin line) and of y-H2AX-positive cells (bold line). Panel
B. Mean y-H2AX intensity levels related to the different cell cycle phase distribution in both AA8 and UV-96 cell lines
evaluated at 1, 4 and 24 h after drug-washout. m: G4, [: S, H: G,M.

In UV-96 cells treated with the drug (Fig. 4, right), the in-
crease in y-H2AX was less marked and less prominent than
in AA8 cells. At 1 h after drug-washout the y-H2AX positive
cells were distributed from S-early to G,M phase and the frac-
tion of S-early cells increased at 80 nM. 4 h after drug-wash-
out the majority of y-H2AX positive cells were in S and G,M
phases in cells treated with 20 nM and in S phase at a drug
concentration of 80 nM. At 24 h after drug-washout, the y-
H2AX positive cells were in S-G,M phases while the negative

were mostly in G;. No significant G,M block was observed in
UV-96 cells after trabectedin treatment, as already reported.”’
The fraction of positive y-H2AX trabectedin treated cells was
1.3-fold compared to control ones for both concentrations,
with an almost complete recovery by 24 h. The quantitative
analysis of mean y-H2AX intensity showed that the maxi-
mum level of y-H2AX mean fluorescence was reached already
at 1 h after drug-washout in S phase cells, as for AA8 cells. At
24 h after drug-washout, the level of y-H2AX decreased and
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was similar at both drug concentrations (Panel B, right). These
data were corroborated by immunofluorescence analysis
(Supplementary information, Fig. 1).

The fact that y-H2AX could be detected after trabectedin
treatment mainly in a NER proficient cellular system suggests
that the DSBs are not directly caused by the drug, but are
formed during the processing/repair of the lesions. In addi-
tion, the maximum level of y-H2AX detected in cells of the S
phase at an early time point (1 h recovery) suggests that during
DNA synthesis the drug-induced lesion is converted to DNA-
DSB. Previous data from our laboratory in different cellular
systems clearly showed that no DNA double strand breaks
could be detected by alkaline elution and comet assay at dif-
ferent concentrations and time intervals after trabectedin
treatment .'° These contrasting results could be explained by
the higher resolution of the y-H2AX detection technique.

3.5.  Rad51 foci formation and H2AX phosphorylation
induced by trabectedin treatment in human cells deficient
and proficient in NER

To corroborate these findings, we performed similar experi-
ments using a human cellular system. Immortalised human

XPA-/- fibroblasts were stably transfected with human XPA
cDNA to obtain a complemented XPA-cell line. As depicted
in Fig. 5, panel A cells complemented with XPA were more
sensitive to the cytotoxic effects of trabectedin. The cell cycle
perturbation in both XPA —/- and XPA+/+ clearly indicated a
dose-dependent G,M block in XPA+/+ cells (sensitive to the
drug), while a slight G,M block could be observed in XPA-/-
cells at the highest drug dose tested at 24 h (Fig. 5, panel B).
We then analysed the Rad51 foci formation and the induction
of y-H2AX after drug treatment (Fig. 5, panel C and D). Tra-
bectedin induced an increase in Rad51 foci at both the doses
tested that peaked at 4 h after the end of treatment and per-
sisted up to 24 h in XPA complemented cells; on the contrary,
only a modest increment could be observed in XPA—/- cells
with the highest dose (30 nM) at 24 h. Similarly, a higher in-
crease in y-H2AX positive cells, in particular cells in the S
and G,-M phases of the cell cycle, could be detected in XPA
complemented cells at both doses starting from 4 h after drug
removal. In XPA-/- cells, a slight increase in y-H2AX stained
cells was observed with the highest dose at 24 h. The Rad51
foci formation and the induction of y-H2AX in this system
mirrored what has been described in the CHO NER proficient
/deficient system.
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Fig. 5 - Panel A. Dose response curve in XPA-/-, NER deficient cell line (¢#) and XPA +/+ cells, complemented with human XPA
() after 1 h treatment with trabectedin. Panel B. Cell cycle perturbations induced by 1 h exposure with trabectedin in XPA+/+
(3 or 10 nM) and XPA-/- (10 or 30 nM) cell lines evaluated at different times intervals after drug-washout. Panel C. Percentage
of Rad51 positive XPA+/+ (left) and XPA-/- (right) cells. Control (W); trabectedin 3 nM (CJ); trabectedin 10 nM (@m); trabectedin 30
nM ((@)). Panel D. Mean y-H2AX intensity levels related to the different cell cycle phase distribution in XPA+/+ and XPA-/- cell
lines evaluated at different time intervals after drug-washout. G,(H); S (O); GoM (m).



616

EUROPEAN JOURNAL OF CANCER 44 (2008) 609-618

160 -
140 - A

— 120 1

(=}

g 100

S 80

C

° 60

S 40

20 -
0 . . %
0,01 0,1 1 10 100
DDP (uM)
60 - 60 -
2 B C
g 50 50 -
2
2 401 40 1 —
z ——
=" ——]
. 30 | 30 | E
% ]
< - - —
S 20 20 =
Qi ]
g 10 10 - —
0 B T T 0 1 o T T = 1
1 4 24 1 4 24

h after drug wash-out

Fig. 6 — Panel A. Effect of 1 h DDP treatment on the clonogenicity of CHO cell lines. Each point is the mean of three experiments
+ SD, each run in five replicates. AA8 (H); UV-96 (L); V79 (@®); VC8 (x); VC8-BAC (<); VC8#13-10: (#). Panel B: Percentage of

Rad51 positive AA8 cells evaluated at different time intervals after DDP washout. Control (H); DDP 30 pM, () ; DDP 60 uM (m).
Panel C: Percentage of Rad51 positive UV-96 cells evaluated at different time intervals after DDP washout. Control (H); DDP 0.5

pM (5); DDP 1 pM ().

3.6.  Rad51 foci formation induced by Cis-platinum (DDP)
treatment in CHO cells deficient and proficient in NER

We finally analysed the effect of DDP treatment in CHO NER
proficient and deficient cells. UV-96 cells are extremely sensi-
tive to DDP, with a 100-fold increase in sensitivity over AAS8
cells (Fig. 6, panel A). The observed increased sensitivity is
similar to the one observed in cell lacking a functional recom-
binational repair (Fig. 6, panel A). The extreme sensitivity to
DDP in cell lacking ERCC1 and HR has already been reported
and has been associated with the inability to repair the inter-
strand cross-links induced by DDP. When the kinetics of
Rad51 foci formation were studied after DDP treatment, a
similar induction (both in magnitude and in a temporal fash-
ion) was observed starting from 1 h after drug washout and
persisting up to 24 h in both NER proficient and deficient cells.
These results suggest that Rad51 foci formation is not depen-
dent, as in the case of trabectedin-induced lesions, on a func-
tional NER, but on the contrary, the DDP-induced lesions are
recognised in both NER proficient and deficient cells.

4. Discussion

Trabectedin has been shown to bind to N2 guanine in the
minor groove of DNA® and this interaction is such that it
causes a structural bending of DNA towards the minor groove,
causing an unusual DNA helix distortion.?® This lesion is a

substrate for the NER pathway. In fact, yeast, hamster cells
and human cells deficient in NER are resistant to trabectedin,
with fold resistance ratios ranging from 2 to 10.}%?%3° This is
unusual, intriguing and somewhat paradoxical as deficiency
in NER is generally associated to an increased sensitivity to
DNA interacting agents.? It was reported that the NER func-
tion was related to the ability of the TC-NER subpathway to
induce lethal single strand breaks.’ Even if recently DSB
could be detected by comet assay in HeLa cells after cytotoxic
trabectedin doses,'® several other studies showed no DNA
breaks, assessed both by alkaline elution and by the comet as-
say after trabectedin treatment, unless with drug concentra-
tions 100 times higher than the ICso.'®'* These contrasting
results might be due to the different systems used and still
render controversial the ability of trabectedin in inducing a
quantifiable number of DNA breaks.

Recent data support the role of HR in the drug induced
cytotoxicity. Mammalian HR-deficient cells displayed hyper-
sensitivity to the drug'® and, in addition, data produced in
the fission yeast S. pombe suggested a crosstalk between the
NER and HR pathways to deal with trabectedin-induced le-
sions.’ In the proposed model, the trabectedin adducts in
the minor groove are recognised by the NER system, in partic-
ular the XPG protein. The catalytic endonuclease activity of
the Rad13 (yeast homolog of XPG) protein was found to be dis-
pensable, while its C terminal region was essential for the for-
mation of ‘cytotoxic complexes’ that during the S phase give
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rise to lesions, probably DSBs, that need to be repaired by HR.
Both studies suggested that the trabectedin induced DNA ad-
ducts are likely to be converted to cytotoxic DSBs in S phase.

In the present study we screened S.cerevisiae mutants
defective in the main DNA repair pathways. This assay re-
vealed that DSB repair mutants are specifically sensitive to
trabectedin, indicating that HR pathway is mainly required
to face the effects of the treatment, while NHE] mutants are
only mildly more sensitive to the drug. The evidence that
HR mutants are very sensitive to trabectedin is in keeping
with the previous findings in S.pombe. The requirement of
Dun1 checkpoint kinase to deal with trabectedin could simi-
larly reflect the function of Dunl in modulating DSBs repair.
Surprisingly, PRR mutants did not show hypersensitivity to
trabectedin, while they are usually sensitive to other S-phase
damaging agents (Fig. 1). In yeast and human cells, both HR
and NHE] pathways are involved in DSB repair, with HR acting
mainly in G,-M phase and NHE] in G; phase of the cell cycle.
Since in S.cerevisiae, NHE]J is also required after trabectedin
treatment, we decided to investigate the roles of the two
DSB repair pathways in isogenic mammalian cells. Cells defi-
cient in NHE] were approximately 2-fold more sensitive to tra-
bectedin than proficient cells, as already reported.'* Similar
increase in sensitivity was observed treating wild type cells
with a specific DNA-PKcs inhibitor, suggesting a limited role
of NHEJ pathway in processing trabectedin-induced DNA le-
sions. Cells lacking HR pathway were indeed extremely sensi-
tive to the drug with a decrease in ICso of about 100-fold.
Complementation of the defects almost completely reverted
the sensitivity to normal control level, strongly suggesting
that HR is a key determinant in repairing trabectedin-induced
lesions. Considering that NER deficiency confers resistance to
the drug, that HR is determinant for the processing of the
DNA lesions, that HR generally processes DNA-DSBs, we at-
tempted to explore this cross-connection studying the
involvement of HR in pairs of cell lines proficient and defi-
cient of NER, by monitoring the activation of y-H2AX and
Rad51 foci formation. Trabectedin treatment induced both y-
H2AX and Rad51 foci formation in NER proficient cells, sug-
gesting the formation of DSBs in DNA that are tentatively re-
paired by the induction of Rad51 foci. On the other hand, both
events were clearly much less evident in a NER deficient back-
ground, suggesting that in the presence of trabectedin, the
NER pathway is responsible for the incision/excision of the
DNA lesion leading to the formation of DSBs. In addition,
the induction of y-H2AX is much more evident in the S phase
of the cell cycle, corroborating the hypothesis put forward by
Soares et al.'® of a strict requirement for DNA synthesis in the
formation of trabectedin induced DSBs. The fact that only in
NER proficient cells a clear-cut induction of H2AX phopshory-
lation and Rad51 foci formation was observed can be ex-
plained in the light of what was found in S.pombe, where
the formation and stabilisation of a ternary complex among
DNA trabectedin and the Radl3 carboxy-terminal region
was responsible for the drug cytotoxicity. This suggests that
the NER proficiency leads to the accumulation of unprocessed
SSBs that can be converted to DSB in S phase. In AA8 and UV-
96 cells, respectively NER proficient and NER deficient, DDP
treatment was able to induce the formation of Rad51 foci in
both cells regardless of the cell NER status, suggesting that

the extreme sensitivity of UV-96 cells to DDP is probably due
to the repair inability of the cells and not to factors involved
in the initial recognition of the lesions. In contrast, in the case
of trabectedin, the inability of NER deficient cells to efficiently
activate the induction of Rad51 foci appears to have a protec-
tive role.

The unravelling of the molecular mechanism of the DNA
repair pathways and the cumulating evidence of the exis-
tence of a sub-set of tumours with specific defect in the HR
DNA repair pathway, the so called BRCAness phenotype,®*>*
clearly suggest that patients whose tumours harbour those
specific defects should better benefit from a trabectedin based
therapy. This concept will have to be tested in the clinic.
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