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a b s t  r  a c t

In  both  pro-  and  eukaryotes,  the  mutagenic  and  toxic  DNA  adduct  O6-methylguanine  (O6MeG)  is subject
to  repair  by  alkyltransferase  proteins  via  methyl  group  transfer.  In  addition,  in  prokaryotes,  there  are pro-
teins  with  sequence  homology  to  alkyltransferases,  collectively  designated  as alkyltransferase-like  (ATL)
proteins,  which  bind  to  O6-alkylguanine  adducts  and  mediate  resistance  to  alkylating  agents.  Whether
such  proteins  might  enable  similar  protection  in  higher  eukaryotes  is unknown.  Here  we  expressed
the  ATL protein  of  Escherichia coli  (eATL) in  mammalian  cells  and  addressed  the  question  whether  it
is able  to  protect  them  against  the  cytotoxic  effects  of  alkylating  agents.  The Chinese  hamster  cell  line
CHO-9, the  nucleotide  excision  repair  (NER) de“cient  derivative  43-3B  and  the  DNA  mismatch  repair
(MMR)  impaired  derivative  Tk22-C1  were  transfected  with  eATL cloned  in  an expression  plasmid  and
the  sensitivity  to  N-methyl-N �-nitro-N-nitrosoguanidine  (MNNG)  was  determined  in  reproductive  sur-
vival,  DNA  double-strand  break  (DSB) and  apoptosis  assays. The results  indicate  that  eATL expression  is
tolerated  in  mammalian  cells  and  conferes  protection  against  killing  by  MNNG  in  both  wild-type  and
43-3B  cells,  but  not  in  the  MMR-impaired  cell  line.  The protection  effect  was  dependent  on  the  expres-
sion  level  of  eATL and  was  completely  ablated  in  cells  co-expressing  the  human  O6-methylguanine-DNA
methyltransferase  (MGMT).  eATL did  not  protect  against  cytotoxicity  induced  by  the  chloroethylating
agent  lomustine,  suggesting  that  O6-chloroethylguanine  adducts  are not  target  of  eATL. To investigate
the  mechanism  of  protection,  we  determined  O6MeG  levels  in  DNA  after  MNNG  treatment  and  found

that  eATL did  not  cause removal  of  the  adduct.  However,  eATL expression  resulted  in  a signi“cantly  lower
level  of  DSBs in  MNNG-treated  cells,  and  this  was  concomitant  with  attenuation  of  G2 blockage  and  a
lower  level  of  apoptosis.  The results  suggest  that  eATL confers  protection  against  methylating  agents  by
masking  O6MeG/thymine  mispaired  adducts,  preventing  them  from  becoming  a substrate  for  mismatch
repair-mediated  DSB formation  and  cell  death.

©  2015  Elsevier  B.V. All  rights  reserved.
. Introduction

DNA  is known  to  contain  various  types  of  alkylation  damage

hat  are presumed  to  arise  from  exposure  to  exogenous  chemical
gents  or  endogenously  as by-products  of  cellular  metabolism  [1] .
ne of  the  lesions  found  in  DNA  as a result  of  the  reaction  with
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568-7864/©  2015  Elsevier  B.V. All  rights  reserved.
methylating  species is O6-methylguanine  (O6MeG),  a highly  muta-
genic  and  cytotoxic  DNA  lesion  [2] . O6MeG  exerts  its  mutagenic
effect  through  mispairing  with  thymine  during  DNA  replication,
leading  after  a further  round  of  DNA  replication  to  G:C to  A:T
transition  mutations  [3,4] . The cytotoxic  effect  of  O6MeG  stems
from  the  binding  of  the  mismatch  repair  (MMR)  protein  MutS � ,
a dimer  composed  of  MSH2  and  MSH6,  to  O6MeG:T  mispairs.
This  initiates  binding  of  other  MMR  proteins  and  the  excision  of
the  misincorporated  thymine,  but  due  to  the  mispairing  proper-
ties  of  O6MeG, thymine  is reinserted  opposite  O6MeG, resulting

in  futile  cycles  of  MMR  along  with  extended  DNA  single-strand
gaps [5] . Replication  of  DNA  containing  these  structures  gener-
ates DNA  double-strand  breaks  (DSBs), which  trigger  cell  death
by  activating  apoptosis  pathways  [6…8]. The more  complex  DNA

dx.doi.org/10.1016/j.dnarep.2015.01.009
http://www.sciencedirect.com/science/journal/15687864
http://www.elsevier.com/locate/dnarepair
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dduct,  O6-chloroethylguanine  (O6ClEtG), which  is generated  by
hemotherapeutic  chloroethylnitrosoureas  (CNUs) such  as lomus-
ine  (CCNU), is  also  cytotoxic.  However,  induction  of  cell  death
ollowing  CNUs occurs  in  an MMR  independent  manner  [9] . Thus,
ntramolecular  rearrangement  of  the  O6ClEtG adduct  leads  ulti-

ately  to  the  formation  of  an N1-guanine-N3-cytosine  interstrand
rosslink  (ICL) [10] , which  blocks  replication,  resulting  in  collapse
f  replication  forks  and  the  formation  of  DSBs [11] .

The potential  lethal  effects  of  O6-guanine  alkylation  damage
ave  likely  resulted  in  the  evolution  and  conservation  in  pro-
nd  eukaryotes  of  various  strategies  to  eliminate  the  damage
rom  DNA. One such  mechanism,  in  all  species except  plants,
nvolves  the  removal  of  the  alkyl  group  by  alkyltransferases  (for
uman  cells  O6-methylguanine-DNA  methyltransferase  (MGMT)
9] ). These proteins  bind  to  O6-alkylguanine  adducts  in  DNA  and
ransfer  the  alkyl  group  to  an internal  cysteine  residue  in  an
utoinactivating  stoichiometric  process  leading  ultimately  to  pro-

easomal  degradation  [12] . In  addition,  in  bacteria  and  yeast,  there
re proteins  with  some  sequence  homology  to  AGTs, collectively
esignated  as alkyltransferase-like  (ATL) proteins.  Where  exam-

ned,  these  proteins  exhibit  no  alkyltransferase  activity  [13,14] ,
ut  are able  to  bind  to  a wide  variety  of  O6-alkylguanine  lesions
13,15]  and  confer  resistance  to  the  toxic  and  mutagenic  effects  of
lkylating  agents  [16,17] .

The protective  effect  of  ATL proteins  has been  attributed  to
inding  to  the  damaged  DNA  strand,  which  results  in  DNA  bend-

ng  and  base ”ipping  and  the  recruitment  of  nucleotide  excision
epair  (NER) proteins  that  eliminate  the  O6-alkylguanine  adduct
18,19] . In  Schizosaccharomyces pombe, the  alkyltransferase-like
rotein  1 (Atl1)  targets  O6MeG  for  global  genome  NER, whereas
ranscription-coupled  NER participates  in  the  repair  of  more  com-
lex  adducts  [20] . The ATL of  Escherichia coli , initially  described
s ybaZ  [21] , was  not  only  reported  to  initiate  NER [17] , but  also

o  mask  DNA  damage  and  thus  prevents  the  conversion  of  certain
6-alkylguanines  to  toxic  lesions  by  the  MMR  system  [22] . This
rocess  was  shown  to  reduce  the  transforming  effect  in  E. coli  of

 plasmid  containing  O6-hydroxyethyl-,  O6-1-hydroxypropyl-  and
6-2-hydroxypropylguanine,  but  not  O6MeG, albeit  at  the  cost  of  a
igher  mutation  frequency  [22] . It  was  therefore  proposed  to  be a

ethality  avoidance  mechanism  by  damage  tolerance.
ATL proteins,  that  is, O6-alkylguanine  sensing  proteins  that

ave  no  inherent  catalytic  activity  but  support  the  repair  of  O6-
lkylguanine  adducts,  have  not  so far  been  reported  in  mammalian
ells.  O6MeG  is a highly  mutagenic  and  cytotoxic  adduct,  and,  given
hat  prokaryotes  have  evolved  different  strategies  for  removing  this
esion  from  DNA, it  is  remarkable  that  mammalian  cells  appear
o  have  only  a single  protein,  MGMT,  responsible  for  its  repair.  It
ight  be speculated  that  mammalian  cells  either  do  not  need  a
ackup  system  for  repairing  O6MeG  (in  which  ATL is involved)  or
o  not  tolerate  protein(s)  with  ATL function  that  probe  the  DNA  for

he  presence  of  O6-alkylguanines  and  support  their  repair.  It  was
herefore  of  interest  to  investigate  whether  the  expression  of  ATL
n  mammalian  cells  is  tolerable  and  whether  it  impacts  the  effects
f  simple  alkylating  agents  in  cells  that  do  not  express  MGMT.  To
xamine  the  possible  effects  of  ATL expression  in  mammalian  cells,
e  introduced  the  ATL protein  of  E. coli , in  the  following  referred  to
s eATL, into  Chinese  hamster  cells  and  exposed  them  to  alkylating
gents.  We  show  that  expression  of  eATL is well  tolerated,  having  no

mpact  on  cell  proliferation  and  survival.  It  protects  against  cytotox-
city  induced  by  N-methyl-N �-nitro-N-nitrosoguanidine  (MNNG),
ut  not  lomustine  (CCNU). Intriguingly,  eATL expressing  cells  did
ot  demonstrate  increased  capacity  to  eliminate  O6MeG  from  DNA.

owever,  they  showed  a reduced  number  of  DSBs, attenuated
2 arrest  and  apoptosis  following  MNNG  indicating  that  protec-

ion  against  killing  occurred  by  preventing  the  action  of  MMR  on
6MeG:T  mispairs  induced  in  replicating  cells.
 Repair 28 (2015)  14…20 15

2. Materials  and  methods

2.1. Cell culture  and drug  treatment

The wild-type  Chinese  hamster  cell  line,  CHO-9, the  cor-
responding  ERCC1 mutant  43-3B  (NER-de“cient)  [23,24] , the
MMR-impaired  derivative  Tk22-C1  (designated  originally  as strain
Tk22cos9/5-1/2-C1  [25] ) and  a CHO-9 derivative  stably  transfected
with  the  human  MGMT  cDNA  [26]  were  used  in  this  study.  All
cell  lines  were  cultured  with  Dulbecco•s  MEM/F-12  medium  (1:1)
containing  5% foetal  calf  serum  (FCS) and  penicillin  (100  unit/ml)
and  streptomycin  (100  � g/ml)  in  a humidi“ed  atmosphere  in  7%
CO2 at  37 � C. MNNG  (Sigma,  Munich,  Germany)  was  dissolved  in
dimethylsulfoxide  (DMSO)  and  then  diluted  with  sterile  water  to  a
“nal  concentration  of  10  mM.  A solution  of  10  mM  lomustine  [1-(2-
chloroethyl)-3-cyclohexyl- l -nitrosourea;  CCNU] (Sigma,  Munich,
Germany)  was  prepared  by  dissolving  in  ethanol.  Aliquots  of  MNNG
and  CCNU were  stored  at  Š80 � C and  Š20 � C, respectively.  For
the  treatment  of  exponentially  growing  cells  MNNG  or  CCNU was
added  directly  to  the  medium.

2.2. Plasmid constructions  and transfection

The eATL pcDNA3.1  vector  (containing  a neomycin  resis-
tance  cassette)  was  generated  using  the  pcDNA3.1/V5  His  Topo
TA Expression  Kit  (Invitrogen,  Darmstadt,  Germany)  accord-
ing  to  the  provided  protocol.  The eATL cassette  was  isolated
by  PCR using  the  vector  pMBP-YbaZ  [22]  as template  and
eATL forward:  5�-GCCATGCGACTTCACTCGGGC-3�;  reverse:  5�-
TCAGTAGTTCCAGCGATAACG-3� primers.  The version  of  eATL
pcDNA3.1  containing  a hygromycin  resistance  cassette  was
obtained  by  excision  of  the  eATL sequence  with  Hind  III  and  Xho
I from  the  eATL pcDNA3.1  (neomycin)  vector  and  insertion  into
the  Hind  III-Xho  I  digested  pcDNA3.1  (hygromycin)  vector.  The
Effectene  transfection  kit  (Qiagen,  Hilden,  Germany)  was  used  for
transient  transfection  of  Tk22-C1  cells  and  to  stably  transfect  CHO-
9 and  43-3B  cells  with  the  eATL pcDNA.3.1  neomycin  vector,  as
well  as AT17-C3  cells  with  the  eATL pcDNA.3.1  hygromycin  vector.
After  transient  transfection  Tk22-C1  cells  were  allowed  to  regener-
ate  before  initiation  of  experiments.  To obtained  stably  transfected
clones  cells  were  grown  in  media  containing  1.5 mg/ml  G418  (CHO-
9, 43-3B)  or  0.8 mg/ml  hygromycin  B and  resistant  clones  were
selected.  Transfectants  were  routinely  cultured  in  selective  media,
but  the  selective  agents  were  omitted  during  the  experiments.

2.3. Polymerase chain  reaction

Total  RNA from  cultured  cells  was  isolated  using  the  Nucleospin
RNA II  Kit  (Macherey-Nagel,  Düren,  Germany).  One microgram  RNA
was  transcribed  into  cDNA  using  the  Verso  cDNA  Kit  (Thermo  Sci-
enti“c,  St. Leon-Rot,  Germany).  PCR ampli“cation  was  performed
using  Red-Taq  Ready Mix  (Sigma…Aldrich,  Taufkirchen,  Germany)
and  primers  for  eATL (forward:  5�-TCGCCACGGCACAATTTCGC-3�,
reverse:  5�-AGTCGATTTGCCCGCTTCCCG-3�) and  � -Actin  (forward:
5�-GCTCTTTTCCAGCCTTCCTT-3�, reverse:  5�-GAGCCAGAGCAGTG
ATCTCC-3�).

2.4. Antibody  production

Anti-eATL  polyclonal  antibodies  were  obtained  by  immunisa-
tion  of  rabbits  (Eurogentec)  with  recombinant  MBP-eATL and
puri“ed  by  protein  A af“nity  chromatography.
2.5. Preparation  of cell extracts  and western  blotting

To achieve  a probable  accumulation  of  eATL protein  in  the
nucleus  (through  binding  of  eATL to  O6MeG),  cells  were  treated
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Table  1
Cell  lines,  their  repair  status  and  population  doubling  times.

Cell  line  Repair  status  Doubling  time  (h)

CHO-9 Wild-type  11.6  ±  1.2
CHO eATL Cl. 3 eATL pro“cient 10.6  ±  1.2
CHO eATL Cl. 4 eATL pro“cient  13.0  ±  0.5
43-3B  ERCC1 mt  (NER de“cient)  11.7  ±  1.4
43-3B  eATL Cl. 1 eATL pro“cient  + NER de“cient  12.7  ±  1.8
AT17-C3  MGMT  pro“cient  10.5  ±  1.3
AT17  eATL Cl. 4 MGMT  and  eATL pro“cient  10.5  ±  1.4
6  K.-H. Tomaszowski et al. 

ith  MNNG  (10  � M  MNNG,  1 h).  AT17-C3  and  their  corre-
ponding  eATL clone  underwent  pre-treatment  (1  h)  with  10  � M
6-benzylguanine  for  depletion  of  MGMT.  Nuclear  extracts  were
repared  and  western  blot  analysis  was  performed  as previously
escribed  [27] . Protein  was  visualised  using  the  Odyssey  sys-
em  (LI-COR Biosciences).  The following  antibodies  were  used:
nti-eATL  (dilution  1:25);  � -actin  (dilution  1:4.000,  Santa Cruz,
eidelberg,  Germany)  and  donkey  ”uorophor-coupled  secondary
ntibody  (dilution  1:5.000,  LI-COR Biosciences).

.6. Colony formation  assay

The colony  formation  assay was  performed  as previously
escribed  [28] . Brie”y,  exponential  growing  cells  were  seeded,
llowed  to  attach  for  6 h  and  treated  with  varying  concentrations  of
lkylating  agents.  After  incubation  for  8 or  10  days, colonies  were
xed,  stained  and  counted.

.7. Determination  of apoptosis and necrosis

Induction  of  apoptosis  or  necrosis  was  determined  by  annexin
-FITC/propidium  iodide  (PI)  staining  and  ”ow  cytometry  (FAC-
Canto, Becton  Dickinson,  Heidelberg,  Germany)  as previously
escribed  [27] .

.8. Quanti“cation  of O6MeG

DNA  was  extracted  from  cell  pellets  and  analysed  for  O6MeG
ontent  by  an MGMT  competitive  inactivation  method  as previ-
usly  described  [29] .

.9. Proliferation  and cell cycle analysis

Cell  proliferation  status  was  assessed by  ”ow  cytometry  to
uantify  the  mean  ”uorescence  intensity  (MFI)  of  carboxy”uores-
ein  diacetate  succinimidyl  ester  (CFSE) as previously  described  [8] .
rie”y,  cells  (1  ×  106 cells/ml)  were  labelled  in  PBS containing  5 � M
FSE (Sigma,  Munich,  Germany)  for  8 min  at  room  temperature  in

he  dark.  Residual  CFSE was  quenched  by  adding  5 volumes  FCS
ells were  washed  twice  with  PBS and  seeded in  60  mm  cell  culture
ishes  for  24  h. Following  non-treatment  or  treatment  with  10  � M
NNG  for  1 h  at  37 � C (de“ned  as zero  time,  and  100% CFSE signal)
nd  subsequent  incubation  for  various  times,  cells  were  harvested
nd  re-suspended  in  PBS with  16.7  � g/ml  PI for  5 min  at  room

emperature  in  the  dark.  Flow  cytometry  was  performed  using  a
ACSCanto (Becton  Dickinson,  Heidelberg,  Germany).  To analyse
ell  cycle  progression,  adherent  cells  were  harvested  and  “xed  in
0% ice  cold  ethanol  for  at  least  30  min.  After  RNAase (30  � g/ � l)
igestion,  DNA  was  stained  with  PI (16.7  � g/ml)  in  PBS. Samples
ere  analysed  by  ”ow  cytometry  and  the  proportion  of  cells  in
ach phase  of  the  cell  cycle  were  calculated  using  ModFitTM.

.10. Fluorescence microscopy

Cells were  seeded on  cover  slips,  treated  with  MNNG  (1  � M,
4  h)  and  prepared  for  yH2AX  immunostaining.  Cells were  “xed

n  4% formaldehyde-PBS  and  then  ice-cold  100% methanol  was
dded.  For LSM, “xation  occurred  in  methanol:acetone  (v/v,  7:3)  at
20 � C. Non-speci“c  binding  of  antibodies  was  avoided  by  block-

ng  with  5% BSA in  0.3% Triton  X-PBS. Cells were  incubated  with  the
rimary  antibody  (mouse  anti-phospho-H2A.X,  Millipore,  1:1000)

t  4 � C overnight  followed  by  incubation  with  secondary  antibody
anti-mouse  Alexa  Fluor  488,  Invitrogen,  1:500)  at  room  tempera-
ure.  Nuclei  were  counterstained  with  100  nM  DAPI (quanti“cation
f  yH2AX)  or  1 � M  TO-Pro-3  (representative  example)  and  slides
Tk22-C1  MMR  impaired  (decline  of  MSH2)  13.8  ±  0.3
Tk22-C1  eATL eATL pro“cient  + MMR  impaired 13.3  ±  0.4

were  mounted  in  VECTASHIELD (Vector  Laboratories).  For quanti“-
cation,  foci  were  automatically  scored  by  ”uorescent  microscopy
using  the  Metafer  Finder  System  v. 3.1 (MetaSystems).  Represen-
tative  examples  for  yH2AX  staining  were  acquired  by  confocal
microscopy  (LSM 710;  Carl  Zeiss).

2.11. Neutral  comet assay

The procedure  for  detection  of  DSBs by  neutral  single-cell  gel
electrophoresis  was  performed  as previously  described  [6] . Analy-
sis of  DNA  migration  occurred  by  means  of  an image  analysis  system
(Komet  4.0.2;  Optilas)  and  head/tail  intensity  of  at  least  50  cells  per
sample  was  determined.

3. Results  and  discussion

To determine  the  effect  of  eATL on  the  response  of  mammalian
cells  to  alkylating  agents,  we  transfected  eATL into  Chinese  hamster
cells  and  selected  stably  transfected  clones.  We  used  the  wild-
type  CHO-9, its  NER-defective  mutant  43-3B  (mutated  in  ERCC1)
and  the  MGMT-overexpressing  CHO-9 transfectant  AT17-C3.  RT-
PCR of  RNA isolated  from  G418  and  hygromycin  B resistant  clones
con“rmed  the  expression  of  eATL (Fig. 1A)  and  western  blotting
demonstrated  that  the  transfectants  expressed  detectable  amounts
of  eATL (Fig. 1B). Two  independent  clones  of  CHO-9 showed  differ-
ent  levels  of  expression  of  eATL on  protein  level,  designated  as Cl.
3 and  Cl. 4 (Fig. 1B). Expression  was  stable  during  the  course  of
the  experiments.  We  also  performed  transient  transfection  exper-
iments  with  the  isogenic  MMR-impaired  cell  line  Tk22-C1.  The
expression  of  eATL mRNA  (Fig. 1C) and  protein  (Fig. 1D)  was  con-
“rmed  24  h  after  transfection.  It  remained  still  detectable  7 days
thereafter  (not  shown).  The eATL protein  had  no  signi“cant  impact
on  the  proliferation  rate  of  the  cells  (Table  1).

In  colony  forming  experiments,  CHO-9 cells  expressing  eATL
were  clearly  more  resistant  to  MNNG  than  the  parental  line,  and
CHO-9 eATL Cl. 3 was  more  resistant  than  CHO-9 eATL Cl. 4 (Fig. 2A),
which  correlated  with  the  eATL protein  expression  level  (Fig. 1B).
The CHO-9 derived  mutant  43-3B  did  not  differ  signi“cantly  from
the  parent  cell  line  in  its  sensitivity  to  MNNG  (Fig. 2A and  B), which
was  expected  as ERCC1 is not  involved  in  the  repair  of  MNNG-
induced  DNA  lesions  [30] . Expression  of  eATL in  43-3B  cells  again
resulted  in  enhanced  survival  rate,  closely  similar  to  those  seen in
CHO-9 eATL Cl. 3 (Fig. 2A and  B), indicating  that  eATL provokes
MNNG  resistance  independent  of  NER. CHO-9 cells  do  not  express
MGMT  and  expression  of  MGMT  in  the  AT17-C3  cell  line  conferred
a signi“cant  increase  in  resistance  to  MNNG  versus CHO-9. Addi-
tional  expression  of  eATL neither  increased  nor  decreased  MNNG
resistance  (Fig. 2C), indicating  that  eATL operates  independently
of  MGMT  in  mammalian  cells.  We  should  note  that  eATL, due  to  its

binding  af“nity  to  O6MeG, reduces  the  capacity  of  MGMT  for  repair-
ing  the  adduct,  which  was  shown  in  assays in  vitro  [13] . The possible
competition  of  eATL with  MGMT  in  the  context  of  the  chromatin
in  vivo  (in  mammalian  cells)  remains  to  be elucidated.
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Fig.  1. Expression  of  eATL in  stably  and  transiently  transfected  cell  lines.  CHO cells  were  transfected  with  eATL-expression  vector  and  selected  for  G418  or  hygromycin  B
resistance  to  obtained  stable  clones.  Expression  was  con“rmed  by  RT-PCR of  mRNA  (A  and  C) and  western  blot  analysis  of  nuclear  protein  (B and  D). For transient  transfection,
mRNA  and  protein  level  of  eATL were  analysed  24  h  after  transfection  (C and  D). � -Actin  served  as loading  control.
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ig.  2. Sensitivity  of  eATL non-expressing  and  expressing  cell  lines  to  MNNG  and  CC
arious  concentrations  of  MNNG  (A-D)  or  CCNU (E-H).  After  8 or  10  days  colonies  we
he measure  points  for  eATL transfectants  compared  to  the  parental  cells  shown  in

Survival  experiments  were  also  performed  with  Tk22-C1  cells
erived  from  CHO-9, which  are characterised  by  downregulation  of
SH2  expression  (20% MSH2  protein  compared  to  the  wild-type)
nd  increased  MNNG  resistance  [25] . Expression  of  eATL in  Tk22-
1 (Fig. 1C and  D)  did  not  change  their  response  to  MNNG  (Fig. 2D),

ndicating  that  under  MMR-impaired  conditions  eATL does not  con-

er  protection.

A critical  cytotoxic  lesion  induced  in  DNA  by  chloroethylating
gents  is O6-chloroethylguanine  (O6ClEtG), which  is also  a sub-
trate  for  MGMT.  Therefore,  we  examined  if  eATL would  have  an
termined  in  colony  forming  experiments.  Cells were  seeded and  6 h  later  exposed  to
d,  stained  and  counted.  Data  are the  mean  of  three  independent  experiments  ±  SD.

 A and  B are highly  signi“cant  (p < 0.05).

impact  on  the  cytotoxicity  of  this  lesion.  eATL expression  had  no
effect  on  the  sensitivity  of  either  CHO-9 (Fig. 2E) nor  43-3B  cells
(Fig. 2F) to  CCNU, suggesting  that  eATL has no  impact  on  the  repair
of  O6ClEtG adducts.  Of note,  the  NER-defective  cell  line  43-3B  and
the  corresponding  eATL clone  showed  much  greater  sensitivity  to
the  chloroethylating  agent  than  CHO-9 cells  (note  the  much  lower

concentration  of  CCNU used  for  these  cells)  due  to  their  inability  to
repair  interstrand  crosslinks  (ICL), arising  from  O6ClEtG adducts;
ICL repair  requires  the  involvement  of  functional  NER [31] . In  con-
trast,  AT17-C3  cells  (expressing  MGMT)  were  clearly  more  resistant
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Fig.  3. Effect  of  eATL expression  on  apoptosis  and  necrosis  after  MNNG  treatment.  CHO-9 (� ), CHO eATL Cl. 3 (� )  and  CHO eATL Cl. 4 (� )  were  exposed  to  various  concentrations
of  MNNG  and  annexin  V/PI  analyses  were  performed  by  ”ow  cytometry  72  h  after  treatment.  Data  are the  mean  of  three  independent  experiments  ±  SD.

Fig.  4. Repair  kinetics  of  O6MeG. The cell  lines  indicated  were  treated  with  10  � M
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Fig.  5. Cell  cycle  progression  following  exposure  to  MNNG.  (A)  CHO-9 cells,  (B)  CHO
NNG  for  1 h. Levels of  O6MeG  in  the  DNA  were  determined  immediately  after
reatment  (0  h)  and  over  a period  of  36  h  post-treatment.

o  CCNU (Fig. 2G compare  with  Fig. 2E: note  the  change  of  scale of
he  X axis).  The death  of  MGMT-expressing  cells  at  high  dose CCNU
reatment  is  likely  the  result  of  N-chloroethylations,  which  are less
oxic  than  O6ClEtG [11] . Again,  the  expression  of  eATL in  these  cells
ad  no  impact  on  cell  survival  following  CCNU treatment  (Fig. 2G).
he sensitivity  of  the  MMR-impaired  cell  line  Tk22-C1  to  CCNU was
omparable  to  CHO-9 cells,  supporting  the  notion  that  cytotoxicity
rovoked  by  chloroethylating  agents  is MMR-independent.  Expres-
ion  of  eATL in  Tk22-C1  had  no  clear  impact  on  their  response  to
CNU (Fig. 2H),  suggesting,  together  with  the  results  obtained  for
HO-9 and  43-3B  transfectants,  that  eATL does not  in”uence  the

epair  of  O6ClEtG.
Cell  death  following  MNNG  treatment  in  CHO-9 cells  is  the  result

f  apoptosis  triggered  by  O6MeG  [6] , although  some  necrosis  can
lso  be induced  [32] . The level  of  apoptosis  and  necrosis  following

ncreasing  doses of  MNNG  in  CHO-9 cells,  CHO eATL Cl. 3 and  CHO
ATL Cl. 4 is  shown  in  Fig. 3A and  B, respectively.  Fig. 3C shows
he  effect  of  increasing  doses of  MNNG  on  total  cell  death.  The
ata  shows  that  eATL-expressing  cells  are more  resistant  to  MNNG-

nduced  apoptosis  and  necrosis.  This  con“rms  the  notion  that  eATL
rotects  against  O6MeG, which  is the  major  death  triggering  lesion

n  cells  lacking  MGMT  [9] .
In  mammalian  cell,  the  only  known  repair  mechanism  for

6MeG  is MGMT  and,  therefore,  in  cells  lacking  MGMT,  O6MeG
s a persistent  DNA  lesion  [33] . To examine  the  possibility  that
ATL enables  the  removal  of  O6MeG  from  DNA, we  measured  the
mount  of  O6MeG  in  CHO-9 wild-type,  43-3B  and  AT17-C3  cells
n  the  absence and  presence  of  eATL immediately  and  up  to  36  h
fter  pulse  treatment  (1  h)  with  10  � M  MNNG.  As shown  in  Fig. 4,

he  amount  of  O6MeG  was,  as anticipated,  signi“cantly  lower  in

eATL Cl. 3 and  (C) CHO eATL Cl. 4 were  treated  with  1 � M  MNNG  and  the  proportion
of  cells  in  each cell  cycle  phase  was  quanti“ed  24  h  later  by  ”ow  cytometry.  Data
are the  mean  of  three  independent  experiments.  *p < 0.01.
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T17-C3  cells  (MGMT  expressing)  compared  to  the  other  isogenic
ines  and  declined  to  undetectable  levels  when  measured  18  h  later.

ost  importantly,  in  all  other  cell  lines  lacking  MGMT,  the  O6MeG
evel  was  high  immediately  after  treatment  and  declined  at  the
ame rates  in  parental  cells  and  transfectants,  as determined  up  to
6  h  after  treatment.  This  decline  is the  result  of  dilution  of  the  DNA
amage  by  cell  proliferation,  which  was  similar  in  all  of  the  cell  lines
data  not  shown).  Overall,  the  data  indicate  that  eATL has no  impact
n  the  removal  of  O6MeG  from  DNA, despite  the  observation  that

t  strongly  impacts  on  the  killing  effects  of  this  lesion.
The current  model  for  the  mechanism  of  cell  killing  by  O6MeG

uggests  that  replication  of  DNA  containing  this  lesion  results  in
n O6MeG:T  mispair,  which  is recognised  by  MMR  proteins.  MMR
rocessing  of  this  mismatch  conserves  the  O6MeG  adduct,  but
auses the  persistence  of  long  single-strand  gaps in  the  DNA  which,
n  the  second  round  of  replication,  lead  to  collapse  of  replication

orks,  DSB formation  and  cell  death  [8] . eATL has been  shown  to
ind  to  both  O6MeG:C  base pairs  and  O6MeG:T  mismatches  [22] ,
o one  possibility  is  that  eATL binding  to  the  mismatch  blocks  the
ccess of  MutS � , ultimately  preventing  the  formation  of  DSB. To
xplore  this  hypothesis,  we  “rst  analysed  cell  cycle  progression  fol-

owing  MNNG  treatment,  since  O6MeG  processing  by  MMR  results
n  CHO-9 cells  in  a G2 arrest  in  the  2nd  post-treatment  cell  cycle  [8] .
s shown  in  Fig. 5A, treatment  of  CHO-9 cells  caused a highly  signif-
cant  reduction  of  cells  in  G1 and  an accumulation  in  G2 phase  24  h
ater.  In  contrast,  eATL-expressing  cells  showed  a reduced  G2 block
fter  MNNG  treatment  depending  on  their  eATL expression  level
Fig. 5B and  C). Thus, treatment  of  CHO eATL Cl. 4 caused a moderate

ig.  6. Formation  of  MNNG-induced  DNA  double-strand  breaks.  (A)  Examples  of  yH2AX
NNG.  Nuclei  (blue)  were  stained  with  TO-Pro-3  and  pictures  were  taken  from  LSM. (B
ethods  and  shown  as number  of  foci  per  cell  or  (C) percentage  of  cells  showing  more  th

east  200  nuclei  were  counted  per  dose. *p < 0.05.  (D)  Level  of  DSBs measured  by  the  neutra
reatment.  The level  of  DNA  breakage  was  expressed  by  the  relative  tail  intensity.  *p < 0.0
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accumulation  in  G2 phase  (20% compared  to  35% in  the  wild-type),
whereas  in  CHO eATL Cl. 3 cells  there  was  no  signi“cant  difference
between  untreated  and  MNNG-treated  cells,  demonstrating  that
eATL expression  ablated  the  effects  of  MNNG  on  the  cell  cycle.

If  eATL prevents  O6MeG:T  mispairs  from  being  processed  by
MMR  proteins,  which  is required  for  DSB formation  [6] , we  posited
that  DSBs will  not  be formed  or  formed  at  a lower  level  in  the  pres-
ence of  eATL. To this  end,  we  assessed the  formation  of  � H2AX  foci,
a sensitive  marker  for  DSBs [34] , and  also  performed  the  neutral
comet  assay, which  is an established  method  for  DSB detection  [35] .
Representative  photomicrographs  of  untreated  and  MNNG-treated
CHO-9 and  eATL-expressing  cells  are shown  in  Fig. 6A. Quanti“ca-
tion  showed  a signi“cantly  lower  number  of  � H2AX  foci  per  cell
(Fig. 6B) and  a signi“cantly  lower  fraction  of  cells  with  a high  num-
ber  of  foci  (>30)  per  cell  in  the  MNNG  resistant  eATL-expressing
population  (Fig. 6C). Additionally,  we  observed  in  the  neutral  comet
assay in  eATL expressing  cells  a signi“cantly  lower  tail  intensity
following  MNNG,  compared  to  CHO-9 (Fig. 6D). This  supports  the
notion  that  eATL reduces  the  yield  of  DSBs in  cells  treated  with
MNNG.

In  summary,  we  demonstrate  that  mammalian  cells  tolerate
the  expression  of  eATL and  that  eATL confers  protection  against
the  killing  effect  of  the  O6-methylating  agent  MNNG.  While  eATL
expression  did  not  affect  the  persistence  of  O6MeG  in  MGMT  lack-

ing  cells  treated  with  MNNG,  we  show  that  the  level  of  apoptosis
and  necrosis  and  the  frequency  of  DSBs triggered  by  O6MeG  were
signi“cantly  reduced  in  the  presence  of  eATL. These observations
are consistent  with  the  hypothesis  that  eATL masks  the  O6MeG:T

 foci  (yellow)  in  CHO-9 and  CHO eATL Cl. 3 cells  24  h  after  treatment  with  1 � M
) yH2AX  foci  were  quanti“ed  by  immuno”uorescence  microscopy  as described  in
an  30  foci.  Data  are the  mean  of  three  independent  experiments  ±  SD in  which  at
l  comet  assay in  non-treated  and  1 � M  MNNG  treated  cells,  determined  24  h  after

5.
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ispairs  and  therefore  prevents  them  from  being  converted  by
utile  MMR  cycles  and  replication  into  cytotoxic  DSBs. The “nd-
ng  that  in  MMR  impaired  cells  eATL was  ineffective,  as it  did  not
urther  enhance  the  resistance  to  MNNG,  supports  this  notion.  In
xperiments  with  E. coli  the  eATL (YbaZ)  protein  was  shown  to  bind
o  O6MeG/T  and  also  to  larger  O6alkylguanine  adducts.  However,
t  supported  only  at  low  ef“ciency  the  rescue  of  a plasmid  contain-
ng  the  O6MeG  adduct  in  a cell  transformation  assay [22] . Here  we

easured  survival  of  mammalian  cells  harbouring  O6MeG  adducts
n  their  genomic  DNA  in  the  presence  and  absence of  eATL, and
t  is  reasonable  to  posit  that  the  DNA  damage  is processed  and
ignals  death  in  a way  that  is  not  identic  to  E. coli . Therefore  the
ata  reported  here  do  not  contradict  “ndings  obtained  with  bacte-
ia.  Given  that  a functional  homologue  of  ATL that  might  act  as a
ackup  protection  mechanism  against  O6MeG  has not  so far  been
eported  in  mammalian  cells,  it  is  reasonable  to  speculate  that  cell
eath  triggered  by  O6MeG, which  was  left  unrepaired  by  MGMT,  is

 process  that  serves to  remove  O6MeG  harbouring  cells  from  the
opulation.
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