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Abstract
Treatment with low concentrations of monofunctional alkylating agents induces a G2 arrest only after
the second round of DNA synthesis in mammalian cells and requires a proficient mismatch repair
(MMR) pathway. Here we have investigated rapid alkylation-induced recruitment of DNA repair
proteins to chromosomal DNA within synchronized populations of MMR proficient cells (HeLa MR)
after MNNG treatment. Within the first hour, the concentrations of MutSα and PCNA increase well
beyond their constitutive chromosomally bound levels and MutLα is newly recruited to the
chromatin-bound MutSα. Remarkably, immunoprecipitation experiments demonstrate rapid
association of these proteins on the alkylation-damaged chromatin, even when DNA replication is
completely blocked. The extent of association of PCNA and MMR proteins on the chromatin is
dependent upon the concentration of MNNG and on the specific type of replication block. A
subpopulation of the MutSα-associated PCNA also becomes monoubiquitinated, a known
requirement for PCNA to interact with translesion synthesis (TLS) polymerases. In addition,
chromatin-bound SMC1 and NBS1 proteins, associated with DNA double-strand-breaks (DSBs),
become phosphorylated within one to two hours of exposure to MNNG. However, these activated
proteins are not colocalized on the chromatin with MutSα in response to MNNG exposure. PCNA,
MutSα/MutLα and activated SMC1/NBS1 remain chromatin-bound for at least 6–8 hours after
alkylation damage. Thus, cells that are exposed to low levels of alkylation treatment undergo rapid
recruitment to and/or activation of key proteins already on the chromatin without the requirement
for DNA replication, apparently via different DNA-damage signaling pathways.
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1. Introduction
Monofunctional alkylating agents such as N-methyl-N’-nitro-N-nitrosoguanidine (MNNG)
produce several alkylated DNA adducts, the majority of which have low mutagenic potential
and are repaired efficiently by the base excision repair pathway (BER) [1–3]. The
O6methylguanine (O6meG) modification however, is not repaired by BER but by a one-step
enzymatic reaction that directly and covalently transfers the methyl group from the O6meG
position to methylguanine methyltransferase (MGMT), thus rendering this enzyme useless for
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further reactions [4]. If the cell undergoes DNA replication before repair of O6meG can occur,
there is an elevated likelihood of misinsertion of thymine instead of cytosine opposite the
damaged guanine as evidenced by both in vitro investigations and in vivo mutation assays
demonstrating increased G→A transition mutations in cells exposed to alkylating agents [5,
6]. A sufficient level of O6meG within chromosomal DNA will induce a delayed G2 arrest in
the presence of an intact DNA mismatch repair (MMR) pathway [7,8].

The DNA MMR pathway corrects mispaired bases and insertion/deletion loops resulting from
replication, recombination and other polymerase misinsertion errors. MutSα, a heterodimer
composed of MSH2 and MSH6, recognizes and binds to mispaired nucleotides, and MutLα, a
heterodimer composed of MLH1 and PMS2, couples mismatch recognition to subsequent
strand-specific excision of the incorrect nucleotide and surrounding bases [9,10]. The MMR
pathway contributes to genomic stability by targeting repair to the newly synthesized daughter
strand at the replication fork. MutSα recognizes a variety of nucleotide lesions such as O6meG,
in addition to mispaired bases, but the precise functional consequence of specific lesion
recognition is not clear. UV-induced pyrimidine dimers, cisplatin adducts, oxidized or
alkylated bases, and several other chemically-induced adducts, are recognized and bound by
MutSα to variable degrees, although recognition of these adducts by MutSα also appears to be
dependent on sequence context [11–15]. There has been no clearly documented evidence that
MMR engages in the actual repair of MutSα-bound DNA lesions that are routinely repaired
by other DNA repair pathways. However, there is now solid evidence that DNA damage
checkpoint arrest and apoptosis is substantially decreased in MMR-deficient cells that have
been exposed to monofunctional alkylating agents [10,16–19]. Both Msh2 and Msh6 within
the murine genome have undergone targeted mutations within nucleotide binding regions that
have been demonstrated to be separation-of-function mutations. Cells harboring these altered
proteins have deficient MMR but retain an intact apoptotic response to alkylating agents, and
an increased incidence of tumors have been observed within knock-in mice harboring these
mutations, although tumor onset is delayed as compared to MMR knock-out mice [20,21].

Cell lines containing a proficient MMR pathway but lacking expression of MGMT demonstrate
significantly enhanced sensitivity to alkylating agents by increased cell cycle arrest and
decreased colony survival as compared to cells that are proficient for both MMR and MGMT
activity [7,17]. Conversely, cells deficient in MMR as well as MGMT expression exhibit
greatly decreased G2 arrest and increased colony survival in the presence of alkylating agents.
These cells deficient in both MMR and MGMT also demonstrate a significantly increased
mutation frequency as compared to MMR proficient cells. This is apparently due to the
combined effects of increased cell survival (due to lack of G2 arrest) as well as lack of both
mismatch repair and O6meG repair within these cells after exposure to alkylating agents. From
this, it is apparent that the DNA MMR pathway is required for recognition and subsequent
DNA damage-induced signaling activities within the cell specifically in response to O6meG
damage. Despite this requirement, the MMR pathway does not appear to participate in actual
repair of O6meG damage, supporting evidence for a damage-signaling role of the MMR
pathway within the cell in addition to direct DNA repair.

An additional intriguing discovery is that low concentrations of MNNG and other
monofunctional alkylating agents do not arrest the cell cycle of MMR proficient cells until the
second G2 phase after exposure, therefore allowing as much as two complete chromosomal
replication phases to occur before cell cycle arrest [7,8]. Investigators have found evidence
attributing this phenomenon to MMR recruitment by O6meG:T mispairs formed during S
phase, with subsequent direct DNA damage-signaling by these complexes [22,23]. Models
have also been suggested that attribute the requirement for DNA replication before G2 arrest
to error-prone DNA translesion synthesis opposite the damaged nucleotide in the template
strand, triggering futile rounds of mismatch excision repair that is restricted to the daughter
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strand. These models suggest that either the persistent excision intermediates, or single-strand
gaps leading to replication fork arrest and double-strand breaks (DSBs), indirectly trigger the
DNA damage signaling cascade [9,24]. There is now indisputable evidence that both an intact
MMR pathway and the presence of O6meG damage in chromosomal DNA are required to elicit
an ATRdependent G2 arrest within the second cell cycle and subsequent initiation of apoptosis
[7,23]. The extended length of time between exposure of the cell to low levels of alkylation
damage and death of the cell provides significant challenges for investigations into the
mechanisms associated with these observations. To better understand the nature of MMR-
dependent response to DNA damage by monofunctional alkylating agents, we have
investigated initial alkylation-induced DNA damage signaling events localized to
chromosomal DNA after low level MNNG treatment resulting in G2 arrest during the second
cell cycle after MNNG exposure. After alkylation exposure, all four MMR proteins and PCNA
are rapidly recruited in a co-localized manner to the chromatin, despite that G2 arrest does not
occur until after the second round of chromosomal replication. Surprisingly, recruitment and
co-localization of MMR proteins onto the chromatin occurs even in cells that are completely
blocked for DNA synthesis by a higher concentration of MNNG, double thymidine block, or
aphidicolin block. A subpopulation of PCNA also becomes rapidly monoubiquitinated,
characteristic of DNA damage that requires PCNA switching to lesion bypass by a translesion
synthesis (TLS) polymerase [25–29]. In addition, SMC1 and NBS1 bound to the chromatin
become phosphorylated but not co-localized with MMR proteins. This indicates an ATM/ATR-
activated DNA double-strand break (DSB) response separate from MMR-induced ATR
activation [30–33].

2. Materials and Methods
Cell lines

HeLa S3 (ATCC) and HeLa MR cells were grown in Dulbecco’s Modified Eagles’s Medium/
Ham’s F12 50/50 mix (DMEM/F12; Invitrogen) + 10% fetal bovine serum (FBS; Atlanta
Biologicals Inc.) at 37°C in a 5% C02 humidified atmosphere. HeLa MR cells were a kind gift
from Dr. Sankar Mitra. Nuclear and cytosolic extracts from the above cell lines were prepared
as described by Christmann and Kaina [34]. Briefly, cells were incubated on ice for 10 min.
in lysis buffer I and Nonidet P-40 was added to a final concentration of 0.5%. Solutions were
then vortexed, incubated on ice for 5 min. and pelleted by centrifugation at 400 × g for 5 min.
Pellets were resuspended in lysis buffer IV and sonicated. After centrifugation and
determination of protein concentration of the supernatants, extracts were stored at −80°C.
Cytosolic extracts were prepared essentially as above except that vortexed solutions were
incubated on ice for 2 min. and pelleted by centrifugation at 10,000 × g for 2 min. Protein
concentration of the supernatants was determined and extracts were stored at −80°C.

Chemicals
N-methyl-N’-nitro-N-nitrosoguanidine (MNNG) (Sigma) was dissolved in DMSO and was
freshly made for each experiment. For experiments involving MNNG, because of the short
half-life of MNNG (1 hour), media were not replaced before cells were harvested. Etoposide,
staurosporine, aphidicolin, and thymidine were all purchased from Sigma, dissolved in DMSO,
and stored at −20°C. Cells were treated with 500 nM etoposide or 1 µM staurosporine for 20
hours as a positive apoptotic control.

Double thymidine block
For cell cycle synchronization by double thymidine block [35], HeLa cells were grown for 19
hours in complete medium containing 2 mM thymidine, an additional 8 hours without
thymidine, then an additional 16 hours with 2 mM thymidine. After replacing with complete
medium, cells were either immediately treated with MNNG as described above, or incubated
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for an additional 8 hours before MNNG treatment to allow S phase synchronized cells to reach
G1 phase in a synchronized manner.

Aphidicolin block
For cell cycle synchronization by aphidicolin block [36], HeLa cells were grown for 16 hours
in complete medium containing 5 µM aphidicolin. After replacing with complete medium,
cells were treated with MNNG as described above.

Cell cycle analyses
Monitoring of cell cycle phase distribution was accomplished by using propidium iodide for
nuclear staining and subsequent detection using a Beckman/Coulter EPICS Elite flow
cytometer, as described previously [37]. The resulting data were analyzed by Multicycle
software (Phoenix Flow Systems) and reported as the percentage of cells in G1, S, or G2 phase.
Duplicate plates were used for each time point.

Colony survival
Colony survival assays were performed in triplicate by seeding 300 HeLa cells per 60 mm plate
and incubating for 24 hours in complete medium, after which the cells were treated with MNNG
as described above, and incubation was continued for 8 days. Plates were harvested by rinsing
with phosphate-buffered saline (PBS), fixing with 100% methanol, and staining with 1%
crystal violet / 20% ethanol. Colonies containing 50 or more cells were counted and the average
number of surviving colonies from each set of plates was determined. Concentrations of
MNNG inhibiting 90% colony survival (IC90) were determined using Microcal Origin software
(Microcal).

Immunofluorescent reagents for immunoblot and immunofluorescence studies
4′, 6- diamidine-2-phenylindale, dihydrochloride (DAPI) was purchased from Molecular
Probes. Antibodies against PCNA (sc-56), MLH1 (sc-582, for immunoblots) and 5-
bromodeoxyuridine (BrdU; sc-32323) were purchased from Santa Cruz Biotechnology. Alexa
Fluor-488 goat anti-rabbit IgG or Alexa Fluor-546 goat anti-mouse was from Molecular
Probes. Antibodies against MSH6, PMS2, and MLH1 (for microscopic studies) were purchased
from BD Biosciences (610919, 556415, 554073). Antibody against MSH2 was purchased from
Oncogene (NA-27 for Western blots, NA-20 for immunoprecipitations). Antibodies against
SMC1 (3A300-055A) and pSMC1 (A300-050A) were purchased from Bethyl Laboratories.
Antibody against NBS1 (GTX70224) was purchased form GeneTex, Inc. and antibody against
pNBS1 (NB100-284) from Novus Biologicals. For detection of apoptosis, anti-PARP
polymerase (556362) was from BD Pharmingen, and Lamin A/C (2032) from Cell Signaling.

Western analysis
For immunoblots, equal protein concentrations of nuclear or cytosolic extracts were
resuspended in SDS sample buffer and separated by denaturing SDS–polyacrylamide gel
electrophoresis (SDS–PAGE). The protein bands were transferred for 1 hour at 100 volts to
polyvinylidene difluoride (PVDF) membrane in a buffer containing 25 mM Tris, 192 mM
glycine, and 20% methanol. The membranes were blocked with 5% milk in TBST (25 mM
Tris, pH 7.5, 0.8% NaCl, 0.02% KCL, 0.05% Tween 20) for 1 hour at room temperature, and
then incubated for 1 hour with primary antibody in blocking buffer. After 3 washes with TBST,
the membranes were incubated with horseradish peroxidase (HRP)-conjugated anti-mouse IgG
(1:10,000) or antirabbit IgG (1:10,000) for 40 minutes. The immunoreactive proteins were
visualized by enhanced chemiluminescence following manufacturer’s directions (ECL
solution; Amersham Pharmacia Biotech, INC.) via exposure to X-ray film.
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Chromatin cross-linking and chromatin immunoprecipitation (ChIP) analyses
After each MNNG treatment period, the chromatin was cross-linked by fixing HeLa MR cells
directly within the culture plate in 1% formaldehyde in DMEM for 15 minutes at room
temperature and then neutralized by the addition of 125 mM glycine for 5 minutes. The cells
were scraped into ice cold PBS, pelleted by centrifugation at 600 × g for 5 minutes, and then
resuspended in buffer A (50 mM Tris-HCl (pH 7.9), 150 mM NaCl, 20 mM EDTA, 0.5%
NP-40) with phosphatase and protease inhibitors. The cells were then passed through a 21.5
gauge needle several times to disrupt the plasma membrane and reduce aggregates. Cells were
again resuspended in buffer A and centrifuged as above, and nuclei were extracted in buffer B
(20 mM Hepes at pH 7.4, 600 mM KCL, 0.2 mM EDTA) on ice for 30 minutes to remove
soluble nuclear proteins. Untreated cells were used as negative controls. The salt-extracted
cross-linked nuclei were washed once with buffer A and then resuspended in buffer A for
sonication. The samples were then sonicated 3 times for 20 seconds with a one-minute pause
on ice between each sonication, resulting in 0.5-1 kb segments. The material was then
centrifuged at 20,000 × g for 15 minutes at 4°C, and the supernatant was recovered as the
purified chromatin extract. For ChIP analysis 250 µg of chromatin extract was incubated with
4 µg of anti-MSH2 antibody and rotated for 2 hours at 4°C. Protein A/G gel slurry (Pierce)
pretreated with calf thymus DNA (to bind protein-bound antibody) was then added and the
samples were rotated overnight at 4°C. The gel slurry was pelleted at 600 × g, washed
extensively with buffer A, and resuspended in SDS-PAGE sample buffer. The eluted proteins
were subjected to SDS-PAGE and transferred to PVDF membrane for immunoblot analysis as
described above.

Microscopic immunofluorescence
For indirect immunofluorescence detection by microscopy, HeLa cells were plated onto glass
coverslips at a density of 20,000 cells per coverslip. Cells were fixed at indicated times with
either 4% paraformaldehyde, pH 7.5, or ice-cold methanol for 15 minutes, depending on the
antibody to be used. Cells fixed with paraformaldehyde were permeabilized with 0.3% Triton
in PBS for 5 minutes. For experiments analyzing detergent-resistant proteins, cells were
extracted for two minutes with CSK buffer (10 mM Pipes at pH 6.8, 300 mM sucrose, 100 mM
NaCl, 3 mM MgCl2, 1 mM EDTA and 0.5% Triton X-100) prior to fixation. Samples were
blocked with 5% goat serum in PBS and incubated with the indicated primary antibody for 1
hour at room temperature. Cells were then washed three times with PBS and incubated for 40
minutes with Alexa Fluor-488 goat anti-rabbit IgG or Alexa Fluor-546 goat anti-mouse (1:600;
Molecular Probes) in PBS with 5% goat serum. Finally, cells were incubated with 300 nM 4′,
6- diamidine- 2-phenylindale, dihydrochloride (DAPI) in PBS to stain all nuclear DNA. After
washing three times with PBS, the coverslips were mounted with Dako fluorescent mounting
media and images acquired with a Nikon Eclipse 800 fluorescence microscope equipped with
a Sensys digital camera and ImagePro software (MediumCybernetics). For 5-
bromodeoxyuridine (BrdU) labeling of newly replicated DNA, cells in culture were pulsed
with 10 µM BrdU for 10 minutes before fixation with ice-cold methanol. Samples were fixed
with methanol, then treated with 2 N HCL for 30 minutes to denature the DNA and rinsed two
times with 0.1 M Na-Borate, pH 8.5. Cells were blocked and processed with anti-BrdU
antibody (1:500) as described above. Antibodies for microscopic studies were diluted 1:400
for anti-PMS2, anti-MLH1, anti-MSH2, and 1:500 for anti-PCNA, anti-BrdU and anti-MSH6.

3. Results
HeLa MR cells contain abundant concentrations of all four MMR proteins within the nuclear
compartment, similar to HeLa S3 cells, but lack expression of MGMT, the “suicide enzyme”
that directly removes alkyl groups from O6meG (Supplement 1). This DNA alkylation adduct
is not repaired by other DNA repair pathways [4]. Therefore HeLa MR cells, lacking expression
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of MGMT because of promoter hypermethylation, are several-fold more sensitive than HeLa
S3 cells to monofunctional alkylating agents, such as MNNG [34,38]. These unrepaired
O6meG adducts are believed to be responsible for the checkpoint arrest delayed until the second
G2 phase of the cell cycle by a signaling mechanism that is incompletely understood, but that
is clearly dependent on an intact MMR pathway.

Characterization of HeLa S3 and HeLa MR cytotoxic response to MNNG
Initial characterization of HeLa S3 and MR cell lines defined quantitative differences in
sensitivity to MNNG. If the decrease in colony survival for each cell line is linear with increase
in concentration of MNNG, then the concentration of MNNG inhibiting 90% of colony survival
(IC90) is 2.8 µM for HeLa S3 and 0.14 µM for HeLa MR cells. From our combined results,
the sensitivity of HeLa MR to MNNG can be estimated as much as two orders of magnitude
higher than HeLa S3 (Supplement 2). HeLa MR cells synchronized to S phase by double
thymidine block were then used to investigate MNNG-induced initial alterations within the
cell cycle and subsequent onset of apoptosis during the second cell cycle G2 arrest [7]. Exposure
to 0.02 µM MNNG is not cytotoxic to the majority of HeLa MR cells, as 76% of plated cells
survive to become colonies (Supplement 2) and the cell cycle is only transiently inhibited
during the second G2 phase (Figure 1). However both 0.2 and 2 µM MNNG treatments result
in a similar profile of time-dependent accumulation of the cell population within the second
G2 phase up to 48 hours after MNNG treatment (Figure 1a), which is an extensive delay as the
normal HeLa MR cell cycle is only 11 – 13 hours (unpublished observation). After this time
point, the cell populations begin to accumulate in subG1 instead of cycling back to G1,
indicating onset of apoptosis. Figure 1b also demonstrates that HeLa MR cells exposed to 2
µM MNNG are just beginning to undergo detectable apoptosis at 48 hours, as evidenced by
the increased accumulation of PARP (PolyADP-ribose Polymerase) or initial appearance of
Lamin A/C cleavage products [39,40]. At 48 hours, it appears that the majority of the cell
population has accumulated in the second G2 phase and the apoptotic process has been initiated,
but actual cell death has not yet become extensive. In summary, HeLa MR cells that lack
MGMT are 20–100 times more sensitive to MNNG than HeLa S3 cells that express active
MGMT. However, HeLa MR cells do not exhibit cell cycle arrest until the second G2
checkpoint, nor do these cells exhibit evidence of apoptosis, until 48 hours after treatment with
2 µM MNNG.

Effects of cell cycle synchronization, DNA replication block, and MNNG concentration on
extent of MMR proteins and PCNA bound to the chromatin

In order to characterize onset of recruitment of MMR proteins to the chromatin after alkylation
damage, synchronized HeLa MR cells were released from double thymidine block (DTB) into
media containing MNNG and harvested for chromatin-bound proteins at specific time points.
Proteins in close proximity to chromosomal DNA were cross-linked by formaldehyde fixation,
and chromosomal fractions were extracted and sheared by sonication for subsequent chromatin
immunoprecipitation (ChIP) analysis. Equal concentrations of sheared chromosomal DNA
were subjected to immunoprecipitation by the use of a polyclonal antibody to MSH2. This
procedure allows localized MMR protein recruitment to the damaged chromatin to be
monitored over time.

Figure 2a demonstrates the results of ChIP analysis of HeLa MR cell populations that were
first synchronized to S phase by DTB. Untreated cells do have constitutive levels of MutSα
and PCNA associated with the chromatin throughout the cell cycle, with negligible
concentrations of associated chromatin-bound MutLα as evidenced by ChIP analysis of
proteins co-immunoprecipitating with MSH2 (Figure 2b). HeLa MR cells exposed to 20 µM
MNNG produces an immediate arrest of the cell cycle as well as a strong and rapidly induced
colocalization of MutSα, MutLα and PCNA to the chromatin. The dramatic increased
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recruitment and co-localization of all four MMR proteins and PCNA onto the chromatin begins
within 30 minutes of exposure to MNNG (Figures 2a,2b).

Within the nucleus of both untreated HeLa S3 and MR cells synchronized to S phase, MutSα
is primarily localized to discrete replication factories, as previously reported (Supplement 3)
[37,41,42]. Two hours after exposure to 20 µM MNNG however, a dramatic increase in nuclear
accumulation of MSH6 is evident, and the pattern of distribution in both HeLa S3 and MR
cells is much more diffuse throughout the nucleus (Supplement 3). In order to determine if this
MNNG-induced influx of MMR proteins to the nucleus is an MNNG-induced increase of
soluble MMR proteins, or if the newly influxed proteins are concomitant with increased protein
bound to the chromatin as suggested by ChIP analysis of formaldehyde cross-linked nuclear
protein and DNA, we used a mild detergent extraction to remove all soluble proteins from
synchronized cells before fixation and microscopic immunofluorescence analysis [43,44].
HeLa MR cells were synchronized by double thymidine block and either released for 2 hours
into S phase or kept under thymidine block to prevent DNA synthesis (Figure 3a; similar results
for MSH2 and MLH1, not shown). Detergent extraction of both replication-competent and
replication-blocked cells reveal that MSH6 and PMS2 in cells not exposed to MNNG are
completely removed by detergent extraction (soluble), while cells exposed to MNNG contain
significant amounts of detergent-resistant MMR proteins (insoluble), regardless of whether
DNA replication is blocked or DNA synthesis is ongoing. The dramatic increase of detergent-
resistant MMR proteins 2 hours after MNNG treatment, even in the absence of DNA synthesis,
agrees well with our ChIP results indicating rapid recruitment and co-localized binding to the
alkylation-damaged chromatin. Interestingly, ChIP analysis (Figure 2a) and microscopic
immunofluorescence (Supplement 3) of untreated cells in S phase indicates a constititutive
level of MutSα associated with the chromatin which is also localized to discrete replication
factories during S phase, as previously reported by us and others [37,41]. However, detergent
extraction before immunofluorescence staining indicates that MutSα is extractable, and
therefore not actually bound to undamaged chromosomal DNA that has not been subjected to
formaldehyde cross-linking (Figure 3a; 0 MNNG).

PCNA is also removed by detergent extraction in cells not exposed to MNNG that are also
blocked for DNA replication. However, in untreated cells removed from replication block and
therefore undergoing DNA synthesis, there is a robust localization of PCNA into discrete
detergent-resistant replication factories. These results indicate that the replication block is
successfully inhibiting DNA synthesis, while the untreated cells released from replication
block are successfully undergoing PCNA-dependent DNA synthesis that also requires close
association, but not actual binding, of MutSα to DNA. Conversely, both replication-blocked
and unblocked populations of cells exposed to MNNG contain detergent-insoluble MutSα,
MutLα and PCNA, all of which are diffusely scattered within the nucleus, rather than localized
to replication foci, suggesting a chromosome-wide DNA damage signaling response to all of
the DNA alkylation lesions produced by MNNG. These results suggest that both MutSα and
MutLα recognize and bind to O6meG lesions before DNA replication occurs throughout the
chromatin, and/or that MMR proteins are responding to other types of alkylation damage also.

Figures 3b and 3c show a ChIP analysis and subsequent histogram demonstrating fluorescent
intensities of protein immunoblots prepared from synchronized HeLa MR cells treated with 0,
2 or 20 µM MNNG. Cells were released into fresh medium for 3 hours (lanes 1–3), or were
kept under thymidine block for complete inhibition of DNA synthesis (DTB removes dCTP
from the nucleotide pool; lanes 4–5), or were blocked for replicative DNA polymerase activity
(aphidicolin inhibits replicative DNA polymerases only; lanes 6–7), or replication was blocked
by both methods (lanes 8–9). Formaldehyde cross-linked and sheared chromatin purified from
cells subjected to each of the above conditions was immunoprecipitated with antibody to
MSH2. The subsequent immunoblots of MSH2 and co-precipitated proteins reveal that both a
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complete replicative block (thymidine) and a block targeted only to replicative DNA
polymerases (aphidicolin) diminishes, but does not abolish, MMR protein and PCNA
recruitment and co-localization onto the chromatin after MNNG treatment (lanes 4–9). Co-
localized chromatin binding of these proteins is also dependent upon MNNG concentration,
as evident by comparison of 2 and 20 µM MNNG treatment lanes (lanes 4,6,8 versus 5,7,9).
MMR protein and PCNA co-localization to the chromatin during MNNG treatment is reduced
to a greater extent in cells under block for replicative DNA polymerases only (lanes 6–9), than
in cells that are completely blocked for all DNA synthesis (lanes 4–5). Surprisingly, cells
blocked by both methods did not undergo any further reduction in MMR protein and PCNA
binding to the chromatin than the replicative polymerase block alone (compare lanes 6,7 to
lanes 8,9, and Figure 3c). This indicates that recruitment of MMR activity to the damaged
chromatin might be dependent on interactions with replicating polymerases rather than directly
with the replication fork.

A PCNA immunoblot of “overloaded” lanes of ChIP protein extracts also reveals a smaller
band located 7–10 kDa above PCNA (arrow; bottom panel) that has been reported to be
monoubiquitinated PCNA. This is now a well-defined modification of PCNA that has been
documented as a DNA damage-inducible post-translational alteration required for PCNA to
switch from association with replicative polymerases to the translesion synthesis (TLS)
polymerases for control of lesion bypass [25–29,45]. The denser bands indicating
monoubiquitinated PCNA are in the lanes from HeLa cells treated with the highest
concentration of MNNG (20 µM) that also elicits the strongest co-localization of MMR proteins
regardless of DNA replication block conditions (lanes 3, 5 and 7). The combined results within
Figure 3b strongly suggest that DNA translesion synthesis (monoubiquitinated PCNA during
DNA replication; lane 3) and/or DNA damage signaling or repair synthesis (monoubiquitinated
PCNA without DNA replication; lanes 5,7) can occur at chromatin locations that also contain
highest concentrations of co-localized MMR proteins (lanes 3,5,7). This may indicate that
DNA TLS polymerases can replicate over O6meG at the replication fork and perhaps during
“futile MMR synthesis” [9,24].

We then compared BrdU incorporation within different populations of HeLa MR cells
synchronized by DTB or aphidicolin (Figure 4). Cells were initially synchronized by DTB,
then released and exposed to 0, 2 or 20 µM MNNG for 3 hours, including a final 10 minute
pulse with BrdU to detect DNA synthesis (Figure 4a). Synchronized cell populations released
from DTB block for 3 hours and not exposed to MNNG (0) include over 20% of the cells in
G2 as indicated by flow analysis and by a lack of BrdU incorporation within several of the
DAPI-stained cells. Cells exposed to 2 µM MNNG contain over 90% of the population still in
S phase, with virtually all cells still incorporating BrdU. Cell populations exposed to 20 µM
MNNG were also still incorporating BrdU, albeit at a much lower intensity than at 2 µM
MNNG. The majority of this population was still in early S phase (96.5%) as this high
concentration of MNNG rapidly arrests exposed cells (see Figure 2a). HeLa MR cell
populations were then synchronized by DTB or aphidicolin and were held under each
replication block while exposed to either 0 (results not shown), 2 or 20 µM MNNG for 3 hours
(Figure 4b). Synchronized cell populations under continuous DTB remained blocked in early
S phase (as expected) after 2 or 20 µM MNNG treatment. Microscopic fluorescence analysis
of each treatment population did not detect any BrdU incorporation, further confirming that
the DNA synthesis block was complete. These results confirm a profound lack of DNA
synthesis, including DNA repair activity, when dCTP is removed from the nucleotide pool by
excess thymidine treatment [36]. Cell populations synchronized by aphidicolin (5 µM for 16
hours in complete medium) and exposed to either 0 (results not shown), 2 or 20 µM MNNG
contained over 80% of all populations in G1 phase, as expected. Microscopic analysis of these
cell populations however, revealed a very faint amount of BrdU incorporation within several
cells (BrdU incorporation photographs in Figure 4b were deliberately and identically
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overexposed several-fold as compared to Figure 4a). There were also rare cells within the
untreated aphidicolin-blocked cell populations that demonstrated faint BrdU incorporation
(results not shown). This low amount of BrdU incorporation within cell populations
synchronized by aphidicolin could indicate DNA repair activity, as the majority of cells are
still in G1. While aphidicolin competitively inhibits replicative polymerases (α, δ,ε )this
chemical does not appear to inhibit Polymerase β or TLS polymerases, which may participate
in base excision repair synthesis within nonreplicating DNA, as well as translesion synthesis
at the replication fork [46].

HeLa MR cells synchronized by DTB, then released and either exposed immediately to 2 µM
MNNG, or incubated for an additional 8 hours (to synchronize cells into G1 phase) before
exposure to 2 µM MNNG, exhibit a delayed cell cycle progression of approximately 2 hours
through the first cell cycle (Figure 5a; also Figure 1a and results not shown). However there
is not a permanent cell cycle arrest, or any detectable cell death during this initial cell cycle
after exposure to MNNG. Lack of cell death can also be evidenced by a lack of subG1 DNA
content by flow analysis (Figure 5a), and lack of apoptotic cleavage products (see Figures 1a,
1b). Despite this early lack of evidence of cytotoxicity, G2 arrest occurs at the end of the second
cell cycle, apoptotic cleavage products start appearing at 48 hrs, and 100% of the cells
eventually succumb to cell death, as evidenced by colony survival results (see Figure 1a, 1b
& Supplement 2). Here we demonstrate that chromatin immunoprecipitation of cells
synchronized to either S or G1 before exposure to 2 µM MNNG demonstrate a rapidly induced
co-localization of MutSα, MutLα and PCNA to the chromatin (Figure 5b; upper immunoblots),
similar to effects of 20 µM treatment in cells synchronized to S phase (see Figure 2a). The
increased accumulation and co-localization of MMR proteins and PCNA onto the chromatin
after 2 µM MNNG occurs as soon as 0.5 hour post-treatment in cells that have been
synchronized to either S or G1 phase of the cell cycle before MNNG treatment. This protein
induction to the chromatin remains above constitutive levels observed in untreated cell
populations throughout the first 8 hours in both cell cycle-synchronized populations (Figure
2a; and results not shown). Therefore, even at low concentrations of MNNG that do not cause
cell cycle arrest until the second G2 phase, MMR proteins and PCNA are co-localized to the
damaged chromatin very rapidly and remain elevated on the chromatin for up to 8 hours,
regardless of the percentage of the cell population undergoing DNA synthesis. The
accumulation of soluble MMR proteins within the nucleus after MNNG treatment however, is
more delayed than accumulation and co-localization onto the chromatin (Figure 5b; lower
immunoblots). Soluble protein accumulation peaks at 4 hours (late S phase) after MNNG
treatment in cells synchronized to the S phase, whereas accumulation within G1 synchronized
cells appears to continue throughout the subsequent 8 hours after MNNG treatment. Note that
the majority of the G1 synchronized cells have just begun to enter S phase by 4 hours and 70%
of the population is still in S phase by 8 hours (Figure 5a, b). Therefore, soluble MMR protein
concentrations within the nucleus of alkylation-damaged cells may also be influenced by the
cell cycle as well as MNNG treatment [37]. In summary, we have demonstrated that increased
chromatin association of MMR proteins in HeLa MR cells can be rapidly induced by exposure
to MNNG in a concentration-dependent manner, does not require DNA replication, and is a
separate induction from the normal cell cycle fluctuation of nuclear MMR protein
concentrations [37].

Figure 5c demonstrates an additional approach to verify MMR protein recruitment to chromatin
of cells exposed to 2 µM MNNG. This figure shows several photographs from a microscopic
immunofluorescence experiment in which synchronized HeLa MR cells were exposed to 2 µM
MNNG and subjected to a detergent wash to remove soluble proteins at 0, 2, 4, and 6 hours
after release from DTB. Untreated cells (0 hour), as shown previously (Figure 3a), do not appear
to contain any detergent-resistant (chromatin-bound) MMR proteins MSH6 or PMS2. After
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MNNG treatment, increasing amounts of detergent-resistant MMR proteins accumulate on the
chromatin for up to 6 hours, in agreement with ChIP results.

BrdU incorporation, soluble PCNA, and chromatin-bound PCNA were examined
simulatneously by microscopic immunofluorescence, as an indication of DNA synthesis in
HeLa MR cells after release from replication block (Figure 6a). At 0 hour, all cells are still in
double thymidine block, therefore no BrdU is incorporated into the DNA (as observed
previously; Figure 4a), although PCNA is partially detergent-resistant (compare middle panel
to right panel). PCNA within these cells is presumably in the process of early S phase
localization onto the chromatin to prepare for the initiation of DNA synthesis, which proceeds
rapidly after release from DTB. At 2 hours after release, both untreated and MNNG-treated
cells are incorporating BrdU and PCNA is localized onto the chromatin (detergent-resistant
panel). Untreated cells at 2 hours also demonstrate high amounts of BrdU and PCNA
localization to replication factories, indicative of normal DNA replicative synthesis in these
cells. MNNG-treated cells at 2 hours however, have a much more diffuse pattern of both BrdU
incorporation and detergent-resistant PCNA, indicating a possible switch to chromatin-wide
DNA repair synthesis. At 4 hours, approximately 1/2 of the untreated DAPI-stained cells still
contain detergent-resistant PCNA, indicating that DNA replicative synthesis is nearing
completion in the untreated cell population. All MNNG-treated cells at 4 hours contain
detergent-resistant PCNA appearing as a mixed pattern of dispersion and localization to foci,
suggesting a mixture of repair and replication synthesis. At 6 hours, the majority of the
untreated cells are not incorporating BrdU and do not contain detergent-resistant PCNA. As
well, DAPI staining indicates that several cells are undergoing mitosis. MNNG-treated cells
at 6 hours however, show larger nuclei indicating a delay in S phase, are still incorporating
BrdU, and the majority of detergent-resistant PCNA is in discrete foci, indicating replicative
DNA synthesis. These results correlate well with flow cytometry indicating an approximate
two hour delay in the cell cycle in MNNG treated cells (Figure 1a and figure 5a). In further
support of DNA replicative synthesis substantially altered to DNA repair synthesis after
MNNG treatment, figure 6b demonstrates increased amounts of chromatin-associated PCNA,
co-precipitating with MutSα that also appear to be transiently monoubiquitinated between 2 –
8 hours after MNNG-treatment, but not in untreated cells within this same time period. This
agrees with the notion of increased translesion (or repair) synthesis within the first cell cycle
in MNNG-treated cells. Ubiquitination-specific antibodies also demonstrate a band at the same
Mr location in MNNG-treated cells (including several additional protein bands; results not
shown). These results are also in agreement with results in Figure 5c after 3 hours of MNNG
treatment. In summary, figure 6a is a demonstration of altered patterns of BrdU incorporation
and simultaneously altered amounts and patterns of chromatin-bound PCNA within the first
several hours after low-level MNNG treatment. This combined information strongly indicates
that DNA replicative synthesis is largely inhibited while DNA repair synthesis is ongoing
during the first cell cycle after low-level MNNG treatment that does not arrest the cell cycle
until G2 phase of the second cell cycle.

Evidence for early activation of an additional DNA damage signaling pathway unrelated to
the MMR pathway

MNNG produces a much higher percent of alkylated nitrogens (~80% is N7methylguanine and
N3methyladenine) than of O6meG (~8%) [47]. The individual alkylated nitrogens are
repairable by the BER pathway, but have also been shown to create double-strand breaks
(DSBs) when multiple BER st and incision events occur in close proximity on double-stranded
DNA [48–50]. Both pSMC1 and pNBS1 are part of the ATM checkpoint activation pathway,
which is inducible by DNA DSBs [51]. Figure 7 demonstrates that MNNG-inducible
phosphorylation of chromatin-bound SMC1 and NBS1 occurs within 1 hour after MNNG
treatment and remains elevated over the initial 8 hour time period within both S and G1
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synchronized HeLa MR populations. These two phosphorylated proteins do not co-localize
with MMR proteins by ChIP analysis (results not shown), but are rapidly induced to undergo
phosphorylation throughout the chromatin after MNNG treatment. Soluble pNBS1 levels
within the nucleus have a similar induction pattern as observed for soluble MMR proteins, i.e.
more transitory and later onset as compared to chromatin-bound pNBS1 (bottom panels of
Figure 7 and Figure 5b). Therefore, these results support the early activation of DNA damage
signaling and repair pathways that do not co-localize with MMR pathway activation events on
the chromatin.

4. Discussion
Previous studies have demonstrated increased nuclear localization, as well as increased
chromatin association, of MMR proteins within HeLa MR cells exposed to alkylating agents
[34,52]. Additional investigative approaches have revealed a delayed cell-cycle arrest within
the G2 phase of the second cell cycle after exposure to low concentrations of alkylating agents.
These results have contributed to the hypothesis that DNA replication is required to elicit a
cellular response to low levels of DNA alkylation damage. The requirement for DNA
replication is attributed to the preferential binding of MMR proteins to replication-induced
O6meG:T mispairs. This complex lesion has been further proposed to elicit futile mismatch
repair efforts resulting in blocks of the replication fork that, in turn, trigger a DNA damage
signaling cascade. Alternatively, the replication-induced MMR-bound O6meG:T is thought to
directly induce DNA damage signaling through the ATR kinase activation pathway [7,23,24,
52]. A recent investigation also indicates that MMR and PCNA complex formation on
alkylation-damaged chromatin requires up to 12 hours after alkylation treatment. These results
are in agreement with the hypothesis that suggests MMR recruitment is by the O6meG:T
mispaired lesion formed during DNA replication [52].

In agreement with the above results, our present study demonstrates that cell cycle arrest does
not occur until the end of the second cell cycle and induction of apoptosis does not occur until
~48 hours after 2 µM MNNG treatment to HeLa MR cells. However, we have demonstrated
that low-level MNNG treatment to MMR proficient cells also elicits a rapid (≤½ hour) and
prolonged (≥8 hours) co-localization of MutSα MutLα and PCNA onto the damaged chromatin
while permitting the cell to continue cycling until the second G2 phase. MutSα and PCNA
quickly become co-localized and MutLα is newly recruited onto the chromatin after exposure
to MNNG. This rapidly induced phenomenon is especially apparent with MutLα, which does
not reside in replication foci of undamaged cells, unlike MutSα localization to replication foci
during normal DNA synthesis [37].

The results from our current study also suggest that activation of DNA damage signaling by
MMR proteins located at O6meG lesions may occur within nonreplicating DNA. We have
demonstrated rapid and sustained MutSα, MutLα, and PCNA protein co-localized binding to
alkylation-damaged chromatin within cells synchronized to G1 phase and to replication-
blocked cells, using both ChIP analyses and detergent-resistant immunofluorescence. Both
replicating and replication-blocked HeLa MR cells exposed to MNNG also results in an
increased amount of PCNA diffusely bound to the chromatin in a detergent-resistant manner
as well as a diffuse BrdU incorporation pattern, suggesting ongoing repair of alkylated
chromatin, most likely BER activity, which is active in all phases of the cell cycle.

A fraction of chromatin-bound PCNA from MNNG-treated cells also appears to be
monoubiquitinated in a characteristic manner required for translesion synthesis triggered by
DNA damaging events that produce replication stalling sites [25–28]. PCNA
monoubiquitination is tightly associated with a PCNA switch from replicative polymerase δ
to a TLS polymerase. Monoubiquitinated PCNA and polymerase η are localized to replication
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factories during S phase, and become detergent-resistant after UV irradiation [26]. Recent in
vitro studies by the Guengerich laboratory have demonstrated that polymerase η misinserts T
opposite O6meG at a frequency of 77% while polymerase δ is completely blocked [53]. We
have demonstrated here that monoubiquitinated PCNA also co-localizes with MMR proteins
on alkylation-damaged chromatin within both replication-blocked and HeLa MR cells
synchronized to G1 phase. This is an indication that activation of signaling or repair synthesis
triggered by MMR proteins may occur opposite O6meG in nonreplicating DNA, and might
also involve TLS polymerases. We have previously shown that MMR of G:T and G:A
mismatches also occurs within G1 and G2 phases of the cell cycle, although at reduced activity
as compared to S phase [37]. Further study is warranted however to determine potential
mechanisms of MMR synthesis activities that may not be directly associated with the
replication fork.

Interestingly, HeLa MR cells completely blocked for replication by DTB, which eliminates
dCTP from the nucleotide pool [54], exhibit higher concentrations of MMR proteins and PCNA
bound to the chromatin than cells blocked by aphidicolin, which inhibits replicative DNA
polymerases only [46]. These results provide evidence that the proximity and/or activity of
replicative polymerases (blocked by aphidicolin) may be more important for MMR
chromosomal binding than DNA replication (blocked by DTB). Both MSH6 and MSH3
interact with PCNA at a conserved sequence motif termed the PIP (PCNA interacting protein)
box located near the N-terminus of these MMR proteins [55]. PCNA has been proposed to
localize MMR factors to replicating DNA by the above interacting motifs [41,56]. We speculate
that instead PCNA may help to localize MMR factors to replicative DNA polymerases.
Additionally, cells undergoing continuous DTB while exposed to MNNG do not appear to
incorporate BrdU, whereas cells undergoing continuous aphidicolin block while exposed to
MNNG do appear to incorporate BrdU at a low level. Taken together these results indicate that
DNA repair synthesis is occurring in aphidicolin blocked cells, perhaps by the BER pathway
and nonreplicative polymerases uninhibited by aphidicolin [46,57,58].

The Jiricny laboratory, in addition to identifying a second cell cycle G2 arrest after exposure
to low concentrations of MNNG, further demonstrated that phosphorylation of Chk1, Chk2
and RPA, and CDC25A degradation was not apparent until well into the second cell cycle.
These results, along with other recent publications, provide strong evidence that the ATR DNA
damage signaling pathway is required for alkylation-induced MMR protein binding to the
chromatin [7,22,23, and our unpublished results]. Another recent study, using synchronized
HeLa cells exposed to MNNG reported that activation of checkpoint signaling proteins
(pSMC1, pCHK1) only occurs in cells undergoing DNA replication. The phosphorylated
signaling proteins were detected using whole cell or nuclear lysates rather than cross-linked
chromatin [23]. Additionally, this study revealed that ATR/ATRIP recruitment occurs only in
the presence of plasmid or oligomeric DNA containing a site-specific O6meG:T lesion (but
not O6meG:C), and requires MutSα binding to O6meG:T DNA (but not O6meG:C). These
results indicate that MMR proteins are direct sensors of O6meG:T damage and recruit ATR/
ATRIP to the damaged site, perhaps through an MSH2-pSMC1 signaling mechanism [22,
23].

In accord with the above studies, we have observed increased phosphorylation of chromatin-
bound SMC1 and NBS1, however these events occur within one to two hours after low-level
MNNG treatment to cells synchronized to both S and G1 phase and these phosphorylated
proteins do not co-localize with MMR proteins. We have investigated the entire spectrum of
alkylation-damaged chromosomal DNA within the nuclear environment, rather than focusing
individually on O6meG:T or O6meG:C within a specific sequence. Our approach may be
masking the differential protein interactions at O6meG sites observed within the above in
vitro assays.
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SMC1 phosphorylation is also a critical target for the ATM-NBS1-BRCA1 pathway in
response to DSB events [30]. DSB events induce NBS1 phosphorylation within the ATM
kinase pathway as well [51]. Mre11, Rad50 and NBS1 comprise a complex (MRN) that is a
central component in the cellular response to DNA DSBs, and is required both for induction
of DNA repair pathways and for cell cycle checkpoint arrest [51]. MNNG does not directly
induce DSBs, but does create several different alkylated adducts on all four bases as well as
on the phosphodiester backbone of chromosomal DNA [47]. The majority of alkylation damage
is either in the form of N3-methyladenine, N7-methylguanine, and the indirect creation of abasic
sites, all of which are repaired by the BER pathway [1–3]. Alkylation damage in chromosomal
DNA has been reported to be influenced by sequence, resulting in localization of highly
damaged areas on both strands of double-stranded DNA. These damaged templates undergo
rapid BER incisional activity that subsequently result in increased DSBs [49]. Others have also
shown that clustered BER sites on double-stranded DNA can give rise to DSBs by incisional
repair activity [59]. Another recent study has demonstrated that MNNG induces replication-
independent DSBs in a dose and MMR-dependent manner, and does not require DNA
replication. These replication-independent DSBs are proposed to be the result of overlapping
BER and MMR tracts on complementary DNA strands [60]. Our experimental approach may
also indicate increased DSB damage that is located at sites on the chromatin not associated
with lesions recognized by MMR. The rapid and sustained phosphorylation of SMC1 and NBS1
that we observe on the damaged chromatin indicates the potential significance of this indirect
mechanism of creating DSBs by increased DNA repair activity. Replication fork collapse is
also likely to occur if significant concentrations of O6meG remain unrepaired before DNA
replication. Indeed, replication fork collapse resulting in DSBs has been attributed to increased
sister-chromatid exchanges in surviving cells after exposure to low concentrations of alkylating
agent [61].

Finally, our current studies indicate that detection of protein localization onto the chromatin
may be a more precise measurement of temporal activation of DNA damage signaling than the
increase or activation of soluble nuclear proteins. Indeed, within this study we demonstrate a
more delayed and transitory increase of soluble MMR proteins, as well as soluble
phosphorylated NBS1 within nuclear extracts, as compared to chromatin-bound proteins.

Further studies will be needed to clearly identify the multiple signaling pathways initiated in
cells that continue to survive to the G2 phase of the second cell cycle, but not beyond this point,
after treatment within a fairly broad concentration range of MNNG. Dissecting out pathways
contributing to this phenomenon of delayed cell death by alkylating agents should define
important mechanistic information to help in the development of chemotherapeutic treatment
regimens targeting crucial cellular pathways.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
DTB synchronized HeLa MR +/− MNNG; cell cycle alterations and induction of apoptosis.
HeLa MR cells were synchronized to S phase by double thymidine block (DTB). Cells were
either untreated or treated with 0.02, 0.2 or 2 µM MNNG immediately after release from
replication block. a) Cells were harvested at the indicated times to monitor cell cycle
progression by staining with propidium iodide and flow cytometry as described in Materials
and Methods. b) Synchronized HeLa cells were treated with 2 µM MNNG and harvested at
the indicated times. Whole cell extracts were prepared and equal protein concentrations were
immunoblotted for PARP and Lamin A/C apoptotic cleavage products. Arrows indicate
increased concentrations of apoptotic cleavage products starting at 48 hr time point.
Staurosporine (ST; 500 nM) and etoposide (ET; 1 µM) were used as positive apoptotic controls,
these plates were harvested after 20 hours of incubation.
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Figure 2.
DTB synchronized HeLa MR ChIPs. a) Chromatin immunoprecipitations (ChIPs) of
synchronized HeLa MR cells +/− MNNG. HeLa MR cells were synchronized to S phase by
double thymidine block (DTB). Immediately after release from replication block, cells were
either untreated, or exposed immediately with 20 µM MNNG. At the subsequent indicated
times cells were fixed with 1% formaldehyde to cross-link chromatin-bound proteins.
Chromatin extracts were prepared and an equal quantity of chromatin from each time point
was immunoprecipitated (IP) with antibody to MSH2 and then immunoblotted with antibodies
to MMR proteins and PCNA as described in Materials and Methods. b) Quantification of
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chemiluminescent immunoblot signals was achieved using Alpha Innotech Fluor Chem HD2
imaging system and graphed using Prism Graphpad software.
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Figure 3.
DTB synchronized HeLa MR +/− DNA synthesis +/− MNNG. a) HeLa MR cells were plated
onto glass coverslips and synchronized to S phase by double thymidine block (DTB). Cells
were then untreated or exposed to 20 µM MNNG and either kept under replication block (+
thymidine) or released from the block with fresh medium for 2 hours. Cells were then extracted
with CSK buffer to remove soluble proteins, fixed for immunofluorescence and stained with
antibodies to the indicated proteins and with DAPI for microscopic immunofluorescence
analysis. b) An additional set of plates were initially blocked as indicated and then, for an
additional 3 hours, either released from replication block with fresh medium (unblocked), or
remained under thymidine block (+ Thym. block), or were placed under aphidicolin block (+
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Aphid. block), or both thymidine and aphidicolin (+ Thym. & Aphid.) as indicated. Each set
of plates was either untreated or exposed to 2 or 20 µM MNNG during this time. Cells were
fixed with 1% formaldehyde and chromatin was purified from each plate of cells. Equal
quantities of chromatin from each experimental treatment were immunoprecipitated with
antibody to MSH2 (IP), and then immunoblotted with antibodies to MMR proteins and PCNA
as described in Materials & Methods. Arrow pointing to smaller, higher MW bands in bottom
panel above PCNA indicates monoubiquitinated PCNA c) Quantification of chemiluminescent
immunoblot signals was achieved using Alpha Innotech Fluor Chem HD2 imaging system and
graphed using Prism Graphpad software.
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Figure 4.
a) HeLa MR cells synchronized by DTB were released for 3 hours into medium containing 0,
2, or 20 µM MNNG. The cells were pulsed for the final 10 minutes of incubation with 10 µM
BrdU and then detergent-extracted and processed for immunofluorescent staining. DAPI
staining was used to highlight chromosomal DNA and cell cycle progression was monitored
by flow cytometry. Arrows indicate DAPI-stained cells no longer incorporating BrdU. b) HeLa
MR cells were arrested by DTB (early S) or aphidicolin (late G1) and then treated with 2 or 20
µM MNNG for 3 hrs without release from the cell cycle block. Cells were pulsed for the final
10 minutes of incubation with 10 µM BrdU then detergent-extracted and processed for
immunofluorescent staining. DAPI staining was used to highlight chromosomal DNA and cell
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cycle progression was monitored by flow cytometry. All BrdU incorporation photographs were
identically overexposed.
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Figure 5.
DTB synchronized HeLa MR +/− 2 µM MNNG. a) Cell cycle progressions of synchronized
HeLa MR cells +/− 2 µM MNNG were monitored by synchronizing cells to S phase by double
thymidine block and then releasing from replication block with fresh medium. Cells were either
not treated, treated immediately with 2 µM MNNG (S phase), or incubated for an additional
8 hours before treating with MNNG (G1 phase). At indicated time points after MNNG
treatment, cells were harvested for flow cytometry to monitor cell cycle progression. b)
Chromatin immunoprecipitation (ChIPs) and nuclear extract immunoblots of synchronized
HeLa MR cells. HeLa MR cells were either synchronized to S phase by double thymidine block
and treated with 2 µM MNNG immediately after release from replication block (S), or
synchronized to G1 phase by an additional 8 hours of incubation in fresh medium without
thymidine and then treated with 2 µM MNNG (G1). One set of plates from each synchronization
condition and time point underwent ChIP analysis by chromatin cross-linking for
immunoprecipitation with antibody to MSH2 and subsequent immunoblotting with each
indicated antibody. An additional set of plates as above was used for immunoblots of equal
concentrations of soluble nuclear proteins at the indicated time points. c) Detergent-resistant
protein immunofluorescence. HeLa MR cells were plated onto glass coverslips and
synchronized to S phase by double thymidine block. Cells were released from the replication
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block into fresh medium containing 2 µM MNNG and at the indicated time points, extracted
with CSK buffer to remove soluble proteins, fixed for immunofluorescence and stained with
antibodies to either MSH6 or PMS2, and with DAPI.
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Figure 6.
BrdU incorporation and PCNA localization in DTB synchronized HeLa MR +/− 2 µM MNNG.
a) Cells were plated onto glass coverslips and synchronized by DTB then were released into
fresh medium and either untreated or treated with 2 µM MNNG for the indicated time periods.
One set of coverslips was pulsed with 10 µM BrdU for the final 10 minutes of incubation before
preparing for immunofluorescence. Coverslips were then stained with antibody to BrdU or
with DAPI. A second set of coverslips was harvested at each time point and stained with
antibody to PCNA or with DAPI. A third set of coverslips was extracted with CSK buffer to
remove soluble proteins at each time point, fixed for immunofluorescence and stained with
antibody to PCNA or with DAPI. b) Synchronized HeLa MR cells +/− 2 µM MNNG were
fixed in 1% formaldehyde at each indicated time point and cross-linked chromatin was purified
for immunoprecipitation with antibody to MSH2 and subsequent immunoblotting with
antibody to PCNA.
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Figure 7.
DTB synchronized HeLa MR + 2 µM MNNG; immunoblots of cross-linked chromatin or of
nuclear extracts. HeLa MR cells were either synchronized to S phase by double thymidine
block and treated with 2 µM MNNG immediately after release from replication block (S), or
synchronized to G1 phase by an additional 8 hours of incubation in fresh medium without
thymidine and then treated with 2 µM MNNG (G1). One set of plates from each synchronization
condition and time point was fixed with 1% formaldehyde at the indicated time points after
release from the replication block and cross-linked chromatin was sonicated and then directly
immunoblotted (IB) with the indicated antibodies. Another set of plates was harvested for
soluble nuclear proteisn and equal protein concentrations were used for immunoblotting with
the same antibody to pNBS1 as was used for chromatin immunoblotting.
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