Bloom syndrome DNA helicase mitigates mismatch repair-dependent apoptosis
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Abstract

Generation of O%-methylguanine (O%-meG) by DNA-alkylating agents such as N-methyl N-
nitrosourea (MNU) activates the multiprotein mismatch repair (MMR) complex and the
checkpoint response involving ATR/CHK1 and ATM/CHK2 kinases, which may in turn trigger
cell cycle arrest and apoptosis. The Bloom syndrome DNA helicase BLM interacts with the
MMR complex, suggesting functional relevance to repair and checkpoint responses. We
observed a strong interaction of BLM with MMR proteins in HeLa cells upon treatment with
MNU as evidenced by co-immunoprecipitation as well as colocalization in the nucleus as
revealed by dual immunofluorescence staining. Knockout of BLM sensitized HeLa MR cells
to MNU-induced cell cycle disruption and enhanced expression of the apoptosis markers
cleaved caspase-9 and PARP1. MNU-treated BLM-deficient cells also exhibited a greater
number of 53BP1 foci and greater phosphorylation levels of H2AX at S139 and RPA32 at S8,
indicating the accumulation of DNA double-strand breaks. These findings suggest that BLM
prevents double-strand DNA breaks during the MMR-dependent DNA damage response and

mitigates O%-meG-induced apoptosis.
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Introduction

Mismatch repair (MMR) is a highly conserved DNA repair system crucial for the removal of
misincorporated nucleotides during DNA replication and the maintenance of genome integrity.
The MMR also contributes to genome homeostasis by inducing apoptosis in response to the

generation of O8-methylguanine (O8-meG) in DNA by alkylating agents such as N-methyl-N-



nitrosourea (MNU) and N-methyl-N-nitro-N-nitrosoguanidine [1,2]. O®-methylguanine can
pair with thymine and cytosine during DNA replication, resulting in O8-meG/T mismatch and
leading to G-to-A transition mutations, sister chromatid exchanges, and chromosomal
aberrations [3]. The O%meG methyl group is removed primarily by methylguanine
methyltransferase (MGMT) [4]; however, persistent O8-meG/T pairing triggers recognition
and binding by the multiprotein MMR complex, initiating DNA damage responses. This in turn
activates the ATR/CHK1 and ATM/CHK2 axis checkpoints, which leads to mitochondria-
associated apoptosis and elimination of cells harboring mutation-evoking base mismatches
[5-7]. To understand the molecular mechanisms underlying O%-meG-induced MMR-
dependent apoptosis, our laboratory and others have investigated the interactions among
MMR-related proteins and various DNA damage response and repair proteins upon alkylation
[8-13]. Furthermore, MMR complex formation at O%-meG/T mismatch sites triggers cell cycle
arrest through the aforementioned DNA damage response, a process counteracted by
homologous recombination (HR) [14-16]. To gain a more precise understanding of the
regulatory mechanisms governing MMR, other DNA repair systems, and cell cycle checkpoint
activity in response to alkylating agents, it is imperative to reveal the structural and functional
relationships between MMR proteins and the multitude of other proteins found in the repair
complex, referred to as the BRCA1-associated genome surveillance complex (BASC) [17].
The multifunctional BASC consists of the MMR proteins MutSa (a heterodimer of
MSH2 and MSH6) and MutLa (a heterodimer of MLH1 and PMS2), and various other DNA
repair proteins, including the RecQ family DNA helicase BLM. The activity of BLM is
implicated in HR regulation and the resolution of arrested replication forks resulting from
collisions with  DNA secondary structures and nucleotide depletion. Loss-of-function
mutations in BLM lead to Bloom syndrome, which is characterized by developmental defects
and increased predisposition to various cancers at an early age. Cells lacking the BLM gene
exhibit hypersensitivity to DNA-damaging agents and elevated sister chromatid exchange
rates [18]. BLM forms a complex with Topollla, RMI1, and RMI2 that facilitates resolution of
Holliday junctions during HR-mediated double-strand break (DSB) repair [19]. In addition,
BLM contributes to double-strand end resection by generating a long 3' overhang single-
strand DNA for invasion by the recombinase RAD51 [20,21]. Another function of BLM crucial
for maintenance of genome integrity is the repair of stalled replication forks under replication
stress. Specifically, BLM catalyzes replication fork regression, resulting in a chicken foot
structure that supports DNA lesion bypass by template switching of DNA polymerase to
restart the replication fork [22]. Furthermore, BLM helicase activity is essential for removing
obstacles ahead of the replication fork, such as secondary structures and R-loops,

particularly at the guanine-rich telomeric region, to ensure replication fork progression [23].



Thus, BLM is involved in the reparative response to both replication stress and subsequent
DNA strand breaks.

Alkylating agents also induce MMR-dependent activation of ATR/CHK1 signaling
[6,14], suggesting that the MMR complex may actually induce replication stress and that BLM
functions to mitigate this effect as a part of the BASC. Although yeast two-hybrid studies have
demonstrated an interaction between BLM and the MMR protein MLH1, BLM activity is not
necessary for mismatch repair in human cell extracts [24,25]. Nonetheless, the interaction
between BLM and the MMR complex suggests a potential cooperative function in regulating
the response to alkylating agents. However, little direct functional relationship has been
demonstrated.

In this study, we observed an augmented interaction between BLM and MMR
factors in HeLa MR cells upon treatment with the DNA-alkylating agent MNU. Moreover, cells
lacking BLM exhibited a greater apoptosis rate in response to MNU than wild-type cells. In
addition, BLM-knockout cells demonstrated elevated production of DSBs as indicated by an
increased number of 53BP1 foci and greater phosphorylation of H2AX and RPA32 following
alkylation. Our findings imply that BLM is crucial for resolving replication perturbations
induced by the MMR, thereby ensuring genome stability.

Materials and methods

Cell line and cultivation

HelLa MR cells were cultured as described previously [9]. For S phase synchronization, cells
were cultured in medium containing 2.5 mM thymidine for 16 h, without thymidine for 8 h,
and again in thymidine for 16 h. After washing with medium, cells were treated with the
indicated concentrations of MNU.

Construction of the BLM-knockout cell

BLM-knockout (BLM-KO) cell lines were established using CRISPR/Cas9 (Addgene plasmid
#62988) [26] as described previously [12] with the guide RNA sequence 5'-
AGATTTCTTGCAGACTCCGA or GTTGGGTAGAGGTTCACTGA-3'. Cells lacking the BLM

gene were then screened by immunoblotting using an anti-BLM antibody.

Gene knockdown

For targeted knockdown of MSH2 and MLH1, wild-type HeLa MR cells were transfected with
MSH2-specific siRNA (5-UAUAAUUCUUCCUUGUCCUUUCUCC-3) or MLH1-specific
siRNA (5-UGCACAUUAACAUCCACAUUCUGGG-3') according to the manufacturer’s

instructions (Thermo Fisher).



Immunoblotting, Immunoprecipitation, and Immunofluorescent analysis

Immunoblotting, immunoprecipitation, and immunofluorescent analysis were performed as
described previously [12] using the antibodies indicated in the figures. Immunoprecipitation
of lysates from FLAG-tagged PMS2-expressing cells was also conducted as described [5].
The following primary antibodies were used for those assays: anti-ATM (#2773), anti-
phospho-S1981 ATM (#13050), anti-BLM (#2742), anti-caspase-9 (#9502), anti-CHK1
(#2360), anti-phospho-S317 CHK1 (#12302), anti-CHK2 (#6334), anti-phospho-T68 CHK2
(#2661), anti-yH2AX (#7631), anti-phospho-S8 RPA32 (#54762), Cell Cycle Phase
Determination Kit (#17498) (all from Cell Signaling Technology), anti-B-actin (010-27841,
Fujifilm Wako), anti-phospho-T1989 ATR (GTX128145, GeneTex), anti-ATR (sc1887) and
anti-lamin A/C (sc7292) (both from Santa Cruz Biotechnology), anti-MLH1 (554073), anti-
PMS2 (556415), and anti-ORC2 (559670) (all from BD Biosciences), anti-FLAG M2 (F1804,
Sigma), and anti-MSH2 (337900, Thermo Fisher Scientific). Alexa 488- and Alexa 568-

conjugated anti-mouse and anti-rabbit antibodies for immunofluorescence staining were

purchased from Thermo Fisher Scientific.

Flow cytometric analysis
Cells were treated with or without 25 yM MNU for 1 h as described previously [12] and cell

cycle progression analyzed using a FACS Lyric flow cytometer (BD Biosciences).

Proximity ligation assay (PLA)

Twenty-four or 48 h after MNU treatment, HeLa MR cells were permeabilized with mCSK
buffer containing 0.1% Triton X-100 for 5 min on ice, and then fixed with 4%
paraformaldehyde for 10 min. The PLA was performed according to the manufacturer’s
instructions (Sigma) using anti-BLM and anti-MLH1 antibodies. PLA signals were visualized

by confocal laser scanning microscopy (LSM-710; Zeiss).

Statistics
The statistically significant differences of multiple values were determined by one-way
ANOVA with Turkey’s multiple comparison test using Prism9 (GraphPad Software), and those

of two values were determined by unpaired Student’s t test.

Results
Treatment of HeLa MR cells with a DNA-alkylating agent enhances the association



between BLM and MMR complex proteins

Within the BASC, BLM interacts directly with the MMR proteins MSH2/MSH6 and MLH1
[17,25,27] but is dispensable for MMR in vitro [24], so the functional significance of this
interaction remains unclear. We speculated that a functional interaction relevant to MMR
would be modulated by DNA alkylation, and so compared the co-immunoprecipitation (co-IP)
of MMR proteins with BLM in chromatin-enriched fractions from untreated and MNU-treated
HelLa MR cells deficient in MGMT (and thus prone to O®-methylguanine accumulation). An
immobilized anti-BLM antibody immunoprecipitated MutLa (MLH1/PMS2) and MutSa
(MSH2/MSHS6) from the chromatin fractions of both untreated (0 h) and MNU-treated cells

(Figure 1a). However, the interaction was substantially stronger after 24 h of MNU treatment.

This MNU-dependent interaction was further confirmed by reciprocal immunoprecipitation
using an anti-FLAG antibody and chromatin fractions from cells expressing FLAG-tagged
PMS2 (Figure 1b). In addition, immunofluorescence staining of fixed HeLa MR cells revealed
that MNU treatment increased the number of nuclear foci containing colocalized BLM and
MLH1 (Figure 1c, d). This MNU-dependent association was further confirmed by a PLA
(Figure 1e). These results strongly suggest that BLM is recruited to sites of MNU-induced
DNA damage through interactions with MMR proteins MLH1 and MSH2.

Depletion of BLM sensitizes HeLa MR cells to MNU

To investigate BLM functions in the cellular response to alkylation, we generated two
independent BLM-knockout HeLa MR cell (BLM-KO) lines using the CRISPR/Cas9 method
[26] and examined differences in MNU sensitivity with wild-type cells. Immunoblotting
confirmed the absence of BLM expression in BLM-KO cells, while the expression levels of
MSH2 and MLH1 genes were unaffected (Figure 2a). Both BLM-KO lines were more
sensitive to MNU-induced cell death than wild-type cells as evidenced by colony counting
assays (Figure 2b). This enhanced MNU sensitivity was mitigated by expression of
exogenous BLM (Figure 2c, d), indicating that BLM is required for recovery from MNU-
induced DNA damage. In addition, this enhanced sensitivity of BLM-KO cells to MNU was
abrogated by siRNA-induced knockdown of MLH1 and MSH2 (Figure 2e, f).

Depletion of BLM in HeLa MR cells enhances MNU-induced DNA damage, cell cycle
arrest, and apoptotic signaling

To directly examine the effects of BLM knockout on cell cycle progression, DNA damage, and
apoptosis, wild-type HeLa MR cells and BLM-KO cells were synchronized in S phase using
a double thymidine block protocol, treated with or without MNU, returned to normal medium,

and analyzed by flow cytometry (Figure 3a, S1a) and immunoblotting (Figure 3b, c, d, S1b).



Without MNU treatment, both wild-type and BLM-deficient cell lines showed almost the same

cell cycle progressions after release from synchronization as were evident by flow cytometric

profiles and immunoblotting patterns of cell cycle indicators (Figure S1). When cells were

treated with MNU, while wild-type HeLa MR cells smoothly transitioned from S phase to G2/M

and G1, cells exhibited a markedly prolonged S phase and modest G2 arrest from 18 to 36
h after onset of MNU exposure. However, these cells then began to recover from G2 arrest
and progressed to G1 and S phase. In contrast, BLM-KO cells exhibited significantly slower
progression to the second S phase and a protracted second G2 phase, characterized by
elevated levels of CDT1 and phospho-H3, starting 48 h after MNU treatment (Figure 3b). In

addition, there was a gradual increase in the population of sub-G1 cells, indicating the

induction of apoptosis and consistent with the greater MNU sensitivity in colony counting
assays (Figure 2b).

To examine the influence of BLM deficiency on the DNA damage response, we
conducted immunoblotting using antibodies against checkpoint kinases and apoptosis
markers. BLM-KO cells demonstrated significantly greater phosphorylation of ATR and CHK1
beginning 18 h after the onset of MNU treatment compared to similarly treated wild-type cells
(Figure 3c), and this elevated checkpoint protein phosphorylation (activation) persisted until
cells became apoptotic as evidenced by enhanced cleavage of caspase-9 and PARP-1
(Figure 3d). Furthermore, concurrent ATM/CHK2 phosphorylation was observed primarily
from 24 to 60 h after MNU exposure, which corresponded to the time of G2 arrest and
accumulation of the subG1 population (Figure 3a) observed by flow cytometry. These results
suggest that in the absence of BLM, replication stress induced by MNU may lead to enhanced

DSB generation, cell cycle arrest, and apoptosis.

Generation of DSBs in BLM-KO cells after MNU treatment
To provide further evidence that BLM contributes to the DNA damage response, we
conducted immunoblotting assays of the chromatin fractions from synchronized wild-type and
BLM-KO cells using antibodies against BLM, MMR proteins, and DSB marker proteins
(Figure 4). The MMR protein MLH1 was loaded on the damaged chromatin throughout the
cell cycle in both wild-type and BLM-KO cells. However, there was a substantial decrease in
MLH1 loading concomitant with MNU-induced apoptosis of BLM-KO cells. In wild-type cells,
BLM levels on chromatin increased gradually from 18 to 36 h in MNU, coinciding with entry
into the second S and G2 phases. This observation suggests that BLM contributes to the
mitigation of replication stress induced by MNU.

To confirm the formation of DSBs and the reparative function of BLM, we measured
the phosphorylation levels of RPA32 at serine 8 and H2AX at serine 139 by immunoblotting



and conducted immunostaining for 53BP1 as a DBS marker (Figure 4, S2). As illustrated in
Figure 4a, RPA32 phosphorylation became evident 18 to 48 h preceding the MNU-induced
apoptosis events shown in Figure 3d, suggesting activation of DNA-PKcs in response to
DSBs. The kinetics of H2AX and RPA32 phosphorylation were also similar, indicating the
active involvement of ATM or ATR checkpoint kinases. In addition, the number of 53BP1 foci
was significantly greater in BLM-KO cells than wild-type cells starting 24 h after the initiation
of MNU treatment (Figure 4b). The elevation of 53BP1 foci was completely abolished by

depletion of MMR genes (Figure S3), relevant to MMR-dependent sensitivity of BLM-KO cells

(Figure 2f). Collectively, these findings suggest that BLM protects cells from apoptosis by
preventing the formation of DSBs due to MMR-dependent replication stress during the
second S phase.

Discussion
A constitutive direct interaction of BLM with MLH1 has been demonstrated in vitro using
recombinant proteins and the yeast two-hybrid system [24,25]. We also observed an
increased association between BLM and MLH1 in the presence of a DNA-alkylating agent
(Figure 1), suggesting that the MMR complex may recruit BLM to sites of DNA damage.
However, BLM is not necessary for MMR [24,28], and there are conflicting reports on whether
the MMR complex stimulates BLM helicase activity [27,28]. In this notion, our results support
the perspective that BLM is involved in the process following MMR-dependent reaction,
rather than MMR-mediated futile repair per se. Subsequent experiments demonstrated that
BLM promotes cell survival by mitigating DNA replication stress associated with the MMR.
Activation of the ATR/CHK1 and ATM/CHK2 axis checkpoints are indicative of DNA
replication stress and DSB formation, respectively [29,30], and both ATR/CHK1 and
ATM/CHK2 pathways were sequentially activated by DNA alkylation (Figure 3), in accord with
previous studies [6,8,14]. Thus, elevated ATM/CHK2 activation in BLM-KO cells during MNU
treatment may have resulted from the accumulation of DSBs (Figures 3 and 4). It has been
proposed that mismatches formed by deoxythymidine incorporated in opposition to O5-meG
on the template strand cause a futile MMR cycle and leave ssDNA regions, which may cause
DSBs upon formation of the next round-DNA replication fork [14]. The current findings
suggest that BLM may protect replication forks from collapse and/or enhance the HR process
for DSB repair after MNU treatment. Indeed, BLM can eliminate stalled replication forks by
providing an alternative template using a nascent DNA strand for replication, resulting in the
formation of a chicken foot structure that bypasses the DNA lesion [22]. Therefore, our
observations showing retardation of the second S phase followed by G2 arrest in BLM-KO

cells during MNU treatment may be related to the inability of BLM-deficient cells to mitigate



replication stress caused by MMR-mediated actions on chromatin containing O%-meG.

The HR pathway is crucial for survival against MMR-dependent insults in DNA
triggered by O%-meG, and cells surviving exposure to alkylating agents carry chromosomes
with an elevated signature of sister chromatid exchange [14]. The BLM helicase contributes
to HR by facilitating resolution of Holliday junctions and end resection of DSBs [20,21].
Furthermore, in vitro studies using purified MMR proteins have indicated that MutSa
stimulates the branch migration activity of BLM and other RecQ helicases such as RECQ1
and WRN [27,31,32]. Hence, the elevated sensitivity of BLM-KO cells to MNU may result
from a defect in HR that causes DSB accumulation and ultimately leads to apoptotic cell
death.

A BLM deficiency in humans causes Bloom syndrome, and cells from Bloom
syndrome patients show hypersensitivity to several DNA-damaging agents [23]. In contrast,
genome analysis has demonstrated elevated BLM expression in multiple cancer types [33].
Given the multifunctional role of BLM in DNA repair systems, this elevated expression is likely
to impact the sensitivity to genotoxic anticancer drugs. Consequently, BLM has emerged as
a promising therapeutic target for cancer treatment. Our findings support the potential of BLM

inhibitors for cancer treatment, particularly when used in conjunction with alkylating agents.
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Figure legends

Figure 1. Treatment with the DNA-alkylating agent MNU increases the interaction of BLM
with mismatch repair (MMR) complex proteins in HeLa MR cells. (a) Immunoprecipitation
experiment showing enhanced interactions of BLM with MMR proteins MutSa and MutLa
after MNU exposure. The chromatin-enriched fraction (input) was prepared from HeLa MR
cells at the indicated times after treatment with 1 mM MNU. Beads conjugated to anti-BLM
were incubated with this fraction and precipitates separated by SDS-PAGE, followed by
immunoblotting with antibodies against MSH2, MSH6, MLH1, PMS2, and origin recognition

complex 2 (ORC2). IgG was used as a control. The asterisk indicates non-specific bands. (b)

Immunoprecipitation experiments using HeLa MR cells expressing Flag-tagged PMS2
treated with 25 yM MNU. The assay with anti-FLAG antibody was performed as in (a). (c)
Immunofluorescence staining of HeLa MR cells for BLM (red) and MLH1 (green) showing
progressively enhanced colocalization at 24 and 48 h after 1 mM MNU treatment. Nuclei
were counterstained with DAPI (blue). (d) Percentage of MLH1 foci colocalized with BLM,
determined by counting the foci in (c). **: p<0.01, ***: p<0.001. (e) Analysis of the BLM-MLH1
interaction by proximity ligation assay conducted on HeLa MR cells at the indicated times
after treatment with 25 yM MNU.

Figure 2. BLM-knockout increases the sensitivity of HeLa MR cells to MNU in an MMR-
dependent manner. (a) Whole-cell extracts prepared from wild-type HeLa MR cells and BLM-
knockout (KO) cells were immunoblotted for BLM, MSH2, MLH1, and B-actin (as a loading
control) to confirm KO. (b) BLM knockout enhanced MNU sensitivity. Wild-type HeLa MR and
BLM-KO cells were treated with the indicated MNU concentration, and the numbers of
colonies were counted. Results are presented as the mean survival fraction (with standard
error) from three independent experiments. (c) Immunoblotting of whole-cell extracts
prepared from HeLa MR cells, BLM-KO#2 cells, and BLM-KO#2 cells transfected with an
exogenous BLM vector to confirm the protein levels of BLM, respectively. (d) Restoration of
BLM expression mitigated the enhanced MNU sensitivity. The survival fractions of HeLa MR,
BLM-KO#2, and BLM-expressing BLM-KO#2 cells are shown as in (b). (e) The protein levels
of BLM, MSH2, and MLH1 3 days after transfection of wild-type and BLM-KO cells with
siRNAs targeting MSH2 and MLH1 as determined by immunoblotting to confirm knockdown
efficacy. (f) The enhanced sensitivity of BLM-KO cells to MNU was dependent on MMR
function as knockdown of MSH2 and MLH canceled the sensitivity. Cells were treated as in
(b). *: p<0.05, ****: p<0.0001



Figure 3. Knockout of BLM enhanced the MNU-induced DNA damage response during cell
cycle progression. HeLa MR and BLM-KO cells were synchronized in early S phase and
released after treatment with 25 yM MNU. (a) Cell cycle phase distributions of wild-type HelLa
MR cells (upper panels) and BLM-KO cells (lower panels) after MNU treatment revealed by
flow cytometry. (b - d) Whole-cell extracts prepared from cells were subjected to SDS-PAGE,

followed by immunoblotting using antibodies against cell cycle indicators (b), checkpoint

proteins (c), apoptosis marker proteins (d), and B-actin (the loading control).

Figure 4. Knockout of BLM enhances accumulation of DNA double-strand breaks (DSBs). (a)
Chromatin fractions prepared from HeLa MR and BLM-KO cells were subjected to SDS-
PAGE, followed by immunoblotting for MMR proteins, DSB markers, and lamin as the loading
control. (b) Immunostaining for 53BP1 foci in HeLa MR and BLM-KO cells at the indicated
times after MNU exposure. Foci were counted using ImagedJ. ****: p<0.0001, *: p<0.05, ns:

not significance.
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Figure S1 Cell cycle profiles of HeLa MR cells and BLM-KO cells. Cells were synchronized in early S-phase and then
released in normal medium without MNU treatment. (a) Cell cycle phase distribution of HeLa MR (upper panels)
and BLM-KO (lower panels) determined by flow cytometry. (b) Whole-cell extracts prepared from cells were

subjected to SDS-PAGE, followed by immunoblotting using antibodies against cell cycle indicators, and B-actin as
the loading control.



Oh

6 h

12 h

24 h

36 h

48 h

60 h

20 ym

20 ym

20 ym

20 pm

20 ym

20 pm

20 ym

HeLa MR
DAPI 53BP1

BLM-KO
DAPI 53BP1

20 ym

20 ym

20 ym

20 ym

20 ym

20 ym

20 ym

Figure S2. Accumulation of 53BP1 foci in
BLM-KO cells after MNU treatment.
Synchronized HeLa MR and BLM-KO cells
were treated with MNU and immunostained
with anti-53BP1 antibody at the indicated
times after MNU treatment.
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