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Abstract

LKB1/STK11 is a tumor suppressor gene responsible for Peutz-Jeghers syndrome, an inherited
cancer disorder associated with genome instability. The IKB1 protein functions in the regulation of
cell proliferation, polarization and differentiation. Here, we suggest a role of IKB1 in non-
homologous end joining (NHEJ), a major DNA double-strand break (DSB) repair pathway. IKB1
localized to DNA ends upon the generation of micro-irradiation and I-Scel endonuclease-induced
DSBs. IKB1 inactivation either by RNA interference or by kinase-dead mutation compromised
NHEJ-mediated DNA repair by suppressing the accumulation of BRM, a catalytic subunit of the
SWI/SNF complex, at DSB sites, which promotes the recruitment of an essential NHEJ factor,
KU70. AMPK?2, a major substrate of IKB1 and a histone H2B kinase, was recruited to DSBs in an
IKB1 -dependent manner. AMPK2 depletion and a mutation of H2B that disrupted the AMPK?2
phoshorylation site impaired KU70 and BRM recruitment to DSB sites. IKB1 depletion induced
the formation of chromosome breaks and radials. These results suggest that IKB1-AMPK
signaling controls NHEJ and contributes to genome stability.
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INTRODUCTION

LKB1/S5TK11is atumor suppressor gene that encodes a serine/threonine kinase whose
inactivation is responsible for Peutz-Jeghers syndrome (PJS), an inherited cancer disorder
associated with genome instability.}2 £ KB1 is also one of the most commonly mutated
genes in sporadic cancers, including non-small cell lung carcinoma3-> (http:/
www.sanger.ac.uk/genetics/CGP/cosmic/). IKB1 regulates multiple cellular functions,
including cell proliferation, polarization and differentiation, by phosphorylating adenosine
monophosphate-activated protein kinases (AMPKSs), that is, IKB1-AMPK signaling, in the
cytoplasm..7 However, LKB1 and AMPKs localize not only to the cytoplasm but also to the
nucleus, suggesting a possible nuclear function for these proteins. In fact, IKB1-AMPK
signaling was recently shown to function in the nucleus by regulating transcription through
histone H2B phosphorylation in the cellular adaptation to metabolic stresses.®

Additional evidence for the intra-nuclear role of LKB1 was provided by results showing that
it interacts with and activates BRG1, a catalytic subunit of the switch/sucrose non-
fermentable (SWI/SNF) chromatin remodeling complex.® The SWI/SNF complex was
recently shown to act as a remodeler (that is, factor causing alteration of the nucleosomal
position of chromatin) at DNA DSB sites.10 Several studies including ours have shown that
chromatin remodeling at DSB sites is a critical step required for DSB repair, including non-
homologous end joining (NHEJ).11-14 In the first step of NHEJ, the KU70/80 heterodimer
binds to DSBs and forms a complex with DNA-dependent protein kinase, catalytic subunit
(DNA-PKcs). The DNA ends are then ligated together by the LIGIV/XRCC4 complex.15:16
Here, we suggest a novel nuclear function of LKB1 in NHEJ.

RESULTS

Recruitment of LKB1 to DSB sites

Small interfering RNA (siRNA)-mediated depletion of LKBL1 resulted in high basal levels of
v-H2AX (Figure 1 a). The LKB1 depletion also suppressed reduction of ionizing radiation
(IR)-induced y-H2AX foci 48 h after IR treatment (Figure 1a). In the neutral comet assay,
LKB1-depleted cells retained longer comet tails (moments) after IR treatment than control
siRNA-treated cells (Figure 1b). Concor-dantly, LKB1 depletion sensitized the cells to IR
and other DSB-inducing agents (Supplementary Figure Sl a). These results indicate that
LKBL1 has a positive effect on DSB repair activity.

We next examined the accumulation of the LKB1 protein at DSBs generated by laser micro-
irradiation in HI299 human lung cancer cells expressing endogenous wild-type (WT)
LKB1.417 LKB1 colocalized with yH2AX and 53BP1, a marker for DSB sites,!8 at laser
micro-irradiated regions (Figure 1c). Consistently, in a cell fractionation experiment, the
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LKBL1 protein was detected in the chromatin fraction (Supplementary Figure S1b).
Exogenous expression of GFP-LKB1 showed that the protein accumulates at irradiated sites
within 10 s (Figure 1 d), as reported for other DSB repair proteins.1220 LKB1 accumulation
at DSB sites was confirmed by an experiment showing LKB1 accumulation at I-Scel-
induced DSB sites in U20S/TRE/I-Scel-19 cells!® (Supplementary Figure Sic).

EGFP-LKB1 proteins colocalized with the Cherry-tTA-ER protein (a marker protein for I-
Scel recognition sites in cell nuclei) upon I-Scel expression (Figure 1e). The recruitment of
LKB1 to DSB sites was also examined by chromatin immunoprecipitation (ChIP) analysis
using an anti-LKB1 antibody. H1299dA3-1#1 cells, which carry a plasmid containing
recognition sites for the I-Scel endonuclease integrated into the chromosomal DNA, were
used.13 Quantitative PCR analysis of the immunoprecipitated DNA showed that LKB1 was
enriched in the 300-bp region from the /-Scdl site, as observed for yH2AX and KU80
(Figure 1f). Taken together, these results suggest that LKB1 is recruited to DSB sites.

LKB1 regions required for recruitment to DSB sites were investigated. The LKB1 protein
consists of an N-terminal kinase domain and a C-terminal non-catalytic domain® (Figure 2a).
LKB1 C-terminus fragments accumulated at irradiated sites to the same level as full-length
LKB1, whereas the N-terminus segment did not. Mouse Ikbl protein was previously shown
to be phosphorylated atThr366 by ataxia telangiectasia mutated (ATM) and DNA-PKcs.2!
Our results showed the phosphorylation of LKB1 at Thr363 (corresponding to Thr366 in
mouse Lkbl) by the ATM, ATR and DNA-PKcs kinases (Figures 2b and c). Treatment with
an ATM/ATR inhibitor suppressed LKB1 recruitment to DSB sites (Figure 2d). However,
Thr363 phosphorylation was not required for LKB1 recruitment to DSB sites (Figure 2e).
These results suggested that LKB1 recruitment to DSB sites may be mediated by its C-
terminus under the regulation of ATM/ATR signaling pathways that do not operate via
LKB1-Thr366 phosphorylation; LKB1 might be recruited to DSB sites through ATM/ATR-
mediated phosphorylation of substrates other than LKB1. Concordantly, we did not detea
any interaction between LKB1 and ATM (Supplementary Figure S2).

LKB1 promotes NHEJ by facilitating KU70/80 accumulation at DSBs Because IR-induced
DSBs are mainly repaired by NHEJ in human ceils1®16.22 we investigated the involvement
of LKB1 in NHEJ using a chromosomal based-NHEJ assay.!3 In this assay, the /-Scel
endonuclease is exogenously expressed and NHEJ repair of DNA ends generated on
chromosomal DNA is monitored by FACS (EGFP production) and quantitative genomic
PCR (joined DNA formation) (Figure 3a). The PCR enabled us to detect the joining of two
distal DNA ends generated at two I-Scel sites by amplifying the 150-bp region of DNA
surrounding the two I-Scel sites.23 LKB1 depletion resulted in a reduction of EGFP-positive
cell fractions similar to that caused by KUB80 depletion (Figure 3b). LKB1 depletion also led
to a reduction of DNA end joining without affecting DSB formation (Figure 3c). These
results indicate that LKBL1 is involved in NHEJ.

The recruitment of KU70 to DSB sites is the first step in NHEJ, and LKB1 depletion
suppressed this step as shown by the results of an exogenous GFP-LKB1 accumulation
experiment (Figure 3d). On the other hand, recruitment of endogenous LKB1 was not
suppressed by KU70 depletion (Supplementary Figure S2a and b). The LKB1 dependency
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of KU70 recruitment to DSB sites was validated by assessing the recruitment of KU70 to I-
Scel-induced DSB sites in U20S/TRE/I-5cel-19 cells!® (Supplementary Figure Sic). EGFP-
KU70/ 80 proteins colocalized with Cherry-tTA-ER (a marker protein for I-Scel recognition
sites in cell nuclei) upon I-Scel expression in almost all control cells; however, LKB1
depletion reduced this colocalization (Figure 3e). These results suggest that LKB1 promotes
NHEJ by facilitating KU70/80 accumulation at DSBs.

LKB1 promotes the accumulation of BRM at DSB sites

Recent studies by our group and others have shown that the SWI/SNF remodeling complex
is required for the recruitment of KU proteins to DSB sites.13:14.24 The SWI/SNF complex
contains either BRG1 or BRM as its ATPase catalytic subunit.?®> LKB1 was previously
shown to bind to BRG1.9 H1299 cells do not express intact BRG1 protein due to a
homozygous truncation mutation in the BRG1 gene.25 Therefore, BRM was deduced to be
the only catalytic subunit of the SWI/SNF complex in HI 299 cells, and the activity of the
SWI/SNF complex should therefore be abolished only by BRM depletion in these cells. In
H1299 cells, the involvement of BRM in NHEJ was confirmed by its recruitment to DSB
sites, the enhancement of NHEJ repair of I-Scel-induced DSBs, and the recruitment of KU70
to DSB sites (Figure 4). Notably, LKB1 depletion reduced the accumulation of BRM,
whereas BRM depletion did not reduce the accumulation of GFP-LKB1 and endogenous
LKB1 at micro-irradiated sites (Figures 5a-c). These results suggested that the SWI/SNF
complex may have a major role in NHEJ under the regulation of LKBL1. This idea was
supported by the fact that the extent of the decrease was similar in response to LKB1, BRM
and BRM/LKB1 depletion (Figure 4c).

We next addressed whether the kinase activity of LKBL1 is required for the recruitment of
KU70/80 and the SWI/SNF complex to DSB sites. We expressed cDNA encoding either WT
LKB1 or a kinase-dead version of LKB1, D176N, derived from a PJS patient?’ in cells in
which endogenous LKB was knocked down by siRNA targeting the 3’-untranslated region
of the LKB1 gene. Exogenously expressed WT LKB1, but not D176N LKB1, rescued the
level of BRM protein recruited to DSB sites (Figure 5d). These results suggest that the
kinase activity of LKB1 is required for the recruitment of the SWI/SNF chromatin
remodeling complex to DSB sites.

Recruitment of BRM and NHEJ proteins to DSB sites by LKB1-AMPK signaling via H2B
phosphorylation

A recent study showed that the intra-nuclear function of LKB1 in the cellular adaptation to
metabolic stress involves AMPK2 as a substrate for signaling.8 Therefore, we examined
whether AMPK?2 also functions as an LKB1 mediator in DSB repair. As shown in Figure 5a,
AMPK2 was recruited to DSB sites upon DSB generation; however, this recruitment was
reduced in LKB1-depleted cells, suggesting that LKB1 is required for the localization of
AMPK2 to DSBs. Recruitment of KU70 and BRM protein to DSB sites as well as NHEJ
activity was decreased in AMPK2-depleted cells (Figures 5b-d). This reduction in NHEJ
activity was confirmed by depleting AMPK2 using another siRNA (Supplementary Figure
S3). In addition, AMPK2 depletion sensitized cells to bleomycin (Figure 5e). These results
suggest that the function of LKB1 in NHEJ involves AMPK?2 as a substrate for signaling.
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Because AMPK2-mediated phosphorylation of histone H2B at Ser36 in the nucleus leads to
transcriptional regulation in the adaptation response to metabolic stresses,8 we examined the
involvement of H2B phosphorylation in the recruitment of KU70 and BRM to DSB sites.
Phosphorylated Ser36-H2B colocalized with yH2AX at DSB sites in micro-irradiated cells
(Figure 5f). The recruitment of KU70 and BRM to DSB sites was impaired by the
expression of the H2B S36A mutant (Figures 5g and h). These results suggested that the
LKB1-AMPK signaling pathway promotes NHEJ via the phosphorylation of H2B.

Chromosome aberrations caused by LKB1 depletion

The results described above prompted us to examine whether LKB1 and AMPK?2 ablation
cause chromosome instability. The number of chromosome aberrations (breaks and radials)
per cell detected by metaphase spread analyses was significantly increased by both LKB1
and AMPK2 depletion (Figure 7a; Supplementary Figure S4). The increase in the number of
chromosome aberrations induced by LKB1 depletion was more evident than the increase
induced by AMPK?2 depletion, and was similar to that caused by LKB1 and AMPK2 double
depletion. Therefore, LKB1 regulation of DNA repair is likely mediated by AMPK2 and
other factors acting downstream of LKBL1. Taken together, these results suggested that LKB1
has a role in the maintenance of genome integrity.

DISCUSSION

The present study suggests a novel function for the LKB1 protein: that of a positive
regulator of NHEJ. The present results allowed us to suggest a model of how LKB1
regulates NHEJ (illustrated in Figure 7b). IKB1 and AMPK?2 (which is dependent upon
IKB1) accumulate at DSB sites. AMPK2, which is phosphorylated and activated by LKB1,
phosphorylates histone H2B. This histone modification promotes the recruitment of the
SWI/SNF complex (BRM in this case), and chromatin remodeling (thought to occur at DSB
sites) facilitates the accumulation of KU proteins.

The immediate ( < 10 s) accumulation of LKB1 upon the generation of DSBs, as well as the
localization of LKB1 to DNA ends, resembled that observed for other proteins involved in
NHEJ, such as KU70/80.19:20 Depleting LKB1 also inhibited the /7 vivo repair of I-Scel-
induced DSBs in chromosomes, and suppressed the recruitment of KU70/80 to DSB sites.
The depletion of LKB1 inhibited the repair of IR-induced DSBs, as determined by both
YH2AX foci and neutral-comet assays, and sensitized cells to DSB inducing agents (as
observed in cells depleted of key NHEJ genes).1%:16.22 Based on these results, we conclude
that LKB1 affects the efficiency of NHEJ.

The recruitment of KU proteins by LKB1 may occur via the recruitment of SWI/SNF
chromatin remodeling factors to DSB sites since LKB1 depletion suppressed the recruitment
of both KU and BRM; the depletion of BRM also suppressed the recruitment of KU.
Chromatin remodeling factors involved in DNA repair have been extensively studied in
yeast, and SWI/SNF family proteins are important for NHEJ;11.12 therefore, in this study, we
verified if the SWI/SNF complex also has a role in regulating NHEJ in human cells.
Furthermore, LKB1 may regulate the recruitment of an SWI/ SNF protein, BRM, to DSB
sites. WT LKBL, but not the LKB1-D176N kinase-dead mutant, promoted the recruitment of
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BRM, suggesting that the mechanism of regulation is dependent on the kinase activity of
LKBL1. The yeast serine/threonine kinases, EIml, Pakl and Tos3, which share sequence
homology with LKB1, phosphorylate and activate Snfl, the yeast homolog of AMPK;28.29
however, the role of these proteins in regulating SWI/SNF chromatin remodeling during
NHEJ is unknown. Therefore, the present study suggests the possible involvement of an
LKB-dependent mechanism of SWI/SNF regulation during NHEJ. Interestingly, in our
NHEJ assay, the structure of the breakpoint junctions resulting from the repair of I-Scel-
induced DSBs was unchanged by the depletion of LKB1 and BRM (Supplementary Figure
S5). Thus, suppression of LKB1 signaling is more likely to cause a reduction in NHEJ
activity than to change the mode of joining.

Our data suggest that recruitment of AMPK2 to DSBs depends on LKB1; therefore,
AMPK?2 is likely to be a factor acting downstream of LKB1 in NHEJ. AMPK2 promoted the
recruitment of the BRM and KU proteins to DSB sites. These results suggest that activation
of the LKB1-AMPK pathway is involved in the first step of NHEJ probably by regulating
SWI/SNF chromatin remodeling at DSBs, thereby allowing the subsequent recruitment of
NHEJ proteins to DSB sites. LKB1-activated AMPK2 phosphor-ylates histone H2B Ser36
under conditions of metabolic stress, leading to transcriptional activation. In addition,
AMPK2 is activated by IR, H»0,, and UV treatment.8 Histone phosphorylation disrupts the
chromatin structure and provides an occasion of non-histone chromosomal proteins to
chromatin.30 Therefore, we predicted that the phosphorylation of H2B-Ser36 also
contributes to DSB repair. The H2B Ser36 mutation reduced the recruitment of BRM and
KU70 to DSB sites. This suggests that phosphorylation of H2B by AMPK promotes the
recruitment of the SWI/SNF complex to DSB sites for chromatin remodeling. The
mechanism(s) by which H2B phosphorylation increases SWI/SNF recruitment remains
unclear. One possibility is that H2B phosphorylation increases the incidence of other histone
modifications, which in turn increases the affinity of the SWI/SNF complex for histones,
since each histone modification has an effect on the others.31:32 The resulting histone
modifications might cause the chromatin relaxation required for the DSB repair proteins to
access the DSB sites. In addition, LKB1 interacts with BRG1 irrespective of its kinase
activity, and increases the ATPase activity of BRG1 ?We also confirmed that LKB1
interacts with BRM, irrespective of its kinase activity (Supplementary Figure S6). Therefore,
the LKB1 protein might further facilitate chromatin remodeling by increasing the
remodeling activity of the BRG1 and BRM proteins. Notably, the effects of LKB1 ablation
on the recruitment of KU and BRM to DSB sites, and on the suppression of chromosomal
breaks/radials, were greater than those of AMPK?2. These data suggest that AMPK2 may
only partially mediate the effects of LKB1. In fact, sSiRNA-mediated ablation of AMPK1
also reduced NHEJ activity (Supplementary Figure S7). Other signal transduction
mechanisms involving BRM (but not AMPK2) might also have a role. Further studies are
needed to elucidate the detailed mechanisms by which LKB1 mediates signaling to increase
NHEJ.

We recently showed that the human ACF complex, which belongs to the ISWI family,
increases NHEJ by directly interacting with KU70 and promoting its localization to DSBs.19
In addition, we and others also identified histone acetyltransferases, TIP60, CBP and p300,
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as well as histone deacetylases (HDACs), HDAC1 and HDAC2, all of which are involved in
NHEJ.13:33-35 The present study suggests that LKB1-AMPK signaling is involved in
SWI/SNF chromatin remodeling during NHEJ. Therefore, NHEJ regulation may involve
different types of chromatin remodeling/modification at DSB sites. Further research should
be directed at understanding how the multiple steps involved in NHEJ are integrated to
function harmoniously during DSB repair.

The role of LKBL1 in maintaining genome integrity is suggested by the fact that inactivating
this gene causes PJS, which is characterized by genomic instability. The LKB1-D176N
kinase-dead mutant used in the present study was derived from a PJS patient,2” and showed
a reduced ability to recruit the SWI/SNF remodeling complex, or KU70/80, to DSBs.
Consistently, suppression of LKB1-AMPK signaling causes chromosome aberrations, as
observed by the suppression of key molecules involved in DSB repair.36 Therefore, our
results imply that inactivation of the LKB1 tumor suppressor contributes to carcinogenesis
by disturbing not only known cellular functions such as cell proliferation, polarization and
differentiation, but also the maintenance of chromosomal integrity. The purported role of
LKB1 in DSB repair could be further strengthened by examining cells from individuals with
PJS and cells with key NHEJ gene inactivation for deficiencies in NHEJ, V(D)J
recombination and class switch recombination, as well as for IR hypersensitivity.

MATERIALS AND METHODS

SiRNA

siRNAs against LKB1 were purchased from Dharmacon (Thermo Scientific, Chicago, IL,
USA) (ON-TARGETplus SMARTpool), Invitrogen (Carlsbad, CA, USA, siLKB1#1,
12938-048) and Santa Cruz (Santa Cruz, CA, USA, siLKB#2, sc-35816). siRNA against
BRM (sc-29831) was purchased from Santa Cruz. siRNAs against KU70, KU80, RAD52
and AMPK2 were purchased from Dharmacon (ON-TARGETplus SMARTpool, Yokohama,
Japan). Non-targeting siRNAs were purchased from the same suppliers, Invitrogen
(VHS50414), Santa Cruz (sc-35816) and Dharmacon (ON-TARGETplus SMARTpool). We
also used another set of SIRNA (QIAGEN S102758595 and S102758602) for AMPK2 in
Supplementary Figure S3. siRNA transfection of HI 299 cells was performed using
RNAIMAX (Invitrogen) and cells were analyzed after a 48-h culture.

Laser micro-irradiation

Laser micro-irradiation was performed using the FV-500 confocal scanning laser
microscopy system (Olympus, Tokyo, Japan) as reported previously.1%:37:38 Briefly, cells in
glass-bottomed dishes were microirradiated with a 405-nm laser (Olympus), fixed and
permeabilized with MeOH. The cells were analyzed by immunofluorescence using specific
primary and secondary antibodies. Methods are described in detail in Supplementary
Methods.

DSB repair and clonogenic assays

In vivo NHEJ, Comet and ChIP assays were performed as previously described.13 The
methods are described in detail in Supplementary Methods.
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Western and immunoprecipitation assays

The methods are described in detail in Supplementary Methods.

Chromosome aberration assay

HI299 cells were transfected with control, LKB1 and AMPKZsiRNAs and cultured for 3
days. Colcemid (GIBCO, Gaithersburg, MD, USA) was added at a final concentration of
0.15pug mi~1 for 45min before harvest. Collected cells were treated with 75 My, KCI and
fixed onto slides with a 3:1 methanol/glacial acetic acid solution. Slides were then stained
with Giemsa and metaphase spreads were analyzed for the number of chromosomal
aberrations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Regcruitment of the LKB1 protein to DSB sites. (a) Effect of LKB1 depletion on the
retention of IR-induced yH2AX foci. siRNA-treated H1299 cells were exposed to 2 Gy IR.
Percentages of cells with yH2AX foci at 0, 0.5 and 48 h after irradiation are plotted on the
right. Mean values +s.d. from three independent experiments are shown. (b) Neutral comet
assay of irradiated H1299 cells with or without LKB1 depletion. The tail moments of 100
cells treated with 20 Gy IR for each time point were measured and the mean values (  s.d.)
are shown in the right graph. (c) Accumulation of endogenous LKB1 protein. At 10 min
after laser micro-irradiation, H1299 cells were fixed and immunostained with anti-LKB1 (r:
rabbit antibody), anti-yH2AX (upper panels); and anti-LKB1 (m: mouse antibody), and/or
anti-53BP1 (lower panels). (d) Accumulation of GFP-LKB1 protein in H1299 cells
subjected to laser micro-irradiation. Results obtained 10 s and 10 min after irradiation are
shown. Increases in fluorescence intensities induced by micro-irradiation are shown (meanx
s.d.) on the right. (e) Accumulation of GFP-LKB1 at DSB sites in U20S/TRE/1-Scel-19
cells. Left: Foci of GFP-LKB1 colocalized with those of Cherry-tTA-ER only in the
presence of 1-Scel (that is, at DSB sites). Right The percentage of GFP-LKB1 foci
colocalized with those of Cherry-TBP. Twenty cells showing a single focus of Cherry-TBP
were examined for colocalization of GFP-LKBL1. Detailed methods are described in Lan efa/.
19 (f) ChiP assay. Upper panel: locations of primers used for quantitative PCR. ChiP with a
control 1gG or antibodies against yH2AX, KU80 or LKB1 was performed 24 h after 1-Scel
expression plasmid transfection. The graph shows the relative enrichment of examined
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proteins in I-Scel-treated cells versus untreated cells. The value for KuB0/1-Scel ( +) 1200
bp is almost zero.
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Figure 2.
Analysis of LKB1 mutant proteins. (a) Accumulation of LKB1 mutant proteins at micro-

irradiated sites. H1299 cells transfected with WT or mutant GFP-LKB1 expression plasm
ids were examined for accumulation before and 2 min after laser micro-irradiation. Relative
fluorescence intensities are shown as a graph. (b) IR-induced phosphorylation of LKB1 at
T363. H1299 cells transfected with Flag-LKBI or Flag-LKB1-T363A mutant expression
plasm ids for 24 h were irradiated or not with 10 Gy. Whole cell extracts (WCEs) were
prepared 1 h after radiation treatment and immunoprecipitated with an anti-Flag antibody.
The immunoprecipitates were subjected to western blot analysis with anti-Flag and anti-
phospho-(S/T)Q antibodies. (c) LKBI phosphorylation by ATM, ATR and DNA-PKcs
kinases. H1299 cells transfected with Flag-LKBI expression plasmids for 24h were
irradiated or not with IOGy. WCEs from H1299 cells transfected with Flag-LKBI expression
plasm ids were immunoprecipitated with an anti-Flag antibody and subjected to western blot
analysis with anti-Flag and anti-phospho-(S/T)Q antibodies. Treatment with a DNA-PKcs
inhibitor (NU7026; 100 pM) and/or an ATM/ ATR inhibitor (ATM/ ATRi; 10 pM) was
performed for 3 h before IR treatment. (d) ATM/ ATR signaling-dependent LKBI
accumulation. H 1299 cells expressing the GFP-LKB1-C2 protein were treated with a DNA-
PKcs inhibitor (NU7026; 100 uM) and/or ATM/ ATR inhibitor (ATM/ ATRi; 10 uM) for 3 h
before micro-irradiation. The graph shows fluorescence intensity at 10 min after irradiation.
(e) Accumulation of GFP-LKB1-C2 proteins. H1299 cells transfected with WT and T363A
mutant GFP-LKB1-C2 expression plasm ids for 24 h were micro-irradiated. The graph
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shows the mean ( £ s.d.) increase in fluorescence intensity in micro-irradiated regions 10
min after irradiation.
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Figure 3.
Impairment of NHEJ and KU70 recruitment to DSB sites by LKB1 depletion. (a) Assay

design for NHEJ of chromosomal DSBs in vivo.13 Arrows indicate the locations of PCR
primers used for quantitative PCR to monitor DSB introduction by 1-Scel (uncut DNA) and
subsequent joining Oocined DNA). (b) Reduced NHEJ activity of LKB1-depleted cells.
Fractions of EGFP-positive cells 24 h after transfection with the 1-Scel expression plasmid
are shown. Values represent the ratio of EGFP-positive cells transfected with targeting
SiRNA to that of cells treated with non-targeting (siCont) sSiRNA. Mean values ( £ s.d.) for
three independent experiments are shown. (c) Quantitative PCR analysis of uncut (left) and
joined (right) DNAs. Left: Fractions of uncut DNA expressed as a ratio of the amount of
uncut DNA present before 1-Scel expression plasmid transfection. Right: Fractions of joined
DNA expressed as a ratio of the amount of joined DNA 48 h after transfection of the Z-Sce/
expression plasmid in non-targeting siRNA-treated cells. Mean values ( £ s.d.) for three
independent experiments are shown. (d) LKB1- dependent GFP-KU70 recruitment. H1299
cells pre-transfected with control or LKB1 siRNA were transfected with the GFP-KU70
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expression plasmid for 24 h. Fluorescence images of cells 3 min after micro-irradiation are
shown on the left. Micro-irradiation induced increases in fluorescence intensity are shown
(mean % s.d.). (¢) GFP-KU70/80 accumulation at DSB sites in U20S/TRE/1-Scel-19 cells.
Left: Focus of GFP-KU70/ 80 colocalized with Cherry-tTA-ER (ie, DSB sites). Right: The
percentage of GFP-KU70/80 foci colocalized with Cherry-TBP. Twenty cells showing a
single focus of Cherry-TBP were examined for colocalization of GFP-KU70/80. The
detailed method is described in Lan et a/19
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Figure 4.
Involvement of BRM in NHEJ. (a) Accumulation of endogenous BRM at micro-irradiated

sites. H1299 cells were fixed 15 min after laser micro-irradiation and immunostained with
anti-BRM plus Alexa 488-conjugated anti-mouse 1gG, and with anti-yH2AX antibodies plus
Alexa 594-conjugated anti-rabbit 1gG. Nuclei were stained with DAPI. The arrows indicate
accumulated BRM. (b) Effect of depleting LKB1 and BRM on NHEJ activity. The mean
fractions ( + s.d., n= 3) of EGFP-positive cells (left) and joined DNA (middle) relative to
the amounts in nontargeting siRNA-treated cells (siCont) 48 h after transfection of the I-Scel
expression plasmid are shown. The mean fractions ( = s.d., 7= 3) of uncut DNA relative to
the amounts present before transfection of the 1-Scel expression plasmid are shown (right).
Data represent the mean ( £ s.d.) from three independent experiments. (c) Effect of LKB1
and/or BRM depletion on the recruitment of GFP-KU70 to DSB sites. H1299 cells were pre-
transfected with the indicated siRNAs for 48 h and then transfected with the EGFP-KU70
expression plasmid for 24 h. A western blot (top left) and fluorescence images of cells 3 min
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after micro-irradiation (bottom left) are shown. The graph shows mean increases ( = s.d.) in
fluorescence intensity induced by micro-irradiation. Fluorescence intensity was expressed as
a ratio relative to that of cells treated with nontargeting (siCont) siRNA at the last time point.
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Figure 5.
Involvement of LKBI in BRM accumulation at DSB sites. (a) LKBI-dependent GFP-BRM

recruitment. H1299 cells pre-transfected withcontrol or LKB1 siRNA were transfected with
the GFP-BRM expression plasmid for 24 h. Fluorescence images of cells 3 min after
microirradiation are shown. Micro-irradiation induced increases in fluorescence intensity are
shown (meanz s.d.). (b) BRM-independent GFP-LKBI recruitment. H1299 cells pre-
transfected with control or BRM siRNA were transfected with GFP-LKB1 expression
plasmid for 24 h. (c) Endogenous LKB1 recruitment. Control or BRM siRNA-treated H1299
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cells were micro-irradiated, fixed 10 min after laser micro-irradiation, and immunostained
with anti-LKB1 and anti-yH2AX antibodies. (d) LKB1 kinase-dependent GFP-BRM
recruitment. LKB1-3 UTR-siRNA-treated H1299 cells were transfected with GFP-BRM
and with empty, WT or D176N kinase-dead mutant LKBI expression plasm ids for 48 h. The
result of western blot analysis is shown. Micro-irradiation induced increases in fluorescence
intensity are shown on the right (mean + s.d.).
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Figure 6.
LKB1-AMPK signaling mediated the recruitment of BRM and NHEJ proteins to DSB sites

via H2B phosphorylation. (a) Endogenous AMPK2 recruitment by LKB1 depletion. Control
or LKB1 siRNA-treated H1299 cells were micro-irradiated, fixed 10 min after laser
microirradiation, and immunostained with anti-LKB1 and anti-yH2AX antibodies. (b, c)
AMPK2-dependent GFP-BRM and GFP-KU70 recruitment. Control or AMPK2 siRNA-
treated H1299 cells were transfected with EGFP-BRM (b) or EGFP-KU70 (c) expression
plasmid for 48 h. Fluorescence images of cells 3 min after micro-irradiation are shown on
the left. Micro-irradiation induced increases in fluorescence intensity are shown on the right
(mean % s.d.). The top panel shows the results of western blot analysis. (d) Reduced NHEJ
activity in AMPK2-depleted cells. () Clonogenic assay showing sensitization to bleomycin
by AMPK2 depletion. (f) Colocalizations of phosphorylated histone H2B and yH2AX in
micro-irradiated cells. At 10 min after laser micro-irradiation, H1299 cells were fixed and
immunostained with anti-phospho-S36-H2B and anti-yH2AX. (g, h) GFP-BRM and GFP-
KU70 accumulation by mutant (S36A) histone H2B expression. 293T cells stably expressing
Flag-H2B or Flag-H2B-S36A proteins were transfected with GFP-BRM (g) or GFP-KU70
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(h) expression plasmid for 48 h. Increases in fluorescence intensities induced by micro-
irradiation are shown (mean % s.d.). The differences in fluorescence intensity between the
WT and the S36A mutant at certain time points (120 s and on) after irradiation were
statistically significant (*£<0.05; Student’s test). Western blot is shown in (g).
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Figure 7.
Chromosome aberrations caused by LKB1 and AMPK2 depletion. (a) Representative cells

showing chromosome breaks and radials in H1299 cells transfected with control, LKB1
and/or AMPK2 siRNA. Slides were Giemsa stained and metaphase spreads were analyzed
for the number of chromosomal aberrations. The numbers of chromosomal aberrations per
metaphase and western blotting results are also shown (lower). (b) A model for how LKB1-
AMPK signaling regulates NHEJ. Upon DSBs, LKB1 accumulates at DSB sites, and AMPK
accumulates at DSB sites in an LKB1-dependent manner. AMPK is activated by LKB1-
mediated phosphorylation and phosphorylates H2B. Then, the SWI/SNF complex is
recruited in an H2B phosphorylation-dependent manner, probably resulting in the promaotion
of chromatin remodeling at DSB sites. This remodeling might promote the localization of
KU proteins to DSB sites and trigger NHEJ.
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