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ABSTRACT

Serine/threonine kinase 11 (STK11, also known as
LKB1) functions as a tumor suppressor in many hu-
man cancers. However, paradoxically loss of LKB1
in mouse embryonic fibroblast results in resistance
to oncogene-induced transformation. Therefore, it is
unclear why loss of LKB1 leads to increased pre-
disposition to develop a wide variety of cancers.
Here, we show that LKB1 protects cells from geno-
toxic stress. Cells lacking LKB1 display increased
sensitivity to irradiation, accumulates more DNA
double-strand breaks, display defective homology-
directed DNA repair (HDR) and exhibit increased mu-
tation rate, compared with that of LKB1-expressing
cells. Conversely, the ectopic expression of LKB1
in cells lacking LKB1 protects them against geno-
toxic stress-induced DNA damage and prevents
the accumulation of mutations. We find that LKB1
post-transcriptionally stimulates HDR gene BRCA1
expression by inhibiting the cytoplasmic localiza-
tion of the RNA-binding protein, HU antigen R, in
an AMP kinase-dependent manner and stabilizes
BRCA1 mRNA. Cells lacking BRCA1 similar to the cell
lacking LKB1 display increased genomic instabil-
ity and ectopic expression of BRCA1 rescues LKB1
loss-induced sensitivity to genotoxic stress. Collec-
tively, our results demonstrate that LKB1 is a cru-
cial regulator of genome integrity and reveal a novel
mechanism for LKB1-mediated tumor suppression
with direct therapeutic implications for cancer pre-
vention.

INTRODUCTION

Cancer cells differ from normal cells in many aspects, which
are collectively dubbed as the hallmarks of cancer (1). To ac-
quire these hallmarks, cancer cells undergo multiple genetic
and epigenetic alterations (1). Among these, the inactiva-
tion of tumor suppressor genes (TSGs) due to genetic dele-

tion, mutations or epigenetic gene silencing is frequently ob-
served in human cancers (1-4). Loss of TSGs plays an im-
portant role in several aspects of cancer, including cancer
initiation and metastatic progression (5,6).

Serine/threonine kinase 11 (STK11, commonly known
as liver kinase B1 [LKBI1]) was identified as a gene respon-
sible for the Peutz-Jeghers Syndrome (PJS) (7,8). PIS is a
rare autosomal dominant disease that is characterized by
mucocutaneous pigmentation and benign hamartomatous
polyps in gastrointestinal tracts (9). PJS patients display an
increased predisposition to malignant tumors in multiple
tissues (10-12). Notably, over 93% of PJS patients develop
malignant tumors by the average age of 43 (13). Similar to
PJS patients, LKB1 knockout mice are predisposed to can-
cer, particularly of the gastrointestinal tract (14-17). Fur-
thermore, recent studies have discovered LK B1-inactivating
mutations in multiple sporadic cancers, particularly of the
lung and at a lower frequency in the pancreas and skin (18-
21). Collectively, these studies suggest that LKB1 plays an
important role as a TSG in many human malignancies.

As a tumor suppressor, LKB1 phosphorylates its tar-
get substrates and subsequently regulates their activities
(22). LKBI is activated through its interaction with the
sterile 20 (STE20)-related kinase adaptor (STRAD) pseu-
dokinase and mouse protein-25 (MO25) (23,24). In ad-
dition to activating STRAD, MO25 retains LKBI in the
cytoplasm, where it exerts cell cycle regulatory functions
(25). Adenosine monophosphate-activated protein kinase
(AMPK), which functions as a sensor of cellular energy
changes, is one of the best-characterized substrates of
LKBI. The reduction in cellular adenosine triphosphate
levels activates AMPK. LKB1 phosphorylates and activates
AMPK (26-28), which then activates TSC1/TSC2 and in-
hibits the oncogenic mTOR signaling pathway (22,29).

Here, we show that LKB1 preserves genome integrity by
stimulating the expression of BRCA1. Our results identify
a new role for LKBI1 in mediating the DNA damage re-
sponse (DDR) and DNA repair and suggest that the LKB1-
mediated DDR pathway may be targeted for cancer preven-
tion.
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MATERIALS AND METHOD
Cell culture, plasmids and luciferase assay

HCT116, H1299, MCF7, SKMEL-28 and immortalized
human diploid fibroblasts were obtained from Amer-
ican Type Culture Collection (ATCC) and A549 and
H460 cells were obtained from the National Cancer In-
stitute and grown as recommended. LKB1 wild-type and
knockout mouse embryonic fibroblasts (MEFs) were ob-
tained from Dr Boyi Gan (MD Anderson Cancer Cen-
ter). LKBI knockout were generated from LKB1 L/L,
RosaCreERT2 MEFs as described previously (30). The
BRCAI mammalian expression construct was a kind gift
from Steve Elledge (Harvard Medical School), and the
BRCAI reporter-luciferase reporter construct was a kind
gift from Stephen Weiss (University of Michigan) (31).
U20S-DRGFP cells were a kind gift from Maria Jasin
(Memorial Sloan Kettering Cancer Center). FLAG-LKB1
and FLAG-LKBI KD was a kind gift from Lewis Cant-
ley (Harvard Medical School). The luciferase assay was
performed using the dual-luciferase reporter assay kit
(Promega). Renilla luciferase was used as an internal con-
trol for normalizing transfection differences in the luciferase
assay.

Transfections, shRINAs, preparation of retroviral and lentivi-
ral particles, immunoblot analysis and cell fractionation

LKBI, BRCAI, HuR and control non-specific (NS) short-
hairpin RNAs (shRNA)s were obtained from OpenBiosys-
tems. Supplementary Table S1 shows the product IDs
for all shRNAs. Lentiviral particles were prepared by co-
transfecting the shRNA plasmids and lentiviral packaging
plasmids, pSPAX2 and pMD?2.G, into 293T cells using Ef-
fectene (Qiagen) and following the protocol at the Broad In-
stitute’s website (http://www.broadinstitute.org/rnai/public/
resources/protocols). Retroviral particles were prepared as
described previously (32). Immunoblot analysis was per-
formed as described previously (33). Nuclear and cytoplas-
mic fractions were prepared as described previously (33).
Protein concentrations were estimated using the Bradford
Protein Estimation Kit (Bio-Rad), according to the man-
ufacturer’s instructions. The information of the antibodies
and inhibitors used in this study is provided in Supplemen-
tary Table S1.

Gamma irradiation, yH2AX immunofluorescence, HuR im-
munofluorescence and flow cytometry analyses

Cells were gamma-irradiated at various doses and time
points, as indicated in the figures. For y H2AX immunoflu-
orescence 5 x 10* cells were plated onto multi-well tis-
sue culture slides (Nalgene) and gamma-irradiated at 2
Gray dose. At different time points, cells were fixed with
3.7% paraformaldehyde (PFA) at room temperature for 10
min, after which the PFA was gently removed, and cells
were washed three times with 1X phosphate-buffered saline
(PBS). Afterward, cells were permeabilized with 0.5% Tri-
ton X-100 in PBS for 10 min and blocked with 1% bovine
serum albumin (BSA) for 30 min at room temperature. Cells
were then incubated with the y H2AX antibody (1:300; Cell

Signaling) in 1% BSA for 2 h at 37°C and washed three
times with 1X PBS, after which they were incubated with the
anti-mouse Alexa 488 antibody (1:600; Life Technologies)
for 1.5 h at 37°C. Following the incubation with the sec-
ondary antibody, cells were washed twice with 1X PBS, and
the nuclei were stained with 0.01-mg/ml 4',6-diamidino-2-
phenylindole (DAPI) (Sigma-Aldrich) for 5 min. Images
for yH2AX immunofluorescence were collected using the
Olympus IX-71 inverted fluorescence microscope, and the
percentages of cells with more than 10 y-H2AX foci per cell
in 40X magnification were counted in 10 different fields in
biological triplicate and plotted at different time points as
shown and indicated in the related figures and figure leg-
ends.

HuR immunofluorescence was performed as described
above for yH2AX immunofluorescence using HuR-specific
antibody listed in Supplementary Table S1. For flow cytom-
etry analyses, cells were synchronized in G2/M phase by
nocodazole arrest as described previously (34). Cells were
stained with propidium iodide and cell cycle distributions
were determined by fluorescence-activated cell sorting anal-
ysis. Quantitation of the fraction of cells in different cell cy-
cle phases was done using FlowJo™ software. The num-
ber of cells in G1 (2n DNA), S phase (>2n <4n DNA) and
G2/M (4n DNA) were quantified and percent fraction of
cells in each phase was calculated. Doublets and cell aggre-
gates were removed by plotting FL2A against FL2W and
by gating for single-cell populations.

Cell viability analysis, clonogenic assay, drug treatment,
spontaneous mutagenesis assay and Homologous recombina-
tion (HR) repair assay

To measure cell viability after irradiation, 0.2 x 10° cells
were plated in 6-well plates and gamma-irradiated at differ-
ent doses as indicated in the figures. At 48 h after irradia-
tion, cells were harvested, mixed with an equal volume of
trypan blue solution (Life Technologies) and counted us-
ing Countess (Life Technologies). The relative viability was
plotted in reference to untreated cells.

The clonogenic ability of the cells stably expressing con-
trol or LKBI shRNAs was measured in unirradiated and
gamma-irradiated conditions. For clonogenic assay, 2 x 10°
cells were seeded in a 6-well plate and 48 h after 2 Gy dose of
gamma irradiation 5 x 103 cells were re-seeded in another
6-well plate. As an unirradiated control, 5 x 103 cells were
seeded in a 6-well plate. After 2 weeks of plating, colonies
were fixed with a fixing solution containing 50% methanol
and 10% acetic acid and then stained with 0.05% crystal-
violet (Sigma-Aldrich). The relative number of colonies was
calculated by normalizing the average colony number of the
triplicates carrying indicated shRNAs against those carry-
ing NS shRNA.

To measure the cell viability HCT116 cells were treated
with various concentrations of adriamycin and etoposide
as indicated in the related figures for 48 h. The cell viability
was determined by trypan blue exclusion assay as described
above. The source of adriamycin and etoposide is listed in
Supplementary Table S1.

The spontaneous mutagenesis assays were performed as
described previously (35). Briefly, cells were seeded at a den-
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sity of 1 x 10* cells/well in 48-well plates and grown in
the presence of 1.5-wg/ml 6-thioguanine (Sigma-Aldrich)
for 4 weeks. The mutation rate was calculated as the ra-
tio of the number of 6-thioguanine-resistant colonies to the
total number of cells that were seeded and normalized for
plating efficiency. HR repair assay was performed in U20S-
DRGPFP cells expressing an NS shRNA or shRNAs target-
ing LKBI as described previously (36).

RNA isolation, Real-time-quantitative PCR (RT-qPCR)
analysis and mRNA half-life measurement

Total RNA was extracted using TRIzol (Life technolo-
gies), according to the manufacturer’s instructions. Total
RNA was purified using RNAeasy mini columns (Qia-
gen). First-strand cDNA synthesis was performed using the
ProtoScript M-MuLV First-Strand cDNA Synthesis Kit
(New England Biolabs), and qPCR was performed using
the Power SYBR Green PCR Master Mix (Applied Biosys-
tems). The primers used for qPCR analysis are listed in Sup-
plementary Table S1. Actin mRNA was used to normalize
RT-gqPCR data. For BRCAI mRNA half-life measurement
we performed actinomycin D chase in HCT116, SKMEL-
28 and H1299 cells expressing shRNAs or cDNAs as pre-
sented in the related figures. Cells were irradiated at 20 gray
and the total RNA was prepared at 0, 3, 6 and 12 h af-
ter irradiation and actinomycin D treatment (5 wM), and
BRCAI and actin mRNA expression was analyzed. The ex-
pression of BRCAI mRNA at each time point was plotted
in reference to mRNA samples at 0 h.

Statistical analysis

All experiments were performed at least three times in trip-
licate, and the data are expressed as mean + standard error
of the mean (SEM). The student’s 7-test for two-tailed distri-
bution with unequal variance was performed in Microsoft
Excel to derive the P-values.

RESULTS

LKBI1 is necessary and sufficient for protecting cells from
genotoxic stress

Mouse embryonic fibroblasts (MEFs) that harbor the ge-
netic deletion of both alleles of LKBI paradoxically dis-
play marked resistance to cellular transformation by onco-
genes, compared with MEFs that have intact LKBI loci
(14). Therefore, why loss of LKB1 causes increase in can-
cer incidence remains unclear.

A common feature of many human malignancies is
genome instability, which is proposed to drive cancer initia-
tion and progression (37). To investigate whether LKB1 can
protect the human genome from genotoxic stress, we used
shRNAs to knockdown the expression of LKBI in a variety
of human cell lines of different tissue origin (Supplemen-
tary Figure S1A) and analyzed the sensitivity of these cells
to gamma irradiation. We find that the shRNA-mediated
knockdown of LKBI sensitizes various human cell lines of
different tissue origin to gamma irradiation (Figure 1A). To
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further confirm that the loss of LKB1 leads to increased sen-
sitivity to gamma irradiation, we performed clonogenic as-
says. In complete agreement with our short-term survival
assays, we find that the loss of LKBI1 leads to increased
sensitivity to gamma irradiation (Figure 1C and Supple-
mentary Figures S2A). LKB1 knockdown was also able
to sensitize the cells to other DNA damaging chemother-
apeutic agents such as adriamycin and etoposide (Supple-
mentary Figure S3). Conversely, the ectopic expression of
LKBI in LKBI1-deficient cancer cell lines A549 and H460
protected them against gamma irradiation-induced geno-
toxic stress and decreased sensitivity to gamma irradiation,
while a kinase-dead mutant of LKB1 failed to do so (Figure
1B and D and Supplementary Figures S1B and S2B). Col-
lectively, these results show that LKBI1 protects cells from
genotoxic stress in a kinase activity-dependent manner.

Cells lacking LKBI1 display increased DNA double-strand
breaks and enhanced mutation rates

To determine the cause for increased sensitivity to gamma
irradiation, we examined whether LKBI loss leads to de-
fects in DNA repair and the accumulation of DNA double-
strand breaks, which can consequentially increase the sen-
sitivity to genotoxic stress. To determine this, we knocked
down the LKBI expression in various human cancer cell
lines and assessed for the DNA damage-induced forma-
tion of y-H2AX foci before and after irradiating the cells
with gamma irradiation. y-H2AX is a marker of DNA
double-strand breaks and can be used to determine the ex-
tent of DNA double-strand breaks (38). Remarkably, the
shRNA-mediated knockdown of LKBI expression signif-
icantly increased yH2AX foci formation (Figure 2A and
Supplementary Figures S4A and S5A), indicating that the
cells lacking LKB1 accumulate more DNA double-strand
breaks. Notably, the ectopic expression of LKBI in can-
cer cell lines that lack endogenous LKBI protected these
cells from gamma irradiation-induced DNA double-strand
breaks, while a kinase-dead mutant of LKBI or an empty
vector failed to have any effect (Figure 2B and Supplemen-
tary Figure S4B and S5C). These results further support the
role of LKBI in protecting the human genome from geno-
toxic stress.

Because the increased accumulation of DNA double-
strand breaks was observed in cells lacking LKBI1, we as-
sessed whether this increase may affect genome integrity.
As a measure of genome integrity, we monitored the spon-
taneous mutagenesis rate in LKBI-depleted cells using the
hypoxanthine-guanine phosphoribosyltransferase (HPRT )-
forward mutation assay. The HPRT assay is based on
the spontaneous mutagenesis of the HGPRT locus, which,
when mutated, allows cells to grow in the presence of 6-
thioguanine. Under normal circumstances, 6-thioguanine
blocks DNA replication and induces cytotoxicity (39).
Notably, LKBI shRNA-expressing cells had significantly
higher mutation rates than that of NS shRNA-expressing
cells (Figure 2C and Supplementary Figure S5B). On the
contrary, the ectopic expression of LKBI in cancer cells that
lack LKB1 caused reduction in the mutation rate, while no
reduction in mutation rate was observed when the kinase-
dead mutant of LKB1 was expressed (Figure 2D and Sup-
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Figure 1. Loss of LKBI expression causes increased sensitivity to DNA damage. (A) Indicated cell lines expressing LKB1 short-hairpin RNAs (shRNAs)
or a non-specific (NS) shRNA were gamma-irradiated at the indicated doses. At 48 h post-irradiation, cell viability was measured by the trypan blue
exclusion assay. The percentages of cell viability relative to corresponding unirradiated cells are plotted. (B) Indicated cell lines ectopically expressing
wild-type LKB1 (LKB1 WT), kinase-dead mutant of LKBI1 (LKB1 KD) or an empty vector were gamma-irradiated at the indicated doses. At 48 h
post-irradiation, live cells were counted by the trypan blue exclusion assay. The percentages of cell viability relative to corresponding unirradiated cells
are plotted. (C) Indicated cell lines expressing LKB1 shRNAs or a non-silencing (NS) shRNA were gamma-irradiated (2G) and plated on 6-well plates.
Relative colony numbers 2 weeks after gamma irradiation in comparison to NS shRNA and normalized to unirradiated cells are presented. (D) Indicated
cell lines expressing wild-type LKB1 (LKB1 WT), kinase-dead mutant LKB1 (LKB1 KD) or an empty vector were gamma-irradiated at 2G and plated on
6-well plates. Relative colony numbers 2 weeks after gamma irradiation in comparison to empty vector and normalized to unirradiated cells are presented.
Error bars show standard error mean (SEM). (*P < 0.01; **P < 0.001).
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Figure 2. Loss of LKBI expression increases DNA double strand breaks and mutation rates. (A) HCT116 cells expressing the indicated shRNAs or
(B) A549 cells ectopically expressing LKB1 WT, LKB1 KD or an empty vector were gamma-irradiated (2G) and stained for yH2AX at indicated time
points post-irradiation. Percentages of yH2AX-positive cells are plotted at the indicated time points. (C) Spontaneous mutation of HPRT in HCT116
cells expressing the indicated shRNAs. The mutation rates under the indicated conditions are plotted. (D) Spontaneous mutation of HPRT in A549 cells
expressing the indicated constructs. The mutation rates under the indicated conditions are plotted. Error bars show standard error mean (SEM). (*P <

0.01; **P < 0.001).

plementary Figure S5D). These results further confirm that
LKBI in kinase activity-dependent manner protects DNA
from genotoxic stress by preventing the accumulation of
DNA double-strand breaks and subsequently inhibiting the
accumulation of deleterious mutations that may increase
the likelihood of neoplastic transformation.

Cells lacking LKB1 display defective homology-directed
DNA repair

Our results show that the cells lacking LKBI1 display in-
creased accumulation of double-stand DNA breaks and
increased mutagenesis rate. Homology-directed DNA re-
pair pathway has been shown to repair the DNA without
error. Therefore, we asked if the cells that express LKBI
shRNA are defective in homology-directed DNA repair
pathway. To do so, we used previously described U20S cell

line derivative U20S-DRGFP cells that can be used to de-
termine the homology-directed DNA repair by transfecting
the nuclease I-Scel and measuring Green Fluorescent Pro-
tein (GFP) by flow cytometry analyses (36). To assess the
effect of LKB1 on homology-directed DNA repair, we gen-
erated U20S-DRGFP cell lines that either expressed an NS
shRNA or shRNAs against LKB! (Figure 3A). These cells
were then transfected with the nuclease I-Scel and analyzed
for GFP positive cells by flow cytometry analyses at 48 h
post transfection. The results presented in Figure 3B show
that cells expressing LKBI shRNA display significant re-
duction in GFP-positive population compared to the cells
that express an NS shRNA. Collectively, these results show
that loss of LKB1 causes reduced homology-directed DNA
repair that consequentially increases mutation rate.
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Figure 3. LKBI regulates BRCAI mRNA stability. (A) U20S-DRGFP cell lines stably expressing a non-specific (NS) shRNA or LKBI shRNAs were
analyzed for the expression of LKBI transcript and protein by RT-qPCR (top) and immunoblot (bottom), respectively. (B) U20S-DRGFP cell expressing
indicated shRNAs was analyzed for HR frequency by monitoring for GFP expression after 48 h of I-Scel transfection. Relative HR frequencies under
indicated conditions are plotted. (C) The mRNA level of BRCA1 was measured by RT-qPCR in cells expressing LKBI shRNAs or a non-specific (NS)
shRINA that were either unirradiated or gamma-irradiated (20G). Actin expression was analyzed as the internal control. (D) The protein level of BRCA1
was measured by immunoblot analysis in cells expressing LKB1 shRNAs or the NS shRNA that were either unirradiated or gamma-irradiated (20G). Actin
was measured as loading control. (E) The half-life of BRCA1 mRNA was measured at indicated time points after irradiation (20 Gray) and treatment with
the transcription blocker, actinomycin D (5 M), in cell lines that either expressed LKB1 shRNA or the non-specific sSiRNA. The relative BRCA1 mRNA
abundance was normalized to actin at the indicated time points and is plotted. The BRCA1 half-lives were significantly different in cells expression NS
shRNAs compared to the cells expressing LKB1 shRNAs (P < 0.01). Error bars show standard error mean (SEM). (*P < 0.01; **P < 0.001).



LKBI1 stimulates BRCA1 expression by regulating BRCA1
mRNA stability

To further understand the mechanism by which LKBI
mediates genome integrity, we analyzed the expression of
genes that were previously implicated in the regulation
of homology-directed DNA repair (Supplementary Ta-
ble S1). In comparison with NS shRNA-expressing cells,
shRNA-mediated LKBI knockdown significantly reduced
the mRNA and protein levels of BRCAT1 and also prevented
the gamma irradiation-induced accumulation of BRCA1
(Figure 3C and D), while other HDR genes did not al-
ter significantly (Supplementary Figure S6). To determine
if LKBI regulates BRCA1 at the transcriptional level, we
tested the effect of LKB1 on BRCAI promoter activity by
transiently transfecting the BRCA1 promoter-luciferase re-
porter construct in cells expressing shRNAs against LKB/
or an NS shRNA. We observed no significant differences
in BRCAI promoter-luciferase reporter activity with or
without gamma irradiation (Supplementary Figure S§A).
Similarly, the ectopic expression of LKBI did not affect
BRCAI promoter-luciferase reporter activity (Supplemen-
tary Figure S8B). These results indicated that LKB1 may
possibly regulate the abundance of BRCAI mRNA via
a post-transcriptional mechanism. Therefore, we analyzed
the half-life of BRCAI mRNA by treating cells with the
transcriptional blocker, actinomycin D. We find that the
shRNA-mediated knockdown of LKBI expression substan-
tially reduces the half-life of BRCAI mRNA, confirming
that LKB1 promotes BRCA1 mRNA stability (Figure 3E
and Supplementary Figure S7). In further support of these
results, we find that ectopic expression of wild-type LKB1 in
A549 cells enhanced the BRCA1 mRNA level and increased
its half-life (Supplementary Figure SOA and B).

LKBI stimulates BRCA1 expression independent of cell cycle
stage

BRCAL1 expression is highest at S and G2/M phases of
cell cycle and lowest during the G1 phase of cell cycle in
mammalian cells (40). Therefore, we asked if the observed
decrease in BRCAL1 expression following shRNA-mediated
LKBI knockdown is caused due to the effect of LKB1 loss
on cell cycle progression. To determine this, we synchro-
nized the cells in G2/M phase of cell cycle by treating them
with nocodazole (Figure 4A) and the nocodazole synchro-
nized cells that either expressed NS shRNA or shRNAs
against LKBI were checked for BRCAT1 expression. We find
that loss of LKBI1 expression in both unsynchronized and
synchronized cells leads to decrease in BRCA1 levels (Fig-
ure 4B). Collectively, these results show that the ability of
LKBI to stimulate BRCA expression is independent of cell
cycle stage.

LKBI1 regulates BRCA1 by inhibiting the cytoplasmic local-
ization of HuR via AMPK

Several mechanisms regarding the regulation of mRNA sta-
bility have been identified and proposed. Importantly, the
association of RNA-binding proteins to the 3’-UTR (Un-
translated region) of specific mRNAs has been shown to
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regulate mRNA abundance and translation (41,42). Inter-
estingly, an RNA binding protein Hu Antigen R (HuR)
has been shown to bind to the 3'-UTR of BRCAI mRNA
(43). HuR is an important prognostic marker in BRCA1-
mutant breast cancers (44). The nuclear-cytoplasmic shut-
tling of HuR is the central mechanism by which its func-
tion is regulated (45,46), and it is predominately local-
ized to the cytoplasm in various cancers, where it binds to
different mRNAs to regulate their stability and/or trans-
lation and promote cancer (45,46). The cytoplasmic ex-
pression of HuR is associated with increased invasiveness
and poor prognosis in many cancers (45,46), and its lo-
calization to the cytoplasm is blocked by AMPK (47—
50). Therefore, we investigated whether LKBI1 regulates
BRCA1 stability by inhibiting the cytoplasmic localization
of HuR in an AMPK-dependent manner. We find that
the cells expressing shRNAs against LKBI show a sig-
nificantly higher accumulation of HuR in the cytoplasm,
compared with cells expressing an NS shRNA (Figure 5SA
and Supplementary Figures S8C and S10). Notably, treat-
ment of the LKBI shRNA-expressing cells with the AMPK
agonist, 5-aminoimidazole-4-carboxamide ribonucleotide
(AICAR), reduced the cytoplasmic levels of HuR and sta-
bilized BRCAI mRNA (Figure 5B and Supplementary Fig-
ure S8D). Similar to AICAR treatment, ectopic expression
of wild-type LKB1 in A549 reduced cytoplasmic levels of
HuR compared to the A549 cells expressing LKB1 kinase
dead mutant or empty vector (Supplementary Figure S9C).
Furthermore, BRCA1 expression was analyzed in cells in
which the expression of both LKBI and HuR was simulta-
neously knocked down using shRNAs (Supplementary Fig-
ure S11A). The shRNA-mediated knockdown of HuR ex-
pression in cells simultaneously expressing LKBI shRNA
restored BRCA1 levels (Figure 5C and Supplementary Fig-
ure S12), counteracted the sensitivity of cells to gamma ir-
radiation (Figure 6A and Supplementary Figure S11B), re-
duced the number of yH2AX foci (Figure 6B and Supple-
mentary Figures S11C and S13) and lowered the mutation
rate (Figure 6C and Supplementary Figure S11D). Collec-
tively, these results show that, in the absence of LKB1, HuR
localizes to the cytoplasm in an AMPK-dependent manner,
where it targets BRCAI mRNA for degradation.

Ectopic expression of BRCAI is sufficient to overcome the
loss of the LKB1-mediated sensitization to genotoxic stress

Finally, we asked whether increased sensitivity of cells ex-
pressing LKBI shRNA to genotoxic stress is due to the abil-
ity of LKBI1 to regulate BRCAI expression. To determine
this, we first depleted the BRCAI mRNA using shRNAs
in HCT116 cells (Supplementary Figure S14A). We ob-
served that cells expressing BRCAI shRNAs were more
sensitive to genotoxic stress (Supplementary Figure S14B),
displayed increased DNA double-strand breaks (Supple-
mentary Figure S14C) and accumulated more mutations
(Supplementary Figure S14D), compared with that of NS
shRNA-expressing cells. These results indicate that BRCA1
loss phenocopies the loss of LKBI1. To conclusively deter-
mine the role of BRCA1 in mediating the genoprotective ef-
fect of LKB1, we knocked down the expression of LKBI in
HCT116 cells and then ectopically expressed BRCA1 (Sup-
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(**P < 0.001).

plementary Figure S15). Remarkably, the re-expression of
BRCALI largely rescued the sensitivity to genotoxic stress
(Figure 7A and B and Supplementary Figure S16), reduced
the number of DNA double-strand breaks (Figure 7C and
Supplementary Figure S17) and lowered the mutation rate
(Figure 7D) caused by the shRNA-mediated inhibition of
LKBI expression. Similar results were obtained by using
LKBI1 knockout MEFs (Supplementary Figure SI8A and

B). Collectively, these results confirm that LKB1 regulates
BRCAI mRNA stability to protect cells from the harmful
effects of genotoxic stress and promotes genome stability.

DISCUSSION

In this report, we identify a novel mechanism of LKBI-
mediated tumor suppression. An overview of our results
is presented in Figure 8 and discussed below. First, we
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find that LKBI1 is necessary for protecting cells from
genotoxic stress-induced genome instability. Furthermore,
LKBI stimulates BRCA1 expression by preventing the cy-
toplasmic localization of the RNA-binding protein, HuR.
Finally, we document that the ectopic expression of BRCAI
protects cells from LKBI loss-induced genome instability.
Collectively, these findings demonstrate that LKB1 preserve
genome stability by stimulating BRCA1 expression. These
results also provide an attractive model to explain LKBI-
loss-mediated increased predisposition to cancer, because
LKBI loss leads to increased accumulation of possible car-
cinogenic mutations in the genome.

LKBI protects cells from genotoxic stress

The DDR pathway is a complex genetic pathway that is
activated when a cell encounters genotoxic stress. A suit-
able DDR to genotoxic stimuli is essential for maintain-
ing genome integrity, preventing neoplastic transforma-
tion and maintaining disease-free survival. In response to

DNA damage, LKBI is phosphorylated at threonine 366
by ATM kinase (51). Furthermore, LKB1 is associated
with damaged DNA under certain scenarios and is impli-
cated in the regulation of non-homologous end-joining re-
pair (52). We find that the loss of LKB1 expression sen-
sitizes cells to genotoxic stress and increases genomic in-
stability, as observed by increased mutagenesis. In agree-
ment with our results, a previous study showed that LKB1
deficiency sensitizes mice to a chemical mutagen, 7,12-
dimethylbenz(a)anthracene-induced squamous cell carci-
nomas of the skin and the lung (53).

Regulation of BRCA1 expression by LKB1

BRCAI is a TSG, and mutations in the BRCAI gene
are known to increase the susceptibility to develop many
cancers, including that of the breast, ovary, pancreas and
prostate (54-57). BRCA1 is a RING finger E3 ubiquitin
ligase that regulates a wide variety of DNA-repair func-
tions (55). LKB1 stimulates BRCA1 expression by regulat-
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ing the cytoplasmic localization of HuR. Overall, these re-
sults for the first time reveal a previously undocumented role
of LKBI in the regulation of DDR by stimulating BRCA1
expression. A previous study has shown that gamma ir-
radiation affects the ability of HuR to bind to its target
genes (58). However, there are many differences between
this study and the experiments described here. First, pre-
vious study was performed in LKB1 wild-type cells in the
context of CHK?2. Second, we observed increased cytoplas-
mic localization of HuR upon loss of LKB1 expression
and contrary when AMPK is activated pharmacologically
by AICAR or when wild-type LKBI1 was ectopically ex-
pressed. These results show that the major mode of regula-
tion of HuR activity in context of LKBI is the regulation of

the HuR cellular localization. Third, the goal of our studies
isnot to determine how BRCA 1 is stabilized by gamma irra-
diation and what role HuR plays in this process, but rather
to understand how LKBI1 regulates HuR function, which,
in turn, affects the stability of BRCA1 mRNA. Therefore,
for our studies the comparison is between cells that either
express or lack LKBI1. Collectively, our results show that
upon loss of LKB1, HuR is localized to the cytoplasm and
downregulates BRCA1 mRNA levels.

Implication of BRCAL1 regulation in LKB1-mediated tumor
suppression

The loss of LKBI causes marked resistance to oncogene-
induced transformation (14). This finding is paradoxical,
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Figure 8. Model of the LKB1-mediated regulation of genome integrity.
LKBI prevents the cytoplasmic localization of the RNA-binding protein,
HuR, in an AMPK-dependent manner. This, in turn, stimulates BRCA1
expression, preserves genome instability and subsequently prevents cancer.

because LKBI1 is known to be a TSG. An explanation for
this observation could be that the introduction of onco-

genes, many of which can increase proliferation and DNA
damage, may compromise the survival of LKB1-deficient
cells due to the increased number of DNA double-strand
breaks. Indeed, we find that LKB1 mediates its tumor sup-
pressor activity by regulating the response to genotoxic
stress, and inhibition of LKBI increases the accumulation
of DNA double-strand breaks. Our findings provide an al-
ternative model of LKB1-mediated tumor suppression and
explain why LKBI loss may cause resistance to oncogene-
induced transformation.

A recent study has identified WEE1 as a HuR target
and indicated that it might play an important role in de-
termining the response to DNA damage in pancreatic can-
cer cells (59). Based on these studies, in the future it will
be interesting to comprehensively analyze the role of other
HuR targets beyond BRCA1 to determine their role in me-
diating LKB1-loss-induced sensitization to DNA damage.
Additionally, since HuR only partly rescues LKBI1-loss-
induced sensitization to DNA damage, it is possible that
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HuR-independent mechanisms exist and will constitute a
future direction for further studies.

Therapeutic implications of the LKB1-mediated regulation of
the DDR

Genotoxic stress, such as exposure to irradiation (e.g. ultra-
violet, ionizing radiation, etc.), is the major environmental
factor that causes cancer. Therefore, strategies that would
protect cells from genotoxic stress may yield new treatments
for preventing cancer. In many scenarios, agents that en-
hance the protection from genotoxic stress can prevent or
delay cancer initiation. Therefore, we anticipate that the use
of agents that can enhance LKBI1 activity by directly in-
creasing its kinase activity or other downstream effectors,
such as AMPK agonists (e.g. metformin), may protect the
cells from neoplastic transformation. Finally, our results
provide an alternative explanation for why AMPK agonists
exert anticancer activities.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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