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LKB1 deficiency promotes proliferation and invasion
of glioblastoma through activation of mTOR and
focal adhesion kinase signaling pathways

Keagiang Zhang?, Jinghan Wang?, Jinhui Wang?, Frank Luh?, Xiyong Liu®, Lu Yang®, Yun-Ru Liu®, Leila Su?,
Yu-Chen SH Yang’, Peiguo Chug, Yun Yen®7910

1Department of Surgery, City of Hope National Medical Center, Duarte, CA, USA; 2The First Department of Biliary
Surgery, Eastern Hepatobiliary Surgical Hospital, Shanghai, China; °The Integrative Genomics Core Lab, City

of Hope National Medical Center, Duarte, CA, USA; “Sino-American Cancer Foundation, Temple City, CA, USA;
SDepartment of System Biology, City of Hope National Medical Center, Duarte, CA, USA; 6Comprehensive Cancer
Center, Taipei Medical University, Taipei, Taiwan; “PhD Program of Cancer Biology and Drug Discovery, College of
Medical Science and Technology, Taipei Medical University, Taipei, Taiwan; 8Department of Pathology, City of Hope
National Medical Center, Duarte, CA, USA; °Research Center of Cancer Translational Medicine, Taipei Medical
University, Taipei, Taiwan; *°Graduate Institute of Cancer Biology and Drug Discovery, Taipei Medical University,
Taipei, Taiwan

Received May 30, 2019; Accepted July 28, 2019; Epub August 1, 2019; Published August 15, 2019

Abstract: Liver kinase B1 (LKB1), a serine/threonine kinase, is frequently inactivated in several types of human
cancers. To date, inactivation of LKB1 tumor suppressor has rarely been reported in glioblastoma. In this study, we
investigated LKB1 status, biological significance, and therapeutic implications in glioblastoma. Loss of LKB1 im-
munostaining was identified in 8.6% (5/58), while decrease of LKB1 immunostaining was found in 29.3% (17/58)
of glioblastoma tissues. Notably, mining TCGA database of LKB1 expression in glioblastoma revealed that lower
mRNA level of LKB1 was associated with shorter survival in glioblastoma. We found that knockdown of LKB1 sig-
nificantly promoted in vitro proliferation, adhesion, invasion, and metformin-induced apoptosis, and simultaneously
enhanced activation of ERK and mammalian-target of rapamycin (mTOR) signaling pathways in LKB1-compenent
U87 and T98 glioblastoma cells. Moreover, global transcriptional profiling revealed that adhesion and cytoskeletal
proteins such as Vinculin, Talin and signaling pathways including focal adhesion kinase (FAK), extracellular martrix
(ECM) receptor interaction, and cellular motility were significantly enriched in U87 and T98 glioblastoma cells upon
LKB1 knockdown. Additionally, we demonstrated that the enhanced activation of FAK by LKB1 knockdown was de-
pendent on differentially expressed cytoskeletal proteins in these glioblastoma cells. Importantly, we further found
that mTOR1 inhibitor rapamycin dominantly inhibited in vitro cellular proliferation, while FAK inhibitor PF-573288
drastically decreased invasion of LKB1l-attenuated glioblastoma cells. Therefore, downregulation of LKB1 may con-
tribute to the pathogenesis and malignancy of glioblastoma and may have potential implications for stratification
and treatment of glioblastoma patients.
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Introduction This aggressive characteristic of glioblastoma
makes surgical resection very difficult and radi-
ation and chemotherapy extremely challenging.
The currently poor outcomes of glioblastoma
emphasize the urgent need for better under-

standing of its molecular mechanisms and id-

Glioblastoma, a grade IV glioma, is the most
common and most aggressive primary malig-
nant brain cancer in adults. Despite of advanc-
es in diagnosis and standard therapies (sur-

gery, radiation, and chemotherapy), the progno-
sis of glioblastoma remains poor with a median
survival of 12-15 months after diagnosis [1].
Infiltrating into normal brain parenchyma is one
of the most fatal features of glioblastoma [2].

entification of novel therapeutic targets for this
lethal disease.

Molecular studies have shown remarkable ge-
nomic heterogeneity of glioblastoma and the
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existence of molecular subclasses within glio-
blastoma that may be potentially applied to
stratification of treatment [3], and these stud-
ies have identified several important genomic
abnormalities in glioblastomas including dys-
regulation of growth factor signaling via amplifi-
cation and mutational activation of receptor
tyrosine kinase (RTK) genes; activation of the
phosphatidylinositol-3-OH kinase (PI3K) path-
way; and inactivation of the P53 and retinoblas-
toma (Rb) tumor suppressor pathways [4]. The
frequently mutated genes in glioblastoma in-
clude NF1, P53, Rb, PTEN, EGFR, ERBB2, PIK-
3R1, PIK3CA, and IDH1/2 etc [4, 5]. In addition,
studies have also indicated that epigenetic
alterations such as DNA hypermethylation of
MGMT and p16 promoters are also involved in
glioblastoma [4, 6].

Liver kinase Bl (LKB1) is a serine/threonine
kinase (also named STK11) that activates ade-
nosine monophosphate-activated protein kin-
ase (AMPK) and 12 other kinases involved in
cellular development, cell polarity, metabolism,
growth, and apoptosis [7]. LKB1 was first rec-
ognized as a tumor suppressor from germ-line
mutations in Peutz-Jeghers syndrome (PJS),
which is characterized by gastrointestinal ham-
artomas and increased risk of cancer [8]. In-
activating mutations in LKB1 have been found
in sporadic lung adenocarcinoma, cervical, bre-
ast, pancreatic, and cholangiocarcinoma can-
cers [9-12]. LKB1 is thought to suppress tumor
by negatively regulating tuberous sclerosis com-
plex (TSC1/2) on mammalian target of rapamy-
cin (MTOR) signaling via the central metabolic
switch, AMP-activated protein kinase (AMPK)
[7]. Inactivation of LKB1 has been shown to
have significant impact on cancer malignancy.
For example, a previous study showed that
LKB1 deficiency can significantly enhance car-
cinogenic effect of P53 or PTEN inactivation
and KRAS activation in mouse model [13-15].
Most recently, a study clinically found that LKB1
loss can serve as a predictive biomarker for
aggressive KRAS-mutant lung adenocarcinoma
[16].

Focal adhesion kinase (FAK) acts as a signal-
ing node at cell adhesion sites to promote cy-
toskeletal reorganization, adhesion, and migra-
tion [17]. FAK also works in unison with LKB1
to regulate cell motility through integrins and
growth factor receptors by relaying cues from
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the extracellular matrix (ECM) through the plas-
ma membrane, and into the cytoplasm [18]. A
recent study demonstrated that LKB1 expres-
sion was significantly decreased in glioma tis-
sues, and was significantly associated with ma-
lignancy and patient survival [19]. While the
mechanistic relevance and clinical significance
of LKB1 loss in brain cancer remain unclear.

In this study, we reported an identification of
LKB1 deletion in a case of glioblastoma by
whole genome sequence analysis, and decr-
ease, loss of LKB1 protein in a cohort of human
glioblastoma by immunohistochemistry analy-
sis. We further investigated the effect of LKB1
knockdown via small interfering RNA (siRNA)
on in vitro cellular proliferation, adhesion, and
invasion using U87 and T98 glioblastoma cell
lines. Moreover, we identified potential target
genes and critical signaling pathways involving
LKB1 loss in glioblastoma and assessed their
therapeutic implications. We demonstrated th-
at downregulation of LKB1 may contribute to
the pathogenesis and malignancy of glioblas-
toma and may have important clinical implica-
tions for stratification and treatment of glio-
blastoma patients.

Material and methods
Patients and clinical data collection

All human cases of glioblastoma derived from
58 patients, diagnosed with histologically veri-
fied glioblastoma at City of Hope National Me-
dical Center or Taipei Medical University. This
study was conducted with the approval of the
ethics committee of City of Hope National
Medical Center and Taipei Medical University.
All specimens were formaldehyde fixed-paraffin
embedded (FFPE) tissues.

Fluorescence in situ hybridization (FISH) and
immunohistochemistry (IHC) analysis

FISH and IHC assays of LKB1 were done on
FFPE slides from human tissues according to
methods previously reported [12]. Antibodies
against LKB1 (ab58786), P53, PTEN, Vinculin,
and rabbit polyclonal against Talinl, FAK1, ph-
ospho-FAK, total and phospho-S6k (Thr389),
total and phosph-4E-BP (Thr37/46), AMPK, ph-
ospho-AMPK (Thr172), and cleaved PARP (Asp-
214) were obtained from Abcam, Sigma, Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA) and
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Cell Signaling Technology (Beverly, MA). Rabbit
polyclonal anti-LKB1 antibody (ab58786, Ab-
cam) (1:200 dilutions) was applied for IHC
staining. Cytoplasmic and nuclear LKB1 immu-
noreactivity was assessed. The staining was
graded based on intensity of general IHC stain-
ing and percentage of positive staining as neg-
ative (-) (< 5% tumor cells positive, weak), (+)
(5%-24% tumor cells positive, moderate), and
(++) (> 25% tumor cells positive, strong) [20].

LKB1 siRNA transfection, migration, and matri-
gel invasion assays

LKB1 siRNA (human) and scramble siRNA were
purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA). For knockdown assays, 1x10°
glioblastoma cells (U87 and T98) were seeded
on 6-well plates and transfected with 4.5 pl
control or LKB1 gene-specific siRNA (10 pM)
and 4.5 pl Lipofectamine RNAIMAX (Invitrogen)
complex. Cell proliferation was determined by
cell proliferation assay MTS kit (Promega, Ma-
dison WI, USA). Migration and invasion assays
were performed as described in previous re-
port [21]. Three sets of the same experimental
conditions were performed.

Cell-adhesion assay to extracellular matrix

Adhesion of cells to ECM was assayed by using
24-well plates coated with 20 ug/ml fibronec-
tin, laminin, collagen IV or bovine serum albu-
min (BSA)-control substrate (Millipore Corpo-
ration) at 4°C overnight. 72 hours after trans-
fection with either control or LKB1 siRNA, T98
and U87 cells (2.5x10°) were incubated for 1.5
hours at 37°C and 5% CO,, washed in PBS,
stained with 0.2% crystal violet (Sigma-Aldrich)
in 10% ethanol for 5 minutes at room tempe-
rature, and rinsed again in PBS. Stained cells
were later counted in a number of random
fields under 40x magnification. Results from
three independent experiments with triplicate
repeats per experiment were pooled.

lllumina Genome Analyzer (Solexa) whole-
genome sequencing and RNA sequencing
analysis

Genomic DNA from patient saliva was isolated
and analyzed in accordance with methods fr-
om Oragene DNA (DNA Genotek Inc.) for germ-
line DNA sequencing. DNA extraction of FFPE
tissue, library preparation and whole-genome
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sequencing (lllumina Genome Analyzer lIx) and
data analysis were performed and analyzed,
according to methods previously reported [22].
At 72 hours post-transfection of siRNA, total
RNA was extracted for RNA sequencing analy-
sis. Transcriptome libraries were constructed
and sequenced (lllumina Hiseq 2500), and RNA-
seq data analysis was performed as we previ-
ously described [20, 23]. Gene set enrichment
analysis (GSEA) was applied to examine path-
ways significantly modulated upon LKB1 knock-
down [24].

The pcDNA3-Flag PTEN plasmid (Addgene plas-
mid # 78777 [25] or control pcDNA3 plasmid
(4.5 pg) with control or LKB1 siRNA (4.5 ul) was
transfected into T98 cells seeded in 6 well-
plates using Lipofectamin 2000 reagent. At
72 hours post-transfection, cell numbers were
counted, and Flag-PTEN expression was mea-
sured by Western blot using anti-FLAG antibo-
dies (Flag M2 antibody, Sigma, Saint Louis,
MO).

Metformin treatment and apoptosis assay

U87 and T98 cells were transfected with either
control siRNA or LKB1 siRNA. At 24 hours post-
transfection, cells were treated for 72 hours
with 25 mM metformin. Metformin-induced
apoptosis in these cells was measured by flow
cytometry (Alexa Fluor 488-labeled Annexin-V
and propidium iodide staining) in accordance to
the manufacturer’s protocol. Total proteins
were also extracted for Western blot analysis.

Correlation of LKB1 mRNA expression with
GBM survival based on publicly available TCGA
gene expression data

To measure the relevance and importance of
LKB1 in human glioblastoma, the normalized
MRNA expression levels of LKB1 (level 3 data,
Affymetrix Human Exon 1.0 ST) in 348 cases
of human glioblastoma tissues were obtained
from the Cancer Genome Atlas (TCGA) pub-
lic data portal (https://tcga-data.nci.nih.gov/
tcga/), as we described previously [20, 26]. The
clinical information for each patient was also
downloaded. To correlate survival, gene expres-
sion < 33rd percentile was considered low, >
67th percentile was considered high, and those
falling within the 33rd and 67th percentile we-
re considered medium. Kaplan-Meier survival
analysis was used to estimate the association
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of the Lkb1 gene’s expression with the survival
of glioblastoma patients. The survival package
in R (R Foundation for Statistical computing)
was used for statistical analyses.

Data management and statistical analysis

Averaged values of cell proliferation, adhesion,
transwell migration, invasion, and apoptosis
experiments were used to generate bar graphs
depicting average values * standard devia-
tions. Group comparisons for continuous data
were conducted using Student’s t tests or x2
test. Statistical significance was set at P <
0.05.

Results

Identification of LKB1 downregulation in glio-
blastoma

We adopted whole-genome sequencing to char-
acterize genomic abnormalities in a glioblasto-
ma tissue. Whole genome sequencing analysis
showed a copy number decrease of ~4.2-Mb
DNA region at chr19p13.3. This DNA region
contained multiple genes, including tumor sup-
pressor LKB1 gene (Figure 1A). FISH analysis
revealed heterozygous loss of LKB1 expression
showing as single or double deletion signal (red
signal) of LKB1 (Figure S1A). Quantitative anal-
ysis showed that 104 out of 200 (57%) cells
lost one allele of LKB1, and 52 out of 200 (26%)
lost two alleles of LKB1. DNA Sequencing and
PCR analysis revealed somatic biallelic deletion
of Exon 3 in LKB1 glioblastoma tissue com-
pared to saliva (Figure S1B), indicating com-
plete loss of LKB1 tumor suppressor in the glio-
blastoma tissue. IHC further demonstrated
that the majority of cancer cells in the glioblas-
toma tissue were negative for LKB1 immunos-
taining (Figure 1B). We further investigated
LKB1 expression in 58 cases of glioblastoma
by IHC analysis. Complete loss of LKB1 immu-
nostaining was found in 8.6% (5/58) glioblas-
toma tissues, while decrease of LKB1 immu-
nostaining was found in 29.3% (17/58) of glio-
blastoma tissues (Figure 1C). All other cases
had a moderate to strong immunostaining for
LKB1 (Figure 1D). Interestingly, we also ob-
served that LKB1 immunostaining was much
lower in high-grade undifferentiated gliomas
compared to low-grade gliomas like astrocyto-
ma (Figure S2); suggesting LKB1 deficiency
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may be potentially associated with gliomas
differentiation.

We next analyzed the correlation of LKB1 mR-
NA level with the overall survival of glioblasto-
ma patients using TCGA data of glioblastoma.
The mRNA expression of LKB1 in these patients
was categorized into three quartiles based on
low (N = 116, blue line), medium (N = 116,
green line) and high (N = 116, red line) expres-
sions (Figure 1F). The lower LKB1 expression
was associated with shorter overall survival
compared with high expression in glioblastoma
patients (P = 0.0032). For these patients with
lower LKB1 level, the overall survival probability
was about 73% and 44% at 36 and 60 months,
respectively, and those with higher LKB1 levels
showed a better survival probability of 82% and
78% at 36 and 60 months, respectively.

Impact of knockdown of LKB1 on mTOR path-
way, proliferation, and its interaction with
PTEN

To examine the impact of LKB1 on malignancy
of glioblastoma cells, we knocked down LKB1
in two LKB1-competent glioblastoma cell lines:
U87 (harboring mutant P53 and inactivated
PTEN) and T98 (harboring wild-type P53 and
inactivated PTEN). We found knockdown of
LKB1 drastically decreased phosphorylated
AMPK and increased in phosphorylated S6K
and 4E-BP1 (downstream targets of mTOR sig-
naling pathway) in both U87 cells (Figure 2A,
left panel) and T98 cells (Figure 2A, right pa-
nel), indicating over-activation mTOR signaling
pathway upon LKB1 knockdown. In addition,
Western blot analysis revealed a moderate to
strong increase of phosphorylated AKT and
ERK in both cell lines. Consistent with activa-
tion of these pathways, LKB1 knockdown re-
sulted in a significant increase of in vitro pro-
liferation in both U87 cells (Figure 2B, upper
panel) and T98 cells (Figure 2B, lower panel)
at 72 hours post-transfection of LKB1 siRNA.
Therefore, these data strongly suggest knock-
down of LKB1 enhances the malignancy of glio-
blastoma via enhanced cell proliferation and
anti-apoptotic signaling pathways.

LKB1 and PTEN are two tumor suppressors
that regulate the mTOR signaling pathway.
LKB1 is shown to interact with and phosphory-
late PTEN, and loss of this interaction might
contribute to PJS [27]. Since PTEN is frequently
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Figure 1. Decrease and loss of LKB1 immunostaining in glioblastoma.

A. Copy-number variation analysis of chromosome 19 of a case of
glioblastoma showed a deletion of Chr19p13.3 encompassing LKB1
gene. Each dot represents the log2 ratio (that falls within the range -2
to +2) between the number of sequence reads in the tumor genome
and the number of sequence reads in the saliva (normal) genomes
that align within an 1 Kb genomic window. B. Photomicrographs of IHC
analysis showed that glioblastoma cells lost brown staining of LKB1
(IHC scored as “-"). C. LKB1 IHC scored as “+”. D. LKB1 IHC scored
as strong “++”. E. Kaplan-Meier analysis revealed that lower LKB1
mRNA levels were correlated with poor overall survival (60 months
as end point for all cases) of glioblastoma patients. The LKB1 mRNA
and clinical data of glioblastoma patients were downloaded from
TCGA portal, patients were stratified into three quantiles based on
LKB1 mRNA levels as low expression (blue line), medium expression
(green line), and high expression (red line) for survival analysis.

inactivated in glioblastoma, to investigate the
impact of PTEN status on the enhanced prolif-
eration by LKB1 knockdown, wild-type PTEN is
reconstituted into T98 cells (harboring an inac-
tivated PTEN). T98 cells were simultaneously
transfected with both LKB1 siRNA (or control
siRNA) and wild-type PTEN plasmid (or control
plasmid), and at 72 h post-transfection, mTOR
activation that is reflected by phosphorylated
S6K level and cell proliferation were measured.
As shown in Figure 2C, reconstitution of wild-
type PTEN (Flag-tagged) moderately decreased

1654

but didn't completely abolish the enhanced
activation of mTOR signaling pathway upon
LKB1 knockdown. And in consistent with mTOR
activation, reconstitution of wild-type PTEN mo-
derately suppressed in vitro cellular prolifera-
tion, and partially abolished the elevated prolif-
eration caused by LKB1 knockdown in T98
cells (Figure 2D), which indicates LKB1 and
PTEN may synergize to suppress mTOR-mediat-
ed cell proliferation in glioblastoma, and LKB1
loss enhances cell proliferation in glioblastoma
cells with wild-type PTEN.

Am J Cancer Res 2019;9(8):1650-1663
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Figure 2. Impact of LKB1 knockdown on mTOR pathway, proliferation, and its
interaction with PTEN in glioblastoma cells. A. Western blot analysis of cell
lysates of U7 and T98 cells transfected with either LKB1 siRNA or scramble
siRNA harvested at 72 h post transfection. Actin serves as loading control,
and total and phosphorylated (P-) AMPK, 4E-BP1, and S6K and ERK and
AKT were detected with the appropriate antibodies. B. A histogram of 72 h
proliferation shows knockdown of LKB1 significantly increased the in vitro
proliferation of both U887 (mutated P53, upper panel) and T98 cells (wild-
type P53, lower panel) (*P < 0.05, compared with control cell transfected
with control siRNA). C. Western blot of reconstituted wild-type PTEN (Flag-
tagged) and phosphorylated S6K (P-S6K) in LKB1-attenuated T98 cells. D.
Cell numbers of LKB1-attenuated T98 cells after reconstitution of wild-type
PTEN. (P < 0.05), Sham plasmid was used as a control for PTEN plasmid.
Cells were co-transfected with both LKB1 (control) siRNA and wild-type PTEN
(sham) plasmid, at 72 h post-transfection, cells were counted and lysates
were collected for Western blot analysis.

Impact of knockdown of LKB1 on adhesion,
and invasion in glioblastoma cells

cells (Figure 3A, right panel).
We further found that knock-
down of LKB1 significantly en-
hanced adhesion of T98 cells
to ECM components including
laminin, collagen 1V, and espe-
cially fibronectin (Figures 3B,
S3, P < 0.05). Same results
were also observed in U87
cells (data not shown). Fur-
thermore, using migration and
matrigel invasive chamber as-
says, we identified that knock-
down of LKB1 significantly en-
hanced the migration (Figures
3C, S4, P < 0.05) and invasive
potentials (Figures 3D, S5, P <
0.05) of both U87 and T98
cells.

Enriched gene sets in glio-
blastoma upon LKB1 knock-
down

To determine the effects of
LKB1 knockdown on the ge-
ne expression in glioblasto-
ma, we combined siRNA kn-
ockdown, RNAseq, and quan-
titative pathway analysis to el-
ucidate gene sets and signal
pathways affected by LKB1
knockdown in both U87 and
T98 glioblastoma cells. Clu-
ster heat maps of differential
gene expression upon LKB1
knockdown are shown in Fi-
gure 4A. RNA sequencing an-
alysis revealed 238 genes we-
re differentially expressed in
these two glioblastoma cells
compared to control cells (Ta-
ble S1). RNAseq data has be
en submitted to GEO with ac-
cess number GSE91016. RNA-

seq analysis identified a variety of genes relat-
ed to cell morphology, cell adhesion, and mi-

gration were significantly up-regulated in these

In consistent with its important role in cellular
polarity [28], we herein found that knockdown
of LKB1 induced dramatic morphological ch-
anges from tightly clustered cobblestone mor-
phology to a loose elongated appearance in
both U87 cells (Figure 3A, left panel) and T98
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two glioblastoma cells upon LKB1 knockdown.
Differential gene expression of LKB1, Vinculin
(VCL), Talin 1 (Talin/TLN), CLDN12, HMMR,
CCDC99, TTL, TNC, and VCAN were confirmed
by gRT-PCR (Figure 4B), and some by Western
blot analysis (Figure 4C).

Am J Cancer Res 2019;9(8):1650-1663



LKB1 deficiency in glioblastoma

B m Control sSiRNA

. 34 LKB1 siRNA
éZS T

5 [

T 24

bt *
215 g
e T

B 14

@

>

F 0.5

Q

C oo .

Fibronectin ~ Laminin  Collagen IV

Control SIRNA
¢ . L:éqmsizm B m Control siRNA
350 1 ) 100 - LKB1 SiRNA
o 300 - B .
5 g0 - =
‘g 250 - § i
Z 200 Y
] & 3 .
g 150 - ) P
® 100 - Z
S 50 2 20 LL
0 o]
us7 T98 us7 T98

Figure 3. Impact of LKB1 knockdown on adhesion, and invasion in glioblas-
toma cells. A. Morphological change of U87 (left panel) and T98 (right panel)
glioblastoma cells upon LKB1 knockdown. B. Increased adhesion to extra-
cellular matrix components of fibronection, laminin, and collagen IV in two
glioblastoma cells upon LKB1 knockdown. C. Quantitative analysis of migrat-
ed cells of the migration chamber at the times indicated in control or LKB1
siRNA-transfected U887 and T98 glioblastoma cell lines (N = 3 replicates per
cell type). Error bars show SD (*P < 0.05, compared with control siRNA).
D. Quantitative analysis of invading cells of matrigel transwell membranes
seeded with U87 and T98 glioblastoma cell lines previously transfected with
indicated siRNAs, 24 h after incubation. Data are shown as mean values
graphed for indicated cells on the right (N = 3 replicates per cell type). Error
bars show SD (*P < 0.05, **P < 0.01, compared with control siRNA).

way is significantly enriched
in both U87 (Figure 5A, upper
panel) and T98 glioblastoma
cells (Figure 5A, lower panel)
upon LKB1 knockdown. Con-
sistently, Western blot analy-
sis confirmed that knockdown
of LKB1 dramatically upregu-
lated phosphorylated FAK at
Tyrosine 387 in both U87 and
T98 glioblastoma cells. A pre-
vious study revealed that Src
is activated in LKB1-deficient
primary and metastatic lung
cancer [29]. In our study, over-
activation of Src was not ob-
served in LKB1-attenuated gli-
oblastoma cells (Figure 5B).
Since Talin is an upstream
molecule of focal adhesion
proteins involved in activating
integrin and FAK signaling pa-
thways [30], we then investi-
gated what role the cytoskele-
tal proteins Talin and Vinculin
contribute to overactivation of
FAK signaling pathway upon
LKB1 knockdown. To address
this question, we simultane-
ously knocked Talin and LKB1
in glioblastoma cells to com-

Using GSEA and Kyoto Encyclopedia of Genes
and Genomes (KEGG) [24], we identified multi-
ple gene sets that were significantly enriched in
LKB1-attenuated glioblastoma cells (P < 0.05).
The top enriched gene sets were FAK, ECM
receptor interaction, cellular motility, and vas-
culature development (Figure 4D). These sig-
naling pathways may be potentially involved in
the enhanced malignancy via LKB1 inactivation
in glioblastoma.

Knockdown of LKB1 enhanced FAK signaling
pathways in glioblastoma cells

RNA sequencing analysis revealed that mRNA
expressions in 87 out of 181 genes in the FAK
signaling pathway were significantly affected
upon knockdown of LKB1 in glioblastoma cells.
We then further investigated the interaction
between cytoskeletal proteins and FAK signal-
ing pathway in glioblastoma cells upon knock-
down of LKB1. GSEA indicated that FAK path-
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pare FAK activation. Western

blot analysis showed that kn-
ockdown of Talin significantly attenuated over-
activation of FAK induced by LKB1 knockdown
in both U87 (Figure 5C) and T98 glioblastoma
cells (Figure 5D). Taken together, these results
indicate that activated FAK signaling pathways
by LKB1 knockdown may be mediated by ch-
anges in the expression of cytoskeleton pro-
teins such as Talin.

Therapeutic implications of targeting mTOR
and FAK in glioblastoma cells upon LKB1
downregulation

Since LKB1 knockdown dramatically enhanced
activation of both mTOR and FAK signaling
pathways, we investigated the potential thera-
peutic implications of targeting these signaling
pathways upon LKB1 downregulation. Rapa-
mycin (100 nM) and PF-573288 (2 uM) were
used as mTOR and FAK pathway inhibitor, re-
spectively. As shown in Figure 6A, mTOR inhi-
bitor rapamycin dramatically decreased phos-

Am J Cancer Res 2019;9(8):1650-1663
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Figure 4. |dentification of genes and signaling pathways of LKB1-attenuated
glioblastoma cells by RNAseq and gene set enrichment analysis. (A) Unsu-
pervised hierarchical clustering analysis of differentially expressed genes
in glioblastoma U87 and T98 cell lines upon LKB1 knockdown (LKB1 for
LKB1 siRNA, and Control for control siRNA). Genes are represented in rows
(red for significant enrichment of overexpressed genes; green for significant
enrichment of downregulated genes; FDR < 0.05, P < 0.05). Differentially
expressed candidate genes were validated by (B). gqRT-PCR analysis (*P <
0.05, compared with control siRNA) and (C) Western-blot analysis. Data
of gRT-PCR are presented as ratio of cells transfected with LKB1 siRNA to
these cells transfected with control siRNA. (D) The list of gene sets enriched
by knockdown of LKB1 in both T98 and U87 glioblastoma cell lines (P <
0.05).

phorylated FAK (Tyrosine 387)
in T98 cells upon LKB1 kno-
ckdown (Figure 6B). Notably,
rapamycin significantly inhibit-
ed LKB1-enhanced cell prolif-
eration, it did not decrease
cell invasion (Figure 6C). While
FAK inhibitor significantly de-
creased cell invasion, but had
little effect on cellular prolifer-
ation (Figure 6D) in LKBZ1-at-
tenuated T98 cells, indicating
a combination of mTOR and
FAK inhibitors may suppress
both proliferation and invasi-
on enhanced by LKB1 loss. In
addition, both mTOR and FAK
inhibitors do not alter the dif-
ferentially expressed cytoskel-
etal proteins Talin and vinculin
by LKB1 knockdown (Figure
6A and 6B), further suggest-
ing that cytoskeletal protein
changes might be independ-
ent of mTOR activation and li-
kely upstream of FAK signaling
pathway.

Impact of LKB1 knockdown
on sensitivity of glioblastoma
cells to metabolic stress

To investigate the impact of
LKB1 on sensitivity of U887
and T98 to metformin, LKB1
was first knocked down by si-
RNA transfection; and at 24
hours post-transfection, cells
were treated with 25 mM met-
formin for 72 hours, and then
cells were collected for apop-
tosis analysis. Western blot
analysis showed that LKB1
was dramatically decreased in
both U87 and T98 (Figure 7A
and 7B), and knockdown of
LKB1 decreased p-AMPK. Me-
tformin strongly activated p-

phorylated S6K (one of mTOR downstream tar-
get proteins) in both control and LKB1-atte-
nuated T98 cells, indicating suppression on
mTOR pathway. While FAK inhibitor PF-573288
significantly suppressed activation of FAK sig-
naling pathway showing as decreased phos-
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AMPK in control U87 and T98 cells transfected
with control siRNA, but not in LKB1-attenuated
glioblastoma cells. Compared to control, met-
formin induced a strong apoptotic response in
LKB1-attenuated cells, being shown as increa-
se in the apoptosis biomarker cleaved PARP in

Am J Cancer Res 2019;9(8):1650-1663
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both U87 and T98 glioblastoma cells (Figure 7A
and 7B). Quantitative analysis of apoptotic ce-
lls by Annexin-V apoptosis assay showed that
LKB1 knockdown significantly increased met-
formin-induced apoptosis in both U87 (Figure
7C) and T98 (Figure 7D) cells, independent of
their P53 status. Therefore, the above findings
suggest that deficiency of the LKB1-AMPK sig-
naling pathway may sensitize glioblastoma ce-
lIs to metformin treatment.

Discussion

Molecular characterization of cancer genome
can help identify novel genetic alternations
and lead to development of prognostic bio-
markers and personalized therapies. In this
study, we conducted whole-genome sequenc-
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B. Increased phosphorylated FAK at
Tyrosine 397 upon LKB1 knockdown
in U87 and T98 cells. C. Western blot
analysis of phosphorylated FAK (p-FAK)
upon knockdown of LKB1, and Talin
alone or both of them in U87 (left pan-
el) and T98 (right panel) glioblastoma
cells, indicating knockdown of Talin
abolished overactivated FAK caused by
LKB1 knockdown.

ing of a case of glioblastoma with rare patho-
logical features of epithelial differentiation and
biphasic architectures. Inactivation of the P53
is a well-known genetic abnormality in various
human cancers [31]. Of interest, our sequenc-
ing analysis also found a somatic, homozygous
P53 missense mutation C833T P278L in exon-
8 DNA binding domain (Figure S6A). IHC analy-
sis showed that P53 protein is strongly positive
in all cancer cells except normal endothelial
cells (Figure S6B). Importantly, we also identi-
fied loss of LKB1 tumor suppressor in this glio-
blastoma, which is rarely reported. Therefore,
we further investigated LKB1 in a cohort of glio-
blastoma patients and found a moderate fre-
quency of decrease and loss of LKB1 immu-
nostaining in glioblastoma tissues, although
the underlying causes for decrease and loss of

Am J Cancer Res 2019;9(8):1650-1663
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Figure 6. Impact of targeting mTOR and FAK on enhanced cell proliferation
and invasion upon LKB1 knockdown. (A) Western blot analysis of Talin, vin-
culin, phosphorylated S6K, phosphorylated FAK in LKBl-attenuated T98
cells treated with rapamycin (mTOR inhibitor). (B) Western blot analysis of
P-FAK, TLN and VCL in LKB1-attenuated T98 cells treated with FAK inhibitor
PF-573228. Impact of rapamycin and PF-573228 on enhanced (C). cellular
proliferation, and (D). invasion in LKB1-attenuated T98 cells. At 24 h post-
transfection of control or LKB1 siRNA, T98 cells were further treated with
mTOR or FAK inhibitor for 72 hours for Western blot, cell proliferation, and
invasion analysis (*P < 0.05, **P < 0.01, compared to untreated blank).

LKB1 immunostaining remain to be further
addressed. Inactivation of LKB1 has been sh-
own to have significant impact on cancer malig-
nancy and patient prognosis [13-16]. Several
studies also demonstrated that inactivation of
LKB1 can significantly enhance metastasis of
lung adenocarcinomas and melanoma driven
by KRAS oncogene [32, 33]. These studies indi-
cate LKB1 loss can dramatically enhance the
malignancy caused by other genetic abnormali-
ties. Consistently, a recent study demonstrated
that downregulation of LKB1 was significantly
associated with malignancy and survival of glio-
ma patients [19].

To reveal molecules and signaling pathways
upon LKB1 decrease and loss in glioblastoma,
using RNAseq analysis, we identified that cel-
lular adhesive and cytoskeletal proteins Talin,
vinculin, CLDN12, HMMR, CCDC99, TTL, TNC,
and VCAN were differentially expressed at tran-
scriptional level upon LKB1 knockdown in two
glioblastoma cells. Functionally, these proteins
play critical roles in focal adhesion, cellular mi-
gration and metastasis of cancers. For exam-
ple, overexpression of Talin, a cytoskeletal pro-
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Control sSIRNA

naling pathway upon knock-
down of LKB1 in glioblastoma
cells. Studies have demon-
strated that LKB1 deficiency
plays a critical role in cell po-
larity and migration of neural
progenitor cells in vivo [36]. In
cancer, FAK has been found
to be critical for cell adhesion
and invasion through acting
as a signaling node at focal
contacts to promote cytoskel-
etal reorganization, adhesion, migration, and
survival [17]. These previous reports and our
findings consistently show that LKB1 is involv-
ed in cell migration. A study revealed overacti-
vated SRC in LKB1-deficient primary and meta-
static lung cancer induced abnormal FAK sig-
naling in animal model [29]. Our study reveal-
ed activation of FAK, not activation of SCR,
occurred upon LKB1 knockdown in glioblasto-
ma, suggesting variable mechanisms exist. Ba-
sed on our data, we conclude that activation of
FAK signaling is likely mediated by changes in
cytoskeletal protein expression, organization,
and interaction with integrin signaling path-
way.

LKB1 siRNA

Inactivation of LKB1 has been shown to have
significant impact on how cancer cells respond
to different stresses. Rapamycin has recently
been identified as a cytostatic agent with sig-
nificant activity in various human cancer cell
lines and tumor models [37]. Based on this
data, phase |, Il, and lll trials are being conduct-
ed for evaluation of rapamycin and its deriva-
tives in a variety of cancers including glioblas-
tomas [37, 38]. We have herein shown that loss

Am J Cancer Res 2019;9(8):1650-1663
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Figure 7. Impact of LKB1 knockdown on sensitivity of U87 and T98 cells to
metformin treatment. Western blot showed that LKB1 knockdown resulted
in a decrease of metformin-induced p-AMPK and cleaved PARP (c-PARP) in
(A). U87 and (B). T98 cells. Quantitative flow cytometry analysis demonstrat-
ed that LKB1 knockdown enhanced metformin-induced apoptosis in (C).
U87 and (D). T98 cells. Cells were transfected with control or LKB1 siRNA,
24 hs later, cells were further treated with 25 mM metformin for additional
72 h, and apoptotic cells were analyzed (*P < 0.05 compared with cells

transfected with control siRNA).

of LKB1 overactivates mTOR signaling pathway
and promotes cellular proliferation in glioblas-
toma cells. Interestingly, we have further dem-
onstrated that rapamycin can significantly sup-
press enhanced cellular proliferation by LKB1
knockdown. Several studies observed that LK-
B1-deficient non-small cell lung cancers (NS-
CLC) displayed selective response to mitochon-
drial inhibitor phenformin as a single agent
[39]. Additionally, LKB1 and PTEN are two tu-
mor suppressors that suppress the mTOR sig-
naling pathway. And deletion of LKB1 and PTEN
was found to synergize in carcinogenesis of
mouse bladder, ovarian, and endometrial can-
cers [40-42]. In agreement with the above ob-
servations, we herein found that reconstitution
of wild-type PTEN only partially abolished the
enhanced mTOR signaling pathway and cell
proliferation caused by LKB1 loss. Stimuli that
normally activate LKB1-AMPK fail to result in
decreased mTOR activity in LKB1-null cells and
can activate apoptosis [39]. Similarly, another
study demonstrated that metabolic drugs like

1660

Vehicle Metformin

and the combined inhibition of
SRC, PI3K, and MEK1/2 re-
sulted in synergistic tumor re-
gression. Herein, we have de-
monstrated mTOR and FAK
inhibitor may potentially be us-
ed for glioblastoma treatment
to suppress rapid proliferation
and invasion. In view of the
invasive nature of glioblasto-
ma and limited therapies cur-
rently available, there is a great need to stra-
tify all brain cancers according to their molecu-
lar characteristics and treat them with targeted
therapeutic approaches. Identification of LKB1
status may potentially represent a unique op-
portunity to classify brain cancer and holds sig-
nificant diagnostic and therapeutic implications
for future studies.

In summary, the study showed that LKB1 down-
regulation significantly enhances malignant ch-
aracteristics including proliferation and inva-
sion through enhancing FAK, mTOR pathways
in glioblastoma cells. The study further demon-
strated therapeutic significance of targeting
mTOR, metabolic response, and FAK pathways
in LKB1-attenuated glioblastoma cells. These
findings indicate LKB1 downregulation may
contribute to malignancy and prognosis of glio-
blastoma, and may have potential therapeu-
tic implications for LKB1-deficient glioblastoma
patients.

Am J Cancer Res 2019;9(8):1650-1663
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M 123456 789

Saliva

Figure S1. A. Dual-color FISH analysis showed that more that the majority of cells in these tissues displayed 1R/2G
or OR/2G patterns. B. Gel electrophoresis analysis of the PCR products revealed lack of amplified products of exon
3 of LKB1 gene in genome of gliosarcoma not that of saliva (1 to 9 for exon 1-9).

Figure S2. Photomicrographs of IHC analysis of LKB1 in normal brain and glioma. A. Normal brain; B. Astrocytoma;
C. Anaplastic Astrocytoma; D. GBM.
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Control siRNA LKB1 siRNA

3

BSA (1%) /,:
Fibronectin Laminin Collagen IV
(20 pg/ml) (20 pg/ml) (20 pg/ml)

Control siRNA

LKB1 siRNA

Figure S3. Knockdown of LKB1 decrease the adhesion of T98 cells to extracellular matrix components. Following
knockdown of LKB1 72 h, the adhesion of T98 cells to fibronectin, laminin |, collagen |, collagen IV and fibrinogen
were analyzed by cell adhesion assay, with BSA (upper panel) as the control.

Control

Figure S4. Knockdown of LKB1 increased the migration of T98 cells to extracellular matrix components. Following
knockdown of LKB1 72 h, the migration of glioblastoma cells were analyzed by cell migration assay, and representa-
tive images of migrating cells were shown, magnification x100.
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Figure S5. LKB1 knockdown of LKB1 enhanced the invasiveness of glioblastoma cells. U87 and T98 cells were
treated with LKB1 siRNA for 72 h, with the control siRNA as the negative control. The invasion of cells was measured
by Matrigel invasion assay. Representative invasive cells were shown, magnification, x100.

Table S1. Differentially expressed genes in T98 and U87 glioblas-
toma cells upon LKB1 knockdown

T98 us7
Gene symbol - -
log2FC* adj.P.val log2FC* adj.P.val

SCML2 -4.03045 8.07E-28 -2.78 1.05E-20
VCL -3.63387 1.50E-52 -1.98 1.88E-17
BAGE2 -3.12316 7.00E-16 1.55 2.79E-05
BAGE3 -3.12316 7.00E-16 1.55 2.79E-05
PTX3 -3.11638 2.52E-36 -1.73 1.37E-12
BAGE4 -3.07164 2.97E-15 1.51 4.69E-05
BAGES -3.07164 2.97E-15 1.51 4.69E-05
CLDN12 -2.6057 3.99E-27 -1.87 1.59E-14
STK11 -2.60306 1.48E-26 -2.74 2.19E-28
CCDC99 -2.50516 1.13E-26 -1.88 8.10E-15
GBE1 -2.49539 5.71E-27 -1.26 1.47E-07
GXYLT1 -2.47513 9.44E-24 -2.25 1.23E-20
SNAP23 -2.35063 4.75E-22 -1.61 6.21E-11
KIAAO754 -2.34673 5.88E-20 1.77 7.71E-13
RCHY1 -2.34593 1.55E-18 -1.22 7.27E-06
RBMS1 -2.29758 2.32E-23 -1.39 6.03E-09
RNF19B -2.2786 3.90E-19 -1.04 0.000134
BIRC3 -2.22452 6.72E-22 -1.06 9.24E-05
SGMS1 -2.19718 1.62E-17 -1.08 2.44E-05
FERMT2 -2.18688 6.20E-20 -1.83 2.68E-14
C4orf34 -2.14345 2.21E-16 -1.79 3.59E-12
RAB11FIP2 -2.1399 3.16E-16 -1.20 3.24E-06
CPOX -2.13676 3.00E-19 -1.33 5.56E-08
PTPRJ -2.11665 3.41E-20 -1.02 5.12E-05
HMMR -2.05555 6.06E-19 -2.39 2.37E-23



LKB1 deficiency in glioblastoma

TTL -2.00931 1.70E-17 -2.07 1.25E-18
SGPP1 -1.96431 3.03E-12 -1.10 2.13E-05
IPMK -1.96047 1.54E-15 -1.03 0.000136
DPYSL3 -1.9539 1.53E-17 -1.15 3.52E-06
RAB31 -1.95011 2.96E-17 -2.06 5.08E-19
TSPYL4 -1.93466 2.84E-13 -1.16 5.72E-06
SGK3 -1.88548 1.21E-09 -1.58 8.44E-09
EFHA2 -1.88289 2.93E-08 -1.31 1.89E-05
ESYT2 -1.87023 5.18E-16 -1.34 1.75E-08
RAB8A -1.85566 2.66E-15 -1.49 6.00E-10
SCARB2 -1.84986 1.32E-15 -1.23 3.06E-07
ZSWIM4 -1.82812 1.33E-11 -1.22 4.40E-06
VASN -1.82675 3.18E-14 -1.47 7.49E-09
FIX1 -1.78208 5.78E-14 -1.06 3.11E-05
ENC1 -1.76383 7.44E-14 -1.12 6.20E-06
AHCYL2 -1.75061 2.53E-11 -1.53 5.59E-10
CENPF -1.74731 2.50E-14 -1.30 1.04E-07
RREB1 -1.74394 8.44E-13 -1.10 0.000136
FBX045 -1.73275 1.13E-13 -1.11 3.28E-05
8-Mar -1.72236 2.38E-07 -1.05 0.000253
SPRYD3 -1.71853 2.14E-12 -1.39 5.60E-09
METAP2 -1.71174 1.47E-13 -1.27 4.67E-07
C80rf44-SGK3 -1.71001 2.52E-08 -1.46 9.15E-08
AP1AR -1.69062 5.63E-11 -1.45 3.24E-08
SAMD10 -1.68316 0.000494 -1.07 0.003932
POLQ -1.66463 1.57E-12 -1.24 5.77E-06
KIAA1147 -1.65647 8.45E-12 -1.37 4.01E-08
C140rf129 -1.64296 9.97E-10 -1.28 4.45E-07
CDK6 -1.64188 7.54E-13 -1.13 4.50E-06
MTMR9 -1.62308 1.98E-11 -1.12 7.23E-06
SGPL1 -1.6117 2.04E-11 -1.51 1.09E-09
NRAS -1.59446 6.42E-12 -1.43 1.54E-09
ID2 -1.59411 1.82E-10 -1.74 1.92E-13
DDX60 -1.58743 1.78E-10 -1.65 6.16E-08
ACVR2B -1.58422 9.93E-09 -1.09 0.00033
PIP5SK1A -1.58063 1.06E-11 -1.11 9.07E-06
SEL1L -1.5408 1.28E-10 -1.30 7.61E-08
BLOC1S5 -1.52744 2.24E-09 -1.31 6.56E-06
C170rfo7 -1.50222 9.18E-05 -1.80 1.70E-05
SETDS8 -1.48524 6.15E-10 -1.89 1.70E-14
RBMA47 -1.48444 1.55E-08 -1.38 4.79E-07
WBP1L -1.4753 1.06E-09 -1.07 1.89E-05
FBX033 -1.47213 1.88E-08 -1.03 0.000133
VPS36 -1.46963 8.74E-10 -1.32 3.27E-07
SESTD1 -1.44709 1.21E-09 -1.17 3.94E-06
H1FO -1.44664 5.55E-10 -1.01 9.50E-05
ERI1 -1.41793 4.44E-09 -1.03 9.12E-05
TNFAIP2 -1.3586 1.15E-08 -1.45 1.73E-09

SOGA1 -1.34947 1.02E-08 1.16 2.48E-06
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PHF7 -1.33714 0.000427 -1.37 0.000128
C3AR1 -1.33242 0.003114 -1.27 1.74E-06
APLF -1.32818 0.000209 -1.43 1.54E-05
CHN1 -1.32785 7.26E-08 -2.56 3.99E-22
ZNF367 -1.31336 8.31E-08 -2.79 2.07E-27
CDPF1 -1.31316 5.34E-06 -1.56 3.19E-05
MILR1 -1.31054 0.001082 -1.13 0.002807
GLRB -1.29864 0.000473 -1.38 4.37E-06
DERA -1.29777 1.44E-07 -1.13 6.60E-06
SH3YL1 -1.29496 0.004632 -1.58 2.81E-08
POLR3GL -1.28445 8.98E-07 -1.34 5.01E-07
DONSON -1.27237 1.43E-07 -1.84 4.75E-12
PSIP1 -1.27198 1.47E-07 -1.14 6.51E-06
CEP44 -1.2584 1.58E-06 -1.34 2.54E-07
VMA21 -1.24771 2.65E-07 -1.17 2.49E-06
SLC17A5 -1.23891 4.52E-06 -1.28 6.12E-07
MNS1 -1.23424 6.51E-06 -1.51 7.41E-07
RFWD3 -1.23028 1.79E-07 -1.13 6.60E-06
G3BP1 -1.22346 1.87E-07 -1.01 6.09E-05
LOC81691 -1.22266 5.62E-06 -1.59 3.24E-09
MDN1 -1.21517 4.21E-07 1.13 1.07E-05
NEIL3 -1.21141 3.28E-07 -1.67 4.93E-10
RTN3 -1.20384 3.29E-07 -1.49 2.52E-10
PM20D2 -1.20214 2.86E-05 -1.64 6.37E-09
MAT2B -1.1996 5.40E-07 -1.11 1.09E-05
SFMBT1 -1.18936 1.91E-06 -1.13 7.50E-05
CNTRL -1.18826 1.98E-06 -1.23 4.82E-06
SCML1 -1.18105 9.04E-07 -1.78 1.43E-12
KIF14 -1.17676 9.00E-07 -1.10 7.73E-05
IGIP -1.1763 0.005326 -1.29 0.000163
NBPF1 -1.17608 1.23E-05 1.13 8.19E-05
LYN -1.17221 1.02E-06 -1.27 0.00287
NUDT19 -1.16433 1.66E-05 -1.08 0.000115
MAP3K3 -1.16331 2.06E-06 -1.18 4.78E-06
HOXA1 -1.15949 0.001158 -1.17 0.000363
TTC7B -1.15855 0.000125 -1.12 3.11E-05
FMNL1 -1.15322 1.12E-05 -1.35 4.41E-05
INIP -1.15129 2.54E-05 -1.47 7.15E-08
T™MX1 -1.15057 1.85E-06 -1.09 1.33E-05
NLRX1 -1.1501 5.16E-05 -1.32 0.000357
DLGAP5 -1.14573 1.89E-06 -1.75 5.14E-13
CFL2 -1.14155 3.38E-06 -1.20 1.06E-06
Cl4orf142 -1.13322 0.0002 -1.08 0.000128
CLSPN -1.13258 2.96E-06 -1.11 2.44E-05
BRCA1 -1.12935 2.41E-06 -1.13 1.20E-05
MYBL1 -1.12247 7.24E-06 -1.20 4.27E-06
TBX2 -1.11831 0.000231 1.26 1.96E-06
KIF20B -1.11522 3.33E-06 -1.16 5.10E-06

ERI2 -1.11132 1.33E-05 -1.46 1.10E-08
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APOLD1 -1.10629 0.00021 -1.28 6.56E-06
GAS2L3 -1.09921 2.34E-05 -1.53 1.81E-06
CASC5 -1.09634 6.73E-06 -1.19 6.20E-06
CLIP4 -1.08332 9.15E-06 -1.31 1.17E-07
MBIP -1.06609 8.23E-05 -1.08 0.000313
GPR176 -1.06181 2.30E-05 -1.04 8.63E-05
NUS1 -1.0543 1.21E-05 -1.03 3.72E-05
SVIP -1.0496 0.000512 -1.62 3.61E-10
Cdorf21 -1.03305 5.32E-05 -1.34 5.58E-06
DEPDC1 -1.03257 1.78E-05 -2.14 4.33E-19
LRRCC1 -1.02889 0.000153 -1.42 8.40E-07
WHSC1 -1.0113 2.50E-05 -1.04 2.63E-05
KIF23 -1.00876 2.76E-05 -1.67 3.32E-12
COMMD10 -1.00228 9.62E-05 -1.00 0.000314
GOPC 1.004086 4.20E-05 111 7.52E-06
SLC35D1 1.00447 4.31E-05 1.10 1.31E-05
RAB3A 1.007594 0.025167 1.18 0.002662
CLIC4 1.020522 2.09E-05 1.45 6.00E-10
USP15 1.024016 4.06E-05 1.10 1.33E-05
EDIL3 1.032402 7.13E-05 1.79 6.88E-14
HERPUD2 1.033689 9.01E-05 1.03 9.93E-05
FTSJ1 1.051114 2.50E-05 1.13 6.27E-06
MPP2 1.067784 8.54E-05 1.19 1.97E-06
VGLL4 1.078371 8.57E-06 1.02 4.12E-05
VCAN 1.114464 1.39E-05 1.66 1.55E-12
LUZP6 1.116031 2.44E-06 1.02 3.32E-05
MTPN 1.116031 2.44E-06 1.02 3.32E-05
CDC14A 1.116051 9.07E-05 1.43 2.91E-06
PAWR 1.117354 1.04E-05 1.29 0.000997
CASK 1.134519 1.76E-05 1.02 7.35E-05
SS18L1 1.146467 7.12E-06 1.24 2.05E-06
AKAP8 1.168394 2.45E-06 1.08 4.54E-05
TK2 1.171939 2.46E-05 1.22 8.86E-07
SATB2 1.199266 1.73E-05 111 1.44E-05
TLN1 1.20675 2.95E-07 2.18 4.76E-21
TFAP2C 1.212228 7.82E-07 1.26 0.002507
TPBG 1.244602 2.95E-07 1.70 4.19E-13
HMOX1 1.252769 1.10E-07 1.41 2.54E-09
SPOPL 1.259562 1.22E-06 1.38 6.06E-08
NR2F2 1.287725 8.63E-08 1.22 1.56E-06
GPR3 1.297599 8.43E-05 1.29 1.94E-06
SLC16A2 1.301293 3.57E-08 1.14 3.15E-06
ICOSLG 1.308755 1.45E-07 111 2.31E-05
PTP4A1 1.314171 2.35E-08 1.35 1.67E-08
MTFP1 1.317574 7.59E-08 1.04 0.000146
TDO2 1.325646 0.000129 1.14 3.25E-05
NT5DC2 1.341431 1.21E-08 1.87 1.01E-15
IL6ST 1.34234 7.23E-09 2.37 3.32E-24

SLC6A9 1.351114 4.27E-08 1.06 0.000781
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ELFN2 1.363303 2.28E-08 2.02 1.43E-12
MCF2L 1.373607 1.36E-07 1.23 1.81E-06
XYLT1 1.377755 2.15E-08 1.21 4.45E-07
DUSP6 1.387675 8.57E-06 1.20 1.10E-06
DHX40 1.401491 5.72E-09 1.67 3.32E-12
HPS6 1.403029 1.65E-08 1.01 0.000158
FAM49A 1.412228 5.33E-05 1.35 3.01E-05
C6orf70 1.412987 4.18E-07 1.15 4.39E-05
EHD3 1.435405 3.36E-07 1.05 3.69E-05
PPP1R14B 1.440264 6.47E-10 1.19 1.29E-06
SAR1B 1.493817 2.23E-10 151 3.61E-10
EPHA4 1.526519 6.72E-11 2.08 1.37E-12
CYB5R4 1.537707 6.51E-10 1.47 2.03E-08
ASPHD1 1.540572 1.78E-09 1.09 4.67E-05
ZCCHC3 1.556595 4.19E-11 1.42 1.42E-07
TMEM41A 1.568231 1.20E-10 1.43 3.99E-08
HOMER1 1.574932 1.20E-09 2.05 3.18E-14
TMEM115 1.577474 3.45E-11 1.01 6.09E-05
MFSD2A 1.58398 1.97E-08 1.55 7.39E-10
TNC 1.663951 3.30E-12 1.71 1.60E-13
HSPAG 1.695139 7.49E-06 1.07 0.018818
CSGALNACT1 1.714664 1.33E-07 1.80 1.75E-13
TSPAN15 1.750629 0.00134 -1.64 1.27E-06
PANK3 1.754376 1.09E-13 2.72 1.57E-27
CITED2 1.761661 4.87E-14 1.16 2.67E-06
MOGS 1.774717 9.39E-14 1.53 1.05E-10
SLC41A1 1.776467 4.42E-14 2.08 1.88E-17
IL1IORB 1.840551 7.97E-15 1.53 4.77E-10
TGM2 1.857998 2.98E-14 212 7.54E-20
POLR3E 1.874886 6.04E-15 1.97 9.93E-15
LSM14A 1.909474 3.12E-16 1.80 5.95E-14
IQSEC1 1.941607 1.01E-12 1.52 1.34E-09
DUSP5 1.953693 2.44E-15 1.21 1.57E-06
YWHAH 1.969076 1.57E-17 1.38 8.71E-09
DISP2 1.979515 2.32E-14 1.27 0.000128
SNRNP27 2.041326 6.82E-16 1.46 9.16E-09
ANO10 2.042558 3.42E-17 1.80 3.36E-14
GDF15 2.097061 9.04E-19 111 1.21E-05
ALCAM 2.099813 2.94E-19 2.72 6.90E-30
HIPK3 2.123469 1.55E-18 2.44 3.99E-22
0SGIN2 2.132095 1.63E-18 2.09 2.13E-18
BEX1 2.164658 9.20E-07 1.38 0.000127
CA9 2.172101 1.65E-08 1.00 5.06E-05
MEST 2.177537 5.08E-21 2.29 1.13E-22
SYT11 2.261774 1.10E-17 1.26 1.41E-07
THG1L 2.265015 3.72E-17 1.77 2.18E-08
RASD2 2.281449 1.15E-09 1.81 3.45E-07
SNAP25 2.298293 1.08E-15 1.63 1.78E-11

NUDT15 2.393362 2.58E-22 1.58 8.99E-08
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HS6ST1 2.423095 1.46E-24 191 9.72E-13
ISM1 2.497685 1.18E-10 1.56 1.81E-06
SCN1B 2.574917 4.46E-08 1.85 4.84E-06
EMP2 2.714693 7.18E-30 1.62 2.43E-11
GDF11 2.752306 4.23E-27 2.23 1.84E-19
STEAP3 2.778595 3.77E-31 2.00 7.34E-18
4-Mar 2.778923 2.42E-15 1.39 4.46E-06
TOP1IMT 2.794957 1.14E-27 2.00 1.92E-13
RPS26 3.047433 1.78E-30 1.47 4.59E-09
SYP 3.101358 1.57E-23 1.50 1.28E-05
SCG2 3.112957 9.33E-35 1.73 1.53E-12
CHPF 3.325909 7.32E-44 2.66 1.62E-29
KRTAP1-5 3.339525 1.05E-09 2.65 1.77E-06
KIF5C 3.500272 8.07E-28 111 6.96E-06
VGF 3.570113 1.11E-28 2.05 5.77E-16
PIANP 3.81061 1.17E-18 1.50 4.77E-09
CEND1 5.382637 2.91E-64 1.32 7.18E-08

*The mRNA expression levels of genes in LKB1-attenuated glioblastoma cells are
presented as log2 ratio to that of glioblastoma cells transfected with control siRNA.
If the absolute log2 ratio of 2 cells were no less than 1.0, the gene would be listed.
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Figure S6. Identification of inactivation of p53 in the glioblastoma. A. Sanger sequencing showed the missense mu-
tation ¢883T P278L in the genome. B. IHC for p53 shows extremely strong homogenous in tumor cells compared to
the retained staining of nuclei of vascular cells.



