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ABSTRACT

Objective: Epithelial-mesenchymal transition (EMT) is the key event in distant metastasis of diverse tumors
including lung cancer. Recent evidence suggests the involvement of phosphatase and tensin homolog (PTEN) in
EMT phenotypes. However, the molecular mechanism of EMT induced by PTEN inactivation is not clear in lung
cancer. We aimed to investigate the role of PTEN inactivation in acquisition of EMT in lung cancer cells.
Methods: We knocked out the PTEN in PTEN proficient lung cancer cells lines (A549 and NCI-H460) using
CRISPR/Cas-9 system and observed the growth, EMT phenotypes, and EMT related molecules. We also explored
the in vivo effect of PTEN inactivation on tumor cell growth and distant metastasis using nude mouse injection.
Results: PTEN knockout (KO) cells showed faster growth, migration and invasion than PTEN wild-type (WT)
cells. When we injected the cells into nude mice, PTEN-KO cells showed faster growth and higher metastatic
potential. In PTEN-KO cells, the levels of phosphorylated AKT (Ser-473 and Thr-308) were profoundly elevated
and the expressions of phosphorylated GSK-3 (Ser9, inactive form) increased, while that of 3-catenin decreased.
Regarding the EMT markers, the expression of E-cadherin decreased but those of N-cadherin, vimentin and
MMP-2 increased in the PTEN-KO cells. Especially, PTEN-KO cells showed the almost complete intra-nuclear
shift of B-catenin and no P-catenin signal was observed in the cell membrane. Accordingly, PTEN-KO cells
exhibited morphological changes such as loss of cell-to-cell contact, pseudopodia and the round shape, which are
the typical phenotypes of EMT. Snail and Slug were also dominantly accumulated in the nucleus after PTEN
inactivation.

Conclusion: All these data consistently support that PTEN inactivation contributes to EMT by nuclear translo-
cation of B-catenin and Snail/Slug in lung cancer cells.

1. Introduction

Epithelial-mesenchymal transition (EMT) is a process of morpho-
logical changes of epithelial cells in which polarized epithelial cells

Lung cancer is the most common cancer worldwide and a leading
cause of cancer related deaths with frequent recurrence and metastasis
[1,2]. In spite of the recent remarkable development of new treatment
strategies for lung cancer, such as tyrosine kinase inhibitors and im-
munotherapies, patient survival has not evidently improved. One of the
key reasons of the high mortality is a high rate of metastasis, especially
to brain and bone [3,4].

acquire mesenchymal phenotypes [5]. Through the EMT process, lung
cancer cells lose cell-to-cell adhesion, acquire the ability to migrate,
invade, and eventually metastasize [5,6]. Therefore, a better under-
standing of the molecular mechanism behind the EMT process in lung
cancer is important for developing strategies to prevent metastasis and
eventually decrease lung cancer mortality.

During oncogenesis, various genetic alterations are taken place
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including activation of oncogenes and inactivation of tumor suppressor
genes such as phosphatase and tensin homolog (PTEN) [7,8]. PTEN
blocks PI3K-mediated AKT activation in the PI3K/AKT signaling
pathway by dephosphorylating the phosphatidylinositol (3,4,5)-tri-
phosphate (PIP3) [9]. PTEN plays a pivotal role in cell homeostasis by
controlling cell cycle, apoptosis, adhesion, and migration [10]. Loss of
PTEN expression occurs frequently in many types of cancers, which is
reported to be involved in cancer progression and metastasis [11-13].
In non-small cell lung cancer (NSCLC), loss of PTEN expression has also
been frequently (40770%) observed [14-16].

Recent evidence suggests the involvement of PTEN in EMT. Kohnoh
et al. reported that phosphorylation of PTEN C-terminus accelerates the
EMT in lung cancer under hypoxic microenvironment [17]. Aoyama
et al. suggested that transforming growth factor § (TGF-f3) induces ac-
quisition of malignant phenotypes such as EMT, which might be due to
that TGF-P blocks normal PTEN activity through phosphorylation of
PTEN C-terminus in lung cancer [18]. These data suggest that PTEN
inactivation involves in acquisition of EMT phenotypes in lung cancer.
However, the molecular mechanism of EMT induced by PTEN in-
activation is not clear in lung cancer.

To investigate the role of PTEN inactivation in lung tumorigenesis,
especially in acquisition of EMT, we knocked out the PTEN in PTEN
proficient lung cancer cells using the CRISPR/Cas-9 system and ob-
served the changes in EMT related molecules. We also explored the in
vivo effect of PTEN inactivation on distant metastasis using nude mouse
injection. Our data uncovered the novel roles of PTEN in lung cancer
progression and metastasis.

2. Materials and methods
2.1. Antibodies

The following antibodies were purchased from Cell Signaling
Technology (Danvers, MA, USA), against PTEN, Snail, Slug, phosphor-
B-catenin, non-phosphor-B-catenin, AKT, phosphor- AKT**”3, phosphor-
AKT®™% phosphor-GSK-3f, phosphor-MEK, MEK, phosphor-ERK and
Cyclin D1. Vimentin, N-Cadherin, E-cadherin, (3-catenin, MMP-2, NFkP,
SDF-1, CXCR-4, ERK and IL-8 were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Anti-Lamin B1 was purchased
from Abcam, (Cambridge, UK). Anti-p-actin was purchased from Sigma
Aldrich (St. Louis, MO, USA). Anti-rabbit, anti-mouse and anti-goat
secondary antibodies conjugated to HRP, FITC and TRITC were pur-
chased from Santa Cruz Biotechnology.

2.2. Cell lines and culture

Non-small cell lung cancer cell lines (A549 and NCI-H460) were
obtained from ATCC (Manassas, VA, USA) and grown in culture flasks
containing RPMI 1640 medium supplemented with 10% FBS respec-
tively, under 5% CO,, 95% air at 37 °C. Upon reaching confluence, the
cells were trypsinized and passaged.

2.3. Generation of stable PTEN knockout cell lines by CRISPR/Cas9 system

To generate the PTEN knockout (KO) cell line, we used a genome-
editing tool, CRISPR/Cas9 system. A PTEN CRISPR/Cas9 KO plasmid
(Santa Cruz, sc-400103) contains a pool of three plasmids, a target-
specific 20 nt guide RNA designed to delete the PTEN by the double-
strand break within the gene, Cas9 nuclease and green florescence
protein (GFP) coding sequences for visualization of transfection. A
PTEN homology-directed DNA repair (HDR) plasmid (Santa Cruz, sc-
400103-HDR) encodes a homology-directed DNA repair template for
the double-strand break, which incorporates the puromycin resistance
gene for selection of PTEN KO cells and red florescence protein (RFP) to
visually confirm transfection. A control CRISPR/Cas9 plasmid (sc-
418922) containing 20 nt non-targeting gRNA and GFP was designed
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for a negative control. A 60 mm dish was plated with 2 x 10> cells and
the cells were transfected after obtaining 60% confluence. The PTEN
CRISPR/Cas9 KO plasmid (1.5 pg) and the PTEN HDR plasmid (1.5 pg)
were mixed with 4pl of lipofectamine 2000 reagents (Invitrogen,
Eugene, OR, USA) and co-transfected into A549 and NCI-H460 cells.
After 48 h transfection, 0.5 g of puromycin was added for 7-10 days to
select positively transfected cells. After puromycin selection, stable
PTEN-KO single colonies were isolated and expanded separately. After
expansion, cell lysates were collected to assess the PTEN expression.

2.4. Cell proliferation assay and growth rate determination

Proliferation rates of PTEN-KO and PTEN-WT cell lines were as-
sessed by cell counting kit-8 (Dojindo Laboratories, Kumamoto, Japan).
A volume of 250 pl of cell suspension (1.0 X 10*) were plated in 48-
well plates and incubated for 24 h and 48 h. After incubation, 20 pl of
CCK-8 solution was added to the plates, which were incubated for 2 h in
the CO, incubator. The absorbance at 450 nm was measured using a
microplate reader. To determine the growth rate, 1.0 X 10° cells were
seeded in 6-well plates, incubated and counted at 24h, 48 h and 72 h.

2.5. Western blot analysis

The cells were cultured in 100 mm dishes and washed with 1X PBS
after incubation and lysed with RIPA buffer containing protease in-
hibitors. Protein concentrations were estimated using Bradford protein
assay (BioRad, Hercules, CA, USA). A volume of 30-50 ug of protein
lysates were electrophoresed on 10-12% SDS polyacrylamide gels and
then transferred onto PVDF membranes. The membrane were incubated
with 5% nonfat dry milk/1X TBS to block non-specific binding followed
by incubation with primary antibodies (diluted according to the man-
ufacturer’s instruction). After primary antibody incubation, the mem-
branes were washed with 1X TBST, followed by incubation with HRP
conjugated anti-mouse IgG or anti-rabbit IgG secondary antibodies.
Protein bands were visualized using a super signal west pico chemilu-
minescence system (Thermo Scientific, Rockford, IL, USA).

2.6. Quantitative real-time PCR

Total RNA was isolated by using Tri Reagent (Sigma Aldrich, St.
Louis, MO, USA). Two pg of total RNA from each sample was reverse-
transcribed using the Superscript III first strand ¢cDNA synthesis kit
(Invitrogen, CA, USA). RT-PCRs were performed using the primers
targeting chemokines (Table. S1). RT-PCR was carried out in an ap-
plied biosystems machine (Applied Biosystems Inc, CA, USA). Reaction
was performed using the Ampone taq premix PCR master mix, which
contains all PCR components along with SYBR green dye (Geneall
Biotechnology, Seoul, South Korea). The specificity of the amplification
product was determined by melting curve analysis for each primer pair.
Data were analyzed by comparative Cr method and the fold change is
calculated by 27 *C method described by Schmittgen and Livak [19].

2.7. Migration and invasion assay

Transwell migration assay was performed to assess the migration
potential of PTEN-KO cells. Matrigel inserts (Corning, NY, USA) were
rehydrated with serum-free RPMI-1640 for 2h. Cells were harvested
and 1 x 10° cells were suspended in 0.2 ml of serum-free medium. They
were added to the upper chamber of transwell inserts and 0.5 ml of 10%
FBS medium was added in the lower chamber. After 16 h and 32h in-
cubation, non-migrated cells in the upper chamber were removed and
migrated cells in the lower chamber were fixed with ethanol and
stained with 0.5% crystal violet. The migrated cells were captured by
phase contrast microscope in X 100 magnification and counted ran-
domly from five fields. The invasion assay was performed using the
Corning Biocoat Matrigel invasion chamber (Corning) in the same way
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as the migration assay except that Matrigel was coated above the
membrane in the invasion assay.

2.8. Scratch wound healing assay

A549 and NCI-H460 cells (2 x 10° cells/well) were plated in 6-well
culture plates in RPMI-1640 containing 10% FBS. After 24 h, the cell
monolayer was scraped with a sterile 200 pul micropipette tip to create a
wound, and photographed using inverted microscope at Oh, 16 h and
32h. The relative migration distance was measured by image J software
and calculated by the following formula: relative migration distance
(%) = 100 (A-B)/A, where A is the width of cell wounds before in-
cubation, and B is the width of cell wounds after incubation. All ex-
periments were carried out in triplicate.

2.9. Colony formation assay

The cells were trypsinized and 1000 cells were plated for colony
formation assay in 100 mm petri dishes and cultured for 10 days.
Finally, the plates were washed with PBS, fixed in methanol for 20 min
and then stained with 0.4% crystal violet for 30 min at room tem-
perature. The plates were distained and photographed. All experiments
were carried out in triplicate.

2.10. Immunocytochemistry

A549 and NCI-H460 cells were cultured in chambered slides (SPL
Life Sciences, Gyeonggi-do, South Korea). After 24 h incubation, the
cells were fixed in 4% paraformaldehyde for 15min, followed by
washing with PBS, and then incubated for 15 min in 0.5% Triton X-100
in PBS. The cells were blocked with 5% BSA for 1h at room tempera-
ture, washed and incubated with primary antibodies for overnight at
4 °C. After washing three times with PBS, the cells were incubated with
secondary antibodies conjugated with FITC/TRITC for 1 h and stained
with nuclear stain Hoechst 33342 for 10 min and mounted. The cells
were photographed using confocal microscope (LSM 510 Meta, Zeiss,
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48h

Oberkochen, Germany).

2.11. In vivo tumorigenesis and metastasis Model

BALB/c-nu female mice (6 weeks old) were purchased from Jackson
Laboratory (Sacramento, CA, USA), maintained and treated under
specific pathogen-free conditions. PTEN-WT and PTEN-KO A549 cells
(1 x 10° cells/mouse) were injected subcutaneously (six mice per
group). Tumor growth rates were monitored by measuring tumor dia-
meters twice per week and tumor growth curves were recorded ac-
cordingly. After 4 weeks, mice were sacrificed and tumors were
weighed. To produce distant metastasis, 1 X 10° cells were injected via
the tail vein of 6 week-old BALB/c-nu female mice (12 mice per group).
After seven weeks, mice were sacrificed and organs (lung, heart, liver,
spleen, kidney, brain, and inguinal LN) were collected and evaluated by
hematoxylin and eosin staining. When a metastatic focus was observed
in any of the organs, the mouse was counted as distant metastasis po-
sitive. All animal experimental procedures were approved by The
Catholic University of Korea Animal Ethics Committee (CUMS-2016-
0251-03).

2.12. Statistical analysis

All experiments were repeated at least two times. For all measure-
ments, One-way ANOVA followed by Students Newman-Keul’s (SNK)
test was used to assess the statistical significance of differences between
PTEN-WT and PTEN-KO cells. A P value of < 0.05 was considered
statistically significant.

3. Results
3.1. Increased cell proliferation in PTEN-KO lung cancer cell lines
To investigate the tumorigenic implication of PTEN loss in lung

cancer cells, we knocked out the PTEN gene in PTEN proficient NSCLC
cells (A549 and NCI-H460) using the CRISPR/Cas-9 system. The PTEN
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CRISPR/Cas9 KO plasmid (herein after called PTEN-KO-plasmid) and
the PTEN HDR plasmid are co-transfected into the A549 and NCI-H460
cells. The PTEN-KO plasmid was designed to modify the PTEN gene
sequence, which introduces a premature stop codon and eventually stop
the expression of functional protein by inducing double-strand break in
a 5’ constitutive exon of PTEN gene where GFP gene was incorporated
to visually confirm the transfection. The PTEN-HDR-plasmid contains
the RFP gene for confirming transfection and the puromycin resistance
gene for selection of stable cells containing successful double-strand
break. After puromyecin selection, each colony was expanded separately
and the clones with the complete loss of PTEN were confirmed by
western blotting (Fig. 1A). Seven clones from A549 and three clones
from NCI-H460 cells showed the complete loss of PTEN expression. To
explore the biological consequences of inactivating PTEN, we selected
two PTEN-KO clones (clone 7 for A549 and clone 11 for NCI-H460) for
all following experiments. As a control, empty plasmid transfected cells
(PTEN-WT) were used. We checked the cell proliferation and growth
rates of both PTEN-KO and PTEN-WT cells. PTEN-KO cells showed the
significantly increased proliferation compared with PTEN-WT cells in
both A549 and NCI-H460 cells (Fig. 1B and Fig. S1). Both PTEN-WT
cells and plasmid-construct untreated cells showed almost identical
proliferation rates, suggesting that the cytotoxic effect of plasmid
transfection was negligible for both cells.

3.2. Increased cell migration and invasion in PTEN-KO lung cancer cell
lines

We next explored the effects of PTEN-KO on migration and invasion
of lung cancer cells. For this, we performed the scratch wound healing
assay and the matrigel transwell assay. After obtaining 80% confluence,
the cell monolayer was scratched using a 200 pl tip (defined as Oh).
Wound closure of PTEN-KO cells was significantly faster than that of
PTEN-WT cells at both 16 h and 32 h after scratching (Fig. 2A). In the
transwell migration assay, cohering with the wound healing assay,
PTEN-KO cells showed a significantly higher number of migrated cells
compared with PTEN-WT cells (Fig. 2B). We also compared the inva-
siveness of PTEN-KO and PTEN-WT cells using the transwell invasion
assay. The number of cells that passed through the extracellular matrix
coated insert plate was significantly higher in PTEN-KO cells than in
PTEN-WT cells in both cells (Fig. 2C). PTEN-WT and untreated cells
showed almost identical ranges of migration and invasion, supporting
that plasmid transfection did not affect these phenotypes.

3.3. Effect of PTEN-KO on tumorigenicity and metastasis in nude mice

To explore the in vivo effect of PTEN-KO, we observed the tumor-
igenicity and metastasis of the PTEN-KO A549 cells in nude mice. First,
PTEN-KO and PTEN-WT cells were subcutaneously injected and the
tumor size was monitored for 28 days. After subcutaneous injection, the
growth of the PTEN-KO cells was significantly faster than that of the
PTEN-WT cells in nude mice (Fig. 3A and B). Second, the metastatic
potential of the PTEN-KO cells was evaluated in nude mice by tail vein
injection. Seven weeks after tail vein injection, 67% (8/12 mice) were
positive for metastasis in the PTEN-KO cell injected mice and 4 of them
(50%) showed multi-organ metastases, whereas 25% (3/12) were po-
sitive in the PTEN-WT cell injected mice and none of them showed
multi-organ metastases. Examples of organ metastasis in the PTEN-KO
and PTEN-WT cell injected mice are available in Fig. S2.

3.4. AKT signaling pathway activated by PTEN loss in lung cancer cells

To explore the mechanisms of increased tumor growth and metas-
tasis in PTEN-KO cells, we first examined the expression or activities of
the PI3K/AKT/GSK-3f pathway. Levels of total AKT expression were
not different between PTEN-KO and PTEN-WT cells. However, the le-
vels of phosphorylated AKT (p AKT) at both Ser-473 and Thr-308 were
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profoundly elevated in PTEN-KO cells compared with PTEN-WT cells
(Fig. 4A). When we observed the downstream protein targets, expres-
sion of phosphorylated GSK-3f (pGSK-3p) (Ser9) (inactive form),
phosphorylated (3-catenin (inactive form), NFkB p65 and cyclin D1 in-
creased, while that of B-catenin decreased in the PTEN-KO cells. The
expression of non-phosphorylated (active form) B-catenin (Ser33/37/
Thr41) protein, which is the main player of cell-to-cell adhesion, also
decreased in PTEN-KO cells (Fig. 4A). To explore whether the activation
of AKT in PTEN-KO cells facilitated the nuclear translocation of p-ca-
tenin, we performed the immunocytochemistry analysis targeting f3-
catenin. PTEN-KO cells showed the almost complete intra-nuclear shift
of B-catenin and no B-catenin signal was observed in the cell membrane
in both cells. Contrary to this, a majority of -catenin is located in the
cell membrane and just trace amounts are in the nucleus of PTEN-WT
cells (Fig. 4B). When we checked the mutation status of the PI3K gene,
the results were consistent with previously known data: no mutation in
A549 cells and a mutation in NCI-H460 (Exon-9, p.E545K) (data not
shown).

3.5. Alteration of EMT markers and induction of metastasis related
chemokine expression through activation of AKT by PTEN-KO

Activation of AKT in PTEN-KO cells suggests that loss of PTEN may
affect the EMT pathway, which can facilitate the tumor metastasis. To
explore this possibility, we examined the expressions of the EMT mar-
kers. As expected, the expression of E-cadherin expression decreased in
PTEN-KO cells, but the expressions of N-cadherin, vimentin and MMP-2
increased compared with PTEN-WT cells in both lung cancer cells
(Fig. 4C). When we examined the signal intensity and intracellular lo-
calization of the EMT markers by immunocytochemistry, membrane
localization of E-cadherin, an epithelial marker protein, was almost
completely lost in PTEN-KO cells, but prominent in PTEN-WT cells in
both lung cancer cells (Fig. 4D). In contrast, the signals of mesenchymal
markers, N-cadherin and vimentin, increased in PTEN-KO cells com-
pared with the PTEN-WT cells (Fig. 4E and F). When we quantify the
fluorescence signal intensities of immunocytochemistry images of EMT
related proteins, those are compatible with western blot data (Fig. S3).
Interestingly, PTEN-KO cells exhibited morphological changes such as
loss of cell-to-cell contact, pseudopodia and the round shape, which
suggest EMT (Fig. 4G). In the colony formation assay, the colony shape
of PTEN-KO cells became fuzzy in both cells (Fig. 4G). When we ex-
amined other regulators of EMT in PTEN-KO cells, expressions of Snail,
Slug and MMP-2 increased compared with PTEN-WT cells (Fig. 4C).
Chemokines are also known to play an important role in the regulation
of EMT and metastasis. To further explore the potential implication of
PTEN on the expression of metastasis-related chemokines, we observed
the expressions of chemokines (CXCL8 and CXCL12), and chemokine
receptors (CXCR1 and CXCR4). The protein expressions of CXCLS,
CXCL12 and CXCR4 profoundly increased in PTEN-KO cells (Fig. 4C).
RNA expression levels of these chemokines were consistently elevated
(Fig. S4). Expression of CXCR1 was not detectable by western blotting,
but its mRNA level increased significantly (Fig. S4).

3.6. Upstream mechanism of AKT activation in PTEN-KO cells

To understand the mechanism of AKT activation in PTEN-KO cells,
we explored the role of PI3K, an upstream molecule of the AKT/GSK-3(3
pathway. We examined whether there is a reversal effect of AKT acti-
vation in PTEN-KO cells after blocking PI3K. After treating PTEN-KO
cells with the PI3K inhibitor (LY294002), pAKT (Ser-473 and Thr-308),
PGSK-3f3, p-B-catenin and cyclin D1 levels were downregulated in both
cell lines, similar to the effect on PTEN-WT cells (Fig. 5A and Fig. S5).
However, the levels of PTEN, B-catenin, non-p-f3-catenin, and NFKB p65
did not change significantly after the treatment (Fig. S5). To under-
stand the downstream mechanism of PTEN loss mediated EMT activa-
tion, we also explored the reversal effect of LY294002 treatment on the
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Fig. 2. Wound healing, migration and invasion of A549 and NCI-H460 stimulated by PTEN deficiency. (A) Wound healing assay in untreated control (UT), PTEN-WT
and PTEN-KO lung cancer cells in vitro. Images show wound closures monitored by scratch wound healing assay done on PTEN-deficient A549 and NCI-H460 cells.
Graphs show the quantification of relative wound closure manipulated with Image J program. Wound closure percentage in PTEN-KO cells was markedly higher (in
A549 at 16h: 36.64 + 0.27% in UT, 35.18 * 1.85% in WT vs 57.54 = 54% in KO; in A549 at 32h: 51.6 + 0.34% in UT, 46.07 * 1.01% in WT vs
82.96 * 1.29% in KO). (in NCI-H460 at 16 h: 25.12 *= 0.76% in UT, 24.71 * 1.44% in WT vs 57.80 * 1.44% in KO; in NCI-H460 at 32 h: 50.54 = 1.09% in UT,
49.17 + 1.60% in WT vs 83.98 + 1.11% in KO). (B&C) Effects of PTEN on invasion and migration of lung cancer cells in vitro. Cells were counted in five random
fields at x100 magnification after 16 h and 32 h incubation. (B) Invaded cell numbers: in A549 at 16 h: 209.3 = 6.03 in UT, 214 + 5.8 in WT vs. KO 351.0 + 8.31
in KO; in A549 at 32h: 431 * 7.89 in UT, 429.3 = 8.0 in WT vs. 869.3 + 15.43 in KO. in H460 at 16 h: 179.3 * 6.8 in UT, 168.3.0 = 6.66 in WT vs.
374.3 £ 12.92 in KO; in H460 at 32h: 488.3 + 13.88 in UT, 474.3 = 12.68 in WT vs. 1010.6 * 40.53 in KO. (C) Migrated cell numbers: in A549 at 16 h:
280.3 * 10.13in UT, 272.3 = 8.61 in WT vs. 565 * 19.09 in KO; in A549 at 32 h: 680.3 + 9.47 in UT, 661 * 12.22in WT vs. 1333 * 29.94 in KO. in H460 at
16h: 330.6 = 9.89 in UT, 341 = 9.26 in WT vs. 645 = 13.63 in KO; in H460 at 32h: 616.6 = 11.78 in UT, 642.3 * 9.53 in WT vs. 1434 = 23.55 in KO. Data
are presented as mean = SEM from three independent experiments. *P < 0.05; **P < 0.01 vs. PTEN-WT.

nuclear translocation of B-catenin, Snail and Slug, and membrane lo- both molecules were dominantly accumulated in the nucleus in un-
calization of E-cadherin. In untreated PTEN-KO cells, (3-catenin ex- treated PTEN-KO cells. However, in LY294002 treated PTEN-KO cells,
pression disappeared in the cellular membrane and was accumulated in nuclear translocation of these molecules become profoundly reduced
the nucleus. Contrary to this, in treated PTEN-KO cells, a substantial (Fig. 5C and D). Regarding E-cadherin, there was no reversal effect on
amount of 3-catenin remained in the cell membrane (Fig. 5B and Fig. the membrane localization (Fig. S6B). When we observed the protein
S6A). Regarding Snail and Slug, in terms of subcellular localization, expression level of EMT related proteins, Snail, Slug, CXCL8 and
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CXCL12 were downregulated, while those of E-cadherin, N-cadherin,
vimentin, MMP-2 and CXCR4 did not change significantly after
LY294002 treatment in both WT and KO cells (Fig. S7). Subsequently,
we examined the MAPK pathway proteins, MEK and ERK. PTEN in-
activation triggered the phosphorylation of MEK and ERK in both
PTEN-KO cells (Fig. S8A). LY294002 treatment moderately decreased
the phosphorylation of ERK in PTEN-KO cells, but did not change those
of pMEK, MEK and ERK in both WT and KO cells (Fig. S8B).

4. Discussion

EMT is the key event in distant metastasis, in which epithelial cells
lose their marker proteins and acquire the mesenchymal marker pro-
teins [20]. PTEN plays a pivotal role in cell homeostasis through ne-
gative regulation of PI3K mediated AKT activation. Loss of PTEN has
been commonly observed in lung cancer and inactivation of PTEN has
been suggested to be involved in acquisition of EMT phenotypes in lung
cancer [17,18]. However, detailed mechanisms behind AKT activation
in PTEN inactivated lung cancer cells are not clear. Regarding the in-
activation of PTEN, a number of studies have reported that substantial
proportion of lung cancers had complete loss of PTEN expression. For
example, Yanagawa et al. reported that complete loss of PTEN expres-
sion was observed in 41.4% of NSCLCs [21]. In Soria et al.’s study, 24%
of NSCLCs were PTEN expression negative. When they observed 16
NSCLC cell lines, five of them displayed weak PTEN expression and
another five had no PTEN expression [14]. These data suggest that,
complete loss of PTEN is not uncommon in NSCLC. Therefore, in this
study, we explored the molecular mechanism behind the effects of
complete inactivation of PTEN on EMT in lung cancer by knocking out
PTEN gene in PTEN proficient NSCLC cells using the CRISPR/Cas-9
system. We uncovered the novel roles of PTEN in EMT and metastasis of
NSCLC as follows (Fig. 6): When inactivated, PTEN loses its negative
regulatory role in PI3K-mediated AKT activation. Activated AKT
(PAKT) impedes GSK-3 activity by ser9 phosphorylation, which results
in B-catenin stabilization in cytosol and subsequent nuclear transloca-
tion. pAKT also induces nuclear translocation of EMT-related molecules
such as Snail and Slug [22-24]. Translocated p-catenin increases the
transcription of cyclin D1 and EMT target genes in the nucleus, and the
elevation of Snail/Slug in the nucleus represses the transcription of E-
cadherin, which consequently inhibits the cell-to-cell adhesion and
accelerates migration, invasion and metastasis of lung cancer cells. In
addition, B-catenin localization in the membrane decreased in PTEN-
KO cells, which is involved in cell-cell interaction along with E-cad-
herin.

To mimic PTEN inactivation in PTEN proficient primary NSCLCs, we
developed stable PTEN-KO NSCLC cell lines. Although there have been
several PTEN knockdown studies, the knockdown effects were in-
complete and transient, and none identified the AKT/p-Catenin/Snail
pathway in lung cancer [25,26]. This is the first study that induced
complete inactivation of PTEN by CRISPR/Cas9 in lung cancer cells.
PTEN deficient NSCLC cells showed a significantly increased pro-
liferation rate, faster wound closure and migration/invasion
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Fig. 3. High tumorigenic potential of PTEN-KO cells in nude mice
xenograft model. To establish a xenografts model, six-week old
BALB/c nu mice were injected subcutaneously with (1 x 10°
cells/mouse, six mice for each group) PTEN-WT and PTEN-KO
A549 cells. Tumor volumes were measured twice per week for 28
days post-injection. Finally, five mice were measured per each
group, because two of them died during the observation. (A)
Significant changes in tumor volume measured and blotted in the
graph (Day 18, WT 0 mm® vs KO 117.3 = 17.5mm°; Day 22, WT
117.5 = 27.3mm> vs. KO 500.4 = 57.1lmm® Day 25, WT
210.3 + 25.9mm® vs. KO 6257 + 67.9mm® Day 27, WT
416.7 = 41.2mm® vs. KO 1012.7 + 169.4mm>). **P < 0.01;
***%p < 0.001 vs. PTEN-WT. (B) Xenograft tumors in PTEN-KO
and PTEN-WT groups.

phenotypes. All these data support that PTEN inactivation can con-
tribute to the metastatic potential of NSCLC. Our data is consistent with
the previous observations in diverse cancers including lung cancer
[13,27]. These in vitro characteristics were recapitulated in a xenograft
nude mouse model. Cho et al. reported that silencing of PTEN increases
melanoma incidence in mice bearing tumors but not significantly pro-
mote distant metastasis [28]. In our study, tumor growth was sig-
nificantly faster in PTEN-KO cells than in PTEN-WT cells. We did not
observe the in vivo growth of plasmid-construct untreated cells because
in vitro results consistently suggested that the cytotoxic effect of
plasmid transfection was negligible. Also, after tail vein injection, dis-
tant metastasis masses were more frequently observed in PTEN defi-
cient lung cancer cells. Interestingly, PTEN deficient cells showed loss
of cell-cell contact, pseudopodia and the round shape, which are the
typical EMT phenotypes. Previously, Rho et al. reported that gefitinib-
resistant lung cancer cells acquired EMT phenotypic changes such as
pseudopodia formation and spindle shape cells with increased me-
senchymal proteins and decreased epithelial marker proteins [29]. All
these data support that PTEN inactivation may be involved in metas-
tasis of NSCLS through aggravating EMT.

Next, we explored the molecular mechanism of EMT phenotypic
changes. The PI3K/AKT/GSK-3p pathway is the key component of the
EMT signaling pathway and known to induce cancer cell migration and
invasion [28,30]. In our study, the pAKT level increased profoundly and
the expression of pGSK-3p (Ser9), an inactive form, also increased.
pAKT is known to impede GSK-3p activity by ser9 phosphorylation,
which results in (3-catenin stabilization in cytosol and facilitates nuclear
translocation of B-catenin [31]. Nuclear accumulation of B-catenin ac-
tivates LEF/Tcf transcription factors, which promote the expression of
EMT-related genes [32]. In this study, we observed that the protein
expression of 3-catenin targets, cyclin D1 and NFkB, increased in PTEN-
KO cells. Previous studies also reported that AKT-mediated phosphor-
ylation of B-catenin induces its nuclear translocation and enhances its
transcriptional activity, which leads to tumor progression [22]. Snail,
Slug and MMP-2 play important roles in regulation of EMT, by sup-
pressing E-cadherin expression [33]. We found that PTEN-KO cells
showed increased Snail and Slug expression which may inhibit E-cad-
herin and p-catenin interaction in the membrane and release [3-catenin
from the membrane. Loss of membrane localization of 3-catenin leads
to loss of cell-cell interaction and promote cell migration and invasion
in PTEN-KO cells. Interestingly, total protein expression of [3-catenin
decreased in PTEN-KO cells. It may be due to loss of 3-catenin substrate
protein E-cadherin and/or proteosomal degradation of B-catenin caused
by Akt-mediated phosphorylation. We observed that protein expression
of phosphorylated (3-catenin significantly increased in PTEN KO cells. A
similar study also reported that Hes1-meditated PTEN inhibition causes
reduced expression of membrane and cytoplasmic B-catenin, but not
nuclear accumulation in NPC cells [30]. In our study, B-catenin clearly
decreased in the membrane and translocated into the nucleus, which
may induce EMT in PTEN-KO cells.

Chemokines play important roles in leukocyte cell trafficking and
metastasis of cancer cells. CXCL8 is a pro-inflammatory CXC chemokine
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and upregulated in lung cancer, which is associated with tumor pro-
gression [34]. CXCL12 and its receptor CXCR4 are known to be in-
volved in regulation of metastasis and their protein expressions have
been shown to be elevated in various types of metastatic cancers in-
cluding lung, colon, breast cancers [35,36]. Earlier studies reported
that PTEN loss mediates migration and invasion of prostate cancer cells

NCI-H460 A549

A549

NCI-H460
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Fig. 4. Protein expressions of PTEN signaling
molecules and EMT markers in PTEN-KO lung
cancer cell lines. (A) Western blot images of
PI3K/AKT/GSK-3p signaling pathway-related
proteins in UT, PTEN-WT and PTEN-KO cells.
(B) Immunocytochemistry analysis targeting -
catenin (1000 x). (C) Western blot images of
EMT signaling pathway-related proteins in UT,
PTEN-WT and PTEN-KO cells. (D
Immunocytochemistry analysis targeting E-
Cadherin (1000X). (E&F) Immunocytochemistry
analysis targeting N-Cadherin and vimentin
(1000X). (G) The morphologies of PTEN-KO cell
lines. Cells were photographed by phase-con-
trast microscopy. PTEN-KO cells show morpho-
logical changes associated with EMT: presence
of round shape cells, spindle-shape and loss of
cell-cell interaction (upper panels). In the
colony formation assay, the colony shape of
PTEN-KO cells became fuzzy in both cells com-
pared with PTEN-WT cells. Each experiment
was triplicated. [B-catenin (green); E-Cadherin
(green); N-Cadherin (red); vimentin (green);
nuclei (Lamin-B1, red) or (Hoechst 33342,
blue).

Lamin-B1 Merged

Hoechst Merged

through activation of PI3K/AKT signaling in response to CXCL12/
CXCR4 [37,38]. Consistent with the previous reports, expressions of
CXCR4/CXCL12 and CXCR1/CXCL8 were elevated in PTEN-KO cells in
our study.

There are several limitations in this study. KRAS mutation is one of
the common mutation events in NSCLC, which occurs in approximately
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Fig. 5. Localization of B-catenin, Slug and Snail in PI3K inhibitor (LY294002) treated cells. A549 and NCI-H460 cells were treated with 50uM of PI3K inhibitor for 6 h
and subjected to immunoblot and immunofluorescence analysis for 3-catenin, Slug and Snail. (A) Western blot images of AKT/pGSK-3(3 signaling proteins at 6 h time
point after treating PTEN-KO and WT cells with LY294002 (0, 25uM and 50 u M). (B, C & D) Immunocytochemistry analysis targeting B-catenin, Snail, and Slug
(1000 X ). B-catenin (green), Snail (red), Slug (red), and nuclei (blue: Hoechst 33342) or (red: Lamin-B1).

10-15% of NSCLCs in Asia [39]. It has been suggested that PTEN in-
activation accelerates KRAS mutation-initiated lung tumorigenesis
[40]. In this study, we did not explore the correlation between PTEN
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inactivation in lung cancer with/without KRAS mutation because both
cell lines were KRAS mutants. Secondly, a recent study suggested that
addition of a PI3K-mTOR inhibitor attenuated tumor growth when



E. Perumal, et al.

Lung Cancer 130 (2019) 25-34

~o Mesenchymal cell
~
~

- DAz
. -B-Catenin~
z ‘egradatli_on o

Cyclin D1,
EMT target genes

| E-Cadherin I

/7
y7 ' Epithelmyl
4

EMT
Metastasis

/
——

Fig. 6. A proposed model of PI3K/AKT/GSK-3p/B-catenin/Snail signaling mediated EMT in PTEN-KO lung cancer cell lines.

compared with chemotherapy alone in a PTEN deficient PDXs [41],
suggesting the therapeutic applicability of PI3K inhibitor. Although
LY294002 treatment resulted in downregulation of p-AKT in this study,
we did not explore the therapeutic potential of LY294002. Further
studies with a large NSCLC group with proper clinical and genetic in-
formation will be required to verify this point.

In conclusion, the present study revealed that PTEN inactivation
contributes to EMT and metastasis by nuclear translocation of B-catenin
and Snail/Slug in lung cancer cells. Through PI3K inhibitor treatment to
PTEN-KO cells, we confirmed that the PI3K/AKT/GSK-3[3 pathway was
essential for inducing EMT in PTEN inactivated cells. Our data provide
a better understanding of detailed molecular mechanism of metastasis
related with inactivation of PTEN, which can help to understand distant
metastasis in lung cancer.
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