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The echinoderm microtubule-associated protein-like 4(EML4) — anaplastic lymphoma kinase (ALK)
fusion gene has been identified as a driver mutation in non-small-cell lung cancer (NSCLC). However, the
role of EML4-ALK in malignant transformation is not entirely clear. Here, for the first time, we showed
that H1299 NSCLC cells stably expressing EML4-ALK acquire EMT phenotype, associated with enhanced

Keywords: invasive migration and increased expression of EMT-inducing transcription factors. H1299-EML4-ALK
EM_IE“‘ALK cells also displayed cancer stem cell-like properties with a concomitant up-regulation of CD133 and
Cancer stem cell enhanced ability of mammospheres formation. Moreover, we found that inhibition of ERK1/2 reversed
ERK1/2 EMT induced by EML4-ALK in H1299 cells. Taken together, these results suggested that EML4-ALK

induced ERK activation is mechanistically associated with EMT phenotype. Thus, inhibition of ERK
signaling pathway could be a potential strategy in treatment of NSCLC patients with EML4-ALK

translocation.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Echinoderm microtubule-associated protein—like 4-anaplastic
lymphoma kinase (EML4-ALK), resulting from the chromosome
inversion inv(2) (p21; p23), was identified as a transforming gene
in non—small cell lung cancer (NSCLC) [1]. The incidence of EML4-
ALK NSCLC is approximately 5%, equivalent to over 70,000 patients
diagnosed annually worldwide [2]. EML4-ALK translocations, with
histological features of acinar pattern or signet-ring cell, tends to
present in young patients and those who possess wild-type EGFR
and KRAS genes [2—4]. Clinical trials have shown a high rate of
responses of ALK-rearranged tumors to the inhibition of the ALK
activity by crizotinib, a specific ALK inhibitor [5]. Unfortunately, not
all patients with ALK™ non—small cell lung cancer (NSCLC) benefit
from ALK inhibition [5] and acquired drug resistance inevitably
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develops in patients who initially do respond [6]. Therefore, more
study on the role of EML4-ALK is required to improve the
treatment.

Acquisition of invasive properties is critical in the tumor pro-
gression [7]. Within cancer of epithelial origin, acquisition of
invasiveness requires a dramatic morphological alteration which
termed epithelial-mesenchymal transition (EMT), wherein cancer
cells in primary tumor lose their epithelial characteristics of cell
polarity and switch to a motile fibroblastoid or mesenchymal
phenotype. Epithelial cells lose cell—cell adhesions mediated by E-
cadherin (one of the epithelial markers) repression is considered to
be a crucial step in EMT [8]. Intensive studies revealed that down-
regulation of E-cadherin and increased expression of mesenchymal
markers (e.g., vimentin and fibronectin) is triggered by an interplay
of intracellular and extracellular signals [9]. The activation of
signaling pathways also leads to the activation of transcriptional
factors such as snail and slug, which change patterns of gene
expression underlying EMT [10].

In addition to accompanying behavioral changes such as
enhanced mobility and invasiveness, increasing evidences suggests
that cells undergo Epithelial-mesenchymal transition gain stem
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cell-like phenotype, thus giving rise to cancer stem cells (CSCs)
[11,12]. Mani, S. A. and colleagues have demonstrated that both
overexpression of the EMT-inducing transcription factors Twist1 or
Snail and treatment with TGFf increase the number of stem cells,
consistent with the increased expression of cell surface antigenic
profiles and enhanced ability of mammospheres formation in
mammary epithelial cells. This property conferred by EMT not only
enables the carcinoma cells to migrate to metastatic dissemination,
but also qualify them with properties of stemness, enabled to
tumorigenesis and proliferation. Thus, owing to the clinical
importance of the EMT-induced processes, treatments eliciting a
mesenchymal—epithelial transition (MET) could be an attractive
therapeutic approach on tumor.

Previous observations have showed EMI4-ALK as a trans-
forming fusion gene in non—small cell lung cancer (NSCLC) [1,13],
however, the role of EML4-ALK in malignant transformation such as
EMT and cancer stem cell-like characteristics is not clear. The aim of
the this study was to obtain additional insights into the role of
EMIL4-ALK in NSCLC. Using EML4-ALK stably expressing H1299
cells, we investigated the effects of EML4-ALK on malignant bio-
logical behavior of NSCLC.

2. Materials and methods
2.1. Cell culture and reagents

The human non-small cell lung cancer cell line H1299 were
obtained from American Type culture Collection (ATCC) and
cultured in RPMI-1640 Medium containing 10% fetal bovine serum
with 1% penicillin/streptomycin (SIGMA, USA) under a incubator
humidified atmosphere of 5% CO, at 37 °C. FR180204, crizotinib and
S31-201were obtained from selleck.

2.2. Cell transfection

Human EML4-ALK V1 expression vector with puromycin-
resistance gene was kindly provided by Dr Hiroyuki Mano (Jichi
Medical University, Japan). Stable transfectants of H1299 cells with
EML4-ALK were isolated after selection with puromycin (Invi-
trogen, USA) at 0.8 pg/ml using lentivirus system, and further
screened with western blot analysis for EML4-ALK expression.
H1299 cells transfected with control vector was used as a negative
control.

2.3. Western blotting

Cells were washed three times with ice-cold PBS and then lysed
in RIPA lysis buffer (Beyotime, China) on ice. The protein concen-
tration of cell lysates was determined by bicinchoninic acid (BCA)
protein assay. Equal amounts of protein were subjected to SDS-
PAGE on a 8% or 10% gel and then transferred onto
polyvinylidenedifluoride (PVDF) membranes (Millipore, USA).
Membranes were blocked with 5% nonfat dried milk in TBST
(10 mM Tris, pH 7.4150 mM NaCl and 0.1% Tween-20) for 1 h at
room temperature before incubation with primary antibody over-
night at 4 °C. The primary antibodies used in this study were as
follows: mouse antibody to ALK, rabbit antibody to human phos-
phorylated ALK  (pY1608), Ecadherin, = phosphorylated
STAT3 (pTyr705) and STAT3 were obtained from abcam. those to
phosphorylated extracellular signal-regulated kinase 1/2(ERK1/2)
(pThr202/Tyr204), to ERK1/2 were from cell signaling Technology;
those to B-actin from santa cruz biotechnology. All antibodies were
used at a 1:1000 dilution. The membrane were washed with TBST
before reacted with HRP-conjugated anti-rabbit or mouse IgG
(Beyotime, China) for 1 h at room temperature. After washing with

TBST and Tris-buffered saline, immune complexes were visualized
by the enhanced chemiluminescence (ECL) detection.

2.4. RNA extraction and analysis by quantitative real-time PCR

Total RNA was extracted and purified using RNA simple Total
RNA Kit (TIANGEN BIOTECH, China) according to the manufac-
turer's instructions. The RNA samples were reverse-transcribed
into cDNA with the PrimeScript™ RT reagent Kit (TAKARA, Japan).
Quantitative real-time PCR was conducted with Bio-rad CFX man-
ager and SsoAdvanced SYBR Green Supermix (Bio-rad, USA) as the
detection reagent. All samples were analyzed in triplicate for each
primer set. The primer sequences of PCR were as follows: hSox2,
sense 5- AGAACCCCAAGATGCACAAC -3’ and antisense 5'- CGG
GGCCGGTATTTATAATC -3’; hNanog, sense 5'- TGAACCTCAGCTACA
AACAGGTG-3’ and antisense 5'- AACTGCATGCAGGACTGCAGAG -3';
hOct3/4, sense 5- CTTGCTGCAGAAGTGGGTGGAGGAA -3’ and
antisense 5'- CTGCAGTGTGGGTTTCGGGCA-3’; hTGF-B1, sense 5'- C
TAATGGTGGAAACCCACAACG -3’ and antisense 5'- TATCGCCAGGA
ATTGTTGCTG -3’; hGAPDH, sense 5- GAAGGTGAAGGTCGGAGT-3’
and antisense 5- GAAGATGGTGATGGGATTTC-3'. Primer sets for
hEcad, hFN1, hNcad, hVim, hSnail and hSlug were as described [11].
RT-PCR amplification was performed 40 cycles with DNA denatur-
ation at 95 °C for 5 s and annealing/extension at 60 °C for 20 s.
Target gene expression was quantified with the relative quantifi-
cation method.

2.5. TGF-( ELISA assay

The amount of total TGF-f1 in the media was quantified by
ELISA kit (DAKEWE, China). The assay was performed according to
the manufacturer's instructions and measured with Multiskan MK3
microplate spectrophotometer (Thermo scientific, Finland).

2.6. Wound healing assay

Briefly, Cells were grown in a confluent monolayer in 6-well
plates and then serum-starved overnight. A wound was created
in the cell layer by scratching the plate with a plastic yellow pipette
tip. After washing with media, the cells were incubated in growth
medium with or without inhibitors for 16 h and photographed
under a microscope. The migration distance was measured, Each
assay were repeated at least three times.

2.7. Cell migration assay

Cells were serum starved for 24 h prior to use. 5 x 10% cells per
well in 100 pl serum-free media were added in the upper chamber
of a 8 um pore size micropore polycarbonate membrane transwell
filter (Millipore, USA), which were placed in 24-well plate with
600 pl RPMI 1640 containing 10% FBS as chemo-attractant in the
lower chamber. Cells were incubated at 37 °C in 5% CO, for 4 h.
Then, the upper surface of filter was carefully removed with a
cotton swab, insert membranes were fixed with cold methanol for
10 min, stained with 0.1% crystal violet for 20 min. Finally, migrated
cells were photographed and counted under a light microscope (5
fields per chamber).

2.8. Cell invasion assay

Polycarbonate membranes of chambers were coated with
Matrigel (BD Biosciences, USA) on the upper surface. 2 x 10* Cells
starved from serum for 24 h were resuspended in serum-free
RPMI1640 and added to the upper chamber in 0.1 ml of serum-
free medium. RPMI1640 medium supplemented with 10% FBS
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was added to the lower chamber as chemo-attractant. The cells was
incubated for 16 h in 5% CO, at 37 °C. Non-invading cells were
removed with a cotton-tipped swab from the top of the Matrigel.
The invasive cells were examined by bright field microscopy and
counted from five randomly chosen fields.

2.9. Flow cytometry

Cells were collected and dissociated as single cells, washed with
0.1% bovine serum albumin in PBS (PBSA) and incubated with
appropriate dilution of APC—conjugated anti-human CD133 anti-
body or control antibody (BD Pharmingen, USA). After incubating
for 30 min, cells were washed and resuspended in PBS, then per-
formed on a BD Biosciences FACSCalibur cytometer. Data were
analyzed using Flow]o.

2.10. Sphere formation assay

Mammosphere formation assay was done in ultra-low attach-
ment 96-well plates (Corning) at a density of 1000 viable cells/mL
and grown in a serum-free Dulbecco's modified Eagle medium/F12
(Sigma.USA) supplemented with B27 (Invitrogen.USA), 20 ng/mL of
EGF and 20 ng/mL of bFGF (Invitrogen.USA), and 4 mg/mL of hep-
arin (Sigma.USA). Cells were allowed to form spheroids for 10 days,
and the numbers of spheres were counted in microscope.

2.11. Statistical analysis

All of the statistical analyses were performed using the Graph-
pad Prism software program. Data analysis for multiple groups was
carried out using the one-way ANOVA Tukey test. And data analysis
for two groups was carried out using t test. All data were summa-
rized and presented as means + SD, P < 0.05 were considered to
indicate statistically significant differences.

3. Results

3.1. Expression of EML4-ALK induced epithelial-mesenchymal
transition in H1299 non-small cell lung cancer cells

To demonstrate the role of EML4-ALK in aggressiveness of lung
cancer cells, we generated stable cell lines (H1299-EML4-ALK) from
H1299 human NSCLC cells using lentiviral infection system with
plasmid vectors encoding EML4-ALK cDNA. An empty vector-
transfected control (H1299-Ctrl) was produced simultaneously.
Interestingly, We observed morphologic differences using a light
microscope. Expression of EML4-ALK induced spindle-like, elon-
gated fibroblastic appearance in H1299 cells which normally
exhibit a flat epitheloid morphology, suggesting that EMT-like
changes might have occurred (Fig. 1A). To confirm the induction
of EMT in H1299-EML4-ALK cells, we analyzed the expression of
epithelial and mesenchymal markers using western blots and
quantitative real-time PCR. As shown in Fig. 1B, in addition to the
EML4-ALK activated signaling pathway such as ERK and STAT3, we
demonstrated that H1299-EML4-ALK cells, compared with H1299
Ctrl cells, displayed a remarkable ablation of the protein expression
of epithelial marker E-cadherin. Consistent with this finding,
compared with the H1299 Ctrl cells, mRNA expression of E-cad-
herin were drastically reduced (~3-fold) and mesenchymal markers
such as fibronectin 1 was increased in H1299-EML4-ALK cells (~1.5-
fold), but the expression of other two mesenchymal markers
vimentin and Ncadherin showed no significant difference(Fig. 1C).
In addition, the levels of several EMT inducing factors were
increased, such as snail (~2-fold) and slug (~9-fold) (Fig. 1D). Taken

together, these observations indicated that EML4-ALK was able to
induce EMT in H1299 non-small cell lung cancer cells.

Expression of EML4-ALK promotes invasion and migration in vitro

The invasive and migratory potential were considered func-
tional hallmarkers of EMT in tumor cells. Therefore, we detected
the changes of invasive and migratory ability of H1299 cells
expressing EML4-ALK by transwell invasion and migration assay.
The results revealed that, compared with H1299 Ctrl cells,, the
invasive H1299-EML4-ALK cells that had spread through the filter
and adhered the underside significantly increased(~10-fold), as
well as the migrated cells (~6-fold) (Fig. 2A). Further, we analyzed
the protein levels of MMP-2 and -9, two crucial proteins involved in
cancer cell metastasis. The Western blotting results showed that
the protein levels of MMP-2 and MMP-9 were significantly
increased in cells of EML4-ALK expression compared with control
cells (Fig. 2B). EML4-ALK induced changes in migration were
further confirmed by wound-healing migration assay (Fig. 2C). Our
findings suggested that expression of EML4-ALK in H1299 cells
attributed to increased expression of MMP2 and MMP9, modu-
lating invasive migration during EMT.

3.3. Expression of EML4-ALK enhanced sphere formation and stem
cell-like properties in H1299 cells

Recent evidence suggests that EMT not only plays a critical role
in tumor metastasis but cells undergo EMT also gain stem cell-like
properties, giving rise to cancer stem cells (CSCs). Therefore, we
detected the capacity of CSC in this study. First, flow cytometry
analysis showed an increased population of CD133™ cells in H1299-
EML4-ALK clones. About 3% of the cells were determined as CD133*
in H1299-EML4-ALK cells, whereas CD133" cells were nearly un-
detectable in H1299-Ctrl cells (Fig. 3A). Second, Sphere formation
was an important measurement used to define malignant cancers
and cancer stem-like cells. Accordingly, H1299-EML4-ALK cells
displayed significantly enhanced ability to form mammosphere
relative to H1299-Ctrl cells. As shown in Fig. 3B, the number of
mammospheres of H1299-EML4-ALK cells increased about 5-fold
compared to H1299-Ctrl cells. To further discover the genes regu-
lating the stem cell properties of H1299-EML4-ALK cells, we per-
formed real time RT-PCR analysis of stem cell—specific genes. The
mRNA level of selected markers, Sox2, Oct3/4 and Nanog, were also
increased in H1299-EML4-ALK cells. The elevated stem cell specific
markers suggested that H1299-EML4-ALK might have undergone
certain process, shifting cellular properties toward stem cell or
cancer stem cell.

3.4. ERK1/2 inhibition reverse EML4-ALK induced
epithelial—mesenchymal transition in H1299 cells

Because TGF-B1 has been shown to play an important role in
Epithelial-Mesenchymal Transition, we explored whether
expression of EML4-ALK in H1299 cells increased TGF-f1produc-
tion. The mRNA expression and secretion of TGF-1 were detected
by quantitative real-time PCR and elisa respectively. however, there
was no significant difference between EML4-ALK expressing H1299
cells and control cells(Fig. 4A). We next probed the connection
between EML4-ALK induced signaling pathways and EMT. To
determine the role of intracellular activation of ERK1/2, STAT3 in
this action, we evaluated the effects with chemical inhibitors. We
found that morphologic changes induced by EML4-ALK were
reversed by inhibition of ERK1/2 and ALK, but not STAT3 (Fig. 4B).
Consistent with this observation, We showed that the selected in-
hibitor FR180204, effectively inhibiting ERK1/2 phosphorylation at



E Guo et al. / Biochemical and Biophysical Research Communications 459 (2015) 398—404 401

+
W&

& &

pALK
ALK

pSTAT3 -
STAT3 -
perk [
ere [
Ecad -

B-actin

O
O

BcCtrl N EML4-ALK Bctrl B EML4-ALK

- 15 c 15
2 o
g 1.0 e g s =
S S
s 3
- 05| @ o
[3) ©
I8 IS
.0
Ecad VIM Ncad FN Snail Slug
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Fig. 2. H1299-EML4-ALK cells have enhanced invasive and migratory potential. (A) Transwell migration and invasion assays of H1299-Ctrl and H1299-EML4-ALK cells. The mean
data of five fields in the lower side were counted. Data represent means + SEM of three independent experiments. *P < 0.05; **P < 0.01; (B) Expression of MMP-2 and MMP-9 were
detected by Western blot. f-actin loading control is also shown. (C) Motility of H1299-Ctrl and H1299-EML4-ALK cells as measured by wound-healing assay, The distance of
migration was calculated from the mean of seven wound widths with S.D. **P < 0.01. Scale bars: 100 pm.
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Fig. 3. H1299-EML4-ALK acquire cancer stem cell properties. (A) Flow cytometry detection of CD133 in H1299-Ctrl and H1299-EMLA4-ALK cells. (B) Mammosphere form of H1299-
Ctrl and H1299-EML4-ALK cells. **P < 0.01. Scale bars: 50 um. (C) Quantitative RT-PCR was used to quantify Nanog, Oct3/4 and Sox2 in H1299-Ctrl and H1299-EML4-ALK. *P < 0.05;
**P < 0.01.
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concentration of 20 umol/L, do no affect the expression of E-cad- phorylation resulted in a markedly decrease in cell migration
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signaling pathway plays an key role in EML4-ALK induced EMT in
H1299 cells.

4. Discussion

Clinicopathological studies have showed that EML4-ALK trans-
locations tends to occur in patients with more advanced NSCLC and
manifest an aggressive clinical course [4,14]. In this study, we
demonstrated that H1299-EML4-ALK cells display an EMT pheno-
type, which was characterized by acquiring spindle-like
morphology, down-regulating the expression of E-cadherin with
a concomitant increase of fibronectin, and enhancing migratory
and invasive potential. Similarly to our findings, previous study
have found that expression of NPM-ALK, the most thoroughly
studied ALK-fusion protein, induce a typical transformed pheno-
type with spindle-shaped cell morphology and increase cell
migration [15]. Colomba et al. has further indicated that ALK reg-
ulates the activity of Rho family GTPases, which resulted in RAC1
activation, thus increasing migration and invasion. The results of
our study not only show that EML4-ALK activity modulate cyto-
skeletal rearrangements to enhance cell migration and invasion in
H1299 NSCLC cells, but also we demonstrate that EML4-ALK
increased expression of EMT-inducing transcription factors, snail
and slug, which suggests cells undergoing epithelial—mesenchymal
transition.

Compelling evidence relating EMT to the emergence of a CSC-
like phenotype. The Weinberg group reported that EMT induced
in mammary epithelial cells by TGF-f1, Twist or snail, leads to the
evolution of the CD44"#"/CD24°% population which shows an
stem cell-like characteristics with increased ability to form mam-
mospheres, soft agar colonies and tumors [11]. Considered to the
study in NSCLC cell lines and fresh lung tumor tissues which sug-
gest CD133™ as a lung CSC marker [16], it is of interest that H1299-
EML4-ALK NSCLC cell lines displayed a significant increased
numbers of CD133 + cells, relative to that of H1299-Ctrl cells. Evi-
dence that subpopulations of cells within H1299-EML4-ALK cells
display characteristics of cancer stem cells is further supported in
our study using a panel of cancer stem cell markers and sphere
formation. These observations suggest that, EML4-ALK confers
subpopulations of NSCLC cells with cancer stem cell traits.

Members of the transforming growth factor- (TGF-$) family
have been implicated as the main and best characterized inducers
of EMT and show a role for TGF-f in regulating breast cancer stem
cell phenotypes [17,18]. In addition, increased secretion and
expression of TGF-f1 was found in crizotinib resistant H2228 cells
harboring EML4-ALK translocation, which undergo EMT [19].
However, our results detected no significantly difference in secre-
tion and expression of TGF-P1 between H1299-EML4-ALK cells and
H1299-Ctrl cells. Receptor tyrosine kinase activated signaling
pathways, including Ras, MAP kinase, PI3 kinase, STAT3 and Rac/
Cdc42, are also clearly involved in EMT [20—22]. A recent study
reported that ERK1/2 signaling plays a key role in governing the
mesenchymal character of NSCLC cells and inhibition of ERK1/2
prevents EMT in lung cancer cells [23]. Based on these findings, we
assessed the effect of ERK1/2 on promoting EMT in H1299-EML4-
ALK cells. Our study showed that blockage of ERK1/2 by
FR180204, a selective ERK inhibitor, antagonizes down-regulation
of Ecaherin and cell migration induced by EML4-ALK, whereas
inhibiton of STAT3 by S31-201 do not have this effect. These results
suggested that EML4-ALK promote mesenchymal phenotypes
through the MAPK pathway in H1299 NSCLC cells.

In summary, our results show that H1299 NSCLC cells express-
ing EML4-ALK acquire EMT features with increased migration and
invasion. In addition, we demonstrate that activation of ERK
signaling pathway is involved in Epithelial-Mesenchymal

Transition of H1299- EML4-ALK cells. In the future, therefore, in-
hibition of ERK signaling pathway could be an potential strategy in
treatment of NSCLC patients with EML4-ALK translocation.
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