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Abstract: The receptor tyrosine kinase-like orphan receptor 1 (ROR1) is a type | surface transmembrane protein that
contributes to progression of tumor-cell growth and metastasis. We and others have shown that the roles of ROR1
include inhibiting apoptosis, potentiating EGFR signaling, and inducing proliferation in lung cancer, but the roles and
mechanisms of ROR1 in lung adenocarcinoma metastasis have not been elucidated. Here we chose four lung ad-
enocarcinoma cell lines, PC9 (erlotinib-sensitive), PC9erlo (acquired erlotinib-resistant), NCI-H358 (partial erlotinib-
resistant), and NCI-H1975 (erlotinib-resistant) as cell models to simulate the clinical situation. We found that ROR1
prompted epithelial to mesenchymal transition (EMT) by increasing the expression level of a key epithelial gene,
E-cadherin, while decreasing the expression level of the key mesenchymal gene vimentin. Silencing ROR1 by siRNA
significantly reduced the migration and invasion of lung adenocarcinoma cells in vitro and also significantly inhibited
the phosphorylation of Akt (Serd73), mTOR (Ser2448), Raptor (Ser792) and p70S6K (Thr389) in all four cell lines.
This strongly supports our proposal that ROR1 may play a central role in tumor progression and metastasis in lung

adenocarcinoma through mTOR signaling, regardless of its EGFR-TKI sensitivity status.
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Introduction

Lung cancer is currently the most common
cause of global cancer morbidity and mortality
[1]. There are two major histologic types: small
cell lung cancer (SCLC) and non-small cell lung
cancer (NSCLC). Non-small cell lung cancer
accounts for approximately 80% of all diag-
nosed lung cancers. The most common sub-
type of NSCLC lung adenocarcinoma has a poor
5-year survival rate because of tumor invasion
and metastasis [2].

Emerging evidence suggests that the acquisi-
tion of invasiveness in cancer is accompanied
by the loss of epithelial features and the gain of
a mesenchymal phenotype, a process known
as epithelial-to-mesenchymal transition (EMT)
[3]. Induction of a partial or full EMT has been
associated with enhanced tumor-initiation,
resistance against multiple therapies, immune-
evasion, altered metabolism, and genomic

instability [4-8]. Cells undergoing EMT display
decreased expression levels of epithelial genes
(such as E-cadherin, ZO-1 and occludin) and
increased expression levels of mesenchymal
genes (such as N-cadherin, vimentin and fibro-
nectin) [9]. In most cases, loss of E-cadherin is
a hallmark of EMT [10]. There is evidence accu-
mulating from genetic and cancer biology stud-
ies that the PI3K/AKT pathway is a central
mechanism controlling EMT features [11-18].
The signaling pathway ultimately leads to acti-
vation of EMT transcription factors (EMT-TFs)
[19, 20]. Several transcription factors have
been identified as master regulators of EMT,
including SNAIL factors (SNAI1, also known as
Snail and SNAI2, also known as Slug), bHLH
factors (E12 and E47, TWIST1 and TWIST2) and
ZEB factors (ZEB1 and ZEB2) [21-23].

The receptor tyrosine kinase-like orphan recep-
tor 1 (ROR1) is a type | surface transmembrane
protein that contributes to the development
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and migration of fetal organs during embryonic
development [24, 25]. We and others found
that ROR1 was present and active in numerous
blood and some solid malignancies, as well as
in lung cancer cell lines and tissues. ROR1 has
been shown to inhibit apoptosis, potentiate
EGFR signaling, and induce proliferation, and is
thus critically involved in progression of tumor
cells [26-33]. In 2013, Kipps first reported the
role of ROR1 in breast cancer metastasis [34],
then several additional studies also demon-
strated that targeting ROR1 inhibits invasion
and adhesion in ovarian, breast cancer, and
chronic lymphocytic leukemia metastasis [35-
39], but the role of ROR1 in lung adenocarci-
noma metastasis is still unclear.

In our previous study, we demonstrated that
over 60% of human lung adenocarcinomas
expressed ROR1 and silencing ROR1 with
siRNA can induce tumor cell death and apopto-
sis via the PIBK/AKT/mTOR pathway [33]. Here,
we investigated the mechanistic links that
could explain the extraordinary potency of
RORZ1 in driving lung adenocarcinoma metasta-
sis, and we show a direct effect of ROR1 on the
EMT process. Thus, our findings provide new
insights into the mechanism of ROR1-induced
EMT in lung adenocarcinoma.

Material and methods
Cell lines

The NSCLC cell line NCI-H358 was purchased
from Typical Culture Preservation Commission
Cell Bank, Chinese Academy of Sciences. We
received a kind gift of PC9 from Dr. Jun Zhang
of Shanghai Pulmonary Hospital. The NSCLC
cell line NCI-H1975 was kindly provided by
Stem Cell Bank, Chinese Academy of Sciences.
The three cell lines were cultured at 37°C
in a 5% CO,/95% humidified air incubator
(Panasonic, Ehime, Japan) in RPMI-1640
(HyClone, Logan, UT, USA) supplemented with
10% fetal bovine serum (FBS, Transgen, Beijing,
China) and 100 pg/ml penicillin/streptomycin
(HyClone, Logan, UT, USA).

Establishment of an acquired erlotinib-resis-
tant cell line PC9erlo

The acquired erlotinib-resistant cell line was

established by our own laboratory. The PC9 cell
lines were seeded in a 10 cm? dish and erlo-
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tinib (Cayman, MI, USA) was added to a final
concentration of 10 uM. The medium was dis-
carded and the drug was washed with PBS 48
hours later. In order to obtain and maintain
erlotinib resistance ability, these cells were col-
lected and gradually exposed to increasing con-
centrations of erlotinib (0.1 uM for 2 months,
0.5 uM for 2 months, 1.25 uM for 2 months,
2.5 UM till now). The IC50 value of erlotinib in
PC9erlo was 2.62+0.82 uM, which was tested
2 months after exposing cells to 2.5 uM
erlotinib.

Silencing of human ROR1

The pre-designed siRNA sequence to target
endogenous ROR1 mRNA was obtained from
Ambion (Thermo Scientific, Grand Island, NY,
USA): ROR1 siRNA(siROR1) 5-GUACUGCGAU-
GAAACUUCATT-3’; antisense 5-UGAAGUUUCA-
UCGCAGUACGG-3. The siRNA duplex (siNC,
Invitrogen, Thermo Scientific, Grand Island, NY,
USA) was used as a negative control. Cells were
seeded in 6-well plates at a density of 5x10°
cells/well and incubated in a CO, incubator
overnight. Cells were transfected with 20 nM
siROR1 or siControl, serum-starved for 6 h, and
then replaced into complete medium. All siRNA
transfections were performed in Opti-MEM
reduced serum medium (Gibco, Life Technolo-
gies, Grand Island, NY, USA) using lipofectamine
RNAIMAX (Invitrogen, Thermo Scientific, Grand
Island, NY, USA) according to the manufactur-
er’s instruction.

Flow cytometry assay

Cells (5%10°) were collected and washed twice
with ice-cold flow cytometry buffer (PBS with
1% FBS). Five pg/ml of chimeric rabbit/human
anti-ROR1 monoclonal antibody R12 with HA
tag that was developed by Christoph Rader
[40], or human IgG (Jackson ImmunoResearch,
West Grove, PA, USA) was added to the cells
and incubated on ice for 30 min. After washing
twice with flow cytometry buffer, PE-conjugated
anti-HA monoclonal Ab (mAb) (Miltenyi Biotech,
San Diego, CA, USA) was added and incubated
on ice for 30 min. Finally, cells were washed
and suspended in 500 ul of flow cytometry buf-
fer. A BD Accuri C6 flow cytometer (BD
Bioscience, USA) was used to analyze ROR1
expressing cells and the data were analyzed
using the FlowJo 7.6.2 software program.
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Figure 1. Silencing ROR1 expression by siRNA. PC9, PC9erlo, NCI-H358, and
NCI-H1975 were treated with ROR1 siRNA (siROR1) or control siRNA (siNC)
for 72 h and examined for ROR1 protein expression with chimeric rabbit/hu-

Protein extracts from lung
adenocarcinoma cell lines
were prepared using RIPA lysis
buffer (Beyotime, Shanghai,

man anti-ROR1 monoclonal antibody R12 by flow cytometry. Mock, wild-type China) which were supple-

cells; siNC, negative control small interfering RNA-transfected cells; siROR1,

ROR1 siRNA-transfected cells.

Wound healing assay

Cell migration was determined by a wound
healing assay. Cells were seeded in 6-well
plates at a concentration of 5x10° cells/well
and incubated overnight. The next day, cells
were transfected with siRNA when cell conflu-
ency was >90%. After 48 hours, the wounds
were drawn perpendicularly with a 200-pl
pipette tip. Cell debris was washed twice with
PBS, and serum-free 1640 medium was added
for further incubation. The wound area was
observed with a microscope at O h and 48 h
and images obtained were analyzed using
Image-Pro Plus 6.0 software.

Transwell invasion assay
Transwell invasion assays were performed

using 24-well invasion chambers with an 8
micron pore size PET membrane (Corning, USA)
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mented with protease inhibi-
tor cocktail (Millipore, Bedford,
MA, USA) and phosphatase
inhibitor (Roche, Basel, Switzerland). The pro-
tein concentration was confirmed in accor-
dance with the BCA Protein Assay Kit (Beyotime,
Shanghai, China) with bovine serum albumin
utilized as a standard. After the desired amount
of protein was electrophoresed, and trans-
ferred to a PVDF membrane (Millipore, Bedford,
MA, USA), immunoblotting was performed
using antibodies detecting mTOR, phospho-
mTOR, AKT, phospho-AKT, Raptor, phospho-
Raptor, phospho-p70S6K, Snail, Slug (Cell
Signaling Technology, Danvers, MA, USA),
E-cadherin, p70S6K (BD Bioscience, Mountain
View, CA, USA), vimentin (Santa Cruz Biotech-
nology, Dallas, TX, USA) with B-actin (TransGen,
Beijing, China) used as loading control. HRP
conjugated anti-mouse IgG or anti-rabbit IgG
(TransGen, Beijing, China) were used as a sec-
ondary antibody. An enhanced Pierce ECL
Western Blotting Substrate (Thermo Scientific,
Rockford, IL, USA) was used to detect chemilu-
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Figure 2. Knockdown of ROR1 inhibits lung adenocarcinoma cell migration.
The cells were treated with siROR1 for 48 h, then scraped with a pipette tip.
The migration of the cells was observed using a microscope (magnification,
100x) prior to and following injury. The migration of the PC9 and PC9erlo
cells were quantified by measuring the wound closure areas pre- and post-
injury. The experiments were repeated three times. Mock, wild-type cells;
siNC, negative control small interfering RNA-transfected cells; siROR1, ROR1

siRNA-transfected cells.
minescence. The images obtained were ana-
lyzed using Image J software.

Immunofluorescence

Cells were grown on 96-well plates, fixed with
4% paraformaldehyde for 10 minutes, permea-
bilized with 1% Triton X100 for 30 minutes, and
blocked with PBS containing 5% fetal goat

4762

siROR1

serum for 1 hour. Cells were
incubated with primary anti-
body in PBS for 1 hour, washed
three times with PBS, incubat-
ed with Alexa Fluor 488 sec-
ondary antibody (Thermo Sci-
entific, Rockford, IL, USA) in
PBS for 30 minutes, and then
analyzed using a inverted fluo-
rescence microscope (Nikon,
Tokyo, Japan).

Statistical analysis

All of the data were analyzed
using GraphPad Prism 5 soft-
ware (San Diego, CA, USA).
The data were expressed as
the mean * standard devia-
tion. Comparisons of multiple
groups were achieved by one-
way analysis of variance fol-
lowing by Turkey’s multiple
comparison procedures. P<
0.05 were considered to be
statistically significant differ-
ences. All of the assays were
performed at least three times
independently.

Results

ROR1 expression in human
lung adenocarcinoma cells
is significantly inhibited via
SsiROR1

oqb PC9, PC9erlo, NCI-H358, and
NCI-H1975 cell lines were
transfected with pre-designed
siROR1, and ROR1 expression
was examined by flow cytom-
etry at 72 h after transfection.
The flow cytometry results
shown in Figure 1 indicate the
siROR1 silenced ROR1 expres-
sion by 50~90% compared to
cells transfected with the con-
trol, non-silencing siRNA (siNC) (ROR1 expres-
sion considered to be 100%) (Figure 1).

Silencing ROR1 inhibits migration in human
lung adenocarcinoma cells

To investigate whether silencing ROR1 can
inhibit the migration of lung cancer cells, a
wound healing assay was performed. PC9erlo,
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Figure 3. Knockdown of ROR1 inhibits lung adenocarcinoma cell invasion. Transwell invasion assay was performed
in PC9, PC9erlo and NCI-H1975 cells. The three cell lines were transfected with siROR1 for 48 h and then plated
into 24-well chambers. Invasive cells were stained with crystal violet 24 h later and observed using a microscope
(magnification, 100x). Three independent experiments were performed for quantification. Mock, wild-type cells;
siNC, negative control small interfering RNA-transfected cells; sSiROR1, ROR1 siRNA-transfected cells.

an acquired erlotinib-resistant cell line estab-
lished in our lab and its parental cell line PC9
which is erlotinib-sensitive, were used in the
assay. Compared with cells transfected with
the control siRNA (siNC), PC9 cells and PC9erlo
cells transfected with siROR1 migrated into the
wound area more slowly (Figure 2). These
results suggested that silencing of ROR1
could suppress the migration of lung adenocar-
cinoma cells, even those with acquired er-
lotinib-resistance.

Silencing ROR1 inhibits invasion in human
lung adenocarcinoma cells

We used a 24-well invasive chamber for inva-
sion assay. One erlotinib-sensitive cell line PCO
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and two erlotinib-resistant cell lines PC9erlo
and NCI-H1975 were involved in the assay. Our
data clearly demonstrated that in all cell lines
the number of invading cells were significantly
decreased after silencing with siROR1 com-
pared with silencing with siNC (Figure 3). These
results strongly suggest that ROR1 silencing
effectively inhibited the invasive abilities of
lung adenocarcinoma cells, even those with
acquired erlotinib-resistance.

ROR1 promoted the EMT process in lung ad-
enocarcinoma cells

EMT is a critical process involved in cancer
invasion and metastasis. To further investigate
the potential molecular mechanism of ROR1-
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Figure 4. ROR1 knockdown inhibited the expression of vimentin and in-
creased the expression of E-cadherin. PC9, PC9erlo, NCI-H358 and NCI-
H1975 cells were treated with ROR1 siRNA (siROR1) or control siRNA (siNC)
for 48 h and examined the expression of vimentin and E-cadherin by immu-
nofluorescent assay using an inverted fluorescence microscope (magnifica-

tion, 200x).

induced migration and invasion, western blot
and immunofluorescent assays were used to
examine the EMT-related molecules in lung
adenocarcinoma cells. PC9 (erlotinib-sensi-
tive), PCO9erlo (acquired erlotinib-resistant),
NCI-H358 (partial erlotinib-resistant), and NCI-
H1975 (erlotinib-resistant) were used as cell
models to simulate the clinical situation.
Silencing ROR1 with siRNA markedly enhanced
the expression level of the key epithelial gene
E-cadherin and decreased the expression level
of the key mesenchymal gene vimentin in all
four cell lines (Figures 4, 5). We further detect-
ed the EMT transcription factors Snail and Slug,
and found that the expression levels of these
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NCI-H1975

two molecules were signifi-
cantly decreased when silenc-
ing ROR1 (Figure 5). Our data
demonstrated that ROR1 pro-
moted the EMT process in
lung adenocarcinoma cells.

ROR1 silencing inhibits PI3K/
AKT/mTOR signaling pathway

Recent studies demonstrated
that aberrations of the PI3K/
Akt/mTOR pathway are very
common in many human can-
cers including NSCLC, and
mediate tumor cell migration,
invasion, survival, and anti-
apoptosis pathways. To inves-
tigate whether silencing ROR1
inhibited the PI3K/Akt/mTOR
signaling pathway, we used
western blotting to assess the
expression of various proteins
involved in this signaling cas-
cade in the erlotinib-sensitive
PC9, partial erlotinib-resistant
NCI-H358, acquired erlotinib-
resistant PC9erlo, and erlo-
tinib-resistant NCI-H1975 cell
lines. As shown in Figure 6,
silencing ROR1 via siRNA sig-
nificantly inhibited the phos-
phorylation of Akt (Ser473),
mTOR (Ser2448), Raptor (Ser-
792) and p70S6K (Thr389) in
all four cell lines, while the
total expression of these pro-
teins was not altered. Inhibi-
ting the phosphorylation-dep-
endent activation of these
proteins likely plays a significant role in the
observed silencing RORZ1-induced migration
and invasion in lung adenocarcinoma cells.

siROR1

Discussion

Metastasis of epithelial cancer cells to distant
sites is a particularly critical stage of cancer
progression that typically marks the incurability
of the disease. It is governed by a complex
series of events including invasion and intrava-
sation of tumor cells into the stroma and blood,
respectively. EMT, a phenotypic change marked
by the loss of epithelial characteristics and the
acquisition of invasive mesenchymal proper-
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Figure 5. Effect of ROR1 knockdown on the expression of proteins involved in EMT process. PC9, PC9erlo, NCI-H358
and NCI-H1975 cells were treated with ROR1 siRNA (siROR1) or control siRNA (siNC) for 48 h and examined for
Snail, Slug, vimentin and E-cadherin expression by immunoblot analysis.

ties, is implicated in the dissemination of tumor
cells [41].

Kipps lab first reported the role of ROR1 in
breast cancer metastasis in 2013 [34], then
several additional studies also demonstrated
that targeting ROR1 inhibits invasion and adhe-
sion in ovarian, breast cancer, and chronic lym-
phocytic leukemia metastasis [35-39], but the
roles and underlying mechanisms of ROR1-
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mediated metastasis in lung adenocarcinoma,
especially those with EGFR-TKI resistance is
unclear. For this reason, in the present study
we choose adenocarcinoma cell lines, PC9
(erlotinib-sensitive), NCI-H358 (partial erlotinib-
resistant), and NCI-H1975 (erlotinib-resistant)
as cell models. In order to simulate the clinical
situation, we also established an acquired erlo-
tinib-resistant cell line PC9erlo from its paren-
tal cell line PC9 under gradient erlotinib expo-
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Figure 6. ROR1-mediated tumor cell invasion and migration via PI3K/AKT/mTOR signaling pathway. PC9, PC9erlo,
NCI-H358 and NCI-H1975 cells were treated with ROR1 siRNA (siROR1) or control siRNA (siNC) for 72 h and exam-
ined for mTOR, p-mTOR, AKT, p-AKT, Raptor, p-Raptor, p70S6K and p-p70S6K by immunoblot analysis.

sure pressure. We found that silencing ROR1
with siRNA significantly reduced the migration
and invasion in both erlotinib-sensitive and
erlotinib-resistant cell lines. Blocking ROR1
upregulated the expression level of E-Cadherin
which represents epithelial characteristics
while down-regulated the expression level of
vimentin which represents mesenchymal prop-
erties in all four cell lines. We also found that
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two master regulators of EMT, Snail and Slug,
were significantly reduced after blocking ROR1
expression. Our data indicated that ROR1 sig-
naling may promote EMT in lung adenocarcino-
ma cells.

Until now the potentially signaling pathway that
might mediate ROR1-induced metastasis is still
unknown. In a previous study, we found that
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ROR1 enhanced tumor cell proliferation and
anti-apoptosis properties via over-activation of
the PIBK/AKT/mTOR signaling pathway in two
lung adenocarcinoma cell lines. Many studies
have shown that over-activation of mTOR sig-
naling significantly contributes to the initiation
and development of tumors and mTOR activity
was found to be deregulated in many types of
cancer including non-small cell lung cancer [42-
46], so here we extended our study and detect-
ed the level of critical molecules, such as Akt
(Serd73), mTOR (Ser2448), Raptor (Ser792)
and p70S6K (Thr389) involved in mTOR, espe-
cially mTOR Complex 1 (mTORC1) signaling in
four clinically relevant cell line models. Our data
reinforced our previous findings and further
indicate that the components in mTORC1 most
likely play a significant role in ROR1-induced
migration and invasion in lung adenocarcinoma
cells. Further work needs to be done to explore
the key players in the mTOR signaling pathway.
This could pave the way for ROR1-targeted ther-
apy in lung adenocarcinoma patients, especial-
ly those with EGFR-TKI acquired resistance
either as monotherapy or in combinations
including chemotherapy and/or drugs that tar-
get mTOR signaling transduction pathways.

Recent evidence indicates that EMT of tumor
cells not only causes increased metastasis but
also contributes to drug resistance [47-51]. In
lung cancer, treatments with EGFR tyrosine
kinase inhibitors (EGFR-TKIs) bring significant
benefits for patients harboring EGFR muta-
tions, but the first-generation EGFR-TKIs such
as gefitinib and erlotinib have only achieved lim-
ited clinical benefits because of acquired resis-
tance to such drugs [52-54]. It will be of interest
to know whether ROR1 could overcome EGFR-
TKI resistance via the EMT process in lung can-
cer. In preliminary experiments we have shown
that blocking ROR1 partially overcomes erlo-
tinib-resistance in several erlotinib-resistant
lung adenocarcinoma cell lines (unpublished
data). Further work is needed to provide more
direct evidence to interpret the direct or indi-
rect interactions between EMT and EGFR-TKI-
resistance in lung adenocarcinoma.

In conclusion, our study demonstrated that
ROR1 acted as a key player in mediating tumor
cell migration and invasion through EMT in lung
adenocarcinoma cell lines. Moreover, we pro-
vided in vitro evidence that mTOR, especially
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the mTORC1, signaling pathway plays a central
role in the ROR1-mediated MET process. These
results indicate a potential clinical use of ROR1
as a target in the therapy of lung adenocarci-
noma, regardless of its EGFR-TKI sensitivity
status.
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