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Stable silencing of ROR1 regulates cell cycle, apoptosis,
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Abstract: Lung cancer has the highest mortality and recurrence rate among cancers in the world. Receptor tyrosine
kinase-like orphan receptor 1 (ROR1) has been widely recognized for its role in promoting the growth and metastasis
of lung cancer, but its comprehensive role and molecular mechanisms in regulating cell cycle, apoptosis, and au-
tophagy remain unclear. In this study, a series of ROR1-stably silenced monoclonal clones from lung adenocarcino-
ma cell lines PC9, PC9erlo, and NCI-H1975 were successfully selected and confirmed by qRT-PCR, western blot, and
flow cytometry, and used as cell models in the following assays. Our study clearly shows that blocking ROR1 signifi-
cantly downregulates cell cycle-inducing molecules such as CDK4 and Cyclin E1, and anti-apoptotic molecules such
as Bcl-XL and Bcl-2, while it markedly upregulates pro-apoptotic molecules such as Bak, Caspase-3, and Caspase-7,
which extends our previous observation on the molecular mechanism of ROR1-mediated tumor growth in lung
adenocarcinoma. Our data also show that silencing ROR1 promotes autophagy since the key molecules involved
in autophagy including ATG7, ATG12, BNIP3L, LC3A, LC3B, and NBS1 were up-regulated. We further screened key
phosphokinase signaling pathways downstream of ROR1 in lung adenocarcinoma by a human phospho-kinase
array. Our data indicate that blocking ROR1 could deactivate Akt, then activate GSK-3a/ by de-phosphorylation,
and finally deactivate mTOR. In this way blocking ROR1 could effectively regulate the cell cycle, apoptosis, and au-
tophagy in lung cancer.
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Introduction expressed in several types of hematologic neo-

plasms including chronic lymphocytic leukemia

Lung cancer remains the leading cause of can-
cer morbidity and mortality [1]. In 2018, 2.1
million new lung cancer cases were reported,
accounting for nearly a fifth (18.4%) of cancer
deaths [2]. Although until now ten types of st-
andard therapeutic options including surgery,
radiotherapy, chemotherapy, targeted therapy,
and immunotherapy [3-7] are available for
patients with lung cancer and shown exciting
treatment efficacy in small portion of patients,
especially those with late-stage metastasis,
the overall 5-year survival rate is still poor,
which impels more study on the molecular and
pathogenetic mechanisms of lung cancer [8].

Oncogene receptor tyrosine kinase-like orphan
receptor 1 (ROR1) is expressed during embry-
onic development [9, 10], but found to be over-

(CLL) [11, 12] and acute lymphoblastic leuke-
mia (ALL) [13], and a variety of solid tumors
such as breast cancer [14-16], colorectal carci-
noma [17], ovarian carcinoma [18], melanoma
[19, 20], as well as lung adenocarcinoma [21,
22]. ROR1 has been widely known for its vital
roles in promoting the growth and metastasis
of tumor, inducing drug-resistance and enhanc-
ing apoptosis-resistance, which makes it a fea-
sible target for tumor therapy [23, 24], but little
is known about its roles and downstream sig-
naling cascades in regulating the cell cycle and
autophagy in lung adenocarcinoma.

Autophagy is a cell mechanism by which cellu-
lar components are subjected to the organized
degradation and recycling, which has raised
great interest in its role in tumorigenesis [25,
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26]. Moreover, increasing studies have shown
that cell cycle, apoptosis and autophagy are
closely linked and may positively and negatively
regulate each other [27], so it is interesting to
know whether ROR1 plays a role in regulating
the cell cycle and autophagy. Based on our pre-
vious work which showed that ROR1 protein is
widely expressed in both tissues and cell lines
of lung adenocarcinoma, and that silencing
ROR1 with small interfering RNA (siRNA) can
induce tumor cell death and apoptosis [22, 23,
28], here in this study we continue to investi-
gate the underlying molecular mechanism of
ROR1 in regulating the cell cycle and autopha-
gy in ROR1-stably silenced lung adenocarcino-
ma cell lines.

Materials and methods
Cell Lines and cell culture

Three human lung adenocarcinoma cell lines
were used in our study: the erlotinib-sensitive
cell line PC9 was kindly provided by Dr. Jun
Zhang of Shanghai Pulmonary Hospital; the
primary erlotinib-resistant cell line NCI-H1975
was obtained from the stem cell bank of
Chinese Academy of Sciences. Those two cell
lines were cultured in RPMI-1640 medium
(HyClone, Logan, UT, USA) supplemented with
10% fetal bovine serum (FBS, Transgen, Bei-
jing, China) and 1% penicillin/streptomycin
(HyClone, Logan, UT, USA). The acquired erlo-
tinib-resistant cell line PC9erlo was establish-
ed in our laboratory as reported before [29]
and cultured in complete RPMI-1640 culture
medium containing 2.5 pM erlotinib to main-
tain drug resistance. All the cells were incubat-
ed at 37°C in a 95% humidified air incubator
(Panasonic, Ehime, Japan) containing 5% CO,,.

Infection with lentivirus-mediated small-hairpin
RNA (shRNA)

The packaged lentiviruses containing shRNA
with a specific human ROR1 targeting sequen-
ce [23, 25, 26] (Sense 5-GUACUGCGAUGAAA-
CUUCATT-3’; antisense 5-UGAAGUUUCAUCGC-
AGUACGG-3’) (HBLV-H-ROR1-shRNA1-GFP-PU-
RO, Lv-shROR1, titer 1 x 108 TU/mL) or non-
related shRNA (HBLV-GFP-PURO, Lv-shCon,
titer 2 x 108 TU/mL) were purchased from
HanBio Biotechnology Co. (Shanghai, P. R.
China). Lung adenocarcinoma cell lines PC9,
PC9erlo, and NCI-H1975 were infected with
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Lv-shROR1 or Lv-shCon as below: cells were
seeded in 96-well plates at a density of 3 x
1083 cells/well and infected with lentiviruses at
various multiplicity of infection (MOI) (PC9 MOI
10, PC9erlo MOI 10 and NCI-H1975 MOI 20)
with 5 pg/mL polybrene for 24 h. 1.5 pg/mL
puromycin was used 48 h later to maintain the
selection pressure. The efficiency of lentivirus
infection was determined by green fluorescent
protein (GFP) fluorescence intensity measur-
ed under inverted fluorescence microscope
(Nikon ECLIPSE Ti, Tokyo, Japan). Monoclonal
cells (clones) were selected by finite dilution
method, and PC9 and NCI-H1975 clones were
subcultured in complete RPMI-1640 culture
medium containing 1.5 ug/mL puromycin, and
PC9erlo clones were subcultured in complete
RPMI-1640 culture medium containing 2.5 uM
erlotinib and 1.5 ug/mL puromycin.

Flow cytometry

Cells were collected and washed with phosph-
ate-buffered saline (PBS) at 300 g for 5 min,
then cells were incubated with 5 pg/mL chime-
ric rabbit/human anti-ROR1 monoclonal anti-
body R12 as reported before [30] or normal
human IgG antibodies (Code#: 009-000-003,
Jackson ImmunoResearch Laboratories, Inc.,
West Grove, PA, USA) for 30 min at 4°C. After
washing with flow cytometry buffer (PBS+10%
FBS), cells were further incubated with HA-Tag
(6E2) mouse mAb (Alexa Fluor® 647 Conjuga-
te) (Cat#: 3444, 1:1000, Cell Signaling Tech-
nology, Danvers, MA, USA) for 30 min at 4°C.
Cells were captured on NovoCyte flow cytome-
try (ACEA Biosciences, Inc., San Diego, Califor-
nia, USA) and analyzed with FlowJo-V10 soft-
ware (FlowJo LLC, Ashland, OR, USA). The for-
mula used to calculate the inhibition rate of
ROR1 expression level in different cell lines
was: [value (Lv-shCon) - value (background)] -
[value (Lv-shROR1) - value (background)]/[va-
lue (Lv-shCON) - value (background)] x 100%
(value is the median fluorescence intensity of
ROR1 in different groups).

Western blot analysis

Protein extraction from cell lines was prepared
using RIPA lysis buffer (Beyotime Institute of
Biotechnology, Hangzhou, China) containing 1%
proteinase inhibitor (Millipore, Bedford Park, IL,
USA) and 10% phosphatase inhibitor (Roche
Diagnostics, Basel, Switzerland) and the con-
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centration of protein was analyzed by BCA pro-
tein assay kit (Beyotime Institute of Biote-
chnology, Hangzhou, China). Protein was se-
parated by SDS-PAGE and transferred to 0.45
UM PVDF membrane (Millipore, Bedford Park,
IL, USA). After blocking with 5% skim milk at
37°C for 1 h, membranes were incubated with
antibodies. The first antibodies used in these
studies were ROR1 (D6T8C) (Cat#: 16540,
1:1000), Akt (Cat#: 2920S, 1:2000), P-Akt
(S473) (Cat#: 4060S, 1:1000), GSK-3a/B
(D7503) (Cat#: 5676S, 1:1000), P-GSK-3a/B
(521/9) (Cat#: 8566S, 1:1000), mTOR (Cat#:
2972S, 1:1000), P-mTOR (Ser2448) (Cat#:
55368, 1:1000), CDK4 (D9G3E) (Cat#: 12790,
1:1000), Cyclin E1 (D7T3U) (Cat#: 20808,
1:1000), Bcl-XL (54H6) (Cat#: 2764, 1:1000),
Bak (D4E4) (Cat#: 12105, 1:1000), Caspase-
3 (8G10) (Cat#: 9665, 1:1000), Caspase-7
(D2Q3L) (Cat#: 12827, 1:1000), B-actin (Cat#:
HC201, Mouse, 1:1000) (Cell Signaling Tech-
nology, Danvers, MA, USA) and Bcl-2 (Cat#:
51-6511GR, 1:500; BD Biosciences, Franklin
Lake, New Jersey, USA). The secondary antibo-
dies used in these studies were horseradish
peroxidase (HRP)-conjugated anti-rabbit anti-
body (Cat#: HS101-01, 1:5000) and HRP-con-
jugated anti-mouse antibody (Cat#: HS201-01,
1:5000; Transgen Biotech Co., Ltd., Beijing,
China). Chemiluminescence was detected us-
ing enhanced Pierce ECL kit (Foregene Com-
pany Limited, Chengdu, China). Images were
captured by molecular imager ChemiDoc™
XRS+ Imaging system (Bio-Rad, Laboratories,
Hercules, CA, USA) and analyzed by Image Lab
6.0 software (Bio-Rad, Laboratories, Hercules,
CA, USA).

Quantitative real-time polymerase chain reac-
tion (QRT-PCR)

Cells were seeded in six-well plates and total
RNA was extracted by Trizol reagent (Thermo
Fisher Scientific, Inc., Waltham, MA, USA) and
transcribed into ¢cDNA by SuperScript™ Il re-
verse transcriptase (Thermo Fisher Scientific,
Inc., Waltham, MA, USA). The predesigned
ROR1 primers and human GAPDH endogen-
ous reference genes primers used in the stu-
dy were purchased from Shanghai Bioengine-
ering Co., Ltd. (Shanghai, China) with the pri-
mer sequences: ROR1 upstream: 5-CAGACA-
CAGGCTACTTCCAGTGC-3’, ROR1 downstream:
5-CTCCATATAGACGGTGCGGTTGC-3". The reac-
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tion condition of PCR with PowerUp SYBR
Green master mix (Thermo Fisher Scientific,
Inc., Waltham, MA, USA) was as follows: 94°C
for 2 min followed by 35 cycles of denatur-
ation 94°C for 3 s, and annealing/extension
60°C for 30 s. The relative gene expression
was normalized to internal GAPDH, and the
fold difference in the expression of ROR1 was
calculated by Livak method (224°). All sam-
ples were done in triplicate.

Human autophagy array

Protein extraction from cell lines was perfor-
med as mentioned for western blot assay and
20 human proteins related to autophagy were
semi-quantitatively determined by RayBio® C-
Series Human Autophagy Array 1 (Cat#: AAH-
ATG-1-8, RayBiotech, Inc., Atlanta, GA, USA) fol-
lowing the protocol provided by the manufac-
turer. Briefly, 500 pg of cell lysate protein was
incubated with specific antibodies precoated
on the membrane at 4°C overnight. After wa-
shing, the membrane was first incubated with
biotinylated antibody cocktail at room temper-
ature (RT) for 2 h, then incubated with HRP-
conjugated streptavidin for 1 h at RT. The me-
mbrane was washed and chemiluminescence
was developed by enhanced Pierce ECL kit
(Foregene Company Ltd., Chengdu, China). The
density of each spot pixel on the membrane
was determined by image lab 6.0 software
(Bio-Rad, Laboratories, Hercules, CA, USA) and
calculated by AAH-ATG-1 analysis tools provid-
ed by RayBiotech, Inc. (Atlanta, USA).

Human phospho-kinase array

The relative levels of protein phosphorylation
were determined by proteome profiler human
phospho-kinase array kit (Cat#: ARYOO3B, R&D
Systems, Minnesota, USA). Protein extraction
was performed as mentioned in western blot
assay. Briefly, 400 pg of cell lysate protein was
incubated with the microarrays which have
been precoated with antibodies against 43
kinase phosphorylation sites and 2 related
total proteins at 4°C overnight. After washing,
the microarrays were incubated with biotin-
labeled antibodies at RT for 2 h, then micro-
arrays were incubated with HRP-conjugated
streptavidin at RT for 30 min on a rocking
platform. Chemiluminescence and Density of
spot pixels was measured as mentioned in a
human autophagy array.
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Figure 1. Silencing of ROR1 with lentivirus-mediated shRNA in lung adenocarcinoma cell lines. The infection effi-
ciency was demonstrated by GFP fluorescence intensityunder fluorescence microscope (A) and the relative expres-
sion levels of ROR1 were analyzed by flow cytometry (B). Mock, cells cultured with RPMI-1640 culture medium with
10% FBS alone; Lv-shCon, cells infected with lentivirus containing non-related shRNA; Lv-shROR1, cells infected

with lentivirus containing ROR1-specific ShRNA.

Statistical analysis

Quantitative data were expressed as mean +
SEM of at least three independent experi-
ments. Data were analyzed by one-way ANOVA
(LSD method) or Student t test using Graphpad
prism 7.0a software (San Diego, CA, USA). A
value of P<0.05 was considered significant.

Results

Silencing ROR1 with lentivirus-mediated shR-
NA in lung adenocarcinoma cell lines

In our previous study, we investigated the role
of ROR1 by transiently blocking ROR1 expres-
sion by siRNA. Here we aimed to establish
ROR1-stably-silenced clones from PC9, PC9-
erlo, and NCI-H1975 cell lines, and study the
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long-term effect of ROR1 blocking in lung ade-
nocarcinoma. Our data showed that cells we-
re successfully infected with Lv-shROR1 and
Lv-shCon as demonstrated by GFP expression
under a fluorescence microscope (Figure 1A).
Meanwhile, the ROR1-blocking efficacy of Lv-
shROR1 was verified by flow cytometry with in-
hibition rates of 55% in PC9, 50% in PCQ9erlo,
and 35% in NCI-H1975, respectively (Figure
1B).

Establishment of ROR1-stably-silenced clones
from lung adenocarcinoma cell lines

The ROR1-stably-silenced clones were screen-
ed from cell lines PC9, PC9erlo, and NCI-H19-
75 which have been infected with Lv-shROR1
through the finite dilution method. In total, 13
clones (4 clones from PC9, 4 clones from
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Figure 2. Selection of ROR1 stably-silenced clones from lung adenocar- 1.5 NCI-H1975
cinoma cell lines by western blot. Clones (From left to right: R1, R2, R3,

R4 and R5) were screened from cell lines PC9, PC9erlo, and NCI-H1975 1.09 -
which have been infected with Lv-shROR1 by finite dilution method (A).

The integrated density analysis showed the changes in expression (B). 0.5

Mock, cells cultured with RPMI-1640 culture medium with 10% FBS .
alone; MN, clones selected from cells infected with Lv-shCon; R, clones 0.0~ Y 7
selected from cells infected with Lv-shRORZ. A

PCO9erlo, and 5 clones from NCI-H1975) were
selected, expanded, and prepared for identifi-
cation. Firstly, the protein expression level of
ROR1 was detected by western blot which in-
dicated that the RORZ-inhibition rates were
higher in clones R3 and R4 from PC9, clones
R1 and R2 from PCO9erlo, and clones R3 and
R5 from NCI-H1975 (Figure 2). Next, those six
clones (Clones R3 and R4 from PC9, clones
R1 and R2 from PC9erlo, and clones R3 and
R5 from NCI-H1975) were selected and we
further detected ROR1 mRNA and protein ex-
pressions by gRT-PCR (Figure 3B) and flow
cytometry assay (Figure 3C), respectively. Our
results showed that compared with clones in-
fected with Lv-shCon (MN), the inhibition rates
of surface ROR1 in clones R3 and R4 from
PC9O were 65% and 89%, respectively, clones
R1 and R2 from PC9erlo were 80% and 80%,
respectively, and clones R3 and R5 from NCI-
H1975 were 42% and 33%, respectively. The
data from qRT-PCR also had similar results
which further confirmed that we successfully
established clones with ROR1 stably-silenced
from lung adenocarcinoma cell lines. The fluo-
rescence images of the six clones are shown
in Figure 3A.

Silencing ROR1 downregulates the expression
of cell cycle-related molecules

We and several other groups have shown that
the signal from ROR1 sustains tumor cell pro-
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liferation in lung adenocarcinoma. We wonder-
ed whether ROR1 also plays a role in regula-
ting the cell cycle, thus enhancing tumor cell
growth. Key regulators in the cell cycle were
analyzed by western blot in clone R1 from cell
line PC9erlo. Compared with clone infected
with Lv-shCon (MN), the expression levels of
Cyclin E1 and CDK4, two key players in DNA
synthesis and G1/S-phase progression, were
markedlydown-regulated (Figure 4A, 4B) whi-
ch supported our hypothesis that ROR1 might
play an essential role in lung adenocarcinoma
growth by upregulation of cell cycle related
proteins.

Silencing ROR1 upregulates the expression of
pro-apoptotic molecules

Our previous data have shown that silencing
ROR1 by siRNA induces tumor cell apoptosis in
lung adenocarcinoma [23]. Here, we further
assessed the expression levels of pro- or anti-
apoptotic molecules in clone R1 from PC9erlo.
We found that silencing ROR1 noticeably de-
creased the expression of anti-apoptotic mole-
cules such as Bcl-2 and Bcl-XL, while it upre-
gulated pro-apoptotic molecules such as Cas-
pase-3, Caspase-7, and Bak (Figure 4C, 4D).
Our results reinforced our previous data that
ROR1 induces apoptosis-resistance by regulat-
ing the activity of pro- or anti-apoptotic players
in lung adenocarcinoma cell lines.

Int J Clin Exp Pathol 2020;13(5):1108-1120
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Figure 3. Identification of clones with ROR1 stably-silenced by RT-PCR and flow cytometry. The infection efficiency
of Lv-shROR1 in selected clones (R3 and R4 from PC9, R1 and R2 from PC9erlo, R3 and R5 from NCI-H1975) was
demonstrated by GFP fluorescence intensity under fluorescence microscope (A) and the relative expression levels
of ROR1 were analyzed by gRT-PCR (B) and flow cytometry (C), respectively. Asterisks indicate statistically significant
differences compared with the non-related shRNA group (*P<0.05). Statistical analyses was performed using one-
way ANOVA (LSD method) (R3 and R4 from PC9, R1 and R2 from PC9erlo, R3 and R5 from NCI-H1975 compared
with MN). Mock, cells cultured with RPMI-1640 culture medium with 10% FBS alone; MN, clones selected from cells
infected with Lv-shCon; R, clones selected from cells infected with Lv-shROR1.
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Figure 4. ROR1 regulates cell cycle- and apoptosis-related molecules. The expression levels of ROR1 and cell cycle-
related molecules (A) and apoptosis-related molecules (C) and B-actin were detected by western blot. The integrated
density analysis showed the changes of expression (B, D). Asterisks indicate statistically significant differences com-
pared with the non-related shRNA group (*P<0.05). Statistical analyses were performed using Student’s T test (R1
compared with MN). Mock, cells cultured with RPMI-1640 culture medium with 10% FBS alone; MN, clone selected
from PC9erlo cell lines infected with Lv-shCon; R1, clone 1 selected from PC9erlo cell lines infected with Lv-shROR 1.

Silencing ROR1 upregulates the expression of
molecules involved in autophagy

Autophagy is an evolutionarily-conserved and
genetically programmed lysosomal degrada-
tion pathway, but its role in cancer still needs to
be clarified. Increasing evidence demonstrates
the intimate interactions among the cell cycle,
apoptosis, and autophagy. Hence, it is interest-
ing to know whether blocking ROR1 can regu-
late autophagy. In this study, we screened 20
autophagy-related proteins in clone R1 from
PCO9erlo by a commercially available human au-
tophagy array kit and found that several play-
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ers in the autophagy process such as autopha-
gy-related gene 7 (ATG7), ATG12, LC3A, LC3B,
BNIP3L, and NBS1 were relatively upregulated
after ROR1 was silenced (Figure 5).

Screening of ROR1-mediated phospho-kinase
signaling pathways in lung adenocarcinoma
cell lines

Although the downstream signal cascades of
ROR1 have been reported in several groups
including ours [22, 23, 28, 31], the overall
screening of key phospho-kinase signaling pa-
thways downstream of ROR1 in lung adenocar-
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Figure 5. ROR1-silenced induces autophagy. Twenty autophagy-related proteins were screened in clone R1 from
PC9erlo by a commercially available human autophagy array kit (A). The relative expression levels of autophagy-
related proteins were graphed (B). MN, clone selected from PCOerlo cell lines infected with Lv-shCon; R4, clone 1

selected from PCQerlo cell lines infected with Lv-shROR 1.

cinoma has not been reported yet. In this stu-
dy, we use a human phospho-kinase array to
simultaneously detect the relative phosphory-
lation levels of 43 human protein kinases in
clone R1 from PCO9erlo cell lines. We found that
after ROR1 blocking, the phosphorylation lev-
els of GSK-3a/B (S21/S9) and Akt123 (S473)
were down-regulated (Figure 6A, 6B). We fur-
ther detected the activity of key molecules in
the Akt/GSK-3a/B/mTOR pathway by western
blot assay, and found that the phosphoryla-
tion levels of GSK-3a/B (S21/S9), Akt1/2/3
(8473), and mTOR (Ser2448) were significant-
ly reduced after ROR1-silencing (Figure 6C).

Discussion

Although it is well known that ROR1 plays im-
portant roles in tumor growth, metastasis, and
drug-resistance, most of those studies em-
ployed siRNA strategy to silence ROR1 tran-
siently, thus, not reflecting the long-term effe-
cts of ROR1 blocking in tumors [23, 28]. Th-
erefore, in this study we used lentivirus-medi-
ated shRNA instead of siRNA to silence ROR1
permanently and a series of ROR1-stably-sil-
enced clones from lung adenocarcinoma cell
lines PC9, PC9erlo, and NCI-H1975 were sele-
cted, identified, and used as cell models for
follow-up functional study.

Our previous data have demonstrated the cell-
proliferating role of ROR1 in lung adenocarci-
noma, but little is known about the expression
patterns of apoptotic- and cell cycle-related
molecules after ROR1 blocking [23]. In this
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study, the data clearly showed that pro-apop-
totic molecules including Bak, Caspase-3, and
Caspase-7, were significantly upregulated, whi-
le anti-apoptotic molecules including Bcl-2 and
Bcl-XL, were markedly downregulated in ROR1-
stably-silenced clones, which extend our previ-
ous observations and further explore the mo-
lecular mechanism of ROR1-mediated apopto-
sis-inhibition in lung adenocarcinoma. We also
detected the expression levels of key cell cycle
regulators and found that the expression levels
of CDK4 and Cyclin E1 were significantly redu-
ced after ROR1 blocking. It is well known that
CDK4 associates with cyclin D along with its
inhibitors. After stimulation by extracellular mi-
togenic stimuli, the inhibitor will be released
and the active complex of CDK4/cyclin D can
phosphorylate retinoblastoma protein (Rb), al-
lowing subsequent activation of the Cyclin E/
CDK2 complex [32, 33]. Cyclin E/CDK2 further
phosphorylates Rb to activate G1/S-phase ge-
ne expression. Our study indicates that ROR1
enhances tumor cell proliferation partly by up-
regulating the activity of CDK4 and Cyclin E1
which sequentially removes the inhibitors in-
volved in transcription of genes required for
DNA replication, thereby allowing cell survival
and proliferation [34].

Autophagy is a ubiquitous highly conserved
pathway in eukaryotic cells whereby cytoplas-
mic components are catabolically degraded in
lysosomes for recycling [25, 26]. Autophagy
may function as a tumor-suppressive mecha-
nism during early tumorigenesis [26], but its

Int J Clin Exp Pathol 2020;13(5):1108-1120
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role in advanced tumors is dependent on the
context [35]. Increasing studies have suggest-
ed that autophagy, the cell cycle, and apopto-
sis are coordinated and reciprocally regulated.
It was reported that blocking CDK4/6 by siRNA
or chemical inhibitors promotes autophagy in
multiple cancer cells [36, 37] and autophagy
plays important roles in regulation of cell de-
ath, especially apoptosis-signaling pathways
[38, 39]. For example, anti-apoptotic Bcl-2 pro-
teins (Bcl-2, Bcl-XL) interact with Beclin-1 to
impede autophagy [40-42]. As we have shown
above that ROR1 upregulated the cell cycle but
downregulated apoptosis, it would be interest-
ing to know whether ROR1 participates in the
process of autophagy and how it works in lung
tumorigenesis and progression. In this study
we first screened 20 human autophagy-rela-
ted molecules by a commercially available hu-
man autophagy array, and found that autopha-
gy-related molecules including ATG7, ATG12,
BNIP3L, LC3A, LC3B and NBS1 were mildly or
significantly increased in ROR1-stably-silenced
cell lines. Although until now we still cannot
explain the exact role of ROR1-mediated auto-
phagy in the pathogenesis of lung cancer, its
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Figure 6. Screening ROR1-mediated phospho-kinase signal-
ing pathways. Detecting the relative phosphorylation levels
of 43 human protein kinases in clone R1 from PC9erlo cell
lines by a human phospho-kinase assay kit (A). The relative
expression levels of Akt and GSK-3a/3 were graphed (B).
The phosphorylation levels of Akt, GSK-3a/B, mTOR and
B-actin were detected by western blot (C). MN, clone selected
from PCOerlo cell lines infected with Lv-shCon; R4, clone 1
selected from PC9erlo cell lines infected with Lv-shROR1.

occurrence is to a certain extent in accord-
ance with ROR1-mediated anti-apoptotic and
proliferation-enhancing roles which deserve
further study.

ROR1-mediated downstream signaling casca-
des in tumors have been reported in several
studies including ours [22, 23, 28, 31], but the
overall screening of key phosphokinase signal-
ing pathways downstream of ROR1 in lung ade-
nocarcinoma has not been reported yet. In this
study, we analyzed the signaling consequen-
ces of RORZ-silencing in PC9erlo cells with an-
tibody-based phospho proteomics. We found
that the phosphorylation levels of GSK-3a/f3
(821/S9) and Aktl1/2/3 (S473) were signifi-
cantly decreased which was further verified in
ROR1-knockout cell line PCQerlo by western
blot assay. GSK-3 is a serine/threonine kinase
which has two isoforms GSK-3a and GSK-3f3
[43]. GSK-3 was originally demonstrated to
play an important role in regulating glycogen
synthesis, but recent studies found that GSK-
3 also regulates the cell cycle, apoptosis and
autophagy [44, 45]. In our previous studies, we
have shown that the Akt/mTOR signaling cas-
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Figure 7. Schematic representation of the proposed mechanism of ROR1 in lung adenocarcinoma cell lines.

cade is one of the key pathways downstream
of ROR1. It is well known that mTOR is the
most extensively investigated down-regulator
of autophagy [46, 47] which could partly ex-
plain the autophagy-enhancing role of ROR1-
silencing in our observation. Here our data
extend our previous study and further indi-
cate that blocking ROR1 could deactivate Akt,
then activate GSK-3a/B via de-phosphoryla-
tion, and finally deactivate mTOR. In this way
blocking ROR1 could effectively regulate cell
cycle, apoptosis, and autophagy in lung cancer
as shown (Figure 7).

In summary, we have successfully established
a batch of ROR1-stable-silenced clones with
lentivirus-mediated shRNA instead of siRNA
from lung adenocarcinoma cell lines PC9,
PCO9erlo, and NCI-H1975 which provides an
effective cell model to comprehensively study
the molecular mechanisms of ROR1 in lung
adenocarcinoma. We found that ROR1 enhan-
ces lung adenocarcinoma growth by regulating
the activity of key molecules regulating the
cell cycle, apoptosis and autophagy, and that
the Akt/GSK-30/B/mTOR signaling cascade is
the central pathway involved in ROR1-mediat-
ed pathogenesis which deserves further clarifi-
cation and at the same time, paves a path for
development of small molecules against the
key molecules downstream of ROR1 in lung
adenocarcinoma.
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