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Abstract

Introduction: Radioresistance is a major challenge in lung cancer radiotherapy, and new radiosensitizers are
urgently needed. Estrogen receptor {3 (ERB) is involved in the progression of non-small cell lung cancer (NSCLQ),
however, the role of ER in the response to radiotherapy in lung cancer remains elusive. In the present study, we
investigated the mechanism underlying ERB-mediated transcriptional activation and radioresistance of NSCLC cells.

Methods: Quantitative real-time PCR, western blot and immunohistochemistry were used to detect the expression
of CLPTM1L, ERB and other target genes. The mechanism of CLPTM1L in modulation of radiosensitivity was
investigated by chromatin immunoprecipitation assay, luciferase reporter gene assay, immunofluorescence staining,
confocal microscopy, coimmunoprecipitation and GST pull-down assays. The functional role of CLPTM1L was
detected by function assays in vitro and in vivo.

Results: CLPTM1L expression was negatively correlated with the radiosensitivity of NSCLC cell lines, and irradiation
upregulated CLPTM1L in radioresistant (A549) but not in radiosensitive (H460) NSCLC cells. Meanwhile, IR induced
the translocation of CLPTMI1L from the cytoplasm into the nucleus in NSCLC cells. Moreover, CLPTM1L induced
radioresistance in NSCLC cells. iTRAQ-based analysis and cDNA microarray identified irradiation-related genes
commonly targeted by CLPTM1L and ERB, and CLPTM1L upregulated ERB-induced genes CDC25A, c-Jun, and BCL2.
Mechanistically, CLPTM1L coactivated ERB by directly interacting with ER{ through the LXXLL NR (nuclear receptor)-
binding motif. Functionally, ER@ silencing was sufficient to block CLPTM1L-enhanced radioresistance of NSCLC cells
in vitro. CLPTM1L shRNA treatment in combination with irradiation significantly inhibited cancer cell growth in
NSCLC xenograft tumors in vivo.

Conclusions: The present results indicate that CLPTM1L acts as a critical coactivator of ERB to promote the transcription of
its target genes and induce radioresistance of NSCLC cells, suggesting a new target for radiosensitization in NSCLC therapy.
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Background

Non-small cell lung cancer (NSCLC) remains the leading
cause of cancer-related death worldwide; more than 200,
000 new cases are diagnosed annually, of which 16% of
patients survive longer than 5 years [1, 2]. NSCLC is the
most prevalent histological type of lung cancer, account-
ing for 85% of all cases; it comprises large cell carcin-
omas, squamous cell carcinomas, and adenocarcinomas
[3, 4]. One reason for the low survival rate of this malig-
nancy is the uncontrolled proliferation and metastatic
potential of NSCLC cells [5, 6]. Radiotherapy (RT) is a
powerful modality that is widely used in the clinical
management of NSCLC [7, 8]. However, NSCLC cells
exhibit intrinsic or acquired resistance to RT, which
leads to treatment failure and induces local recurrence
of NSCLC [9, 10]. Hence, the identification of new and
more effective radiosensitizing approaches for the treat-
ment of NSCLC is urgently needed to increase the sur-
vival rate of patients.

Cleft lip and palate transmembrane 1-like (CLPTM1L),
also called cisplatin resistance-related gene 9 (CRRY), is a
62kDa protein of 538 amino acids that was identified
among the genes involved in resistance to the anticancer
drug cisplatin in ovarian cancer cells [11]. It is located at
the 5p15.33 locus near telomerase reverse transcriptase
[12], which was identified as a susceptibility region for
lung and several other cancers [13-19]. CLPTMIL is a
predicted transmembrane protein that is expressed in nor-
mal and malignant tissues including the cervix, lung,
breast, ovary, pancreatic and skin [12, 15, 20-22]. CLPT
MIL is dysregulated in many human lung cancer tissues
and cells [20, 23-28], particularly in NSCLC cells [20, 29—
31]. Although CLPTMIL shows a strong genetic associ-
ation with the development of NSCLC and is closely re-
lated to drug resistance in cancer cells, the role of CLPT
MIL in the response to radiotherapy in NSCLC cells re-
mains undetermined. Furthermore, the mechanism under-
lying the role of CLPTMI1L in promoting NSCLC growth
needs to be addressed.

Estrogen receptors (ERs) are ligand-dependent tran-
scription factors that belong to the subfamily of steroid
receptors [32]. The two isoforms, ERax and ERp, are
encoded by unique genes, although they share a com-
mon structural and functional organization [33]. As
members of the nuclear receptor protein family, ERs are
found mainly in the nucleus and can be activated by
estrogen as well as other coactivators [34—36]. ERa and
ERp are detected in normal and tumor lung tissues [37-
39], and affect survival in lung cancer patients through
promoting the proliferation of cancer cells [40-42]. Re-
cent evidence suggests that ERa and ERP are expressed
in NSCLC cell lines and tissues and play important roles
during cancer development [37, 43-46]. In addition,
ERp is expressed at higher levels than ERa in NSCLC

Page 2 of 19

cells and plays a more important role [34, 47]. ERB and
its agonists are able to promote NSCLC progression
through complicated molecular signaling networks [46,
48]. ERs mediate the radiosensitivity of triple-negative
breast cancer cells [49]. However, whether ERs, espe-
cially ERp, are involved in modulating the radiosensitiv-
ity of NSCLC cells remains poorly understood.

In the present study, we investigated the mechanism
underlying ERB-mediated transcriptional activation and
radioresistance of NSCLC cells. The results show that
CLPTMIL directly interacts with and acts as a coactiva-
tor of the transcription factor ERp, leading to the activa-
tion of ERP target genes in NSCLC cells and thereby
promoting radioresistance. The present findings shed
light on the mechanism underlying the function of ERP
in modulating the radiosensitivity of NSCLC cells, and
suggest a new approach to NSCLC radiotherapy.

Materials and methods

Cell culture and treatment

Non-small cell lung cancer (NSCLC) cell lines H841, H23,
H520, H460, H1299, A549 and H358 were cultured in
RPMI 1640 (Gibco, USA). MDA-MB-231, and HEK293T
cells stably transfected with pcDNA-ERP were cultured in
DMEM (Invitrogen, USA). All cell lines were supple-
mented with heat-inactivated 10% FBS (Gibco, USA), 100
units/ml penicillin, and 100 mg/ml streptomycin and
grown at 5% CO, and 37°C. Cells were collected and
seeded in 6-, 24-, or 96-well plates for 24 h and then trans-
fected with corresponding plasmids or siRNAs using Lipo-
fectamine 2000 (Invitrogen, USA) according to the
manufacturer’s instructions.

Irradiation studies

A Gammacell® 40 Exactor (Atomic Energy of Canada
Limited, Chalk River, ON, Canada) was used for all ex-
periments. For the relative experiments, the cells were
exposed to '*’Cs y-ray irradiation (IR) at a dose rate of
1 Gy/min after 24 h of transfection.

Total RNA isolation and real-time PCR

Total RNA was isolated from cells after 2days of IR
using TRIzol reagent (Invitrogen, USA) according to the
instructions. First-strand ¢cDNA was synthesized with
the PrimeScript reverse transcriptase Kit (TaKaRa Bio,
China). Real-time PCR was performed as described pre-
viously [50]. Primers used in the study were listed in
Additional file 1: Table S1. All experiments were re-
peated 3 times.

Plasmid construction and small interference RNA

The plasmids, such as pcDNA3.1, pCMV-Tag2B,
pET28a, pGEX-4T1, pSilencer 4.1-CMV neo vector,
pGL3-Basic vector and pRL-TK plasmid (Promega,
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Madison, WI, USA) were kept in our laboratory. To
construct a plasmid expressing CLPTMIL, the full-
length ¢cDNA of human CLPTMI1L gene was cloned into
pcDNA3.1 or pCMV-Tag2B to generate pcDNA-CLPT
MIL or pCMV-CLPTMIL. The mutant sequence of
CLPTMIL c¢DNA (with a mutated LXXLL motif) was
cloned into pCMV-Tag2B or pcDNA3.1 to generate
pCMV-CLPTM1L-mut or pcDNA-CLPTMIL-m. And
the full-length ¢cDNA of human ER[} gene was cloned
into pcDNA3.1 to generate pcDNA-ERf. The ERE lucif-
erase reporter (ERE-LUC) was constructed by inserting
estrogen response element (ERE) into the pGL3-Basic
vector [51]. Mutant construct of ERE, carrying a substi-
tution of 6 nucleotides within the core seed sequence of
ERp, was named ERE-LUC-mut. The resulting products
were cloned into the multiple cloning sites of the vec-
tors, such as pCMV-Tag2B, pET28a, pcDNA3.1 and
pGEX-4 T1, respectively. The sequence of CLPTMIL
shRNA (https://www.sigmaaldrich.com/china-mainland.
html) was cloned into pSilencer vector to generate pSi-
lencer-CLPTMI1L (CLPTMI1L shRNA). All the construc-
tions were verified by sequence analysis. The primers for
construction and siRNAs/shRNA used in this study were
described in Additional file 1: Table S1.

Western blot analysis

For western blot analysis, total protein lysate was ex-
tracted from tissues or cells with RIPA buffer (Solarbio)
after 2 days of IR. For relative experiments, the nuclear
or cytoplasmic protein was extracted from cells using
Nuclear Protein Extraction Kit (Solarbio). The protein
samples were subjected to SDS-PAGE and then trans-
ferred to a nitrocellulose membrane, blocked with 5%
non-fat milk, and incubated with primary antibodies for
2h at room temperature. Primary antibodies used were
mouse anti-GAPDH (Proteintech, Cat NO.: HRP-60004),
rabbit anti-CLPTMI1L (ABclonal, Cat NO.: A10468),
mouse anti-ERB (Abcam, Cat NO.: ab288), rabbit anti-
CDC25A (Proteintech, Cat NO.: 55031-1-AP), rabbit
anti-c-Jun (Cell Signaling, Cat NO.: 60A8), mouse anti-
BCL2 (Cell Signaling, Cat NO.: 15071), rabbit anti-
Histone H3 (Proteintech, Cat NO.: 17168-1-AP) and
mouse anti-Flag (ABclonal, Cat NO.: AE004). Then,
treated with secondary antibody diluted in PBS at room
temperature for 1 h. Membranes were washed in PBS-T
and bound antibody was detected by enhanced chemilu-
minescence system Western Blotting Detection Reagents
(Amersham Biosciences, Buckinghamshire, UK). All ex-
periments were repeated 3 times.

MTT assays

Cell growth assays were carried out using MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diph-enyltetrazolium bromide)
reagent (Sigma, USA) as described previously [52]. In
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brief, transfected cells were trypsinized, counted, and
plated into 96-well plates. After IR and incubating differ-
ent time periods, MTT was added directly to each well,
followed by incubation for 4 h, and then the supernatant
was removed and 100 pl of dimethyl sulfoxide was added
to stop the reaction. Absorbance at 490 nm was mea-
sured using an ELISA reader system (Labsystem, Multis-
kan Ascent). All experiments were performed in
triplicate.

EdU assays

Cell proliferation was determined after 2 days of IR by 5-
ethynyl-2'-deoxyuridine (EdU) incorporation assay,
which was carried out using the Cell-Light TM EdU im-
aging detection kit (RiboBio) according to the manufac-
turer’s instructions. All experiments were repeated 3
times.

Colony formation assay

NSCLC cell lines to be tested were trypsinized and dis-
sociated into single-cell suspensions for plating in 6-well
plates (500—800 cells/well). IR (2, 4, 8 Gy) was delivered
to the cells. Tissue culture medium was replenished
every 3 days. After 12 days of IR, we rinsed the cells with
cold phosphate-buffered saline (PBS), followed by fix-
ation with methanol and staining with Giemsa (Sigma-
Aldrich). Digital images of the plates were taken for per-
manent record of colony counting, using Image ]
software.

Apoptosis assay

Cell apoptosis was determined by using an In Situ Cell
Death Detection Kit based on labeling of DNA strand
breaks (Roche, USA) according to manufacturer’s in-
structions. Analysis was performed after 3 days of IR by
light microscopy and the result was quantified through
Image J.

The overlap of CLPTM1L-modulated genes, IR-related
genes, and ERE containing genes

Compared with the control group, cells transfected with
CLPTMIL were used to test the targets modulated by CLPT
MI1L. Then, 4161 CLPTMIL target genes were obtained
from the analysis of iTRAQ-based study for CLPTMIL in
A549 cells (Additional file 1: Table S2). Further screening for
the genes was performed according to the P-value and fold
changes in expression and 233 CLPTM1L-modulated genes
[P <0.05, log;o(FC) < - 0.14 or log;o(FC) > 0.14] (Additional
file 1: Table S3) were obtained for the overlap. In addition,
936 irradiation-related genes [P <0.05, log;o(FC) <-0.2 or
log;o(FC) > 0.2] (Additional file 1: Table S4) were obtained by
gene expression (CDNA) microarray (The Beijing Genomics
Institute, China). According to the GEO DataSets (https://
www.ncbinlm.nih.gov/gds/?term=), 582 ERE-containing
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genes (ERPB-responsive genes, which contained EREs in the
transcription regulatory region and could be regulated by
17B-estradiol in the ERf wild-typed cells but couldn’t be reg-
ulated in the ERB mutated cells) with a P-value cutoff were
used for further overlapping (Additional file 1: Table S6).
The datasets for combined analysis of CLPTM1L-modulated
genes, IR-related genes, and ERE containing genes are pro-
vided in Additional file 1: Table S7.

Chromatin immunoprecipitation assays

Chromatin immunoprecipitation (ChIP) assays were per-
formed using the EpiQuik Chromatin Immunoprecipita-
tion Kit from Epigentek Group Inc. A549 cells were lysed
48 h after transfection (24 h after 4 Gy IR). Protein/DNA
complexes were immunoprecipitated by CLPTMIL or
Flag antibodies, using normal rabbit IgG as a negative
control. The primers used for PCR amplification were
flanking the ERE in the promoters of CDC25A, BCL2, and
c-Jun [53-55]. The antibodies used were rabbit anti-CLPT
MI1L (Abcam, Cat NO.: ab198862) and mouse anti-Flag
(ABclonal, Cat NO.: AE004).

Immunohistochemistry staining

NSCLC tissue microarrays were purchased from Xi’an
Aomei Biotechnology. IHC staining was performed as
described previously [56]. The negative control was per-
formed as above protocol without using primary anti-
body. The staining level of CLPTM1L, CDC25A, BCL2,
and c-Jun was classified into three groups using a modi-
fied scoring method based on the intensity of staining
(0, negative; 1, low; 2, high) and the percentage of
stained cells (0, 0% stained; 1, 1-49% stained; 2, 50—
100% stained). A multiplied score (intensity scorepercen-
tage score) lower than 1 was considered to be negative
staining (-), 1 were considered to be moderate staining
(+), and 2 was considered to be intense staining (++).
Detailed information of the tissue microarray was shown
in Additional file 1: Table S11. For animal assays, tumor
tissue samples were harvested, fixed in 4% paraformalde-
hyde/PBS, dehydrated, embedded in paraffin blocks, and
cut into 4-um-thick sections. Deparaffinized tissue sec-
tions were rehydrated and stained using specific anti-
bodies for CLPTMIL and Ki-67, before incubating and
staining with biotinylated secondary antibodies. Signal
intensity was determined with an avidin-biotin horserad-
ish peroxidase complex and 3, 3'-diaminobenzidine (BD
Biosciences, USA) as the chromogen. Representative
photographs were taken using an Olympus CX31 micro-
scope (Olympus America, Melville, NY, USA), after ana-
lyzing all slides. Primary antibodies used were rabbit
anti-CLPTMI1L (Abcam, Cat NO.: ab198862), rabbit
anti-CDC25A (Proteintech, Cat NO.: 55031-1-AP),
rabbit anti-c-Jun (Cell Signaling, Cat NO.: 60A8), mouse
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anti-BCL2 (Cell Signaling, Cat NO.: 15071) and rabbit
anti-Ki67 (Proteintech, Cat NO.: 27309-1-AP).

Luciferase reporter gene assay

Cells were plated into 24-well plates (3 x 10* cells per
well). After 24 h, the cells were co-transfected with the
pRL-TK plasmids (50 ng per well) containing the Renilla
luciferase gene (Promega, Madison, W1, USA) and ERE-
LUC-wt or ERE-LUC-mut (100ng per well). At 24h
post-transfection, the cells were exposed to 4Gy IR.
Then a standard dual luciferase reporter gene assay was
performed after 24 h of IR, and the results were normal-
ized using pRL-TK. All experiments were performed at
least three times.

Immunofluorescence staining and confocal microscopy
Immunofluorescence staining was performed as described
previously [57]. After 48h of transfection (24h of 4 Gy
IR), the cells were fixed with paraformaldehyde, and
permeabilized with 0.1% Triton X-100 in PBS. After
blocking in PBS containing 3%BSA, the cells were incu-
bated with primary antibodies at room temperature. After
washing with PBS, the cells were incubated with
fluorophore-conjugated secondary antibody (R&D Sys-
tems, USA) and DAPIL After washing with PBS, slides
were mounted with glycerol and observed under a con-
focal microscopy (Leica TCS SP5, Germany). Primary
antibodies used were rabbit anti-CLPTMIL (Sigma, Cat
NO.: HPA014791), mouse anti-ERB (Abcam, Cat NO.:
ab288) and mouse anti-Flag (ABclonal, Cat NO.: AE004).

Coimmunoprecipitation (co-IP) assay and GST pull-down
The cells treated with transfection and 4 Gy IR were har-
vested and lysed in a lysis buffer (50 mmol/L Tris-HClI,
pH 8.0, 100 mmol/L NaCl, 50 mmol/L sodium fluoride,
1% Nonidet P-40, 1 mmol/L dithiothreitol, 1 mmol/L
NazVO, 1 mmol/L Microcystin-LR, 1 mmol/L phenyl-
methylsulfonyl fluoride, 10 mg/mL leupeptin, and 10
mg/mL aprotinin). The lysates were incubated with anti-
bodies/protein G-conjugated agarose beads (Millipore,
USA). The antibodies used were mouse anti-ERB
(Abcam, Cat NO.: ab288) and mouse anti-Flag (ABclo-
nal, Cat NO.: AE004). The precipitates were washed six
times with ice-cold lysis buffer, resuspended in PBS,
followed by western blot analysis. For western blot
analysis, the following antibodies were used: primary
antibody is rabbit anti-ERPp (Proteintech, Cat NO.:
14007-1-AP) and rabbit anti-CLPTMI1L (ABclonal, Cat
NO.: A10468); secondary antibody is [PKine HRP mouse
anti-rabbit IgG light chain (Abbkine, Cat NO.: A25022).
The GST pull-down was performed according to pub-
lished protocols [58]. Glutathione beads were recovered
by a brief centrifugation and washed six times with lysis
buffer, followed by western blot analysis.
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Animal models and treatment

Male athymic (nu/nu) BALB/c mice of 4—6 weeks of age
with an average body weight of 18 g were obtained from
Beijing HFK Bioscience Co., Ltd. (Beijing, China) and
housed in a certified, specific pathogen-free level animal
facility (with individually ventilated cages and independ-
ent ventilation system) at the Institute of Radiation
Medicine (IRM), Chinese Academy of Medical Sciences
(CAMS). All in vivo studies were approved by the Insti-
tutional Animal Care and Use Committee of IRM,
CAMS under the Permit No. 1526, with an approval
date of 16 September 2019. A total of 4 x 10° radiosensi-
tive H460 or radioresistant A549 cells after transfection
were injected into the right anterior armpit of nude mice
to establish lung cancer model according to previous re-
search [59, 60]. IR treatment started when the tumors
reached to an average volume of 200 mm?, as previously
described [61]. All mice were randomized into four
groups (5 mice per group, randomization was assigned
by a computer-based, Excel-generated list of participat-
ing animals) as follows: (1) Control shRNA transfection;
(2) CLPTMI1L shRNA transfection; (3) IR+ Control
shRNA transfection; (4) IR + CLPTMI1L shRNA transfec-
tion. IR was delivered using a lead shield so that one
chest area was irradiated and the other chest area and
the rest of the mouse were shielded. IR was delivered
daily 2 Gy dose on days 10—14 after tumor inoculation
(total of 5 days of treatment), as shown in relevant figure
and legend. All experimental mice were euthanized by
cervical dislocation under anesthesia at the completion
of 30days. Tumor samples were collected for patho-
logical analysis. Tumor volume (V) was monitored by
measuring the length (L) and width (W) using calipers
and calculated according to the formula (L x W2) x 0.5.

Statistical analysis
Each experiment was repeated at least three times. Stat-
istical significance was assessed by comparing mean
values (+ SD) using a Student’s ¢ test for independent
groups and was assumed for P<0.05 (*), P<0.01 (**)
and P < 0.001 (***),

Results

CLPTMI1L induces the radioresistance of NSCLC cells
CLPTMIL is dysregulated in many malignancies, espe-
cially in NSCLC, and promotes the development of
NSCLC [20, 30, 62—65]. However, whether CLPTMI1L is
involved in the response to radiotherapy in NSCLC re-
mains unexplored. To investigate the relationship be-
tween CLPTMIL and radiosensitivity in NSCLC cells,
different NSCLC cells were exposed to 4 Gy of y-ray ir-
radiation (IR), then the viability of the cells and the ex-
pression levels of CLPTMIL in different cell lines were
examined. The results showed that the expression of
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CLPTMI1L was positively correlated with the viability of
NSCLC cells exposed to IR (Fig. la—c). The differences
in CLPTMI1L expression among the cell lines with dif-
ferent radiosensitivities led us to hypothesize that CLPT
MI1L upregulation is positively associated with radiore-
sistance. To test this hypothesis, we examined the rela-
tionship between IR and CLPTMIL levels. The results
showed that y-ray IR upregulated CLPTMIL in a dose-
and time-dependent manner in radioresistant NSCLC
cells (A549), whereas it had no significant effect in
radiosensitive NSCLC cells (H460) (Fig. 1d—e and Add-
itional file 1: Fig. SIA-B). These results identified CLPT
MI1L as a marker gene with a potential function in the
regulation of NSCLC cell radiosensitivity. Additionally,
exposure to IR resulted in CLPTMI1L translocation from
the cytoplasm into the nucleus in A549 and H460 cells
(Additional file 1: Fig. S1C-F), suggesting that CLPT
M1L was able to function in nucleus in NSCLC cells ex-
posed to IR. The results of the EAU assay indicated that
exposure to 4 Gy of y-ray IR combined with CLPTM1L
siRNA decreased A549 cell proliferation, whereas CLPT
MI1L overexpression promoted the growth of H460 cells
exposed to IR (Fig. 1f-g). The results of the MTT assay
demonstrated that CLPTMI1L siRNA decreased the pro-
liferation of IR-treated A549 cells in a time-dependent
manner, whereas CLPTMIL siRNA alone or 4 Gy of y-
ray IR had no significant effect on cell growth (* P<
0.05, ** P<0.01, Student’s ¢ test, Additional file 1: Fig.
S1G). However, overexpression of CLPTMI1L abolished
the effect of IR on suppressing H460 cell proliferation in
a time-dependent manner (* P<0.05, ** P<0.01, Stu-
dent’s ¢ test, Additional file 1: Fig. S1H). CLPTMIL
siRNA increased apoptosis in A549 cells exposed to IR,
whereas CLPTMIL overexpression had the opposite ef-
fect in H460 cells (Additional file 1: Fig. S1I and J). The
results of the clonogenic cell survival assay showed that
CLPTMI1L siRNA radiosensitized A549 cells (Fig. 1h),
whereas CLPTMI1L overexpression rendered H460 cells
radioresistant (Fig. 1li). The interference efficiency of
CLPTMIL siRNA and transfection efficiency of pcDNA-
CLPTMI1L were validated by western blot analysis in the
cells (Additional file 1: Fig. S1K and L). These results
strongly suggest that CLPTMIL is negatively correlated
with the radiosensitivity of NSCLC cells and can induce
radioresistance of the cells.

Identification of candidate targets of CLPTM1L by iTRAQ-
based analysis

Next, we examined the role of CLPTMIL in clinical
samples. The expression level of CLPTMIL in lung
cancer compared with other cancer types was shown
in Additional file 1: Fig. S2A (Barretina dataset ob-
tained from oncomine, https://www.oncomine.org/).
Then, Selamat and TCGA datasets confirmed that
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Fig. 1 CLPTMI1L induces the radioresistance of NSCLC cells. a The cell viabilities of different NSCLC cell lines exposed to 4 Gy of y-ray irradiation (IR) were
examined by colony formation assay after 12 days of IR and expressed as percent change compared with the control group (group without IR). b The
expression levels of CLPTM1L in different NSCLC cell lines exposed to 4 Gy of IR were determined by western blot and real-time PCR analysis and
expressed as fold change compared with the H460 group. ¢ Heatmap showing the relationship between the expression level of CLPTM1L and the
viability of NSCLC cells exposed to IR. d-e The expression levels of CLPTM1L in A549 and H460 cells exposed to various doses of y-ray IR were detected
by real-time PCR and western blot analysis. f The effect of CLPTM1L siRNA and/or 4 Gy of y-ray IR on cell proliferation was measured by EdU assay in
A549 cells. g The effect of CLPTM1L overexpression and/or 4 Gy of IR on cell proliferation was tested by EdU assay in H460 cells. h—i Cells (A549 and
H460) pretreated with CLPTM1L siRNA or pcDNA-CLPTMI1L (24 h) were exposed to IR (0, 2, 4, and 8 Gy). After 12 days, colonies were counted for
quantification. Data are representative of three independent experiments; Student’s t test; * P < 0.05; ** P < 0.01; *** P < 0.001
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CLPTMI1L was expressed at higher levels in lung
adenocarcinoma than in normal lung tissues and was
positively expressed in various NSCLC tissues (Fig. 2a
and Additional file 1: Fig. S2B). Therefore, iTRAQ-
based analysis was performed to identify potential tar-
get genes modulated by CLPTMIL in NSCLC cells
exposed to IR. Among 4161 CLPTMIL target genes
identified in the iTRAQ-based study in A549 cells,
1237 genes were selected based on the P-value (P<
0.05) (Additional file 1: Table S2). Of these, 652 genes
were upregulated and 585 genes were downregulated
in CLPTM1L-overexpressing A549 cells (Fig. 2b). The
distribution of mass and isoelectric point of the pro-
teins is shown in Fig. 2c and d, and analysis of the
parallelism between the groups confirmed the accur-
acy of above results (Fig. 2e—f). In addition, 233
CLPTMI1L-modulated genes were further identified
among the 1237 genes based on fold changes in ex-
pression [log;o(FC) < - 0.14 or log;o(FC) >0.14] as in-
dicated by the volcano plot in Fig. 2g and Additional
file 1: Table S3. Taken together, the results indicate
that CLPTMIL is positively correlated with the devel-
opment of NSCLC, and 233 potential targets of CLPT
MIL are identified by the iTRAQ-based analysis.
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CLPTMI1L expression is positively associated with that of
the ERB-induced genes CDC25A, c-Jun, and BCL2 in NSCLC
Gene expression (cDNA) microarray analysis was per-
formed to identify target genes associated with the radio-
sensitivity of A549 cells, and 936 IR-related genes were
detected in the cells [P<0.05 log;o(FC)<-0.2 or
log1o(FC) > 0.2] (Additional file 1: Table S4). The LXXLL
motif (L, leucine; X, any amino acid) of CLPTMI1L is an
important domain that interacts with the ligand-binding
domain of nuclear receptors [66, 67]. In addition, mass
spectrographic analysis of CLPTMI1L in A549 cells also in-
dicated that CLPTMI1L interacted with several nuclear re-
ceptors including RXRa, RXRP, PPARa, and especially
ERp, the latter of which showed the highest score among
the candidate nuclear receptors (Additional file 1: Table
S5). This suggested that CLPTMIL acted as a transcrip-
tional coregulator to activate ERp target genes in NSCLC
cells. Then, 582 estrogen response element (ERE)-contain-
ing genes (ERpB-responsive genes) (Additional file 1: Table
S6) were obtained from the GEO dataset (https://www.
ncbi.nlm.nih.gov/gds/?term=) and used for further ana-
lysis. Taken together with the data of CLPTMI1L-modu-
lated genes, IR-related genes, and ERp-responsive genes,
the analysis identified 16 potential target genes associated
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with CLPTM1L-induced radioresistance (Fig. 3a and Add-
itional file 1: Table S7). The regulation of the 16 candidate
genes by CLPTMI1L was confirmed by real-time PCR in
A549 cells, and three target genes (CDC25A, BCL2, and
c-Jun) could be significantly downregulated by CLPTM1L
siRNAs in the cells (Fig. 3b). Meanwhile, these genes were
proved to be directly regulated by ERB in A549 and H460
cells (Additional file 1: Fig. S3A-B). Hence, CDC25A,
BCL2, and c-Jun were selected to investigate the effect of
CLPTMIL on ERp-induced gene transcription associated
with radioresistance of NSCLC cells. ChIP assays con-
firmed the interaction of CLPTMI1L with the promoters
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of the three genes in A549 cells (Fig. 3c). IHC staining
showed that the level of CLPTMIL was positively associ-
ated with that of CDC25A (or BCL2 and c-Jun) in 110
cases of NSCLC tissue samples (pairing x> analysis; Fig. 3d
and Additional file 1: Tables S8—S11). Real-time PCR re-
vealed that CLPTM1L mRNA expression was positively
related to CDC25A, BCL2, and c-Jun mRNA expression
in different NSCLC cell lines (P < 0.01; Pearson’s correl-
ation; Fig. 3e—g). Additionally, target proteins with high
levels of expression were associated with poor overall sur-
vival according to the Kaplan-Meier plotter database and
previous report [68, 69] (Additional file 1: Fig. S3C-D).

Negative control CLPTM1L

<
A B @ Control siRNA
CLPTM1L-modulated genes 3.51 A549 @ CLPTMI1L
@ B CLPTM1L siRNAT 096 0196 .
§ 3.0{@ CLPTMIL siRNA2 [
(0] . 0051 ., %
[} o — T
2 2
i) £ 0.04
O © o
v 5 [0)
T g go.03
§L 3
? £ 002
o a
u% 0.01
__~ ERE-containing genes
B __ 0
Irradiation-related genes
. S chip & o S5
A: 8 (3.4%/0.9%) B:8 (3.4%/1.4%) 00 QO (<1
C:30 (3.2%/5.2%) D:16 (6.9%/1.7%/2.7%) S
A549
D BCL2

G
0.521 R*=0.7850
3 P<0.01
Q0.481 R
° oH460 5 0H460
oH520 20441 °H520
°  oH841 3 oH841
° o oH358 040 oH358
oA549 2 7 0 A549
oH23 E 0.081 oH23
H1209 2] 0H1299
o
14

0 . —— . . ,
0 0.04 0.08'0.40 044 0.48 0.52
Relative mRNA levels of CLPTM1L

E F
<052 R*=0,8876 20527 R*=0.8302
S P<0.01 3 P<0.01
Qo0.48 $0.481
o °Hae0 B
Z 0.44 oH520 § 0.44
o oH841 B
20.40 oH358 é 0.40
;Z(co 081 A9 & 0 08::
20. oH23 = /\
20.04 *H1299 Rooa] o
8 &
[0}
@

1L
08 004 008040 044 048 052
Relative mRNA levels of CLPTM1L

o

11
0 0.04 0.08"040 044 0.48 0.52
Relative mRNA levels of CLPTM1L

Fig. 3 CLPTMIL expression is positively associated with the ERB-induced genes in NSCLC. a Venn diagram showing the overlapping target genes of
CLPTM1L, ERB, and IR. b Real-time PCR analysis of the expression of 16 candidate target genes in A549 cells treated with CLPTM1L siRNAs/control
SIRNA and IR. ¢ CLPTM1L binding to the promoters of CDC25A, c-Jun, and BCL2 was examined by ChIP-gPCR assay in A549 cells exposed to IR. d The
expression levels of CLPTM1L, CDC25A, c-Jun, and BCL2 were detected by IHC staining in 110 cases of NSCLC tissue samples using tissue microarray.
Representative images were taken from the same sample in 110 cases of the tissue microarray (see the No.55 case in Additional file 1: Table S11). e-g
Real-time PCR analysis of the correlation between CLPTM1L and CDC25A (or c-Jun and BCL2) mRNA levels in seven NSCLC cell lines exposed to IR
(CDC25A, P< 001, R? = 0.8876; c-Jun, P < 0.01, R? = 0.8302; BCL2, P < 0.01, R? = 0.7850; Pearson’s correlation). All experiments were repeated at least
three times. Statistically significant differences are indicated. Student’s t test; ** P < 0.01




Li et al. Cell Communication and Signaling (2020) 18:152

Meanwhile, our previous study and public datasets (Bhat-
tacharjee dataset obtained from oncomine, https://www.
oncomine.org/) also confirmed the expression levels of the
three targets in different lung cancer tissues [69] (Add-
itional file 1: Fig. S3E—F). These data suggest that CLPT
MIL expression is positively associated with that of the
ERB-induced genes CDC25A, c-Jun, and BCL2 in NSCLC.

Irradiation increases the levels of CDC25A, c-Jun, and
BCL2 by CLPTMI1L in radioresistant NSCLC cells and CLPT
M1L upregulates three target genes through ER(

IR increased CLPTMIL levels in radioresistant A549 cells,
and CLPTMI1L expression was positively associated with
the levels of ERB-induced genes in NSCLC cells. We
therefore examined the effect of IR on the levels of the
three target genes in A549 cells. IR upregulated CLPT
MI1L concomitant with the upregulation of CDC25A, c-
Jun, and BCL2 in a dose-dependent manner in A549 cells,
as determined by real-time PCR (Fig. 4a) and western blot
analysis (Fig. 4b). Meanwhile, IR upregulated CLPTM1L
protein expression in a time-dependent manner, leading
to the upregulation of the three target genes in A549 cells
(Additional file 1: Fig. S4A). Moreover, knockdown of
CLPTMIL abolished the upregulation of target genes me-
diated by IR in A549 cells (Additional file 1: Fig. S4B), and
IR had no effect on the three target genes in H460 cells
(Additional file 1: Fig. S4C), suggesting that IR increased
the CLPTM1L-induced upregulation of CDC25A, c-Jun,
and BCL2 in radioresistant NSCLC cells. Next, we found
that CLPTM1L overexpression upregulated CDC25A, c-
Jun, and BCL2 at the mRNA and protein levels in radio-
sensitive H460 cells (Fig. 4c and Additional file 1: Fig.
S4D). SiRNA-mediated silencing of ERP abolished the IR-
mediated upregulation of the three ERP target genes at
the mRNA and protein levels, whereas it had no effect on
the modulation of CLPTMI1L mediated by IR in A549
cells (Fig. 4d—e). SIRNA-mediated silencing of ERB could
also abolish the upregulation of the three target genes me-
diated by CLPTMIL in H460 cells (Fig. 4f-g), supporting
that CLPTMIL upregulated the three target genes
through ERP. In addition, siRNA for CLPTM1L and ERP
overexpression could both regulate the levels of the three
target genes in A549 cells (Additional file 1: Fig. S4E—H),
further supported that the regulation of the target genes
by CLPTMIL was dependent on ERP and vice versa.
Taken together, these results indicate that IR increases the
levels of CDC25A, c-Jun, and BCL2 by CLPTMIL in
radioresistant NSCLC cells, and CLPTM1L upregulates
the three target genes through ERp.

CLPTMIL activates the promoter of ERB-induced genes

by stimulating the transcription factor ERP in NSCLC cells
According to previous study, the ERP-induced genes
possess functional EREs (estrogen response elements)
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within the transcription regulatory region [51]. We
therefore constructed an ERE luciferase reporter (ERE-
LUC) to test the effect of CLPTMI1L on ERB-induced
transcription. CLPTM1L promoted ERE-LUC activity in
A549 and H460 cells (Fig. 5a), and the result was vali-
dated in HEK293T cells (Additional file 1: Fig. S5A).
Overexpression of CLPTMI1L increased ERE-LUC
activity in a dose-dependent manner in NSCLC and
HEK293T cells, whereas silencing of CLPTMIL de-
creased ERE-LUC activity in A549 cells (Fig. 5b—c and
Additional file 1: Fig. S5B), suggesting that CLPTMI1L
activated EREs in the promoters of ERP target genes in
NSCLC cells. We next cloned an ERE-LUC-mut con-
struct carrying a substitution of six nucleotides within
the core seed sequence of ERB (Fig. 5d), and observed
that CLPTMI1L failed to promote the activity of ERE-
LUC-mut in NSCLC and HEK293T cells (Fig. 5e and
Additional file 1: Fig. S5C). Moreover, ERB knockdown
markedly abolished the CLPTM1L-mediated increase in
ERE-LUC activity (Fig. 5f and Additional file 1: Fig.
S5D). CLPTMIL had no effect on ERE-LUC activity in
ERB-negative cells (MDA-MB-231), whereas it increased
the activity in cells overexpressing ERpP (Fig. 5g). Inter-
estingly, the regulation of ERE-LUC activity mediated by
CLPTMI1L was abolished in ERa-overexpressed cells
(Fig. 5g), suggesting that only ERP was required for the
CLPTMI1L-mediated activation of EREs in the promoters
of target genes. Additionally, siRNA-mediated silencing
of CLPTMIL attenuated ERE-LUC activation induced
by ERpP (Fig. 5h and Additional file 1: Fig. S5E). Overex-
pression of CLPTMIL and/or ERP increased ERE-LUC
activity in NSCLC and HEK293T cells (Fig. 5i and Add-
itional file 1: Fig. S5F). The interference efficiency of
relative siRNAs and transfection efficiency of over-
expression vectors were validated by qPCR analysis in
the cells (Additional file 1: Fig. S5G-I). These results in-
dicate that CLPTMIL activates the EREs in the pro-
moters of ERP-induced genes by stimulating the
transcription factor ERP in NSCLC cells.

CLPTM1L directly interacts with and coactivates ER

Next, we sought to investigate the mechanism by which
CLPTMIL activates ERP. Because CLPTMIL contains a
LXXLL motif, a crucial domain for binding to nuclear
receptors [70], we hypothesized that CLPTMIL interacts
with ERP through this motif. We therefore generated
pCMV-CLPTM1L-mut (CLPTMIL containing a mu-
tated LXXLL motif) (Fig. 6a). Confocal images showed
that CLPTMIL interacted with ERJ, and mutation of
the LXXLL motif abolished the interaction in A549 and
H460 cells (Fig. 6b). According to the result, the nuclear
localization of CLPTMIL in the cells was also abolished
by the mutation, indicating that the LXXLL motif could
be responsible for the translocation of CLPTMIL from
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the cytoplasm into the nucleus in NSCLC cells exposed
to IR. Then the interaction between CLPTMIL with
ERP was confirmed using Co-IP assays and GST pull-
down assays in vivo and in vitro (Fig. 6¢c—d), which

showed that CLPTMIL bound directly to ERB via the
LXXLL motif. ChIP assays showed that both silencing of
ERpB by siRNA and mutation of the LXXLL motif abol-
ished binding of CLPTMIL to the promoters of the
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three ERp target genes in A549 cells (Fig. 6e—f), indicat-
ing that CLPTMI1L interacted with the target gene pro-
moters through ERP via the LXXLL motif. Finally, we
constructed a plasmid encoding the ERP protein fused
to the Gal4 DNA-binding domain to test the interaction
between CLPTMIL and ERB. CLPTMIL significantly in-
creased the luciferase activity of Gal4-ERfB in a dose-
dependent manner, whereas the mutant CLPTMIL
failed to activate it in A549 cells (Fig. 6g). This indicates
that CLPTMIL directly interacts with ERP via the
LXXLL motif to coactivate ERB in NSCLC cells.

CLPTM1L induces the radioresistance of NSCLC cells by
coactivating ER(

Because ERP contributed to the upregulation of target
genes mediated by CLPTMIL and was coactivated by
CLPTMI1L in NSCLC cells, we tested the effects of ERB
silencing or overexpression on CLPTMI1L-modulated
cell radiosensitivity. The results of the EAU assay showed
that treatment with 4Gy of y-ray IR combined with
CLPTMIL siRNA decreased the proliferation of radiore-
sistant A549 cells, and this effect was rescued by overex-
pression of ERB (Fig. 7a). SiIRNA-mediated silencing of
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ERp attenuated CLPTM1L-induced radioresistance in ra-
diosensitive H460 cells (Fig. 7A). This result was con-
firmed by MTT and apoptosis assays (Fig. 7b—c and
Additional file 1: Fig. S6A—B). The clonogenic cell survival
assay showed that ERB overexpression blocked the radio-
sensitization caused by CLPTMIL interference in A549
cells (Fig. 7d), whereas ER silencing abolished the radio-
resistance induced by CLPTMIL in H460 cells (Fig. 7e).
Moreover, the mutated CLPTMI1L failed to modulate the
radiosensitivity of NSCLC cells (Fig. 7b—e and Additional
file 1: Fig. S6A-B). This suggested that CLPTM1L modu-
lated the radiosensitivity of NSCLC cells through ERp.
Additionally, we confirmed that siRNA-mediated knock-
down of CLPTMI1L could be a new approach for sensitiz-
ing NSCLC cells to IR in vitro (Additional file 1: Fig. S6C—
E). In conclusion, CLPTMIL induces radioresistance of
NSCLC cells by coactivating ERf.

Silencing of CLPTM1L sensitizes xenograft NSCLC tumors
to IR in an animal model

To determine whether knockdown of CLPTM1L increases
the radiosensitivity of NSCLC tumors in vivo, we gener-
ated a xenograft tumor model using male athymic (nu/nu)
BALB/c mice (Fig. 8a). Local IR alone inhibited the growth
of xenograft tumors from H460 cells, whereas IR alone
had no significant inhibitory effect on the growth of A549
xenograft tumors (Fig. 8b—d). The combination of CLPT
MI1L shRNA and local IR had a greater effect on reducing
A549 xenograft tumor size than treatment with local IR
alone (Fig. 8b—d). These findings suggested that silencing
of CLPTM1L could overcome acquired radioresistance in
NSCLC tumors in vivo. Immunohistochemical staining
validated the shRNA-mediated CLPTM1L knockdown in
tumors and showed that IR increased the levels of CLPT
MIL in A549 tumors, whereas it had no effect on H460
tumors (Fig. 8e). Assessment of the expression of the cell
proliferation marker Ki-67 in tumors showed that com-
bination of CLPTMIL shRNA and local IR markedly
inhibited the expression levels of Ki-67 in A549 tumors
(Fig. 8e). Finally, real-time PCR showed that local IR alone
significantly upregulated ERB-induced genes in A549 tu-
mors compared with H460 tumors, whereas shRNA
against CLPTMI1L abolished the upregulation of these
genes in A549 tumors (Fig. 8f). The interference efficiency
of CLPTMIL shRNA in tumor cells was detected by west-
ern blot analysis in NSCLC tumors (Additional file 1: Fig.
S7A). Collectively, the present results support that silen-
cing of CLPTMI1L sensitizes xenograft NSCLC tumors to
IR in an animal model, suggesting a new strategy for in-
creasing the radiosensitivity of NSCLC cells.

Discussion
The acquisition of resistance to radiotherapy, which
greatly increases patient morbidity and mortality, is a
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significant problem in the treatment of NSCLC [71, 72].
Therefore, the design of effective treatments capable of
sensitizing radioresistant NSCLC to radiotherapy is an
active research area. ERP, an important member of the
nuclear receptor protein family as well as a crucial tran-
scription factor, is linked to the survival of breast cancer
patients [73-75]. Recently, ERP was shown to affect the
progression of NSCLC by promoting the proliferation,
invasion, and metastasis of NSCLC cells [38, 40, 48].
Many studies have focused on the pathological role of
ERp, which can be activated by estrogen or other ligands
and coactivators, in the development of lung cancer, es-
pecially NSCLC [76-79]. However, whether ERB can
also function in modulating the radiosensitivity of NSCL
C cells remains undetermined. The results of the present
study suggest that ERf signaling is involved in the radio-
resistance induced by CLPTMIL in NSCLC cells.

CLPTMIL is dysregulated in different NSCLC cell
lines and closely related to the development of NSCLC
[20, 30, 65]. In the present study, we showed that CLPT
MI1L was negatively correlated with NSCLC cell radio-
sensitivity, and y-IR upregulated CLPTMI1L in radiore-
sistant NSCLC cells. The radioresistance of cancer cells
is caused by a large number of signaling pathways, of
which, the regulation of irradiation-related genes by IR
plays an important role [80-82]. The expression levels
of multiple irradiation-related genes are able to be regu-
lated by IR in radioresistant cells, but not in radiosensi-
tive cells [83, 84]. CLPTMIL acts as a marker gene,
which can be upregulated by IR in radioresistant NSCLC
cells, implies a potential function in the regulation of
NSCLC cell radiosensitivity.

Next, our results suggested that CLPTMIL induced
radioresistance in NSCLC, and silencing of CLPTMI1L
increased the therapeutic efficacy of IR in radioresistant
NSCLC cells. iTRAQ-based analysis identified potential
targets of CLPTMI1L in NSCLC cells, and ¢cDNA micro-
array analysis identified 936 IR-related genes in NSCLC
cells. In addition, the LXXLL motif of CLPTM1L and
mass spectrographic analysis of CLPTMIL in A549 cells
suggested that the nuclear receptor ERp interacted with
CLPTMIL in the cells. ERax and ERP affect the survival
of lung cancer patients by promoting the proliferation of
cancer cells [85, 86], and ERp is expressed at higher
levels than ERa in most NSCLC cell lines and tissues
during cancer development [76, 87]. Meanwhile, ERP
showed the highest score among the candidate nuclear
receptors interacting with CLPTMI1L according to the
mass spectrographic analysis. Hence, we focused on ERP
in the present study. Since ERP target genes possess
functional EREs within the transcription regulatory re-
gion [51], we identified 582 ERE-containing genes that
could be regulated by ERp as potential ER[} target genes.
The results of combined analysis indicated that 16 IR-
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related genes could be regulated commonly by CLPT
MI1L and ERP. Of the 16 genes, we identified CDC25A,
c-Jun, and BCL2 as CLPTMI1L-modulated ERB-induced
genes in NSCLC cells. We showed that the expression
levels of CLPTMI1L were significantly positively corre-
lated with those of the three identified ERP target genes
in clinical NSCLC tissues and multiple NSCLC cell lines.

These results suggest that CLPTMIL functions in
modulating the transcription of ERP target genes in as-
sociation ~with the regulation of NSCLC cell
radiosensitivity.

Next, we explored the mechanism by which CLPT
MIL regulates ERp target genes in NSCLC cells. We
showed that IR increased the levels of ERpP target genes
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via CLPTMI1L in radioresistant NSCLC cells, and CLPT
MIL upregulated the target genes by stimulating the
transcription factor ERB and increasing the activities of
target gene EREs in NSCLC cells. The LXXLL motif
present in most coactivators is essential for binding to
nuclear receptors and stimulating transcription factors
(66, 88]. We therefore hypothesized that the fragment at
aa 404-408 as the conserved LXXLL sequence of CLPT
MI1L was responsible for the interaction with ERB. We
showed that CLPTMIL directly interacted with ERB via
the LXXLL motif, and CLPTMIL interacted with the
EREs in the promoters of ERB-induced genes through
ERP. In addition, we found that ERa was useless for the
regulation of EREs mediated by CLPTMI1L, supporting
that only ERB was responsible for the CLPTM1L-medi-
ated activation of EREs in the promoters of target genes.
Taken together, the results indicate that CLPTMI1L dir-
ectly interacts with ERpB via the LXXLL motif to coacti-
vate ERp in NSCLC cells.

Increasing evidence supports the crucial roles of
CDC25A, BCL2, and c-Jun in promoting the prolifera-
tion, apoptosis, and radioresistance of lung cancer cells
[89-93]. Here, we provided further evidence that CLPT
MI1L induced radioresistance of NSCLC cells by coacti-
vating ERB and enhancing the expression of ERp target
genes. In vivo studies using radiosensitive H460 and
radioresistant A549 xenografts demonstrated that silen-
cing of CLPTMIL combined with local IR effectively
overcame acquired radioresistance in animal models.
The upregulation and nuclear translocation of CLPT
MI1L mediated by IR led to the radioresistance of NSCL
C cells. Although siRNAs for CLPTMI1L had a basal ef-
fect on growth of NSCLC cells in the absence of IR, the
inhibition of CLPTMI1L was still thought to be a consid-
erable approach for sensitizing NSCLC cells exposed to
IR. In addition, since little expression of CLPTMI1L was
observed in radiosensitive NSCLC cells, the nuclear
translocation of CLPTM1L mediated by IR was not suffi-
cient to induce the radioresistance of the cells. Thera-
peutically, our results provide a new target for
improving the effect of NSCLC radiotherapy.

It has been reported that CLPTMI1L functions mostly
in cell cytoplasm during promoting the growth of cancer
cells [63]. Here, we found that IR was able to induce the
translocation of CLPTMIL from the cytoplasm into the
nucleus in NSCLC cells. Moreover, the LXXLL motif
and mass spectrographic analysis of CLPTMIL revealed
a potential ability of CLPTMIL to interact with many
other nuclear receptors, such as RXRa, RXRP and
PPARa. It has been reported that the nuclear receptors
are involved in modulating the radiosensitivity of cancer
cells during radiotherapy [94-96]. Above all, our results
reveal a new character of CLPTM1L, which functions in
the nucleus through interacting with nuclear receptors
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during NSCLC radiotherapy. Interestingly, there was a
positive correlation between the expression levels of
CLPTMI1L and ERp-induced genes in NSCLC tissues
without IR (Fig. 3D), and siRNAs for CLPTMIL also
had a weak effect on growth of NSCLC cells in the ab-
sence of IR, implying another mechanism of oncoprotein
CLPTMIL in cytoplasm during the modulation of NSCL
C development. This issue needs to be clarified in future
research.

Many coactivators and steroids, especially estrogen,
function in the activation of ERp, which is a ligand-
dependent transcription factor [33, 97]. In the present
study, we showed that CLPTMIL induced ERp target
genes by acting as a coactivator of ERB. We therefore in-
vestigated whether the activation of ERp by CLPTMIL
depended on the presence of estrogen in the cells. We
found that the addition of 17p-estradiol had no effect on
the interaction between CLPTMIL and ERP or that of
CLPTMI1L with the EREs of ERP target genes (Add-
itional file 1: Fig. S7B—C). Moreover, overexpression of
CLPTMI1L and/or addition of 17B-estradiol increased
ERE-LUC activity in NSCLC cells and promoted the
proliferation of cells exposed to IR (Additional file 1 Fig.
S7D-E). Hence, the coactivation of ERp by CLPTMIL
was independent of estrogen.

Although ERP plays an important role in CLPTMI1L-
mediated radioresistance, knockdown of ERP is not a
feasible radiosensitizing method at the moment, because
multiple functions of ERP were still elusive in lung can-
cer. The present results and those of previous studies
suggest that CLPTMIL expression is higher in radiore-
sistant NSCLC cells than in radiosensitive cells, and it is
considerably higher than that in normal cells [30, 98]. IR
upregulated CLPTMIL only in radioresistant cells,
whereas it had no effect in most radiosensitive cells.
Thus, high expression of CLPTMIL in cells and IR-
induced CLPTMI1L upregulation are crucial mechanisms
underlying CLPTM1L-induced radioresistance of NSCL
C cells. This suggests that blocking CLPTMIL can
markedly affect radioresistant NSCLC cells, whereas it
has a weak effect on other cancer cells or normal cells
because of the low levels of CLPTMIL in these cells.
This result supports that inhibitors of CLPTMI1L could
be potent candidate radiosensitizers without significant
toxicities toward normal tissues and cells.

Conclusions

The results of the present study suggest a model, in
which IR upregulates CLPTMI1L and induces the trans-
location of CLPTMIL into the nucleus, which in turn
upregulates the expression of ERB-induced genes by
coactivating ERP through the LXXLL motif, leading to
the radioresistance of NSCLC cells (Fig. 8g). CLPTM1L
is therefore a promising target for overcoming
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radioresistance and restoring radiosensitivity in radiore-
sistant NSCLC. An increasing number of studies are
searching for effective approaches to sensitize radioresis-
tant NSCLC to radiotherapy, and the present findings
suggest a new target as well as a new strategy for in-
creasing the radiosensitivity of NSCLC.
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