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1 | INTRODUCTION

Lung cancer is one of the leading causes of cancer-related death
worldwide, and adenocarcinoma (ADC) is the major histological
type of lung cancer. Approximately 70% of patients are first di-
agnosed with lung cancer at an advanced stage,l'2 which results
in a poor survival rate within 5 years.3 The conventional treat-
ments for lung cancer include surgical resection, chemotherapy,
targeted therapy and immunotherapy. Epidermal growth factor
receptor (EGFR)-tyrosine kinase inhibitors (TKIs) have been used
as targeted therapies in advanced ADC patients harboring EGFR
mutations.* Unfortunately, all drugs inevitably face the problem
of resistance.

Radiotherapy is one of the major therapeutic approaches
in cancer, and more than 50% of patients are treated using this
method.” In the past decade, with advancements in modern radio-
therapy and functional imaging, the application of radiotherapy in
the management of early-stage and advanced-stage non-small cell
lung cancer (NSCLC), including ADC, has been greatly expanded.
The therapeutic effects of radiotherapy arise from its ability to
induce DNA damage in tumor tissues through reactive oxygen
species (ROS) or direct ionization of DNA molecules. However,
biological complexity and cancer heterogeneity contribute to the
development of radioresistance in tumors. Notably, ionizing radia-
tion has been shown to induce a cancer stem cell (CSC) phenotype,
cellular metastasis, epithelial-mesenchymal transition (EMT), and
oncogenic metabolism in cancer cells, which, in turn, contribute to
radioresistance.”®

Karyopherin a2 (KPNA2, also known as importin al) is a
member of the karyopherin o family and mediates the transport
of signal-containing cargo proteins from the cytoplasm to the
nucleus.”!® KPNA2 overexpression has been found in several
types of cancers, such as breast, ovarian, cervical, colon and lung
cancers.''12 Elevated levels of KPNA2 further cause cancer in-

vasion and a poor prognosis in cancer patients.“’13 Previously,

phospholipid scramblase 1 (PLSCR1) are involved in KPNA2-mediated radioresist-
ance. Endogenous PLSCR1 interacting with KPNA2 and PLSCR1 knockdown sup-
pressed the radioresistance induced by KPNA2 expression. Both STAT1 and PLSCR1
were found to be positively correlated with dysregulated KPNA2 in radioresistant
cells and ADC tissues. We further demonstrated a potential positive feedback loop
between PLSCR1 and STAT1 in radioresistant cells, and this PLSCR1-STAT1 loop
modulates CSC characteristics. In addition, AKT1 knockdown attenuated the nuclear
accumulation of KPNA2 in radioresistant lung cancer cells. Our results collectively
support a mechanistic understanding of a novel role for KPNA2 in promoting radiore-

sistance in lung ADC cells.

cancer stem cell, KPNA2, lung cancer, PLSCR1, radioresistance

we identified KPNA2 as a potential biomarker in lung ADC and
observed that KPNA2 overexpression was associated with poor
differentiation, metastasis, and cell growth.14 Our study also
showed that KPNA2 interacts with c-MYC, NBS1, pErk, vimentin,

p53, and E2F1 in lung cancer,>1

which are highly correlated with
radiotherapy response and CSC properties.’”'8 Recently, KPNA2
was reported to respond to radiation exposure in colorectal can-
cer cells.*??° However, the impacts of dysregulated KPNA2 on
radioresistance and CSCs are still not clear, and there is little in-
formation related to lung cancer therapy. Therefore, we aimed
to investigate the role and underlying mechanisms of KPNA2-

mediated radioresistance in lung cancer.

2 | MATERIALS AND METHODS
2.1 | Antibodies

The commercially available primary antibodies used in this study
included the following: anti-KPNA2 (sc-55538), anti-vimentin
(sc-6260), anti-AKT 1 (sc-5298), anti-c-MYC (sc-70469), and
anti-GAPDH (sc-32233), which were purchased from Santa Cruz;
anti-ABCG2 (ab207732); anti-E-cadherin (ab40772), anti-OCT4
(ab19857), and anti-c-MYC (ab32072), which were purchased from
Abcam; anti-phospho-AKT (Ser473; 4060), anti-STAT1 (9176),
and anti-phospho-STAT3 (9145), which were purchased from Cell
Signaling Technology; anti-PLSCR1 (11582-1-AP), anti-histone
3 (17169-1-AP), and anti-KPNA2 (10819-1-AP), which were pur-
chased from Proteintech; and anti-f-actin (MAB1501) and anti-
Myc (05-724), which were obtained from Millipore. The secondary
antibodies used for western blotting included HRP-conjugated
goat anti-rabbit and HRP-conjugated goat anti-mouse IgG anti-
bodies purchased from Cytiva. Immunofluorescence staining was
performed using Alexa Fluor 594- and Alexa Fluor 488-conjugated

secondary antibodies purchased from Molecular Probes.
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2.2 | Celllines and cell culture

The human lung ADC cell line CL1-0, which harbors wild-type EGFR,
was established from a poorly differentiated lung ADC patient?
and generously provided by Professor Pan-Chyr Yang (Department
of Internal Medicine, National Taiwan University Hospital, Taipei,
Taiwan). PE089, a lung ADC cell line with EGFR exon 19 deletion,
was derived from a female lung ADC patient and kindly provided
by Professor Ko-Jiunn Liu (National Institute of Cancer Research,
National Health Research Institutes, Tainan, Taiwan).22 CL1-0 and
PE089 cells were cultured in RPMI 1640 medium (Invitrogen) and
MEM (Invitrogen), respectively. Both culture media contained 10%
FBS (Gibco) and 1% penicillin/streptomycin (Gibco), and the cells
were incubated at 37°C in a humidified atmosphere comprising 95%
air/5% CO,.

2.3 | Establishment of radioresistant lung cancer
cell lines

To establish radioresistant cancer cell lines, X-ray irradiation was ap-
plied as described previously.?® Briefly, cells were exposed to 6 Gray
(Gy) radiation using a Gated RapidArc gamma ray source. Cells with
higher ATP-binding cassette transporter G2 (ABCG2) activity were
isolated via cell sorting using flow cytometry (BD FACSAria Ill Cell
Sorter, BD Biosciences, USA). The detailed procedures for cell sort-
ing are described in Appendix S1.

2.4 | Small interfering RNA transfection

Small interfering RNA (siRNAs) purchased from Dharmacon (Thermo
Fisher Scientific) were used for gene knockdown as described pre-
viously.15 At 24 hours after transfection, cells were harvested for
western blotting or quantitative real-time PCR (QRT-PCR) analysis to
confirm the gene knockdown efficiency. The siRNA sequences used
in this study are listed in Table S1.

2.5 | Plasmid constructs and gene expression

To express KPNA2 in mammalian cells, the open reading frame of
KPNA2 was obtained from CL1-0 cells by PCR, and a tdTomato-
tagged KPNA2 plasmid (tdTomato-KPNA2) and a Myc-tagged
KPNA2 (KPNA2-Myc) were constructed. The open reading frame
of PLSCR1 was isolated from HEK293 cells by PCR amplification,
and the fragment was cloned into a p3xFlag-Myc-CMV-26 expres-
sion vector (Merck KGaA, Darmstadt, Germany) for transient ex-
pression of PLSCR1 in mammalian cells (Flag-PLSCR1). Cells were
transfected with plasmids using TurboFect reagents (Fermentas
Thermo Fisher Scientific) according to the manufacturer’s instruc-
tions. Stable clones expressing KPNA2 (TK4S) were established by
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selection with the antibiotic gentamycin (Sigma-Aldrich, St. Louis,
MO, USA).

2.6 | Clonogenic cell survival assay

Cells were seeded in six-well plates. After culture for 24 h, the cells
were irradiated (2, 4, 6, or 10 Gy) by using a Gated RapidArc gamma
ray source. To assess colony formation, the irradiated cells were cul-
tured for an additional 7-10 days. The colonies were fixed with a 10%
acetic acid/methanol solution and then stained with a 0.5% crystal
violet solution. Colonies containing more than 50 cells were recog-
nized as one colony on images and analyzed under a Lionheart FX
automated microscope (BioTek, Winooski).

2.7 | RNA extraction and quantitative RT-PCR

Total RNA was extracted from ADC cells, and cDNA was prepared
for qRT-PCR analysis as described previously.'® The sequences of

the gene-specific primers used in this study are shown in Table S2.

2.8 | Immunofluorescence assay and image analysis

Immunofluorescence assay (IFA) was performed as described pre-
viously, and the details are provided in Appendix S1. The images
obtained from the IFA were analyzed by using a Zeiss Axio Imager
Z1 microscope (Carl Zeiss, Gottingen, Germany), and the nuclear-
to-cytoplasmic (N/C) ratios representing the subcellular localization
of target proteins were measured under a Lionheart FX automated
microscope (BioTek).

2.9 | Western blotting

Western blotting was carried out as previously described.?* The
western blotting details are provided in Appendix S1.

2.10 | Immunoprecipitation assay

For immunoprecipitation (IP) of endogenous KPNA2 or PLSCR1
from CL1-0 and PE089 cell lines, cell lysates were extracted
in NP-40 lysis buffer (1% NP-40, 20 mmol/L Tris-HCI (pH 7.5),
150 mmol/L NaCl, 1 mmol/L NajVO,, 5 mmol/L EDTA (pH 8.0),
10% glycerol, protease inhibitor cocktail, and phosphatase inhibi-
tor cocktail) and fractionated by centrifugation (10 000 g, 15 min-
utes at 4°C) to obtain cell lysates. Then, 2 mg protein of cell lysates
was incubated with 2 pg of anti-KPNAZ2 antibody (sc-55538), anti-
PLSCR1 antibody (11582-1-AP), control-mouse IgG (sc-2025),
or control-rabbit IgG (12-370) together with 20 pL Dynabeads
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protein G (Invitrogen). All incubations were performed with rota-
tion overnight at 4°C, and the samples were then washed twice
with Tris buffer A (20 mmol/L Tris-HCI (pH 7.5), 150 mmol/L NaCl
(or 50 mmol/L NaCl), and 0.5 mmol/L DTT) and twice with Tris
buffer B (20 mmol/L Tris-HCI (pH 7.5), and 0.5 mM DTT). The re-
sulting protein complexes were eluted with SDS sample buffer and

analyzed by western blotting.

2.11 | Subcellular fractionation

Cells were harvested with trypsin and washed thoroughly with PBS.
The cell pellets were fractionated using the Nuclear Extraction Kit
(Merck KGaA) according to the manufacturer’s instructions. The
fractionation efficacy was confirmed by western blotting using spe-
cific antibodies, including GAPDH (cytoplasmic marker) and histone

3 (nuclear marker).

2.12 | Next-generation sequencing and
bioinformatic analysis

Next-generation sequencing (NGS) was performed as described
in Appendix S1. Differentially expressed genes (DEG) with a two-
fold change between control and treated cells were subjected to
pathway analysis by using QIAGEN Ingenuity Pathway Analysis
(IPA) software. The transcription factors (TF) involved in radiore-
sistance and CSC regulation were predicted by using a manually
curated database of human and mouse transcriptional regulatory

networks, the Transcriptional Regulatory Relationships Unraveled

4 6

Dose of radiation (Gy)

by Sentence-based Text mining (TRRUST; version 2) system (https://
www.grnpedia.org/trrust/).

2.13 | The Cancer Genome Atlas lung
adenocarcinoma data analysis

Clinical information of lung ADC patients deposited in The Cancer
Genome Atlas (TCGA-LUAD; ID: luad_tcga_pan_can_atlas_2018) was
downloaded from the cBioPortal website (https:/www.cbioportal.
org/). The RNA-Seq raw read counts (HTSeq - Counts) of the Genomic
Data Commons TCGA-LUAD were downloaded from the data reposi-
tory of the UCSC Xena browser (https:/gdc-hub.s3.us-east-1.amazo
naws.com/download/TCGA-LUAD.htseq_counts.tsv.gz). We first per-
formed inverse log2(RawCount + 1) transformation to convert the
numeric expression values into integer raw count values. Next, we
used DESeq?2 (1.30.0) to convert the raw read counts into normalized
counts. The ggscatter function of the ggpubr (0.4.0) R package was
used to create scatter plots with the Spearman nonparametric statistic
test.

2.14 | Statistical analysis

Prism 6.0 (GraphPad Software) statistical software packages were
used for data analysis. All of the data are presented as the mean
+ standard deviation (SD) or standard error of the mean (SEM).
Two-way ANOVA and a two-tailed Student’s t test were used for
comparisons between control and experimental groups. Statistical

significance was set at a P-value <.05 (P < .05).
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3 | RESULTS
3.1 | KPNAZ2 expression is positively correlated with
radioresistance in lung adenocarcinoma cells

To investigate the potential role of KPNAZ2 in the regulation of the lung
ADC cell response to ionizing radiation, CL1-0 cells with knockdown or
overexpression of KPNA2 were exposed to different doses of radiation
(0, 2, 4 or 6 Gy) and then assessed in clonogenic cell survival assays.
We determined the efficacy of siRNA-mediated KPNA2 knockdown or
overexpression by western blotting (Figure 1A and B, upper panel). The
colony formation numbers representing cell survival were decreased by
radiation in a dose-dependent manner (0, 2, 4 and 6 Gy). Notably, the
protein expression level of KPNA2 increased for 2 weeks upon irradia-
tion exposure (6 Gy) (Figure S1A). Upon irradiation, the colony number
was significantly decreased for KPNA2-knockdown cells compared with
control cells (Figure 1A, lower panel). Consistently, colony numbers were
increased for KPNA2-expressing cells compared to control cells after ra-
diation exposure (Figure 1B, lower panel). These results collectively sug-
gest that KPNA2 expression promotes radioresistance in lung ADC cells.

3.2 | Radioresistant cell lines exhibit dysregulated
karyopherin a2 expression and cancer stem
cell properties

To establish radioresistant cell lines, we isolated cells with high

ABCG2 activity, a CSC characteristic, from irradiated cells by flow
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cytometry (Figure S1B) and used P2S2 (secondary sorting) when
naming the cell lines. A clonogenic cell survival assay revealed that
radioresistance was, indeed, increased in two sorted cell lines (CL1-0
P252 and PEO89 P2S2) compared with the corresponding control
cell lines (CL1-0 PO and PE089 PO) (Figure 2A and B). We observed
that the mRNA levels of ABCG2, KPNA2, E-cadherin, fibronectin,
and OCT4 were significantly upregulated in these two sorted cell
lines (Figure 2C). In addition, the mRNA level of vimentin was also
upregulated in PEO89 P2S2 cells. These results suggest that high
expression of KPNA2 is positively correlated with CSC- and EMT-
related gene expression in our established radioresistant lung ADC

cell lines.

3.3 | Enhanced nuclear distributions of
KPNAZ2, p-AKT, OCT4, and c-MYC in established
radioresistant cells

Several lines of evidence show that KPNA2 is overexpressed and ac-
cumulates in the nucleus in human cancer cells.**!? Given the func-
tion of KPNA2 in the regulation of nucleocytoplasmic transport, a
possible mechanism is that KPNA2 contributes to radioresistance
through dysregulation of its cargo, such as the CSC markers OCT4
and ¢-MYC.'>% In addition, high activity of AKT/protein kinase B
promotes radioresistance in NSCLC.?¢?8 Therefore, we examined
the subcellular distributions of KPNA2 and these radioresistance-
related factors by using immunofluorescence and high-contentimage
quantification. We observed that the p-AKT and KPNAZ2 signals

(A) CL1-0 (B) PE089
0 4 6 (Gy)
= — e \\‘,

=) o \
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N N
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were enriched in the nuclear fractions of our two established P252
cell lines compared to those of control PO cells (Figure 3A and C).
The quantification of the nuclear and cytoplasmic distributions (N/C
ratio) of interesting targets revealed that P2S2 cells had higher per-
centages of nuclear p-AKT and KPNA2 than control cells (Figure 3B
and D). The enrichment of OCT4 and c-MYC in nuclear fractions was
also observed in P2S2 cells, which supported the positive role of
KPNAZ2 in regulating the nuclear entry of OCT4 and c-MYC in these
radioresistant cells (Figure 3E-H). Although the signals of endog-
enous OCT4 and c-MYC were relatively low, the IP analysis dem-
onstrated positive physical interactions between KPNA2 and these
two endogenous transcription factors in lung ADC cells (Figure 3l).
Consistently, the subcellular fractionation followed by western blot-
ting further showed that the protein levels of KPNA2, OCT4, and
c-MYC in the nuclear fractions were increased in these two P2S2 cell
lines compared with the PO cell lines (Figure 3J). Strong p-AKT sig-
nals were detected in the cytosolic fractions we tested via western
blotting, and we still observed low but enriched signals of p-AKT in
the nuclear fractions of these radioresistant cells. These results sug-
gest that the nuclear accumulation of KPNA2 protein complexes and

p-AKT may contribute to radioresistance in lung ADC cells.

3.4 | KPNA2 knockdown and KPNA2 expression
induce alterations in radioresistance-related
gene expression

Given that dysregulation of stemness-associated and EMT-related

7829 \we examined the

genes is often observed in radioresistant cells,
regulatory effect of KPNA2 on the expression of CSC- and EMT-
related factors by quantitative PCR. As shown in Figure 4A, KPNA2
knockdown reduced the gene expression levels of CSC markers
(ABCG2, OCT4, and c-MYC) in CL1-0 P2S2 cells. Similar results were
observed in KPNA2-knockdown PEO89 P2S2 cells (Figure 4A, lower
panel). We then established CL1-0 lung cancer cell lines with stable
KPNAZ2 expression (TK4S) and a control cell line (T1), and the mRNA
levels of CSC- and EMT-associated genes were measured via gPCR
to further confirm that KPNA2 promoted the gene expression of
ABCG2, OCT4, and c-MYC but reduced the expression of E-cadherin
(Figure 4B). These results support the idea that KPNA2 contributes
to radioresistance by regulating CSC- and EMT-associated gene ex-

pression in lung cancer cells.

3.5 | Identification of the key regulators involved in
KPNA2-mediated radioresistance via next-generation
sequencing combined with bioinformatic analysis

To elucidate the mechanisms underlying KPNA2-mediated radi-
oresistance, NGS was used to identify the DEGs in radioresistant
KPNA2-knockdown cells and KPNA2-expressing cells. Figure 5A
shows the intersection of the DEGs (>2-fold change) that were sig-
nificantly upregulated in radioresistant cells and positively corre-
lated with KPNA2 expression. This analysis revealed that 429 genes
were potentially involved in KPNA2-mediated radioresistance. IPA
showed that several upstream regulators, such as TNF-«, NF-xB, and
STAT1, were involved in the regulation of the expression of the 429
genes (Table 1). The pathway network further demonstrated that ex-
tracellular functions, cytokines, and transcriptional regulators were
major factors involved in promoting radioresistance (Figure 5B).
Consistently, 14 TF, including the two well-known radioresistance-
and/or CSC-related genes STAT1 and SP1,30%5 were predicted to be
the major TF involved in the transcriptional regulation of these 429
DEG according to the TRRUST database (Table S3). These results
support the feasibility of NGS and bioinformatic analysis for iden-
tifying the key regulators involved in KPNA2-promoted radioresist-

ance and CSC properties.

3.6 | STAT1 and PLSCR1 are positively correlated
with dysregulated KPNA2 in radioresistant cells and
adenocarcinoma tissues

Next-generation sequencing combined with bioinformatic analysis
revealed that inflammatory cytokines and interferon (IFN) were
the major upstream regulators involved in KPNA2-mediated radi-
oresistance. Accumulating evidence supports the notion that tar-
geting the IFN/STAT1 pathway would be a strategy to overcome
radioresistance.3® Notably, phospholipid scramblase PLSCR1, an
IFN-inducible gene through STAT1 activation,” was reported as a
KPNA2-interacting protein.®® The PLSCR1-STAT3 heterodimer was
recently reported to induce transcriptional activation of STAT1 in
breast cancer cells.? We then hypothesized that KPNA2 regulates
the nuclear entry of PLSCR1, which increases the STAT1 mRNA level
and, thus, enhances the gene transcription of PLSCR1 in radioresist-

ant lung ADC cells. Immunofluorescence staining showed that the

FIGURE 3 Enhanced nuclear distributions of karyopherin a2 (KPNA2), p-AKT, OCT4, and c-MYC were detected in radioresistant
cells. The subcellular localization of KPNA2, p-AKT, OCT 4, and c-MYC in CL1-0 cells (A, E) and PE089 (C, G) cells was examined via
immunofluorescence assay (IFA) using the indicated antibodies. Scale bars: 10 pm. (B, D, F, H) The distributions of target proteins in the
nuclear (N) and cytoplasmic (C) fractions were analyzed under a Lionheart FX Automated Microscope (n > 500 for each group of cells).
The N/C ratios of KPNA2, p-AKT, OCT 4, and c-MYC in CL1-0 (B, F) and PEO89 (D, H) cells were analyzed. () The physical interaction
between KPNA2 and its potential binding partners. Cell lysates from CL1-0 (left panel) and PEO89 (right panel) cells were prepared

for immunoprecipitation (IP) using anti-KPNA2 antibodies and control IgG, as described in the Materials and Methods. The resulting
immunoprecipitated protein complexes were analyzed by western blotting using anti-KPNA2, anti-OCT4, anti-c-MYC, and anti-GAPDH
antibodies as indicated. GAPDH was used as the internal control. (J) The protein levels of KPNA2, pAKT (Ser 473), OCT4, and c-MYC in the
nuclear fractions were increased in P2S2 cell lines compared with the PO cell lines. The cells were harvested and subjected to subcellular
fractionation, followed by western blotting using the target-specific antibodies as indicated. GAPDH and histone 3 were used as loading
controls for the cytosolic and nuclear fractions, respectively. Cy, cytosolic fraction; Nu, nuclear fraction; Wc, whole cell lysates
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FIGURE 4 Karyopherin a2 (KPNA2) knockdown and KPNA2
expression regulate radioresistance-related gene expression. The
mRNA levels of epithelial-mesenchymal transition (EMT)- and
CSC-related genes in radioresistant KPNA2-knockdown P252
cells (A) and KPNA2-expressing CL1-0 cells (B) were measured by
quantitative RT-PCR. NC, negative control siRNA. T1, tdTomato
control vector. TK4S, tdTomato vector with stable expression of
KPNAZ2. All experiments were performed in triplicate, and data are
presented as the mean + SD. *P < .05, **P < .01, and ***P < .001

nuclear distributions of PLSCR1 and p-STAT3 were enhanced in
CL1-0 P2S2 cells compared to CL1-0 PO cells (Figure 6A, left panel).
Correlation analysis of N/C ratios, representing the subcellular local-
ization, showed a positive correlation between KPNA2 and PLSCR1
in P2S2 cells. A positive correlation was also observed between
KPNA2 and p-STAT3 (Figure 6A, right panel). The co-distribution
of KPNA2 and PLSCR1-p-STATS3 in cytosolic and nuclear fractions
was confirmed by subcellular fractionation assays (Figure 6B). The
IP assay also revealed a positive interaction between endogenous
PLSCR1 and KPNA2 in ADC cells (Figure 6C). As expected, the
mRNA and protein levels of PLSCR1 and STAT1 were significantly
increased in CL1-0 P2S2 cells compared with PO cells, and the up-
regulation of STAT1 and PLSCR1 in KPNA2-expressing cells was also
observed (Figure 6D), suggesting that PLSCR1-STAT1 is involved in
dysregulated KPNA2-mediated radioresistance. To test this possibil-
ity, we first knocked down PLSCR1 in cells with stable expression
of KPNA2, and then performed a colony formation test. Figure 6E
shows that PLSCR1 knockdown suppressed the radioresistance in-
duced by the stable expression of KPNA2 in TK4S cells; this was not
observed in the control T1 cells. Similar results were observed for
the knockdown of PLSCR1 in cells transiently expressing KPNA2-
Myc (Figure 6F). Next, to check whether these phenomena can be
observed in clinical specimens, we analyzed gene expression pro-
files in lung ADC tissues by using the TCGA database. Among 524
lung ADC patients, 61 received radiotherapy, and 411 were docu-
mented without radiotherapy. Positive correlations were observed
for PLSCR1 vs STAT1, KPNA2 vs STAT1, and KPNA2 vs PLSCR1 in
cancerous tissues of these two patient groups (Figure 6G). Notably,
the positive correlation between KPNA2 and PLSCR1 in tissues with
radiotherapy (R = 0.51) was stronger than that detected in tissues
without radiotherapy (R = 0.26). These results collectively sug-
gest a positive role of the PLSCR1-STAT1 loop in KPNA2-mediated
radioresistance.

3.7 | KPNAZ2 promotes radioresistance through
a potential positive feedback loop between
PLSCR1 and STAT1

To confirm the positive feedback loop between PLSCR1 and STAT1,
gene knockdown of PLSCR1 or STAT1 was performed. Figure 7
shows that PLSCR1 knockdown, indeed, reduced the mRNA level
of STAT1 and that STAT1 knockdown caused a reduction in PLSCR1
gene transcription in P2S2 cells. We also observed that the mRNA
levels of KPNA2 were decreased in PLSCR1-knockdown and STAT1-
knockdown radioresistant CL1-0 cells. The protein levels of these
test genes detected by western blotting were consistent with those
obtained from gRT-PCR analysis (Figure 7A and B). Given that
PLSCR1 interacting with KPNA2 and PLSCR1 knockdown reversed
the radiosensitivity in KPNA2-expressing cells (Figure 6), we then
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FIGURE 5 Identification of genes involved in karyopherin a2 (KPNA2)-mediated radioresistance via next-generation sequencing. (A)

The intersection of differentially expressed genes (DEG) obtained by next-generation sequencing (NGS) identified 429 genes involved in
KPNA2-mediated radioresistance. (B) The canonical pathways of IPA were used to identify the key pathways and functions regulated by the
429 DEGs. The blue cruciform represents diseases, and the blue square represents a growth factor. The orange octagon, square, and oval
represent a function, cytokine, and transcriptional regulator, respectively. The crystal hourglass represents canonical pathways. The orange,
blue, and gray dotted lines between nodes indicate activation, inhibition, and correlation or uncertainty, respectively

examined the expressions of EMT- and CSC-related genesin PLSCR1-
knockdown P2S52 cells. Similar to KPNA2-knockdown cells, PLSCR1-
knockdown cells showed reduced levels of ABCG2, vimentin, OCT4,
and c-MYC compared to control siRNA-treated P2S2 cells (Figure 7C
and D). We measured the gene and protein levels of CSC- and EMT-
related factors in PLSCR1-expressing CL1-0 PO cells. We found that
the mRNA levels of ABCG2, E-cadherin, and c-MYC were upregu-
lated in CL1-0 cells expressing Flag-PLSCR1 for 16 hours (Figure 7E,
upper panel). Increased protein levels of ABCG2, E-cadherin, OCT4,
and c-MYC were observed via western blotting analysis after tran-
sient expression of Flag-PLSCR1 for 24 or 40 hours (Figure 7E, lower
panel). Notably, we also detected an increase in STAT1 at the mRNA
and protein levels in these PLSCR1-expressing cells. Finally, our clo-
nogenic cell survival analysis demonstrated that PLSCR1 or STAT1
knockdown reduced radioresistance in P2S2 cells (Figure 7F). These
results collectively support the theory that dysregulated KPNA2
regulates the nuclear entry of PLSCR1 and, thus, sustains the posi-
tive loop between PLSCR1 and STAT1, which, in turn, enhances CSC

properties and radioresistance in lung ADC cells (Figure 7G).

3.8 | AKT1 knockdown attenuates the nuclear
accumulation of KPNA2 in radioresistant lung
cancer cells

AKT activation promotes cell survival, proliferation, glycogen me-
tabolism, anti-apoptosis, and DNA repair.*® Given that the activa-
tion of the PIBK/AKT/mTOR pathway in response to radiotherapy
is identified as a principal mechanism of radioresistance, inhibition
of the PIBK/AKT/mTOR signaling pathway can induce radiosensi-
tization in different types of cancer cells, including NSCLC, which
has been proven in cancer cell lines, tumor xenografts, and a few
phase I/Il clinical trials.** Notably, knockdown of AKT1 but not

AKT2 markedly decreased colony formation growth and migration
in NSCLC cells.*? Herein, we observed that not only enhanced nu-
clear distribution of pAKT (Figure 3) but also an increasing mRNA
level of AKT1 were detected in P2S2 cells compared to that detected
in PO control cells (Figure 8A). To test the possibility that blocking
ATK1 activity overcomes radioresistance by suppressing the nuclear
accumulation of KPNA2, we silenced AKT1 expression by using a
siRNA gene knockdown approach. The knockdown efficacy of AKT1
in PO and P2S2 cells was determined by western blotting. IFA dem-
onstrated that AKT1 knockdown reduced the nuclear distribution of
KPNA2 in P2S2 cells (Figure 8B). The image quantification analysis
and subcellular fractionation assays further showed that the levels
of nuclear KPNA2 were decreased upon AKT1 knockdown in P252
cells (Figure 8C and D). This result supports the theory that sup-
pressing the nuclear accumulation of KPNA2 may be one of the rea-

sons for radiosensitization by inhibiting AKT1.

4 | DISCUSSION

KPNAZ2 has been linked with cancer invasiveness and a poor prog-
nosis in patients, establishing KPNA2 as a potentially relevant thera-
peutic target.'**? The current study reveals a novel potential role for
dysregulated KPNA2 in promoting radioresistance through modula-
tion of CSC-associated gene expression and subcellular localization.
In addition to conventional mechanisms involving ROS and DNA
damage repair, several signaling pathways that regulate stress and
hypoxic and immune responses in the tumor microenvironment also
contribute to radioresistance.®43#¢ In response to radiation, NBS1
is phosphorylated by ATM, and KPNA2 mediates the nuclear entry
of the MRE11-RAD50-NBS1 complex for DNA repair.*’ In addition,
our previous finding showed that hypoxia-induced ATM signaling

promotes KPNA2 transcription in lung ADC cells.?* We herein also
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observed that the level of the DNA damage indicator y-H2AX was increasing KPNA2 expression level was observed at 24 hours after
dramatically increased at 2 hours after cells received 6 Gy treat- 6 Gy radiation exposure, where y-H2AX was restored to the basal
ment, the sublethal dose of radiation for lung ADC cells. Notably, an level (Figure S2). Nevertheless, KPNA2 overexpression in cancerous

TABLE 1 Potential upstream regulators involved in KPNA2-mediated radioresistance

Upstream Molecule
regulator type P-value Target molecules in dataset

TNF Cytokine 1.09E-06 ABCB11, AGER, ANKRD55, BGLAP, C4A/C4B, CARD16, CCL20, CCN4, CD38, CD5,
CD69, CLEC5A, CSGALNACT1, CXCL11, CYBA, CYP27A1, DPP4, EGFR, FERMT1,
FGG, GBP4, HAS2, HNF4A, IDO1, IGFBP2, IGFL1, IL17RB, IL1R2, IL7, IRS4, KLB,
KLRB1, LGALSS, LGR5, LY6D, LY96, MBL2, MET, MMP8, MUC2, MUC4, MYH7, NGF,
NLRP3, NOD2, NOTCH4, NOX4, NR1I3, P2RYé6, PAPPA, PCSK9, SHH, SLPI, SSTR1,
SULT2A1, TAP1, TMEM40, TNFRSF11B, TNFSF11, TNR, TSLP, WFDC12, WFDCS5,
WNT10A, XDH

NF-xB Complex 5.19E-04 AGER, ANXA13, CCL20, CDé69, CD7, CXCL11, EGFR, FGG, HAS2, HNF4A, IDO1, IGFBP2,
IGLL1/IGLLS5, LTA, MBL2, MUC2, NGF, SHH, SLPI, ST18, TAP1, TNFRSF11B, TNFSF11,
TSLP, WNT10A

IFNG Cytokine 2.25E-03 AGER, AIF1, C4A/C4B, CCL20, CD1D, CD38, CLEC5A, CXCL11, CYBA, CYP27A1, DPP4,
FGG, GBP4, GLDN, GRM8, HAS2, HLA-DQA1, HLA-DRB1, IDO1, IL17RB, IL18RAP,
IL7, LIX1, LTA, LY96, MT1H, MUC2, MUC4, NGF, NLRP3, NOD2, NOX4, P2RY6,
PAPPA, SHH, SLAMF1, SLPI, ST18, STING1, TAP1, TMOD1, TNFRSF11B, TNFSF11

OSM Cytokine 3.51E-02 CCL20, CDSN, IL1R2, IL7, KRT16, LY6D, MMP8, NR1I3, PDZK1IP1, PTP4A1, SLPI, TAP1,
TNFRSF11B, TNFSF11, WFDC12, WFDC5, XDH
STAT1 Transcription 3.72E-03 C4A/C4B, CCL20, CXCL11, DPP4, GBP4, HLA-DQA1, IDO1, LY96, MUC4, NOX4,
regulator SERPINB3, SHH, SLAMF8, TAP1, TNFSF11
IL1A Cytokine 8.33E-04 C4A/C4B, CCL20, DPP4, IL1R2, NGF, P2RY6, PDZK1IP1, SSTR1, TNFRSF11B, TNFSF11,
TSLP, WFDC12, WFDC5
IL1B Cytokine 2.11E-05 ABCB11, ACAN, AGER, AlF1, BGLAP, CCL20, CD69, CXCL11, CYBA, DPP4, FGG, HAS2,

HNF1B, HNF4A, IDO1, IL18RAP, IL1R2, IL7, KLRB1, LTA, LY96, MMP8, MUC2, MUC4,
NGF, NLRP7, NR1I3, PAPPA, PTP4A1, SERPINF2, SHH, SLAMF1, ST18, STMNZ2,
TNFRSF11B, TNFSF11, TSLP, XDH

SIM1 Transcription 7.21E-03 AGER, BAG6, CYBA, EGFR, GRM8, MYH7, SHH, SLC17A1, UGT1Aé6, ZG16
regulator
INF-a Group 4.79E-02 CD1D, CD38, CD69, CXCL11, EGFR, IDO1, IGLL1/IGLL5, ILA8RAP, IL7, LILRB4, MYH7,
SHH, STAP1, TAP1
IFNA2 Cytokine 6.39E-03 CD69, CLRN3, CXCL11, DPP4, GBP4, IDO1, LILRB2, LILRB4, MET, TAP1, UGT1A6

FIGURE 6 PLSCR1 and STAT1 are positively correlated with dysregulated karyopherin a2 (KPNA2) in radioresistant cells and
adenocarcinoma (ADC) cancer tissues. (A) The nuclear distributions of PLSCR1 and p-STAT3 were enhanced in P2S2 cells compared to
CL1-0-PO cells. Control PO and radioresistant P252 CL1-0 cells were prepared for immunofluorescence assay (IFA) using the indicated
antibodies. Scale bars: 10 pm. Correlation analysis of the N/C ratios of KPNA2 and its associated proteins (PLSCR1 and p-STAT3) in control
PO and radioresistant P2S2 cells is shown in the right panel. (B) The co-distribution of KPNA2 and PLSCR1-p-STAT3 in the cytosolic and
nuclear fractions were examined by subcellular fractionation followed by western blotting using anti-KPNA2, anti-PLSCR1, and anti-
phospho-STAT3 antibodies as indicated. Cy, cytosolic fraction; Nu, nuclear fraction; Wc, whole cell lysates. (C) To examine the positive
interaction between KPNA2 and PLSCR1 via IP assay, cells were prepared for IP using anti-PLSCR1 antibodies and control IgG as described
in the Materials and Methods. The resulting immunoprecipitated protein complexes were analyzed by western blotting using target specific
antibodies as indicated. GAPDH was used as the internal control. (D) The mRNA and protein levels of STAT1 and PLSCR1 in radioresistant
P2S2 cells and KPNA2-expressing CL1-0 cells were determined by quantitative RT-PCR and western blotting analysis, respectively.
Triplicate qRT-PCR analyses are presented as the mean + SD. *P < .05, **P < .01, and ***P < .001. (E, F) PLSCR1 knockdown suppressed the
radioresistance induced by KPNA2 expression. Clonogenic survival assays were performed with exposure to different doses of radiation (O,
2,4, and 6 Gy) after knockdown of PLSCR1 in cells with stable expression (E, TK4S vs T1) or transient expression (F, KPNA2-Myc vs VC) of
KPNA2. Western blot analysis was used to determine the protein expression level and gene knockdown efficacy of target proteins. Actin
was used as the internal control. NC, negative control siRNA; VC, vector control. The quantification of the clonogenic survival assays is
presented in the right panel. All the data are presented as the mean + SEM. ***P < .001 and ****P < .0001. (G) The correlations of gene sets
(PLSCR1 vs STAT1; KPNA2 vs STAT1; KPNA2 vs PLSCR1) in TCGA lung ADC cancerous tissues were analyzed. The Spearman correlation
coefficient was used to analyze the association between two genes. RT+, with radiotherapy; RT-, without radiotherapy
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FIGURE 7 Karyopherin a2 (KPNA2) may promote radioresistance through a potential positive feedback loop between PLSCR1 and
STAT1. (A, B) PLSCR1 knockdown reduced the mRNA and protein levels of STAT1 and KPNA2. STAT1 knockdown reduced the mRNA and
protein levels of PLSCR1 and KPNA2. CL10-P252 (A) and PEO89 P2S2 (B) cells were transfected with siRNA as indicated. After 24 h, mMRNA
and protein levels of target genes were determined via quantitative RT-PCR and western blotting, respectively. (C, D) The mRNA levels of
ABCG2, vimentin, OCT4, and c-MYC were reduced in PLSCR1-knockdown cells. gRT-PCR analyses are presented as the mean + SD. *P < .05,
**P < .01, and ***P < .001. (E) Overexpression of PLSCR1 regulated epithelial-mesenchymal transition (EMT)- and cancer stem cell (CSC)-
related genes in adenocarcinoma (ADC) cells. CL1-0 cells were transfected with Flag-PLSCR1 and vector control (VC) for the indicated time.
The mRNA and protein levels of EMT- and CSC-related genes were determined via qRT-PCR and western blotting, respectively. Actin was
used as internal control. (F) PLSCR1 or STAT1 knockdown reduced the radioresistance in CL1-0 P2S2 cells. Clonogenic survival assays were
performed on PLSCR1- or STAT1-knockdown cells after exposure to different doses of radiation (0, 2, 4 and 6 Gy). NC, negative control
siRNA. The quantification of the clonogenic survival assays is presented in the right panel. All the data are presented as the mean + SEM.
**P <.01 and ****P < .0001. (G) Proposed mechanisms by which KPNA2 promotes radioresistance in lung ADC cells. Following irradiation,
KPNAZ2, together with its oncogenic cargo proteins, translocates into the nucleus and activates the transcription of downstream effectors,
such as EMT- and CSC-related genes, which, in turn, promote radioresistance. A positive feedback loop between PLSCR1 and STAT1 may
also play a crucial role in sustaining KPNA2-mediated radioresistance in lung ADC cells
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FIGURE 8 AKT1 knockdown attenuates the nuclear accumulation of karyopherin a2 (KPNAZ2) in radioresistant lung cancer cells. (A)

The mRNA level of AKT1 was increased in P252 cells compared to that detected in PO control cells. (B) AKT1 knockdown reduced the
nuclear distribution of KPNA2 in radioresistant P2S2 cells. CL1-0 cells were transfected with negative control (NC) and AKT1 siRNA. After
transfection for 24 h, cells were subjected to immunofluorescence assay (IFA) analysis by using antibodies as indicated. Scale bars: 10 um.
The knockdown efficacy of AKT1 in CL1-0 cells was determined through western blotting analysis. Actin was used as the internal control.
(C) The distributions of KPNA2 protein in the nuclear (N) and cytoplasmic (C) fractions were analyzed under a Lionheart FX Automated
Microscope. Cells were also prepared for subcellular fractionation followed by western blotting. GAPDH and histone 3 were used as loading

controls for the cytosolic and nuclear fractions, respectively

tissues and its positive correlation with a poor prognosis is well doc-
umented, and we also propose that cells with inherently high KPNA2
expression along with CSC properties can be selected by radiation.
This assumption is supported by our observations that both the ex-
pression level and subcellular localization of KPNA2 were dysregu-
lated in P2S2 cells that were established by repeated 6 Gy radiation
treatments at 2-week intervals, and then cells with CSC character-
istics for long-term culture were selected via flow cytometric analy-

sis. These phenomena together support the potential dual role of

radiation in the induction and selection of KPNA2 expression during
the development of radiation resistance.

To the best of our knowledge, we are the first to observe that
radiation exposure induced KPNA2 expression in a dose-dependent
manner in lung cancer cells (Figure S1A), and KPNA2 overexpres-
sion, indeed, promoted radioresistance with increasing expression
of CSC-associated genes (ABCG2, OCT4, and c-MYC) accompanied
by decreasing expression of the EMT-related factor E-cadherin

(Figure 4B). Nuclear accumulation of KPNA2 has been observed



LIAO ET AL.

CREWARSZ Cancer SCience

across cancer tissues of diverse origins.'* It has also been docu-
mented that cellular stress, such as ultraviolet irradiation, heat
shock, and oxidative stress, induces the nuclear import of KPNA2
in cervical cancer cells.*®*° However, whether this stress-induced
nuclear translocation of KPNA2 contributes to the oncogenic roles
of KPNA2 remains unclear. A positive correlation between KPNA2
and OCT4 expression has been identified in NSCLC cells.>® One
recent study also showed that KPNA2 knockdown increased apop-
totic cell death through inhibition of BRCA1 nuclear import follow-
ing radiation exposure in breast cancer cells.?° By virtue of KPNA2
functioning in nucleocytoplasmic transport, a possible mechanism
by which KPNA2 affects radioresistance through dysregulation of
the transportation of CSC-associated cargo proteins, such as OCT4,
c-MYC and PLSCR1, was presented in this study. Specifically, using
radioresistant cell lines as a model, the current study reveals a novel
mechanism by which KPNAZ2 is involved in the aberrant transporta-
tion of PLSCR1 and, thus, affects the transcription of STAT1, one of
the master TF in promoting radioresistance in lung ADC cells.

The microenvironment offers a favorable place for tumor cell
growth and differentiation and further promotes tolerance to radio-
therapy and chemotherapy.®® Cytokines have also been revealed to
be involved in CSC regulation in the cancer microenvironment.3¢ In
our IPA, we found that several upstream regulators were involved
in KPNA2-triggered radioresistance, and most of these regulators
were identified as cytokines. TNF-a has been indicated to be in-
volved in tumor-associated macrophage and CSC signaling pathway
regulation.® In addition, NF-kB has been shown to promote colorec-
tal and breast CSC self-renewal, proliferation, and metastasis.”>>?
NF-xB is a KPNA2 cargo, and our previous study demonstrated that
the nuclear import of NF-kB was inhibited after KPNA2 knockdown
in oral cancer.>® Further study is needed to investigate the regulation
of cytokines by KPNA2 in the promotion of radioresistance in lung
ADC cells.

PLSCR1, a member of the phospholipid scramblase family, is
associated with multiple cellular processes, including cell prolifer-
ation, tumor suppression, transcriptional regulation, autophagy,
and apoptosis.®*>® The expression and activity of PLSCR1 are
regulated by epidermal growth factor (EGF) and cytokines,>*¢°
and EGF stimulation can induce the phosphorylation of PLSCR1
and its association with both EGFR and the adapter protein Shc.%!
Nuclear PLSCR1 has been shown to regulate STAT3 binding to
the STAT1 promoter upon EGF treatment in breast cancer cells.®?
There are no previous studies on the expression levels or biolog-
ical functions of PLSCR1 in lung cancer cells. The current study
demonstrated positive correlations for PLSCR1 vs STAT1, KPNA2
vs PLSCR1, and KPNA2 vs STAT1 in lung ADC tissues. Endogenous
PLSCR1 interacting with KPNA2 and PLSCR1 knockdown, indeed,
suppressed the radioresistance induced by KPNA2 overexpression
in lung ADC cells. Nevertheless, the expression levels of selected
EMT- and CSC-related genes, including vimentin, E-cadherin,
and OCT4 in PLSCR1-knockdown P2S2 cells and/or PLSCR1-
expressing PO cells, were not obviously different, suggesting that
the unidentified factors coordinated with KPNA2-PLSCR1-STAT1

in radioresistance development. Interestingly, KPNA2 was down-
regulated in PLSCR1-knockdown radioresistant CL1-O (EGFR
wild-type) but not PEO89 (EGFR mutation) cells (Figure 7). Some
evidence has indicated that the survival of patients harbor-
ing EGFR mutations may be prolonged by oral treatment with
EGFR-TKIs prior to radiotherapy.®?% Inhibition of the PIBK/AKT/
mTOR signaling pathway induces radiosensitization in NSCLC.*!
Consistently, we found that AKT1 knockdown reduced the nuclear
distribution of KPNAZ2 in radioresistant lung ADC cells, supporting
the theory that suppressing the nuclear accumulation of KPNA2 by
inhibiting AKT may be one of the mechanisms responsible for over-
coming radioresistance. Given that EGF stimulation contributes to
the transcriptional regulation of KPNA2 in lung ADC cells with
wild-type EGFR,® the potential EGF-PLSCR1-KPNA2 and KPNA2-
PLSCR1-STAT1 axes should be points of focus in the near future,
and the accomplishment of these studies will provide mechanistic

insights into radioresistance in lung ADC.
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