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Nuclear export protein CSE1L
interacts with P65 and promotes
NSCLC growth via NF-kB/MAPK pathway
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Non-small cell lung cancer (NSCLC) is characterized with high
morbidity and mortality, mainly due to frequent recurrence
and metastasis. However, the underlying molecular mechanisms
of NSCLC tumorigenesis are largely unclear. Through data min-
ing in the ONCOMINE and Gene Expression Omnibus (GEO)
databases, the expression of CSEIL (chromosome segregation
like 1 protein/CAS), an exportin, was identified to be signifi-
cantly upregulated in NSCLC and positively associated with
poor prognosis of patients. By use of in vitro and in vivo gain-
and loss-of-function experiments, we found that CSE1L can pro-
mote NSCLC cell proliferation while inhibiting cell apoptosis.
Through immunoprecipitation and mass spectrometry experi-
ments, we demonstrated that CSEIL interacted with RELA
(named as P65) and affected its location in the nucleus. More-
over, we found that one of the mechanisms by which CSEIL pro-
motes proliferation and inhibits apoptosis is through activating
the nuclear factor-kB (NF-kB)/mitogen-activated protein kinase
(MAPK) signaling pathway. In summary, our findings indicated
an oncogenic role of CSE1L in NSCLC tumorigenesis.

INTRODUCTION

According to global cancer statistics, lung cancer is the most
commonly diagnosed cancer and the leading cause of cancer death.’
Non-small cell lung cancer (NSCLC), including squamous cell carci-
noma, adenocarcinoma, and large cell carcinoma, accounts for
approximately 85% of lung cancer cases.>” Recently, molecular-tar-
geted therapies, such as epidermal growth factor receptor (EGFR)
gene mutations and anaplastic lymphoma kinase (ALK) gene rear-
rangement,>” have opened a new era in the management of lung can-
cer.® However, due to the lack of therapeutic means, non-resectable
and recurrent lung adenocarcinoma mostly have an unfavorable
prognosis and a low survival rate.” Hence, it has been an urgent
need to identify potential therapeutic targets in order to improve
the outcome of NSCLC.

Small molecules tend to passively diffuse through the nuclear pore
complex (NPC), whereas larger cargoes, such as mRNA and specific

proteins, require various transport receptors.®” Nuclear transport re-
ceptors (NTRs) are also called karyopherins, including importins, ex-
portins, and transportin(s). There are more than 20 kinds of NTRs in
eukaryotes.'”'" Export and import of mRNA and specific proteins
from the nucleus is a key step in intracellular signaling and affects
cell proliferation or apoptosis. Cancer cells facilitate nuclear-cyto-
plasmic transport through the NPC to stimulate tumor growth and
effectively evade apoptosis.'> NTRs inhibitors have shown preclinical
anticancer activity and been considered as potential therapeutic tar-
gets in cancer treatment."” The development of specific inhibitors
for importins is challenging, and many efforts have been made for
their transition into clinical trials.'* In contrast, the development of
exportin inhibitors has evolved at a quicker pace. XPO1 (exportin-
1/chromosome region maintenance 1/CRM1) is the main mediator
of nuclear export in many cell types,'” and its inhibitor Selinexor
was approved by the FDA approval in the treatment of multiple
myeloma (MM) and diffuse large B cell lymphoma (DLBCL)."® Tar-
geting the key mediators of nucleocytoplasmic transport in cancer
cells represents a novel strategy in cancer intervention and possesses
the potential for clinical trials.

Here, the ONCOMINE database (https://www.oncomine.org/
resource/login.html) and Gene Expression Omnibus (GEO) database
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi) were utilized to
screen NSCLC-related NTRs, and CSE1L (chromosome segregation
like 1 protein) was found out to be the best candidate. We found
that CSE1L expression was upregulated in human NSCLC tissues
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Figure 1. CSE1L is upregulated in NSCLC and correlated with the poor outcome

(A) The survivals of CSE1L in GEO: GSE30219. (B) The survivals of CSE1L in GEO:

GSE13213. (C) The expression of CSE1L in 59 normal tissues and 503 lung adeno-

carcinoma patients TCGA cohort (left), and the correlation between CSE1L mRNA levels and NSCLC patients’ TNM stages (right). (D) The representative of IHC staining
images for CSE1L of tumor and adjacent tissues are shown in the left and the statistics scores is in the right. (E) The CSE1L mRNA levels were quantified in 67 pairs of NSCLC
tissues and noncancerous by using real-time PCR (left), and the fold changes of CSE1L expression in 67 paired tissues (right). Error bars represent the SEM and the min to

mix. *p < 0.05; **p < 0.01.

and its high expression correlated with a worse outcome. Next, we
manipulated CSE1L expression and assessed the effects on cell
proliferation, apoptosis, and tumor growth in vitro and in vivo. Me-
chanically, coimmunoprecipitation (coIP) and proteomic analyses
we identified implied that CSE1L interacted with P65 and affected
its expression and nuclear stabilization. Lastly, the mitogen-activated
protein kinase (MAPK) signal pathway responsible for P65 regulation
in response to CSE1L-induced tumor progression was also explored.
In summary, the nuclear exportin CSE1L may serve as a potential
therapeutic target in NSCLC.

RESULTS

CSE1L upregulated in NSCLC and associated with poor
outcomes

We screened NSCLC-related NTRs by utilizing the ONCOMINE
database and GEO database. First, we analyzed the mRNA expression
of 24 NTRs in lung cancers from the ONCOMINE database. 7 NTRs
(KPNA2, TNPOI, IPO13, XPO1, CSEIL, XPO5, XPOT) exerted
higher mRNA expression in patients with lung cancer, while 17
NTRs (KPNA1, KPNA3, KPNA4, KPNA5, KPNA6, KPNBI,
TNPO2, TNPO3, IPO4, IPOS5, IPO7, IPOS, IPO9, IPO11, XPO4,
XPO6, XPO7) showed no significant difference in expression
compared with normal lung tissues (Figure S1A). Next, we analyzed
the clinical relevance of the 7 nuclear transporters in the GEO data-
base (GEO: GSE30219 and GSE13213) and found that higher expres-
sion levels of CSE1L and XPO5 were significantly associated with a
worse outcome of lung cancer patients (Figures S1B and S1C; Figures
1A and 1B), However, there is no significant difference between the
patient outcome and expression levels of expression level of
KPNA2, TNPO1, XPO1, and XPOT in GEO: GSE30219 cohort and

24 Molecular Therapy: Oncolytics Vol. 21 June 2021

IPO13 in GEO: GSE13213 cohort. Taken together, the results re-
vealed that higher expression of CSEIL and XPO5 might associate
with the lung cancer. XPO5 has been reported to promote lung cancer
cell proliferation and apoptosis previously,'””'® while the role of
CSE1L in NSCLC remains unknown. Therefore, CSE1L was selected
for further investigation in the current study.

To further assess the clinical significance of CSEIL, we examined the
correlation between CSEIL mRNA expression levels and NSCLC
clinicopathological features in an independent The Cancer Genome
Atlas (TCGA) cohort with 503 lung adenocarcinoma patients. The
expression of CSE1L was observed to be highly increased in tumor tis-
sues compared with adjacent non-tumor lung tissues. Importantly,
increased CSE1L expression was positively correlated with advanced
pathological tumor node metastasis

(TNM) stages (Figure 1C). Next, we examined CSE1L protein by
immunohistochemistry (IHC) assay in a NSCLC tissue microarray,
which contained 100 pairs of NSCLC tissues and matched normal tis-
sues. The representative IHC staining results are shown in Figure 1D.
The THC results showed that CSE1L was significantly overexpressed
in tumor tissues compared to the matched normal tissues. However,
the clinical analysis showed that the protein expression level of CSE1L
had no correlation with gender, age, histological grade, clinical stage,
and T/N stage (Table S1). Next, we analyzed CSE1L mRNA expres-
sion level in another 67-pair human NSCLC and their corresponding
noncancerous lung tissues by real-time polymerase chain reaction
(PCR). Compared with corresponding noncancerous tissues, CSE1L
was significantly upregulated in NSCLC tissues. Moreover, the
mRNA expression level of CSE1L was upregulated in 80.6% (54/67)
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of NSCLC cases (Figure 1E). The mRNA expression level of CSEIL
had no correlation with other clinicopathologic characteristics (Table
S2). To investigate the functional roles of CSE1L in NSCLC cells, we
detected the mRNA and protein levels of CSE1L in NSCLC cell lines
(Figures S2A and S2B). Taken together, our data showed that CSE1L
was highly expressed in NSCLC and associated with poor outcomes.

CSE1L exerted a promoting effect on NSCLC in vitro and in vivo
First, we attenuated the expression of CSEIL using small interfering
RNAs (siRNAs; Figure 2A) and established stable cellular models of
CSE1L overexpression in A549 and H292 cell lines (Figure 3A). Cell
Counting Kit-8 (CCK-8) assays indicated that CSE1L knockdown
significantly inhibited the proliferation of NSCLC cells (Figure 2B),
whereas overexpression of CSEIL substantially promoted the prolifer-
ative abilities (Figure 3B). Cell-cycle analysis demonstrated that the
percentage of cells in G2/M phase increases in H1299 cells and the per-
centage of cells in S phase reduces in PC-9 cells after CSE1L knock-
down (Figures 2C and 2D), whereas the percentage of cells in G0/G1
and S phase increases and G2/M reduces in A549 cells upon CSEIL
overexpression (Figure 3C). Moreover, knockdown of CSEIL signifi-
cantly inhibited the cell migratory and invasive potential in PC-9 and
H1299 cells (p < 0.05, Figures S3A and S3B). Moreover, we established
stable cellular models of CSEIL knockdown in H1299 and PC-9 cell
lines (Figures S2C and S2D) and found that knockdown of CSE1L in-
hibits cell growth, whereas CSE1L overexpression shows the opposite
result (Figures 2E and 3D). Moreover, CSE1L knockdown promoted
apoptosis, whereas CSEIL overexpression suppressed apoptosis in
NSCLC cells (Figures 2F and 3E). To evaluate the effect of CSEIL
in vivo, we used mouse xenograft models. The results showed a lower
tumor growth rate in small hairpin (sh)-CSEIL groups than negative
control group, with smaller tumor volumes and lower tumor weights
(p < 0.05; Figures 2G and 2H). In contrast, stable overexpression of
CSEI1L significantly increased the tumor volumes and tumor weights
compared to the control groups (p < 0.05; Figures 3F and 3G). There
was no significant difference between the four groups in terms of
body weight (Figure S4). Furthermore, we found that CSE1L knock-
down suppresses the expression of apoptosis-related proteins,
including p-BCL-2, BCL-XL, BCL-W, BECN1, and MCL-1, while
inducing the expression of BAX, BAK, and p-BAD (Figure 2E). In
conclusion, these results indicated that CSE1L promoted NSCLC
development both in vitro and in vivo.

CSE1L interacted with P65 and stabilizes P65 in the nucleus
A vast number of studies have suggested that CSE1L acted as onco-
gene in tumor development, but the role of CSE1L in NSCLC has
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not been explored clearly. In this study, coIP combined with mass
spectrometry (MS) analysis were used to screen the potential inter-
acted protein with CSEIL. coIP samples of CSEIL extracted from
H1299 and PC-9 cells were examined in SDS-PAGE followed by silver
staining, and the location of CSE1L was indicated (Figure S5A). Next,
the coIP samples were subjected to in-gel trypsin digestion and ex-
tracted to MS analysis. MS analysis identified eight proteins (UBC,
P65, RAN, KPNB1, mutS homolog 6 [MSH6], SSBP1, CTPS2, and
ATP50) that might interact with CSEIL in H1299 and PC-9 cells (Fig-
ure S5B). As CSE1L was identified as a nucleoprotein in the Uniprot,
we gave priority to the proteins located in nucleus. Interestingly, the
protein MSH6 was previously verified to bind with CSEIL," so we
turned to the other four nuclear proteins for further study. We found
that P65 could interact with CSE1L in H1299, PC-9, and 293T cells
but not RAN, UBC, and KPNBI (Figure S5C; Figure 4A). Meanwhile,
CSEI1L was determined from IP isolated by P65 antibody in H1299,
PC-9, and 293T cells (Figure 4A). Immunofluorescence assay showed
co-localization of CSE1L and P65 in NSCLC cells (Figure 4B). This
evidence collectively indicated an endogenous interaction between
CSEILL and P65. To further study the mechanism of this interaction
between CSEIL and P65, we attenuated the expression of CSE1L
and P65, respectively. Western blot (WB) showed a significant
decrease in P65 protein expression with CSEIL attenuation. In
contrast, P65 was increased when CSE1L expression went up (Fig-
ure 4C). However, there were few significant changes in the mRNA
level of P65 after CSE1L knockdown or overexpression (Figure S5D).
Then we performed a nuclear and cytoplasmic separation test, we
found that the nuclear proportion of P65 was reduced in CSEIL
knockdown cells while CSE1L remained unchanged with P65 knock-
down (Figures 4D and 4E). The immunofluorescence assay also
reached similar results (Figure 4F). These data indicated that P65,
as a downstream protein, was regulated by CSEIL in the nucleus
rather than the cytoplasm. After cycloheximide (CHX) blocked pro-
tein synthesis, the half-life of P65 protein in CSE1L knockdown cells
was significantly shorter than the control cells; in contrast, the half-
life of P65 protein in CSE1L-overexpressed cells was longer than
the control cells (Figures 4G and 4H). Taken together, this evidence
demonstrated that CSEIL interacted with P65 in the nucleus and
facilitated the stabilization of P65.

CSE1L promoted cell proliferation and inhibited apoptosis partly
through P65

Our findings demonstrated that CSE1L could promote cell prolifera-
tion and inhibit cell apoptosis. However, the way that CSE1L affected
NSCLC development remained largely unknown. We first introduced

Figure 2. Effects of knockdown of CSE1L on NSCLC cell proliferation and apoptosis

(A) The protein expression levels of CSE1L in CSE1L knockdown and negative control H1299 and PC-9 cells were determined by western blotting analysis. (B) The effect of si-
CSE1L on cell proliferation was evaluated by a CCK-8 assay in H1299 and PC-9 cells. (C and D) Flow cytometry was employed to detect the cell cycle after si-CSE1Ls in (C)
H1299 cells and (D) PC-9 cells. (E) The effect of knockdown CSE1L on cell proliferation was evaluated by a colony-formation assay in H1299 and PC-9 cells. (F) Flow
cytometry was employed to detect the apoptosis percentages of the CSE1L knockdown cells and control cells. (G and H) The xenograft tumors formed by the sh-CSE1L
targeted and negative control H1299 and PC-9 cells. The weight of the xenograft tumors and the growth curve demonstrating the tumor volumes on indicated days were
shown in the middle and the right. (I) WB was used to detect the apoptotic-related markers in CSE1L knockdown H1299 and PC-9 cells. Error bars represent the SEM and

SD. *p < 0.05; **p < 0.01.
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Figure 3. Effects of overexpression of CSE1L on NSCLC cell proliferation and apoptosis
(A) The mRNA and protein levels of CSE1L in CSE1L overexpression and negative control A549 and H292 cells were determined by real-time PCR and western blotting
analyses, respectively. (B) The effect of CSE1L on cell proliferation was evaluated by a CCK-8 assay in A549 and H292 cells. (C) Flow cytometry was employed to detect the
cell cycle of the CSE1L-overexpression cells and control cells. (D) The effect of CSE1L on cell proliferation was evaluated by a colony-formation assay in A549 and H292 cells.
(E) Flow cytometry was employed to detect the apoptosis percentages of the CSE1L-overexpression cells and control cells. (F and G) The xenograft tumors formed by the sh-
CSE1L targeted and negative control A549 and H292 cells. The weight of the xenograft tumors and the growth curve demonstrating the tumor volumes on indicated days
were shown in the middle and the right. Error bars represent the SEM and SD. *p < 0.05; **p < 0.01.
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P65-specific siRNA to knock down in H1299 and PC-9 cells (Fig-
ure 5A) and carried out the CCK-8 and apoptosis assays. The results
demonstrated that P65 knockdown exhibited a similar effect as
CSEIL attenuation in NSCLC cells (Figures 5B and 5C). Since
CSEIL interacted with P65 and affected its protein expression and
stability in NSCLC cells, it was plausible that CSE1L might function
through regulating P65. To confirm this hypothesis, we silenced
P65 in CSE1L-overexpressed A549 and H292 cells (Figures 5D and
5E). Then, colony formation and apoptosis assays were applied to
observe influences. We found that P65 knockdown significantly in-
hibited the enhanced growth induced by CSEIL overexpression (Fig-
ures 5F and 5G) and aggravated cell apoptosis of relieved by CSEIL
overexpression (Figures 5H and 5I). In summary, this evidence re-
vealed that CSEIL promoted cell proliferation and inhibited
apoptosis through P65.

CSE1L regulated P65 and promoted NSCLC progression by
activating the nuclear factor-«B (NF-kB)/MAPK signaling
pathway

Investigations are still needed for the CSE1L-associated signaling
pathways that are responsible for mediating human lung cancer cell
proliferation and apoptosis. To further elucidate this, we utilized
RNA sequencing (RNA-seq) to elucidate the altered transcriptional
profiles after CSEIL knockdown. The Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analysis for RNA-seq results indi-
cated that multiple pathways got involved, such as MAPK signaling
pathway, p53 signaling pathway, apoptosis, ferroptosis, and tumor
necrosis factor (TNF) signaling pathway (Figure 6A). Meanwhile,
gene set enrichment analysis (GSEA) was utilized to reveal the gene
signature affected by CSEIL downregulation. The process of
apoptosis and TNF signaling pathway were enriched by GSEA (Fig-
ures 6B and 6C). The results of qRT-PCR experiments confirmed
that the apoptosis process and TNF signaling pathway were signifi-
cantly affected after CSE1L interference (Figures 6D and 6E). More-
over, it was proved that CSE1L interacted with P65, which was a key
protein in the MAPK signaling pathway and TNF signaling pathway
(Figure 6F). To further verify these results, we used WB to detect the
expression of related proteins in the MAPK signaling pathway in
NCI-H1299 cells with CSE1L knockdown and in A549 cells with
CSE1L overexpression. The results showed that the apoptosis-associ-
ated molecules such as p-JNK, ITCH, CREB, caspase-8, caspase-3,
and caspase-7 were obviously changed, and the MKK7 and total of
JNK protein levels were not significantly altered (Figure 6G). Mean-
while, the protein levels of p-MEK1/2, p-ERK1/2, and p-MSK1
were significantly altered, while the total of MEK1/2, ERK1/2, and
MSKI1 proteins remained unchanged (Figure 6H). The results indi-
cated that CSE1L could regulate the protein expression level of P65
and promote cell proliferation and inhibit apoptosis through the
NF-kB/MAPK signaling pathway.

High expression of CSE1L and P65 significantly associated with
worse prognosis of NSCLC patients

To determine whether the expression of CSEIL and P65 in NSCLC
were related to the prognosis of patients with lung cancer, we per-
formed WB analysis in 40-pair cancer and corresponding noncan-
cerous tissues from NSCLC patients. The expression levels of
CSE1L and P65 in the 40 NSCLC tissues were higher than those in
adjacent noncancerous tissues (Figure 7A). Within 40 NSCLC speci-
mens, high expression of CSE1L was found in 33 cases of NSCLC
(82.5%), and high expression of P65 was found in 35 cases of NSCLC
(87.5%; Figure 7B). Noticeably, protein expression of CSEIL was
positively correlated with P65, suggesting a potential CSEIL-P65
axis in lung cancer tissues (R = 0.7794, p < 0.0001; Figure 7C). The
analysis of protein expression level of CSEIL and P65 in 7 NSCLC
cell lines also reached similar results (R = 0.9262, p = 0.0027; Fig-
ure 7D). Moreover, CSE1L protein expression was positively corre-
lated with P65 in a tissue microarray with 25 lung adenocarcinomas
(R =0.4699, p = 0.0178; Figure 7E). The protein expression level of
P65 was significantly correlated with histological grade (Table S3).
To further explore the role of P65 in prognostic prediction, we
analyzed the P65 expression from the publicly available GEO data-
base (GEO: GSE13213, n = 117). The survival analysis showed that
higher expression levels of P65 indicated shorter survival times for
lung cancer patients (Figure 7F). The receiver operating characteristic
(ROC) curves illustrated that the areas under the curve of the CSE1L-
and P65-based predictions were 0.660 and 0.612, respectively, sug-
gesting that they could both potentially be applied for the prediction
of patient outcome (Figure S6). To further explore the predictive role
of CSEIL and P65 in cancer prognosis, we analyzed the mRNA
expression level of CSE1L and P65 and the corresponding clinical
data from the publicly available GEO database (GEO: GSE13212,
n = 117). Interestingly, the shortest survival time was observed in
the group with the higher expression of both CSE1L and P65 (Fig-
ure 7G), and the ROC curve of CSE1L and P65 was 0.674 (Fig-
ure S5D). Taken together, these findings indicate that CSE1L-P65
might serve as potential prognostic biomarkers for lung cancer.

DISCUSSION

As a key factor in the nuclear transport pathway, CSE1L is the human
homolog of the yeast gene CSE1 that contains a 971-amino acid (aa)
open reading frame, and encodes a protein that distributes in the cell
nuclei and cytoplasm.*’ The DNA fragment was first isolated by Brink-
mann etal.”' in 1995 in MCEF-7 breast cancer cells. CSE1L was found to
play roles in apoptosis, cell proliferation and survival,” microvesicle
formation,” nucleocytoplasmic transport,24 and cancer metastasis.>>*°
The CSE1L gene maps to 20q13, alocus that is often amplified in various
kinds of cancer and is associated with genetic instability.”” CSEIL is
highly expressed in tissues with a high mitotic index such as human tu-
mor cells,”® fetus liver, and testes, and CSEIL expression is correlated

P65 proteins in the nucleus. (C) The regulatory relationship between CSE1L and P65 was verified by western blotting. (D and E) Nuclear and cytoplasmic separation test was
carried out to measure the expression of CSE1L and p65 in the nucleus and cytoplasm of si-CSE1L or si-P65. B-actin and lamin A/C were used as an internal control. (F)
Immunofluorescence staining was used to detect the colocalization of si-CSE1L or si-P65. (G) PC-9 cells with CSE1L knockdown and (H) A549 cells overexpressing CSE1L
were treated with CHX (100 png/mL) for the indicated time points. The cell lysates were examined by western blot. Error bars represent the SEM and SD. *p < 0.05; **p < 0.01.

Molecular Therapy: Oncolytics Vol. 21 June 2021 29


http://www.moleculartherapy.org

Molecular Therapy: Oncolytics

Figure 5. CSE1L promoted cell proliferation and inhibited apoptosis possibly via P65
(A) Confirmation of protein expression levels following si-P65 transfection by western blotting in H1299 and PC-9 cells (B) CCK-8 assay was performed to detect tumor cell
proliferation after si-P65 mix transfection in H1299 and PC-9 cells. (C) Flow cytometry was employed to detect the apoptosis percentages after si-P65 mix transfection in
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Figure 6. CSE1L regulated P65 and promoted NSCLC cell proliferation and inhibited apoptosis by activating the NF-kB/MAPK signaling pathway

(A) KEGG enrichment analysis was used to analyze the genes regulated by the downregulation of CSE1L in H1299 cell. (B and C) Apoptosis subset and TNF signaling were
enriched in GSEA. (D and E) Gene expression of selected genes from the apoptosis subset and TNF signaling detected by gRT-PCR assay in CSE1L knockdown H1299 cell.
(F) Schematic diagram of the NF-kB/MAPK signaling pathway. (G and H) Representative blots showing the protein levels of MAPK signaling pathway in the CSE1L
knockdown H1299 or overexpressed A549 cells. B-actin was used as an internal control.

with cancer progression in various cancer types.”**’ Thus, CSE1L may
have application value in the clinical diagnosis and treatment.

Nuclear-cytoplasmic transport is essential for tumor growth and devel-
opment, affecting tumor suppressor protein and cell-cycle regulatory
protein and inactivating cell apoptosis.”® CSE1L expression has been

reported to correlate with cancer progression, and its abnormal distri-
bution has been proposed to be a biomarker for cancer.”’ CSE1L could
interact with MSH6 and promote osteosarcoma progression via MSH6
in our previous study.'” However, the clinical significance and the bio-
logical functions of CSE1L in lung cancer remain elusive. In the present
study, we have demonstrated that higher expression of CSEIL was

H1299 and PC-9 cells. (D and E) Confirmation of protein expression levels following si-P65 mix transfection by western blotting in CSE1L-overexpressed A549 and H292
cells. (F and G) Colony-formation assay was performed in the CSE1L-overexpressed A549 and H292 cells after si-P65 mix transfection. (H and |) Flow cytometry was
employed to detect the apoptosis percentages in the CSE1L-overexpressed A549 and H292 cells after si-P65 mix transfection. Error bars represent the SD. *p < 0.05; **p <

0.01.
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Figure 7. CSE1L expression paralleled that of P65 and correlated with the poor prognosis of NSCLC patients

(A) Photos of representative blots for CSE1L and P65 expression in 40 pairs of lung cancer and noncancerous tissues. (B) The fold changes of CSE1L and P65 protein
expression levels in lung cancer tissues compared with noncancerous tissues. (C) The correlation between CSE1L and P65 expression in NSCLC tissues. (D) The protein
levels of CSE1L and P85 and their correlation in NSCLC cells. (E) The correlation between CSE1L and P65 expression in 25 lung adenocarcinoma tissue microarrays. (F) The
overall survival of P65 in GEO: GSE13213. (G) The overall survival of CSE1L and p65 in GEO: GSE13213.

observed in NSCLC tissues compared to that in adjacent noncancerous
tissues. The increased CSE1L expression level was significantly associ-
ated with advanced tumor stages, as well as adverse patient outcome. It
has been previously reported that CSEIL showed distinct localization
patterns in different cell lines. CSEIL was consistently accumulated
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in the nucleus of ovarian cancer cells, while it was mainly localized
in the cytoplasm of the MCF?7 breast cancer cells and was uniquely cy-
toplasmatic in the HT-29 colon carcinoma cells.*>** CSE1L was also a
secretory protein that existed in the body fluids of humans, especially in
the blood of cancer patients.34 However, the localization of CSE1L was
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rarely studied in lung cancer. We observed that CSEIL was not only
distributed in the nucleus of NSCLC cells but also in the cytoplasm.
It was interesting that CSE1L was also observed in the membrane of
NSCLC cells. In line with its different localization, CSE1L might play
different roles in NSCLC. These findings indicated that CSE1L might
serve as a clinical biomarker of prognosis in NSCLC and plays an
important role in tumor progression.

CSEIL was first cloned in genes that rendered breast cancer cells resis-
tant toward toxin.*' Some studies reported that CSE1L knockdown
inhibited cell proliferation and increased cell apoptosis in colorectal
cancer cells and gastric cancer cells.”>”” In our study, a series of
in vitro and in vivo assays were conducted to clarify the biological
functions of CSE1L in NSCLC cells. We found that CSE1L could in-
crease the proliferation and protect lung cancer cells from apoptosis
in vitro and in vivo. These findings matched with the knowledge
that CSE1L was essential for cancer cell growth and apoptosis.
CSE1L functioned in the mitotic spindle checkpoint, which was
very important for the normal cell cycle.”® Herein, it was interesting
that downregulation of CSE1L had a different effect in NSCLC cells.
CSE1L knockdown arrested the cell-cycle progression in the G2/M
phase in H1299 cells and reduced the percentage of S phase in the
PC-9 cells, and CSE1L overexpression had the opposite results both
in G2/M phase and S phase. These results indicated that CSE1L pro-
moted NSCLC cells’ growth via affecting the cell cycle.

To date, the molecular mechanisms of how CSE1L promoted lung can-
cer cell proliferation and inhibited apoptosis have not been elucidated.
Our data demonstrated that CSE1L could specifically interact with P65
to form a complex in the nuclei of NSCLC cells. The transcription fac-
tor NF-kB regulated a variety of genes involved in immune and inflam-
matory responses, cell proliferation, tumorigenesis, cell survival, and
tumor development.’® The P65 also played a central role in the NF-
kB pathway.”” The protein level of P65 was notably altered in the nu-
cleus when CSE1L was knockdown or overexpressed, and its nuclear
stabilization was protected from proteasomal degradation by CSEIL.
We also showed that P65 attenuation significantly inhibited the prolif-
eration and induced apoptosis of NSCLC cells in vitro, suggesting the
indispensable role it has in lung cancer. P65 knockdown reduced the
enhancement of CSE1L on NSCLC cells’ proliferation and apoptosis
evading. Survival analysis showed that high expression of P65 was
significantly associated with a short survival time in lung cancer pa-
tients. Moreover, the shortest survival time was observed in the group
with high expression of both CSE1L and P65. These findings further
confirmed the correlation between CSE1L and P65 and indicated
that the interaction was responsible for the oncogenic role of CSEIL.

So far, the affected signaling pathway with CSE1L on NSCLC cancer
progression has been obscure and only a few signaling pathways have
been reported. One study suggested that protein kinase B (AKT) acti-
vation forces the nuclear accumulation of CSE1L in the ovarian can-
cer cell, which was likely to induce oncogenic signals.”> Another study
revealed that CSE1L inhibition decreased melanocyte inducing tran-
scription factor and suppressed glycoprotein nmb expression, thereby

activating the PI3K/Akt/mTOR and mitogen-activated protein kinase
kinase 7 (MEK)/mitogen-activated protein kinase 1 (ERK) signaling
pathway and ultimately inhibiting the tumor growth and metastasis
in gastric cancer.’® In melanoma cells, CSE1L linked and controlled
cyclic AMP (cAMP)/protein kinase A and Ras/ERK signal pathways
and might be a potential target for melanomas treatment.”® It has
been well acknowledged that there are two distinct NF-kB signaling
pathways: (1) the classical pathway, primarily activated by pathogens
and inflammatory mediators, and (2) the alternative pathway, which
involves the NF-kB-inducing kinase (NIK, also known as
MAP3K14).” P65 played a key role in the regulation of MAPK signal
pathway.””*" It was reported that ERK was localized in the cytoplasm
of resting cells, and extracellular stimulation inclined to induce a
rapid and robust nuclear translocation of ERK.*' In our study,
CSEIL activated ERK phosphorylation by effecting the protein
expression of P65, then regulated the cell cycle and promoted NSCLC
cell proliferation. JNK got involved in cancer cell apoptosis, prolifer-
ation, autophagy, and tumor immune evasion.** Here, overexpression
of CSE1L activated the JNK signal axis, thereby affecting the apoptotic
signal. Consistently, we hypothesized that in the nucleus, CSE1L
bound to the nuclear export signal (NES) on P65 and RAN in its
active GTP-bound form (RAN-GTP). Meanwhile, CSE1L might pro-
mote the stabilization of P65. The complex was subsequently docked
to NPC and passed through the NPC into the cytoplasm. Hydrolysis
of RAN-GTP to RAN-GDP caused the disassembly of CSE1L-P65
complex and release of P65 and CSEIL into the cytoplasm, and
then P65 activated the NF-kB/MAPK pathway, resulting in the pro-
motion of cell proliferation and the inhibition of cell apoptosis.

In summary, our findings demonstrate that CSE1L and P65 play
important roles in the development of NSCLC. Meanwhile, CSE1L
could interact with and affects the expression of P65 and then activates
the NF-kB/MAPK pathway, resulting in the promotion of NSCLC cell
proliferation and the inhibition of cell apoptosis. More importantly,
our study has suggested that CSE1L may serve as a promising therapeu-
tic target for the prevention and treatment of NSCLC.

MATERIALS AND METHODS

Database analysis

We performed the ONCOMINE database combined with GEO data-
base to screen NSCLC-associated NTRs. The expression data for 24
NTRs'' were available from ONCOMINE. GEO datasets could be
downloaded from the National Center for Biotechnology Information
(NCBI). The survivals for the screened genes were analyzed in 117 lung
adenocarcinoma patients (https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE13213) and 293 lung tumor samples (https://www.
ncbinlm.nih.gov/geo/query/acc.cgi?acc=GSE30219). 503 lung adeno-
carcinoma patients from TCGA cohort (https://cancergenome.nih.
gov/) was used to analyze the correlation between CSE1L mRNA levels
and NSCLC clinicopathological features.

Human clinical specimens

Fresh human NSCLC tissues and matched adjacent noncancerous tis-
sues for real-time PCR and western blot analyses were collected from
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the Department of Cancer at Huashan Hospital affiliated with Fudan
University, Shanghai, China between 2011 and 2018. During the
operation, human surgical specimens were immediately frozen in
liquid nitrogen and stored at —80°C for further investigation. All of
the tissue specimens for this study were obtained with patient
informed consent. The study was approved by the Ethics Committee
of the Ethics Committee of Fudan University.

Tissue microarray

Two tissue microarrays containing 75 and 25 paired NSCLC tissues
and matched adjacent noncancerous tissues was purchased from
Shanghai Biochip (Shanghai, China). IHC staining was performed
to detect the protein expression level of CSEIL in NSCLC tissues
and matched noncancerous tissues. The average gray value of the im-
age was used as a quantitative evaluation of the expression level using
Image-Pro Plus 6.0 software. The proportion of the stained cells and
the extent of the staining were used as the criteria for evaluation. The
percentage of positive cells was scored as: <5% (0), 5%-25% (1), 25%-
50% (2), 50%-75% (3), and >75% (4). The intensity of staining was
scored as: no staining (0), light brown (1), brown (2), and dark brown
(3). The final IHC scores were obtained using the traditional scoring
method. IHC scores were calculated as the product of intensity (0 to
3) and the percentage of positive cells (0 to 4), yielding a range from
0 to 12.

Cell lines and cell culture

The human NSCLC cell lines H1299, PC-9, A549, H1975, H358,
H460, and H292 and human embryonic kidney 293T cells were ob-
tained from American Type Culture Collection (ATCC, Manassas,
VA, USA). All cell lines were cultured according to ATCC protocols
in Dulbecco’s modified Eagle’s medium (DMEM) or Roswell Park
Memorial Institute (RPMI) 1640 supplemented with 10% fetal bovine
serum (FBS; Biowest, South America origin), 100 pg/mL penicillin
(Sigma-Aldrich, USA), and 100 pg/mL streptomycin (Sigma-Aldrich,
UA) at 37°C in a humidified incubator under 5% carbon dioxide.
These cell lines were mycoplasma-free and authenticated by quality
examinations of morphology and growth profile.

RNA extraction and real-time PCR assay

Total RNA was extracted from the lung cancer cells and tissues using
TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s protocol. cDNA was synthesized by random primers
and the PrimeScript RT Reagent Kit (Takara, Dalian, China). The
primer sequences for real-time PCR are shown in Table S4. Real-
time PCR was performed using SYBR Premix Ex Tag (Takara, Dalian,
China). The PCR conditions were as follows: 95°C for 15 s followed
by 40 cycles of 95°C for 5 s and 60°C for 30 s. B-actin was used as
the internal control.

Vector construction and RNA interference

siRNA oligonucleotides for CSE1L and P65 were designed and syn-
thesized by RiboBio (Guangzhou, China). The sequences for the
siRNAs are shown in Table S5. Transient transfection was performed
using Lipofectamine 2000 Reagent (Invitrogen, Carlsbad, USA) ac-
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cording to the manufacturer’s instructions. After transfection for 48
h, the cells were used for functional assays, including apoptosis,
migration, invasion, colony formation, RNA extraction, and western
blot.

Because si-CSEIL 2# showed more effective interference efficiency, so
we selected the sequence to construct a stable interference CSE1L cell
lines. The coding sequences (CDS) of human CSE1L were commer-
cially synthesized (GENEWIZ) and then were cloned and inserted
into the lentiviral expression vector pWPXL. To produce lentivirus
containing CSEIL, we cotransfected 293T cells with the pWPXL-
CSEIL and the lentiviral vector packaging system using Lipofect-
amine 2000.

Protein extraction and western blotting

Cell and tissue proteins were extracted using T-PER Protein Extrac-
tion Reagent (Thermo Scientific, USA) with a phosphatase inhibitor
cocktail (Roche Applied Science, Switzerland) and a proteinase inhib-
itor cocktail (Roche Applied Science, Switzerland). We used the Mi-
nute™ Cytoplasmic and Nuclear Extraction Kit (Invent Biotechnol-
ogies, USA) to separate the nuclear and cytoplasmic. The protein
concentrations were determined using the Pierce BCA Protein Assay
Kit (Thermo Scientific, USA). Proteins were separated by SDS-PAGE
gels and transferred to nitrocellulose (NC) filter membranes (Milli-
pore, MA, USA) or polyvinylidene fluoride (PVDF) membranes
(Millipore, MA, USA). The membranes were incubated with primary
antibodies overnight at 4°C and probed with secondary antibodies at
room temperature for 1~2 h. The antibodies used were shown in Ta-
ble S6.

Cell proliferation and colony-formation assay

The relative cell proliferation was monitored using CCK-8 (Dojindo,
Japan) according to the manufacturer’s protocol. Briefly, cells were
seeded in 96-well plates at 1 x 10” cells per well. According to the
manufacturer’s instructions, 10 pL of CCK-8 solution and 100 puL me-
dium was added to each well, and the mixture was incubated at 37°C
for 2 h. The absorbance was measured at 450 nm.

For the colony-formation assay, a total of 0.5 x 10 cells was
seeded in 6-well plates and cultured at 37°C in a humidified incu-
bator at 5% carbon dioxide. 2 weeks later, the cell colonies were
washed with phosphate-buffered saline (PBS), fixed with methanol,
and stained with 0.1% crystal violet (1 mg/mL) for 30 min. All of the
experiments were repeated in triplicate and assessed under a light
microscope.

Flow cytometry for cell apoptosis and cell-cycle analysis

The human NSCLC cell lines stably interference or overexpressed of
CSELL, and cells transfected with P65 si-RNAs were used for the ex-
periments. A flow cytometer (BD LSR II, BD Biosciences, USA) was
used to detect the cell phenotype. Apoptosis was measured via the
Apoptosis Detection Kit (BD Biosciences, USA) according to the
manufacturer’s protocol. The data was analyzed using FlowJo soft-
ware version 8.6.3 (FlowJo, USA). Cell-cycle distribution was
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measured by the PI Cell Cycle Detection Kit (Beyotime Biotech-
nology, China) according to the manufacturer’s protocol. The results
were analyzed using ModFit software (BD Biosciences, USA).

Cell migration and invasion assays

Cell migration and invasion assays were performed by Transwell filter
chambers (BD Biosciences, NJ, USA). For migration assays, 5 X 10*
cells in 200 pL of serum-free culture medium were suspended into
the upper chamber with the noncoated membrane. For invasion as-
says, 1 x 10> cells in 200 pL of serum-free culture medium were
placed into the upper chamber with the Matrigel-coated membrane
diluted with serum-free culture medium. An 800 pL culture medium
supplemented with 10% FBS was added in the lower chamber. After
incubation at 37°C in a humidified incubator under 5% carbon diox-
ide, the cells in the bottom surface of the membrane were fixed with
100% methanol, stained with 0.1% crystal violet for 30 min, and
counted under a light microscope (Olympus, Japan).

Immunofluorescence

Cells were plated in 6-well plates on glass coverslips. The cells were
fixed with 4% formaldehyde for 15 min at 4°C and then infiltrated
with 0.3% Triton X-100 for 15 min. After washing three times with
PBS, the wells were treated with blocking solution for 30 min and
then incubated overnight with anti-CSEIL (Abcam, 1:50) and anti-
P65 (Cell Signaling Technology (CST), 1:50) antibody at 4°C. After
incubation with the secondary antibody (anti-rabbit [Invitrogen,
1:300], anti-mouse [Invitrogen, 1:150]) at room temperature for 1
h, 4, 6-diamidino-2-phenylindole (DAPI) was used to stain the nu-
cleus. A confocal laser scanning microscope (Leica TCS-SP5, Leica
Microsystems, Germany) was used to observe the images.

colP and MS

When the confluence of cells in the culture plate reached more than
90%, the cells were scraped off directly with a cell scraper using ice-
cold radioimmunoprecipitation assay (RIPA) lysis buffer (Beyotime
Institute of Biotechnology, Shanghai, China) with protease and pro-
tein phosphatase inhibitors (Roche Applied Science, Switzerland).
3 mg of protein were pre-cleared with 30 pL of protein A/G magnetic
beads (Millipore, MA, USA) at 4°C for 2 h. The beads were removed,
and 5 pL of the primary antibody (CSE1L or P65) or isotype immu-
noglobulin G (IgG) was added to the supernatant at 4°C overnight
with gentle mixing on a rocking platform to capture the fusion pro-
teins. Then, 40 pL of protein A/G magnetic beads was added to
each immunoprecipitation mixture for 4 h at 4°C. The magnetic
beads were collected by placing the tube in the appropriate magnetic
separator. The beads were washed three times with PBS/0.1% Triton.
The magnetic beads isolated using a magnetic rack and then boiled in
2x sodium dodecyl sulfate (SDS) loading buffer. The bound fusion
proteins were separated by SDS-PAGE and stained with a Silver
Staining Kit (Beyotime Biotechnology, Shanghai, China). The pro-
teins in the SDS-PAGE were digested with trypsin and then analyzed
by Triple TOF 5,600 mass spectrometer (AB Sciex, TX, USA). Protein
identification was performed using Protein Pilot 4.5 (AB Sciex, TX,
USA).

In vivo tumor growth

All animal experiments were approved by the Animal Ethics Com-
mittee of the Shanghai Cancer Institute. 6- to 8-week-old female
BALB/c-nu/nu mice were bred by Shanghai Cancer Institute
(Shanghai, China) and housed in specific pathogen-free (SPF) condi-
tions in a laboratory animal facility.

For the in vivo xenograft assays, 3 x 10° A549 cells and H292 cells
stably expressing CSE1L or the lentiviral vector and 2 x 10° PC-9 cells
and H1299 cells stably expressing shCSE1L or the negative control
were separately subcutaneously inoculated into the dorsal right flanks
of the nude mice (6 or 8 per group). The tumor size was measured two
times every week. The tumor volume (V) was measured by calipers
and calculated according to the following formula: (length x width
x width)/2. After 8 or 10 weeks, the mice were sacrificed, and the tu-
mors were weighed.

Statistical analysis

All experiments were performed independently at least three times or
as indicated in the figures. Data are presented as the mean + standard
deviation (SD) or the mean + standard error of the mean (SEM). Mean
values between groups were assessed by two-tailed Student’s t tests.
Survival times were analyzed using the log-rank test. The correlation
of CSE1L and P65 expression was examined by Spearman’s correlation
test. Differences were considered statistically significant at p < 0.05.
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