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Objectives: Small cell lung cancer (SCLC) is an aggressive and highly metastatic lung
cancer subtype. Nestin is a member of the intermediate filament family and serves as
a potential proliferative and multipotency marker in neural progenitor and stem cells.
Aberrant expression of nestin is linked to poor prognosis in different cancers, including
non-small cell lung cancer. However, the association between nestin expression and
clinicopathological feature or prognosis has remained unclear for SCLC. This study
examined whether nestin expression was associated with malignant features and clinical
outcomes in SCLC.

Materials and Methods: Using previously established Nestin knock-down cells and a
newly established Nestin-overexpressing cell line, we examined the relationship between
nestin expression and cell proliferation in vitro and in vivo and chemosensitivity. We also
analyzed nestin expression in three drug-resistant lung cancer cell lines. Furthermore, we
examined samples from 84 SCLC patients (16 patients with surgical resection, and 68
patients with biopsy), and immunohistochemically analyzed nestin expression.

Results: Nestin expression correlated positively with cell proliferation, but negatively
with chemosensitivity. Nestin expression in drug-resistant cell lines was upregulated
compared to their parental cells. Among the 84 SCLC patients, 24 patients (28.6%)
showed nestin-positive tumor. Nestin-positive ratio tended to be higher in operated
patients than in biopsied patients. Nestin-positive and -negative patients showed no
significant differences in response rate (RR) or progression-free survival (PFS) following
first-line chemotherapy. However, positive expression of nestin was associated with
shorter PFS following second-line chemotherapy (median PFS: nestin-positive, 81 days
vs. nestin-negative, 117 days; P = 0.029).

Conclusions: Nestin expression may be associated with malignant phenotype and
worse outcome in SCLC patients.
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INTRODUCTION

Small cell lung cancer (SCLC) is an aggressive, highly metastatic
lung cancer subtype, and represents 13% of all newly diagnosed
cases of lung cancer (1). The majority of SCLC patients already
show metastasis by the time of diagnosis, so chemotherapy
accounts for a large proportion of the initial treatment options
for SCLC. Although SCLC is highly sensitive to chemotherapy,
development of drug resistance is frequent during the disease
course and leads to a high relapse rate. The use of small-
molecule tyrosine kinase inhibitors and immunotherapy have
led to large survival benefits in patients with advanced non-
small lung cancer (NSCLC) over the past 2 decades (2).
Recently, PD-L1 blockade adding on chemotherapy prolonged
survival of SCLC patients (3). However, the additional survival
benefit wasn’t so long. Therefore, survival times in SCLC
patients have not significantly improved since the 1980s
(1). New treatment strategies for SCLC are thus needed to
improve survival.

Nestin is a member of the intermediate filament family and
serves as a potential proliferative and multipotency marker
in neural progenitor and stem cells (4). We have previously
reported nestin as associated with neuroendocrine features and
participating in malignant phenotypes, including cell growth. In
addition, nestin was detected in SCLC tumor cells from clinical
specimens (5). Nestin expression in tumor cells reportedly
led to chemoresistance in a hepatocellular carcinoma cell
line (6) and radioresistance in a nasopharyngeal carcinoma
cell line (7). Moreover, nestin expression was also related to
poor prognosis in both patients with resected NSCLC treated
with adjuvant chemotherapy (8) and patients with resected
lung large cell neuroendocrine carcinoma (9). We therefore
assumed that nestin expression in SCLC also leads to an
aggressive phenotype and chemoresistance, and would thus be
associated with the efficacy of chemotherapy in the clinical
setting. The present study therefore examined the significance
of nestin expression in SCLC using SCLC cell lines and
clinical samples.

MATERIALS AND METHODS

Cell Lines and Chemicals

We used three human lung small-cell carcinoma lines (PC6,
DMS53, and SKLC17), and two human adenocarcinoma cell
lines (PC9 and PCl14). Their previously described cisplatin-
resistant sublines (PC6/CDDP, PC9/CDDP and PC14/CDDP),
SN-38-resistant  sublines (PC6/SN38), etoposide-resistant
sublines (PC6/ETP) and nestin knock-down and control cell
lines (DMS53 shNES-1, shNES-2 and DMS53 ctrl) were also
used (5, 10-12). Cells were cultured in RPMI-1640 medium
supplemented with 10% heat-inactivated fetal bovine serum
and 1% (v/w) penicillin/streptomycin in a humidified chamber
(37°C, 5% CO,). Drug-resistant sublines were also cultured
in this medium with the addition of each drug, and nestin
knock-down and control cell lines were also cultured with the
addition of blasticidin (6 pg/ml).

Overexpression of Nestin in SKLC17 Cells

The plasmid pCMV6-Entry/nestin was obtained by subcloning
the full-length human nestin ¢cDNA into the pCMV6-Entry
mammalian expression vector (OriGene, Rockville, MD). The
Nestin gene was under the control of the CMV promoter,
allowing constitutive expression of nestin. SKLC17 cells
(2 x 10° cells/plate) were seeded in a 6-well plate and cultured
for 24h before transfection. Cells were transfected with
pCMV6-Entry/nestin or control plasmids (20 g) using the
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FIGURE 1 | (A) Nestin knock-down DMS53 cells (ShNES-1) or control cells
(ctrl) were implanted subcutaneously in the flank of SCID mice. Tumor volume
was significantly smaller for nestin knock-down DMS53 cells than for control
cells from 6 days or more after treatment. “P < 0.01. (B) Western blotting
shows that nestin protein levels are significantly increased in SKLC17 cells
treated with nestin overexpression vector (NES-1 and NES-2) when compared
with cells transfected with control plasmid (Ctrl). Alpha-tubulin is assayed as a
loading control. (C) There are significantly more nestin-overexpressing

SKLC17 cells than control cells after 48, 72, and 96 h of culture. *P < 0.001.
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X-tremeGENE Transfection Reagent (Roche Applied Science,
Indianapolis, IN) in serum-free Opti-MEM (Invitrogen,
Carlsbad, CA) in accordance with the instructions from the
manufacturer. After selection with G418 (500 pg/ml), proteins
were extracted from each cell, and nestin expression was analyzed
by Western blotting. After confirming increased expression of
nestin, transfected cells were cloned in the presence of G418.
Subsequently, two cell lines were selected from the transfected
cells as nestin-overexpressing cell lines (SKLC17 NES-1 and
NES-2). In the same way, cells transfected with the negative
control plasmid were cloned, and one cell line that showed
similar nestin expression to the parental cells was selected as the
control cell line (SKLC17 ctrl). For the in vitro cell proliferation
assay, 1 x 10 cells were cultured in 6-cm dishes. Cells were
trypsinized and counted after 48, 72, and 96 h.

Protein Extraction and Western Blotting

Equal amounts of total cell lysates were solubilized in
sample buffer (50mM Tris-HCL (pH 6.8), 2% SDS, 1mM
EDTA, and 10% glycerol) with Complete Mini Protease
Inhibitor Cocktail Tablets (Roche Diagnostics, Mannheim,
Germany) and PhosSTOP Phosphatase Inhibitor Cocktail
Tablets (Roche Diagnostics). Subsequently, these lysates were
electrophoresed on 4-20% Ready Gel Tris-HCl Precast Gels
(Bio-Rad Laboratories, Hercules, CA), then transferred onto

Immobilon-P filters (Millipore, Billerica, MA). These filters
were first incubated with primary antibodies against nestin
(155 kDa) and o-tubulin (50 kDa) at room temperature
overnight, then with horseradish peroxidase (HRP)-conjugated
secondary antibodies for 1h. The following antibodies were
used: anti-nestin (clone 10C2) (Millipore), anti-a-tubulin (Sigma
Aldrich Biotechnology, St. Louis, MO) and HRP-conjugated
secondary antibody (Cell Signaling Technology, Danvers, MA).
The specific antibody-antigen complexes were detected using an
ECL detection system (GE Healthcare Bioscience, Fairfield, CT).
This study used a-tubulin as a loading control.

Mouse Xenograft Model

Male severe combined immunodeficiency (SCID) mice aged
5 weeks were inoculated subcutaneously with 5 x 10°
nestin knock-down or control cells in the flank. Mice
were maintained at a 12h light/dark cycle, and allowed
to feed ad libitum on laboratory chow and water. Tumor
size was measured using calipers. All procedures carried
out in mice were approved by the Institutional Animal
Care and Use Committee at Nagoya City University of
Medical Science.

Drug Sensitivity Assays
Cells were cultured at 5,000 cells/well in 96-well tissue
culture plates. To assess cell viability, stepwise 10-fold

>
w

cisplatin etoposide
100
b -~ DMSS53 ctrl
- —~ 80 - - DMS53 shNES-1
(d
< 2 -4- DMS53 shNES-2
2 E 6
=l a
©
E .‘; 40-
3 3
o O 20-
0 T L) T Ll 1
o 32 256 0 2 4 8 16 32
cisplatin X 10 uM etoposide X uM
concentration concentration
C D .
o SN-38 amrubicin
= 807 -y
< s
£ 607 £
3 g
S 40- g
© ©
o 20 3]
0 T T T T T J 0 T T T T ]
0 4, 2 4 8 16 32 0 8 16 32 64 128
SN-38 X nM amrubicin X uM
concentration concentration

FIGURE 2 | MTS assay demonstrates decreased cell viability in nestin knock-down cell lines (DMS53 shNES-1, shNES-2) compared to control cells (DMS 53 ctrl). (A)
Cisplatin; (B) etoposide; (C) SN-38 (irinotecan metabolite); (D) amrubicin. *p < 0.05.
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dilutions of anti-cancer drug were added 2h after
plating, and cultures were incubated at 37°C for 72h.
At the end of the culture period, 20 pl of MTS [3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo
phenyl)-2H-tetrazolium, inner salt] solution (CellTiter 96®
AQueous One Solution Cell Proliferation Assay, Promega,
Madison, WI) was added, and cells were incubated for a
further 3 h. Finally, absorbance was measured at 490 nm using
an ELISA plate reader. Mean values were calculated from
three independent experiments carried out in quadruplicate.
Chemosensitivity is expressed as the drug concentration
resulting in 50% growth inhibition (half-maximal inhibitory
concentration, IC50), determined using Graph Pad Prism
version 4 software (GraphPad Software, San Diego, CA).

Study Population

This study also included 84 patients with SCLC, who had
been diagnosed and treated at Nagoya City University Hospital
between January 2010 and September 2016. All patients provided
written informed consent in accordance with the Declaration of
Helsinki, and the present study was approved by the Institutional
Ethics Committee of Nagoya City University Graduate School
of Medical Sciences (approval no. 00000 982-2). All routine
medical data were anonymized. In our study, the definition of
limited disease (LD) was a disease confined to one hemithorax,
mediastinum or bilateral supraclavicular fossae. Extensive disease
(ED) was defined as other than LD. Other eligibility criteria
included age (>18 years old), normal liver function, and Eastern
Cooperative Oncology Group (ECOG) performance status <2.
Every patient included in this study had received at least one
chemotherapy regimen.
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FIGURE 3 | Comparison of nestin protein levels between three
cisplatin-resistant cell lines (PC6/CDDP, PC14/CDDP and PC9/CDDP) and
their parental cell lines (A) and between etoposide-resistant cell lines
(PC6/ETP) or SN38-resistant cell lines (PC6/SN-38) and their parental cell lines
(B) using western blotting. Alpha-tubulin is assayed as a loading control.

Histologic and Immunostaining Analysis
Hematoxylin and eosin (HE) staining and immunostaining
analyses were performed on formalin-fixed, paraffin-embedded
sections of the affected tissues of 84 SCLC patients (16
patients with surgical resection, and 68 patients with biopsy).
Nestin immunostaining was performed using mouse anti-human
nestin mAb (clone 10C2) (Millipore) and a BOND-MAX IHC
instrument system (LEICA Biosystems, Nussloch, Germany).
Peritumor vascular endothelial cells were used as an internal
positive control. Positivity was scored as positive if >1% of SCLC
cells were stained.

Statistical Analysis

Differences in cell growth between samples were evaluated
using the Mann-Whitney U test. Differences in the clinical
characteristics of patients according to nestin expression were
evaluated by Fisher’s exact test. Efficacy was assessed by
measurable disease based on Response Evaluation Criteria in
Solid Tumors (RECIST) version 1.0. Differences in response
rate (RR) and disease control rate (DCR) were evaluated using
Fisher’s exact test. Survival curves for progression-free survival
(PFS) based on nestin expression were calculated using the
Kaplan-Meier method and were compared using the log-rank
test. All statistical analyses of clinical data were performed with
EZR (Saitama Medical Center, Jichi Medical University, Saitama,
Japan), a graphical user interface for R (The R Foundation for
Statistical Computing, Vienna, Austria). More precisely, EZR is
a modified version of R Commander designed to add statistical
functions frequently used in biostatistics (13).

RESULTS

Expression of Nestin Is Related to Growth
of SCLC Cells in vitro and in vivo

To confirm the reduced cell growth with knock-down of nestin
in vitro seen in our previous study (5), DMS53 shNES-1 and
ctrl cells were implanted in SCID mice. Tumor growth of
DMS53 shNES-1 was significantly inhibited compared with
ctrl cell (Figure 1A). Next, we established nestin-overexpressing
SKLC17 cells (SKLC17 NES-1 and SKLC17 NES-2) and control
cells (SKLC17 ctrl) using plasmid vectors (Figure 1B). In the
cell count experiments, cultures showed significantly more
NES- 1 and NES-2 cells compared with Ctrl cells (Figure 1C).
These findings indicate that nestin expression confers increased
proliferation capability on SCLC cells.

Nestin Expression Affects Anticancer Drug
Sensitivity

Next, we examined the relationship between expression of
nestin and the in vitro cytotoxicity of anticancer drugs
(cisplatin, etoposide, SN-38 and amrubicin, as drugs commonly
administered to SCLC patients) using nestin knock-down cell
lines and their parent cells. The cytotoxicity of all four drugs
tested was higher for nestin knock-down cells than for control
cells (Figure2). In the same manner, cytotoxicity was lower
for nestin-overexpressing cells than for control cells (data
not shown).
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Nestin Expression in Anticancer

Drug-Resistant Cells

Nestin protein expression was relatively higher in three cisplatin-
resistant cell lines (PC6/CDDP, PC9/CDDP, and PC14/CDDP)
than in the parent cell lines. Moreover, etoposide-resistant
cells (PC6/ETP) and SN-38-resistant cells (PC6/SN-38) also
displayed higher nestin expressions than their respective
parent cells (Figure 3). These data suggest SCLC cells without
nestin expression or with low level nestin expression can
get nestin expression by continuous exposure of cytotoxic
anticancer agents.

Clinical Characteristics of SCLC Patients
According to Immunohistochemical
Expression of Nestin

During the study period, 84 SCLC patients eligible for this
retrospective study were treated in our hospital. Of these, 16

patients underwent surgery and received adjuvant chemotherapy.
Sixty-eight patients were inoperable and diagnosed from biopsy.

Eighteen patients were excluded from the analysis because
immunostainings of the samples were not evaluable. Among the
50 inoperable patients, 20 patients showed LD and 30 patients
had ED. The 50 inoperable patients received chemotherapy
alone or chemoradiotherapy. A total of 38 patients experienced
disease recurrence and received second-line chemotherapy.
Patient recruitment is summarized in Figure 4. Typical examples
of nestin immunostaining are shown in Figure 5. The nestin-
positive ratio tended to be higher for surgical specimens
(56%) than for biopsy specimens (30%, P 0.076). The
characteristics of patients according to nestin expression are
summarized in Tablel. Among the 16 operated patients,
median age was lower for nestin-positive tumors (70 years)
than for nestin-negative tumors (76 years; P = 0.023). No
significant differences in sex, smoking status, stage or serum
Pro gastrin releasing peptide (ProGRP) concentration according
to nestin expression were identified in operated patients.
Inoperable patients showed no significant difference in age,
sex, smoking status, stage or serum ProGRP levels according
to nestin expression (Table1). In patients with recurrent
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n=20
Without recurrence n=6
Best supportivecaren=6  |<=
Dropoutn=1
Without recurrence n=8 P
Best supportive care n =2
n=3 n=10
v v

and received 2nd line chemotherapy.

N = 84 SCLC patients assessed for eligibility

Patients with recurrent disease and
received 2™ line chemotherapy
n —3

FIGURE 4 | Schema of patients included in this study. All small cell lung cancer (SCLC) patients diagnosed surgically (n = 16) or with biopsy (n = 68). Eighteen
inoperable patients were excluded because immunostainings of their specimens were not evaluable. Total 38 patients had disease recurrence after 1st line therapy
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scale bars in (A,B) represent 1 mm and those in (C-F) represent 200 pm.

FIGURE 5 | Representative images of hematoxylin and eosin (HE) and immunohistochemical staining of nestin. (A,C) HE staining of operated specimens (A, x40; C,
x200). (B,D) Nestin staining of operated specimen (B, x40; D, x200). (E) HE staining of biopsy specimen (x200). (F) Nestin staining of biopsy specimen (x200). The

TABLE 1 | Characteristics of the 16 operated SCLC patients and 50 inoperated SCLC patients according to nestin expression.

Factor Operated patients (n = 16) Inoperaed patients (n = 50)
Nestin + Nestin - P Nestin + Nestin - P

Age (years) Median 70 76 0.023 67 70 0.443
Range 58-75 65-83 47-85 44-83

Sex (n) Male 8 1 11 31 0.22
Female 1 4 4

Smoking status (pack.years) Median 80 45 0.222 50 50 0.865
Range 25-104 23-104 10-110 10-110

Stage (n) LD 9 1 6 14 1
ED 0 9 21

Serum ProGRP (pg/ml) Median 25.5 39.4 0.211 967 710 0.441
Range 9.3-76.4 14.0-120 39.6-11,200 29.8-18,900

SCLC, small cell lung cancer; LD, limited disease; ED, extensive disease.

disease, 14 patients showed positive nestin expression, and
24 patients had negative nestin expression. No significant
difference in the form of disease progression (sensitive relapse
or refractory relapse) were seen according to nestin expression
(nestin positive vs. negative; sensitive/refractory 4/10 vs. 9/15,
respectively; P = 0.73). Treatment regimens according to nestin
expression are summarized in Table S1. All ED-SCLC patients
were treated with platinum-based chemotherapy as first-
line therapy. In patients with recurrent disease, 10 patients
(71.4%) with positive nestin expression were treated with
amrubicin as second-line therapy, and 18 patients (75%) with
negative nestin expression were treated with the same drug
(P=0.43).

Relationship Between Nestin Expression

and Effects of Chemotherapy

In terms of first-line chemotherapy for patients with ED-SCLC,
no differences in RR or DCR were identified between patients
with positive and negative nestin expression (RR: 87.5 vs. 85.0%,
respectively; P = 1.00) (DCR: 87.5 vs. 85.7%, respectively;
P =1.00). Median PFS in patients with nestin-positive and -
negative expression was 189.5 days [95% confidence interval
(CI), 50-217 days] and 135 days (95%CI, 102-189 days),
respectively (P = 0.402) (Figure 6A). In terms of second-line
chemotherapy for patients with recurrent disease, the RR or
DCR of patients with nestin-positive expression were also not
significantly different from those of patients with nestin-negative
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FIGURE 6 | Kaplan-Meier survival curves of progression-free survival (PFS)
according to nestin expression in patients with ED-SCLC treated with first-line
chemotherapy (A) or all patients with recurrent disease treated with
second-line chemotherapy (B).

expression (RR: 33.3 vs. 35.5%, P = 1.00; DCR: 58.3 vs. 76.5%,
P = 0.42). Patients with nestin-positive expression experienced
statistically shorter PFS (median PFS, 81 days; 95%CI, 20-119
days) compared to patients with nestin-negative expression (117
days; 95%CI, 75-194 days; P = 0.029) (Figure 6B). Best response
could not be judged for two patients with ED-SCLC and nine
patients with recurrent disease. PFS could not be judged for
1 ED-SCLC patient and eight patients with recurrent disease.
Overall survival (OS) wasn’t evaluated due to insufficient patient
follow-up after 2nd line chemotherapy.

DISCUSSION

In this study, we showed that nestin promoted cell growth and
reduced sensitivity to chemotherapy for SCLC in vitro, and was
upregulated in chemotherapy-resistant cell lines. Furthermore,
clinical expression of nestin was associated with the efficacy of
chemotherapy in patients with recurrent SCLC. To the best of our
knowledge, this is the first report to evaluate clinical expression
of nestin, revealing a relationship with clinical outcome in
SCLC patients.

Nestin is typically expressed in neuronal and myogenic
precursors in the development stage (4). Recently, nestin
has been detected in cancers arising from various lineages.
Expression of nestin in cancer cells is reportedly associated

with the malignant phenotypes, such as tumor growth,
invasion and chemotherapy resistance. In addition, nestin
was reported to be related to cancer stem cell phenotypes
(14). We have previously reported that nestin is expressed in
SCLC cells in association with neuroendocrine features and
participates in malignant phenotypes, including cell growth
and invasion (5). In this study, we confirmed the relationship
between nestin expression and cell growth in both nestin-
overexpressing cell lines in vitro and a mouse xenograft model.
Moreover, we demonstrated nestin expression was related to
chemoresistance and was upregulated in chemotherapy-resistant
cell lines. These results suggest that nestin expression leads to
chemotherapy resistance, especially acquired resistance in SCLC.
This association between nestin and chemotherapy sensitivity has
also been reported for hepatocellular carcinoma (6). One possible
mechanism to account for the link between nestin expression
and chemoresistance is epidermal-to-mesenchymal transition
(EMT). Nestin is reportedly linked to chemoresistance through
EMT in various cancers, including NSCLC (6, 15). On the other
hand, the regulation of nestin is also considered to be important
to acquired chemoresistance in SCLC. One recent report found
that acquired chemoresistance in SCLC was controlled through
an epigenetic regulator, the EZH2-SLFNI1 axis, not through
emergence of recurrent gene mutations or changes in copy
number (16). Originally, differentiation of neurons and glial cells
is regulated through EZH2 in the neural development phase
(17). EZH2-overexpressing astrocytes revealed upregulation of
the Nestin gene (18). EZH2 was also described to promote SCLC
progression through suppression of the TGF-f-smad-ASCL1
pathway (19). We have previously suggested a relationship
between ASCLI and nestin (4). Inhibition of EZH2 led to down-
regulation of nestin in glioblastoma (20). Considering these data,
acquired chemoresistance in SCLC may be epigenetically led
through EZH2-nestin signaling.

Immunohistochemical expression of nestin could be detected
in SCLC tissues from clinical samples in this study. The rate
of positive nestin expression in surgical specimens was higher
than that in biopsy specimens. One reason could be that nestin
expression was heterogeneous in cancer tissues (5, 21), resulting
in a higher expression rate in surgical specimens that yield larger
tissues compared to biopsy specimens. Immunohistochemical
nestin expression was related to shorter PFS for second-
line chemotherapy in this study. Associations between nestin
expression and efficacy of chemotherapy have previously been
reported for other cancer types (6, 8), and these results are in
line with those findings. However, no significant difference in PFS
following first-line chemotherapy were seen in this study. This
might be due to the heterogeneity of nestin expression. Chemo-
naive SCLC is highly susceptible to chemotherapy, and most
cells, including nestin-negative cells, would be killed by the first-
line chemotherapy, leaving only nestin-positive chemotherapy-
resistant cells to lead to relapse. Such a chemotherapy-
induced selection of nestin-positive cells has been reported in
a glioblastoma model (22, 23). In addition, nestin expression
may be upregulated by exposure to first-line chemotherapy,
considering the result in this study. Indeed, we encountered
a case of an SCLC patient who showed nestin-negative tumor

Frontiers in Oncology | www.frontiersin.org

August 2020 | Volume 10 | Article 1367


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Sone et al.

Nestin in SCLC

cells at initial diagnosis that became positive after first-line
chemotherapy (not shown). Rebiopsy in more cases to examine
nestin expression over time is needed to prove this hypothesis.

Several limitations need to be considered with the present
study. First, this was a retrospective analysis of a small number
of patients from a single institute. Therefore, we could not
evaluate the differences of OS and confirm these results through
multivariate analysis. Prospective investigation is needed to
confirm the results of this study. Second, nestin expression could
not be examined in biopsy specimens from 18 cases. Many SCLC
specimens showed crush artifacts, and SCLC can be diagnosed
from cytology in the clinical setting (24). Immunohistochemical
evaluation of nestin expression can thus be difficult in routine
clinical examination. Other modalities need to be considered to
determine nestin expression clinically.

New therapeutic options for SCLC have been under
development. For example, immune-checkpoint inhibitors (3,
25) and rovalpituzumab tesirine (26) have been investigated for
SCLC. However, promising drugs remain few and far between,
and the anticancer effects appear limited. The present results
suggest nestin as a promising biomarker for predicting the
effectiveness of chemotherapy or prognosis. Patients with nestin
positive SCLC may need other treatment strategy than those with
nestin negative SCLC. Nestin is a one of molecule markers of
cancer stem cells. It was reported that cancer stem cells evade
host immunesurveillance by PD-L1 expression (27). Therefore,
anti-PD-1/PD-L1 therapy may be effective for nestin positive
SCLC. In addition, nestin or nestin-related signaling may lead
directly to a malignant phenotype and chemoresistance and
may also provide new therapeutic targets in SCLC. The data
from this study contribute to the understanding of the clinical
function of nestin in SCLC. Further studies of nestin in SCLC
are warranted.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

REFERENCES

1. van Meerbeeck JP, Fennell DA, De Ruysscher DK. Small-cell lung cancer.
Lancet. (2011) 378:1741-55. doi: 10.1016/S0140-6736(11)60165-7

2. Herbst RS, Morgensztern D. The biology and management of non-small cell
lung cancer. Nature. (2018) 553:446-54. doi: 10.1038/nature25183

3. Horn L, Mansfield AS, Szczesna A, Havel L, Krzakowski M, Hochmair M]J,
et al. First-line atezolizumab plus chemotherapy in extensive-stage small-cell
lung cancer. N Engl ] Med. (2018) 379:2220-9. doi: 10.1056/NEJMo0a1809064

4. Lendahl U, Zimmerman LB, McKay RD. CNS stem cells express
a new class of intermediate filament protein. Cell.  (1990)
60:585-95. doi: 10.1016/0092-8674(90)90662-X

5. Takakuwa O, Maeno K, Kunii E, Ozasa H, Hijikata H, Uemura T, et al.
Involvement of intermediate filament nestin in cell growth of small-cell lung
cancer. Lung Cancer. (2013) 81:174-9. doi: 10.1016/j.lungcan.2013.04.022

6. Zhang Y, Zeng S, Ma J, Deng G, Qu Y, Guo C, et al. Nestin
overexpression in hepatocellular carcinoma associates with epithelial-
mesenchymal transition and chemoresistance. ] Exp Clin Cancer Res. (2016)
35:111. doi: 10.1186/513046-016-0387-y

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Institutional Ethics Committee of Nagoya
City University Graduate School of Medical Sciences. The
patients/participants provided their written informed consent to
participate in this study. The animal study was reviewed and
approved by Institutional Animal Care and Use Committee at
Nagoya City University of Medical Science.

AUTHOR CONTRIBUTIONS

KS, KM, HI, and AN: conception and design. KS, EK, YuK, AT,
and SF: cell line study. EK, YuK, and OT: animal study. AM and
HI: immunohistochemistry study. KM, TU, SE KE YoK, HO,
MT, YL, and TO: acquisition of clinical data. KS, KM, TO, and
AN: interpretation of all data. All authors critically reviewed the
manuscript and revised it. All authors approved the final version
of the manuscript and agree to be accountable for all aspects of
the work in ensuring that questions related to the accuracy or
integrity of any part of the work are appropriately investigated
and resolved.

FUNDING

This work was supported by JSPS KAKENHI (Grant Number
2646 1193).

ACKNOWLEDGMENTS

We wish to thank Takeo Sakakibara for his technical assistance
with immunohistochemistry.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fonc.
2020.01367/full#supplementary-material

7. Ma ], Sun E Li C, Zhang Y, Xiao W, Li Z, et al. Depletion of
intermediate filament protein Nestin, a target of microRNA-940,
suppresses inducing spontaneous DNA damage
accumulation in human nasopharyngeal carcinoma. Cell Death Dis. (2014)
5:e1377. doi: 10.1038/cddis.2014.293

8. Ryuge S, Sato Y, Nagashio R, Hiyoshi Y, Katono K, Igawa S, et al. Prognostic
significance of nestin expression in patients with resected non-small cell
lung cancer treated with platinum-based adjuvant chemotherapy; relationship
between nestin expression and epithelial to mesenchymal transition related
markers. PLoS ONE. (2017) 12:¢0173886. doi: 10.1371/journal.pone.0173886

9. Ryuge S, Sato Y, Jiang SX, Wang G, Matsumoto T, Katono K, et al. Prognostic
impact of nestin expression in resected large cell neuroendocrine carcinoma
of the lung. Lung Cancer. (2012) 77:415-20. doi: 10.1016/j.lungcan.2012.
03.025

10. Ishii M, Iwahana M, Mitsui I, Minami M, Imagawa S, Tohgo A, et al.
Growth inhibitory effect of a new camptothecin analog, DX-8951f, on various
drug-resistant sublines including BCRP-mediated camptothecin derivative-
resistant variants derived from the human lung cancer cell line PC-6.
Anticancer Drugs. (2000) 11:353-62. doi: 10.1097/00001813-200006000-00005

tumorigenesis by

Frontiers in Oncology | www.frontiersin.org

August 2020 | Volume 10 | Article 1367


https://www.frontiersin.org/articles/10.3389/fonc.2020.01367/full#supplementary-material
https://doi.org/10.1016/S0140-6736(11)60165-7
https://doi.org/10.1038/nature25183
https://doi.org/10.1056/NEJMoa1809064
https://doi.org/10.1016/0092-8674(90)90662-X
https://doi.org/10.1016/j.lungcan.2013.04.022
https://doi.org/10.1186/s13046-016-0387-y
https://doi.org/10.1038/cddis.2014.293
https://doi.org/10.1371/journal.pone.0173886
https://doi.org/10.1016/j.lungcan.2012.03.025
https://doi.org/10.1097/00001813-200006000-00005
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Sone et al.

Nestin in SCLC

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Morikage T, Ohmori T, Nishio K, Fujiwara Y, Takeda Y, Saijo N. Modulation of
cisplatin sensitivity and accumulation by amphotericin B in cisplatin-resistant
human lung cancer cell lines. Cancer Res. (1993) 53:3302-7.

Kunii E, Oguri T, Kasai D, Ozasa H, Uemura T, Takakuwa O, et al.
Organic cation transporter OCT6 mediates cisplatin uptake and resistance
to cisplatin in lung cancer. Cancer Chemother Pharmacol. (2015) 75:985-
91. doi: 10.1007/500280-015-2723-x

Kanda Y. Investigation of the freely available easy-to-use software
EZR  for medical statistics. Bone Marrow Transplant. (2013)
48:452-8. doi: 10.1038/bmt.2012.244

Neradil J, Veselska R. Nestin as a marker of cancer stem cells. Cancer Sci.
(2015) 106:803-11. doi: 10.1111/cas.12691

Liu F Zhang Y, Lu M, Wang C, Li Q, Gao Y, et al. Nestin servers as a
promising prognostic biomarker in non-small cell lung cancer. Am ] Transl
Res. (2017) 9:1392-401.

Gardner EE, Lok BH, Schneeberger VE, Desmeules P, Miles LA,
Arnold PK, et al. Chemosensitive relapse in small cell lung cancer
proceeds through an EZH2-SLENI11 axis. Cancer Cell. (2017)
31:286-99. doi: 10.1016/j.ccell.2017.01.006

Sher F, Boddeke E, Olah M, Copray S. Dynamic changes in Ezh2
gene occupancy underlie its involvement in neural stem cell self-
renewal and differentiation towards oligodendrocytes. PLoS ONE. (2012)
7:€40399. doi: 10.1371/journal.pone.0040399

Sher F, Boddeke E Copray S. Ezh2 expression in astrocytes induces their
dedifferentiation toward neural stem cells. Cell Reprogram. (2011) 13:1-
6. doi: 10.1089/cell.2010.0052

Murai F, Koinuma D, Shinozaki-Ushiku A, Fukayama M, Miyaozono
K, Ehata S. EZH2 promotes progression of small cell lung cancer
by suppressing the TGF-beta-Smad-ASCL1 pathway. Cell Discov. (2015)
1:15026. doi: 10.1038/celldisc.2015.26

Yu T, Wang Y, Hu Q, Wu W, Wu Y, Wei W, et al. The EZH2
inhibitor GSK343 suppresses cancer stem-like phenotypes and reverses
mesenchymal transition in glioma cells. Oncotarget. (2017) 8:98348-
59. doi: 10.18632/oncotarget.21311

Ryuge S, Sato Y, Wang GQ, Matsumoto T, Jiang SX, Katono K, et al. Prognostic
significance of nestin expression in resected non-small cell lung cancer. Chest.
(2011) 139:862-9. doi: 10.1378/chest.10-1121

22.

23.

24.

25.

26.

27.

Auffinger B, Tobias AL, Han Y, Lee G, Guo D, Dey M, et al. Conversion
of differentiated cancer cells into cancer stem-like cells in a glioblastoma
model after primary chemotherapy. Cell Death Differ. (2014) 21:1119-
31. doi: 10.1038/cdd.2014.31

Chen J, Li Y, Yu TS, McKay RM, Burns DK, Kernie SG, et al. A restricted
cell population propagates glioblastoma growth after chemotherapy. Nature.
(2012) 488:522-6. doi: 10.1038/nature11287

Lee TK, Esinhart JD, Blackburn LD, Silverman JF. The size of small cell lung
carcinoma cells. Ratio to lymphocytes and correlation with specimen size and
crush artifact. Anal Quant Cytol Histol. (1992) 14:32-4.

Antonia SJ, Lopez-Martin JA, Bendell ], Ott PA, Taylor M, Eder JP,
et al. Nivolumab alone and nivolumab plus ipilimumab in recurrent
small-cell lung cancer (CheckMate 032) : a multicentre, open-label, phase
1/2 trial. Lancet Oncol. (2016) 17:883-95. doi: 10.1016/S1470-2045(16)3
0098-5

Rudin CM, Pietanza MC, Bauer TM, Ready N, Morgensztern
D, Glisson BS, et al. Rovalpituzumab tesirine, a DLL3-targeted
antibody-drug conjugate, in recurrent small-cell lung cancer: a first-in-
human, first-in-class, open-label, phase 1 study. Lancet Oncol. (2017)
18:42-51. doi: 10.1016/S1470-2045(16)30565-4

Yungqin L, June HS, Michelle L, Hua W, Holbrook EK, Howard Y, et al. CD44+
cells in head and neck squamous cell carcinoma suppress T-cell-mediated
immunity by selective constitutive and inducible expression of PD-L1. Clin
Cancer Res. (2016) 22:3571-81. doi: 10.1158/1078-0432.CCR-15-2665

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Sone, Maeno, Masaki, Kunii, Takakuwa, Kagawa, Takeuchi,
Fukuda, Uemura, Fukumitsu, Kanemitsu, Ohkubo, Takemura, Ito, Oguri, Inagaki
and Niimi. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org

August 2020 | Volume 10 | Article 1367


https://doi.org/10.1007/s00280-015-2723-x
https://doi.org/10.1038/bmt.2012.244
https://doi.org/10.1111/cas.12691
https://doi.org/10.1016/j.ccell.2017.01.006
https://doi.org/10.1371/journal.pone.0040399
https://doi.org/10.1089/cell.2010.0052
https://doi.org/10.1038/celldisc.2015.26
https://doi.org/10.18632/oncotarget.21311
https://doi.org/10.1378/chest.10-1121
https://doi.org/10.1038/cdd.2014.31
https://doi.org/10.1038/nature11287
https://doi.org/10.1016/S1470-2045(16)30098-5
https://doi.org/10.1016/S1470-2045(16)30565-4
https://doi.org/10.1158/1078-0432.CCR-15-2665~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	Nestin Expression Affects Resistance to Chemotherapy and Clinical Outcome in Small Cell Lung Cancer
	Introduction
	Materials and Methods
	Cell Lines and Chemicals
	Overexpression of Nestin in SKLC17 Cells
	Protein Extraction and Western Blotting
	Mouse Xenograft Model
	Drug Sensitivity Assays
	Study Population
	Histologic and Immunostaining Analysis
	Statistical Analysis

	Results
	Expression of Nestin Is Related to Growth of SCLC Cells in vitro and in vivo
	Nestin Expression Affects Anticancer Drug Sensitivity
	Nestin Expression in Anticancer Drug-Resistant Cells
	Clinical Characteristics of SCLC Patients According to Immunohistochemical Expression of Nestin
	Relationship Between Nestin Expression and Effects of Chemotherapy

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


