AMERICAN SOCIETY of
w GENE & CELL

Molecular Therapy w4 THERAPY

Original Article

MiR-30 Family Reduction Maintains Self-Renewal
and Promotes Tumorigenesis in NSCLC-Initiating
Cells by Targeting Oncogene TM4SF1
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Increasing evidence indicates that tumor-initiating cells (TICs)
are responsible for the occurrence, development, recurrence,
and development of the drug resistance of cancer. MicroRNA
(miRNA) plays a significant functional role by directly regu-
lating targets of TIC-triggered non-small-cell lung cancer
(NSCLC), but little is known about the function of the
miR-30 family in TICs. In this study, we found the miR-30 fam-
ily to be downregulated during the spheroid formation of
NSCLC cells, and patients with lower miR-30a/c expression
had shorter overall survival (OS) and progression-free survival
(PES). Moreover, transmembrane 4 super family member 1
(TM4SF1) was confirmed to be a direct target of miR-30a/c.
Concomitant low expression of miR-30a/c and high expression
of TM4SF1 correlated with a shorter median OS and PFS in
NSCLC patients. miR-30a/c significantly inhibited stem-like
characteristics in vitro and in vivo via suppression of its target
gene TM4SF1, and then it inhibited the activity of the mTOR/
AKT-signaling pathway. Thus, our data provide the first evi-
dence that TM4SF1 is a direct target of miR-30a/c and
miR-30a/c inhibits the stemness and proliferation of NSCLC
cells by targeting TM4SF1, suggesting that miR-30a/c and
TM4SF1 may be useful as tumor biomarkers for the diagnosis
and treatment of NSCLC patients.

INTRODUCTION

According to the newest statistics published by the American Cancer
Society, lung cancer is the most lethal cancer in both males and
females," of which non-small-cell lung cancer (NSCLC) accounts
for about 85% of all lung cancers.” Despite the great improvement
in recent molecular-targeted therapy, 5-year survival rates remain
poor due to the development of resistance and eventual relapse.’
For this reason, additional analysis of the mechanisms resulting in
the occurrence and the development of NSCLC is required to improve
the survival rate of lung cancer.

Molecular Therapy Vol. 26 No 12 December 2018 © 2018 The American Society of Gene and Cell Therapy.

Updates

Data from leukemia, germ cell tumors, and a number of solid tumors
support the notion that cancers are maintained by a subpopulation of
self-renewing and evolving tumor-initiating cells (TICs),*” also
known as the cancer stem cell (CSC) model.® Recent studies have
suggested that TICs located within lung tumors, which display the ca-
pacity for renewal and reproduction of tumor heterogeneity, are
responsible for NSCLC progression, resistance to therapy, and the hi-
erarchical organization of tumor cells.” Thus, identification of the fac-
tors critical to the various states of lung TICs (LTICs) may open new
avenues in NSCLC therapy. Moreover, based on the CSC theory, the
presence of LTICs may be of prognostic relevance to patients with
NSCLC.'"° However, the manner in which LTICs sustain their self-
renewal remains largely unknown, and the clinical significance of
LTICs for NSCLC has yet to be fully established.

MicroRNAs (miRNAs) are a class of conserved, small non-coding
RNAs, approximately 20-22 nt, which could inhibit gene expression
by binding to the 3’ UTR of their target mRNAs.'' Evidence has
demonstrated that miRNAs play vital roles in regulating the self-
renewal and tumorigenesis of TICs.'>'> miR-30 has been described
as a hub for the miRNA oncogenesis signal network in solid tumors,"*
whose up- or downregulation has profound impacts on tumorigen-
esis."”” Bockhorn et al.'® has identified that miR-30c inhibits human
breast tumor chemotherapy resistance by regulating Twinfilin-1
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(TWF1) and interleukin 11 (IL-11). Intriguingly, miR-30 has been re-
ported to inhibit the self-renewal and metastasis of breast TICs,"”
repress the stem cell and cancer phenotypes via targeting LIN28,'®
and play a regulatory role in self-renewal and neural differentiation
in glioma cells.'” However, the exact role of miR-30 in regulating
the biological behavior of LTICs remains unclear.

To better identify miRNAs involved in the LTICs self-renewing and
differentiation processes, in this study, we analyzed genome-wide
transcriptional profiling using an miRNA microarray in lung
CSCs (LCSCs) at different stages. We found that expression levels
of several tumor-related miRNAs were altered during spheroid
formation of NSCLC cell lines. We further demonstrated that
miR-30a/c inhibits self-renewal and the tumorigenesis of LTICs
by targeting the oncogene transmembrane 4 super family member
1 (TM4SF1).

RESULTS

Isolation and Identification of LCSCs

To obtain tumor spheres from NSCLC cell lines in vitro, SPC-Al
and NCI-H1650 cells were first cultured as adherent monolayers.
Cells were then transferred to stem cell medium containing
epidermal growth factor (EGF) and basic fibroblast growth factor
(bFGF). After 3 days in culture, macroscopic and spherical or
oval tumor spheres were formed. After another 7 days of continued
proliferation, SPC-A1 and NCI-H1650 cells showed spherical sus-
pension growth. Because CDI133 and CD326 are well-known
LCSC surface markers, we measured CD133 and CD326 mRNA
expression and protein expression using qRT-PCR and western
blot. The results showed that the cultured tumorigenic lung tumor
spheres exhibited stem-like features, with gradual and significant in-
creases in the expression of CD133 and CD326 at both the mRNA
(Figures 1A and 1B) and protein (Figure 1C) levels. We detected the
expression levels of embryonic stem cell markers Oct-4 and Bmi-1
using RNA extracted from adherent and spheroids of SPC-Al and
NCI-H1650 cells. The results showed that the mRNA and protein
levels of Oct-4 and Bmi-1 were significantly increased in cells grown
as spheres compared with those grown in adherence (Figures 1D
and 1E). Moreover, tumor spheres from SPC-Al and NCI-H1650
cells overexpressed lung stem cell markers, such as Clara cell secre-
tory protein (CCSP) and thyroid transcription factor 1 (TTF-1)
(Figure 1F).

Subsequently, miRNA expression of adherent and spheroids of
SPC-A1 and NCI-H1650 cells was detected by microarray. We per-
formed unsupervised hierarchical clustering of the expression data
in order to evaluate the miRNA diversity among these cells.
When comparing the expression levels of miRNAs from both sam-
ple groups, a handful of reported differential miRNAs, including
miRNA-124a,> miRNA-26a,” and miRNA-34a,'> has been discov-
ered by this method. Moreover, our results showed that the gene
expression level of the miR-30 family was gradually and significantly
decreased during the formation of tumor spheres from SPC-Al and
NCI-H1650 cells (Figure 1G).
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To validate these differentially regulated miRNAs, we examined the
miR-30 family at the level of transcription in RNA extracted from
adherent and spheroids of SPC-Al and NCI-H1650 cells. The
amounts of the indicated transcripts, analyzed by real-time RT-
PCR, were significantly lower in cells grown as spheres than in those
grown in adherence. Among them, the levels of expression of miR-30c
and -30a in tumor spheres from SPC-Al and NCI-H1650 cells
were extremely significantly lower than those of the control group
(p < 0.001) (Figure 1H).

Differentiation and CSC Marker Expression in LCSCs

Tumor spheres cultured in suspension may re-differentiate into
adherent cancer cells when added to routine medium containing
serum. Next, we detected CSC marker expression in tumor spheres
from SPC-Al and NCI-H1650 cells cultured in suspension in
serum-free chemically defined medium to maintain stemness or in
monolayers after the addition of fetal bovine serum (FBS) to induce
differentiation. The results showed that the mRNA expression (Fig-
ures 2A and 2B) and protein expression (Figure 2C) of stem cell-asso-
ciated genes, including CD133 and CD326, in re-differentiated cells
were significantly reduced after FBS treatment. The expression levels
of stem cell markers, such as embryonic Oct-4 and Bmi-1 (Figures
2D-2F), and the lung stem cell markers CCSP and TTF-1 (Figure 2G)
in re-differentiated cells were also significantly reduced following FBS
treatment. Conversely, the expression of the miR-30 family, including
miR-30c, -30a, -30e, and -30d, was significantly higher in adherent
SPC-A1l and NCI-H1650 cells than in the tumor spheres cultured
in suspension (Figure 2H).

Knockdown and Overexpression Experiments and Spheroid
Formation, Cell Growth, and Apoptosis Assays

To further investigate the role of hsa-miR-30c/a in NSCLC, we con-
structed hsa-miR-30c/a overexpression and knockdown cells in
SPC-A1 and NCI-H1650 cell lines, and we verified their expression
by qRT-PCR (Figures 3A and 3B). The spheroid formation assay
showed the hsa-miR-30c/a knockdown group had a stronger
spheroid formation ability than the control group (Figure 3C), while
the overexpression group showed inhibited spheroid formation
(Figure 3F). Cell growth assays showed that, compared with the
control group, the knockdown group was found to promote cell
growth (Figure 3D), while the overexpression group could inhibit
cell growth (Figure 3G). The apoptosis assay showed that, compared
with the control group, the knockdown group could inhibit cell
apoptosis (Figure 3E), while the overexpression group could pro-
mote cell apoptosis (Figure 3H).

Prediction of Target Genes of hsa-miR-30c and hsa-miR-30a

To predict target genes of hsa-miR-30c and hsa-miR-30a, we used 4
target gene prediction software packages: miRanda, miRDB,
DIANA-MICROT, and StarBase. Based on this analysis, we found 301
common target genes (Figure 4A). Gene ontology (GO) analysis
showed the top 3 GO terms in biological process to be RNA
metabolic process, macromolecule modification and cell fate determi-
nation (Figure 4B). Of these, TM4SF1 was included as a cell fate
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Figure 1. Isolation and Identification of Lung Cancer Stem Cells

(Aand B) CD133 and CD326 mRNA expression during spheroid formation of SPC-A1 (A) and NCI-H1650 (B) cell lines by gRT-PCR. (C) CD133 and CD326 protein expression
during spheroid formation of SPC-A1 and NCI-H1650 cell lines by western blot. (D and E) Embryonic stem cell markers (OCT 4 and Bmi-1) expression during spheroid
formation of SPC-A1 and NCI-H1650 cell lines by gRT-PCR (D) and western blot (E). (F) Lung stem cell markers (CCSP and TTF-1) expression during spheroid formation of
SPC-A1 and NCI-H1650 cell lines by gRT-PCR. (G) Unsupervised hierarchical clustering of the expression data during spheroid formation of SPC-A1 and NCI-H1650 cell
lines. (H) Expression of miR-30c/a during spheroid formation of SPC-A1 and NCI-H1650 cell lines by gRT-PCR. Data are shown as the means + SDs of three independent
experiments. Statistical analyses were performed with one-way ANOVA (**p < 0.01 and ***p < 0.001 vs. control).

determination term. Next, we used the 4 prediction software packages
to explore potential target miRNAs of TM4SF1; the results showed
there to be 5 intersections: hsa-miR-30c, hsa-miR-30a, hsa-miR-
30d, hsa-miR-30b, and hsa-miR-30e (Figure 4C).

We then performed qRT-PCR and western blot analysis to verify
whether TM4SF1 was a target gene of hsa-miR-30c and hsa-miR-
30a. The results showed that TM4SF1 was obviously upregulated in
the hsa-miR-30c/a knockdown group over control levels (Figures

4D and 4E), while TM4SF1 was visibly downregulated in the hsa-
miR-30c/a overexpression group (Figures 4F and 4G). The 3’ UTR-
binding site and mutation site of the miR-30 family of the TM4SF1
gene are shown in Figure 4H. Next, we performed luciferase reporter
assay to further verify whether hsa-miR-30c/a directly targeted
TM4SF1. As shown in Figure 4I, ectopic expression of hsa-miR-
30c/a decreased the luciferase activity of the 3’ UTRs of TM4SF1.
However, hsa-miR-30c/a did not have an inhibitory effect on lucif-
erase activity of 3’ UTR_Mut of TM4SF1.
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Figure 2. Cancer Stem Cell Marker Expression of Spheroid Cell and Differentiated Cells

(A) gRT-PCR to evaluate CD133 expression of tumor sphere cell and differentiated cell in SPC-A1 and NCI-H1650 cell lines. (B) gRT-PCR to evaluate CD326 expression of
tumor sphere cell and differentiated cell in SPC-A1 and NCI-H1650 cell lines. (C) Western blot analysis to evaluate CD133 and CD326 expression of tumor sphere cell
and differentiated cell in SPC-A1 and NCI-H1650 cell lines. (D-F) gRT-PCR (D and E) and western blot (F) to evaluate the expression of embryonic stem cell markers OCT 4
(D and F)and Bmi-1 (E and F). (G) gRT-PCR to evaluate the expression of lung stem cell markers CCSP and TTF-1. (H) gRT-PCR to evaluate the expression of miR-30c, -30a,
-30e, and -30d in tumor spheres and differentiated cells. Data are shown as the means + SDs of three independent experiments. Statistical analyses were performed with

one-way ANOVA (*p < 0.05, **p < 0.01, and ***p < 0.001 vs. control).

Mature miRNAs form stable complexes with Argonaute proteins
(such as Ago2), which are the core of the RNAi-induced silencing
complex (RISC). The miRNA then directs RISC binding to mRNA
molecules containing specific targeting sequences, and this results
in translation inhibition and/or enhanced mRNA degradation.”’ To
further confirm that hsa-miR-30c/a directly interacts with TM4SF1
mRNA, we tested hsa-miR-30c/a-mediated binding of RISC to
TM4SF1 mRNA using the Ago2-based ribonucleoprotein-immuno-
precipitation (IP) assay (RIP-IP). One irrelevant binding miRNA
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was used as a negative control. As shown in Figure 4], the Ago2 co-
immunoprecipitation (coIP) fraction from cells treated with the
hsa-miR-30c/a mimic was significantly enriched for TM4SF1
mRNA compared to cells treated with control miRNA mimics.

TM4SF1 and miR-30c/a Expression in Different Differentiation
Cells

We performed qRT-PCR and western blot to investigate the expres-
sion of TM4SF1 in 0-, 3-, and 7-day SPC-Al and NCI-H1650 cells
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Figure 3. Knockdown and Overexpression Experiments, Spheroid Formation Assay, Cell Growth Assays, and Apoptosis Assay

(A) Overexpression and knockdown of miR-30c/a verified by gRT-PCR in the SPC-A1 cell line. (B) Overexpression and knockdown of miR-30c/a verified by gRT-PCR in the
NCI-H1650 cell line. (C) Spheroid formation assay of the control group and knockdown groups of miR-30c/a at day 7. (D) Cell growth assays of the control group and
knockdown groups of miR-30c/a. (E) Apoptosis assay of the control group and knockdown groups of miR-30c/a. (F) Spheroid formation assay of the control group and
overexpression groups of miR-30c/a. (G) Cell growth assays of the control group and overexpression groups of miR-30c/a. (H) Apoptosis assay of the control group
and overexpression groups of miR-30c/a. Data are shown as the means + SDs of three independent experiments. Statistical analyses were performed with one-way ANOVA

(*p < 0.05, *p < 0.01, and ***p < 0.001 vs. control).

of spheroid culture. As shown in Figures 5A and 5B, TM4SF1 expres-
sion increased over time and was expressed at high levels in spheroid
(7-day) cells. Correction analysis showed there to be a significant
negative correlation between has-miR-30c/a and TM4SF1 expression
(Figures 5C and 5D). qRT-PCR and western blot analysis of spheroid
cells (day 7) and differentiated cells showed differences from the
differentiated cells: TM4SF1 was found to be significantly highly ex-
pressed in spheroid cells (Figures 5E and 5F). Correction analysis in
Figures 5G and 5H showed a significant negative correlation, as above.

Next, we wanted to investigate the influence of TM4SF1 overexpres-
sion on cell function. First, we verified overexpression of TM4SF1 by
qRT-PCR and western blot (Figure 5I). A spheroid formation assay
showed that, compared with the control group, the overexpression
group could promote spheroid formation (Figure 5]). Cell growth as-
says showed that, compared with the control group, the overexpres-
sion group could promote cell growth (Figure 5K). An apoptosis assay
showed that, compared with the control group, the overexpression
group could inhibit cell apoptosis (Figure 5L).

Molecular Therapy Vol. 26 No 12 December 2018 2755
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Figure 4. Prediction of Target Genes of hsa-miR-30c and hsa-miR-30a

(A) Prediction of target genes of hsa-miR-30c and hsa-miR-30a using 4 target gene prediction software packages: miRanda, miRDB, DIANA-MICROT, and StarBase. 301
common target genes were found. (B) GO analysis of the 301 common target genes. (C) Prediction of potential target mMIRNA of TM4SF1 using 4 target gene prediction
software. (D) TM4SF1 expression examined by gRT-PCR when hsa-miR-30c/a were knocked down. (E) TM4SF1 expression examined by western blot when hsa-miR-30c/a
were knocked down. (F) TM4SF1 expression examined by gRT-PCR when hsa-miR-30c/a were overexpressed. (G) TM4SF1 expression examined by western blot when
hsa-miR-30c/a were overexpressed. (H) The 3’ UTR-binding site and mutation site of miR-30 family of the TM4SF1 gene. (I) Luciferase reporter assay to verify whether hsa-
miR-30c/a directly targeted TM4SF1. (J) RIP-IP assays were performed to co-immunoprecipitate the Ago2 complexes from SPC-A1 cells transfected with either hsa-miR-
30c/a mimic or negative control mimic. Real-time PCR assays were performed on RNA samples isolated from the Ago2 colP fractions to measure the relative enrichment of
the TM4SF1 mRNA. Data are shown as the means + SDs of three independent experiments. Statistical analyses were performed with one-way ANOVA (**p < 0.01 and

#p > 0.05 vs. control).

miR-30c/a Regulates TM4SF1 Expression

To further verify whether miR-30c/a regulates TM4SF1 expression, we
performed gRT-PCR and western blot analysis of TM4SF1 expression
in 3 groups of cells, including the control group, the miR-30c overex-
pression group, and the miR-30c and TM4SF1 overexpression group.
The results showed miR-30c/a could downregulate TM4SF1 expression
(Figures 6A and 6B). A spheroid formation assay showed that the miR-
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30c/a group could inhibit spheroid formation in a way not observed in
the control group (Figures 6C and 6F). Cell growth assays showed that,
compared with the control group, the miR-30c/a group could inhibit
cell growth (Figures 6D and 6G). An apoptosis assay showed that,
compared with the control group, the miR-30c/a group could promote
cell apoptosis (Figures 6E and 6H). All these results suggested that miR-
30c/a could directly inhibit TM4SF1 expression and function.
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Figure 5. TM4SF1 and miR-30c/a Expression in Different Differentiated Cells
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(A) gRT-PCR to investigate the expression of TM4SF1 in O-, 3-, and 7-day SPC-A1 and NCI-H1650 cells of spheroid culture. (B) Western blot to investigate the expression of
TM4SF1 in 0-, 3-, and 7-day SPC-A1 and NCI-H1650 cells of spheroid culture. (C) Correction analysis of has-miR-30c and TM4SF1 expression. (D) Correction analysis of
has-miR-30a and TM4SF1 expression. (E) gqRT-PCR analysis of spheroid cells (day 7) and differentiated cells. (F) Blot analysis of spheroid cells (day 7) and differentiated cells.
(G) Correction analysis of has-miR-30c and TM4SF1 expression. (H) Correction analysis of has-miR-30a and TM4SF1 expression. (I) Overexpression of TM4SF1 verified by
gRT-PCR and western blot. (J) Spheroid formation assay of the control group and the TM4SF1 overexpression group at day 7. (K) Cell growth assays of the control group and
the TM4SF1 overexpression group. (L) Apoptosis assay of the control group and the TM4SF1 overexpression group. Data are shown as the means + SDs of three inde-
pendent experiments. Statistical analyses were performed with one-way ANOVA (*p < 0.05, **p < 0.01, and ***p < 0.001 vs. control).

miR-30c/a Inhibits Tumor Growth In Vivo by Targeting TM4SF1

To further investigate whether and how miR-30c¢/a affects lung cancer
formation in vivo, we overexpressed miR-30c/a and/or TM4SF1 in
SPC-Al and NCI-H1650 cell lines. Figures 7A and 7B show that
TMA4SF1 could promote NSCLC tumor growth, while miR-30c/a
could inhibit tumor growth in vivo by targeting TM4SF1. Next, we
observed staining of CSC surface markers CD326 and CD133 of 4
group tumor samples under a fluorescent microscope (Figure 7C).

We quantitatively analyzed relative fluorescence intensity of the 4
samples. Figures 7D and 7E show that CD326 and CD133 expression
was upregulated in NSCLC tissues compared with paracarcinoma tis-
sues, TM4SF1 could promote CSC surface marker expression, and
miR-30c could inhibit CSC surface marker expression by targeting
TMA4SF1. The apoptosis assay in Figure 7F showed that the rate of
apoptosis was lower in NSCLC tissues compared with paracarcinoma
tissues, TM4SF1 could inhibit cell apoptosis, and miR-30c could
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Figure 6. miR-30a/c Regulate TM4SF1 Expression

(A) gRT-PCR and western blot analysis of TM4SF1 expression in 3 groups of cells: the control group, miR-30c group, and miR-30c + TM4SF1 group. (B) gRT-PCR and
western blot analysis of TM4SF1 expression in 3 groups of cells: the control group, miR-30a group, and miR-30a + TM4SF1 group. (C) Spheroid formation assay of the
control group, miR-30c group, and miR-30c + TM4SF1 group. (D) Cell growth assays of the control group, miR-30c¢ group, and miR-30c + TM4SF1 group. (E) Apoptosis
assay of the control group, miR-30c group, and miR-30c + TM4SF1 group. (F) Spheroid formation assay of the control group, miR-30a group, and miR-30a + TM4SF1 group.
(G) Cell growth assays of the control group, miR-30a group, and miR-30a + TM4SF1 group. (H) Apoptosis assay of the control group, miR-30a group, and miR-30a +
TMA4SF1 group. Data are shown as the means + SDs of three independent experiments. Statistical analyses were performed with one-way ANOVA (*p < 0.05 and **p < 0.01

vs. control).

promote cell apoptosis by targeting TM4SF. We also investigated how
TM4SF1 and miR-30c affect apoptotic signal molecules cleaved-cas-
pase-3 by western blot. The results showed that miR-30c can promote
cell apoptosis by targeting TM4SF (Figure 7G). Next, we performed
western blot analysis to determine whether miR-30a/c and TM4SF1
affect the activity of the mTOR/AKT-signaling pathway. The results
showed that miR-30a/c inhibited the activity of the mTOR/AKT-
signaling pathway (Figure 7H).
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miR-30c/a and TM4SF1 Expression in NSCLC Tissue

To further investigate miR-30c/a expression level in NSCLC tissue, we
performed qRT-PCR in 36 paired NSCLC tissues and 124 normal
lung tissues. The results showed that, when compared with normal
tissues, miR-30c/a was significantly downregulated in NSCLC
(Figures 8A and 8B). Immunohistochemistry (IHC) staining and
qRT-PCR analysis showed that TM4SF1 was significantly upregu-
lated in NSCLC (Figures 8C-8E). Next, correction analysis showed
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Figure 7. miR-30c/a Inhibit Tumor Growth In Vivo by Targeting TM4SF1

(A) Tumor volume curves of the control group, miR-30c group, TM4SF1 group, and miR-30c¢ + TM4SF1 group. (B) Tumor volume curves of the control group, miR-30a group,

TM4SF1 group, and miR-30a + TM4SF1 group. (C) Staining of cancer stem cell surface

markers CD326 and CD138. (D) Quantitative analysis of relative fluorescence intensity

of the para group, control group, miR-30c group, TM4SF1 group, and miR-30c + TM4SF1 group in SPC-A1 cells. Green, CD326; red, CD138. (E) Quantitative analysis of
relative fluorescence intensity of the para group, control group, miR-30c group, TM4SF1 group, and miR-30c + TM4SF1 group in HCI-H1650 cells. Green, CD326; red,
CD183. (F) Apoptosis assay of control group, miR-30c group, TM4SF1 group, and miR-30c + TM4SF1 group in HCI-H1650 cells. (G) Influence of miR-30c and TM4SF1
expression on apoptotic signal molecules cleaved-caspase-3 expression by western blot. (H) Influence of miR-30c and TM4SF1 expression on AKT/mTOR pathway-
associated protein expressions by western blot. Data are shown as the means + SDs of three independent experiments. Statistical analyses were performed with one-way

ANOVA (*P<0.05 and **P<0.01 vs. control).

a significant negative correlation between miR-30c/a and TM4SF1
expression (Figures 8F and 8G).

Clinical Significance of miR-30c/a and TM4SF1 in NSCLC

Kaplan-Meier survival curves were plotted and log rank analysis
was performed to evaluate the prognostic value of miR-30c/a and
TMA4SF1 in NSCLC. The results indicated that miR-30c/a high

expression was correlated with longer overall survival (OS) and pro-
gression-free survival (PFS) (Figures S1A and S1B) in NSCLC pa-
tients, while TM4SF1 high expression was correlated with shorter
OS and PFS (Figure S1C) in NSCLC patients. Because the data sug-
gested that TM4SF1 expression was negatively correlated with miR-
30c/a expression and TM4SF1 was a direct target of miR-30c/a,
we further examined the prognostic value of TM4SF1 expression
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Figure 8. miR-30c/a and TM4SF1 Expression in NSCLC Tissue

(A) miR-30c expression by gRT-PCR in 36 paired NSCLC tissues and 124 normal lung tissues. (B) miR-30a expression by gRT-PCR in 36 paired NSCLC tissues and 124
normal lung tissues. (C) IHC staining of TM4SF1 expression in normal and NSCLC tissues. (D) gRT-PCR analysis of TM4SF1 expression in normal and NSCLC tissues.
(E) Correlation analysis. (F) Correlation analysis of miR-30c and TM4SF1 expression. (G) Correlation analysis of miR-30a and TM4SF1 expression.

together with miR-30c/a levels using multivariate analysis of OS and
PES by Kaplan-Meier survival analysis. The results showed that
NSCLC patients with high miR-30c/a and low TM4SF1 expression
levels had significantly greater levels of OS and PFS (Figures S1D
and S1E), which suggested that miR-30c/a and TM4SF1 might have
prognostic value and could be useful as tumor biomarkers for the
diagnosis of NSCLC patients.

DISCUSSION

Lung cancer is the most lethal cancer in the world. Its 5-year survival
rates vary from 4%-17% depending on the stage and regional differ-
ences. Every year, 1.8 million people are diagnosed with lung cancer,

and 1.6 million people die as a result of the disease.”’ Despite
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advances in therapies, such as chemotherapy, radiotherapy, and tar-
geted therapies, 5-year survival rates remain poor. A better under-
standing of the basis of lung cancer heterogeneity and drug resistance
is vital to improving the outcome of lung cancer patients.

The CSC model proposes that tumors are hierarchically organized,
and within the cancer population of the tumors, there are CSCs,
also known as TICs, which are tumorigenic cells biologically distinct
from other subpopulations.”” The CSC model has attracted a signifi-
cant amount of attention in recent years as a viable explanation for the
heterogeneity, drug resistance, dormancy, recurrence, and metastasis
of various tumors.** More and more evidence has shown that LCSCs
are responsible for the occurrence, development, recurrence, and
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development of drug resistance.”* However, the manner in which
LCSCs sustain their self-renewal remains largely unknown, and the
clinical significance of LCSCs for NSCLC has yet to be fully
established.

An miRNA is a small non-coding RNA molecule containing about 22
nt that functions in RNA silencing and post-transcriptional regula-
tion of gene expression.”> miRNAs regulate many biological pro-
cesses, including cell cycle regulation, cellular growth, proliferation,
differentiation, apoptosis, metabolism, neuronal patterning, and
aging, and dysregulation of miRNAs plays an important role in
tumorigenesis, development, metastasis, and prognosis.”® The
miR-30 family includes 5 members, hsa-miR-30c, hsa-miR-30a,
hsa-miR-30d, hsa-miR-30b, and hsa-miR-30e, all of which share
the same seed sequence and are encoded by 6 genes located on human
chromosomes 1, 6, and 8.2 miR-30 was described as a hub for the
miRNA oncogenesis signal network in solid tumors,”® whose up-
and down-modulation has profound impacts on tumorigenesis.*

In a report by Fan et al.,”” miR-30 was found to suppress the lung can-
cer cell 95D epithelial-mesenchymal transition and invasion through
targeted regulation of Snail. Chan et al.>' found that the miR-30 fam-
ily may target PI3K-SIAH2 and that the associated predicted interac-
tion network may serve as a novel putative theranostic panel in
NSCLC. Yu et al.** found that matrix metalloproteinase-19 promotes
metastatic behavior in vitro and is associated with increased mortality
in NSCLC. Zhong et al.”” found that miR-30b/c inhibits NSCLC cell
proliferation by targeting Rab18. Low expression of miR-30c was re-
ported to promote invasion by inducing an epithelial-mesenchymal
transition in NSCLC.** Moreover, miR-30 has been reported to
play an important role in CSCs. miR-30 reduction maintains self-
renewal and inhibits apoptosis in breast TICs,” and the miR-30 fam-
ily promotes migratory and invasive abilities in CD133" pancreatic
cancer stem-like cells.’® Che et al.”’ found that miR-30 overexpres-
sion promotes glioma stem cells by regulating the Jak/STAT3-
signaling pathway. Zhong et al.>® found that miR-30 regulated re-
programming factor LIN28 in embryonic stem cells and cancer cells.
However, the exact role of miR-30 in regulating the biological
behavior of LCSCs remains unclear.

In this study, through the genome-wide transcriptional profiling anal-
ysis with an miRNA microarray with different stages of LCSCs, a
handful of reported differential miRNAs, including miRNA-124a,’
miRNA-26a,° and miRNA-34a,'> has been discovered by this
method. Tumor-suppressive microRNA-124a has been reported to
inhibit stemness and enhance gefitinib sensitivity of NSCLC cells by
targeting ubiquitin-specific protease 14.” Lu et al.* found that miR-
26a inhibits CSC-like phenotype and tumor growth by targeting Jag-
gedl, one of the Notch ligand, and that its tumor-suppressive effects
are mediated through the inhibition of Jagged1/Notch signaling. Ba-
sak et al.'* showed that miR-34a is a negative regulator of the tumor-
igenic properties of NSCLC cells and CD44hi stem-like NSCLC cells,
and they establish a strong rationale for developing miR-34a as a
novel therapeutic agent against NSCLC. Moreover, we found that

miR-30s were significantly altered during spheroid formation of
NSCLC cell lines. qRT-PCR analysis verified that miR-30 expression
was significantly downregulated during spheroid formation, and
overexpression of miR-30a/c inhibited spheroid formation, inhibited
cell growth, and promoted cell apoptosis.

To further explore the regulating mechanism, we performed bioinfor-
matics analysis and confirmed TM4SF1 as a direct target of miR-30a/c
by qRT-PCR, western blot, and luciferase reporter assays. TM4SF1, a
small plasma membrane glycoprotein that regulates cell motility and
proliferation, is highly expressed in different carcinomas, and it has
been reported to be a new vascular therapeutic target in cancer.’ Pre-
vious studies have shown that TM4SF1 plays an important role in cell
proliferation, invasion, metastasis, and radiotherapy resistance in
different carcinomas. Upregulation of TM4SF1 predicts poor prog-
nosis in invasive breast cancer,”” and TM4SF1 regulates apoptosis,
cell cycle, and ROS metabolism via the PPARY-SIRT1 feedback
loop in human bladder cancer cells.*' Besides, Shih et al.** found
that TM4SF1 is critical to endothelial cell function and tumor angio-
genesis. Cao et al.”” found that TM4SF1 regulates pancreatic cancer
migration and invasion in vitro and in vivo. Sun et al.** found that
TM4SF1 regulates breast cancer cell migration and apoptosis through
the PI3K/AKT/mTOR pathway. Xue et al.** found that TM4SF1 pro-
motes the self-renewal of esophageal cancer stem-like cells and is
regulated by miR-141. Choi et al.*° found that TM4SF4 overexpres-
sion in radiation-resistant lung carcinoma cells activates IGF1R via
the elevation of IGF1. However, the regular role of miR-30 on
TM4SF1 in LCSCs remains unclear. In this study, our data showed
that TM4SF1 was significantly upregulated during spheroid forma-
tion, and overexpression of TM4SF41 promoted spheroid formation,
promoted cell growth, and inhibited cell apoptosis. Moreover,
TM4SF1 was found to be a direct target of miR-30a/c, and miR-
30a/c significantly inhibited stem-like characteristics in vitro and
in vivo via the suppression of its target gene TM4SF1.

The PI3K/AKT/mTOR pathway is an intracellular signaling pathway
important to regulating the cell cycle. In this way, it is directly related
to cellular quiescence, proliferation, cancer, and longevity. Aziz
et al.” found the PI3K/AKT/mTOR pathway to be a central regulator
of ovarian cancer. Raphael et al.** found aberrations in the PI3K/
AKT/mTOR pathway to be the most common genomic abnormalities
in many kinds of breast cancer. It has been reported that TM4SF1
regulated breast cancer cell migration and apoptosis through the
PI3K/AKT/mTOR pathway.*’ Our data first showed that miR-
30a/c significantly inhibited the activity of the mTOR/AKT-signaling
pathway by targeting the oncogene TM4SF1.

In conclusion, our data confirmed that miR-30a/c significantly in-
hibited stem-like characteristics in vitro and in vivo via suppression
of the target gene TM4SF1 and then inhibited the activity of the
mTOR/AKT-signaling pathway. Low expression of miR-30a/c and
high expression of TM4SF1 were found to be independent prognostic
factors in NSCLC patients. Thus, our data provide the first evidence
that TM4SF1 is a direct target of miR-30a/c and miR-30a/c inhibits
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stemness and proliferation of NSCLC cells by targeting TM4SF1,
which suggests that miR-30a/c and TM4SF1 may be useful as tumor
biomarkers for the diagnosis and treatment of NSCLC patients.

MATERIALS AND METHODS

Tissue Sample and Ethics Statement

Fresh NSCLC samples were collected from patients undergoing sur-
gical resection between 2008 and 2012 in the Department of Biobank,
China-Japan Union Hospital and Shanghai Tenth People’s Hospital,
which included paired tumor and adjacent non-cancerous tissues
(n = 36) and a large cohort of individual NSCLC biopsies
(n = 160), and they were classified according to the current
WHO classification. Two experienced pathologists independently
confirmed NSCLC diagnosis. The study was approved by the Ethical
Committee of Shanghai Tenth People’s Hospital (SHSY-IEC-pap-
15-18). Each subject provided written informed consent before
participating in this study.

Cell Lines

Human NSCLC cell lines SPC-A1 and NCI-H1650 were purchased
from the Cell Bank of the Chinese Academy of Sciences (Shanghai,
China), and they were cultured in DMEM (Invitrogen, Carlsbad,
CA, USA) and supplemented with 10% (v/v) FBS, 100 U/mL peni-
cillin, and 100 mg/mL streptomycin. Cell lines were routinely tested
for mycoplasma contamination, and they have been authenticated
with short-tandem repeat analysis. Cell culture was conducted at
37°C in a humidified 5% CO, incubator.

Tumor Sphere Formation Assays

The SPC-A1 and NCI-H1650 cell lines were cultured with ultra-low
attachment surface plates (Nunc, Penfield, NY, USA) in serum-free
DMEM (Gibco, Life Technologies), supplemented with 20 ng/mL hu-
man EGF (hEGF; R&D Systems, Minneapolis, MN, USA), 10 ng/mL
hbFGF (R&D Systems), 4 mg/mL heparin sulfate (Sigma, St. Louis,
MO), 0.15% BSA (Sigma), and 1% penicillin G-streptomycin.”’
Sphere-forming capacity was determined by the ability of cells
to form three-dimensional spheroids in culture in a period of
3-7 days. To assess long-term proliferation and fold expansion,
spheres were disassociated and passaged every 7 days using 0.05%
trypsin-EDTA (Invitrogen, Carlsbad, CA, USA). Cells were counted
using a Countess (Invitrogen) automated cell counter. To induce tu-
mor stem cell differentiation, the cultured tumor spheres of SPC-Al
and NCI-H1650 NSCLC cells were incubated with 10% (v/v) FBS for
7 days at 37°C in a humidified chamber supplemented with 5% CO.,.

Plasmid Construction and Transfection

Overexpression of hsa-miR-30a/c and TM4SF1 was performed using
the plasmid murine stem cell virus (pMSCV) retroviral plasmid. The
hsa-miR-30a/c sponge plasmid was constructed by inserting eight
tandemly arrayed hsa-miR-30a/c-binding sites into the 3’ UTR of
Discosoma sp. red fluorescent protein (dsRed). All constructs were
confirmed by sequencing. The plasmids were transiently transfected
into target cells with Lipofectamin 2000 (Life Technologies, Gaithers-
burg, MD, USA). To generate stable cell lines with specific gene

2762 Molecular Therapy Vol. 26 No 12 December 2018

Molecular Therapy

overexpression or knockdown, the plasmids were packaged into
retroviruses with the amphotropic Phoenix packaging cell line and in-
fected into target cells, followed by puromycin and hygromycin selec-
tion of infected cells.

RNA Extraction and qPCR

Total RNA, including miRNAs from normal lung tissue, NSCLC
samples, and cell lines, was isolated using Trizol reagent (Life
Technologies, Grand Island, NY, USA), according to the manufac-
turer’s instructions. RNA concentration was measured using a
NanoDrop2000 spectrophotometer (Thermo Fisher Scientific, Wal-
tham, MA, USA). Electrophoresis on 1.5% denaturing agarose gels
was performed to evaluate the quality of all RNA specimens. gPCR
was conducted using the TagMan Universal PCR Kit (Life Technol-
ogies, Carlsbad, CA, USA). The same amount of first-strand cDNA
from each sample was used to detect the mRNA expression levels us-
ing specific primers. U6 and GAPDH were used as the endogenous
control, and the 27T method was used to analyze expression level.

Microarray Analysis

For microarray analysis of miRNA gene expression, Agilent Array plat-
form was employed. The sample preparation and microarray hybridi-
zation were performed based on the manufacturer’s standard protocols.
Briefly, 1 pug total RNA from each sample was amplified and transcribed
into fluorescent cDNA using the manufacturer’s Agilent’s Quick Amp
Labeling protocol (version 5.7, Agilent Technologies). Agilent Quick
Amp Labeling Kit was used for sample labeling. Hybridization was per-
formed in Agilent’s SureHyb Hybridization Chambers. The labeled
cRNAs were hybridized onto the Whole Human Genome Oligo Micro-
array (4 x 44,000; Agilent Technologies). After having washed the
slides, the arrays were scanned by the Agilent Scanner G2505B. Agilent
Feature Extraction software (version 11.0.1.1) was used to analyze the
acquired array images. Quantile normalization and subsequent data
processing were performed using the GeneSpring GX version (v.)
11.5.1 software package (Agilent Technologies).

Luciferase Reporter Assays

Human TM4SF1 3’ UTR oligonucleotides containing wild-type (WT)
or mutant (Mut) hsa-miR-30a/c binding site were subcloned into the
Xhol and NotI sites of the pGL3 luciferase reporter plasmid (Promega,
Madison, W1, USA). For the luciferase assay, SPC-A1l and NCI-H1650
cells were seeded into 24-well plates and cultured for 24 hr, after which
cells were co-transfected with either the WT or Mut reporter plasmid.
Then 48 hr after transfection, the luciferase assay was performed using
the Dual-Luciferase Kit (Promega, Madison, W1, USA).

Antibodies, Western Blot Analysis, and Immunofluorescence

Western blot analyses were performed by standard methods using the
indicated antibodies. Densitometry was performed on scanned blots
using NIH Image] software version 1.45 to quantify the average pixel
density per band area after normalization to the pixel density of the
corresponding loading controls. The rabbit monoclonal antibodies
for CD133 (ab216323), CD326 (ab32392), TM4SF1 (ab113504),
Smadl (ab63356), Caspase-3 (ab13585), p-mTOR (ab131538),
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mTOR (ab2732), p-AKT (ab38449), and AKT (ab182729) and
GAPDH antibody (ab181602) were purchased from Abcam (Cam-
bridge, UK) and used for western blot analyses. The goat anti-rabbit
immunoglobulin G (IgG) (Merck) and goat anti-mouse IgG (Merck)
antibodies were used for western blot analyses. Antibody dilutions
were 1:1,000 for primary antibodies and 1:5,000 for secondary anti-
bodies in western blotting. Data are representative of 3-4 indepen-
dent experiments.

Cell Viability Assays

For the cell viability assays, 3,000 cells were seeded into 96-well plates,
transfected, and cultured overnight. Next, CCK8 (10 L) reagent was
then added to each well, the absorbance (A) was measured at
450 nm after 1 hr, and the relative cell viability rate was calculated.
All experiments were performed in triplicate.

Flow Cytometry Analysis

Cell apoptosis was determined by flow cytometry analysis. Cells were
collected, washed with cold PBS, fixed in cold 70% ethanol, treated
with DNase-free RNase (100 pg/mL; RB473, Sangon Biotech,
Shanghai, China), and stained with 50 pg/mL propidium iodide
(P1112, Sangon Biotech) and the Annexin V-APC/7-AAD Kit
(KGA-1025, KeyGEN Biotech, Nanjing, China). The cells were
analyzed using a Gallios flow cytometer (Beckman Coulter) to quan-
tify the proportion of cells in apoptosis status.

Immunofluorescence and IHC

For immunofluorescence studies, 2 x 10* cells were plated onto a ma-
trigel-coated 2-well LabTekII chamber slide. Cells were fixed the next
day with 4% paraformaldehyde, permeabilized, and blocked with
0.3% Triton X-100, 3% BSA in PBS, followed by incubation with rab-
bit monoclonal antibody for CD133 and CD326 (1:1,000, Abcam,
UK) overnight at 4°C. The primary antibody was detected by incuba-
tion with the secondary antibody (1:5,000, Merck) for 1 hr at room
temperature. The slides were mounted with ProLong Antifade re-
agent with DAPI (Invitrogen, Life Technologies) and photographed.
Standard THC and H&E staining were used to evaluate TM4SF1
expression levels in NSCLC samples. Serial sections were stained in
parallel with the primary antibody replaced by PBS as controls.

RNA Immunoprecipitation Assay

The EZ-Magna RIP Kit (Millipore, USA) was applied to conduct the
RIP assay according to the product specification. First, cells were
collected and lysed in complete RIP lysis buffer. Then, the cell extract
was incubated with RIP buffer containing magnetic beads conjugated
to a human anti-Ago2 antibody (Millipore, USA). Samples were incu-
bated with proteinase K with shaking to digest proteins, and the
immunoprecipitated RNA was isolated. Subsequently, the NanoDrop
spectrophotometer was used to measure the concentration of RNA,
and the purified RNA was subjected to real-time PCR analysis.”’

Bioinformatics Analysis
GO dlassification (http://www.geneontology.org/) was used to evaluate
the biological function of the predicted target genes in three aspects,

including biological process, molecular function, and cellular compo-
nents. We used four online target gene prediction software, DIANA-
microT (http://diana.imis.athena-innovation.gr/), miRDB (http://
mirdb.org/miRDB/), StarBase (http://www.starbasemn.org/), and
miRanda,’” to forecast several potential target genes of hsa-miR-30.

In Vivo Tumor Studies

To evaluate the role of hsa-miR-30 and TM4SF1 on tumor growth,
2.5 x 10° cells overexpressing hsa-miR-30 and/or TMA4SFlwere
injected subcutaneously into the flanks of the nude mice, and
the same numbers of vector control cells were injected contralater-
ally. Tumor progression was monitored by palpation and
tumor size measured by a digital caliper. At the end of the 4 weeks,
tumor volume was calculated using the following formula: volume =
length x width® x 0.52.

Statistical Analysis

Measurement data were expressed as mean + SD. Categorical data
were reported as numbers and percentages. The independent t test
was used to calculate the difference between two groups of data.
The chi-square test was used to evaluate the difference among
different groups. Univariate survival analysis of OS and disease-free
survival (DFS) were carried out using the Kaplan-Meier method.
Spearman’s correlation coefficient was used to test the relationship
of two independent groups. All calculations were performed with
the SPSS 20.0 software program (SPSS, Chicago, IL, USA). The level
of significance was chosen as p < 0.05.
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Fig. S1. Clinical significance of MiR-30c/a and TM4SF1 in NSCLC. (A)

Kaplan-Meier survival analysis to evaluate the OS and PFS of miR-30c expression in

NSCLC patients. (B) Kaplan-Meier survival analysis to evaluate the OS and PFS of

miR-30a expression in NSCLC patients. (C) Kaplan-Meier survival analysis to

evaluate the OS and PFS of TM4SF1 expression in NSCLC patients. (D)

Kaplan-Meier survival analysis to evaluate the OS and PFS of miR-30c/a combined

with TM4SF1 expression in NSCLC.
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