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Non-small cell lung cancer (NSCLC) is a foremost cause of ma-
lignancy-associated mortality globally. Recent studies have
emphasized long non-coding RNAs (lncRNAs) as important
biomarkers with diagnostic and therapeutic potential in regard
to NSCLC. This study aimed to elucidate the functional role of
lncRNA small nucleolar RNA host gene 4 (SNHG4) in NSCLC.
Initially, 50 paired cancerous and noncancerous tissues were
obtained from NSCLC patients. Human NSCLC H1299 cells
were assayed to evaluate viability, colony formation, invasion,
migration, cycle arrest, and apoptosis via Cell Counting Kit-8
(CCK-8), plate clone formation, and transwell invasion assays,
as well as a scratch test and flow cytometry. A dual-luciferase
reporter gene assay was used to examine lncRNA SNHG4 bind-
ing with miR-let-7e and miR-let-7e binding with lysine deme-
thylase 3A (KDM3A). H1299 cells were xenografted into
nude mice. lncRNAs SNHG4 and KDM3A were both upregu-
lated in NSCLC tissues. The knockdown of lncRNA SNHG4
or KDM3A inhibited H1299 cell viability, colony formation,
invasion, migration, and cycle progression while inducing
apoptosis. lncRNA SNHG4 was found to bind to miR-let-7e
that negatively targeted KDM3A. KDM3A inhibited p53-
K372me1, thus reducing p21 expression. The NSCLC develop-
ment was inhibited by downregulating lncRNA SNHG4 in
nude mice. Taken together, the key findings of the current
study demonstrate a novel lncRNA SNHG4/let-7e/KDM3A/
p21 axis in NSCLC, highlighting a promising therapeutic target
for NSCLC.

INTRODUCTION
As a distinct cause of cancer-related deaths worldwide, lung cancer is
classified into twomajor histological subtypes: non-small cell lung can-
cer (NSCLC) and SCLC.1 Notably, NSCLC accounts formore than 75%
of all lung cancer.2 Despite commendable advances in relationship to
lung cancer treatment approaches, patients diagnosed with NSCLC
often have a poor prognosis, with an overall 5-year survival rate of
less than 16%.3 Most NSCLC patients are often diagnosed at middle
and advanced disease stages, with chemotherapy or combined radio-
therapy often used as NSCLC treatment methods.4,5 The aforemen-
tioned treatment approaches are capable of killing tumor cells; however,
this also results in damage tonormal cells, often consequently leading to
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significant serious side effects due to poor specificity.6 Therefore, amore
in-depth understanding of the molecular mechanisms underlying
NSCLC is of great significance in order to identify more effective pre-
vention strategies and therapeutic methods for NSCLC.

Long non-coding RNAs (lncRNAs) represent a group of non-protein-
coding transcripts of more than 200 nt in length.7 During the past
decade, the effects of lncRNA on tumor progression have been demon-
strated to contribute to the modulation of cancer cell proliferation, in-
vasion, and metastasis.8 Several lncRNAs have been implicated in the
development of NSCLC.9 For instance, lncRNAAFAP1-AS1 is capable
of facilitating the progression ofNSCLC, highlighting its diagnostic and
therapeutic values for patientswithNSCLC.10 Interestingly, as a recently
discovered lncRNA located in 5q31.2, the small nucleolar RNA host
gene 4 (SNHG4), has been implicated in various human cancers.11 In
addition, existing literature has provided evidence verifying the role of
lncRNA SNHG4 in lung cancer cells through the regulation of micro-
RNA-98-5p (miR-98-5p),12 highlighting the critical role of lncRNA
SNHG4 in the progression of NSCLC.

MicroRNAs (miRNAs) refer to a group of small non-coding RNAs
capable of regulating the expression of their target genes, and they exert
oncogenic or tumor-suppressive effects on multiple malignancies.13,14

miR-let-7 performs as a modulator of cell proliferation, and it may
potentially have tumor-inhibiting capabilities.15 Meanwhile, a prior
study has revealed that let-7e expression is closely related to NSCLC.16

Based on bioinformatics analysis, we subsequently asserted the predic-
tion that lncRNASNHG4 is a competing endogenous RNA (ceRNA) of
miR-let-7, and hence the effect of lncRNA SNHG4 may be related to
miR-let-7. Furthermore, lysine demethylase 3A (KDM3A), also known
as JMJD1A and JHDM2A, has been reported to remain as an
H3K9me1/2 demethylase of the JmjC family and influence the develop-
ment and progression of certain tumors.17 Significant evidence con-
firming the role of KDM3A in lung adenocarcinoma has been
thors.
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Figure 1. Upregulated lncRNA SNHG4 is associated with NSCLC prognosis

(A) The expression of lncRNA SNHG4 was determined between NSCLC tissues (n = 50) and matched paracancerous lung tissues (n = 50) by qRT-PCR. (B) Kaplan-Meier

curves (overall survival) of NSCLC patients according to lncRNA SNHG4 expression. (C) Kaplan-Meier curves (disease-free survival) of NSCLC patients according to lncRNA

SNHG4 expression. (D) The expression of lncRNA SNHG4 was determined among H1299, H1650, H1975, SPCA1, and 16HBE cells by qRT-PCR. *p < 0.05 compared with

matched noncancerous lung tissues by paired t test or compared with 16HBE cells by Tukey’s test-corrected one-way ANOVA.
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reported,18 andKDM3Amight be the target gene ofmiR-let-7 based on
bioinformatics data. The current study set out to investigate the effect of
lncRNA SNHG4 on the development of NSCLC and subsequently
elucidate the associated mechanisms, with the overall objective of iden-
tifying novel NSCLC targets or biomarkers.

RESULTS
Upregulated lncRNA SNHG4 was associated with NSCLC

prognosis

In order to investigate the oncogenic and prognostic effect of lncRNA
SNHG4 in NSCLC, we initially identified the expression of lncRNA
SNHG4 in 50 cancerous tissues and matched noncancerous lung
tissues via quantitative reverse transcription polymerase chain reaction
(qRT-PCR). The results obtained demonstrated that lncRNA SNHG4
(Figure 1A) was upregulated in cancerous lung tissues relative to that of
the normal adjacent tissues. Kaplan-Meier curves were constructed to
illustrate the relationship between lncRNA SNHG4 and NSCLC pa-
tient prognosis. Patients with high lncRNA SNHG4 expression had
shorter overall survival and disease-free survival when compared to
those with low lncRNA SNHG4 expression (Figures 1B and 1C), high-
lighting the link between lncRNA SNHG4 and poor NSCLC prognosis.
Next, we quantified the expression of lncRNA SNHG4 in human
NSCLC cells (H1299, H1650, H1975, and SPCA1) and 16HBE cells
by qRT-PCR. Aswe expected, theNSCLC cells exhibited higher expres-
sion of lncRNA SNHG4 when compared to the 16HBE cells (p < 0.05)
(Figure 1D). Among them, lncRNA SNHG4 exhibited a relatively
higher expression in the H1299 and H1975 cells, and thus H1299
and H1975 cells were selected for further experimentation. These re-
sults provided evidence indicating the negative association between
lncRNA SNHG4 and the overall survival rate and disease-free survival
rate of patients with NSCLC.

lncRNA SNHG4 regulated NSCLC cell proliferation, migration,

invasion, and apoptosis by binding with miR-let-7e

After we identified that lncRNA SNHG4 is upregulated in NSCLC, we
subsequently set out to elucidate the mechanism by which lncRNA
SNHG4 contributes to NSCLC. Twenty-one common putative miR-
NAs binding with lncRNA SNHG4 were identified between two pub-
lic databases, i.e., starBase and RNAInter, as depicted by the Venn di-
agram in Figure 2A. Among the 21 putative miRNAs, the miR-let-7
family had the highest score (0.7155) as per the RNAInter database.
The starBase database indicated that miR-let-7e was downregulated
in NSCLC tissues relative to that of the normal lung tissues (Fig-
ure 2B). Figure 2C depicts the miR-let-7e binding sites in the 30 un-
translated region (UTR) of lncRNA SNHG4 by starBase. In the
following experiments, we successfully introduced miR-let-7e mimic
and miR-let-7e inhibitor into H1299 cells, which was confirmed by
qRT-PCR (p < 0.05) (Figure 2D). Luciferase activity at the promoter
of the reporter gene containing the seed sequence in the 30 UTR of
lncRNA SNHG4 in lieu of the mutant reporter gene was reduced in
the presence of miR-let-7e mimic (Figure 2E). An RNA pull-down
assay revealed a strong binding relationship between lncRNA
SNHG4 and miR-let-7e (Figure 2F). Likewise, we examined the
expression of miR-let-7e in 50 cancerous tissues and matched
noncancerous lung tissues by qRT-PCR and found that the expres-
sion of miR-let-7e was lower in cancerous tissues than that in noncan-
cerous lung tissues (Figure 2G). Thus, we asserted the hypothesis that
lncRNA SNHG4 influenced NSCLC cells by binding to miR-let-7e.

In order to verify this hypothesis, we constructed lncRNA SNHG4
knockdown H1299 and H1975 cells using lncRNA SNHG4-specific
small interfering RNAs (siRNAs) and plasmids overexpressing lncRNA
SNHG4. As indicated by qRT-PCR, the expression of lncRNA SNHG4
was markedly decreased while the expression of miR-let-7e was
elevated in response to si-SNHG4-1 and si-SNHG4-2 treatment (p <
0.05), while si-SNHG4-1 exhibited a higher knockdown efficiency
and was subsequently used in latter experiments (Figure 3A). A con-
trasting trend was found in the presence of overexpressed lncRNA
SNHG4 (p < 0.05). The results of a Cell Counting Kit-8 (CCK-8) assay,
monoclonal formation assays, a scratch test, and a Matrigel-based
transwell invasion assay provided data suggesting that lncRNA
SNHG4 knockdown arrested H1299 cell viability, colony formation,
migration, and invasion (Figures 3B–3E). Annexin V/propidium io-
dide (PI)-labeled flow cytometric analysis revealed that lncRNA
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Figure 2. lncRNA SNHG4 binds with miR-let-7e

(A) Common 21 putative miRNAs binding with lncRNA SNHG4 stood out between two public databases, i.e., starBase (http://starbase.sysu.edu.cn/) and RNAInter (http://

www.rna-society.org/rnainter/), shown by the Venn diagram. (B) Expression box of miR-let-7e between lung cancer tissues and normal tissues in the starBase database. (C)

Putative miR-let-7e binding sites in the 30 UTR of lncRNA SNHG4 by the starBase database. (D) The expression of miR-let-7e was determined by qRT-PCR in H1299 cells

treated with miR-let-7e mimic and miR-let-7e inhibitor. (E) Luciferase activity at the promoter of the reporter gene containing the seed sequence in the 30 UTR of lncRNA

SNHG4 and, accordingly, the mutant reporter gene. (F) RNA pull-down of SNHG4 by miR-let-7e detected by qRT-PCR. (G) The expression of miR-let-7e was determined

between NSCLC tissues (n = 50) andmatched paracancerous lung tissues (n = 50) by qRT-PCR. In (D) and (E), *p < 0.05 (compared with H1299 cells treated with mimic NC)

and #p < 0.05 (compared with H1299 cells treated with inhibitor NC) by unpaired t test. In (F), *p < 0.05 compared with biotin-scramble by an unpaired t test. In (G), *p < 0.05

compared with matched noncancerous lung tissues by a paired t test.
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SNHG4 knockdown induced H1299 cell apoptosis (Figure 3F). The
western blot analysis results indicated that lncRNA SNHG4 knock-
down could elevate the expression of cleaved caspase-3 (Figure 3G).
As expected, overexpressed (oe-)SNGH4 induced an opposite set of re-
sults in the H1299 cells. Hence, lncRNA SNHG4 knockdown H1299
cells were treated with miR-let-7e inhibitor. We observed that miR-
let-7e inhibition enhanced H1299 cell viability, colony formation,
migration, and invasion, reduced apoptosis, and diminished the
expression of cleaved caspase-3 in lncRNA SNHG4 knockdown
H1299 cells (Figures 3B–3G). Similar tendencies were observed in
the H1975 cells (Figures S1A–S1G). Taken together, the aforemen-
tioned findings verified the regulatory role of lncRNA SNHG4 on pro-
liferation, migration, and invasion, while indicating that the apoptosis
of NSCLC cells was dependent on miR-let-7e.

lncRNA SNHG4 bound with miR-let-7e and upregulated KDM3A

Next, to identify the target gene of miR-let-7e in NSCLC, miRNA-
mRNA prediction was performed using the RNA22, RNAInter,
miRWalk, TargetScan, andmicroT databases, with two common target
genes, i.e., PQLC2 and KDM3A, subsequently identified (Figure 4A).
We then analyzed the differentially expressed genes between matching
pairs of tumor-free lung and NSCLC specimens by using the Gene
Expression Omnibus (GEO): GSE74706 dataset. The results revealed
636 Molecular Therapy: Oncolytics Vol. 20 March 2021
that the KDM3A gene exhibited a more distinct change between tu-
mor-free lung and NSCLC tissue specimens than did the PQLC2
gene, and KDM3A was upregulated in NSCLC (p < 0.05) (Figure 4B).
We subsequently evaluated the expression of KDM3A in 50 cancerous
tissues and matched noncancerous lung tissues via qRT-PCR and
immunohistochemical staining methods. The results demonstrated
that KDM3A was upregulated in the cancerous lung tissues (p <
0.05) (Figures 4C and 4D). The expression of KDM3A was found to
be positively correlated with the expression of lncRNA SNHG4 (Fig-
ure 4E). Figure 4F depicts the miR-let-7e binding sites in the 30 UTR
of lncRNA SNHG4 in accordance with starBase. Next, to confirm
the notion that lncRNA SNHG4 functions as a ceRNA to regulate
KDM3A, the luciferase activity at the promoter of the reporter gene
containing the seed sequence in the 30 UTR of KDM3A and themutant
reporter gene were determined, the results of which suggested that
introduction of miR-let-7e mimic triggered a decrease in luciferase ac-
tivity at the promoter of the reporter gene containing the seed sequence
in the 30 UTR of KDM3A compared with mutant reporter gene. We
also observed that overexpression of lncRNA SNHG4 could restore
the luciferase activity inhibited by the miR-let-7e mimic at the pro-
moter of the reporter gene containing the seed sequence in the 30

UTR of KDM3A (Figure 4G). Additionally, we performed anti-argo-
naute-2 (Ago2)-based RNA immunoprecipitation (RIP) assays in

http://starbase.sysu.edu.cn/
http://www.rna-society.org/rnainter/
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Figure 3. lncRNA SNHG4 mediates H1299 cell proliferation, migration, invasion, and apoptosis by binding with miR-let-7e

(A) Expression of lncRNA SNHG4 and miR-let-7e after knockdown of lncRNA SNHG4 in H1299 cells. (B) H1299 cell viability measured by CCK-8 assays. (C) Numbers of

colonies derived from H1299 cells. (D) Scratch wound healing. (E) H1299 cells invading from Matrigel-coated upper transwell chambers into lower ones. (F) H1299 cell

apoptosis determined by annexin V/PI-labeled flow cytometric analysis. (G) Western blots and quantification of caspase-3 and cleaved caspase-3 in H1299 cells, normalized

to b-actin expression. *p < 0.05 (compared with H1299 cells treated with scramble siRNA alone and/or inhibitor NC), #p < 0.05 (compared with H1299 cells treated with

oe-NC alone or lncRNA SNHG4-specific siRNA plus inhibitor NC), and &p < 0.05 (compared with H1299 cells treated with oe-NC alone) by Tukey’s test-corrected one-way

ANOVA or Bonferroni-corrected repeated-measures ANOVA.
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H1299 and H1975 cells transiently overexpressing lncRNA SNHG4.
The results obtained demonstrated that endogenous KDM3A pull-
down by Ago2 was significantly enriched in the lncRNA SNHG4-over-
expressed H1299 and H1975 cells, suggesting that lncRNA SNHG4
and KDM3A shared a common miRNA (p < 0.05) (Figure 4H). The
qRT-PCR and western blot analysis results indicated that miR-let-7e
inhibited the expression of lncRNA SNHG4 and KDM3A (p < 0.05)
(Figures 4I and 4J). The overexpression of lncRNA SNHG4 increased
the expression of KDM3A in H1299 cells in the presence of miR-let-7e
inhibitor. The results observed in the H1975 cells were similar to those
in the H1299 cells (Figures S2A–S2C). Altogether, these results sug-
gested that lncRNA SNHG4 functions as a ceRNA to regulate
KDM3A by binding with miR-let-7e in NSCLC.

KDM3A functioned as an oncogene in NSCLC by inhibiting p21

The published literature has previously indicated that KDM3A, as a
histone demethylase, inhibits the transcriptional activity of p53 by
means of erasing p53-k372me1 in ovarian cancer.19 Immunohisto-
chemical staining provided evidence indicating that the expression
of p53-k372me1 was significantly lower in the NSCLC tissues rela-
tive to the adjacent tissues (p < 0.05) (Figure 4D). In the subsequent
experiments, we constructed KDM3A knockdown H1299 and
H1975 cells by means of using KDM3A-specific siRNA. Western
blot analysis results indicated that the expression of p53-k372me1
was enhanced following KDM3A knockdown (p < 0.05), while the
expression of p53 did not differ (p > 0.05) (Figure 5A). Based on pre-
vious evidence, p53-k372me1 has been suggested to increase the
transcriptional level of p21.20 p21 was immunoprecipitated using
p53 antibody relative to immunoglobulin G (IgG) by chromatin
immunoprecipitation (ChIP) assays, and more p21 immunoprecip-
itated with p53 was examined following KDM3A knockdown (p <
0.05) (Figure 5B). Additionally, we also identified an increase in
the expression of p21 and cleaved caspase-3 following KDM3A
knockdown, which was negated in the event of knockdown of
both KDM3A and p21 (p < 0.05) (Figure 5C). We subsequently
set out to elucidate the role of KDM3A in NSCLC. The results
of the CCK-8 assay, monoclonal formation assays, and annexin
V/PI-labeled flow cytometric analysis revealed that KDM3A knock-
down inhibited H1299 cell viability and colony formation, but it was
able to induce apoptosis (p < 0.05) (Figures 5D–5F). The western
blot analysis results demonstrated that KDM3A knockdown
elevated the expression of cleaved caspase-3 (Figure 5C). In addi-
tion, the cell cycle was blocked in the G1 phase by KDM3A knock-
down, while the rates of apoptosis and cells at the G1 phase were
significantly reduced following suppression of p21 (p < 0.05) (Fig-
ure 5G). Next, KDM3A knockdown H1299 cells were treated
with p21-specific siRNA. The knockdown of p21 enhanced cell
viability, colony formation, migration, and invasion, reduced
apoptosis, and diminished the expression of cleaved caspase-3 in
KDM3A knockdown H1299 cells. Also, H1975 cells revealed similar
Molecular Therapy: Oncolytics Vol. 20 March 2021 637
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Figure 4. lncRNA SNHG4 bound with miR-let-7e and upregulated KDM3A

(A) Putative target genes of miR-let-7e among the RNA22 (https://cm.jefferson.edu/rna22/), RNAInter (http://www.rna-society.org/rnainter/), miRWalk (http://mirwalk.umm.

uni-heidelberg.de/), TargetScan (http://www.targetscan.org/vert_72/), and microT (http://diana.imis.athena-innovation.gr/DianaTools/index.php?r=microT_CDS/index) da-

tabases. (B) Expression box of PQLC2 andKDM3Abetween lung cancer tissues and normal tissues in the starBase database. (C) The expression of KDM3Awas determined by

qRT-PCR in cancerous tissues (n = 50) andmatched noncancerous lung tissues (n = 50). (D) Immunohistochemical staining for KDM3A and p53-k372me1 in cancerous tissues

(n = 50) andmatched noncancerous lung tissues (n = 50). (E) Pearson correlation analysis of KDM3A and lncRNA SNHG4. (F) Putative miR-let-7e binding sites in the 30 UTR of

KDM3A by the starBase database. (G) Luciferase activity at the promoter of the reporter gene containing the seed sequence in the 30 UTR of KDM3A and, accordingly, the

mutant reporter gene in the presence of miR-let-7emimic and/or expression vector containing the lncRNASNHG4. (H) Anti-Ago2RIP in H1299 cells transiently overexpressing

lncRNASNHG4. (I) The expression of KDM3Awas determined by qRT-PCR in H1299 cells. (J) Western blots and quantification of KDM3A in H1299 cells, normalized to b-actin

expression. *p < 0.05 (compared with H1299 cells treated with oe-NCwith or without mimic NC) and #p < 0.05 (compared with H1299 cells treated with miR-let-7emimic with

oe-NC) by unpaired t test or Tukey’s test-corrected one-way ANOVA. In (C) and (D), *p < 0.05 compared with matched noncancerous lung tissues by paired t test.
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results (Figures S3A–S3G). The aforementioned findings revealed
that KDM3A promoted the proliferation of NSCLC cells by inhibit-
ing p21.

lncRNA SNHG4 promoted the tumorigenicity of human NSCLC

cells in vivo

Finally, we set out to evaluate the effects of lncRNA SNHG4 on the
tumorigenicity of human NSCLC cells. H1299 cells were treated with
SNHG4-specific short hairpin RNA (shRNA) alone or in combination
with p21-specific shRNA or p21-specific shRNA alone. qRT-PCR pro-
vided data suggesting that lncRNA SNHG4 knockdown diminished
lncRNA SNHG4 expression in the H1299 cells, while no significant dif-
ference was detected in relationship to the expression of lncRNA
638 Molecular Therapy: Oncolytics Vol. 20 March 2021
SNHG4 when p21 was knocked down in the presence of sh-lncRNA
SNHG4 (p < 0.05). lncRNA SNHG4 knockdown enhanced the expres-
sion of p21 (p < 0.05), a finding of which was inhibited following the
addition of p21-specific siRNA in H1299 cells (Figure 6A). Western
blot analysis revealed that lncRNA SNHG4 knockdown could reduce
the expression of KDM3A, but it increased the expression of p21 and
cleaved caspase-3 in H1299 cells (p < 0.05) (Figure 6B). Also,
KDM3A expression did not differ significantly in the presence of sh-
p21 alone, while the expression of p21 and cleaved caspase-3 was signif-
icantly decreased in H1299 cells (p < 0.05). Following both lncRNA
SNHG4 and p21 knockdown, the expression of KDM3A failed to
exhibit a significant difference, while cleaved caspase-3 was reduced
when compared with treatment with sh-SNHG4 alone in H1299 cells.

https://cm.jefferson.edu/rna22/
http://www.rna-society.org/rnainter/
http://mirwalk.umm.uni-heidelberg.de/
http://mirwalk.umm.uni-heidelberg.de/
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Figure 5. KDM3A functioned as an oncogene in NSCLC by inhibiting p21

(A) Western blots and quantification of KDM3A, p53-k372me1, and p53 in H1299 cells, normalized to b-actin expression. (B) p21 was immunoprecipitated using p53

antibody relative to IgG by ChIP assays. (C) Western blots and quantification of p21, cleaved caspase-3, and caspase-3 in H1299 cells, normalized to b-actin expression. (D)

H1299 cell viability was measured by CCK-8 assays. (E) Numbers of colonies derived from H1299 cells. (F) H1299 cell apoptosis determined by annexin V/PI-labeled flow

cytometric analysis. (G) H1299 cell cycle determined by flow cytometric analysis. *p < 0.05 (compared with scramble siRNA or IgG antibody) and #p < 0.05 (compared with si-

KDM3A or anti-p53 with si-NC) by unpaired t test, Tukey’s test-corrected one-way ANOVA, or Bonferroni-corrected repeated-measures ANOVA.
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Next, BALB/c nude mice were subcutaneously injected with H1299
cells stably expressing SNHG4-specific shRNA and/or p21-specific
shRNA.We also found that 30 days later, lncRNA SNHG4 knockdown
led to reductions in the weight and volume of the subcutaneous xeno-
transplanted tumors of the humanH1299 cells, while sh-p21 alone trig-
gered an opposite trend in results. Moreover, additional sh-p21 treat-
ment counterweighed the action of sh-SNHG4 on tumor weight and
volume (Figures 6C and 6D). Immunohistochemical staining was per-
formed on the mouse tumor tissues in order to identify Ki67-positive
cells and measure cell proliferation. A reduction in the Ki67-positive
cells was detected in the presence of sh-SNHG4 alone, while elevated
Ki67-positive cells were noted in the presence of sh-p21 alone. The
number of Ki67-positive cells was increased by sh-p21 when SNHG4
was knocked down (Figure 6E). Terminal deoxynucleotidyl trans-
ferase-mediated 20-deoxyuridine 50-triphosphate nick end labeling
(TUNEL) staining revealed that cell apoptosis was significantly pro-
moted by sh-SNHG4 while it was suppressed by sh-p21. Furthermore,
sh-p21 was observed to be capable of overriding the action of sh-
SNHG4 on cell apoptosis (Figure 6F). Furthermore, expression of
KDM3A, p21, cleaved caspase-3, and caspase-3 biochemically from tu-
mor samples changed similarly as observed in H1299 cells (Figures 6G
and 6H). Taken together, the results obtained suggested that lncRNA
SNHG4 enhances the expression of KDM3A and p21, which ultimately
promotes the tumorigenicity of human NSCLC cells in vivo.

DISCUSSION
NSCLC represents a well-documented cause of cancer-related
mortality on a global scale.2 In recent years, significant forward
Molecular Therapy: Oncolytics Vol. 20 March 2021 639
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Figure 6. lncRNA SNHG4 promoted the tumorigenicity of human NSCLC cells in vivo by increasing KDM3A and p21 expression

(A) Verification of lncRNA SNHG4 and/or p21 knockdown by qRT-PCR. (B) Western blots and quantification of KDM3A, p21, cleaved caspase-3, and caspase-3 in H1299

cells, normalized to b-actin expression. (C) The growth of mouse xenotransplanted tumors of H1299 cells at indicated time points. (D) Weight of mouse xenotransplanted

tumors of H1299 cells. (E) Ki67-positive cells detected by immunohistochemical staining. (F) Cell apoptosis detected by TUNEL staining. (G) lncRNA SNHG4 and p21

expression detected by qRT-PCR. (H) Western blot analysis of KDM3A, p21, cleaved caspase-3, and caspase-3 in tumor tissues, normalized to b-actin expression. *p < 0.05

(compared with mice treated with scramble shRNA) and #p < 0.05 (compared with mice treated with lncRNA SNHG4-specific shRNA) by Tukey’s test-corrected one-way

ANOVA or Bonferroni-corrected repeated-measures ANOVA.
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strides have been made in the treatment of NSCLC; however, the
overall survival rate for NSCLC remains poor.21 Accumulating
evidence continues to implicate lncRNAs in various NSCLC pro-
cesses, such as cell proliferation, migration, invasion, and
apoptosis.22 Notably, lncRNA SNHG4 has been reported to pro-
mote the metastasis of lung cancer cells,12 while the impact of
lncRNA SNHG4 on NSCLC and its downstream mechanism re-
mains largely unclear. Key observations made during the present
study revealed that SNHG4 sponging miR-let-7e promoted cell
migration and invasion while suppressing the apoptosis of NSCLC
640 Molecular Therapy: Oncolytics Vol. 20 March 2021
cells and consequently facilitated the progression of NSCLC by
regulating KDM3A.

The dysregulated expression of lncRNAs has been previously re-
ported to play a notable role in the development of NSCLC.9 For
example, the aberrant expression of lncRNA HOXA-AS3 expression
was previously shown to influence the proliferation, differentiation,
invasion, and metastasis of NSCLC cells.8 lncRNA SNHG1 had
been reported to be highly expressed in NSCLC, while the overexpres-
sion of lncRNA SNHG1 has been reported to enhance tumor cell
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metastasis and further aggravate NSCLC.23 As one of the members of
the SNHGs family, lncRNA SNHG4 continues to attract significant
attention with regard to its role and expression in numerous human
tumors.24 Elevated lncRNA SNHG4 expression has been detected in
prostate cancer, while depleted lncRNA SNHG4 has been demon-
strated to suppress prostate cancer cell growth, migration, and inva-
sion.11 Similarly, lncRNA SNHG4 has been reported to be upregu-
lated in lung cancer cells, while the silencing of lncRNA SNHG4
plays a contributory role in the inhibition of lung cancer progression
in vitro and in vivo.12 Our results illustrated that lncRNA SNHG4 was
upregulated in both NSCLC tissues and cells. Moreover, silencing of
lncRNA SNHG4 was able to inhibit the migration and invasion and
promote apoptosis of NSCLC cells, ultimately suppressing the initia-
tion and progression of NSCLC both in vitro and in vivo. These find-
ings lend crucial support to the notion of lncRNA SNHG4 knock-
down as a potential therapeutic target to delay the process of NSCLC.

In addition, our observations indicated that lncRNA SNHG4 could
facilitate the progression of NSCLC by acting as a ceRNA of miR-
let-7e. Emerging evidence has suggested that lncRNAs may regulate
the expression of target genes by binding to miRNAs, which could
serve as novel therapeutic approach for NSCLC treatment.25,26 More-
over, our results indicated that miR-let-7e was poorly expressed in
NSCLC tissues, while the inhibition of miR-let-7e leads to an increase
in cell migration and invasion and suppression of apoptosis in
NSCLC. Additionally, miR-let-7e had been demonstrated to be
downregulated in NSCLC,16 with Zhang et al.27 asserting that miR-
let-7e may function as a potential biomarker and target for diagnosis
and prognosis of NSCLC. In addition, a recent study suggested that
lncRNA SNHG4 regulates the development of lung cancer via miR-
Molecula
98-5p.12 Another study provided evidence sug-
gesting that lncRNA NEAT1 could competi-
tively bind to miR-let-7a to regulate both
NSCLC cell proliferation and metastasis.28 The
aforementioned reports and results suggest
that the etiology and development of NSCLC
may be regulated by multiple lncRNAs and
miRNAs, which requires further exploration in
future research.

Both the bioinformatics analysis and related
experimental results provided data suggesting
that lncRNA SNHG4 could target KDM3A by
binding to miR-let-7e. KDM3A was a lysine demethylase for the
non-histone protein p53, playing an inhibitory role in tumor growth
of different cancers,19,29 including lung cancer.18 Moreover, Wade
et al.30 illustrated that knockdown of KDM3A inhibited the prolifera-
tion of tumor cells and was linked to drug resistance. Similarly, in the
current study, our results also supported the notion that KDM3A over-
expression enhances cell viability and impedes apoptosis by inhibiting
the p21 pathway. Interestingly, many studies have uncovered that
the effects of several lncRNAs on NSCLC are associated with p21
signaling.31–33 Furthermore, as a crucial sensor of anti-proliferative sig-
nals, p21 exhibits paradoxical tumor-promoting activities in different
cancers,34 implying that lncRNA SNHG4 might play a role in other
cancers by mediating the p21 pathway.

In conclusion, the key findings of our study demonstrate that lncRNA
SNHG4 is highly expressed in NSCLC and regulates KDM3A by
means of competitively binding to miR-let-7e (Figure 7). Addition-
ally, silencing lncRNA SNHG4 or KDM3A was found to restrict
the viability and metastasis of NSCLC cells, lengthen the G1 phase
of the cell cycle, and increase apoptosis. KDM3Awas found to impede
the methylation of p53K372, which subsequently restricted the activ-
ity of p53 and the expression of p21. The central findings of our study
provide an interesting basis for potential targets for NSCLC preven-
tion and treatment.

MATERIALS AND METHODS
Ethics statement

All human subjects included in our study provided signed informed
consent documentation prior to enrollment as per the guidelines
of the Ethics Committee of Linyi People’s Hospital. All animal
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Table 1. Primer sequences used for qRT-PCR

Target Forward (50/30) Reverse (50/30)

U6 AATTGGAACGATACAGAGAAGATTAGC TATGGAACGCTTCACGAATTTG

GAPDH GAGAGACCCCACTTGCTGCCA GGAAGAAGTTCCCATCGTCA

SNHG4 GGCTAGAGTACAGTGGCTCG GCAAATCGCAAGGTCAGG

KDM3A ATGCCCACACAGATCATTCC CTGCACCAAGAGTCGGTTTT

miR-let-7e GGTGAGGTAGTAGGTTGTATGG TGTCGTGGAGTCGGCAATTG

qRT-PCR, quantitative reverse transcriptase polymerase chain reaction; U6, hypothetical protein; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; SNHG4, small nucleolar RNA
host gene 4; KDM3A, lysine demethylase 3A; miR-let-7e, microRNA-let-7e.
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experiments were performed with the approval of the Animal Use and
Care Committee of Linyi People’s Hospital with the procedures con-
ducted in strict accordance with the Guide for the Care and Use of
Laboratory Animals.

Bioinformatics analysis

TheNSCLC-relatedmicroarray GEO: GSE74706 dataset (https://www.
ncbi.nlm.nih.gov/geo/) was obtained, comprised of 18 normal samples
and 18 NSCLC samples, after which a differential analysis was per-
formed using the limma package of R language with jlog fold changej
>1 and a p value <0.05 as the threshold values. The downstream
miRNAs of lncRNA SNHG4 were predicted through starBase (http://
starbase.sysu.edu.cn/) and RNAInter (http://www.rna-society.org/
rnainter/). An interaction was obtained using jvenn (http://jvenn.
toulouse.inra.fr/app/example.html) for further screening. The
miRNA target genes were predicted using RNA22 (https://cm.
jefferson.edu/rna22/), RNAInter, miRWalk (http://mirwalk.umm.
uni-heidelberg.de/), TargetScan (http://www.targetscan.org/vert_
72/), and microT (http://diana.imis.athena-innovation.gr/Diana
Tools/index.php?r=microT_CDS/index), followed by intersection
through jvenn.

Human tissue specimens and follow-up

Both tumor and adjacent non-tumor tissue samples were collected
from 50 patients (33 males and 17 females) who were previously diag-
nosed with NSCLC based on histopathological examination per-
formed at the Linyi People’s Hospital between January 2009 and
January 2014. The age of the 86 patients ranged from 45 to 73 years
(an average age of 59.78 ± 7.85 years), with the tumor size ranging
from 0.59 to 4.50 cm (an average size of 2.62 ± 0.94 cm). There
were 11 cases confirmed to be at stage I of tumor node metastasis,
19 stage II cases, and 20 stage III cases. All patients had not received
any radiotherapy or chemotherapy prior to surgery. All patients were
followed up for a period of 60 months until January 2019. The follow-
up period ranged from 18 to 60 months (average, 51.24 months).

Cell lines and cell transfections

Four types of human lung cancer cell lines were selected, namely
H1299, H1650, H1975, and SPCA1, in addition to normal human
bronchial epithelial cell line 16HBE. H1299, H1975, H1650, and
HEK293T cells were purchased from the ATCC (Manassas, VA,
USA), and H1975, SPCA1, and 16HBE cells were from the cell
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bank of the Chinese Academy of Sciences. The miR-let-7e mimic, in-
hibitor, mimic negative control (NC), and inhibitor NC were pur-
chased from GenePharma (Shanghai, P.R. China). The cells were
seeded into 12-well plates at a density of 3 � 105 cells/well. Upon
reaching 80% confluence, Lipofectamine 2000 (Invitrogen, Thermo
Fisher Scientific, Waltham, MA, USA) was used to conduct transfec-
tion at a final concentration of 50 nM. Serum-free Opti-MEM (min-
imal essential medium) (Gibco, Grand Island, NY, USA) (250 mL) was
respectively diluted with the target plasmid (4 mg) and Lipofectamine
2000 (10 mL), with the solutions subsequently mixed in a gentle
manner. After standing at room temperature for 5 min, the above
two solutions were mixed. After 20 min, the mixture was added to
the cells and incubated at 37�C with 5% CO2 for 6 h. The culture me-
dium was subsequently renewed with a complete medium. The cells
were cultured in a continuous manner for 48 h and finally collected.
Next, shRNAs were designed and inserted into the pGPH1/Neo
(GenePharma) by Invitrogen, with 75 pmol of them delivered into
cells using Lipofectamine 3000 (Invitrogen).

qRT-PCR

The total RNA of the tissues and cells was extracted using TRIzol (In-
vitrogen). cDNA was generated using the Mir-X miRNA first-strand
synthesis kit for miRNA as well as a commercially available kit
(RR047A) for mRNA, with both used in strict accordance with the in-
structions provided by the manufacturer (Takara, Dalian, P.R.
China). Quantification of miR-let-7e expression was evaluated using
a Mir-X miRNA qRT-PCR TB Green kit (Takara). Quantification of
lncRNA SNHG4 and KDM3AmRNA expression was performed with
the SYBR Premix Ex Taq II (perfect real time) kit (DRR081, Takara)
using a ABI Prism 7300 system (Applied Biosystems, Foster City, CA,
USA). The expression of miR-let-7e was normalized to the expression
of U6, and the expression of lncRNA SNHG4 and KDM3A was
normalized to the expression of glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH). The results were calculated using the 2�DDCT

method. The primer sequences are depicted in Table 1.

CCK-8 assay

Cell viability was examined via a CCK-8 assay. Briefly, the cells were
inoculated into a 96-well plate with 2� 103 cells/mL and 100 mL/well
and incubated with 10 mL of CCK-8 solution (Dojindo Laboratories,
Kumamoto, Japan) for 4 h. Two hours later, the media were renewed
using 150 mL of dimethyl sulfoxide (Sigma-Aldrich, St. Louis, MO,
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USA) in each well to dissolve the formazan crystals. Absorbance was
read at 450 nm using a microplate reader (Thermo Scientific, Hel-
sinki, Finland) at 24, 48, 72, and 96 h after inoculation, with growth
curves plotted accordingly. The results were recorded based on the
findings of three separate assays.

Monoclonal formation assay

The transfected cells were seeded into six-well plates (2� 103 cells/well)
and maintained in the Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% fetal bovine serum (FBS). Two weeks later, the cells
were fixed using 95%methanol for 20 min and stained with 0.1% crys-
tal violet (JissKang, Qingdao, Shandong, P.R. China). The colonies
were counted under a microscope (37XF-PC, Shanghai Optical Instru-
ment Factory, Yangpu, Shanghai, P.R. China).

Scratch test

The cells were seeded into a six-well plate with 1 � 105 cells/well. A
thin scratch was created along the center of each well using a sterile
200-mL pipette tip (the width of each scratch was the same). Next,
in an attempt to evaluate wound closure, six fields were selected,
with the cells imaged at 0 and 24 h after incubation in serum-free
medium with 1 mg/mL mitomycin. The cells in the wound area
were counted and analyzed using counting software.

Matrigel-based transwell invasion assay

Cell invasion assays were performed using transwell chamber assays
(Corning Life Sciences, Corning, NY, USA) as per the instructions
provided by the manufacturer. Briefly, the cells were resuspended
into 1� 105 cells/mL using serum-free Roswell Park Memorial Insti-
tute 1640 medium and placed into the upper chambers coated with
20 mL of Matrigel (BD Biosciences, Bedford, MD, USA) that had
been previously diluted with serum-free DMEM. After a 24-h period
of incubation at 37�C, the cells that had been transferred to the lower
chamber containing 10% FBS (Gibco, Grand Island, NY, USA)-sup-
plemented DMEM (600 mL) were stained with 0.1% crystal violet
followed by counting in six random fields per well using an Olympus
inverted microscope (37XF-PC, Olympus, P.R. China).

Flow cytometric analysis

The cell nuclei were stained with PI using a kit (FXP031-100, Beijing
4A Biotech, P.R. China) and analyzed using a flow cytometer
(FACScan; BD Biosciences) equipped with CellQuest software (BD
Biosciences). PI was used in conjunction with annexin V (FXP018-
100 kit, Beijing 4A Biotech, P.R. China) in order to determine whether
cells were viable, apoptotic, or necrotic based on flow cytometry.

Cell cycle analysis

Cells exhibiting logarithmic growth were plated in a six-well plate at a
density of 2� 105 cells/well. Upon reaching 90% confluence, the cells
were washed twice with phosphate-buffered saline and fixed with pre-
cooled ethanol at 4�C overnight. Next, the cells were incubated with
500 mL of PI/RNase A staining buffer (PI/RNase A at 9:1) under con-
ditions void of light for 30min and subsequently detected using a flow
cytometer.
Western blot analysis and antibodies

The cells were lysed using protease inhibitor-contained radioimmu-
noprecipitation assay buffer (R0010, Solarbio, P.R. China) for protein
extraction. After sodium dodecyl sulfate polyacrylamide gel electro-
phoresis analysis, the protein was subsequently transferred onto
polyvinylidene fluoride membranes and probed with the following
primary antibodies (Abcam, Cambridge, UK): mouse anti-KDM3A
(1:1,000, ab91252), mouse anti-phosphorylated (p-)53 (1:1,000,
ab1101), rabbit anti-cleaved caspase-3 (1:500, ab49822), rabbit anti-
p53-k372me (1:10,000, ab16033), rabbit anti-caspase-3 (1:2,000,
ab13847), and mouse anti-b-actin (1:10,000, ab8226). Western blots
were exposed to horseradish peroxidase-coupled goat anti-rabbit
IgG (ab205718, 1:20,000) or goat anti-mouse IgG (ab205719,
1:20,000) and enhanced chemiluminescence detection reagents
(BB-3501, Amersham Pharmacia Biotech, Little Chalfont, UK).
Target protein bands were quantified using Quantity One v4.6.2 soft-
ware, with b-actin used for normalization.

Dual-luciferase reporter gene assay

The untranslated region at the 30 UTR of KDM3A wild-type
(KDM3A-WT) or SNHG4-WT containing the putative miR-let-7e
binding sites, KDM3A mutated in the putative miR-let-7e binding
sites (SEMA6B-MUT) or SNHG4-WTwas inserted into the PYr-Mir-
Target luciferase vectors, respectively. The desired luciferase vectors
with either miR-let-7e mimic or mimic NC were co-transfected
into the HEK293T cells using Lipofectamine 2000 reagent (Invitro-
gen). After 24 h of transfection, the cells were harvested and lysed
accordingly. Renilla luciferase working solution (100 mL) and firefly
luciferase working solution (100 mL) were mixed separately with
the cell lysate (100 mL) supernatant. The multifunctional microplate
reader SpectraMax M5 (Molecular Devices, Shanghai, P.R. China),
at an interval time of 2 s and a measurement time of 10 s, was used
to determine the Renilla luciferase and firefly luciferase activities.

RNA pull-down assay

Next, total RNA was extracted from NSCLC cells, after which 500 mg
of streptavidin magnetic beads was permitted to bind to 200 pmol of
biotin-labeled miR-let-7e mimic, followed by incubation with RNA at
room temperature for 30 min. After elution, the pulled-down RNA
complex was collected, after which the expression of lncRNA
SNHG4 was determined by qRT-PCR.

RIP assay

H1299 cells treated with either the expression vector containing the
lncRNA SNHG4 or empty vector were subject to RIP assays using a
Magna RIP kit (17-701, Millipore, Billerica, MA, USA) and anti-
Ago antibody (ab32381, 1:100, Abcam) in accordance with the man-
ufacturer’s instructions. Immunoprecipitated RNA and total RNA
from the whole-cell lysates (input controls) were extracted for real-
time qPCR analysis.

ChIP assay

Enrichment of p53 in the p21 promoter region was evaluated by ChIP
assays (Upstate Biotechnology, Lake Placid, NY, USA). Briefly, the
Molecular Therapy: Oncolytics Vol. 20 March 2021 643
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cells (2� 106) were maintained with 5 mmol dimethyl 3,30- dithiobis-
propionimidate-HCl (Pierce Biotechnology, Waltham, MA, USA) for
30 min and subsequently fixed with formaldehyde to generate DNA-
protein cross-links. The enriched DNA samples were analyzed by
qRT-PCR using 50-GTGGCTCTGATTGGCTTTCTG-30 (forward
primer of p21) and 50-CTGAAAACAGGCAGCCCAAG-30 (reverse
primer of p21).

Tumorigenicity assays of human NSCLC cells in vivo

Eighteen specific pathogen-free-conditioned female BALB/c nude
mice (aged 3–6 weeks, weighing 20–25 g, Hunan SJA Laboratory An-
imal, P.R. China) were subcutaneously injected with H1299 cells
treated with SNHG4-specific shRNA or p21-specific shRNA alone
or in combination with p21-specific shRNA. Tumor growth was eval-
uated every 5 days during a period of 6 weeks. All mice were eutha-
nized by means of cervical dislocation. Fresh tumor tissues were fixed
and paraffin-embedded. Finally, the expression levels of KDM3A,
p21, caspase-3, and SNHG4 in the tumor tissues were determined.

Immunohistochemistry

The tumor tissues and adjacent tissues from patients or tumor tissues
from nude mice were paraffin-embedded, cut into 5-mm sections, and
made into slides. The slides were then subjected to immunohisto-
chemical staining using mouse antibodies (Abcam) to KDM3A
(ab91252, 1:200), p53-k372me1 (ab1101, 1:1,000), and anti-Ki67
(ab16667, 1:1,000). Visualization was performed using 3,30-diamino-
benzidine (DAB) (DA1010, Solarbio, Beijing, P.R. China). Five
microscopic views were randomly captured to evaluate staining
intensity.

TUNEL staining

The paraffin-embedded tumor tissue slices were baked at 50�C for 2 h,
dewaxed by xylene, and dehydrated with 100%, 95%, 90%, 80%, and
70% gradient alcohol. The slices were permitted to react with 3%
H2O2 at room temperature with Proteinase K at 37�C under condi-
tions void of light for 10 min, followed by a 2-h period of incubation
with labeling buffer (20 mL/slice) in a wet box. Each slice underwent
reaction at room temperature following the addition of 50 mL of
blocking solution for 30 min. Fifty mL of biotinylated anti-digoxin
was added for 30-min incubation in a wet box at 37�C. Every 50 mL
of streptavidin-biotin complex was then added to each slice and
allowed to react for 30min in a wet box at 37�C. The slices were devel-
oped with DAB for 6 min, counterstained with hematoxylin, dehy-
drated with gradient alcohol, cleared with xylene, mounted with resin,
and microscopically observed (Olympus CX41). The apoptotic nuclei
were tan-stained while the normal nuclei were stained blue. In total,
500 cells were randomly counted from each slice in order to calculate
the percentage of apoptotic cells.

Statistical analysis

Measurement data are expressed as the mean ± standard deviation
based on the findings of at least three independent experiments per-
formed in triplicate. Statistical comparisons were performed using a
Student t test when conducting comparisons between two groups
644 Molecular Therapy: Oncolytics Vol. 20 March 2021
or by Tukey’s test-corrected one-way analysis of variance (ANOVA)
when more than two groups were compared. Variables were analyzed
at different time points using Bonferroni-corrected repeated-mea-
sures ANOVA. The Pearson correlation coefficient was applied for
statistical correlation. Survival curves were plotted using Kaplan-
Meier’s method and analyzed using a log-rank test. All statistical an-
alyses were performed using SPSS 21.0 software (IBM, Armonk, NY,
USA), with two-tailed p <0.05 deemed to be indicative of statistical
significance.
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