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Chemoresistance remains a great obstacle in effective lung
adenocarcinoma (LUAD) treatment. Previously, we verified
the role of microRNA-200b (miR-200b) in the formation of do-
cetaxel (DTX)-resistant LUAD cells. This study aims to investi-
gate the mechanism underlying the low level of miR-200b in
DTX-resistant LUAD cells. The real-time reverse transcription
(RT2) lncRNA PCR array system was applied to explore
lncRNAs that potentially regulated miR-200b in DTX-resistant
LUAD cells. Metastasis-associated lung adenocarcinoma tran-
script 1 (MALAT1) contributed to the low miR-200b level in
DTX-resistant LUAD cells. Functional assays were conducted
to determine the role of MALAT1 in regulating the growth
and metastasis of parental and DTX-resistant LUAD cells.
Investigation revealed the mechanism of the competing endog-
enous RNA (ceRNA) pathway. MALAT1 regulated miR-200b
by acting as a ceRNA. MALAT1 modulated the sensitivity of
LUAD cells to DTX. E2F transcription factor 3 (E2F3) and
zinc-finger E-box binding homeobox 1 (ZEB1) were two targets
of miR-200b and mediated the function of MALAT1 in DTX-
resistant LUAD cells. Transcription factor AP-2 gamma
(TFAP2C) and ZEB1 activated the MALAT1 transcription. In
conclusion, TFAP2C-activated MALAT1 modulated the che-
moresistance of LUAD cells by sponging miR-200b to upregu-
late E2F3 and ZEB1. Our findings may provide novel therapeu-
tic targets and perspectives for LUAD treatment.
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INTRODUCTION
Lung cancer is a kind of malignant tumor that has the high morbidity
and mortality rates.1,2 Among all kinds of lung cancers, non-small-
cell lung cancer (NSCLC) accounts for approximately 85% of cases.
Moreover, lung adenocarcinoma (LUAD) is most common subtype
of NSCLC.3 Although new technology regarding cancer treatment
has developed and improved, the five-year survival rate of LUAD pa-
tients is still less than 10%.4 In the early stage of chemotherapy, the
NSCLC patients have relatively high sensitivity, while extensive
metastasis and rapid progression result in chemoresistance.5,6 Doce-
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taxel (DTX) is a chemotherapeutic medicine that is quite useful for
treating multiple cancers.7 Despite the extensive use of DTX, the
recurrence of LUAD is still common due to the chemoresistance.8

Based on genome sequencing technology, more than 98% of the hu-
man genomes are unable to code proteins.9 Among these, long non-
coding RNAs (lncRNAs) are a group of transcripts that are longer
than 200 nucleotides.10 An increasing number of studies have indi-
cated that the aberrant expression of lncRNAs is closely associated
with tumor sprouting, cancer cell growth, apoptosis, metastasis, and
chemoresistance.11–13 Many studies have demonstrated that lncRNAs
affect the pathogenesis of human diseases by modulating gene expres-
sion via chromatin modification and transcriptional and post-tran-
scriptional regulation.14–17 Mechanistically, lncRNAs can serve as
competing endogenous RNAs (ceRNAs) by sponging microRNA
(miRNA) to upregulate mRNAs.18,19 For instance, SNHG6-003 serves
as a ceRNA to promote gastric cancer proliferation by sponging miR-
1207-5p,20 and lncRNA KCNQ1OT1 promotes cell proliferation and
cisplatin resistance in tongue cancer via miR-211-5p-mediated Ezrin/
Fak/Src signaling.21 Increasing evidence indicates that lncRNAs can
regulate the chemoresistance of various human cancers. For exam-
ples, lncRNA H19 can regulate the stemness and chemoresistance
of colorectal cancer;22 lncRNA LBCS inhibits chemoresistance of
bladder cancer stem cells by epigenetically silencing SOX2.23 Previ-
ously, we revealed that downregulation of microRNA-200b (miR-
200b) contributes to the chemoresistance of DTX-resistant LUAD
cells,24 and we proved part of the regulatory mechanism that led to
the abnormal expression of miR-200b.25,26 However, it is unknown
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whether miR-200b can be regulated by lncRNA. Therefore, this study
aims to investigate the upstream lncRNA of miR-200b in DTX-resis-
tant LUAD cells.

We identified the lncRNA that could regulate miR-200b in DTX-
resistant LUAD cell by screening with the real-time reverse transcrip-
tion (RT2) lncRNA PCR array system. Moreover, we identified the
regulatory mode of Metastasis-associated lung adenocarcinoma tran-
script 1 (MALAT1) on miR-200b by performing mechanism experi-
ments. In vitro and in vivo experiments were carried out in both
parental and DTX-resistant LUAD cells to demonstrate the role of
MALAT1 in regulating the DTX resistance of LUAD cells. Similarly,
the targets of miR-200b were identified. Rescue assays were designed
and applied to verify the role of the MALAT1/miR-200b/E2F tran-
scription factor 3 (E2F3)/zinc-finger E-box binding homeobox 1
(ZEB1) axis in regulating LUAD chemoresistance. Finally, the up-
stream mechanism involved in the MALAT1/miR-200b/E2F3/ZEB1
axis was analyzed. In summary, this study revealed the mechanism
and function of a novel molecular pathway in the chemoresistance
of LUAD.

RESULTS
MALAT1 Expression Was Upregulated in DTX-Resistant LUAD

Cells and Modulated miR-200b at the Post-transcriptional Level

An RT2 lncRNA PCR array system was applied to explore potential
lncRNAs involved in the modulation of miR-200b expression in
DTX-resistant LUAD cells. As illustrated in Figure 1A and Fig-
ure S4A, three lncRNAs had a fold change R 2.0 in SPC-A1/DTX,
H1299/DTX, and A549/DTX cells compared with parental SPC-A1,
H1299, and A549 cells. For further screening, we determined the
expression level of miR-200b in two pairs of DTX-resistant LUAD
cells and parental cells (Figure S1A); then, we used small interfering
RNAs (siRNAs) to silence the endogenous levels of these three
lncRNAs in SPC-A1/DTX and H1299/DTX cells (Figure S1B).
qRT-PCR examination showed that only silencing of MALAT1 led
to the significant upregulation of miR-200b (Figure 1B). To investi-
gate the regulatory mode of MALAT1 on miR-200b, subcellular frac-
tionation analyses and RNA fluorescence in situ hybridization (FISH)
demonstrated that MALAT1 was distributed in both nucleus and
cytosol (Figures 1C and 1D). Then, we found that knockdown of
MALAT1 had no significant influence on the promoter activity of it-
self (Figure S1C). Furthermore, we assessed the levels of pri-miR-
200b and pre-miR-200b in DTX-resistant LUAD cells transfected
withMALAT1-specific siRNAs and found that MALAT1 knockdown
didn’t affect the levels of both pri-miR-200b and pre-miR-200b (Fig-
ure S1D), indicating thatMALAT1might regulate miR-200b in DTX-
resistant LUAD cells at the post-transcription level. In general,
lncRNAs regulate target genes by interacting with RNA binding pro-
teins or by functioning as ceRNAs for specific miRNAs. An increasing
number of studies have documented that lncRNAs can act as ceRNAs
to sponge miRNAs through binding with miRNA response element
(MRE).27,28 miRNAs are known to exert functions by forming ribo-
nucleoprotein complexes (RISCs), and Ago2 is the core component
of RISCs. To test whether MALAT1 regulated miR-200b by acting
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as a ceRNA, RNA immunoprecipitation (RIP) assays were performed
with SPC-A1 and SPC-A1/DTX cell extracts using anti-Ago2. As
shown in Figure 1E and Figure S4E, MALAT1 and miR-200b were
substantially enriched in the Ago2 immunoprecipitation compared
with the negative control immunoglobulin G (IgG). Two binding se-
quences between MALAT1 and miR-200b were found from the on-
line bioinformatics analysis (http://starbase.sysu.edu.cn/) (Figure 1F).
To validate whether these two binding sequences were responsible
for the interaction between MALAT1 and miR-200b, we mutated
binding sequence 1 (Mut1) and binding sequence 2 (Mut2), respec-
tively. Moreover, we mutated both binding sequence 1 and binding
sequence 2 (Mut1/2). Then, we subcloned wild-type (WT) MALAT1
or mutant types of MALAT1 (Mut1, Mut2, or Mut1/2) into the
pmirGLO vector. The results of luciferase reporter assays were per-
formed in SPC-A1/DTX and HEK293T cells. The results showed
that miR-200b mimics significantly decreased the luciferase activity
of the WT reporter, Mut1 reporter, and Mut2 reporter, but not that
of Mut1/2 reporter (Figure 1G), indicating that these two binding se-
quences were synergistically responsible for the interaction of
MALAT1 and miR-200b. All these results revealed that MALAT1
might modulate miR-200b expression by acting as a ceRNA.

MALAT1 Enhanced the Chemoresistance of LUAD Cells by

Affecting Cell Proliferation, Apoptosis, and Cell-Cycle

Distribution

To investigate the effect of MALAT1 on the chemoresistance of
LUAD, we transfected SPC-A1 and H1299 cells with MALAT1
expression vector or empty vector (Figure S1E). In contrast, we trans-
fected SPC-A1/DTX and H1299/DTX cells with MALAT1-specific
short hairpin RNAs (shRNAs) (shMALAT1#1 and shMALAT1#2)
or control shRNA (shCtrl) (Figure S1F). In addition, the half maximal
inhibitory concentration (IC50) value of A549/DTX was higher that
that of A549 (Figure S4B). Then, we detected the effect of MALAT1
overexpression or knockdown on IC50 in parental or DTX-resistant
LUAD cells. The results of 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyl-tetrazolium bromide (MTT) assays revealed that MALAT1
overexpression significantly increased the IC50 value in parental cells,
while MALAT1 knockdown led to the opposite effect in DTX-resis-
tant LUAD cells (Figures 2A and 2B; Figures S4C and S4D). However,
overexpression of mutant type of MALAT1 (MALAT1-MUT) and
knockdown of MALAT1-MUT could not affect the IC50 of SPC-A1
and SPC-A1/DTX cells (Figure S4F). Then, we detected the effects
of MALAT1 overexpression or knockdown on the biological pro-
cesses of parental or DTX-resistant LUAD cells under the condition
with or without DTX. To avoid an off-target effect, we tested the pro-
liferation and apoptosis of DTX-resistant LUAD cells transfected
with shMALAT1#1, shMALAT1#2, or shCtrl. The results showed
that both shMALAT1#1 and shMALAT1#2 efficiently suppressed
cell proliferation, promoted cell apoptosis, and reversed the epithe-
lial-mesenchymal transition (EMT) process (Figure S5). Considering
the better knockdown efficiency of shMALAT1#1, we chose it for all
subsequent experiments. Furthermore, we found that MALAT1 over-
expression increased the colony-forming ability in parental LUAD
cells treated with or without DTX (0 or 10 mg/L). In contrast,
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Figure 1. MALAT1 Expression Was Upregulated in Docetaxel-Resistant LUAD Cells and Modulated miR-200b at the Post-transcriptional Level

(A) An RT2 lncRNA PCR array system was applied to measure the expression levels of lncRNAs that were potentially involved in the modulation of miR-200b expression in

DTX-resistant LUAD cells. The results were compared with those from parental SPC-A1 and H1299 cells. (B) The effect of the three lncRNAs on the miR-200b expression

level was detected by qRT-PCR in both SPC-A1/DTX and H1299/DTX cells. (C) Subcellular fractionation of SPC-A1 cell to determine the cellular location of MALAT1. (D) RNA

FISH was used to identify the MALAT1 location. (E) RIP experiments revealed the enrichment of MALAT1 and miR-200b in the Ago2 immunoprecipitation compared with the

control IgG precipitation. (F) Two binding sites of MALAT1 to miR-200b were predicted. (G) Two binding sites were separately mutated (Mut1 and Mut2) or simultaneously

mutated (Mut1/2) and were constructed into different vectors. The wild-type (WT) vector and three mutant-type vectors were cotransfected into SPC-A1/DTX and HEK293T

cells, together with miR-200b mimics or miR-NC. The reporter vectors were normalized to Renilla luciferase vector. *p < 0.05, **p < 0.01; n.s., no significance.
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Figure 2. MALAT1 Enhanced the Chemoresistance of LUAD Cells by Affecting Cell Proliferation

(A) The effect of MALAT1 overexpression on the IC50 value of SPC-A1 and H1299 cells was measured byMTT assays. (B) The effect of MALAT1 knockdown on SPC-A1/DTX

and H1299/DTC cell sensitivity to DTX was detected byMTT assays. (C) Representative colony formation results in SPC-A1 cells transfected with MALAT1 expression vector

and SPC-A1/DTX cells transfectedwithMALAT1 shRNA. (D) EdU proliferation assay inMALAT1-overexpressed SPC-A1 cells or MALAT1-downregulated SPC-A1/DTX cells.

Scale bar is 200 mm. *p < 0.05, **p < 0.01.
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knockdown of MALAT1 significantly inhibited the colony-forming
ability of DTX-resistant LUAD cells treated with or without DTX
(0 or 100 mg/L) (Figure 2C; Figure S2A). Consistently, similar positive
effects of MALAT1 overexpression on the proliferation of parental
cells, as well as the negative effect ofMALAT1 knockdown on the pro-
liferation of DTX-resistant LUAD cells, were validated by 5-ethynyl-
570 Molecular Therapy: Nucleic Acids Vol. 14 March 2019
20-deoxyuridine (EdU) proliferation assays (Figure 2D; Figure S3A).
Furthermore, we applied flow cytometry analyses to determine
whether MALAT1 regulated cell proliferation by affecting cell
apoptosis and cell-cycle distribution. The results indicated that over-
expression of MALAT1 led to decreased apoptosis rate in parental
cells, while MALAT1 knockdown increased the apoptosis rate in



Figure 3. Dysregulated MALAT1 Influenced Cell Apoptosis Rate and Cell-Cycle Distribution

(A) Flow cytometric analysis of apoptosis in SPC-A1 cells transfected with pcDNA3.1 empty vector or pcDNA3.1/MALAT1 with or without treatment of DTX or in SPC-A1/DTX

cells transfected with shCtrl or shMALAT1 with or without treatment of DTX. (B) Flow cytometric analysis of cell cycle distribution in indicated cells. *p < 0.05, **p < 0.01.
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DTX-resistant LUAD cells (Figure 3A; Figure S2B). Overexpression
of MALAT1 promoted the cell-cycle progress in parental cells, while
knockdown of MALAT1 induced cell-cycle arrest at the G0/G1 phase
in DTX-resistant LUAD cells (Figure 3B; Figure S2C). In addition, the
expression levels of proteins related to cell-cycle progress and
apoptosis were tested by western blot analysis. As illustrated in Fig-
ure S4G, the levels of apoptosis-related proteins (cleaved caspase-3
and cleaved caspase-6) were efficiently decreased in parental cell by
the overexpression of MALAT1. In contrast, the levels were increased
by the knockdown of MALAT1 in DTX-resistant LUAD cells. More-
over, the levels of cell-cycle-related proteins were increased by
MALAT1 overexpression but were decreased by MALAT1 knock-
down (Figure S4H). The changes in the protein levels were more
significant when cells were treated with cisplatin. These findings sug-
gested that MALAT1 enhanced the resistance of both parental and
DTX-resistant LUAD cells to DTX by increasing cell proliferation
ability, reducing apoptosis, and promoting cell-cycle progression.
MALAT1 Was Involved in the EMT Process of Parental and DTX-

Resistant LUAD Cells

EMT phenotype is a crucial biological process that has been demon-
strated to be closely associated with the LUAD chemoresistance. In
our study, we detected the role of MALAT1 in the EMT progress.
As presented in Figure 4A, the morphology of DTX-resistant cells
was distinctly different from that of parental cells because of loss of
cell polarity, intercellular adhesion, and formation of pseudopodia.
To determine whether MALAT1 promoted DTX-induced EMT
phenotype, we measured the expression levels of EMT markers in
both parental and DTX-resistant cells. As a result, MALAT1 overex-
pression decreased the protein levels of epithelial markers (E-cad-
herin and b-catenin) and increased the levels of mesenchymal
markers (N-cadherin and Vimentin) in parental cells. In contrast,
knockdown of MALAT1 in DTX-resistant cells led to the opposite re-
sults (Figure 4B; Figure S3C). Moreover, the results of immunofluo-
rescence staining were consistent with that of western blot (Figure 4C;
Molecular Therapy: Nucleic Acids Vol. 14 March 2019 571
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Figure 4. MALAT1 Was Involved in the EMT Process of Parental and DTX-Resistant LUAD Cells

(A) Morphology of SPC-A1 and SPC-A1/DTX cells. (B) Protein levels of E-cadherin and N-cadherin in SPC-A1 cells transfected with pcDNA3.1 or pcDNA3.1/MALAT1 and

SPC-A1/DTX cells transfected with shRNA or shMALAT1. (C) The levels of E-cadherin and N-cadherin were determined in indicated cells by immunofluorescence staining.

Scale bar is 200 mm. *p < 0.05, **p < 0.01.
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Figure S3B), which further demonstrated the positive effect of
MALAT1 on EMT progress.

Knockdown of MALAT1 Suppressed the Growth and Metastasis

of DTX-Resistant LUAD Cells In Vivo

To verify the results of in vitro experiments, in vivo experiments were
carried out in SPC-A1/DTX cells. At first, we stably transfected SPC-
A1/DTX cells with shMALAT1, while cells transfected with shCtrl
were used as negative controls. Then, cells were injected into nude
572 Molecular Therapy: Nucleic Acids Vol. 14 March 2019
mice to assess the effect of MALAT1 knockdown on cell growth
in vivo. Without DTX treatment, tumors derived from SPC-A1/
DTX cells stably transfected with shMALAT1 grew slower than those
derived from control cells, and this phenomenon wasmore significant
in tumors treated with DTX (Figures 5A–5C). Compared with tumors
derived from control cells, those from SPC-A1/DTX cells stably trans-
fected with shMALAT1 exhibited reduced Ki-67 and proliferating cell
nuclear antigen (PCNA) positivity (Figure 5D). The inhibition of
MALAT1 knockdown on Ki-67 and PCNA positivity was more



Figure 5. Knockdown of MALAT1 Suppressed the Growth and Metastasis of DTX-Resistant LUAD Cells In Vivo

(A) Tumors derived from LUAD cells transfected with shMALAT1 or shCtrl were measured under a condition with PBS or DTX. (B) Tumor volume was measured. (C) Tumor

weight was calculated. (E) The tumor sections were subjected to immunohistochemical (IHC) staining with antibodies against E-cadherin and N-cadherin. (F) TUNEL staining

of tumor tissues was applied to detect apoptosis. Scale bar, 50 mm. (G) A luciferase xenograft mouse model was created to demonstrate the effect of MALAT1 on tumor

metastasis in vivo; the entire lung was visualized. Scale bar, 100 mm. *p < 0.05, **p < 0.01.
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efficient when treating with DTX. Moreover, the increased levels of
E-cadherin and b-catenin, as well as the decreased levels of N-cad-
herin and Vimentin, were detected in tumors derived from SPC-
A1/DTX cells stably transfected with shMALAT1 (Figure 5E). In
addition, transferase dUTP nick-end labeling (TUNEL) staining re-
sults revealed that tumors formed from SPC-A1/DTX cells stably
Molecular Therapy: Nucleic Acids Vol. 14 March 2019 573
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transfected with shMALAT1 presented with a significantly increased
apoptosis rate (Figure 5F). Moreover, a luciferase xenograft mouse
model was established to determine whether MALAT1 expression af-
fects tumor metastasis in vivo. Luciferase SPC-A1/DTX cells stably
transfected with lentiviral vector (lv)-shRNA targeting MALAT1
were subcutaneously injected into the tail veins of nude mice. As
shown in Figure 5G, ectopic MALAT1 knockdown reduced the num-
ber of metastatic cells compared with the control group; the result was
confirmed by testing H&E-stained lung sections. In all experimental
results shown in Figure 5, the effect of MALAT1 knockdown on tu-
mor growth was more significant when treating with DTX.

MALAT1 Promoted LUAD Chemoresistance by Sponging miR-

200b to Increase the Expression of E2F3 and ZEB1

The preceding findings suggested that MALAT1 might regulate
miR-200b by acting as a ceRNA. Thus, we found the possible targets
of miR-200b using three bioinformatics prediction tools: TargetScan
(http://www.targetscan.org/), RNA22 (http://www.rna-seqblog.com/
rna22-version-2-0-mirna-mre-predictions/), and PicTar (http://
pictar.mdc-berlin.de). There were 23 mRNAs that might interact
with miR-200b (Figure 6A). We then assessed the expression levels
of these mRNAs in parental and DTX-resistant cells. The results
showed that E2F3 and ZEB1 were upregulated in DTX-resistant
LUAD cells (Figure 6B). Furthermore, we found that the levels of
E2F3 and ZEB1 were positively regulated by MALAT1, while
miR-200b mimics or inhibitors partially attenuated the effects of
MALAT1 overexpression or knockdown on the expression levels
of E2F3 and ZEB1 (Figures 6C and 6D; Figure S4I), indicating
that MALAT1 regulates E2F3 and ZEB1 expression in a miR-
200b-dependent manner. To verify the competitive relationship be-
tween MALAT1 and E2F3/ZEB1, we performed RIP assays and
found the existence of both E2F3 and ZEB1 in the Ago2 complex
(Figure 6E; Figure S4J, upper), indicating that MALAT1 competes
with E2F3/ZEB1 to bind miR-200b. In addition, we applied dual-
luciferase reporter assays and observed that miR-200b mimics in-
hibited firefly luciferase activity of WT ZEB1 or E2F3 30 UTRs,
but not that of mutant type; this effect was abolished by the intro-
duction of MALAT1 (Figure 6F). Then, we performed rescue assays
to demonstrate the role of the MALAT1/miR-200b/E2F3/ZEB1 axis
in regulating the chemoresistance of parental and DTX-resistant
LUAD cells. As presented in Figure 7A, the increased IC50 value
in parental cell was partially attenuated by the overexpression of
miR-200b or the knockdown of E2F3. In DTX-resistant cells, the
IC50 value decreased by MALAT1 was rescued by the downregula-
tion of miR-200b or the overexpression of E2F3 (Figure 7B).
Furthermore, knockdown of MALAT1 weakened proliferative abil-
ity and increased apoptosis rate, which could be abolished largely by
the introduction of miR-200b inhibitors or E2F3, but not ZEB1
(Figures 7C and 7D). In addition, overexpression of MALAT1 pro-
moted EMT progress in parental LUAD cells, while this function
was mediated by miR-200b mimics or shRNA specifically targeted
to E2F3 (sh-E2F3) (Figure 7E). Introduction of miR-200b inhibitors
or E2F3 expression vector reversed the EMT progress inhibited by
MALAT1 knockdown. Therefore, we confirmed that miR-200b
574 Molecular Therapy: Nucleic Acids Vol. 14 March 2019
and E2F3 are involved in MALAT1-mediated chemoresistance in
LUAD.

TFAP2C and ZEB1 Transcriptionally Activated MALAT1 in DTX-

Resistant LUAD Cells

Although MALAT1 was upregulated in DTX-resistant LUAD cells,
the mechanism associated with MALAT1 upregulation has not
been properly investigated. It has been reported that lncRNAs can
be activated by their upstream transcription factors in human malig-
nant tumors.29 To investigate the transcription factors that were
responsible for the upregulation of MALAT1, we performed a pull-
down experiment in the nuclear extract using the biotin-labeled
MALAT1 promoter. Nuclear proteins of LUAD cells were incubated
and pulled down by biotin-labeled MALAT1 promoter. One-shot
mass spectrometry analyses were then performed to analyze the
purified nuclear proteins. As shown in Figure 8A, 8 transcription fac-
tors (TFs) were found to be enriched in SPC-A1/DTX group. Based
on online bioinformatics analysis (http://genome.ucsc.edu/index.
html), we found the binding region of transcription factor AP-2
gamma (TFAP2C) on the promoters of MALAT1 and ZEB1 (>
hg19 dna range = chr11:65264902-65265225;strand = + and > hg19
dna range = chr10:31607523-31608038;strand = +), as well as the
binding region of ZEB1 on the promoter of MALAT1 (> hg19 dna
range = chr11:65263903-65264418;strand = +) (Figure 8B). Then,
we measured the expression level of TFAP2C in two pairs of DTX-
resistance LUAD cell lines and their parental cell lines. As illustrated
in Figure 8C, the mRNA and protein levels of TFAP2Cwere increased
in the DTX-resistant cells. To determine the roles of TFAP2C and
ZEB1 on the expression level of MALAT1, we measured the expres-
sion level of MALAT1 in DTX-resistant LUAD cells transfected
with sh/TFAP2C and sh-ZEB1. As shown in Figure 8D, knockdown
of TFAP2C or ZEB1 efficiently reduced the level of MALAT1 both
in SPC-A1/DTX and H1299/DTX cells. In addition, knockdown of
TFAP2C could reduce the mRNA and protein levels of ZEB1 (Fig-
ure 8E). Using chromatin immunoprecipitation analysis, we found
the affinity of TFAP2C to the MALAT1 promoter and the ZEB1 pro-
moter (Figure 8F; Figure S4J, bottom); the GAPDH promoter was
used as a positive control (Figure 8G). These findings revealed that
TFAP2C and ZEB1 transcriptionally activated MALAT1, thereby
contributing to the upregulating of MALAT1 in DTX-resistant
LUAD cell lines. In addition, TFAP2C could transcriptionally activate
ZEB1 expression, forming a feedback loop, which strengthening the
function of MALAT1 in the chemoresistance of LUAD cells.

DISCUSSION
With the increasing identification of noncoding RNAs, the
physiology and pathology of human cancers have been better under-
stood.30 The dysregulation of lncRNAs is closely related to the tumor-
igenesis of various cancer types, which provides new perspectives
for the treatment of malignant cancers. Increasingly, reports have
pointed out that some lncRNAs serve as a scaffold of protein complex
to promote or inhibit gene expression at the transcription level,31,32

but lncRNAs can also act as a mediator in ceRNA pathway to regulate
tumorigenesis.33–36
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Figure 6. MALAT1 Promoted LUAD Chemoresistance by Sponging miR-200b to Increase the Expression of E2F3 and ZEB1

(A) The overlapping mRNAs from three online analysis tools, TargetScan (http://www.targetscan.org/), RNA22 (http://www.rna-seqblog.com/rna22-version-

2-0-mirna-mre-predictions/), and PicTar (http://pictar.mdc-berlin.de), were identified with a Venn diagram. (B) The level of these mRNAs in SPC-A1/DTX and SPC-A1

cells was measured and validated in H1299/DTX and H1299 cells. (C) The mRNA levels of E2F3 and ZEB1 in parental cells transfected with pcDNA-MALAT1 or co-

transfected with miR-200b mimics. (D) The mRNA levels of E2F3 and ZEB1 in DTX-resistant cells transfected with sh-MALAT1 or co-transfected with miR-200b inhibitor. (E)

RIP assays were performed to determine the existence of MALAT1 and E2F3/ZEB1 in the Ago2 complex. (F) Dual-luciferase reporter assays were performed to confirm the

association of miR-200b, MALAT1, and ZEB1 or E2F3. *p < 0.05, **p < 0.01; n.s., no significance.
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Figure 7. The Biological Role of MALAT1 in LUAD Cells Was Mediated by miR-200b and E2F3

(A) MTT assays were performed to determine the DTX sensitivity of SPC-A1 cells cotransfected with MALAT1 and miR-200b mimics or sh-E2F3 or sh-ZEB1. (B) MTT assays

were performed to determine the DTX sensitivity of SPC-A1/DTX cells cotransfected with shMALAT1 and miR-200b inhibitors or E2F3 or ZEB1. (C) Colony formation assays

were used to assess the proliferative ability of SPC-A1/DTX cells cotransfected with shMALAT1 and miR-200b inhibitors or E2F3/ZEB1 overexpression vector. (D) Flow

cytometric analysis was used to measure the apoptosis rate of SPC-A1/DTX cells cotransfected with shMALAT1 and miR-200b inhibitors or E2F3/ZEB1 expression vector.

(E) Western blot assays were used to measure EMT markers in SPC-A1/DTX cells cotransfected with shMALAT1 and miR-200b inhibitors or E2F3/ZEB1 expression vector.

*p < 0.05, **p < 0.01; n.s., no significance.
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Figure 8. TFAP2C and ZEB1 Transcriptionally Activated MALAT1 in LUAD Cells

(A) The biotin-labeled MALAT1 promoter was mixed with the nuclear extract separated from SPC-A1 or SPC-A1/DTX. The eluted proteins were then analyzed using mass

spectrometry methods. (B) The binding region of TFAP2C on the promoter of MALAT1 and ZEB1 (> hg19 dna range = chr11:65264902-65265225;strand = + and > hg19

dna range = chr10:31607523-31608038;strand = +), as well as the binding region of ZEB1 on the promoter of MALAT1 (> hg19 dna range = chr11:65263903-

65264418;strand = +). (C) The expression level of TFAP2C in DTX-resistant LUAD cells and the corresponding parental cells wasmeasured by qRT-PCR andwestern blot. (D)

MALAT1 expression was analyzed by qRT-PCR methods in SPC-A1/DTX or H1299/DTX cells transfected with sh/TFAP2C or sh-ZEB1 for 48 h. (E) The effect of TFAP2C

knockdown on the expression level of ZEB1wasmeasured by qRT-PCR andwestern blot assays. (F) ChIP assay using anti-ZEB1 or anti-TFAP2C or anti-IgG antibodies were

performed to determine the affinity of ZEB1 and TFAP2C on the MALAT1 promoter and the affinity of TFAP2C on the ZEB1 promoter in SPC-A1/DTX cells. (G) GAPDH was

used as a positive control in ChIP assay. *p < 0.05, **p < 0.001, ***p < 0.001.
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Given that the pivotal role of lncRNAs as the regulators of gene
expression, they have been reported to play significant roles in
LUAD.37,38 In present study, we discovered that MALAT1 regulated
the expression levels of ZEB1 and E2F3 by modulating miR-200b so
as to regulate cell chemoresistance. In addition, we identified the ef-
fect of a transcription factor, TFAP2C, on the transcription activation
of MALAT1 and ZEB1; ZEB1 could also transcriptionally regulate the
expression of MALAT1, forming a positive feedback loop. miR-200b
has been demonstrated to be an important tumor suppressor.39,40 To
identify the lncRNA involved in miR-200b-mediated chemoresist-
ance in LUAD, we applied the RT2 lncRNA PCR system and
found that MALAT1 had an influence on the expression level of
Molecular Therapy: Nucleic Acids Vol. 14 March 2019 577
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miR-200b, presenting a negative expression correlation with miR-
200b. Former studies have illustrated that MALAT1 upregulation
promoted tumorigenesis in numerous cancers, including in esopha-
geal carcinoma,41 prostate cancer,42 hepatocellular carcinoma,43

and lung cancer.44 Although the role of MALAT1 has been explored
in diverse cancers, its biological function in the DTX resistance of
LUAD still needs to be elucidated.

Our study uncovered that inhibiting MALAT1 expression could
sensitize LUAD cells to DTX, suppressing proliferation and EMT
phenotype of DTX-resistant LUAD cells. What’s more, rescue assays
demonstrated that knockdown of MALAT1 inhibited LUAD cell pro-
liferation through the miR-200b/E2F3 axis, while knockdown of
MALAT1 inhibited EMT progression through the miR-200b/ZEB1
axis. Furthermore, through subcellular fractionation followed by
qRT-PCR analysis, as well as the FISH localization, we discovered
that MALAT1 was expressed in both nucleus and cytoplasm. To
confirm whether MALAT1 regulated miR-200b expression on the
transcription level or on the post-transcription level, we established
a luciferase reporter system and found that the dysregulation of
MALAT1 had no effect on the miR-200b promoter, indicating that
MALAT1 could regulate miR-200b on the post-transcription level.
Research has shown that lncRNA could regulate miRNAs through
the ceRNA mechanism, in which lncRNA acts as the sponge of
miRNA to competitively bind to miRNA through complementary
base pairing, weakening the interaction betweenmiRNA and its target
mRNA.45,46 Using bioinformatics tools, two potential binding sites on
MALAT1 with miR-200b were identified. Then, we proved the inter-
action between MALAT1 and miR-200b through the luciferase
reporter assay. In addition, through the observation of enriched
expression ofMALAT1 andmiR-200b in Ago2 immunoprecipitation,
the interaction betweenMALAT1 andmiR-200b was confirmed. Sub-
sequently, function assays in vitro validated the effect of MALAT1
and miR-200b on cell resistance to DTX, cell proliferation, apoptosis,
invasion, migration, and EMT progression. Likewise, we certified the
interaction of miR-200b with ZEB1 and E2F3 through the same
methods. Altogether, our study revealed that MALAT1 weakened
the inhibition of miR-200b on ZEB1 and E2F3 through the ceRNA
network, promoting cell resistance to DTX in LUAD. In addition, a
pull-down assay combined with mass spectrometry revealed that
TFAP2C is potentially correlated with the transcription of both
MALAT1 and ZEB1. We also found that ZEB1 could induce the tran-
scription of MALAT1, which formed a positive feedback loop of
ZEB1/MALAT1/miR-200b/ZEB1 and promoted the upregulation of
MALAT1 in DTX-resistant LUAD cells.

In conclusion, MALAT1 promoted LUAD chemoresistance through
miR-200b. In cytoplasm, MALAT1 acted as a molecular sponge for
miR-200b to weaken the binding of miR-200b with E2F3 and ZEB1
mRNA, upregulating their expressions and promoting LUAD cell
proliferation, invasion, migration, and EMT progression, as well as
chemoresistance. TFAP2C and MALAT1 were found to contribute
biologically to chemoresistance in LUAD, providing novel therapeu-
tic targets and perspectives for LUAD treatment.
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MATERIALS AND METHODS
Cell Lines and Culture

SPC-A1 and H1299 cell lines were obtained from the Tumor Cell
Bank of the Chinese Academy of Medical Science (Shanghai, China).
Cells were cultivated in RPMI 1640 medium (Invitrogen, Carlsbad,
CA, USA), which was supplemented with 10% fetal bovine serum
(FBS) (Invitrogen), ampicillin (100 U/mL), and streptomycin
(100 mg/mL) at 37�C in humidified air with 5% CO2. DTX-resistant
LUAD cells (SPC-A1/DTX and H1299/DTX) were established from
parental SPC-A1 and H1299 cells and were preserved in 50 mg/L
DTX (final concentration).

Cell Transfection

siRNAs for MALAT1 were defined as siMALAT1#1 and
siMALAT1#2, respectively. All siRNA and shRNA sequences are
listed in Table S1. E2F3 and ZEB1 cDNA was amplified and cloned
into the pDsRed1 expression vector. MALAT1 cDNA containing
the miR-200b binding site was amplified and cloned into the
pcDNA3.1 expression vector. siRNAs and plasmids were transfected
into LUAD cells by applying Lipofectamine 2000 (Invitrogen) accord-
ing to the manufacturer’s instructions.

Construction of Stable MALAT1-Silenced Cell Lines

The expression level of MALAT1 was stably inhibited by transfecting
with desired shRNA vectors (shMALAT1#1 and shMALAT1#2) or
shCtrl and was screened with puromycin (2 mg/mL) for 4 weeks.

RT2 lncRNA PCR Array Analysis

The RT2 lncRNA PCR array system (https://www.qiagen.com/cn/
shop/pcr/primer-sets/rt2-lncrna-pcr-arrays/?catno=LAHS-002Z#
geneglobe) was applied to explore potential lncRNAs involved in the
modulation of miR-200b expression in DTX-resistant LUAD cells.
lncRNAs were considered differentially expressed in DTX-resistant
LUAD cells for a fold change R 2.0.

qRT-PCR Analysis

Total RNA was extracted by using TRIzol reagent (Invitrogen) ac-
cording to the manufacturer’s guidance. A PrimeScript RT reagent
kit (Takara, Dalian, China) was used to carry out reverse transcription
in accordance with the manufacturer’s instructions. SYBR Prime
Script RT-PCR kits (Takara) were used to perform qRT-PCR on
the basis of the manufacturer’s protocols. All mRNA expression levels
were calculated by using the 2�DDCt method and were normalized to
GAPDH or U6 expression. All assays were carried out independently
three times. The PCR primers are listed in Table S1.

Luciferase Reporter Assay

pmirGLO; pmirGLO-WT for MALAT1, ZEB1, and E2F3; or pmir-
GLO-MUT for MALAT1, ZEB1, and E2F3 were cotransfected into
SPC-A1/DTX or HEK293T cell lines, together with miR-200b mimics
or miRNA normal controls, by using Lipofectamine-mediated gene
transfer. Relative luciferase activity was normalized to Renilla lucif-
erase activity 48 h after transfection. The data were relative to the
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fold change of pair-matched control groups, which were defined as
1.0. All samples were assayed in triplicate.

In Vitro Chemosensitivity Assay

As previously described,47 chemosensitivity was examined through
MTT (Sigma, Natick, MA, USA) assays. Cells were incubated in
96-well plates and treated with DTX. After 48 h, each well was supple-
mented withMTT solution (5 mg/mL, 20 mL). After 4 h of incubation,
the medium was removed, and 100 mL of DMSO was added to
each well. The relative number of surviving cells was evaluated by
measuring the cell lysate optical density at 560 nm (OD560). All exper-
iments were carried out independently three times.

Colony Formation Assay

Cells (500 cells/well) were put into 6-well plates and incubated in
RPMI 1640 medium with 10% FBS at 37�C. 14 days later, the cells
were fixed and dyed with 0.1% crystal violet.48 The number of visible
colonies was counted manually. All samples were assayed in triplicate.

EdU Incorporation Assays

EdU proliferation assays were performed by using Cell-Light EdU
Apollo 567 in vitro imaging kits (Ribobio) according to the manufac-
turer’s instructions. Cells (5 � 103 cells/wells) with the indicated
treatment were seeded into 96-well plates. After 24 h, 100 mL of
medium containing 50 mM EdU was added to each well, followed
by incubation for 2 h at 37�C. Then, the cells were fixed with 4% para-
formaldehyde and stained with a Hoechst and Apollo reaction cock-
tail. Images were captured using a fluorescence microscope (Nikon)
and were merged using Adobe Photoshop 6.0 software. All experi-
mental procedures were repeated at least three times.

Flow Cytometric Analysis

Flow cytometry analysis was carried out as previously described.49,50

To analyze the cell apoptosis and cell-cycle distribution, cells were
transfected with shCtrl or shMALAT1, treated with or without
drugs for 24 h, and then collected. An annexin V/propidium iodide
detection kit (KeyGen Biotech Co., Nanjing, China) was used for
cell apoptosis assays. For cell-cycle analysis, cells were collected,
fixed in 70% ethanol at 4�C for 16 h, and then stained with propi-
dium iodide (PI). All experiments were carried out independently
three times.

Immunofluorescence

Cells were seeded on glass coverslips in 6-well plates, fixed in 4%
formaldehyde solution (Thermo Scientific), and permeabilized with
0.5% Triton X-100/PBS (Invitrogen). Cells were sealed with 5%
BSA/PBS (Beyotime, Shanghai, China) for 1 h at room temperature
and then were incubated with primary antibodies (E-cadherin and
N-cadherin) at 4�C overnight, followed by incubation with fluores-
cent dye-conjugated secondary antibody (Invitrogen) for 1 h. Finally,
the cells were stained with DAPI (Life Technologies, Gaithersburg,
MD USA), and images were observed under a confocal microscope
(TCS SP8 STED, Leica, Wetzlar, Germany).51 All experiments were
conducted independently three times.
RNA FISH

SPC-A1/DTX cells were seeded in glass chamber slides. 24 h
after transfection, cells were fixed overnight in 4% paraformaldehyde
(Thermo Scientific, Rockford, IL, USA), washed three times with PBS
(5 min/wash), permeabilized with 0.5% Triton X-100/PBS perme-
ation fluid at room temperature for 20 min, and again washed three
times with PBS (5 min/wash). The slides were prehybridized for 1 h
at 55�C with 100 mL of prehybridization buffer: 50% formamide
(Sigma) + 5� saline sodium citrate (SSC) buffer + 5� Denhardt’s
solution + 0.5% Tween 20 (Thermo Scientific). Then, slides were
washed three times (10 min/wash) in 0.1� SSC (Ambion) at 55�C,
followed by three washes (2 min/wash) in 1� PBS (Gibco) at room
temperature. Slides were blocked in 10% heat-inactivated goat
serum + 0.5% blocking reagent in PBS-Tween for 1 h at room temper-
ature. In addition, 150 mL of anti-FAM-POD (the polyclonal anti-
body reacts with free and bound fluorescein to reduce the non-specific
binding), diluted 1:40 in blocking buffer, was added to each slide, and
the slides were incubated for 1 h at room temperature. The slides were
washed twice (2 min/wash) in 1� PBS, 50 mL of Cy3-TSA substrate
was diluted at 1: 50, and the slides were incubated in the dark for
10 min at room temperature. Finally, the slides were mounted with
DAPI (Life Technologies) nuclear stain.

Western Blot

All protein lysates were separated on 10% gels via SDS-PAGE and
were electrophoretically transferred onto polyvinylidene difluoride
membranes (Roche). Mouse anti-GAPDH monoclonal antibody
was used to assess the protein loading. Membranes were blotted
with 10% skim milk in Tris-buffered saline and Tween 20 (TBST)
at room temperature for 2 h, followed by washing and probing with
anti-E-cadherin (Abcam, Cat. no. ab133597, 1:1,000 dilution), and
anti-GAPDH (Abcam, Cat. no. ab9485, 1:3,000 dilution) antibodies
at 4�C overnight. Subsequently, themembranes were treated with sec-
ondary antibody conjugated to horseradish peroxidase for 2 h at room
temperature. Proteins were detected with an enhanced chemilumi-
nescence system and were exposed to X-ray film. All antibodies
were purchased from Abcam (Cambridge, MA, USA). All samples
were assayed in triplicate.

Subcellular Fractionation Assays

As previously described,52 nuclear and cytosolic fraction separation
was performed using a PARIS kit (Life Technologies, Carlsbad, CA,
USA) according to the manufacturer’s instructions.

RIP Assays

A Thermo Scientific RIP kit (Thermo, Waltham, MA, USA) was used
to carry out RIP according to the manufacturer’s instructions. Ago2
antibodies were purchased fromAbcam. Normalmouse IgG (Abcam)
was used as the negative control. Purified RNA was subjected to qRT-
PCR analysis.

Chromatin Immunoprecipitation Assays

Cells were harvested for chromatin immunoprecipitation (ChIP)
by using an EZ-ChIP kit based on the manufacturer’s instructions
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(Millipore, Burlington, MA, USA). ZEB1 and TFAP2C were obtained
from Abcam. The ChIP primer sequences are listed in Table S1.
Immunoprecipitated DNA was quantified using qPCR. Purified
DNA was quantified using real-time qPCR.

Biotin-Promoter Pull-Down Assay and Mass Spectrometry

Double-stranded MALAT1 promoter was synthesized by PCR and
labeled with biotin-14-dCTP under the manufacturer’s protocol (In-
vitrogen, Grand Island, NY, USA). Biotin-labeled DNAwas diluted in
10 mM Tris-HCl, 10 mMMgCl2, 25 mMNaCl, and 10% glycerol and
incubated with nuclear protein extract at 4�C for 12 h. In general, the
biotinylated DNA was pull down by streptavidin-linked magnetic
beads (Thermo Scientific) at room temperature for 2 h. The beads
containing DNA and proteins were then washed four times with
1� binding and washing buffer. The proteins were precipitated and
diluted in 100 mL of protein lysis buffer. One-shot mass spectrometry
analyses were then performed to analyze the purified nuclear pro-
teins. Triple TOF 6600 liquid chromatography-mass spectrometry
(LC-MS) (AB Sciex, Shanghai, China) was used for mass spectrom-
etry analyses.

Bioinformatics Analysis

Two binding sequences betweenMALAT1 and miR-200b were found
from online bioinformatics analysis (http://starbase.sysu.edu.cn/).
The possible targets of miR-200b were predicted using three bioinfor-
matics prediction tools: TargetScan (http://www.targetscan.org/),
RNA22 (http://www.rna-seqblog.com/rna22-version-2-0-mirna-
mre-predictions/), and PicTar (http://pictar.mdc-berlin.de). The
binding region of TFAP2C on the promoters of MALAT1 and
ZEB1 and the binding region of ZEB1 on the promoter of MALAT1
were found from the University of California, Santa Cruz (UCSC)
(http://genome.ucsc.edu/index.html).

Xenograft Transplantation and Immunohistochemical Assays

All nude mice (4–6 weeks old) were provided by the Comparative
Medicine Department (Jinling Hospital, Nanjing, China). Before
this procedure, the animal research received ethical approval in
accordance with institutional guidelines. The ethical number is
2015NZGKJ-089. The subcutaneous xenograft model was established
by directly subcutaneously injecting 2� 106 SPC-A1/DTX cells stably
transfected with shMALAT1 or shCtrl (n = 4 mice/group), which
were previously suspended in 100 mL of PBS.When the average tumor
size reached approximately 50 mm3, DTX was given through intra-
peritoneal injections at a concentration of 1.0 mg/kg; one dose was
provided every other day, with three total doses. After five weeks,
all mice were killed, and necropsies were carried out. Primary tumors
were excised, paraffin embedded and formalin fixed. H&E staining
and Ki-67 immunostaining analysis were conducted, and using
PCNA, the levels of E-cadherin and N-cadherin were evaluated ac-
cording to the manufacturer’s instructions.

For the tumor metastasis model, 1 � 106 SPC-A1/DTX-luciferase
cells in 0.1 mL of PBS were injected into the tail vein of nude mice.
Every 2–4 days, beginning 1 week after cell injection, DTX was in-
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jected intraperitoneally, given at a concentration of 1.0 mg/kg, with
one dose every other day. Xenograft mouse images were obtained
using a Xenogen IVIS 2000 Luminal Imager. After the mice were
sacrificed, lungs were removed, and H&E staining was conducted.
This study was carried out strictly in accordance with the Guide for
the Care and Use of Laboratory Animals of the NIH. Our protocol
was approved by the Committee on the Ethics of Animal Experiments
of Jinling Hospital.

TUNEL Assay

In transplanted tumor tissues, apoptosis was measured by means of
the TUNEL assay, which was carried out on the basis of guidelines
for the TUNEL assay kit (KeyGen, Nanjing, China).

Statistical Analysis

SPSS v.21.0 software (IBM, Armonk, NY, USA) was applied for
statistical analyses. Mean ± SD was used to present experimental
results. Student’s t test or one-way ANOVAwas used to detect the dif-
ferences among groups. p values < 0.05 were considered statistically
significant.
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