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Conclusions  Taken together, our data suggest that upreg-
ulation of MALAT1 was mediated by the transcription fac-
tor Sp1 in A549 lung cancer cells, and Sp1 could be thera-
peutic target for cancer.
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EMSA	� Electrophoretic mobility shift assay
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ncRNA	� Noncoding RNA

Introduction

Metastasis-associated lung adenocarcinoma transcript 1 
(MALAT1) was originally identified in 2003 as a prognos-
tic parameter for patient survival of stage I lung adenocarci-
noma or squamous cell carcinoma patients (Ji et al. 2003). 
A later study identified MALAT1 as a noncoding tran-
script enriched in the nucleus of human primary fibroblasts 
or transformed lymphoblasts (Hutchinson et  al. 2007). 
MALAT1 was one of the first ncRNAs that was associated 
with lung cancer. Recent work established a critical regula-
tory function of this lnc RNA in lung cancer metastasis and 
cell migration (Gutschner et al. 2013a, b; Tano et al. 2010).

Since its discovery in non-small cell lung cancer 
(NSCLC), overexpressed MALAT1 was found in many 
solid tumors such as lung cancer, cervical cancer, and 
HCC (Schmidt et al. 2011; Guo et al. 2010; Li et al. 2014). 
The association between MALAT1 expression and tumor 
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metastasis prompted us to investigate the exact mechanism 
of MALAT1 upregulation. It was reported that the poste-
rior pituitary hormone oxytocin could increase the level of 
MALAT1 in human SK-N-SH neuroblastoma cells; such 
responsiveness of MALAT1 was regulated by the bind-
ing of cyclic AMP-responsive element-binding protein 
(CREB) to the promoter (Koshimizu et  al. 2010). It was 
also reported that MALAT1 transcription was regulated by 
Wnt/β-catenin signaling in endometrioid endometrial carci-
noma (EEC) (Zhao et al. 2014).

Specificity protein 1 (Sp1) is a transcription factor that 
is ubiquitously expressed in various cells and tissues. Sp1 
recognizes GC-rich regions and binds to DNA through 
three C2H2-type zinc fingers in the C-terminal domain (Li 
and Davie 2010). The relative expression of Sp1 in cancer 
cells has been shown to be higher than that of adjacent nor-
mal cells in several tumors, including gastric tumors, breast 
cancers, and lung cancers (Safe and Abdelrahim 2005; 
Deacon et al. 2012; Wang et al. 2003; Zannetti et al. 2000). 
It was also reported that 65 % of lung cancer patients have 
been shown to have a higher level of Sp1 in tumor tissues 
(Lin et al. 2010). There are growing evidences showing that 
Sp1 protein plays a critical role in the growth and metasta-
sis of many tumor types through regulating gene transcrip-
tion related to growth and proliferation (Black et al. 2001; 
Wang et al. 2014; Kong et al. 2014). Moreover, Sp1 protein 
is also very likely to be one of the potential targets for can-
cer chemotherapy (Jiang et al. 2014; Safe et al. 2014).

In the current study, we found a Sp1-binding site in 
the promoter region of the MALAT1 gene. Both silencing 
the Sp1 gene and mutation of the binding site decreased 
the transcription of MALAT1. EMSA and ChIP assay 
confirmed the association between the Sp1 protein and 
MALAT1 promoter. To the best of our knowledge, this is 
the first evidence to associate the Sp1 protein with the high 
level of MALAT1 expression in tumor.

Materials and methods

Plasmids and reagent

Plasmid pCMV-Sp1 was purchased from Addgene (Cam-
bridge, MA, USA). Mithramycin A was from Sigma (St. 
Louis, MI, USA). Plasmid pCMV-Flag-Sp1 was con-
structed by inserted Sp1 cDNA fragment into pCMV-N-
Flag (Beyotime, China).

Cell lines and transfection

Human lung cancer cell lines (A549), human cervical can-
cer cell line (HeLa), human liver hepatocellular carcinoma 
cell line (HepG2), normal cells human lung fibroblast 

cell line (MRC5), and human mammary epithelial cells 
(MCF10A) were purchased from ATCC. Human liver cells 
(HL-7702) were bought from the Shanghai Institute for 
Biological Sciences, Chinese Academy of Sciences. Cell 
transfection was performed with Lipofectamine transfec-
tion reagent (Invitrogen, Waltham, MA, USA). Unless 
otherwise indicated, cells were harvested at 48  h after 
transfection.

Generation of MALAT1 promoter‑luciferase constructs

A 445-bp fragment (nucleotides from −432 to +13) of 
human MALAT1 promoter was prepared by PCR amplifica-
tion of human genomic DNA of MRC5 cells using a sense 
primer containing Kpn1 restriction site and an antisense 
primer containing a BglII restriction site. Primers were syn-
thesized on the basis of the reported genomic sequence for 
human MALAT1, forward 5′-CGGGG TACCT GGGAA 
AGGAA GACCT AGACT GA-3′ and reverse 5′-GAAGA 
TCTCC CAGTC CTTTA CAGAA GTCTC G-3′. Following 
digestion with restriction enzymes, the MALAT1 promoter 
fragment was directionally cloned into the pGL4.17-basic 
firefly luciferase expression vector (Promega) to generate a 
“full-length” MALAT1 reporter construct. Reporter genes 
containing sequentially truncated fragments (−319/+13, 
−288/+13, −247/+13, −199/+13) of the MALAT1 pro-
moter region were prepared in a similar manner using dif-
ferent sense primers containing Kpn1 restriction sites and 
the same antisense primer that was used for the full-length 
MALAT1 reporter construction. To prepare mutated pro-
moters, the putative site #1 Sp1-binding sequence between 
nucleotide position −268 to −266 GCG was mutated to TTT 
and named p-288m/+13; the putative site #2 Sp1-binding 
site between nucleotide position −307 to −305 GCC was 
mutated to AAA and named P-319m/+13. The mutation 
was created from wild-type MALAT1 promoter plasmid 
p-288/+13 or p-319/+13 by PCR using Mut Express™ II 
Fast Mutagenesis Kit (Vazyme, China). All of the constructs 
were verified by sequencing.

Dual‑luciferase assay for promoter activity

Dual-luciferase assay was performed as described previ-
ously with some modifications (Li et  al. 2013). In brief, 
cells were plated on 24-well plates, cultured overnight, and 
transfected using Lipofectamine transfection agent (Invitro-
gen, Waltham, MA, USA) according to the manufacturer’s 
protocol. For normalization of luciferase activity, the pRL-
TK control vector encoding Renilla luciferase was used 
for co-transfection together with pGL4.17 plasmids. In 
some experiments, the pGL4.51-control vector was used in 
transfection as a positive control of promoter activity. This 
pGL4.51-control vector contains CMV promoter resulting 
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in strong expression of luciferase gene in many types of 
mammalian cells. For all experiments, cells were cultured 
for 48 h after transfection and lysed with the passive lysis 
buffer (Promega). Lysates were analyzed using Dual-Lucif-
erase Reporter Assay System kit (Promega). Luminescence 
was measured on luminometer (Turner Biosystems Instru-
ment, Sunnyvale, CA, USA). All experiments were per-
formed at least three times.

Cell migration assay

Wound-healing assay was performed as previously 
described (Li et  al. 2013). Briefly, the cell layer that 
reached confluence was scratched by a 200 μl pipette tip 
and cultured at 37 °C. The average extent of wound closure 
was quantified. The percent of wounded area filled through 
cell migration was then calculated as follows: [(mean 
wound width  −  mean remaining width/mean wound 
width] × 100 (%). Transwell assay was performed as previ-
ously described (Li et al. 2013). Cells were counted on four 
random fields per well.

Western blot

Samples were separated by SDS-PAGE then transferred to 
membrane (Millipore). Membranes were blocked in 5  % 
powdered milk in Tris-buffered saline containing 0.05  % 
Tween 20 for 1 h at room temperature and probed with the 
anti-Sp1 (ab13370) or anti-GAPDH (ab37168) primary 
antibody at 4 °C overnight. After washing three times, the 
membrane was then incubated with horseradish peroxidase 
(HRP)-labeled secondary antibody for 2  h at room tem-
perature. The membrane was then developed by using the 
enhanced chemiluminescent (ECL) detection systems.

Electrophoretic mobility shift assay (EMSA)

Nuclear extracts were prepared from cells, following the pre-
viously described procedures (Ishida et  al. 2002). Synthetic 
complementary oligonucleotides containing the Sp1-binding 
site of MALAT1 promoter were 5′-biotinylated and annealed. 
The wild-type sequences of the oligonucleotides used are 
5′-CAGGC GTTAG GGCGG GGCGC GCGTG C-3′, the 
mutant sequences are 5′-GGCAC AGGCG TTAΔ6GG 
CGCGC GTGCG C-3′. DNA–protein-binding assays were 
carried out and detected using horseradish peroxidase-con-
jugated streptavidin (LightShift™ chemiluminescent EMSA 
kit) according to the manufacturer’s instructions.

Chromatin immunoprecipitation assay

ChIP assays were performed by following the chromatin 
immunoprecipitation (ChIP) assay kit protocol (Millipore 

catalo# 17-295) (Parakati and DiMario 2013). Approxi-
mately 5 × 106 cells were cross-linked with 1 % formalde-
hyde and collected in lysis buffer. DNA was then sheared 
to an approximate length of 200–1000  bp. Sheared DNA 
(50 μl) was incubated with 5 μg of anti-Sp1 ChIP-grade 
antibody or normal rabbit IgG followed by immunopre-
cipitation with 20  μl of protein A agarose beads during 
an overnight incubation at 4  °C with rotation. Enriched 
DNA was extracted from the DNA/antibody/protein A 
bead complexes by proteinase K digestion and purified 
with spin columns. Finally, precipitated MALAT1 DNA 
was amplified using the following forward and reverse 
primers: (5′-GGAAG TTGGG CAGCA GCTCC ACG-
3′) and (5′-CCACT GGTTC TAACC GGCTC TAG-3′). 
Unsheared DNA was used as an input control to analyze 
the immunoprecipitation results. For mithramycin A treat-
ment, the cells were incubated for 12 h in culture medium 
containing 0.2  μM mithramycin A before cross-linking 
with 1  % formaldehyde and collection for chromatin 
immunoprecipitation.

For chromatin immunoprecipitation experiments using 
wild-type and mutated MALAT1 promoter DNA con-
structs, 8  μg of pCMV-Flag-Sp1 and 4  μg of wild-type 
p-288/+13-luc or mutated p-288m/+13-luc were trans-
fected into A549 cells. Cell culture and chromatin immuno-
precipitation from A549 cells was carried out as described 
above. Precipitated DNA was amplified for 30 cycles using 
the MALAT1 promoter-specific forward primer (GAACA 
GGCAC AGGCG TTAGG) and a luciferase gene-specific 
reverse primer (AATGT TTTTG GCATC TTCCA). DNA 
was resolved in a 1 % agarose gel.

Animals

Athymic nude mice (6–8  weeks of age) were obtained 
from Shanghai Laboratory Animal Center (Shanghai, 
China) and housed under germfree conditions. Animal 
welfare and experimental procedures were performed 
strictly in accordance with high standard animal welfare 
and other related ethical regulations approved by South-
east University.

Subcutaneous tumor model

A549 cells (5 × 105 cells in 20 μl) were injected subcuta-
neously into the dorsal flanks of mice. Tumor volume was 
monitored by measuring the two maximum perpendicu-
lar tumor diameters with calipers every 3 days and calcu-
lated using the formula: length  ×  width2  ×  0.52. When 
tumors reached a size of approximately 5  ×  5  mm, the 
mice were arbitrarily assigned to different groups. 10 μg 
RNAi expression plasmids complexed with in vivo-jet-
PEI™ (Polyplus-Transfection Inc., New York, NY, USA) 
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were injected into tumor for each animal per injection, and 
the injection were repeated every 3 days for a total of four 
times. To evaluate Sp1 and MALAT1 expression level after 
four times RNAi expression plasmids injections, mice were 
killed on the 12th day after the first treatment (3 days after 
the final treatment), and tumors were isolated and RT-PCR 
and Western blot analysis were performed, whereas for 
tumor growth assay, the growth of solid tumors were con-
tinued monitored by measuring tumor size every 3 days for 
a 31-day period.

Experimental lung metastases model

Experimental lung metastases model was performed as 
described previously with some modifications (Lo et  al. 
2011). Briefly, A549 cells transfected with RNAi expres-
sion plasmids or the control vector were harvested from 
six-well plates, washed with phosphate-buffered saline 
(PBS), and resuspended at 2  ×  107  cells/ml. Suspended 
cells (0.1  ml) were injected into the tail veins of mice. 
Seven weeks after the injection, animals were euthanized 
and the lungs were removed and photographed with a 
digital camera. Visible tumors on the lung surface were 
counted. Lungs were fixed and stained with hematoxylin 
and eosin (H&E) for further pathological confirmation.

RNAi experiments

Pre-miRNA expression cassettes were designed to target 
the Sp1 gene or MALAT1 by using the BLOCK-iT Pol 
II miR RNAi Expression vector kits and manufacturer’s 
instructions (Invitrogen, Waltham, MA, USA) (Fu et  al. 
2009). For Sp1 knockdown, a double-stranded oligonu-
cleotide predicted to form a microRNA (miRNA) was 
synthesized by using the following primer pairs: forward, 
5-TGCTG GGCAT AGCAG CAATG ATGTT GGTTT 
TGGCC ACTGA CTGAC CAACA TCAGC TGCTA 
TGCC-3; reverse, 5-CCTGG GCATA GCAGC TGATG 
TTGGT CAGTC AGTGG CCAAA ACCAA CATCA 
TTGCT GCTAT GCCC-3), The primers used For MALAT1 
knockdown: forward, 5-TGCTG GCGTC ATGGA TTTCA 
AGGTC TGTTT TGGCC ACTGA CTGAC AGACC 
TTGAT CCATG ACGC-3, reverse, 5-CCTGG CGTCA 
TGGAT CAAGG TCTGT CAGTC AGTGG CCAAA 
ACAGA CCTTG AAATC CATGA CGCC-3. Double-
stranded oligos were then cloned into pcDNA6.2-GW/
EmGFPmiR expression vectors (Invitrogen, Waltham, MA, 
USA). BLOCK-iT™ Pol II miR-luc validated miRNA con-
trol vector (Invitrogen, Waltham, MA, USA) was used as 
RNAi control. These plasmids were transfected into A549 
cells using Lipofectamine 2000 (Invitrogen, Waltham, MA, 
USA). The cells were processed for immunoblot analyses 
48 h after transfection.

Cell proliferation assay

The effects of Sp1- or MALAT1-specific miRNA on 
A549 cell proliferation were assessed by the MTT assay. 
Briefly, A549 cells in the exponential growth phase were 
seeded at a final density of 6 × 104 cells/ml into a 96-well 
plate. After 24  h posttransfection, the cell viability was 
determined by the colorimetric MTT [3-(4, 5-dimethylth-
iazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide] assay 
at wavelength 490  nm by TECAN Safire Fluorescence 
Absorbance and Luminescence Reader (Vienna, VA, USA). 
The cell viability was calculated according to the formula: 
Cell viability (%) = average A490 nm of treated group/

average A490 nm of control group× 100 %. All assays 
were performed in triplicate and independently repeated 
twice.

Statistical methods

Data are presented as mean ± SD of triplicate experiments. 
The statistical analysis involving two groups was per-
formed by means of Student’s t test. P < 0.05 was consid-
ered to be significant.

Results

Identification of the MALAT1 gene promoter

The longest MALAT1 transcript from human is 8708 nt in 
length [GenBank: NR_002819.2], and the transcriptional 
start site (TSS) was determined by 5′-RACE (Hutchin-
son et al. 2007). In order to identify the region crucial for 
MALAT1 promoter activity, a reporter gene assay was 
performed using pGL4.17-basic vector containing various 
lengths of the MALAT1 promoter region (Fig. 1a, b). The 
construct p-319/+13-luc and p-288/+13-luc exhibited the 
similar promoter activity (Fig. 1c). The promoter activities 
in further deleted segments were decreased dramatically. 
These results indicated that the sequence between −319 
and +247 is critical for basal MALAT1 gene transcription.

The proximal Sp1-binding site plays an important role in 
the regulation of MALAT1 transcription.

Through computational analysis, two binding sites for 
Sp1 were predicted in this region (Fig.  1a, b). To deter-
mine whether Sp1 could contribute to the transcriptional 
regulation of MALAT1 gene, mutations were introduced 
into either Sp1 site in the p-319/+13-luc and p-288/+13-
luc luciferase reporter construct by site-directed mutagen-
esis (Fig. 2a, left panel). A549, HeLa, or HepG2 cells were 
transiently co-transfected with the indicated luciferase 
reporter constructs along with pRL-TK. Forty-eight hours 
after transfection, cells were lysed and their luciferase 
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activities were examined. As shown in the right panel of 
Fig. 2a, mutation of the distal Sp1-binding site had a negli-
gible effect on the promoter activity of MALAT1 gene, and 
disruption of the proximal Sp1-binding site resulted in a 
significant reduction in the promoter activity of MALAT1 
gene. Consistent with these results, overexpression of Sp1 
failed to stimulate the MALAT1 promoter activity devoid 
of the proximal Sp1-binding site, but Sp1 can still acti-
vate the MALAT1 promoter activity devoid of the distal 
Sp1-binding site (Fig.  2b, c). These results strongly sug-
gest that Sp1 plays an important role in the transcriptional 
regulation of MALAT1 gene through the proximal Sp1-
binding site.

The direct binding activity of Sp1 was further 
confirmed by EMSA and ChIP assay

To determine whether Sp1 binds to the MALAT1 promoter 
region via the proximal Sp1-binding site, EMSA was per-
formed. As shown in Fig.  3a, DNA–protein complex was 
detected when the nuclear extracts of A549 cells were incu-
bated with the double-stranded oligonucleotide probe con-
taining the proximal Sp1-binding site. This DNA–protein 
complex was prevented in competition experiments, and 

the specificity was confirmed by super-shift assay with Sp1 
antibody.

To examine whether Sp1 could bind to the MALAT1 
promoter region in cells, we performed chromatin immu-
noprecipitation (ChIP) assays. Cross-linked chromatin 
was prepared from A549 cells and immunoprecipitated 
with control IgG or anti-Sp1; the immunoprecipitated 
genomic DNA was purified and amplified by PCR using 
the primers specific for the MALAT1. As shown in 
Fig.  3b, ChIP assays demonstrated that Sp1 is recruited 
onto the MALAT1 promoter. We also examined the pos-
sible effect of Sp1 inhibitor mithramycin A (MA) on the 
transcription of MALAT1 gene. MA is a cell-permea-
ble agent that binds to GC-rich DNA sequence thereby 
blocking the binding of transcription factors such as 
Sp1- to GC-specific regions of DNA. A549 cells were 
treated with MA, and the ChIP assay result showed that 
MA treatment decreased the binding of Sp1 to MALAT1 
promoter region significantly. To further determine 
whether Sp1 interacted specifically with the proximal 
Sp-binding site as suggested by the electromobility 
shift assays (Fig.  3a) and endogenous chromatin immu-
noprecipitation (Fig.  3b-1), pCMV-Flag-Sp1 and wild 
type p-288/+13-luc or mutated p-288m+13-luc were 

Fig. 1    Identification of the region(s) required for the transcriptional 
regulation of MALAT1 gene. a Nucleotide sequence of the pro-
moter region of MALAT1 gene. The predicted binding sites of Sp1 
are underlined. +1 indicates the position of the transcription initia-
tion site of MALAT1 gene. b The schematic diagram of the luciferase 
reporter constructs containing the indicated genomic fragments of 
MALAT1 gene. The positions relative to the transcriptional initiation 
site of MALAT1 gene (+1) are indicated. c The results of the lucif-
erase reporter assays. A549, HeLa, or HepG2 cells were transiently 
co-transfected in triplicate in 24-well plates with the indicated lucif-

erase reporter constructs together with the Renilla luciferase reporter 
plasmid (pRL-TK). Forty-eight hours after transfection, firefly and 
Renilla luciferase activities were measured by dual-luciferase assay 
system. Data obtained from a representative of at least three inde-
pendent experiments are shown as fold induction compared to the 
activity of cells transfected with the empty pGL4.17-basic luciferase 
reporter vector. The results are presented as mean and SD of tripli-
cates from a representative experiment. Asterisk represents statisti-
cally significant difference with P  <  0.01 between pGL4.17-basic 
vector and MALAT1 promoter construct
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transfected into A549 cells. Similar to the procedure of 
endogenous MALAT1 chromatin immunoprecipitation, 
exogenous MALAT1 chromatin was immunoprecipitated 
by the FLAG antibody. PCR   was performed using the 
MALAT1 promoter specific forward primer and a lucif-
erase gene specific reverse primer to distinguish amplifi-
cation of transfected DNA versus endogenous MALAT1 
promoter sequence (Fig. 3b-2). The result showed that 
exogenous wild type MALAT1 promoter chromatin was 
immunoprecipitated by the FLAG antibody and ampli-
fied. However, no PCR product of MALAT1 promoter 
with the mutated Sp1 binding site was detected. These 

results indicate that Sp1 interacts with the proximal 
Sp-binding site within the MALAT1 promoter. Taken 
together, these data demonstrates that Sp1 directly binds 
to the promoter of MALAT1.

Knockdown of Sp1 reduces the MALAT1 expression 
and associated metastatic capacity of A549 lung cancer 
cells

A previous study has shown that A549 cells express higher 
Sp1 protein levels as compared to normal bronchial epi-
thelial cells (Chen et  al. 2011). This was also confirmed 

Fig. 2   The proximal Sp1-binding site plays an important role in the 
regulation of MALAT1 transcription. a MALAT1 promoter activ-
ity was decreased in the absence of proximal Sp1-binding site. Site-
directed mutations were introduced into the parental p-319/+13-luc 
and p-288/+13-luc luciferase reporter constructs to disrupt the indi-
cated Sp1-binding sites (left panel). Right panel shows the results 
of luciferase reporter assay. A549, HeLa, or HepG2 cells were tran-
siently co-transfected with the indicated luciferase reporter con-
structs together with pRL-TK. Forty-eight hours after transfection, 
luciferase activities were measured as described in Fig. 1c. Asterisk 
represents statistically significant difference with P  <  0.05 between 
p-288/+13-luc MALAT1 promoter construct WT and the construct 
of p-288m/+13-luc with mutant proximal SP1 sites. Ns represents 
no significant difference between p-319/+13-luc and p-319m/+13-
luc. b, c Overexpression of Sp1-activated MALAT1 promoter activ-

ity through proximal Sp1-binding site. Stimulatory effect of Sp1 
overexpression on MALAT1 promoter activation was prevented in 
the absence of proximal Sp1-binding site. Human A549, HeLa, and 
HepG2 cells were co-transfected with 1  μg Sp1 expressing plas-
mid, or empty vector along with 1 μg wild-type p-319/+13-luc or 
mutated p-319m/+13-luc (b) or 1  μg wild-type p-288/+13-luc or 
mutated p-288m/+13-luc (c), and Renilla expressing plasmid. Lucif-
erase activity of cells co-transfected with empty vector and wild-
type p-319/+13-luc (b) or p-288/+13-luc (c) was arbitrarily set at 1. 
Asterisk represents statistically significant difference with P  <  0.01 
between MALAT1 promoter construct (p-319/+13-luc, p-319m/+13-
luc or p-288/+13-luc) with and without plasmid expression of SP1. 
Ns represents no significant difference between p-288m/+13-luc with 
and without plasmid expression of SP1
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Fig. 3   Binding of Sp1 transcription factor on MALAT1 promoter. 
a EMSA analysis. The −279 to −254 ntDNA probe bound to the 
nuclear extracts of A549 cells, and this binding was blocked by 
excess unlabeled consensus probe. Sp1 antibody supershifted the 
binding band. b ChIP assay was used to confirm the Sp1-binding 
activity. Formaldehyde-cross-linked chromatin was isolated from 
A549 cells, sonicated, and immunoprecipitated with anti-Sp1. b-1 
Chromatin was prepared from nontransfected A549 cells and immu-
noprecipitated using the Sp1 antibody. Endogenous MALAT1 
DNA was amplified using MALAT1 promoter-specific forward and 
reverse primers. Lane 1, input chromatin prior to immunoprecipita-
tion. Lane 2, immunoprecipitation with normal rabbit IgG. Lane 3, 
immunoprecipitation with the Sp1 antibody. Lane 4–6, the group 
of Sp1 inhibitor mithramycin A treatment. Lane 7, amplification of 
genomic DNA (gDNA) containing the MALAT1 promoter sequence. 
Lane 8, immunoprecipitation without antibody (no Ab). b-2 Chro-

matin was prepared from A549 transfected with pCMV-Flag-Sp1, 
which expresses Sp1 coupled to the FLAG epitope tag. A549 were 
also transfected with the wild-type MALAT1 promoter coupled to the 
luciferase reporter gene (p-288/+13-luc) or the MALAT1 promoter-
luciferase construct containing the mutation of the Sp-binding site 
(p-288m/+13-luc). Chromatin from transfected cells was immuno-
precipitated with the FLAG epitope tag antibody. DNA containing 
either the wild-type or the mutated MALAT1-luciferase sequence 
was amplified using the MALAT1 promoter-specific forward primer 
and a luciferase gene-specific reverse primer. Lane 1, input chromatin 
prior to immunoprecipitation. Lane 2, immunoprecipitation with nor-
mal rabbit IgG. Lane 3, immunoprecipitation without antibody. Lane 
4, immunoprecipitation with the FLAG antibody. Lane 5, amplifica-
tion of plasmid DNA containing either the wild-type or the mutated 
MALAT1 promoter sequence
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by our experiments. As shown in Fig.  4a-1, A549 cells 
have higher Sp1 expression level than MRC5 cells, a nor-
mal lung cell line. Meanwhile, MALAT1 expression was 
also increased in metastasis A549 cells than that in MRC5 
(Fig.  4a-2). Since Sp1 plays a critical role in MALAT1 
transcription, both Sp1 RNAi and MALAT1 RNAi resulted 
in a significant decrease of MALAT1 mRNA level in 
A549 cells, as determined by RT-PCR analysis (Fig. 4b). 

To evaluate whether Sp1 is responsible for A549 cell 
metastasis phenotype, wound-healing experiments were 
performed. The results are shown in Fig.  4c, and RNAi-
mediated downregulation of Sp1 or MALAT1 in A549 
cells resulted in fewer A549 cells to migrate into wound 
area as compared with cells transfected with control RNAi 
plasmid. Similarly, knockdown of Sp1 and knockdown 
of MALAT1 in A549 cells also resulted in significant 

Fig. 4   Sp1-mediated transcriptional regulation of MALAT1 plays a 
critical role in A549 cells’ migration and proliferation. a MALAT1 
expression level correlated positively with Sp1 protein level in human 
lung adenocarcinoma cell line A549 and human lung normal cell line 
MRC5. a-1, a-2 Elevated expression of Sp1 protein and MALAT1 
expression in A549 compared with MRC5. Sp1 protein of each cell 
line was determined by Western blotting using the anti-Sp1 antibody 
(a-1). A-2 MALAT1 expression was analyzed by RT-PCR. GAPDH 
was used as an internal control. b Sp1-specific miRNA (Sp1 RNAi) 
reduced the endogenous Sp1 mRNA and protein levels in A549 cells 
(b-1, b-2). Knockdown of Sp1 by Sp1-specific miRNA or Knock-
down of MALAT1 by MALAT1-specific miRNA in A549 cells led 
to a reduction in MALAT1 mRNA (b-3, b-4). Cells were transfected 
with Sp1 or MALAT1 miRNA expression plasmids. After 48 h, total 
RNA was collected for assessment of transcript levels by RT-PCR. 
Western blot analysis was performed to determine the Sp1 protein 
levels. Transfection with miR-luc control plasmid was performed as 
control RNAi. GAPDH was used as an internal control. c Wound-
healing assay was used to detect A549 cell motility changes after 
silencing MALAT1 by Sp1 RNAi and MALAT1 RNAi. The A549 
cells were transfected with Sp1 or MALAT1 miR RNAi expres-
sion plasmid or control RNAi plasmid, then wound-healing scratch 
motility assays were performed in the fibronectin-coated plates in 

the presence of serum. Cell migration was assessed at 0 and 48  h. 
Representative images are shown (c-1). c-2 Statistical analysis of 
wound closure. Gap size at 0 h was set to 100 % and percentage of 
closed wound was calculated after 48 h after image analysis (n = 3; 
***P < 0.01). d Transwell assays demonstrated knockdown of Sp1-
suppressed A549 cell invasiveness. After A549 cells were transfected 
with control or MALAT1 miRNA or Sp1 miRNA expression plasmid 
for 24 h, cells were collected and resuspended in culture medium at a 
density of 1 × 106 cells/ml. Hundred microliters of the cell suspen-
sion was plated into the upper wells of transwell inserts containing 
8-μm pore polycarbonate membranes pre-coated with fibronectin 
(10 μg/ml) on the under surface. The cells were allowed to migrate 
for 20  h at 37  °C, then cells on upper wells were removed gen-
tly and those migrated to the under surface were fixed and stained. 
Representative membranes stained with Giemsa are shown (d-1), the 
arrows indicated the migrant cells. Scale bar 100 μm. Quantitative 
analysis of the number of the cells migrated to the down side of the 
membrane (d-2). Data are mean ± SD of three independent experi-
ments. ***P  <  0.01 versus control. e Proliferation assay showed 
reduced proliferation in Sp1 or MALAT1-downregulated A549 cells. 
A549 cell viability after transfection with Sp1- or MALAT1-specific 
miRNA expression plasmids or control plasmids 24 h was measured 
by MTT assay. ***P < 0.01 versus control
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reduction in migration of A549 cells in transwell migration 
experiments (Fig. 4d).

Effect of downregulated MALAT1 expression on the 
proliferation of A549 lung cancer cells

To investigate the possible function of MALAT1 on the 
growth of A549 cells, MTT assay was adopted to further 
evaluate the anti proliferation effect of Sp1 or MALAT1 
RNAi. As shown in Fig.  4e, Sp1- or MALAT1-specific 
miRNA significantly suppressed A549 cell proliferation.

The correlation between the Sp1 and MALAT1 in liver 
and breast cancer cell lines

The expression of MALAT1 correlates with tumor develop-
ment, progression, or survival in lung, liver, and breast can-
cer. Overexpression of MALAT1 was found in these solid 
tumors (Schmidt et  al. 2011; Gutschner et  al. 2013a; Li 
et al. 2014). So we further tested whether the Sp1 was also 
correlated with the MALAT1 level in liver and breast can-
cer cells. As shown in Fig. 5, Sp1 protein level was highly 
expressed in breast cancer cells MCF-7 and liver cancer 
cells HepG2; MALAT1 level was also increased in these 
tumor cells compared with the normal cell.

Downregulation of MALAT1 or Sp1 expression 
by RNAi reduces A549 lung cancer cell growth in vivo

It was reported that MALAT1 promotes tumor growth in 
vivo (Schmidt et al. 2011). Next, we postulated that deliv-
ery of miRNA expression plasmid against Sp1 or MALAT1 
into tumor in vivo will delay the tumor growth similarly. 
As expected, when jetPEI-complexed Sp1 or MALAT1 
miRNA expression plasmids were injected into tumors of 
nude mice, the solid tumor growth of groups of MALAT1 
RNAi as well as Sp1 RNAi was greatly suppressed as com-
pared with other control groups (Fig. 6a). Thirty-one days 
after the first treatment, animals were killed. It was reported 

Fig. 5   MALAT1 expression level correlated positively with Sp1 pro-
tein level in human breast cancer cell MCF-7 and liver cancer cell 
HepG2. Elevated expression of Sp1 protein and MALAT1 expres-
sion in MCF-7 and HepG2 compared with normal cells MCF10A and 
HL-7702. Sp1 protein of each cell line was determined by Western 
blotting using the anti-Sp1 antibody (a). b MALAT1 expression was 
analyzed by RT-PCR. GAPDH was used as an internal control

Fig. 6   Knockdown of Sp1 or MALAT1-suppressed tumor growth 
in nude mice subcutaneous tumor model. a A549 cells were injected 
subcutaneously into the dorsal flanks of athymic nude mice. When 
tumors reached a size of approximately 5 × 5 mm, mice were intratu-
morally injected with in vivo-jetPEI™-complexed Sp1- or MALAT1-
specific miRNA expression plasmids. Control groups were intra-
tumorally injected with miR-luc control plasmid or PBS. Effect of 
intratumoral injection of miRNA expression plasmids on the primary 
tumor growth was shown. Values were expressed as the mean ± SD 
from eight animals. *P < 0.05 as compared to the control groups. b 
Expression of Sp1 and MALAT1 in tumors after RNAi treatment. 
After four times intratumoral injection of Sp1- or MALAT1-spe-
cific miRNA expression plasmids, tumors were isolated on day 12 
(3 days after the fourth treatment) and subjected to RT-PCR (b-1) and 
Western blotting (b-2), PCR primers were specific for human Sp1, 
MALAT1, and GAPDH (internal control)
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that this mouse model was used to study tumor growth, and 
it is not an established metastasis model (Schmidt et  al. 
2011), and we still discovered one tumor metastasis in 
a right axillary lymph node of one mouse of PBS-treated 
group. Besides, no other metastasis was found on examina-
tion of the other lymph nodes or lungs. This result was con-
sistent with that previously reported (Schmidt et al. 2011).

To examine whether the Sp1-specific miRNA treat-
ment for tumor could decrease the MALAT1 expression 
in vivo, after four times treatment, tumor were taken from 
mice and analyzed with RT-PCR and Western blotting. 
The result revealed that both groups receiving either Sp1- 
or MALAT1-specific miRNA expression plasmids treat-
ment showed downregulated expressions of MALAT1 
(Fig. 6b).

Knockdown MALAT1 or Sp1 by RNAi suppress A549 
cell metastasis in vivo

To test the tumor suppressor activity of MALAT1 or Sp1 
RNAi on experimental lung metastases, A549 cells trans-
fected with MALAT1 or Sp1 miRNA expression plasmids 
were injected into nude mice. After 7 weeks, animals were 
killed for lung tissue examination. Metastatic nodules on 
the surface of lungs were counted. MALAT1 or Sp1 knock-
down group had significantly fewer tumor nodules in the 

lung compared to control groups (Fig. 7a, b). This differ-
ence was further confirmed through H&E staining of lung 
sections (Fig. 7c).

Discussion

With the innovations in RNA-seq technologies, large num-
bers of lnc RNAs in mammals are being identified and 
characterized (Nielsen et  al. 2014). Although the function 
of most lncRNAs remains unknown, many of them have 
been suggested to play crucial roles in various biological 
processes ranging from epigenetic gene regulation, tran-
scriptional control, to posttranscriptional regulation dur-
ing normal development and diseases, including cancers 
(Batista and Chang 2013; Wapinski and Chang 2011). This 
kind of ncRNAs is similar to mRNAs in gene structure and 
is associated with influencing the recruitment of chromatin 
modifier factors to specific chromatin sites and providing 
architectural support to the hierarchical subnuclear organi-
zation and keeping proteins tethered to specific cellular 
compartments (Yang et al. 2014; Singh and Prasanth 2013). 
MALAT1 is one of the first found cancer-associated lncR-
NAs, which is also referred to as nuclear-enriched abundant 
transcript 2 (NEAT2) (Ji et al. 2003). Dysregulation of this 
evolutionarily conserved long noncoding RNA has been 

Fig. 7   Knockdown of Sp1 or 
MALAT1 suppressed tumor 
metastasis in nude mice tumor 
model. a Experimental lung 
metastasis was established in 
nude mice by injecting Sp1 or 
MALAT1 knockdown A549 
cells into nude mice. Seven 
weeks after tail vein injec-
tion, formation of lung tumor 
nodules was analyzed. The 
lungs were resected and fixed. 
MALAT1 or Sp1 RNAi resulted 
in a reduction in the number of 
metastatic nodules compared 
with those in the control group. 
Representative pictures with the 
tumor nodules on lung surfaces 
were shown. b Statistical analy-
sis. Values were expressed as 
the mean ± SD from eight ani-
mals. ***P < 0.01 as compared 
to the control groups. c H&E-
stained lung sections showed 
micrometastases of MALAT1 
or Sp1 knockdown tumor cells, 
whereas extensive metastases 
were found in control groups
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linked to many human cancer types. However, the molec-
ular mechanism of MALAT1 action is currently under 
debate: One recent study proposed a role for MALAT1 in 
cell cycle progression through its involvement in regulat-
ing E2F1 activity (Yang et al. 2011b), another report sug-
gested that MALAT1 positively regulates the expression of 
the oncogenic transcription factor BMYB (Tripathi et  al. 
2013), whereas others provide evidence that MALAT1 reg-
ulates alternative splicing by controlling the activity of the 
SR protein family of splicing factors (Tripathi et al. 2010). 
In addition, the molecular mechanism of the upregulation 
of MALAT1 in cancer was not clear yet. To investigate the 
possible transcriptional regulation for MALAT1, we cloned 
the promoter of MALAT1 and performed dual-luciferase 
assay. We found two potential Sp1-binding sites in the 
core promoter of MALAT1, and further mutation analy-
sis excluded the role of distal binding site. The proximal 
Sp1-binding site was confirmed by the reporter assays and 
EMSA analysis (Figs. 2, 3). ChIP assay further confirmed 
the binding activity of Sp1 in vivo (Fig. 3). We also con-
structed the miR RNAi expression vector to knockdown 
Sp1 or MALAT1. RNAi-mediated knockdown of endog-
enous Sp1 resulted in a significant downregulation of 
MALAT1 gene and decreased the migration and prolifera-
tion of A549 cells (Fig. 4). Finally, knockdown of Sp1 gene 
also mimicked the A549 growth inhibition and invasion 
inhibition as that induced by MALAT1 RNAi in nude mice 
model (Figs. 6, 7).

Sp1 is a well-known member of the Krüppel-like fac-
tor (KLF) family of transcriptional regulators. The Sp/KLF 
transcription factor family comprises more than 20 mem-
bers that play common or distinctive physiological roles 
in transcription. These proteins contain highly conserved 
C2H2 zinc finger motifs in their carboxyl terminal and bind 
to GC-rich sites (Li and Davie 2010; Black et al. 2001). For 
example, Sp1 activates FGFR1 promoter in proliferating 
myoblasts,while KLF10 repress FGFR1 transcription by 
binding to the same Sp site in the FGFR1 promoter (Par-
akati and DiMario 2013). Other reports demonstrated that 
Sp1 and Sp3 selectively bind to different Sp sites on the 
same promoter (Li and Davie 2010). Indeed, regulation of 
transcription from “Sp1 sites” can be highly complex. Dif-
ferential binding of Sp/KLF factors to different Sp1 sites 
and differences in the activity or expression of individual 
family members may contribute to the gene transcrip-
tion fine-tuned. Our preliminary experiments showed that 
Sp1 can regulate lncRNA MALAT1. It was also reported 
that in liver cancer cells, another lnc RNA lnc-HEIH was 
regulated by Sp1 (Yang et  al. 2011a). As both Sp1 and 
MALAT1 are known to promote a metastasis phenotype 
in tumor cells, it is likely that MALAT1 and lnc-HEIH act 
as a downstream effector of Sp1 in accelerating tumor pro-
gression. Many types of tumors have a much higher level 

of Sp1 transcription factor than normal cells (Fig. 5), and 
this trend is associated with metastasis progress (Lou et al. 
2005). Our findings are useful in understanding MALAT1 
gene regulation in tumors. However, there is still much to 
learn that whether other potential Sp/KLF family members 
are also involved in regulating MALAT1 gene expression. 
For example, some cancer cells express not only Sp1 but 
also Sp3 and Sp4, and Sp3 and Sp4 are also associated with 
tumor growth and metastasis (Colon et  al. 2011; Jutooru 
et al. 2014; Nair et al. 2013, 2014). Further investigations 
are also required to test the signaling pathways of Sp/KLF 
transcription factors that are involved in MALAT1 regula-
tion in relation to cell growth and tumorigenesis.
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