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Abstract

Metastasis associated lung adenocarcinoma transcript 1(MALAT1) is a long non-coding RNA, broadly expressed in mammalian tissues includ-
ing kidney and up-regulated in a variety of cancer cells. To date, its functions in podocytes are largely unknown. b-catenin is a key mediator in
the canonical and non-canonical Wnt signalling pathway; its aberrant expression promotes podocyte malfunction and albuminuria, and con-
tributes to kidney fibrosis. In this study, we found that MALAT1 levels were increased in kidney cortices from C57BL/6 mice with streptozocin
(STZ)-induced diabetic nephropathy, and dynamically regulated in cultured mouse podocytes stimulated with high glucose, which showed a
trend from rise to decline. The decline of MALAT1 levels was accompanied with b-catenin translocation to the nuclei and enhanced expression
of serine/arginine splicing factor 1 (SRSF1), a MALAT1 RNA-binding protein. Further we showed early interference with MALAT1 siRNA partially
restored podocytes function and prohibited b-catenin nuclear accumulation and SRSF1 overexpression. Intriguingly, we showed that b-catenin
was involved in MALAT1 transcription by binding to the promotor region of MALAT1; b-catenin knock-down also decreased MALAT1 levels,
suggesting a novel feedback regulation between MALAT1 and b-catenin. Notably, b-catenin deletion had limited effects on SRSF1 expression,
demonstrating b-catenin might serve as a downstream signal of SRSF1. These findings provided evidence for a pivotal role of MALAT1 in dia-
betic nephropathy and high glucose-induced podocyte damage.
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Introduction

Long noncoding RNAs (lncRNAs) are non-protein-coding transcripts
longer than 200 nucleotides and have emerged as important regula-
tors in a variety of cellular responses, developmental and disease pro-
cesses [1]. Evidence has shown that lncRNAs are associated with
TGF-b/Smad3-mediated renal inflammation and fibrosis [2] and might
be functionally important in modulating renal responses to hypergly-
caemia and the progression of diabetic nephropathy, a major
microvascular complication of diabetes and one of the leading causes
of end-stage kidney diseases [3]. Podocytes are a key component of
kidney filtration barrier [4, 5]. Loss of podocytes has been indicated

as an important early pathologic marker of diabetic nephropathy [6].
Recent studies demonstrated MALAT1, one of the first discovered
lncRNAs, was significantly up-regulated in retinal endothelial cells
under culture of high glucose and in the retinas of diabetic mice [7–
9], implying a potential involvement of MALAT1 in diabetic microvas-
cular complications. Therefore, it is of great interest to identify
whether MALAT1 plays a role in diabetic nephropathy and high glu-
cose-associated podocyte damage.

Prior studies showed MALAT1 acted as an important oncogene in
numerous cancers [10, 11]. It promoted cell migration and invasion
via epithelial-mesenchymal transition (EMT) mechanism in oral squa-
mous cell carcinoma (OSCC), when both NF-jB and b-catenin were
triggered nuclear translocation [12]. b-catenin is a key intracellular
signal transducer in the Wnt signalling pathway [13], which is
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hyperactivated in response to injury and contributes to kidney fibrosis
[14]. Its excessive activation is also found in glomeruli of focal seg-
mental glomerulosclerosis and diabetic nephropathy [15, 16]. When
activated canonical Wnt signalling or other signalling pathways con-
verges at b-catenin, it enters the nucleus to modulate expression of
EMT regulatory genes such as Twist, Snail and Slug [17]. In our pre-
vious studies, we showed podocytes underwent EMT after high glu-
cose treatment when aberrant expression of Snail and
dephosphorylated b-catenin were observed [18]. However, little infor-
mation is available to date illustrating whether there is any interaction
between MALAT1 and b-catenin in podocytes.

Mature MALAT1 is localized in the cell nuclei with a cytoplasmic
tRNA-like small RNA, known as mascRNA [19]. When RNA poly-
merase II-dependent transcription is active, MALAT1 becomes
enriched in nuclear speckles-dynamic and irregularly shaped nuclear
domains involved in pre-mRNA splicing processing and RNA trans-
port in mammalian cells [20, 21]. SRSF1 (also known as SF2/ASF)
belongs to the SR family, one of the major pre-mRNA splicing factors;
in addition to its pre-mRNA splicing abilities, SRSF1 is also involved
in other cellular steps of RNA metabolism, such as nuclear export of
the mature mRNA, nonsense-mediated mRNA decay (NMD) and
mTOR activation by shuttling between the nucleus and the cytoplasm
[22, 23]. Recent studies suggested that human SRSF1 and SRSF9
were able to enhance Wnt1 as well as b-catenin-induced reporter
expression, whereas SRSF2 could not [24]. It was found that MALAT1
promoted cell proliferation in gastric cancer by recruiting SRSF1 and
modulated SRSF1 distribution to nuclear speckles in Hela cells [25,
26]. Of note, in WT1 mutant cells, serine/arginine protein kinase 1
(SRPK1)-mediated hyperphosphorylation of SRSF1 promoted the
expression of pro-angiogenic VEGF-a splice isoforms and caused
imbalanced angiogenesis, a prerequisite for tumour growth [27] and
diabetic nephropathy [28]. These observations prompt us to investi-
gate the potential functions of SRSF1, and its interplay with MALAT1
lncRNA in mouse podocytes.

In this study, we provided evidence that MALAT1 lncRNA was
dysregulated in STZ-induced diabetic nephropathy when proteinuria
was marked and involved in high glucose-induced podocyte damage.
MALAT1 knock-down rectified podocyte damage via down-regulating
SRSF1 overexpression, a MALAT1 lncRNA-binding protein, and par-
tial reversal of b-catenin nuclear accumulation triggered by high glu-
cose. In addition, we showed MALAT1 levels were also under the
regulation of b-catenin via its binding ability to MALAT1 promotor
region; b-catenin gene knock-down led to decreased MALAT1 levels,
demonstrating a novel feedback regulation between MALAT1 and b-
catenin.

Materials and methods

Reagents

Antibodies specific for b-catenin and SRSF1 were purchased from

Abcam (Cambridge, MA, USA). Anti-p-cadherin antibodies purchased

from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Anti-ZO-1

antibodies were purchased from Thermo Fisher Scientific Inc. (Rock-
ford, IL, USA). Anti-desmin antibodies were from Immunoway. Anti-b-
actin antibodies were obtained from Proteintech (Chicago, IL, USA).

Secondary antibodies were from Jackson ImmunoResearch Laborato-

ries, Inc. (West Grove, PA, USA). Dylight 594 and 488 conjugated sec-
ondary antibodies were from Abcam (Burlingame, CA, USA).

Animal studies

A total of 20 male C57BL/6 mice were purchased from the Animal Cen-

ter Affiliated to Shandong University. All animal studies were carried out

with the review and approval of the animal care and use committee of
Shandong University. Mice were randomly allocated into two groups,

either intraperitoneal injected with STZ dissolved in a low pH (pH 4.5)

citrate buffer (50 mg/kg for 5 consecutive days) or citrate buffer alone.

Hyperglycaemic state was monitored and maintained on a standard
rodent diet with water ad libitum; urine was collected for the determina-

tion of urinary protein when the mice were weighed and placed in meta-

bolic cages for 24 hrs. At the end of 12 weeks after the onset of
diabetes, mice were killed, and the kidneys were harvested for the fol-

lowing experiments.

Cell culture

Conditionally immortalized mouse podocytes were kindly provided by

Professor Peter Mundel (Massachusetts General Hospital, Boston, MA,

USA) via Professor Jie Ding (Peking University, Beijing, China). In brief,
podocytes were cultured on type I collagen in RPMI 1640 supplemented

with 10% foetal bovine serum (FBS) (Life Technologies Corporation,

CA, USA), 100 U/ml penicillin and 100 mg/ml streptomycin under per-
missive conditions 33°C plus 10 U/ml mouse recombinant c-interferon
(Pepro Technology, Rocky Hill, NJ, USA). Cell differentiation was

induced by maintaining podocytes on type I collagen at 37°C without c-
interferon under non-permissive conditions for at least 14 days [18,
29]. HEK-293 cells were cultured in Dulbecco’s Modified Eagle’s Med-

ium (DMEM) supplemented with 10% FBS.

siRNA transfection and lentiviral vector
transduction

MALAT1 siRNAs (sense 50-GCCUUGUAGAUUAAAACGAtt-30, antisense

50-UCGUUUUAAUCUACAAGGCcg-30) and a negative control sequence

(control siRNA) were purchased from Invitrogen (Thermo Fisher Sci-
entific Inc.). Transfection of podocytes was performed (0.5 9 105

cells/well in a 24-well plate) with the indicated siRNAs using Lipofec-

tamine� RNAiMAX Transfection reagent (Thermo Fisher Scientific

Inc.). Real-time reverse transcriptase-PCR was used to validate the
efficiency of MALAT1 knock-down. After a 48-hrs incubation with

MALAT1 siRNA or control siRNA, podocytes were then treated with

high glucose (30 mM) for an additional 48 hrs. Cells that were not

transfected and incubated with low-glucose (5.6 mM) medium for
48 hrs were the controls. The lentiviral shRNA constructs targeting

mouse b-catenin (50-GCTGCGGAAGATGGGATCAAA-30) and a scram-

bled shRNA (50-GACTTCATAAGGCGCATGC-30), as well as lentiviral
expression vectors for murine b-catenin, and empty control vectors
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were purchased from Cyagen (Guangzhou, China), and lentivirus
infection of the vectors was performed following the protocol pro-

vided by the manufacturer. Briefly, viral supernatants were added for

24 hrs to infect mouse podocytes. And geneticin (250 mg/ml) was

added into the culture medium to select cells with stable viral inte-
gration.

Real-time reverse transcriptase-PCR

Real-time reverse transcriptase-PCR was used to detect the gene

expression in cultured podocytes and mouse kidney cortices. Extraction

and concentration calculation of total RNA were described as previously
[18]. Aliquots of total RNA (1.0 lg each) from each sample were

reverse transcribed into cDNA according to the instructions of

PrimeScript� RT Reagent Kit (Takara, Dalian, China). Briefly, after

reverse transcription of total RNA, cDNA was used as a template for the
PCR reactions using gene-specific primer pairs. Amplification was per-

formed using SYBR� Premix Ex TaqTM Kit (Takara, Dalian, China) in the

LightCycler� 480 Real-Time PCR system (Roche Applied Science,
F. Hoffmann-La Roche Ltd, Pleasanton, CA, USA). The primers were

purchased from Sangon Biotech Co., Ltd (Shanghai, China). The

sequences were designed as follows (Table 1):

Western blot analysis

The total protein was extracted from podocytes under different condi-

tions with ice-cold lysis buffer containing proteinase inhibitors and
phosphatase inhibitors. About 50 lg of total protein was separated

by SDS-PAGE and transferred to polyvinylidene fluoride (PVDF) mem-

branes; the membranes were then blocked with 5% milk or BSA for
1 hr and incubated at 4°C overnight with primary antibodies against

the following target proteins: ZO-1 (1:1000), p-cadherin (1:1000),

desmin (1:1500), b-catenin (1:1000), SRSF1 (1:1000) and b-actin
(1:1000). The membranes were then washed three times with TBST
for 5 min. and incubated with species-specific peroxidase-conjugated

secondary antibodies diluted in blocking buffer for 1 hr at room tem-

perature. Specific bands were detected using the ECL system and

the Bio-Rad electrophoresis image analyser (Bio-Rad, Hercules, CA,
USA).

Gelatin zymography

MMP-2 enzyme activity of the podocytes under different conditions

was monitored by gelatin zymography. Briefly, supernatants from

stimulated or control cells were collected and centrifuged and were
mixed with 4 9 non-reducing loading buffer (Solarbio, Beijing, China).

Protein separation was performed by electrophoresis using 10% poly-

acrylamide SDS gel containing 1 mg/ml gelatin, after which the gels

were denatured in 2.5% Triton X-100 for 45 min., equilibrated in buf-
fer (50 mM Tris-HCl, 5 mM CaCl2 and 1 lM ZnCl2 [pH 7.6]) for

40 min. followed by incubation in developing buffer (50 mM Tris-HCl,

5 mM CaCl2, 1 lM ZnCl2, and 0.02% Brij-35 [pH 7.6]) at 37°C for
36 hrs. Gels were stained with 0.05% bright blue R-250 for 3 hrs,

and then washed with distaining solution (methanol: acetic acid:

water 30:10:60) and quantified using NIH image.

Immunofluorescence

The mouse kidneys were paraffin embedded, sectioned at 4 lm, and
subjected to antigen retrieval followed by blocking with 1% BSA for

1 hr at room temperature to block non-specific binding. Cultured podo-

cytes under different conditions were plated onto different 6-well plates

and fixed in 4% paraformaldehyde for 10 min., followed by 1% BSA
(with 0.3% Triton X-100) for 1 hr at room temperature to block non-

specific binding. Immunostaining was performed with appropriate pri-

mary antibodies at 4°C overnight and Dylight 594 or 488-conjugated

IgG at room temperature for 1 hr for visualization. 40, 6-diamidino-2-
phenylindole (DAPI) was used to visualize the nuclei. Images were

observed and captured on an inverted phase/fluorescence microscope

(Leica Microsystems GmbH, Wetzlar, Germany).

Fluorescence in situ hybridization

MALAT1 probe and fluorescence in Situ Hybridization kit were purchased
from Ribio (Guangzhou, China). Briefly, cultured podocytes under differ-

ent conditions were plated onto different 6-well plates and fixed in 4%

paraformaldehyde for 10 min., followed by ice-cold PBS containing 0.5%
Triton X-100 for 5 min., and then incubated with pre-hybridization buffer

for 30 min. at 37°C to block non-specific binding. Hybridization buffer

was preheated in a 37°C water bath, and the MALAT1 FISH probe working

buffer was prepared by diluting probe stock solution in hybridization buf-
fer (1:40). Cells were incubated with probe working buffer at 37°C over-

night and followed by DAPI staining to visualize the nuclei. Images were

observed and captured on an inverted phase/fluorescence microscope

(Leica Microsystems GmbH, Wetzlar, Germany).

RNA-binding protein immunoprecipitation

RNA-binding protein immunoprecipitation was performed using Magna

RIP kit (#17-10521; Millipore, Billerica, MA, USA). In brief, podocytes or

HEK-293 cells were fixed by 0.3% formaldehyde and quenched with gly-

cine, and scraped to pellet cells, which were re-suspended and collected
by high speed vortex and spinning at 800 g at 4°C for 5 min. For sonica-

tion, nuclei pellets were re-suspended in 500 ll RIP Cross-linked Lysis

Buffer containing protease/RNase inhibitors and sonicated on wet ice

using a sonicator (VCX 455, Sonics & Materials Inc, Newton, CT, USA).
Antibody-beads complex were prepared, and 50 ll sheared cross-linked

chromatin was incubated with antibody-beads with rotation overnight at

4°C. Cross-link reversal was performed by incubating the beads in 200 ll
elution buffer containing 10% SDS and proteinase K with shaking at 60°C
for 30 min. RNA extraction was described previously [18]. Aliquots of

total RNA (150 ng each) from each sample were reverse transcribed into

cDNA, and the enrichment of RNA was determined by real-time PCR.

Chromatin immunoprecipitation assay

According to the EZ-Magna CHIPTM HiSens kit (#17-10461; Millipore,
Billerica, MA, USA), 1 9 107 podocytes with or without catenin gene

knock-down or HEK-293 cells were fixed with 1% PFA, quenched with

glycine, washed with cold PBS and re-suspended in nuclei isolation buf-

fer with a protease inhibitor cocktail. The chromatin was sonicated on
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wet ice to obtain chromatin fragment lengths between 200 and
1200 bp. The protein-DNA complexes were incubated with 1 lg of anti-

b-catenin, or non-specific IgG antibodies couple with protein A/G beads

overnight followed by washing and elution. Cross-links were reversed at

65°C for 2 hrs and 95°C for 15 min. DNA was purified and subjected
(20 ng each) to real-time PCR analysis.

Dual-luciferase reporter assay

The luciferase reporter constructs containing the MALAT1 promoter

region were generated by PCR using the primers: sense

50-TGGTCCTGGGAGAAAGAGAA-30; antisense 50-CCTGGGAGGACAGAG
GGTAT-30. Briefly, cultured podocytes stably overexpressing b-catenin
or control cells were cotransfected with pGL3-MALAT1 promotor-luci-

ferase reporter vectors and pGL3-TK-Renilla luciferase control vectors

for 24 hrs using Lipofectamine 3000 (Thermo Fisher Scientific Inc.)
with or without further incubation with either low (5.6 mM) or high-glu-

cose (30 mM) treatment for 48 hrs. The luciferase activities were anal-

ysed using a Dual-Luciferase� Reporter Kit (Promega, Madison, WI,
USA).

Podocyte permeability assay

To determine the permeability of albumin influx, differentiated podocytes

were seeded on collagen I-coated Transwell filters (Corning One River-

front Plazza, NY, USA) and stimulated either with low glucose or high

glucose. After 48 hrs of stimulation, the top chamber was refilled with
200 ll of RPMI 1640 media and the bottom with 600 ll of RPMI 1640

media containing 1.5 mg/ml FITC-albumin (Solarbio). Cells were then

incubated at 37°C, and 30 ll of media from the top chamber were care-
fully collected at the indicated time-points. The absorbance of FITC-

albumin was determined at 490 nm with a fluorescence multi-well plate

reader (SpectraMax M3, Molecular Devices, Sunnyvale, CA, USA) to

indicate the filtration/influx function of monolayer podocytes.

Statistical analysis

Experiments were performed at least three times. Values were reported
as mean � S.D. Data were analysed using SPSS 19.0 software. Statisti-

cal significance was assessed using Student’s t-test, one-way ANOVA and

LSD-t test, and two-way ANOVA. P < 0.05 were considered to be statisti-
cally significant.

Results

LncRNA MALAT1 was up-regulated in the kidney
of STZ-induced diabetic mice

Previous studies demonstrated MALAT1 was significantly increased
in high glucose-treated retinal endothelial cells and in the retinas of
diabetic mice [9], implying a role of MALAT1 in diabetes microvascu-
lar complication. In this study, we established a mice model of dia-
betic nephropathy by STZ injection and assessed the levels of
MALAT1 in kidney samples. Results revealed that by 12 weeks after
the onset of diabetes, diabetic mice weighed significantly less with
their blood glucose maintained at high levels, in comparison with the
control (P < 0.01) (Table 2).

Concomitantly, MALAT1 levels were remarkably up-regulated in
the kidney cortices of diabetic mice, compared with that of non-dia-
betic mice (P < 0.01) (Fig. 1A), with a radical impairment of
glomerular podocytes and marked proteinuria (P < 0.01) (Table 2).
Immunofluorescence showed that in the glomeruli of control mice p-
cadherin and ZO-1 were highly expressed in a linear pattern, but were

Table 1 Primers for real-time PCR

Gene Primer Sequence

P-cadherin Sense 50-GTTTGAGCCGCAGAAGTATGA-30

Antisense 50-GAGTGGTGATGGTGAAATGGT-30

ZO-1 Sense 50-GAGCTACGCTTGCCACACTGT-30

Antisense 50-TCGGATCTCCAGGAAGACACTT-30

Desmin Sense 50-GCAGCCAATAAGAACAACGAT-30

Antisense 50-ATCAATCTCGCAGGTGTAGGA-30

b-catenin Sense 50-CCATCACGACACTGCATAATCT-30

Antisense 50-AGCCAAGAATTTCACGTTTGTT-30

SRSF1 Sense 50-TATCCGAACCAAGGACATCG-30

Antisense 50-AACTCAACGAAGGCGAAGG-30

MALAT1 Sense 50-GTTACCAGCCCAAACCTCAA-30

Antisense 50-CGATGTGGCAGAGAAATCAC-30

b-actin Sense 50-AAGACGAGGAGGAACTGAAC-30

Antisense 50-CAAATCGGA CAACAAGACG-30

MALAT1-RIP-1
(Mouse)

Sense 50-CCATTTTCAGTGTGGGGATT-30

Antisense 50-TCGTTCACCTGTTGTCCTCA-30

MALAT1-RIP-2
(Mouse)

Sense 50-CACCAGAAAAGGCCATCAAT-30

Antisense 50-CTACATTCCCACCCAGCACT-30

MALAT1-ChIP
(Mouse)

Sense 50-TGGTCCTGGGAGAAAGAGAA-30

Antisense 50-CTGCGCTAATAACCGTCAGAG-30

MALAT1-RIP-1
(Human)

Sense 50-ATGCGAGTTGTTCTCCGTCT-30

Antisense 50-CTTATCTGCGGTTTCCTCAAG-30

MALAT1-RIP-2
(Human)

Sense 50-AGTTCAGTGTTGGGGCAATC-30

Antisense 50-ACATTCGTTCTTCCGCTCA-30

MALAT1-ChIP
(Human)

Sense 50-GCCATTTTAGCAACGCAGA-30

Antisense 50-CAAGGACTCTGGGAAACCTG-30
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both significantly reduced at 12 weeks; the staining of desmin, on the
contrary, was enhanced at 12 weeks, whereas in normal glomerular
podocytes its expression was hardly detected (Fig. 1B). P-cadherin
was expressed in a pattern comparable to that of ZO-1 at cell-cell con-
tacts in both undifferentiated and differentiated podocytes [18].
Together with nephrin, p-cadherin was reported as an important com-
ponent of SD in podocytes, necessary for the maintenance of the
three-dimensional structure of podocytes [30–32]. Desmin was one
of the intermediate filament proteins and has been widely recognized
as an important indicator for podocyte injury [33]. These observa-
tions demonstrated that MALAT1 dysregulation was associated with
the development of proteinuria and progression of diabetic nephropa-
thy. In addition, we showed mRNA levels of SRSF1, one of the major
pre-mRNA splicing factors, were upmodulated at 12 weeks
(P < 0.01) (Fig. 1A), suggesting SRSF1 might also have an engage-
ment in diabetic nephropathy.

MALAT1 levels in cultured podocytes were
dynamically regulated under high-glucose
conditions

To date, little information is known about the functions of MALAT1 in
glomerular podocytes, a pivotal component of kidney filtration barrier.
In this study, MALAT1 expression was determined in cultured mouse
podocytes treated with high glucose. It was found by real-time PCR
that high-glucose stimulation led to a twofold increase in MALAT1
levels at the time-points of 1, 2, 4 hrs (P < 0.01), after which
MALAT1 was restored to a level comparable to that in podocytes
under low-glucose conditions (P > 0.05) but notably decreased until
48 hrs of treatment (P < 0.01), showing a trend from rise to decline
(Figs 1C and 2C). FISH revealed that MALAT1 was localized in the
nuclei of normal cultured mouse podocytes; 48 hrs of high glucose
was sufficient to weaken the in situ signals without interfering the
nuclear location of MALAT1 (Fig. 2A).

Simultaneously, high-glucose treatment resulted in remarkable
reductions in the expression of podocyte specific markers p-cadherin
and ZO-1, as well as acquisitions of mesenchymal phenotypic marker
desmin, compared with podocytes under low-glucose conditions on
both protein and mRNA levels (P < 0.01) (Figs 3A and B, 4A).
Immunofluorescence presented that under low-glucose conditions, p-
cadherin was highly expressed in podocytes cytoplasm and nuclei
with ZO-1 located at cell-cell contacts, when desmin was hardly
detected. After high-glucose stimulation for 48 hrs, levels of

p-cadherin and ZO-1 were diminished, whereas desmin expression
was markedly promoted demonstrated by weakened staining of p-
cadherin and ZO-1 but intensed staining of desmin (Figs 3C and 4B).
Next, we analysed the effects of high glucose on the expression of
matrix metalloproteinases (MMPs), which were responsible for the
turnover and breakdown of extra-cellular matrix (ECM) and glomeru-
lus [34], and we found a hyperactivity of MMP-2 was driven by high-
glucose treatment (P < 0.01) (Fig. 4C), along with increased albumin
permeability (P < 0.01) (Fig. 4D).

MALAT1 knock-down ameliorated podocyte injury
caused by high glucose

Considered that MALAT1 was boosted during the first few hours of
high-glucose stimulation, we used siRNAs to knock-down MALAT1.
Knock-down efficiency was confirmed by real-time PCR that showed
a marked reduction in MALAT1 levels after siRNA transfection for
48 hrs (P < 0.01) (Fig. 2B). Intriguingly, transfection with MALAT1
siRNA plus high-glucose stimulation for 48 hrs neither led to a
greater extent of down-regulation of MALAT1 levels (P > 0.05)
(Fig. 2C), nor any dislocation as was shown in FISH (Fig. 2A), com-
pared with podocytes without transfection, whereas partially reversed
podocyte damage caused by high glucose: p-cadherin and ZO-1
expression were augmented, and desmin expression were prohibited
on both protein and mRNA levels (P < 0.05) (Figs 3A and B, 4A).
Immunofluorescence demonstrated that the staining of p-cadherin
and ZO-1 were rectified, and desmin staining was decreased (Fig. 3C
and 4B). MMP-2 activity was also abrogated by MALAT1 siRNA trans-
fection (P < 0.01) (Fig. 4C). The restoration of podocyte dysfunction
was further confirmed by albumin permeability assay, which illus-
trated that albumin passage was significantly decreased at time-
points of 2, 4 and 6 hrs, in comparison with that under high-glucose
conditions (P < 0.01) (Fig. 4D). These aforementioned observations
indicated that dynamic alterations of MALAT1, its up-regulation dur-
ing the first few hours in particular was indispensable in high glu-
cose-induced podocyte dysfunction, and early interference of
MALAT1 showed a protective effect on functional integrity of podo-
cytes under such harsh circumstances.

SRSF1 was a MALAT1 RNA-binding protein,
overexpressed after high-glucose stimulation but
partially reversed by MALAT1 siRNA

In vivo, we have shown an up-regulation of SRSF1 mRNA levels.
Next, we examined SRSF1 expression in cultured podocytes. Results
showed that high glucose resulted in a notable increase in SRSF1
expression on both protein and mRNA levels (P < 0.01), which were
significantly decreased by MALAT1 knock-down, compared with
podocytes without transfection (P < 0.05) (Fig. 5A), suggesting a
potential interplay between MALAT1 and SRSF1 in mouse podocytes.
To this end, we performed nuclear RNA immunoprecipitation assay
using an anti-SRSF1 antibody or normal mouse IgG as a control.

Table 2 Metabolic data at 12 weeks of experiment

Groups Control Diabetic mice

Blood glucose (mg/dl) 6.44 � 0.89 27.037 � 2.78*

Body weight (g) 31.7 � 1.9 23. 2 � 1.6*

UTP (lg/24 hrs) 27.71 � 9.34 123.43 � 24.17*

Data are mean � S.D.; n = 10 in each group; *P < 0.01 versus control.
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Fig. 1 STZ-induced diabetic podocyte injury and MALAT1 alterations in vivo and in vitro. (A) PCR analysis showed MALAT1 and SRSF1 were signifi-

cantly up-regulated in the kidney at 12 weeks after the onset of diabetes, in comparison with the control. Values denote the mean � S.D.;

*P < 0.01 versus control. (B) Immunofluorescence presented that in the control mice, p-cadherin and ZO-1 were intensely expressed in a leaner

setting along the glomeruli, whereas markedly blunted in the kidney after STZ injection; on the contrary, desmin expression was hardly determined
in the control but highly expressed in diseased glomerular podocytes. Synaptopodin was double stained to define the edge of glomerular podocytes.

Magnification 400 9 . (C) In cultured mouse podocytes, high-glucose treatment (HG) (30 mM) resulted to a remarkable up-regulation of MALAT1

at time-points of 1, 2 and 4 hrs, and a reduction afterwards to a level comparable to podocytes in exposure to low-glucose (LG) (5.6 mM) condi-

tions. HG stimulation for 48 hrs led to a marked decline in MALAT1 expression, compared with podocytes treated with LG. Values denote the
mean � S.D.; *P < 0.01 versus LG.
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Real-time PCR of the former samples using MALAT1 primers showed
a significant amplification or enrichment, either in cultured mouse
podocytes (P < 0.01) or in human 293 cells (P < 0.05) (Fig. 5B),
confirming that the interactions between MALAT1 and SRSF1 poten-
tially depended on their mutual physical binding, and this specific
binding might exist in a ubiquitous pattern.

Nuclear translocation of b-catenin was
accompanied with the decline of MALAT1
induced by high glucose but prevented by
MALAT1 knock-down

Our previous studies have shown that dephosphorylated b-catenin, or
the active form of b-catenin was increased after high-glucose

Fig. 2 Determination of MALAT1 location mouse podocytes under culture. (A) By FISH, we observed a nuclear location of MALAT1 in cultured mouse

podocytes. HG for 48 hrs significantly decreased MALAT1 staining, without resulting in any dislocation of MALAT1; however, MALAT1 siRNA transfec-
tion did not lead to a further extent of obliteration of MALAT1 staining, compared with podocytes without transfection. Podocytes under culture of LG or

transfected with cont siRNA were the controls. (B) MALAT1 knock-down efficiency was examined by real-time PCR, which showed a significant abroga-

tion of MALAT1 after transfection of MALAT1 siRNA for 48 hrs. Podocytes under normal conditions or transfected with cont siRNA were the controls.

*P < 0.01 versus NC or cont siRNA. (C) Real-time PCR analysis showed that HG treatment for 48 hrs resulted a remarkable reduction in MALAT1 levels;
MALAT1 siRNA transfection did not lead to a further extent of obliteration of MALAT1 staining, compared with podocytes without transfection. Podo-

cytes under culture of LG or transfected with cont siRNA were the controls. Values denote the mean � S.D.; aP < 0.01 versus LG.

Fig. 3 Determination of cellular markers of podocytes. (A,B) Western blot and real-time PCR showed specific markers ZO-1 and p-cadherin were

abundantly expressed in podocytes under LG conditions, both of which were significantly prohibited by HG on both protein and mRNA levels. And

these abnormalities were abrogated by MALAT1 knock-down. Podocytes under culture of LG or transfected with cont siRNA were the controls.
Values denote the mean � S.D.; aP < 0.01 versus LG, bP < 0.05 versus HG. (C) Immunofluorescence showed a 48-hrs incubation with HG led to

decreased staining of p-cadherin and ZO-1, in comparison with cells under LG conditions when ZO-1 was intensely located at cell-cell contacts and

p-cadherin highly expressed at cytoplasm and nuclei; these alterations were partially rectified by MALAT1 siRNA transfection, presenting early prohi-

bition of MALAT1 was protective for HG-treated podocytes. Magnification 400 9 .
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treatment for 48 hrs [18]. Here by immunofluorescence, we showed
that high-glucose treatment led to b-catenin nuclear translocation
(Fig. 5C), leaving total b-catenin levels unchanged (P > 0.05)
(Fig. 5D), which occurred concomitantly with the decline of MALAT1
and abnormalities of cellular markers and function. Recent studies
demonstrated that MALAT1 promoted cell migration and invasion in
OSCC by triggering nuclear accumulation of NF-jB and b-catenin

[12], illustrating a potential interplay between MALAT1 and b-catenin.
Therefore, we performed nuclear RNA immunoprecipitation and found
by real-time PCR that b-catenin bound to MALAT1, demonstrated by
a marked amplification of MALAT1 in samples using anti-b-catenin
antibodies, compared with the control, either in mouse podocytes
(P < 0.05) or human 293 cells (P < 0.01) (Fig. 5B). This interplay
was further identified by Western blot analysis and real-time PCR that

Fig. 4 Determination of injury markers of podocytes. (A) By Western blot and real-time PCR analysis, we showed desmin expression was induced

by HG stimulation on both protein and mRNA levels, whereas diminished by MALAT1 siRNA transfection. Podocytes under culture of LG or trans-

fected with cont siRNA were the controls. Values denote the mean � S.D.; aP < 0.01 versus LG, bP < 0.05 versus HG. (B) Immunofluorescence fur-
ther confirmed the cellular damage and restoration of podocytes. Desmin was faintly stained under LG conditions but highly expressed in a

paranuclear pattern after HG incubation for 48 hrs; MALAT1 siRNA transfection prevented and reduced staining of desmin. Magnification 400 9 .

(C) Gelatin zymography demonstrated a hyperactivity of MMP-2 after HG treatment for 48 hrs, which was ameliorated by MALAT1 siRNA transfec-

tion. Podocytes under culture of LG or transfected with cont siRNA were the controls. Values denote the mean � S.D.; aP < 0.01 versus LG,
bP < 0.01 versus HG. (D) Graphic presentation of the albumin influx across podocyte monolayer. Podocyte monolayer on collagen I-coated transwell

filters was incubated with LG or HG for 48 hrs. HG resulted in impaired filtration barrier function of podocyte monolayer, which was rectified by

MALAT1 siRNA transfection. Podocytes under culture of LG or transfected with cont siRNA were the controls. Values denote the mean � S.D.;
aP < 0.01 versus LG, bP < 0.01 versus HG.
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b-catenin expression on protein and mRNA levels were significantly
abolished in podocytes transfected with MALAT1 siRNA, compared
with podocytes treated with high glucose (P < 0.01) (Fig. 5D).

b-catenin was involved in modulation of MALAT1
transcription via binding to its promoter region

To further illustrate the potential interactions between MALAT1
lncRNA and b-catenin, we used b-catenin shRNA to knock down b-
catenin expression (P < 0.01) (Fig. 6A). Results demonstrated b-
catenin knock-down not only inhibited b-catenin expression under
high-glucose conditions (P < 0.01) (Fig. 6 B) but also resulted in a

further degree of MALAT1 down-regulation (P < 0.01) (Fig. 6C), sug-
gesting that nuclear-translocated b-catenin might be involved in the
progression of MALAT1 expression. Thus in this study, we performed
ChIP assay in cultured mouse podocytes and found that fragments of
the mouse MALAT1 promoter containing nt-710~-826 region were
amplified by b-catenin antibodies compared with a non-specific IgG
control (P < 0.01) (Fig. 6D); b-catenin knock-down, however, led to
remarkably reduced enrichment of MALAT1 promotor fragments in
ChIP samples, compared with normal podocytes (P < 0.01)
(Fig. 6D). Similar amplifications were also observed in 293 cells by
ChIP assays (P < 0.01) (Fig. 6D). Next, we constructed an expres-
sion vector for murine b-catenin and a control vector. Overexpression
of b-catenin in podocytes was identified by Western blot and real-time

Fig. 5 Effects of MALAT1 knock-down on b-catenin and SRSF1. (A) A 48 hrs of HG incubation was sufficient to result in an overexpression of
SRSF1, compared with LG; this mutation was partially reversed by MALAT1 siRNA transfection. Podocytes under culture of LG or transfected with

cont siRNA were the controls. Values denote the mean � S.D.; aP < 0.01 versus LG, bP < 0.05 versus HG. (B) RIP analysis using anti-SRSF1 or

anti-b-catenin antibodies were performed either in cultured mouse podocytes with or without b-catenin shRNA transfection, or in human 293 cells.
A control IgG was used as the negative control for immunoprecipitation. Real-time PCR was used to determine the RIP signals. Values denote the

mean � S.D.; *P < 0.01 versus IgG, #P < 0.05 versus IgG. (C,D) Immunofluorescence showed b-catenin nuclear translocation was triggered by HG

stimulation, although total protein levels were not significantly altered; MALAT1 knockdown significantly down-regulated b-catenin expression on

both protein and mRNA levels, with diminished high glucose-induced nuclear accumulation of b-catenin. Podocytes under culture of LG or trans-
fected with cont siRNA were the controls. Values denote the mean � S.D.; aP < 0.01 versus LG, bP < 0.01 versus HG.
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PCR (P < 0.05) (Fig. 7A). Using dual-luciferase reporter assay, we
showed that the luciferase activity was profoundly increased in podo-
cytes overexpressing b-catenin in comparison with the control
(P < 0.01) (Fig. 7B). These results were in support of our hypothesis
that b-catenin regulated MALAT1 levels by interacting with MALAT1
promoter. A further incubation with low or high-glucose treatment for
48 hrs after transfection with the reporter system revealed b-catenin
overexpression resulted in enhancement in the luciferase activity
under either low- or high-glucose conditions (P < 0.01) (Fig. 7C).
Notably, the luciferase activity in high glucose-treated podocytes,
whether overexpressing b-catenin or not, was relatively higher than
counterparts incubated with low glucose (P < 0.01) (Fig. 7C), sug-
gesting that nuclear-translocated b-catenin driven by high-glucose
stimulation, was able to augment, to some extent, the promotor
activity of MALAT1. Simultaneously, real-time PCR showed under
low-glucose conditions, b-catenin expression vectors resulted in
increased mature MALAT1 (P < 0.05) (Fig. 7D); levels of MALAT1
were reduced in high glucose-treated control cells, compared with
low-glucose counterparts (P < 0.01) (Fig. 7D); in cells

overexpressing b-catenin, high glucose did not lead to any further up-
regulation of MALAT1 than low-glucose controls (P > 0.05)
(Fig. 7D); and overall levels of MALAT1 in high glucose-stimulated
cells were significantly lower than those incubated with low glucose
(P < 0.05) (Fig. 7D), implying the presence of relatively lower levels
of mature MALAT1 despite higher transcriptional levels under high-
glucose conditions than low-glucose counterparts. In addition, we
demonstrated by Western blot that high glucose-induced SRSF1
overexpression was not significantly altered by b-catenin gene knock-
down (P > 0.05) (Fig. 7E), indicating b-catenin might serve as a
downstream effector of SRSF1.

Discussion

MALAT1 is a highly conserved mRNA-like long non-coding RNA
(lncRNA), originally considered as a pivotal prognostic factor in vari-
ous metastatic carcinomas [7, 8, 11]. In the present study, we
showed MALAT1 was boosted in the kidney of STZ-induced diabetic

Fig. 6 Effects of b-catenin knock-down on MALAT1. (A) b-catenin knock-down efficiency was determined by Western blot and real-time PCR analy-

sis. Results demonstrated a significant abrogation of b-catenin expression after transduction of lentiviral shRNAs. Podocytes under normal condi-
tions or transfected with scramble shRNA were the controls. *P<0.01 versus NC or scramble shRNA. (B) b-catenin shRNA significantly inhibited b-
catenin expression on both protein and mRNA levels. Podocytes under culture of LG or transfected with cont siRNA were the controls. Values

denote the mean � S.D.; aP < 0.01 versus LG, bP < 0.01 versus HG. (C) b-catenin knock-down resulted in a further degree of MALAT1 down-regu-

lation, in comparison with that in podocytes in exposure of HG. Podocytes under culture of LG or transfected with cont siRNA were the controls.
Values denote the mean � S.D.; aP < 0.01 versus LG, bP < 0.01 versus HG. (D) ChIP analysis using anti-b-catenin or anti-IgG antibodies were per-

formed either in cultured mouse podocytes with or without b-catenin shRNA transfection, or in human 293 cells. Real-time PCR was used for the

detection of the ChIP signals. Values denote the mean � S.D.; *P < 0.01 versus IgG, #P < 0.01 versus NC.
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mice, concomitantly with mutations of podocyte specific hallmarks
(decreased expression of p-cadherin and ZO-1, and enhanced desmin
expression) and marked proteinuria. Also we demonstrated an early
up-regulation of MALAT1 levels in exposure to high glucose in cul-
tured mouse podocytes and a later down-regulation of MALAT1,
accompanied by b-catenin nuclear translocation when podocytes
were jeopardized, with increased MMP-2 activity and albumin

permeability, which was attenuated by MALAT1 knock-down. Mount-
ing evidence has elaborated that modifications in podocyte architec-
ture, such as cytoskeleton alterations, disruptions of cell-cell contacts
and cell-matrix interaction are critical events for the development and
progression of glomerular proteinuria [35–37]. P-cadherin and ZO-1
are both critical components of podocyte slit diaphragm (SD),
involved in the determination of SD structure and maintenance of its

Fig. 7 Effects of b-catenin overexpression on MALAT1 promotor activity. (A) b-catenin overexpression was examined by Western blot and real-time

PCR analysis. Podocytes under normal conditions or transfected with empty vectors were the controls. Values denote the mean � S.D. *P<0.01
versus NC or control vector. (B) Luciferase reporter system was used to determine the MALAT1 promotor activity. Relative luciferase activity was
enhanced after b-catenin overexpression. Podocytes under normal conditions or transfected with empty vectors were the controls. Values denote

the mean � S.D. *P<0.01 versus NC or control vector. (C) Podocytes overexpressing b-catenin or control cells were cotransfected with pGL3-

MALAT1 promotor-luciferase reporter and pGL3-Renilla luciferase reporter, and were further incubated with LG or HG for 48 hrs. Relative luciferase
activity was measured. Overexpression of b-catenin resulted in enhanced luciferase activity under either LG or HG conditions; HG led to more active

luciferase activity than LG in cells where b-catenin was overexpressed; and overall luciferase activities were significantly up-regulated in HG-treated

podocytes than LG counterparts. Values denote the mean � S.D.; aP < 0.05 versus control vector under LG, bP < 0.01 versus control vector under

HG, cP < 0.01 versus b-catenin vector under LG using one-way ANOVA+LSD-t test, *P < 0.01 versus LG using two-way ANOVA. (D) MALAT1 levels
were determined by real-time PCR after cotranfection with luciferase reporter and incubation with either LG or HG for 48 hrs in mouse podocytes

overexpressing b-catenin or control podocytes. b-catenin overexpression caused a significant upmodulation of MALAT1 levels under LG conditions,

whereas showed no further promoting effects after HG treatment; MALAT1 levels were reduced in control podocytes under HG conditions; and over-

all mature MALAT1 levels were significantly lower in HG-treated podocytes than LG counterparts. Values denote the mean � S.D.; aP < 0.05 versus
control vector under LG, bP < 0.01 versus control vector under HG using one-way ANOVA+LSD-t test, *P < 0.05 versus LG using two-way ANOVA. (E)
Effects of b-catenin shRNA on SRSF1 protein expression. SRSF1 protein levels were promoted after HG stimulation; b-catenin knock-down had lim-

ited impacts on SRSF1 protein expression, suggesting b-catenin might serve as a downstream effector of SRSF1. Podocytes under culture of LG or

transfected with cont siRNA were the controls. Values denote the mean � S.D.; aP < 0.05 versus LG.
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property as a size and shape selective glomerular barrier [31, 38]. P-
cadherin suppression by ILK activation is linked to podocyte detach-
ment from the glomerular basement membrane (GBM) [35]. The
intense expression of ZO-1 is a prerequisite for the formation of SD
and allows the proper binding of SD proteins to actin cytoskeleton
[39, 40]. Matrix metalloproteinase-2 (MMP-2) contributes to GBM
turnover via its ability to breakdown of extra-cellular matrix (ECM)
and glomerulus [41]; overexpression of MMP-2 in transgenic mice
promotes renal fibrosis and generates broad spectrum of pathological
and functional characteristics of human CKD [34]. Therefore, our
in vivo and in vitro data provided evidence that MALAT1 dysregulation
played a key role in diabetic podocyte injury and proteinuria; imbal-
anced MALAT1 levels contributed to disruptions of the integrity of
podocyte architecture and function; preserved SD structure and thus
alleviated actin interference might be one of the major consequences
podocytes benefited from MALAT1 deletion.

Of interest, we showed that MALAT1 knock-down was able to
reduce the expression of total protein and mRNA levels of b-catenin.
Under normal conditions MALAT1 was highly expressed and retained
in the cell nucleus of podocytes. Such localization is suggestive of a
potential role in the organization or regulation of gene expression
[42]. It has been indicated MALAT1 become enriched in nuclear
speckles, when RNA polymerase II-dependent transcription was
active [21]. Nuclear speckles were dynamic and irregularly shaped
nuclear domains involved in pre-mRNA splicing processing and RNA
transport in mammalian cells [20]. Recent evidence elaborated that

MALAT1 could interact with nascent pre-mRNAs to guide its regula-
tory functions [43]. Thus, we inferred that b-catenin expression was
modulated at post-transcriptional level by MALAT1, potentially via
recognition of b-catenin pre-mRNAs, and thereby altered at protein
levels. Intriguingly, MALAT1 levels were affected by b-catenin as well
through binding to the promotor region of MALAT1. b-catenin shRNA
transduction led to decreased mutual binding and thus diminished
MALAT1 expression; overexpression of b-catenin, on the contrary,
was able to increase promotor activity of MALAT1. These observa-
tions suggested that there might exist a feedback loop between
MALAT1 and b-catenin in the podocyte nucleus under normal condi-
tions: b-catenin regulated MALAT1 transcription via binding to its
promotor and regulating the promotor activity; MALAT1 in turn chan-
ged the pattern of pre-mRNA processing of b-catenin post-transcrip-
tionally. This loop was damaged by high-glucose treatment, which
resulted in an early increase in MALAT1 that contributed to nuclear
accumulation of b-catenin at later stage.

It was notable that in our observations the nuclear-translocated
b-catenin did not significantly increase MALAT1 levels despite its
binding ability to MALAT1 promotor and its enhancement in MALAT1
promotor activity, even in cells overexpressing b-catenin, where
MALAT1 levels were not significantly higher than but only comparable
to low-glucose counterparts, suggesting that MALAT1 might be as
well under the control of some other molecules post-transcriptionally
after high-glucose stimulation. Many ncRNAs were implicated in reg-
ulating RNA processing either directly through base pairing or

Fig. 8 Schematic drawing depicting the feedback regulation between MALAT1 and b-catenin in mouse podocytes under culture, with SRSF1 serving

as a pivotal mediator.
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indirectly through protein intermediates [43, 44]. The interactions
between MALAT1 and pre-mRNAs were indirect and required its
physical associations with SR splicing proteins [43]. Here, we found
in mouse podocytes that SRSF1 bound to MALAT1 in the cell nuclei.
SRSF1 is the archetype member of the SR protein family, involved in
key steps of mRNA metabolism, such as nuclear export of the mature
mRNA [22, 45]. Depletion of MALAT1 or overexpression of an SR
protein could change the alternative splicing of a similar set of
endogenous pre-mRNAs [26]. In concert with these studies, we
showed SRSF1 expression was promoted in damaged podocytes
under high-glucose conditions after a transient increase of MALAT1,
and co-existed with the later decline of MALAT1; MALAT1 deletion
reversed SRSF1 levels and podocyte damage, nevertheless, it did not
lead to a further decrease in MALAT1, indicating that early augment
of MALAT1, through its binding capability to SRSF1 protein, might
alter the setting of alternative splicing of pre-mRNAs of SRSF1, thus
lead to enhanced mRNA levels and modified protein levels. As SRSF1
was engaged in the nonsense-mediated mRNA decay (NMD) mRNA
quality surveillance, besides its splicing capability [23, 46], we specu-
lated early imbalance of MALAT1 might have also triggered a degra-
dation mechanism, which, with SRSF1 potentially involved, resulted
in an overcorrection of MALAT1 levels and podocyte damage under
high-glucose conditions, but prevented by MALAT1 siRNA transfec-
tion. Overall, these aforementioned data underlined a key step of early
up-regulation involved in high glucose-induced podocyte damage.

Our in vivo data further identified a concomitant elevation of
SRSF1 mRNA and MALAT1 in the kidney of STZ-induced diabetic
mice, suggesting MALAT1 and SRSF1, with associated disordered
pre-mRNA processing, contributed to the development and progres-
sion of diabetic nephropathy. Prior studies suggested that lncRNA
MALAT1 was raised in the retinas of STZ-induced diabetic rats, block-
ade of which alleviated retinal inflammation via reducing expression
of ICAM, VEGF and TNF-a [9]; misregulation of VEGF was often
observed in clinical or experimental diabetic nephropathy, involved in
matrix accumulation and haemodynamic changes [28, 47]. In WT-1
mutant podocytes, SRSF1 promoted the expression of pro-angiogenic
VEGF-a splice isoforms and caused imbalanced angiogenesis [27].
Therefore, it would be intriguing to further determine whether these
inflammatory cytokines were downstream targets of MALAT1 or
SRSF1 in diabetic podocyte injury and related proteinuria.

Next, we were interested to find in vitro that b-catenin knock-
down resulted in a further extent of MALAT1 down-regulation,
whereas SRSF1 protein expression was not significantly altered, sug-
gesting that b-catenin might serve as a downstream effector of
SRSF1 after high-glucose treatment. By shuttling between the nucleus
and the cytoplasm, SRSF1 interacted with and activated mTOR to pro-
mote translation [22, 23, 48]; dysregulation of the latter was sufficient
to facilitate glomerular diseases [49]. Later studies suggested that
human SRSF1 and SRSF9 were responsible for the promotion of
Wnt1/b-catenin-induced reporter expression [24]. In small cell lung
cancer, SRSF1 silencing suppressed PI3K/AKT and MEK/ERK
pathways, activation of the latter was associated with PKB-mediated
phosphorylation of GSK-3b thereby released and stabilized cytoplas-
mic b-catenin [50, 51]. In podocytes, activated PI3K/AKT pathway

was involved in transcriptional suppression of nephrin, a key SD pro-
tein that anchored the SD to the actin cytoskeleton [39, 52]. Thus, we
concluded that MALAT1/b-catenin loop was wrecked by high glucose
with SRSF1 serving as an important mediator, which on one hand con-
tributed to b-catenin nuclear accumulation and down-regulated MALAT1
on the other hand. These abnormalities were rectified by MALAT1
knock-down via preventing early up-regulation of MALAT1, that was,
the initial key event in the challenge of high glucose.

Growing evidence has illustrated that MALAT1 played a negligible
role in epithelial-mesenchymal transition (EMT) of diverse cancer cells
[12]. Li et al. and our previous studies illustrated that EMT was a
potential mechanism leading to podocyte malfunction [18, 53]. EMT is
a reversible dedifferentiation process that converts epithelial cancer
cells into dedifferentiated cells, characterized by the loss of epithelial
traits such as E-cadherin and the acquisition of fibroblastic markers
a-smooth muscle actin (a-SMA) and fibroblast-specific protein-1
(FSP-1) [18, 54]. The release of b-catenin, triggered by the loss of
cadherin-mediated cell adhesion, has been extensively indicated in the
literature to serve as a pivotal modulator engaged in EMT in numerous
cancer cells [17, 55]. Here, albeit the partial reversal of podocyte dam-
age markers and obliterated b-catenin nuclear accumulation, we did
not observe any significant impacts of MALAT1 knock-down on
expression of critical EMT hallmarks such as a-SMA, FSP-1 or Snail
(data not shown), hence whether MALAT1 had a major contribution to
high glucose-associated podocyte EMT was still debated and unde-
fined, which should be attached importance to in future investigations.

In summary, we demonstrated that MALAT1 misregulation was
involved in the progression of diabetic nephropathy, and we showed a
potential feedback loop between MALAT1 and b-catenin playing a role
in high glucose-associated podocyte impairment, with SRSF1 as a
important participant potentially via changing the pattern of alternative
splicing of gene targets through its physical binding to MALAT1; inhibi-
tion of MALAT1 broke the cascade and rectified podocytes dysfunction
stimulated by high glucose (Fig. 8). These observations provided evi-
dence for an indispensable role of lncRNA MALAT1 in diabetic
nephropathy and high glucose-associated podocyte damage, and a fur-
ther understanding of lncRNAs in biological processes in the kidney.

Acknowledgements

This work was funded by National Natural Science Foundation of China (Grant

30971381, 81370834 and 81400732), Shandong Young Scientists Award Fund

(2010BSB14076) and Chinese Society of Nephrology Scientific Fund
(14050480585). MH and XL performed the research; MH, ZL and RW designed

the study; MH, ZL and RW contributed to conception, design and interpretation

of this work; LC and ZL contributed reagents; MH, XL, MF, JL, JZ and ZL anal-
ysed the data; MH, ZL and RW wrote the article and critically revised the manu-

script; All authors approved the final version of the manuscript.

Conflicts of interest

The authors declare that there is no conflict of interest associated
with this manuscript.

ª 2017 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.

2745

J. Cell. Mol. Med. Vol 21, No 11, 2017



References

1. Boon RA, Ja�e N, Holdt L, et al. Long non-
coding RNAs: from clinical genetics to thera-

peutic targets? J Am Coll Cardiol. 2006; 67:

1214–26.
2. Zhou Q, Chung ACK, Huang XR, et al. Iden-

tification of novel long noncoding RNAs

associated with TGF-b/Smad3-mediated

Renal Inflammation and fibrosis by RNA

sequencing. Am J Pathol. 2014; 184: 409–
17.

3. Alvarez ML, DiStefano JK. The role of non-

coding RNAs in diabetic nephropathy: poten-
tial applications as biomarkers for disease

development and progression. Diabetes Res

Clin Pract. 2013; 99: 1–11.
4. Mundel P. Podocyte biology and response

to injury. J Am Soc Nephrol. 2002; 13:

3005–15.
5. Faul C, Asanuma K, Yanagida-Asanuma E,

et al. Actin up: regulation of podocyte struc-
ture and function by components of the actin

cytoskeleton. Trends Cell Biol. 2007; 17:

427–37.
6. Susztak KR, Amanda C, Schiffer M, et al.

Glucose-induced reactive oxygen species

cause apoptosis of podocytes and podocyte

depletion at the onset of diabetic nephropa-
thy. Diabetes. 2006; 55: 225–33.

7. Gutschner T, H€ammerle M, Diederichs S.
MALAT1 – a paradigm for long noncoding

RNA function in cancer. J Mol Med (Berl).
2013; 91: 791–801.

8. Yoshimoto R, Mayeda A, Yoshida M, et al.
MALAT1 long non-coding RNA in cancer.
BBA-Gene Regul Mech. 2016; 1859:

192–9.
9. Liu JY, Yao J, Li XM, et al. Pathogenic role

of lncRNA-MALAT1 in endothelial cell dys-
function in diabetes mellitus. Cell Death Dis.

2014; 5: e1506.

10. Li CH, Chen Y. Targeting long non-coding

RNAs in cancers: progress and prospects.
Int J Biochem Cell Biol. 2013; 45: 1895–910.

11. Tano K, Akimitsu N. Long non-coding RNAs

in cancer progression. Front Genet. 2012; 3:

219–225.
12. Zhou X, Liu S, Cai G, et al. Long non coding

RNA MALAT1 promotes tumor growth and

metastasis by inducing epithelial-mesenchy-
mal transition in oral squamous cell carci-

noma. Sci Rep. 2015; 5: 15972–15982.
13. Monga SP. b-Catenin signaling and roles in

liver homeostasis, injury, and tumorigenesis.
Gastroenterology. 2015; 148: 1294–310.

14. Edeling M, Ragi G, Huang S, et al. Develop-
mental signalling pathways in renal fibrosis:

the roles of Notch, Wnt and Hedgehog. Nat
Rev Nephrol. 2016; 12: 426–39.

15. Reidy K, Kang HM, Hostetter T, et al.
Molecular mechanisms of diabetic kidney

disease. J Clin Invest. 2014; 124: 2333–40.
16. Dai C, Stolz DB, Kiss LP, et al. Wnt/-catenin

signaling promotes podocyte dysfunction
and albuminuria. J Am Soc Nephrol. 2009;

20: 1997–2008.
17. Miller RK, Hong JY, Mu~noz WA, et al. Beta-

catenin versus the other armadillo catenins:
assessing our current view of canonical wnt

signaling. Prog Mol Biol Transl Sci. 2013;

116: 387–407.
18. Lv Z, Hu M, Zhen J, et al. Rac1/PAK1 sig-

naling promotes epithelial-mesenchymal

transition of podocytes in vitro via triggering

b-catenin transcriptional activity under high
glucose conditions. Int J Biochem Cell Biol.

2013; 45: 255–64.
19. Zong X, Nakagawa S, Freier SM, et al. Nat-

ural antisense RNA promotes 30 end pro-
cessing and maturation of MALAT1 lncRNA.

Nucleic Acids Res. 2016; 44: 2898–908.
20. Spector DL, Lamond AI. Nuclear speckles.

Cold Spring Harb Perspect Biol. 2012; 3:

a000646–a000646.
21. Bernard D, Prasanth KV, Tripathi V, et al. A

long nuclear-retained non-coding RNA regu-
lates synaptogenesis by modulating gene

expression. EMBO J. 2010; 29: 3082–93.
22. Tripathi V, Song DY, Zong X, et al. SRSF1

regulates the assembly of pre-mRNA pro-
cessing factors in nuclear speckles. Mol Biol

Cell. 2012; 23: 3694–706.
23. Das S, Krainer AR. Emerging functions of

SRSF1, splicing factor and oncoprotein, in

RNA metabolism and cancer. Mol Cancer

Res. 2014; 12: 1195–204.
24. Fu Y, Huang B, Shi Z, et al. SRSF1 and

SRSF9 RNA binding proteins promote Wnt

signalling-mediated tumorigenesis by

enhancing b-catenin biosynthesis. EMBO

Mol Med. 2013; 5: 737–50.
25. Wang J, Su L, Chen X, et al. MALAT1 pro-

motes cell proliferation in gastric cancer by

recruiting SF2/ASF. Biomed Pharmacother.

2014; 68: 557–64.
26. Tripathi V, Ellis JD, Shen Z, et al. The

nuclear-retained noncoding RNA MALAT1

regulates alternative splicing by modulating
SR splicing factor phosphorylation. Mol Cell.

2010; 39: 925–38.
27. Amin Elianna M, Oltean S, Hua J, et al.

WT1 Mutants reveal SRPK1 to be a down-
stream angiogenesis target by altering VEGF

splicing. Cancer Cell. 2011; 20: 768–80.
28. Dronavalli S, Duka I, Bakris GL. The patho-

genesis of diabetic nephropathy. Nat Clin
Pract Endoc. 2008; 4: 444–52.

29. Saleem MA, O’Hare MJ, Reiser J, et al. A
conditionally immortalized human podocyte

cell line demonstrating nephrin and podocin

expression. J Am Soc Nephrol. 2002; 13:

630–8.
30. Holth€ofer H. Molecular architecture of the

glomerular slit diaphragm: lessons learnt for

a better understanding of disease pathogen-

esis. Nephrol Dial Transplant. 2007; 22:
2124–8.

31. Anil Kumar P, Welsh GI, Saleem MA, et al.
Molecular and cellular events mediating
glomerular podocyte dysfunction and deple-

tion in diabetes mellitus. Front Endocrinol

(Lausanne). 2014; 5: 151–161.
32. Reiser J, Kriz W, Kretzler M, et al. The

glomerular slit diaphragm is a modified

adherens junction. J Am Soc Nephrol. 2000;

11: 1–8.
33. Zou J, Yaoita E, Watanabe Y, et al. Upregu-

lation of nestin, vimentin, and desmin in rat

podocytes in response to injury. Virchows

Arch. 2006; 448: 485–92.
34. Cheng S. Matrix metalloproteinase 2 and

basement membrane integrity: a unifying

mechanism for progressive renal injury.

FASEB J. 2006; 20: 1898–900.
35. De Paulo Castro Teixeira V, Blattner SM, Li

M, et al. Functional consequences of inte-

grin-linked kinase activation in podocyte

damage. Kidney Int. 2005; 67: 514–23.
36. Whiteside C, Cameron R, Munk S, et al.

Podocytic cytoskeletal disaggregation and

basement-membrane detachment in
puromycinaminonucleoside nephrosis. Am J

Pathol. 1993; 142: 1641–53.
37. Kriz W, Lemley KV. The role of the podocyte

in glomerulosclerosis. Curr Opin Nephrol
Hypertens. 1999; 8: 489–97.

38. Miner JH. Focusing on the glomerular slit

diaphragm: podocin enters the picture. Am J

Pathol. 2002; 160: 3–5.
39. Grahammer F, Schell C, Huber TB. The

podocyte slit diaphragm—from a thin grey

line to a complex signalling hub. Nat Rev

Nephrol. 2013; 9: 587–98.
40. Park SJ, Saleem MA, Nam J-A, et al. Effects

of Interleukin-13 and montelukast on the

expression of zonula Occludens-1 in human
podocytes. Yonsei Med J. 2015; 56: 426.

41. Rigothier C, Daculsi R, Lepreux S, et al.
CD154 induces matrix Metalloproteinase-9

secretion in human podocytes. J Cell Bio-
chem. 2016; 117: 2737–47.

42. Wilusz JE, Freier SM, Spector DL. 30 End
processing of a long nuclear-retained non-

coding RNA yields a tRNA-like cytoplasmic
RNA. Cell. 2008; 135: 919–32.

2746 ª 2017 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.



43. Engreitz Jesse M, Sirokman K, McDonel P,
et al. RNA-RNA interactions enable specific

targeting of noncoding RNAs to nascent

Pre-mRNAs and chromatin Sites. Cell. 2014;

159: 188–99.
44. €Ank€o M-L, M€uller-McNicoll M, Brandl H,

et al. The RNA-binding landscapes of two

SR proteins reveal unique functions and
binding to diverse RNA classes. Genome

Biol. 2012; 13: R17.

45. C�aceres JF, Misteli T, Screaton GR, et al.
Role of the modular domains of SR proteins
in subnuclear localization and alternative

splicingspecificity. J Cell Biol. 1997; 138:

2225–38.
46. Jiayi W, Hongmei W, Yue Z, et al. Mutual

inhibition between YAP and SRSF1 main-

tains long non-coding RNA, Malat1-induced

tumourigenesis in liver cancer. Cell Signal.
2014; 26: 1048–59.

47. Oltean S, Gammons M, Hulse R, et al.
SRPK1 inhibition in vivo: modulation of

VEGF splicing and potential treatment for

multiple diseases. Biochem Soc Trans.

2012; 40: 831–5.
48. Anczuk�ow O, Rosenberg AZ, Akerman M,

et al. The splicing factor SRSF1 regulates

apoptosis and proliferation to promote
mammary epithelial cell transformation. Nat

Struct Mol Biol. 2012; 19: 220–8.
49. G€odel M, Hartleben B, Herbach N, et al.

Role of mTOR in podocyte function and dia-
betic nephropathy in humans and mice. J

Clin Invest. 2011; 121: 2197–209.
50. Jiang L, Huang J, Higgs BW, et al. Genomic

landscape survey identifies SRSF1 as a key
oncodriver in small cell lung cancer. PLoS

Genet. 2016; 12: e1005895.

51. Voskas D, Ling LS, Woodgett JR. Does
GSK-3 provide a shortcut for PI3K activation

of Wnt signalling? F1000 Biol Rep. 2010; 2:
82.

52. Takano Y, Yamauchi K, Hayakawa K, et al.
Transcriptional suppression of nephrin in

podocytes by macrophages: roles of inflam-
matory cytokines and involvement of the

PI3K/Akt pathway. FEBS Lett. 2007; 581:

421–6.
53. Li Y, Kang YS, Dai C, et al. Epithelial-to-

mesenchymal transition is a potential path-

way leading to podocyte dysfunction and

proteinuria. Am J Pathol. 2008; 172: 299–
308.

54. Fan YL, Zhang M, Tang YL, et al. A new

perspective of vasculogenic mimicry: EMT

and cancer stem cells (Review). Oncol Lett.
2013; 6: 1174–80.

55. Valenta T, Hausmann G, Basler K. The

many faces and functions of b-catenin.
EMBO J. 2012; 31: 2714–36.

ª 2017 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.

2747

J. Cell. Mol. Med. Vol 21, No 11, 2017


