
                             European Journal of Histochemistry 2022; volume 66:3426

[page 486]                                           [European Journal of Histochemistry 2022; 66:3426]

MALAT1 regulates hypertrophy of cardiomyocytes by modulating 
the miR-181a/HMGB2 pathway
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Noncoding RNAs are important for the regulation of cardiac hypertrophy. The function of MALAT1 (a long
noncoding mRNA), miR-181a, and HMGB2, their contribution to cardiac hypertrophy, and the regulatory rela-
tionship between them during this process remain unknown. In the present study, we treated primary cardiomy-
ocytes with angiotensin II (Ang II) to mimic cardiac hypertrophy. MALAT1 expression was significantly down-
regulated in Ang II-treated cardiomyocytes compared with control cardiomyocytes. Ang II-induced cardiac
hypertrophy was suppressed by overexpression of MALAT1 and promoted by genetic knockdown of MALAT1.
A dual-luciferase reporter assay demonstrated that MALAT1 acted as a sponge for miR-181a and inhibited its
expression during cardiac hypertrophy. Cardiac hypertrophy was suppressed by overexpression of an miR-181a
inhibitor and enhanced by overexpression of an miR-181a mimic. HMGB2 was downregulated during cardiac
hypertrophy and was identified as a target of miR-181a by bioinformatics analysis and a dual-luciferase
reporter assay. miR-181a overexpression decreased the mRNA and protein levels of HMGB2. Rescue experi-
ments indicated that MALAT1 overexpression reversed the effect of miR-181a on HMGB2 expression. In sum-
mary, the results of the present study show that MALAT1 acts as a sponge for miR-181a and thereby regulates
expression of HMGB2 and development of cardiac hypertrophy. The novel MALAT1/miR-181a/HMGB2 axis
might play a crucial role in cardiac hypertrophy and serve as a new therapeutic target.
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Introduction
Cardiovascular disease has a high incidence worldwide, and

some severe cardiovascular diseases are more dangerous than can-
cer.1-3 Cardiac hypertrophy is an important indicator for judging
the pathological process and occurs during ischemic heart disease,
hypertension, and heart failure.4,5 The pathological changes of car-
diac hypertrophy include an increase in the size of cardiomyocytes,
myocardial interstitial cell proliferation, and cardiac extracellular
matrix remodeling.6 The responses of myocytes to various patho-
physiological insults, such as angiotensin II (Ang II), and hypertro-
phy increase myocardial oxygen consumption and reduce myocar-
dial compliance, leading to heart failure and an increase in the inci-
dence of sudden death.7 Reversal of myocardial hypertrophy has
become an important goal for treatment of hypertension and chron-
ic congestive heart failure.8

In mammalian genomes, 98% of transcripts are noncoding
RNAs.9 Long non-coding RNAs (lncRNAs) are a type of non-cod-
ing RNAs longer than 200 nucleotides and are closely related to
cardiovascular diseases. For example, lncRNAs are involved in
regulation of endothelial cell function,10 myocardial infarction and
heart failure,11 and cardiomyocyte apoptosis.12 They also play an
important role in regulation of cardiac hypertrophy.12-14 The
lncRNA MALAT1 is upregulated during the regulation of endothe-
lial cell function and vessel growth;15 however, its role in cardiac
hypertrophy remains unknown.

miRNAs are small non-coding RNAs containing 20-25
nucleotides that regulate gene expression by inhibiting translation
or inducing degradation of mRNAs, mainly by interacting with the
3’ untranslated region (3’UTR) of target genes, including coding
and non-coding genes.16 They are involved in various cellular pro-
cesses, including proliferation, differentiation, survival, growth,
and apoptosis,17-19 and in regulation of a variety processes related
to heart-related diseases, such as angiogenesis, autophagy, and
fibrosis.20,21 Gain- and loss-of-function approaches have shown
that miRNAs play a critical role in cardiac hypertrophy and ven-
tricular remodeling.22 miR-181a is involved in cardiac hypertro-
phy23-25 but its role must be further clarified. 

High mobility group protein (HMG) is a nonhistone DNA-
binding protein that is widely distributed in nuclei of higher
eukaryotes. HMGB can be divided into HMGB1, HMGB2, and
HMGB3.26 HMGB2 can bind to a variety of transcription factors,
such as steroid hormone receptor, p53, p73, LEF1, and Runx2, and
enhance the transcription and recombination activity of its chaper-
one protein.27,28 It is also involved in the regulation of various dif-
ferentiation processes, including production of red blood cells,
sperm, nerve cells, and muscle cells.29-31 HMGB2 is closely related
to cardiac hypertrophy. Quantitative chromatin proteomics showed
that HMGB2, but not HMGB1, is a regulator of cardiac hypertro-
phy.32 HMGB2 can regulate gene expression by controlling chro-
mosome structure remodeling to mediate cardiac hypertrophy.33

However, it remains to be determined how HMGB2 is modulated
by upstream signals, especially during cardiac hypertrophy. 

In the current study, we investigated the expression levels of
MALAT1, miR-181a, and HMGB2 in an Ang II-induced cell
model of cardiac hypertrophy. We explored the regulatory relation-
ship between MALAT1, miR-181a, and HMGB2, and sought to
elucidate the important role of the MALAT1/miR-181a/HMGB2
axis in progression of cardiac hypertrophy.

Materials and Methods

Animals and cell culture
All animal procedures were approved by the Animal Research

Committee of Ganzhou People’s Hospital [approval No. SJTY(E)
2018-067] and performed according to the Guide for the Care and
Use of Laboratory Animals published by the National Institutes of
Health (NIH). 

Sprague-Dawley rats were purchased from the Laboratory
Animal Center of Nanchang University. Cardiomyocytes were iso-
lated from the hearts of newborn Sprague-Dawley rats (1 day old).
Briefly, the ventricles were excised and transferred to Hank’s solu-
tion (Invitrogen, Thermo Fisher Scientific, Inc., Waltham, MA,
USA). Thereafter, cells were isolated and cultured in Dulbecco’s
Modified Eagle’s Medium (Gibco, Thermo Fisher Scientific, Inc.)
containing 10% fetal bovine serum (Gibco) and 1% penicillin-
streptomycin (Gibco) at 37°C with 5% CO2 in humidified air.
Cardiomyocytes were cultured under semiconfluent conditions and
transferred to 6-well plates at a density of 2 × 105 cells/ml. H9c2
cells, a rat cardiomyoblast cell line, were obtained from the
Chinese Academy of Sciences Cell Bank (Shanghai, China) and
cultured in Dulbecco’s Modified Eagle’s Medium (Gibco) contain-
ing 10% fetal bovine serum (Gibco) and 1% penicillin-strepto-
mycin (Gibco). For experiments, cells were transferred to 6- or 96-
well plates at 60–75% confluency and a density of 1 × 105

cells/mL. After 24 h of culture, cells were transfected with the indi-
cated fragments or plasmids using Lipofectamine 3000
(Invitrogen). After 24 h of transfection, cells were treated with 1
μM Ang II (Sigma-Aldrich, CA, USA) for additional 48 h as
reported, 34,35 to generate a cell model of cardiac hypertrophy.

RT-qPCR
Total RNA was extracted from cardiomyocytes or H9c2 cells

using TRIzol reagent (Invitrogen), according to the manufacturer’s
instructions. EasyScript cDNA Synthesis SuperMix (TransGen
Biotech, Beijing, China) was used to synthesize cDNA from
mRNA, and TransScript® miRNA First-Strand cDNA Synthesis
SuperMix (TransGen Biotech) was used to synthesize cDNA from
miRNA. Quantitative PCR (qPCR) was performed using
TransStart Top Green qPCR SuperMix (TransGen Biotech).
mRNA levels were normalized to that of actin, and miRNA levels
were normalized to that of U6, using a delta-delta-Ct method as
previously described.36,37 All experiments were independently per-
formed in triplicate. The following primers were used: 5’-CTCAC-
TAAAGGCACCGAAGG-3’ and 5’-GGCAGA-
GAAGTTGCTTGTGG-3’ (MALAT1); 5’-CTTCGGGGGTAG-
GATTGAC-3’ and 5’-CTTGGGATCTTTTGCGATCT-3’ (ANP);
5’-TGATTCTGCTCCTGCTTTTCC-3’ and 5’-TTCTTTTG-
TAGGGCCTTGGTC-3’ (BNP); 5’-CGCCTGTCAGCTTG-
TAAATG-3’ and 5’-ACAACCCCTACGATTATGCG-3’ (β-
MHC); 5’-TCCTGGTAGGCCAACAGGCT-3’ and 5’-AGC-
TAATGTTGAGCTGCACTTG-3’ (HMGB2); 5’-CCG-
CATCTTCTTGTGCAGTG-3’ and 5’-GAGAAGGCAGCCCTG-
GTAAC-3’ (GAPDH); 5’-GGGAACATTCAACGCTGTCG-3’
and 5’-GTGCGTGTCGTGGAGTCG-3’ (miR-181a); and 5’-
CTCGCTTCGGCAGCACA-3’ and 5’-AACGCTTCAC-
GAATTTGCGT-3’ (U6).

RNA interference and overexpression
For the MALAT1 overexpression assay, cDNA encoding

MALAT1 was cloned into the pEGFP-C1 vector (BD Biosciences
Clontech, USA) and verified by sequencing. For genetic knock-
down of MALAT1, the following siRNA fragments were synthe-
sized as previously reported38 by GenePharma (Shanghai, China):
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siMALAT1, 5’-AAGAAAAAUAAAAGCUUUCCU-3’ and nega-
tive control (NC), 5’-ACGUCACACGUUCGGAGAATT-3’. For
miR-181a modulation, a rno-miR-181a mimic and inhibitor were
synthesized by GenePharma.39 A NC mimic and inhibitor were
used as controls. The efficiency was determined by RT-qPCR. All
experiments were independently performed in triplicate.

Western blotting 
Western blotting was performed as previously reported.40

Samples were harvested and lysed with RIPA lysis buffer
(Beyotime, Shanghai, China) containing protease inhibitors. The
lysates were separated by 10% SDS-PAGE (Beyotime), and pro-
teins were transferred to a PVDF membrane (Millipore,
Burlington, MA, USA). Membranes were blocked with 5% nonfat
milk for 1 h and incubated with primary antibodies against ANP
(ab180649, 1:500), BNP (ab19645, 1:500), β-MHC (ab170867,
1:500), and HMGB2 (ab172967, 1:1000) (all from Abcam,
Cambridge, UK). Membranes were incubated with goat antimouse
(1:5000) or antirabbit (1:5000) secondary antibodies (Abclonal
Biotechnology, Wuhan, China) for 1 h at room temperature, and
protein signals were detected with enhanced chemiluminescence
(Beyotime). All experiments were independently performed in
triplicate.

Bioinformatics analysis
Targetscan and starBase were used to predict potential binding

interactions between MALAT1, miR-181a, and HMGB2. With
starBase (http://starbase.sysu.edu.cn/index.php), ‘miRNA-mRNA’
and ‘miRNA-lncRNA’ analysis was performed using MALAT1
and miRNA (miR-181a) as the input and HMGB2 as the target.
Significant interactions were found between miR-181a and
HMGB2 in multiple databases, such as RNA22, miRmap, PicTar
(https://pictar.mdc-berlin.de/), and TargetScan. The results were
verified using TargetScan (http://www.targetscan.org/vert_72/)
with the human gene symbol ‘HMGB2’ as the input, and the
matching sequences were shown.

Luciferase reporter assay
The pGL3-Control vector (Promega, Madison, WI, USA) was

used to generate the luciferase reporter construct. A luciferase
reporter containing the MALAT1 or HMGB2 3’UTR was inserted
into the pGL3-luc vector. The mutant (MUT) nucleotides were
synthesized by GenePharm. H9c2 cells were plated in 6-well plates
(2.5 × 105 cells/well) and transfected with the miR-181a mimic (50
nM) or NC mimic (50 nM) and the wild-type (WT) or MUT
MALAT1 or HMGB2 reporter plasmid using Lipofectamine 3000
(Invitrogen). After 48 h of transfection, luciferase activity was
detected using a BioTek Synergy 2 luminometer (BioTek
Instruments Inc., Beijing, China), and firefly luciferase activity
was normalized against Renilla luciferase activity, according to the
manufacturer’s instructions. All experiments were independently
performed in triplicate.

Immunofluorescence
Cardiomyocytes were cultured on coverslips, treated with or

without Ang II for 48 h, fixed with 4% paraformaldehyde (Sigma-
Aldrich, St. Louis, MO, USA) for 40 min at 4°C, permeabilized
with phosphate-buffered saline containing 0.1% Triton X-100,
blocked with 3% appropriate serum, incubated with primary anti-
bodies against actin (Abcam, ab137346, 1:1000) overnight at 4°C,
and then labeled with secondary antibodies conjugated with Alexa
Fluor 488 (Thermo Fisher Scientific, Inc.) or Alexa Fluor 555
(Thermo Fisher Scientific, Inc.) at room temperature for 2 h. Cells
incubated with no primary antibodies were used as negative con-

trol. Cells were mounted in Fluro-Gel II containing DAPI
(Electron Microscopy Sciences, Hatfield, PA, USA), and images
were captured with a Carl Zeiss LSM 780 confocal microscope
(Zeiss, Jean, Germany). The surface area was calculated using
ImageJ software (NIH, v. 1.43; http://rsb.info.nih.gov/ij/). 

Statistical analysis
All data are presented as the mean ± standard deviation.

Statistical analyses were performed with SPSS software (version
17.0; SPSS Inc., Chicago, IL, USA). More than two groups were
compared using an analysis of variance followed by Tukey’s post-
hoc test, and two groups were compared using Student’s t-test;
p<0.05 was considered statistically significant. All experiments
were independently performed in triplicate.

Results

MALAT1 is involved in regulation of cardiac hypertrophy
To elucidate the detailed molecular mechanism underlying car-

diac hypertrophy, an in vitro model was established by treating pri-
mary cardiomyocytes with Ang II. Immunofluorescence staining
of actin indicated that Ang II treatment significantly increased the
size of cardiomyocytes (Figure 1A). This was confirmed by mea-
surement of cell surface areas (Figure 1B). The mRNA expression
levels of ANP, BNP, and β-MHC determined by RT-qPCR, and
their protein expression levels determined by Western blotting,
were markedly upregulated in hypertrophic cardiomyocytes com-
pared with control cells (Figure 1 C,D). These data suggest that a
cell model of cardiac hypertrophy was successfully established.
RT-qPCR demonstrated that MALAT1 was significantly downreg-
ulated upon Ang II treatment (Figure 2A). To further elucidate the
effect of MALAT1 during cardiac hypertrophy, we constructed a
MALAT1-encoding plasmid and synthesized siRNA fragments
against MALAT1. The level of MALAT1 in cardiomyocytes was
sharply increased upon overexpression of MALAT1 and decreased
upon genetic knockdown of MALAT1 (Figure 2B). Ang II treat-
ment markedly increased the cell surface area, but this effect was
abolished by overexpression of MALAT1 (Figure 2 C,E) and
enhanced by knockdown of MALAT1 (Figure 2 D,F). These data
indicate that MALAT1 protects against cardiac hypertrophy. 

miR-181a promotes development of cardiac hypertrophy 
MALAT1 reportedly regulates the downstream target miR-

181a in a variety of diseases and physiological processes, such as
M1 polarization of macrophages,41 liver fibrosis,42 proliferation of
myeloma cells,43 and gastric adenocarcinoma.44 However, the rela-
tionship between MALAT1 and miR-181a during cardiac hyper-
trophy remains unknown. To investigate this, we first determined
expression of miR-181a in our model. RT-qPCR showed that miR-
181a was significantly upregulated in Ang II-treated cells com-
pared with control cells (Figure 3A). We synthesized an miR-181a
mimic and inhibitor. A NC mimic and inhibitor were used as con-
trols. RT-qPCR showed that the level of miR-181a was significant-
ly upregulated by transfection of the miR-181a mimic and down-
regulated by transfection of the miR-181a inhibitor compared with
the NC mimic or inhibitor (Figure 3B). Transfection of the miR-
181a inhibitor markedly suppressed Ang II-induced hypertrophy
and significantly attenuated the increase in the cell surface area
(Figure 3 C,E). Transfection of the miR-181a mimic further
increased the cell surface area upon Ang II treatment (Figure 3
D,F). These data suggest that miR-181a promotes cardiac hyper-
trophy, as previously reported.23
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MALAT1 acts as a sponge for miR-181a to regulate
cardiac hypertrophy

We next investigated whether MALAT1 regulated miR-181a
during cardiac hypertrophy. According to bioinformatics analysis,
there is a matching sequence with rno-miR-181a in the 3’UTR
region of MALAT1 (Figure 4A). We thus constructed luciferase
reporter plasmids containing the WT and MUT 3’UTR of
MALAT1. These constructs were transfected into H9c2 cells
together with the miR-181a or NC mimic. The miR-181a mimic
significantly suppressed the luciferase signals from MALAT1 WT,
but not those from MALAT1 MUT (Figure 4B). Furthermore,
expression of MALAT1 was investigated in cultured primary rat
cardiomyocytes transfected with the miR-181a inhibitor or mimic.
Expression of MALAT1 was significantly upregulated by transfec-
tion of the miR-181a inhibitor and downregulated by transfection
of the miR-181a mimic (Figure 4C), indicating that MALAT1 acts
as a sponge for miR-181a in cardiac cells. Moreover, cells trans-
fected with MALAT1 were cotransfected with or without the miR-
181a mimic and treated with Ang II to induce hypertrophy.
MALAT1 overexpression prevented Ang II-induced hypertrophy,
but this effect was reversed by cotransfection of the miR-181a
mimic (Figure 4D). These data indicate that MALAT1 acts as a
sponge for and thereby inhibits miR-181a, and thus regulates car-
diac hypertrophy.

HMGB2 is a target of miR-181a during cardiac hyper-
trophy

Next, we explored the underlying effector of MALAT1/miR-
181a during cardiac hypertrophy. Using bioinformatics tools, we
screened all the reported and potential downstream targets, and
HMGB2 attracted our attention because of its role during cardiac
hypertrophy. Protein expression of HMGB2 was significantly
downregulated in Ang II-treated cells (Figure 5 A,B).
Bioinformatics analysis showed there is a matching sequence for
miR-181a in the 3’UTR of HMGB2 (Figure 5C). The luciferase
assay showed that transfection of miR-181a markedly suppressed
signals of HMGB2 WT, but not of HMGB2 MUT, in H9c2 cells
(Figure 5B). Furthermore, RT-qPCR showed that the mRNA and
protein levels of HMGB2 significantly decreased by transfection
of the miR-181a mimic and increased by transfection of the miR-
181a inhibitor (Figure 5 E,F). These data indicate that HMGB2 is
a direct target of miR-181a during cardiac hypertrophy. 

MALAT1/miR-181a axis regulates cardiac hypertrophy
by modulating expression of HMGB2

We next investigated whether the MALAT1/miR-181a axis
regulates HMGB2 expression. Transfection of the miR-181a
mimic significantly downregulated luciferase activity of HMGB2,
but this effect was reversed by co-transfection of MALAT1 (Figure

[page 489]

Figure 1. The establishment of cardiac hypertrophy model. A) Cultured primary cardiomyocytes were treated with Ang II or control,
then the cells were subjected to immunocytochemistry with actin antibody. The images captured by LSM 780 confocal microscope and
were analyzed and the relative cell surface area was measured to indicate hypertrophy response (B). The cells were subjected to RT-qPCR
to detect the mRNA level (C) and the protein levels of ANP, BNP and β-MHC. *p<0.05; **p<0.01; ***p<0.001; repeated three times;
scale bar: 20 μm.
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6A). Analysis of the mRNA (Figure 6B) and protein (Figure 6C)
levels of HMGB2 yielded similar findings. MALAT1 rescued sup-
pression of HMGB2 expression by miR-181a. Rescue experiments
were performed to elucidate the role of the MALAT1/miR-181a
axis in cardiac hypertrophy. When cells were treated with Ang II,
transfection of miR-181a significantly enhanced the cell surface
area, but this effect was abrogated by overexpression of MALAT1
(Figure 6D). Taken together, these data suggest that the
MALAT1/miR-181a axis regulates expression of HMGB2 and
thereby modulates cardiac hypertrophy.

Discussion
In this study, we demonstrated that the expression levels of

MALAT1 and HMGB2 were downregulated in Ang II-treated car-
diomyocytes, while that of miR-181a was upregulated. Ang II-
induced cardiac hypertrophy was suppressed by overexpression of
MALAT1 and was enhanced by genetic knockdown of MALAT1.
Conversely, Ang II-induced cardiac hypertrophy was enhanced by
overexpression of miR-181a and was suppressed by inhibition of

Figure 2. MALAT1 is important for cardiac hypertrophy. A) Cells were treated as in figure 1. The cells were detected with RT-qPCR for
the level of MALAT1. B) The levels of MALAT1 were verified. Cell were transfected with MALAT1 overexpression plasmids (C-E) or
genetic knockdown siRNA fragments (D-F), or the controls, then the representative images were shown and the relative cell surface area
was determined. *p<0.05; **p<0.01; ***p<0.001; ns, no significance; repeated three times; scale bar: 20 μm. 
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miR-181a. MALAT1 was identified as a sponge for miR-181a, and
HMGB2 was identified as a direct target of miR-181a.
MALAT1/miR-181a regulates cardiac hypertrophy by modulating
HMGB2 expression. This novel molecular mechanism by which
MALAT1/miR-181a/HMGB2 regulate cardiac hypertrophy is
summarized in Figure 7. 

LncRNAs play an important role in transcription and post-tran-
scriptional regulation of gene expression, and are a key node for
regulating transcriptional activity and mRNA expression of target
genes. MALAT1 is reportedly involved in regulation of various

heart functions.45 It regulates the function of endothelial cells, and
expression of MALAT1, MEG3, and TUG1 increases upon hypox-
ia stimulation.46 Inhibition of MALAT1 suppresses proliferation
but increases basal sprouting and migration of endothelial cells in
vitro and in vivo.15 Furthermore, inhibition of MALAT1 signifi-
cantly changes the expression of a variety of critical genes related
to cell cycle regulation, with downregulated expression of
CCNA2, CCNB1, CCNB2, and CDK-115 MALAT1 also regulates
proliferation of fibroblasts, and inhibition of MALAT1 induces
splicing of the cancer-related transcription factor B-Myb.47

[page 491]

Figure 3. The effect of miR-181a in cardiac hypertrophy. A) Cells were treated as in figure 1. The miR-181a level was detected by RT-
qPCR.(B) The efficiency of miR-181a inhibitor or mimic was determined by RT-qPCR in H9c2 cells. Cells were transfected with miR-
181a inhibitor (C-E) or mimic (D-F), then the representative images were shown and the relative cell surface area was measured.
*p<0.05; **p<0.01; ns, no significance; repeated three times.
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However, the role of MALAT1 during hypertrophy remains
unclear. MALAT1 is reportedly a dispensable regulator of cardiac
hypertrophy and failure during cardiac pressure overload induced
by thoracic aortic constriction.48 In diabetic cardiomyopathy,
MALAT1 recruits the histone methyltransferase EZH2 to suppress
expression of miR-22, and thereby mediates myocardial damage
and cardiomyocyte apoptosis.49 In the current study, we investigat-
ed the role of MALAT1 in Ang II-induced cardiomyocyte hyper-
trophy. The expression level of MALAT1 was significantly down-
regulated in our model. Cardiac hypertrophy was promoted by
knockdown of MALAT1 and suppressed by overexpression of
MALAT1. MALAT1 acted as a sponge for miR-181a, and thereby
suppressed its expression and finally regulated the level of

HMGB2 to execute its function. 
miR-181a reportedly plays a role in cardiac hypertrophy. It is

highly expressed in bone marrow-derived mesenchymal stem cells
and regulates glucagon secretion via the PTEN/AKT signaling
pathway.50 rno-miR-181a is downregulated in exosomes of
induced pluripotent stem cell-derived cardiomyocytes, and this
attenuates myocardial fibrosis and hypertrophy.51 In a diabetes-
induced cardiac hypertrophy model, miR-30a and miR-181a syn-
ergistically function via modulating the p53-p21 pathway. The
expression level of miR-181a is decreased in diabetic patients, rats
with diabetic cardiomyopathy, and high glucose-treated cardiomy-
ocytes, and overexpression of miR-181a decreases p53, p21, and
ANP expression levels and apoptosis in high glucose-induced car-

Figure 4. MALAT1 targets miR-181a in cardiac hypertrophy. A) The bioinformatics analysis between the 3’ UTR of MALAT1 against
miR-181a and the construction of MALAT1 MUT was shown. B) H9c2 cells were transfected with MALAT1 WT or MUT luciferase
reporter plasmids, with or without miR-181a mimic. Then the relative luciferase activity was determined. C) The levels of MALT1 in
primary cardiomyocytes were determined upon the transfection of miR-181a inhibitor or mimic. D) Cardiomyocytes were transfected
with the indicated plasmids or fragments, then were subjected with Ang II treatment. The relative cell surface area was determined.
*p<0.05; **p<0.01; repeated three times.
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diomyocytes.52 In rats with myocardial hypertrophy, expression of
miR-181a is downregulated to regulate autophagy. Moreover,
expression of MALAT1 is increased and miR-181a downregulated
during high glucose-induced cardiomyocyte apoptosis, and
MALAT1 functions by acting as a sponge for miR-181a.25 Using
cultured primary rat cardiac cardiomyocytes, we found that miR-
181a was markedly upregulated in Ang II-treated cells, and inhibi-
tion of miR-181a suppressed Ang II-induced hypertrophy.
MALAT1 was identified as a sponge for miR-181a and thereby
regulated cardiac hypertrophy. Our results differ from those of the
aforementioned reports. This may be because different models
(e.g., high glucose and Ang II treatment) or sources of cells were

used. An in vivo model in rats or even human samples should be
used to further elucidate the detailed mechanism. 

HMGB is present in almost every cell type and is essential for
development. Indeed, HMGB1-deficient mice die soon after
birth.53 Cardiac hypertrophy is the gradual thickening of the
myocardium caused by hypertrophy of myocardial cells, and
HMGB proteins play an important role in this process. In animal
models of cardiac hypertrophy induced by transverse aortic con-
striction, HMGB1 is upregulated in infiltrating cells and cardiomy-
ocytes.54,55 Maintenance of stable intracellular HMGB1 levels can
prevent cardiac hypertrophy.56 Extracellular recombinant HMGB1
mediates pressure overload-induced cardiac hypertrophy and heart

[page 493][European Journal of Histochemistry 2022; 66:3426]

Figure 5. HMGB2 is a target of miR-181a in cardiac hypertrophy. A,B) The expression level of HMGB2 was show in cardiac hypertro-
phy model. C) The bioinformatics analysis between the 3’ UTR of HMGB2 and miR-181a was shown. D) The luciferase activity from
HMGB2 WT or MUT transfected with or without miR-181a mimic was shown. E,F) The mRNA and protein levels of HMGB2 were
shown. *p<0.05; **p<0.01; repeated three times.
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Figure 7. The schematic diagram of regulatory mechanism of MALAT1/miR-181a/HMGB2 in cardiac hypertrophy. 

Figure 6. MALAT1/miR-181a axis regulate HMGB2 in cardiac hypertrophy. A) The luciferase reporter of HMGB2 WT were co-trans-
fected with indicated fragments or MALT1 encoding plasmids; then the relative luciferase activity of HMGB2 was determined. The
mRNA level (B) and the protein level (C) of HMGB2, and the relative cell surface area (D) were determined in cells same treated in (A).
*p<0.05; **p<0.01; repeated three times.
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failure. Thus, HMGB proteins have dual functions in regulation of
cardiac hypertrophy. HMGB2 is involved in cardiac hypertrophy.
Quantitative chromatin proteomics found that HMGB2, but not
HMGB1, acts as a regulator of myocardial hypertrophy.57 HMGB2
regulates gene expression by modulating chromosome remodeling
to mediate cardiac hypertrophy.33 In HMGB2-knockout mice
(Hmgb2-/-), the AKT and endoplasmic reticulum calcium-ATP reg-
ulatory pathways are inhibited, which results in severe myocardial
dysfunction, indicating that HMGB2 has an important role in
maintaining normal heart function.58 Our results showed that
HMGB2 was downregulated during cardiac hypertrophy. HMGB2
was a downstream target of MALAT1/miR-181a, and regulation of
its expression level played a critical role in modulating cardiac
hypertrophy. 

In summary, MALAT1 participates in regulation of cardiac cell
function by acting as a sponge for miR-181a, leading to downreg-
ulation of miR-181a and upregulation of HMGB2. This study iden-
tifies a novel regulatory mechanism by which MALAT1/miR-
181a/HMGB2 regulate cardiac hypertrophy. These findings could
provide new ideas and intervention targets for clinical treatment
and prevention of cardiac hypertrophy.
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