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LncRNA TINCR improves cardiac hypertrophy by regulating the
miR-211-3p-VEGFB-SDF-1α-CXCR4 pathway
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Cardiac hypertrophy is a common cardiovascular disease that is found worldwide and is characterized by heart enlargement,
eventually resulting in heart failure. Exploring the regulatory mechanism of cardiac hypertrophy is beneficial for understanding its
pathogenesis and treatment. In our study, we have showed TINCR was downregulated and miR-211–3p was upregulated in TAC- or
Ang II-induced models of cardiac hypertrophy. Dual luciferase and RIP assays revealed that TINCR served as a competitive
endogenous RNA (ceRNA) for miR-211–3p. Then, we observed that knockdown of miR-211–3p alleviated TAC- or Ang II-induced
cardiac hypertrophy both in vivo and in vitro. Mechanistically, we demonstrated that miR-211–3p directly targeted VEGFB and thus
regulated the expression of SDF-1α and CXCR4. Rescue assays further confirmed that TINCR suppressed the progression of cardiac
hypertrophy by competitively binding to miR-211–3p, thereby enhancing the expression of VEGFB and activating the VEGFB-SDF-
1α- CXCR4 signal. Furthermore, overexpression of TINCR suppressed TAC-induced cardiac hypertrophy in vivo by targeting miR-
211–3p-VEGFB-SDF-1α- CXCR4 signalling. In conclusion, our research suggests that LncRNA TINCR improves cardiac hypertrophy by
targeting miR-211–3p, thus relieving its suppressive effects on the VEGFB-SDF-1α-CXCR4 signalling axis. TINCR and miR-211–3p
might act as therapeutic targets for the treatment of cardiac hypertrophy.
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INTRODUCTION
Cardiac hypertrophy arises from increased cardiomyocyte size and
generally causes thickened cardiac muscle and heart enlargement,
which has been well recognized as a crucial mechanism to adapt
to stressful conditions, such as hypertension and valvular
disorder1,2. Cardiac hypertrophy consists of two types: physiolo-
gical and pathological hypertrophy. Physiological hypertrophy is
generally a reversible and mild response to physiological stimuli,
such as endurance exercise and pregnancy, and maintains heart
functions. However, pathological cardiac hypertrophy is accom-
panied by myofibroblast activation, myocardial fibrosis, and cell
death, and eventually causes systolic dysfunction and heart
failure3. With the development of diagnostic methods, drugs
including calcium channel blockers and thiazide diuretics, and
surgical procedures, great progress has been made in the
diagnosis and treatment of cardiac hypertrophy in recent years4.
Even so, cardiac hypertrophy is still a serious cardiovascular issue
found worldwide5. It is very important to explore the molecular
mechanisms by which cardiac hypertrophy is regulated to identify
novel diagnostic biomarkers and therapeutic targets.
Emerging evidence has shown that long noncoding RNAs

(lncRNAs) play vital roles in cardiac hypertrophy6,7. Decreased
expression of lncRNA TINCR was observed in hypertrophic mice,
and silencing of TINCR caused cardiomyocyte enlargement8,9.
However, the mechanisms of TINCR in cardiac hypertrophy are still
unclear. LncRNAs can act as competitive endogenous RNAs
(ceRNAs), relieving their inhibitory effects on downstream targets.
MiR-214–5p10, miR-31–5p9, miR-76111, and miR-544a12 have been

reported to be competitive combined by lncRNA TINCR in various
cells. Importantly, an increasing number of studies have revealed
that several miRNAs are dysregulated in cardiomyocytes and
facilitate cardiac hypertrophy13,14. MiR-155 was reported to
promote cardiac hypertrophy15. Qiu et al. found that miR-20b
facilitated cardiac hypertrophy by suppressing Mfn-2-mediated
calcium overload16. Overexpression of miR-217 accelerated
cardiac hypertrophy by reducing the expression of PTEN17.
However, it is not clear whether lncRNA TINCR plays a role in
cardiac hypertrophy by competitive combining miRNA.
The vascular endothelial growth factor (VEGF) family consists of

placental growth factor, VEGFA, VEGFB, VEGFC, and VEGFD, and
plays key roles in regulating angiogenesis, which has been
recognized as a key regulator in the cardiovascular system and
disorders, including cardiac hypertrophy18,19. As a member of the
VEGF family, VEGFB is downregulated in several heart failure
models and heart disorders20. In addition, VEGFB improves heart
function and protects against heart failure by inducing vascular
growth and cardiac hypertrophy21. VEGFB exerts its functions
primarily by binding to VEGF receptor 1 (VEGFR1)22. Activation of
the VEGFB/VEGFR1 pathway results in increased expression of
stromal cell-derived factor-1α (SDF-1α), which contributes to
myocardial repair in myocardial infarction23. The chemokine
SDF-1α is a ligand for C-X-C motif chemokine receptor 4 (CXCR4),
a G protein-coupled receptor24. The SDF-1α-CXCR4 axis is
implicated in cell survival and angiogenesis in cardiovascular
disorders, and has been regarded as a therapeutic target for
cardiovascular diseases25. Intriguingly, Wang et al. demonstrated
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that blockade of the SDF-1α-CXCR4 signalling axis by deleting
CXCR4 exacerbates isoproterenol-induced pathological cardiac
hypertrophy in a mouse model. Moreover, overexpression of
CXCR4 improves heart function and cardiac hypertrophy in
isoproterenol-treated CXCR4 knockout mice26. However, the
regulation of the VEGFB/SDF-1α/CXCR4 axis in cardiac hypertro-
phy is still not fully understood.
In summary, we assume that lncRNA TINCR might regulate

cardiac hypertrophy by targeting the miR-211-3p-VEGFB-SDF-1α-
CXCR4 pathway. Indeed, we demonstrate for the first time that
TINCR and a miR-211-3p inhibitor alleviate cardiac hypertrophy.
Mechanistically, TINCR targets miR-211-3p and relieves miR-211-
3p-mediated suppression of the VEGFB-SDF-1α-CXCR4 signalling
axis. Our study not only elucidates a novel regulatory mechanism
of cardiac hypertrophy but also identifies potential diagnostic
biomarkers and therapeutic targets for cardiac hypertrophy.

METHODS
Cell culture and treatment
The rat cardiomyocyte cell line H9C2 and human embryonic kidney
293T cells were obtained from the American Type Culture Collection
(ATCC, Manassas, VA, USA). Cells were grown in Dulbecco’s modified
Eagle’s medium with 10% foetal bovine serum at 37 °C in a cell incubator
with 5% CO2. Cell culture reagents were purchased from Thermo
(Waltham, MA, USA). For the cell model of cardiac hypertrophy, H9C2
cells were treated with Ang II (Sigma, St. Louis, MO, USA) at 1 µM for 24 h
and harvested for subsequent assays.

Cell transfection
The miR-211-3p inhibitor, inhibitor NC, shRNAs against VEGFR1 (sh-
VEGFR1) and CXCR4 (sh-CXCR4), and shRNA NC were all obtained from
RiboBio (Guangzhou, China). For TINCR overexpression, TINCR was inserted
into the pcDNA 3.1 vector (OE-TINCR), and empty vector (OE-NC) was used
as a control. H9C2 cells were grown to ~80% confluency and transfected
with OE-NC, OE-TINCR, inhibitor NC, miR-211-3p inhibitor, shRNA NC, sh-
VEGFR1, miR-211-3p inhibitor+sh-VEGFR1, sh-CXCR4, or OE-TINCR+ sh-
CXCR4 with a Neon Transfection System (Thermo). After 48 h, cells were
treated with Ang II or untreated for 24 h and used for subsequent assays.

A transverse aortic constriction (TAC)-induced rat model of
cardiac hypertrophy
The TAC-induced rat model of cardiac hypertrophy was established as
described previously27. Male 8–10-week Sprague-Dawley rats were divided
into two groups: TAC surgery and sham procedure. For TAC surgery, rats
were anaesthetized and placed on a heating pad. Rat chests were opened,
and a 6G blunt needle was placed parallel to the ascending aorta. Then, a
silk suture was tied around the aorta and needle prior to removing the
needle. Sham rats received the same procedure except for the tying of
knots. Rat chests were closed, and rats were maintained on a heating pad
until waking. For gene modification in vivo, adenoviruses for stably
knocking down miR-211-3p and overexpressing miR-211-3p or TINCR were
prepared, and rats were injected intravenously with adenovirus. Adeno-
viruses with miR-NC, inhibitor NC, or OE-NC were used as negative
controls. Animal experiments were in accordance with National Institutes
of Health guidelines and approved by the Animal Care and Use Committee
of the Third Xiangya Hospital of Central South University.

Dual-luciferase reporter assay
Potential binding sites for miR-211-3p in TINCR or the 3′UTR of VEGFB were
predicted with RNAhybrid (https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid)
or TargetScanHuman (http://www.targetscan.org/vert_72/), respectively.
Wild-type (VEGFB-WT, TINCR-WT) and mutated (VEGFB-MUT, TINCR-MUT)
binding sites for miR-211-3p were cloned into the psiCheck2 vector from
Promega (Madison, WI, USA). 293T cells were cotransfected with miR-211-3p
mimics and VEGFB-WT, VEGFB-MUT, TINCR-WT, or TINCR-MUT reporters. MiR-
211-3p NC (miR-NC) was used as a negative control. Forty-eight hours post
transfection, cells were harvested and lysed. The Dual-Glo luciferase system
(Promega) was used to examine luciferase activity. Firefly luciferase activity
was normalized to Renilla luciferase activity.

RNA immunoprecipitation (RIP)
Cardiac tissues from TAC-induced cardiac hypertrophy rats were lysed in
lysis buffer containing protease/ribonuclease inhibitors on ice for 30min.
Supernatants were collected, and 10 µL of each sample was aliquoted as
the input. Protein A magnetic beads were precoated with an Ago-2
antibody and added to the supernatants, and samples were incubated at 4
°C overnight. RNA was recovered on the next day. TINCR and miR-211 were
amplified from recovered RNA and input by PCR followed by
electrophoresis.

Haematoxylin and eosin (H&E) and immunohistochemistry
(IHC) staining
Hearts were excised gently from rats and fixed in 4% paraformaldehyde at
4 °C for 16 h. Then, the hearts were dehydrated and embedded in paraffin
prior to being cut into 5-µm sections. For H&E staining, after rehydration,
sections were stained with H&E and cleared in xylene. Mounted slides were
imaged under an Olympus BX51 microscope (Tokyo, Japan). For IHC
staining, after rehydration, sections were placed in boiling pH 6.0 sodium
citrate buffer for 10min for antigen retrieval. Sections were then incubated
in H2O2 solution at room temperature to inactivate endogenous
peroxidase. After washing, the sections were incubated with primary
antibodies against ANP (1:200, Abcam, Cambridge, UK) and β-MHC (1:100,
Novus) overnight at 4 °C. Sections were rinsed and probed with an HRP-
conjugated anti-rabbit secondary antibody (1:1000, Abcam). DAB substrate
was used for visualizing the signal. Finally, sections were stained with
haematoxylin and imaged under an Olympus BX51 microscope.

Real-time quantitative reverse transcription-PCR (RT-qPCR)
Total RNA was extracted from cardiac tissues from rats and H9C2 cells with
the indicated treatments using TRIzol reagent (Thermo) according to the
product manual. RNA was quantified with a Qubit 4 fluorometer (Thermo)
and then reverse-transcribed into cDNA. The relative expression of TINCR,
ANP, BNP, Col1, β-MHC, VEGFB, SDF-1α, and CXCR4 was assessed by
quantitative PCR with SYBR green qPCR mix (Toyobo, Osaka, Japan). All
gene expression was normalized to GAPDH and calculated using the
2−ΔΔCt method. The primers used for RT-qPCR in this study are listed in
Table 1.

Western blot
Homogenized rat cardiac tissues and H9C2 cells with the indicated
treatments were lysed in RIPA lysis buffer (Santa Cruz, Dallas, TX, USA) for 1
h (cardiac tissues) or 30min (H9C2 cells) on ice. After centrifugation,
supernatants were harvested and quantified using a BCA kit (Abcam).
Protein (30 μg) was loaded in each lane on a 10% SDS-PAGE gel and
electrophoresed and then transferred to PVDF membranes (Bio-Rad,
Hercules, CA, USA). After blocking in 8% BSA/TBST solution for 1 h,
membranes were incubated with primary antibodies against ANP (1:500,
Thermo), BNP (1:1000, Abcam), Col1 (1:500, Abcam), β-MHC (1:500, Novus),
VEGFB (1:500, Thermo), SDF-1α (1:1000, Thermo), and CXCR4 (1:1000,
Novus) for 4 h at room temperature. After rinsing in TBST solution,
membranes were incubated with HRP-conjugated secondary antibodies
for 1 h at room temperature prior to visualizing the band with ECL
substrates (Thermo). The intensity of bands was quantified using ImageJ
software.

Statistical analysis
The results from three independent experiments are presented as the
mean ± standard deviation (SD). SPSS 17.0 was used in this study for
statistical analysis of the data. The variance of two groups was analyzed
using Student’s t test. Fisher’s least significant difference was used for
multiple comparisons. P < 0.05 was considered as statistically significant.

RESULTS
TINCR targeted miR-211-3p, and silencing miR-211-3p
inhibited TAC-induced cardiac hypertrophy in vivo
Since lncRNAs exert functions through various mechanisms,
including acting as ceRNAs for miRNAs, we assumed that TINCR
might target miRNAs to regulate cardiac hypertrophy. A dual-
luciferase assay was carried out to validate the interaction
between TINCR and miR-211-3p. As shown in Fig. 1A,
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overexpression of miR-211-3p significantly reduced the luciferase
activity of wild-type TINCR but not that of mutated TINCR.
Moreover, the RIP assay showed that both TINCR and miR-211-3p
were specifically enriched in the anti-Ago-2-immunoprecipitated
fractions from cardiac tissues of TAC-induced rats, implying that
TINCR might target miR-211-3p in cardiac hypertrophy (Fig. 1B).
We also found that TINCR was downregulated and miR-211-3p
was upregulated in TAC-treated cardiac tissues (Fig. 1C). To
investigate the role of miR-211-3p in cardiac hypertrophy, miR-
211-3p was knocked down in rat cardiac tissues (Fig. 1D). We also
found that knockdown of miR-211-3p led to a decreased ratio of
heart weight to tibial length and reduced cross-sectional area of
cardiomyocytes, revealing that knockdown of miR-211-3p had a
protective role in TAC-induced cardiomyocyte enlargement
(Fig. 1E, F). In addition, we observed that TAC induced the
expression of hypertrophic markers, including ANP, BNP, and β-
MHC, which were suppressed by the miR-211-3p inhibitor (Fig. 1G-
I). Collectively, these results demonstrated that TINCR might target
miR-211-3p and that knockdown of miR-211-3p inhibited TAC-
induced cardiac hypertrophy in vivo.

Knockdown of miR-211-3p suppressed Ang II-induced
cardiomyocyte hypertrophy in H9C2 cells
To investigate the function of miR-211-3p in vitro, we established
a cell model of cardiac hypertrophy by treating H9C2 cells with
Ang II. We found that the cardiomyocyte size of Ang II-treated cells
was increased compared to that of control cells (Fig. 2A). In
addition, the expression of ANP, BNP, β-MHC, and Col1 was
increased in the Ang II treatment group, suggesting that Ang II
treatment successfully induced cardiomyocyte hypertrophy
(Fig. 2B, C). As expected, the expression of TINCR was decreased
and miR-211-3p expression was enhanced in Ang II-treated H9C2
cells (Fig. 2D). Then, miR-211-3p was knocked down through
inhibitor transfection (Fig. 2E). Consistent with the in vivo
observations, silencing miR-211-3p reduced the size of Ang II-
induced H9C2 cells and the expression of ANP, BNP, β-MHC, and
Col1 (Fig. 2F-H). These observations showed that knockdown of
miR-211-3p improved Ang II-induced cardiomyocyte hypertrophy
in vitro.

MiR-211-3p targeted VEGFB and regulated the VEGFB-SDF-1α-
CXCR4 axis
To explore downstream targets of miR-211-3p, through bioinfor-
matic analysis, we predicted a potential binding site for miR-211-
3p in the 3′UTR of VEGFB, a key regulator in the cardiovascular
system (Fig. 3A). The luciferase assay showed that miR-211-3p
overexpression significantly suppressed the luciferase activity of
wild-type VEGFB but did not affect that of mutated VEGFB,
demonstrating that miR-211-3p targeted VEGFB (Fig. 3A). Since
the VEGFB-SDF-1α-CXCR4 signalling axis plays important roles in
cardiovascular functions and disorders25, we examined whether
miR-211-3p could affect the VEGFB-SDF-1α-CXCR4 axis. The results
showed that overexpression of miR-211-3p decreased the
expression of VEGFB, SDF-1α, and CXCR4 (Fig. 3B, C), but silencing
of miR-211-3p increased their expression in H9C2 cells (Fig. 3D, E).
In conclusion, miR-211-3p targeted VEGFB and thus suppressed
the VEGFB-SDF-1α-CXCR4 signalling axis in H9C2 cells.

MiR-211-3p-mediated regulation of cardiac hypertrophy was
partially dependent on the VEGFB-VEGFR1-SDF-1α axis
H9C2 cells were treated with Ang II and transfected with miR-211-
3p inhibitor, sh-VEGFR1, or both. The results showed that
knockdown of miR-211-3p reduced H9C2 cell size, which was
partially reversed by silencing VEGFR1 (Fig. 4A). Moreover, the
miR-211-3p inhibitor abrogated Ang II-mediated suppression of
the expression of VEGFB and SDF-1α (Fig. 4B, C). Silencing VEGFR1
further reduced SDF-1α expression and partially reversed the miR-
211-3p inhibitor-induced expression of SDF-1α in Ang II-treated
H9C2 cells (Fig. 4B, C). In addition, the miR-211-3p inhibitor
suppressed Ang II-induced expression of ANP, BNP, β-MHC, and
Col1, which was partially reversed by knockdown of VEGFR1
(Fig. 4D, E). Taken together, these observations suggested that
miR-211-3p-mediated regulation of cardiac hypertrophy was
partially dependent on the VEGFB-VEGFR1-SDF-1α signalling axis.

TINCR regulated cardiac hypertrophy by targeting miR-211-
3p-VEGFB-SDF-1α signalling and increasing CXCR4 expression
Since CXCR4 is a receptor for SDF-1α and has been regarded as a
therapeutic target for several cardiovascular disorders25, we

Table 1. RT-qPCR primers in this study.

miR-211-3p 5′-GCCGAGGGCAAGGACAGCAA-3′

5′-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGAC CCCCCTTT-3′

LncRNA 5′-TCTTGGCCTTTGGAACCAGG-3′

TINCR 5′-ACGCTAAGGTTGTCCGTCTG-3′

ANP 5′-CACAGATCTGATGGATTTCAAGA-3′

5′-CCTCATCTTCTACCGGCATC-3′

BNP 5′-GTCAGTCGCTTGGGCTGT-3′

5′-CAGAGCTGGGGAAAGAAGAG-3′

β-MHC 5′-CCTCGCAATATCAAGGGAAA-3′

5′-TACAGGTGCATCAGCTCCAG-3′

α-MHC 5′-GCCCTTTGACATCCGCACAGAGT-3′

5′-TCTGCTGCATCACCTGGTCCTCC-3′

VEGFB 5′-CAGCCATCAAAGCAGAATCA-3′

5′-ATGTAGGTGGGTGCCTGAAG-3′

SDF-1α 5′-GACGCCAAGGTCGTCGGT-3′

5′-CTGTTGTGCTTACTTGTTTAAGGCTTTGTC-3′

CXCR4 5′-CGCAAGGCCCTCAAGACTAC-3′

5′-CGAGGAAGGCGTAGAGGATG-3′

GAPDH 5′-ATGACTCTACCCACGGCAAG-3′

5′-CTGGAAGATGGTGATGGGTT-3′
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Fig. 1 TINCR targeted miR-211-3p, and silencing miR-211-3p inhibited TAC-induced cardiac hypertrophy in vivo. A The predicted binding
site for miR-211-3p and luciferase activity of TINCR wild-type or mutated reporters (n= 3). B The interaction between miR-211-3p and TINCR. C
The relative expression of TINCR and miR-211-3p in rats treated with TAC or sham (n= 3). D The relative expression of miR-211-3p in rats with
the indicated treatment (n= 3). E Heart weight to tibial length and cross-sectional areas of cardiomyocytes (n= 3). F Heart photo and H&E
staining of heart sections. G The relative mRNA expression of ANP, BNP, β-MHC, and Col1 in rats (n= 3). H Western blot analysis of ANP and β-
MHC in rats with the indicated treatment (n= 3). GAPDH was used as a loading and normalization control. I IHC staining of ANP and β-MHC.
Data were from at least three independent assays. *P < 0.05, **P < 0.01, and ***P < 0.001.
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explored whether CXCR4 was a downstream target of the TINCR-
miR-211-VEGFB-SDF-1α axis in cardiac hypertrophy. TINCR
decreased H9C2 cell size, which was abrogated by knockdown
of CXCR4 (Fig. 5A). Moreover, overexpression of TINCR significantly
enhanced the expression of VEGFB and SDF-1α in Ang II-treated
cells (Fig. 5B, C). However, silencing CXCR4 did not affect the
expression of VEGFB and SDF-1α in Ang II-treated cells (Fig. 5B, C).
In addition, TINCR overexpression suppressed the expression of
ANP, BNP, β-MHC, and Col1 in Ang II-treated H9C2 cells, which was
reversed by silencing CXCR4 (Fig. 5D, E). Furthermore, the
expression of VEGFB, SDF-1α, and CXCR4 was suppressed in
cardiac tissues from TAC-induced cardiac hypertrophy rats and
restored by miR-211-3p knockdown (Fig. 5F, G). These data
indicated that TINCR regulated cardiac hypertrophy by targeting
the miR-211-VEGFB-SDF-1α signalling axis and thus upregulating
CXCR4 expression.

TINCR inhibited the activation of miR-211-3p-VEGFB-SDF-1α-
CXCR4 signalling to suppress TAC-induced cardiac
hypertrophy in vivo
Then, we examined whether TINCR suppressed TAC-induced
cardiac hypertrophy by regulating miR-211-3p-VEGFB-SDF-1α-
CXCR4 signalling in vivo. We found that TAC treatment increased

heart weight and cardiomyocyte size, but they were reduced by
overexpression of TINCR (Fig. 6A, B). Simultaneous overexpression
of miR-211-3p reversed TINCR-mediated suppression of heart
weight to tibial length and cross-sectional area of cardiomyocytes
(Fig. 6A, B). Furthermore, the expression of VEGFB, SDF-1α, and
CXCR4 was reduced by TAC treatment, which was reversed by
overexpression of TINCR (Fig. 6C, D). Overexpression of miR-211-
3p abrogated TINCR-mediated inhibition of the expression of
VEGFB, SDF-1α, and CXCR4 (Fig. 6C, D). In addition, TAC-induced
expression of ANP and β-MHC was suppressed by overexpression
of TINCR, but these effects were all reversed by simultaneous
overexpression of miR-211-3p (Fig. 6E–G). These data demon-
strated that TINCR improved TAC-induced cardiac hypertrophy
in vivo by targeting the miR-211-3p-VEGFB-SDF-1α-CXCR4 axis.

DISCUSSION
Pathological cardiac hypertrophy is a very common cardiovascular
disorder and eventually causes heart failure28, which is a serious
health issue found worldwide29. Therefore, understanding the
regulatory mechanism of cardiac hypertrophy is truly important
for its treatment. Recently, growing evidence has demonstrated
that lncRNAs exert vital roles in the regulation of cardiac

Fig. 2 Knockdown of miR-211-3p suppressed Ang II-induced cardiomyocyte hypertrophy in H9C2 cells. A Cell size analysis in untreated
and Ang II-treated cells (n= 3). B The relative mRNA expression of ANP, BNP, β-MHC, and Col1 (n= 3). C Western blot analysis of ANP, BNP, β-
MHC, and Col1 (n= 3). GAPDH was used as a loading and normalization control. D The relative expression of TINCR and miR-211-3p in H9C2
cells treated with Ang II and untreated cells (n= 3). E The relative expression of miR-211-3p in H9C2 cells transfected with miR-211-3p inhibitor
or inhibitor NC (n= 3). F Cell size analysis in Ang-induced H9C2 cells transfected with miR-211-3p inhibitor or inhibitor NC. G The relative
mRNA expression of ANP, BNP, β-MHC, and Col1 in H9C2 cells with the indicated treatment by RT-qPCR (n= 3). H Western blot analysis of ANP,
BNP, β-MHC, and Col1 in H9C2 cells with the indicated treatment (n= 3). GAPDH was used as a loading and normalization control. Data were
from at least three independent assays. *P < 0.05, **P < 0.01, and ***P < 0.001.
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hypertrophy30. In this study, we demonstrate that TINCR alleviates
cardiac hypertrophy by acting as a ceRNA for miR-211 to reduce
its abundance in cardiac hypertrophy, thereby relieving its
suppression of the VEGFB-SDF-1α-CXCR4 signalling axis.
MiRNAs are one of the key regulators in cardiac hypertrophy. It

was reported that miR-211-3p was downregulated and inhibited
cell proliferation and migration in breast cancers31. Similarly, a
miR-211-3p inhibitor can act as an inducer of oral squamous cell
carcinoma by targeting MAFG32. Moreover, miR-211-3p has been
reported to be involved in regulating endoplasmic reticulum
stress and chondrocyte apoptosis33. To the best of our knowledge,
our study is the first to reveal that miR-211-3p is dramatically
upregulated in cardiac hypertrophy and that knockdown of miR-
211-3p alleviates TAC- or Ang II-induced cardiac hypertrophy. This
finding revealed a novel function of miRNA-211-3p in TAC- or Ang
II-induced hypertrophy, thus highlighting its potential use as a
valuable biomarker for cardiac hypertrophy.
To further explore the underlying mechanism by which miR-

211-3p regulates cardiac hypertrophy, we identified VEGFB as a
novel target of miR-211-3p in cardiac hypertrophy. Blockade of

VEGFB-VEGFR1 signalling enhanced the expression of hyper-
trophic markers, which reversed the miR-211 inhibitor-mediated
downregulation of hypertrophic markers, suggesting that miR-
211-3p regulated cardiac hypertrophy by targeting the VEGFB-
VEGFR1 signalling pathway. These findings are consistent with
recent observations that the activation of VEGFB-VEGFR1 alle-
viated cardiomyocyte hypertrophy induced by Ang II34, as well as
with the report that VEGFB activates VEGFR1 to elicit a particular
hypertrophic response in cultured cardiomyocytes and in
infarcted hearts35. Moreover, SDF-1α-CXCR4 signalling is a crucial
signalling cascade in cardiovascular disorders, including cardiac
hypertrophy36, and CXCR4 deletion exacerbates isoproterenol-
induced cardiac dysfunction and hypertrophy26. In addition,
evidence suggests that VEGFR1/CXCR4 may mediate local
inflammation and augment tissue perfusion by initiating a cascade
of events, including the local release of SDF-137. VEGF is known to
recruit bone marrow-derived inflammatory cells to ischaemic
vessels with SDF-1, facilitating their retention via the chemokine
receptor CXCR438. Here, we observed that knockdown of miR-211-
3p enhanced the expression of VEGFB and SDF-1α. In summary,

Fig. 3 MiR-211-3p targeted VEGFB and regulated the VEGFB-SDF-1α-CXCR4 axis. A The predicted binding site for miR-211-3p in the 3′UTR
of VEGFB and luciferase activity of VEGFB wild-type or mutated reporters (n= 3). B The relative mRNA expression of VEGFB, SDF-1α, and
CXCR4 in H9C2 cells transfected with miR-211-3p mimics or mimics NC (n= 3). C Western blot analysis of VEGFB, SDF-1α, and CXCR4 in H9C2
cells (n= 3). GAPDH was used as a loading and normalization control. D The relative mRNA expression of VEGFB, SDF-1α, and CXCR4 in H9C2
cells transfected with miR-211-3p inhibitor or inhibitor NC (n= 3). E Western blot analysis of VEGFB, SDF-1α, and CXCR4 in H9C2 cells (n= 3).
GAPDH was used as a loading and normalization control. Data were from at least three independent assays. *P < 0.05, **P < 0.01, and ***P <
0.001.
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miR-211-3p-mediated regulation of cardiac hypertrophy was
dependent on regulating the VEGFB-SDF-1α-CXCR4 signalling axis.
Salmena et al. proposed a ceRNA hypothesis that ceRNAs, such

as pseudogenes, lncRNAs, and circular RNAs, contain microRNA
response elements and sequester miRNAs to control mRNA
transcription39. LncRNAs can act as ceRNAs to compete with
miRNAs to suppress miRNA activity, thus modifying the expression
of downstream genes in various physiological and pathological
conditions40,41. Previous research showed that TINCR was
significantly downregulated in hypertrophic mice9, which is
consistent with the results we obtained in the TAC mouse model
and Ang II-induced H9C2 model of cardiomyocyte hypertrophy. In
contrast, they revealed that the lncRNA TINCR regulates PKCɛ

expression in a miR-31-5p-dependent manner in cardiomyocyte
hypertrophy. In our study, we provide evidence to demonstrate
that TINCR is involved in cardiomyocyte hypertrophy by regulating
VEGFB-SDF-1α-CXCR4 expression, which is regulated in a miR-211-
3p-dependent manner.
In summary, TINCR functions as a ceRNA for miR-211-3p and

improves cardiac hypertrophy by competitive combining miR-211-
3p, thus relieving its suppressive effects on the VEGFB-SDF-1α-CXCR4
signalling axis. TINCR/miR-211-3p may act as a novel therapeutic
target for the treatment of cardiac hypertrophy. However, this study
presented some limitations. Although H9C2 is a widely used cell
model for exploring the pathological process of cardiac hypertrophy,
primary cardiomyocytes might be more representative of the adult

Fig. 4 MiR-2113p-mediated regulation of cardiac hypertrophy was dependent on the VEGFB-VEGFR1-SDF-1α axis. H9C2 cells were treated
with Ang II, Ang II+ shRNA NC, Ang II+ inhibitor NC, Ang II+miR-211 inhibitor, Ang II+ sh-VEGFR1, or Ang II+miR-211 inhibitor+sh-
VEGFR1. Untreated cells were used as the control. A Cell size analysis. B The relative mRNA expression of VEGFB and SDF-1α (n= 3). C Western
blot analysis of VEGFB and SDF-1α (n= 3). GAPDH was used as a loading and normalization control. (n= 3). D The relative mRNA expression of
ANP, BNP, β-MHC, and Col1 (n= 3). E Western blot analysis of ANP, BNP, β-MHC, and Col1 (n= 3). GAPDH was used as a loading and
normalization control. Data were from at least three independent assays. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 5 TINCR regulated cardiac hypertrophy by targeting miR-211-VEGFB-SDF-1α signalling and increasing CXCR4 expression. H9C2 cells
were treated with Ang II, Ang II+ vector, Ang II+ shRNA NC, Ang II+ TINCR, Ang II+ sh-CXCR4, or Ang II+ TINCR+ sh-CXCR4. Untreated cells
were used as the control. A Cell size analysis. B The relative mRNA expression of VEGFB and SDF-1α in H9C2 cells (n= 3). C Western blot
analysis of VEGFB and SDF-1α (n= 3). GAPDH was used as a loading and normalization control. D The relative mRNA expression of ANP, BNP, β-
MHC, and Col1 in H9C2 cells (n= 3). E Western blot analysis of ANP, BNP, β-MHC, and Col1 (n= 3). GAPDH was used as a loading and
normalization control. F The relative mRNA expression of VEGFB, SDF-1α, and CXCR4 in cardiac tissues from rats with the indicated treatment
(n= 3). G Western blot analysis of VEGFB, SDF-1α, and CXCR4 in cardiac tissues from rats with the indicated treatment (n= 3). GAPDH was
used as a loading and normalization control. Data were from at least three independent assays. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 6 TINCR inhibited the activation of miR-211-3p-VEGFB-SDF-1α-CXCR4 signalling to suppress TAC-induced cardiac hypertrophy in
rats. A Heart photos and heart weight to tibial length from rats with the indicated treatment. B H&E staining of heart sections and cross-
sectional areas of cardiomyocytes. C The relative mRNA expression of VEGFB, SDF-1α, and CXCR4 in cardiac tissues (n= 3). D Western blot
analysis of VEGFB, SDF-1α, and CXCR4 in cardiac tissues (n= 3). GAPDH was used as a loading and normalization control. E The relative mRNA
expression of ANP and β-MHC in cardiac tissues (n= 3). F Western blot analysis of ANP and β-MHC in cardiac tissues (n= 3). GAPDH was used
as a loading and normalization control. G IHC staining of ANP and β-MHC. *P < 0.05, **P < 0.01, and ***P < 0.001.
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heart and will be involved in our future investigations. In addition,
since lncRNAs generally target several miRNAs and miRNAs generally
have various downstream targets, other signalling cascades may be
targeted by TINCR and miR-211-3p to regulate cardiac hypertrophy,
which will be further explored in our future studies.

DATA AVAILABILITY
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