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p53-mediated miR-18 repression activates HSF2 for
IGF-IIR-dependent myocyte hypertrophy in
hypertension-induced heart failure

Chih-Yang Huang1, Pei-Ying Pai2, Chia-Hua Kuo3, Tsung-Jung Ho4,5, Jing-Ying Lin6, Ding-Yu Lin7, Fu-Jen Tsai4, V Vijaya Padma8,
Wei-Wen Kuo9,11 and Chih-Yang Huang*,4,7,10,11

Hypertension-induced cardiac hypertrophy and attenuated cardiac function are the major characteristics of early stage heart
failure. Cardiomyocyte death in pathological cardiac conditions is the primary cause of heart failure and mortality. Our previous
studies found that heat shock factor 1 (HSF1) protected cardiomyocytes from death by suppressing the IGF-IIR signaling pathway,
which is critical for hypertensive angiotensin II-induced cardiomyocyte apoptosis. However, the role of heat shock factor 2 (HSF2)
in hypertension-induced cardiac hypertrophy is unknown. We identified HSF2 as a miR-18 target for cardiac hypertrophy. p53
activation in angiotensin II (ANG II)-stimulated NRVMs is responsible for miR-18 downregulation both in vitro and in vivo, which
triggers HSF2 expression and the activation of IGF-IIR-induced cardiomyocyte hypertrophy. Finally, we provide genetic evidence
that miR-18 is required for cardiomyocyte functions in the heart based on the gene transfer of cardiac-specific miR-18 via
adenovirus-associated virus 2 (AAV2). Transgenic overexpression of miR-18 in cardiomyocytes is sufficient to protect against
dilated cardiomyopathy during hypertension-induced heart failure. Our results demonstrated that the p53-miR-18-HSF2-IGF-IIR
axis was a critical regulatory pathway of cardiomyocyte hypertrophy in vitro and in vivo, suggesting that miR-18 could be a
therapeutic target for the control of cardiac functions and the alleviation of cardiomyopathy during hypertension-induced heart
failure.
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Cardiac hypertrophy is an adaptive response to increase wall
stress. In the beginning stages, cardiac hypertrophy has
beneficial effects on the maintenance of cardiac output by
increasing the size of cardiomyocytes to strengthen contrac-
tions in a process called physiological hypertrophy. However,
prolonged stress induces systolic dysfunction, leading to
pathological hypertrophy and eventually heart failure.
Recent studies have reported that heat shock provided a

protective effect during heart failure via the enhanced
synthesis of heat shock proteins (HSPs).1–4 The heat shock
and stress responses can be modulated by the heat shock
transcription factors (HSFs), which specifically recognize the
heat shock elements (HSEs) located upstream of target
genes. Among the HSFs (HSF1–HSF4), HSF1 and HSF2 are
most the studied factors due to their co-expression in most
tissues and cell lines.4,5 HSF1 is the main factor responsible
for the HSF-HSE signal upon heat shock, whereas HSF2
is more prominently activated during mouse heart
development.6,7 Early findings indicated that HSF1 was the
cardioprotective factor during heart failure.8 However, the role
of HSF2 in heart failure has not been extensively investigated.

MicroRNAs (miRNAs) are 21–23 nucleotide long RNA
molecules that regulate the stability or translational efficiency
of target mRNAs through base pairing with their 3′UTRs.9

miRNAs have crucial functions in diverse cellular processes,
including cellular differentiation, proliferation, apoptosis and
development. Several miRNAs have integrated roles in the
regulation of cardiac functions and the progression of heart
failure, such as miR204, miR210, miR494, miR15, miR214
and the miR17-92 cluster.10–13 However, relatively little is
known about the roles of miRNAs in cardiac injury and their
functional consequences in hypertension-induced heart
failure.
In this study, we found that HSF2 activated IGF-IIR to induce

cardiac hypertrophy during hypertension-induced heart fail-
ure. HSF2 expression appeared to be primarily mediated by
miR-18, whose expression was severely attenuated by p53
activation in the heart of spontaneously hypertensive rats
(SHR). Loss of miR-18 in the heart severely impaired cardiac
functions via IGF-IIR-mediated cardiac hypertrophy during
hypertension. Restoration of cardiac-specific miR-18 expres-
sion in spontaneously hypertensive rats alleviated the cardiac
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defects. Thus, our study uncovered an unanticipated
p53-miR-18-HSF2-IGF-IIR pathway in the heart that
profoundly influenced cardiac hypertrophy during
hypertension-induced heart failure.

Results

Recruitment of HSF2 to the Igf2r promoter (nt − 493 to
−463) triggered ANG II-induced IGF-IIR signaling. Our
previous studies indicated that HSF1 acted as a repressor to
suppress IGF-IIR expression and prevented hypertension-
induced heart failure via binding to the heat shock element
(HSE) located in the (nt −733 to −706) region of the Igf2r
promoter.8 Intriguingly, another HSE was identified ~0.5 kb
upstream of the Igf2r open reading frame that was not
recognized by HSF1 (Supplementary Figure 1A). We hypothe-
sized that other HSFs participated in the control of Igf2r
expression. Among the HSFs, HSF1 and HSF2 are abundant
in many tissues and cell systems, including the brain and
heart. To investigate the influence of HSF2 on IGF-IIR gene
expression, we silenced HSF2 expression by using a siRNA
targeting HSF2 (Figure 1a). HSF2 knockdown clearly alle-
viated the ANG II-induced upregulation of Igf2r promoter
activity (31.18±2.2 versus 16.43±2.5-fold change; Po0.01)
and ANG II-induced target expressions (Supplementary
Figure 1B). Moreover, the HIF-1 transcription level, which
was negatively regulated by HSF2,14 was significantly elevated
in HSF2-silenced cells (Supplementary Figure 1B). Luciferase
analysis of the generated Igf2r promoter deletion segments
showed that the Igf2r-0.6 kb promoter activities (35.91±7.9
versus 22.78±2.23-fold change; Po0.001) and Igf2r-1.3 kb
(34.78±1.21 versus 23.89±1.26-fold change; Po0.001)
were induced by ANG II. However, the Igf2r-0.4 kb promoter
activity was not stimulated by ANG II, which indicated that the
Igf2r promoter region between −0.6 kb and −0.4 kb influ-
enced its activities under stress (Figure 1b). Using sequence
scanning, we identified a putative conserved HSE located at
Igf2r (nt −493 to −463) that could be recognized by HSF2
(Figure 1c). To verify that ANG II-induced Igf2r upregulation
through HSF2, we analyzed the protein–DNA interaction using
chromatin immunoprecipitation (ChIP). As shown in Figure 1c,
this interaction was only detected at the promoter region (nt
−508 to −364) and not at the region (nt −748 to −585)
recognized by HSF1. Moreover, this protein–DNA interaction
was only detected during ANG II treatment.
Two conserved putative HSF-binding sites (5′-nGAAn-3′)

were located in this region (nt −493 to −463) (Figure 1d). To
determine which binding site (BS) was involved in the HSF2-
mediated Igf2r upregulation, the promoter activities of the
mBS1, mBS2 and mBS1/BS2 mutants were analyzed. Both
mBS1 (~15.50±2.76 versus 34.78±1.21-fold change;
Po0.01) and mBS2 (~22.20±3.11 versus 34.78±1.21-fold
change; Po0.05) partially attenuated the ANG II-induced
IGF-IIR promoter activities (Figure 1d). However, mBS1/BS2
significantly abolished the IGF-IIR promoter activities
(~7.01±1.59 versus 34.78±1.21-fold change; Po0.01),
suggesting that HSF2 recognition of both BS1 and BS2 was
required to influence Igf2r expression. In line with these results,
the interaction between HSF2 and the Igf2r promoter was

validated using the biotin-labeled Igf2r promoter sequence
(nt −493 to −463) via EMSA (Figure 1e). However, the
supershift was clearly diminished by a cold probe competitor.
We subsequently activated HSF2 using KCL to observe IGF-

IIR expression.15 KCL obviously activated HSF2 to increase
IGF-IIR expression (Figure 1f), and HSF2 activation markedly
augmentedANG II-upregulated IGF-IIR expression. In contrast,
HSF2 knockdown significantly alleviated ANG II-induced IGF-
IIR upregulation. Taken together, these results demonstrated
that HSF2 regulated IGF-IIR expression via recognizing its
binding site in the promoter region (nt −493 to −463).

Nuclear translocation of HSF2 promoted ANG II-induced
cardiomyocyte hypertrophy via the IGF-IIR signaling
pathway. To confirm that HSF2 translocated into the nucleus
to manipulate IGF-IIR expression, we analyzed the distribu-
tion of HSF2 after ANG II exposure (Figure 2a). The confocal
images showed that cells displaying nuclear HSF2 foci were
clearly upregulated following ANG II exposure (81.47±4.89
versus 49.37± 9.31%; Po0.01 and 85.11± 12.11 versus
49.37±9.31%; Po0.01). The fractionation results showed
that the amount of nuclear HSF2 gradually increased
(Figure 2b; Supplementary Figure 2A).
Our previous studies demonstrated that activated IGF-IIR

recruited Gαq to trigger the intracellular PKCα/CaMKII
signaling cascades, thereby contributing to pathological
hypertrophy.16 Therefore, the expression of the hypertrophic
markers atrial natriuretic peptide (ANP), brain natriuretic
peptide (BNP) and cardiac-troponin I (cTnI) was assessed.
The BNP level was markedly reduced when HSF2 was
silenced after ANG II exposure (Figure 2c). However, HSF2
overexpression significantly upregulated ANPand BNP during
ANG II exposure. Phosphorylation of cardiac-troponin I (cTnI),
which has been reported to increase cTnI phosphorylation by
PKCand to contribute to contractile defects in hypertrophy and
heart failure,17 was also elevated (Figure 2d).
To validate these findings, we transduced H9c2 with

lentiviral plasmids carrying a HSF2 shRNA (Supplementary
Figure 2B). HSF2 deficiency contributed to reduced IGF-IIR
protein expression, which was similar to the results obtained
with IGF-IIRKD (Supplementary Figure 2C). Knockdown of
HSF2 with the lentiviral shRNA also clearly reduced the
expression of the hypertrophic markers ANP, BNP and cTnI
(Supplementary Figure 2D). Next, we measured the cardio-
myocyte sizes using rhodamine phalloidin staining
(Figure 2e). These results revealed that HSF2 upregulated
the numbers of cells undergoing ANG II-induced cell
hypertrophy (66.42±9.12 versus 49.37±9.31%; Po0.05),
whereas knockdown of HSF2 markedly reduced the numbers
of cells undergoing ANG II-induced cell hypertrophy
(27.13±6.69 versus 49.37±9.31%; Po0.01). Taken
together, these results indicated that HSF2 activation con-
tributed to cardiac hypertrophy via IGF-IIR signaling.

miR-18 downregulation triggered HSF2 expression and
IGF-IIR-dependent cardiomyocyte hypertrophy. Previous
studies showed that HSF2 was downregulated by miR-18
through sequence-specific targeting within the 3′-untrans-
lated region (3′-UTR) of the hsf2 gene transcript during
development.18 We assessed whether ANG II increased
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HSF2 expression via miR-18. miR-18 belongs to the miR17-
92 cluster, which comprises six miRNAs (miR-17, -18a, -19a,
-20a, -19b and -92a) and is transcribed as a polycistron that
is subsequently processed to form the individual miRNAs.9

Only miR-17 and miR-18 were abundantly detected in
NRVMs and H9c2 cells. However, ANG II exposure resulted
in severe decreases in these miRNAs (especially miR-18)
(Figure 3a; Supplementary Figure 3A). The decrease in
miR-18 by ANG II exhibited a dose-dependent response
(Supplementary Figure 3B).

To assess whether ANG II negatively regulated miR-18 to
elevate HSF2 expression, the GFP intensity of the GFP-hsf2-
3′UTR containing a miR-18 targeting region was evaluated
after miR17-92 cluster overexpression (Figures 3b and c;
Supplementary Figure 2C). At baseline, the miR17-92 cluster
slightly reduced the GFP intensity of GFP-hsf2-3′UTR
(84.74±3.00 and 78.08± 2.33%) (Figure 3c, left panel).
However, overexpression of miR17-92 severely suppressed
the ANG II-induced fluorescence intensity in a dose-
dependent manner (92.45± 4.00 versus 136.82±5.74%;

Figure 1 HSF2 was required for ANG II-mediated IGF-IIR expression via transcriptional upregulation. (a) NRVMs were simultaneously transfected with the pGL4-IGF-IIR
promoter construct (pGF4.1–1.3 kb) and siRNA against HSF2 for 24 h and then treated with 100 nM ANG II for 24 h. The cell lysates were assayed for luciferase activity.
Quantification of the results is shown (n= 3). *Po0.05 and **Po0.01. NC: negative control. (b) The schematic diagram of deletion mutations of IGF-IIR promoter constructs.
NRVMs were transfected with each IGF-IIR promoter construct for 24 h and then treated with 100 nM ANG II for 24 h. Promoter activity was assessed by luciferase activity.
Quantification of the results is shown right (n= 3). *Po0.05 and ***Po0.001. (c) Sequence analysis and transcription factor site prediction identified one putative HSF2 binding
element at the IGF-IIR promoter (nt -493 to -463). After treatment with ANG II, the NRVMswere lysed and analyzed by chromatin immunoprecipitation (ChIP). HSF2 binding to the
IGF-IIR promoter was quantified using PCR. (d) The schematic diagram of point mutations on putative HSEs located on the IGF-IIR promoter. Two HSEs located on the IGF-IIR
promoter were mutated to measure its DNA-binding ability (HSE-mBS1, HSE-mBS2 and HSE-mBS1/2). These IGF-IIR promoter construct activities were analyzed by luciferase
activity in NRVMs. Quantification of the results is shown right (n= 3). *Po0.05, **Po0.01 and ***Po0.001. (e) The NRVM nuclear fraction was incubated with a biotin-labeled
HSF2 probe with the IGF-IIR sequence (nt -493 to -463). After incubation, the mixture was analyzed using an electrophoretic mobility shift assay (EMSA). (f) NRVMs were
transfected with a siRNA against HSF2 or treated with the HSF2 activator KCL for 24 h and then challenged with 100 nM ANG II for 24 h. The IGF-IIR protein level was detected
by immunoblotting. Quantification of the results is shown right (n= 3). *Po0.05 and **Po0.01. Data represent means± S.D. All presented blots and micrographs are
representative of three sets of independent experiments
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Po0.01 and 82.03±5.01 versus 136.82±5.74%; Po0.001),
which clearly indicated the involvement of miR-18 in ANG II-
induced HSF2 upregulation. The phenomenon had no
significant effect in GFP-hsf2-mu-3′UTR-expressing cells,
indicating that these targeting regions were critical for
miR-18 recognition (Figure 3c, right panel). Moreover, western
blotting showed that HSF2 protein expression was down-
regulated (Figure 3d; Supplementary Figure 3D). These data
suggest that endogenous HSF2 is regulated by miR-18 at the
mRNA and protein levels. Based on the real-time PCR
analysis, miR-18 expression was ~ 2.2-fold higher after
transfection compared with the control (Figure 3e).

Additionally, the miR17-92 cluster reduced ANG II-induced
upregulation of the cardiac hypertrophy markers BNP
(161.33± 14.11 versus 65.52± 16.31%; P o0.001) and
ANP (221.91± 15.41 versus 107.92± 17.32%; P o0.001),
implying that the miR17-92 cluster negatively regulated HSF2
expression to modulate cardiac hypertrophy (Figure 3e). Next,
we utilized a miR-18 mimic and inhibitor to monitor ANG II-
induced cardiac hypertrophy. Consistently, the miR-18 mimic
significantly decreased ANG II-induced IGF-IIR and BNP
upregulation via HSF2, whereas the miR-18 inhibitor aug-
mented the effect of ANG II (Figures 3f and g). Moreover, the
number of hypertrophic cardiomyocytes was markedly

Figure 2 HSF2 nuclear translocation and activation were indispensable for ANG II-mediated IGF-IIR hypertrophic signaling. (a) NRVMswere treated with ANG II for 24 h and
then the localization of HSF2 was observed by confocal microscopy. A total of 100 cells were counted for the assessment of clear nuclear foci of HSF2. Quantification of the results
is shown right (n= 3). *Po0.05 and **Po0.01. (b) H9c2 cells were treated with ANG II for 24 h. The cells were fractionated into the cytosolic and nuclear fraction. (c) NRVMs
were transfected with a siRNA against HSF2 for 24 h and then treated with ANG II for 24 h. The hypertrophic marker BNP was detected by immunoblotting. Quantification of the
results is shown right (n= 3). **Po0.01. (d) NRVMs were transfected with Flag-HSF2 for 24 h and then treated with ANG II for 24 h. The hypertrophic markers BNP, ANP and
p-cTnI were detected by immunoblotting. Quantification of the results is shown right (n= 3). *Po0.05 and **Po0.01. (e) NRVMs were transfected with a HSF2 siRNA or Flag-
HSF2 for 24 h and then treated with ANG II for 24 h. The cardiomyocyte size was measured using rhodamine phalloidin staining. A total of 100 cells were counted for statistic
analysis. Quantification of the results is shown right (n= 3). *Po0.05, **Po0.01 and ***o0.001. Data represent means± S.D. All presented blots and micrographs are
representative of three sets of independent experiments
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ameliorated in miR-18 mimic-expressing NRVMs under ANG
II exposure (15.67±3.41 versus 23.43± 4.07%; Po0.05),
whereas, miR-18 neutralization by the miR-18 inhibitor
significantly upregulated the number of hypertrophic cardio-
myocytes under ANG II exposure (30.56±4.53 versus
23.43±4.07%; Po0.05). Taken together, these results
demonstrated that ANG II destroyed miR-18 targeting to the
miR-18-HSF2-3′UTR to upregulate HSF2 expression, leading
to the activation of IGF-IIR-mediated cardiac hypertrophy.

p53 activation negatively regulated miR-18 to upregulate
HSF2. Previous studies demonstrated that several transcrip-
tion factors directly bound to the miR17-92 promoter, such as

stat3,19,20 c-myc,21,22 E2F23–25 and p53.26,27 Therefore, we
examined which transcription factor directly influenced
miR-18 expression during ANG II treatment. As shown in
Figure 3a, ANG II clearly activated p53, which was the
negative regulator of the miR17-92 cluster (Figure 4a). STAT3
and c-myc were slightly influenced, implying that they were
not involved in the regulation of miR17-92 during ANG II
exposure. We added the p53 inhibitor pifithrin-α (PFT) to
evaluate the expression profiles of miRNAs derived from
miR17-92 (Figure 4b). Based on the quantitative PCR
(qPCR) results, PFT markedly restored the expression of
these miRNAs, especially miR-18 (ANG II versus ANG II
+PFT: 10.77±2.62 versus 60.17±15.42%; Po0.001). HSF2

Figure 3 miR-18 downregulation by ANG II resulted in an increase in HSF2 that contributed to IGF-IIR-mediated cardiac hypertrophy. (a) NRVMs were treated with ANG II for
24 h. The expression profiles of the miR17-92 cluster were detected by qRT-PCR. Quantification of the results is shown right (n= 3). ***o0.001. (b) Sequence alignment of the
miR-18 targeting site in the 3′UTR of human, mouse and rat HSF2. The hsf2-3′UTR (~300 bp) is inserted into the pEGFP-C1 vector downstream of GFP. The hsf2mu-3′UTR was
generated by point mutation in the seed region of the miR-18 targeting sequence. (c) NRVM cells were transfected with pcDNA3-miR17 ~ 92 and GFP-hsf2-3′UTR or GFP-hsf2-
mu-3′UTR for 24 h. Then, the cells were treated with ANG II for 24 h and the fluorescent intensities were assessed. Quantification of the results is shown right (n= 3). *Po0.05,
**Po0.01 and ***o0.001. (d) NRVMs were transfected with 3 μg and 5 μg of pcDNA3-miR17-92 for 24 h and then the cell were treated with ANG II for 24 h. The HSF2
expression level was measured by immunoblotting. (e) NRVMs were transfected with pcDNA3-miR17-92 for 24 h and then the cells were treated with ANG II for 24 h. The relative
expression levels of ANP, BNP, HSF2 and miR-18 were detected by qRT-PCR. Quantification of the results is shown right (n= 3). *Po0.05, **Po0.01 and ***o0.001. (f) NRVMs
were transfected with a scrambled mimic or miR-18 mimic for 24 h and then the cells were treated with ANG II for 24 h. The expression levels of HSF2, IGF-IIR and the
hypertrophic markers BNP and cTnI were detected by immunoblotting. (g) NRVMswere transfected with a scrambled antagonist or miR-18a antagonist for 24 h and then the cells
were treated with ANG II for 24 h. The expression levels of HSF2, IGF-IIR and the hypertrophic markers BNP and cTnI were detected by immunoblotting. (h,i) NRVMs were
transfected with the scrambled, miR-18 mimic or miR-18 antagonist for 24 h and then the cells were treated with ANG II for 24 h. The cardiomyocyte size was measured using
rhodamine phalloidin staining. A total of 100 cells were counted for statistical analysis. Quantification of the results is shown right (n= 3). *Po0.05 and **Po0.01. Data represent
means±S.D. All presented blots and micrographs are representative of three sets of independent experiments
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and IGF-IIR were inhibited when challenged with PFT or p53
knockdown (Figure 4c; Supplementary Figure 3E). In con-
trast, the overexpression of p53 clearly magnified ANG
II-induced IGF-IIR and HSF2 expression (Figure 4d). Addi-
tionally, p53 overexpression severely amplified the expres-
sion levels of the ANG II-induced cardiac hypertrophy
markers ANP (ANG II versus GFP-p53+ANG II: 1.43± 0.13
versus 3.01±0.92-fold change) and BNP (ANG II versus
GFP-p53+ANG II: 2.55±0.67 versus 7.41±1.59; Po0.001)
(Figure 4e), which demonstrated that p53 participated in

hypertension-induced cardiac hypertrophy via modulating
HSF2 and IGF-IIR.
To confirm that the transcriptional activity of p53 was

indispensable for mediating HSF2 and IGF-IIR, the defective
form of p53 (p53S240R with only 50% p53 activity) and the
dominant negative form p53R249S were utilized to observe the
influence of p53 on HSF2 and IGF-IIR.28 The immunoblotting
and qPCR results showed that p53WT significantly enhanced
ANG II-induced HSF2 and IGF-IIR expression. In contrast,
p53S240R and p53R249S had no influence on their expression

Figure 4 miR-18 is negatively regulated by p53 to manipulate HSF2 expression and thus IGF-IIR-induced cardiac hypertrophy. (a) H9c2 cells and NRVMs were treated with
various dosages of ANG II for 24 h. The regulatory factors of the miR17-92 cluster were detected by immunoblotting. (b) NRVMs were treated with 100 nM ANG II and 10 μM of
the p53 inhibitor pifithrin-α (PFT) for 24 h. The miRNA expression levels were analyzed by qRT-PCR. Quantification of the results is shown (n= 3). *Po0.05, **Po0.01 and
***Po0.001. (c) NRVMs were treated with 100 nM ANG II and PFT for 24 h and then analyzed by immunoblotting. (d) NRVMs were transfected with GFP-p53 for 24 h and then
treated with 100 nM ANG II for 24 h. The cell lysates were analyzed by immunoblotting. (e) NRVMs were transfected with GFP-p53 for 24 h and then treated with 100 nM ANG II
for 24 h. The relative expression levels of ANP, BNP, HSF2 and IGF-IIR were detected by qRT-PCR. Quantification of the results is shown (n= 3). *Po0.05 and **Po0.01. (f)
NRVMs were transfected with p53-WT, p53-S240R (only 50% of the p53 transcriptional activity) and p53-R249S (no p53 transcriptional activity) for 24 h and then treated with
100 nM ANG II for 24 h. (g) NRVMs were transfected with p53-WT, p53-S240R and p53-R249S for 24 h and then treated with 100 nM ANG II for 24 h. The relative expression
levels of HSF2 and IGF-IIR were detected by qRT-PCR. Quantification of the results is shown (n= 3). *Po0.05. (h) NRVMs were transfected with p53-WT or p53-S240R for 24 h
and then treated with 100 nM ANG II for 24 h. miR-18 expression was verified by qRT-PCR. Quantification of the results is shown (n= 3). *Po0.05 and **Po0.01. (i) NRVMs
were transfected with GFP-hsf2-3’UTR and p53-WT or p53-S240R for 24 h and then treated with 100 nM ANG II for 24 h. The cell lysates were assayed for fluorescent activity.
Quantification of the results is shown (n= 3). *Po0.05 and ***Po0.001. Data represent means±SD. All presented blots and micrographs are representative of three sets of
independent experiments
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(Figures 4f and g). Similar results were observed using a
lentiviral shRNA against p53, implying that p53 was a positive
regulator of ANG II-induced HSF2 and IGF-IIR upregulation

(Supplementary Figure 3E). miR-18 expression was conver-
sely lower and its target hsf2-3’UTR was higher when
incubated with p53WT compared with p53S240R (Figures 4h

Figure 5 miR-18 was negatively correlated with HSF2 expression in a spontaneous hypertension-induced heart failure animal model. (a) The angiotensin II receptor blocker
(ARB) irbesartan was consecutively administered to 16-week-old spontaneously hypertensive rats (SHRs) for 6 weeks. The animals were sacrificed and the heart tissues were
isolated for further analysis. The miR-18 expression pattern was detected by fluorescence in situ hybridization (FISH). (b) The rat left ventricular heart tissues were homogenized
and extracted for analysis. miR-18 expression was verified by qRT-PCR. Quantification of the results is shown (n= 4 per group). *Po0.05 and **Po0.01. (c,d) The
cardiomyopathy markers ANP and BNP were detected by qRT-PCR. Quantification of the results is shown (n= 4 per group). **Po0.01. (e,f) HSF2 and IGF-IIR expression was
detected by qRT-PCR. Quantification of the results is shown (n= 4 per group). **Po0.01. (g,h) Rat left ventricular heart tissues were homogenized and extracted for analysis.
The p53, p-p53, HSF2, IGF-IIR, ANP, BNP and cTnI expression levels were measured by western blotting analysis. Quantification of the results is shown (n= 4 per group).
**Po0.01 and ***Po0.001. Data represent means±S.D. All presented blots and micrographs are representative of three sets of independent experiments
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and 5i). miR-18 expression was retained in NRVMs expres-
sing p53S240R even following exposure to ANG II (p53WT

versus p53S240R: 20.43±6.06 versus 74.00± 6.76%;
Po0.01). In contrast, the fluorescent intensity of hsf2-3’UTR
was higher in NRVMs expressing p53S240R even following
exposure to ANG II (p53WT versus p53S240R: 166.43± 6.06
versus 126.00±6.79%; Po0.001). Taken together, these

results revealed that p53, which was the negative regulator of
miR-18, was activated to upregulate HSF2 expression,
thereby contributing to IGF-IIR-induced cardiac hypertrophy.

miR-18 mediated HSF2 expression in IGF-IIR-induced
cardiac hypertrophy in vivo. To validate these results
in vivo, we consecutively administered the angiotensin II

Figure 6 Restoration of cardiac AAV2-MLC0.26-miR-18 transduction improves cardiac function. (a) The schematic diagram of cardiac-specific AAV2-MLC0.26-pre-miR-18.
Gross morphology of heart samples 8 weeks post-injection. Scale bars: 0.5 mm. (b) miR-18 expression in the hearts was detected by qRT-PCR. Quantification of the results is
shown (n= 3 per group). ***Po0.001. (c) HE and masson’s trichrome staining of heart samples from SHRs injected with AAV2-miR-18 and WKY rats injected with AAV2-miR-18
or the AAV2-vector control. Scale bars: 50 μm. (d) Fibrosis of the heart samples by assessing masson’s trichrome staining. Quantification of the results is shown (n= 4 per
group). **Po0.01 and ***Po0.001. (e) M-mode echocardiography images and left ventricular FS and EF of SHRs injected with AAV2-miR-18 and WKY rats injected with AAV2-
miR-18 or the AAV2-vector control. Quantification of the results is shown (n= 5 per group). *Po0.05 and **Po0.01. (f) ANP and BNP mRNA levels in the hearts of SHRs
injected with AAV2-miR-18 and WKY rats injected with AAV2-miR-18 or the AAV2-vector control. Quantification of the results is shown (n= 3 per group). ***Po0.001. (g) HSF2
and IGF-IIR mRNA levels in the hearts of SHRs injected with AAV2-miR-18 and WKY rats injected with AAV2-miR-18 or the AAV2-vector control. Quantification of the results is
shown (n= 3 per group). ***Po0.001. (h) Immunoblotting to detect p-p53 protein expression in the hearts of SHRs injected with AAV2-miR-18 and WKY rats injected with AAV2-
miR-18 or the AAV2-vector control. Quantification of the results is shown (n= 3 per group). *Po0.05, **Po0.01 and ***Po0.001. (i) A working model signifying the p53-miR 18-
HSF2-IGF-IIR pathway in the regulation of cardiac hypertrophy and heart failure. Values represent means±S.D. All presented blots and micrographs are representative of three
sets of independent experiments
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receptor blocker (ARB) irbesartan to 10-week-old sponta-
neously hypertensive rats (SHRs) for 6 weeks. The echo-
cardiographic analysis showed that the left ventricular
fractional shortening (FS%) and ejection fraction (EF%),
which are measurements of systolic heart function, were
significantly decreased in the SHRs. The heart functions
were almost fully rescued when the rats were administered
the ARB (Supplementary Figures 4A and B). Then, we
sacrificed the rats and isolated their heart tissues for analysis.
Remarkably, miR-18 displayed a low density in the SHRs but
was restored when the SHRs were administered the ARB
based on the detection of fluorescence in situ hybridization
(FISH) assay and the results of the quantitative RT-PCR
(Figures 5a and b). Expression of the cardiomyopathy
markers ANP and BNP became progressively elevated in
the SHR hearts but was significantly decreased in the
SHR/ARB hearts (Figures 5c and d). Furthermore, expres-
sion of HSF2 and its downstream factor IGF-IIR showed
similar results (Figures 5e and f).
We surveyed the protein expression levels in the left

ventricular heart tissues (Figure 5g). p53 and HSF2 were
remarkably upregulated. The IGF-IIR-mediated cardiac hyper-
trophic markers BNP, ANP and cTnI were significantly
elevated. However, ARB (irbesartan) treatment completely
inhibited the expression of these proteins to suppress IGF-IIR-
induced cardiac hypertrophy (Figures 5g and h). Overall,
these results demonstrated that hypertension-induced p53
activation contributed to miR-18 downregulation, which in turn
remarkably elevated HSF2 expression and activation. Finally,
HSF2 upregulated IGF-IIR, thereby contributing to cardiac
hypertrophy.

Cardiac-specific expression of miR-18 by AAV transduc-
tion rescued hypertension-induced cardiac dysfunction.
Because miR-18 has the potential to serve as a therapeutic
candidate for cardiac hypertrophy, we generated AAV2
vectors to induce cardiac-specific expression of pre-miR-18
(~300 bp) under the control of the cytomegalovirus (CMV)-
enhanced 260 bp myosin light chain (CMVenh/MLC0.26)
promoter.29 We injected 1012 genomic particles of AAV2
intravenously into 15-week-old SHR rats and sacrificed the
rats after 8 weeks for analysis (Supplementary Figure 5A).
The miR-17 did not elevate after miR-18 injected
(Supplementary Figure 5B) and these miR-18 specific
expressed in heart tissue (Supplementary Figure 5C). The
hearts from the AAV2-MLC-miR-18-transduced SHRs
showed a well-preserved cardiomyocyte (Figures 6a–c) and
reduced perivascular fibrosis compared with the hearts from
the SHR animals (Figure 6d). The transduction of AAV2-
MLC-miR-18 into the SHR rats resulted in better cardiac
functions and pressures as assessed by echocardiography,
including the FS and EF (Figure 6e). The levels of the ANP
and BNP markers for cardiomyopathy and heart failure were
significantly lower in the AAV2-MLC-miR-18 SHR animals
compared with the AAV2-MLC-vector SHR animals based on
the quantitative RT-PCR (Figure 6f). The IGF-IIR and HSF2
expression levels were also dramatically reduced in the
AAV2-MLC-miR-18 SHR animals (Figure 6g). Interestingly,
p53 activation was also observed in the AAV2-MLC-miR-18
SHR animals (Figure 6h). The fibrosis markers connective

tissue growth factor (CTGF) and matrix metalloproeinase 9
(MMP-9) were significantly reduced in the AAV2-MLC-miR-18
SHR animals (Figure 6h). Taken together, these results
suggest that rats with cardiac-specific transduction of miR-18
in the heart exhibited preserved cardiac functions and
protection from hypertension-induced cardiac dysfunction.

Discussion

Our study provided the first in vivo data to demonstrate that
cardiomyocyte-specific overexpression of miR-18 is sufficient
to protect cardiac hypertrophy and cardiac function, uncover-
ing a new insight into the mechanism of miRNA-regulated
cardiac hypertrophy. We showed that miR-18 was required for
HSF2 suppression and indispensable for the regulation
IGF-IIR signaling during cardiac hypertrophy and cardiac
functions by maintenance of cardiomyocyte shapes for heart
function. Interestingly, activation of p53 markedly down-
regulated the biogenesis of the miR17-92 cluster including
miR-18, which resulted in HSF2 stability. HSF2 selectively
activates the biogenesis of IGF-IIR for cardiac hypertrophy
during hypertension-induced heart failure. Our results suggest
that the modulation of the p53-miR-18-HSF2-IGF-IIR pathway
in the heart is essential for cardiomyocyte morphology and
cardiac function, which profoundly influence cardiac
hypertrophy during hypertension-induced heart failure.
Transcriptional regulation of HSPs by HSFs in response to

stresses and exposure to pharmacological agents is an
evolutionarily conserved process in eukaryotic cells.30–32 In
mammalian cells, HSF1 is themajor factor that controls stress-
inducible HSP expression, whereas HSF2 has been reported
to be a more selective transcriptional regulator that does not
control the expression of classical HSPs.15,32,33 After the
discovery of two conserved HSE consensus sequences in the
IGF-IIR promoter region (nt− 493 to−463), we suggested that
HSF2 bound to these sites to regulate IGF-IIR transcription.
The results from our chromatin-IP and electrophoretic mobility
shift assays confirmed that these sites in the IGF-IIR promoter
were HSEs for HSF2 binding. Our previous results identified
another HSE (nt − 733 to − 706) located on IGF-IIR that could
be recognized by HSFs.8,34 However, the effects of these sites
on the promoters were profoundly distinct. Our results showed
that HSF2 positively regulated IGF-IIR transcription, which led
to cardiac hypertrophy under hypertension-induced heart
failure conditions, whereas HSF1 markedly inhibited IGF-IIR
transcription to protect cardiomyocytes from hypertension-
induced heart failure. These findings are consistent with
previous evidence that different HSFs can have targets in
common35–37 and that the functions of HSF1 and HSF2 on
promoters are different.5,32,38–41 The sequence analysis
results showed that the HSE on the IGF-IIR promoter
recognized by HSF2 was less extensive and loosened the
HSE sequence recognized by HSF1, which was similar to
earlier studies that revealed that HSF2 was able to bind
shorter HSEs than HSF1.5,38,39 The recognition of less
extensive HSEs by HSF2 could provide an advantage when
accessing HSEs in compacted chromatin regions. However,
we cannot exclude the possibility that HSF1–HSF2 formed
heterotrimers on the same HSE because HSF1 can directly
interact with HSF2 for gene regulation.3–5,32
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Moreover, we found that the mechanism underlying HSF2
regulation was elegant. In further support of the hypothesis
that the p53-miR-18-HSF2-IGF-IIR2 pathway controls cardio-
myopathy in the heart, we noted that miR-18 transgenic mice
exhibited alleviated dilated cardiomyopathy and heart failure
in vivo. ThemiR17-92 cluster is the first group of miRNAs to be
implicated in a developmental syndrome in humans.42 Several
findings support a critical role for the miR17-92 cluster in the
development of cardiac and smooth muscle tissues, suggest-
ing that strict regulation of miR17-92 expression levels is
required for normal cardiovascular development and
function12,43,44 and protects the heart by diminishing apopto-
sis and alleviating ischemia/reperfusion injury.45 Therefore,
miR17-92 might be a new regulatory target for patients with
myocardial infarction. Our results indicated decreased
miR-18, which in turn promoted IGF-IIR signaling to augment
cardiac hypertrophy during hypertension-induced heart fail-
ure. Supporting these results, decreased miR-18a, miR19a
and miR19b expression accelerated aging-induced cardiac
remodeling.10 van Almen GC et al. indicated that miRNA
expression of the miR-17–92 cluster changes with cardiac
aging and associates decreased miR-18a, miR-19a and
miR-19b expression with age-related remodeling in the
heart.10 Moreover, miR-18 targeting of HSF2 expression was
established by Bjork et al., who showed that increased HSF2
transcription in spermatogenesis was controlled by miR-18.18

More recently, Chen et al., demonstrated that the miR17-92
cluster was required and sufficient for cardiomyocyte
proliferation in the adult heart,43 which supported our results
of AAV2 cardiac-specific miR-18 gene delivery to alleviate
hypertension-induced cardiomyopathy. Collectively, our
results suggest that proper and balanced expression of
miR-18 and HSF2 is essential for cardiac functions. These
findings provide evidence for the involvement of miRNAs in the
regulation of cardiac function and identify them as potential
new therapeutic targets for the modulation of cardiac
functions. We predict that dysregulation of these miRNAs will
be associated with cardiomyopathy in human patients.
In summary, our findings revealed that the p53-miR-18-

HSF2-IGF-IIR pathway controlled cardiomyopathy in the heart
in vitro and in vivo, implying the therapeutic potential of miR-18
for the control of cardiac functions during hypertension-
induced heart failure. Our study may shed light on the
functional mechanisms of miR-18 and heart failure. Notably,
investigating and understanding this regulation will enable the
identification of new therapeutic targets to treat cardiovascular
diseases.

Materials and Methods
Experimental animals and oral administration of anti-
hypertension drugs. All animal experiments were performed in accordance
with the Guide for the Care and Use of Laboratory Animals (National Institutes of
Health Publication No. 85-23, revised 1996) under a protocol approved by the
Animal Research Committee of China Medical University, Taichung, Taiwan.
Spontaneously hypertensive rats (SHR) and normotensive control Wistar Kyoto

rats (WKY) were used in our experiments. The rats were housed at a constant
temperature (22 °C) on a 12-h light/dark cycle with food and tap water. The animals
were arranged into three groups: WKY rats, SHR rats, and SHR rats treated with
irbesartan (SHR/ARB). Each group contained five female 12-week old animals. The
angiotensin II receptor blocker (ARB) drug irbesartan (40 mg/kg/d; Merck,
Jacarepaguá, Brazil) was placed in the drinking water.

Neonatal rat ventricular myocyte primary culture. NRVMs were
prepared and cultured using a Neonatal Rat/Mouse Cardiomyocyte Isolation Kit
(Cellutron Life Technology, Baltimore, MD, USA). The hearts from 1- to 3-d-old
Sprague Dawley rats were dissected and transferred to a sterile beaker. Each heart
was digested in the beaker with stirring at 37 °C for 12 min. The supernatant was
then transferred to a new sterile tube and spun at 1200 r.p.m. for 1 min. The cell
pellets were then resuspended in D3 buffer and preplated for 1 h by seeding on an
uncoated plate at 37 °C in a CO2 incubator to select cardiac fibroblasts. The
unattached cells were transferred to plates that were precoated with NS medium
(supplemented with 10% fetal bovine serum). After overnight culture, the NS
medium was replaced with serum-free NW medium. The cardiomyocyte cultures
were ready for experiments 48 h after the initial plating.

Expression plasmids and gene construction. Flag-HSF2 was a gift
from Dr. Ying-Lei Miao (Department of Gastroenterology, the First Affiliated Hospital
of Kunming Medical University, Yunnan, China). p53-GFP was a gift from Geoff
Wahl (Addgene plasmid # 11770). pcDNA3.1/V5-His-TOPO-mir17-92 was a gift
from Joshua Mendell (Addgene plasmid # 21109).46 The p53-wt, p53S240R and
p53R249S were gifted from Jiunn-Liang Ko (Institute of Toxicology, Chung Shan
Medical University, Taiwan). The IGF-IIR luciferase reporter constructs, pGL4.1-IGF-
IIR-1.3 kb, pGL4.1-IGF-IIR-0.6 kb and pGL4.1-IGF-IIR-0.4 kb were generated as
previously described.17 pGL4.1-IGF-IIR-0.6 kb-mBS1, pGL4.1-IGF-IIR-0.6 kb-mBS2
and pGL4.1-IGF-IIR-0.6 kb-mBS1/2 were generated by the QuickChange II site-
direct mutagenesis kit (Agilent Technologies, Santa Clara, CA, USA). The pLKO.1
plasmids expressing shRNA against p53, HSF2 and IGF-IIR were purchased from
Sinica (Taiwan, ROC).
The cells were grown to 80% confluence on the day of transfection. Briefly, the

siRNA and plasmids were transfected into H9c2 and NRVMs cells using PureFection
(LV750A-1, System Biosciences, CA, USA).

Cardiac-specific AAV2 vectors generation and recombinant
AAV2 virus purification. Human pre-miR-18 was generated by PCR
(5'AAV-miR-18-XbaI: 5′-ATCTCTAGAAAATTTAGCAGGAAAAAAGAGAACAT-3′;
3'AAV-miR-18-HindIII: 5′-GGCAAGCTTACAATAAAAGTACACAA AATTAGT-3′) and
subcloned into a pAAV2ss-CMV-MLC260 vector, which contained one cardiac-
specific promoter myosin light chain 260 promoter (SB-P-AA-003-01, SIRION
Biotech, Martinsried, Germany).
The viruses were all produced by the triple transfection method, MLC260-pre-

miR-18 and the helper plasmids pCR2-miR342 and pHelper, using 293T cells.
Seventy-two hours after transfection, the cells were collected by centrifugation and
recombinant AAV2 vectors were produced and purified using AAVpro purification kit
(6232, Takara, Japan). AAV2 Titration was performed by quantitative PCR (qPCR) on
vector genomes.

In vivo gene transfer. All procedures were approved by the local animal care
committee. All procedures involving the use and care of animals were performed
according to the Guide for the Care and Use of Laboratory Animals published by the
National Research Council (NIH Publication No. 85-23, revised 1996). 15-week-old
female WKY and SHR rats (200–250 g) were administered 1012/0.5 ml viral
genomes of AAV2 via tail vein injection, starting with n= 6 per group. Control
animals were injected with 0.5 ml phosphate-buffered saline supplemented with 5%
sorbitol. The injections into the veins were carried out using 28 Gauge needles. All
the rats recovered from the injection quickly without loss of mobility or interruption of
grooming activity. Eight weeks post-injection, animals were euthanized and various
organs (heart, skeletal muscle, lung, liver, spleen and kidney) were harvested for
analysis.

Construction of miR-18 GFP reporters. A construct containing 3′UTR of
HSF2 was made by amplifying from mRNA region (350 base pairs) by the primers
as followed: 5'HSF2-UTR(1)-KpnI 5′-AGTGG TACCATCCCCAGGAAGTGGA
CTTTAC-3′and 3′HSF2-UTR(350)-BamHI 5′-ACAGGATCCGCAAATAGACAGCAT
CA AACAG-3′. Then, the 3′UTR of HSF2 miR-18 targeting region was subcloned
into pEGFP-C1 containing a gfp gene between KpnI and BamHI restriction sites.
The mutation on miR-18-targeting site of 3’UTR of HSF2 was generated by the

QuikChange II site-direct mutagenesis kit (Agilent Technologies, CA, USA). These
primers used as followed: 5'HSF2-UTR-mutant: 5′-GTTAGTGAGAAAAGCA
AAAAGGGTTTTTATTCCACAGTATCTGATTAAACAAAACAAAGC-3′; 3′HSF2-UTR-
mutant: 5′-GCTTTGTTTTGTTTAATCAGATACTGTGGAAT AAAAACCCTTTTTG
CTTTTCTCACTAAC-3′.
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RNA extraction, RT-PCR and qRT-PCR. Total RNA was extracted using
the Direct-zol RNA MiniPrep Kit (Zymo Research Corporation, Irvine, CA, USA)
according the manufacturer’s instructions. Briefly, 1 μg of total RNA was incubated
with 0.5 μg of oligo dT (MD.Bio., Taipei, Taiwan) at 70 °C for 15 min. Then, the RNA
was mixed with buffer containing 0.25 mM dNTPs (MD. Bio., Taipei, Taiwan), 20 U of
RNasin I Plus RNase Inhibitor (Promega, WI, USA) and 20 U of M-MLV Reverse
Transcriptase (Promega) and incubated at 42 °C for 90 min for cDNA synthesis.
This mixture was then used for specific cDNA amplification in a GeneAmp PCR
system 2400 (Perkin Elmer, Waltham, MA, USA).
For mRNA quantification, Real-time PCR was performed using a standard

LightCycler 480 SYBR Green I Master protocol on an LightCycler 96 System Roche,
Basel, Switzerland). The 10 μl PCR included 2 μl RT product, 5 μl 2 × SyberGreen
PCR Mix, 0.5 μl 10 μM forward primer, 0.5 μl 10 μM reverse primer and 2 μl ddH2O.
All reactions were run in triplicate. The cycle number at which the reaction crossed the
threshold cycle (Ct) was determined for each gene and the relative amount of each
gene to GAPDH was described using the equation 2ΔCt whereΔCt= (Ctinterested gene
– CtGAPDH).

miRNA detection by qRT-PCR. Detection of the mature miRNAs was
performed by reverse transcription using the miRNA cDNA synthesis kit (Takara,
Shiga, Japan) according to the manufacturer's instructions, and the RT-qPCR
reaction was performed using a standard LightCycler 480 SYBR Green I Master
protocol on an LightCycler 96 System (Roche, Basel, Switzerland). The 10 μl PCR
included 2 μl RT product, 5 μl 2 × SyberGreen PCR Mix, 0.5 μl 10 μM forward
primer, 0.5 μl 10 μM reverse primer and 2 μl ddH2O. The reactions were incubated
in a 32-well plate at 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s, 55 °C
for 15 s and 72 °C for 30 s. All reactions were run in triplicate. The cycle number at
which the reaction crossed the threshold cycle (Ct) was determined for each gene
and the relative amount of each miRNA to U6 rRNA was described using the
equation 2ΔCt where ΔCt= (CtmiRNA – CtU6 rRNA). The primer we used to detect
miRNA expression as lists: Rho-miR17-5p (5′-CAAAGTGCTTACAGTGCAGGT
AG-3′), Rho-miR-18-5p (5′-CTATCTGCACTAGATGCACCTTA-3′), Rho-miR19a-3p
(5′-TGTGCAAATCTATGCAAAACTGA-3′), Rho-miR20a-5p (5′-TAAAGTGCTTAT
AGTGCAGGTAG-3′), Rho-mir-92a-1-3p (5′-TATTGCACTTGTCCCGGCCTG-3′).

miRNA in situ hybridization analysis. To prepare the probes we used
the following synthesized oligonucleotides, which sequences are complementary to
each 21 nucleotide mature miRNA of interest, rho-miR-18a-5p: 5′-TAA
GGT GCA TCT AGT GCA GAT A-3′. Locked nucleic acid (LNA)–modified
oligonucleotide probes labeled with FITC at their 3′-ends were obtained from
Molecular Biology of ThermoElectron GmbH. Five-micrometer-thin sections of FFPE
rat heart tissues adhered to glass slides were deparaffinized in three consecutive
xylene baths for 1 min each, followed by 1 min each in serial dilutions of ethanol
(100%, 100%, 95%, 95%). Slides were incubated with 100 μg/ml Protease K (in
50 mM Tris pH= 7.5) at 25 °C) for 30 min, washed thrice with ddH2O, submerged in
75% ethanol for 1 min, and air-dried completely. Slides were then hybridized in
incubation chambers at 75 °C for 5 min, using 1 μg/ml LNA–modified probes diluted
with Hybridization buffer (6 × SSC, 10% Goat Serum, 50% Formamide), and then
incubated at 37 °C overnight in an oven. After hybridization, slides were rinsed
thrice in 0.5 × SSC, washed for 30 min at 50 °C in 0.5 × SSC, and rinsed twice in
TBS. Nucleus are labeled with DAPI.

miR-18 mimic and antimir transfection. Chemically modified sense
RNA (rho-miR-18 mimic) or antisense RNA (rho-miR-18 antimir) was synthesized
by (Qiagen, Hilden, Germany). Transfection with the miR-18 mimic or antimir was
performed using PureFection Reagent (System Biosciences, Palo Alto, CA, USA).
Briefly, 10 nM of miR-18 mimic or antimir was mixed with 20 μl PureFection in
100 μl serum-free culture medium for 10 min at room temperature to form
transfection complexes. The cells were incubated with the transfection complexes
for 48 h.

Cell culture and transient transfection. H9c2 cardiomyoblast cells
derived from embryonic BD1X rat heart tissue were obtained from the American
Type Culture Collection (ATCC, Manassas, VA, USA) and cultured in Dulbecco’s
modified essential medium supplemented with 10% fetal bovine serum, 2 mM
glutamine,100 U/ml penicillin, 100 mg/ml streptomycin and 1 mM pyruvate in
humidified air (5% CO2) at 37 °C.
The cells were grown to 80% confluence on the day of transfection. Plasmids and

siRNAs were transfected using the PureFection transfection reagent according to the

manufacturer’s instructions (System Biosciences). All siRNAs were purchased from
Sigma (St. Louis, MO, USA).

Antibodies and reagents. The following antibodies were used in this study:
anti-IGF-IIR (#ab124767, Abcam, Cambridge, UK), anti-HSF2 (#sc-13056, Santa
Cruz, CA, USA), anti-p53 (#2524, Cell Signaling Technology, MA, USA), anti-
phospho-p53 (#9284, Cell Signaling Technology, Danvers, MA, USA), anti-BNP (sc-
18818, Santa Cruz), anti-ANP (sc-20158, Santa Cruz), anti-β-actin (sc-47778,
Santa Cruz), anti-cTnI (ab19615, Abcam), anti-HDAC1, anti-GAPDH (sc-137179,
Santa Cruz), anti-STAT3 (sc-483, Santa Cruz), anti-c-myc (sc-42, Santa Cruz), anti-
Tubulin (sc-5286, Santa Cruz) and anti-phospho-cTnI (#4004, Cell Signaling
Technology). All secondary antibodies (HRP-conjugated anti-rabbit, anti-mouse and
anti-goat) were purchased from Santa Cruz Biotechnology. All reagents were
purchased from Sigma.

Luciferase and fluorescence reporter assay. Briefly, cells were co-
transfected with both luciferase reporter constructs and internal control luciferase
plasmids. After transfection and treatment, the cells were assayed for luciferase
activity using a Dual-Glo luciferase assay system (Promega). Plates were read on a
Reporter Microplate Luminometer (Turner Biosystems, Sunnyvale, CA, USA). To
control for potential variations in transfection or lysis efficiency, the luciferase signals
were normalized to the internal control luciferase signal.

The HSF2-3′UTR GFP reporters were transfected into cell, and then assayed for
the GFP activity by Reporter Microplate Luminometer (Turner Biosystems). The GFP
signals were normalized to the GFP control signal.

Western blot analysis and immunoprecipitation. For these analyses,
30 μg of the total lysates or 10 μg of the subcellular fractions was separated
through 6–12% SDS-PAGE, then transferred to a PVDF membrane (GE,
Amersham, UK). The membranes were blocked using 5% non-fat milk and blotted
with specific antibodies overnight at 4 °C. Then, the protein signals were measured
using horseradish peroxidase-conjugated secondary antibodies (1:10 000, GE
Healthcare, Amersham, UK) and the Immobilon Western Chemiluminescent HRP
Substrate (Milliore, Billerica, MA, USA). Densitometric analysis of the immunoblots
was performed with the AlphaImager2200 digital imaging system (Digital Imaging
System, San Diego, CA, USA). The digital images were processed in Adobe
Photoshop 7.0. Each blot was stripped using Restore Western Blot Stripping Buffer
(Pierce, Rockford, IO, USA) and incubated with other antibodies.47,48 The results
were analyzed and quantified using Image J software (NIH, Bethesda, MD, USA).

Immunoprecipitation was performed from H9c2 cell lysates using the
PureProteome Protein G Magnetic Bead System (Millipore) according to the
manufacturer’s instructions.48 First, 300 μg of the cell lysate was prepared. The lysate
was then combined and allowed to interact with 2 μg of a specific primary antibody,
and the mixture was incubated on a rotator at 4 °C overnight. Immunoprecipitated
proteins were eluted from the magnetic beads at 95 °C for 5 min and separated by
SDS-PAGE. The proteins were transferred to a PVDF membrane and probed with
specific antibodies.

Indirect immunofluorescence and confocal microscopy. Cells
were fixed with 4% paraformaldehyde for 15 min at room temperature and
permeabilized with 0.1% Triton X-100 for 15 min at room temperature before
staining with a specific antibody.47 Then, the cells were washed and stained with
Alexa 546 rabbit anti-mouse IgG secondary antibodies (Invitrogen, Carlsbad, CA,
USA). Images were captured using a Leica SP2 Confocal Spectral Microscope. The
images were processed using Adobe Photoshop.

Nuclear extraction. H9c2 cells and NRVMs grown in 10-cm cell culture dishes
were harvested by scraping in 1 ml of 1 × ice-cold PBS after treatment. Nuclear
fractions were prepared in a cytosol extraction buffer (CEB) containing 1 mM DTT
and protease inhibitors, then separated from cytosolic fractions by a nuclear
extraction buffer (NEB) supplemented with 1 mM DTT and protease inhibitors using
the Nuclear/Cytosol Fractionation Kit (BioVision, Milpitas, CA, USA) according to the
manufacturer’s direction. The nuclear fractions were quantified by Bradford assays
(Bio-Rad) and 30 μg of extracted nuclear proteins was separated on 8% SDS-PAGE
for western blot analysis.

Chromatin immunoprecipitation assay. A ChIP assay was performed
using lysates from H9c2 cells that were treated with ANG II. The assay was
performed using EZ ChIP Chromatin (Millipore) according to the manufacturer’s
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instructions. The cells were washed in PBS three times and incubated for 10 min
with 1% formaldehyde. After quenching with 0.1 M glycine, the cross-linked material
was sonicated into chromatin fragments with an average length of 500–800 bp. The
chromatin was kept at − 80 °C. The chromatin solution (100 μl of chromatin sample
and 900 μl of dilution buffer) was pre-cleared by adding Protein G agarose for 2 h at
4 °C, and immunoprecipitation was then performed with Protein G agarose and
1–10 μg of the indicated antibodies overnight at 4 °C on a rotating wheel. The
immunoprecipitated material was washed five times with cold washing buffer. The
crosslinks were reversed by incubating the samples with 8 μl of 5 M NaCl for 5 h at
65 °C, and 10 μg of RNase A was added to eliminate the RNA. The recovered
material was treated with proteinase K, placed in spin columns, and precipitated.
The pellets were resuspended in 50 μl of double-distilled water and analyzed
using PCR.

Electrophoretic mobility shift assay. Cells were harvested and nuclear
extracts were prepared using NE-PER nuclear and cytoplasmic reagents (Pierce). A
mixture containing 5 μg nuclear extract and 3 μg poly dIdC in binding buffer (20 mM
HEPES pH 7.9, 100 mM KCl, 1 mM EDTA, 1 mM DTT, 4% (v/v) Ficoll, 1 ×
PhosSTOP (Roche)) was incubated for 20 min on ice. DNA–protein complexes were
separated on a pre-run 4% polyacrylamide gel in 0.5 × TBE with recirculation of the
buffer. The gel was dried and signals were visualized using a PhosphorImager.

Assessment of cardiomyocyte size in vitro. Neonatal rat ventricular
cardiac myocytes were grown on slides for 24 h. After 24 h attachment, cells were
treated with ANG II for 24 h and then fixed with 4% paraformaldehyde and stained
for the rhodamine phalloidin (1:50 dilution, Molecular Probes, Invitrogen, Carlsbad,
CA, USA). Images were analyzed to determine cell surface area. Cell images from
at least ten randomly chosen fields (×40 objective) of 60 cardiomyocytes were
measured in three separate experiments using NIH image software.

Statistical analysis. All experiments were performed at least three times.
Statistical analysis was performed using GraphPad Prism5 statistical software (San
Diego, CA). Statistical significance was set at Po0.05. Multiple comparisons of the
data were analyzed through ANOVA assays. Tukey's Honestly Significant Difference
tests (Tukey HSD) for post-hoc comparison were used with a significance level of
5%. All results were quantified using Image J (NIH, MA, USA) and processed using
Adobe Photoshop.

Conflict of Interest
The authors declare no conflict of interest.

Acknowledgements. The experiments and data analysis were performed
using the Medical Research Core Facilities Center, Office of Research &
Development at China Medical University, Taichung, Taiwan. This study is supported
in part by Taiwan Ministry of Health and Welfare Clinical Trial and Research Center of
Excellence (MOHW106-TDU-B-212-113004), and China Medical University Hospital
(DMR-106-136).

1. Kroeger PE, Morimoto RI. Selection of new HSF1 and HSF2 DNA-binding sites reveals
difference in trimer cooperativity. Mol Cell Biol 1994; 14: 7592–7603.

2. Wang G, Ying Z, Jin X, Tu N, Zhang Y, Phillips M et al. Essential requirement for both hsf1
and hsf2 transcriptional activity in spermatogenesis and male fertility. Genesis 2004; 38:
66–80.

3. Wilkerson DC, Murphy LA, Sarge KD. Interaction of HSF1 and HSF2 with the Hspa1b
promoter in mouse epididymal spermatozoa. Biol Reprod 2008; 79: 283–288.

4. Korfanty J, Stokowy T, Widlak P, Gogler-Piglowska A, Handschuh L, Podkowinski J et al.
Crosstalk between HSF1 and HSF2 during the heat shock response in mouse testes. Int J
Biochem Cell Biol 2014; 57: 76–83.

5. Ostling P, Bjork JK, Roos-Mattjus P, Mezger V, Sistonen L. Heat shock factor 2 (HSF2)
contributes to inducible expression of hsp genes through interplay with HSF1. J Biol Chem
2007; 282: 7077–7086.

6. Sistonen L, Sarge KD, Morimoto RI. Human heat shock factors 1 and 2 are differentially
activated and can synergistically induce hsp70 gene transcription. Mol Cell Biol 1994; 14:
2087–2099.

7. Eriksson M, Jokinen E, Sistonen L, Leppa S. Heat shock factor 2 is activated during mouse
heart development. Int J Dev Biol 2000; 44: 471–477.

8. Huang CY, Kuo WW, Yeh YL, Ho TJ, Lin JY, Lin DY et al. ANG II promotes IGF-IIR
expression and cardiomyocyte apoptosis by inhibiting HSF1 via JNK activation and SIRT1
degradation. Cell Death Differ 2014; 21: 1262–1274.

9. Mogilyansky E, Rigoutsos I. The miR-17/92 cluster: a comprehensive update on its
genomics, genetics, functions and increasingly important and numerous roles in health and
disease. Cell Death Differ 2013; 20: 1603–1614.

10. van Almen GC, Verhesen W, van Leeuwen RE, van de Vrie M, Eurlings C, Schellings MW
et al. MicroRNA-18 and microRNA-19 regulate CTGF and TSP-1 expression in age-related
heart failure. Aging Cell 2011; 10: 769–779.

11. Pullamsetti SS, Doebele C, Fischer A, Savai R, Kojonazarov B, Dahal BK et al. Inhibition of
microRNA-17 improves lung and heart function in experimental pulmonary hypertension.
Am J Respir Crit Care Med 2012; 185: 409–419.

12. Danielson LS, Park DS, Rotllan N, Chamorro-Jorganes A, Guijarro MV,
Fernandez-Hernando C et al. Cardiovascular dysregulation of miR-17-92 causes a lethal
hypertrophic cardiomyopathy and arrhythmogenesis. FASEB J 2013; 27: 1460–1467.

13. Li M, Hu X, Zhu J, Zhu C, Zhu S, Liu X et al. Overexpression of miR-19b impairs cardiac
development in zebrafish by targeting ctnnb1. Cell Physiol Biochem 2014; 33: 1988–2002.

14. Chen R, Liliental JE, Kowalski PE, Lu Q, Cohen SN. Regulation of transcription of hypoxia-
inducible factor-1alpha (HIF-1alpha) by heat shock factors HSF2 and HSF4. Oncogene
2011; 30: 2570–2580.

15. Sadamitsu C, Nagano T, Fukumaki Y, Iwaki A. Heat shock factor 2 is involved in the
upregulation of alphaB-crystallin by high extracellular potassium. J Biochem 2001; 129:
813–820.

16. Chu CH, Tzang BS, Chen LM, Kuo CH, Cheng YC, Chen LY et al. IGF-II/mannose-6-
phosphate receptor signaling induced cell hypertrophy and atrial natriuretic peptide/BNP
expression via Galphaq interaction and protein kinase C-alpha/CaMKII activation in H9c2
cardiomyoblast cells. J Endocrinol 2008; 197: 381–390.

17. Layland J, Solaro RJ, Shah AM. Regulation of cardiac contractile function by troponin I
phosphorylation. Cardiovasc Res 2005; 66: 12–21.

18. Bjork JK, Sandqvist A, Elsing AN, Kotaja N, Sistonen L. miR-18, a member of Oncomir-1,
targets heat shock transcription factor 2 in spermatogenesis. Development 2010; 137:
3177–3184.

19. Brock M, Trenkmann M, Gay RE, Michel BA, Gay S, Fischler M et al. Interleukin-6 modulates
the expression of the bone morphogenic protein receptor type II through a novel
STAT3-microRNA cluster 17/92 pathway. Circ Res 2009; 104: 1184–1191.

20. Cai Y, Chen H, Jin L, You Y, Shen J. STAT3-dependent transactivation of miRNA
genes following Toxoplasma gondii infection in macrophage. Parasites Vectors 2013;
6: 356.

21. Jung YJ, Kim JW, Park SJ, Min BY, Jang ES, Kim NY et al. c-Myc-mediated overexpression
of miR-17-92 suppresses replication of hepatitis B virus in human hepatoma cells. J Med
Virol 2013; 85: 969–978.

22. Kumar P, Luo Y, Tudela C, Alexander JM, Mendelson CR. The c-Myc-regulated
microRNA-17 ~ 92 (miR-17 ~ 92) and miR-106a ~ 363 clusters target hCYP19A1 and
hGCM1 to inhibit human trophoblast differentiation. Mol Cell Biol 2013; 33: 1782–1796.

23. Sylvestre Y, De Guire V, Querido E, Mukhopadhyay UK, Bourdeau V, Major F et al. An E2F/
miR-20a autoregulatory feedback loop. J Biol Chem 2007; 282: 2135–2143.

24. Woods K, Thomson JM, Hammond SM. Direct regulation of an oncogenic micro-RNA cluster
by E2F transcription factors. J Biol Chem 2007; 282: 2130–2134.

25. Aguda BD, Kim Y, Piper-Hunter MG, Friedman A, Marsh CB. MicroRNA regulation of a
cancer network: consequences of the feedback loops involving miR-17-92, E2F, and Myc.
Proc Natl Acad Sci USA 2008; 105: 19678–19683.

26. Yan HL, Xue G, Mei Q, Wang YZ, Ding FX, Liu MF et al. Repression of the miR-17-92 cluster
by p53 has an important function in hypoxia-induced apoptosis. EMBO J 2009; 28:
2719–2732.

27. Garg N, Po A, Miele E, Campese AF, Begalli F, Silvano M et al. microRNA-17-92 cluster is a
direct Nanog target and controls neural stem cell through Trp53inp1. EMBO J 2013; 32:
2819–2832.

28. Ko JL, Chiao MC, Chang SL, Lin P, Lin JC, Sheu GT et al. A novel p53 mutant retained
functional activity in lung carcinomas. DNA Repair 2002; 1: 755–762.

29. Geisler A, Jungmann A, Kurreck J, Poller W, Katus HA, Vetter R et al. microRNA122-
regulated transgene expression increases specificity of cardiac gene transfer upon
intravenous delivery of AAV9 vectors. Gene Ther 2011; 18: 199–209.

30. Chi NC, Karliner JS. Molecular determinants of responses to myocardial ischemia/
reperfusion injury: focus on hypoxia-inducible and heat shock factors. Cardiovasc Res 2004;
61: 437–447.

31. Fujimoto M, Inouye S, Nakai A. Physiological roles of heat shock transcription factors.
Seikagaku 2004; 76: 419–428.

32. Loison F, Debure L, Nizard P, le Goff P, Michel D, le Drean Y. Up-regulation of the clusterin
gene after proteotoxic stress: implication of HSF1-HSF2 heterocomplexes. Biochem J 2006;
395: 223–231.

33. Fujimoto M, Nakai A. The heat shock factor family and adaptation to proteotoxic stress.
FEBS J 2010; 277: 4112–4125.

34. Huang CY, Kuo WW, Lo JF, Ho TJ, Pai PY, Chiang SF et al. Doxorubicin attenuates CHIP-
guarded HSF1 nuclear translocation and protein stability to trigger IGF-IIR-dependent
cardiomyocyte death. Cell Death Dis 2016; 7: e2455.

35. Pirkkala L, Nykanen P, Sistonen L. Roles of the heat shock transcription factors in regulation
of the heat shock response and beyond. FASEB J 2001; 15: 1118–1131.

36. Akerfelt M, Henriksson E, Laiho A, Vihervaara A, Rautoma K, Kotaja N et al. Promoter
ChIP-chip analysis in mouse testis reveals Y chromosome occupancy by HSF2. Proc Natl
Acad Sci USA 2008; 105: 11224–11229.

miR-18 suppresses HSF2 to protect cardiomyocytes
C-Y Huang et al

12

Cell Death and Disease



37. Yamamoto N, Takemori Y, Sakurai M, Sugiyama K, Sakurai H. Differential recognition of heat
shock elements by members of the heat shock transcription factor family. FEBS J 2009; 276:
1962–1974.

38. Kroeger PE, Sarge KD, Morimoto RI. Mouse heat shock transcription factors 1 and 2 prefer a
trimeric binding site but interact differently with the HSP70 heat shock element. Mol Cell Biol
1993; 13: 3370–3383.

39. Vihervaara A, Sergelius C, Vasara J, Blom MA, Elsing AN, Roos-Mattjus P et al.
Transcriptional response to stress in the dynamic chromatin environment of cycling and
mitotic cells. Proc Natl Acad Sci USA 2013; 110: E3388–E3397.

40. Huang CY, Chen JY, Kuo CH, Pai PY, Ho TJ, Chen TS et al. Mitochondrial ROS-induced
ERK1/2 activation and HSF2-mediated AT1 R upregulation are required for doxorubicin-
induced cardiotoxicity. J Cell Physiol 2017; 9999: 1–13.

41. Huang CY, Lee FL, Peng SF, Lin KH, Chen RJ, Ho TJ et al. HSF1 phosphorylation by ERK/
GSK3 suppresses RNF126 to sustain IGF-IIR expression for hypertension-induced
cardiomyocyte hypertrophy. J Cell Physiol 2017; 9999: 1–11.

42. Ventura A, Young AG, Winslow MM, Lintault L, Meissner A, Erkeland SJ et al. Targeted
deletion reveals essential and overlapping functions of the miR-17 through 92 family of
miRNA clusters. Cell 2008; 132: 875–886.

43. Chen J, Huang ZP, Seok HY, Ding J, Kataoka M, Zhang Z et al.mir-17-92 cluster is required
for and sufficient to induce cardiomyocyte proliferation in postnatal and adult hearts. Circ Res
2013; 112: 1557–1566.

44. Zhu H, Han C, Lu D, Wu T. miR-17-92 cluster promotes cholangiocarcinoma growth:
evidence for PTEN as downstream target and IL-6/Stat3 as upstream activator. Am J Pathol
2014; 184: 2828–2839.

45. Zhou M, Cai J, Tang Y, Zhao Q. MiR-17-92 cluster is a novel regulatory gene of cardiac
ischemic/reperfusion injury. Med Hypotheses 2013; 81: 108–110.

46. O'Donnell KA, Wentzel EA, Zeller KI, Dang CV, Mendell JT. c-Myc-regulated microRNAs
modulate E2F1 expression. Nature 2005; 435: 839–843.

47. Liua SP, Hus CY, Fu RH, Huang YC, Chen SY, Lin SZ et al. Sambucus williamsii induced
embryonic stem cells differentiated into neurons. BioMedicine 2015; 5: 19–23.

48. Lin TY, Fan CW, Maa MC, Leu TH. Lipopolysaccharide-promoted proliferation of Caco-2
cells is mediated by c-Src induction and ERK activation. BioMedicine 2015; 5: 33–38.

Cell Death and Disease is an open-access journal
published by Nature Publishing Group. This work is

licensed under a Creative Commons Attribution 4.0 International
License. The images or other third party material in this article are
included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from
the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

r The Author(s) 2017

Supplementary Information accompanies this paper on Cell Death and Disease website (http://www.nature.com/cddis)

miR-18 suppresses HSF2 to protect cardiomyocytes
C-Y Huang et al

13

Cell Death and Disease

http://creativecommons.org/licenses/by/4.0/

	p53-mediated miR-18 repression activates HSF2 for IGF-IIR-dependent myocyte hypertrophy in hypertension-induced heart failure
	Main
	Results
	Recruitment of HSF2 to the Igf2r promoter (nt −493 to −463) triggered ANG II-induced IGF-IIR signaling
	Nuclear translocation of HSF2 promoted ANG II-induced cardiomyocyte hypertrophy via the IGF-IIR signaling pathway
	miR-18 downregulation triggered HSF2 expression and IGF-IIR-dependent cardiomyocyte hypertrophy
	p53 activation negatively regulated miR-18 to upregulate HSF2
	miR-18 mediated HSF2 expression in IGF-IIR-induced cardiac hypertrophy in vivo
	Cardiac-specific expression of miR-18 by AAV transduction rescued hypertension-induced cardiac dysfunction

	Discussion
	Materials and methods
	Experimental animals and oral administration of anti-hypertension drugs
	Neonatal rat ventricular myocyte primary culture
	Expression plasmids and gene construction
	Cardiac-specific AAV2 vectors generation and recombinant AAV2 virus purification
	In vivo gene transfer
	Construction of miR-18 GFP reporters
	RNA extraction, RT-PCR and qRT-PCR
	miRNA detection by qRT-PCR
	miRNA in situ hybridization analysis
	miR-18 mimic and antimir transfection
	Cell culture and transient transfection
	Antibodies and reagents
	Luciferase and fluorescence reporter assay
	Western blot analysis and immunoprecipitation
	Indirect immunofluorescence and confocal microscopy
	Nuclear extraction
	Chromatin immunoprecipitation assay
	Electrophoretic mobility shift assay
	Assessment of cardiomyocyte size in vitro
	Statistical analysis

	Acknowledgements
	Notes
	References



 
    
       
          application/pdf
          
             
                p53-Mediated miR-18 repression activates HSF2 for IGF-IIR-dependent myocyte hypertrophy in hypertension-induced heart failure
            
         
          
             
                Cell Death and Disease ,  (2017). doi:10.1038/cddis.2017.320
            
         
          
             
                Chih-Yang Huang
                Pei-Ying Pai
                Chia-Hua Kuo
                Tsung-Jung Ho
                Jing-Ying Lin
                Ding-Yu Lin
                Fu-Jen Tsai
                V Vijaya Padma
                Wei-Wen Kuo
                Chih-Yang Huang
            
         
          doi:10.1038/cddis.2017.320
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 Official journal of the Cell Death Differentiation Association
          10.1038/cddis.2017.320
          2041-4889
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/cddis.2017.320
            
         
      
       
          
          
          
             
                doi:10.1038/cddis.2017.320
            
         
          
             
                cddis ,  (2017). doi:10.1038/cddis.2017.320
            
         
          
          
      
       
       
          True
      
   




