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Kameny RJ, He Y, Zhu T, Gong W, Raff GW, Chapin CJ,
Datar SA, Boehme JT, Hata A, Fineman JR. Analysis of the
microRNA signature driving adaptive right ventricular hypertrophy in
an ovine model of congenital heart disease. Am J Physiol Heart Circ
Physiol 315: H847–H854, 2018. First published June 15, 2018;
doi:10.1152/ajpheart.00057.2018.—The right ventricular (RV) re-
sponse to pulmonary arterial hypertension (PAH) is heterogeneous.
Most patients have maladaptive changes with RV dilation and RV
failure, whereas some, especially patients with PAH secondary to
congenital heart disease, have an adaptive response with hypertrophy
and preserved systolic function. Mechanisms for RV adaptation to
PAH are unknown, despite RV function being a primary determinant
of mortality. In our congenital heart disease ovine model with fetally
implanted aortopulmonary shunt (shunt lambs), we previously dem-
onstrated an adaptive physiological RV response to increased after-
load with hypertrophy. In the present study, we examined small
noncoding microRNA (miRNA) expression in shunt RV and charac-
terized downstream effects of a key miRNA. RV tissue was harvested
from 4-wk-old shunt and control lambs (n � 5), and miRNA, mRNA,
and protein were quantitated. We found differential expression of 40
cardiovascular-specific miRNAs in shunt RV. Interestingly, this
miRNA signature is distinct from models of RV failure, suggesting
that miRNAs might contribute to adaptive RV hypertrophy. Among
RV miRNAs, miR-199b was decreased in the RV with eventual
downregulation of nuclear factor of activated T cells/calcineurin
signaling. Furthermore, antifibrotic miR-29a was increased in the
shunt RV with a reduction of the miR-29 targets collagen type A1 and
type 3A1 and decreased fibrosis. Thus, we conclude that the miRNA
signature specific to shunt lambs is distinct from RV failure and drives
gene expression required for adaptive RV hypertrophy. We propose
that the adaptive RV miRNA signature may serve as a prognostic and
therapeutic tool in patients with PAH to attenuate or prevent progres-
sion of RV failure and premature death.

NEW & NOTEWORTHY This study describes a novel microRNA
signature of adaptive right ventricular hypertrophy, with particular
attention to miR-199b and miR-29a.

congenital heart disease; microRNA; pulmonary hypertension; right
ventricular hypertrophy

INTRODUCTION

Pulmonary arterial hypertension (PAH) is a rare but devas-
tating disease. The prognosis for untreated PAH is dismal, with
a mean survival of 2.8 yr (8). Although both PAH research and
clinical evaluation of patients with PAH have focused on
abnormal pulmonary vascular reactivity and remodeling, mor-
tality in patients with PAH is ultimately due to right ventricular
(RV) failure (RVF), and indexes of RV function in patients
with PAH, including right atrial pressure and cardiac index,
correlate most closely with survival and functional class (34).
Indeed, the prognostic significance of RV function across a
diverse group of cardiovascular diseases, including PAH (35),
left heart failure (14), and congenital heart disease (CHD), has
only recently been recognized (30). Furthermore, as survival
for patients with CHD improves, there is a growing population
of adult patients with CHD; 10% of adults with CHD develop
PAH, a proportion that is expected to rise (23). Understanding
the molecular mechanism of RV adaptation to PAH and CHD
continues to be an urgent clinical need.

The RV response to PAH is heterogeneous and unpredict-
able, even among patients with equivalent hemodynamic af-
terload and advanced pulmonary vasculopathy (7). Some pa-
tients with adaptive RV hypertrophy (RVH) remain clinically
stable for decades, whereas others with maladaptive RVH
rapidly progress to RVF, resulting in morbidity (29). This
adaptive RV phenotype is particularly notable in PAH second-
ary to CHD, similar to our shunt model (17). The morpholog-
ical and functional characteristics of adaptive RVH (concentric
hypertrophy and preserved ejection fraction and cardiac out-
put), unlike maladaptive RVH (fibrosis, RV dilation, and
decreased ejection fraction and cardiac output), are well
known, but the mechanisms underlying these differences are
poorly understood. Moreover, the potential of translating
mechanisms underlying adaptive RVH into therapeutic inter-
ventions remains unrealized.

The focus of the present study was to identify the microRNA
(miRNA) expression pattern in a model of CHD with fetally
implanted aortopulmonary shunt with adaptive RVH and to
compare that expression pattern with other animal models of
RVH and RVF due to PAH or pulmonary stenosis as well as
human RVF. Although there are some commonalities of
miRNA expression in cardiac hypertrophy regardless of the
inciting mechanism, it is increasingly recognized that each
disease state has a unique “miRNA signature” (21). By com-
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paring miRNA expression levels in our model with other
animal models of RVF, those targets that are differentially
regulated may prove important for distinguishing the adaptive
from maladaptive RV phenotype. Furthermore, we investigated
specific miRNA signaling pathways and their consequences on
RVH and pathobiology, including nuclear factor of activated T
cell (NFAT)-mediated transcription as well as cardiac fibrosis.
Using unbiased bioinformatics techniques with this unique
physiology, our investigations may yield insights that eventu-
ally alter therapeutic paradigms for both PAH and RVF in
CHD.

METHODS

Animal surgical preparations. The Committee on Animal Research
of the University of California (San Francisco,CA) approved all
protocols and procedures. A total of nine pregnant mixed-breed
Western ewes (137�141 days gestation, full term � 145 days) were
anesthetized. Fetal exposure was obtained through the horn of the
uterus, and a left lateral thoracotomy was performed on the fetal lamb.
With the use of side-biting vascular clamps, an 8.0-mm vascular graft
was anastomosed between the ascending aorta and main pulmonary
artery of the fetal lambs, as previously described in detail (28).
Control lambs were provided by twin gestation (n � 3) or age
matched (n � 3). Control lambs did not undergo a lateral thoracot-
omy. Left ventricular (LV) and RV tissues were harvested, and
hemodynamic measurements were performed when control and shunt
lambs were 4–6 wk old.

At the time of hemodynamic experiment, lambs were anesthetized
and catheters were placed into the right and left atrium and main
pulmonary artery, as previously described (28). An ultrasonic flow
probe (Transonics Systems, Ithaca, NY) was placed around the left
pulmonary artery to measure pulmonary blood flow.

At the end of the study, all lambs were euthanized with a lethal
injection of pentobarbital sodium (150 mg/kg) followed by bilateral
thoracotomy, as described in the National Institutes of Health Guide
for the Care and Use of Laboratory Animals.

Sample collection and general molecular methodologies. At the
conclusion of the study, heart tissue was harvested and divided into
chambers. A portion of the tissue was snap frozen and stored at
�80°C. Snap-frozen tissue was homogenized for protein experiments
according to the usual methods. Protein levels were determined using
Western blot analysis.

Quantitative real-time PCR. RNA was extracted from sheep hearts
using an RNeasy fibrous tissue mini kit (Qiagen, Toronto, ON,
Canada) according to the manufacturer’s protocols. Identical amounts
of purified total RNA were used as the starting material. First-strand
cDNA was synthesized from each sample and subjected to reverse
transcription using an RNA-to-cDNA ecoDry premix [oligo(dT)] kit
(Clontech Laboratories) according to the manufacturer’s protocol.
cDNA templates were mixed with gene-specific primers and FastStart
Universal SYBR green master mix with ROX reference dye (Roche).

Primers were designed with the public OligoPerfect Designer soft-
ware (Life Technologies). Reactions were completed with the iCycler
iQ real-time PCR detection system (Bio-Rad).

MiRNA quantitative real-time PCR. RNA was extracted as de-
scribed above. Reverse transcription was performed using the miR-
CURY LNA universal RT miRNA PCR, polyadenylation, and cDNA
synthesis kit (Exiqon). cDNA was prepared according to the protocol
for miRCURY LNA Universal RT microRNA PCR; amplification
was then performed in a LightCycler 480 real-time PCR system
(Roche). Amplification curves were analyzed using Roche LightCy-
cler software, both for the determination of the quantification cycle
and for melting-curve analysis. ��CT (where CT is threshold cycle)
was calculated using let-7a-5p, which was shown by Normfinder
software (Aarhus University Hospital) to have the lowest stability
value among six potential candidate reference genes (2), as a reference
and normalized to compare relative miRNA expression between shunt
and control tissue; UniSp6 was used as a loading control per protocol.

Immunohistochemistry. Sections from the RV and LV of juvenile
control and shunt lambs were fixed and prepared for immunohisto-
chemistry staining as previously described (5) and incubated with
Masson’s trichrome according to the usual protocol for fibrosis
quantification. Samples were sent to a blinded collaborator (Univer-
sity of California, Davis, CA), where interstitial myocardial fibrosis
was assessed by stereological analysis according to published tech-
niques (3, 22).

Western blot and densitometry analysis. Protein was determined by
Western blot analysis, as previously described (4). Primary antibodies
against dual-specificity tyrosine phosphorylation-regulated kinase 1a
(Dyrk1a), NFATc2, phosphorylated (Ser326) NFAT, collagen type 1A
(Col1A), and collagen type 3A (Col3A) were obtained from Santa
Cruz Biotechnology. Anti-�-actin was used as the reference protein
for loading controls. Quantification of protein band density in X-ray
films from ECL Western blots was quantified by a public domain Java
image-processing program (ImageJ, National Institutes of Health).
Immunoprecipitation experiments were performed to examine protein
interactions.

Chromatin immunoprecipitation (ChIP) was performed in RVs and
LVs from juvenile control and shunt sheep using the Upstate Biotech-
nology ChIP assay kit according to the manufacturer’s instructions;
rabbit polyclonal antibody against NFATc2 (Santa Cruz Biotechnol-
ogy) and IgG (Millipore) were used as negative controls. Equal
amounts of soluble chromatin were immunoprecipitated with antisera,
and immunocomplexes were immobilized and subjected to reverse
cross-linking. The associated DNA was purified, and PCR was carried
out using specific primers directed toward NFATc2-binding regions
within the promoter regions of Rho family GTPase 1 (RND1),
regulator of calcineurin 1 (RCAN1)/Down syndrome critical region
(DSCR), and nuclear receptor subfamily 4 group A (NR4A1 and
NR4A2) genes. ChIP output was normalized using primers directed
against the sheep input quantitative PCR fold change values. Quan-
titative real-time PCRs were performed with a single-color real-time
PCR detection system (MyiQ, Bio-Rad). Data were analyzed with IQ5

Table 1. Primers for NFATc2 chromatin immunoprecipitation-quantitative PCR: promoter regions for sheep RND1, RCAN1/
DSCR, NR4A1, and NR4A2 genes

Gene

Primers

Forward Reverse

RCAN1 promoter 5=-CCGGACCTCGTTGCTTTAT-3= 5=-CACAGTGAGAGCTACAGCGACT-3=
RND1 promoter 5=-CTGGCCTCTTTCTCAGTTGG-3= 5=-GGGACCTGGACTCGGATT-3=
NR4A1 promoter 5=-TCCTGGGTTCTGTTGTGG-3= 5=-GGCCTGAAGCCTGATCTCTA-3=
NR4A2 promoter 5=-CCCTAAGGCTTCCTGTGTCTT-3= 5=-GGTGGACAGTGTCGTAATTCAA-3=

NFAT, nuclear factor of activated T cells; RND1, Rho family GTPase 1; RCAN1, regulator of calcineurin 1; DSCR, Down syndrome critical region; NR4A,
nuclear receptor subfamily 4 group A.
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real-time PCR detection system software (Bio-Rad). Promoter pairs
are shown in Table 1.

Statistical analysis. For Western blot analysis, means � SD were
calculated. Results for quantitative PCR are shown as means � SE.
��CT was calculated with GAPDH as the reference for mRNA and
let-7a-5p for miRNA and normalized to compare relative mRNA
expression between control and shunt PAECs. Control and shunt
samples were compared by an unpaired t-test. P � 0.05 was consid-
ered statistically significant.

RESULTS

As previously demonstrated, pulmonary blood flow and
pulmonary arterial pressures were significantly higher in juve-
nile shunt than control lambs (20). Given the presence of a
fetally implanted unrestrictive shunt at the main pulmonary
artery, the aortopulmonary shunt maintains fetal RV afterload
through postnatal life. The fetal RV is exposed to both elevated
pulmonary vascular resistance and systemic afterload (through

the patent ductus), and our unrestrictive shunt perpetuates this
afterload.

Using quantitative PCR analysis, we determined expression
levels of 93 miRNAs relevant to cardiovascular biology in LV
and RV tissue from juvenile shunt and control lambs. Forty
miRNAs were differentially expressed in the control RV versus
sham RV (Table 2). We then compared miRNA expression
patterns in our animal model of adaptive RVH with other
animal models of RVH (Table 3). Although some similarities
exist among models, important differences in our model war-
rant highlighting. Among the shunt RV miRNAs, miR-199b
was downregulated in adaptive RVH but upregulated in mal-
adaptive RVH (26). miR-199b has been demonstrated to be a
critical mediator of pathological cardiac hypertrophy by regu-
lating NFAT (9). miR-29a was increased in adaptive RVH but
decreased in maladaptive RVH (26). Schlosser and colleagues
demonstrated differences among animal models and tissues
(heart, lung, and blood) within a model (32); however, instead
of being a limitation, these differences may be a key in
differentiating between maladaptive and adaptive RVH. Given
the role of miRNAs as posttranscriptional modulators of mR-
NAs, the alterations in miRNA expression can provide insights
into functional differences translating to our previously ob-
served global physiological differences in superior response to
afterload stimulus (18).

Expression of miR-199b was increased 1.93 � 0.37-fold in
the shunt LV compared with control LV, whereas it was
decreased 0.60 � 0.12-fold in the shunt RV compared with the
control RV (Fig. 1A). miR-199b was increased in an animal
model of RVH due to pulmonary artery banding (26) and is
classically associated with maladaptive hypertrophy in LV
animal models (21). One target of miR-199b, the mRNA of
Dyrk1a, was increased 2.1 � 0.71-fold (Fig. 1B), and Dyrk1a
protein (Fig. 1C) was increased 3.1 � 0.05-fold compared with
control. Dyrk1a is known to be a negative regulator of NFAT

Table 2. MicroRNAs with significant differences between
control and shunt RVs

Target Fold Change (Relative to Control) P Value

miR-378a-3p 0.38* 0.024*
miR-208a-3p 0.41* 0.016*
miR-101-3p 0.44* 0.008*
miR-199b-5p 0.60* 0.042*
miR-28-5p 1.43 0.024
miR-25-3p 1.44 0.033
miR-152-3p 1.56 0.012
let-7e-5p 1.61 0.042
miR-23a-3p 1.76 0.043
miR-22-3p 1.80 0.018
miR-143-3p 1.83 0.029
miR-379-5p 1.88 0.044
miR-99b-5p 1.91 0.018
miR-106b-5p 1.92 0.048
miR-92a-3p 2.12 0.009
miR-27b-3p 2.18 0.016
miR-7-5p 2.33 0.018
miR-374a-5p 2.47 0.006
miR-191-5p 2.58 0.003
miR-221-3p 2.58 0.036
miR-208b-3p 2.59 0.004
miR-15a-5p 2.69 0.035
miR-128-3p 2.78 0.001
miR-99a-5p 2.85 0.041
miR-185-5p 2.95 0.002
miR-543 3.32 0.012
miR-222-3p 3.47 0.009
miR-379-3p 3.50 0.042
let-7f-5p 5.52 0.037
miR-18a-5p 7.33 0.027
miR-338-3p 7.46 0.045
miR-212-5p 9.23 0.033
miR-29a-3p 10.98 0.016
miR-664a-3p 15.72 0.016
miR-382-5p 19.19 0.008
miR-1248 20.93 0.015
miR-191-3p 103.10 0.010
miR-200b-3p 133.40 0.007
miR-34c-5p 461.97 0.004

A total of 40 (of 93 tested) microRNA (miRNA) targets were significantly
different (P � 0.05) between control and shunt right ventricular (RV) tissue.
*Downregulated compared with control. ��CT (where CT is threshold cycle)
was calculated using let-7a-5p as a reference and normalized to compare
relative miRNA expression between shunt and control tissue (n � 5); UniSp6
was used as a loading control per protocol.

Table 3. MicroRNAs in our ovine model of congenital heart
disease. with adaptive RV hypertrophy and other animal
models of RV hypertrophy and RV failure as well as human
RV failure

MicroRNA Shunt RV

RV Failure

Pulmonary
artery banding

Hypoxia
and Sugen Monocrotaline

miR-29a Increased Decreased Unchanged
miR-30a-5p Increased Decreased Decreased
miR-92a Increased Decreased
miR-126 Unchanged
miR-127-3p Increased Increased Decreased
miR-155 Unchanged Increased
miR-199b-5p Decreased Increased
miR-200b Increased Decreased
miR-208a-3p Decreased Decreased Decreased
miR-379-5p Increased Increased Decreased
miR-338-3p Increased Decreased

Selected microRNAs (miRNAs) were compared with other notable pub-
lished models of right ventricular (RV) hypertrophy and RV failure. Antifi-
brotic miR-29a was increased in our model but decreased in RV failure
secondary to pulmonary artery banding. Additionally, miR-199b-5p, which
was increased in our model, was also decreased in pulmonary artery banding
RV failure as well as human RV failure. Pulmonary artery banding RV failure
data are from Ref. 26, hypoxia and Sugen RVF data from Ref. 10, and
monocrotaline RVF data from Refs. 25 and 32.
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signaling (9). Consistently, we found increased cytosolic
NFAT phosphorylation (Fig. 1E) and decreased nuclear NFAT
(Fig. 1D) in shunt RV tissue [phosphorylated (Ser326) NFAT
increased 1.3 � 0.6-fold and nuclear NFAT increased 0.8 �
0.1-fold compared with control]. Using the ChIP assay, we also
confirmed the decreased binding of NFAT at the promoter
region of the target genes NR4A1, NR4A2, RCAN1, and
RND1 (Fig. 2). Negative control was performed with IgG
antibody and no-antibody control, and output results were the
same for IgG and no-antibody control. These results suggest
that the reduction of miR-199b in the shunt RV results in the
decrease in the NFAT-calcineurin pathway and maladaptive
RVH in the ovine model of CHD.

Unlike miR-199b, miR-29a was increased 5.9 � 1.6-fold in
the shunt RV (Fig. 3A). Col1A1 (0.6 � 0.1-fold decrease
compared with control) and Col3A1 (0.5 � 0.1-fold decrease
compared with control) were significantly decreased in the
shunt RV (Fig. 3, B and C). Furthermore, there was no
induction of fibrosis in the RV of shunt lambs, as demonstrated

by collagen staining (Fig. 3, D and E). Thus, we conclude that
the induction of miR-29a plays an antifibrotic role.

Interestingly, miR-29a expression was increased in both
shunt LVs and RVs compared with control LVs and RVs.
Transforming growth factor (TGF)-� has been demonstrated to
be an upstream regulator of miR-29a expression (36), and, in a
model of chronic pulmonary artery banding, Friedberg and
colleagues demonstrated that maladaptive fibrotic changes
were not confined to the RV but extended to the LV as well
(13). In their model, these changes were associated with a
decrease in TGF-� expression. In our model, we demonstrated
increased TGF-� mRNA expression, which may explain the
increase in miR-29a expression.

DISCUSSION

Multiple distinct animal models of RVH exist, either con-
sequent to experimentally induced PAH or due to pulmonary
artery banding. However, in all these RVH models, the RV
eventually progresses to RVF. In the most commonly used

Fig. 1. The microRNA (miR)-199b dual-specificity tyrosine phosphorylation-regulated kinase 1a (Dyrk1a)-nuclear factor of activated cell (NFAT) axis. A:
miR-199b expression was increased in the shunt left ventricle (LV) and decreased in the shunt right ventricle (RV) compared with the control LV and RV. B:
Dyrk1a RNA expression was increased in the shunt RV compared with control RV. MiRNA and mRNA expression was quantified by PCR. Values are
means � SE. C: Dyrk1a protein expression was increased in the shunt RV compared with the control RV. There was no difference in Dyrk1a protein between
shunt and control LVs. D: the nuclear fraction of cells was separated from LV and RV homogenates, and NFATc2 was quantified. There was significantly less
NFATc2 in the nuclear isolate from the shunt RV compared with control RV. There was no difference in LV nuclear NFATc2. E: the cytosolic fraction of LV
and RV homogenates was immunoprecipitated using NFATc2 and then immunoblotted using phosphorylated (Ser326) NFATc2 (p-Ser326-NFATc2) and NFATc2
for quantification. p-Ser326-NFATc2 did not translocate to the nucleus to promote transcription and was more abundant in the LV and RV of shunt lambs
compared with control lambs. In C–E, protein expression was quantified by Western blot analysis. For each protein, immunoblots of different membranes were
performed in parallel using identical aliquots of the same protein homogenate. Bar graphs and results represent densitometry performed on individual samples
(n � 5 in all groups). *P � 0.05 vs. control.
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animal models of PAH, the RV and pulmonary vasculature are
typically subjected to an endothelial toxin, such as monocro-
taline (15) or the VEGF receptor type 2 inhibitor SU5416
(Sugen) in combination with hypoxia (1); these models cause

advanced pulmonary vasculopathy and consequent RVH and
RVF (16, 37). Similarly, animal models of pressure-induced
RVH due to pulmonary artery banding typically show a period
of compensated hypertrophy that ultimately leads to RVF (7,
27). This early, compensated RVH is likely fundamentally
different from adaptive hypertrophy, given inexorable progres-
sion to RVF with the same hemodynamic stimulus. Thus,
although PAH models and pulmonary artery banding have
yielded valuable understanding of the pathophysiology of
RVF, models of adaptive RVH are lacking. Using fetal cardiac
surgical techniques, we have previously developed an animal
model of PAH secondary to CHD with increased pulmonary
blood flow (shunt) that mimics the clinical and morphological
aspects of the human disease (28). Importantly, we recently
demonstrated an adaptive RV Anrep effect in response to acute
RV afterload in these shunt lambs (18). Consequently, our
model of CHD with RVH and adaptive responses to increased
afterload holds particular promise as a tool to provide insights
into mechanisms distinguishing adaptive RVH. As upstream
mediators of expression in multiple different gene pathways,
miRNAs are a tantalizing target to better understand these
global effects on RV function.

The role of noncoding genomic transcripts, including
miRNA, as regulators of cardiovascular physiological and
pathological processes has increasingly been appreciated (6).
Each individual miRNA can alter the transcription and tran-
script stability of hundreds of genes (21). Given the differences
in global RV function in our shunt model of adaptive RVH, we

Fig. 2. Nuclear factor of activated T cell (NFATc2) chromatin binding.
Chromatin derived from control and shunt right ventricular (RV) tissue was
immunoprecipitated using NFATc2 antibody with IgG antibody as a negative
control, and PCR was carried out using specific primers directed toward
NFATc2-binding regions within the promoter regions of Rho family GTPase
1 (RND1), regulator of calcineurin 1 (RCAN1)/Down syndrome critical region
(DSCR), and nuclear receptor subfamily 4 group A (NR4A1 and NR4A2)
genes. In the shunt RV, NFATc2 binding to promoters of downstream targets
RND1, RCAN1/DSCR, NR4A1, and NR4A2 was significantly decreased.
ChIP, chromatin immunoprecipitation. Values are means � SE; n � 5 in all
groups. *P � 0.05 vs. control NFAT.

Fig. 3. MicroRNA (miR)-29a expression and fibrosis. A: antifibrotic miR-29a was significantly elevated in the shunt left ventricle (LV) and right ventricle (RV)
compared with the control LV and RV. Values are means � SE; n � 5 in all groups. B and C: downstream targets of miR-29a, collagen type 1A1 (Col1A1)
and collagen type 3A1 (Col3A1), were significantly decreased in shunt RV tissue compared with control RV tissue, as determined by Western blot analysis.
Values are means � SD; n � 5 in all groups. *P � 0.05 vs. control. D and E: collagen fibrosis in the control RV (D) and shunt RV (E) was visualized using
Masson’s trichrome staining, which stains collagen blue, muscle fibers red, and nuclei black. Stereological analysis of fibrosis was performed in a blinded fashion
and demonstrated no increase in fibrosis in shunt RV tissue, despite previously demonstrated RV hypertrophy.
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determined differential expression of miRNA and found im-
portant differences in miRNA expression between our adaptive
RVH model and human and animal maladaptive RVH. Finally,
we investigated downstream effects of miR-199b and miR-29a
expression as they relate to NFAT-calcineurin-mediated car-
diac hypertrophy and fibrosis. Alterations in miR-199b and
miR-29a and downstream effects are shown in Fig. 4. These
changes yield valuable insights into the one of the potential
mechanisms behind adaptive RVH in our model of ovine CHD.

Increased miR-199b has been linked to pathological NFAT/
calcineurin signaling in cardiac hypertrophy, and antagomiR-
induced inhibition of miR-199b signaling abrogates patholog-
ical hypertrophy in response to increased calcineurin expres-
sion or aortic banding (9). As previously discussed, the NFAT-
miR-199b-Dyrk1a pathway represents a positive feedback loop
perpetuating pathological hypertrophic signaling (9). In con-
trast to this pathological process in maladaptive hypertrophy,
the shunt RV demonstrated increased miR-199b expression,
which was ultimately associated with decreased NFAT tran-
scriptional activity, as quantified by ChIP. NFAT/calcineurin
signaling participates in pathological, but not physiological,
hypertrophy. The distinction between decreased miR-199b
expression in adaptive RVH and increased miR-199b expres-
sion in maladaptive RVH may have important implications for
leveraging mediators of physiological versus pathological hy-
pertrophy in response to increased RV afterload.

Members of the miR-29 family are mediators of antifibrotic
signaling pathways, and increased miR-29 expression has fur-
ther been demonstrated in physiological hypertrophy in animal
exercise models (i.e., swim training), which has a distinct
molecular signature compared with pathological hypertrophy.
Our data suggest a shared semiology between exercise-induced
hypertrophy and the adaptive RVH in our CHD model (12, 24).
Similar to miR-199b, further investigations into the differential
role of miR-29 family members in physiological RVH in
response to increased afterload may offer a new paradigm of
therapeutic strategies for PAH.

This study has several important limitations. Most impor-
tantly, these findings are correlative and do not prove causation

of miRNA expression alterations in the global phenotype.
Also, our selection of miRNA targets for analysis was focused
on 93 targets based on potential implications for cardiovascular
development and heart failure based on a literature search of
PubMed for miRNA associated with cardiovascular disease.
Thus, this data set is an incomplete instrument for full inter-
rogation of the role of miRNA in regulation of adaptive RVH.
Despite these limitations, these investigations provide valuable
insights into the mechanisms guiding differential phenotypic
responses to increased RV afterload in PAH that are ultimately
more revelatory than traditional approaches targeting single
gene pathways, as changes in miRNA expression potentially
modulate many different downstream targets.

Together, these data provide strong preliminary evidence
that the miRNA expression signature in our model of CHD is
a promising determinant of downstream molecular pathways
and a mediator of the adaptive RV phenotype. Our model of
CHD with RVH and adaptive responses to increased afterload
(18) holds particular promise as a tool to provide insights into
mechanisms distinguishing adaptive RVH from maladaptive
hypertrophy. Once the unique miRNA transcriptome of adap-
tive RVH has been identified and its downstream effects have
been validated in animal models, there are potential applica-
tions to manipulation of miRNA expression as a therapeutic
strategy. One advantage of this strategy compared with typical
drug treatments is the ability of a single miRNA to modulate
expression of multiple different genes. This theoretical benefit
may soon be realized in certain diseases: phase I and II clinical
trials of inhibitors of miR-122 in patients with hepatitis C are
underway (31, 33), and a phase I clinical trial of miR-34 mimic
treatment of patients with primary liver cancer or other hema-
tological malignancies is ongoing. Although there are multiple
preclinical models using miRNA as therapeutic targets in
cardiovascular disease (11), there are no current clinical trials
with cardiovascular miRNA-based therapeutics. However, this
therapeutic application is the focus of intensive biomedical
research and may provide a novel mechanism to support
adaptive RV responses in pulmonary hypertension and CHD,
where traditional therapies have proven disappointing.
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Fig. 4. Diagram with schematic representation of downstream effects of microRNAs miR-199b and miR-29a in shunt right ventricular (RV) hypertrophy. In the
shunt RV, miR-29a expression was increased, downstream expression of the miR-29a targets collagen type 1A1 (Col1A) and collagen type 3A1 (Col3A1) was
decreased, and fibrosis was similarly decreased. Also, in shunt RV tissue, expression of miR-199b was decreased and expression of the miR-199b target
dual-specificity tyrosine phosphorylation-regulated kinase 1a (Dyrk1a) was increased, which led to increased phosphorylation (P) of nuclear factor of activated
T cell (NFAT) and its exclusion from the nucleus. Decreased NFAT activity was demonstrated by decreased binding to promoter regions of nuclear receptor
subfamily 4 group A (NR4A1 and NR4A2), regulator of calcineurin 1 (RCAN1), and Rho family GTPase 1 (RND1).
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