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Abstract
Rationale—Thioredoxin 1 (Trx1) inhibits pathological cardiac hypertrophy. MicroRNAs
(miRNAs) are small non-coding RNAs that downregulate posttranscriptional expression of target
molecules.

Objectives—We investigated the role of miRNAs in mediating the anti-hypertrophic effect of
Trx1 upon angiotensin II (Ang II)-induced cardiac hypertrophy.

Methods and Results—Microarray analyses of mature rodent microRNAs and qRT-PCR/
Northern blot analyses showed that Trx1 upregulates members of the let-7 family, including
miR-98, in the heart and the cardiomyocytes (CMs) therein. Adenovirus-mediated expression of
miR-98 in CMs reduced cell size both at baseline and in response to Ang II. Knock-down of
miR-98, and of other members of the let-7 family, augmented Ang II-induced cardiac hypertrophy
and attenuated Trx1-mediated inhibition of Ang II-induced cardiac hypertrophy, suggesting that
endogenous miR-98/let-7 mediates the anti-hypertrophic effect of Trx1. Cyclin D2 is one of the
predicted targets of miR-98. Ang II significantly upregulated cyclin D2, which in turn plays an
essential role in mediating Ang II-induced cardiac hypertrophy, whereas overexpression of Trx1
inhibited Ang II-induced upregulation of cyclin D2. miR-98 decreased both expression of cyclin
D2 and the activity of a cyclin D2 3’UTR luciferase reporter, suggesting that both Trx1 and
miR-98 negatively regulate cyclin D2. Overexpression of cyclin D2 attenuated the suppression of
Ang II-induced cardiac hypertrophy by miR-98, suggesting that the anti-hypertrophic actions of
miR-98 are mediated in part by downregulation of cyclin D2.

Conclusions—These results suggest that Trx1 upregulates expression of the let-7 family,
including miR-98, which in turn inhibits cardiac hypertrophy, in part through downregulation of
cyclin D2.
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Thioredoxin 1 (Trx1) is a ubiquitously expressed anti-oxidant which has two cysteine
residues in its catalytic center 1. When the cysteine residues in Trx1 are reduced in the
presence of NADPH and Trx reductase, they are highly reactive with oxidized proteins with
a disulfide bond and reduce them via thiol disulfide exchange reactions. Trx1 reacts with a
plethora of proteins, thereby controlling a wide variety of cellular functions, including
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growth, death and inflammation, through transcription, protein-protein interaction and
posttranslational modifications 2. One of the most prominent actions of Trx1 in the heart is
suppression of cardiac hypertrophy. Overexpression of wild-type Trx1 in mice reduces
cardiac hypertrophy induced by pressure-overload, whereas a mutated Trx1 (which inhibits
endogenous Trx1 activity) increases hypertrophy 3. Together with its cell protective actions
in the heart, Trx1 could be a promising modality to treat pathological hypertrophy and
inhibit the progression of heart failure.

Previous investigations by us and other investigators have suggested that Trx1 inhibits
pathological hypertrophy through multiple mechanisms. For example, Trx1 inhibits Ras 3
and ASK-1 4, thereby negatively regulating protein kinase cascades known to stimulate
hypertrophy. In the nucleus, Trx1 inhibits NF-κB, thereby inhibiting hypertrophy, but
stimulates CREB and Nrf1, thereby stimulating cell survival in the heart 5. We have shown
recently that Trx1 induces nuclear localization of class II HDACs, through reduction of
evolutionarily conserved cysteine residues 6, thereby inhibiting pathological hypertrophy.
Judging from the fact that Trx1 is universally protective and affects a wide variety of
signaling molecules and transcription factors, we speculated that Trx1 may inhibit cardiac
hypertrophy through regulation of microRNA (miRNA) as well.

miRNAs are naturally existing small noncoding RNA molecules ~22nt in length. Mature
miRNAs negatively regulate gene expression by either translational repression or mRNA
degradation 7. To date, several miRNAs have been identified that affect cardiac hypertrophy
and heart failure 8. For example, miR-1 9 and miR-133 10 negatively regulate cardiac
hypertrophy, whereas miR-195 11 induces pathological hypertrophy and heart failure.
miR-23a and miR-208a also positively regulate cardiac hypertrophy 12, 13, and miR-21
regulates growth and survival of cardiomyocytes and fibroblasts, thereby positively
mediating cardiac hypertrophy 14, 15.

In order to evaluate the involvement of miRNAs in mediating the anti-hypertrophic actions
of Trx1, we conducted microarray analyses of miRNA. We found that members of the let-7
family, including miR-98, are upregulated in hearts of transgenic mice with cardiac specific
overexpression of Trx1 (Tg-Trx1). Since members of the let-7 family inhibit cell growth
responses and are recognized as tumor suppressors 16, we hypothesized that the anti-
hypertrophic actions of Trx1 in the heart and cardiomyocytes therein are mediated in part by
upregulation of miR-98. Let-7 was one of the first miRNAs identified and cloned in C.
elegans, and its presence is evolutionarily conserved16. Furthermore, let-7 is downregulated
in proliferating cell types, whereas it is relatively abundant in mature tissues 16. However,
the function of let-7 is not well understood in the heart.

Thus, the goals of this study were 1) to examine the function of miR-98 in the heart, 2) to
test the hypothesis that the anti-hypertrophic actions of Trx1 are mediated in part by miR-98,
and 3) to identify the downstream target of miR-98 regulating cardiac hypertrophy.

Methods
Adenoviral vectors

Adenoviruses harboring genes of interest were made using the AdMax system (Microbix).
Short hairpin RNA knockdown adenovirus for cyclin D2 or miR-98 was made using the
adenoviral shuttle vector pDC311 (Microbix), into which the U6 RNA polymerase III
promoter and the polylinker region of pSilencer 1.0U6 expression vector (Ambion) are
subcloned.
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Sequence of sh-cyclin D2: 5’—3’
AATCGAGGCTGTGCTGCTTAATTCAAGAGATTAAGCAGCACAGCCTCGATTTTT
TTT; anti-miR-98: 5’—3’
CGCGTGGGCCCAACAATACAACTTACTACCTCAGCAACAATACAACTTACTACC
TCAA

miRNA microarray
Total RNA was isolated from the left ventricles of Tg-Trx1 and NTg mice at 2–3 months
old. Ten micrograms of RNA were sent to L.C. Sciences for miRNA microarray 9.

Cell fractionation
Cells were fractionated into cytosol and nucleus using the NE-PER® kit (Pierce).

Northern blot
Total RNA, extracted using TRIzol reagent (Invitrogen), was separated on a 1% agarose gel,
transferred to an uncharged nylon membrane, Hybond-NX (Amersham Biosciences), and
UV cross-linked. The membrane was pre-hybridized/hybridized with MiracleHyb
Hybridization solution according to the instruction manual (Stratagene). DNA
oligonucleotides, anti-sense sequences of mature miRNAs, were obtained from Integrated
DNA Technologies. The probes were 5’-end labeled with ET adenosine 5’-
triphosphate[γ-32P] (PerkinElmer) using a T4 Polynucleotide Kinase kit (NEB) and used for
hybridization (1X106cpm/ml).

Transfection and luciferase assay
Cells were transfected using FuGENE 6 transfection reagent (Roche) according to the
manufacturer’s instructions. For the 3’UTR luciferase assay, the cyclin D2 3’UTR miR-98
target site (sequence with miR-98 binding sites) or a control site (sequence with mutated
miR-98 binding sites) was cloned into the pMIR-REPORT vector (Ambion).

Statistics
All values are expressed as mean±SEM. Statistical analyses were performed using ANOVA
or t-test with a P<0.05 considered significant.

Results
Trx1 negatively regulates Angiotensin II (Ang II)-induced cardiac hypertrophy

In order to examine whether Trx1 inhibits Ang II-induced cardiac hypertrophy, a subpressor
dose of Ang II was continuously infused (200 ng/kg/min) into transgenic mice with cardiac-
specific overexpression of Trx1 (Tg-Trx1) 3 and non-transgenic (NTg) mice for 2 weeks.
Ang II-induced increases in left ventricular weight/body weight (LVW/BW) and α-skeletal
actin expression were abolished in Tg-Trx1 (Fig. 1AB). These results suggest that Trx1
inhibits Ang II-induced cardiac hypertrophy. AngII infusion significantly increased the level
of cardiac fibrosis and the number of TUNEL positive myocytes, whereas Trx1 significantly
suppressed these pathological changes in the heart (Fig. 1CD, supplemental Fig. S1AB).
Treatment of neonatal rat cardiomyocytes with Ang II (100 nM) for 48 hours significantly
increased both cell size and protein/DNA content, indicators of cardiac hypertrophy.
Transduction of cardiomyocytes with adenovirus harboring Trx1 significantly attenuated
Ang II-induced cardiac hypertrophy (Fig. 1EF, supplemental Fig. S1C), suggesting that the
anti-hypertrophic effect of Trx1 is cell-autonomous.
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Ang II significantly upregulated protein and mRNA expression of Trx1 both in vivo and in
vitro (Fig. 2AB and not shown), suggesting that Trx1 acts as a negative feedback regulator
of Ang II-induced cardiac hypertrophy. In order to evaluate the role of endogenous Trx1, we
knocked down Trx1 in cultured cardiomyocytes, using adenovirus harboring shRNA-Trx1.
Downregulation of Trx1 by shRNA-Trx1 did not significantly enhance these parameters of
hypertrophy at baseline in this experimental condition. However, Ang II-induced increases
in cell size, ANF expression and α-skeletal actin were enhanced in the presence of shRNA-
Trx1 compared to shRNA-scramble (Fig. 2CDE). These results suggest that Trx1 is a
negative feedback regulator of Ang II-induced cardiac hypertrophy.

Trx1 upregulates miR-98 in cardiomyocytes
In order to examine the involvement of miRNA in the anti-hypertrophic effect of Trx1, total
RNA was extracted from Tg-Trx1 hearts, enriched for small RNA, and analyzed with
microarrays containing mature rodent miRNAs. Six out of eleven members of the let-7
family (let-7a, b, c, e, and f, and miR-98) 16 were upregulated in Tg-Trx1 hearts (Table S1).
Among them, miR-98 exhibited the highest level of upregulation by Trx1 in the mouse
heart. We therefore investigated the role of miR-98 in mediating the anti-hypertrophic effect
of Trx1.

Both qRT-PCR and Northern blot analyses showed that miR-98 is significantly upregulated
in Tg-Trx1 hearts in vivo (Fig. 3AB), confirming the result of the microarray analysis.
Transduction of Ad-Trx1 significantly increased expression of miR-98 compared to
transduction of Ad-LacZ in cardiomyocytes in vitro, suggesting that the effect of Trx1 upon
miR-98 expression is cell-autonomous (Fig. 3C).

Ang II caused a significant increase in expression of miR-98 in cultured cardiomyocytes,
which was abolished when Trx1 was downregulated with shRNA-Trx1 (Fig. 3D),
suggesting that Trx1 mediates upregulation of miR-98 in response to Ang II. miR-98 was
also upregulated by pressure overload in the mouse heart (Fig. 3E).

In order to examine the effect of miR-98 expression upon hypertrophy of cardiomyocytes,
we constructed an adenovirus vector harboring pre-miR-98 (Ad-miR-98). Transduction of
cultured cardiomyocytes with Ad-miR-98 induced upregulation of mature miR-98 (1.5 fold),
as evaluated by Northern blot analyses (Fig. 3F), a level of upregulation similar to that
induced by Trx1 overexpression in vivo and in vitro.

miR-98 inhibits myocyte hypertrophy
Adenovirus-mediated upregulation of miR-98 significantly reduced Ang II-induced
increases in cell size and protein/DNA content in cultured cardiomyocytes, suggesting that
miR-98 inhibits Ang II-induced cardiac hypertrophy (Fig. 4AB). Similarly, miR-98
significantly attenuated Ang II-induced increases in ANF mRNA, the activity of an ANF-
luciferase reporter gene, and perinuclear staining of ANF in cardiomyocytes (Fig. 4CDE,
supplemental Fig. S2). These results suggest that upregulation of miR-98 is sufficient to
inhibit Ang II-induced cardiac hypertrophy.

In order to examine the function of endogenous miR-98, adenovirus harboring anti-miR-98
(Ad-anti-miR-98), comprising two repeats of sequence complementary to miR-98 under the
control of a U6 promoter, was generated. Adenovirus harboring a scramble sequence (Ad-
scramble) was used as control. Transduction of cardiomyocytes with Ad-anti-miR-98
significantly reduced expression of miR-98 (Supplemental Fig. S3A) and reversed miR-98-
induced suppression of Ang II-induced ANF expression (Supplemental Fig. S3B) and
protein/DNA content (Supplemental Fig. S3C). Downregulation of miR-98 enhanced Ang
II-induced increases in cell size and mRNA expression and perinuclear staining of ANF

Yang et al. Page 4

Circ Res. Author manuscript; available in PMC 2012 February 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(Fig. 4FGH), suggesting that endogenous miR-98 negatively regulates Ang II-induced
hypertrophy in vitro. Although downregulation of miR-98 slightly increased cell size and
perinuclear staining of ANF at baseline, these did not reach statistical significance.

In order to evaluate the function of miR-98 in the heart in vivo, Ad-miR-sc, Ad-miR-98 or
Ad-anti-miR-98 was injected into mouse hearts, following which mice were treated with or
without continuous infusion of Ang II. Injection of Ad-miR-98 increased, whereas that of
Ad-anti-miR-98 decreased expression of miR-98 in heart homogenates (Fig. 5A,
supplemental Fig. S4A). Although neither Ad-miR-98 nor Ad-anti-miR-98 significantly
affected LVW/BW or LV myocyte cross sectional area without Ang II infusion, Ang II-
induced increases in these parameters in the presence of control virus were significantly
attenuated by Ad-miR-98 and significantly enhanced by Ad-anti-miR-98 (Fig. 5BC).
Similarly, Ang II-induced increases in fibrosis and the number of TUNEL positive myocytes
were significantly attenuated by Ad-miR-98 and significantly enhanced by Ad-anti-miR-98
(Fig. 5DE, supplemental Fig. S4BC). These results suggest that miR-98 negatively regulates
Ang II-induced cardiac hypertrophy and the accompanying histopathological changes in
vivo.

miR-98 plays an essential role in mediating the anti-hypertrophic actions of Trx1
We examined the role of miR-98 in mediating the anti-hypertrophic effect of Trx1. To this
end, cardiomyocytes were transduced with Ad-Trx1, together with either Ad-anti-miR-98 or
Ad-scramble. After 24 hours, cardiomyocytes were treated with or without 100 nM Ang II
for an additional 48 hours. Trx1-induced suppression of Ang II-induced increases in protein/
DNA was reversed in the presence of Ad-anti-miR-98 (Fig. 6A). Knockdown of miR-98
also significantly attenuated Trx1-mediated suppression of Ang II-induced increases in ANF
staining (Fig. 6B). These results suggest that endogenous miR-98 plays an essential role in
mediating Trx1-induced suppression of Ang II-induced cardiac hypertrophy.

Cyclin D2 plays an essential role in mediating Ang II-induced cardiac hypertrophy
Cyclin D2, a member of the G1-phase cyclin family, is one of the predicted targets of
miR-98. Increasing lines of evidence suggest that cyclin D2 plays an essential role in
mediating cardiac hypertrophy 17, 18. Treatment of cardiomyocytes with Ang II (100 nM) for
24 hours significantly upregulated cyclin D2 in whole cell lysates 1.8-fold (Fig. 7A).
Subcellular fractionation experiments showed that Ang II upregulates cyclin D2 in the
nuclear fraction 2.1-fold (Supplemental Fig. S5A). The purity of each fraction was
confirmed by immunoblots with anti-tubulin and anti-histone H3 antibodies (Supplemental
Fig. S5A). Continuous infusion of Ang II (200 ng/kg/min) significantly upregulated cyclin
D2 protein 1.9-fold in the mouse heart in vivo (Fig. 7B). These results suggest that Ang II
upregulates cyclin D2 in the heart and the cardiomyocytes therein.

In order to examine the role of cyclin D2 in cardiac hypertrophy, cultured cardiomyocytes
were transduced with adenovirus harboring shRNA targeting cyclin D2 (Ad-shRNA-cyclin
D2) or adenovirus harboring scramble shRNA (Ad-shRNA-scramble) for 72 hours. We
confirmed that cyclin D2 is significantly downregulated in cardiomyocytes transduced with
Ad-shRNA-cyclin D2 but not with Ad-shRNA-scramble (Supplemental Fig. S5B). Twenty-
four hours after transduction, cardiomyocytes were treated with or without Ang II (100 nM)
for an additional 48 hours. Downregulation of cyclin D2 significantly reduced the size of
cardiomyocytes at baseline and in response to Ang II (Fig. 7C). Downregulation of cyclin
D2 expression also reduced expression of ANF (not shown). These results suggest that
cyclin D2 plays an essential role in mediating Ang II-induced cardiac hypertrophy.
Adenovirus-mediated upregulation of Trx1 in cultured cardiomyocytes downregulated
cyclin D2 at baseline and in response to Ang II in vitro (Fig. 7D). Ang II-induced
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upregulation of cyclin D2 was significantly attenuated in Tg-Trx1 compared to NTg mice
(Fig. 7E). These results suggest that Trx1 attenuates Ang II-induced hypertrophy, possibly
through downregulation of cyclin D2.

Cyclin D2 is an important target of miR-98 in cardiomyocytes
Cyclin D2 has three predicted miR-98 binding sites in its 3’UTR. We next examined
whether miR-98 downregulates cyclin D2 in cardiomyocytes. Upregulation of miR-98
significantly downregulated cyclin D2 in cultured cardiomyocytes at baseline and in
response to Ang II stimulation (Fig. 7FG). Ang II-induced upregulation of cyclin D2 was
inhibited by miR-98 and enhanced by anti-miR-98 introduced by adenovirus-mediated gene
transfer in the mouse heart (Fig. 7H, supplemental Figure S6AB). In order to evaluate
whether cyclin D2 is a direct target of miR-98, we constructed a reporter gene harboring the
3’UTR of the cyclin D2 gene (D2-3UTR). Another reporter gene harboring the 3’UTR of
the cyclin D2 gene with mutations in the putative miR-98 binding sites (D2-3UTRm) served
as a negative control. miR-98 significantly reduced the activity of D2-3UTR compared to
that of D2-3UTRm in cardiomyocytes, whereas the control vector did not (Fig. 7I). These
results suggest that cyclin D2 is a direct target of miR-98 in cardiomyocytes.

In order to evaluate the role of the cyclin D2 downregulation in mediating miR-98-induced
suppression of Ang II-induced cardiac hypertrophy, miR-98-induced downregulation of
cyclin D2 was reversed by adenovirus-mediated expression of cyclin D2 (Fig. 8A). Under
these experimental conditions, suppression of Ang II-induced ANF expression (Fig. 8B) and
increases in cardiomyocyte cell size (Fig. 8C) by miR-98 was significantly attenuated when
expression of cyclin D2 was restored, suggesting that downregulation of cyclin D2 plays an
important role in mediating the anti-hypertrophic effects of miR-98.

Discussion
In this study, we show that Trx1 upregulates expression of the let-7 family miRNA,
including miR-98, which in turn inhibits Ang II-induced cardiac hypertrophy. In addition,
cyclin D2 is an important target of miR-98/let-7. Upregulation of miR-98/let-7 and
inhibition of cyclin D2 may play an important role in mediating the suppression of cardiac
hypertrophy by Trx1.

Trx1 acts as a negative feedback regulator of Ang II-induced cardiac hypertrophy. Trx1 is
upregulated in response to stress, such as infection, pressure overload, ischemia and heart
failure 5. mRNA expression of Trx1 is regulated by binding of transcription factors to the
SP-1 site, the antioxidant responsive element (ARE) and the cyclic AMP-responsive element
(CRE) in the Trx1 promoter 19. The mechanism by which Ang II upregulates Trx1 remains
to be elucidated.

Trx1 suppresses cardiac hypertrophy through multiple mechanisms. Trx1 scavenges reactive
oxygen species, primarily through reduction of peroxiredoxins and/or glutathione
peroxidases 5. Trx1 also directly reduces signaling molecules and transcription factors,
including Ras 3 and class II HDACs 6, 20, through the thiol disulfide exchange reaction,
thereby inhibiting cardiac hypertrophy. In addition, Trx1 suppresses apoptosis signal-
regulating kinase-1 (ASK-1) through direct protein-protein interaction and degradation of
ASK-1, which inhibits cardiac hypertrophy and apoptosis (reviewed in 20). Here we propose
that upregulation of miR-98/let-7 also contributes to the suppression of hypertrophy by
Trx1. We speculate that Trx1 inhibits cardiac hypertrophy through multiple parallel and
serial mechanisms, including miR-98-dependent downregulation of cyclin D2 and
posttranslational modifications of other signaling molecules. Since miR-98 inhibits NFAT
signaling in cardiac myocytes (Supplemental Fig. S7), it is likely that the effect of miR-98

Yang et al. Page 6

Circ Res. Author manuscript; available in PMC 2012 February 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



may converge with other mechanisms mediated by Trx1 upstream of the calcineurin-NFAT
pathway to inhibit pathological hypertrophy.

Trx1 upregulates many members of the let-7 family in the mouse heart, among which
miR-98 exhibited the highest degree of upregulation. Since Ang II-induced upregulation of
miR-98 was inhibited in the absence of Trx1, Trx1 must play an important role in mediating
Ang II-induced upregulation of miR-98. Expression of miR-98/let-7 is upregulated in
differentiated cells, whereas it is downregulated in cancer cells 16. Expression of miR-98/
let-7 is also increased by hypoxia 21, and is downregulated by lipopolysaccharide 22 and c-
myc 23. Since Trx1 inhibits cell growth 24 and is also upregulated by hypoxia 25, it will be
interesting to test the general involvement of Trx1, as well as the downstream transcription
factors regulated by Trx1, in mediating upregulation of miR-98. The fact that miR-98 and
let-7f, which form a cluster, are the top two miRNAs upregulated by Trx1 suggests that a
Trx1-sensitive transcriptional mechanism may exist. In addition, many members of the let-7
family are posttranscriptionally regulated by Lin-28 26. Whether or not Trx1 is involved in
the posttranscriptional regulation of the let-7 family is currently unknown.

Our results suggest that miR-98 negatively regulates cardiac hypertrophy. Since anti-miR-98
significantly enhanced Ang II-induced cardiac hypertrophy, miR-98/let-7 acts as a negative
feedback regulator of Ang II-induced cardiac hypertrophy. Importantly, downregulation of
miR-98 significantly attenuated the anti-hypertrophic effect of Trx1 against Ang II-induced
hypertrophy. This is striking considering the fact that Trx1 mediates its anti-hypertrophic
actions by multiple mechanisms 20, and raises the possibility that the downstream mediators
of Trx1 may also require miR-98/let-7 for their actions. However, the results of a
TargetScan analysis, which predicts the targets of miRNA, suggest that many proteins
involved in Trx1-mediated suppression of hypertrophy regulation, except Ras, are not
directly regulated by miR-98. It should be noted that miR-98 and some other members of the
let-7 family have a very similar, if not identical, seed sequence and share target genes 16

(Supplemental Fig. S8A). Since the anti-miR-98 used in this study partially downregulates
expression of other members of the let-7 family (Supplemental Fig. S8B), Trx1-induced
upregulation of multiple members of the let-7 family may, in concert, mediate the anti-
hypertrophic actions of Trx1. In fact, the members of the let-7 family repress both common
and distinct sets of target genes 27.

Let-7 family members have been implicated as tumor suppressors 16. Expression of let-7 is
increased in mature tissue, whereas it is downregulated during cancer development.
Overexpression of let-7 in human primary fibroblasts reduces the cell number and induces a
fraction of cells in the G2/M phase due to cell cycle arrest 28. Hypoxia-induced upregulation
of miR-98 inhibits oncofetal genes, such as high mobility group A2 (HMGA2), in head and
neck squamous cell carcinoma 21. Thus, the anti-hypertrophic action of miR-98/let-7 in the
heart is consistent with the growth suppressive effects of miR-98/let-7 in other tissues.

Let-7 downregulates many genes involved in cell proliferation and tumor growth, including
Ras 29, Cdc34 28, HMGA-2 30, c-Myc 31 and insulin-like growth factor II mRNA-binding
protein-1 (IMP-1) 32. We here propose that cyclin D2, a component of the cell cycle
machinery, is an important target of miR-98 in the heart. Although hypertrophy of the
postnatal heart occurs primarily through increases in cell size without cell division, cyclins
are also involved in cardiac hypertrophy. In postmitotic cardiomyocytes, hypertrophic
stimuli, including Ang II, activate cyclin Ds and cdk4, which in turn causes phosphorylation
of retinoblastoma gene product (pRb) 33. Among G1 cyclins, cyclin D2 is particularly
important, and both necessary and sufficient for inducing cardiac hypertrophy. Expression of
cyclin D2 in the heart reduces the size of myocardial infarction, possibly through
proliferation of cardiomyocytes 34. Cardiac hypertrophy induced by overexpression of Myc
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was blocked in cyclin D2-null mice 35. We here demonstrate that cyclin D2 plays an
essential role in mediating Ang II-induced cardiac hypertrophy, and that cyclin D2 is
significantly downregulated by miR-98. The fact that the suppressive effect of miR-98
against Ang II-induced hypertrophy is partially reversed in the presence of cyclin D2
overexpression suggests that cyclin D2 is an important target of miR-98/let-7 and that
downregulation of cyclin D2 plays an essential role in mediating the anti-hypertrophic
action of miR-98/let-7.

The reversal of the anti-hypertrophic actions of miR-98 by overexpression of cyclin D2 was
only partial. Thus, the anti-hypertrophic actions of miR-98 may be mediated by cyclin D2-
independent mechanisms as well. It will be interesting to evaluate the role of other possible
targets of the miR-98/let-7 family in mediating the anti-hypertrophic actions of miR-98/
let-7. For example, disrupting the pairing between HMGA2 and let-7 (miR-98 family)
promoted anchorage-independent growth indicative of tumorigenesis in NIH3T3 cells 30.
We have shown previously that Trx1 inhibits Ras, another known target of let-7, through
reduction of cysteine residues 3. Testing whether or not Trx1 also inhibits Ras through
miR-98-induced downregulation is of great interest.

In summary, we here report that miR-98/let-7 mediates the anti-hypertrophic action of Trx1
against Ang II-induced hypertrophy, in part through downregulation of cyclin D2
(Supplemental Fig. S9). Since miR-98 is also upregulated by pressure overload, miR-98 may
act as a negative feedback regulator against other forms of cardiac hypertrophy as well. The
fact that Trx1 upregulates miR-98/let-7, a powerful mechanism of growth suppression,
suggests that exploring the signaling mechanisms by which Trx1 upregulates miR-98/let-7
and miR-98/let-7 inhibits cardiac hypertrophy would provide us with important clues
regarding controlling pathological hypertrophy and heart failure.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ANF Atrial natriuretic factor

Anti-98 Anti-microRNA-98
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3’UTR 3 prime untranslated region
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Figure 1. Trx1 attenuates Angiotensin II (Ang II)-induced cardiac hypertrophy, fibrosis and
apoptosis
(A–D) Tg-Trx1 and NTg mice were subjected to continuous infusion of either PBS or a
subpressor dose (200 ng/kg/min) of Ang II by osmotic pumps for two weeks. (A)
Postmortem measurements of left ventricular weight/body weight (LVW/BW, mg/g) after
two weeks infusion. (B) qRT-PCR analysis of heart homogenates from Tg-Trx1 and NTg
mice with or without Ang II infusion. (C) Fibrosis was assessed by periodic acid-Schiff
(PASR) staining and the fibrotic area was measured. (D) Cardiomyocyte apoptosis in the
mouse hearts was observed using TUNEL staining, and the TUNEL positive cells were
counted. (E, F) Twenty-four hours after transduction of Ad-LacZ or Ad-Trx1, neonatal rat
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cardiomyocytes (NRCMs) were treated with or without 100 nM Ang II for 48 hours. Cells
were stained with anti-α-actinin antibody and DAPI, and relative cell surface area (cell size)
was measured (E), or were harvested for protein and DNA content measurement (F). N=3.
Values are mean±SEM. P<0.05.
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Figure 2. Ang II upregulates Trx1 as a negative feedback mechanism
(A) FVB mice were subjected to continuous infusion of either PBS or a subpressor dose
(200 ng/kg/min) of Ang II by osmotic pump for two weeks. Heart homogenates were
subjected to immunoblot analyses with anti-Trx1 and anti-α-tubulin antibodies. Values are
mean±SEM. P<0.05. (B) NRCMs were treated with or without 100 nM Ang II. After 24
hours, cells were harvested for qRT-PCR analyses with Trx1 and 18S rRNA primers. Values
are mean±SEM. P<0.05. (C–E) Twelve to 24 hours after transduction of either Ad-short
hairpin scrambled (sh-sc), or Ad-sh-Trx1, NRCMs were treated with or without 100 nM
Ang II for 48 hours. Cells were measured for relative cell surface area (cell size) (C), stained
with anti-ANF antibody (red) and DAPI (blue) (D), or harvested for qRT-PCR analysis of α-
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skeletal actin mRNA (E). Representative ANF perinuclear staining is indicated by arrows (D
top), and the percentage of ANF positive cells was quantified (D bottom). N>3. Values are
mean±SEM. P<0.05.
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Figure 3. Trx1 and TAC upregulate miR-98
Heart homogenates from Tg-Trx1 and NTg mice were used for (A) qRT-PCR analyses or
(B) Northern blot with a miR-98 probe (N=4.). (C) NRCMs were transduced with Ad-LacZ
or Ad-Trx1. After 48 hours, cells were harvested for qRT-PCR analyses with miR-98 and
18S rRNA primers. (D) Twelve to 24 hours after transduction of either Ad-short hairpin
scrambled (sh-sc) or Ad-sh-Trx1, NRCMs were treated with or without 100 nM Ang II for
48 hours. Cells were harvested for Northern blot using a miR-98 probe and the results were
quantified by densitometry. (E) FVB mice were subjected to TAC operation to generate
pressure overload for two weeks, and heart homogenates were used for Northern blot with a
miR-98 probe. (F) NRCMs were transduced with Ad-short hairpin scrambled (sh-sc) or Ad-
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miR-98. After 36 hours, cells were harvested for Northern blot using miR-98 and U6 probes,
and the results were quantified by densitometry (N=3). Values are mean±SEM. P<0.05.
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Figure 4. In vitro effect of miR-98 on cardiac myocyte hypertrophy
Twelve to 24 hours after transduction of Ad-sh-sc, Ad-miR-98 or Ad-anti-miR-98 (anti-98),
NRCMs were treated with or without 100 nM Ang II for 48 hours. Relative cell surface area
(cell size) was measured (A, F). Cells were harvested for protein/DNA content measurement
(B) and qRT-PCR analysis of ANF mRNA (C, G). Cells were harvested for ANF luciferase
activity measurement (where ANF promoter luciferase, sh-sc and miR-98 plasmids were
used instead of adenovirus) (D), or were stained with anti-ANF antibody (red) and DAPI
(blue) (E, H). Representative ANF perinuclear staining is shown (H top), and the percentage
of ANF positive cells was quantitated (E, H bottom). N>3. Values are mean±SEM. P<0.05.
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Figure 5. In vivo effect of miR-98 on cardiac hypertrophy, fibrosis and apoptosis
Ad-miRNA-scrambled (miR-sc), Ad-miR-98 or Ad-anti-miR-98 (anti-98) was injected into
C57 mouse hearts with or without continuous infusion of Ang II (200 ng/kg/min) for two
weeks. Hearts were harvested for Northern blot with a miR-98 probe (A), postmortem
measurements of left ventricular weight/body weight (LVW/BW, mg/g) (B) and myocyte
cross sectional area measurement (C). Representative pictures of wheat germ agglutinin
(WGA) staining (C top) and quantitative analysis of myocyte cross sectional area (C bottom)
are shown. Myocardial fibrosis was determined by PASR staining (D), and myocytes
apoptosis was determined by TUNEL staining of the mouse left ventricles (E). N>3. Values
are mean±SEM. P<0.05.
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Figure 6. miR-98 mediates the anti-hypertrophic actions of Trx1
Twelve to 24 hours after transduction of Ad-sh-sc or Ad-anti-miR-98 (anti-98), and Ad-
LacZ or Ad-Trx1, NRCMs were treated with or without 100 nM Ang II for 48 hours. Cells
were harvested for protein and DNA content measurement (A) or stained with anti-ANF
antibody (red) and DAPI (blue) (B). Representative ANF perinuclear staining is shown and
the percentage of ANF positive cells was quantified. N>3. Values are mean±SEM. P<0.05.
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Figure 7. Cyclin D2 is a target of miR-98 and mediates Ang II-induced cardiac hypertrophy in
cardiac myocytes
(A) After 24 hours 100 nM Ang II treatment, NRCMs were harvested for immunoblot
analyses of total lysates with anti-cyclin D2 antibody. (B) Mice were subjected to
continuous infusion of either PBS (control) or a subpressor dose (200 ng/kg/min) of Ang II
by osmotic pump for two weeks. Heart homogenates were subjected to immunoblot analyses
with anti-cyclin D2 and anti-α-tubulin antibodies. (C) Twenty-four hours after transduction
of Ad-sh-sc or Ad-short hairpin-cyclin D2, NRCMs were treated with or without 100 nM
Ang II for 48 hours. Cells were stained with anti-α-actinin antibody (red) and DAPI (blue),
and relative cell surface area (cell size) was measured. N>3. Values are mean±SEM. P<0.05.
(D) Twelve to 24 hours after transduction of Ad-lacZ or Ad-Trx1, NRCMs were treated with
or without 100 nM Ang II for 24 hours. Cells were harvested for immunoblot analyses using
anti-cyclin D2, anti-Trx1 and anti-α-tubulin antibodies and the results were quantified by
densitometry. N>3. Values are mean±SEM. P<0.05. (E) Tg-Trx1 and NTg mice were
subjected to continuous infusion of either PBS or a subpressor dose (200 ng/kg/min) of Ang
II by osmotic pumps for two weeks. Heart homogenates were subjected to immunoblot
analyses with anti-cyclin D2 and anti-Trx1 antibodies and the results were quantified by
densitometry. (F, G) Twenty-four hours after transduction of Ad-sh-sc or Ad-miR-98,
NRCMs were treated with or without 100 nM Ang II for 24–48 hours. Cells were harvested
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for immunoblot analyses using anti-cyclin D2 antibody and the results were quantified by
densitometry. (H) Ad-miR-sc or Ad-miR-98 was injected into C57 mice hearts with or
without continuous infusion of Ang II (200 ng/kg/min) for two weeks. Heart homogenates
were subjected to immunoblot analyses with anti-cyclin D2 antibody. (I) Cartoon shows the
cyclin D2 3’UTR with miR-98 binding sites and luciferase constructs harboring either wild
type or mutated cyclin D2 3’UTR. NRCMs were co-transfected with one of these two
luciferase constructs with or without miR-98 overexpression for 72 hours. Cells were
harvested for luciferase assay. N>3. Values are mean±SEM. P<0.05.
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Figure 8. Downregulation of cyclin D2 mediates the anti-hypertrophic effects of miR-98
Twelve to 24 hours after transduction of Ad-sh-sc or Ad-miR-98, NRCMs were transduced
with Ad-LacZ or Ad-cyclin D2 and treated with or without Ang II (100 nM) for 48 hours.
Cells were harvested for immunoblot analyses using anti-cyclin D2 antibody (A), or stained
with anti-ANF antibody (red) and DAPI (blue) (B top). The percentage of ANF positive
cells was quantified (B bottom), and relative cell surface area (cell size) was measured (C).
Values are mean±SEM. P<0.05.
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