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a b s t r a c t

Cardiac hypertrophy is widely diagnosed in clinical cardiac disorders. The pathophysiology

of hypertrophy is complex and multifactorial, a series of molecular and cellular changes

are participated, such as activation of different signaling pathways, a switch of fetal gene

program in the myocardium, and apoptosis. Some biomarkers have been applied to assess

cardiac hypertrophy including atrial natriuretic peptides (ANP), brain/B-type natriuretic

peptides (BNP), and a- or b- Myosin Heavy Chain (MHC) in addition to others. Recently,

ubiquitin-protein ligase E3A (UBE3A) has been observed to increase in cardiac hypertrophy.

Therefore, UBE3A as a new biomarker seems valuable in the clinic. The cardiac hypertro-

phy is induced in rat-derived heart cell line H9c2 cells by potassium bromate (KBrO3), high

glucose (HG), or isoproterenol (Iso), respectively. As an oxidizing agent, KBrO3 increased

cell size at concentrations less than 250 mM. Similarly, HG and Iso also induced cardiac

hypertrophy in H9c2 cells. Interestingly, each kind of the cell models promoted the gene

expression of the well-known biomarkers of cardiac hypertrophy including atrial natri-

uretic peptides (ANP) and brain/B-type natriuretic peptides (BNP). Additionally, UBE3A is

also raised with the signals involved in cardiac hypertrophy such as calcineurin and nu-

clear factor of activated T-cells (NFAT) determined using Western blots. KBrO3 increased

the protein levels of these signals and the specific inhibitor, such as cyclosporine A and

tacrolimus, attenuated the signaling in H9c2 cells at concentrations sufficient to inhibit

calcineurin in addition to the reduction of mRNA levels of UBE3A, similar to ANP or BNP.

Moreover, HG or Iso also significantly increased protein levels of UBE3A in H9c2 cells.

Taken together, we provided a new view that UBE3A is markedly raised in cardiac hy-

pertrophy using various cell models, mainly through the activation of the calcineurin/
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NFAT signaling pathway in H9c2 cells. Therefore, UBE3A could be developed as a new

biomarker in the diagnosis of cardiac hypertrophy.

Copyright © 2018, Food and Drug Administration, Taiwan. Published by Elsevier Taiwan

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cardiac hypertrophy is known to induce heart failure because

it is an important compensatory mechanism in response to

physiological or pathological stimuli that involve regulation of

cellular signaling mediators and transcript factors [1]. Hyper-

trophic signals result in increased protein synthesis and

regulated cell cycles [2]. Cardiac hypertrophy is characterized

by cell enlargement, which involves physiological and path-

ological hypertrophy [3]. Pathological cardiac hypertrophy is

often coupled with interstitial and perivascular fibrosis, as

well as apoptosis and the release of atrial natriuretic peptides

(ANP) and brain/B-type natriuretic peptides (BNP). Upon

initiation of the cardiac hypertrophy, concentric hypertrophy

is the primary phenotype that resists high after-load and is

known as the adaptive phase. Once the cardiac damage pro-

gresses, cell length increases, which leads to increased hy-

pertrophy [4]. In cardiac hypertrophy, nuclear factor of

activated T-cells (NFAT) is considered to be an important

mediator of a number of signaletransduction pathways

involved in the coordination of pathological stimulation [5]. In

clinics, many biomarkers have been developed in the appli-

cation. In addition to ANP or BNP, myosin filaments (the

expression of a- and b-myosin heavy chain; MHC) and some

potential biomarkers such as osteopontin, ST-2 receptor,

osteoprotegerin, neopterin, urocortins, growth differentiation

factor 15 and urotensin II have been introduced [6]. Most of

them belonged to the fetal gene program (FGP) and an acti-

vation of FGP in the adult heart occurs after cardiac insults

and is ubiquitously used as a biomarker of cardiac hypertro-

phy [7]. However, the used biomarkers for cardiac hypertro-

phy seem not provided enough answers to all clinical

questions [8]. Therefore, a new, specific and sensitive

biomarker is expected in an emergency.

The ubiquitin ligase UBE3A (an E3 ubiquitin ligase encoded

by the Ube3a gene) is one of the important members of the

ubiquitin proteasome system (UPS) [9]. It has been identified

to express in the heart, liver, brain and other tissues. UPS is an

ATP-dependent proteolytic system that requires the poly-

ubiquitination of a protein intended for degradation [10]. An

abnormal pathway in UPSmay lead to the disorders of protein

metabolism and cause the cardiac hypertrophy [11]. UBE3A

mutations are associatedwith neurological defects in humans

with Angelman syndrome [12]. Ube3a mutant mice appeared

to have deficits in Ca2þ/calmodulin-dependent kinase II

(CaMKII) [13]. Moreover, CaMKII and calcineurin pathways

played a critical role in cardiac hypertrophy [14,15]. Cardiac-

specific activation of calcineurin or its downstream effector

nuclear factor of activated T cells (NFAT) is sufficient to induce

a robust hypertrophic response in transgenic mice [16].
Recently, gene expression of Ube3a is markedly elevated in

cardiac hypertrophy induced by H2O2 [17]. Therefore, we are

interested to develop UBE3A as a new biomarker for cardiac

hypertrophy.

Role of reactive oxygen species (ROS) in the induction of

cardiac hypertrophy has been well-established [18]. In the

present study, we used potassium bromate (KBrO3), HG, or

isoproterenol (Iso) to induce three models of cardiac hyper-

trophy in H9c2 cells [19] and investigated the changes of

UBE3A in each model. Expression of Ube3a was extremely

increased in three kinds of hypertrophic cells. Therefore, we

suggest UBE3A as a new biomarker for diagnosis of cardiac

hypertrophy.
2. Materials and methods

2.1. Materials

Isoproterenol (Iso), Potassium bromate (KBrO3), Cyclosporine

A (CsA), Tacrolimus, andNFAT-inhibitor were purchased from

SigmaeAldrich (St. Louis, MO, USA). All other reagents were

obtained from the supplier as indicated and were at least

analytical grade. Antibodies used and their sources were also

indicated below.

2.2. Cell culture

The H9c2 cells (BCRC No. 60,096) were maintained in Dulbec-

co's Modified Eagle's Medium (DMEM, pH 7.2; GIBCO-BRL Life

Technologies, Gaithersburg, MD, USA) supplemented with

10% fetal bovine serum. The H9c2 cells were plated at a den-

sity of 6000 cells/cm2 and allowed to proliferate in the growth

medium. After plating, the medium was replaced on the sec-

ond day. On the next day, the cells were incubated with the

testing agent(s) as subsequently described.

2.3. Induction of cardiac hypertrophy

H9c2 cells were applied to induce cardiac hypertrophy similar

to three models; first one induced by oxidant potassium

bromate (KBrO3) similar to H2O2 as described previously [20],

second one incubated with HG following the established

method [21], and the third was induced by treatment with

isoproterenol (Iso) according to previous report [22]. The suc-

cess of hypertrophic model was then confirmed below.

2.4. Measurement of cardiac hypertrophy

H9c2 cells were arranged on a 24-well plate (Greiner Bio-One,

Monroe, North Carolina, USA). Cells were starved for 4 h in a
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serum-free medium before treatment with KBrO3 for 72 h.

Briefly, after washing twice with cold phosphate-buffer solu-

tion (PBS), the cells were fixed in 4% paraformaldehyde at

room temperature for 15min andwashedwith PBS containing

2% bovine serum albumin and 0.1% Triton X-100. Cells were

stained with rhodamine phalloidin (Invitrogen, Carlsbad, CA,

USA) to identify the actin filaments and with 4e6-diamidine-

2-phenylindole dihydrochloride (DAPI) (Abcam, Cambridge,

MA, USA) to show the nucleus. An entire field of vision was

characterized using a microscope (IX71 Olympus, Tokyo,

Japan) connected to an imaging system (DP2-BSW, Olympus,

Tokyo, Japan). The cell sizes were magnified 200 times and

analyzed by the imaging system. Cell surface area size was

determined and quantified by imaging to the complete

boundary of individual cells. The results were subsequently

expressed as a percentage change in the surface area level in

cells based on the analysis using the NIH ImageJ software

(Available online: http://imagej.nih.gov/ij/).

2.5. Real-time reverse-transcription-polymerase chain
reaction

The mRNA expression levels of each signal were determined.

In brief, total RNA was extracted from the cell lysates with

TRIzol reagent (Carlsbad, CA, USA). Total RNA (200 ng) was

reverse-transcribed into cDNAwith random hexamer primers

(Roche Diagnostics, Mannheim, Germany). All PCR experi-

ments were performed using a LightCycler (Roche Diagnostics

GmbH, Mannheim, Germany). The concentration of each PCR

product was calculated relative to a corresponding standard

curve. The relative gene expression was subsequently indi-

cated as the ratio of the target gene level to that of b-actin. The

primers for ANP, BNP, UВЕ3А, and b-actin are listed as follows:

ANP F: 50-CACAGATCTGATGGATTTCAAGA-3’;
ANP R: 50eCCTCATCTTCTACCGGCATC-30;
BNP F: 50-GTCAGTCGCTTGGGCTGT-3’;
BNP R: 50eCCAGAGCTGGGGAAAGAAG-30;
UBE3A F: 50-GAATCACTGTTCTTTACAGCCTAGTTC-3’;
UBE3A R: 50-GGATTTTCCATAGCGATCATCT-3’;
b-actin F: 50-CTAAGGCCAACCGTGAAAAG-30; b-actin R: 50-

GCCTGGATGGCTACGTACA-30.

2.6. Western blotting analysis

We used ice-cold radio-immuno-precipitation assay (RIPA)

buffer to extract the proteins from rat heart homogenates or

cell lysates. Western blot analysis was subsequently per-

formed according to our previous method [23]. The target an-

tigens from the protein extracts were detected using primary

antibodies specific for UBE3A (Abcam, Rockville, MD, USA),

calcineurin (SigmaeAldrich, St. Louis, Missouri, USA), NFAT3

(Thermo-Fisher Sci., Rockford, IL, USA), or b-actin (Sigma-

eAldrich, St. Louis, Missouri, USA) and Histone H3 (Santa Cruz,

Dallas, TX, USA). The expression level of histone H3 protein

was determined as an internal control [24]. The bound primary

antibodies were subsequently hybridized to horseradish

peroxidase-conjugated goat anti-rabbit or anti-mouse IgGs

(Calbiochem, San Diego, CA, USA), and the immunoreactive

bands were developed with a chemiluminescence kit (Perkin

Elmer, Waltham, MA, USA). The optical densities of the bands
for UBE3A (100 kDa), calcineurin (18 kDa), NFAT3 (105 kDa),

Histone H3 (15 kDa), and b-actin (43 kDa) were quantified as

described in our previous report [25].

2.7. Nuclear extraction

We performed the extraction of nuclear fraction using a

CNMCS Compartmental Protein Extraction Kit (BioChain

Institute, Inc., Hayward, CA, USA). Briefly, H9c2 cells were

collected to add with ice-cold lysis buffer (2 ml per 20 million

cells). The cell mixture was passed through the needle base

50e90 times to disrupt the cell membranes and to release the

nuclei from the cells. The degree of cell membrane disruption

and the release of nuclei were monitored with a microscope.

The mixture was then centrifuged at 15,000 � g at 4 �C for

20 min. The supernatant, which contained cytoplasmic pro-

teins, was removed and saved in a separate tube. The pellet

was re-suspended in ice-cold wash buffer (4 ml per 20 million

cells), and the suspension was rotated at 4 �C for 5 min, fol-

lowed by centrifugation at 15,000 � g at 4 �C for 20 min. The

supernatant was then removed and ice-cold nuclear extrac-

tion buffer (1 ml per 20 million cells) was added to the pellet.

After rotating at 4 �C for 20 min, the suspension was centri-

fuged at 15,000 � g at 4 �C for 20 min. The supernatant, which

contained nuclear proteins, was removed and saved for

studies.

2.8. Statistical analysis

The results are presented as the mean ± SEM from the indi-

cated sample size (n) in each group. Statistical analysis was

performed using one-way analysis of variance (ANOVA), fol-

lowed by Tukey's post-hoc analysis to compare the difference.

P < 0.05 was considered significant.
3. Results

3.1. Effect of KBrO3 on the cell size of H9c2 cell

Similar to our previous method [20], KBrO3 was incubated

with H9c2 cells for 72 h KBrO3 increased the cell size of H9c2

cells in a dose-dependent manner from 100 to 250 mM. As

shown in Fig. 1A, KBrO3 increases cell size of H9c2 cells and it

is dose-dependently reduced by NFAT inhibitor (Fig. 1B).

Additionally, the biomarkers of cardiac hypertrophy, such as

mRNA levels of ANP (Fig. 1C) and BNP (Fig. 1D), were also

progressed by KBrO3 in the same manner. Therefore,

myocardial hypertrophy did occur in H9c2 cells under the

incubation with KBrO3.

3.2. Effects of cyclosporine a on the cell signaling in
KBrO3-induced H9c2 cells with cardiac hypertrophy

Basically, cardiac hypertrophy is known to be regulated

simultaneously by stimulatory (prohypertrophic) and

counter-regulatory (antihypertrophic) mechanisms via the

calcineurineNFAT signaling pathway [26]. Therefore, we

investigated the changes in signaling pathway using Western

blots. KBrO3 elevated both calcineurin and NFAT3 expression

http://imagej.nih.gov/ij/
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Fig. 1 e Effects of NFAT inhibitor on cardiac hypertrophy-induced by potassium bromate (KBrO3). (A) The hypertrophic

response of H9c2 cells enhanced by KBrO3 is dose-dependently reversed by NFAT inhibitor at indicated concentration. (B)

Change in fluorescent intensity was depicted as fold difference over. The mRNA levels of the biomarkers for cardiac

hypertrophy, either (C) atrial natriuretic peptides (ANP) or (D) brain/B-type natriuretic peptides (BNP), were also compared.

n ¼ 6, *P < 0.05 and **P < 0.01 vs. normal control (first column). #P < 0.05 vs. samples treated with NFAT inhibitor at high

dose (last column).
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levels at the concentration enough to induce cardiac hyper-

trophy in H9c2 cells. Interestingly, the protein level of UBE3A

was also raised markedly by KBrO3 (Fig. 2A). However, these

effects of KBrO3 were dose-dependently reduced by a 1-h

pretreatment with cyclosporine A (CsA), the well-known in-

hibitor of calcineurin [27], as shown in Fig. 2A. Moreover, the

mRNA levels of UBE3A, as ANP and BNP, were also reduced in

the samemanner. Quantification of the changes in each signal

both the transcriptional and translational levels have been

indicated in Table 1.

3.3. Tacrolimus, another blocker of calcineurin, inhibits
KBrO3-induced cardiac hypertrophy in H9c2 cells

Tacrolimus (FK506) is also a powerful immunosuppressant

and it is effective to inhibit calcineurin [28]. Therefore, we

followed a previous report [29] to incubate tacrolimus at the

effective concentrations with H9c2 cells for 1 h before the

treatment with KBrO3. Then, the signals in H9c2 cells and

mRNA levels of UBE3A, as ANP and BNP, were measured. As

shown in Fig. 2B, tacrolimus inhibits protein level of signals in

H9c2 cells with cardiac hypertrophy induced by KBrO3.
Changes in each signal both the transcriptional and trans-

lational levels were quantified to indicate in Table 2. There-

fore, mediation of the calcineurineNFAT signaling pathway in

KBrO3-induced cardiac hypertrophy is further supported.

3.4. NFAT inhibitor alleviates KBrO3-induced cardiac
hypertrophy in H9c2 cells

According to a previous report [30], the NFAT inhibitor is a

high-affinity calcineurin-binding peptide that inhibits Nuclear

Factor of Activated T cells (NFAT) activation, with the amino

acid sequence, Met-Ala-Gly-Pro-His-Pro-Val-Ile-Val-Ile-Thr-

Gly-Pro-His-Glu-Glu, to show a molecular weight of 1683 Da.

Therefore, we incubate NFAT inhibitor at the effective con-

centrations of H9c2 cells for 1 h before the treatment with

KBrO3. As shown in Fig. 2C, NFAT inhibitor attenuated the

protein levels of NFAT and UBE3A in H9c2 cells but not the

calcineurin level increased by KBrO3. Changes in each signal

both the transcriptional and translational levels were quan-

tified to indicate in Table 3. Therefore, mediation of the

calcineurineNFAT signaling pathway in KBrO3-induced car-

diac hypertrophy is also identified.

https://doi.org/10.1016/j.jfda.2018.08.002
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Fig. 2 e Representative pictures showing Western blots. The cytosolic calcineurin promoted by KBrO3 was dose-

dependently reduced by pre-treatment with calcineurin inhibitor, either (A) cyclosporin A or (B) Tacrolimus, and (C) the

NFAT inhibitor. Cytosolic UBE3A in H9c2 cells modified after the treatment with each inhibitor was indicated (n ¼ 6). The

quantified data were shown in Table 1 for A, Table 2 for B, and Table 3 for C, respectively.

Table 1 e Effects of cyclosporin A (CsA) on the gene expression associatedwith cardiac hypertrophy-induced by potassium
bromate (KBrO3) in H9c2 cells.

Contents Control Vehicle
þ KBrO3 (250 mM)

CsA (0.5 mM)
þ KBrO3 (250 mM)

CsA (1 mM)
þ KBrO3 (250 mM)

Relative mRNA of ANP/b-Actin 1.00 ± 0.00 1.87 ± 0.09** 1.49 ± 0.09*# 0.99 ± 0.02#

Relative mRNA of BNP/b-Actin 1.00 ± 0.00 1.90 ± 0.13** 1.45 ± 0.14*# 0.85 ± 0.08#

Relative mRNA of UBE3A/b-Actin 1.00 ± 0.00 1.80 ± 0.18** 1.15 ± 0.14*# 0.68 ± 0.13#

Ratio of calcineurin/b-Actin protein 0.33 ± 0.06 1.04 ± 0.05** 0.67 ± 0.05*# 0.37 ± 0.05#

Ratio of NFAT3/Histone H3 protein 0.30 ± 0.03 0.69 ± 0.06** 0.48 ± 0.03*# 0.32 ± 0.04#

Ratio of UBE3A/b-Actin protein 0.41 ± 0.04 0.86 ± 0.04** 0.52 ± 0.02*# 0.46 ± 0.03#

Values (mean ± SEM) were obtained from six samples per group. Effects of CsA at indicated concentrationwere comparedwith that treated with

vehicle. *P < 0.05 or **P < 0.01 significantly different from the control. #P < 0.05 varied with the vehicle-treated group.
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3.5. The increase of UBE3A in hypertrophic models
induced by HG or isoproterenol in H9c2 cells

In addition to KBrO3-induced cardiac hypertrophy, elevation

of UBE3A shall be identified in another model of cardiac hy-

pertrophy. Therefore, we applied HG [21] and isoproterenol

(Iso) [22] to reproduce the hypertrophic model as described

previously.
The H9c2 cells were exposed to media containing 30 mM

glucose for 48 h. Diabetic cardiac hypertrophy was then

characterized as shown in Fig. 3A to comparewith control that

was exposed to media containing 5.5 mM glucose in the same

manner. Additionally, another hypertrophic model was

reproduced by incubation with 10 mM Iso for 48 h as described

previously [22]. The success of the model was also confirmed

in Fig. 3A to compare with the vehicle-treated sample

https://doi.org/10.1016/j.jfda.2018.08.002
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Table 2 e Effects of Tacrolimus on the gene expression associated with cardiac hypertrophy-induced by potassium
bromate (KBrO3) in H9c2 cells.

Contents Control Vehicle þ KBrO3

(250 mM)
Tacrolimus (0.5 mM) þ KBrO3

(250 mM)
Tacrolimus (1 mM) þ KBrO3

(250 mM)

Relative mRNA of ANP/b-Actin 1.00 ± 0.00 1.82 ± 0.08** 1.33 ± 0.06*# 1.00 ± 0.05#

Relative mRNA of BNP/b-Actin 1.00 ± 0.00 1.84 ± 0.11** 1.09 ± 0.16*# 0.78 ± 0.13#

Relative mRNA of UBE3A/b-

Actin

1.00 ± 0.00 1.87 ± 0.1** 1.33 ± 0.1*# 0.72 ± 0.13#

Ratio of calcineurin/b-Actin

protein

0.23 ± 0.02 0.76 ± 0.06** 0.57 ± 0.03*# 0.30 ± 0.03#

Ratio of NFAT3/Histone H3

protein

0.28 ± 0.02 0.84 ± 0.06** 0.52 ± 0.06*# 0.36 ± 0.03#

Ratio of UBE3A/b-Actin protein 0.41 ± 0.05 0.81 ± 0.06** 0.65 ± 0.03*# 0.45 ± 0.04#

Values (mean ± SEM) were obtained from six samples per group. Effects of Tacrolimus at indicated concentration were compared with that

treated with vehicle. *P < 0.05 or **P < 0.01 significantly different from the control. #P < 0.05 varied with the vehicle-treated group.

Table 3 e Effects of NFAT inhibitor on the gene expression associated with cardiac hypertrophy-induced by potassium
bromate (KBrO3) in H9c2 cells.

Contents Control Vehicle þ KBrO3

(250 mM)
NFAT inhibitor (0.5 mM) þ KBrO3

(250 mM)
NFAT inhibitor (1 mM) þ KBrO3

(250 mM)

Ratio of calcineurin/b-Actin

protein

0.20 ± 0.03 0.65 ± 0.06** 0.62 ± 0.05** 0.69 ± 0.02**

Ratio of NFAT3/Histone H3

protein

0.28 ± 0.01 0.80 ± 0.03** 0.61 ± 0.06*# 0.35 ± 0.01#

Ratio of UBE3A/b-Actin

protein

0.22 ± 0.01 0.69 ± 0.04** 0.42 ± 0.02*# 0.31 ± 0.01#

Relative mRNA of UBE3A/b-

Actin

1.00 ± 0.00 1.95 ± 0.09** 1.43 ± 0.05*# 0.99 ± 0.07#

Values (mean ± SEM) were obtained from six samples per group. Effects of NFAT inhibitor at the indicated concentration were compared with

that treated with vehicle. *P < 0.05 or **P < 0.01 significantly different from the control. #P < 0.05 varied with the vehicle-treated group.
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(Vehicle). Quantification of the change has been shown in

Fig. 3B.

Then, biomarkers of cardiac hypertrophy such as the

mRNA levels of ANP and BNP were significantly promoted in

two hypertrophic models as shown in Fig. 3C and D, respec-

tively. Additionally, the transcriptional and translational

levels of UBE3A were both elevated markedly in two hyper-

trophic models (Fig. 3E and F).
4. Discussion

In the present study, we found that gene expression of UBE3A

is markedly increased in cardiac hypertrophy using 3 kinds of

cell model. Additionally, we demonstrated that calcineurin/

NFAT signaling pathway is mediated in the hypertrophic ef-

fect of KBrO3. It is fully consistent with two other models,

either the HG to mimic diabetes or the widely used com-

pound isoproterenol (Iso). The oxidant KBrO3 induces dam-

age via oxidative stress to resulting cardiac injury in rats [1].

Therefore, it is similar to the effect of hydrogen peroxide

(H2O2) for the induction of cardiac hypertrophy in H9c2 cells

[31]. Moreover, hypertrophic responses are known as the

same between H9c2 cell line and primary neonatal car-

diomyocytes [32].

We followed the established method to measure the cell

size in H9c2 cells [23]. The direct effect of KBrO3 on cardiac
cells may result in an increase in the size of H9c2 cells that

have been demonstrated using visual identification and the

parallel increased biomarkers of cardiac hypertrophy. In-

crease in plasma level of ANP or BNP is also used as the

biomarker of cardiac hypertrophy in the clinic [33]. In the

present study, the mRNA level of ANP or BNP in H9c2 cells is

both elevated by KBrO3. Moreover, KBrO3 induces an increase

in the size of H9c2 cells (hypertrophy) rather than by

enhancing the numbers (hyperplasia). Therefore, the induc-

tion of cardiac hypertrophy in H9c2 cells by KBrO3 can be

identified and we used it as one of the cell models in the

present study.

Then, we investigated the role of the signaling pathway

in KBrO3-induced cardiac hypertrophy. It has been estab-

lished that calcineurin may dephosphorylate NFAT3, the

transcription factors, leading to their nuclear translocation

[26]. Therefore, the nuclear NFAT3 participates in the

promotion of hypertrophic gene expression including ANP

and BNP to induce cardiac hypertrophy [4,5]. We applied

two specific inhibitors of calcineurin, such as cyclosporine

A (CsA) and Tacrolimus (FK506), to interrupt the signaling

pathway. Additionally, the peptide functioned as NFAT

inhibitor [30] was also employed. Protein levels of calci-

neurin or nuclear NFAT3 determined by Western blots

indicated the effectiveness of CsA as described previously

[27] and consisted the influence of Tacrolimus [29]. Also,

NFAT inhibitor [30] provided the reliable data showing the

https://doi.org/10.1016/j.jfda.2018.08.002
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Fig. 3 e Changes in UBE3A expression in high glucose or isoproterenol treated cardiac cells. (A) Hypertrophic responses in

H9c2 cells induced by high glucose (HG) or isoproterenol (Iso) were compared with control or vehicle-treated samples. (B)

Quantification of the fluorescence intensity were also compared. Additionally, the mRNA levels of (C) ANP or (D) BNP in two

models were both promoted. Similarly, (E) the mRNA levels and (F) the protein levels of UBE3A were both markedly

promoted in diabetic and Iso-stimulated models. n ¼ 6, **P < 0.01 vs. normal control (Normal) and ##P < 0.01 vs. vehicle-

treated group (Vehicle).
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mediation of the calcineurin-NFAT signaling pathway in

KBrO3-induced cardiac hypertrophy. It has been docu-

mented that the calcineurin-NFAT pathway belonged to

pathologic but not physiologic cardiac hypertrophy [34].

Otherwise, cardiac hypertrophy by HG, the 2nd model in

the present study, is also induced by the same pathway

[35]. Additionally, the 3rd model induced by isoproterenol

(Iso) is known to produce in the same manner [36].

Therefore, the cell models used in the present study belong

to pathologic cardiac hypertrophy.

In the present study, we found that expression of Ube3a is

markedly increased in 3 kinds of hypertrophic cells, similar to

ANP and BNP. The ubiquitin ligase UBE3A (an E3 ubiquitin

ligase encoded by the Ube3a gene) is also elevated in these

cardiac cells showing hypertrophy. Ubiquitin ligase is known

for protein quality control in cardiomyocytes [37] including E1,

E2, E3 (ubiquitin ligase), and deubiquitinating enzymes.

Ubiquitin ligases enact the final step in the ubiquitination

cascade and give specificity to the UPS by interacting with

specific substrates for tagging themwith ubiquitin. Therefore,

impaired UPS has been mentioned as a pathogenic factor of

hypertrophic cardiomyopathy [38]. The UPS is also known to

resolve the initial cause of ER stress [39]. Acute activation of

the UPS is cytoprotective, but prolonged activation of the UPS

initiates a proapoptotic pathway [39]. Additionally, UPS and

autophagy are two proteolytic pathways in cardiomyocytes to

combat proteotoxicity-related cardiac diseases [40]. In the

heart, three subtypes of E3 ubiquitin ligases (E3s) are known to

link with cardiac hypertrophy [41]. Therefore, UBE3A is

possible to change with the progress of cardiac hypertrophy.

UBE3A expression is really promoted in various kinds of

pathologic cardiac hypertrophy as shown in the current study.

Therefore, UBE3A could be developed as a biomarker of car-

diac hypertrophy in the clinic. The protein UBE3A exists in

both the nucleus and cytoplasm. It has been detected in

human tissues including the heart. The cellular functions of

UBE3A may be influenced by Angelman syndrome, UBE3A-

associated autism spectrum disorders, and human

papillomavirus-associated cancers [42]. In the heart, E3s reg-

ulates autophagy at two critical points through multiple

mechanisms [43]. Similar to the changes in cardiac hypertro-

phy [17], UBE3Awas significantly increased in H9c2 cells at the

transcriptional and translational levels in response to H2O2

[44]. Moreover, UBE3A is known for initiating the degradation

of p53 in rat neonatal cardiomyocytes [45]. UPS impairment

has also been mentioned to involve in the pathophysiology of

diabetic cardiomyopathy, as described in a review article [46].

However, ablation of UBE3A in the heart has not been

performed.

Clinically, some biomarkers are wildly used as the

screening tools for cardiac hypertrophy [47]. The plasma levels

of high-sensitivity cardiac troponin T (hs TnT) indicating

irreversible damage to the heart muscle [48]. The ANP and its

precursor N-terminal pro-ANP (NT-proANP) are increased

with pressure independent cardiac hypertrophy [49]. Also,

BNP and NT-proBNP are the well-known markers of left ven-

tricular wall stress and hypertrophy [50]. Additionally,

biomarker kits for the discrimination between myocardial

degeneration/necrosis and cardiac hypertrophy have been

compared [51]. However, the application of UBE3A as the
biomarker of cardiac hypertrophy is still not mentioned

before. In the network of key regulators of cardiac mechano-

signaling, UBE3A is also not included [52]. Based on the re-

sults of the current study, UBE3A is elevated in pathologic

cardiac hypertrophy. The changes of UBE3A are similar to that

of ANP and BNP in various hypertrophic models of H9c2 cells.

Hypertrophic gene is promoted after the binding of NAFT3

with GATA4 [53]. Therefore, UBE3A is possible to develop as a

new diagnostic biomarker along with ANP or BNP. Moreover,

UBE3A is a product of the UPS in cardiac cells after the hy-

pertrophic stimulation. Therefore, it is not the same as ANP or

BNP and it could be developed as an alternative biomarker.

Recently, Ube3a gene has been investigated in patients for the

development of Tourette syndrome [54] which is valuable for

assay of UBE3A in clinic. Limitations of the present study are

related to the data from cell line only. Assay of UBE3A in an-

imals and/or in patients with cardiac hypertrophy shall be

developed in the near. Commercial kit for assay of blood

UBE3A level is particularly required. However, the obtained

results are enough to support the application of UBE3A as the

biomarker of cardiac hypertrophy in cell models and it could

be applied in the screening of drug activity for the alleviation

of cardiac hypertrophy.
5. Conclusion

Taken together, we demonstrated a new view that UBE3A is

markedly raised in cardiac hypertrophy using 3 kinds of cell

model through the activation of the calcineurin-NFAT

signaling pathway in H9c2 cells. Therefore, UBE3A is suitable

to develop as a new biomarker of cardiac hypertrophy in the

future.
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