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prevent cardiac myocyte hypertrophy in female rodents
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Abstract

Maintaining a healthy, anti-hypertrophic state in the heart prevents progression to cardiac failure.
In humans, angiotensin Il (Angll) indirectly and directly stimulates hypertrophy and progression,
while estrogens acting through estrogen receptor beta (ERp) inhibit these Angll actions. The
KLF15 transcription factor has been purported to provide anti-hypertrophic action. In cultured
neonatal rat cardiomyocytes, we found Angll inhibited KLF15, expression and nuclear
localization, substantially prevented by estradiol (E2) or B-LGND2 (B-LGND), an ERp agonist.
Angll stimulation of transforming growth factor beta expression in the myocytes activated p38a
kinase via TAK1 kinase, inhibiting KLF15 expression. All was comparably opposed by E2 or B-
LGND. Knockdown of KLF15 in the myocytes induced myocyte hypertrophy and limited the anti-
hypertrophic actions of E2 and B-LGND. Key aspects were confirmed in an in-vivo model of
cardiac hypertrophy. Our findings define additional anti-hypertrophic effects of ERp supporting
testing specific receptor agonists in humans to prevent progression of cardiac disease.
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1. Introduction

In humans, cardiac hypertrophy that results from pathological states is a major indication of
the progression of heart disease toward eventual heart failure if untreated. One of the most
important causes of cardiac hypertrophy and progression is the angiotensin Il peptide
(Angll) binding to its type | receptor (Zhou et al., 2017). Many therapies in humans target
the formation of Angll or block its receptor functions. Cardiac hypertrophy often arises from
poorly treated hypertension in humans (Blaustein, 2017), which is an indirect result of
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excessive Angll action in arterial blood vessels. This occurs in addition to the direct effects
of Angll on the myocardium, acting at both myocytes to induce hypertrophy (Subramaniam
and Lip, 2009), and cardiac fibroblasts that induces fibrosis and thus stiffening of the left
ventricle (Ruiz-Ortega et al., 2007). Both functions accelerate the progression to cardiac
ventricular dilation and apoptotic thinning, resulting in compromised ability to eject
sufficient blood upon ventricular contraction.

As shown in rodent models, impaired calcium-regulated ventricular contraction, genetic
hypertension, or aortic banding produces cardiomyocyte hypertrophy, cardiac fibrosis, and
heart failure, mitigated by estrogen action in female mice and rats. In hypertensive women,
hormone replacement after menopause lowers vascular resistance and decreases left
ventricular hypertrophy (Light et al., 2001). From our previous studies, as well as those from
other labs, estrogen acts through estrogen receptor beta (ERB) to normalize blood pressure,
inhibit hypertrophy, fibrosis, and progression to heart failure (Skavdahl et al., 2004;Babikar
et al, 2006;Pedram et al., 2008, Thireau et al, 2010). Previously, we showed that a highly
specific ERp agonist, B-LGND2 (Yeperu et al., 2010), was comparable to estrogen in
preventing these forms of cardiovascular disease in-vivo (Pedram et al., 2013a). Support for
this comes from ERB knockout mice that develop strong systolic and diastolic hypertension
with aging, seen in both female and male mice (Zhu et al., 2002). The role of ERp appears
to arise mainly from the membrane receptor pool, as we reported estrogen or f-LGND
actions occur from signal transduction, a major function of membrane-localized ER (Levin
and Hammes, 2016).

The mechanisms by which Angll and its receptor or other relevant stimuli produce
cardiovascular dysfunction are complex and involve many targets. In this regard, we reported
that E2/ERp signaling in several organs opposes numerous hypertrophic mechanisms,
resulting in the re-establishment of a homeostatic situation (Xue et al, 2008, 2013; Pedram et
al., 2008). Here we focus on a transcription factor, KLF15, which has been reported to have
important functions to oppose cardiac hypertrophy (Leenders et al, 2012). We tested the
hypothesis that Angll stimulates the loss of KLF15, importantly underlying cardiomyocyte
hypertrophy that is opposed by ERp signaling. We identify new functions by which ERB
prevents cardiomyocyte hypertrophy through this transcription factor (TF) and confirm some
important actions in an in-vivo model.

2. Materials and Methods

2.1. Reagents

Peptides Ang Il, TGFB (both from Sigma), and steroids E2 (Steraloids) were purchased
from Tocris. Additional antibodies and phospho-specific antibodies used for immuno-blots
were obtained from the followings: Cell Signaling Technology (Danvers, MA) TAK1
(D94D7) (#5206), Phospho-ATF-2 (Thr71) (#9221), Phospho-TAK1 (Thrl87) (#4536);
Santa Cruz, Biotechnology (Dallas, TX), KLF15 (A5) (SC-271675), GAPDH (0411)
(sc-47724), MYHT7 (A4.951) (sc-53090), Actin (2Q1055) (sc-58673), p38 Antibody (A-20)
(sc-535), phospho-p38 (Thr 180/Tyr 182) (sc-17852-R); (Boster Biological Technology,
Pleasanton, CA), ACTA2 (M01072-1). Detection antibodies conjugated with fluorophores
FITC, or with phycoerythrin (PE) used in immunofluorescence imaging and flow cytometry

Mol Cell Endocrinol. Author manuscript; available in PMC 2019 July 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hoa et al. Page 3

(FACS) analysis, and FITC-conjugated wheat germ agglutinin used in imaging for cell size
measurement were supplied by Invitrogen Molecular Probes, (Eugene, OR). Horseradish
Peroxidase (HRP) secondary antibody used in western blot (WB) was from Santa Cruz,
Biotechnology (Dallas, TX). All antibodies were used at dilutions 1/50 for fluorescence
studies and 1/100 for immuno-blots.

Short interfering RNA used in knocked-down experiments were Stealth siRNAs (Set of 3)
KLF15 RSS340443, RSS340444, RSS340445 and Stealth siRNA Negative Control Kit (Cat.
12935100) were from Invitrogen. A pool of 3 target-specific 19-25 Takl siRNAs siRNA
(sc-155991), control siRNAs include products (sc-37007, sc-44230, sc-44231) and siRNA
Transfection Reagent (sc-29528) were from Santa Cruz, Biotechnology (Dallas, TX). Rp-8-
Br-cAMP and H-89 were from Cal Biochem and selective inhibitor of p38 MAPK, SB
203580, was from Tocris. Reagent concentrations used are identified in the figure legends.
B-LGND is a strongly estrogen receptor beta selective agonist (Yepuru et al., 2010; Pedram
et al., 2013) that was provided as a gift from the GTx corporation, Memphis, TN. Ampules
of 16% or 32% formaldehyde (PFA) fixative solutions were obtained from Electron
Microscopy Sciences (Fort Washington, PA) and used for up to 1 week after opening.

2.2. In-vivo model of cardiac hypertrophy

The Animal Care, and Research and Development Committees at the Department of
Veterans Affairs Medical Center, Long Beach, California approved all rodent studies. Ten
week old, ovariectomized female C57/BJ6 mice were obtained from Harlan/Sprague Dawley
then housed in 12 hour on/off lighting at the VA animal facility and fed rodent chow devoid
of soy or most plant products. Osmotic mini-pumps (Alzet, DURECT Corp, Cupertino, CA.)
were filled with either Angll (0.7mg/kg/day) in saline, saline alone (control), Angll plus
100pl of an ERp agonist, B-LGND (0.5mg) or B-LGND alone. Several laboratories
extensively characterized the specificity of B-LGND for the ERB isoform, in-vitro and invivo
(Yepuru et al., 2010; Pedram et al., 2013). Each mouse had a mini-pump inserted
subcutaneously under inhaled chlorofluorane anesthesia to provide 21-day infusion. In some
mice, an E2 pellet (0.1 mg, 21-day release pellets, Innovative Research of America,
Sarasota, Florida) was inserted under the skin and these mice did not receive -LGND. The
E2 pellet is well documented to produce physiological levels of E2 in the serum of mice,
including our previous studies (Pedram et al, 2008). In all experiments, 5-6 mice were used
per condition.

For comparison, to the ovariectomized female wild type mice, female, ovariectomized ER
gene-deleted mice were obtained from Ken Korach, NIEHS (Zhu et al., 2002). These mice
were subjected to the same conditions described involving administration of Angll = ERB
agonist or E2 pellets, and all mice were identically housed and fed the same chow at the VA
animal facility. At 21 days, the hearts were removed and weighed, and the left ventricle was
dissected free (Pedram et al, 2008 and 2013a). The heart was then processed for ventricular
protein and mRNA that was used in the studies described here. For relative protein detection,
immunoblots were carried out on protein extracted from the left ventricles of mice from all
conditions, following separation by SDS-PAGE and transfer to nitrocellulose. RT-PCR and
densitometry of bands from gel separation was used to quantify mRNA expression.

Mol Cell Endocrinol. Author manuscript; available in PMC 2019 July 15.
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Extensive functional characterization of heart function prior to sacrifice in this model was
previously reported (Pedram et al., 2008).

2.3. Isolation and experiments in cardiomyocytes

Neonatal rat cardiomyocytes were isolated from the hearts of one-to-three-day-old rats or
from term pregnant female rats (Charles River) using a cardiomyocyte isolation kit
(Worthington), according to the manufacturer’s instructions, as previously described
(Pedram et al., 2008). The myocytes were incubated in DMEM/F12 supplemented with 10%
fetal bovine serum, 1xITS (insulin-transferrin-selenium) (Sigma) antibiotic and antimycotic,
and 10ug/ml fibronectin (to aid adherence) until 70% confluent. Cells were then incubated in
in serum free DMEM for 16hrs prior to experimentation. Cells were then placed in medium
containing very low serum (0.1%), and incubated for 24 hrs with TGF (10ng/ml) or Angll
(100nM) with or without E2 (10nM) or B-LGND (10nM) for 24 hours. All conditions had
DMSO at a final concentration of 0.03%. RNA and protein were extracted for various
characterizations and actin and GAPDH were used as loading controls for protein and
mMRNA respectively. Data are SEM + SD from 3 separate experiments combined and
analyzed by ANOVA + Scheffe’s test, p<0.05 considered significantly different.

2.4. Gene expression by PCR

Total RNA was extracted using the Qiagen RNeasy Mini Kit. The RNA concentration was
determined using spectrophotometer. 1ug total RNA/sample was used for cDNA synthesis
using iScript cDNA synthesis Kit (Bio-Rad Laboratories). For gPCR analysis, the primers
were designed using NCBI Primer-BLAST and were synthesized by Eurofins Genomics
(Huntsville, AL). The 18S primers and GAPDH primers were also designed and used for
normalization of gPCR. The PCR was performed using SsoFast EvaGreen Supermix (Bio-
Rad) and thermocycling was carried out using CFX96 Real-Time PCR Detection System
(Bio-rad). The gPCR cycling conditions were as follows: 95°C for 3 min, followed by 40
cycles of 95°C for 10 s, 56°C for 30 s. The melt curve followed from 550C and 95°C. All
samples were run in triplicate and relative quantification of gene expression was determined
by 27AACT (pfaffi M, 2001; Livak KJ and Schmittgen TD, 2001). The following primers
were synthesized by Uerfin (Germantown, MD):

Rat KL F15-Forward, 5’-TGACTCGCAAGCCTTCTGTT-3’; Reverse, 5’-
CATCTCCGACACCTCCACTG-3’

ACTAZ2-Forward, 5’- CATCACCAACTGGGACGACA-3’; Reverse, 5’-
TCCGTTAGCAAGGTCGGATG -3’

MYH7-Forward, 5° - GCCTACCTCATGGGACTGAA-3’; Reverse, 5’-
ACATTCTGCCCTTTGGTGAC-3’

18S primers: Forward 5’-CAGGATTGACAGATTGATAGCTCTT-3’; Reverse 5’-GAGTCT
CGTTCGTT AT CGGAATTAA-3’

Rat GAPDH-Forward, 5’-ACTGAGCATCTCCCTCACAA-3’; Reverse, 5°-
ACACTGCATTCACACACAAGA-3’

Mol Cell Endocrinol. Author manuscript; available in PMC 2019 July 15.
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2.5. Small interfering RNA studies

Briefly, cardiomyocytes were seeded in 6-well plate and grown to 50-70% confluence. The
KLF15, TAK1 or control siRNA constructs (80 pmols) were mixed with transfection reagent
and applied to each well in a total volume of 1ml of transfection medium (Santa Cruz
Biotech). After incubation for 5 hours, normal growth medium containing 2X serum and
antibiotics (1ml) was added to transfected cells. Cells were then incubated for 18-24 hours,
and then replaced with fresh normal medium and cultured for 48 hours. FACS or Immuno-
blots were carried out 48 h after transfection to validate the protein knockdown or real time
RT-PCR was used to verify specificity of the constructs. Only cells which had >70% knock
down were used for experiments as described.

2.6. Western blot

2.7.

Sub-confluent, cultured neonatal rat cardiomyocytes were serum deprived overnight, then
incubated under various conditions for 30 min with kinase or cAMP inhibitors followed by
16 hrs additional treatments with 100 nM Angll or 10 ng/ml TGFB + 10nM E2 or BLGND.
If the cells were also transfected with control or other siRNAs, then this occurred for 48 h
prior to the addition of the peptides or steroids. Immuno-blots were carried out using
standard techniques as we described (Pedram et al., 2008) using specific antibodies. Cells
grown to ~70% confluency in a 100-mm petri dish, were rinsed with PBS, and scraped.
Cells were lysed in buffer with a protease inhibitor and centrifuged, pre-cleared with 1gG,
and suspended in Protein A/G Agarose for 30 min. After pelleting, cell lysate was mixed
with primary antibody agarose conjugate and incubated overnight at 4 C. A pellet was then
made and resuspended for boiling, and electrophoretic separation. Upon transfer of the
proteins to nitrocellulose, immuno-blotting of the proteins with specific first antibody was
carried out in conditions that block nonspecific binding. Horseradish peroxidase-conjugated
second antibody was used, followed by membrane washing, incubation with chemo-
luminescence (ECL) reagents, and detected on the ChemoDoc system from BioRad. Band
intensities are normalized for background and error bars are SEM from 3 separate
experiments.

Kinase assays

P38a mitogen activated protein kinase activity was determined as we described (Kim et al,
2006). The invitro activity was quantified by immuno-precipitating p38a protein from
cardiomyocytes treated under various conditions, and then equal amounts of p38a protein
were separated by gel electrophoresis, then activity. An inhibitor of p38a., SB2036580
(Tocris) was used at a concentration of 100nM (IC50 inhibitory values are 50 and 500 nM
for p38a and p38p respectively). TAK1 kinase was similarly detected under the same
conditions and separation techniques, immuno-blotted with phosphor-TAKZ1 antibody. For in
vitro kinase assays, the experimental cell lysates were immuno-precipitated with p38a
antibody, then equal amounts of kinase protein were added to tubes containing ATF2 protein
substrate and p32 as described previously (Razandi et al., 2000). The phosphorylated
substrate was separated on 10% SDS-PAGE gel and detected by autoradiography, and the
bands were quantitated by laser densitometry. Western blotting for total p38a was
performed to demonstrate equal amounts of immuno-precipitated kinase protein.

Mol Cell Endocrinol. Author manuscript; available in PMC 2019 July 15.
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2.8. In-vitro cardiomyocyte hypertrophy

Cardiomyocyte hypertrophy was determined as H3-leucine incorporation as we previously
described (Pedram et al, 2013). Isolated cardiomyocytes were cultured on collagen-coated
48 well plates at a concentration of 5x10% (cells/well). Cells were serum-starved for 24hr in
DMEM/F12 media supplemented with antibiotics, then were incubated under various
treatment conditions in the presence of 3[H] Leucine (1pCi) for 24 h. Treatment conditions
included medium containing E2 (10nM), B-LGND (10nM), and/or SB2036580 (1nM) for 2
hours prior to TGFB-1 and ANGII addition to the media. Cells were treated for 16hrs, then
collected by aspiration after exposure to 5% trichloroacetic acid (TCA) and centrifuged,
pellets washed then dissolved in 0.5 M NaOH. Activity was measured in 4 ml of high ionic
count scintillation fluid in a Beckman beta counter. Similar treatment conditions were used
for cell size measurements of cardiac hypertrophy using method described in the
immunofluorescence microscopy section.

2.9. Flow cytometry

Treated cardiomyocytes were prepared with the reagents and protocols from Santa Cruz
Biotechnology (Dallas, TX). Versene detached cells were subjected to fixative, washed in
ice-cold phosphate-buffered saline (PBS). The cells were permeabilized for 15 min on ice,
washed and resuspended, then divided into 108 cell aliquots. Cells were incubated with 5 pl
(1:200) of the primary antibody (1 mg/ml) for 1h or with an isotypic 1gG antibody of the
nonimmunized host respective to the primary antibody for 1 h. The primary antibodies
included mouse monoclonal antibodies against KLF15, ACTA2, MHY7 antibody, phospho-
p38a and phospho-TAK1 antibodies then detect with flouresence conjugated secondary or
with isotypic control antibodies for one hour at room temperature. After washing, samples
were analyzed with Bectin-Dickinson FACS Calibur flow cytometer (Mountain View, CA).
Using FACS analysis, phospho-specific antibodies enable measurement of phosphorylation
states in multiple proteins, consequently providing an effective method for analyzing
signaling networks in thousands of single cells (Irish et al., 2004; Hoa et al., 2010). The data
from 10,000 cells was collected. The bar graph is the average of three separate experiments.

2.10. Immunofluorescence Microscopy

Cardiomyocyte cells (3 x 105) were cultured on collagen (BD, Bedford, MA) coated glass
cover slips. Twenty-four hours later cells were treated with various agents, washed with
PBS, and fixed with 4% fresh paraformaldehyde for 10 min at room temperature. For cell
size measurement experiment, fixed samples were incubated with 1 pg/ml fluorescence
labeled wheat germ agglutinin (WGA-FITC) at room temperature for 1h, washed, and
mounted antifade. For nuclear KLF15 quantification, fixed samples were washed,
permeabilized with 0.2% Triton X-100 in PBS for 5 min, and washed 3X with PBS. Before
antibody incubation, cells were blocked with serum from the same species as the secondary
antibody or 2% bovine serum albumin (BSA) at room temperature for 30 min. Cells were
incubated with KLF15 primary antibody (dilution 1:50 in 0.5% BSA-PBS) at room
temperature for 2 hrs. The cells were then incubated for 1 h with FITC conjugated secondary
antibody at 1ug/ml at room temperature in the dark. Cells were washed with PBS and the
coverslips were mounted with antifade mounting medium. Images were acquired using the
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Spot Software with the SPOT FLEX camera (Diagnostic Instruments, Sterling Heights, MI)
mounted on the Nikon Eclipse E600 Epi fluorescence microscope as previously described
(Hoa et al., 2015). Fluorescence labeled samples was analyzed using the Image J Software
with the MBF “ImageJ for Microscopy” plugins from NIH. To quantify KLF15 fluorescence
in the nucleus from a single in focus plane-acquired image, ten random regions were defined
using the Polygon or the Free hand selection tool for each of the treatments. The selected
regions and background were measured for area, integrated density, and mean gray scale
value. The relative level of fluorescence (au) was calculated as Integrated Density (McCloy
et al., 2014) - (Area of selected region x Mean fluorescence of background readings). The
data was analyzed using Prism Graph Software.

3. Results

3.1 Angll and estrogenic compounds reciprocally regulate KLF15 expression.

Since Angll is an important hypertrophic peptide in humans, we examined its effects on
KLF15 expression. In cultured neonatal rat cardiomyocytes, Angll exposure caused a
significant inhibition of the anti-hypertrophic transcription factor mMRNA and protein (Fig
1a). This was significantly reversed by coexposure of the myocytes to E2 or B-LGND. It has
also been shown by several labs including ours that transforming growth factor beta (TGFp)
is stimulated by Angll, and underlies cardiomyocyte hypertrophy and fibroblast conversion
to a myofibroblast. It is not clear whether the hypertrophic functions of Angll in
cardiomyocytes are mainly mediated through TGFp. To determine this, we compared the
effects of equimolar Angll and TGFB on KLF15 expression (Fig 1b). For both mRNA and
protein, Angll and TGFp effects were comparable, suggesting that most of the Angl|
function in this regard was mediated through TGFB. Comparably, E2 and $-LGND opposed
decreased KLF15 expression, as stimulated by Angll or TGFp.

3.2 TGFp stimulates a TAK1-p38a kinase pathway to inhibit KLF15 expression.

We then determined how TGF inhibited and ERB opposed the decrease in KLF15
expression. TGFp production and Angll have been reported to cause a p38a kinase-
dependent suppression of KLF15 mRNA and protein, also stimulating cardiomyocyte
hypertrophy (Leendoset et al., 2012). We previously published in a cardiomyocyte model of
ischemia/reperfusion (I/R) injury, E2 rapidly inhibited p38a MAPK activation by I/R
resulting in cardiomyocyte survival (Kim et al., 2006). We postulated that E2/ERp inhibited
TGFp activation of p38a thereby preserving KLF15 production. Kinase activity was
activated by TGFp and a soluble inhibitor of p38 activity, SB20366580, strongly reversed
this effect of TGFp, thus validating the reagent (Fig 2a). B-LGND also significantly
prevented p38a activation by TGFp. Importantly, the SB compound reversed TGFp-
inhibition of KLF15 mRNA and protein (Fig 2b). These results indicate that f-LGND
significantly reversed both TGF stimulation of p38a kinase activation and the resulting
diminution of KLF15 (Figs 1 and 2).

To further support this pathway, we determined the effects of TGFp and BLGND on the
upstream kinase for p38a,, TGFp-activating kinase (TAK1). Angll and TGFp each
stimulated TAK1 kinase activity that was determined as phospho-TAKZ, inhibited by f-
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LGND (Fig 2c). We also determined whether TAK1 was required for p38a activation by the
hypertrophic peptides. The ability of Angll or TGFp to stimulate p38a activation was
strongly reversed by TAK1 siRNA (Fig 2d).

We then determined how ERP inhibits this signaling pathway that results in KLF15
repression. We first found by flow cytometry that Angll caused ~a 25% increase in
phosphorylated TAK1 or p38a proteins, while inhibiting KLF15 protein. All this was
substantially reversed by B-LGND (Fig 2e). Furthermore, this occurred through ERB
stimulating a cAMP and protein kinase A (PKA)-dependent inhibition of TAK1 and p38a
activity, using well validated inhibitors of cAMP and PKA. We previously published that
ERP stimulates PKA to inhibit TGFB-induced signaling through c-Jun kinase to fibrosis in
cardiac fibroblasts (Pedram et al., 2010). Here we implicate this important signal for ERp to
oppose Angll/TGFp action in the myocytes.

3.3 Angll and ERP regulate the intracellular localization of KLF15

TFs mainly function in the cell nucleus to modulate gene expression. We therefore asked
whether Angll and B-LGND modulated the cytoplasmic/nuclear ratio of KLF15. Using
fluorescent microscopy to determine KLF15 protein localization in cardiomyocytes, Angll
exposure limited both the overall protein abundance and the nuclear localization of this TF,
compared to control (Fig 3). In contrast, B-LGND in the presence of the hypertrophic factor
not only prevented the inhibition of protein abundance, but relocalized KLF-15 from extra-
nuclear sites to the nucleus. This is necessary if, as we propose, ERp restoration of the anti-
hypertrophic state comparable to that seen under control conditions involves KLF15.
Interestingly, in the absence of Angll, ERB had little effect when compared to control levels
of KLF15 abundance or cell localization.

3.4 KLF15 impacts the ability of ERB to inhibit the hypertrophic effects of Angll,

We then examined a functional role for KLF15 including the impact for regulation of
cardiomyocyte hypertrophy by Angll and ERB. We first found that Angll and TGFp
significantly stimulated leucine incorporation into myocyte protein, a marker of cell
hypertrophy (Puhl et al, 2016) (Fig 4a). This was substantially limited by E2 or f-LGND. In
addition, inhibiting p38a with the SB compound reversed these effects of the hypertrophic
peptides.

We also determined the surface area of the cardiomyocytes, and found comparable effects of
prohypertrophic peptides and anti-hypertrophic steroid compounds on this measure of cell
hypertrophy (Fig 4b). In both studies E2 or B-LGND effects alone were not different from
control cells.

To support the importance of KLF15, we used siRNA to decrease the endogenous KLF15 in
the cardiomyocytes that are then subjected to various culture conditions. As seen in Fig 4c,
KLF15 knockdown by itself (lane 7) induced increased leucine incorporation compared to
control siRNA (lane 1). These results indicate the importance of KLF15 in maintaining a
basal state of anti-hypertrophy. In addition, the hypertrophic effects of Angll were
augmented by KLF15 knockdown (lanes 2 and 8), presumably due to further decrease of this
anti-hypertrophic peptide. In the setting of control sSiRNA, E2 or B-LGND each caused a
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comparable and significant decrease in Angll-stimulated leucine incorporation in
cardiomyocytes (lanes 2—4). However, KLF15 siRNA diminished the abilities of E2 and p-
LGND to oppose the hypertrophic action of Angll (lanes 3 and 4 vs lanes 9 and 10). This
suggests that part of the mechanism by which ERp inhibits cardiomyocyte hypertrophy
depends on maintaining ample KLF15 expression to restore the anti-hypertrophic phenotype
seen in the strictly control condition (lane 1). This concept is supported by the earlier data
here showing the ERp agonist or E2 restores normal expression of KLF15 to control levels
(Fig 1). Validation of siRNA knockdown for KLF15 is seen in Fig 4d.

3.5. Downstream targets for KLF15 function

3.6

As an anti-hypertrophic TF, some hypertrophic genes should be targets for KLF15 action.
We therefore determined the impact of KLF15 for the ability of Angll to regulate the
expression of several known hypertrophic genes, MyH7 (also known as 8-MHC) (Yu et al.,
2015) and ACTAZ2 (Tritsch et al., 2013). In cultured cardiomyocytes, we found that AnglI
significantly increased the mRNA and protein expressions of both hypertrophic genes (Fig
5a). Consistent with its anti-hypertrophic effects, inhibiting KLF15 with siRNA alone
caused a significant up-regulation of these mRNAs and the resulting proteins (Figs.5b and
5c¢). Additionally, Angll stimulation of these targets was augmented by KLF15 knockdown.
These results suggest that the demonstrated ability of Angll to inhibit this TF (Fig. 1)
implicates KLF15-regulated transcriptional targets as a mechanism of Angll-induced
cardiomyocyte hypertrophy. This would result also from Angll inhibiting KLF15 nuclear
localization. KLF15siRNA alone also increased expression. *p<0.05 for control siRNA vs
same + Angll or KLF15siRNA, +p<0.05 for Angll vs Angll + KLF15siRNA.

In-vivo confirmation of KLF15 regulation

To confirm key aspects in-vivo, we utilized a model of ovariectomized female WT and ERpB-
deleted mice, subcutaneously infusing Angll+E2 or BLGND or 0.1% saline alone as control
over 4 weeks (5—7 mice per condition). Cardiac hypertrophy and progression to heart failure
was seen from Angll alone, and we previously reported that both aspects were significantly
prevented by co-infusion of either E2 or BLGND, only seen in the WT mice [Pedram et al.,
2013a]. E2 or BLGND also prevented the Angll-stimulated deterioration of cardiac function
in-vivo [Pedram et al., 2008 and 2013a] and cardiac fibrosis (Pedram et al., 2010 and 2016).
We therefore determined effects on KLF15 expression at 2 weeks of infusion. Angll
significantly suppressed KLF15 mRNA and protein in WT female mice, substantially
reversed by co-infusion of either E2 or B-LGND (Fig 6a). By contrast, the suppressive
effects of Angll on KLF15 expression were not affected by E2 or B-LGND in ERBKO mice
(Fig 6b). Thus, ERB mediates the effects of E2 on KLF15 in-vivo, thereby likely
contributing to the anti-hypertrophic effects of this sex steroid on cardiomyocytes, as we
showed in-vitro.

4. Discussion

Uncontrolled hypertension or ischemia of the heart are common causes of the development
of cardiac hypertrophy and progression to cardiac dysfunction, the most extreme form being
heart failure. Key hypertrophic peptides are stimulated and secreted from several organs in
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the cardiovascular system in the hypertensive or ischemia state including Angll and ET-1.
E2 replacement after menopause in women has been shown to have positive effects to
prevent the development of progressive heart disease (Light et al., 2001). We previously
showed that E2 acting through ERp prevents the development of Angll-induced
cardiomyocyte/heart hypertrophy and fibrosis of the heart (Pedram et al, 2010, 2013a). This
is mediated through multiple described but also unknown mechanisms.

KLF15 has been reported to physically interact with and inhibit the myocardin protein
function in the nucleus of cardiomyocytes, repressing heightened expression of pro-
hypertrophic genes (Leenders et al., 2010, 2012). KLF15 is regulated by Angll, and
overexpression of KLF15 blunts Angll-induced cardiomyocyte hypertrophy (Leenders et al.,
2012). Here we establish a role for KLF15 as an anti-hypertrophic transcription factor (TF)
that is reciprocally regulated by Angll/TGFp and E2/B-LGND. Restoration of KLF15
abundance by ERp contributed to inhibition by the sex steroid of the expression of several
known hypertrophic genes, shown here to be stimulated by Angll. We also showed the novel
ability of Angll to stimulate cardiomyocyte hypertrophy that in part reflected inhibition of
KLF15 production. A summary cartoon is shown in Fig 7.

Inhibition of KLF15 mRNA and protein was also found here in the hearts of WT female
mice exposed to low dose Angll infusion that we previously reported produced cardiac
hypertrophy (Pedram et al, 2008). Here, E2 or an ERpB-selective agent, B-LGND,
comparably reversed Angll-inhibition of the TF, restoring the levels to that seen in the
control state, in-vitro and in-vivo. E2 had no comparable effects in the ERp KO mouse,
supporting the important role of the esr2isoform as mediating the anti-hypertrophic function
of the sex steroid, as reported by others (Skavdahl et al., 2004;Babikar et al, 2006, Thireau,
2010). The effects of E2 are also likely to occur in the vasculature, since Angll-induced
hypertension is prevented by E2 or B-LGND (Pedram et al., 2013), and the ERB KO mouse
develops severe hypertension with aging (Zhu et al., 2002). However, we provide consistent
evidence that there are also direct effects of E2/B-LGND on both isolated cardiomyocytes
and fibroblasts to oppose direct effects of Angll that cause both hypertrophic and fibrotic
phenotypes (Pedram et al., 2008,2010,2013, 2016). KLF15 has also been implicated in the
regulation of cardiac progenitor cell fate in the postnatal heart (Noack et al., 2012), and in
cardiac lipid metabolism (Prosdocimo et al., 2014), roles that could be important to E2
regulation of cardiac responses to stress.

We report that ERP signaling through PKA inhibits the TAK1 and p38a kinase axis that is
activated by Angll/TGFp. Previous reports indicated that TGFp stimulation of p38a inhibits
KLF15 expression (Leender et al., 2010), here extended to include TAKL1 signaling from
Angll and TGFp action. TAK1 activity is tightly regulated by complexing with the TAB
family of proteins (TAB1-3), and all activities are modified by multiple post-translational
modifications (Hirata et al., 2017). Thus, extensive studies will be needed to understand how
PKA precisely regulates this upstream kinase, ultimately to diminish p38a activity.

Interestingly, E2 or B-LGND have little effect by themselves on KLF15 expression, These
estrogenic compounds act in-vitro and in-vivo to restore the abundance of this TF to that
seen under control conditions, in the setting of Angll suppressing this protein. This is
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consistent with our previous observations of various E2/ER actions, suggesting that E2
restores a default, anti-hypertrophic and anti-fibrotic system upon exposure of the heart to
pathology-inducing peptides such as Angll. We conjecture that these functions of E2
promote a healthy cardiovascular environment in women during the reproductive years, to
support optimal chances of conceiving and carrying a fetus to term.

Another mechanistic observation in the studies here is that E2/ERP promotes the localization
of the anti-hypertrophic TF into the nucleus of the cardiomyocyte, thus ensuring the
inhibition of prohypertrophic genes that are stimulated by Angll. Previously, we reported
that E2/ERp inhibits the dephosphorylation of NFATC2, thereby sequestering this pro-
hypertrophic TF in cytoplasm of cardiomyocytes to prevent collaboration with other TFs that
induce the hypertrophic phenotype (Pedram et al, 2008). Therefore, it is not only the
abundance but the cell localization of key transcription proteins that are important
mechanistic targets for E2 regulation. This also occurs in cardiac fibroblasts, where
membrane ERP signals to the inhibition of Angll/TGFp-induced phosphorylation of the
Smad?2 and 3 TFs, sequestering the SMADs in cytoplasm to prevent fibrosis-inducing gene
expression (Pedram et al, 2010). We also conclude that membrane ERp signaling is both
required and perhaps sufficient to ensure these functions. Support for the latter concept
arises from our studies in hepatocytes where membrane ERa is sufficient to signal to
cytoplasmic sequestration of the Srebfl TF, substantially reducing the expression of many
genes that are important for lipids synthesis in this organ, as we also demonstrated invivo
(Pedram et al, 2013).

Finally, we propose that an ERp agonist as shown here could provide a degree of protection
against cardiomyocyte hypertrophy in women who are at risk from poorly-controlled
hypertension or other cardiac pathology-inducing states. Selective engagement of esr2would
not stimulate breast or uterine proliferation that is mediated by E2 acting at ERa and
therefore would not be potentially problematic in these regards.
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Fig 1. ERP opposes ANGI | suppression of KLF15 expression.
(@) Angll (100nM) inhibits and E2 (10nM) or B-LGND (10nM) prevents the inhibition of

KLF15 protein (/eft), and mRNA (right) expression in cultured cardiomyocytes. Actin and
GAPDH, respectively, are loading controls. Bar graph is meanz SD from 3 exps. p<0.05 vs
control, +p<0.05 vs Angll alone from analysis by ANOVA + Schefe’s test. (b) Equimolar
TGFB (10ng/ml) or Angll represses KLF15 protein (feft) and mRNA (right) that was
significantly prevented by E2 or B-LGND. *p<0.05 or **p<0.05 vs control, +p<0.05 or +
+p<0.05 vs Angll or TGFp alone, n=3 exps.
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Fig 2. Signaling to theregulation of KLF15 expression
(a) TGFp stimulates p38a activity, inhibited by SB2036580 or B-LGND. Bar graph is the

mean+SD from 3 exps combined. *p < 0.05 vs. control, +p < 0.05 for TGFR vs same +
SB2036580 or B-LGND. (b) TGF inhibits KLF15 mRNA and protein in cardiomyocytes,
blocked by the p38 antagonist SB2036580 (0.1uM) (c) TAK1 activating phosphorylation is
stimulated by Angll or TGF, inhibited by B-LGND. *p<0.05 vs. control, + p<0.05 for
TGFB or Angll vs same plus B-LGND, n=3 exps. (d) TAK1 siRNA diminishes TGFp or
Angll-stimulated p38a activity. The latter was seen as phosphorylation at tyrosine182.
*p<0.05 vs control, +p<0.05 for TGFP or Angll vs same + B-LGND, n=3 exps. TAK1
SiRNA validation is also shown. (e) Flow cytometry analysis of B-LGND inhibition of
phospho-kinases due to cAMP/PKA. *p<0.05 for control vs. Angll-stimulated phospho-
TAKZ, phospho-p38a, or KLF15 proteins. +p<0.05 for Angll vs Angll + B-LGND, +
+p<0.05 for Angll + B-LGND vs same + either H-89 (PKA inhibitor) or RP-8-Br-cAMP
(CAMP inhibitor), n=3 exps.
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Control

Nuclear KLF15

Control ANGII ANGII (-LGND
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Fig 3. Angll re-localizes KL F15 protein to the cytoplasm, opposed by B-L GND.
B-LGND coincubation blocks the Angll effect thereby restoring the control situation.

Quantitation of KLF15 fluorescence is seen in the bar graph as mean+SD from counting
cells per condition in duplicates from each of 3 exps combined. *p<0.05 for control vs
Angll, +p<0.05 for Angll versus Angll + B-LGND.
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Fig 4. Stimulation of cardiomyocyte hypertrophy by Ang Il and TGFp, opposed by E2 and -
LGND.

(a) Leucine incorporation into protein is stimulated by Angll and TGF, inhibited by
estrogenic compounds. Data are from 3 exps. *p or **p < 0.05 vs. control, +p < 0.05 for
TGFp versus same + E2, B-LGND, or SB compound. ++p<0.05 for Angll vs. same + E2, B-
LGND, or SB compound; (b) Cell area is increased in cardiomyocytes exposed to TGFf or
Angll, opposed by E2 or B-LGND. Data are combined from 3 exps. * or **p < 0.05 vs.
control, +p < 0.05 for TGF versus same + E2 or B-LGND. ++p<0.05 for Angll vs same +
E2 or B-LGND. (c) KLF15 siRNA stimulates cardiac hypertrophy, augments Angll effects,
and partially reverses inhibition by E2 or f-LGND. Data are from 3 exps combined. *p<0.05
for control siRNA vs. Angll + control siRNA, **p<0.05 for control siRNA vs
KLF15siRNA, +p<0.05 for Angll vs Angll + E2 or B-LGND under control sSiRNA
conditions, ++p<0.05 for KLF15siRNA vs same +Angll, #p<0.05 for Angll + E2 or -
LGND + control siRNA vs Angll + E2 or B-LGND +KLF15 siRNA conditions; and (d)
SiRNA knockdown of KLF15. Results are cell expression of KLF15 mRNA (RT-PCR) or
protein (flow cytometry), under KLF15 siRNA or control siRNA conditions. The bar graph
is relative KLF15mRNA from 3 determinations, *p<0.05.

Mol Cell Endocrinol. Author manuscript; available in PMC 2019 July 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Hoa et al. Page 18

8 g g 8

§ ACTA2 § ACTA2 é‘

gg 2 28 A g8 mmm ACTA2
is \ 3zi | iz 6 MYH7
% f\ "¢l R\ AN =2

5 \ANGII :_ +B-LGND :

'S

100 10! 102 107 1 00 10" 102 10 104 100 10" 107 107 10¢
FLIH FLIH FLIH

Fold Change
S

i MYH7 § WYHT g MYHT 2
§§ ;é f gé
s8 324 A\ iz 0
b ANGII g )
7 R e ANGII - + + =
om" 101 167 165 104 100 101 12 100 104 am“ ' 10 10° 10¢  B-LGND - - + +
(a ) PO FL2H FL2H
= -
AL T T BRI LG
2 4
Al g - - SRR o O
5 40 _ 25 o Tal
@ 3 i =3
c g + £%20 @ c
£% 30 £ %
32 s> E S35
c2 S 215 <
£y £ % = O
Te g 10 ot
TE EE =14
g5 10 93 5 c
c c LL
@ 0 @ 0 |
Control siRNA + - + & Control siRNA + - + - Control siRNA + = + 3
KLF15 siRNA - + - + KLF15 siRNA - + . : KLF15 SLTJ:;‘; & + = :
ANGII - - + + ANGII - : - R
(b) (c)

Fig 5. Hypertrophic gene and protein expression

(a) flow cytometry analysis of ACTA2 (top) and MYH7 (bottom) expressions, bar graph data
are from 3 exps. *p < 0.05 vs. control, +p < 0.05 for ANGII versus same + B-LGND; (b)
KLF15 protein and mRNA (c) were significantly stimulated by Angll that was augmented
by KLF15siRNA, analyzed by western blot and real time PCR, respectively.
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Fig 6- In-vivo studies of Angll-induced cardiac hypertrophy.
Ovexed, female mice were infused with saline or Angll+ B-LGND or E2 (pellet) for 4 weeks

(4 mice per condition), and the hearts were processed for KLF15 mRNA and protein.
Results are from pooled (a) WT mice and (b) ERBKO mice. Actin and GAPDH,
respectively, are loading controls. Data are from 4 mice, pooled ventricles per condition for
the Figs, each in WT and ERBKO mice. Bar graph data are analyzed by ANOVA and
Scheffe’s test. *p < 0.05 vs. control, +p < 0.05 for Angll versus same + E2 or -LGND.
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Fig 7- Cartoon of regulation of KLF15 in cardiomyocytesto impact cardiac hypertrophy:
Angll acting through TGFp stimulates a TAK1-p38a kinase axis that inhibits KLF15

expression and nuclear localization of the protein. This contributes to increased gene
expression and cardiomyocyte hypertrophy. ERB acting through protein kinase A opposes
TAK1-p38a activation. This restores KLF15 abundance and nuclear localization,
contributing in part to inhibition of Angll-induced gene expression and cardiomyocyte
hypertrophy.
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