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Abstract

Autoantibodies against angiotensin Il type 1 receptor (AT 1-AA) are prevalent in preeclampsia. They
induce fetal cardiac structural remodeling in late pregnancy via still unknown mechanisms, the subject of
this study’s investigation. MicroRNA array revealed differential expression of microRNAs in fetal hearts
exposed to AT1-AA. miR-124-3p and miR-181a-5p, the most significantly altered microRNAs, were
significantly enriched in the myocardium. Gain- and loss-of-function experiments demonstrated that miR-
124-3p and miR-181a-5p governed cardiomyocyte phenotype. Overexpression of miR-124-3p or inhibition
of miR-181a-5p activated neonatal rat cardiomyocyte proliferation and size (the converse also being
true). Moreover, miR-124-3p overexpression and miR-181a-5p inhibition acted in concert to exacerbate the
effects of AT1-AA (increasing the size and proliferation of neonatal rat cardiomyocytes). Through TMT™
quantitative proteomics and luciferase reporter gene assay, miR-181a-5p and miR-124-3p respectively
target the 3’ UTR and 5'UTR of VCAN, and oppositely regulate its expression. VCAN knockdown in
neonatal rat cardiomyocytes blocked the pathological effect of AT1-AA. Furthermore, ELISA
demonstrated positive correlation between AT1-AA expression and VCAN level in preeclamptic patient
umbilical cord blood. Our study demonstrates that upregulation of miR-124-3p promotes VCAN
expression, and miR-181a-5p downregulation decreases VCAN inhibition, thereby co-mediating AT1-AA
induced fetal cardiac remodeling.

Introduction

During pregnancy, the intrauterine environment is intimately influential upon fetal development, with even
slight maternal changes impacting fetal developmental progress’2. The heart is the first developmentally
functional organ in mammals. If the fetus encounters an adverse intrauterine environment, its cardiac
structure undergoes adaptive changes to ensure maximal operational efficiency, thereby considered
cardiac remodeling. Cardiac remodeling during the fetal period persists into postnatal life, and increases
adulthood CVD risk®.

Preeclampsia (PE), causative of an adverse intrauterine environment, threatens fetal health*®. PE patient
fetuses manifest cardiac swelling, decreased left ventricular function, and elevated umbilical cord blood
BNP levels®~°. The mechanisms underlying altered intrauterine cardiac development in the setting of PE
are not fully understood. During PE, abnormal activation of the renin-angiotensin system (RAS) has
garnered primary focus. In normal pregnancy, the sensitivity of angiotensin Il type 1 receptor (AT1R) to
angiotensin Il (Ang Il) decreases. In PE, AT1R is overactivated despite decreased levels of Ang II'9,
suggesting the involvement of other factors in excess AT1R activation. In the late 1990s, researchers
discovered that 70% of PE patients harbored a class of autoantibody against AT1R (AT1-AA)'". In
contrast to angiotensin Il (which classically transiently activates AT1R), AT1-AA constantly activates
AT 1R by binding to the extracellular second loop of AT1R (AT1R-ECII)'2. Intravenous injection of AT1-AA
results in PE-like symptoms in mice (eg elevated blood pressure and proteinuria’®~"%). Our previous
studies demonstrate the ability of AT1-AA to cross the placental barrier and enter offspring via
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lactation'®. AT1-AA exposure disrupted cardiac structure and function in early life (gestation day 18) '/,
but via unclear mechanisms.

MicroRNA (miRNA), a class of endogenous non-coding RNA, post-transcriptionally regulates target gene
expression'®. miRNAs participate in different stages of heart development, as well as cardiac remodeling
and regeneration. miRNAs are also a novel therapeutic target'®. It remains unknown which miRNAs are
involved in fetal rat cardiac remodeling induced by AT1-AA. As miRNAs critically regulate cardiac
development and cardiovascular diseases, we hypothesize that AT1-AA exposure in utero induced fetal
cardiac remodeling by altering the expression of specific miRNAs. This study screened differentially
expressed miRNAs, and demonstrated the potential involvement of two key miRNAs during AT1-AA
exposure-induced fetal rat cardiac remodeling.

Materials And Methods

Patients and samples

This study complied with the Declaration of Helsinki and was approved by the Ethical Review Committee
of Tianjin Baodi Hospital. Informed consent was obtained from all patients (ethical number:
TJBDLL20210013). The current study enrolled patients (2020-2021) diagnosed with preeclampsia per
clinical diagnostic criteria?® and normal pregnant women. Detailed baseline patient characteristics are
listed in Table S1.

Preparation of AT1-AA

As mentioned in our previous study?’, the functional second loop epitope peptide of human AT1R (165-
191: IHRNVFFIINTNITVCAFHYESQNSTL, AT1R-ECII) was hypodermically injected into male AT1-AA
negative Sprague-Dawley rats. 8 weeks after injection, serum was collected. AT1-AA was purified from
serum by Hi Trap™ Protein G Kit (GE Healthcare, 17-0404-01). AT1-AA concentration and purity were
measured by Bicinchoninic Acid Assay (Thermo Scientific™, 23225) and SDS-PAGE respectively.

Animal experiments

All animal experiments were approved by the Institutional Animal Care and Use Committee and Ethics
Committee of Capital Medical University. The model of AT1-AA-positive pregnant rats was established
by a passive immunization method as previously described??. Female Sprague-Dawley rats were mated
with male rats overnight. Presence of a vaginal plug the next morning was indicative of embryonic day
0.5. Pregnant rats were divided into control (receiving saline) and treatment (receiving AT1-AA) groups.
On gestation day 13 and 15, pregnant rats were injected with AT1-AA (20 pg/g) and saline (identical
volume) respectively. Blood pressure was determined (standard tail-cuff method) of pregnant rats on
gestation day 12, 14, 16, and 18, followed by tail vein sampling to determine AT1-AA titer. On gestation
day 18, after anesthetization by intraperitoneal sodium pentobarbital (150 mg/kg), pregnant rats
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underwent laparatomy, and fetal hearts were collected for further analyses. All rats were housed at room
temperature (25°C), under a 12 hour light/12 hour dark cycle.

Histological analysis

H&E staining distinguished cardiac morphological changes, and WGA staining aided cardiomyocyte
cross-sectional area determination. For H&E staining, fetal heart samples collected on gestation day

18 were fixed with 4% paraformaldehyde, embedded in paraffin, cut into 4-um-thick sections, and stained
per protocol. For WGA staining, the heart paraffin sections were stained with wheat germ agglutinin
coupled to Alexa Fluor 488 (Invitrogen, W11261, dilution of 1:100 for 1 hour) and visualized with a laser
scanning confocal microscope.

Microarray analysis

The differential expression of microRNAs between control and AT 1-AA group was detected by MiRCURY™
LNA expression array (KangChen Bio-tech). Briefly, total fetal heart RNAs from treatment groups were
extracted by TRIzol (Invitgen) and microRNAsy mini Kit (QIAGEN) per manufacturer protocol. After RNA
measurement using NanoDrop1000, the samples were labeled with miRCURY™ Hy3™/Hy5™ Power
Labeling kit and hybridized on the miRCURY™ quantity LNA array. After the washing step, slides were
analyzed by Axon GenePix 4000B microarray scanner. Scanned images were imported into GenePix Pro
6.0 software (Axon) for grid alignment and data extraction. The average value of replicated microRNAs
was determined, with the normalization factor calculated by selecting the microRNAs with intensity>30 in
all samples. Data was subjected to Median normalization, and differentially expressed microRNAs were
identified by volcano map screening. Finally, hierarchical clustering was performed to exhibit
distinguishable microRNA expression profiles between the treatment groups.

Western blot analysis

Protein samples from heart tissues and NRCMs were lysed with RIPA buffer and PMSF. Concentrations of
different samples were evaluated by BCA Protein Assay Kit (Thermo Scientific, Waltham, MA). Equal
amounts of total protein (20-50 ug per lane) were separated on ~6-15% SDS-PAGE gels, and
electrotransferred onto polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, MA). The
membranes were blocked with 5% milk in TBST for 1 hour at room temperature and incubated with
corresponding primary antibodies at 4°C overnight. The employed antibodies were as follows: anti-ANP
(ab225844, Abcam), anti-BNP (orb382908, Biorbyt), anti-B-MHC (ab50967, Abcam), anti-PCNA (10205-2-
AP, Proteintech), and anti-VCAN (ab177480, Abcam). The next day, after TBST washing, the membranes
were incubated with HRP-conjugated secondary antibodies at a 1:1000-5000 dilution range for 1 hour at
room temperature, and developed using ECL reagent (Applygen Technologies Inc.). All experiments were
performed in triplicate.

Primary neonatal rat cardiomyocytes culture
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Cardiomyocytes were isolated from neonatal Sprague-Dawley rats (1-3 days old) using trypsin (without
EDTA) and collagenase type Il (Gibco). Briefly, cut the skin of the chest and squeeze the back of the
neonatal rat firmly to expose the heart. Hearts were excised and placed in precooled PBS, after rinsing 3—
4x. Each ventricle was collected and cut into 1-mm? tissue blocks. The tissue blocks were then digested
repeatedly (approximately 10 times) for ~6 minutes in a 1:2 mixture of trypsin (without EDTA) and
collagenase type Il (Gibco). The suspension (including cells and enzyme) was gently mixed and added to
high-glucose Dulbecco’'s Modified Eagle’s Medium (DMEM) containing 10% fetal bovine serum (FBS)

and a 1% mixture of penicillin and streptomycin to terminate the digestion. After filtration, centrifugation
(1000 rpm, 10 minutes, RT), and resuspension, cells were plated on a 10-cm? petri dish for 1.5-2 hours for
cardiac fibroblast removal. Finally, the cardiomyocytes were seeded into 6-well plates or 60-cm? petri
dishes for further experiments.

Fluorescence in situ hybridization

MicroRNA fluorescence in situ hybridization (FISH) was performed via RNA FISH kit (Genepharma,
Shanghai). Briefly, NRCMs were fixed with 4% paraformaldehyde for 15 minutes at room temperature.
After fixation, the cells were permeabilized with 0.1% Triton X-100 for 15 minutes at room temperature
and washed with PBS. Cells were then incubated with 2x SSC at 37°C for 30 minutes. After incubation,
the hybridization was measured using hybridization buffer with fluorescence-labeled probes via overnight
incubation in a 37°C water bath. The next morning, after discarding the hybridization buffer, the cell
slides were washed with 42°C preheated 1% Tween 20 for 5 minutes, and washed

sequentially with 42°C preheated 2xSSC and 1xSSC. Finally, the cell slides were washed with PBS and
stained with mounting medium containing DAPI. Relative FISH probe sequences are displayed in
Supplemental Table 3.

Immunofluorescence staining

NRCMs were fixed in 4% paraformaldehyde for 10 minutes at room temperature and washed with PBS.
Cells were immersed in 0.5% Triton X-100 3 times (10 minutes each). Goat serum (10%) was applied to
the cells for blocking for 30 minutes at room temperature. The cells were incubated with primary
antibodies at 4°C overnight. Employed antibodies were as follows: anti-ki67 (AF0198, Affinity
Biosciences), anti-a-actin (23660-1-AP, Proteintech), and anti-VCAN (bs-2533R, Bioss). The next day, after
PBS washing, the cells were incubated with fluorescein-conjugated secondary antibodies for 1 hour.
After incubation, the cells were washed with 0.5% Triton X-100 and PBS, stained with DAPI, and finally
visualized via laser scanning confocal microscopy.

Dual luciferase reporter gene assay

For the luciferase assays, HEK293 cells were transfected with miR-124-3p mimics, miR-181a-5p mimics,
and a negative control combined with the corresponding luciferase reporter plasmid of pischeck2-VCAN
5'UTR or psicheck2-VCAN 3'UTR. After co-transfection, the cells were harvested to measure the luciferase
activity using a dual luciferase assay kit per manufacturer protocol (DL101-01, Vazyme). The specific
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target activity was expressed as the relative activity ratio of firefly to renilla luciferase. At least 3
independent transfections were performed for each experimental group.

Isolation of microRNA and PCR

MicroRNAs were extracted from heart tissues and neonatal rat cardiomyocytes via miRNeasy Mini Kit
(OMEGA, R6842-01) per manufacturer instructions. After microRNA extraction, reverse transcription and
gPCR were measured with a microRNA Detection Kit (GenePharma, Shanghai, China). gPCR was
completed using an ABI 7500 Fast Real Time PCR system (Life Technologies). Relative amounts of
transcripts were normalized to the internal control U6 and calculated by the 2 24Ct formula. Primer
sequences for real time qPCR are displayed in Supplemental Table 2.

Transfection of shRNA adenovirus, microRNAs, and plasmid

shRNA adenovirus targeting rat VCAN was designed and synthesized by Vigenebio (Shandong, China),
and the corresponding control was also purchased from Vigenebio. For microRNA, the miR-124-3p and
miR-181a-5p mimic, inhibitor, and negative control RNAs were designed and synthesized by Genepharma
(Shanghai, China). For plasmid, sequences of the VCAN gene 3'UTR containing miR-181a-5p target sites
and the 5’'UTR containing miR-124-3p target sites were inserted into the psicheck2 dual luciferase
microRNA target expression vector. Transfection was performed with Lipofectamine 2000

per manufacturer instructions. After 4-6 hours of transfection, NRCMs treated with or without AT1-AA
were harvested and lysed for Western blot analysis, while HEK 293A cells were used for the dual
luciferase reporter assays.

Enzyme-Linked InmunosorbentAssays (ELISA)

For AT1-AA titer testing, a biotin-avidin enzyme-linked immunosorbent assay (BA-ELISA) was performed
as previously described??. Peptides corresponding to the sequence of the second extracellular loop of
human AT 1R were synthesized at 98% purity. The results were expressed as optical density (OD) and
measured at 405 nm via ELISA plate reader (SpectraMax Plus; Molecular Devices, Sunnyvale, CA, USA).
For VCAN testing, ELISA was performed per manufacturer instructions (Cloud Clone Corp., SEB817Hu;
Cusabio, CSB-EL025810RA).

TMT-abeled quantitative proteomics

Total sample (saline and AT1-AA groups) protein was extracted. A portion of the protein was removed to
determine the concentration for SDS-PAGE, while another portion was subjected to trypsin hydrolysis and
labeling. The labeled samples underwent chromatographic separation; LC-MS/MS analysis screened
credible and differentially expressed proteins. Experimental data was analyzed by Proteome Discoverer
TM 2.2 (Thermo) software. The UniProt rat database was used. The false positive rate of peptide
identification was controlled <1%.

Bioinformatic analysis
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Heatmaps of microRNA array and proteomics were plotted at http://www.bioinformatics.com.cn, a free
online platform for data analysis and visualization.

Statistical analysis

All data were expressed as mean+SEM. The Student’s t-test analyzed the differences between two
groups. One-way ANOVA compared the differences between multiple groups. P<0.05 was considered
statistically significant. Drafting and statistical analysis was performed using GraphPad Prism 8.0
software (GraphPad Software, Inc., San Diego, CA, USA).

Results

Exposure to AT1-AA resulted in fetal cardiac remodeling.

AT 1-AA was purified per previously described protocol (Supplemental Figure 1A)?3. The biological activity
of AT1-AA was verified by increased neonatal rat cardiomyocyte beat rate (Supplemental Figure 1B). After
injection of AT1-AA at gestation day 13 and 15, systolic blood pressure (SBP) and the AT1-AA P/N value
were significantly increased, indicating successful establishment of the AT 1-AA-positive pregnant rat
model (Supplemental Figures 2A, B). Fetuses from the AT 1-AA group exhibited greater heart/body weight
ratio (HW/BW) (Figure 1A, Supplemental Figure 3), thicker left ventricular wall (Figure 1B), increased
cardiomyocytes cross-sectional area (Figure 1C), and greater ki67-positive cardiomyocyte proportion
(Figure 1D) since gestation day 18. Increased expression of fetal genes such as ANP, BNP, 3-MHC, and the
proliferation marker PCNA (Figure 1E) suggested AT 1-AA exposure in utero caused cardiomyocyte
proliferation through late pregnancy. /n vitro, the direct effect of AT1-AA was observed in isolated primary
neonatal rat cardiomyocytes (NRCMs). Under AT 1-AA stimulation, the proportion of ki67-positive
cardiomyocytes (Figure 1F), the cross-sectional area of NRCMs (Supplemental Figure 4), the expression
of fetal genes (ANP, BNP, B-MHC), and the level of the proliferation marker PCNA increased in time-
dependent fashion (Figure 1G). The above results demonstrate AT1-AA exposure increased
cardiomyocyte proliferation and size and prolonged the fetal phenotype, resulting in cardiac remodeling.

Exposure to AT1-AA induced differential microRNAs expression in fetal rat heart

The differentially expressed miRNAs in fetal rat hearts exposed to AT1-AA were detected by miRCURY™
LNA expression array. miRNAs with a fold change >2 were selected. The volcano plot identified
upregulated and downregulated microRNAs (Supplemental Figure 5A). The heat map demonstrated 67
miRNAs differentially expressed in fetal hearts subjected to saline versus AT 1-AA at gestation day 18
(Supplemental Figure 5B). 29 human-rat homologous (Figure 2A). The five most significantly altered
candidate miRNAs were verified by gPCR in vitro. Consistent with the microRNA array in vivo, the up-
regulation of miR-124-3p and the down-regulation of miR-181a-5p in AT1-AA-treated NRCMs were the
most significant observed alterations (Figure 2B), and were consequently selected for follow up
experiments. /n vivo studies verified in utero AT 1-AA exposure increased miR-124-3p and decreased miR-
181a-5p expression in fetal hearts gestation day 18 (Figure 2C). Fluorescence in situ hybridization (FISH)
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confirmed AT 1-AA increased the expression of miR-124-3p and decreased the expression of miR-181a-5p
in NRCMs. Both miRs were primarily distributed in the cytoplasm (Figures 2D, E).

The upregulation of miR-124-3p and downregulation of miR-181a-5p co-mediated AT1-AA induced
cardiomyocytes overgrowth

miR-124-3p and miR-181a-5p were successfully overexpressed or inhibited in NRCMs (Supplemental
Figure 6). Overexpression of miR-124-3p increased the expression of fetal genes (ANP, BNP, B-MHC), the
cross-sectional area of cardiomyocytes, and the proportion of ki6é7-positive cardiomyocytes, while
inhibition of miR-124-3p had the opposite effect (Figures 3A, C, Supplemental Figure 7A). In contrast,
overexpression of miR-181a-5p suppressed the expression of fetal genes and decreased the cross-
sectional area of cardiomyocytes and the proportion of ki67-positive cardiomyocytes, while miR-181a-5p
inhibition had the opposite effect (Figures 3B, D, Supplemental Figure 7B). The above results suggest that
miR-124-3p promoted cardiomyocytes overgrowth, while miR-181a-5p played a negative role.

Compared with the single transfection of a miR-124-3p mimic or miR-181a-5p inhibitor, the combined
transfection of miR-124-3p mimic and miR-181a-5p inhibitor in NRCMs more potently increased fetal
gene expression (Figure 3E), cardiomyocytes cross-sectional area (Supplemental Figure 8A), and
proliferation (Figure 3G). We then evaluated whether miR-124-3p and miR-181a-5p co-regulated AT 1-AA-
induced cardiomyocytes’ overgrowth. NRCMs were co-transfected with miR-124-3p mimic and miR-181a-
5p inhibitor prior to AT1-AA exposure. Compared to AT1-AA stimulation alone, AT 1-AA treatment after co-
transfection of the miR-124-3p mimic and miR-181a-5p inhibitor significantly increased cardiac fetal gene
expression (Figure 3F), cardiomyocyte cross-sectional area (Supplemental Figure 8B), and the proportion
of ki67-positive cardiomyocytes (Figure 3H). These results indicated that the upregulation of miR-124-3p
and downregulation of miR-181a-5p co-mediated AT1-AA induced cardiomyocyte overgrowth.

VCAN was the direct common target gene of miR-124-3p and miR-181a-5p

Prompted by the above results that miR-124-3p and miR-181a-5p jointly regulated AT 1-AA-induced
cardiac overgrowth, we next identified putative targets of miR-124-3p and miR-181a-5p. NRCMs were
treated with PBS or AT 1-AA for 24 hours. Proteins were isolated and analyzed by TMT™ (tandem mass
tags) labeled quantitative proteomics to screen differentially expressed genes (DEG). Genes with P<0.05
and fold change greater than 1.2 were selected (Supplemental Figure 9A). Potential target genes of Homo
sapiens and Rattus norvegicus miR-124-3p and miR-181a-5p were predicted by TargetScan 7.2 and
miRWalk 2.0 and intersected by Venn Diagram

Generator (http://www.pangloss.com/seidel/Protocols/venn.cgi). These results were further intersected
with the DEGs under AT 1-AA exposure to obtain AT1-AA-related potential target genes (Figure 4A). Eight
were associated with cardiac diseases (Figure 4B). In verifying the expression of AT1-AA-related potential
target genes in vivo and in vitro, the expression of Versican (VCAN) increased most significantly
(Supplemental Figure 9B, C).
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During cardiac development, VCAN is a key regulator of cardiomyocyte proliferation. It is synthesized and
secreted by cardiomyocytes and cardiac fibroblasts. /n vivo, VCAN expression is increased in the hearts of
E18 fetal rats AT 1-AA treatment group compared to control (Figure 4C, E). In vitro, NRCMs treated with

AT 1-AA also exhibited greater VCAN expression (Figures 4D, F). miRWalk 2.0 identified miR-181a-5p
bound to the 915-921 position of the 3'Untranslated region (UTR) of VCAN messenger RNA (mRNA), while
miR-124-3p was bound to the 246-288 position of the 5’UTR of VCAN mRNA (Figures 4G, H). In order to
verify the direct relationship of the two miRNAs and VCAN, vectors carrying the WT or MUTANT of 5UTR
or 3'UTR were constructed. HEK 293A cells were subjected a dual luciferase reporter gene assay.
Cotransfection of miR-124-3p mimic and VCAN WT 5'UTR increased luciferase activity (Figure 4G); this
effect was blocked by cotransfection of VCAN mutant 5’UTR. Conversely, cotransfection of miR-181a-5p
mimic and VCAN WT 3’'UTR decreased luciferase activity. This effect was blocked by contransfection of
VCAN mutant 3'UTR (Figure 4H). These results confirmed VCAN as the common direct target gene of miR-
124-3p and miR-181a-5p.

To clarify the role of miR-124-3p and miR-181a-5p on VCAN in cardiomyocytes, NRCMs were transfected
with miR-124-3p/miR-181a-5p mimic, inhibitor, or negative control. Overexpression of miR-124-3p
increased the expression of VCAN while inhibition of miR-124-3p decreased VCAN expression (Figure 4l).
MiR-181a-5p mimic decreased VCAN expression, whereas miR-181a-5p inhibitor increased VCAN
expression (Figure 4J).

To test whether miR-124-3p and miR-181a-5p influence VCAN expression, NRCMs were cotransfected
with (1) miR-124-3p mimic and miR-181a inhibitor; (2) miR-124-3p inhibitor and miR-181a mimic; and
then treated with AT1-AA or PBS for 24 hours. Cotransfection of miR-124-3p mimic and miR-181a-5p
inhibitor significantly enhanced AT 1-AA-induced increased VCAN expression (Figure 4K). Interestingly,
when NRCMs were cotransfected with miR-124-3p inhibitor and miR-181a-5p mimic, VCAN expression
was significantly decreased, and AT1-AA treatment had no effect (Figure 4L). These results suggest up-
regulation of miR-124-3p and down-regulation of miR-181a-5p co-mediate increased VCAN expression
induced by AT1-AA.

VCAN mediated AT1-AA-induced cardiomyocytes overgrowth and AT1-AA promoted extracellular VCAN
secretion

We next determined the involvement of VCAN in AT1-AA induced cardiomyocytes overgrowth. Adenovirus
vector carrying short hairpin RNA (shRNA) targeting VCAN was utilized to silence VCAN expression in
NRCMs. NRCMs were then treated with AT1-AA or PBS for 24 hours. Silencing VCAN decreased fetal gene
expression, cardiomyocyte cross-sectional area, the proportion of ki6é7-positive cardiomyocytes, and
proliferation marker PCNA expression. Furthermore, in the setting of VCAN knockdown, AT1-AA
administration did not influence the above outcomes (Figures 5A, B). These results suggest VCAN directly
mediated AT1-AA induced cardiomyocytes overgrowth.

A secretory protein, VCAN is an influential component of the cardiac extracellular matrix, and a regulator

of the extracellular space. To test whether AT1-AA prompted VCAN secretion, the culture supernatant of
Page 9/24



NRCMs with or without AT 1-AA treatment was collected. VCAN expression increased after AT1-AA
treatment (Figure 5C, D). In vivo, VCAN levels in the serum of neonatal rats (postnatal day 0, PO, exposed
to either saline control or AT1-AA in utero) was determined. Compared to control, AT1-AA exposure in
utero increased VCAN secretion (Figure SE). These results demonstrate AT1-AA promoted extracellular
secretion of VCAN /in vivo and in vitro. In the clinical setting, the umbilical cord blood of patients with
preeclampsia exhibited increased AT1-AA P/N (Figure 5F) and VCAN expression (Figure 5G) compared to
normal healthy patients. Pearson correlation analysis confirmed that VCAN expression in umbilical cord
blood of preeclamptc patients was positively correlated with the P/N value of AT1-AA (Figure 5H). In
concert, the basic science and clinical results of this experiment together suggest VCAN may serve as a
biomarker reflecting AT1-AA-induced cardiac injury in utero and post-birth.

Discussion

Our previous study on rodents demonstrated AT 1-AA exposure in utero resulted in cardiac dysfunction
and altered cardiac structure in the early life of offspring?’. In this study, we demonstrate AT 1-AA up-
regulated miR-124-3p and down-regulated miR-181a-5p. Dysregulation of these two miRNAs together
promotes VCAN expression. Increased VCAN expression induced cardiomyocyte overgrowth, ultimately
causing cardiac remodeling. Whereas miR-181a-5p binds the 3'UTR of VCAN mRNA (inhibiting its protein
expression), miR-124-3p binds the 5'UTR of VCAN mRNA (promoting VCAN expression). VCAN was up-
regulated in the serum of the neonatal offspring of AT1-AA-positive pregnant rats, as well as the umbilical
cord blood of AT1-AA-positive preeclampsia patients.

Accumulating evidence demonstrates that AT1-AA is harmful to preeclamptic patients. However, its effect
upon offspring, and any underlying responsible mechanisms, are not clear. In this study, AT1-AA exposure
induced cardiac remodeling, evidenced by increased cardiomyocyte proliferation, cross-sectional area,
and fetal gene expression. Proliferation is necessary for heart development, but excessive proliferation is
deleterious for fetuses. Hypertrophy or hyperplasia increase cardiac mass and cardiac hyperplasia
predominates during mammalian fetal life?*. For example, high salt exposure increases cardiomyocyte
proliferation, apoptosis, and delays differentiation, thereby increasing embryonic mortality?°. High
glucose exposure results in fetal cardiac hyperplasia2®. Fetal genes such as ANP, BNP, and B-MHC are
highly expressed in the early developing stages of the fetal heart, and are downregulated after birth.
During pathologic cardiac remodeling, fetal genes are reactivated?’22. In our study, fetal genes increase
after AT1-AA exposure in vivo and in vitro, indicating that immature cardiomyocytes maladaptively
responded to pressure overload by hypertrophic growth and overproliferation.

To clarify whether AT1-AA directly promoted cardiomyocyte enlargement and proliferation via AT1R, AT1R
knockout neonatal rat cardiomyocytes (Supplemental Fig. 10A) were used. No significant change of fetal
genes was observed after AT1-AA administration (Supplemental Fig. 10B). Moreover, AT1R-ECII peptide
completely neutralized the adverse effects of AT1-AA exposure (Supplemental Fig. 10D), suggesting AT
receptor-dependent AT 1-AA activity. Unexpectedly, telmisartan (TST), a recognized AT1R blocker, only
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partially blocked the pro-remodeling effect of AT1-AA in vitro (Supplemental Fig. 10C), suggesting AT1-AA
activates AT1R in a non-classical manner.

AT1-AA is an immunoglobulin of the IgG class?®. To elucidate whether the pro-remodeling effect is a
common effect of total IgG or a unique effect of AT1-AA, we observed the effect of AT1-AA-negative IgG
(IgG without ability to increase beating frequency of NRCMs) exposure in vivo and in vitro. No significant
changes were found between control and IgG group (Supplemental Fig. 11A-D, Supplemental Fig. 12B),
indicating AT1-AA mediated cardiomyocyte proliferation and enlargement effects were unique. For this
reason, only the AT1-AA group and saline control groups persisted in subsequent experiments.

Angiotensin Il (Ang Il) is the natural ligand of AT1R. To further confirm the relationship between AT1R
activation and fetal cardiac remodeling, pregnant rats were continuously infused with Ang Il from E13 to
E18 by micropump. Similar to AT1-AA, at gestation day 18, fetal rats in the Ang Il group exhibited
increased HW/BW ratio (Supplemental Fig. 11A), a thickened left ventricular wall and increased
cardiomyocyte area (Supplemental Fig. 11B), a greater proportion of ki67-positive cardiomyocytes
(Supplemental Fig. 11C), and increased expression of fetal genes and proliferation marker PCNA
(Supplemental Fig. 11D). In vitro, Ang Il had the same effect on NRCMs (Supplemental Fig. 12A). These
results indicate that intrauterine AT 1R overactivation contributed to pathologic cardiac remodeling at an
early stage of life. Of note, circulating Ang Il levels were significantly decreased in preeclamptic patients
compared to healthy, normal pregnant women3°. We will no longer focus upon mechanisms involving
Ang Il in follow-up investigations.

MicroRNAs regulate cardiac gene expression, but also influence cardiac development and various
pathologic processes 3. Classically, microRNAs induce mRNA degradation or inhibit translation by
binding to the 3'UTR of target gene mRNAs, thereby having post-transcriptional influence. Emerging
evidence demonstrates microRNAs also upregulate target gene expression by binding to the 5'UTR of
target gene mMRNA 37, suggesting the 3'UTR is not the only binding site of the microRNA. In our study,
markedly increased miR-124-3p and decreased miR-181a-5p were observed concomitantly in the fetal
heart of the AT1-AA group. Recently, several studies have demonstrated the importance of miR-124-3p
and miR-181a-5p in cardiac disease. miR-124-3p induced cardiomyocyte apoptosis in myocardial
infarction 34, whereas miR-181a-5p inhibited cardiomyocyte apoptosis 2° and reduced myocardial
ischemia-reperfusion injury3®. Here, we demonstrate that increased miR-124-3p and decreased miR-181a-
5p in concert promoted fetal cardiac remodeling after AT1-AA exposure. We demonstrate that VCAN was
the common target gene of miR-181a-5p and miR-124-3p. The binding of upregulated miR-124-3p to the
5'UTR of VCAN mRNA promoted VCAN expression, while the downregulation of miR-181a-5p (bound to
the 3'UTR of VCAN mRNA) mitigated VCAN inhibition.

A member of the chondroitin sulfate proteoglycan family, VCAN is necessary for cardiac development®”.
VCAN is produced by both cardiomyocytes and cardiac fibroblasts®®. During mouse heart development,
VCAN expression exhibits strong spatiotemporal specificity. In early development, the heart grows

through cardiomyocyte replication. High VCAN expression is accompanied by the rapid proliferation of
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cardiomyocytes, ensuring normal heart development. Cardiac VCAN expression reaches peak at gestation
day 13.5. At the completion of development, VCAN is hydrolyzed to inhibit cardiomyocyte proliferation,
prompting the switch of cardiac development mode3®40. After birth, cardiac VCAN expression is minimal.
In our study, AT1-AA exposure increased fetal heart VCAN expression on gestation day 18, accompanied
by increased cardiomyocyte proliferation. Sustained cardiomyocyte proliferation may result in fatal
congestive heart failure before or after birth*'#2. Therefore, inappropriate VCAN reactivation adversely
affects the heart.

VCAN is secreted when cells proliferate or migrate*3#4. During pathologic atherosclerosis, secreted VCAN
regulates lipoprotein expression*°. Based on these prior studies, we detected extracellular VCAN
expression. We chose neonatal rats to collect serum, because it was difficult to collect fetal blood on
gestation day 18, and the hypertrophic effect of AT1-AA persisted until postnatal birth (Supplemental

Fig. 13). Pertaining to clinical samples, umbilical cord blood (UCB) was collected after delivery and
umbilical cord ligation, because UCB biomarkers may reflect fetal heart development*®. Compared to
healthy pregnant women, PE patients exhibited increased VCAN UCB expression. In 2007, Tomasz Gogiel
et al. reported an increase in VCAN expression in the umbilical vein wall of preeclamptic pregnant women
47 suggesting AT1-AA may importantly influence increased VCAN expression. However, whether serum
VCAN may serve as an early biomarker reflecting cardiac injury in offspring requires additional clinical

study confirmation.

The DOHaD theory suggests that appropriate intervention in early life is important for the prevention and
treatment of CVD in adulthood. Presently, the treatment of preeclampsia remains a worldwide problem.
Symptomatic treatement of the mother remains the mainstay of preventing injury to offspring. Most

preeclamptic patients manifest high serum AT1-AA titers''. Our findings further suggest that offspring
exposed to AT1-AA during pregnancy undergo cardiac remodeling in utero. Although some studies have
shown that AT1-AA can be blocked by AT1R blockers, AT1R blockers have teratogenic effects on the

fetuses #84°. Therefore, it is of great clinical significance to discover novel, safe treatment strategies. In
the past decade, many studies have confirmed that differentially expressed microRNAs are a key feature
of preeclampsia #84°. Our current study identifies miR-124-3p and miR-181a-5p co-participate in AT1-AA-
induced fetal cardiac remodeling. Targeting these microRNA may potentially prevent early cardiac injury
in the offspring of preeclamptic patients.
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(A) Heart weight/body weight (HW/BW) ratio of fetal rat hearts on gestation day 18 (n=10). (B) H&E
staining of fetal hearts (Bars=200 pm, n=6). (C) Wheat germ agglutinin (WGA) staining of left ventricular
section (Bars=25 pm, n=6). (D) Immunofluorescence (IF) staining of left ventricular section (n=8).
Bars=50 pm. (E) Expression of ANP, BNP, B-MHC, and PCNA of E18 fetal hearts measured by Western blot
(n=8). (F) IF staining of ki67 and a-actin of neonatal rat cardiomyocytes (NRCM). Nuclei stained with
DAPI (n=6-9 per group). Bars=75 um. (G) Expression of ANP, BNP, B-MHC, and PCNA of NRCM measured
by Western blot (n=5). Independent sample t-test and one-way ANOVA used for statistical analysis.
*p<0.05, **p<0.01, and ***p<0.001.
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Figure 2

AT1-AA induced microRNAs changes in the fetal rat heart.

(A) Heat map of homologous differentially expressed microRNAs in the fetal rat versus human heart, on
E18 (Fold change>2.0, n=5-6 per group). (B) Verification of 5 distinctly altered microRNAs in NRCMs was
measured by gPCR (n=4). (C) Expression of miR-124-3p and miR-181a-5p in fetal rat hearts was verified
by gPCR (n=4). (D) Representative expression and localization of miR-124-3p and miR-181a-5p in NRCMs
evidenced by fluorescence in situ hybridization (FISH, n=4). Bars=10 pm. (E) miR-124-3p and miR-181a-
5p in fetal rat hearts at gestation day 18 exhibited by FISH (Bars=75 pm, n=8). Independent sample t-test
and one-way ANOVA used for statistical analysis. *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.
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Figure 3

Increased miR-124-3p in combination with decreased miR-181a-5p promotes cardiomyocyte proliferation
and enlargement induced by AT1-AA.

(A) Fetal genes were detected in NRCMs by Western blot after overexpressing or inhibiting miR-124-3p
(n=4). *p<0.05, **p<0.01, and ***p<0.001 compared to NC or inh NC. (B) NRCMs were transfected with
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miR-181a-5p mimic and inhibitor, and fetal genes were detected by Western blot (n=4). (C) IF staining of
a-actin and ki67 were measured in NRCMs after overexpression or inhibition of miR-124-3p (n=5). Nuclei
were stained with DAPI. Bars=50 pm. (D) IF staining of a-actin and ki67 was performed in NRCMs after
transfection of miR-181a-5p mimic or inhibitor (n=5). Nuclei were stained with DAPI. Bars=50 pm. NRCMs
were transfected with miR-124-3p mimic, miR-181a-5p inhibitor, or both. Fetal genes were detected by
Western blot (n=4). (F) NRCMs were co-transfected with miR-124-3p mimic and miR-181a-5p inhibitor
with or without AT1-AA. Fetal genes were detected by Western blot (n=4). (G) After transfection of the
indicated RNA (miR-124-3p mimic, miR-181a-5p inhibitor), IF staining of a-actin and ki67 was performed
(n=5). Nuclei were stained with DAPI. Bars=50 pm. (H) a-actin and ki67 staining were measured in NRCM
after combination overexpression of miR-124-3p and inhibition of miR-181a-5p, with or without AT1-AA
(n=5). Nuclei was stained with DAPI. Bars=50 pm. Independent sample t-test and one-way ANOVA were
used for statistical analysis. *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.
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Figure 4

VCAN was the direct target gene of miR-124-3p and miR-181a-5p.

(A) Diagram of the intersection of common potential target genes of has-miR-124-3hashsa-miR-181a-5p,
rno-miR-124-3p, and rno-miR-181a-5p. (B) Heat map of potential target genes differentially expressed in
NRCMs after AT1-AA stimulation also related to cardiac diseases. (C) VCAN expression verified by
Western blot in E18 fetal rat hearts. (n=8). (D) Western blot demonstrating VCAN expression after AT1-AA
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treatment in NRCMs (0, 12, and 24 hours, n=4). (E) VCAN expression and distribution in vivo was
measured by IF staining (n=6). Bars=50 ym. (F) IF staining indicating expression and localization of
VCAN in NRCMs (n=6). Bars=50 pm. (G) Prediction of binding sites of miR-124-3p with 5’'UTR of VCAN
MRNA. HEK 293A cell co-transfected with psicheck2-VCAN-5'UTR and miR-124-3p mimic or negative
control (NC) was measured by luciferase reporter gene analysis to detect luciferase activity (n=4). (H)
Prediction of binding sites of miR-1871a-5p with 3'UTR of VCAN mRNA. HEK 293A cell co-transfected with
psicheck2-VCAN-3’'UTR and miR-181a-5p mimic or NC was measured by luciferase reporter gene analysis
(n=4). (1) Expression of VCAN in vitro was detected by Western blot after transfection with miR-124-3p
mimic or inhibitor (n=4). (J) Transfection of miR-181a-5p mimic or inhibitor was performed in NRCMs.
VCAN protein level detected by Western blot (n=4). (K) NRCMs were co-transfected with miR-124-3p
mimic and miR-181a-5p inhibitor with or without AT1-AA . VCAN expression was measured by Western
blot (n=4). (L) After co-transfection of miR-124-3p inhibitor and miR-181a-5p mimic with or without AT 1-
AA, VCAN expression was measured by Western blot (n=4). Independent sample t-test and one-way
ANOVA were used for statistical analysis. **p<0.01, ***p<0.001, and ****p<0.0001. ns=no significant
changes.
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Figure 5

AT1-AA induced enlargement and proliferation of cardiomyocytes by promoting both VCAN expression
and secretion.

(A) After successful knockdown of VCAN, NRCM was treated with or without AT1-AA. Relative expression
of VCAN, fetal genes, and PCNA were detected by Western blot (n=4). (B) Ki67 staining was performed
after VCAN knockdown and AT 1-AA exposure (n=6). Bar=50 um. (C) VCAN expression in supernatant of
NRCMs with or without AT1-AA stimulation was measured by ELISA (n=5). (D) VCAN expression in
supernatant of NRCMs was detected by Western blot after AT 1-AA treatment (n=5). (E) Serum VCAN
expression in neonatal (postnatal day 0) rat hearts was detected by ELISA (n=8). (F) AT1-AA and (G)
VCAN expression in umbilical cord blood from normal pregnancy (N) and preeclamptic patients (PE) was
measured by ELISA (n=15). (H) Pearson correlation analysis between AT1-AA OD value and VCAN
expression in patients with preeclampsia (n=15, r=0.5546, p=0.0258). Independent sample t-test, one-way
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ANOVA and Pearson test were used for statistical analysis. *p<0.05, **p<0.01, ***p<0.001, and
**x%p<0.0001.
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