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Inhibition of DYRK1A, via histone modification, N
promotes cardiomyocyte cell cycle activation and
cardiac repair after myocardial infarction
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Summary

Background While the adult mammalian heart undergoes only modest renewal through cardiomyocyte prolifera- eBioMedicine 2022;82:
tion, boosting this process is considered a promising therapeutic strategy to repair cardiac injury. This study 104139

explored the role and mechanism of dual-specificity tyrosine regulated kinase 1A (DYRKIA) in regulating cardiomyo- ~ Published online xxx

cyte cell cycle activation and cardiac repair after myocardial infarction (MI). hitps://doi.org/10.1016/j.
ebiom.2022.104139

Methods DYRK1A-knockout mice and DYRKIA inhibitors were used to investigate the role of DYRKIA in cardio-
myocyte cell cycle activation and cardiac repair following MI. Additionally, we explored the underlying mechanisms
by combining genome-wide transcriptomic, epigenomic, and proteomic analyses.

Findings In adult mice subjected to MI, both conditional deletion and pharmacological inhibition of DYRKIA
induced cardiomyocyte cell cycle activation and cardiac repair with improved cardiac function. Combining genome-
wide transcriptomic and epigenomic analyses revealed that DYRKIA knockdown resulted in robust cardiomyocyte
cell cycle activation (shown by the enhanced expression of many genes governing cell proliferation) associated with
increased deposition of trimethylated histone 3 Lys4 (H3K4me3) and acetylated histone 3 Lys27 (H3K27ac) on the
promoter regions of these genes. Mechanistically, via unbiased mass spectrometry, we discovered that WD repeat-
containing protein 82 and lysine acetyltransferase GA were key mediators in the epigenetic modification of
H3K4me3 and H3K27ac and subsequent pro-proliferative transcriptome and cardiomyocyte cell cycle activation.

Interpretation Our results reveal a significant role of DYRKIA in cardiac repair and suggest a drug target with trans-
lational potential for treating cardiomyopathy.
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Research in context

Evidence before this study

The adult mammalian heart is endowed with regenera-
tive capacity, albeit limited, via proliferation of pre-exist-
ing cardiomyocytes. Boosting cardiomyocyte cell cycle
activity is a promising therapeutic strategy in repairing
cardiac injury. Dual-specificity tyrosine regulated kinase
1A (DYRK1A), an evolutionarily conserved protein
kinase, pleiotropically regulates the proliferation of
tumor cells, neuronal progenitor cells, pancreatic g-cells,
and cardiomyocytes in neonatal mice. However, the
mechanisms by which DYRK1A regulates adult cardio-
myocyte cell cycle activity and cardiac repair remain
unknown.

Added value of this study

Our study demonstrated that either conditional
deletion or pharmacological inhibition of DYRKTA
induced cardiomyocyte cell cycle activation along with
improved cardiac function in adult mice subjected to
MI. We also found that DYRK1A phosphorylates WD
repeat-containing protein 82 and lysine acetyltransfer-
ase 6A to reduce the deposition of trimethylated his-
tone 3 Lys4 and acetylated histone 3 Lys27 on the
promoters of cell cycle regulators, thus limiting their
transcriptional activation and inhibiting cardiomyocyte
cell cycle activity.

Implications of all the available evidence

Our findings suggest a significant role of DYRK1A in car-
diac repair and as a drug target with translational
potential for the treatment of cardiomyopathy.

Introduction

Heart failure is one of the major causes of death, with
more than 25 million people affected globally." The
inability of the adult heart to replenish lost or damaged
myocardium is a common pathophysiological basis of
heart failure. Recently, an emerging paradigm-breaking
concept reveals that the adult heart is still endowed with
regenerative capacity via the proliferation of pre-existing
cardiomyocytes,” albeit significantly limited compared
to that of perinatal mammals® or lower vertebrates such

as the zebrafish.* At present, the molecular mecha-
nisms underlying the poor regenerative capacity of the
adult heart remain largely unknown, despite intensive
investigative efforts, thus hampering the development
of drug-based therapies for cardiac regeneration.
Dual-specificity  tyrosine regulated kinase 1A
(DYRK1A) is an evolutionarily conserved protein kinase
mapped to the Down syndrome-critical region in
human chromosome 21 and is involved in many cellular
functions, including cell proliferation, survival, and dif-
ferentiation.’ It is a pleiotropic kinase with an inconsis-
tent role in regulating tumor cell proliferation; however,
it most commonly shows a pro-proliferative effect,®”
thus representing a promising therapeutic target for
anti-tumor drugs. DYRKIA also plays an essential role
in controlling neuronal progenitor cell division via regu-
lation of epidermal growth factor receptor-based signal-
ing during early development.® Other studies further
revealed that inhibition of DYRKIA stimulates pancre-
atic B-cell proliferation, which increases islet mass and
improves glycemic control.? Intriguingly, overexpres-
sion of DYRKIA impairs cardiomyocyte cell cycle pro-
gression, leading to dilated cardiomyopathy associated
with congestive heart failure and premature death in
postnatal mice.”® These observations imply that
DYRKIA may be an extremely powerful regulator of cell
proliferation, even if the cell type is resistant to stimula-
tion of cell division or prone to excessive proliferation.
We identified DYRKIA as a key target in regulating
cardiomyocyte cell cycle activation and cardiac repair in
the adult heart after MI. Mechanistically, DYRK1A phos-
phorylates WDR82 and KATGA to reduce the deposition
of H3K4me3 and H3K27ac on the promoters of cell
cycle regulators, thus limiting their transcriptional acti-
vation and inhibiting cardiomyocyte cell cycle activity.
This study revealed a significant role of DYRKIA in
adult cardiomyocyte cycling and identified it as an effec-
tive therapeutic target for cardiac repair after myocardial

injury.

Methods

Animal

All experimental procedures were approved by the Ani-
mal Care and Use Committee of the Third Military
Medical ~ University = (AMUWEC202113554) and
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conformed to the guidelines from the Directive 2010/
63/EU of the European Parliament on the protection of
animals used for scientific purposes. All experiments
were performed using age-matched mice. C57BL/6]
mice (RRID: IMSR_JAX:000664) were purchased
from the Experimental Animal Center of the Daping
Hospital. a-MHCMercreMer mice (RRID:
IMSR_JAX:005657) were obtained from the Jackson
Laboratory (Bar Harbor, Maine, USA). The mice were
housed in standard cages with a 12-h light/12-h dark
cycle at 22 to 24°C and ad libitum access to food and
water.

Generation of DYRK1A-knockout mice

DYRKIA/A mice were generated using the Casg nick-
ase method. Two single-guide RNAs (sgRNA1 and
sgRNA2) targeting DYRKIA introns 1 and 2 were
designed to flank the second exon of DYRKIA with loxP
sites. The donor plasmid containing DYRKIA exon 2
flanked by two loxP sites, sgRNAT and sgRNA2, and Casg
mRNAs was co-injected into one-cell-stage fertilized
embryos to obtain mice with DYRKIA exon 2 flanked by
two loxP sites on one allele. Homozygous DYEK1A-flox
(DYRKIA®/#%) mice were obtained, and a-MHCM™™
creMer YRKIAT/°* mice were then generated by cross-
ing DYRKIA™* mice with o-MHCM*Me mice,
Cardiomyocyte-specific deletion of DYRKIA (DYRKIA
CKO) was cyclic recombinase (Cre)-induced by thrice
intraperitoneal injection of tamoxifen (50 mg/kg), every
other day in adult mice.

Myocardial infarction (MI)

As previously described, MI was surgically induced.”
Mice were anesthetized by inhalation of isoflurane
(2%), and ventilation was provided through tracheal
intubation, connected to a small-animal anesthesia ven-
tilator. After left thoracotomy through the fourth inter-
costal space, the left anterior descending coronary artery
was visualized and permanently ligated using a 7-o
nylon suture under an operating microscope. After the
chest wall was closed, the mice were allowed to recover
with free access to food and water. Sham-operated mice
underwent a similar surgical procedure without arterial
ligation.

Echocardiography

Cardiac function of the mice was measured at the indi-
cated time points by echocardiography using a small-
animal high-resolution ultrasound imaging system
(Vevo 2100, Visual Sonics, Canada). Two-dimensional
guided M-mode measurements at the parasternal long-
axis plane were performed for at least three beats and
then averaged. All measurements were performed by a
technician blinded to the experimental groups. The left
ventricular internal diameter at end-diastole (LVIDd)
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and left ventricular internal diameter at end-systole
(LVIDs) were measured to determine cardiac function,
while the left ventricular ejection fraction (LVEF) was
calculated as 100% x (LVIDd? — LVIDs?) / LVIDd>.

Cell culture

Neonatal cardiomyocytes were isolated from the hearts
of 1—2-day-old Sprague-Dawley rats using the previ-
ously described enzymatic digestion method.”” The
hearts were extracted, minced into pieces smaller than 1
mm?, and subsequently subjected to enzymatic diges-
tion with 1.25 mg/mL trypsin for 3 min and 0.8 mg/mL
collagenase II for 30 min at 37°C. The digestion was
halted by adding Dulbecco’s modified Eagle’s medium
(DMEM), supplemented with 10% fetal bovine serum
(FBS). After centrifugation at 300 g for 5 min, the cell
pellet was resuspended and incubated at 37°C for
90 min for differential attachment. Subsequently, the
cells in the suspension were plated and cultured in
DMEM with 10% FBS at 37°C in an atmosphere with
5% CO, for 24 h.

Small interfering RNAs (siRNAs), targeting the
genes of interest, were transfected into cardiomyocytes
using the lipofectamine 3000 transfection reagent
(L3oooois, Thermo Fisher Scientific, Waltham, MA)
and cultured for 48 h before subsequent analysis. For
DYRKIA overexpression experiments, the coding
sequence of rat DYRKIA was cloned into the pcDNA3.1
vector under the control of the cytomegalovirus pro-
moter. Recombinant plasmids were then generated and
cardiomyocytes transfected for 48 h.

We also constructed plasmids encoding hemaggluti-
nin (HA)-tagged human full-length DYRKIA, mutated
DYRKIA with deletion of the N, K, or C terminus, and
FLAG-tagged full-length WDR82 or KATGA. Co-trans-
fection of these plasmids was performed in HEK293T
cells (validated by short tandem repeat, RRID:
CVCL_o0063) using the lipofectamine 3000 transfection
reagent. After co-transfection for 48 h, the cells were
lysed for co-immunoprecipitation (IP) experiments to
determine the binding domain of DYRKIA with
WDRS82 and KATGA.

Determining the number of cardiomyocytes per heart

Adult cardiomyocytes were isolated from mice at day 35
post-MI, according to a published protocol.” The cells
were fixed with 4% paraformaldehyde for one hour at
room temperature and immunostained with cardiac tro-
ponin T to label cardiomyocytes in a 1.5-mL Eppendorf
tube. The cell pellet was fully resuspended, 1-pL cell
suspension was dropped and cover-slipped on a slide,
and cardiomyocytes were counted under a fluorescence
microscope (Nikon, Japan). The total cardiomyocyte
number per heart was calculated as the average cell
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number per PL suspension x the total volume of cell
suspension.

Time-lapse imaging assay

To investigate whether loss of DYRKIA promotes cardi-
omyocyte cytokinesis in vitro, we performed a time-lapse
imaging assay using an Olympus IX83 inverted micro-
scope with a humidified cell culture chamber in the
presence of 5% CO, at 37°C. Initially, control
(aMHCMerCreMer) and a_MHCMerCreMer/DYRKIAﬂox/ﬂox
mice (1—3 days after birth) were infected with a single
intraperitoneal injection of AAV9-GFP under the con-
trol of the cardiac troponin T promoter. GFP-labeled
adult cardiomyocytes were isolated from eight-week old
mice, according to a published protocol” and co-cul-
tured with primary neonatal rat cardiomyocytes in the
cell culture chamber. More than 100 random fields of
20X objective lens were selected for time-lapse imaging
at intervals of 1 h for 7 days. Only the division events
with completed cytokinesis were counted.

Culture of human induced pluripotent stem cell (iPSC)-
derived cardiomyocytes (hiPSC-CMs)

Commercial hiPSC-CMs (validated by the commercial
vendor) were purchased from Saibei Biotechnology (Bei-
jing, China), and were seeded in a plating medium (Sai-
bei Biotechnology, CA2020008) into fibronectin-coated
plates. The hiPSC-CMs were routinely tested for myco-
plasma contamination and cultured for one week prior
to experimentation in a maintenance medium (Saibei
Biotechnology, CA2015002).

RNA isolation and real-time quantitative polymerase
chain reaction (qPCR)

Total RNA was isolated from cells or tissues using
TRIzol™ reagent (15596026, Thermo Fisher Scientific)
according to the manufacturer’s protocol. The total
RNA concentration was measured using a Nanodrop
8000 spectrophotometer (Thermo Fisher Scientific).
Additionally, 1-pg of total RNA was used to synthesize
cDNA with the iScript Reverse Transcription Supermix
(Bio-Rad, Hercules, CA, USA), as per the man-
ufacturer’s protocol. The generated cDNA was used as a
template to perform real-time qPCR with a quantitative
SYBR Green PCR mix on a QuantStudio 6 Flex Real-
Time PCR system (Bio-Rad). Additionally, the relative
expression of an individual gene was calculated using
the 2—AACT method, and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as the endogenous
control.

RNA-sequencing and data analysis
Neonatal cardiomyocytes in primary culture were trans-
fected with siRNA against DYRKIA (si-DYRKIA) or

scramble siRNA (si-NC) using lipofectamine 3000
transfection reagent and cultured for 48 h. RNA from
cells transfected with scramble or DYRKIA siRNA was
extracted using TRIzol™ reagent, according to the man-
ufacturer’s protocol. Additionally, RNA-sequencing
(RNA-seq) libraries were prepared using the NEBNext
Ultra™ RNA Library Prep Kit for the Illumina system,
according to the manufacturer’s instructions, and
paired-end (150 bp) sequencing was performed using
the HiSeq 3000 sequencer from the Novogene Bioinfor-
matics Institute (Beijing, China). RNA-seq reads were
mapped to Rnor_6.0 using HISAT2 (v2.0.5) with
default settings, and fragments per kilobase of exon per
million mapped reads were used to analyze differen-
tially expressed transcripts between groups. Heatmaps
of gene expression, gene ontology (GO) and Kyoto ency-
clopedia of genes and genomes (KEGG) pathway analy-
ses were performed using the OmicShare tools, a free
online platform for data analysis (http://www.omic
share.com/tools). RNA-seq data were deposited in the
gene expression omnibus (GEO) database under the
accession number GSE202169.

Antibodies

The antibodies used for the chromatin immunoprecipi-
tation (ChIP) assays were rabbit anti-H3K27ac (abg729,
Abcam, London, England, RRID: AB_2118291) and
"rabbit anti-H3K4me3 (ab8580, Abcam, RRID:
AB_306649). The following antibodies were used for
immunofluorescence staining: mouse anti-cardiac tro-
ponin T (cTnT, MAs-12960, Thermo Fisher Scientific,
RRID: AB_11000742), rabbit anti-Ki67 (PA5-19462,
Thermo Fisher Scientific, RRID: AB_10981523), rabbit
anti-phospho-histone H3 (pH3, PA5-17869, Thermo
Fisher Scientificc RRID: AB_10984484), and rabbit
anti-Aurkb (ab2254, Abcam, RRID: AB_302923). In
addition, the following antibodies were used for IP:
mouse anti-DYRKA (PAB19417, Abnova, Walnut, CA,
RRID: AB_10904391), rabbit anti-phospho-Ser/Thr
(abir7253, Abcam, RRID: AB_10903259), and rabbit
anti-HA tag (abgiro, Abcam, RRID: AB_307019). The
following antibodies were used for immunoblotting:
mouse anti-DYRKA (PAB1g417, Abnova, RRID:
AB_10904391), rabbit anti-Ccnar (bs-5739R, Bioss, Bei-
jing, RRID: AB_11118565), rabbit anti-Ccnbr (bsm-
52044R, Bioss), rabbit anti-Ccndr (bs-20596R, Bioss),
rabbit  anti-Ccnd2z  (bs-1148R,  Bioss,  RRID:
AB_10857746), rabbit anti-Ccner (bs-o573R, Bioss,
RRID: AB_10858063), rabbit anti-Cdc2zo (ab183479,
Abcam), rabbit anti-Cdc2sa (bs-2758R, Bioss, RRID:
AB_10855140), rabbit anti-Cdk: (bsm-52026R, Bioss),
mouse anti-Cdkg4 (bsm-52028M, Bioss), rabbit anti-
Pcna (bs-2006R, Bioss, RRID: AB_10855815), rabbit
anti-Pole2 (bs-14356R, Bioss), rabbit anti-Plkr (bs-3535R,
Bioss, RRID: AB_10857021), rabbit anti-FoxM1
(ab180o710, Abcam, RRID: AB_2893324), rabbit anti-
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KATGA (PAB8&745, Abnova), rabbit anti-WDR82 (PAgs-
110580, Thermo Fisher Scientific, RRID: AB_2855991),
rabbit anti-H3K27ac (abg729, Abcam, RRID:
AB_2118291), rabbit anti-H3K4me3 (ab8580, Abcam,
RRID: AB_306649), rabbit anti-H3Kg9me3 (ab8898,
Abcam, RRID: AB_306848), mouse anti-H3Kayme3
(ab6ooz, Abcam, RRID: AB_30523y), rabbit anti-
Hgk2omes3 (abryyigo, Abcam, RRID: AB_2713955),
rabbit anti-H4Ksac (ab124636, Abcam, RRID:
AB_10976331), rabbit anti-H4K8ac (ab45166, Abcam,
RRID: AB_732937), rabbit anti-histone H3 (abrygr,
Abcam, RRID: AB_302613), mouse anti-FLAG tag
(bsm-33346M, Bioss), and mouse anti-GAPDH
(ab8245, Abcam, RRID: AB_2107448). All the antibod-
ies were validated and used.

ChIP assays

ChIP assays were performed using chromatin IP assay
kits (17-371, Millipore, Milford, MA), as per the man-
ufacturer’s protocol. Briefly, rat neonatal cardiomyo-
cytes were transfected with scramble or DYRK1IA siRNA
using lipofectamine 3000 transfection reagent (Thermo
Fisher Scientific) and cultured for 48 h. The cells (about
1x10” cells for each ChIP experiment) were then cross-
linked with 1% formaldehyde for 10 min at room tem-
perature, and the reaction was stopped with glycine
(0.125 M) for 5 min. The cross-linked cells were har-
vested and lysed in a ChIP lysis buffer and chromatin
was fragmented to 180—360 bp using an EZ-Zyme™
kit (17-295, Millipore), as per the manufacturer’s proto-
cols. Additionally, fragmented chromatin was immuno-
precipitated with anti-H3Ka27ac and anti-H3K4me3
antibodies, or a negative control rabbit IgG. Further-
more, immunocomplexes were captured with protein G
agarose, and crosslinking was reversed by incubating
the samples in the presence of 200 mM NaCl at 65°C
overnight. After treatment with RNase A and proteinase
K, free DNA was purified using spin columns. The puri-
fied DNA fragments were analyzed by quantitative PCR
using primers for the target gene promoter (within
2000bp upstream of the transcription start site) or sub-
jected to ChIP-sequencing (ChIP-seq). The ChIP-qPCR
results are expressed as enrichment relative to input.'
Furthermore, ChIP-seq libraries were constructed using
the NEBNext ChIP-seq Library Prep Master Mix Set for
the Illumina system, and sequencing was performed
using a HiSeq 3000 sequencer (Guangzhou Epibiotek,
Guangzhou, China). ChIP-seq reads were then mapped
to rat genome assembly rn6. ChIP-seq peak calling was
conducted using MACS 1.4.2 (Model based analysis of
ChIP-seq) with default settings to profile binding
regions, and peaks were visualized using integrative
genomics viewer software. ChIP-seq heatmaps of the
binding strength were drawn using the ggplot2 library.
De novo motif analysis was performed within a 200-bp
region around the peak centers using Homer software.
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Additionally, GO and KEGG pathway analyses were per-
formed using the OmicShare tools, a free online plat-
form for data analysis (http://www.omicshare.com/
tools). ChIP-seq data were deposited in the GEO data-
base under the accession number GSE202168.

Immunoprecipitation

IP was performed to investigate protein interactions and
phosphorylation. Briefly, rat neonatal cardiomyocytes in
primary culture were lysed using ice-cold lysis buffer
(Poor13C, Beyotime Biotechnology) containing a protease
inhibitor cocktail (P8340, Sigma, St Louis, MO, USA) and
PhosStop phosphatase inhibitor (4906845001, Sigma).
The lysates were cleared by centrifugation, and proteins
were sequentially incubated with the indicated antibodies
at 4°C overnight and protein A/G agarose (20421, Thermo
Fisher Scientific) at room temperature for 2 h. The beads
were washed thrice with the lysis buffer and centrifuged
to obtain the indicated protein complexes, which were
then subjected to immunoblotting or mass spectrometry.

Immunoblot analysis

We prepared the cell or tissue lysates using an ice-cold
lysis buffer for immunoblotting and IP (Poo13, Beyo-
time Biotechnology) containing a protease inhibitor
cocktail (P8340, Sigma) and protein concentrations
were measured using the Quick Start Bradford Protein
Assay Kit (Bio-Rad). Proteins were separated using
sodium dodecyl-sulfate polyacrylamide gel electrophore-
sis and electrotransferred onto polyvinylidene difluoride
membranes, followed by blocking for 2 h with Tris-buff-
ered saline, 0.1% tween-20 detergent containing 5%
non-fat dry milk. The membranes were then subse-
quently incubated with the indicated primary antibodies
(1:1000 dilution) at 4°C overnight, and the correspond-
ing secondary antibodies at room temperature for 2 h.
The protein bands were then visualized using the Odys-
sey Infrared Imaging System (Li-Cor Biosciences, Lin-
coln, NE), and the intensity of bands was analyzed
using Quantity One image analysis software. Addition-
ally, GAPDH served as an internal control to normalize
densitometric intensity. All uncropped blots are shown
in Supplementary Data.

Mass spectrometry analysis

Mass spectrometric analysis was performed at the
Shanghai Applied Protein Technology Co, Ltd. (Shang-
hai, China). To profile DYRK1A-interacting effectors,
DYRKIA complexes were immunoprecipitated, as
described in the IP assay. The DYRKIA complexes
obtained were then subjected to enzymatic digestion in
trypsin solution (Promega, Madison, WI). The peptides
were later extracted, dried in a speed-vac, and reconsti-
tuted in high-performance liquid chromatography
(HPLC) solvent A (2.5% acetonitrile and 0.1% formic
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acid), and were subjected to standard tandem mass tag
labeling using a commercial kit, as per the man-
ufacturer’s instructions (Thermo Fisher Scientific).
Labeled peptides were fractionated with a high pH,
reversed phase fractionation kit (Thermo Fisher Scien-
tific), and an HPLC system AKTA Purifier 100 (General
Electric, Fairfield, CT), as per the manufacturer’s
instructions. The peptides were further separated using
an EASY-nLC 1200 systems coupled with a Thermo Q
exactive mass spectrometer (Thermo Fisher Scientific).
A full high-resolution scan was performed at 70,000
resolutions (300-1800 m/z), followed by 20 low-resolu-
tion MS/MS scans in the ion trap. Mascot2.2 and Prote-
ome Discoverer 1.4 software were used for database
searching, peptide mass fingerprinting, and peptide
sequence tagging, thus achieving protein identification.

Immunofluorescence staining

The cells or tissues were fixed with 4% paraformalde-
hyde and 4-wm sections of paraffin-embedded tissues
were obtained. After dewaxing and antigen retrieval,
fixed cells or tissue sections were permeabilized with
Triton (0.1%) for 10 min and blocked in immunostain-
ing blocking buffer containing 5% bovine serum albu-
min for 1 h at 37°C. The samples were subsequently
incubated with the indicated primary antibodies (1:100
dilution) at 4°C overnight and corresponding secondary
antibodies (conjugated with Alexa Fluor Plus 488 or
546) at 37°C for 2 h. After nuclear visualization after
10 min of DAPI staining, the samples were mounted,
and immunofluorescence images were obtained under
a laser confocal microscope (Olympus, Tokyo) and were
analyzed using the Olympus Fluoview FV3o0 version
3C Acquisition Software.

Masson'’s trichrome staining

Heart tissues were fixed in 4% paraformaldehyde and
cut into five transverse slices from the apex to the site of
occlusion. The left ventricular scars were then visual-
ized using a modified Masson's trichrome staining kit
(G1346, Solarbio Life Science, Beijing), as per the man-
ufacturer’s instructions. The scar size was quantified
using Image | software and calculated as the circumfer-
ence of fibrotic tissue divided by that of the total left ven-
tricle from consecutive myocardial slices, as previously
described.”

Statistical analysis

All data are expressed as mean + Standard Deviation
(SD), and statistical calculations were performed using
SPSS software (version 19.0). Two-tailed unpaired
Student’s t test was performed to compare means between
two groups, and one-way analysis of variance (ANOVA),
followed by Tukey’s multiple-comparison test, was used
for comparisons among three or more groups. Statistical

significance was set at P < 0.05, and no outliers were
excluded from the final statistical analysis.

Role of the funding sources

No funding sources were involved in the study design;
the collection, analysis, interpretation of data; the writ-
ing of the report, or the decision to submit the manu-
script for publication.

Results

Loss of DYRK1A promotes cardiomyocyte cell cycle
reentry and improves cardiac repair following Ml in the
adult heart

To determine the relationship between DYRKIA and
cardiomyocyte cell cycle activity, we quantified DYRKIA
expression in mouse hearts during development and
post-MI. We found that DYRKIA protein expression
was higher in the adult mouse heart than that in the
neonatal mouse heart, and was further increased post-
MI in the adult mouse (Figure 1a). We further observed
that DYRKIA was more extensively expressed in cardio-
myocytes than that in cardiac fibroblasts, and was local-
ized to a greater extent in the nucleus than that in the
cytoplasm (Supplementary Fig. 1). The role of DYRKIA
in cardiac repair was studied in mice with inducible car-
diomyocyte-specific deletion of DYRKIA (DYRKIA
CKO), generated by crossing DYRKrAfov/8oc with
a-MHCMeT"*Me mice (Figure 1b). Cre was induced by
tamoxifen in 8-week-old adult a-MHCMeTCMer DYR.
KrA8/8 mice to delete DYRKIA from cardiomyocytes.
Mice with cardiomyocyte-selective deletion of DYRKIA
were then subjected to MI by permanent ligation of the
left anterior descending coronary artery (Figure 1c—d).
At day 7 post-MI, cardiomyocyte cell cycle activity, deter-
mined by measuring percentages of the cell cycling
marker Ki6y, G2-M progression marker phospho-his-
tone H3 (pH3), and cleavage furrow-localized cytokine-
sis marker Aurora kinase B  (Aurkb)-positive
cardiomyocytes, in the peri-infarcted area, was signifi-
cantly higher in DYRK1A CKO mice than that in control
mice (Figure 1e—g). Time-lapse live-cell imaging of
adult cardiomyocytes in culture further showed a higher
cytokinesis rate of cardiomyocytes isolated from
DYRKIA CKO mice than those from control mice
(Figure th). Cardiac function was measured weekly by
echocardiography. As shown in Figure 1i—1, MI-induced
cardiac dysfunction, evidenced by decreased LVEF and
fractional shortening (LVFS) and increased left ventricu-
lar internal dimension at systole (LVIDs), was improved
in DYRKIA CKO mice, as compared with that in control
mice. The improvement in cardiac function in DYRKIA
CKO mice, relative to control mice, was accompanied by
an increase in the heart weight to body weight ratio, car-
diomyocyte cell cycle activity, and cardiomyocyte
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Figure 1. Loss of DYRK1A promotes cardiomyocyte cell cycle reentry and improves cardiac repair following Ml in adult
hearts. (a) DYRK1A expression in mouse heart during development and post-Ml in adult mouse. (@a1) Immunoblotting was used to
detect DYRK1A expression in postnatal day 1 (P1) and adult mouse hearts (n=6 mice per group). Representative immunoblots (left)
and quantification of protein levels (right) are shown. "P<0.001 versus P1 group. (@2) Adult mice were subjected to Ml or sham-
operation, and protein expression of DYRK1A in the heart was determined at day 7 post-Ml (n=6 mice per group). Representative
immunoblots (left) and quantification of protein levels (right) are shown. "P<0.001 versus sham group. (b) Schematic diagram of
cardiomyocyte-specific deletion of DYRKTA (DYRK1A CKO). DYRK1AM¥1°* mice were crossed with a-MHCV"<®Me" mice to generate
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number per heart, and a decrease in cardiomyocyte cell
size and fibrotic area in DYRKIA CKO mice
(Figure 1m—p, Supplementary Fig. 2). These findings
indicate that the loss of DYRKIA promotes adult cardio-
myocyte cell cycle reentry, and suggest that DYRKIA
could be a target to promote cardiac repair post-MI.

DYRK1A knockdown induces transcriptional
reprogramming of networks that govern
cardiomyocyte cell cycle activation

Consistent with in vivo studies, knockdown of DYRKIA
expression by siRNA increased cell cycle activity in both
human iPS-derived cardiomyocytes and rat neonatal
cardiomyocytes (Supplementary Figs. 3—4). To explore
how DYRKIA affects cardiomyocyte cell cycle reentry,
we performed transcriptome analysis via RNA-seq,
using total RNAs from rat neonatal cardiomyocytes in
primary cultures transfected with si-DYRKIA or si-NC
(Figure 2a). Heatmap and volcano plot analyses showed
that the expressions of 1548 genes were altered, with
814 genes upregulated and 734 genes downregulated in
si-DYRK1A-transfected cardiomyocytes (Figure 2b, Sup-
plementary Fig. 5a, Supplementary Table 1). The box
plots of RNA-seq read counts in each sample showed
that the samples were comparable in their overall vari-
ability, which helped to ensure that the differences
detected were not the effect of skewed data (Supplemen-
tary Fig. 5b). GO and KEGG analyses showed that
DYRKIA knockdown-induced the transcriptional
reprogramming of networks related to cell proliferation,
and activated genes involved in DNA replication, mitotic
cell cycle process, chromosome segregation, mitotic

nuclear division, and cell division (Figure 2c, Supple-
mentary Figs. 5c—d). Among the 814 upregulated
genes, 151 enriched in cell proliferation-related GO
terms were screened, while some representative genes
and proteins were further validated by qRT-PCR and
immunoblotting, respectively (Figure 2d—f). Gene set
enrichment analyses further indicated that DYRKIA
knockdown in cardiomyocytes leads to a dynamic bias
toward positive regulation of cell cycle activation
(Figure 2g, Supplementary Fig. 5e). These results sug-
gests that DYRKIA regulates cardiomyocyte cycling by
triggering transcriptional reprogramming of a large
number of genes that drive cardiomyocyte cell cycle acti-
vation.

DYRK1A knockdown increases the deposition of
H3K27ac and H3K4me3 on promoters of cell cycle
genes in cardiomyocytes

While a large number of genes were regulated by
DYRK1A, few signaling pathways regulating the cell
cycle were activated by DYRKIA knockdown (Supple-
mentary Fig. 5d). We thus hypothesized that DYRKIA
regulation of cardiomyocyte cell cycle activation may
occur via epigenetic mechanisms such as regulation of
histone modification. Our screening studies show that
DYRKIA knockdown increased H3K27ac and H3K4me3
levels (Figure 3a). This leads to open and accessible
chromatin, which facilitates the binding of transcription
factors to gene promoters and activation of transcrip-
tion. Therefore, we performed chromatin IP followed by
sequencing (ChIP-seq) using DNA fragments captured
by H3K4me3 or H3K27ac antibodies in si-NC- and si-

every other day thrice, control (@MHCMe®Me") and g-MHCMer<reMer/pYRK 1 AO¥1oX mice (DYRKTA CKO) were subjected to MI. Echo-
cardiography was performed every 7 days until removal of the heart, while proliferation and histological analyses were performed
at 7 and 35 days, respectively. (d) Validation of deletion efficiency of DYRK1A in hearts of a-MHCMercreMer/pyRK 1 AfloXfiox mice (n=6
mice per group). Representative immunoblots (left) and quantification of protein levels (right) are shown. ""P<0.001 versus control
group. (e—g) Cardiomyocyte cell cycle activity regulated by DYRK1A in vivo. Immunofluorescence staining (left) and quantification
(right) of Ki67- (e), pH3- (f) and Aurkb- (g) positive cardiomyocytes in the peri-infarct area in control or DYRK1A CKO mice are shown.
Ki67-, pH3-, and Aurkb-positive cardiomyocytes are indicated by arrows. Scale bar=40 pm in e and f; scale bar=20 pm in g. CMs: car-
diomyocytes (>10000 cardiomyocytes from five mice per group). "“P<0.001 versus control group. (h) Cardiomyocyte cytokinesis
regulated by DYRK1A in vitro. Time-lapse microscopy imaging of live cells was performed after adult cardiomyocytes were isolated
from 8-week-old control («MHCVe<eMen and g-MHCMercreMer/pyRK1 Al¥oX mice (cardiomyocyte expression of GFP induced by
infection of AAV9-GFP at neonatal stage) and co-cultured with primary neonatal rat cardiomyocytes for 7 days. Only division events
with completed cytokinesis were counted. A representative image and quantification of cardiomyocyte cytokinesis are shown. Scale
bars are 50 um. CMs: cardiomyocytes (>3000 adult cardiomyocytes from five mice per group were traced). " P<0.001 versus control
group. (i-l) Echocardiographic analysis of cardiac function of adult control or DYRK1A CKO mice. Representative M-mode tracing
images (day 35 post-MI) and quantitative analysis are shown. LVEF: left ventricular ejection fraction; LVFS: left ventricular fractional short-
ening; LVIDs: left ventricular internal dimension at systole (=8 mice per group). "P<0.001 versus control group. (m) Heart weight to
body weight (HW/BW) ratio at day 35 post-MI (n=10). "P<0.01 versus control group. (n) Representative images (n1) and quantification
(n2) of the cell size of cardiomyocytes dissociated at day 35 post-Ml. Eighty to one hundred cells were randomly selected per heart (n=8).
Scale bars are 50 im. “P<0.01 versus control group. (0) Total number of dissociated cardiomyocytes per heart were determined at day
35 post-MI (n=8). “P<0.01 versus control group. (p) Fibrotic area of Ml in hearts from control and DYRK1A CKO mice. Masson's trichrome
staining (p1) and quantification (p2) of fibrotic scars of hearts were performed at day 35 post-MI (n=5 mice per group). Serial transverse
sectioning was performed at 500 wm intervals from heart apex to the site of arterial occlusion. Scale bar=1 mm. “P<0.01 versus control
group. All data are expressed as mean £ SD. The Two-tailed unpaired Student’s t test was used for all statistical analysis except in j—I,
where one-way ANOVA, followed by Tukey’s multiple-comparison test were used.
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Figure 2. DYRK1A knockdown induces transcriptional reprogramming of networks that govern cardiomyocyte cell cycle
activation. (a) Schematic workflow of transcriptome analysis. (b) Heatmap profile of RNA-sequencing (RNA-seq) analysis to show
differentially expressed genes in primary neonatal cardiomyocytes transfected with scramble (si-NC) or DYRK1A siRNA (si-DYRK1A)
(n=3 samples per group). (c) Gene ontology (GO) analysis of upregulated genes in si-DYRK1A cardiomyocytes (relative to si-NC
group) show multiple, significantly enriched GO terms relevant to cell proliferation. (d) Heatmap profile of upregulated cell cycle
regulators (relative to si-NC group). (e—f) Validation of selected cell cycle regulators from RNA-seq by qRT-PCR and immunoblotting
(n=4 samples per group in e; n=6 samples per group in f). Representative immunoblots (left) and quantification of protein levels
(right) are shown in f. ("P<0.01, ""P<0.001) versus si-NC group. (g) The dynamic bias of differentially expressed genes in si-NC and
si-DYRK1A cardiomyocytes. Gene set enrichment analysis was used to analyze clusters of genes that regulate cell cycle. For e—f, all
bars express mean + SD and data are analyzed using the two-tailed unpaired Student’s t test.

DYRKi1A-transfected cardiomyocytes (Figure 3b). As
expected, H3K4me3 and H3K27ac occupied the chroma-
tin globally (Figure 3c), and DYRKIA knockdown
markedly enhanced the deposition of H3K4me3 and

H3K27ac in promoter regions (Figure 3d). Further anal-
ysis of the profiles of ChIP-seq peaks in the vicinity of
all transcriptional start sites (T'SSs) revealed an increase
in enrichment of both H3K4me3 and H3Kayac
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Figure 3. DYRK1A knockdown increases deposition of H3K27ac and H3K4me3 on promoters of cell cycle genes in cardio-
myocytes. (a) Changes of histone modifications induced by DYRK1A knockdown in vitro. Immunoblotting was performed to show
global changes of histone modifications, using proteins extracted from cardiomyocytes in primary culture transfected with scramble
(si-NC) or DYRK1A siRNA (si-DYRK1A) for 48 h (n=6 samples per group). Representative immunoblots (left) and quantification of pro-

tein level (right) are shown. ™

"P<0.001 versus si-NC group. (b) Schematic workflow of H3K4me3 and H3K27ac ChiP-seq. (c) Distribu-

tion of H3K4me3 or H3K27ac ChlIP-seq peaks in chromosomes. The positions of H3K4me3 and H3K27ac enrichment were aligned,
according to chromosome position in the outermost circle. (d) Pie chart of the genomic distribution of H3K4me3 or H3K27ac
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surrounding TSSs in DYRKIA knockdown cardiomyo-
cytes (Figure 3e).

Interestingly, inhibition of DYRKIA led to the
enrichment of H3K27ac and/or H3K4me3 in the pro-
moters of cell cycle genes, including cyclin A1 (Cenai),
cyclin B1 (Cenbi), cyclin D1 (Cendi), cyclin E1 (Cenei),
cyclin-dependent kinase 1 (Cdk1), DNA polymerase epsi-
lon 2 (Pole2), Aurkb, and proliferating cell nuclear anti-
gen (Pcna) (Figure 3f, Supplementary Fig. 6), which is
consistent with the increased gene expression shown in
Figure 2. Motif analyses of the H3K4me3 and H3K27ac
ChIP-seq peaks further showed binding motifs for tran-
scription factors involved in promoting cardiomyocyte
cell cycle activation, including TEA domain transcrip-
tion factor,”® GATA binding protein 4,” and T-Box
Transcription Factor 20'® (Figure 3g), indicating that
DYRKIA loss-of-function in cardiomyocytes leads to
open and accessible chromatin to facilitate the transcrip-
tion of these transcription factors. In line with the tran-
scriptomic results, GO analysis of genes with increased
occupation of H3K4me3 and H3K27ac in the promoter
region revealed enrichment of categories, including cell
proliferation, cell cycle, and mitotic cell cycle
(Figure 3h), indicating that the change in the H3K4me3
and H3K27ac epigenetic landscape may be the cause of
the transcriptional activation of cell cycle genes and cell
cycle regulators induced by DYRKIA knockdown.

DYRK1A inhibition decreases KAT6A and WDR82
phosphorylation to induce H3K27ac and H3K4me3
modification in cardiomyocytes

While the preceding data showed that DYRKIA can reg-
ulate H3K27ac and H3K4me3 modifications, DYRKIA,
a serine/threonine kinase, cannot directly regulate
lysine methylation or acetylation. We deduced that
DYRKIA may interact with other molecules to affect
H3Ka7ac and H3K4me3 modifications. To search for
potential DYRK1A-interacting molecules, unbiased
mass spectrometry analysis was performed on the co-
immunoprecipitated DYRKIA complexes in cardiomyo-
cytes (Figure 4a—b, Supplementary Table 2). Through
procedural filtering, we found two potential DYRKIA-
interacting proteins: WDR82, a component of the
H3K4me3 methyltransferase complex, and KATGA, a
member of histone acetyltransferases (Figure 4c).
DYRKIA is composed of three major domains: C-termi-
nal tail (C), kinase catalytic domain (K), and N-terminal

domain (N). To validate the interaction of DYRKIA with
WDR82 and KATGA and determine the DYRKIA
domain responsible for the binding, we constructed
plasmids encoding HA-tagged full-length DYRKIA and
mutated DYRKIA with deletion of the N, K, or C termini
and FLAG-tagged full-length WDR82 or KATGA. Co-
expression/co-IP assay validated the interaction of
DYRKIA with WDR82 and KATGA, and the N-terminal
deletion mutation of DYRKIA abolished its interactions
with KATGA and WDR82, while the K domain or C-ter-
minal tail deletion exerted no effect on the interactions
(Figure 4d), indicating the essential role of the N-termi-
nal domain of DYRKIA in the KATGA and WDRG&
binding. Although the expression of WDR82 and
KATOGA in the hearts of mice with MI was not different
from that in sham mice (Supplementary Fig. 7), we
found that DYRKIA knockdown decreased WDR82 and
KATGA phosphorylation in vitro (Figure 4e), a modifica-
tion that may increase their activity in neonatal cardio-
myocytes. Conversely, wild-type DYRKiIA
overexpression decreased cardiomyocyte cell cycle activ-
ity, increased WDR8&2 and KATGA phosphorylation,
and inhibited H3K4me3 and H3K27ac occupancy on the
promoters of cell cycle genes as well as the expression
of these genes, whereas overexpression of kinase-dead
DYRK1A-K188R, with a mutation in its adenosine-tri-
phosphate (ATP)-binding site to make it enzymatically
inactive, exerted no effect (Supplementary Fig. 8). Thus,
this indicates that kinase activity was required for the
DYRKi1A-mediated regulation of cardiomyocyte cycling.
Moreover, knockdown of WDR82 or KATGA by siRNA
blocked the DYRKIA deficiency-induced increase in
H3K4me3 and H3K27ac expressions and occupancy on
the promoters of cell cycle genes (Figure 4f—g, Supple-
mentary Fig. 9). Consequently, it blocked DYRK1A defi-
ciency-induced cardiomyocyte cell cycle activation, as
determined by checking cell cycle gene expression and
the percentages of Ki67-, pH3-, and Aurkb-positive cardi-
omyocytes (Figure 4h—k). Taken together, these results
indicate that WDR82 and KATGA are indispensable for
DYRKIA in regulating H3K4me3 and H3K2vac, and
subsequent cardiomyocyte cell cycle activation.

Pharmacological inhibition of DYRK1A promotes
cardiac repair post-Ml in adult mice

Given that DYRKIA deletion showed a beneficial effect
on cardiomyocyte cell cycle reentry and post-injury

binding peaks, including promoters, 5" UTR, 3’ UTR, exons, introns, and intergenic regions. (e) ChIP-seq density heatmaps in cardio-
myocytes transfected with si-NC or si-DYRK1A. Signals were ranked by H3K4me3 and H3K27ac read intensity within 2k bp of peak
from the transcription start sites. (f) Visualization of H3K4me3 or H3K27ac ChIP-seq data tracks. Cell cycle genes were selected, and
integrative genomics viewer screen shots were used to show representative peaks. (g) Motif analysis showed binding motifs for rep-
resentative transcriptional factors functioning in activating cell cycle activity and cardiomyocyte proliferation. (h) GO analysis for
genes with increased H3K4me3 (left) and H3K27ac (right) deposition on promoter in si-DYRK1A-treated cardiomyocytes. For a, all
bars express mean + SD and data are analyzed using two-tailed unpaired Student’s t test.
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Figure 4. Inhibition of DYRK1A decreases KAT6A and WDR82 phosphorylation to induce H3K27ac and H3K4me3 modifica-
tion in cardiomyocytes. (a) Schematic workflow of immunoprecipitation (IP)-mass spectrometry to identify binding partners of
DYRK1A in cardiomyocytes. (b) Selection strategy of candidate effectors for DYRK1A in regulating H3K4me3 and H3K27ac enrich-
ments from mass spectrometry profiling. (c) Mass spectrogram profile of WDR82 (upper figure) and KAT6A (lower figure). MS2 spec-
tra of WDR 82 and KAT6A peptides are shown, and the intensity of peptide fragments is plotted against the mass-to-charge ratio
(m/z). (d) Validation of the interaction of DYRK1A with WDR82 or KAT6A, and determination of DYRK1A domain responsible for the
binding. The binding of HA-tagged full-length DYRK1A (lane 4), or its deletion mutants (N-terminal domain deletion, lane 5; kinase
catalytic domain deletion, lane 6; C-terminal domain deletion, lane 7) with FLAG-tagged WDR82 or KAT6A was examined by co-
transfection/co-IP experiments. Lane 1, control without transfection; lane 2, control with only DYRK1A transfection. Lane 3 control
with only WDR82 or KAT6A transfection. TF: transfection. IP: immunoprecipitation. WB: western blot. (e) Phosphorylation of WDR82
and KAT6A regulated by DYRK1A. Co-IP assays were used to show the effect of DYRK1A knockdown on the phosphorylation of
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repair, we determined the clinical relevance of targeting
DYRKIA via pharmacological inhibition of its activity
using harmine, ID-8, and INDY, three commonly used
small-molecule inhibitors of DYRKIA kinase activity.
We found that the stimulatory effect of the three
DYRKIA inhibitors on cardiomyocyte cell cycle activa-
tion was concentration-dependent, with their effect
peaking at 5 wM in rat primary neonatal cardiomyocytes
(Supplementary Fig. 10). We selected harmine as the
DYRKIA inhibitor in subsequent studies because it
exerted the strongest cycling-promoting effect among
the three. Similar to DYRKIA knockdown, harmine
reduced WDR82 and KATGA phosphorylation in neona-
tal cardiomyocytes (Supplementary Fig. 11). We then
determined if the in vitro experiments could be repli-
cated in vivo by treating adult mice for one week with
harmine dissolved in drinking water at various concen-
trations (0.01 to o.1 mg/ml). Given that the mice
weighed approximately 20 g and the daily water con-
sumption was approximately 5 ml, the estimated final
daily harmine dosage ranged from 2.5 to 25 mg/kg body
weight. The cardiomyocyte cycling-promoting effect of
harmine was detected at o.o1 mg/ml and peaked at
0.05 mg/ml, without exerting an effect on cardiac func-
tion in the basal state (Supplementary Fig. 12). There-
fore, in subsequent studies, we chose o.05 mg/ml
harmine as the concentration for treatment, with an
estimated dose of 12.5 mg/kg/d. After administering
harmine for one week in mice with MI, cardiomyocyte
cell cycle reentry was observed, indicated by higher per-
centages of Ki6y, pH3, and Aurkb-positive cardiomyo-
cytes (Figure sa—d). We also observed an improvement
in cardiac function after the administration of harmine
for 5 weeks, as seen in an increase in LVEF and LVFS
and decrease in LVIDs (Figure se—h). Furthermore, the
improvement in cardiac function in harmine-treated
mice was also accompanied by an increase in heart
weight to body weight ratio, cardiomyocyte cell cycle
activity, and cardiomyocyte number per heart, and
decrease in cardiomyocyte cell size and fibrotic area
(Figure si-l, Supplementary Fig. 13). These results

demonstrate that DYRKIA may be an important thera-
peutic target in adult hearts with MI.

Discussion

Considerable advances have been made in understand-
ing the regulatory mechanisms of cardiomyocyte prolif-
eration, and many Dbeneficial targets, including the
extracellular matrix proteins Agrin, neuregulin-1, and
Hoxbr13, have been identified.” " However, the clinical
application of these findings requires genetic interven-
tion or the delivery of recombinant proteins, which is
not yet clinically feasible because of low organ specific-
ity, deleterious immunogenic effects, and other draw-
backs, including gene toxicity and tumorigenesis.***?
Therefore, factors that have high efficacy in regulating
cardiac repair and pharmacological targetability for
drug development are urgently needed. Our study, iden-
tified a key role played by DYRKIA in the regulation of
cardiomyocyte cell cycle reentry and showed that either
pharmacological inhibition or genetic deletion of
DYRKIA enhanced cardiac repair in adult mouse hearts
with MI. Thus, targeting DYRKIA may represent a ther-
apeutic strategy for injured hearts, with promising clini-
cal potential.

The regulation of cardiomyocyte cycling is a complex
process. An increasing number of experiments show
that multiple cell cycle genes participate in this process,
with key cell cycle regulatory genes inactivating during
mammalian heart development, especially in the adult
stage. The activation of silent genes in adult heart is an
ongoing area of investigation. Viral vector-mediated
overexpression of specific combinations of multiple cell
cycle genes, including CDKi, CDK4, cyclin Bi, and
cyclin D1, can efficiently unleash the proliferative poten-
tial of adult cardiomyocytes.** However, owing to the
obvious limitation of the use of viruses in clinical
situations, focusing on epigenetic modifications to
simultaneously modulate the expression of various
genes may be preferable.

WDR82 and KAT6A. Total phosphorylation (Ser and Thr) antibody was used for IP and WDR82 or KAT6A antibody was used for
immunoblotting. Co-IP was performed 48 h after scramble (si-NC) or DYRK1A siRNA (si-DYRK1A) transfection (n=6 samples per
group). Representative immunoblots (upper) and quantification of protein levels (lower) are shown. IP: immunoprecipitation.
"P<0.001 versus si-NC group. (f) Effect of WDR82 and KAT6A on the regulatory role of DYRK1A on global changes of H3K4me3 and
H3K27ac measured by immunoblotting (n=6 samples per group). Additionally, representative immunoblots (upper) and quantifica-
tion of protein levels (lower) are shown. (“P<0.01, ““P<0.001) versus si-NC group; **#P<0.001 versus si-DYRK1A group. (g) Effect of
WDR82 and KAT6A on regulatory role of DYRK1A in H3K4me3 (g1) and H3K27ac (g2) deposition on promoters of cell cycle regula-
tory genes. ChIP-qPCR assays were performed (n=4 samples per group). (h) Effect of WDR82 and KAT6A on the regulatory role of
DYRK1A in the expression of cell cycle regulatory genes. qPCR assays were performed (n=4 samples per group). (i—k) Immunofluo-
rescence staining and quantification of Ki67- (i), pH3- (j) and Aurkb- (k) positive cardiomyocytes to show the effects of WDR82 or
KAT6A knockdown on the regulatory role of DYRK1A in cardiomyocyte cell cycle activation. CMs: cardiomyocytes (more than 10,000
cardiomyocytes from four independent experiments per group). (*P<0.05, "P<0.01, ""P<0.001) versus si-NC group; (*P<0.05,
#P<0.01, #*P<0.001) versus si-DYRK1A group. All data are expressed as mean =+ SD. Two-tailed unpaired Student’s t test was used
for all statistical analysis in e and one-way ANOVA followed by Tukey’s multiple-comparison test was used in f—k.
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Figure 4 Continued.

Many studies have demonstrated the critical role of
histone modifications in regulating diverse cellular pro-
cesses, especially cell proliferation.*> Distinct modes of
H3K4me3, H3Kayac, and H3K27mes in juvenile and
adult human B cells are associated with the transcrip-
tional regulation of age-dependent genes governing
proliferation.*® In the heart, expression of H3K4me3
and H3K2yac (associated with active transcription)
decreases, while that of H3K27me3 (present in inactive
or silenced genomic loci) increases during develop-
ment.”” Therefore, increasing chromatin accessibility
through remodeling of these histone markers may rep-
resent a useful strategy to regain the active expression
of cell cycle regulators driving cardiomyocyte cell cycle
reentry. In support of this hypothesis, we observed an
increase in expression of H3K4me3 and H3K27ac in the
promoters of cell cycle regulators, which may explain
the increase in the expression of these genes and cardio-
myocyte cell cycle activation induced by DYRKIA knock-
down. Thus, discovering more histone codes may shed
new mechanistic light on the DYRK1A-mediated regula-
tion of cardiomyocyte cycling and cardiac repair.

As a Down syndrome-associated kinase, DYRKIA
functions by interacting with and phosphorylating its
substrates, including NFAT,%*®* RNA polymerase 1I,>
and the MuvB-like protein LIN52.3° In our report, using
unbiased mass spectrometry analysis, we found two
previously unreported DYRKiA-interacting proteins,
WDR8&2 and KATGA. WDRS2 is a specific component
of the SETD1A histone H3-Lys4 methyltransferase com-
plex that recruits the complex to transcription start sites;
hence, a defect in WDR82 causes SETDIA dysfunction
and loss of H3K4me3.>" KATGA belongs to the MYST
family of acetyltransferases, that acylate both histone
H3 and non-histone proteins.’* The essential roles of
KATGA and WDRS2 in regulating cell proliferation, via
modification of histone lysine residues, have been
reported in some cell types, such as B-cell progenitors
and hematopoietic cells.***# Importantly, DYRKIA reg-
ulates the phosphorylation of WDR82 and KATOA.
Intriguingly, silencing these two effectors markedly
blunted the DYRKIA knockdown-induced elevation in
H3K4me3 and H3K27ac deposition on gene promoters
of cell cycle regulators, thus abolishing cardiomyocyte
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Figure 5. Pharmacological inhibition of DYRK1A promotes cardiac repair after Ml in adult hearts. (a) Schematic diagram of the
experimental design. Harmine was dissolved in drinking water at a concentration of 0.05 mg/ml. After Ml or sham surgery, echocar-
diography was performed every 7 days until the removal of the hearts. Proliferation and histological analyses were performed at 7
and 35 days, respectively. (b—d) Cardiomyocyte cell cycle activity induced by harmine in vivo. Immunofluorescence staining (left)
and quantification (right) of Ki67- (b), pH3- (c), and Aurkb- (d) positive cardiomyocytes in the peri-infarct area in vehicle- or harmine-
treated mice. Ki67-, pH3-, and Aurkb-positive cardiomyocytes are indicated by arrows. Scale bar=40 wm in b and ¢; scale bar=20 pm
in d. CMs: cardiomyocytes (>10000 cardiomyocytes from five mice per group).  P<0.001 versus vehicle group. (e—h) Echocardio-
graphic analysis of cardiac function from vehicle- or harmine-treated adult mice. Representative M-mode tracing images (day 35
post-MI) and quantitative analysis are shown. LVEF: left ventricular ejection fraction; LVFS: left ventricular fractional shortening;
LVIDs: left ventricular internal dimension at systole (n=8 mice per group). ~ P<0.001 versus vehicle group. (i) Heart weight to body
weight (HW/BW) ratio were calculated at day 35 post-Ml (n=10). "P<0.01 versus vehicle group. (j) Representative images (j1) and
quantification (j2) of the cell size of cardiomyocytes dissociated at day 35 post-MI. Eighty to one hundred cells were randomly
selected per heart (n=8). Scale bars are 50 pm. "™P<0.001 versus vehicle group. (k) The total number of dissociated cardiomyocytes
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Figure 6. Graphic abstract. DYRK1A phosphorylates WDR82 and KAT6A to reduce deposition of H3K4me3 and H3K27ac on the pro-
moters of cell cycle genes, thereby limiting their transcriptional activation and inhibiting cardiomyocyte cell cycle activity. Either
pharmacological inhibition or genetic deletion of DYRK1A promotes cardiomyocyte cell cycle activation and cardiac repair in adult

heart post-Ml.

cell cycle activation. In contrast to this epigenomic
mechanism by which DYRKIA regulates cardiomyocyte
cycling, DYRKIA regulates pancreatic f-cell prolifera-
tion mainly via calcineurin-NFAT signaling.?

Harmine, a B-carboline alkaloid, is the most com-
monly used DYRKIA inhibitor. It decreases the kinase
activity of DYRKIA via the competitive inhibition of
ATP-binding to the DYRKIA kinase pocket. Many stud-
ies show broad-spectrum beneficial effects of harmine
such as induction of regeneration of adult human g
cells,”* inhibition of glioblastoma growth,” ameliora-
tion of cognitive impairment,*® and alleviation of cardio-
vascular diseases, including atherosclerosis,”” and
cardiac hypertrophy.** In our study, harmine induced
substantial cardiomyocyte cycling and cardiac repair
post-MI in adult mice. Although harmine has a high
affinity for DYRKIA, it also inhibits other kinases at

higher concentrations, including other members of the
DYRK family, cdc-like kinases, and monoamine oxidase
A2° This may explain the observation that a high con-
centration of harmine can reduce the stimulatory effect
on cardiomyocyte cycling in vitro. However, these draw-
backs can be overcome via organ-selective targeting
nanoparticles as drug carrier*® or synthesizing non-toxic
harmine analogs.*' Indeed, the robust action of DYRKIA
in multiple diseases, especially in pancreatic 8 cell regener-
ation, is an incentive to develop an increasing number of
potentially therapeutic DYRKIA inhibitors with better tar-
get specificity and reduced toxicity.**** Thus, clinical appli-
cations of the cardiac repair effect of DYRKIA is a
possibility in the near future.

As summarized in Figure 6, our study provides evi-
dence that DYRKIA is a promising target for the promo-
tion of cardiomyocyte cell cycle reentry and cardiac

per heart were determined at day 35 post-Ml (n=8). "P<0.01 versus vehicle group. (I) Fibrotic area of infarcted hearts from vehicle-
or harmine-treated mice. Masson’s trichrome staining (I11) and quantification (12) of fibrotic scar of hearts at day 35 post-MI. Serial
transverse sectioning was performed at 500 wm intervals from the heart apex to the site of arterial occlusion. Scale bar=1 mm (n=5
mice per group). ““P<0.001 versus vehicle group. All data are expressed as the mean = SD. The two-tailed unpaired Student’s t test
was used for all statistical analysis except in f—h, where one-way ANOVA followed by Tukey’s multiple-comparison test were used.
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repair after heart injury, especially MI. We also uncov-
ered the underlying mechanisms, that is, DYRKIA, via
phosphorylation of WDR8&2 and KATGA, reduces the
deposition of H3K4me3 and H3K27ac on promoters of
cell cycle regulators, limiting their transcriptional activa-
tion and repressing cardiomyocyte cell cycle activation.
This finding has translational significance because
pharmacological inhibition of DYRKIA by harmine pro-
motes cardiac repair after MI. However, rescue experi-
ments with phospho-WDR82 or phospho-KATGA
inhibitors are needed to confirm the effect of WDR82
and KATGA phosphorylation on the DYRKIA-mediated
regulation of cardiomyocyte cycling and cardiac repair.
In addition, because of the concentration-dependent
and possible off-target effects of harmine, further stud-
ies on the optimal timing, dosage, and tissue-specific
delivery of harmine and the development of safe and
selective DYRKIA inhibitors are warranted.
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