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Abstract

Background: Dual-specificity tyrosine phosphorylation-regulated kinase 1a (DYRK1a)
contributes to the control of cycling cells, including cardiomyocytes. However, the effects of
inhibition of DYRK1a on cardiac function and cycling cardiomyocytes after myocardial infarction
(M1) remains unknown.

Methods: We investigated the impacts of pharmacological inhibition and conditional genetic
ablation of DYRK1a on endogenous cardiomyocyte cycling and left ventricular (LV) systolic
function in ischemia-reperfusion (I/R) Ml using a MHC-MerDreMer-Ki67p-RoxedCre..Rox-Lox-
tdTomato-eGFP (RLTG) (denoted a DKRC::RLTG) and a MHC-Cre::FucciZaR::DYRK1a"ox/flox
mice.

Results: We observed that harmine, an inhibitor of DYRK1a, improved LV Ejection Fraction
(LVEF) (39.5 £ 1.6% and 29.1 + 1.6%, harmine versus placebo, respectively), two weeks after
I/R MI. Harmine also increased cardiomyocyte cycling after I/R Ml in aDKRC::RLTG mice,
10.8 £ 1.5 verses 24.3 £+ 2.6 enhanced Green Fluorescent Protein (eGFP)+ cardiomyocytes,
placebo verses harmine, respectively, p=1.0x1073). The effects of harmine on LVEF were
attenuated in a DKRC..DTA mice that expressed an inducible diphtheria toxin in adult cycling
cardiomyocytes. The conditional cardiomyocyte-specific genetic ablation of DYRK1a in aMHC-
Cre::FucciZaR::DYRK1a"%/flox (denoted DYRKIa k/0) mice caused cardiomyocyte hyperplasia
at baseline (210 + 28 vs. 126 + 5 cardiomyocytes per 40x field, DYRK1a k/o versus controls,
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respectively, p = 1.7x1072) without changes in cardiac function compared to controls, or
compensatory changes in the expression of other DYRK isoforms. After I/R MI, DYRK1a

k/0 mice had improved LV function (LVEF 41.8 + 2.2% and 26.4 + 0.8%, DYRK1a k/o

versus control, respectively, p = 3.7x1072). RNAseq of cardiomyocytes isolated from a MHC-
Cre::FucciZaR::DYRKI1a"oX/fox and a MHC-Cre::FucciZaR mice after I/R MI or Sham surgeries
identified enrichment in mitotic cell cycle genes in aMHC-Cre::FucciZaR::DYRKIalox/flox
compared to aMHC-Cre..FucciZaR.

Conclusions: The pharmacological inhibition or cardiomyocyte-specific ablation of DYRK1a
caused baseline hyperplasia and improved cardiac function after I/R MI, with an increase in cell
cycle gene expression, suggesting the inhibition of DYRK1a may serve as a therapeutic target to
treat MI.
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Introduction:

Rate-limiting pathways that potentially enhance cardiomyocyte cycling may serve as targets
to treat cardiovascular disease. Endogenously cycling adult cardiomyocytes are scarce;
however, our previous findings suggest that their ablation worsens myocardial function after
infarction.! Conversely, enhancing cardiomyocyte proliferation is associated with improved
LV function after injury, suggesting signals that induce cycling are potential avenues to treat
MI.2-5

Generally, cardiomyocyte cycling involves canonical cell cycle proteins and redundant
brakes such that removing one or even several brakes will not be sufficient to

generate enough cardiomyocytes to confer substantial overall functional benefit. However,
upstream signaling nodes that induce global changes in cycling programs may circumvent
several brakes simultaneously and increase endogenous cardiomyocyte cycling. Clearly,
manipulating critical signaling nodes such as the Hippo/YAP axis induced proliferation and
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improvement in myocardial function after injury. 3% 6 Thus, manipulating upstream nodal
signals that control G1/S and G,/M transitions, rather than canonical cell cycle proteins, may
also induce cardiomyocyte cycling and improve cardiac function.

Many pathways regulate the cell cycle. In some cells, the Myb-MuvB/Dimerization partner,
RB-like, E2F, and multi-vulval class B (DREAM) multiprotein complex controls G1/S

and G,/M checkpoints at the level of genes targeted by E2F and Myb.”"11 The MuvB/
DREAM complex acts as a “brake,” preventing the expression of genes at the G1/S and
G,/M transitions in several cell types.”- 10 Growth signals release the “brake” at G1/S and
change the MuvB/DREAM complex into an “accelerator” at Go/M, enhancing the exit

from quiescence to active cell cycling (Supplemental Figure 1). Cardiomyocyte cycling
involves E2Fs12-17: however, the contribution of the MuvB/DREAM complex is unclear.
The ablation of one or a few components of the MuvB/DREAM complex likely impacts cell
growth.® 11,18 Therefore, we focused on upstream regulators that potentially regulate the
expression of many genes controlled by the MuvB/DREAM complex. The dual-specificity
tyrosine phosphorylation-regulated kinase 1a (DYRK1a) is a critical regulator of MuvB/
DREAM and influences cycling in several cells.? The inhibition of DYRK1a promotes cell
cycling and proliferation in mouse and human pancreatic islet cells}®24 and DYRK1a has
been implicated in cardiomyocyte growth through cyclin D125, Given the importance of E2F
signals in cardiomyocyte growth and the potential of DYRK1a as one regulator of genes
expressed at the G1/S and Go/M boundaries in cycling cells, we investigated the effects of
pharmacologic inhibition and genetic ablation of DYRK1a on cardiomyocyte cycling and
cardiac function after I/R MI.

Using our recently published reporter mouse, aDKRC::RLTG, that labels endogenously
cycling adult cardiomyocytes?, we observed the DYRK1a inhibitor, harmine, enhanced
cardiomyocyte cycling, and improved myocardial function after I/R MI. The expression

of Diphtheria toxin to ablate cardiomyocytes that cycle attenuated the beneficial

effects of harmine in LV systolic function after MI. Next, we generated aMHC-
Cre::FucciZaR::DYRKI1a"oX/flox mice to label cardiomyocyte nuclei and ablated DYRK1a.
At baseline, aMHC-Cre::FucciZaR::DYRKI1a"o¥floX mice had cardiomyocyte hyperplasia;
however, cardiac function was similar to control mice. The cardiomyocyte-specific ablation
of DYRK1a improved cardiac function after I/R MI. To understand the pathways involved
in DYRK1a ablation, we performed RNAseq of cardiomyocytes isolated from a MHC-
Cre::Fucci2aR::DYRK1aoxX/flox after |/R M1 or sham surgeries and identified differential
enrichment in mitotic cell cycle genes, including pathways controlled by the MuvB/DREAM
complex. Collectively, our findings suggest the inhibition of DYRK1a is a potential
therapeutic target to enhance cardiomyocyte cycling and improve heart function after Ml.

Data Availability.

The data that support the findings of this study are available from the corresponding author
upon reasonable request.

See Supplemental Materials for detailed methods.
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DYRK1a is a potential regulator of postnatal cardiomyocyte growth.

Analyses of gene expression during postnatal heart growth is complex but can implicate
candidate signals controlling the exit of cardiomyocytes from the cell cycle. Therefore, we
analyzed three publically available datasets of gene expression of cardiomyocytes from the
adult, neonatal, and embryonic mouse hearts to identify pathways potentially controlling
postnatal cardiomyocyte growth that may serve as targets to induce adult cardiomyocyte
cycling after injury. First, we examined RNA expression data obtained from FACS-purified
cardiomyocytes of embryonic E11-12, neonatal P3-4, and adult (10 weeks old) C57BL/6
mice described by Walsh et al. (NCBI Gene Expression Omnibus (GEO Accession number
GSE17020).26 Genes clustered into seven categories based on expression defined as (1)
slow down-regulation, (2) rapid down-regulation, (3) moderately rapid down-regulation,
(4) transiently up-regulated in neonatal, (5) slow up-regulation, (6) rapid up-regulation,

(7) moderately rapid up-regulation (Supplemental Figure 2A and Supplemental Table 1).
Clusters 5 to 7 corresponding to the genes upregulated in hearts of adults and neonates
compared to embryos were enriched for pathways associated with extracellular matrix
organization and Interleukin-10 signaling (Supplemental Figure 2B and C). To identify
pathways that were down-regulated during the exit of cardiomyocytes from the cell cycle,
we analyzed Clusters 1 to 3 using Signatures Database (MSigDB) gene set enrichment
analysis?’- 28 (Supplemental Figure 2B and C). Consistent with the findings reported

by Walsh et al., we identified enrichment in genes associated with E2F targets, G,/M
checkpoint gene sets, and E2F1 signals, known to participate in the control of cell cycle and
DNA replication.

Second, we analyzed data from Talman et a/.2%, who produced a detailed molecular atlas of
postnatal mouse heart development at ages P1, P4, P9, and P23 using RNAseq, proteomics,
and metabolomics approaches. Recognizing the importance of the MuvB/DREAM complex
in the regulation of G1/S and G,/M checkpoints at the level of genes targeted by E2F

and Myb, we examined the temporal change in 214 genes predicted to be regulated

by the MuvB/DREAM complex, based on the presence of proximal E2F or CHR sites
(Supplemental Figure 2D).”: 8 Peak gene expression of the 214 genes occurred at P4 during
the postnatal heart growth, corresponding to the window when cardiomyocytes exit the
mitotic cell cycle.30 The findings suggested a correlation between the expression of genes
regulated by the MuvB/DREAM complex and postnatal cardiomyocyte growth and cycling.

Third, we analyzed data from a multicellular transcriptional analysis of mammalian heart
regeneration.3! Consistent with the observations of E2Fs in normal postnatal cardiomyocyte
growth, several transcription factors regulated by the MuvB-DREAM complex, including
E2F1, E2F2, FoxM1, Mybl2, and Myb, were differentially expressed in cardiomyocytes

in P1 hearts. Based on our analyses of the three published investigations26: 29 31 we
hypothesized that a unifying theme was the MuvB-DREAM complex as a candidate
regulator of cardiomyocyte cycling.

Next, we quantified the expression of seventeen genes encoding components of the MuvB-
DREAM complex of hearts isolated from P1, P3, P5, P7, P10, P14, and P28 C578B6J mice
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(Supplemental Figure 2E). E2F1, E2F3, E2F4, and E2F5 had peak expression between P5
and P7, the postnatal period when cardiomyocytes exit the cell cycle. Rbl1 (p107) and

RbI2 (p130) had reciprocal changes, consistent with changes in expression of these genes in
proliferating and quiescent cells.14 15. 32,33 Components of the DREAM complex, including
Lin52, Lin9, Lin37, and Lin54, were differentially expressed in postnatal hearts.

Since the MuvB/DREAM complex is a multimeric protein structure, the ablation of one

or a few complex proteins is likely detrimental to cell growth. Therefore, we focused our
attention on upstream regulators of the MuvB/DREAM complex since this was predicted to
influence the subsequent expression of a large number of cell cycle genes. Dual-specificity
tyrosine phosphorylation-regulated kinase 1a (DYRK1a) is one regulator of MuvB/DREAM
and implicated in cell cycling.? 10 For example, the inhibition of DYRK1a promotes cell
cycling and proliferation in mouse and human pancreatic islet cells!®24 and DYRK1a has
been implicated in cardiomyocyte growth through cyclin D125, Given the importance of
E2F signals in cardiomyocyte growth and the potential of DYRK1a as a regulator of genes
expressed at the G1/S and Go/M boundaries in cycling cells, we investigated the effects

of pharmacologic inhibition and genetic ablation of DYRK1a inhibition on cardiomyocyte
cycling and cardiac function after I/R MI.

Harmine, an inhibitor of DYRK1a, improved left ventricular function and increased
cardiomyocyte cycling after IR MI.

Recently, we described a new transgenic mouse, aMHC (alpha myosin heavy chain)-
MerDreMer-Ki67p-RoxedCre..Rox-Lox-tdTomato-eGFP (denoted aDKRC::RLTG) that
restricted Cre expression to cycling adult cardiomyocytes and uniquely integrated spatial
and temporal adult cardiomyocyte cycling events.! a DKRC::RLTG mice provide the unique
opportunity to quantify the effects of inhibitors on endogenous cardiomyocyte cycling

after Ml, in vivo. Therefore, we investigated if harmine, an ATP-competitive inhibitor of
DYRK1a shown to promote pancreatic islet cell proliferation23: 34, induced endogenous
cardiomyocyte cycling and changes in myocardial function after I/R MI. Harmine was
administered after I/R M1 via osmotic minipump at a dose of 10 mg/kg per animal over two-
week interval, comparable to the dose of harmine reported in /n vivo investigations. Adult
aDKRC.:RLTG mice underwent pre-treatment with tamoxifen (1 mg/day intraperitoneal
(IP) injection x 5 days for 2 cycles) to activate the a DKRC reporter. Two weeks after
recovery from tamoxifen, we performed baseline echocardiography and 60 minutes of LAD
ligation-mediated ischemia followed by reperfusion (Figure 1A). After reperfusion, but
before the conclusion of surgeries, mice underwent the insertion of subcutaneous osmotic
minipumps containing harmine (10 mg/kg/ml) or saline. Echocardiography was repeated
two weeks after surgery, and eGFP+ cardiomyocytes and infarct sizes were quantified

using protocols previously described. Harmine improved LVEF (Figure 1 B and C) and LV
end-systolic volume (Figure 1 D and E), but not LV end-diastolic volume (Figure 1 F and G)
compared to saline controls.

The infarcts of mice treated with harmine were similar to saline controls (Figure 2 A and
B). Two weeks after I/R MI, eGFP+ cardiomyocytes representing adult cardiomyocytes
that re-entered the cell cycle were readily identified in hearts of a DKRC.:RLTG (Figure
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2 C-E. Supplemental Figure 3). GFP+ cardiomyocytes increased in number after I/R

MI in harmine-treated animals compared to saline controls (24.3 + 2.6 versus 10.8 =
1.5 cardiomyocytes per ten-micron section, harmine versus saline, p=1.0x1073) with the
majority of eGFP+ cardiomyocytes localized in the ischemic and border zones (Figure
2 F). Additionally, LVEF, EDD and ESD were linearly related to the number of eGFP+
cardiomyocytes (Figure 2 G-1), suggesting that an increase in cycling cardiomyocytes
corresponded to improved LV function after MI despite similar infarct sizes (Figure 2
A). Thus, the pharmacological inhibition of DYRK1a increased the number of cycled
cardiomyocytes and improved LV systolic function after I/R MI.

The ablation of cycling cardiomyocytes attenuated the beneficial effects of Harmine on LV
function after MI.

Next, we used aDKRC::RLTG/DTA mice to ablate cardiomyocytes that re-entered the cell
cycle and investigated if the beneficial effects of Harmine on LV function after I/R Ml
were in part attributable to cardiomyocyte cycling. Male and female aDKRC::RLTG/DTA
and littermate controls (+..RLTG/DTA) were pretreated with Tamoxifen and underwent I/R
MI followed by the immediate implantation of an osmotic pump to deliver Harmine (10
mg/kg/ml) (Figure 3A). Serial echocardiography showed that a DKRC::RLTG/DTA treated
with harmine had progressively decreased LVEF (Figure 3B and C) and increased end
systolic volume (Figure 3D and E), with no differences in end diastolic volume (Figure 3F
and G) compared to littermate controls (+."RLTG/DTA) treated with harmine. The changes
in LVEF were similar to prior observations using aDKRC..DTA mice (Supplemental Figure
4).1 The changes in LV parameters suggested that the effects of Harmine on LV remodeling
after I/R MI required cycling cardiomyocytes.

The cardiomyocyte-specific ablation of DYRK1a caused baseline hyperplasia.

Pharmacologic studies are clinically more practical but inherently less specific in terms

of the cell populations affected by drug treatment and potential off-target effects.
Therefore, we investigated the effects of cardiomyocyte-specific genetic ablation of
DYRK1a on cardiac function after I/R MI. We generated conditional knockouts,
aMHC-Cre::Fucci2aR::DYRK1a"0X/flox mice, using DYRK1a"0%/flox mice created and
validated by Thompson et a/3% in the context of a Cre-inducible second-generation
Fluorescence Ubiquitin Cell Cycle Indicator, FucciZaR, to label cardiomyocyte nuclei
(Figure 4A)38. a MHC-Cre::FucciZaR mice served as controls. Of note, the aMHC-
Cre::Fucci?aR::DYRK1a"™%foX and a MHC-Cre::FucciZaR mice were bred >9 generations
into a C57BL/6J genetic background.

aMHC-Cre::Fucci2aR::DYRK1a"%/floX mice were viable and fertile. Adult cardiomyocytes
isolated from aMHC-Cre::FucciZaR::DYRKIa"o¥floX mice had reduced expression of
DYRK1a without compensatory changes in the expression of other DYRKS, compared

to cardiomyocytes of aMHC-Cre::FucciZaR controls (Figure 4B). At baseline, the

hearts of a MHC-Cre::Fucci?aR::DYRK1a"%/fox mice had smaller cardiomyocyte cross-
sectional areas and increased cardiomyocytes per area, consistent with hyperplasia

(Figure 4C-F). Baseline left ventricular end-diastolic volume, end-systolic volume, and
ejection fractions were also similar between a MHC-Cre::FucciZaR::DYRKIa"ox/flox gnd
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aMHC-Cre::FucciZaR mice (Figure 4G-I). Heart weights were similar between a MHC-
Cre::Fucci2aR::DYRKI1a"%/fox and a MHC-Cre:.:Fucci2aR mice, but with a trend towards
slightly increased heart size in the DYRK1a k/o mice (Figure 4 J and K). The results
suggested that the ablation of DYRK1a caused cardiomyocyte hyperplasia.

Next, we performed 60-minute I/R MI and sham surgeries using aMHC-
Cre::FucciZaR::DYRKI1a"oX/fox and a MHC-Cre::FucciZaR mice (Figure 5A). Four

weeks after I/R M, aMHC-Cre::Fucci2aR::DYRK1a"X/flox mice had improved LVEF
(Figure 5 B and C) and LV end-systolic volumes (Figure 5 D and E) compared

to aMHC-Cre::Fucci2aR. LV end-diastolic volumes were similar between a MHC-
Cre::FucciZaR::DYRK1a"o%/fox and a MHC-Cre::FucciZaR mice (Figure 5 F and G).

Next, we analyzed the infarct characteristic of aMHC-Cre:.FucciZaR::DYRK1allox/flox

and aMHC-Cre::FucciZaR mice (Figure 6 A-E). The infarct sizes were quantified as the
percentage infarct area (P1A) (Figure 6A), the percent infarct circumference of the short-axis
(PIC) (Figure 6B), the ratio of the PIA to PIC (Figure 6C) at the level of the mid-ventricle
that corresponds to infarct thickness in the infarcted area, and the ratio of PIC to PIA
(Figure 6D) that corresponds to thickness of non-infarcted myocardium in the infarcted

area. Thus, aMHC-Cre::FucciZaR::DYRK1a"%oX has similar PIAs compared to control
aMHC-Cre::FucciZaR mice. However, aMHC-Cre::Fucci2aR::DYRK1a"X/flox had smaller
PI1Cs compared to control aMHC-Cre::FucciZaR mice, suggesting that the cardiomyocyte-
specific ablation of DYRK1a influenced post-I/R MI LV remodeling to produce thicker scars
with smaller circumferences.

Since the knockout of DYRK1a could potentially alter the degree of injury occurring with
ischemia, we performed (2,3,5-Triphenyltetrazolium chloride (TTC) staining (Supplemental
Figure 5A-C). The Area-at-Risk (AAR) and Area-of-Necrosis (AON) 24 hours after Ml
were similar between a MHC-Cre:.:Fucci2aR::DYRK1a"XfoX and a MHC-Cre::FucciZaR
mice (Supplemental Figure 5B and C). The results suggested that the cardiomyocyte-specific
genetic ablation of DYRK1a improved LV function after I/R MI without a change in the area
at risk. In light of the hyperplasia observed in DYRK1a k/o mouse hearts, the changes in

LV remodeling after I/R MI could be a result of a larger initial number of cardiac myocytes
contributing to the remodeling response after injury. The change in infarct parameters may
also contribute to improved LV function after I/R MI in DYRK1a k/o mouse hearts.

The ablation of DYRK1a promotes the expression of cell cycle genes after I/R MI.

Next, we investigated gene expression of cardiomyocytes to identify potential

mechanisms responsible for the of DYRK1a ablation. Using Langendorff methods to
retro-aortically perfuse collagenase ex vivo, we isolated cardiomyocytes from aMHC-
Cre::FucciZaR::DYRK1a"o%/flox and control a MHC-Cre::FucciZaR mice after I/R Ml or
Sham surgeries seven days after I/R MI, corresponding to a time when cardiomyocyte
cycling occurs after injury, and performed RNAseq (Figure 7 A). Principal component
analysis to reduce dimensionality of the datasets identified the clustering of samples

into four distinct groups with 44% and 32% of the variance in gene expression

attributed to MI compared to sham, and aMHC-Cre::FucciZaR::DYRK1a"oXfox 1o a MHC-
Cre::FucciZaR, respectively (Figure 7 B). Volcano plot of differential gene expression
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of sham control and sham DYRK1a k/o hearts showed an increase in expression of
DREAM target genes and cardiac transcription factors (Nkx 2.5, Txb5, Gata4, and

Gata6) in DYRK1a k/o cardiomyocyte preparations (Figure 7C). Volcano plots of
cardiomyocyte gene expression comparing Sham and I/R MI for aMHC-Cre::FucciZaR
(Figure 8 A and B) and a MHC-Cre::FucciZaR::DYRK1a"oX/floX jdentified that more

genes had increased than decreased expression after I/R MI (Figure 8C). To refine

the analyses of genes that had increased expression between a MHC-Cre..FucciZaR

and aMHC-Cre::FucciZaR::DYRKI1aox/flox after MI, we generated a Venn diagram

of genes that had an adjusted p-value of less than 0.05 and a four-fold or greater

expression (Figure 6 E). One hundred and seventy-six genes and one hundred seventy-

nine genes increased expression after I/R MI compared to Sham in cardiomyocytes

isolated from aMHC-Cre::FucciZaR and aMHC-Cre::Fucci2aR::DYRK1a"oX/fox hearts,
respectively (Supplemental Table 2). Eighty-nine genes were uniquely expressed in aMHC-
Cre::FucciZaR::DYRKI1a"ox/flox cardiomyocytes after I/R MI. Eighty-six genes were
uniquely expressed in aMHC-Cre::FucciZaR cardiomyocytes after I/R MI. Ninety genes had
shared expression in aMHC-Cre::Fucci2aR::DYRK1a"X/flox and a MHC-Cre:.Fucci?aR
cardiomyocytes. Using the Reactome database, we identified enrichment of pathways
associated with mitotic cell cycle and cell cycle checkpoints in genes uniquely expressed

in aMHC-Cre::Fucci?aR::DYRK1a"%/foX cardiomyocytes after I/R MI (Figure 8D

and Supplemental Figure 6). These genes included Anillin (Anln), Aurora Kinase B
(Aurkb), Cyclin B1 (Ccnbl), Cyclin B2 (Ccnb2), Cyclin Dependent Kinase 1 (Cdk1),

Cell Division Cycle 20 (Cdc20), Forkhead Box M1 (FOXM1), Kinetochore Localized
Astrin (SPAG5) Binding Protein (KNSTRN), MYB Proto-Oncogene Like 2 (MYBL2),
Polo Like Kinase 1 (PLK1), and Protein Regulator Of Cytokinesis 1 (PCR1), among

others. Interleukin-10 and RUNX signaling were expressed in aMHC-Cre..FucciZaR
cardiomyocytes after I/R MI. Extracellular matrix formation genes has shared expression in
aMHC-Cre::FucciaR::DYRK1a"o%/flox and a MHC-Cre::FucciZaR cardiomyocytes (Figure
8C). MsigDB gene set enrichment of the eighty-nine genes uniquely expressed in aMHC-
Cre::FucciZaR::DYRKI1aox/flox cardiomyocytes after I/R MI identified G2/M checkpoint
and E2F targets as the top hits, similar to the findings identified in the initial analyses

of Cluster 1 from the gene expression of embryonic and postnatal hearts (Supplemental
figure 1B). Thirty-five of the eighty-nine genes (39%) were targets of the DREAM complex
(Supplemental figure 7). Collectively, the results suggest that after I/R M, the loss of
DYRK1a in cardiomyocytes was associated with the expression of cell cycle genes.

Discussion:

Cardiomyocyte cycling, like other cell types, involves canonical signaling proteins and
redundant brakes to prevent aberrant growth. The removal of one or even several brakes is
likely insufficient to generate enough functional cardiomyocytes to confer substantial overall
benefit to cardiac function after injury, assuming the benefits are restricted to contractile
function. Therefore, we sought to identify candidate upstream signals that potentially
regulate genes expressed at the G1/S and G2/M boundaries to induce adult cardiomyocyte
cycling after myocardial injury. We postulated that investigating gene expression during
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the normal transition when cardiomyocytes exit the cell cycle during neonatal heart growth
would identify potential nodal signals for manipulation in adult cardiomyocytes.

Publically available gene expression data of embryonic, neonatal, and adult cardiomyocytes
and hearts identified enrichments in pathways of E2Fs and G2/M checkpoints, and temporal
changes in the expression of genes containing proximal E2F or CHR DNA binding sites,
known to be controlled by the DREAM complex. Additionally, genes encoding components
of the DREAM complex and E2Fs had peak expression in postnatal hearts during the
window when cardiomyocytes exit the cell cycle. These observations suggested that the
MuvB-DREAM complex represented a potential mechanism to induce cardiomyocyte
cycling, and the inhibition of DYRK1a by pharmacologic inhibition and genetic ablation
may enhance cardiac function in part through enhanced cardiomyocyte cycling.

The administration of harmine at the time of reperfusion after M1 improved systolic function
and increased cardiomyocyte cycling in aDKRC.;RLTG transgenic mice, without changes
in infarct sizes. The harmine-induced cycled cardiomyocytes were predominantly in the
ischemic and border zones. The observation that an increase in cycling cardiomyocytes
corresponded to improved LV function after MI despite similar infarct sizes is particularly
interesting in light of our recent findings that the ablation of cycling cardiomyocytes
worsens cardiac function after MI. The number of cycled cells in response to harmine was
sparse, and the fact that harmine did not induce uniform cardiomyocyte cycling suggests
that harmine may activate cycling of the subpopulation of cardiomyocytes prone to reenter
the cell cycle, particularly in the ischemic and border zones. Importantly, the I/R MI model
did not produce a transmural infarct as seen with permanent LAD ligation M1l models, and
therefore cardiomyocytes were present in the infarcted area. Moreover, the I/R M1 model
more closely recapitulates the clinical scenario of patients presenting with ST-elevation

MI who undergo percutaneous revascularization within 90 minutes, a performance quality
metric in the treatment of MI.37 Although harmine was started after reperfusion and
continued for two weeks after MI, shorter dosing intervals of DYRK1a inhibitors after Ml
may provide similar beneficial results without the potential untoward sequelae of prolonged
administration of pro-proliferative compounds that can theoretically induce cancer.

Cycled cardiomyocytes and cardiac function (LVEF) after I/R MI were linearly related.
Previously, we observed that the ablation of cycled cardiomyocytes worsened cardiac
function in animals that had similar infarct sizes after I/R MI.1 Moreover, the ablation of
cycling cardiomyocytes attenuated the beneficial effects of Harmine on LV function after
I/R MI. One interpretation is that cycling cardiomyocytes express paracrine factors that
contribute to myocardial function after injury, consistent with the observation that cycled
cardiomyocytes are predominantly individual cells and not paired or clustered as would

be expected of proliferation. Future investigations will characterize the gene expression
profiles of cycling and non-cycling cardiomyocytes in our aDKRC::RLTG transgenic mice
to address this possible mechanism.

Since harmine likely has effects on multiple cell types and organs, we used a transgenic
approach to examine the effects of the cardiomyocyte-specific ablation of DYRK1a after
MI. At baseline, the ablation of DYRK1a in aMHC-Cre::FucciZaR::DYRK1a"oX/floxX caused
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cardiomyocyte hyperplasia; however, the systolic function was similar to controls. Similarly,
the ablation of Salvador or activated YAP expression caused cardiomyocyte hypertrophy
with normal baseline systolic function.2 > & The genetic ablation of DYRK1a improved LV
systolic function after M1 and reduced infarct sizes. a MHC-Cre::Fucci2aR::DYRK1a1ox/flox
mice had AAR and AON similar to aMHC-Cre::FucciZaR controls, suggesting that
DYRK1a ablation did not reduce the susceptibility to I/R injury. We then quantified infarct
characteristics four weeks after I/R Ml as the percentage infarct area (PI1A), the percent
infarct circumference of the short-axis (PIC), the ratio of the PIA to PIC at the level of

the mid-ventricle that corresponds to infarct thickness in the infarcted area, and the ratio of
PIC to PIA that corresponds to thickness of non-infarcted myocardium in the infarcted area.
These measurements provide an estimation of scar thickness and size. The cardiomyocyte-
specific knockout of DYRK1a produced thicker scars with smaller circumferences and
these changes in remodeling may improve LV systolic function after injury.38 Future
investigations using chronic ischemic cardiomyopathy models will potentially address the
long-term impact of DYRK1a ablation in post-MI LV remodeling.

To explore potential mechanisms responsible for the beneficial effects of DYRK1a
ablation in cardiomyocytes, we performed RNAseq on cardiomyocytes isolated from
aMHC-Cre::Fucci2aR::DYRK1a"oXfloX and a MHC-Cre::Fucci2aR mice seven days after
I/R MI or sham surgeries. Interestingly, the loss of DYRK1a was associated with the
upregulation of cell cycle genes and downregulation of genes encoding contractile proteins
after MI, compared to controls. One interpretation of the results is that the loss of DYRK1a
promotes genetic programs associated with dedifferentiation and proliferation, consistent
with observations of proliferating caridomyocytes.39-43 The gene signatures upregulated

in cardiomyocytes of aMHC-Cre::FucciZaR::DYRK1a"oxX/fox after 1/R M1 were similar
differentially expressed in embryonic and neonatal cardiomyocytes described by Walsh et
al8 (Clusters 1-2 in Supplemental Figure 2A and B, Supplemental Figure 8). Conversely,
the gene signatures upregulated in cardiomyocytes of aMHC-Cre::FucciZaR control mice
after I/R MI were similar to those differentially expressed in adult cardiomyocytes compared
to embryonic and neonates (Clusters 5-6 in Supplemental Figure 2A and C). Together,

the results demonstrate the utility of gene expression data of developing hearts to identify
candidate signaling nodes and potentially enhance adult cardiomyocyte cycling. DYRK1a
inhibition represents one potential nodal regulator and the genetic ablation of DYRK1a

in cardiomyocytes after myocardial injury recapitulates aspects of gene expression of
developing myocardium.

Despite the unanticipated findings, there were limitations. First, the ablation of DYRK1a

in aMHC-Cre::FucciZaR::DYRKI1ao¥floX mice occurred during cardiac development and,
therefore, the adult phenotypes reflected the absence of DYRK1a during normal embryonic
and post-natal heart growth. The hearts of a MHC-Cre::FucciZaR::DYRK1a"0%/flox had
cardiomyocyte hyperplasia without changes in baseline echocardiographic parameters.
Additionally, the Fucci2aR signal of aMHC-Cre::Fucci?aR::DYRK1a"oX/flox \yag
mCherry+/mVenus-, similar to aMHC-Cre::FucciZaR control mice, indicative of non-
cycling cardiomyocytes. Future investigations using tamoxifen-induced deletion of DYRK1a
in cardiomyocytes harboring a mosaic analysis with double markers (MADM) reporter of
cell proliferation#4 45 (c TN TMercreMer -\ A pM::DYRK1a™f will address the potential of
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post-developmental ablation of DYRK1a to enhance cardiomyocyte cycling in the context of
a reporter of mitosis. Importantly, cells that reenter the cell cycle can proliferate to generate
new daughter cells or undergo endoreplication to multinucleate and increase polyploidy,
processes that have important implications.#® Future investigations will quantify polyploidy
in the context of DYRK1a.

Second, Harmine, an ATP-competitive Inhibitor for DYRK1a, could have off-target
effects.34 47. 48 Additional kinases may contribute to the observed effects /7 vivo despite

the observations that cardiomyocyte-specific ablation of DYRK1a recapitulates harmine’s
effects after MI. Investigation of structurally-diverse DYRKZ1a inhibitors will be informative,
particularly to the development of therapeutics to enhance cardiomyocyte cycling in the
setting of myocardial infarction and percutaneous catheter-based reperfusion strategies.

Third, DYRK1a has many substrates in addition to the MuvB-DREAM complex that likely
contribute to the overall effects observed with cell cycling.%-11 49 For example, DYRKs
phosphorylate NFATs®0, Cyclins?® 35 p27/p21°1, and Lin52 of the DREAM complex®.

A genome-wide Drosophila RNAI screen identified DYRK-family kinases as regulators

of NFAT.52 DYRK1a phosphorylates mammalian NFATc1, interfering with degradation

and leading to NFAT 1¢ stability.>3 In cultured rat cardiomyocytes, adenovirus-mediated
overexpression of DYRKZ1A antagonized calcineurin-mediated nuclear NFAT translocation
and phenylephrine-induced hypertrophic growth response.>° However, a mouse model of
post-developmental DYRK1a expression, myocyte diameter, heart weight/body weight ratio,
and echocardiographic measurements showed that myocardial expression of DYRK1A failed
to reduce hypertrophy induced after transverse aortic banding.5° The results suggested
insufficient long-term inhibition of NFAT by DYRK1a in the mouse model or additional
pathways influenced by DYRK1a activity /7 vivo.

DYRK1a regulates the cardiomyocyte cell cycle through Cyclin D-dependent Rb/E2f-
signalling.2> 3% Transgenic mice with cardiac-specific overexpression of DYRK1a had
increased phosphorylation of Ccnd2 with subsequent proteasomal degradation and hypo-
phosphorylated Rb1, suppression of Rb/E2F-signalling, and reduced expression of E2F-
target genes, which ultimately results in impaired cell cycle progression and lead to dilated
cardiomyopathy.2>

DYRK1a is located on chromosome 21 and has a naturally occurring gene dosage increase
in trisomy 21.54 Dyrk1a mediates a dose-dependent increase in the duration and variability
of the G1 phase and has been shown to shift cells within a p21-cyclin D1 signaling

map to control the decision to enter the cell cycle.5! Additionally, DYRK1A is recruited
preferentially to promoters of genes actively transcribed by RNA polymerase 11, functionally
associated with translation, RNA processing, and the cell cycle.® Further investigations will
address other DYRK1a-mediated signals in cycling cardiomyocytes.

Fourth, the RNAseq experiments have the limitation of contamination by non-
cardiomyocytes. All samples were prepared similarly and gene expression attributed
to non-cardiomyocytes should be filtered from the differential gene expression
analyses. However, non-cardiomyocyte cell populations could differ between a MHC-
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Cre::FucciZaR::DYRK1a"o%/flox and a MHC-Cre::FucciZaR hearts after MI. For example,
genes associated with Interleukin-10 signals are enriched in aMHC-Cre::FucciZaR

hearts after MI. The improvement in cardiac function observed in aMHC-
Cre::FucciZaR::DYRK1a"ox/flox could represent more favorable inflammatory responses
mediated by changes in signals emanating from cardiomyocytes lacking DYRK1a.35 Future
investigations of the temporal changes in inflammatory infiltrate after M1 in hearts where
cardiomyocytes lacking DYRK1a will be informative. Nonetheless, cardiomyocytes lacking
DYRK1a the enrichment of genes associated with cycling after MI and recapitulated gene
signatures associated with post-natal heart growth. ldentifying the exact pathways mediating
the effects of DYRK1a ablation on cycling programs in cardiomyocytes will improve our
knowledge of targets to manipulate to improve myocardial function after Ml.

Collectively, our findings suggest the inhibition of DYRK1a is a potential therapeutic target
to enhance cardiomyocyte cycling and improve heart function after M1. Moreover, the
MuvB-DREAM complex may serve as a regulator of cardiomyocyte cycling and merits
further investigation.
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Novelty and Significance

What is Known?

. Adult mammalian cardiomyocytes have limited cycling after an injury.

. Signaling nodes active in developing hearts and downregulated in adult
hearts have been implicated as potential pathways controlling cardiomyocyte
cycling.

. Dual-specificity Tyrosine Phosphorylation-regulated Kinase 1a (DYRK1a)
regulates cell growth in several tissues.

What New Information Does This Article Contribute?

. Our findings show that the pharmacological inhibition of DYRK1a after
ischemia-reperfusion myocardial infarction enhances adult cardiomyocyte
cycling and improves left ventricular function.

. The cardiomyocyte-specific ablation of DYRK1a causes hyperplasia and
improved cardiac function after myocardial infarction.

. Cardiomyocytes that lack DYRK1a increase the expression of cell cycle-
related genes after myocardial infarction.
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Summary

Enhancing the adult mammalian cardiomyocytes cycling after an injury is an attractive
strategy to improve cardiac function after myocardial infarction. One approach to
identifying pathways that enhance cardiomyocyte cycling is to compare gene expression
during normal development when cells exit the cycle. Therefore, we analyzed

gene expression of embryonic, neonatal, and adult hearts and hypothesized that
DYRK1a might serve as one potential signal controlling cardiomyocyte cycling. Using
our aDKRC [cardiomyocyte-specific a MHC-MerDreMer-Ki67p-RoxedCre] transgenic
reporter mouse, we observed a chemical inhibitor of DYRK1a, Harmine, increased
cardiomyocyte cycling, and improved ventricular function after ischemia-reperfusion
myocardial infarction. The ablation of cycling cardiomyocytes attenuated the beneficial
effects of harmine. We also observed that the cardiomyocyte-specific ablation of
DYRK1a caused hyperplasia, improved cardiac function, and increased the expression of
cell cycle-related genes after I/R MI. The results suggest that enhancing cardiomyocyte
cycling, possibly through the inhibition of DYRK1a, may serve as a strategy to improve
cardiac function after MI.
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Figure 1. Harmine improved left ventricular function after ischemia-reperfusion myocardial
infarction.

(A) Outline of the experimental protocol testing the effects of harmine and Saline (Control)
in adult a DKRC.:RLTG mice after 60 minutes of LAD ligation-mediated ischemia and
reperfusion (I/R) myocardial infarction (Ml). (B and C) The absolute values (%) (B) and
percent changes (C) in left ventricular (LV) ejection fraction (EF) of mice treated with
harmine minipumps (10 mg/kg/day) or saline after 60 minutes of I/R MI. Bars are the mean
+ SD at baseline and two weeks after I/R M1 in panel B. Open circles are measurements for
individual animals. p = 1.0x1072 for baseline vs. I/R Ml in the harmine treatment group, p =
1.0x10~4 for baseline vs. I/R Ml in the Saline treatment group, and p = 1.0x10~* for harmine
vs. saline treatment in the I/R MI groups. p-values were calculated by two-way ANOVA
with Bonferroni’s multiple comparison test using six comparisons. Values are means +

SD. N = 8 animals per group. In panel C, p = 3.0x10~4 for the percent change in LVEF
between harmine and saline treatments. p-values calculated by student’s t-test. (D and E)
The absolute values (ul) (D) and percent changes (E) in LV end-systolic volume (ESV)

of mice treated with harmine minipumps (10 mg/kg/day) or saline after 60 minutes of I/R
MI. Bars are the mean + SD at baseline and two weeks after I/R Ml in panel D. Open
circles are measurements for individual animals. p = 4.0x1072 for LV ESV at baseline vs.
I/R Ml in the harmine treatment group, p = 1.0x10~4 for LV ESV baseline vs. I/R Ml in
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the saline treatment group and p=5.0x1073 for LV ESV harmine vs. saline treatment in the
I/R MI groups. p-values were calculated by two-way ANOVA with Bonferroni’s multiple
comparison test using six comparisons. Values are means = SD. N = 8 animals per group.
In panel E, p = 1.0x10~2 for the percent change in LV ESV between harmine and saline
treatments. p-values calculated by student’s t-test. (F and G) The absolute values (%) (F)
and percent changes (G) in LV end-diastolic volumes (EDV) of mice treated with Harmine
minipumps (10 mg/kg/day) or saline after 60 minutes of I/R MI. Bars are the mean +

SD at baseline and two weeks after I/R Ml in panel F. Open circles are measurements

for individual animals. p = 1.4x10~1 for LV EDV at baseline vs. I/R Ml in the Harmine
treatment group, p=2.0x10~* for LV EDV at baseline vs. I/R Ml in the saline treatment
group, and p=9.0x10~2 for LV EDV harmine vs. saline treatment in the I/R MI groups.
p-values were calculated by two-way ANOVA with Bonferroni’s multiple comparison test
using six comparisons. Values are means + SD. N = 8 animals per group. In panel G, p =
2.5x1072 for the percent change in LV ESV between harmine and saline treatments. P-values
calculated by student’s t-test.
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Figure 2. Harmine enhanced cardiomyocyte cycling after ischemia-reperfusion myocardial
infraction.

(A) Infarct sizes for each group corresponding to Figure 1. Open circles are values

for individual animals. Bars are group means + SD. p = 4.5x1071 by student t-test.

(B) Representative Masson-Trichrome stained short-axis sections of hearts of mice

treated with harmine or saline. Scale bars denote 1 mm. (C) Representative short-axis
immunohistochemical (IHC) images of a heart from aDKRC::RLTG mouse treated with
saline 2 weeks after I/R MI. White circles denote eGFP+ cardiomyocytes. Scale bar
denotes 1 mm. (D) Representative short-axis IHC images of a heart from a DKRC..RLTG
mouse treated with harmine 2 weeks after I/R MI. White circles denote eGFP+
cardiomyocytes. Scale bar denotes 1 mm. (E) Representative Immunohistochemical image
of eGFP+ cardiomyocytes in the border zone of a harmine-treated animal. Arrows denote
eGFP+ cardiomyocytes. Scale bar denotes 500 microns. (F) Quantification of eGFP+
cardiomyocytes per section from I/R Ml hearts treated with Saline or Harmine and the
infarct, border, and remote zones of I/R Ml hearts. Bars are group means + SD. Open
circles are individual animals. N = 8 animals in the saline group and N = 7 animals in the
harmine group. p = 1.0x1072 for total eGFP+ cardiomyocytes of saline vs. harmine-treated
animals after I/R MI. p = 6.0x1072 for eGFP+ cardiomyocytes in the ischemia area of
saline vs. harmine-treated animals after I/R MI. p = 2.0x1072 for eGFP+ cardiomyocytes
in the border area of saline vs. harmine-treated animals after I/R MI. p = 5.0x1072 for
eGFP+ cardiomyocytes in the remote area of saline vs. harmine-treated animals after I/R MI.
p-values calculated by Mann-Whitney U'test. (G-1) Relationship between echocardiographic
parameters and total number of cycled cardiomyocytes per animal. Animals treated with
saline (gray circles) and harmine (open circles) are shown for LVEF, r2 = 0.61 (G), EDV,
r2 = 0.39 (H), and ESD, r2 = 0.52 (1). The Pearson coefficient (r2) calculated by linear
regression.
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Figure 3. The ablation of cycling cardiomyocytes attenuated the beneficial effects of Harmine on
LV systolic function after I/R MI.

(A) Protocol using aDKRC (cardiomyocyte-specific a MHC-MerDreMer-Ki67p-
RoxedCre)..RLTG (Rox-Lox-tdTomato-eGFP)/Rosa26-DTA (Diphtheria Toxin)
(aDKRC::RLTG/DTA) and +::RLTG/DTA littermate controls treated with Tamoxifen

(1 ma/kg IP [intraperitoneal] dailyx5 dx2 cycles) followed by recovery period before
undergoing 60 min of left anterior descending (LAD) artery-ligation ischemia and
reperfusion (I/R myocardial infarction [MI]) and implantation of an osmotic minipump to
deliver Harmine (10 mg/kg/day). Serial echocardiography was performed before and after
MI. N=7 in the aDKRC::RLTG/DTA and N = 6 in the +."RLTG/DTA group. (B and C) The
absolute values (%) (B) and percent changes (C) in left ventricular (LV) ejection fraction
(EF) of aDKRC::RLTG/DTA and +.:RLTG/DTA mice treated with harmine minipumps
(10 mg/kg/day) after 60 minutes of I/R MI. Open and closed circles are means + SDs of
+RLTG/DTA and aDKRC::RLTG/DTA mice, respectively. * denotes p = 1.0x10™ and #
p = 1.0x10™4 for the indicated time. p-values were calculated by student’s t-test. N=7 in
the a DKRC::RLTG/DTA and N = 6 in the +.:RLTG/DTA group. In panel C, p = 1.0x10™*
for the percent change in LVEF between +./RLTG/DTA and aDKRC::RLTG/DTA mice.
p-values calculated by student’s t-test. (D and E) The absolute values (ul) (D) and percent
changes (E) in LV end-systolic volume (ESV) of aDKRC::RLTG/DTA and +.:RLTG/DTA
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mice treated with harmine minipumps (10 mg/kg/day) after 60 minutes of I/R MI. Open

and closed circles are means + SDs of +./RLTG/DTA and aDKRC::RLTG/DTA mice,
respectively. * p = 4.0x1073 for the indicated time. p-values were calculated by student’s t-
test. N=7 in the aDKRC::RLTG/DTA and N = 6 in the +./RLTG/DTA group. In panel D, p =
8.0x1072 for the percent change in LVEF between +.:RLTG/DTA and aDKRC::RLTG/DTA
mice. P-values calculated by student’s t-test. (F and G) The absolute values (%) (F)

and percent changes (G) in LV end-diastolic volumes (EDV) of aDKRC.:RLTG/DTA and
+./RLTG/DTA mice treated with harmine minipumps (10 mg/kg/day) after 60 minutes of I/R
MI. Open and closed circles are means + SDs of +."RLTG/DTA and aDKRC::RLTG/DTA
mice, respectively. N=7 in the a DKRC..RLTG/DTA and N = 6 in the +.:RLTG/DTA group.
In panel D, p = 5.6x1071 for the percent change in LVEF between +.-:RLTG/DTA and
aDKRC.:RLTG/DTA mice. P-values calculated by student’s t-test.
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Figure 4. The cardiomyocyte-specific ablation of DYRK1a caused baseline hyperplasia.
(A) Overview of the aMHC-Cre.:FucciZaR (second-generation Fluorescence Ubiquitin

Cell Cycle Indicator).:DYRK1a"X/flox (denoted DYRK1a k/o) mouse. (B) Quantitative
polymerase chain reaction (QPCR) of DYRK1a, DYRK1b, and DYRK2 expression

of total RNA extracted from cardiomyocytes isolated from adult aMHC-
Cre::Fucci2aR::DYRK1a"%/flox (DYRK1a k/o) and a MHC-Cre::Fucci2aR (Control) mice.
The probe set for DYRK1a corresponded to Exons 5 and 6, the exons flanked by LoxP

sites (Panel A). p-values calculated by Mann-Whitney test. Values are mean + SD. Open
circles are values for individual animals. N = 3 for aMHC-Cre:.Fucci2aR::DYRKI1aox/flox
(DYRK1a k/o) and N = 5 for aMHC-Cre::FucciZaR animals (Control). (C) Number

of cardiomyocytes per 40 x field for aMHC-Cre::FucciZaR::DYRKI1a"o/fox and a MHC-
Cre::FucciZaR animals. Values are means £ SD. Open circles are individual animals.

N = 5 animals per group, n = 8 fields per animal. p=1.7x10~2 for number of

cardiomyocytes per 40 x field of a MHC-Cre::FucciZaR::DYRKI1a"ofox and a MHC-
Cre::FucciZaR animals. p-value by student’s t-test. (D) Violin plots of the cross-

sectional areas (CSAs) (umz2) of cardiomyocytes of aMHC-Cre::FucciZaR::DYRKIalox/flox
and aMHC-Cre::FucciZaR animals. N = 3 animals per group, n = 317 cells for
aMHC-Cre::Fucci2aR and n = 257 cells for a MHC-Cre:.:Fucci2aR::DYRK1allox/flox.
p=1.0x1071 for cardiomyocyte CSA of a MHC-Cre:.Fucci2aR::DYRKI1a"%/fox and a MHC-
Cre.:FucciZaR animals. P-value by Mann-Whitney test. The mean values for each animal
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was used to account for non-independence. (E and F) Representative immunofluorescence
images of hearts of aMHC-Cre::Fucci2aR (E) and a MHC-Cre::Fucci2aR::DYRK1aox/flox
(F) mice. Red — mCherry labeling cardiomyocyte nuclei. Gray — wheat germ agglutinin.
Scale bars = 25 microns. (G) LV end-diastolic volume (EDV) (ul) of aMHC-
Cre::Fucci2aR::DYRK1a"X/fox and a MHC-Cre::FucciZaR mice. Values are mean + SD.
Open circles are measurements for individual animals. N = 17 animals for aMHC-
Cre::FucciZaR and N = 13 animals for a MHC-Cre::FucciZaR::DYRK1a"oX/flox n=8 0x1072
for LV EDV of aMHC-Cre::Fucci2aR::DYRKI1a"0X and a MHC-Cre::Fucci2aR
animals. P-value by student’s t-test. (H) LV end-systolic volume (ESV) (ul) of aMHC-
Cre::FucciaR::DYRK1a"0X/flox and a MHC-Cre::FucciZaR mice. Values are mean + SD.
Open circles are measurements for individual animals. N = 17 animals for aMHC-
Cre::FucciZaR and N = 13 animals for aMHC-Cre::FucciZaR::DYRKIa"oxflox p=11x1071
for LV ESV of aMHC-Cre::Fucci2aR::DYRK1a"XfloX and a MHC-Cre::FucciZaR
animals. P-value by student’s t-test. (1) LV Ejection Fraction (EF) (%) of aMHC-
Cre::Fucci2aR::DYRK1a"oX/fox and a MHC-Cre::FucciZaR mice. Values are mean = SD.
Open circles are measurements for individual animals. N = 17 animals for aMHC-
Cre::FucciZaR and N = 13 animals for aMHC-Cre::FucciZaR::DYRK1a"o¥/flox p=g 8x10~2
for LVEF of aMHC-Cre::Fucci2aR::DYRKI1a"X/ox and a MHC-Cre::Fucci2aR animals.
p-value by student’s t-test. (J and K) Gravimetric measurements of hearts from a MHC-
Cre::Fucci2aR::DYRK1a"%/fox and a MHC-Cre:.Fucci2aR mice expressed as heart weight
(mg) to tibia length (mm) (J) and heart weight (mg) to body weight (g) (K). Values are
mean + SD. Open circles are measurements for individual animals. N = 8 animals per group.
p-value by student’s t-test.
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Figure 5. The cardiomyocyte-specific ablation of DYRK1a improved left ventricular function
after I/R M.

(A) Outline of the experimental protocol testing the effects of the cardiomyocyte-

specific ablation of DYRK1a in aMHC-Cre::FucciZaR::DYRK1a"o/flox (DYRK 1a k/o)
and aMHC-Cre::FucciZaR (Control) mice after 60 minutes of LAD ligation-mediated
ischemia and reperfusion (I/R) myocardial infarction (Ml). (B and C) The absolute
values (%) (B) and percent changes (C) in left ventricular (LV) ejection fractions

(EFs) of aMHC-Cre::FucciZaR::DYRKI1a"o¥floX and a MHC-Cre::FucciZaR mice after
60 minutes of I/R MI. Bars are the means +/- SDs at baseline, 24 hours after

surgery, and four weeks after I/R Ml in panel B. Open circles are measurements for
individual animals. p-values were calculated by a two-way ANOVA with Tukey’s multiple
comparison test. In panel C, p=7.0x10-3 for the percent change in LVEF between sham
and I/R Ml at four weeks compared to baseline in the aMHC-Cre:.FucciZaR group.
p=1.2x10-2 for the percent change in LVEF between sham and I/R Ml in the aMHC-
Cre::Fucci2aR::DYRK1ax/flox group. p-values were calculated by a Kruskal-Wiallis test
with Dunn’s multiple comparison test. Values are means = SD. N = 11 animals in

the a MHC-Cre::FucciaR::DYRK1a"%/fox sham group, N = 9 animals in the a MHC-
Cre::Fucci2aR::DYRK1a"%/fox ||R M group, N = 4 animals in the a MHC-Cre::Fucci?aR
sham group, N = 5 animals in the aMHC-Cre.:FucciZaR /R M1 group. (D and E) The
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absolute values (%) (D) and percent changes (E) in left ventricular (LV) end-systolic
volume (ESD) (ul) of aMHC-Cre::Fucci?aR::DYRK1a™X/fox and a MHC-Cre::FucciZaR
mice after 60 minutes of I/R MI. Bars are the means +/— SDs at baseline, 24 hours

after surgery, and four weeks after I/R M1 in panel B. Open circles are measurements

for individual animals. p-values were calculated by a two-way ANOVA with Tukey’s
multiple comparison test. In panel E, the percent changes in LV ESD at four weeks
compared to baseline are shown. Values are means + SD. p=0.02 for the percent change

in LV EDD at four weeks compared to baseline between sham and I/R Ml in the
aMHC-Cre::FucciZaR group. p=2.6x10~1 for the percent change in LV EDD between
sham and I/R M1 in the aMHC-Cre::FucciZaR::DYRK1ao¥/flox group. p-values were
calculated by a Kruskal-Wallis test with Dunn’s multiple comparison test. N = 11 animals
in the aMHC-Cre::FucciZaR::DYRKI1ao%/flox sham group, N = 9 animals in the aMHC-
Cre::Fucci2aR::DYRK1a"%fox ||R M group, N = 4 animals in the a MHC-Cre::FucciZaR
sham group, N = 5 animals in the aMHC-Cre..FucciZaR /R MI group. (F and G) The
absolute values (%) (F) and percent changes (G) in left ventricular (LV) end-diastolic
volume (EDD) (ul) of aMHC-Cre::FucciZaR::DYRK1a"oXfloX and a MHC-Cre::FucciZaR
mice after 60 minutes of I/R MI. Bars are the means +/— SDs at baseline, 24 hours

after surgery, and four weeks after I/R Ml in panel B. Open circles are measurements for
individual animals. p-values were calculated by two-way ANOVA with Tukey’s multiple
comparison test. N = 11 animals in the a MHC-Cre::Fucci2aR::DYRK1a"%/flox sham group,
N = 9 animals in the a MHC-Cre::FucciZaR::DYRK1a"o%/flox ||R M1 group, N = 4 animals
in the aMHC-Cre::FucciZaR sham group, N = 5 animals in the aMHC-Cre::FucciZaR IR
MI group.
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Figure 6. The cardiomyocyte-specific ablation of DYRK1a altered infarct parameters.
(A) Percent infarct area for aMHC-Cre..FucciZaR (Control) and a MHC-

Cre::Fucci2aR::DYRKI1ax/flox (DYRK1a k/o) animals corresponding to Figure 5.

Open circles are values for individual animals. Bars are group means = SD.

p=3.9x10"1 for the percent infarct area between a MHC-Cre::Fucci2aR and a MHC-
Cre::FucciZaR::DYRK1a"o%/flox gnimals. p-values were calculated by student’s t-test. N =
8 animals per group. (B) Percent circumference of the infarct for aMHC-Cre::FucciZaR
and aMHC-Cre::Fucci2aR::DYRK1a"0X/flox animals corresponding to Figure 5. Open
circles are values for individual animals. Bars are group means + SD. p=5.2x1072

for the percent circumference of the infarct between aMHC-Cre..:FucciZaR and a MHC-
Cre::Fucci2aR::DYRK1a"o%/flox animals. p-value were calculated by student’s t-test. N =

8 animals per group. (C) Ratio of the percent infarct area to percent circumference of

the infarct for aMHC-Cre::Fucci?aR and aMHC-Cre::FucciZaR::DYRK1a"oX/flox gnimals
corresponding to Figure 5. Open circles are values for individual animals. Bars are group
means = SD. P=4.6x1072 for percent infarct area to percent circumference of the infarct
between a MHC-Cre::FucciZaR and a MHC-Cre::FucciZaR::DYRKI1a"o¥/flox gnimals. p-
value were calculated by student’s t-test. N = 8 animals per group. (D) Ratio of the

percent circumference of the infarct to percent infarct area for aMHC-Cre::FucciZaR and
aMHC-Cre::FucciZaR::DYRK1aoX/flox animals corresponding to Figure 5. Open circles
are values for individual animals. Bars are group means + SD. P=4.6x1072 for percent
infarct area to percent circumference of the infarct between a MHC-Cre::FucciZaR and
aMHC-Cre::FucciZaR::DYRK1aoX/flox animals. p-value were calculated by student’s t-test.
N = 8 animals per group. (E) Representative short axis base to apex sections of hearts from
aMHC-Cre::FucciZaR and aMHC-Cre::FucciZaR::DYRKIao¥/flox animals four weeks
after I/R MI. Hearts were stained with Masson trichrome. Infarcted areas are shown. (F)
Representations of the infarct area and circumference of aMHC-Cre::FucciZaR and a MHC-
Cre::FucciZaR::DYRK1a"%/flox gnimals four weeks after I/R M.
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Figure 7. The ablation of DYRK1a promotes the expression of DREAM target genes.
(A) Overview of the experimental protocol of I/R MI and sham surgeries in aMHC-

Cre::Fucci2aR::DYRK1a"ox/flox (DYRK1a k/o) and a MHC-Cre::FucciZaR (Control)
followed by cardiomyocyte isolation, and RNA and sequencing. (B) Principal

components analysis (PCA) plot of the four groups: a MHC-Cre::FucciZaR::DYRK1aox/flox
(DYRK1a k/o) Sham, aMHC-Cre::FucciZaR::DYRKI1a"¥/flox (DYRK1a k/o) I/R

MI, aMHC-Cre..FucciZaR (Control) Sham, and aMHC-Cre::FucciZaR (Control) I/R

MI. (C) Volcano plot of gene expression of aMHC-Cre::FucciZaR and aMHC-
Cre::FucciZaR::DYRK1a"%/flox cardiomyocytes after Sham surgeries. Green dots denote
genes predicted to be targets of the DREAM complex, Red dots denote genes encoding
sarcomere proteins, and Blue dots denote cardiac transcription factors.
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Figure 8. The ablation of DYRK1a promotes the expression of cell cycle genes after I/R M.
(A) Volcano plot of gene expression of aMHC-Cre..FucciZaR cardiomyocytes after I/R

MI or Sham surgeries. Red dots represent genes with a more than a 2-fold increase in
expression and an adjusted p-value of a more than 0.05. Blue dots represent genes with less
than a 2-fold increase in expression and an adjusted p-value of more than 0.05. Black dots
represent genes with an adjusted p-value of a more than 0.05. Vertical dashed lines denote
four-fold levels of gene expression. The horizontal dashed line denotes an adjusted P-value
of 0.05. (B) Volcano plot of gene expression of a MHC-Cre::FucciZaR::DYRKI1allox/flox
cardiomyocytes after Sham or I/R MI. Red dots represent genes with more than 2-fold
increase in expression and an adjusted p-value of more than 0.05. Blue dots represent genes
with less than 2-fold increase in expression and an adjusted p-value of more than 0.05.
Black dots represent genes with an adjusted p-value more than 0.05. Vertical dashed lines
denote four-fold levels of gene expression. The horizontal dashed line denotes an adjusted
P-value of 0.05. (C) Venn diagram of genes from panels C and D that had more than 2-fold
increase in expression and an adjusted p-value of more than 0.05. Eighty-nine genes were
uniquely expressed in a MHC-Cre::FucciZaR::DYRK1a"o%/flox cardiomyocytes after I/R MI.
Eighty-six genes were uniquely expressed in aMHC-Cre..:FucciZaR cardiomyocytes after
I/R MI. Ninety genes had shared expression in a MHC-Cre::Fucci2aR::DYRK1a"0x/flox and
aMHC-Cre::FucciZaR cardiomyocytes. (D) Pathway enrichment or the genes in Panel E
based on Reactome database. Genes unique to the a MHC-Cre::Fucci?aR::DYRK1alox/flox
cardiomyocytes after I/R MI were enriched in mitotic cell cycle and cell cycle checkpoints.
Genes that were unique to the aMHC-Cre::FucciZaR cardiomyocytes after I/R M1 were
enriched in Interleukin-10 and RUNX signaling. Genes in common between a MHC-
Cre::FucciZaR::DYRKI1a"oX/fox and a MHC-Cre::FucciZaR cardiomyocytes after I/R Ml
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were enriched in collagen formation and extracellular matrix organization. The tables list the
Reactome pathway name, the number of genes in panel E found in the Reactome pathway,
the number of total genes in the Reactome pathway, the ratio of genes found to total genes

in the pathway, the p-value associated with over-represented genes within the Reactome
pathway, and the false discovery rate (FDR).
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