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Abstract

Rodent cardiomyocytes undergo mitotic arrest in the first postnatal week. Here, we investigate

the role of transcriptional co-regulator Btg2 (B-cell translocation gene 2) and functionally-similar
homolog Btgl in postnatal cardiomyocyte cell cycling and maturation. Btgl and Btg2 (Btgl1/2)

are expressed in neonatal C57BL/6 mouse left ventricles coincident with cardiomyocyte cell cycle
arrest. Btg1/2 constitutive double knockout (DKO) mouse hearts exhibit increased pHH3+ mitotic
cardiomyocytes compared to Wildtype at postnatal day (P)7, but not at P30. Similarly, neonatal
AAV9-mediated Btg1/2 double knockdown (DKD) mouse hearts exhibit increased EdU+ mitotic
cardiomyocytes compared to Scramble AAV9-shRNA controls at P7, but not at P14. In neonatal
rat ventricular myocyte (NRVM) cultures, siRNA-mediated Btg1/2 single and double knockdown
cohorts showed increased EdU+ cardiomyocytes compared to Scramble siRNA controls, without
increase in binucleation or nuclear DNA content. RNAseq analyses of Btg1/2-depleted NRVMs
support a role for Btg1/2 in inhibiting cell proliferation, and in modulating reactive oxygen species
response pathways, implicated in neonatal cardiomyocyte cell cycle arrest. Together, these data
identify Btgl and Btg2 as novel contributing factors in mammalian cardiomyocyte cell cycle arrest
after birth.
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1. INTRODUCTION

In adult mammals, including humans, mitotically-quiescent cardiomyocytes do not re-enter
the cell cycle in sufficient numbers to proliferatively repair the heart after injury [1, 2].
This poses a significant clinical impediment for effective treatment of human heart disease,
which remains the leading cause of morbidity and mortality worldwide [3]. In neonatal
rodents, cardiomyocytes transition from a proliferative to hypertrophic mode of growth

in the first few days after birth [4, 5]. Rodent cardiomyocytes undergo cell cycle arrest

by postnatal day (P)7, and concurrently lose their capacity for proliferative regenerative
repair following injury [5, 6]. The numbers of mononucleated-diploid cardiomyocytes
capable of proliferating to generate new cardiomyocytes are also reduced and cardiomyocyte
binucleation is initiated in the first week after birth [7]. Loss of developmental signaling
and activation of cell cycle inhibitory factors, influenced by increased oxidative stress and
metabolic maturation, together modulate this early neonatal cardiomyocyte cell cycle arrest
in rodents [8, 9]. However, the regulatory mechanisms that coordinate cardiomyocyte cell
cycle arrest with other maturational processes after birth are not fully known.

Depletion of cell cycle inhibitory genes has been pursued as a strategy to reactivate
cardiomyocyte proliferation in postnatal hearts. These include Meis1, a homeobox
transcription factor [10], Forkhead Box O1 and O3 transcription factors (FoxO1/03) [11],
and anti-proliferative cell cycle checkpoint genes such as p21, p27, and p57 [12]. However,
in all these loss-of-function strategies, the increase in cardiomyocyte mitotic activity is
limited, and cardiomyocyte terminal maturation occurs within the first few postnatal weeks
[10, 11]. Similarly, maintenance of cardiomyocytes in a hypoxic environment after birth
extends the period of increased proliferation and regenerative capacity from PO to P7, but
cell cycle arrest and loss of regenerative potential still occur in the subsequent weeks [9, 13].
These studies indicate that multiple functional redundancies need to be overcome to robustly
extend cardiomyocyte cell cycle activity in the post-mitotic heart beyond the postnatal
period. Overexpression of cell cycle activators such as ErbB2 in cardiomyocytes can induce
proliferation in the long term, but these approaches lead to uncontrolled cardiomyocyte
proliferation resulting in cardiomegaly or cardiomyocyte polyploidization and ultimately
heart failure [14]. It is thus necessary to identify reinforcing mechanisms that contribute to
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cardiomyocyte cell cycle arrest in neonatal rodents to improve strategies for cardiomyocyte
proliferative repair without cardiomegaly in adult disease.

Previously, we showed that overexpression of developmental T-box transcription factor
Thx20 promotes cardiomyocyte proliferation via direct repression of anti-proliferative
genes p21 and Meis1, as well as BtgZ2[15]. Btg2 belongs to a family of Btg (B-cell
translocation gene)/Tob anti-proliferative genes with unknown functions in the heart. In
immune and cancer cell lineages, Btg2 and closely-related Btgl (Btgl/2) were identified as
transcriptional co-regulators of the anti-proliferative Btg/Tob family, sharing high structural
similarity and potential functional redundancy [16-18]. Btg1/2 are multifunctional proteins
in the context of development and cancer, with reported roles in regulation of cell
proliferation, differentiation, and apoptosis [19-24]. Btg1/2 are also involved in DNA
damage, oxidative and ER cell stress responses, and in regulatory pathways of transcription
factors such as FoxO3, ATF4 and NFKB [16]. However, the /n vivoroles of Btg1/2 in the
neonatal heart have not been reported.

In this study, mice with constitutive Btg1/2 deletion or with early neonatal knockdown

of Btgl/2 by AAV9-shRNA injections were assessed for cardiomyocyte mitotic activity

and maturation in the weeks after birth. Further, neonatal rat cardiomyocyte cultures with
siRNA-mediated Btg1/2 knockdown were analyzed for cardiomyocyte proliferation and
maturation, as well as transcriptomic changes by RNAseq. Together, these /n vivoand in
vitro studies support a novel role for Btg1/2 in mammalian cardiomyocyte cell cycle control
and response to oxidative stress after birth.

2. RESULTS

2.1 Btgl and Btg2 are expressed in neonatal mouse hearts

Cardiomyocyte cell cycle arrest is initiated in the first few days after birth in mice

[4]. During this early postnatal period, cell cycle inhibitory factors are induced while
cardiomyocyte proliferative factors are repressed [8]. To assess expression of Btgl and

Btg2 (Btgl/2) in early and late postnatal mouse ventricles, C57BL/6 wildtype mouse hearts
were collected at postnatal day (P)0, P7, P15, and P30. By immunostaining of paraffin
sections of wildtype mouse hearts, both Btgl and Btg2 antibodies are broadly expressed

in cardiomyocytes and other cell types of the postnatal heart (Figure 1), compared to
Btg1/2-null mouse hearts used as negative staining controls (Figure S1A). This broad
expression of Btg1/2 has been described previously in hon-cardiac tissues and cell lineages
[25]. The non-cell specific expression pattern of Btg1/2 is also observed by RNAscope /in
situhybridization in wildtype mice, where punctate BfgZ and Bfg2 RNA expression was
detected in 7rop / ( Troponin /)-labeled cardiomyocytes, as well as Collal (Collagen Type
1 Alpha 1)-labeled fibroblasts (Figure S1B). To further understand the expression pattern

of Btgl/2 in various cardiac cell types, we analyzed published single-cell RNA sequencing
(scRNAseq) data from developing embryonic day (E)10.5 to P9 C57BL/6 hearts, described
by Feng, Bais, et al. [26]. Processed scRNAseq expression data deposited to UCSC cell
browser [26, 27] were utilized to generate Uniform Manifold Approximation and Projection
(UMAP) visualization plots for gene expression (Figure S1C). Expression of Bfg and Big2
were compared to cardiac cell-specific markers such as Nkx2-5 (cardiomyocytes), 7cf21
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(fibroblasts), and Pecam1 (endothelial cells), as well as Thx20-target MeisZ [15]. The data
show both Bfg and Btg2are expressed in most cardiac cell types, though Bitg1 is seen

at higher levels compared to Btg2. Further, Btg1/2levels in developing C57BL/6 mouse
hearts are comparable to Me/s (Figure S1C i—iii), a well-known regulator of postnatal
cardiomyocyte cell cycle arrest [10]. Together, these data indicate that Btg1/2 are broadly
expressed in developing mouse heart tissues.

Btgl expression in the left ventricle in the first postnatal month is highest at PO—P7 (Figure
1A, B) coincident with onset of cardiomyocyte cell cycle arrest, and expression is decreased
by P15-P30 (Figure 1A, green stain). By mRNA quantification of Btgl by RT-gPCR, higher
gene expression of Btgl is observed in early neonatal hearts, followed by downregulation at
P15-P30 (Figure 1C). Similarly, Btg2 expression by immunostaining is also highest at PO in
postnatal mouse left ventricles, with lower expression at P7, which is further decreased by
P15-P30 (Figure 1D, E). Interestingly, mRNA quantification by RT-gPCR shows that Bfg2
gene expression is maintained in the postnatal mouse heart, with no significant change from
PO-P30 (Figure 1F), incongruent with its protein expression by immunostaining. Together,
these data indicate that Btg1/2 expression after birth is highest in the early neonatal period,
similar to other cardiac cell cycle inhibitors and concurrent with onset of cardiomyocyte cell
cycle arrest.

2.2 Cardiomyocyte mitotic activity is increased at P7 in Btgl/2 constitutive double
knockout mice

To assess whether Btg1/2 has a regulatory role in cardiomyocyte cell cycle activity /n vivo,
postnatal cardiac development was examined in previously-described constitutive double
knockout mice for Btgl and Btg2 (Btgl/2 DKO), raised on a C57BL/6 background [17].
Hearts were collected at P7 and P30 (Figure 2A), to identify whether systemic Btg1/2
deletion affected cardiomyocyte mitotic activity and hypertrophy during neonatal cell cycle
arrest (P7) and in mature quiescent hearts (P30). Bfg and BfgZ2 mRNA quantification by
RT-gPCR confirmed loss of Btgl/2 expression in postnatal mouse ventricles (Figure 2B).
Systemic genomic deletion of Btg1/2 did not affect normal cardiac development, with no
significant change in heart weight-to-body weight ratios (HW/BW) of Btg1/2 DKO mice
compared to age-matched Wildtype (WT) controls at P7 or P30 (Figure 2C). Further, there
was no change in cardiomyocyte cell size or morphology of Btg1/2 DKO mouse hearts
compared to WT, as indicated by cardiomyocyte (CM) cross-sectional area measurements
at P7 and P30. Cross-sectional area was assessed by manual tracing of sarcomeric a-actinin-
stained cardiomyocytes with wheat germ agglutinin (WGA) co-staining to define cell
boundaries (Figure 2D, E). Cardiomyocyte cross-sectional area was also not significantly
increased in aged (12-14 postnatal months) Btg1/2 DKO mice compared to age-matched
WT controls (Figure S2), indicating there is no apparent late-stage pathological remodeling
of the heart upon systemic Btg1/2 loss from early embryonic development.

Cardiomyocyte mitotic activity was assessed in Btg1/2 DKO mouse left ventricles and WT
controls, utilizing Phosphohistone H3 (pHH3) to stain mitotically-active nuclei, together
with Desmin or a-actinin co-staining of cardiomyocyte sarcomeres (Figure 2F, G). Increased
overall expression of pHH3 was observed in the left ventricular tissues of Btg1/2 DKO mice
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at P7 compared to WT (Figure 2F). To accurately assign pHH3+ nuclei to cardiomyocyte
(CM) mitotic activity in paraffin sections, Z-stack images of Btg1/2 DKO and WT mouse
left ventricles, stained with pHH3 and sarcomeric a-actinin, were obtained (Figure 2G).
Manual counts of pHH3-positive cardiomyocyte nuclei revealed significantly increased
cardiomyocyte mitotic activity at P7 in Btg1/2 DKO mice compared to WT (Figure 2H).
However, there is no difference in cardiomyocyte mitotic activity at P30 between Btg1/2
DKO and WT mice. Further, non-cardiomyocyte (NonCM) mitotic activity, obtained by
manual counts of pHH3-positive nuclei in WGA-defined cells negative for sarcomeric
a-actinin, was also not significantly different between Btg1/2 DKO and WT mice at P7

or P30 (Figure 2I). Together, these results indicate that systemic Btgl/2 deletion increases
cardiomyocyte-specific mitotic activity in the heart at P7. However, constitutive Btgl1/2 loss
does not extend cardiomyocyte cell cycle activity beyond the neonatal period, and cell cycle
activity is virtually undetectable by P30 in both Btgl/2 DKO and WT mouse hearts.

2.3 Neonatal AAV9-mediated double knockdown of Btgl/2 in mice promotes
cardiomyocyte cell cycle activity at P7

To assess effect of temporally-restricted depletion of Btg1/2 in early neonatal mouse hearts,
gene silencing by short-hairpin (sh)RNA delivery via adeno-associated virus serotype 9
(AAV9) was utilized. Commercially-available AAV9-shBtgl and AAV9-shBtg2 expression
vectors were obtained (Vector Biolabs, USA), for expression of ShRNA from a ubiquitously-
expressed U6 promoter linked to reporter genes for either green fluorescent protein (GFP)
for shBtg1 or red fluorescent protein (mCherry) for shBtg2. Btg1/2 double knockdown
(Btg1/2 DKD) cohorts were generated by intrathoracic injections of AAV9-shBtgl and
AAV9I-shBtg2 together in newborn C57BL/6 mice at PO, with littermate AAV9-shScramble
injected pups serving as controls (Figure 3A).

Hearts were collected at 7- and 14-days post-injection (7dpi and 14dpi respectively).

Heart weight-to-body weight (HW/BW) ratios of Btg1/2 DKD mice were not significantly
different from Scramble controls at 7dpi (Figure 3B). However, by 14dpi, HW/BW were
significantly higher in Btg1l/2 DKD mice compared to littermate Scramble controls (Figure
3B). Masson’s Trichrome staining of whole heart paraffin sections also showed that

Btg1/2 DKD mice exhibit apparent left ventricular chamber dilation and abnormal cardiac
morphology at 14dpi, compared to Scramble (Figure 3C). Quantification of BigI and Btg2
gene expression by RT-gPCR confirmed ~50% decrease in Btg1/2 expression by 7dpi in
whole ventricular mRNA of Btg1/2 DKD mice, compared to Scramble (Figure 3D). Note
that some of the residual Btg1/2 expression measured could be in non-cardiomyocytes
since AAV9 transduction is preferential in cardiomyocytes of the heart. Immunostaining for
GFP alone (Scramble) or GFP and mCherry co-staining (Btg1/2) also showed high viral
transduction in all AAV9-injected groups by 7dpi, which was maintained at 14dpi (Figure
3E).

Cardiomyocyte (CM) cross-sectional area was assessed in Btg1/2 DKD and Scramble
tissues co-stained with a-actinin and WGA. No significant change in cardiomyocyte cross-
sectional area was observed at 7dpi in AAV9-mediated Btg1/2 DKD mice compared to
Scramble (Figure 3F, G). However, by 14dpi, cardiomyocyte cross-sectional area in Btg1/2
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DKD is significantly increased compared to littermate Scramble controls. This is different
from constitutive Btgl/2-deleted mice where cross-sectional area does not significantly
differ between Btg1/2 DKO and WT groups, even more than a year after birth (Figure 2,
S2). These results suggest compensatory adaptations may be occurring with constitutive
Btg1/2 deletion from embryonic stages, which are not present during rapid shRNA-mediated
depletion of Btg1/2 in neonatal myocardium.

To determine if cell cycling was affected with loss of Btg1/2 after birth, cardiomyocyte
mitotic activity was assessed in AAV9-injected mice by EdU (5-ethynyl-2’-deoxyuridine)
incorporation /n vivo (Figure 3H, I). EdU-positive cardiomyocyte nuclei were identified
(Figure 3H), and cardiomyocyte mitotic activity was measured at 7dpi and 14dpi in
Btg1/2 DKD mice compared to littermate Scramble controls (Figure 31). At 7dpi, EdU+
cardiomyocyte nuclei were significantly increased in Btgl/2DKD hearts. However, by
14dpi, cardiomyocyte mitotic activity was similar in Btg1/2 DKD and Scramble AAV9-
injected mice. These data indicate that depletion of Btg1/2 in newborn mice transiently
increases cardiomyocyte mitotic activity in the first postnatal week. However, cell cycle
arrest still occurs by two postnatal weeks in Btgl/2-depleted mouse cardiomyocytes.

Together with the results from constitutive Btg1/2-deleted mice (Figure 2), these data
indicate that depletion of both Btgl and Btg?2 is sufficient to promote additional
cardiomyocyte cell cycle activity at P7 /n vivo. However, subsequent cell cycle arrest still
occurs, which is apparent at P14.

2.4 Neonatal AAV9-mediated single knockdowns of Btgl and Btg2 in mice suggest
potentially greater role for Btgl in cardiomyocyte cell cycle activity

To assess individual roles of Btgl and Btg2 in regulating cardiomyocyte cell cycle activity
in postnatal mice, commercially-available AAV9-shBtgl and AAV9-shBtg2 were utilized
individually as described above (Figure 3). Btgl single knockdown (Btgl SKD) and Btg2
single knockdown (Btg2 SKD) cohorts were obtained by intrathoracic injections of AAV9-
shBtgl or AAV9-shBtg2 respectively at PO in C57BL/6 mice, with age-matched/littermate
AAV9-shScramble injected mice serving as controls (Figure S3A). Hearts were harvested
at 7- and 14-days post-injection (7dpi and 14dpi respectively). Immunostaining for GFP or
mCherry visualized high AAV9 transduction in Btgl SKD and Btg2 SKD left ventricular
tissues respectively (Figure S3B). Similar to AAV9-mediated Btg1/2 DKD mice, at 7dpi
heart weight-to-body weight ratios (HW/BW) were not different between Btgl SKD and
Btg2 SKD vs. Scramble mice (Figure S3C). However, by 14dpi, HW/BW were significantly
increased in both Btg1/2 SKDs compared to Scramble (Figure S3D). When cardiomyocyte
cross-sectional area was measured by co-staining for a.-actinin and WGA in paraffin
sections, cell area was increased in Btg2 SKD at 7dpi compared to littermate Scramble
controls (Figure S3E, F). However, by 14dpi, Btgl SKD cardiomyocytes exhibited larger
cross-sectional size compared to Scramble (Figure S3E, G). Further, cardiomyocyte (CM)
mitotic activity was estimated by EdU incorporation as described previously (Figure 3).
EdU incorporation was in Btgl and Btg2 SKD mouse tissues at 7dpi and 14dpi (Figure
S3H). Interestingly, cardiomyocyte mitotic activity at 7dpi was significantly increased only
in Btgl SKD mice compared to Scramble, but not in Btg2 SKD mice (Figure S3H, ).
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By 14dpi, cardiomyocyte mitotic activity in Btgl/2 SKD and Scramble mice were at a
similarly low level (Figure S3H, J). Together, these data suggest Btgl and Btg2 may be
differentially-regulated in cardiomyocyte cell cycle activity and maturation in early postnatal
mice. Higher cardiomyocyte mitotic activity in Btgl SKD alone compared to Btg2 SKD at
7dpi (Figure S3H-J) suggests Btgl may play a greater role compared to Btg2 in regulating
postnatal cardiomyocyte mitotic activity /n vivo.

2.5 Depletion of Btgl/2 via siRNA promotes cardiomyocyte proliferative activity in vitro

To assess cardiomyocyte-specific effects of Btg1/2 depletion, cultured neonatal rat
ventricular myocytes (NRVM) were utilized. Primary cardiomyocytes isolated from
newborn rat ventricles were cultured for two days and subsequently incubated in Btg1/2
SiRNA cocktails, with Scramble siRNA treatment as control (Figure 4A). Btgl/2 double
knockdown (Btg1/2 DKD) and single knockdown (Btgl SKD, Btg2 SKD) groups were
treated in independent culture wells. RT-gPCR quantification of BfgI and Big2 mRNA
expression at 48 hours post-transfection showed ~70-80% knockdown efficiency for Btg1/2
in all single- and double- knockdown cultures, compared to Scramble-treated controls
(Figure 4B). Cardiomyocyte mitotic activity was assessed by EdU treatment of Btg1/2-
depleted NRVMs for 6 hours and followed by staining to detect nuclear EAU incorporation
(Figure 4C i-iv). Cardiomyocytes vs. non-cardiomyocytes were identified by co-staining

for sarcomeric Troponin | and Vimentin respectively. Cardiomyocyte (CM) mitotic activity
was measured in all Btg1/2 knockdown cohorts by manual counts for EdU-positive nuclei,
compared to Scramble-treated controls (Figure 4D). In Btg1l/2 DKD cultures, cardiomyocyte
mitotic activity is significantly increased compared to Scramble-treated controls and falls
between the levels measured in Btgl SKD and Btg2 SKD groups, similar to AAV9-mediated
Btg1/2 SKDs (Figure S3). These data further support Btgl as a preferential regulator of
cardiomyocyte cell cycling in neonatal rodent hearts, compared to Btg2.

To assess whether increased cardiomyocyte mitotic activity upon Btg1/2 depletion is due
to an increase in binucleated cardiomyocytes, nucleation counts were performed. The
number of mononucleated (1 nucleus) and binucleated (2 nuclei) cardiomyocytes per

area were manually counted in siRNA-treated NRVMs (Figure 4C v-vi). No significant
increase in cardiomyocyte binucleation was observed in Btg1/2-depleted groups compared
to Scramble (Figure 4E). However, the percentage of mononucleated cardiomyocytes was
also unchanged across Btg1/2-depleted and Scramble NRVM groups. To assess whether
ploidy is increased in Btgl/2-depleted groups, nuclear DAPI fluorescence intensities of
Troponin | (cardiomyocyte, CM) or Vimentin (non-cardiomyocyte, NonCM) labeled cells
were measured (Figure 4C, F). Cardiomyocyte nuclear intensities were normalized to
diploid non-cardiomyocyte nuclear intensities per area, and thresholds for diploid (2¢) and
polyploid (2c<) nuclear DNA content were determined as described previously [7, 28].
There is no significant increase in cardiomyocyte nuclear polyploidy in Btg1/2-depleted
groups compared to Scramble control (Figure 4F). Interestingly, increased proportion of
diploid nuclei was observed in Btgl SKD relative to Scramble, reinforcing the potential
preferential role for Btgl in cardiomyocyte proliferative activity as described above (Figure
S3). Together, these data show that increased cardiomyocyte mitotic activity upon Btgl/2-
depletion is due to proliferation, not endoreplication.
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Further, the proportion of cardiomyocytes (CM) vs. non-cardiomyocytes (NonCM) per
area was not significantly different between Btgl/2-depleted and Scramble NRVM groups
(Figure S4A). Also, non-cardiomyocyte mitotic activity, assessed by Vimentin co-staining
with EdU, is not significantly different in Btgl/2-depleted NRVMs compared to Scramble
(Figure S4B, C). These data show that induction of proliferative activity occurs primarily in
cardiomyocytes upon siRNA-mediated knockdown of Btg1/2 /n vitro.

2.6 Transcriptomic analysis of Btgl/2-depleted cardiomyocytes by RNAseq

Simultaneous loss of both Btgl and Btg2, /n vivo or in vitro, increases cardiomyocyte
mitotic activity in neonatal rodents (Figure 2-4). To identify global changes in mMRNA
expression due to Btg1/2 depletion, RNAseq of siRNA-transfected NVRMs was performed.
Total RNA was isolated from Btg1/2 DKD, Btgl SKD, Btg2 SKD, and Scramble (Scr)
NRVM treatment groups at 48 hours post-transfection (Figure 5A). Principal component
analysis (PCA) plot shows segregation of biological replicates for all Btg1/2-depleted and
Scramble-treated cohorts (Figure 5B). Interestingly, Btg2 SKD and Scramble were clustered
closer together with higher variation compared to Btgl SKD and Btg1/2 DKD groups.

This indicates that Btgl SKD and Btg1/2 DKD treatment cohorts exhibit greater significant
differences in transcriptomic gene expression, compared to Scramble control. By Venn
intersection analysis between the three comparison groups (Btgl SKD vs. Scr, Btg2 SKD vs.
Scr, and Btg1/2 DKD vs. Scr), overlap of the 786 total significantly differentially expressed
genes was visualized (Figure 5C, S5). High overlap was observed between significantly
differentially expressed genes of Btgl SKD vs. Scr and Btg1/2 DKD vs. Scr comparison
groups. These data are consistent with observations of Btgl knockdown leading to greatest
increase in cardiomyocyte cell cycle activity among Btg1/2-depleted groups (Figure 4, S3).

Heatmap analysis of the expression profiles of 786 total significantly differentially expressed
genes shows high transcriptomic similarity in biological replicates within each siRNA
treatment cohort (Figure 5D, Supplemental Table 3). As expected, Btgl and Btg2 were
among the most significantly decreased genes in the corresponding siRNA-treated groups
(Supplemental Table 3). Gene ontology (GO) enrichment analysis was performed for all
Btg1/2 knockdown vs. Scramble comparison groups to obtain significant Biological Process
GO terms (GO-BP), using DAVID online bioinformatics analysis tool (Supplemental Table
4) [29]. Selected top GO-BP terms are provided for major known Btg1/2 regulatory
processes which are also significantly altered in Btg1/2-depleted NRVMs (Figure 5SE-G,
Supplemental Table 4). GO-BP terms for positive regulation of cell proliferation and growth
were significant in all Btgl/2 knockdown groups, confirming increased cardiomyocyte
mitotic activity observed in Btgl/2-depleted mice and NRVMs by pHH3 and EdU staining
(Figure 2-4, S3). However, other significant GO-BP terms in Btg1/2-depleted NRVMs

such as increased angiogenic signaling were not observed /n vivo, as vascular capillary
density was unchanged in Btg1/2-depleted mouse left ventricles compared to Scramble at
P7 and P14 (Figure S6). Notably, hypoxia response signaling and positive regulation of
gene expression were among the top significant GO-BP terms with loss of Btgl and/or
Btg2. Modulation of oxidative stress response and changes to global transcriptional activity
are known mechanisms of Btg1/2 loss in proliferation control of various cancers and non-
cardiac cell lineages [16]. A critical role has also been described for oxidative metabolism
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and hypoxia response in cardiomyocyte proliferation and heart regeneration [9, 13], which
could be a mechanism for Btgl/2 in the postnatal heart. Together, our RNAseq data support
dynamic and pleiotropic roles for Btg1/2 in regulating cell cycle activity and oxidative stress
responses in neonatal cardiomyocytes.

3. DISCUSSION

Here, we demonstrate for the first time that Btgl and Btg2 regulate cardiomyocyte cell
cycle activity in the early neonatal period in rodents, utilizing both in vivoand in vitro
model systems. In the first few days after birth in rodents, cardiomyocyte mitotic arrest
occurs, alongside a switch to hypertrophic growth and rapid binucleation [4]. At the same
time, oxidative stress and DNA damage response contributes to cardiomyocyte maturation,
including cell cycle arrest and loss of the capacity for innate cardiac regeneration [6, 9].
Intersecting and reinforcing cardiomyocyte cell cycle inhibitory gene programs are initiated
in the late fetal to early neonatal stages and contribute to mitotic arrest and terminal
maturation in rodent hearts. Our results show that Btg1/2 are among these factors that
contribute to postnatal cardiomyocyte cell cycle arrest.

Loss-of-function studies with cell cycle inhibitory factors prolong cardiomyocyte cell cycle,
but typically only for a few additional rounds of proliferation. For example, cardiomyocyte-
specific loss of Fox01/03 from late fetal stages in mice leads to a transient increase

in cardiomyocyte mitotic activity at P1 and P3, but cell cycle withdrawal occurs by P7

and beyond [11]. Likewise, systemic Meis1 deletion extends cardiomyocyte cell cycle
activity up to P14, but mitotic arrest occurs a few weeks later [10]. Here, we describe a
similar transient increase in cardiomyocyte mitotic activity /n vivo at P7, upon constitutive
loss of Btg1/2 beginning in embryonic development and also with AAV9-mediated Btg1/2-
depletion specifically in newborn hearts. Thus, Btg1/2 likely function in tandem with other
cardiomyocyte cell cycle inhibitors in neonatal cell cycle regulation in the heart. Also,
cardiomyocyte cell cycle withdrawal by P14-P30 suggests compensatory mechanisms by
other cell cycle inhibitors may be occurring in Btg1/2-depleted mouse hearts. It is not known
whether Btg1/2 depletion is sufficient to reactivate cardiomyocyte proliferative activity in
adult mouse hearts or promote cardiac regenerative repair after injury.

Forced expression of cardiomyocyte proliferative factors can result in uncontrolled
cardiac hyperplasia and cardiomegaly, undesirable for therapeutic translation [14, 30].
Similarly, cardiomyocyte hypertrophy was observed at P14 with AAV9-mediated Btgl/2
knockdown beginning at PO, consistent with a previous report that Btg2 is a negative
regulator of cardiomyocyte hypertrophy [31]. The compensatory mechanisms that
balance multiple contributing factors in cardiomyocyte mitotic arrest with pathologic
proliferation, hypertrophy, and cardiomegaly in adult mammalian hearts is not well-
understood. Previously, we showed that Thx20 overexpression promotes cardiomyocyte
proliferative activity via activation of cardiac developmental signaling pathways including
Hippo/Yap and BMP/Smad [15]. During development, Btg2 regulates vertebral patterning
in embryonic mice by modulating BMP/Smad signaling [32]. Another mechanism of
Thx20 overexpression is repression of cell cycle inhibitory factors p21, Meisl, and Btg2.
The homeobox transcription factor Meis1, together with its cofactor Hoxb13, has an anti-
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proliferative role in neonatal cardiomyocyte mitotic arrest [10, 33]. Similarly, Btg1/2 interact
with Homeobox proteins, such as HoxB9, in mediating their antiproliferative function

in epithelial cells [34]. However, how Btg1/2 intersect with these established cell cycle
regulatory mechanisms in postnatal cardiomyocyte cell cycle arrest is unknown.

RNAseq analysis of transcriptomic changes revealed significant changes in cell proliferation
and hypoxia response pathways in Btgl/2-depleted NRVMs compared to control group.
Among the significantly differentially expressed genes regulating cell proliferation are
MYCN, previously identified as a Btg2 target gene [31], and also ErbB4, which

is implicated in neonatal cardiomyocyte cell cycle arrest [14]. Moreover, Btgl/2 are
downstream effectors in p53-dependent and -independent DNA damage response pathways
[35, 36], as well as in oxidative stress regulation and maintenance of cellular homeostasis

in multiple cell types [24]. Changes in the hypoxia response pathway genes with Btgl/2
deficiency could be related to reports that cardiomyocyte cell cycling and regenerative
potential are prolonged after birth under hypoxic conditions [9, 13]. In these studies, the
increase in cardiac DNA damage due to oxidative stress and normoxic conditions upon birth
was identified as an important regulator of neonatal cardiomyocyte cell cycle arrest [9].
Thus, gene expression changes upon Btg1/2 depletion in neonatal cardiomyocytes indicates
a coordinating role for these genes alongside oxidative stress signaling in inducing cell cycle
arrest soon after birth in mammals.

4. CONCLUSIONS

In this study, we report Btgl1/2 are novel regulators of neonatal cardiomyocyte cell cycle
arrest, potentially via cell proliferative and oxidative stress signaling. Loss of Btg1/2 leads
to increased cardiomyocyte cell cycle activity at P7 followed by cell cycle arrest at P14,
suggesting that multiple compensatory mechanisms co-ordinate in regulation of neonatal
cardiomyocyte cell cycle arrest. Considering the complexity of neonatal cardiac maturation,
understanding the interplay between Btg1/2 and other cardiomyocyte cell cycle regulators is
necessary if these mechanisms are to be used for cardiac proliferative repair in disease.

5. METHODS

5.1 Mice

Details on all antibodies and reagents, including dilutions, working concentrations, and
manufacturer catalog information, are provided in Supplemental Table 1. Primer sequences
used for RT-qPCR are listed in Supplemental Table 2. RNAseq analyses are provided as
Excel spreadsheets in Supplemental Tables 3 and 4.

All experiments with animals were performed conforming to NIH Guidelines on Care

and Use of Laboratory Animals. All protocols involving animals were approved by the
Cincinnati Children’s Hospital Institutional Animal Care and Use Committee (IACUC).
Btg1/2 deleted mice on a C57BL/6 background [17] were acquired from Frank N.

van Leeuwen (Princess Maxima Center for Pediatric Oncology, Netherlands) and Blanca
Scheijen (Radboud University Medical Center, Netherlands) and used to generate neonatal
Btg1/2 DKO mice in-house at the CCHMC vivarium (Cincinnati, OH, USA). Polymerase

J Mol Cell Cardiol. Author manuscript; available in PMC 2024 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Velayutham et al.

Page 11

Chain Reaction (PCR) genotyping of Btg1/2 DKO mice was performed on DNA isolated
from ear or tail clips of mice, as described previously [17]. Wildtype C57BL/6 mice were
bred in-house, with founder animals originally sourced from Jackson Labs (Bar Harbor, ME,
USA). Male and female mice were included in all studies, and littermate animals were used
whenever possible.

5.2 Cardiac tissue harvest

Mouse body weights (in g) were obtained prior to euthanasia. After euthanasia with
Isoflurane followed by cervical dislocation, whole hearts were harvested, exsanguinated,
and weighed (in g). Freshly-harvested hearts were washed in 1X phosphate buffered saline
(PBS) and placed in 4% paraformaldehyde (PFA) for histology studies or flash-frozen in
liquid nitrogen for mRNA isolation. PFA-fixed hearts were subsequently dehydrated and
embedded in paraffin wax for microtome sectioning. Heart weight-to-body weight ratios
were calculated with Microsoft Excel.

5.3 AAV9-shRNA injections in neonatal mice

Wildtype C57BL/6 mice were bred in-house by timed matings, the day of birth

noted as PO. Intrathoracic injections with sterile 28-gauge needle syringes were

performed for AAV9-shRNA delivery in newborn littermate pups (P0) within 8 hours

of birth. Commercially-available AAV9-GFP-shBtgl, AAV9-mCherry-shBtg2, and AAV9-
GFP-shScramble, packaged under a U6 promoter, were utilized (\ector Biolabs, USA;
catalog numbers are provided in supplement). A total of 20uL was injected per newborn
mouse, with 7.5x1010 genome count concentration of AAV9-shRNA diluted in sterile 0.9%
Sodium Chloride solution.

5.4 Neonatal rat cardiomyocyte isolation and culture

Pregnant female Sprague-Dawley rats were obtained from Envigo (Indianapolis, IN, USA)
for harvest of newborn rat hearts. Primary neonatal rat cardiomyocytes were isolated from
hearts of newborn rats as described previously [37]. Following pre-plating of fibroblasts,
cardiomyocyte-enriched medium was plated. About 1-3 million cells were plated on 6-well
plates for mRNA isolation or 2-well chamber slides for immunofluorescence studies. Cells
were incubated at 37°C in 1X Medium-199 with Earle’s salts, L-glutamine, 15% bovine
growth serum and 2X penicillin/streptomycin.

5.5 siRNA transfections in neonatal rat cardiomyocytes

Following ~40 hours of growth /n vitro, neonatal rat cardiomyocytes in independent culture
wells were incubated in siRNA transfection cocktail for 48 hours at 37°C. Transfection
cocktails were freshly prepared in Opti-MEM media with Lipofectamine 3000 transfection
agent and siRNA probes. Commercially-available rat s/iBtg1 and siBtg2 and siScramble
(Negative) control probes (Thermo Fisher Scientific, USA; catalog numbers are provided
in supplement) were utilized for single- and double-knockdowns, as described previously
[15]. Transfection cocktails were prepared as follows for 20nM total siRNA concentration
per culture well: 10nM siScramble with 10nM s/Btg1 for BtglSKD, 10nM siScramble
with 10nM s/Btg2 for Btg2SKD, 10nM of both s/Btg1 and siBtg2 for Btgl/2 DKD, or
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20nM siScramble alone for control. At 48 hours post-transfection, cells were washed in
warm Dulbecco’s sterile PBS, then fixed with 4% PFA for immunostaining or flash-frozen
in liquid nitrogen for mRNA isolation. Cells were utilized from at least two independent
neonatal cardiomyocyte isolations and culture preparations for each experiment.

5.6 mRNA analysis by RT-gPCR

RNA was extracted using NucleoSpin RNA Isolation Kit (Macherey-Nagel, Germany),
from frozen mouse ventricular tissue or cultured cardiomyocytes. cDNA synthesis was
performed using Superscript 1 First Strand kit (Thermo Fisher Scientific, USA) according
to manufacturer’s protocol. RT-gPCR was performed using SYBR Green. Gene-specific
primer sets designed with NCBI PrimerBlast were ordered from IDT DNA Technologies
(Coralville, A, USA), and then validated by Sanger sequencing (Supplemental Table 2).
Relative gene expression was calculated by comparative AACt method [38], with 18s, 28s,
or Gapdh used for normalization. Normalized average expression of control groups in each
analysis was set to 1.0, to calculate relative fold change in treatment groups.

5.7 Histochemical and fluorescence staining

Information on all antibodies and reagents, including catalog numbers and dilutions, are
provided in Supplemental Table 1.

5.7.1 Masson’s Trichrome staining: Paraffin sections were dewaxed and rehydrated
by immersion in xylene and graded concentrations of ethanol respectively, as described
previously [15]. Masson’s Trichrome 2000 kit was used according to manufacturer’s
protocol and slides were coverslipped with Cytoseal 60 mounting medium. Brightfield
images were captured in Olympus BX51 microscope equipped with Nikon DS-Ri1 (Tokyo,
Japan).

5.7.2 Lectin-DAB staining: Paraffin sections were dewaxed and rehydrated, followed
by antigen retrieval with 1X citrate buffer in pressure cooker at high pressure. Blocking

was performed with 0.3% hydrogen peroxide and 6% goat serum for 30 minutes, followed
by overnight incubation at 4°C with biotinylated lectin. Following manufacturer protocols,
Avidin-Biotin Complexing kit and 3,3’-diaminobenzidine (DAB) metal concentrate in stable
peroxidase were used to detect staining.

5.7.3 Immunostaining: Paraffin sections were baked at 60°C for 1 hour prior to
dewaxing and rehydration steps. Antigen retrieval was performed with 1X citrate buffer

in pressure cooker at high pressure. For PFA-fixed cultured rat cardiomyocytes in 2-chamber
slides, these above steps were not performed. 1X PBS or TBS was used for all wash

steps. Blocking was performed with 1X Fish skin gelatin blocking buffer for 1-2 hours at
room temperature. Primary antibodies (dilutions in Supplemental Table 1) were incubated
overnight at 4°C. Donkey 1gG secondary antibodies were incubated for 1 hour at room
temperature. Nuclei were visualized by immersion in DAPI solution in 1X PBS or TBS for
15 minutes. Vectashield Hardset mounting medium was used for coverslipping. Confocal
images were obtained using Nikon Eclipse Ti Fluorescence microscope with NIS Elements
imaging software (Tokyo, Japan).
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5.7.4 RNAscope in situ hybridization: Paraffin sections were baked at 60°C for

1 hour, followed by dewaxing and rehydration steps. RNAscope™ Multiplex Fluorescent
Reagent Kit and Probes (Advanced Cell Diagnostics, USA) were used following
manufacturer’s protocol. Slides were coverslipped with Vectashield Hardset mounting
medium. Nikon Eclipse Ti Fluorescence microscope and NIS Elements software were used
to obtain confocal images.

5.7.5 Analysis: Staining quantification, object counting, and morphometric analyses
were performed using NIS Elements and Fiji (ImageJ) analysis software, in 20X or 60X
images of 4-6 random cardiac regions per paraffin tissue section or fields per culture
well. Cardiomyocyte mitotic indices, cross-sectional area, vascular capillary counts, and
nucleation counts were estimated by manual counting of nuclei or manual tracing of cell
boundaries, as described previously [28]. For determination of nuclear DNA content by
DAPI staining, the method of Patterson et a/. [7] was modified to determine thresholds for
diploid (2c) and polyploid (2c<) nuclear intensities, as described previously [28].

5.8 EdU incorporation assay

For EdU (5-ethynyl-2’-deoxyuridine, Thermo Fisher Scientific, USA) incorporation /n vivo,
neonatal mice were given intraperitoneal injections of EdU solution in DMSO (10mM)

at 5uL per gram body weight. Hearts were harvested and processed as described in

Section 5.2, at 6 hours after EdU injections. For EdU incorporation /n vitro, siRNA-treated
cultured cardiomyocytes were treated with 10uM EdU in Opti-MEM media at 42 hours
post-transfection. At 6 hours post-EdU treatment, cultured cardiomyocytes were processed
for analysis as described in Section 5.5. EdU staining was visualized using Click iT Alexa
Fluor Imaging Kit (Fisher Scientific, USA) following manufacturer’s protocol.

5.9 Sequencing methods

5.9.1 RNAseq analysis: Total RNA isolated from neonatal rat cultured cardiomyocytes
at 48 hours post-transfection was used for library generation and sequencing at the CCHMC
Sequencing core. RNAseq reads in FASTQ format were subjected to quality control and
trimming using FastQC, Trim Galore, and Cutadapt programs. Trimmed reads were then
aligned to rat reference genome version rn5 using STAR program [39]. Aligned reads were
stripped of duplicates using Sambamba program [40]. Read counting was done with the
Rsubread package [41]. Raw counts were normalized as transcripts per million (TPM) and
differential gene expression between groups was assessed with the Rpackage DESeq?2 [42].
Genes with log2 fold change >=|0.58| were selected for downstream functional annotation
and pathway analysis (Gene Ontology) analysis using DAVID online analysis tool [29].

An adjusted p-value cutoff of <0.05 was used to select significant functional annotations
and pathways. Heatmap was generated using the Morpheus matrix visualization online tool
(RRID:SCR_017386, Broad Institute, MA, USA). Venn intersection analysis was performed
using Venny 2.1.0 and BioVenn online tools [43, 44]. Raw data files are available in the
GEO database (GSE203493).

5.9.2 Single-cell RNAseq analysis: SCRNAseq data from E10.5 to P9 C57BL/6
mouse hearts, as analyzed and reported previously [26], was used for gene expression
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analysis. Uniform Manifold Approximation and Projection (UMAP) plots were generated
with UCSC cell browser interactive online tool [27], using the processed data deposited by
Feng, Bais, et al. at: https://mouse-dev-heart.cells.ucsc.edu (Cell Browser dataset ID: mouse-
dev-heart) [26]. All gene expression analyses were performed with ‘Mouse Developing
Heart — C57BL/6 Wild Type Strain’ dataset.

5.10 Statistics

Graphical visualization and statistical analyses were performed using GraphPad Prism 8
software. Unpaired non-parametric tests, such as Mann Whitney’s U-test or Dunn’s Kruskal-
Wallis Multiple Comparisons tests were used unless noted otherwise. p<0.05 was deemed
significant in all analyses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:
. Btgl and Btg2 anti-proliferative genes are expressed in early neonatal hearts.
. Btg1/2 loss /n vivo promotes cardiomyocyte mitotic activity at postnatal day
7.
. Btg1/2 loss /n vitroincreases cardiomyocyte proliferative activity.
. RNAseq implicates proliferative and oxidative stress mechanisms in role for
Btgl/2.
. Btgl and Btg2 contribute to neonatal rodent cardiomyocyte cell cycle arrest.
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Figure 1. Btgl and Btg2 are expressed in early neonatal C57BL/6 mouse left ventricles.
(A) Representative images of Btgl expression detected by immunostaining at PO (n=5), P7

(n=5), P15 (n=4), and P30 (n=5) in C57BL/6 mouse left ventricles. Yellow arrows show
broad expression of Btgl in cardiomyocytes and other cell types in the heart. Comparison
of staining by red arrows indicates lower expression of Btgl by P15 compared to PO.

(B) Quantification of Btgl expression by measuring green immunofluorescence per area
(0.05mm?), with n=4-5 mice hearts per stage and 3 tissue slices analyzed per heart. (C)
RT-gPCR analysis of BfgI gene expression in neonatal mouse ventricular mRNA, with fold
change relative to PO (n=6 mice per stage). (D) Representative images of Btg2 expression
detected by immunostaining at PO (n=5), P7 (n=5), P15 (n=4), and P30 (n=5) in C57BL/6
mouse left ventricles. Yellow arrows show broad expression of Btg2 in cardiomyocytes and
other cell types in the heart. Comparison of staining by red arrows indicates reduction in
Btg2 levels by P7-P15 compared to PO. (E) Quantification of Btg2 expression by measuring
green immunofluorescence per area (0.05mm?), with n=4-5 mice per stage and 3 tissue
slices analyzed per heart. (F) RT-gPCR analysis of BigZ2 gene expression in neonatal mouse
ventricular mRNA, with fold change relative to PO (n=6 mice per stage). Data are mean

+ SEM, with *p<0.05, **p<0.01 determined with respect to PO by Dunn’s Kruskal-Wallis
Multiple Comparisons Tests in PO-P30 C57BL/6 wildtype mice.
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Figure 2. Constitutive Btgl and Btg2 double knockout (Btgl/2 DKO) mice exhibit increased
cardiomyocyte mitotic activity at P7.
(A) Schematic of postnatal cardiac stages analyzed in Btg1/2 DKO mice. (B) RT-gPCR

analysis of Bfg1 and Btg2 gene expression in Btg1/2 DKO mouse ventricular mRNA, with
fold change relative to age-matched Wildtype (WT) controls from the same background

as Btgl/2 KO. Data are mean £ SEM, with ****p<0.0001 determined by Welch’s t test
following Shapiro-Wilk test for normal distribution, in n=3 mice per group. (C) Heart
weight-to-body weight ratios (HW/BW) at P7 and P30 in Btg1/2 DKO mice (n=3 mice

at P7, n=4 mice at P30), compared to WT controls (n=4 mice per stage). Data are

mean + SEM, with *p<0.05 determined by Mann Whitney U Test. (D) Representative
images of cardiac cross-sections at P7 stained with sarcomeric a-actinin and DAPI, with
cardiomyocyte cell boundaries identified by WGA. Yellow arrows indicate cardiomyocytes
in cross-section, in WT and Btgl1/2 DKO mice. Inset images show WGA and DAPI channels
for visualization of cell boundaries. (E) Quantification of cardiomyocyte (CM) cross-
sectional area (um?) in paraffin sections by manual cell tracing based on WGA staining. (F)
Representative images of Phosphohistone-H3 (pHH3) immunostaining for mitotic activity
in neonatal WT and Btgl/2 DKO heart tissues. Yellow arrows indicate increased pHH3
expression at P7 in Btgl/2 DKO mice compared to WT. (G) Representative image of
Z-stack planes utilized to identify pHH3+ cardiomyocytes (yellow arrows) in all cohorts,
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with sarcomeres stained by a-actinin. White arrows indicate pHH3+ non-cardiomyocytes,
identified by WGA staining without a.-actinin expression. (H) Cardiomyocyte (CM) mitotic
activity measured as ratio of pHH3+ cardiomyocyte nuclei to total DAPI+ nuclei at P7 and
P30 in WT and Btg1/2 DKO mouse left ventricles. (1) Non-cardiomyocyte (NonCM) mitotic
activity is shown as the ratio of pHH3+ non-cardiomyocyte nuclei to total DAPI+ nuclei at
P7 and P30 in WT and Btg1/2 DKO mouse left ventricles. For Panels D-I, data are mean +
SEM, with *p<0.05 determined by Mann Whitney U Test, in n=4 mice per group, with 2-3
tissue slices analyzed per heart.
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Figure 3. AAV9-mediated double knockdown of Btgl and Btg2 (Btgl/2 DKD) in neonatal mice
promotes cardiomyocyte cell cycle activity at P7 but causes left ventricular hypertrophy by P14.

(A) Schematic of experimental design for Btgl/2 DKD via AAV9 injections in neonatal
C57BL/6 mice. (B) Heart weight-to-body weight ratios (HW/BW) at 7- and 14-days post-
injection (7dpi and 14dpi respectively), in Btg1/2 DKD mice (n=8 mice at 7dpi, n=6 mice
at 14dpi) compared to littermate Scramble-injected controls (n=8 mice at 7dpi, n=4 mice
at 14dpi). (C) Representative Masson’s Trichrome staining of whole heart paraffin sections
of Btg1/2 DKD mice at 14dpi compared to Scramble (n=4 mice per group). (D) RT-gPCR
analysis of Bfg1 and BtgZ2 gene expression in Btg1/2 DKD mouse ventricular mRNA

at 7dpi, with fold change relative to littermate Scramble-injected controls (n=4 mice per
group). (E) Representative images of GFP (shScramble or shBtgl) and mCherry (shBtg2)
expression to visualize AAV9 transduction in mouse ventricular tissue at 7dpi and 14dpi
(n=4 mice per group). White arrows indicate AAV9-mediated reporter gene expression

in cardiac muscle. (F) Representative images of Scramble and Btg1/2 DKD mouse heart
sections stained with WGA, a-actinin, and DAPI. Yellow arrows indicate cardiomyocytes
in cross-section. Inset images show WGA and DAPI immunostaining channels only for
visualization of cell boundaries. (G) Quantification of cardiomyocyte (CM) cross-sectional
area (Um?) in paraffin sections of Scramble (n=4 mice at 7dpi, n=4 mice at 14dpi) and
Btg1/2 DKD (n=4 mice at 7dpi, n=6 mice at 14dpi) mice, by manual cell tracing based

on WGA staining, with 2-3 tissue slices analyzed per heart. (H) Representative images of
EdU incorporation assay for mitotic activity at 7dpi and 14dpi in Btgl/2 DKD and Scramble
heart tissues. Yellow arrows indicate EdU+ cardiomyocytes, identified by co-staining with
sarcomeric a-actinin and WGA. (1) Cardiomyocyte (CM) mitotic activity measured as ratio
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of EdU+ cardiomyocyte nuclei to total nuclei in Btg1/2 DKD (n=6 mice at 7dpi, =6 mice
at 14dpi) mouse left ventricles compared to Scramble (n=6 mice at 7dpi, n=4 mice at 14dpi),
with 3 tissue slices analyzed per heart. Data are mean £ SEM, with *p<0.05, **p<0.01
determined by Mann Whitney U Test.
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Figure 4. Btg1/2 depletion via siRNA increases cardiomyocyte proliferation in neonatal rat
cultured cardiomyocytes.
(A) Schematic of experimental design for siRNA-mediated knockdown of Btg1/2 in cultured

cardiomyocytes from newborn Sprague Dawley rats. (B) RT-qPCR analysis of B#gI and
Btg2 gene expression with siRNA-mediated Btg1/2 single- (SKD) and double- (DKD)
knockdown, relative to Scramble-treated controls, in cultured neonatal rat ventricular
cardiomyocytes (NRVM) at 48 hours post-transfection (n=8 culture wells per group).

(C) Representative images of siRNA-treated NRVMs with Troponin | (green stain)

for cardiomyocytes, Vimentin (white stain, purple arrows) for non-cardiomyocytes, and
DAPI (blue stain) for nuclei, showing (i - iv) EdU incorporation (yellow arrows) for
cardiomyocyte mitotic activity, and (v & vi) mononucleated (white arrows) and binucleated
(red arrows) cardiomyocytes for nucleation counts (n=6 culture wells per group). (D)
Cardiomyocyte (CM) mitotic activity measured as ratio of EdU+ cardiomyocyte nuclei to
total cardiomyocyte nuclei in Btg1/2 DKD and SKD groups compared to Scramble (n=6
culture wells per group, with at least 6 regions per culture well analyzed). (E) Percent

of total cardiomyocytes exhibiting mono- vs. bi-nucleation in Btg1/2 knockdown groups
compared to Scramble, calculated by manual nucleation counts of approximately 3500
CMs from n=6 culture wells per group. Data are mean + SEM, with *p<0.05, **p<0.01,
***n<0.001 determined by Pairwise Mann Whitney U Tests with respect to Scramble
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control. (F) DAPI fluorescence intensities were calculated per image for cardiomyocyte
(CM) nuclei identified by sarcomeric Troponin I, relative to non-cardiomyocyte (NonCM)
nuclei identified by Vimentin. Thresholds for diploid (2c) and polyploid (2c<) nuclear
intensities were determined based on standard deviation of NonCM nuclear intensities set
as diploid control. Approximately 1000 CM nuclei and 100 NonCM nuclei were analyzed
from n=4 culture wells per group. Data are mean = SD, with *p<0.05 determined by Dunn’s
Kruskal-Wallis Multiple Comparisons Tests with respect to Scramble control. At least two
separate cardiomyocyte preparations were utilized for n=4-8 independent culture wells per
group for all experiments.
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Figure 5. Transcriptomic profiling by RNAseq indicate significant changes in cell proliferative

1 1
II[ 1!l i

Ll e, T

F Btg1 SKD vs. Scr

GO Biological Process

' T T
| WH\‘\H h '|J| i]‘{ |I J 1| ‘||\‘[ =
l’ ]‘]|| Hl w IHh #Iﬂ l ~! l‘l |11I'“|| l J "” Wh W ’1 | HI‘M L :
il M I

positive regulation of cell proliferation
response to hypoxia

positive regulation of gene expression
extracellular matrix organization
regulation of ERK1 and ERK2 cascade
neuron projection development
positive regulation of angiogenesis:

0 1 2 3
-Log10 (p-value)

Page 26

Btg1 SKD
D\ vs. Scr

|I] I
DI
i -

G Btg2 SKD vs. Scr
GO Biological Process

positive regulation of cell proliferation
cellular response to hypoxia:

positive regulation of angiogenesis
heart developmen

negative regulation of apoptotic process:
positive regulation of DNA binding
extracellular matrix organization:

0 1 2 3
-Log10 (p-value)

and hypoxia response signaling in Btgl/2-depleted neonatal rat ventricular myocyte cultures

compared to Scramble.

(A) Schematic of RNAseq experimental design for gene expression profiling of Btg1/2
siRNA-treated compared to scramble control cultured rat cardiomyocytes. (B) Principal

component (PC) analysis shows clustering of biological replicates (n=3 per group) within

each siRNA-treated experimental group. (C) Venn intersection analysis shows overlap of
significantly differentially expressed genes in Btg1/2 single- (Btgl SKD, Btg2 SKD) and
double- (Btg1l/2 DKD) knockdown groups compared to Scramble control. (D) Heatmap
showing 786 significantly differentially expressed genes in Btgl SKD, Btg2 SKD, and
Btg1/2 DKD groups compared to Scramble. (E) Gene ontology analysis for significant
Biological Process (GO-BP) terms. Histograms show selected top GO-BP terms for
significantly differentially expressed genes in Btg1l/2 DKD compared to Scramble. (F)
Selected top GO-BP terms for significantly differentially expressed genes in Btgl SKD
compared to Scramble. (G) Selected top GO-BP terms for significantly differentially
expressed genes in Btg2 SKD compared to Scramble.
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