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ARTICLE INFO ABSTRACT

Keywords: Trimethylation of lysine 27 on histone 3 (H3K27me3) by the Polycomb repressive complex 2 (PRC2)
H3K27me3 contributes to localized and inherited transcriptional repression. Kdméb (Jmjd3) is a H3K27me3 demethylase
Histone demethylase that can relieve repression-associated H3K27me3 marks, thereby supporting activation of previously silenced
Kdm.()b . genes. Kdm6b is proposed to contribute to early developmental cell fate specification, cardiovascular
Cardlf)genems differentiation, and/or later steps of organogenesis, including endochondral bone formation and lung
Ventricle . ..

Trabeculation development. We pursued loss-of-function studies in zebrafish to define the conserved developmental roles

of Kdm6b. kdm6ba and kdm6bb homozygous deficient zebrafish are each viable and fertile. However, loss of
both kdmé6ba and kdm6bb shows Kdméb proteins share redundant and pleiotropic roles in organogenesis
without impacting initial cell fate specification. In the developing heart, co-expressed Kdmé6b proteins promote
cardiomyocyte proliferation coupled with the initial stages of cardiac trabeculation. While newly formed
trabecular cardiomyocytes display a striking transient decrease in bulk cellular H3K27me3 levels, this
demethylation is independent of collective Kdmé6b. Our results indicate a restricted and likely locus-specific

role for Kdm6b demethylases during heart ventricle maturation rather than initial cardiogenesis.

1. Introduction

Covalent histone modifications establish chromatin landscapes that
influence gene expression programs by promoting active or silenced
transcriptional states. For instance, localized trimethylation of lysine
27 on histone 3 (H3K27me3) in vertebrates is deposited by Enhancer
of zeste homolog 1 and 2 (Ezhl and 2), the catalytic subunits of the
Polycomb repressive complex 2 (PRC2), and is associated with gene
silencing (Cao et al., 2002; Margueron and Reinberg, 2011; Miiller
et al., 2002). H3K27me3 marks can be removed by the lysine-specific
demethylases Kdmé6a (Utx) and Kdméb (Jmjd3) (Cloos et al., 2008;
Klose and Zhang, 2007; Mosammaparast and Shi, 2010). Therefore,
H3K27me3 modifications likely provide an epigenetically inherited but
reversible layer of transcriptional control. In vertebrates, H3K27me3
dynamics are implicated in cell fate specification (Alder et al., 2010;
Dahl et al., 2010; Rugg-Gunn et al., 2010) and cell reprogramming
associated with acquired pluripotency (Azuara et al., 2006; Bernstein
et al., 2006; Mikkelsen et al., 2007). Further, vertebrate H3K27me3
demethylases directly support cell signal or transcription factor-
induced gene expression programs (Jiang et al., 2013; Kartikasari
et al., 2013; Ramadoss et al., 2012) and de-differentiation during organ

regeneration (Stewart et al., 2009).

Studies using embryonic stem cells (ES cells) suggest Kdm6b
enables cell specification of all three germ layers (Burgold et al.,
2008; Kartikasari et al., 2013; Ohtani et al., 2011, 2013). These results
predict that Kdm6b is responsible for relieving H3K27me3 marks at
fate specifying genes as pluripotent cells adopt distinct cell lineage
identities (Bernstein et al., 2006; Mikkelsen et al., 2007). However, in
vivo tests of this model using mouse Kdmé6b reverse genetics have
yielded conflicting results. Mice homozygous for a Kdmé6b allele that
deletes exons encoding N-terminal regions of the protein are peri-
implantation lethal at embryonic day 6.5 (E6.5) (Ohtani et al., 2013).
In contrast, mice homozygous for several independently generated
Kdm6b mutant alleles that delete the catalytic JmjC domain die
perinatally with lung defects (Q. Li et al., 2014; Satoh et al., 2010;
Shpargel et al., 2014; Zhang et al., 2015). These latter studies suggest
that Kdmé6b-driven H3K27me3 demethylation does not instructively
derepress key cell fate regulatory genes during early embryonic
development.

Kdm6b-deficient mouse embryos are smaller and edematous (Q. Li
et al., 2014b), implicating Kdmé6b in cardiovascular development. In
further support, H3K27me3 marks are conspicuously lost from key
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cardiogenic genes during in vitro cardiac differentiation of ES cells
(Paige et al., 2012; Wamstad et al., 2012) and PRC2 is required to
maintain cardiomyocyte identity (Delgado-Olguin et al., 2012; He
et al., 2012; San et al., 2016). Additionally, Kdm6b”~ ESCs induced
to undergo cardiomyocyte differentiation misexpress many genes
implicated in early heart development, including decreased levels of
the cardiac progenitor factors Mesp1, Pdgfra, and Mef2c (Ohtani et al.,
2011). Correspondingly, Kdm6b-deficient ES cells exhibit reduced
ability to form differentiated cardiomyocytes and contractile embryoid
bodies (EBs). Although in vivo mouse and zebrafish studies demon-
strate Kdmé6a contributes to the activation of core cardiac transcription
factors (Lee et al., 2012; Van Laarhoven et al., 2015; Welstead et al.,
2012), the in vivo contributions of Kdméb to cardiovascular develop-
ment have not been examined.

We pursued in vivo loss-of-function studies in zebrafish to define
the evolutionarily conserved contributions of Kdmé6b to vertebrate
development. Due to an ancestral whole genome duplication in the
teleost lineage (Amores, 1998; Jaillon et al., 2004; Meyer and Schartl,
1999), the zebrafish genome contains two Kdmé6b orthologs, kdmé6ba
and kdmébb. In such instances of duplicated genes, the “ohnologs”
frequently acquire distinct roles or one ohnolog becomes non-func-
tional due to relaxed selective pressure (Force et al., 1999; Lynch and
Force, 2000; Postlethwait, 2007; Steinke et al., 2006). However,
redundant functions, with or without compensatory networks, are also
possible. While kdm6bb may support the reactivation of embryonic
developmental gene programs during fin regeneration (Stewart et al.,
2009), kdm6ba has not been studied in any context.

We generated kdm6ba and kdm6bb loss-of-function alleles using
CRISPR/Cas9 mutagenesis. Zebrafish homozygous for either individual
allele are viable and fertile. However, kdm6ba”"; kdm6bb”~ zebrafish
larvae have pleiotropic yet specific organogenesis defects, including a
small heart ventricle, consistent with coinciding heart expression. The
small ventricle originates from insufficient proliferation of both en-
docardial and myocardial cells associated with the initiation of cardiac
trabeculation at larval hatching. This burst of trabecular cardiomyocyte
proliferation correlates with transient bulk cellular H3K27me3 de-
methylation, implying a global relaxing of gene repression enables the
cell cycle entry transition. However, collective Kdmé6b does not appear
to promote this observed cell-wide demethylation and therefore likely
has locus-specific roles. Our data provide an example of straightfor-
ward non-compensatory redundancy between duplicated genes in
zebrafish. Further, we show that Kdmé6b's unique functions (those
not shared with Kdmé6a) are largely restricted to later stages of organ
growth and morphogenesis rather than early cell fate specification or
progenitor cell activity.

2. Materials and methods
2.1. Zebrafish

The University of Oregon Institutional Animal Care and Use
Committee (IACUC) approved and monitored all zebrafish procedures
following the guidelines and recommendations outlined by the Guide
for the Care and Use of Laboratory Animals (National Academic Press).
Wildtype AB, Tg(myl7:dsRedExpress-nuc) (Takeuchi et al., 2011), and
Tg(kdrl: EGFP) (Jin et al., 2005) lines were used in this study.

2.2. CRISPR-Cas9 generation of mutant alleles

CRISPR-Cas9-mediated mutagenesis was used to generate targeted
deletions within the JmjC domains of both kdmé6ba and kdm6bb. Guide
RNAs (gRNAs) were generated following methods adapted from (Bassett
et al., 2013). Guide oligonucleotides were obtained from Integrated DNA
Technologies and had the following core sequence: 5-AATTAATACG-
ACTCACTATA-NNNNNNNNNNNNNNNNNNNN-GTTTTAGAGCTAGA-
AATAGC-3’, with a T7 promoter sequence followed by a series of Ns
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indicating the targeting sequence. The gRNA targeting sequences for
kdmé6ba and kdmo6bb were 5-GCTTAGCATATTCCCACTGG-3’ and 5'-
CAGGTGGAAGGC-GCAGTTGC-3,, respectively. Guide oligonucle-
otides were annealed to a generic gRNA scaffold (5-GATCCGCACC-
GACTCGGTGCCACTTTTTCAAGTTGATAACGGACT-AGCCTTATTTTAA-
CTTGCTATTTCTAGCTCTAAAAC-3) and extended using Phusion poly-
merase (New England Biolabs) followed by column-based purification.

In vitro transcription of gRNAs was performed using the
Megascript T7 Transcription Kit (Thermo Fisher) and purified via
RNA Clean & Concentrator columns (Zymo Research). Cas9 mRNA
was in vitro transcribed from Addgene plasmid 46757:pT3TS-nCas9n
(Jao et al.,, 2013) using the T3 mMessage mMachine kit (Thermo
Fisher). Cas9 mRNA and gRNA were combined and diluted to a final
concentration of 100 ng/ul in Danieau's buffer containing phenol red.
We injected 1-3 nl of the Cas9/gRNA mix into the developing embryo
at the one-cell stage. Fish raised from injected embryos (see below)
were screened for mutations by amplicon sequencing. Founders
carrying isolated mutant alleles were outcrossed to wildtype fish to
isolate stable germline transmitting lines used for subsequent crosses
and phenotypic analyses.

2.3. Genotyping kdmé6ba and kdm6bb mutant alleles

The kdmé6ba allele was assessed by PCR using primers 5-
TGGCACAAACATTGACCTGT-3’ and 5-CATCATGGACAGCAAACCAC-3’
followed by restriction digest with Ncol (New England Biolabs). The
kdm6bb mutant allele was assessed by PCR using primers 5-
CTCAAAGCAGAAAGCTGTTGG-3" and 5-GTGTGGCCAACATGACTCAG-
3.

2.4. In situ hybridization

In situ hybridization probes were synthesized from PCRII-based
plasmids (Life Technologies) containing cloned ¢cDNA amplicons. PCR
products were obtained from pooled samples of embryonic zebrafish
c¢DNA using the following primers: kdm6bb 5-CCACTTGACCA-
ACTGCCTTGCAAAAC-3, 5-CTGAAAACACACTCCGAGAGGTATCGC-
3’; kdm6ba 5’-TGGCACAAACATTGACCTGT-3’, 5’- GTGTGAGGGAAA-
GGGATGAG-3’. Plasmids were linearized by digestion with NotI and
BamHI, respectively. Digoxigenin-11-dUTP (Roche) labeled RNA
synthesis was performed using Sp6 (for kdm6bb probe) or T7 (for
kdmeé6ba probe). DIG-labeled probes were DNase treated prior to LiCl
precipitation and then resuspended in RNase/DNase free water.
Whole-mount in situ hybridizations were performed as described
(Thisse and Thisse, 2008). Hybridized embryos were blocked with
5% normal goat serum in phosphate-buffered saline (PBS) and then
incubated overnight with alkaline phosphatase-conjugated anti-DIG
antibody (Roche) diluted 1:1000 in blocking buffer. Embryos were
developed at room temperature using NBT/BCIP (Promega) and then
dehydrated into 100% methanol and stored at —20 °C. Embryos were
then rehydrated and allowed to equilibrate in 100% glycerol at 4 °C
prior to imaging on a Leica M165 FC stereomicroscope.

2.5. Whole mount immunofluorescence and imaging

Anti-GFP (AVES) immunostaining was performed as described
(Akerberg et al, 2014). Staining for cardiac troponin (CT3,
Developmental Studies Hybridoma Bank), DsRed (Clontech) and S46
(Developmental Studies Hybridoma Bank) was performed using a
protocol adapted from (Zhou et al., 2011). Embryonic hearts were
arrested in diastole with 0.5 M KCl and fixed overnight at 4 °C in
phosphate-buffered saline (PBS) containing 4% paraformaldehyde. The
following day, embryos were washed in PBS and dehydrated through a
methanol series. Embryos in 100% methanol were stored at —20 °C for
at least 24 h prior to rehydration into PBS containing 0.1% Tween-20
(PBST). Embryos were then blocked with PBS containing 1% BSA, 1%
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Triton X-100, 0.1% DMSO for four hours. Embryos were incubated
with primary antibodies diluted in block solution for 4-5h at room
temperature with gentle agitation followed by three 20’ washes in PBS
containing 0.5% Triton X-100 (PB0.5X). Alexa-conjugated secondary
antibodies (Thermo Fisher) were diluted 1:1000 in PB0.5X and
incubated with embryos for 2—3 h at room temperature with gentle
agitation. Lastly, embryos were washed and stored in TBST (20 mM
Tris pH 7.5, 150 mM NaCl, 0.5% Triton X-100) prior to imaging.
Primary antibodies CT3, DsRed, and S46 were used at dilutions of
1:500, 1:500, and 1:250, respectively. Immunostained embryos as well
as transgenic embryos with native fluorescence were mounted in low
melt agarose and imaged with a Leica M165 FC stereomicroscope,
Nikon Eclipse Ti inverted fluorescence microscope, or Leica SD6000
spinning disk confocal microscope. 10x DIC images were acquired
using a Nikon Eclipse Ti inverted microscope and stitched together
using NIS Elements Advanced Research software.

2.6. Live embryo imaging

Embryos of the desired stage were anesthetized in Tricaine
(Western Chemical) and immobilized in 0.75% low melt agarose
dissolved in embryo media (EM). Embryos were imaged on a glass
bottom FluoroDish (World Precision Instruments) using epifluores-
cence or DIC optics with a Nikon Eclipse Ti inverted microscope.

2.7. Cell counting and morphometrics

Cardiomyocyte quantification was performed on Tg(myl7:dsRed-
nuc) transgenic embryos that first were fixed overnight in PBS contain-
ing 4% paraformaldehyde. Embryos were then immediately antibody
stained for dsRed and CT3. Stained embryos were mounted in low melt
agarose after their heads were removed to provide an unobstructed
view of the heart. Mounted embryos were imaged with a Leica SD6000
spinning disk confocal microscope. Image stacks were processed and
nuclei counted using ImageJ (National Institutes of Health). Area
measurements of trabeculated muscle located between OFT and the
atrioventricular canal (AVC) used ImageJ measurement tools.
Trabeculation index values were calculated as the ratio between the
length of the interior (trabecular) and exterior of the ventricle.
Individual data points were normalized to the mean of respective
clutch mate control samples.

2.8. Skeletal staining

Alcian Blue staining of zebrafish larvae was performed as described
(Walker and Kimmel, 2007) with subsequent imaging using a Leica
M165 FC stereomicroscope (whole mount) or Leica DM4000B upright
microscope (flat mount).

2.9. Histological sectioning and immunostaining

Paraffin sections were processed following procedures used for
dissected mouse hearts (Akerberg et al., 2015). Hematoxylin and eosin
staining on paraffin sections was performed using conventional re-
agents and methodology (Ricca Chemical Company). For immunos-
taining paraffin sections, slides were de-paraffinized using Xylenes and
rehydrated into distilled water using a series of graded ethanol washes.
Antigens were retrieved by either 1) pressure-cooking for 10’ in 1 mM
EDTA and 0.1% Tween-20 (CT3, PCNA (Sigma), myosin heavy chain
(MF20, Developmental Studies Hybridoma Bank), GFP, and DsRed
antibodies) or 2) 10’ incubation in 0.25% trypsin solution (H3K27me3
antibody, Millipore). Slides were blocked for 1 h with 10% dried milk,
0.1% Tween-20 or 10% normal goat serum (for anti-H3K27me3) in
PBS. Primary antibodies were diluted 1:500 (or 1:50 for MF20) in their
respective block solutions and incubated overnight at 4 °C. Slides were
then washed 5x10’ in PBST (1x PBS with 0.1% Tween-20) and
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incubated with Alexa-conjugated secondary antibodies diluted 1:1000
in block solution for 1 h. After 3x10’ PBST washes, the slides were
submerged for 5’ in Hoechst diluted 1:5000 in PBST. Slides were
washed in PBST and mounted with Fluorogel (Electron Microscopy
Sciences). Imaging was performed with a Leica upright fluorescent
microscope or either an Olympus Fluoview FV1000 or Zeiss LSM 880
laser scanning confocal microscope.

2.10. 5-ethynyl-2-deoxyuridine labeling

Fish were incubated with 5-ethynyl-2-deoxyuridine (EAU) (Thermo
Fisher) at a concentration of 0.1 mg/ml in embryo media for 12-15 h
prior to harvest at 5 dpf. Embryos were processed into paraffin sections
as described above. EAQU Click-It reactions (Thermo Fisher) were
performed prior to immunostaining with the samples kept in the dark
throughout subsequent staining procedures.

2.11. Quantitative reverse transcription polymerase chain reaction
(qRT-PCR)

cDNA was synthesized using SuperScript III (Thermo Fisher) with
Trizol-isolated RNA harvested from pooled embryos (5—-10 embryos
per pool) or dissected embryonic hearts. qRT-PCR was performed
using KAPA SYBR FAST qPCR master mix reagents (Kapa Biosystems).
Relative mRNA expression was normalized using rpll8 or rpsll to
calculate ACTs (threshold cycles). Transcript levels were compared
using a AACT approach. ACT values were used for two-tailed Student's
t-tests to determine significance with a Bonferroni correction for
multiple comparisons. qPCR primer sequences: kdm6bb 5-GCATGG-
CGTGGACTATCTG-3’, 5-CGTGAATCATAGGGACGATTG-3’; kdm6ba
5-GCCCAAACCTCTCCAATGTA-3’, 5-GTGTGAGGGAAAGGGATGAG-
3’; kdmé6a 5-ACATAAACATTGGCCCTGGA-3’, 5-GCCACCAAGA-
TCCCATTAGA-3’; kdmé6al 5-CACAACAACTTCTGCGCTGT-3’, 5'-
CCTCGTACAGGTCCTCCAGA-3’; rpll8 5- CCGAGACCAAGAAA-
TCCAGA-3, 5- GAGGCCAGCAGTTTCTCTTG-3’; rpsll 5-
GATGGCGGACACTAGAAC-3’, 5-CCAATCCAACGTTTCTGTGA -3’
vmhel  5-GATGGAACTGAGGATGCTGAC -3’, 5-TTGACTCTT-
GGATGGCACAG -3'.

3. Results

3.1. Histone demethylases kdmé6ba and kdm6bb have non-
compensatory redundant functions during zebrafish development

We monitored embryonic expression of the kdmé6b H3K27me3
histone demethylase ohnologs by RNA in situ hybridization (Fig. 1A-J).
kdmé6ba transcripts were uniquely maternally contributed (Fig. 1F)
whereas both kdmé6ba and kdm6bb transcripts were robustly expressed
in the developing brain (Fig. 1B-C and G-H), otic vesicles (Fig. 1C and
H), and heart (Fig. 1D-E and I-J). The grossly similar expression
patterns of kdm6ba and kdm6bb during early development suggested
redundancy. Therefore, we generated mutant alleles of both genes
using CRISPR/Cas9 targeted mutagenesis to investigate their unique
and shared roles during zebrafish development.

We first targeted insertion-deletion (indel) mutations to the 5’ end
of the essential catalytic JmjC domain of kdm6bb (De Santa et al.,
2007; Lan et al., 2007; Hong et al., 2007; Xiang et al., 2007), isolating a
germline-transmitted allele (kdm6bb®'3%7 abbreviated kdm6bb™ from
here forth) harboring a 40 bp deletion spanning the first 14 bp of exon
15 (Fig. 2A). This deletion introduces an early stop codon predicted to
result in a truncated Kdmé6bb protein lacking the entire JmjC domain.
kdmébb”~ fish did not exhibit any overt developmental defects and
were both viable and fertile as adults (Fig. 2B-E). Vascular organization
was also unchanged in kdm6bb”~ embryos at 3 dpf as visualized by the
Tg(kdrl: EGFP) reporter line (Fig. S1A, B). Notably, kdm6bb transcript
levels were decreased nearly nine fold in homozygous kdm6bb”~
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animals at 30 h post fertilization (hpf) presumably due to nonsense
mediated decay, as shown by qRT-PCR and in situ hybridization
(Fig. 2F-H). Expression levels of the other three Kdmé6-family de-
methylases kdmé6ba, kdmé6a, and kdmé6al were not significantly
different in kdm6bb”~ animals. Therefore, genetic deficiency of
kdmé6bb does not trigger transcriptional compensation (Fig. 2F).

We subsequently isolated a kdm6ba mutant allele (kdm6ba
henceforth denoted kdmé6ba’) containing a single base deletion within
exon 14 of kdmé6ba (Fig. 21). This frameshift mutation is predicted to
result in an early stop codon yielding a truncated Kdmé6ba protein
missing the JmjC domain. kdm6ba”~ embryos lacking the notable
maternal contribution (kdméba™%) showed no overt embryonic defects
at 24 and 48 hpf and were both viable and fertile (Fig. 2J-M).
kdmé6ba”~ embryos also exhibited normal vascular development at 3
dpf (Fig S1C, D). kdm6ba™? animals expressed three fold less kdmé6ba
mRNA than their wildtype clutchmates (Fig. 2N), likely reflecting
nonsense mediated decay and further signifying kdmé6ba loss of
function. qRT-PCR showed that kdmé6ba-deficiency did not elicit
compensatory expression of kdmé6bb, kdmé6a, or kdméal at 30 hpf
(Fig. 2N).

To determine if the H3K27me3 demethylases kdm6ba and kdm6bb
have redundant functions, we generated kdmé6ba”"; kdmé6bb”~ double
mutant (or kdm6b-deficient) animals. Although kdmé6ba”"; kdmé6bb”"
fish developed normally for their first three days (Fig. S2A-D), they
failed to inflate their swim bladder upon hatching and were not viable
past 10-12 dpf (Fig. 3A-E). kdm6b-deficient larvae also consistently
exhibited cardiac edema (Fig. 3D-D’) and a craniofacial “slack jaw”
abnormality in which the jaw was unable to close (Fig. 3D-D’).
kdm6ba”"; kdmé6bb*/~ animals also failed to develop a swim bladder
and did not survive to adulthood (Fig. 3C and E). Conversely,
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kdmé6ba*’"; kdm6bb”~ animals were completely viable with no obvious
embryonic defects (Fig. 3B and E). This weighted dose-dependency
suggests that Kdmé6ba contributes relatively more to its and Kdmébb's
shared developmental roles, possibly explained by three-fold higher
transcript levels of kdm6ba over kdm6bb at 30 hpf (Fig. 3F).

A further analysis of 5 dpf kdméba”"; kdm6bb”" larvae revealed
several additional defects. kdm6b-deficient animals exhibited cranial
swelling arising between 4 and 5 dpf (Fig. 3G-H). Hematoxylin and
eosin (H & E) staining of paraffin sections confirmed an intact but un-
inflated swim bladder in kdméba”~; kdmé6bb”" larvae (Fig. 31-J). As
Kdmé6b promotes endochondral bone formation in mice (Zhang et al.,
2015), we performed Alcian Blue staining to determine if kdm6b-
deficient larvae exhibited abnormal cartilaginous bone. Whereas the
majority of craniofacial skeletal development was unaffected,
kdméba”"; kdm6bb”" larvae displayed a truncated basihyal cartilage
at 5 dpf and 7 dpf that likely accounts for the “slack-jaw” phenotype
(Fig. 3K-P). By H&E staining of 7 dpf larvae, we found that the
reduced basihyal in kdmé6b-deficient larvae contained subjectively
fewer but morphologically normal chondrocytes and retained asso-
ciated ligaments (Fig. 3Q-T). These phenotypes and the larval stage
lethality of kdm6ba”"; kdm6bb”~ fish are congruent with those mouse
studies that proposed Kdméb largely functions during later stages of
organogenesis, rather than during early cell lineage specification
(Burgold et al., 2012; Q. Li et al., 2014; Satoh et al., 2010; Shpargel
et al., 2014; Zhang et al., 2015).

3.2. Kdmé6b proteins promote larval stage cell proliferation
associated with heart ventricle trabeculation

The absence of embryonic phenotypes in kdmé6ba”"; kdm6bb”~

A

" 1 hpf

C

24 hpf 24 hpf

kdm6bb

48 hpf

24 hpf 4 hpf

kdmé6ba

L

48 hpf

48 hpf

Fig. 1. kdm6ba and kdm6bb have broad and largely overlapping developmental expression patterns. (A-J) Whole mount in situ hybridization for kdm6bb (A-E) and kdmé6ba (F-J)
transcripts on 1 hpf (A and F), 24 hpf (B, C, G, H) and 48 hpf (D, E, I, J) embryos. Arrowheads denote cardiac expression. Abbreviations: a, atrium; v, ventricle.
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Fig. 2. Generation and characterization of kdmé6b loss of function alleles. (A) Schematic showing the deleted sequence in the kdm6bb mutant allele recovered from CRISPR/Cas9
targeted mutagenesis (magenta bases). (B-E) Whole mount differential interference contrast (DIC) microscopy images of 24 (B and D) and 48 hpf (C and E) embryos. (F) Bar graph
showing relative kdm6bb transcript levels between wildtype and kdm6bb™% embryos at 30 hpf determined by qRT-PCR on ¢cDNA from three separate pools of ten embryos each. (G, H)
In situ hybridization for kdmébb on control and kdm6bb™? 24 hpf zebrafish embryos. (I) Schematic showing the CRISPR/Cas9-generated kdmé6ba mutant allele. The deleted base is
shown in magenta. (J-M) DIC images of control and kdm6ba™? embryos at 24 hpf (J and L) and 48 hpf (K and M). (N) Bar graphs comparing qRT-PCR-determined normalized
expression levels of each H3K27me3 demethylase-encoding transcripts between 30 hpf wildtype and kdm6bb™Z embryos (three independent pools of ten embryos each). Error bars in
the bar graphs (F, N) show one standard deviation. P-values indicate a significant difference determined by Student's two-tailed t-tests after applying a Bonferroni correction for multiple

comparisons.
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embryos does not eliminate the possibility that maternally contributed
mRNA or protein contribute to early lineage specification (Burgold
et al., 2008; Kartikasari et al., 2013; Ohtani et al., 2013, 2011).
Although the lethality of kdméba”"; kdm6bb”~ animals precluded us
from eliminating maternal contributions of both transcripts, only
kdmeé6ba transcripts were present prior to zygotic genome activation
(Fig. 1A and F). To achieve maximum kdm6b depletion in the early
embryo with respect to both maternal and zygotic contributions, we
crossed kdmé6ba””; kdm6bb*/* females to kdméba*’; kdm6bb””
males. kdm6ba™?; kdm6bb*/~ progeny from this cross were phenoty-
pically indistinguishable from kdméba”"; kdm6bb™/~ animals, lacking a
swim bladder and dying as larvae. Further, kdm6ba™%; kdm6bb*’-
larvae did not develop the severe edema and slack-jaw phenotype seen
in kdméba”"; kdm6bb”~ fish with intact maternal but not zygotic
kdmé6ba (Fig. S3A-C). Therefore, kdm6b demethylases likely do not
have unique early embryogenesis roles necessitating maternally con-
tributed mRNA or protein.

Despite the lack of embryonic cardiovascular phenotypes, the
presence of cardiac edema in 5 dpf kdm6ba”~; kdm6bb”~ larvae
implied Kdmé6b demethylases are involved in cardiovascular develop-
ment. The Tg(kdrl: EGFP) vascular-marking transgene showed that 3
dpf kdmé6ba™"; kdm6bb~" larvae have grossly normal aortic arch artery
development (Fig. 4A and C). Likewise, cardiogenesis through 3 dpf,
including the generation of Tg(myl7:DsRed-nuc)-marked cardio-
myoctes, was unaffected by kdmé6b deficiency (Fig. 4B and D-E). Live
imaging revealed that hearts of kdm6b-deficient 5 dpf larvae produced
unidirectional and steady blood flow, consistent with their normal
OFTs and OFT valves (Movie S1, Fig. 4F-G). However, kdm6ba”";
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kdm6bb”~ larvae had smaller and more spherically-shaped ventricles,
which was also apparent by whole mount staining for cardiac troponin
(CT3) and DsRed in a Tg(myl7: DsRed-nuc) background (Fig. 4H-I). To
further characterize ventricle morphology in kdmé6b-deficient animals,
we analyzed H & E stained sagittal sections of 5 and 7 dpf larvae. 5 dpf
kdmé6ba”"; kdm6bb”" larvae had a smaller and more rounded ventricle
with greatly reduced number and size of trabecular projections that
normally form on the outer curvature of the zebrafish ventricle between
3 and 4 dpf (Liu et al, 2010) (Fig. 4J-K). The OFT, atria, and
atrioventricular canal (AVC) valves were notably unaffected. The
specific trabeculation defect was even more apparent at 7 dpf
(Fig. 4L-M). Quantitatively, kdm6b-deficient larvae first showed di-
minished trabeculation at 5 dpf followed by reduced ventricular muscle
at 7 dpf (Fig. 4N, O, Fig. S4). Both kdm6ba and kdm6bb were robustly
expressed in isolated 3.5 dpf hearts as determined by qRT-PCR
(Fig. 4P). We conclude that kdm6ba and kdm6bb share a specific
and heart autonomous role promoting early stages of zebrafish cardiac
trabeculation.

By immunostaining sectioned larvae, we found that myosin heavy
chain (recognized using the pan-myocardial MF20 antibody) and S46
(atrial cardiomyocyte-specific) were expressed normally in 5 dpf
kdmé6ba”"; kdm6bb”" larval hearts (Fig. 5A-D’). Therefore, the dimin-
ished cardiac trabeculation in kdm6b-deficient larvae did not reflect an
altered chamber identity. CT3 antibody staining further confirmed that
ventricular cardiomyocytes of kdmé6-deficient larvae were differen-
tiated and formed myofibrils (Fig. 5B-B’ and D-D’). Finally, we used
the Tg(kdrl:EGFP) reporter line and anti-GFP staining to determine
that the endocardium of kdm6b-deficient embryos was present and
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Fig. 3. Combined genetic deficiency of kdm6ba and kdm6bb causes pleiotropic larval development defects. (A-D) Whole mount stitched DIC microscopy images of clutch mate 5 dpf
larvae of the indicated genotypes. (A’ & D’) Zoomed anterior region of the control and kdm6ba”"; kdmé6bb”~ fish shown in A and D, respectively. Yellow arrows mark the absence of an
inflated swim bladder. The black arrow and black arrowhead highlight the slack jaw and cardiac edema phenotypes, respectively, of a kdméba”"; kdm6bb” larvae. (E) Viability table
showing the expected versus observed adult genotype frequencies from kdmé6ba™/"; kdm6bb*/~ in-crosses. (F) Bar graph displaying relative kdm6ba and kdmé6bb transcript levels in 30
hpf wildtype embryos. Data is normalized to rpl18 expression. P-value is from a Student's two-tailed t-test with error bars showing one standard deviation. (G, H) Whole mount dorsal
view of 5 dpf control and clutch mate kdm6ba/kdm6bb-deficient larvae. (I, J) H & E-stained sagittal sections through 7 dpf larvae centered on the swim bladder (asterisk). (K, L) Sagittal
whole mount view of alcian blue stained 5 dpf larvae. (M-P) Flat mounts of alcian blue-stained 5 dpf (M, N) and 7 dpf (O, P) larvae of the indicated genotypes. Black arrows mark the
basihyal cartilage. (Q-T) H & E-stained sagittal (Q, R) and coronal (S, T) midline sections through 7 dpf kdm6bb-null and kdm6ba/kdm6bb-double deficient larvae. Arrows indicate the
basihyal cartilage and arrowheads point at the cartilage's associated ligament. 50 or 100 um scale bars are shown.
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maintained an epithelial organization (Fig. 5E-F’). Collectively, these
results show that Kdméb is not required for the specification or
differentiation of endocardial and myocardial cells and therefore that
the trabeculation defects in kdm6b-deficient larvae likely represents a
direct role of Kdm6b in trabecular growth and/or morphogenesis.
Myocardial proliferation around the time of larval hatching is
required for the initiation of trabeculation in zebrafish (Liu et al.,
2010). To determine if cardiac proliferation was impaired in
kdm6ba”"; kdm6bb”" larvae, we immunostained sections for prolifer-
ating cell nuclear antigen (PCNA), a marker of cycling cells (Fig. 5E-
F”). kdm6b-deficient animals displayed a near 50% reduction of both
PCNA positive endocardial and myocardial cells at 5 dpf (Fig. 5G). This
decrease in proliferative ventricular cells in kdmé6ba”"; kdm6bb”"
larvae was especially striking using EdU incorporation assays to
monitor cells that passed through S-phase between 4 and 5 dpf
(Fig. 5H and I). In contrast, the normal number of cardiomyocytes in
72 hpf kdm6ba”"; kdmebb”" fish (Fig. 4B-E) suggests that embryonic
cardiac proliferation was not disrupted in the absence of Kdm6b. We
conclude that kdm6bb and kdmé6ba redundantly promote trabecular
outgrowth by enabling the coordinated endo- and myocardial prolif-
eration that accompanies the larval stage initiation of trabeculation.

3.3. Transient global H3K27me3 demethylation in cardiomyocytes at
the onset of myocardial trabeculation

H3K27me3 levels dramatically increase upon cardiomyocyte differ-
entiation in mice (Delgado-Olguin et al., 2012). Therefore, Kdm6b
likewise could regulate widespread rather than locus-specific changes
in H3K27me3 levels during heart ventricle maturation. To assess this
possibility, we first immunostained sections of 2.5, 3.5, and 5 dpf
wildtype zebrafish with anti-H3K27me3 antibodies. Strikingly,
H3K27me3 levels varied widely between different cardiac cell types
and through the developmental course (Fig. 6). Endocardial cells
consistently had very low H3K27me3 levels at 2.5 dpf that progres-
sively increased from 3.5 to 5 dpf. In contrast, the flat nuclei of
presumptive epicardial cells (first seen at 3.5 dpf and lacking associated
myosin heavy chain immunoreactivity) had high H3K27me3 levels. At
2.5 dpf, prior to trabeculation, all cardiomyocytes displayed robust
H3K27me3 levels. However, at 3.5 dpf, newly derived trabecular
myocardial cells adjacent to the ventricular cavity frequently showed
reduced bulk H3K27me3. In contrast, myocardial cells located on the
outer ventricular surface generally retained high H3K27me3 signal. By
5 dpf, trabecular cardiomyocyte H3K27me3 levels were largely normal-
ized with those of the outer cardiomyocyte layer. However, Kdmé6b is
not uniquely responsible for the bulk transient H3K27me3 decrease
associated with trabeculating cardiomyocytes in 3 dpf kdm6b-deficient
larvae (Fig. S5). Instead, Kdm6b likely mediates myocardial cell cycle
entry by promoting expression of a restricted set of target genes.

4. Discussion

Our investigation of histone demethylases kdmé6ba and kdm6bb
during zebrafish development presents several insights. First, we show
how duplicated orthologous genes with retained overlapping expres-
sion can obscure loss-of-function phenotypes due to simple non-
compensatory genetic redundancy. Second, we show that Kdm6b-
family demethylases have pleiotropic roles during larval organ devel-
opment rather than during embryonic cell specification or the estab-
lishment of initial organ “frameworks.” Third, Kdmé6b demethylases
specifically contribute to cardiogenesis by supporting augmented
cellular proliferation associated with the initiation of ventricular
trabeculation during larval metamorphosis. Fourth, while developing
heart ventricle cells display strikingly variable cellular H3K27me3
levels including a transient decrease in trabeculating cardiomyocytes,
these bulk dynamics are not driven by Kdméb proteins alone.
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4.1. Kdmé6b reverse genetic studies provide an example of
straightforward non-compensatory redundancy between duplicated
genes

Our combined genetic analysis of kdm6bb and kdmé6ba illustrates
how redundant functions between ohnologous genes can obscure the
effects of single gene mutation without involving a compensatory
network. As such, our study exemplifies how the lack of phenotypes
frequently observed in homozygous mutant zebrafish can be attributed
to buffering redundancy originating from the ancestral teleost whole
genome duplication event (Amores, 1998; Postlethwait et al., 1998;
Lawson, 2016). We suggest that straightforward non-compensatory
redundancy be thoroughly considered during reverse genetic studies of
ohnologous gene pairs, especially when expression patterns largely
overlap.

4.2. Histone demethylases kdmé6ba and kdmé6bb share likely
conserved roles in vertebrate organ maturation

Independently generated Kdmé6b presumptive null alleles in mice
are either pre-implantation (Ohtani et al., 2013) or perinatal (Burgold
et al., 2012; Q. Li et al., 2014; Satoh et al., 2010; Shpargel et al., 2014;
Zhang et al., 2015) lethal. Our zebrafish studies are consistent with the
latter publications by suggesting that Kdmo6b proteins primarily
contribute to organ maturation rather than early cell fate specification,
in contrast to some predictions (Kartikasari et al., 2013; Ohtani et al.,
2011). These roles are likely evolutionarily conserved as the pleiotropic
defects we observe in kdmé6b-deficient zebrafish are reminiscent of
those reported in mice. For example, kdm6ba”"; kdmeébb”~ fish display
stunted craniofacial cartilage formation and Kdmé6b-deficient mice
develop skeletal dwarfism during early stages of bone development
(Zhang et al., 2015). However, further experiments are necessary to
determine if Kdm6b proteins have restricted roles in certain skeletal
structures (e.g. the notably truncated basihyal cartilage in kdmé6b
double mutant zebrafish) or widely contribute to bone formation, as
seen in mice. Similarly, the swim bladder defects we observed in our
kdmé6b-deficient zebrafish may parallel lung structure and respiration
defects in Kdm6b-null mice (Q. Li et al., 2014b; Satoh et al., 2010)
given the evolutionary homology between the teleost swim bladder and
lungs of terrestrial vertebrates (Perry et al., 2001; Winata et al., 2009).

kdmo6b-deficient zebrafish complete the initial stages of cardiac
development, forming discrete heart chambers, an outflow tract, and
valves. As such, earlier events including the generation and expansion
of cardiac progenitors, specification and differentiation of endocardial
and myocardial cells, and initial heart tube extension and looping do
not require Kdmeé6b. This conclusion controverts reported roles of
Kdmé6b in mesodermal and cardiovascular differentiation derived from
embryonic stem cell studies (Ohtani et al, 2011). However, our
zebrafish studies are consistent with the preponderance of Kdmé6b
loss-of-function mouse models that survive to late fetal stages, indicat-
ing that overt cardiogenesis is substantially Kdmé6b independent.

Although our study shows that combined kdm6ba and kdm6bb are not
required for early embryonic development, they may have roles masked by
further redundancy with kdméa (Utx) genes. Mouse genetic studies show
that Kdm6a has unique essential developmental functions, including in
mesoderm lineage differentiation and cardiogenesis (Lee et al.,, 2012;
Shpargel et al., 2012; Wang et al., 2012; Welstead et al., 2012). In contrast,
Kdmé6b and Kdmé6a are proposed to function redundantly during murine
thymocyte differentiation (Manna et al., 2015). Mechanistically, both
Kdmé6a and Kdméb interact with the Brgl-associated factor chromatin
remodeling complex (Miller et al., 2010). Conflicting reports also indicate
that both Kdm6a and Kdméb proteins may be components of MLL/
COMPASS-like H3K4 methyltransferase complexes (De Santa et al., 2007,
Issaeva et al., 2007; Williams et al., 2014). Collectively, these studies
suggest Kdmo6a and Kdmé6b share a limited redundancy that is context
dependent. The zebrafish genome contains two Kdméa orthologs, kdméa
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Fig. 4. Kdm6ba and kdm6bb redundantly promote cardiac trabeculation. (A, C) Fluorescent imaged whole mount 72 hpf embryos showing the aortic arch arteries of control and
kdmé6b-deficient Tg(kdrl:EGFP) animals. (B, D) Confocal heart images of whole mount 72 hpf Tg(myl7: DsRed-nuc) larvae antibody stained for DsRed (red, cardiomyocyte nuclei) and
cardiac troponin (CT3, heart muscle). Control and combined kdm6ba/kdm6bb-deficient larvae are shown. (E) Bar graphs comparing the absolute number of atrial and ventricular
cardiomyocytes between 72 hpf control (kdméba*/"; kdm6bb™~ and kdméba*’*; kdm6bb*/") and kdméba™"; kdmébb~" larvae. Error bars represent one standard deviation (n=6 control
and 7 kdm6ba/bb-deficient fish from two clutches). (F, G) DIC microscopy images showing the OFT and ventricle of control and kdm6b-deficient embryos at 5 dpf. Dashed yellow lines
outline the OFT valves. (H, I) Whole mount confocal imaged hearts of immunostained 5 dpf control and kdméba”"; kdmé6bb”" larvae. These Tg(myl7:DsRed-nuc) fish are stained with
anti-DsRed (red, cardiomyocyte nuclei) and anti-cardiac troponin (CT3, green) antibodies. (J-M) H & E stained sagittal sections through the heart of 5 and 7 dpf control and kdméba™";
kdm6bb™”" larvae. Solid lines outline the trabeculae and dashed yellow lines indicate the AVC valves. (N, O) Scatterplot graphs showing the normalized outer curvature ventricular
sectional area and trabeculation extent (“index”) of 5 and 7 dpf control compared to clutch mate kdm6ba™”"; kdmébb™" larvae. Each data point represents one animal. P-values are from
Student's two-tailed t-tests. (P) Bar graph of qRT-PCR data comparing kdm6ba and kdm6bb to vmhel transcript levels using three pools of isolated 3 dpf zebrafish embryonic hearts
(normalized to vmhecl levels). Error bars are one standard deviation.
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and kdmé6al. While neither gene has been explored genetically, morpholino
studies implicate both kdm6a and kdméal in Hox-dependent body plan
patterning, craniofacial cartilage development, heart looping, and brain
morphology (Lan et al., 2007; Van Laarhoven et al., 2015). However, given
concerns about morpholino specificity, reverse genetic studies examining
kdmé6a and kdméal individually, together, and combined with our kdm6b
alleles are necessary to validate and extend these studies.

4.3. Dynamic bulk H3K27me3 levels during cardiogenesis support a
non-specific mode for H3K27me3 demethylases in enabling cell
transitions

Zebrafish embryo genome-wide H3K27me3 and H3K4me3 studies
show both marks are established at or prior to zygotic gene activation
(3.3 hpf) and can co-localize at key regulatory genes (Lindeman et al.,
2011; Vastenhouw et al., 2010). These observations support the ES-cell
inspired model that targeted removal of H3K27me3 marks supports
activation of epigenetically “poised” lineage-defining regulatory genes.

|| kdmébakdmebb”

kdméba”;kdm6bb”
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In contrast, our kdm6b genetic studies are consistent with an opposing
view that this bivalency model incompletely represents in vivo
H3K4me3/H3K27me3 observations and the effects of disrupting either
PRC2 or MLL/COMPASS activity (reviewed in Piunti and Shilatifard
(2016)). In further support, genetic loss of combined maternal and
zygotic ezh2 and, resultantly, all H3K27me3 does not disrupt gastrula-
tion or overall body plan establishment in zebrafish (San et al., 2016).
Nevertheless, ezh2-null fish do show pleiotropic embryonic defects,
including in heart development, that are consistent with widespread
poorly maintained cell identities (San et al., 2016).

Bulk H3K27me3 levels are initially high in all ventricular cardio-
myocytes, become notably depleted upon the initiation of cardiac
trabeculation, and are then rapidly restored during ventricle matura-
tion. These observed bulk H3K27me3 dynamics may reflect a large
scale “re-programming” of the overall cellular H3K27me3 load that
enables signaling effectors to promote a major cell transition at the
onset of trabeculation. A conceptually similar but opposite process may
occur during initial cardiac differentiation, as bulk H3K27me3 levels
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Fig. 5. Kdmé6b proteins enable coordinated endocardial and myocardial proliferation associated with early stage ventricle maturation. (A-C) Confocal immunofluorescence images of
sagittal heart sections from 5 dpf kdmé6b- and kdmé6a/kdmé6b-deficient Tg(kdrl:EGFP) larvae stained with anti-GFP (green, endocardium), anti-myosin heavy chain (MF20, red,
myocardium), and anti-S46 (magenta, atrial muscle) antibodies. (B, D) Cardiac troponin (CT3) antibody staining of superficial sections through the heart of 5 dpf kdm6bb”" and
kdm6ba™"; kdmébb”" larvae. B’ and D’ are zoomed images of the dashed yellow box regions. (E-F) Confocal imaged sagittal sections of 5 dpf control and combined kdm6b-deficient
Tg(kdrl:EGFP) embryos stained with wheat germ agglutinin (WGA, grey) as well as anti-GFP (green in overlay panels, endocardium) and anti-PCNA (magenta in overlay panels)
antibodies. Yellow boxes in E and F indicate zoomed regions shown in E’-F””. Arrows and arrowheads mark PCNA-positive endocardial and myocardial cells, respectively. (G) Scatterplot
graphs showing the number of PCNA positive endocardial and myocardial cells within the outer curvature ventricular wall scored from matched sagittal heart sections of 5 dpf control
and kdméba”"; kdmé6bb”" larvae. Each point represents a distinct fish. P-values are from two-tailed Student's t-tests. (H, I) Confocal heart images of sagittal sectioned 5 dpf control and
kdmé6a/kdme6b-deficient larvae stained for EAU incorporation (cyan, proliferating cells) and with anti-myosin heavy chain antibody (red, MF20, cardiomyocytes).
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Fig. 6. Bulk cellular H3K27me3 levels transiently decrease in trabeculating cardiomyocytes. (A-F) Confocal microscopy immunofluorescence images of sagittal sections through the
heart of 2.5, 3.5, and 5 dpf Tg(kdrl:EGFP) embryos stained with anti-myosin heavy chain (red, MF20, myocardium), anti-EGFP (white, endocardium), and anti-H3K27me3 (green)
antibodies. Hoechst-stained nuclei are blue. Zoomed images of the yellow boxed areas (in A, C, and E) are shown in (B, D, and F) with adjacent single channel H3K27me3 and nuclei
staining to highlight differences in bulk H3K27me3 levels. Magenta and white arrowheads indicate nuclei of epicardial and endocardial cells, respectively. Yellow and red arrowheads
mark H3K27me3-high and H3K27me3-low cardiomyocyte nuclei, respectively. 20 uM and 5 uM (zoom panels) scale bars are shown.

rapidly increase as progenitor-like second heart field cells initiate
differentiation while appending to the cardiac poles (Delgado-Olguin
et al., 2012).

Extending this paradigm, the epigenetic “de-silencing” of repressed
genes sometimes may occur by the “bulk” demethylation of
H3K27me3-marked nucleosomes rather than by the local action of
demethylases on specific subsets of silenced regulatory regions. The
specificity of transcriptional responses then is driven by transcription
factors acting largely independently from “passively” enabling histone
demethylases. This concept supports the re-emerging idea that PRC2-
catalyzed H3K27me3 marks maintain rather than specify a transcrip-
tionally repressed state (Comet et al., 2016), as indicated by original
Drosophila Polycomb/Trithorax studies. By extension, bulk removal of
H3K27me3 marks, as we observed during cardiogenesis, may occur
only in specialized developmental, homeostatic, or repair instances.
Such roles potentially would enable, but not instruct, major cell state
reversals (e.g. de-differentiation, epithelial-to-mesenchymal transi-
tions, or cell cycle re-entry).

4.4. Histone demethylases kdmé6ba and kdm6bb promote
proliferation coupled with the initiation of cardiac trabeculation

Trabeculation of the zebrafish ventricle initiates around 72 hpf with
the specification of a small number of trabeculating cardiomyocytes
that separate from the otherwise single cell-thick outer myocardial
layer (Gupta and Poss, 2012; Han et al.,, 2016; Liu et al., 2010;
Peshkovsky et al., 2011). These specialized trabeculating cardiomyo-
cytes then clonally expand during early larval stages to form extensive
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ridge-like cardiac trabeculae that protrude into the ventricular cavity.
The initial phase of trabeculation driven by neuregulin/ErbB2 signaling
(Han et al., 2016; Liu et al., 2010; Peshkovsky et al., 2011) does not
depend on Kdmé6b as we saw that small groups of multiple cell layer
thick myocardium still form in kdm6b-deficient fish. Instead, Kdm6b is
required for the subsequent boost of proliferation at larval hatching
(around 96 hpf) seen in trabeculating myocardial cells (Gupta and
Poss, 2012; Han et al., 2016; Liu et al.,, 2010) as well as adjacent
endocardium that concomitantly expands to enshroud the forming
trabeculae.

Kdmé6b alone appears unlikely to drive the bulk H3K27me3
demethylation in trabeculating cardiomyocytes. Instead, Kdméb could
provide an “epigenetic” component to transcriptional switches acting
on a discrete set of target genes by locally removing H3K27me3 marks
or, by a non-catalytic role as part of a MLL/COMPASS H3K4 methylase
complex. Of potential relevance, the Kdm6b-cooperating Brgl-asso-
ciated factor (BAF) chromatin remodeling complex (Miller et al., 2010)
enables trabeculation in mice by repressing endocardial transcription
of the trabeculation-suppressing Adamts1 matrix protease (Stankunas
et al., 2008). Another possibility is that Kdm6b acts in both myocardial
and endocardial cells to integrate a systemic signal that widely
coordinates organ maturation events coupled to larval metamorphosis.
Thyroid hormone is one immediate candidate that is upregulated upon
hatching (Chang et al., 2012) and a suspected cardiomyocyte mitogen
in mammals (Ledda-Columbano et al., 2006; M. Li et al., 2014; Naqvi
et al., 2014). Regardless, the role of Kdmé6b in promoting cardiomyo-
cyte proliferation establishes these histone demethylases and down-
stream target genes as candidate genes for congenital heart defects of
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the ventricle such as hypoplastic left ventricle syndrome.

The recognition that differentiated cardiomyocytes can re-acquire
robust proliferative ability during heart regeneration in both zebrafish
and mice (Jopling et al., 2010; Porrello et al., 2011; Poss et al., 2002)
and that mammalian cardiomyocytes may retain some proliferative
capacity during pre-adolescence (Ali et al., 2014; Haubner et al., 2016;
Mollova et al., 2013; Naqvi et al., 2014; Polizzotti et al., 2015; Ye et al.,
2016) has focused efforts to recapitulate these mechanisms to repair
damaged heart muscle. The role of Kdméb histone demethylases in
developmentally timed cardiomyocyte (but not cardiac progenitor)
proliferation suggests the reversal of epigenetic H3K27me3 silencing
marks may be an essential aspect of innate heart regeneration and a
promising path to augment therapeutically delivered cardiomyocytes
for heart disease.
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