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A B S T R A C T

Vertebrate heart development requires spatiotemporal regulation of gene expression to specify cardiomyocytes,
increase the cardiomyocyte population through proliferation, and to establish and maintain atrial and ventricular
cardiac chamber identities. The evolutionarily conserved chromatin factor Gon4-like (Gon4l), encoded by the
zebrafish ugly duckling (udu) locus, has previously been implicated in cell proliferation, cell survival, and speci-
fication of mesoderm-derived tissues including blood and somites, but its role in heart formation has not been
studied. Here we report two distinct roles of Gon4l/Udu in heart development: regulation of cell proliferation and
maintenance of ventricular identity. We show that zygotic loss of udu expression causes a significant reduction in
cardiomyocyte number at one day post fertilization that becomes exacerbated during later development. We
present evidence that the cardiomyocyte deficiency in udu mutants results from reduced cell proliferation, unlike
hematopoietic deficiencies attributed to TP53-dependent apoptosis. We also demonstrate that expression of the
G1/S-phase cell cycle regulator, cyclin E2 (ccne2), is reduced in udu mutant hearts, and that the Gon4l protein
associates with regulatory regions of the ccne2 gene during early embryogenesis. Furthermore, udu mutant hearts
exhibit a decrease in the proportion of ventricular cardiomyocytes compared to atrial cardiomyocytes, concom-
itant with progressive reduction of nkx2.5 expression. We further demonstrate that udu and nkx2.5 interact to
maintain the proportion of ventricular cardiomyocytes during development. However, we find that ectopic
expression of nkx2.5 is not sufficient to restore ventricular chamber identity suggesting that Gon4l regulates
cardiac chamber patterning via multiple pathways. Together, our findings define a novel role for zygotically-
expressed Gon4l in coordinating cardiomyocyte proliferation and chamber identity maintenance during cardiac
development.
1. Introduction

The heart is the first organ to form and function in the developing
embryo (Bakkers, 2011). Defects in early heart development can result in
congenital heart disease (CHD), which is the most common birth defect
affecting nearly 1% of newborns (Pierpont et al., 2007; Triedman and
Newburger, 2016). While much progress has been made in identifying
the complex gene networks that specify, pattern, and shape the heart, the
role of chromatin factors and how they regulate these networks are less
well understood. Advancing knowledge of the gene regulatory cascade
underlying normal heart development is essential for better diagnosis,
treatment and prevention of CHDs.

Zebrafish embryos are an attractive model system in which to study
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cardiogenesis due to the rapidity of heart development and their ability
to survive during embryogenesis without a functioning cardiovascular
system (Bakkers, 2011). By 24 h post fertilization (hpf), a beating heart
tube has formed and, over the next 24 h, it undergoes a series of gene
expression and morphological changes that pattern and shape the atrial
and ventricular chambers, respectively (Yelon, 1999). These two cardiac
chambers expand in size through de novo differentiation of cardiac pre-
cursor cells (CPCs) and proliferation of existing cardiomyocytes (de Pater
et al., 2009; Foglia and Poss, 2016). Several cardiac-specific transcription
factors involved in cardiomyocyte specification and patterning of the
cardiac chambers have been identified, among them T-box transcription
factors, Nkx2.5, Gata4, Hey2, and Irx4 (Paige et al., 2015). Interestingly,
loss-of-function mutations in these cardiac genes often lead to reduced
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expression of ventricle-specific genes, suggesting that atrial fate might be
a default state (Stainier, 2001; Yutzey, 1994, 1995).

Nkx2.5 is of particular interest among these transcriptional regulators
as it plays critical roles throughout cardiac development, and these roles
are evolutionarily conserved from fruit flies to humans (Bodmer, 1993;
Harvey, 2002; Jay, 2003; Targoff et al., 2013). In zebrafish, nkx2.5 and
its paralog nkx2.7 are expressed in the nascent cardiomyocytes during
early development (Chen and Fishman, 1996; Lee et al., 1996; Reifers
et al., 2000), and are later required for maintenance of ventricular
identity (Targoff et al., 2008, 2013). Loss of nkx2.5 expression results in
reduced expression domains of ventricular genes, and inactivation of
both nkx2.5 and nkx2.7 further enhances the deficiency of ventricular
identity and leads to atrial cell-fate expansion (Targoff et al., 2013; Tu
et al., 2009). Overexpression of nkx2.5 compensates for loss of both
nkx2.5 and nkx2.7, indicating that these genes have largely redundant
functions (George et al., 2015; Tu et al., 2009).

The nascent cardiomyocyte population expands through two distinct
mechanisms: specification and proliferation of cardiomyocytes (de Pater
et al., 2009; Foglia and Poss, 2016). During gastrulation, the first heart
field is specified de novo in the anterior lateral plate mesoderm (ALPM)
and, during segmentation, a cardiac cone is formed that elongates to
become the linear heart tube (Buckingham et al., 2005; de Pater et al.,
2009; Matrone et al., 2017; Rohr et al., 2006). Additional second heart
field cardiomyocytes subsequently differentiate and contribute to the
poles of the heart tube (de Pater et al., 2009). Cardiomyocytes proliferate
during later segmentation stages and after heart tube formation to
enlarge the developing heart (de Pater et al., 2009).

While much progress has been made in identifying the complex gene
networks that specify cardiomyocytes, pattern and shape the heart, how
these gene networks are coordinated throughout cardiac development
remains an outstanding question in the field. Recent studies point to
epigenetic modification as a potential mechanism for orchestrating car-
diac development (Gregoire et al., 2013; Jung et al., 2005; Nakajima
et al., 2011). Indeed, some epigenetic modifiers of heart development
have been described, such as Brg1 of the BAF complex, the histone
methyltransferase Jmjd3, and the histone deacetylase hdac1 (Lickert
et al., 2004; Lickert et al., 2004; Ohtani et al., 2013; Takeuchi et al., 2011;
Song et al., 2019), but there likely remain many epigenetic regulators
whose role in cardiogenesis has yet to be discovered.

The zebrafish ugly duckling (udu) locus, which encodes the evolu-
tionarily conserved chromatin factor Gon4-like (Gon4l), was first iden-
tified for its effect on tail morphogenesis (Hammerschimidt et al., 1996;
Liu et al., 2007). Subsequent work in zebrafish also defined roles for
Gon4l in somitogenesis, and studies of both hypomorphic mouse Gon4l
mutants and zygotic zebrafish gon4l mutants uncovered primitive
erythroid cell deficiencies, which were attributed to abnormal cell cycle
progression and increased TP53-mediated apoptosis. (Barr et al., 2017;
Lim et al., 2009; Liu et al., 2007; Lu et al., 2010, 2011). Structural
analysis of the murine Gon4l protein identified a putative SANT domain,
which mediates interactions with Histone tails (Boyer, 2004). Previous
studies also revealed a Yy1-binding domain (Liu et al., 2007; Lu et al.,
2010), enabling interactions with the transcription factor Yy1, which acts
as both a negative and positive regulator of gene expression (Deng, 2010;
Gregoire et al., 2013). Additional work has demonstrated the ability of
mouse Gon4l to bind Yy1 as well as HDAC1 (Lu et al., 2011), both of
which are known epigenetic regulators of nkx2.5 and have been impli-
cated in heart development (Kook et al., 2003; Lu et al., 2011; Mont-
gomery et al., 2007; Nambiar et al., 2007; Nan and Huang, 2009; Song
et al., 2019).

Despite the importance of Gon4l in the development of mesoderm-
derived tissues, including somites and blood (Lim et al., 2009; Liu
et al., 2007; Williams et al., 2018) and in embryonic axis extension
during gastrulation (Williams et al., 2018), the role of Gon4l in heart
development has not been addressed. Here we show that Gon4l plays
essential roles in patterning the cardiac chambers and regulating car-
diomyocyte cell cycle during zebrafish heart development. Zygotic
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udu�/� mutant embryos exhibited mild defects in cardiac chamber
morphogenesis and presented a slight reduction in the total number of
cardiomyocytes at 24 hpf. Subsequently, the cardiomyocyte deficiency in
udu�/� mutants became exacerbated due to reduced proliferation rather
than the TP53-dependent apoptosis. We show that the proliferation
defect was correlated with reduced expression of the G1/S-phase cell
cycle regulator cyclin E2 in udu�/� mutant hearts, and that the Gon4l
protein associates with regulatory regions of the ccne2 gene during early
embryogenesis. Moreover, at 48 hpf udu�/� mutant hearts exhibited
expansion of atrial cardiomyocytes at the expense of ventricular fate. Our
studies further demonstrate that udu genetically interacts with nkx2.5 to
maintain the proportion of ventricular cardiomyocytes. Together, this
work describes Gon4l as a novel modulator of heart development that
regulates both cardiac chamber identity maintenance and proliferative
processes.

2. Materials and methods

2.1. Zebrafish

Zebrafish were housed and handled according to protocols approved
by the Institutional Animal Care and Use Committee of Washington
University School of Medicine. AB* or AB*/Tubingen, Tg(hsp70l:nkx2.5-
eGFP) (George et al., 2015), Tg(myl7:GFP) (Huang et al., 2003), uduvu66

(Williams et al., 2018), nkx2.5vu179 (Targoff et al., 2013), tp53zdf1

(Berghmans et al., 2005) were used. Fish were fed with rotifers during
larval stages and rotifers and dry food during adulthood. Embryos were
produced through natural matings, maintained at 28.5 �C, and staged
according to Kimmel’s embryonic stages (Kimmel, 1995).

2.2. Whole-mount in situ hybridization (WISH)

Embryos were fixed overnight in 4% paraformaldehyde (PFA) in
phosphate buffered saline (PBS). Fixed embryos older than 24 hpf were
bleached until pigment was removed in a solution containing 3% H2O2
and 0.5% KOH. WISH was performed as previously described using 65%
formamide solution and 70 �C hybridization temperature (Thisse and
Thisse, 2008). Cardiac myosin light chain 7 (myl7) (Yelon et al., 1999),
atrial myosin heavy chain (myh6) (Yelon et al., 1999) and ventricular
myosin heavy chain (myh7) (Yelon et al., 2000) were used at 500 ng/μL,
nkx2.5 at 650 ng/μL (Chen and Fishman, 1996), nkx2.7 at 150 ng/μL
(Reifers et al., 2000). Stained embryos were cleared in 80% glycerol
(Pradhan et al., 2017).

2.3. O-diansidine staining

Embryos were euthanized with 3-amino benzoic acidethylester (tri-
caine), and then placed in a mixture containing O-diansidine (0.06 g/
mL), sodium acetate (0.01M, pH 4.5), hydrogen peroxide (0.65%) and
40% ethanol and incubated in the dark at room temperature for 15 min
(mins) (Detreich et al., 1995). Stained embryos were cleared in 80%
glycerol before imaging.

2.4. Heart dissection and DAPI labeling

Embryos were euthanized in tricaine, and hearts were manually
extracted using 27G needles as previously described (Yang and Xu,
2012). Dissected hearts were fixed in 4% PFA for 20 min and then
washed 3 times in PBS. Hearts were labeled with 2-(4-Amidinophe-
nyl)-1H-indole-6-corboxamidine (DAPI) for 3 min and then washed twice
with PBS before being mounted in 2% methylcellulose for imaging.

2.5. Immunohistochemistry

For anti-Caspase-3 antibody (Casp3, Cell Signaling, catalogue
number:9661S) labeling, hearts were manually dissected as described
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above and immunostained as previously described (Burns et al., 2005;
Yang and Xu, 2012). Briefly, dissected hearts were fixed in 4% PFA,
washed in PBT, and then blocked in 10% goat serum for 1 h at room
temperature. The primary antibody was added (1:200) for 1 h, then the
secondary antibody (Life Technologies, catalogue number: A11036)
(1:400) for 30 min, both at room temperature. MF20 (Developmental
Studies Hybridoma Bank, AB_2147781), S46 (Developmental Studies
Hybridoma Bank, AB_528376) and Mef2 (Abcam, ab64644) labeling was
performed in zebrafish embryos at 24 and 48 hpf (Alexander et al., 1998;
Targoff et al., 2013). Embryos were euthanized in tricaine and then fixed
for 1 h in 1% PFA in PBS, permeabilized for 1 h in 0.5% Triton-X100 and
10% goat serum in PBS. Embryos were incubated overnight in primary
antibodies (1:20 for S40 andMF20, 1:200 for Mef2), then washed 3 times
with PBS and incubated in secondary antibodies (Invitrogen, catalogue
numbers: A21121, A21144, A21245) (1:200) for 2 h at room
temperature.

2.6. EdU labeling

Embryos were placed in a 12.5% 5-ethynyl-20-deoxyuridine (EdU),
7.5% dimethyl sulfoxide (DMSO) solution in 0.3X Danieau and incubated
for 1 h on ice. Embryos were washed with 0.3X Danieau for 12 h at 28.5
�C (Just et al. 2016), and then euthanized with tricaine. Hearts were
manually dissected and fixed for 20 min in 4% PFA (Yang and Xu, 2012).
The dissected hearts were briefly rinsed 3 times with 3% bovine serum
albumin (BSA) in PBS and then permeabilized for 30 min in 0.25%
Triton-X100 and 1% DMSO in PBS. The hearts were then incubated for
30 min in the Click-It Reaction Buffer, washed 3 times in 3% BSA in
phosphate buffer saline (PBT) and labeled with Mef2 antibody as
described above.

3. TUNEL

TUNEL (terminal deoxynucleotidyl transferase biotin-dUTP nick end-
labeling) was performed as previously described (Williams et al., 2018).
Briefly, 48 hpf zebrafish embryos were fixed overnight in 4% PFA. Em-
bryos were dehydrated using a series of methanol/PBTwashes and stored
at�20 �C at least overnight. Embryos were then rehydrated using a series
of methanol/PBT solutions, permeabilized with proteinase K and Apop-
Tag TUNEL (Millipore Sigma, Catalogue number: S7100) assay was
performed according to the instructions provided.

3.1. Heat shock

Embryos obtained from natural crosses of uduþ/-;Tg(hsp70l:nkx2.5-
eGFP)þ/� to uduþ/- (George et al., 2015) were maintained at 28.5 �C. At
21-somite stage, 50 embryos were transferred to 1.5 mL of embryo me-
dium into a heat block held at 37 �C for 1 h. Transgenic embryos were
identified by ubiquitous GFP expression. Non-transgenic siblings exposed
to heat shock served as experimental controls.

3.2. Quantitative real-time (qRT) PCR

For total RNA extraction, 400–600 36 hpf Tg(myl7:GFP) transgenic
embryos were euthanized using tricaine. Hearts were dissociated in L-15
media using gel loading pipette tips, and GFP fluorescence was used to
manually isolate the population (Lombardo et al., 2015). The isolated
hearts were briefly washed with L-15 media supplemented with 10% BSA
and total RNA was extracted using Trizol (Ambion) with phenol/-
chloroform extraction. cDNA was synthesized using the iScript Kit
(BIO-RAD, catalogue number: 1708841) using 1,000 ng of RNA per 20 μL
reaction. qRT-PCR was performed using SYBR green (Bio-Rad) using CFX
Connect Real-Time machine with a minimum of three independent bio-
logical and technical samples. The following primers were used:

ccnd1 F: 50-TGGGATCTGGCCTCAGTGAC-3’.
ccnd1 R: 50-TGAAGTTGACGTCTGTCGCAC-3’.
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ccnd2a F: 50-AGCCGTATTAAAGGTCGAAAAGG-3’.
ccnd2a R: 50-CCTCGCAGACCTCTAACATCCA-3’.
ccnd2b F: 50-ACTGCTGTGGGAGTTGGTGG-3’.
ccnd2b R: 50-AAGGTTTGCGTGTGCTTGCG-3’.
ccnd3 F: 50-CATCGCCCTCACGGCTACAG-3’.
ccnd3 R: 50-ACATGCAGAGAACGCCTTGTCC-3’.
ccne1 F: 50-TCAGGGCTGAAGTGGTGTGA-3’.
ccne1 R: 50-GGAGTGAACCTTTCCCAGCC-3’.
ccne2 F: 50-GCACTGGACACTGCGGACAA-3’.
ccne2 R: 50-GGGACTCTTCTATTGCACTCGCC-3’.
nkx2.5 F: 50-CCGGATCCTCTCTTCAGCG-3’.
nkx2.5 R: 50-CCTGACAAAACCCGATGTCTTT-3’.
nkx2.7 F: 50-GCTTCAGTGTATGCAGAACACCC-3’.
nkx2.7 R: 50-CGGGGCCGAAAGGTATCTCTGC-3’.

3.3. Genotyping

DNA was extracted from tricaine-euthanized whole embryos in a
solution containing 10 mM Tris-HCL (pH 8), 50 mM KCL, 0.3% Tween-
20, 0.3% NPA and 10 mg/mL proteinase K. Embryos subjected to
WISH were treated with NaCl to reverse DNA crosslinking prior to DNA
isolation (Gansner et al., 2008). The following primers were used:

uduvu66 F: 50-GCACTTGCACAAACAGAGTTCCCGTA-3’.
uduvu66 R: 50-CAAATTAACTACACGGGACAGCAAC-3’.
Followed by MaeIII digestion
p53zdf1 mutant F: 50-AGCTGCATGGGGGGGAA-3’.
p53 WT F: 50-AGCTGCATGGGGGAT-3’.
p53 R: 50-GATAGCCTAGTGCGAGCACACTCTT-3’.
nkx2.5vu172 F: 50-TTACCATCCCGAACCAAAAC-3’.
nkx2.5vu172 R: 50-CAAACTCACCTCCACACAGG- 3’.
Followed by HinfI digest.
Tg(hsp70l:nkx2.5-eGFP) F: 50-TCACCTCCACACAGGTGAAGATCTG-

3’.
Tg(hsp70l:nkx2.5-eGFP) R: 50-GGGTCAGCTTGCCGTAGGTGG-3’.

3.4. Image analysis

FIJI was used to visualize and manipulate all microscopy images. For
dissected hearts labeled with Tg(myl7:GFP), DAPI, EdU, Caspase, Mef2,
MF20 and S46, multiple Z-planes were imaged and projected to visualize
the heart. Cardiomyocytes were manually counted in images of trans-
genic and immunostained embryos or hearts. Figures were prepared in
Photoshop CS 6.

3.5. Statistical analysis

Statistical tests were conductedwithGraphPad Prism v. 6. To compare
the means of number of cardiomyocytes, proliferative index, apoptotic
index and fold differenceweused two-tailed, unpaired Student’s t-test and
ANOVA. p < 0.05 was considered statistically significant (Table 1).

4. Results

4.1. Zygotic udu mutants exhibit diminutive hearts with a decreased
proportion of ventricular cardiomyocytes

Although the nonsense uduvu66 allele in the zebrafish ugly duckling/
gon4l locus was identified during a forward genetic screen as a recessive
enhancer of shortened body axes in the non-canonical Wnt/Planar Cell
Polarity (Wnt/PCP) mutant gpc4/knypek (kny) embryos (Williams et al.,
2018), we observed that zygotic uduvu66/vu66 (udu �/�) mutants had
small, dysmorphic hearts with severe edema at 48 h post fertilization
(hpf) (Fig. 1A–D). Given the established roles of Gon4l in hematopoiesis
and mesoderm development (Barr et al., 2017; Lim et al., 2009; Liu et al.,
2007; Lu et al., 2010, 2011; Williams et al., 2018), we interrogated the
functions of Gon4l in cardiogenesis.



Table 1
Key resources table.

Reagent or resource Source Identifier

Antibodies
MF20 Developmental

Studies Hybridoma
Bank

AB_2147781

S46 Developmental
Studies Hybridoma
Bank

AB_528376

Mef2C Abcam Ab64644
Casp3 Cell Signaling P42574

Cat#: 9661S
Bacterial and Virus Strains
Biological Samples
Chemicals, Peptides, and Recombinant Proteins
o-Diansidine Sigma Cat#: D9143-5G
Critical Commercial Assays
EdU Click-It Reaction Buffer Thermo Fisher

Scientific
Cat#: C10340

ApopTag Peroxidase In Situ
Apoptosis Detection Kit

Millipore Sigma Cat#: S7100

Deposited Data
Experimental Models: Cell Lines
Experimental Models: Organisms/Strains
uduvu66 Williams et al. (2018) N/A
Tg(cmlc2:GFP) Huang et al. (2003) ZDB-ALT-060719-

2
Tg(hsp70l:nkx2.5-eGFP) George et al. (2015) ZDB-

TGCONSTRCT-
150527-1

nkx2.5vu179 Targoff et al. (2013) ZDB-ALT-131212-
1

tp53zdf1 Berghmans et al.
(2005)

ZDB-ALT-050428-
2

Oligonucleotides
Primers for qRT-PCR: cnne1, cnne2,
cnnd1, cnnd2a, cnnd2b, cnnd3,
nkx2.5, nkx2.7, gapdh

See Supplemental Table S1

Liu et al., 2017
Targoff et al. (2008)

N/A

Primers for genotyping uduvu66,
Tg(hsp70l:nkx2.5-eGFP),
nkx2.5vu179, tp53zdf1

See Supplemental Table S2

Williams et al. (2018)
Targoff et al. (2013)
Berghmans et al.
(2005)

N/A

Recombinant DNA
Software and Algorithms
Other
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To characterize cardiac development in udu�/� mutants, we first
performed whole mount in situ hybridization (WISH) for the cardiac
markersmyosin light chain 7 (myl7) (which labels the entire myocardium)
(Yelon et al., 1999), myosin heavy chain 6 (myh6) (atrium) (Yelon et al.,
1999) and myosin heavy chain 7 (myh7) (ventricle) (Yelon et al., 2000) in
24 hpf embryos to examine overall heart tube morphology and initial
patterning of the atrium and ventricle (Fig. 1 E-G, H-J). Unlike wild-type
(WT) embryos, in which the heart tube extended toward the left eye (n¼
19/24), the majority of udu�/� heart tubes did not fully extend (n ¼
19/21) (Fig. 1 E, H). Moreover, the expression patterns of myh6 (n ¼
15/16) and myh7 (n ¼ 11/12) highlighted the abnormal shapes of the
atrial and ventricular chambers in udu�/� embryos (Fig. 1I and J)
compared to WT (F, G).

Next, we asked how the zygotic loss of udu/gon4l function affects
heart development after heart tube formation. To this end, we performed
WISH for myl7, myh6 and myh7 in udu�/� embryos at 48 hpf and found
that the domain of myl7 expression was reduced, with both the atrium
and ventricle being affected. We observed that at this stage, expression
domains of myl7, myh6 and myh7 were smaller in almost all udu�/�
mutants (Fig. 1 N, O, P) (n ¼ 37/38, n ¼ 30/32, n ¼ 40/41) compared to
WT embryos (Fig. 1 K, L, M) (n ¼ 38/40, n ¼ 48/50, n ¼ 41/41). To
quantify these defects, we performed immunofluorescent (IF) staining of
WT and udu�/� hearts using antibodies that label the atrial myocardium
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and the entire heart (S46 and MF20, respectively) together with the pan-
cardiomyocyte nuclear marker Mef2 (Ticho et al., 1996; Yelon et al.,
1999), followed by fluorescent confocal microscopy to visualize
morphology of the cardiac chambers. Ventricular myocardium is indi-
cated by MF20 IF labeling in the absence of S46 signal (MF20þS46-). At
24 hpf, we found a decrease in the total number of cardiomyocytes in
udu�/� embryos (105 � 4.6, n ¼ 16) relative to WT (130 � 3.1, n ¼ 13)
(Fig. 2A and B, E). Moreover, the proportion of cardiomyocytes with
MF20þS46- antibody labeling was not significantly different betweenWT
(53� 2.0%, n¼ 11) and udu�/� (47� 3.0%, n¼ 12) embryos (p¼ 0.14)
(Fig. 2 F). Quantification revealed that the total number of car-
diomyocytes with ventricular identity was higher in WT (69 � 3.3, n ¼
13) than in udu�/� mutant embryos (50 � 4.0, n ¼ 16). As suggested by
the smaller overall heart size, the number of cardiomyocytes expressing
atrial identity was also higher in WT embryos (62 � 3.0, n ¼ 13) than in
udu�/� mutant embryos (55 � 3.4, n ¼ 16). Taken together, our data
suggests that, at 24 hpf, udu�/� mutants possess smaller hearts but with
normal proportions of ventricular and atrial cardiomyocytes.

Such confocal IF microscopy experiments carried out at 48 hpf
revealed that the reduction in cardiomyocyte number was greatly exac-
erbated, with WT embryos containing approximately twice the number
of cardiomyocytes (204 � 4.9, n ¼ 13) as udu�/�mutants (108 � 5.8, n
¼ 16) (p ¼ 0.0001) (Fig. 2C and D, E). Notably, there was no significant
increase in the number of cardiomyocytes in udu�/� embryos between
24 hpf (105� 4.6) and 48 hpf (108� 5.8) (p¼ 0.70), suggesting that the
cardiomyocyte population did not expand after 24 hpf in the mutant
embryos. In contrast to the static cardiomyocyte population in udu�/�

embryos, the cardiomyocyte population in WT embryos increased by
more than 50 percent between 24 and 48 hpf (Fig. 2 E), consistent with
previous reports (Bennett et al., 2013). We also found that the proportion
of ventricular cardiomyocytes (MF20þ/S46-) was reduced in udu�/�
hearts (41 � 2.0, n ¼ 16) relative to WT (59 � 1.0, n ¼ 13) (p ¼ 0.0009)
(Fig. 2 F). The total number of cardiomyocytes with ventricular identity
was higher in WT (102 � 2.9, n ¼ 13) than in udu�/� mutant embryos
(44 � 3.7, n ¼ 16). As suggested by the smaller overall heart size, the
number of cardiomyocytes expressing atrial identity was also higher in
WT embryos (102 � 3.6, n ¼ 13) than in udu�/� mutant embryos (64 �
3.8, n ¼ 16). Together, these findings suggest that udu expression is
required for the maintenance of proper proportions of ventricular car-
diomyocytes, and that udu expression is also required for expansion of
the cardiomyocyte population between 24 and 48 hpf, likely through
either reducing apoptosis or by increasing proliferation.

4.2. TP53-mediated cell death is not responsible for the reduced
cardiomyocyte numbers in udu mutants

Zygotic loss of udu/gon4l function has been shown to increase tumor
protein 53 (tp53) expression and consequently apoptosis in the 24 hpf
zebrafish embryo resulting in erythropoietic deficiencies (Lim et al.,
2009; Liu et al., 2007). Accordingly, it was found that reducing tp53
expression using an antisense morpholino oligonucleotide (MO) partially
restored blood development in udu�/� mutants at 48 hpf (Liu et al.,
2007). We observed that embryos homozygous for the uduvu66 allele also
exhibited increased cell death (Fig. 1S A, B) and blood deficiencies
(Fig. 2S A, B) observed previously in the zygotic udusq1/sq1 mutants at 24
hpf (Liu et al., 2007). Considering that cardiomyocytes and blood share a
developmental origin in the LPM (Kimelman, 2006), we hypothesized
that the mechanism underlying the cardiomyocyte deficiency in udu�/�
embryos could represent the same defect responsible for impaired blood
development. Therefore, we tested whether inhibition of TP53-mediated
apoptosis would also restore cardiomyocyte number in udu�/� embryos
(Van Vliet et al., 2012).

To this end, we generated udu�/�;tp53zdf1/zdf1 double mutant zebra-
fish embryos. To first establish that we could reproduce the results ob-
tained using a tp53 MO, we examined these compound mutants for
restoration of blood development by staining for hemoglobin using O-



Fig. 1. Loss of zygotic Gon4l function affects cardiac chamber patterning and causes a reduction in number of cardiomyocytes. Lateral view of WT embryos
(A) and udu�/� (B) and their heart region (C, D) at 48 hpf. Dorsal view of WT (E, F, G) and udu�/- embryos (H, I,J) showing the expression of myl7 (E, H), myh6 (F, I),
and myh7 (G, J) at 24 hpf by WISH. Dorsal view of myl7 (K, N), myh6 (L, O), and myh7 (M, P) expression at 48 hpf by WISH in WT (K, L, M) udu�/� (N, O, P) embryos.
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diansidine at 48 hpf (Berghmans et al., 2005). udu�/� embryos with loss
of zygotic tp53 expression exhibited no O-diansidine staining, indicating
an absence of erythroid cells (Fig. 2S C) (n ¼ 17/18) comparable to that
observed in single udu�/� mutants (Fig. 2S B). These experiments
indicated that zygotic loss of tp53was not sufficient to suppress the blood
development deficiency in zygotic udu mutants. However, the tp53
morpholino studies described above were conducted with a
translation-blocking p53 MO that likely disrupts both maternal and
zygotic tp53 function (Liu et al., 2007). Hence, we next tested if maternal
and zygotic (MZ) loss of tp53 could recapitulate the previously described
suppression of blood deficiency phenotype in udu�/� embryos (Liu et al.,
2007), by crossing uduþ/-;tp53�/� female to uduþ/_;tp53þ/� male fish.
O-diansidine staining of the resulting embryos followed by genotyping
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demonstrated that the majority (n ¼ 34/44) of udu�/�;MZtp53�/� em-
bryos displayed a partial restoration of blood development (Fig. 2S D).
This finding verified the earlier morpholino study, which demonstrated
that reduced hematopoiesis in udu�/� mutant embryos is largely
dependent on TP53 function (Liu et al., 2007).

Having confirmed tp53 and udu genetically interact in blood devel-
opment, we next asked if loss of zygotic or maternal and zygotic tp53
function would increase the number of cardiomyocytes in udu�/� em-
bryos at 48 hpf. Using the Tg(myl7:GFP) transgenic line to visualize
cardiomyocytes with GFP expression and DAPI to label nuclei, we
quantified cardiomyocyte number in confocal images of hearts isolated
from WT, udu�/�, udu�/�;Ztp53�/�; and udu�/�; MZtp53�/� mutant
embryos (Fig. 2S E-H, K). We found that zygotic loss of tp53 in udu�/�



Fig. 2. Loss of zygotic Gon4l function af-
fects cardiac chamber patterning after
heart tube formation and results in a
reduction in the number of car-
diomyocytes. Immunofluorescence confocal
images of cardiac chambers at 24 hpf using
MF20 (blue, myocardium) and S46 (green,
atrium) and Mef2 (red, cardiomyocyte
nuclei) antibodies to mark the cardiac
chambers in WT (A, C) and udu�/� mutant
(B, D) embryos at 24 hpf (A, B) and 48 hpf
(C, D). Cardiomyocyte number (E) and per-
centage of total cardiomyocytes with ven-
tricular identity (F) at 24 hpf and 48 hpf in
WT (grey) and udu�/� mutant (blue) em-
bryos. *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001, error bars ¼ SEM. Scale bars
represent 50 μm. Inserts show a 2X magni-
fication from images.
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embryos did not significantly increase cardiomyocyte number (118 � 7;
n¼ 11) (mean� SEM) comparedwith udu�/� hearts with functional tp53
expression (115 � 6; n ¼ 33) (p ¼ 0.84) (Fig. 2S F, G, K). This result
indicates that zygotic loss of tp53 is not sufficient to suppress the car-
diomyocyte deficiency in udu�/� embryos. Surprisingly, we found that
udu�/�;MZtp53�/�compound mutant embryos also had a similar number
of cardiomyocytes (107 � 6; n ¼ 13) as single udu�/� mutants (115 � 6;
n ¼ 33) (p ¼ 0.41) (Fig. 2S F, H, K). This indicates that despite restoring
blood development, loss of maternal and zygotic tp53 function failed to
restore cardiomyocyte numbers in udu�/� embryos (Fig. 2S K). Together,
these results demonstrate that the cardiomyocyte deficiency in udu�/�

mutant embryos is not caused by tp53-dependent apoptosis.
To further corroborate this finding, we assayed the number of

apoptotic cells in WT and udu�/� mutant embryos at 48 hpf using
immunofluorescent labeling for activated Caspase 3 (Casp3þ) (Fig. 2S I,
J) and found that there was no significant increase in apoptosis of udu�/�

mutant cardiomyocytes (0.58 � 0.22; n ¼ 18) relative to WT (0.34 �
0.13; n ¼ 18) (p ¼ 0.37) (Fig. 2S L). Likewise, TUNEL staining in the
embryonic hearts revealed that the vast majority of both WT (Fig. 1S C)
(n¼ 19/21) and udu�/� mutant hearts (Fig. 1S D) (n¼ 28/30) contained
no TUNEL-postive cells.

Altogether, these data indicate that increased cell death is not
responsible for the reducednumber of cardiomyocytes observed in udu�/�

mutant embryos. These findings suggest that the mechanism by which
Gon4l modulates the number of cardiomyocytes is distinct from its role in
hematopoiesis despite their common developmental origin. Furthermore,
these results indicate a broader role for Gon4l in the development of
mesoderm-derived tissues beyond its function in suppressing apoptosis.

4.3. Cardiomyocyte proliferation is reduced in udu mutants

Proliferation is essential for expansion of the cardiomyocyte popula-
tion following heart tube formation (Leone et al., 2015; Rohr et al.,
2006). Based on our finding that the number of cardiomyocytes in udu�/�

embryos is static between 24 and 48 hpf despite a near doubling of WT
cardiomyocytes (Fig. 2 E), we examined whether the proliferation rate of
cardiomyocytes was affected in udu�/� embryos. To this end, we
employed EdU incorporation for 1 h in 36 hpf embryos to label car-
diomyocytes that progress through S-phase of the cell cycle (Fig. 3 A)
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(Salic and Mitchison, 2008). We co-labeled cardiomyocyte nuclei with
the Mef2 antibody and quantified the number of EdU/Mef2
double-positive cells in confocal images of the isolated labeled hearts.

We first determined that the proliferative index – the percent of
cardiomyocytes that incorporated EdU – was 2.6 � 0.35% (Fig. 3 B, D
white arrow) (n¼ 13) in WT hearts compared with 0.59� 0.2% (n¼ 18)
(Fig. 3C and D) of udu�/� cardiomyocytes at 36 hpf. This result suggests
that relative to the cardiomyocytes inWT, the cardiomyocytes in udu�/�
embryos have a reduced capacity to progress through S-phase of the cell
cycle (p < 0.0001). Non-cardiomyocyte heart cells also exhibited
reduced proliferation, as the presumed endocardium (non-Mef2 positive
cells lining the cardiomyocytes) of udu�/� hearts contained fewer EdU
þ cells than WT endocardium (Fig. 3 B–C, green arrow).

These results indicate that cardiomyocyte proliferation is reduced in
udu�/� mutant embryos, implicating a failure of cell cycle progression.
Previous studies found that the expression levels of cell cycle regulators
Cyclin D (Cnnd3) and Cyclin E2 (Cnne2) were reduced in multipotent
hematopoietic progenitors isolated from Gon4l hypomorphic mutant
mice (Barr et al., 2017). To test if cell cycle genes are similarly mis-
regulated in udu�/� zebrafish hearts, we measured the abundance of
transcripts encoding the D and E type Cyclin-encoding genes in WT and
udu�/� mutant hearts at 36 hpf, including: ccnd1, ccnd2a, ccnd2b, ccnd3,
cnne1, and cnne2 by qRT-PCR. This analysis revealed that levels of cnnd1,
ccnd2a, ccnd2b, and ccne1 transcripts (Fig. 3E and F, G, I) were un-
changed at this stage (p > 0.05), but two Cyclin-encoding genes were
differentially expressed in the udu�/� mutant embryo hearts. Whereas
expression level of the early G1-stage Cyclin-encoding gene ccnd3 was
significantly increased in udu mutant embryo hearts compared to WT (p
¼ 0.016) (Fig. 3 H), the expression of cnne2 was significantly reduced in
the udu�/� mutant hearts relative to WT (p ¼ 0.001) (Fig. 3 J). Because
cnne2 expression peaks at the G1/S phase transition and is required for
entry into S-phase (Siu et al., 2012), these results corroborate our finding
that EdU incorporation was reduced in udu�/� mutant embryos (Fig. 3
D). Ccnd3 is essential for regulating erythroid cell proliferation in mice
and mediates progression through the G1/S-phase check-point; the
function of Ccnd3 in the cell-cycle of non-erythroid cells is not known
(Sankaran et al., 2012). The differential expression of ccnd3 and ccne2
indicates that Gon4l may mediate cardiomyocyte progression through
the cell cycle via regulation of Cyclin gene expression.



Fig. 3. EdU incorporation is reduced in the hearts of udu�/� embryos. Experimental workflow for EdU labeling (A). EdU labeling (red) in 48 hpf WT hearts (B)
and udu�/� hearts (C) with cardiomyocytes labeled by Mef2 (blue). Arrows showing EdU þ cardiomyocyte (white) and non-cardiomyocyte (green). Graph showing
the proliferative index for EdU in WT (grey) and udu�/�(blue) cardiomyocytes (D). qRT-PCR for ccnd1 (E), ccnd2a (F), ccnd2b (G), ccnd3 (H), ccne1 (I), and ccne2 (J)
performed on RNA extracted from hearts isolated from 36 hpf WT (grey) and udu�/�(blue) embryos. Results are shown as fold change of gene expression in udu�/�
embryos compared to WT and results were standardized to gapdh expression. DamID-seq Genome browser tracks of Gon4l-Dam and GFP Control-Dam at ccnd1 (E0),
ccnd2a (F0), ccnd2b (G0), ccnd3 (H0), ccne1 (I0), and ccne2 (J0) loci. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, error bars ¼ SEM. Scale bar represents 50 μm.
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We next analyzed our group’s previously published DNA adenine
methyltransferase identification with sequencing (DamID-seq) data to
determine whether D and E type Cyclin genes are direct targets of Gon4l
regulation. This technique employs a Gon4l-methyltransferase fusion
protein to identify regions of the genome with which Gon4l associates
(Steensel, 2001; Williams et al., 2018). Our analysis found that at tailbud
stage (the end of gastrulation), Gon4l association was enriched at regions
near ccnd2a, ccnd2b, ccnd3, and cnne2 (Fig. 3 F0-H0, J0), suggesting that
Gon4l may directly regulate the expression of these cyclins. One caveat is
that these DamID-Seq data are from whole gastrulae at tailbud stage, and
thus may not accurately reflect Gon4l association in a specific cell type
and at later stages. Nevertheless, these DamID-Seq data together with our
qRT-PCR and EdU results indicate a potential role for Gon4l in mediating
progression into S-phase through regulating expression of G1/S phase
cyclins.

4.4. Expression of nkx2.5 and nkx2.7 is reduced in udu�/� mutants
following heart tube formation

Studies in zebrafish have defined two distinct phases of car-
diomyocyte development. First, the primary heart field is specified in
bilateral regions of the ALPM during early segmentation. Then, after
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heart tube formation, the second heart field extends the two poles of the
heart tube and contributes to the development of the two cardiac
chambers (Buckingham et al., 2005; Cai, 2003; De La Cruz, 1977;
Dominguez et al., 2012; Dyer and Kirby, 2009; Galli et al., 2008; Rana
et al., 2014; Vincent and Buckingham, 2010; Zaffran, 2002; Zaffran et al.,
2004). The transcription factors Nkx2.5 and Nkx2.7 play critical roles in
the regulation of both the primary and second heart fields and are
necessary for maintenance of ventricular identity in zebrafish embryos
(George et al., 2015; Targoff et al., 2008, 2013).

Given that previous studies in mouse embryonic stem cells suggest
that nkx2.5 expression can be regulated by the Gon4l binding partner Yy1
(Gregoire et al., 2013; Lu et al., 2011), and the established role of Nkx2.5
in patterning heart chambers and maintaining ventricular fate (Gregoire
et al., 2013; Lu et al., 2011; Targoff et al., 2008, 2013), we next examined
expression of nkx2.5 (Fig. 4A–F) and nkx2.7 (Fig. 4G–L) by WISH in
udu�/� mutant andWT embryos during late segmentation stages through
heart tube formation. During cardiomyocyte precursor specification at
the 12-somite stage, the majority of both WT and udu�/� embryos pre-
sented normal bilateral expression domains of nkx2.5 and nkx2.7 in the
ALPM (Fig. 4A and B, G, H). Likewise, at the 16-somite stage, nkx2.5 and
nkx2.7were expressed in comparable domains in WT and udu�/� mutant
embryos (Fig. 4C and D, I, J).



Fig. 4. Expression of nkx2.5 and nkx2.7 is initiated normally in the nascent cardiomyocytes of udu�/� embryos, but becomes reduced following heart tube
formation. Dorsal view of embryos showing expression of nkx2.5 (A–F) and nkx2.7 (G–L) detected by WISH in WT (A, C, E, G, I, K) and udu�/� (B, D, F, H, J, L)
embryos at 12 somites (A, B, G, H), 16 somites (C, D, I, J) and 24 hpf (E, F, K, L) stages. DamID-seq Genome browser tracks of Gon4l-Dam and GFP Control-Dam at
nkx2.5 (M) and nkx2.7 (N) loci. Graph of qRT-PCR results performed on RNA extracted from hearts isolated from 36 hpf and 48 hpf WT and udu�/� embryos for nkx2.5
(O) and nkx2.7 (P) expression; results were standardized to gapdh expression. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, error bars ¼ SEM. Scale bars
represent 50 μm.
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However, during cardiac chamber patterning at 24 hpf, nkx2.5
(Fig. 4E and F) and nkx2.7 (Fig. 4K and L) genes exhibited expression
domains that appeared to be smaller in size in udu�/� mutant embryos
compared to WT. To assess whether the differences in expression do-
mains could reflect changes in gene expression levels, we performed qRT-
PCR on RNA isolated from hearts of WT and udu mutant embryos at 36
and 48 hpf. These qRT-PCR experiments revealed that at 36 hpf,
expression of nkx2.5 (Fig. 4 O) (p ¼ 0.02), but not nkx2.7 (p ¼ 0.72)
(Fig. 4 P), was significantly reduced udu�/� mutant hearts compared to
WT. By contrast, heart-specific qRT-PCR analyses at 48 hpf found that
expression levels of both nkx2.5 (p¼ 0.0006) and nkx2.7 (p¼ 0.05) were
significantly decreased in udu�/� mutants (Fig. 4 O, P).

We again revisited zebrafish DamID-Seq datasets that mapped the
genomic occupancy of Gon4l at the tailbud stage (Williams et al., 2018),
to determine whether either of these genes could be a direct target of
Gon4l regulation. We observed an enrichment of Gon4l association near
nkx2.5 (Fig. 4 M) but not nkx2.7 (Fig. 4 N). The murine Gon4l is known to
bind Yy1 (Lu et al., 2011), which was previously shown to associate with
a cardiac-specific Nkx2.5 enhancer (Gregoire, 2013). However, these
zebrafish DamID-Seq data place Gon4l at the nkx2.5 locus, supporting a
potentially primary role for Gon4l in regulating expression of this cardiac
transcription factor, likely via interactions with Yy1 and/or other DNA
binding proteins. Based on these results we propose that Gon4l is
involved in maintaining nkx2.5 expression during heart tube formation
and cardiac chamber patterning.
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4.5. udu genetically interacts with nkx2.5 to maintain ventricular identity

Nkx2.5 is a key regulator of ventricular fate (Targoff et al., 2008,
2013; Tu et al., 2009). Considering the reduced expression of nkx2.5 in
udu�/�mutant embryos post-heart tube formation (Fig. 4 O), the reduced
number of ventricular cardiomyocytes observed in these embryos
(Fig. 2C and D, F), we hypothesized that udu maintains ventricular fate
through interactions with nkx2.5. We therefore tested for genetic inter-
action between udu and nkx2.5 by examining cardiac chamber patterning
in the progeny of nkx2.5þ/�;udu þ/- double heterozygotes using anti-
bodies S46 and MF20 to label the cardiac chambers (Fig. 5 A). We noted
that compared to both udu�/� (Fig. 5 B) and nkx2.5�/� (Fig. 5 C)
nkx2.5�/�;udu�/� (Fig. 5 D) double mutant embryos appeared to have a
more severe reduction of the ventricle than either single mutant.

We further characterized this genetic interaction between nkx2.5 and
udu using antibody labeling for Mef2, MF20, and S26 (as described
above) to quantify the number of atrial and ventricular cardiomyocytes
(Fig. 5 E). We found that the percentage of ventricular cardiomyocytes
was significantly reduced in both udu�/� (40 � 1.4, n ¼ 30) (p ¼ 0.036)
(Fig. 5 B) and nkx2.5�/� embryos (28� 1.7, n¼ 13) (p < 0.0001) (Fig. 5
C) single mutant embryos relative to WT (48 � 1.8, n ¼ 12) (Fig. 5 A, E).
We then examined hearts from nkx2.5�/�; udu�/� double mutants, and
observed an almost complete absence of ventricular cardiomyocytes,
with nearly the entire heart comprised of atrial cardiomyocytes (Fig. 5
D). Accordingly, our quantifications of ventricular cardiomyocytes



Fig. 5. udu genetically interacts with
nkx2.5 to maintain ventricular identity.
Confocal immunofluorescence images of
ventral views of WT (A), udu�/� (B),
nkx2.5�/� (C), and udu�/�; nkx2.5�/�(D)
zebrafish hearts at 48 hpf with showing the
myocardium (MF20, blue) and atrium, (S46,
green), and nuclei of cardiomyocytes (Mef2,
red). Proportion of total cardiomyocytes with
ventricular identity at 48 hpf in WT (grey),
udu�/�;nkx2.5þ/þ (blue) uduþ/þ;nkx2.5�/�

(red) and udu�/�;nkx2.5�/� (purple) em-
bryos (E). *p < 0.05, **p < 0.01, ***p <

0.001, ****p < 0.0001, error bars ¼ SEM.
Scale bars represent 50 μm.
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revealed that nkx2.5�/�; udu�/� (Fig. 5 E) double mutants showed a
more severe reduction in the percentage of ventricular cardiomyocytes
(17 � 1.6, n ¼ 11) compared to either udu�/� (40 � 1.4, n ¼ 30) (p <

0.0001) or nkx2.5�/� (28 � 1.7, n ¼ 13) (p ¼ 0.002) single mutants
(Fig. 5 E). nkx2.5�/�mutants displayed a reduction in the total number of
cardiomyocytes with ventricular identity (50 � 3.5, n ¼ 13) relative to
WT (94.6 � 9.2, n ¼ 12). Likewise, udu�/� (41.7 � 2.5, n ¼ 30) single
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mutants and nkx2.5�/�; udu�/� double mutants (17.4� 2.1, n¼ 11) also
had fewer cardiomyocytes with ventricular identity than WT embryos.

Heterozygous loss of neither nkx2.5 nor udu affected cardiac chamber
patterning in WT or nkx2.5�/� or udu��/� mutant backgrounds (Fig. 3S
A-D, F, H, J). This suggests that the interaction is not dose-dependent and
that loss of a single copy of nkx2.5 or udu is not sufficient to perturb
cardiac chamber patterning. Taken together, these results intimate that
Fig. 6. Ectopic nkx2.5 expression is not suffi-
cient to rescue ventricular identity in udu�/�

embryos. Experimental workflow (A). Immuno-
fluorescent labeling with S46 (green) labeling the
atrium, MF20 (blue) labeling the myocardium
and Mef2 (red) labeling the cardiomyocyte nuclei
in 48 hpf WT embryos (B, C) and udu�/� em-
bryos without Tg(hsp70l:nkx2.5-eGFP) (B, D) and
those harboring Tg(hsp70l:nkx2.5-eGFP) (C, E).
Graphs showing the total number of car-
diomyocytes (F), and a proportion of ventricular
cardiomyocytes (G) in WT (grey) and udu�/�

(blue) embryos with (light grey, light blue) and
without Tg(hsp70l:nkx2.5-eGFP) (dark grey, dark
blue). *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001, error bars ¼ SEM. Scale bar
represents 50 μm.



Fig. 7. Schematic depicting the roles of Gon4l in zebrafish heart development
with the hypothesized functions in grey and the known roles in black.
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nkx2.5 and udu genetically interact to maintain the correct proportion of
ventricular cardiomyocytes.

4.6. Overexpression of nkx2.5 is not sufficient to suppress udu heart defects

We found that Gon4l regulates expression of nkx2.5, and that nkx2.5
and gon4l/udu genetically interact to maintain the proportion of ven-
tricular cardiomyocytes, raising the possibility that ventricular defects in
udu�/� mutants result simply from reduced nkx2.5 expression. To this
end, we tested if overexpressing nkx2.5 in udu�/� mutant embryos was
sufficient to suppress ventricular fate deficiency. We generated udu�/�;
Tg(hsp70l:nkx2.5-EGFP)þ/� embryos using the previously-validated
Tg(hsp70l:nkx2.5-EGFP) transgenic line, which ubiquitously expresses
nkx2.5-EGFP upon heat shock (George et al., 2015). Ectopic nkx2.5
expression was induced via heat shock at 21-somite stage (Fig. 6 A), as
evidenced by GFP expression that was visible within 1 h (data not shown)
and which was then used to select embryos carrying the transgene
(George et al., 2015). We analyzed cardiac chamber patterning and
cardiomyocyte numbers using MF20, S46 and Mef2 IF in WT and udu�/�

embryos with and without Tg(hsp70l:nkx2.5-eGFP) at 48 hpf (Fig. 6B–E).
As a control, we first examined the effects of ectopic nkx2.5 expression on
WT cardiomyocytes. We found that heat-shocked WT embryos with the
transgene exhibited no change in the total number of cardiomyocytes, or
in the proportion of ventricular cells (205.0 � 4.2, n ¼ 6) relative to WT
embryos without the transgene (207.3 � 3.5, n ¼ 7) (p ¼ 0.68) (Fig. 6B
and C, F, G). The total number of cardiomyocytes with ventricular
identity was also unchanged in WT embryos with (101.3 � 2.8, n ¼ 6)
and without the transgene (104.0 � 2.6, n ¼ 6).

Next, we tested the effects of the transgene activation in udu mutant
embryos. We observed that the overall number of cardiomyocytes was
unchanged in udu�/�; Tg(hsp70l:nkx2.5-eGFP) (104.4 � 6.7, n ¼ 15)
embryos compared to udu�/� mutant sibling control embryos (106.7 �
4.4, n ¼ 15) (p ¼ 0.78) (Fig. 6 F). Likewise, udu�/� embryos carrying the
Tg(hsp70l:nkx2.5-eGFP) (Fig. 6 E) did not exhibit a significant increase in
the proportion of ventricular cardiomyocytes (43 � 2.6, n ¼ 15) relative
to udu�/� siblings without the transgene that were subjected to heat
shock (Fig. 6 D) (41 � 1.6, n ¼ 14) (p ¼ 0.51) (Fig. 6 G). Consistent with
these results, there was no change in the total number of cardiomyocytes
with ventricular identity in udu�/� embryos with (42.2� 2.3, n¼ 15) or
without the transgene (41.6 � 3.4, n ¼ 15). This result indicates that
exogenous nkx2.5 expression is not sufficient to normalize the number of
cardiomyocytes (ventricular or otherwise) in udu�/� embryos. We
interpret the inability of exogenous nkx2.5-eGFP expression to suppress
the expansion of atrial identity in udu�/� embryos to indicate that Gon4l
does not maintain ventricular identity solely through modulation of
nkx2.5 expression.

5. Discussion

Previous studies established a function for vertebrate Gon4l as a
regulator of cell-cycle, apoptosis, somitogenesis, gastrulation move-
ments, and blood development in zebrafish and mice (Barr et al., 2017;
Hammerschimidt et al., 1996; Lim et al., 2009; Liu et al., 2007; Lu et al.,
2010, 2011), but its involvement in heart development has not been
previously examined. Here, we establish Gon4l as an essential regulator
of cardiac development, including novel functions independent of its
previously defined role in apoptosis. We found that in zebrafish embryos
lacking zygotic udu function and exhibiting erythroid cell deficiencies
(Liu et al., 2007), the initial formation and patterning of the heart tube
was largely intact. During later stages of heart development, however,
Gon4l is necessary for expansion of the cardiomyocyte pool by promoting
their proliferation. Furthermore, udu genetically interacts with nkx2.5 to
maintain the proportion of ventricular cardiomyocytes, likely in part by
promoting nkx2.5 expression. Our studies, therefore, establish a novel
role for the chromatin factor Udu/Gon4l in heart development (Fig. 7):
Gon4l promotes cardiomyocyte proliferation and maintains the normal
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proportion of ventricular cardiomyocytes during zebrafish
embryogenesis.

This work highlights the role of Gon4l in cell cycle regulation during
cardiomyocyte population expansion and is consistent with its previously
described functions during zebrafish and mouse development in other
tissues. However, key differences from preceding work emerge in our
data. Our genetic interaction studies found that the reduction in car-
diomyocyte numbers is TP53- and apoptosis independent (Fig. 2S),
although we cannot rule out a contribution by TP53 or Casp3-
independent mechanisms. This result contrasts with the udu�/� blood
deficiency phenotype, which was partially suppressed by reduction of
tp53 expression using antisense morpholinos (Lim et al., 2009; Liu et al.,
2007) and genetic maternal-zygotic loss of function (Fig. 2S). Our data,
therefore, indicate that the cardiac defects arise through a distinct
mechanism from the hematopoietic defects observed in the udu�/�

mutants.
Additionally, we found that cardiomyocyte proliferation is reduced in

udu�/� embryos, likely due to a failure to progress through S-phase of the
cell cycle (Fig. 7). Gon4l has been linked to cell cycle regulation in both
mouse and zebrafish (Barr et al., 2017; Lim et al., 2009), but there has
been disagreement regarding which phase or phases of the cell cycle are
disrupted upon loss of Gon4l function. In our study, we found that
expression of cnne2, a gene necessary for the G1/S phase transition
(Caldon, 2010), was down-regulated within the heart in udu�/� embryos
at 36 hpf, while cnnd3 exhibited increased expression (Fig. 3 H, J). DNA
adenine methyltransferase identification (DamID-seq), a technique that
detects protein-chromatin interactions (de Groote et al., 2012; Steensel,
2001), indicates that Gon4l is associated during gastrulation with the
regulatory regions of ccne2 and cndd3, as well other Cyclin genes,
including ccnd2a and ccnd2b, suggesting Gon4l directly regulates
expression of these genes (Fig. 3 F0, G0, H0, J’). One limitation of these
DamID-Seq data is that they were obtained from whole embryos at late
gastrula stage, and thus may not accurately reflect Gon4l association in a
specific cell type and at later stages. Studies of multipotent blood pro-
genitors in Gon4l mutant mouse found that Ccnd homologues are
down-regulated during B-cell development while Ccne homologues were
expressed at normal levels (Barr et al., 2017), indicating the role of Gon4l
in regulating cell cycle genes is conserved, but the specific Cycli-
n-encoding genes regulated by this chromatin factor differ between
species. In combination with previous studies, our results support an
essential role for Gon4l in regulating G1/S check-point of the cell cycle
(Barr et al., 2017; Lim et al., 2009). Furthermore, our findings that some
cyclin genes exhibited increased levels of expression while the expression
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levels of other cyclin genes was reduced support our previously published
results that Gon4l can both positively and negatively regulate gene
expression (Williams et al., 2018).

We also found that Gon4l is involved in the maintenance of the
proportion of ventricular cardiomyocytes. Our findings open several
possibilities regarding the relationship between nkx2.5 and udu/gon4l.
Our prior DamID-seq studies indicate that Gon4l is associated with the
nkx2.5 promoter during early zebrafish development (Fig. 4M) (Williams
et al., 2018). We further demonstrate that udu is necessary for the
maintenance of nkx2.5 expression during heart tube formation, and that
nkx2.5 genetically interacts with udu in regulating the proportion of
ventricular cardiomyocytes (Fig. 5). However, exogenous expression of
nkx2.5 using the Tg(hsp70l:nkx2.5-eGFP) line did not restore the proper
proportion of ventricular cardiomyocytes to udu mutants (Fig. 6B–G).
This result indicates that Gon4l acts through nkx2.5 and additional
downstream factors, and/or in a parallel pathway, during maintenance of
ventricular fate. Together, our results highlight the novel concept that
epigenetic regulators play a role in preserving chamber-specific charac-
teristics in the developing heart.

In conclusion, defining the precise roles of chromatin factors during
cardiac development is an on-going process. This study elucidates pre-
viously unknown and essential roles for Gon4l during the processes of
heart development after heart tube formation, adding to its previously
recognized roles in convergence and extension gastrulation movements,
somitogenesis and erythropoiesis (Liu et al., 2007; Lu et al., 2010; Siu
et al., 2012; Williams et al., 2018). Based on these results we propose that
Gon4l both promotes cell proliferation and regulates the expression of
cardiac transcription factors to maintain the proportion of ventricular
cardiomyocytes. The phenotypes we describe in udu��/� mutant em-
bryos share similarities with the phenotypes for hdac1�/� mutant
zebrafish embryos, namely in the reduced number of overall car-
diomyocytes and specific reduction in ventricular cardiomyocytes (Song
et al., 2019), bolstering support for potential interactions between Gon4l
and Hdac1 in heart development. These findings describe a novel regu-
lator of heart development and have the potential to provide insights into
the mechanisms underlying congenital heart defects, ultimately facili-
tating directed therapeutic remediation in patients.
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