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Ventricular trabeculation is one essential step for generating a functionally competent ventricular wall, while
how the early trabeculae carneae forms and subsequently develops into mature chambers is poorly understood.
We found that in zebrafish zfpmI”~ juvenile, cardiac function is significantly compromised, with hearts
exhibiting deformed trabecular meshwork. To elucidate the mechanisms of Zfpml function in cardiac
trabeculation, we analyzed zfpml mutant hearts more closely and found that loss of Zfpm1 activity resulted

in over-activation of Neuregulin-ErbB signalling and abnormally elevated cardiomyocyte proliferation during
cardiac trabeculae growth and modeling stages. These results implicate Zfpml plays a pivotal role in
coordinating trabeculae patterning and growth.

1. Introduction

Cardiac trabeculae are highly organized muscular structures that
form as a result of the projection and expansion of endocardium-lined
cardiomyocyte into the ventricular lumen (Moorman and Christoffels,
2003). The trabeculae represent a significant percentage of ventricular
mass, serve multiple functions from enhancing ventricular efficiency to
increase surface area for nutrition and oxygen uptake (Sedmera et al.,
2000). Alterations in cardiac trabeculae development can manifest
as a variety of congenital defects. Aberrant reduction in trabeculation
is usually associated with hypoplastic ventricular wall, which com-
monly leads to embryonic heart failure and early embryonic lethality
(Connor and Thiagarajan, 2007). In contrast, hypertrabeculation and
lack of ventricular wall compaction are closely related to left ventricular
non-compaction (LVNC), a genetically heterogeneous disorder
(Finsterer et al., 2017).

Cardiac trabeculation is a sophisticated morphogenetic process
guided by an interactive regulation of ventricular wall growth and the
endocardial-, myocardial- and epicardial-derived signals (Zhang et al.,
2013). Genetics studies showed endocardial-derived Neuregulins exe-
cute an indispensable function for cardiac trabeculation by signalling to
cardiomyocytes through its receptors (ErbB4 and ErbB2) to guide
trabecular initiation (Pentassuglia and Sawyer, 2009). In mouse,
deletion of Nrgl, Erbb4 or Erbb2 results in the abortion of develop-

ment of myocardial trabeculae in the heart ventricle (Gassmann et al.,
1995; Kramer et al., 1996; Lee et al., 1995). Ventricular trabeculation
was abrogated in nrg2 and erbb2 mutant zebrafish, which indicates an
evolutionarily conserved function of Neuregulin-ErbB signalling in this
process (Liu et al., 2010; Rasouli and Stainier, 2017). Beside promoting
cardiomyocyte proliferation, Neuregulin-ErbB signalling has also been
shown to play an important role in regulating cardiomyocyte migration
(delamination) to initiate cardiac trabeculation (Liu et al., 2010). Thus,
the Neuregulin-ErbB signalling pathway plays central roles in ventri-
cular chamber development, but the mechanisms underlying transcrip-
tional regulation of key components of this pathway are unresolved.
GATA factors are notable for governing the development of heart,
blood cells and other tissues and organs in vertebrates. In most
metazoan species have been studied, co-factors termed Friend of
GATA (FOG) proteins have been identified that function exclusively
with GATA factors and regulate downstream gene expression through a
variety of modes (Chlon and Crispino, 2012). Zfpml (Zinc Finger
Protein, FOG Family Member 1, previous known as FOG1) is a 110 kDa
protein with nine zinc finger domains, the C2HC type zinc fingers on
Zfpm1 protein are responsible for mediating the interaction with the N-
finger of GATA factors (Fox et al., 1999). Zfpm1 also contains two
domains that are known to recruit transcriptional regulatory com-
plexes. The one located at the extreme N-terminus is essential to
recruit the nucleosome remodeling and histone deacetylase (NuRD)
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complex, another one between zinc fingers 6 and 7 could bind to CtBP
co-repressor (Hong et al., 2005; Katz et al., 2002). Previous studies
showed Zfpm1 functions predominantly in the hematopoietic system
through interactions with GATA1/2/3 (Amigo et al., 2009; Chang et al.,
2002; Sugiyama et al., 2008), but it also has functions in other tissues,
including the gonads, intestine and heart (Jacobsen et al., 2005; Katz
et al., 2003; Thompson et al., 2005). Knock-down zfpmlI in zebrafish
embryo through morpholino injection led to defects in heart tube
looping, anemia and expands myeloid-progenitor cells (Amigo et al.,
2009; Walton et al., 2006), while the function of zfpml on cardiac
chamber maturation has not been characterized since the limited
window of effectiveness for morpholinos.

In the present study, using zfpml knock out zebrafish lines
generated with CRISPR-Cas9 technology, we examined the function
of zfpmlI on cardiac chamber maturation. Our results demonstrated
that trabecular meshwork in the ventricle of zfpm1 knock out animal is
highly deformed. Transcriptome profiling revealed expression of
neuregulin 1 was significantly up-regulated in Zfpm1”~ juvenile, led
to over-activation of Neuregulin-ErbB signalling. Our findings also
revealed cardiomyocyte proliferation was abnormally enhanced in
zfpml knock out juvenile fish, which eventually caused ventricular
hypertrabeculation. Thus, Zfpm1 plays an essential role in coordinating
zebrafish ventricular trabeculae patterning and growth.

2. Materials and methods
2.1. Ethics approval

The zebrafish used in this study were regularly maintained and
handled in accordance with approved guidelines of the Institutional
Animal Care and Use Committee of the Nanjing University.

2.2. Zebrafish

Zebrafish embryos were maintained and staged using standard
techniques (Westerfield, 2007). Fish lines used were the wild-type
Tiibingen (TU) strain, Tg(myh7:GFP) and Tg(kdrl:GFP) fish have been
previously described (Huang et al., 2003; Jin et al., 2005).

2.3. Generation of knock-out zebrafish line

gRNAs were designed by using CRISPR Design online toolbox
(http://crispr.mit.edu). 50 pg of sgRNAs and 500 pg of Cas9 mRNA
were co-injected into one-cell stage embryos. The Zfpm1*/2?? allele
and zfpm2b*/423 allele was used for subsequent experiments. Detailed
genotyping primers were listed in Table S1.

2.4. Imaging

Whole imaging was performed using a Leica DFC320 camera on a
Leica M205FA stereomicroscope. On-section in situ hybridization
images were captured by using a DS-U3 CCD camera equipped on a
Nikon ECLIPSE Ni microscope. All confocal images were acquired
using a Zeiss LSM880 confocal microscope. Live images of zebrafish
hearts were taken as previously described (Chi et al., 2008).

2.5. Survival Curve

Sixty each WT siblings and Zfpm1~~ were put into 3 L tank from 7 dpf.
Every three days, the number of living fish was counted till 60 dpf. Kaplan-
Meier curve was generated with Prism 6 (GraphPad) (Goel et al., 2010).

2.6. RNA in situ hybridization

Transcription of DIG-labeled antisense RNA probes was performed
using standard methods.
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Whole-mount RNA in situ hybridization (WISH) was carried out as
previously described (Thisse and Thisse, 2008). In situ hybridization
on cryosections was performed as described previously (Myat et al.,
1996; Poss et al., 2002).

2.7. O-Dianisidine staining

Detection of hemoglobin by o-dianisidine staining was performed
as described (Ransom et al, 1996). Briefly, live embryos were
incubated with staining buffer (0.6 mg/mL o-dianisidine, 0.01 M
sodium acetate, pH 4.5, 0.65% hydrogen peroxide, and 40% ethanol)
for 15min in the dark. Then fixed with 4% paraformaldehyde for
30 min at room temperature. Presence of brown coloration indicates
the hemoglobin in red blood cell.

2.8. Masson's trichrome staining and WGA staining

For Masson's trichrome staining, samples were fixed in 4% paraf-
ormaldehyde (PFA), then washed, dehydrated in gradient ethanol and
plastic embedded. Slides were stained with a modified Masson's
trichrome procedure (Sigma Diagnostics Procedure No. HT15), omitting
the Bierbich Scarlet-Acid Fuchsin stain. For WGA staining, hearts were
fixed in 4% PFA overnight at 4 °C, equilibrated for several hours in 30%
sucrose, and embedded with OCT for cryosectioning (14 um). WGA
staining was performed as previously described (Sarmah et al., 2010).

2.9. Transmission Electron Microscopy

Samples were fixed in 2.5% glutaraldehyde in PBS at 4 °C for 48 h,
then post-fixed with 1.0% osmium tetroxide. Sample processing and
sectioning were carried out as previously described (Hou et al., 2017),
imaging was applied with a Hitachi S-7650 transmission electron
microscope.

2.10. Measurement of body length and ventricle area to body length

Dissected hearts were imaged with a Leica DFC320 camera on a
Leica M205FA. ImageJ was used to calculate the area of the ventricle
from these images in pixels squared. The number of pixels per mm was
calculated to convert the ventricle area into mm?® To determine
ventricle area to body length, the ventricle area in mm? was divided
by body length (mm). Body length was manually measured with a
millimeter ruler, from the tip of the mouth to the body/caudal fin
juncture (Sun et al., 2009).

2.11. Measurement of cardiac function

Red blood cell flow rate in caudal fin was determined as described
(Hoage et al., 2012). Briefly, anesthetized zebrafish was placed on a
microscope slide in a thin layer of Methyl Cellulose and videos were
made with the Nikon NIS-element BR software. Speed was determined
in mm/second for a red blood cell to travel between two points.

2.12. Quantification of cell surface, trabecula length and trabecular
complexity

For cell surface area quantification, 18 dpf zebrafish cardiomyo-
cytes membrane was labeled with WGA staining. ImageJ software was
used to adjust the threshold of cell surface edge and measure cell area
individually by ROI manager. Quantification of trabecular complexity
was applied as previously described (D'Amato et al., 2016). Briefly,
7 um plastic sections from dissected 60 dpf wild-type and Zfpm1”/
hearts were stained with Masson's trichrome staining to facilitate
visualization of ventricular structures. ImageJ software was used for
measurements. The length of trabecula was measured and covert pixels
into micrometer. The complexity of trabecular myocardium indicates
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Fig. 1. Generation of Zfpm1 knock out zebrafish line. (A): Upper panel, the zebrafish Zfpm1 genomic locus and Cas9/sgRNA targeting site. Deletions in A22 allele are shown as dashes.
Lower panel, schematic representations of the domain structure of the wild-type zebrafish Zfpm1 protein and truncated protein derived from the A22 allele. (B) Live images of control
and Zfpm17/~ zebrafish at designated time points. Lateral view, anterior to the left. Red arrowhead indicates the depression on the yolk of Zfpm1”~ embryo, white arrowhead indicates the
bulge on the ventral side of Zfpm1~/- fish. For 36hpf embryos and 7dpf larvae, scale bar: 200 um. For animal from 15 dpf to 60 dpf, scale bar: 2 mm. (C) Representative Kaplan-Meier plot
for Zfpm1~/~ fish and clutchmates from one of three independent experiments. 80 total Zfpm1~~ animals and 88 total siblings were followed. P < 0.0001, Mantel-Cox test. (D) Injection
of Zfpm1 mRNA rescue the morphological defects in Zfpm1”/~ embryos. Scale bar: 200 um. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

the size of the trabecular mesh of myocardial fibers and obtained by
dividing the length of each trabecula by its thickness.

2.13. BrdU incorporation assay

BrdU incorporation analysis was performed as previously described
(Raya et al., 2003). To quantify BrdU incorporation, the number of
BrdU positive nuclei were divided by the total number of cardiomyo-
cyte nuclei counted on sections. Images were processed with ImageJ
software.

2.14. RNA-seq analysis and data processing

mRNA from pooled embryos or hearts were extracted and se-
quenced as previously described (Zhang et al., 2018). Gene differential
expression was analyzed by DESeq. 2 (Anders et al., 2015; Love et al.,
2014). Genes showing altered expression with adjusted P < 0.05 were
considered differentially expressed. The genes with differential expres-
sion in Zfpm1 mutants are listed in Table S2 and S4. Heatmap of gene
expression was generated by R packages gplots and ggplot2 (Wickham,
2009). Functional annotation of DEG was performed using DAVID
(Huang et al., 2008), and a set of enriched GO terms were selected
according to relevant criteria related to the biological process studied.
R package GOPlot (Walter et al., 2015) was used to generate chord plot
to better visualize the relationships between genes and the selected
enriched GO terms. The high throughput data generated in this study
have been deposited at Gene Expression Omnibus under accession
number GSE95118.

2.15. Preparation of cardiomyocyte and endocardial cells

Ventricular cardiomyocyte and endocardial cells were isolated
as described previously (Wang et al., 2015). Briefly, ventricles
were dissected from control and Zfpml mutant animals with
Tg(myh7: GFP) or Tg(kdrll: GFP) transgene at 18 dfp then put on
ice and washed several times to remove blood cells. Ventricles were
digested in an Eppendorf tube with 0.5 ml HBSS plus 0.13 U ml21
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Liberase DH (Roche) and 1% sheep serum at 37 °C while stirring
gently with a magnetic stirring bar. Supernatants were collected
every 5 min and neutralized with sheep serum. Dissociated cells were
spun down and sorted using a BD FACSVantage SE sorter for GFP-
positive cells.

2.16. Quantitative real-time PCR

Total RNA was prepared using TRIzol (Invitrogen, Life
Technologies Corp.) and Direct-zol™ RNA Miniprep (Zymo
Research) from control or Zfpm1 mutant samples. CDNA was synthe-
sized with PrimeScript RT kit (Takara). RT-qPCR reactions were
performed on the LightCycler (Roche) system using the SYBR Green
Master Mix (Takara). Melt curves were examined to ensure primer
specificity. Primers used in RT—qPCR were designed to span exon-exon
junctions and were listed in Table S1.

2.17. Western blotting

Proteins from zebrafish hearts were isolated and analyzed as
previously described (Zhang et al., 2018). Information for primary
antibodies is listed in Table S6.

2.18. Statistics

Statistics were carried out using Prism 7 Software (GraphPad).
Survival curve was analyzed with Mantel-Cox tests. Other statistical
tests were performed using two-sided, unpaired Student's t-tests and
where numerical data are presented as mean + s.e.m. Differences
were considered significant if the probability value was P < 0.05
and highly significant if the probability value was P < 0.01. All
experiments were carried out with at least three biological replicates.
The numbers of animals used are described in the corresponding
figure legends.
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3. Results and discussion
3.1. Generation of Zfpml knock-out zebrafish

As part of joint efforts to generate knock-out zebrafish line for all
annotated transcription regulatory genes and analyze their function in
cardiovascular system development, we used CRISPR-Cas9 strategy to
disrupt the zebrafish Zfpm1 gene. Multiple sgRNAs targeting Zfpm1
were designed (Fig. 1A and Fig. S1), transcribed and injected into 1-cell
stage zebrafish embryo with Cas9 mRNA. F1 individuals were gener-
ated by cross the injected founders with wild-type TU fish and screened
for presence of insertion or deletion (indel) on Zfpm1 loci. Among the
alleles were obtained and displayed consistent phenotype (Fig. S1)
through this procedure, the one bearing a 22-bp deletion on 6th exon of
Zfpm1 was chosen to be used in the subsequent analysis (Fig. 1A).

To investigate the function of Zfpml on development, embryos
from multiple Zfpm1*/~ incrosses were collected and raised to the adult
stage. Prior to 36 hpf, no perceivable morphological difference between
Zfpm1”/~ embryo and wild-type was observed (data not shown). At 36
hpf, a depression on yolk could be observed on Zfpm1~~ embryo, with
slower heart beating and less circulating erythrocytes compare to
control siblings (Fig. 1B and Movie S1). Interestingly, the morpholo-
gical defects and abnormalities on circulation in Zfpm1”~ embryo were
gradually recovered, by 7 days post-fertilization (dpf), Zfpm1~/~ larvae
and wild-type became indistinguishable (Fig. 1B and MovieS2). From
15 dpf, Zfpm1™/- fish exhibited evident growth retardant and substan-
tial mortality (Fig. 1C. 23.3% survival at 22 dpf and 3.3% survival at
60 dpf in Zfpm1”/" fish verse 85.0% and 80.0% in controls; n = 80;
P < 0.0001, Mantel-Cox test). Other than growth cessation, prml'/ N
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fish also displayed notable ventral bulge that indicating dysfunctional
and enlarged heart (Fig. 1B).

Supplementary material related to this article can be found online
at doi:10.1016/4.ydbio.2019.01.001.

To confirm that loss of Zfpm1 represents the causal event in the
phenotypes displayed in our Zfpml knock-out line, expression of
Zfpm1 was determined and decreased mRNA level was observed in
Zfpm1~/~ embryos (Fig. S1). Furthermore, mRNA encoding wild-type
Zfpm1 was injected into embryos from incrosses of Zfpm1*/~ fish and
morphological defects in Zfpm1”/~ embryos at 36 hpf were efficiently
rescued (Fig. 1D).

3.2. Impaired heart development and primitive erythropoiesis in
Zfpml”~ embryos are spontaneously recovered

Previous studies (Amigo et al., 2009; Walton et al., 2006) and
preliminary observation from our Zfpm1”~ embryos indicated Zfpm1
participated in early heart development and haematopoiesis, we carried
out a set of experiments over an extended time span to further
characterize these phenotypes.

By introducing Tg(myh7:GFP) transgene into the Zfpm1 knock out
background, we first monitored morphogenesis of heart chambers. Live
images from different developmental stages indicated in Zfpm1~/
embryos the heart tube formed normally while the looping of heart
chamber was delayed (Fig. S2A). As development process, the mor-
phogenesis of heart was gradually recovered, at 7 dpf, heart of Zfpm1~/
larvae showed normal morphology and ventricle trabeculation nor-
mally initiated (Fig. S2A). Development of endocardium and heart
valves in Zfpm1~~ embryos were visualized by introducing Tg(kdrl1:
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Fig. 2. Loss of Zfpm1 results in cardiac chamber maturation defects. (A) Representative images of dissected hearts from Zfpm17/~ and WT sibling fish at 60 dpf. a, atrium; v, ventricle;
oft, outflow tract. Scale bar: 200 ym. (B) Histological analysis of Zfpm1~~ and WT sibling fish. Heart sections were Masson's trichrome stained. Scale bar: 100 um. (C) Representative
images of ventricle sections stained with WGA to indicate cardiomyocyte cell size at 60 dpf. Scale bar: 10 um. (D) Transmission electron microscopy (TEM) on control and Zfpm1~/-
hearts revealed no overt defects on myocardium ultrastructure. s, sarcomere; mito, mitochondrion; Scale bar: 5 pm. (E) Quantification of ventricle area to fish length (VA/BL) index,
which was used as a measurement of the cardiomegaly. 10 control fish and 5 Zfpm17~ fish were examined. (F) Quantification of red blood cell flow rate, which was used as a
measurement of the cardiac function. 8 control fish and 7 Zfpm1”/~ fish were examined. (G) Quantification of trabecular thickness at 60 dpf. (H) Quantification of the complexity of
trabecular myocardium layer at 60 dpf. G to H, 12 sections from 3wt and 12 sections from 3 Zfpm1~/~ fish were examined. E to H, data are mean + s.e.m. (I) Quantification of
cardiomyocyte cell size in control and Zfpm17 ~ fish. The surface area of individual cardiomyocyte was plotted. Sections from 3 fish for each genotype were examined. n.s: not significant.

*p < 0.05. ** p < 0.01. *** p < 0.001.
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GFP) transgene. At 36 hpf, endocardium in Zfpm1~”~ embryos dis-
played severe stenosis (Fig. S2B), which could contribute to the faulty
blood circulation phenotype at this stage. From 48 hpf, endocardium in
Zfpm1~/~ embryos progressively inflated, by 5 dpf, both the superior
and inferior valve leaflets were formed in Zfpm1~~ embryos as in wild
type (Fig. S2B).

The previous studies showed targeted deletion of Zfpm1 in mouse
or knocked down Zfpm1 in zebrafish blocks primitive erythropoiesis at
the proerythroblast stage (Amigo et al., 2009; Yao et al., 1998), we
confirmed whether Zfpm1 played an evolutionarily conserved function
in zebrafish erythropoiesis. O-dianisidine staining results showed loss
of Zfpml caused a moderate reduction of primitive erythrocyte in
Zfpm1”/~ embryos at 36 hpf. While similar to the scenarios happened
on myocardium and endocardium, impaired erythropoiesis in Zfpm1~/-
embryos gradually recovered as development processed (Fig. S2C).

Zfpm1 have been shown to exert its biological function through
regulating transcription, in order to determine how mutation of Zfpm1
affects the transcriptome during early zebrafish embryogenesis, we
pursued RNA-Seq on wild-type and Zfpm1”~ embryos at 36 hpf. A total
of 2059 genes, consisting of 1231 with decreased and 828 with
increased expression, were significantly altered in the Zfpm1”/~ em-
bryos (fold change (FC) > 1.5, FDR < 0.05) (Table S2). Interestingly,
expression of most of cardiovascular development-related genes
showed mild or no change in Zfpm1”~ embryos compare to wild-type.
We further applied Gene ontology (GO) analysis on genes misregulated
in Zfpm1~”/~ embryos, no GO terms linked to cardiovascular develop-
ment were enriched (Table S3). To confirmed the RNA-Seq results,
whole mount in situ hybridization was applied at 36 hpf to examine the
expression of a set of key cardiac regulator gene, including nppa,
nkx2.5, tbx5a and gata5. The results confirmed no overt change on
expression of these genes in Zfpm1~”/~ embryos compare to wild type
(Fig. S2D).

To better delineate the cardiac phenotype in Zfpm1 KO zebrafish,
detailed Zfpm1 expression pattern was analyzed. Whole mount in situ
hybridization experiments showed Zfpm1 mRNA could be detected in
the heart from around 24 hpf (Fig. S3D’). Interestingly, the cardiac
expression of Zfpm1 is reduced at 48 hpf and reappeared from 72 hpf
(Fig. S3 F’, G’ and H’). From 12 dpf, the expression of Zfpm1 could be
clearly observed in endocardial cells (Fig. S3 I and J). This dynamic,
on-off-on pattern matches the timeline of phenotype in Zfpml KO
animal and suggests Zfpm1 could play stage-specific functions on heart
development by regulating gene expression in endocardium.

These data suggested during zebrafish embryogenesis, Zfpml
played a limited role in embryonic heart development. Since the early
abnormalities spontaneously recovered, the Zfpm1”/~ juvenile pre-
sented an opportunity for investigating the function of Zfpm1 on late
developmental events.

3.3. Zfpml”" zebrafish exhibits defected heart chamber maturation

As development processed, Zfpm1~/~ zebrafish exhibited growth
retardant and ventral bulge (Fig. 1B), suggesting compromised cardiac
function. We euthanized adult Zfpm1~/~ zebrafish and assessed the
globe morphology of hearts, histological and cell biology features of
myocardium.

At 60 dpf, enlarged ventricles (measure by ventricle area to body
length index) and dilated atrium were observed in Zfpm1”~ zebrafish,
with no overt outflow track or cardiac valves malformation (Fig. 2A and
B). Since in fish the ventricle is the cardiac chamber that is principally
responsible for pumping blood into arteries, the dilated atrium in
Zfpm1~/~ zebrafish was likely the secondary phenotype associated with
dysfunction of ventricle, we focus following analysis on ventricle.

Histological examination revealed wild-type fish had a thick
ventricular wall and well-grown trabeculae, whereas Zfpm1”/~ zebrafish
exhibited substantial thinner trabeculae and anomalous spongy trabe-
culae network with significantly higher complexity (Fig. 2B, G, and H).
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By measuring the speed of red blood cell flow, cardiac function of
Zfpm1l KO was analyzed. The results showed slower flow speed
compare to control animal (Fig. 2F) and this result indicated the
cardiac function was compromised in Zfpm1~" zebrafish.

To explore whether this phenotype is caused by defected cardio-
myocyte differentiation, cell morphology of cardiomyocyte and cardiac
sarcomere assembling was examined. WGA staining showed cardio-
myocyte in Zfpm1”/~ zebrafish displayed relative normal morphology
and the cell surface area is comparable to wild-type (Fig. 2C and I),
transmission electron microscopy also revealed no overt abnormality
on cardiac sarcomere in Zfpm1~/~ zebrafish (Fig. 2D). These results
indicated the spongy-like trabeculae could be caused by hypertrabecu-
lation.

As development process, the ventricle compensates for increasing
hemodynamic demands by developing a thickened wall of muscle and
generating a complex network of trabeculae carneae. The process of
ventricular chamber maturation involves the intricate spatiotemporal
regulation of cardiomyocyte proliferation and migration (Foglia and
Poss, 2016). We examined ventricle maturation in Zfpm1~/~ juvenile to
determine the time point Zfpm1 exerted its function in this process.
Prior to 12 dpf, the morphology of ventricle and development of
trabeculae carneae in Zfpm1”" juvenile are comparable to control
juvenile (Fig. 3A). From 12 dfp, a significantly higher number of
trabeculae could be observed in ventricles from the Zfpm1”~ juvenile
(Fig. 3B). At 15 dpf, ventricles in the Zfpm1”/" juvenile are slightly
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# of trabecular site
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Fig. 3. Loss of Zfpm1 led to trabeculation deformation in ventricle. (A) Confocal images
(mid-sagittal optical sections) of larval hearts from control and Zfpm1”/~ animals at 10
dpf. (B) Left panels, confocal images (mid-sagittal optical sections) of larval hearts from
control and Zfpm1”/~ animals at 12 dpf. Arrowheads indicated sites where trabecular is
initiating. Right panel, quantification of number trabecular initiation site on section. 8
sections from control and 12 sections from Zfpm1~~ fish were examined. Data are mean

+ s.em. * p < 0.05. A and B, cardiomyocyte was labeled with Tg(myh7: GFP; myh7:
DsRed-Nuc) transgenes. (C) Confocal projections of zebrafish juvenile hearts section at
designated time points showing the abnormal trabeculation in Zfpm1”/" animals.
Cardiomyocyte was labeled with Tg(myh7: GFP) transgene. Scale bars, 50 pm.
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enlarged compared with the control, trabeculae carneae in Zfpm1”/
juvenile is shorter which leading to the formation of a cavity (Fig. 3C).
At 18 dpf, ventricles in the Zfpm1”~ juvenile displayed a rounder
morphology compare with the control, trabeculae carneae is notably
thinner in the Zfpm1”~ juvenile and started showing a spongy-like
organization (Fig. 3C). By 21 dpf, a large ventricle cavity was formed
and the ventricles become more dilated in Zfpm1~~ juvenile compare
with the control (Fig. 3C). This data indicated Zfpml plays an
important role in modulating the maturation of ventricle, especially
on the patterning and growth of trabeculae carneae.

The zebrafish genome has two homologs of Zfpm1: zfpm2a and
zfpm2b, the protein product of both genes has a high degree of
conservation in the domain arrangement compare to Zfpml (Chlon
and Crispino, 2012) and expressed in the heart during zebrafish
embryo development (Fig. S3A and data not shown). To systematically
investigate the function of Zfmp proteins on vertebrate development,
we examined zfpm2a”~ and zfpm2b”/~ embryos. The zfpm2a gene-
trapping line was derived from a tol2 transposase based gene-trapping
screen (Hou et al., 2017) and the zfpm2b knock outline was generated
through CRISPR-Cas9 technology (Fig. S3 A and B). Neither zfpm2a™~
or zfpm2b”/~ embryos displayed detectable defects in cardiovascular
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system development and erythropoiesis, furthermore, zfpm2a”~ and
zfpm2b /" animal exhibited normal growth and mortality compared to
wild-type siblings (data not shown). On the basis of likelihood of
redundancy as gleaned from the zfpm2a and zfpm2b expression data,
double mutants were generated. The zfpm?2a; zfpm2b double knock out
animals displayed normal embryogenesis (Fig. S3C), while as develop-
ment processed, severer growth cessation emerged from around 30 dpf
(Fig. S3D). Globe morphology of hearts from adult zfpm2a; zfpm2b
double knock out fish was normal and histological examination
revealed no overt defects on cardiac chamber maturation (Fig. S3D).
These results indicated in zebrafish, zfpm2a and zfpm?2b are dispen-
sable for ventricle maturation.

3.4. Zfpml modulates Neuregulin-ErbB signalling during ventricular
maturation

As a dedicated co-factor of GATA family transcriptional regulators,
Zfpm1 can both facilitate and antagonize GATA factor transcriptional
regulation depending on the context (Chlon and Crispino, 2012). In
order to determine how loss of Zfpm1 affects transcriptome during
cardiac chambers maturation, we pursued RNA-Seq on ventricles from
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Fig. 4. Gene expression profiling of Zfpm17/~ ventricles. (A) Heat map representation of genes differentially expressed in Zfpm1”/~ ventricles at 21 dpf. Red, upregulated; blue,
downregulated; white, no significant change. (B) Circular plot of 121 representative differentially expressed genes, simultaneously presenting a detailed view of the relationships between
expression changes (left semicircle perimeter) and processes (right semicircle perimeter). 47 of the 121 genes are named. Red, upregulated; blue, downregulated. Code color means the
log,(fold change) value. Details in Supplementary Table S4 and S5. (C) Comparison of the changes in expression of selected genes measured by RNA-seq and RT—-qPCR. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Loss of Zfpm1 led to the elevation of Neuregulin-ErbB signalling activity and transit enhanced cardiomyocytes proliferation. (A) Left panel, in situ hybridization for nrgl on
ventricle sections from 18 days old control and Zfpm1 mutant animals. Right panel, qPCR experiments confirmed up-regulation of nrgl in endocardial cell. Error bars represent mean
+ SEM. **p < 0.01. (B) Left panel, representative Western blot demonstrating elevated phosphor-MAPK and phosphor-AKT level in hearts of Zfpm1 mutant animals. Tubulin and total
AKT were used as loading control. Left panel, quantification of phosphor-MAPK and phosphor-AKT proteins normalized by either Tublin or total AKT. Error bars represent mean +
SEM. * p < 0.05. (C) In situ hybridization for Neuregulin-ErbB signalling target genes on ventricle sections from 18 days old control and Zfpm1 mutant animals. (D) Ventricles from 18
days old control and Zfpm1 mutant animals stained for BrdU incorporation (red) to assess cardiomyocyte proliferation. Middle panels, high-magnification images of the boxed areas in
the left panels. Arrowheads indicated the proliferating cardiomyocytes. Scale bar: 50 um. Right panel, quantification of BrdU-positive nuclei in Zfpm17/~ ventricle, data are mean =+
s.e.m. Tg(myh7: GFP) transgene was introduced to identify cardiomyocyte. 8 sections from 4 control and 8 sections from 3 Zfpm1~~ fish were examined. ** p < 0.01. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

wild-type and Zfpm1~~ juvenile at 18 dpf. A total of 1250 genes,
consisting of 266 with decreased and 984 with increased expression,
were significantly altered in the ventricles from Zfpm17~ juvenile (fold
change (FC) > 2, FDR < 0.05) (Fig. 4A and Table S4). Majority of the
aberrantly expressed genes were up-regulated rather than down-
regulated in the ventricles from Zfpml~~ animal, this result is
consistent with models in which Zfpm1 primarily acts as a repressor
of transcription. Gene ontology (GO) enrichment analysis revealed
genes deregulated in Zfpm1”/~ juvenile ventricles involved in the
Neuregulin-ErbB signalling pathway, cell cycle and proliferation,
regulation of heart contraction, cell chemotaxis and lipid metabolic
process (Fig. 4B and Supplementary Table S5). Furthermore, quanti-
tative real-time PCR of the 26 representative genes was applied to
support the reliability of expression data obtained by RNA-Seq
(Fig. 4C).

Neuregulin-ErbB signalling has been found playing crucial roles in
ventricle maturation from patterning trabecular to regulating cardio-
myocyte proliferation (Pentassuglia and Sawyer, 2009; Zhang et al.,
2013). Based on results from RNA-Seq, we further examined the
activity of Neuregulin-ErbB signalling and trabeculae growth in
Zfpm1”/~ juvenile. On-section in situ hybridization confirmed the
cardiac expression of nrgl was significantly up-regulated (Fig. 5A).
To further confirm the source of nrgl, q-PCR was applied on
endocardial cells prepared from control and Zfpm1”/~ juvenile by
FACS. The results showed enhanced nrgl expression in endocardial
cell from Zfpm1~”/~ samples (Fig. 5A). This indicated ZfpmIlmajorly
executes its function on nrgl transcription regulation in endocardial
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cell. To examine whether upregulation in nrgl expression could lead to
enhancement of ErbB signalling, the phosphorylation level of MAPK
and AKT were examined and increased phosphorylation of both
proteins in Zfpm1”/~ samples was observed (Fig. 5B). The expression
of targets gene, junba, ergl and erg2b (Fromm and Rhode, 2004;
Sweeney et al., 2001), was explored and the stronger signal in Zfpm1”/-
samples further confirmed arisen Neuregulin-ErbB signalling activity
(Fig. 5C and data not shown). Other trabecular markers, including
gjaba, also displayed disarrayed expression in Zfpm1”/~ ventricles
(Fig. 5C and data not shown). Recently, researchers found trabecula-
tion appears unaffected in nrgl mutant while nrg2a is required for
cardiac trabeculation in zebrafish (Rasouli and Stainier, 2017; Samsa
et al., 2016). Interestingly, RNA-seq and qPCR results showed the
expression of nrg2a and nrg2b have not altered in Zfpm1~~ ventricles
(data not shown). Analysis of BrdU incorporation revealed increased
proliferation (8—10%) of trabecular cardiomyocytes in the hearts of
Zfpm1~”/~ juvenile (Fig. 5D). Elevated cardiomyocyte proliferation
reflected excessive initiation of trabeculae which could contribute to
the high complexity of trabeculae observed on later stages. These
results indicated Zfpm1 modulates Neuregulin-ErbB signalling activity
during zebrafish cardiac chamber maturation.

4. Summary
Here we report genetic functional analysis of the zinc finger protein

Zfpml. Our experiments indicate that during ventricle chamber
development, Zfpml is an indispensable factor for regulating the
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patterning of trabeculation. Loss of Zfpm1 in zebrafish leads to up-
regulation of nrgl expression in developing ventricle and elevates
Neuregulin-ErbB activity, leading to abnormal enhanced cardiomyo-
cyte proliferation and improper trabeculae formation. This work
provides new insight into the function of Zfpm1 in heart development
and suggests a possible role for Zfpm1 in congenital cardiac trabeculae
defects.
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