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(Bacl(ground: The CASZ1 (castor zinc finger 1) gene localizes to chromosome 1p36, and 1p36 deletion syndrome is related
Results: Caszl knock-out mice exhibited abnormal heart development and phenocopies aspects of 1p36 deletion syndrome

Conclusion: CASZ1 is critical for mammalian heart development.
Significance: CASZI may be a novel CHD gene, and this finding opens new avenues for human heart disease diagnosis and
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Chromosome 1p36 deletion syndrome is one of the most com-
mon terminal deletions observed in humans and is related to
congenital heart disease (CHD). However, the 1p36 genes that
contribute to heart disease have not been clearly delineated.
Human CASZ1I gene localizes to 1p36 and encodes a zinc finger
transcription factor. Casz1 is required for Xenopus heart ventral
midline progenitor cell differentiation. Whether CaszI plays a
role during mammalian heart development is unknown. Our
aim is to determine 1p36 gene CASZI function at regulating
heart development in mammals. We generated a CaszI knock-
out mouse using CaszI-trapped embryonic stem cells. CaszI
deletion in mice resulted in abnormal heart development
including hypoplasia of myocardium, ventricular septal defect,
and disorganized morphology. Hypoplasia of myocardium was
caused by decreased cardiomyocyte proliferation. Comparative
genome-wide RNA transcriptome analysis of CaszI depleted
embryonic hearts identifies abnormal expression of genes that
are critical for muscular system development and function, such
as muscle contraction genes TNNI2, TNNT1, and CKM; con-
tractile fiber gene ACTAI; and cardiac arrhythmia associated
ion channel coding genes ABCC9 and CACNAID. The tran-
scriptional regulation of some of these genes by Casz1 was also
found in cellular models. Our results showed that loss of CaszI
during mouse development led to heart defect including cardiac
noncompaction and ventricular septal defect, which phenocop-
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ies 1p36 deletion syndrome related CHD. This suggests that
CASZ1 is anovel 1p36 CHD gene and that the abnormal expres-
sion of cardiac morphogenesis and contraction genes induced
by loss of Casz1 contributes to the heart defect.

Congenital heart disease (CHD)* is the most common type of
birth defect, affecting over 1% of all live births and accounting
for one-third of all major congenital anomalies (1, 2). A heart
developmental program is induced by developmentally regu-
lated signal transduction molecules and mediated by tissue-
specific transcription factors. These transcription factors
repress lineage inappropriate genes and activate cardiac-spe-
cific genes such as those responsible for cardiac morphogenesis
and contractility. Disruption of this process affects heart devel-
opment and function (3-7). CHD is associated with chromo-
some anomalies such as Down syndrome (trisomy 21), deletion
1p36 syndrome, deletion 4p syndrome, and deletion 22q11
spectrum (2). Many of the genetic mutations associated with
CHD encode transcription factors such as GATA4, GATAS6,
TBX-5, TBX20, HANDI1, HAND2, MYOCD, and NKX2.5 (2, 7).
However, the underlying genetic basis of most forms of CHD
remains unclear, necessitating further investigation into the
genetic basis of CHD.

Human CASZI is a 1p36 gene encodes a zinc finger tran-
scription factor. CaszI was first described as a neural fate deter-
mination gene in Drosophila (8, 9). An in situ hybridization
analysis of Caszl showing high levels of expression in the heart
of developing mouse embryos was the first study to implicate
CaszI in heart development (10). Our studies confirmed the
relatively high levels of Casz1 in murine heart and showed ele-

“The abbreviations used are: CHD, congenital heart disease; En, embryonic
day n; H&E, hematoxylin and eosin; TUNEL, terminal deoxynucleotidyl-
transferase-mediated dUTP nick end labeling; IPA, ingenuity pathway
analysis; qRT-PCR, quantitative real time PCR; GSEA, gene set enrich
analysis.
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TABLE 1
Genotyping PCR primers
Primer name

mCasz1WT-1869_s (cDNA)
mCasz1-2102_a (cDNA)
mCaszl_geo2_a (cDNA)
mCasz1WT_s (genomic DNA)
mCasz1WT_a (genomic DNA)
mCasz1Trap_a (genomic DNA)

Primer sequence

CAGGATGTGATCCGACATTACAA
GTTGATGAGCTGGGTGTTCTTCT
ATTCAGGCTGCGCAACTGTTGGG
AGCCAAAGGTATGTGGGGTCTAA
GCAGTGGAAGTGTGTGGTCTTCT
TAAAGTGACCCTCCCAACAGCTT

vated CASZ1 levels in human heart (11, 12). Our studies also
mapped CASZI to the region of chromosome 1p36 loss of
heterozygosity in neuroblastoma tumors and elucidated its
function as a mammalian regulator of differentiation with
tumor suppressor functions (11-15). Furthermore, a 1p36 dele-
tion syndrome is associated with CHD, including noncompac-
tion cardiomyopathy and ventricular septal defect (2, 16). The
first functional evidence implicating caszI in heart develop-
ment were studies in Xenopus, which indicated that caszI was
required for heart ventral midline progenitor cell differentia-
tion and vascular morphogenesis (17, 18). However, in mam-
mals, the role Caszl plays during heart development is
unknown.

Here we report that Casz!I is critical for murine heart devel-
opment. We find that CaszI deletion leads to abnormal cardiac
gene expression and causes reduced cardiomyocyte prolifera-
tion, a ventricular septal defect and defective cardiac morpho-
genesis that ultimately led to heart failure and embryonic
lethality. Our results demonstrate that CaszI is required for
normal mammalian heart development and function.

MATERIALS AND METHODS

The Generation of Casz1P¢°*’P¢*° Mice—The 129 OLA Caszl1
trapped murine embryonic stem cells (Sanger CJ0565) were
used to establish CaszI knock-out mouse. The CaszI gene trap
inserted a Bgeo reporter after Caszl exon 9 and was sequence
verified. The embryonic stem cells were injected into C57BL6
blastocysts, and the chimeras were bred to C57BL6 wild type to
generate mixed 129/C57BL6 mice as described previously (19).
The characterization of Caszl mutant mice was performed by
PCR using genomic DNA as template or reverse transcriptase
PCR using ¢cDNA as template. The primer sequences were
listed in Table 1. All animals and procedures for mouse exper-
iments were approved by the National Cancer Institute Animal
Care and Use Committee.

X-Gal Staining—Embryos were fixed with 4% paraformalde-
hyde/PBS at 4 °C for 5 min. X-gal staining was performed as
reported (20). In brief, the embryos were incubated with 1
mg/ml X-gal solution at 37 °C overnight. Postfixation with 4%
paraformaldehyde/PBS was performed at room temperature
for 25 min, and the embryos were sunk in 15% sucrose/PBS at
4 °C overnight. For sectioning, the embryos were embedded in
gelatin and frozen dissected at 8-um thickness, and then the
slides were degelatinized and fixed with 4% paraformaldehyde/
PBS. Whole embryo and section images were taken by using the
software QCapture.

Cell Culture and Transfection Conditions—Human cardiac
fibroblasts from a normal 18-year-old individual were obtained
from a commercial source (Innoprot) and cultured as previ-
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ously described (21, 22). In brief, cells were grown in Iscove’s
modified Dulbecco’s medium (Lonza), supplemented with 20%
FBS (Hyclone), 10 ng/ml basic fibroblast growth factor (R&D),
1% penicillin/streptomycin (Thermo Fisher Scientific), and
1% L-glutamine (Lonza). Cells were passaged 1:3 twice a week,
and experiments were performed between passages 4 and 6.

CASZ1b overexpression in human cardiac fibroblasts was
achieved by transfection of 5 ug of CASZ1b-GFP plasmid (Ori-
gene) or an equivalent amount of control vector using an
Amaxa P1 primary cell 4D Nucleofector kit (Lonza). All the
analyses were performed using four independent CASZ1b
nucleofection experiments in different human cardiac fibro-
blast cell preparations.

HL-1 cells, a cardiac muscle cell line derived from mouse
atrial cardiomyocyte tumor lineage, were maintained as
described previously (23). Briefly, cells were cultured on gelatin
(0.02%, w/v)/fibronectin (10 ug/ml)-coated flasks or plates. The
cells were maintained in Claycomb medium (Sigma-Aldrich)
supplemented with 10% fetal bovine serum (Invitrogen), 2 mm
L-glutamine, 0.1 mm norepinephrine, 100 unit/ml penicillin,
and 100 pg/ml streptomycin (Thermo Fisher Scientific).

HL-1 cells were plated in 12-well plates. For knockdown
experiments, 65 nm all stars negative control siRNA (Qiagen
catalog number SI03650318) or murine CaszI siRNA (Qiagen
catalog number SI00970529) was transfected using Lipo-
fectamine 2000 (Invitrogen) according manufacture’s instruc-
tion. For overexpression experiment, 2 ug pCMVTag2A-
CASZ1b plasmids (11) or empty vector pCMVTag2A were
transfected using Lipofectamine 2000 (Invitrogen). Two days
later cells were collected for subsequent experiments. This
experiment has been repeated twice.

Primary cardiomyocytes were isolated from E14.5 embryo
hearts as reported (24) without preplating to remove the fibro-
blast cells. Cardiomyocytes were cultured on laminin coated
4-well chambers or 24-well plates with coverslip for 2 days
before immunofluoresence staining.

Section Immunofluorescence and H&E Staining—These tech-
niques were performed as previously described (25, 26).
Embryos were fixed with 4% paraformaldehyde/PBS at 4C over-
night. After fixation, the embryos were either placed in 70%
ethanol and then embedded in paraffin compound or sunk in
30% sucrose/PBS at 4 °C and then embedded in OCT com-
pound. 5-pum-thick paraffin sections of embryo hearts were
used for H&E staining or immunofluoresence staining. Paraffin
embedding and H&E staining were performed by Histoserv Inc.
For immunostaining studies, histologic sections were deparaf-
finized in xylene and rehydrated to PBS. Staining was per-
formed using anti-MF 20 antibody (developmental studies
hybridoma bank mouse antibody, 1:30 overnightat 4 °C), pHH3
antibody (Sigma-Aldrich H9908, rat antibody, 1:300 overnight
at 4 °C), desmin antibody (Millipore MAB3430, mouse anti-
body, 1:200 overnight at 4 °C), and «-actinin (Abcam ab9465,
mouse antibody, 1:100 overnight at 4 °C) to detect their expres-
sion. For immunofluorescent detection, either Alexa 488- or
Alexa 568-conjugated secondary antibodies (Thermo Fisher
Scientific 1:250, 1 h at room temperature) were used. Stained
sections were imaged using a Zeiss ApoTome 2 microscopy, a

SASBMB

VOLUME 289-NUMBER 43-OCTOBER 24, 2014



TABLE 2
Real time PCR primers

Casz1 Is Essential for Heart Development

Primer name”

Forward primer sequence

Reverse primer sequence

mGAPDH AACTTTGGCATTGTGGAAGG ATGCAGGGATGATGTTCTGG
mCasz1-2935 CTGCCTCCATCATTGAGAGAAT TCATTACTGGGATCCTTCACG
mACAN CCTGTGGTGGGGACAAACCT CCCCACCTGAGTGACGATCC
mCKM TTGACAAGCCCGTGTCACCT CAGAAGCGGCGGAAAACCTC
mACTA1l GCCAGAGTCAGAGCAGCAGA TTGCTCTGGGCCTCATCACC
mTNNI2 TCGGAGGGTGCGTATGTCTG GCAGGTCCCGTTCCTTCTCA
mTNNT1 CCAAACCCAGCCGTCCTGT TCGCCTCTCAATGCGGTCTT
mITGA7 CTCCGTTCGGGCTCATGTCT CCCTCTCAGATCGCATGGCA
mITGA10 CCGCTAGGCTGCTGGTAGTT CTGTCAGCGCAGCTTCATCG
mCOL2A1 CAGCTGTCTGCAGAATGGGC GACAGCACTCTCCGAAGGGG
mABCC9 CCCGCTGAGACGGAAGACAT TTCCACAACCCACTTGGCCT
mCACNA1D TTCCGCTCGGTGGCTGTATT TCCTCCGTGCTTTCTACCGC
mKCND2 CTGGGGTATGGCGACATGGT GTAGGCATTTGCACTCCCGC
mATP1A3 TCATCAGTCTGAACGCCGCT GACCCTGCACGCAGTCAGTA
mTP63 AGCAAGTATCGGACAGCGCA TCGATCGTGTGCTGAGGGAG
mEdnl AGGTCCAAGCGCTGTTCCTG TGCCTGGTCTGTGGCCTTAT
mNEFL GAAGCCTGCCGGGGTATGAA GAGCCTGGTCTCTTCGCCTT
mTGFB3 CGACCGGATGAGCACATAGC AGGTGTGACATGGACAGTGGA
mDCC GGCTATGGTGTTGGCAGTCC ATCAACGGGGTCAGTGGGAT
mSIK1 GTCACCAAAACGCAGGTTGC CAAGTGCCCGTTGGAAGTCA
hGADPH GGGACGCTTTCTTTCCTTTC GCTGCCCATTCATTTCCTT
hCASZ1 CAAAACAGACTCCATCACCACG GTGCTGGCTGCCCGAGAAC
hACTA1 TCCTCCCTGGAGAAGAGCTA GGTCCTTGCGGATATCAATG
hTNNT1 GCAGAACAGAAGCGTGGTAA GCCATCAGGTCGAACTTCTC
hCKMTIA GTCTCTAGCCGCTGGGTTTC AGCCGTGCATAGACTGCTG
hITGA10 GTTCTTGCCCCTGGTGTTCCT CCTAAGTGGCCCTTGGCACAT
hACAN ACCTGAGCAGCATCGTCACC AGTCCTCTCCAGCGGCAAAA
hTGFB3 CGTGCCGTGAACTGGCTTC AGCACCTCGGCTTGTCTTCT

“ Primer names starting with “m” represent mouse genes, and primer names starting with “h” represent human genes.

Leica TGS SP5 confocal microscope or a Nikon Eclipse TE300
microscope.

TUNEL Assays—Apoptosis (TUNEL) assays were performed
on paraffin sections using DeadEnd Fluorometric TUNEL sys-
tem kit (Promega) and counterstained with DAPI. Stained sec-
tions were imaged using a Zeiss ApoTome 2 microscopy.

Whole Mount Staining of the Embryo Heart—Whole mount
staining was performed as described previously (26, 27). In
brief, hearts were dissected from E14.5 embryos, fixed in 4%
paraformaldehyde/PBS at 4 °C overnight, and then placed in
70% ethanol at 4 °C for extended storage. Staining was per-
formed using anti-B-galactosidase antibody (Cappel, rabbit
antibody 1:500 overnight at 4 °C) to detect Caszl, and using
phalloidin-Alexa 488 (Invitrogen, 1:40, 20 min at room temper-
ature) to detect heart structure. For immunofluorescent detec-
tion, either Alexa 488- or Alexa 568-conjugated secondary anti-
bodies (Thermo Fisher Scientific 1:250, 1 h at room
temperature) were used. All confocal microscopy was carried
out on a Leica TCS SP5 confocal microscope.

Western Blot—Western blot was performed as previously
described (13, 28). In brief, to extract protein from heart, whole
hearts were dissected from E14.5 embryos and dissolved in
radioimmune precipitation assay buffer. Protein was extracted
using Bioruptor sonicator with protein extraction beads at high
power for 10 cycles (30 s on and 30 s off). Proteins were elec-
trophoresed in a 4-20% polyacrylamide gel (Bio-Rad) and
transferred electrophoretically to nitrocellulose membranes
(Schleicher & Schuell). Rabbit anti-GAPDH (Santa Cruz,
1:4000) and rabbit anti-Casz1 (Rockland, 1:1000) were used to
detect GAPDH and Caszl protein level in heart. To extract
protein from human cardiac fibroblasts, cells were lysed in
Laemmli buffer 5 days after CASZ1b transfection. Forty micro-
grams of protein lysate was loaded onto gels to assess CASZ1
protein levels. Membrane has been probed with CASZ1 anti-
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body (polyclonal, 1:500 Santa Cruz) and a-tubulin antibody
(monoclonal, 1:4000 Cell Signaling).

RNA Isolation and cDNA Analysis by gRT-PCR—Total RNA
was extracted from Caszl*™’'" and CaszIP&°°/Pe° hearts at
E12.5, or human cardiac fibroblast cells, or mouse HL-1 car-
diomyocytes using the RNeasy mini kit (Qiagen) as per the
manufacturer’s protocol. Quantitative measurements of differ-
ent gene levels were obtained using Step One Plus real time
PCR (Applied Biosystems) as described previously (11, 28). The
expression of mouse GAPDH mRNA was used as internal con-
trol for heart or HL-1 cells, and mRNA expression of human
GAPDH was used as internal control for human cardiac fibro-
blast cells. The primer sequences were listed in Table 2. The
experiment was repeated at least once in triplicate.

The Oligonucleotide Microarray—Affymetrix Mouse MO
gene 2.0 ST arrays were used to determine genes regulated by
CaszI in embryonic murine hearts. Total RNA was extracted
from three CaszI*’" and three Casz1P#°°/Pe°° hearts at E12.5.
Among these hearts, one CaszI ™" heart and one CaszP&/Pe=
heart were from the same litter as a pair, and hearts from three
different litters were used as biological replicates. Array hybrid-
ization, chemiluminescence detection, and image acquisition
were performed by Laboratory of Molecular Technology of
NCI-Frederick core facility. Raw CEL files were uploaded onto
Partek Genomics Suite v6.6 for data analysis. A Fisher’s test was
applied to identify differently expressed features by comparing
Casz1Pe°'Pee° and CaszI™*’" samples. The filter thresholds for
a p value of <0.05 and an absolute fold change of 1.5 were
imposed to retrieve a list of significantly differentially expressed
genes. The differentially expressed genes were uploaded onto
ingenuity pathway analysis (IPA) for further data analysis.

Statistical Analyses—Statistical analyses of the data were per-
formed using a ¢ test or CHITEST with p < 0.05 considered
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FIGURE 1. Casz1 expression pattern during mouse embryogenesis. A, cartoon of the Casz1 gene trap that inserted with a Bgeo reporter after Casz1 exon 9
resulting in a truncated Casz]1. B, genotyping of Casz1-trapped mice by RT-PCR. C, whole mount X-gal staining (blue) of E9.5 Casz1*/P9%° embryos shows that
Casz1 was expressed in the hindbrain, neural tube, and heart, which are further demonstrated by dissected embryo sagittal sections 1, 2, and 3 (100X
magnification). Sagittal section 3b (200X magnification) shows that Casz1 was expressed in the cardiomyocytes. D and E, whole mount X-gal staining of E12.5
Casz1™'*, Casz17/P9%°, and Casz1P9°/F92° embryos showed that Casz1 is expressed in the eye, dorsomedial telencephalon, cranial ganglia, nasal placode,
somite, neural tube, and heart. F, real time PCR to detect wild type Casz1 allele and Gata4 mRNA levels in E12.5 hearts. G, the protein levels of Casz1a/Casz1b
and GAPDH were visualized by immunoblotting E14.5 whole heart lysate with anti-Casz1 antibody and anti-GAPDH antibody. H, whole mount anti-3-
galactosidase staining (red) of E14.5 Casz1*/*, Casz1*/P9%°, and Casz1P9°/P9°° hearts.
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FIGURE 2. Phenotype of Casz1P9°°/P9¢° embryo and heart at E16.5. A, E16.5 Casz1P9°°/P9°° embryo shows evidence of edema and broad areas devoid of
blood (green arrow). B, the E16.5 Casz1P9°°/F9%° hearts were morphologically different compared with wild type heart (compare the regions targeted by the
yellow arrows). (Note the lack of blood in the Casz1F9°°/F92° heart occurred after surgery.)

significant. The values in the graphs are expressed as means =
S.D. or S.E. The statistical tests were two-sided.

RESULTS

Expression Pattern of Caszl during Embryonic Develop-
ment—Caszl gene encodes two major isoforms: full-length
Caszla and a shorter isoform Casz1b, with both isoforms shar-
ing the same 5'-proximal “promoter” region and the first 16
exons. In the Caszl knock-out mouse, the CaszI gene trap
inserts a Bgeo reporter after CaszI exon 9 (Fig. 1A4), resulting in
a truncated CaszI allele in which 10 of the 11 zinc fingers of
full-length Casz1 are lost. The zinc fingers are critical domains
for Caszl function (14). Using primers specific for the
WT (Casz1™'™") allele and the trapped allele, we found that
Casz1™'* mice only have the unaltered CaszI allele, whereas
Caszl heterozygous (Caszl"/P#°) mice have both the WT
allele and the trapped allele (Fig. 1B). Among 183 progeny of
male Caszl*/P&° and female CaszI /P& mice, 63 (35.4%)
mice are WT (Caszl*'") and 120 (64.6%) mice are heterozy-
gous (CaszI " 'P#°°), but none are homozygous (CaszP#*/Pee°),
This indicates that Caszl mutation in both alleles results in
embryonic lethality. Timed mating results showed that the
embryonic lethality occurred at E17.5; no live Casz1Pse*/Pee°
embryos were observed after E17.5.

To determine the role of Caszl during embryogenesis, we
firstinvestigated the expression pattern of CaszI during embry-
onic development. In CaszIl trapped embryos, the Bgeo
reporter was under the control of endogenous Caszl, and
therefore X-gal staining or anti-B-galactosidase staining could
be used to characterize the pattern of Caszl expression during
embryonic development. Whole mount X-gal staining of E9.5
embryos showed that Caszl was expressed in the neural tube
and heart (Fig. 1C, left panel), which was consistent with previ-
ously reported in situ hybridization analysis results (10). Trans-
verse sectioning showed that Casz1 was expressed in the hind-
brain and dorsal aspect of the spinal cord, as well as in
cardiomyocytes of the heart (Fig. 1C, right panel). Whole
mount X-gal staining of E12.5 embryos showed that Casz1 was
expressed in the eye, dorsomedial telencephalon, cranial gan-
glia, nasal placode, somite, neural tube, and heart (Fig. 1, D and
E). To confirm the expression of Caszl1 in the heart, total RNA
was extracted from the entire heart of E12.5 embryos, and real
time PCR was performed using primers that only recognize the
wild type allele but not the trapped allele. Consistent with X-gal
staining, real time PCR results showed that CaszI mRNA was
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expressed in the heart (Fig. 1F). Endogenous CaszI mRNA was
detected in the heart of CaszI*’" embryos, a half amount of
Caszl mRNA level was detected in the heart of the Casz1 /g
embryo, and the Caszl mRNA level was undetectable in the
heart of the Casz1P&°/P°® embryo. Gata4, an early cardiac
marker, was expressed at similar levels in these hearts (Fig.
1F). Western blot analysis of E14.5 hearts using an anti-
Caszl antibody demonstrated the protein expression of
both Caszla and Casz1b isoforms in WT hearts but not in
Casz1Pe°°/Pee® heart, confirming the deficiency of Caszl in
the knock-out mouse (Fig. 1G). Whole mount staining of the
E14.5 hearts using anti-B-galactosidase antibody showed
that Casz1 was expressed in the ventricles and atriums of the
heart (Fig. 1H).

Loss of Caszl in the Embryos Leads to an Abnormal Myocar-
dium Development—The Casz1Pe*°'P&*° embryos at E16.5
showed a swollen phenotype with accumulation of fluid in sub-
cutaneous regions, which is often associated with heart failure
in embryos (Fig. 24). The E16.5 Casz1P°°/P&°° heart is morpho-
logically different in shape, with the ventricle apex being spher-
ical and not the normal triangular in shape (Fig. 2B).

Edema was detected in Casz1P8*°/P&°° embryos at E15.5 but
not seen in WT or CaszI*/Pe*° embryos (Fig. 34). E15.5
embryos were transverse dissected, and H&E staining was per-
formed to investigate heart development. Unlike the WT heart
or Caszl "/P&° heart, the compact myocardium (free wall) of
both ventricles and the septum in the Casz1P8°°/P&°® heart was
hypoplastic (Fig. 3, B—D, column I). At higher magnification
(Fig. 3, B-D, columns 2 and 4), it was clear that E15.5
Casz1Pe°°'P&°® heart has abnormal myocardium with signifi-
cant thinning and less compact of walls in both the left and right
ventricles, and the septum was also thinner and less compact
(Fig. 3, B-D, column 3). Moreover, more blood cells accumu-
lated in the liver of the Casz1P%°°/P&*® embryo when compared
with the livers of the CaszI*’* and Caszl"/P$°° embryos (Fig.
3E), a finding also consistent with functional defects in the
Casz1P8°°/Pg° heart,

We further focused on E14.5 embryos heart, at a time when
the ventricle septation is complete. Edema was also detected in
some of the E14.5 Casz1P#°°/P&°° embryos, but not as clear as in
E15.5 embryos. Indeed, the skin on the backs of the Casz1Ps<*/Pee°
embryos exhibits an enlarged lymphatic network, although
sprouting lymphangiogenesis appeared to occur normally at the
lymphatic vascular front (Fig. 4). This lymphatic phenotype may
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FIGURE 3. Hypoplasia in the myocardium of Casz19°°/F9¢° heart. A, phenotype of Casz1*/*, Casz1/#9%° and Casz1P9°/P9=° E 15,5 embryos. The edema was
seen at the neck region on the back of Casz1P92°/P92° embryos but not other embryos (green arrow). B-D, column 1, H&E staining of transverse sections of E15.5
Casz1™* (B1), Casz1*/P9%° (C1), and Casz1P9°°/F9<° (D1) embryos. Column 2, right ventricle (RV) magnification of the respective green squares from column 1.

Column 3, septum (SP) magnification of respective yellow squares from column 1. Column 4, left ventricle (LV) ma
column 1. E, representative photomicrographs indicate accumulation of blood cells in the liver of the Casz1

the Casz1™/™ (left panel) or Casz1"/#9%° (middle panel) embryo.

be a secondary defect of loss of Caszl because -galactosidase
staining did not show the expression of Casz1 in lymphatic endo-
thelial cells.

The Casz1P&°°/Ps°° heart was morphologically distinct from
the Caszl"'P5°° or Caszl™'* heart, with the left ventricle apex
being spherical and not the normal triangular in shape (Fig. 54).
Consecutive sectioning of the E14.5 embryos showed that three
of three CaszIP#e°/Pe° hearts had four chambers, four valves,
and normal outflow tract alignment, but the ventricular septum
was abnormal, with ventricle septal defects (Fig. 5B). The com-
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gniﬁcation of respective blue squares from
9eo/Bace embryo (right panel) but not in

pact myocardium of both ventricles and the septum of the E14.5
Casz1P8°°/Pg° heart were hypolastic, although they were not as
obvious as the E15.5 Casz1P#°°/Pe<° hearts (Fig. 5B, top panels).
Higher magnifications clearly showed the ventricular septal
defect in Casz1P8°°/P&° heart but not in CaszI™'* heart (Fig.
5B, bottom panels).

Caszl Deficiency in Heart Leads to the Decrease of Car-
diomyocyte Proliferation—To investigate whether the hypopla-
sia of Casz1Pe°’Pee° compact myocardium was caused by
reduced cardiomyocyte proliferation, we stained the transverse
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FIGURE 4. E14.5 Casz1P9°°/P92° embryos exhibit abnormal lymphatic net-
works. Whole mount triple immunofluorescence labeling of back skin with
antibodies to the lymphatic endothelial cells marker, LYVE-1 (green) and pan-
endothelial cells marker, PECAM-1 (blue) in the Casz1F9°°/F9¢° embryos (Band
D) and control littermates (A and C). Compared with the control littermates,
Casz1P9°°/B9=° empryos showed the enlarged and disorganized lymphatic
vessel morphogenesis (red arrows).

sections of E14.5 Caszl™'* and Casz1P#°/Pe*° heart for the
cardiomyocyte marker MF-20 (the heavy chain of striated myo-
sin II) and for phosphorylated histone H3 (pH3), a marker of the
M phase of the cell cycle (Fig. 5C, left panels). Loss of CaszI led
to a more than 3-fold decrease in the fraction of pH3 positive
cardiomyocytes compared with CaszI"’™" hearts (Fig. 5C, right
panel), which is consistent with a decrease in cell proliferation
contributing to the hypoplasia in the Casz1P8°*/P&° hearts. To
determine whether apoptosis also contributes to the hypoplasia
of the compact myocardium in Casz1P#°°/P&° heart, we per-
formed a tunnel assay and found that there was no increase in
the number of apoptotic cells in Casz1P8°°/P8e° heart compared
with Caszl™'™ hearts at the time evaluated (Fig. 5D).
Casz1P¢*/P¢ Heqrt Exhibits Disorganized Myofiber Orien-
tation and Cell Alignment—Because the CaszIP&°°/Pe° heart
was morphologically distinct from the Caszl™/Pe® or Caszl™'*
heart (Fig. 5A), we next investigated whether loss of Caszl
affects myofiber organization and cellular alignment. E14.5
whole mount hearts were stained with phalloidin-Alexa 488 to
visualize F-actin and the arrangement of the thin filaments. The
immunofluoresence analysis revealed that the myocytes within
the heart wall of E14.5 Caszl*'* heart were well aligned; how-
ever, disruption of the fiber orientation and cell alignment were
observed in both the left ventricle and the right ventricle of
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Casz1P8°°'P8°° heart; representative images of the left ventricles
are shown in Fig. 6.

CaszIPe*’Pe® Hegrt Has an Abnormal Gene Expression
Pattern—To understand the underlying mechanisms contrib-
uting to the Casz1P&°°/P&°° heart defect, we analyzed the tran-
scriptome of the E12.5 CaszI " and Casz1P#°*/P&*° hearts.
Genome-wide RNA expression-profiling analysis of Casz1Pe°*/Pse°
heart versus CaszI*’" heart showed that the expression level of
187 Affymetrix probe set IDs were significantly changed
(decreased or increased greater than 1.5-fold, p < 0.05). Among
these probe set IDs, 148 mapped to known gene ID with 53
genes being down-regulated and 95 genes up-regulated in
Caszl-deficient heart (Fig. 7A and supplemental Table S1).
Gene ontology and IPA assays showed that three groups of
altered genes might contribute to the CaszIP°°/P&e° heart
abnormalities. These include 1) cell adhesion molecules, 2)
genes involved in muscular system development and function,
and 3) ion channel genes.

Partek gene ontology analysis of these 148 genes showed that
“biological adhesion” genes are one of the most significantly
enriched group of genes with enrichment score of 4.5 and
enrichment p value of 0.01 (Fig. 7B). These genes include
ACAN, aggrecan; ITGA7, integrin a7; ITGAI10, integrin «10;
ITGBS, integrin B8; CDH6, cadherin 6; COL2A 1, collagen, type
II a1; and COL8A1, collagen type VIII al. We validated the
microarray findings by using quantitative real time PCR (qRT-
PCR) to assay some of these cell adhesion genes with known
cardiac expression. The qRT-PCR results showed that ACAN,
ITGA7,ITGA10, and COL2A1 mRNA levels were significantly
increased in Casz1P8°°/P& heart (Fig. 7D). These genes are
known to be important for cell organization and tissue
morphogenesis.

IPA analysis of CaszlI target genes showed that in the physi-
ological system development and function categories, genes
involved in skeletal and muscular system development and
function are the most significantly enriched genes (Fig. 7C, left
panel). These genes include TGFB3, transforming growth fac-
tor, B3; CKM, creatine kinase, muscle; ACTA 1, skeletal actin «
1; CASQI, calsequestrin 1, fast-switch skeletal muscle; TNNI2,
troponin I type 2, skeletal, fast; and TNNT1, troponin T type 1,
skeletal, slow. These are muscle development and/or muscle
contraction genes or genes encoding cell structure proteins.
Consistent with the microarray results, the qRT-PCR results
showed that representative gene CKM, ACTAI, TNNI2,
and TNNTI mRNA levels were significantly decreased in
Casz1P&e°/Pee° heart (Fig. 7D).

In addition to the alterations in expression of the cell
adhesion and muscle development genes in CaszlP8e°/Pee°
heart, we found dysregulation of multiple ion channel genes in
Casz1P8°°'Pg° heart (Fig. 7C, right panel). Some of these genes,
especially the potassium and calcium channel genes, have the
potential to affect the conduction system function in the heart,
whereas some of them have been reported to affect cardiac
arrhythmia. These genes include ABCC9, ATP-binding cas-
sette, subfamily C, member 9 (part of an ATP-dependent potas-
sium channel); ATPIA3, ATPase, Na* /K™ transporting, a3
polypeptide; CACNA 1D, calcium channel, voltage-dependent,
L type, a1D subunit; KCNK3, potassium channel, subfamily K,
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FIGURE 5. Decreased proliferation in Casz1#92°/P92° heart. A, the E14.5 Casz1P9°°/P9°° hearts were morphologically different compared with the Casz1*/#9°
or wild type heart (compare the green arrow targeted region). B, lower magnification of H&E staining of transverse sections from E14.5 embryos (upper panels).
The lower panels represent a magnification of the regions that are depicted in the blue squares in the upper panel. The green arrow denotes the septal defect
apparent in the serial sectioning of the Casz1P9°/F9¢° heart compared with the Casz1™/* heart. C, paraffin sections from E14.5 hearts from Casz1™/* and
Casz1P92°/P3=° hearts were immunostained with antibodies for MF20 (red) and the mitosis marker phosphohistone H3 (pH3, green). The nuclei were stained
with DAPI (blue; left top panels, original overview; left bottom panels, high magnification). In the high magnification images, arrows indicate pH3™ cells. The
graph (right panel) represents the relative percentage of pH3 positive cells compared with the total number of DAPI positive Casz1P9°/F9¢° or Casz1*/*
cardiomyocytes from at least five sections from each embryo. The Casz1P9°/F9%° cardiomyocytes proliferate significantly slower than Casz1™/* cardiomyo-
cytes (p < 0.00001). D, tunnel staining (green) was performed using E14.5 heart paraffin sections (upper panels), and nuclei were stained with DAPI (blue). The
lower panels represent magnified areas delineated in the red squares in the upper panels. There was no significant difference in the number of apoptotic cells

observed in Casz1P9¢°/F9¢° cardiomyocytes compared with Casz1™/* cardiomyocytes.

member 3; and KCND2, potassium voltage-gated channel,
shal-related subfamily, member 2. Consistent with the microar-
ray results, QRT-PCR results showed that representative gene
CACNAID and ATPIA3 mRNA levels were significantly
increased, whereas ABCC9 and KCND2 mRNA levels were sig-
nificantly decreased in Casz1P&°°/P&® heart (Fig. 7D).

Because loss of CaszI led to a decrease of cardiomyocyte
proliferation, we assessed whether Casz! affects the expression
of genes controlling cell cycle and cell proliferation. IPA analy-
sis of Casz1 target gene showed that genes involved in cell cycle
and cellular growth were significantly enriched (Fig. 84). These
genes include EDN1, endothelin-1; NEFL, neurofilament, light
polypeptide; TGFB3, transforming growth factor B83; DCC,
deleted in colorectal carcinoma; and SIK1, salt-inducible kinase
1. Consistent with the microarray results, the changes in the
expression of these genes were confirmed by qRT-PCR (Fig.
8B). In the microarray data, we found that TP63, tumor protein
63, a classic cell cycle and growth regulation gene, was up-reg-
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ulated by 1.4-fold in Caszl knock-out heart, which was not
included in the initial analysis because the cut-off was set as >
or <1.5-fold. However, qRT-PCR results confirmed the up-
regulation of TP63 in Caszi-deficient heart (Fig. 8B). Thus the
dysregulation of genes involved in cell cycle and cell growth
regulation in CaszI-deficient heart may contribute to a
decrease in cardiomyocyte proliferation.

Validation of Caszl Target Genes in Cellular Models—To
provide additional evidence for CaszI-dependent gene expres-
sion in heart, we performed gain and loss of function studies in
cellular models. For overexpression expression experiments we
used the human CASZ1b ¢cDNA construct because it is the
most evolutionarily conserved isoform (11, 14). First, we used
human cardiac fibroblasts whose level of Caszl expression is
not detectable by routine qRT-PCR. After overexpression of
Casz1 in cardiac fibroblast cells, the muscular system develop-
mental gene TNNT1, CKM, and the contract fiber gene ACTA 1
mRNA were significantly up-regulated, whereas the cell adhe-
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FIGURE 6. Disorganized fiber orientation in Casz1P9°°/P9<° heart. To visualize
thin filaments, Casz1™/* and Casz1P9°/F9%° E14.5 hearts were stained with phal-
loidin-488 (green) to detect F-Actin and co-stained with TOPRO3 to show cell
nuclei. The left panels show the co-staining results of the left ventricles of the
hearts. The right panels represent magnified areas delineated in the red squaresin
the left panels. Enlarged images showed complete disruption of the fiber orien-
tation/cell alignment in the left ventricle (LV) of Casz1P9°°/F9e° heart.

sion gene ACAN, ITGA10, and cell growth regulation gene
TGFB3 were significantly decreased (Fig. 94, panel c). In
another model, the cardiac muscle cell line HL-1 retains phe-
notypic characteristics of cardiomyocytes and expressed Casz1.
Real time PCR analysis showed that after knockdown of CaszI
expression, contractile fiber gene ACTAI mRNA levels were
significantly decreased, whereas the cell adhesion gene ITGA10
and cell growth regulation gene TGFB3 mRNA levels were sig-
nificantly increased (Fig. 9B, panel a). Overexpression of
CASZ1b significantly increased ACTAI mRNA level and
decreased IGTA 10 gene mRNA levels, although overexpression
of CASZ1b did not lead to the significant decrease in TGFB3
mRNA levels (Fig. 9B, panel c). These results validated our
microarray data and demonstrated that in two cellular models
in vitro, Caszl regulated some of the genes that were regulated
in hearts in vivo.

Loss of Caszl Affects Sarcomeric Organization—To gain
insights from the microarray data, we further performed gene
set enrich analysis (GSEA) using the whole microarray gene list.
GSEA is able to determine whether an a priori defined set of
genes shows a statistically significant difference between
Casz1™'* and Casz1P8°°/Pe° heart. The results showed that the
“contractile fiber” genes (genes which encode muscle structural
and regulatory proteins) were negatively enriched in Casz1Pg/Pe=°
heart, and the expression level of these genes decreased in
Casz1P8e°/Pee° heart (Fig. 104, panels a and b). Similarly, the
contractile fiber genes were also significantly enriched (Fig.
104, panel c). Contractile myofibers are composed of contrac-
tile units (sarcomeres) consisting of A band, I band, M band,
and Z disc (Z line). To investigate whether the loss of Caszl
affected the organization of contractile fibers, we stained the
transverse section of the E14.5 hearts with anti-desmin anti-
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body. Desmin forms a network of filaments that extends across
the myofibril and surrounds Z discs. Immunofluoresence anal-
ysis revealed a clear striated pattern for desmin labeling in car-
diomyocytes of the trabecular region of CaszI™’* heart. A stri-
ated pattern of desmin labeling in the CaszI-deficient heart
could be detected, but it was not as pronounced, and the Z line
density was lower (Fig. 10B). Electron microscopy of heart sec-
tions from Casz1P8°°/P&*° embryos confirmed that a normal
sarcomeric structure could exist but did not enable an enumer-
ation of whether there were different degrees of formation.

To further evaluate and quantify how the loss of Caszl
affected myofiber organization, we cultured E14.5 cardiomyo-
cytes in vitro and stained the cells with anti-a-actinin antibody
(Fig. 11). a-Actinin is present at the Z line of the sarcomere. The
cells were co-stained with phalloidin-Alexa 488 to detect F-ac-
tin. Immunofluorescence analysis revealed a clear striated pat-
tern for a-actinin labeling in over 80% of cardiomyocytes from
Casz1 /" heart, but less than 50% of cardiomyocytes from
Casz1P8°°/P&e° heart exhibited a clear striated pattern of a-ac-
tinin labeling (Fig. 11, A, left panels, and B). Consistently immu-
nofluorescence analysis revealed a clear striated pattern for
F-actin labeling in cardiomyocytes from Caszl ™' hearts, but
not from Casz1P&°°/P°° hearts (Fig. 11A, middle panel). Inter-
estingly, the E14.5 Casz1°8°°’P&°° cardiomyocytes, which lack a
clear striated pattern, exhibit a different pattern of a-actinin
staining (Fig. 11C). It is possible that the loss of CaszI delayed
cardiomyocyte development or maturation, so we investigated
late stage embryos and found that the disrupted striated pattern
for a-actinin labeling was also observed in E15.5 Casz1Pge*/Pse°
cardiomyocytes (data not shown). Because the embryonic
lethality of Casz1P#°°/P&*° mice, we were not able to evaluate
sarcomere formation at later developmental stages. Neverthe-
less, our finding that the loss of CaszI contributes to a disorga-
nized sarcomeric organization in the cardiomyocytes is consis-
tent with the GSEA assay, which indicated that loss of CaszI led
to a negative enrichment of contractile fiber (part) gene. This
indicates that CaszI depletion in mice results in delayed devel-
opment of cardiac myocytes.

DISCUSSION

In this study, we find that Casz!I is critical for murine heart
development. Although CaszI has been shown to be important
in heart development in Xenopus (17), our study indicates that
loss of CaszI in murine hearts has a different functional impact
than was shown in Xenopus. In this study, we demonstrated
that Caszl deletion in mice leads to abnormal heart develop-
ment including abnormal gene expression, hypoplasia of myo-
cardium, a ventricular septal defect, and aberrant heart
morphology.

Casz1 deletion also led to the embryonic lethality occurred at
E17.5. Although heart failure may lead to this embryonic lethal-
ity, we cannot rule out the possibility that aberrant develop-
ment of other organ such as the nervous system may be
involved, because Casz1 is highly expressed in the nervous sys-
tem during embryogenesis (Fig. 1, C and D). Future studies will
focus on how loss of CaszI affects nervous system development
and embryonic lethality.
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Caszl deficiency in the murine embryonic heart led to hy-
poplasia of the left and right ventricles, as well as the septum,
and was associated with decreased cell proliferation (Figs. 3 and
5). This contrasts with the finding that knockdown of Casz1 in
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Caszl- gene trapped murine model. However, it is also possible
that the differences in the heart development defects noted
between Xenopus and mice are due to the major differences in the
CaszI gene in these species. In Xenopus, the Caszl gene encodes
two isoforms Csta (1108 amino acids) and CstB (1087 amino
acids), and both have five zinc fingers (17). However, the murine
Caszl locus, like the human, encodes two major isoforms; the
short isoform Casz1b is similar to Xenopus Casz1, but the full-
length isoform Caszla has 1762 amino acids with 11 zinc fingers
(12). The evolutionarily acquired six extra zinc fingers in mouse
Caszla may play certain roles during heart development through
differential DNA binding or protein-protein interactions. Consis-
tent with this hypothesis, microarray analysis of neuroblastoma
cells transfected with either CASZ1a or CASZ1b showed that 16%
genes were specifically regulated by either Caszla or Casz1b (data
not shown), indicating that there are some isoform-specific tar-
gets, at least in some cell types.

The murine Caszl-deficient hearts exhibit morphology
anomalies, a ventricular septal defect and hypoplasia of myo-
cardium (Figs. 3 and 5), which may be caused by abnormal gene

expression. Cardiac morphogenesis is a complex process that is
coordinately regulated by many transcription factors such as
Nkx2-5, TBXS, GATA4, and GATA6 (3-5, 7). Caszl is a novel
transcription factor highly expressed in heart, and we found that
abnormal expression of cell adhesion genes are significantly
enriched in Caszl-deficient heart (Fig. 7B). Cell adhesion mole-
cules play critical role for embryo and tissue morphogenesis (29,
30). Caszl regulates cadherin family protein (CDH6), collagens
(COL2A1 and COL8AI), and integrins (ITGA7, ITGAI0, and
ITGBS), which are known to be important for tissue morphogen-
esis (31-33). Although it has not been reported that these genes
specifically affect cardiac morphogenesis, the abnormal expres-
sion of such cell adhesion genes may contribute to the disorga-
nized morphology in Casz1P&°/Pe°® heart. The dysregulation of
genes involved in cell cycle and cell growth regulation in Casz1-
deficient heart (Fig. 8) may lead to hypoplasia of myocardium. For
example, both TGFB3 and TP63 are able to induce cell cycle arrest
and inhibit cell proliferation (34 —37), so the up-regulation of these
genes in Caszl-deficient heart may lead to the decrease of car-
diomyocyte proliferation.

FIGURE 7. Abnormal gene expression in Casz1#92°/P92° heart. A, microarray analysis of RNA from three E12.5 Casz1™/* hearts and three E12.5 Casz1P9°°/F9ee
hearts. The heat map was generated using Partek software. Two-thirds of these genes are aberrantly up-regulated, and one-third are aberrantly down
regulated in Casz1P9°°/P9=° hearts. B, Partek gene ontology oncology analysis showed that the top two categories of enriched genes are “signaling” and the
process of biological adhesion. Biological adhesion genes in Casz1P9°°/P9¢° hearts that are up-regulated (red) or down-regulated (blue) are listed below. C, IPA
assays showed gene enrichment in the categories of physiological system development and function (panel 7) with a key subcategory being skeletal and
muscular system development and function genes that are up-regulated (red) or down-regulated (blue) in Casz1P9¢°/F9¢° hearts listed below and molecular
and cellular function (panel 2) with a key subcategory of genes in molecular transport and the ion transport genes that are up-regulated (red) or down-
regulated (blue) listed below. D, verification of microarray results. The mRNA levels of representative genes encoding cell adhesion molecules, muscle
contraction, and muscular development proteins and ion channels were evaluated by real time PCR and normalized to GAPDH gene. The mRNA levels of these
genes in Casz1P9°/P9e° hearts were significantly different compared with their levels in Casz1 ™" hearts. The bar graph represents means = S.D. (all p < 0.005).
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p < 0.05). Panel b, Western blot to show the overexpression of Casz1b in CASZ1b overexpressed cells. Panel ¢, after overexpression of CASZ1b, relative mRNA
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vector, and after a 2-day culture, the relative CASZ1b mRNA levels were evaluated by real time PCR using human CASZ1 primers. The graph represents mean =
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real time PCR. The bar graph represents means = S.D. (#, p < 0.05; ns represents no statistic significant difference).

The abnormal expression of muscle development and func-
tion genes, as well as the genes encoding contractile filament
proteins in the Casz1P&°°/Ps°° heart (Figs. 7 and 104), may con-
tribute to the heart abnormalities. Among muscle development
and function genes, CASQI1, TNNT1, and TNNI2 are genes
required for muscle contraction (38 —41). Gene ontology assay
using GSEA tool showed that 50% of the contractile fiber genes
were negatively enriched in Caszl mutant heart (Fig. 104),
although among most of them, their expression level only
decreased 10-20%, but as a group, the combined decrease can
lead to a significant phenotype and biofunction change. Among
these contractile fiber genes, the ACTA level decreased 90% in
Caszl mutant heart. As a contractile fiber gene, ACTAL is
important for the organization of the sarcomeres (39). Consis-
tent with the finding of dysregulation of contractile fiber gene
expression, we found that CaszI-deficient cardiomyocytes dis-
played abnormal Z line formation (Fig. 11). Because cardiac Z
line plays an important role in cardiomyocyte signal transduc-
tion and disease and sarcomeres play a critical role in cardiac
pump functions (39, 42—45), it suggests dysregulation of con-
tractile fiber genes and muscle contraction genes in CaszI-de-
ficient heart contributes to the heart failure.

The cause of heart defects in CaszI deletion embryos is likely
due to altered expression of multiple CaszI downstream targets
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acting in combination, because many CaszI target genes are
reported to be important for heart function and/or have been
implicated in CHD. For example, a mutation in the muscle con-
traction gene ACTAI was found in a case of nonfatal hyper-
trophic cardiomyopathy (46), and TNNI2 mutations were
found in hypertrophic cardiomyopathy (47); mutations in
developmental gene TGFB3 were found in right ventricular car-
diomyopathy disease (48, 49). Ion channels such as potassium
channels and calcium channels are important for cardiac con-
duction (50-53), and they were transcriptionally regulated by
key cardiac transcriptional factors (54). Mutations in ABCC9 a
potassium channel gene were identified in human dilated car-
diomyopathy (55). The involvement of many of these genes in
heart function raises the possibility that these genes work in
combination to mediate CaszI regulatory functions during
heart development.

In fact, key cardiac transcription factors control heart devel-
opment via regulation of sets of genes that mediate cardiac
morphogenesis and contractility (3—6). Casz! targets overlap
with targets of known cardiac transcription factors such as
MYOCD, MEF2C, and GATA4. For example, ACTAI,
CACNAID, COL2A1, TAGLN, and LMODI are regulated by
Caszl, as well as MYOCD. ACTAl, CKM, MYOZI1, and
COL2A1 are regulated by Caszl, as well as MEF2C. Although
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FIGURE 10. Sarcomeric organization in Casz1P9°°/P92° heart. A, GSEA assay indicated the negative enrichment of genes encoding contractile fiber proteins
(panels a and b), as well as genes encoding contractile fiber part proteins (panel c). NES, normalized enrichment score; Nom, nominal; FDR, false discovery rate.
B, sections containing the trabecular regions of E14.5 hearts were labeled for desmin (red), and nuclei were stained with DAPI (blue). There is a striated pattern
for desmin labeling in both wild type and Casz1-deficient hearts, but the striated patterns are not as uniform or apparent in the Casz1-deficient heart.

these genes are both regulated by Caszl and MYOCD or
MEF2C, they were not regulated in the same direction (up
or down), which suggests that Caszl is not downstream or
upstream of MYOCD or MEF2C. Caszl may cooperate with
them to ensure that these genes are expressed at the appropri-
ate level or time during heart development. It is unclear at pres-
ent whether these genes are direct targets of CaszI because of a
lack of a ChIP grade Caszl antibody, but our future plan will
include the identification of CaszI direct targets in heart. Nev-
ertheless, using two different in vitro cellular models, we con-
firmed that many of the muscle development genes, contract
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fiber genes, and cell adhesion genes regulated by loss of Casz1 in
the heart in vivo were similarly regulated by Caszl in these
cellular models in vitro (Fig. 9).

Our finding that Casz1 is critical for mammalian heart devel-
opment and CaszI target genes are related to the pathogenesis
of CHD suggests that Caszl may be a novel CHD gene. Caszl
homozygous deletion in mice led to heart failure and embry-
onic lethality, although the Caszl heterozygous deletion did
not show apparent abnormalities in mice. This is not unusual
because some CHD causative genes cause severe heart defect
and embryonic lethality in the homozygous gene knock-outs,
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images show that clear Z lines were presented in the wild type cardiomyocytes, but not in the Casz1#9°°/#9=° cardiomyocytes. B, the CHITEST histogram shows
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but no apparent heart anomalies in heterozygous mice (56 —58).
CASZ1 resides on chromosome 1p36.22. Chr1p36 deletion is
one of the most common terminal deletions observed in
humans, and monosomy 1p36 is associated with many diseases
such as central nervous system malformations (88%), skeletal
anomalies, and heart defects (71-75%), but the 1p36 genes that
contribute to heart disease have not been clearly delineated (2,
16, 59). Interestingly, 1p36 deletion-related CHD includes car-
diac noncompaction and ventricular septal defect (2, 16), which
was also seen in our CaszI-deficient heart (Figs. 3 and 5).
Although no mutations of CASZI have been reported in CHD
patients, loss of heterozygosity of CASZI occurs in those
patients with 1p36 deletion syndrome-related CHD. Recent
exome sequencing results discovered de novo mutations in his-
tone-modifying genes in CHD that contribute to ~10% of
severe CHD, in which the key developmental genes expression
were dysregulated (60). We have shown that one allele of
CASZI may be lost by 1p36LOH in neuroblastoma tumors, and
the other allele may be epigenetically silenced by PRC2 com-
plex-mediated histone modifications (61). This raises the pos-
sibility that CASZI expression may be dysregulated in CHD
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with de novo mutations in histone modifying genes. Impor-
tantly, our previous study has shown that HDAC inhibitor
treatment of neuroblastoma cells leads to an increase of CASZ1
expression (61), suggesting a potential therapeutic modality.

Our data clearly demonstrate that CASZI is a novel cardiac
transcription factor that plays an important role in cardiac
development and morphogenesis in mammals. CASZ1 is a can-
didate CHD associated gene, and genetic or epigenetic altera-
tion on the CASZ1 gene may contribute to CHD.
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