
The Transcription Factor Atonal homolog 8 Regulates Gata4
and Friend of Gata-2 during Vertebrate Development□S

Received for publication, February 19, 2013, and in revised form, June 27, 2013 Published, JBC Papers in Press, July 8, 2013, DOI 10.1074/jbc.M113.463083

David R. Rawnsley‡1, Jiping Xiao§, John S. Lee¶, Xi Liu‡�, Patricia Mericko-Ishizuka‡, Vinayak Kumar‡, Jie He**,
Arindam Basu‡‡, MinMin Lu‡, Francis C. Lynn§§, Michael Pack**, Rosa Gasa¶¶ ��, and Mark L. Kahn‡2

From the ‡Department of Medicine and Cardiovascular Institute, and the Departments of **Medicine and ‡‡Animal Biology,
University of Pennsylvania, Philadelphia, Pennsylvania 19104, the §Department of Psychiatry, New York University, New York, New
York 10016, ¶Bristol-Myers Squibb, Hopewell, New Jersey 08525, the �Fourth Military Medical University, Xian, 710032 China, the
§§Departments of Surgery and Cellular and Physiological Sciences, University of British Columbia, Vancouver V5Z 4H4, Canada, the
¶¶Diabetes and Obesity Laboratory, Institut d’Investigacions Biomèdiques August Pi i Sunyer (IDIBAPS)-Hospital Clínic, 08036
Barcelona, Spain, and the ��CIBER de Diabetes y Enfermedades Metabólicas Asociadas (CIBERDEM), 08017 Barcelona, Spain

Background: GATA and FOG proteins are critical transcriptional regulators of multiple organ systems in vertebrate
development.
Results:The transcription factor Atoh8 genetically interacts withGata4 and Fog1 in zebrafish development andmouseATOH8
co-immunoprecipitates with FOG2.
Conclusion: Atoh8 is a physical and genetic partner of Fog2 and GATA4.
Significance:This study identifies Atoh8 as a transcriptional partner and regulator of theGATA-FOG transcriptional complex.

GATA and Friend of GATA (FOG) form a transcriptional
complex that plays a key role in cardiovascular development in
both fish and mammals. In the present study we demonstrate
that the basic helix-loop-helix transcription factor Atonal hom-
olog 8 (Atoh8) is required for development of the heart in fish
but not inmice. Genetic studies reveal that Atoh8 interacts spe-
cifically with Gata4 and Fog1 during development of the heart
and swim bladder in the fish. Biochemical studies reveal that
ATOH8, GATA4, and FOG2 associate in a single complex in
vitro. In contrast to fish, ATOH8-deficient mice exhibit normal
cardiac development and loss of ATOH8 does not alter cardiac
development in Gata4�/� mice. This species difference in the
role of ATOH8 is explained in part by LacZ and GFP reporter
alleles that reveal restriction of Atoh8 expression to atrial but
not ventricularmyocardium in themouse. Our findings identify
ATOH8 as a novel regulator of GATA-FOG function that is
required for cardiac development in the fish but not the mouse.
WhetherATOH8modulatesGATA-FOG function at other sites
or in more subtle ways in mammals is not yet known.

Development requires a series of stepwise transitions as cells
progress from a pool of uncommitted progenitors into differ-
entiated and highly organized tissues and organs. Cellular iden-
tity is largely determined by gene expression, as activation or
repression of a given set of genes can define cell fate (1). As a
result, transcription factors play a vital role in development via
their ability to regulate gene expression. As any single tran-
scription factor may have multiple roles in the organism, com-
binatorial interactions between factors are critical for main-

taining proper spatial and temporal control over gene
expression (1, 2).
TheGATA transcription factor family regulates the develop-

ment of multiple organ systems in vertebrates. GATA factors
are characterized by binding to the DNA binding motif WGA-
TAR and by structural conservation of two zinc fingers (3).
Among the six vertebrate GATA factors, GATA4, GATA5, and
GATA6 regulate multiple steps in the development of the ver-
tebrate heart, as well as several reproductive and endodermal
tissues (4–6). Although these factors are partially redundant (7,
8), GATA4 has been identified as a critical factor in cardiovas-
cular development. Loss of GATA4 results in lethal cardiovas-
cular defects in the mouse embryo (9–12). Depletion of gata4
in the zebrafish by morpholino knockdown results in an
unlooped heart tube (13), indicating that GATA4 has a con-
served role in heart development from fish to mammals.
GATA4 does not operate in isolation in cardiac development

and has been shown to interact with other cardiac transcription
factors (e.g. Tbx5 (14)). Among these interactions, the best
characterized is between GATA4 and FOG2, a member of the
Friend of GATA (FOG)3 family of transcriptional regulators
(15, 16). FOG proteins are unable to bind DNA and must
instead bind GATA factors to regulate transcription (17).
GATA factors bind Fog proteins via a highly conserved
sequence on the N-terminal GATA zinc finger, and a Gata4
point mutation that disrupts this interaction in vivo phenocop-
ies the loss of FOG2 (17, 18). Thus the major developmental
role of FOG2 is dependent on binding to GATA4. Interactions
with FOG factors have been shown to exert both positive and
negative effects on GATA transcriptional activity that depend
on the cellular context (15, 19–21). FOG proteins play critical
roles in heart development inmultiple vertebrate species. In the
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mouse loss of FOG2 results in cardiac defects and embryonic
death (22–24). In the zebrafish loss of Fog1, the Fog factor
expressed in the heart, results in a failure of heart looping (25).
In addition to the data from animalmodels, mutations in Gata4
and Fog2 have been linked to human congenital heart disease
(26–28), making further study of GATA-FOG function and
further identification of additional GATA-FOG interacting
partners an important goal for understanding human disease.
Basic helix-loop-helix (bHLH) transcription factors control

numerous aspects of vertebrate organ development and func-
tion (29). These factors are defined by the presence of a basic
helix-loop-helix domain in which the basic region binds to
DNA and the helix-loop-helix region mediates dimerization to
a second bHLH protein (30). Phylogenetic analysis has classi-
fied bHLH factors into groups, superfamilies, and finally fami-
lies based on evolutionary conservation (31, 32). Within the
atonal superfamily of bHLH factors, Atoh8 is the sole mamma-
lian member of the Net family. ATOH8 shares a 43–57% con-
servation of its bHLH domain with Atonal, NeuroD, and Neu-
rogenin familes (33). Unlike many genes within the atonal
superfamily that are encoded by a single exon, Atoh8 has a
unique three-exon gene structure that is conserved from
zebrafish to mammals (34). Previous in vitro studies have iden-
tified potential roles for Atoh8 in the development of the retina
(33), kidney podocytes (35), and pancreas (36). Morpholino
studies in zebrafish have revealed in vivo roles for the homo-
logue atoh8 in the developing retina and skeletal muscle (37).
However, the in vivo role for Atoh8 in mammals has remained
elusive, as Atoh8 gene targeted mice have been reported to die
shortly after gastrulation (36), precluding a study of Atoh8
requirement in mammalian organ development.
In this study, we demonstrate that Atoh8 associates bio-

chemically with Gata and Fog transcription factors and func-
tions with these factors during cardiac and swim bladder devel-
opment in the fish. Using morpholino knockdown of atoh8, we
identify a required role for atoh8 in the developing zebrafish
heart and swim bladder, organs that also require Gata factor
function to develop. We find that atoh8 exhibits strong and
specific genetic interaction with gata4 and zfpm1 (Fog1) in the
development of these organs in the zebrafish. In contrast to the
zebrafish and to a previously reported study in mice (36), we
find that ATOH8-deficient mice survive to adulthood without
cardiac defects. Expression analysis of Atoh8 using reporter
alleles in the mouse suggests that the discrepancy between the
mouse and fish loss of function phenotypesmay be explained by
restriction of Atoh8 expression to atrial myocardium in the
mouse.

EXPERIMENTAL PROCEDURES

Mice—We used the previously reportedGata4 null allele (9),
Zfpm2 (Fog2) null allele (22), Gata4fl floxed allele (38), CMV-
Cre allele (39), Nkx2.5Cre allele (40), andAtoh8�ex1-2 allele (36).
The Atoh8GFP, Atoh8�ex1, and Atoh8LacZ�ex2 alleles were gen-
erated by creating gene-targeting constructs by recombineer-
ing (41). SV/129 ES cells were targeted and then screened by
Southern blotting. We injected correctly targeted ES clones
intoC57/BL6 blastocysts.Atoh8GFP/GFPmicewere backcrossed
onto a C57/BL6 background. All other mouse experiments

were done in mixed genetic backgrounds. The University of
Pennsylvania Institutional Animal Care and Use Committee
approved all animal protocols.
Zebrafish Morpholino Studies—We used Tupfel long fin

strain zebrafish for all studies except for the transgenic cardiac
GFP studies. For the cardiac GFP studies, a previously
described transgenic cardiac reporter zebrafish line was used
(42, 43). Morpholino oligonucleotides were obtained from
GeneTools and injected into one-cell stage embryos at the indi-
cated doses. Morpholino sequences are listed in supplemental
Table S1. For all images, embryos were mounted in 2%methyl-
cellulose, and bright field and GFP images were acquired using
an Olympus MVX10 microscope with an Olympus DP72 cam-
era. The University of Pennsylvania Institutional Animal Care
and Use Committee approved all animal protocols.
Zebrafish in Situ Hybridization—Tupfel long fish strain

zebrafishwere used for all experiments. For the gata4 andatoh8
probes, the coding region of each transcript was amplified from
48 hpf zebrafish cDNA and cloned into pcDNA3. Probes were
synthesized using a DIG RNA labeling kit (Roche Applied Sci-
ence). In situ hybridization was performed as previously
described (44).
Co-immunoprecipitation Studies—cDNAs encoding GATA4

and FOG2 were cloned into pcDNA3.1 (Invitrogen); V5 epitope
tags were added during cloning. The GATA4-V217G point
mutation was introduced by site-directed mutagenesis. cDNA
encoding ATOH8 was cloned into p3XFLAG-CMV-7.1 (Sigma).
Constructs were transiently transfected intoHEK293T cells using
FuGENE 6 (Roche Applied Science). Nuclear extracts were iso-
lated from transfected cells as previously described (45). Immuno-
precipitations were performed as previously described (42).
FLAG-tagged Atoh8 was detected with HRP-conjugated anti-
FLAG-M2 antibody (1:1000, Sigma). V5-tagged proteins were
detectedwithmonoclonalmouse anti-V5 antibody (1:5000, Invit-
rogen) and HRP-conjugated goat anti-mouse IgG antibody
(1:5,000 Jackson ImmunoResearch Laboratories Inc.)
GST Fusion Protein Studies—cDNAs encoding ATOH8 and

FOG2 were cloned into pGEX-4T-1 (GE Healthcare Life Sci-
ences) and transformed into BL21 Escherichia coli. Trans-
formed cells were cultured at 37 ºC to a density of A600 � 0.6
and induced with 0.1 mM isopropyl 1-thio-�-D-galactopyrano-
side for 4 h at 30 ºC. Proteins were purified from cell lysates by
using a Bulk GST Purification Module kit (GE Healthcare Life
Sciences).
5� Rapid Amplification of cDNA Ends (RACE)—Total RNA

was isolated from postnatal day 14 (P14) Atoh8�ex1/�ex1 heart
and liver tissue using TRIzol (Invitrogen). 5� cDNA fragments
were generated and amplified using the SMARTer RACE
cDNA Amplification Kit (Clontech). Following amplification,
fragments were separated by gel electrophoresis and purified
(Qiagen). Isolated DNA fragments were cloned into pCR2.1-
TOPO by TOPO-TA cloning (Invitrogen). Single clones were
isolated and sequenced to identify the cDNA fragments.
Whole Mount X-Gal Staining—Whole embryos or organs

were dissected at the indicated ages. Tissues were fixed and
stained as previously described (46). Images were acquired
using an OlympusMVX10microscope with an Olympus DP72
camera.
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Histology and Immunostaining—Mouse embryos at the indi-
cated developmental stageswere dissected, fixed in paraformal-
dehyde, dehydrated, embedded in paraffin, and sectioned. We
performed immunostaining and hematoxylin-eosin staining.
Histological techniques were performed as previously described
(47, 48). For immunostaining, a goat polyclonal antibody against
GFP (1:250, Abcam)was used. Bright field and fluorescent images
were acquired using a Nikon Eclipse 80i microscope.
Fetal Echocardiography—Trans-uterine embryonic ultrasound

was performed using a high-resolution Vevo 770 micro-ultra-
sound system (VisualSonics Inc.) as previously reported (49).
Gene Expression Studies—E12.5 lung buds and E18.5 lungs

were dissected from embryonic mice. For E12.5 lung buds, six
lung buds were pooled together; for the E18.5 lungs, the right
lung was used. RNA was isolated from the tissue using TRIzol
(Invitrogen). 500 ng of RNA and 50 ng of random hexamer
primers were then used to synthesize cDNA using the Super-
Script First Strand Synthesis System (Invitrogen). Quantitative
RT-PCR was performed using SYBR Green Master Mix
(Applied Biosystems) on a 7900HT Fast Real-time PCR system
(Applied Biosystems). RT-PCR primers are listed in supple-
mental Table S2.
Statistics—p values in mouse genetic crosses were calculated

using �-squared tests. An unpaired two-tailed Student’s t test
was used for all other p values.

RESULTS

atoh8 Is Required for Heart Looping and Swim Bladder For-
mation in the Developing Zebrafish—Knockdown of atoh8 by
morpholino in the zebrafish has previously been reported to
result in severe developmental defects in skeletal muscle and
retina (37). To identify additional roles for atoh8 in develop-

ment, we used the same translation-blocking morpholino,
atoh8-MO1, and lowered the injected dose to 2.5 ng/embryo.
At this dose embryos did not develop the retinal and skeletal
muscle defects seen at higher doses and greater than 90% of
embryos survived beyond 72 hpf. Approximately 75% of
embryos injected with atoh8-MO1 developed an unlooped
heart tube and pericardial edema by 72 hpf (Fig. 1 A–F). We
attempted to rescue this phenotype with atoh8 cRNA injection,
but we were unable to rescue due to toxicity of the cRNA by 72
hpf (data not shown). To confirm that this heart phenotype was
due to loss of atoh8, we injected two additional atoh8morpho-
linos, one targeting the splice donor site at the exon 1/intron 1
junction (atoh8-MO2) and an additional translation-blocking
morpholino targeting the 5�UTR (atoh8-MO3). Eachmorpho-
lino produced a similar heart tube looping defect (Fig. 1,G and
H). In contrast, an atoh8-MO1 morpholino with five point
mutations failed to induce a heart looping defect (data not
shown). To further test the specificity of the observed cardiac
defects in atoh8 knockdown zebrafish we lowered the doses of
all three atoh8morpholinos and used them individually and in
combination. At low doses single morpholinos induced heart
looping defects in less than 10% of embryos; when used in com-
bination greater than 90% of embryos developed an unlooped
heart (Fig. 1I). This synergy suggests that the heart phenotype is
due to knockdown of the same target gene by all threemorpho-
linos, indicating that this phenotype is due to specific loss of
atoh8. These results indicate that atoh8 is required for normal
cardiac looping in zebrafish.
Morpholino knockdown of atoh8 also revealed that 95% of

injected embryos failed to develop an inflated swim bladder by
96 hpf (Fig. 2, A–C). This swim bladder phenotype was

FIGURE 1. Morpholino knockdown of atoh8 results in a failure of zebrafish heart looping and pericardial edema. A–F, one-cell zebrafish embryos were
injected with atoh8-MO1 morpholino (MO) (D–F) and examined at 72 hpf in comparison to uninjected controls (A–C). Transgenic fish expressing myocardial
GFP were used in C and F. G and H, one-cell zebrafish embryos were injected with atoh8-MO2 (G) and atoh8-MO3 (H) and examined at 72 hpf. I, low doses of the
three atoh8 morpholinos were injected independently and in combination into one-cell embryos and then scored at 72 hpf for an unlooped heart tube. Graph
in I shows the mean of three injections; error bars represent S.E.
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observed in embryos with the heart phenotype (Fig. 2B) as well
as embryos without the phenotype (Fig. 2C), indicating that the
swim bladder defect is highly penetrant and independent of the
cardiac defect.
atoh8 Specifically Interacts with gata4 and zfpm1 in

Zebrafish—To identify candidate genes that interact with
atoh8, we looked for genes that exhibit similar heart and swim
bladder defects in response tomorpholino knockdown. Knock-
down of gata4 results in an unlooped heart, pericardial edema,
and an uninflated swim bladder (13). To determine whether a
genetic interaction exists between atoh8 and gata4, we injected
zebrafish embryos with low dose gata4-specific and atoh8-spe-
cific morpholinos individually and in combination. Embryos
were then scored to determine the penetrance of swim bladder
and heart phenotypes to detect genetic interaction between
atoh8 and gata4 (50, 51). Co-injection of atoh8 and gata4mor-
pholinos resulted in a synergistic increase in the penetrance of
both the swim bladder (Fig. 3A) and heart (Fig. 3B) phenotypes.
These results suggest that atoh8 interacts with gata4 in the
developing zebrafish swim bladder and heart.
To determine whether the atoh8-gata4 interaction was spe-

cific,we examined whether atoh8 exhibited genetic interaction
with other transcription factors. Heart looping defects in the
zebrafish have been previously observed with morpholino
knockdown of mef2ca (50), tbx-5a (52), and zfpm1 (encoding
Fog1) (25). Small additive increases in the penetrance of the
unlooped heart phenotype were observed when mef2ca (Fig.
3C) or tbx-5a (Fig. 3D) morpholinos were injected in combina-
tion with atoh8-MO1. A larger synergistic increase was
observed with co-injection of zfpm1 and atoh8 morpholinos
(Fig. 3E). These results suggest that atoh8 specifically interacts
with gata4 and zfpm1 in the developing zebrafish heart.

gata4 and zfpm1 encode Gata4 and Fog1 proteins, respec-
tively. Previous studies have revealed a physical interaction
between mouse GATA4 and FOG2 (19), and germline expres-
sion of a GATA4 point mutant that does not bind FOG2 phe-
nocopies the loss of FOG2 and leads to cardiovascular death in
mice (18). Thus the interaction between GATA and FOG fac-
tors is critical for heart development. To determine whether a
similar genetic interaction exists between gata4 and zfpm1 in
the zebrafish, we co-injected low doses of the gata4 and zfpm1
morpholinos. gata4-zfpm1 morpholino combinations con-
ferred an increased penetrance of the heart looping defect to a
degree similar to that observed with atoh8-gata4 and atoh8-
zfpm1 morpholino combinations (Fig. 3F), suggesting that
Gata4 and Fog1 also interact in the developing zebrafish heart.
Our results suggested that atoh8 might act in concert with

both gata4 and zfpm1. To further test this hypothesis, morpho-
lino doses were further lowered and combinatorial knockdown
studieswere performed.At doses inwhich each individualmor-
pholino induced heart looping in �5% of embryos (Fig. 3G),
injection of all three morpholinos resulted in heart looping
defects in �90% of embryos (Fig. 3G). This powerful synergy
between the three transcription factors suggests a strong inter-
action between atoh8, gata4, and zfpm1 in the developing
zebrafish heart.
ATOH8 Forms a Biochemical Complex with GATA4 and

FOG2—The strong genetic interaction observed between
atoh8, gata4, and zfpm1 in the developing zebrafish suggested
either that Atoh8 functions upstream or downstream of the
Gata-Fog complex in a common genetic pathway (i.e. an epi-
static relationship) or that these 3 transcription factors function
together in a single complex (i.e. a biochemical relationship).
Quantitative PCR studies of fish embryos injected with atoh8
morpholinos failed to reveal changes in the expression levels of
either gata4 of zfpm1 and morpholino knockdown of gata4 of
zfpm1 did not alter atoh8 levels (data not shown), suggesting
that atoh8 does not interact with gata4 and fog1 epistatically.
To assess a direct, physical interaction between these transcrip-
tion factors epitope-tagged mouse ATOH8, GATA4, and
FOG2 proteins were co-expressed in HEK293T cells and a
series of co-immunoprecipitation experiments were per-
formed.Wewere unable to immunoprecipitate FLAG-ATOH8
and V5-GATA4 together (Fig. 4A). However, immunoprecipi-
tation of FLAG-ATOH8 was associated with co-immunopre-
cipitation of V5-FOG2 (Fig. 4A), and when all three proteins
were co-expressed V5-GATA4 could be pulled downwith both
FLAG-ATOH8 and V5-FOG2 (Fig. 4B). Finally, co-expression
of FLAG-ATOH8, V5-FOG2, and V5-GATA4-V217G, a
GATA4 point mutant that has been shown to be unable to
associate with FOG2 (18), confirmed that association of
GATA4 with ATOH8 is bridged by FOG2 (Fig. 4B). We
attempted to confirm theATOH8-FOG2 interaction and assess
a direct mechanism of interaction using GST-ATOH8 and
GST-FOG2 fusion protein binding assays, but we were unable
to generate the GST-FOG2 protein (perhaps due to the large
size of FOG2) (data not shown). These studies provide a bio-
chemical explanation for the genetic interaction observed
between atoh8, gata4, and zfpm1 in the fish.

FIGURE 2. Morpholino knockdown of atoh8 prevents swim bladder infla-
tion. A–C, one-cell zebrafish embryos were injected with atoh8-MO1. Swim
bladder inflation was scored at 96 hpf in injected embryos (B and C) versus
wild-type (WT) embryos (A) at 96 hpf. Failure of swim bladder inflation was
observed in morphant embryos with (B) and without (C) the heart phenotype.
SB, swim bladder; PE, pericardial edema. Swim bladder location is outlined by
dashed line.
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Atoh8 IsWeakly Expressed in the ZebrafishHeart Tube—Due
to the physical interaction between ATOH8 and FOG2-
GATA4, we hypothesized that atoh8 is expressed in the
zebrafish heart tubewith gata4 and zfpm1. In situ hybridization
revealed atoh8 expression throughout the embryo at 13 (Fig. 5,
A and B), 30 (Fig. 5, C and D), and 48 hpf (Fig. 5F), consistent
with a previous report of atoh8 expression (37). Weak atoh8
expression was observed in the heart tube at 30 hpf (Fig. 5, C
and D), overlapping with the expression of gata4 (Fig. 5E).
Atoh8 IsNot Required for Survival in theMouse—The genetic

studies in zebrafish and biochemical studies using mouse pro-
teins described above suggested that ATOH8 may play an
important and conserved role in mammalian cardiac develop-
ment. ThemouseAtoh8 gene contains 3 exons, with all but one

amino acid encoded by exons 1 and 2. A deletion of exon1,
intron 1, and exon2 of Atoh8 (Atoh8�ex1�2) generated using a
bacterial artificial chromosome targeting vector was previously
reported to be lethal early in embryogenesis (36). We first
deleted Atoh8 function by inserting the eGFP coding sequence
followed by a stop codon into exon 1 to generate the Atoh8GFP
allele (supplemental Fig. S1). In contrast to the Atoh8�ex1-2/�ex1-2

mouse, Atoh8GFP/GFPmice were viable at the expectedMende-
lian ratio at postnatal day 14 (Table 1). However, GFP protein
could not be detected inAtoh8GFP/GFPmice using either immu-
nohistochemistry or Western blotting (data not shown).
Approximately half of exon 1 is left intact in the Atoh8GFP

allele, suggesting residual ATOH8 function might explain the
survival of Atoh8GFP/GFP mice compared with the lethality

FIGURE 3. atoh8 specifically interacts with gata4 and zfpm1 in the zebrafish heart. A, low doses of atoh8-MO1 and gata4 MO were injected alone or in
combination into one-cell embryos and scored at 96 hpf for failure of swim bladder inflation. B–F, low doses of morpholinos (MO) were injected alone or in
combination into one-cell embryos. Embryos were scored at 72 hpf for the unlooped heart tube phenotype. The following combinations were used: atoh8-
MO1 � gata4 (B), atoh8-MO1 � mef2ca (C), atoh8-MO1 � tbx5-a (D), atoh8-MO1 � zfpm1 (E), and gata4 � zfpm1 (F). G, doses for atoh8-MO1, zfpm1, and gata4
morpholinos were lowered as indicated and injected individually or in combination into one-cell embryos. Embryos were scored at 72 hpf for the unlooped
heart tube phenotype. For all experiments, control morpholino was used to equalize amount of the total morpholino used in each injection. Graphs show the
mean of 3 injections with �50 embryos per injection; error bars represent S.E. *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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reported for Atoh8�ex1-2/�ex1-2 mice. To rule out survival due to
presence of part ofAtoh8 exon 1, we generatedmice lacking all of
Atoh8exon1.LoxPsiteswere inserted to flankexon1andgenerate
the Atoh8fl allele (supplemental Fig. S2); Cre-mediated recombi-
nation between these two sites deletes the entire first exon.
Atoh8fl/fl mice were viable with no apparent defects. Transgenic
mice expressing CMV-Cre (39) were used to recombine the
Atoh8fl allele in themouse germline cells and create theAtoh8�ex1

allele (supplemental Fig. S2). Atoh8�ex1/�ex1 mice were viable at
the expected Mendelian ratio at postnatal day 14 (Table 1). The
viability of both Atoh8GFP/GFP and Atoh8�ex1/�ex1 mice indicate
that the first exon ofAtoh8 is not required for survival.
Analysis of Atoh8 mRNA transcripts in Atoh8�ex1/�ex1 mice

using 5� rapid amplification of cDNA ends (RACE) and exam-
ination of the EST database revealed the presence of Atoh8
transcripts that lack exon 1 and include an occult exon in intron
1 spliced to exons 2 and 3 (data not shown). However, no open
reading frame was identified that included the ATOH8 amino
acids encoded by exons 2 and 3. To definitively address the role
ofAtoh8 exon 2 and better characterizeAtoh8 expression in the
mouse, we replaced exon 2 with an IRES-LacZ gene trap cas-
sette to generate the Atoh8LacZ�ex2 allele (supplemental Fig.
S3). Atoh8LacZ�ex2/LacZ�ex2 mice were viable and present at the
expected Mendelian ratio at postnatal day 14 (Table 1). These
results indicate that neither exon 1 nor exon 2 of Atoh8 is
required for survival in the mouse. Because exons 1 and 2
encode virtually the entire coding sequence of Atoh8, these
results indicate that the ATOH8 protein is not required in the
mouse for survival, and that the embryonic lethality of
Atoh8�ex1-2/�ex1-2 mice does not reflect a requirement for
ATOH8 protein during mouse development but instead may
reflect loss or alteration of another region due to the use of a
bacterial artificial chromosome targeting construct (discussed
below).
Atoh8 Interacts Weakly with Gata4 in the Mouse—Although

our results indicated that there is not an absolute requirement
for ATOH8 in the mouse, our studies in zebrafish embryos and
our biochemical studies suggested that ATOH8 may be neces-
sary for optimal GATA4 and/or FOG2 function inmice. Loss of
Gata4 or Zfpm2 (encoding FOG2) in the mouse leads to severe

cardiovascular defects and death at E9.5–10.5 and E13.5,
respectively (9, 10, 22). To test for genetic interaction between
Atoh8 andGata4orZfpm2wegeneratedZfpm2�/�Atoh8GFP/GFP
and Gata4�/�Atoh8GFP/GFP animals. Zfpm2�/�Atoh8GFP/GFP
animals were viable and present at the expectedMendelian ratios
at both postnatal day 1 (P1) and postnatal day 14 (P14) (supple-
mental Table S3). In contrast, a small decrease in the number of
Gata4�/�Atoh8GFP/GFP animals was observed at P1, and this def-
icit became more pronounced by P14 (Table 2). Gata4�/�

Atoh8GFP/GFPmice that survived past P14were indistinguishable
from littermates and displayed no overt phenotypes, indicating
that deathoccurs inboth the immediateneonatal (byP1) andearly
postnatal (P1-P14) periods.
The partial loss of Gata4�/�Atoh8GFP/GFP mice observed at

P1 is consistent with either embryonic or neonatal death. To
more precisely determine the time of death, we examined
embryos in late embryogenesis to determine viability of the
Gata4�/�Atoh8GFP/GFP animals in utero. In contrast to P1,
there was no loss ofGata4�/�Atoh8GFP/GFP embryos at embry-
onic day 17.5 (E17.5) relative to control littermates (supple-
mental Table S4). Thus loss of these animals occurs between
E17.5 and P1. These results reveal that although ATOH8 is not
essential for mouse development, genetic interaction between
Gata4 and Atoh8 is conserved from zebrafish to mammals.
Gata4�/�Atoh8GFP/GFP Mice Exhibit Structurally Normal

Heart and Lungs—We next sought to understand the small
increase in mortality in Gata4�/�Atoh8GFP/GFP mice.
Gata4�/� heterozygotes have been reported to exhibit partial
postnatal lethality when backcrossed onto a C57/BL6 back-
ground (27, 53). Although the cause of death was not identified
in these studies, a higher incidence of cardiovascular defects
(27, 53) was identified in Gata4�/� animals compared with
wild-typelittermates.TodeterminewhetherGata4�/�Atoh8GFP/GFP
mice die due to cardiac defects, we examined animals in late
embryogenesis for these defects.Gata4�/�Atoh8GFP/GFPmicedid
not exhibit a decrease in cardiac fractional shortening at E17.5
relative to littermates (Fig. 6A), indicating that there is nomyocar-
dial or contractiledefect in these animals. Structural abnormalities
were also not detected inGata4�/�Atoh8GFP/GFP hearts by either
histology or echocardiography (Fig. 6, B and C, and data not
shown). These results suggest that defective heart development is
not the cause of death inGata4�/�Atoh8GFP/GFPmice. To further
rule out a myocardial cause of death in Gata4�/�Atoh8GFP/GFP
mice, we generated Nkx2.5-Cre Gata4fl/�Atoh8GFP/GFP mice. In
these mice Gata4 heterozygosity is limited to the Nkx2.5-lineage
cells, including themyocardium. There was no loss ofNkx2.5-Cre
Gata4fl/�Atoh8GFP/GFPmice at P1 (supplemental Table S5), con-
firming that the lethality seen in Gata4�/�Atoh8GFP/GFP mice is
not due tomore subtle cardiac defects.
Our zebrafish studies identified the swim bladder as a site of

gata4 and atoh8 interaction. Themammalian lung is the closest
evolutionary equivalent to the swim bladder; both organs share
an origin from a common region of the endoderm (54) and
express similar surfactant proteins for inflation (55). In addi-
tion, Gata4�/� heterozygotes on a C57/BL6 background have
also been reported to exhibit an increase in the pulmonary
defects (53). These results suggested that the increased lethality
observed in Gata4�/�Atoh8GFP/GFP animals may be due to

FIGURE 4. ATOH8 physically interacts with FOG2 and indirectly with
GATA4 via FOG2. A and B, FLAG-ATOH8, V5-GATA4-WT, V5-GATA4-V217G,
and V5-FOG2 were transiently expressed in HEK293T cells in the indicated
combinations, immunoprecipitated (IP) with anti-FLAG antibody, and
detected by Western blotting (IB) with anti-FLAG or anti-V5 antibodies as
indicated. V5-GATA4-WT is wild-type GATA4 with a V5 epitope tag.
V5-GATA4-V217G is a GATA4 mutant with a V5 epitope tag and a valine to
glycine point mutation at residue 217 that abolishes FOG2-GATA4
interaction.
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impaired lung development. We were unable to detect gross
structural abnormalities in Gata4�/�Atoh8GFP/GFP lungs (Fig.
7,A andB) or a statistically significant change in lungmass (Fig.
7C) at E18.5. There was also no change in the expression of the
type II cell marker surfactant protein-C (Sftpc) or the type I
marker Aquaporin-5 (Aqp5) by quantitative RT-PCR (Fig. 7D)
at E18.5, suggesting that both type I and type II cells are present
at normal numbers. Although we could not identify morpho-
logic defects in lung development, we next examined the
expression of molecular factors involved in mesenchymal-to-
epithelial signaling in Gata4�/�Atoh8GFP/GFP animals because
Gata4 expression in the lung is limited to the mesenchyme (53,
56). Mesenchymal expression of Wnt2, Fgf10, and Tbx4 has
previously been shown to be required for proper lung develop-
ment (57–59). Expression of these factors was down-regulated
in both Gata4�/� and Atoh8GFP/GFP lungs at E12.5 (Fig. 7E),
although we did not observe an additional decrease in the
expression of these factors in Gata4�/�Atoh8GFP/GFP com-

pound mutants. We also observed a decrease in the mRNA
levels of the mesenchymal transcription factor Twist1 in
Atoh8GFP/GFP lungs, and Twist1 mRNA levels were further
decreased in Gata4�/�Atoh8GFP/GFP (Fig. 7E). These results
suggest that Gata4 and Atoh8 regulate gene expression in the
developing lung mesenchyme. However, the lack of any struc-
tural defects in the lung indicates that the essential role for
Atoh8 in zebrafish swim bladder development is not conserved
in the mammalian lung.
Atoh8 Expression Is Restricted to the Atria, Lung Mesen-

chyme, andVascular SmoothMuscle in theMouse—To identify
the cellular site of interaction ofGata4 andAtoh8 in themouse,
we determined the expression pattern of Atoh8. Due to the
cardiac phenotypewe identified in the atoh8morphant fish and
the defined role for GATA4 in the cardiovascular system (9, 11,
12), we first focused on Atoh8 expression in the heart. Previous
studies have reported cardiac expression of Atoh8 (33, 35, 36),
but these studies have not defined the precise spatial or tempo-
ral expression pattern of Atoh8 within the heart. To determine
the expression pattern of Atoh8, we generated antibodies
against an N-terminal fragment of the ATOH8 protein. These
antibodies were able to detect ATOH8when overexpressed cell

FIGURE 5. atoh8 expression in the zebrafish. A and B, atoh8 expression by in situ hybridization at 13 hpf. Lateral (A) and dorsal (B) views are shown. C–E, in situ
hybridization for atoh8 (C and D) and gata4 (E) at 30 hpf. Lateral (C) and dorsal (D) views are shown for atoh8. Arrowheads in C and E indicate heart tubes. F,
expression of atoh8 at 48 hpf by in situ hybridization. Arrowhead in F indicates heart.

TABLE 1
Survival of Atoh8 homozygous mutant mice at postnatal day 14

TABLE 2
Survival of Gata4�/� Atoh8GFP/GFP mice at postnatal day 1 (P1) and
postnatal day 14 (P14)
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culture but could not detect ATOH8 in mouse tissues using
immunohistochemical staining (data not shown), and we were
unable to use them to determine Atoh8 expression in vivo.
In lieu of an effective antibody, we used the Atoh8LacZ�ex2

IRES-LacZ gene trap allele as a reporter for Atoh8 expression.
Whole mount X-gal staining of Atoh8LacZ�ex2/� embryos at
embryonic day 9.5 (E9.5) revealed LacZ expression in the devel-
oping brain, eye, somites, limb bud, and branchial arches,
whereas the heart was free of LacZ expression (Fig. 8A). This
pattern was largely maintained at E12.5, with persistent LacZ
expression in somites, brain, eye, and limb bud (Fig. 8B), but no
expression in the developing heart or liver was detected (Fig.
8C). To determine whetherAtoh8 is expressed in later stages of
heart development, we isolated and performed whole mount
X-gal staining on Atoh8LacZ�ex2/� hearts (Fig. 8D). At E16.5,
strong LacZ expression was observed in both the aorta and

pulmonary artery. There was weak staining of both the left and
right atria; the ventricles were negative except for the develop-
ing coronary vessels. At postnatal day 1 (P1) strong expression
in the aorta and pulmonary artery persisted, with increased
expression of the coronaries and atria, and no staining of the
ventricles. The vascular pattern in the great vessels and coro-
naries was maintained at P14. However, the atrial pattern was
altered, with continued right atrial expression but an absence of
expression in the left atrium. Whole mount X-gal staining of
Atoh8LacZ�ex2/� organs also revealed strong expression
throughout the lung at both E16.5 and P1 (Fig. 8E).
To determine which cells expressAtoh8 in the heart, we next

used immunohistochemistry to detect GFP expression from
the Atoh8�ex1-2 nuclear GFP reporter allele (36). As was seen
with whole mount LacZ staining of Atoh8LacZ�ex2/� mice,
nuclear GFP expression was detected throughout the atrial

FIGURE 6. Gata4�/�Atoh8GFP/GFP embryonic hearts are functionally and structurally normal. A, ejection fraction was determined for Gata4�/�Atoh8GFP/GFP

and littermates at E17.5. n for each genotype is shown in panel. Graph shows mean of all samples of that genotype; error bars represent S.E. B and C,
hematoxylin-eosin staining was performed on E17.5 heart sections from control (B) and Gata4�/�Atoh8GFP/GFP (C) embryos. Scale is shown in each panel.

FIGURE 7. Gata4�/�Atoh8GFP/GFP lungs appear structurally normal but display defects in mesenchymal-epithelial signaling. A and B, hematoxylin-eosin
staining was performed on E18.5 lung sections from control (A) and Gata4�/�Atoh8GFP/GFP (B) embryos. Scale is shown in each panel. C, lung/body weight ratios
were measured at E18.5 to compare lung growth between the indicated genotypes. n � 3– 6 embryos per genotype. D, surfactant Protein C and Aquaporin 5
expression in E18.5 lungs. n � 3 lungs/genotype. E, Wnt2, Fgf10, Tbx4, and Twist1 expression in E12.5 lung buds. n � 6 lung buds/genotype. All graphs show
the mean; error bars represent S.E. *, p � 0.05 compared with WT; #, p � 0.05 compared with Atoh8GFP/GFP.
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myocardium at E16.5 (Fig. 8, H and I). In contrast to whole
mount LacZ staining, GFP expression in the atria could also be
detected at the earlier E12.5 time point (Fig. 8, F and G), likely
due to the higher sensitivity of detection for this reporter. At
both time points, the ventricles displayed weaker expression
than the atria (Fig. 7J and 8G). In the ventricles, nuclear GFP
expression was limited to the layers of cardiomyocytes in clos-
est proximity to the endocardium (Fig. 8J). These results indi-
cate that cardiac expression ofAtoh8 is primarily limited to the
atria.
We next used the Atoh8�ex1-2/� GFP reporter allele to fur-

ther define theAtoh8 expression pattern in the lung and vascu-
lature. TheGFP reporter showed strong expression throughout
the mesenchyme of the lung at E12.5 (Fig. 8, K and L). In con-
trast, the epithelium was completely devoid of GFP expression
at E12.5 (Fig. 8L). This pattern of expression was preserved at
E16.5, with strong mesenchymal expression and no expression
in the epithelium of either the proximal or distal airways (Fig. 8,
M and N).
Atoh8�ex1-2/� GFP expression was observed in the vascular

smoothmuscle of the aorta and pulmonary artery (Fig. 8,O–R),
and in the smaller arteries of the lung (Fig. 8T). The endothe-
lium of these vessels was noticeably free of GFP expression (Fig.
8Q), indicating that vascular Atoh8 expression is limited to the

smoothmuscle. As in ventricularmyocardium,GFP expression
appeared to be strongest in the smooth muscle cells directly
underlying the endothelium (Fig. 8, P and Q), suggesting that
muscle cell Atoh8 expression may be regulated in some way by
the endothelium. In contrast to the arterial expression pattern,
the pulmonary veins were largely free of GFP expression (Fig.
8S). Thus studies of the Atoh8LacZ�ex2 LacZ and Atoh8�ex1-2/�

GFP reporter alleles are consistent and demonstrate thatAtoh8
is specifically expressed in the atria of the heart, lung mesen-
chyme, and arterial vascular smooth muscle. These findings
suggest that restricted gene expression in the mouse may
explain the lack of an important role for Atoh8 in mouse heart
development.

DISCUSSION

bHLH transcription factors regulate many aspects of verte-
brate development and organ function, including the heart and
lungs (60, 61). Previous studies of ATOH8 in the mouse,
zebrafish, and cultured cells have associated this transcription
factor with a very broad variety of biological roles in the central
nervous system, liver, pancreas, kidney, skeletalmuscle, and eye
in addition to a requisite role in early mouse development (33,
35–37, 62), but whether and how ATOH8 performs so many
roles has not been established. In the present study we have

FIGURE 8. Atoh8 is expressed in the atria, lung mesenchyme, and vascular smooth muscle. A–C, whole mount X-gal staining was performed on
Atoh8LacZ�ex2/� embryos at E9.5 (A) and E12.5 (B and C). C shows a magnified image of the boxed region in B with forelimb removed. D and E, whole mount X-gal
staining was performed at the indicated stages on isolated Atoh8LacZ�ex2/� hearts (D) and Atoh8LacZ�ex2/� lungs (E). F–T, anti-GFP immunostaining of heart
sections from Atoh8�ex1-2/� mice at E12.5 (F, G, K, L, and O) and E16.5 (H–J, M, N, and P–T). Horseradish peroxidase staining was used in panels F–P and R–T; FITC
staining was used in panel Q. Arrowheads in Q indicate endothelial cells lacking GFP expression. Scale is shown in each panel. H, heart; Liv, liver; Ao, aorta; PA,
pulmonary artery; RA, right atrium; RV, right ventricle; LA, left atrium; LV, left ventricle; IVS, interventricular septum; ProxAir, proximal airway; DA, distal airway;
PV, pulmonary vein; Art, artery.
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used loss of function genetic studies in both the zebrafish and
mouse and biochemical studies to define the biological roles
and molecular mechanism of action of ATOH8. Our studies
reveal essential roles for Atoh8 in zebrafish cardiac and swim
bladder development that are performed in concert with Gata
and Fog transcription factors. Biochemical studies suggest that
ATOH8-GATA-FOG interactions are conserved among the
mouse proteins, but extensive genetic studies in the mouse fail
to reveal an essential in vivo role for ATOH8, alone or with
GATA4, in mice. Expression analysis of Atoh8 in mice suggest
that one explanation for the difference between fish and mice
may be amore restricted gene expression pattern and perhaps a
more nuanced role in regulatingGATA-FOG function inmam-
mals. Future studies examining more specific roles in ATOH8-
expressing tissues are expected to provide additional insight
into cardiovascular function and disease regulated by GATA
and FOG transcription factors.
Previous studies of ATOH8 function in vivo have identified

essential roles in both zebrafish andmouse early embryogenesis
(36, 37). Our studies confirm an essential role in zebrafish
development for cardiac looping, but we find that neither the
first nor second exon of Atoh8 is required for mouse develop-
ment or postnatal survival. Because virtually the entire coding
sequence of Atoh8 is contained within these two exons, these
findings demonstrate definitively that the ATOH8 protein is
not required for mouse development or survival. This result
conflicts with a previous report of early embryonic lethality in
the Atoh8�ex1-2mouse lacking both exon 1 and 2 and interven-
ing intron 1 (36). There exist several alternative explanations
for the lethality seen in the Atoh8�ex1-2mouse. First, it is possi-
ble that removal of intron 1 in Atoh8�ex1-2 mice may have
deleted a critical non-coding element within this intron. Sec-
ond, it is possible that this discrepancy could reflect differences
in strain background and the effect of modifier genes. This is
unlikely as both Atoh8�ex1-2 and Atoh8GFP mice were studied
after being back-crossed more than 7 generations onto a pure
C57Bl/6 background. Finally, it is possible that this difference
reflects disruption of a genetic element outside theAtoh8 locus
in the Atoh8�ex1-2 mouse. The Atoh8�ex1-2 mouse was created
by gene targeting of ES cells using a bacterial artificial chromo-
some targeting vector, an approach that uses much longer
recombination arms than conventional gene targeting. With
this approach recombination can take place over a much larger
area that, unlike gene targeting with conventional vectors, can-
not be fully assessed by PCR or Southern blot analysis of
genomic DNA following recombination. Thus it seems most
likely that mutations outside the coding region of Atoh8 are
responsible for the embryonic lethality of Atoh8�ex1-2 mice.
Our studies reveal a striking requirement for Atoh8 during

early cardiac development in the zebrafish, where it functions
in close association with Gata4 and Fog1 to regulate cardiac
looping (Figs. 1 and 3). Zebrafish atoh8 displays a high degree of
sequence conservation with its murine orthologue Atoh8, par-
ticularly within the bHLH domain (34), suggesting the possibil-
ity of a conserved role for Atoh8 in cardiac development. This
possibility is strengthened by the recent identification of an
ultra-conserved cardiac enhancer in the second intron ofAtoh8
present in both fish and mice (63), and by our finding that

murine ATOH8 interacts with FOG2 and GATA4 biochemi-
cally. In contrast to Atoh8-deficient fish, however, mice lacking
ATOH8 are viable and do not display defects in heart develop-
ment or function, even when put on aGata4�/� background to
further stress the putative transcriptional mechanism. One
explanation for this species difference appears to lie in the
highly specific and restricted pattern ofAtoh8 expression in the
mouse heart. Using two different reporter alleles, we detect
Atoh8 predominantly within the atria during development and
persistent expression that becomes primarily restricted to the
right atrium in mature animals. These results are consistent
with a shift in ATOH8 function from a broad role in regulating
early cardiac morphogenesis in the zebrafish to a more specific
role in atrial development and/or function in mammals, and
perhaps one that is more important in the mature than devel-
oping heart. Thus further study may reveal more subtle defects
in atrial function or electrical conduction in adult life.
In addition to identifying an essential role for atoh8 in the

development of the zebrafish heart and swim bladder, our stud-
ies reveal strong and specific genetic interaction between atoh8
and gata4 in the development of these tissues. This genetic
interaction is also weakly observed in mammals, as Gata4�/�

Atoh8GFP/GFPmice exhibit a partially lethal phenotype. Con-
sistent with our Atoh8 expression data using two reporter
alleles and studies of ATOH8-deficient mice, we find that peri-
natal death ofGata4�/�Atoh8GFP/GFPmice is not due to amyo-
cardial defect, as these animals have functionally and structurally
normalhearts. Inaddition,wewereunable toreproduce the lethal-
ity seen inGata4�/�Atoh8GFP/GFPmice with myocardial-specific
deletion, further ruling out the heart as the cause of death. We
couldnotdetermine thebasis for thecompound lethalityobserved
inmice, but the timingof this additional lethality, our studies iden-
tifying the lung mesenchyme as a site of strong Atoh8 and Gata4
expression, and the small changes in mesenchymal-to-epithelial
signaling observed in the developing lung of ATOH8-deficient
embryos suggest that subtle defects in lung function around the
time of birth may be causal.
Our biochemical studies demonstrate that mouse ATOH8,

FOG2, and GATA4 are capable of forming a single protein
complex in vitro, suggesting that ATOH8 may regulate GATA
and FOG function in mammals as well as fish. However, exten-
sive genetic studies to define such an interaction have very little
requisite interaction during development despite the impor-
tant roles previously demonstrated for GATA4 and FOG2. As
suggested above, part of the explanation for this species differ-
ence appears to lie in the restricted expression pattern ofAtoh8
in the heart, the tissue in which GATA4 and FOG2 play
required roles during development. Another explanation for
this difference may lie in the expression and function of GATA
and FOG in the mouse versus the zebrafish. Previous studies
using either hypomorphic Gata4 alleles or Gata4�/� animals
have revealed that partial loss of GATA4 is sufficient to confer
a lethal phenotype (27, 53, 64). In contrast, lethality in Fog2
heterozygotes has not been reported, suggesting that larger
reductions in FOG2 levels may be necessary to confer pheno-
types in the mouse. Because our biochemical studies implicate
FOG as the bridge between ATOH8 and GATA, more insight
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into the role of ATOH8 may require a better understanding of
the in vivo roles of FOG and its mechanism of action.
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