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The basic helix–loop–helix transcriptional repressor Hairy-related
transcription factor 2 (Hrt2) is expressed in ventricular, but not
atrial, cardiomyocytes, and in endothelial and vascular smooth
muscle cells. Mice homozygous for a null mutation of Hrt2 die
perinatally from a spectrum of cardiac abnormalities, raising ques-
tions about the specific functions of this transcriptional regulator
in individual cardiac cell lineages. Using a conditional Hrt2 null
allele, we show that cardiomyocyte-specific deletion of Hrt2 in
mice results in ectopic activation of atrial genes in ventricular
myocardium with an associated impairment of cardiac contractility
and a unique distortion in morphology of the right ventricular
chamber. Consistent with the atrialization of ventricular gene
expression in Hrt2 mutant mice, forced expression of Hrt2 in atrial
cardiomyocytes is sufficient to repress atrial cardiac genes. These
findings reveal a ventricular myocardial cell-autonomous function
for Hrt2 in the suppression of atrial cell identity and the mainte-
nance of postnatal cardiac function.

congenital heart disease � heart development � heart failure

Formation of the four-chambered vertebrate heart requires
complex morphogenetic events and interactions among di-

verse cell types with specialized functions. Atrial and ventricular
cardiomyocytes, for example, display distinct gene expression
patterns, contractile properties, and hormonal responses re-
quired for coordinated cardiac contractility. Endothelial cells
give rise to the endocardium and cardiac valves, and smooth
muscle cells contribute to the coronary arteries and inflow and
outflow vasculature. Abnormalities in the developmental events
associated with the differentiation, growth, migration, or cell–
cell interactions of these different cardiac cell types result in
congenital heart disease, the most common human birth defect
(1–4).

The Hairy-related transcription factor (Hrt) family of basic
helix–loop–helix (bHLH) proteins, also referred to as Hey, Hesr,
CHF, and HERP (5–8), consists of three members, Hrt1, Hrt2,
and Hrt3 (9). These proteins share homology in their bHLH
regions, which mediate DNA binding and dimerization, as well
as in an Orange domain of unknown function and a unique
C-terminal YXXW-TE(I/V)GAF domain. Similar functional
domains are contained in the Hairy/Enhancer of Split (HES)
proteins (10). During embryogenesis, Hrt2 is expressed in the
ventricular myocardium, but not in the atrial myocardium, and
in the cardiac outflow tract and aortic arch arteries (5, 9). Hrt
proteins function as transcriptional repressors downstream of
Notch signaling, which regulates binary cell fate decisions during
development. Upon activation by ligands such as Delta or Jagged
on the surfaces of adjacent cells, the intracellular domain of the
Notch receptor is cleaved and translocated to the nucleus where
it cooperates with CSL/RBP-J� to stimulate transcription of Hrt
genes (11, 12). In addition to binding to an E-box DNA sequence
motif, Hrt proteins physically interact with GATA factors and

repress the transcriptional activity of GATA-dependent genes
(13). Hrt proteins also dampen Notch-dependent activation of
their own genes independent of DNA binding (11, 14). The
repressive influence of the Hrt2 protein may result in part from
an interaction with the mSin3, N-CoR, and HDAC1 corepressor
complex (15).

Mice lacking Hrt1 are normal, whereas homozygous deletion
of Hrt2 in mice results in a remarkably variable spectrum of
cardiovascular defects, including ventricular septal defects
(VSDs), valvular defects, postnatal cardiac hypertrophy, cardio-
myopathy, and vascular abnormalities (16–20). Misexpression
studies have also suggested a role of Hrt1 and Hrt2 in boundary
formation within the atrioventricular canal (21). Because Hrt2 is
expressed in cardiomyocytes, vascular smooth muscle cells, and
endothelial cells, it is unclear which of these abnormalities
reflect cell-autonomous functions of Hrt2 in one particular cell
type. They may also be caused by secondary consequences of the
loss of Hrt2 function in one cell type that indirectly affects
another. The issue of cell autonomy is especially complex in the
heart in which a defect in one cell type can have profound effects
on growth and morphogenesis of other cardiac structures.

Here, we show that cardiomyocyte-specific deletion of Hrt2
results in ectopic activation of atrial genes in ventricular myo-
cardium accompanied by contractile dysfunction and a unique
distortion of right ventricular morphology. Our results indicate
that Hrt2 acts in the ventricular myocardium to repress atrial
gene expression, thereby functioning as a key regulator of
cardiac cell identity and function.

Results
Targeting the Mouse Hrt2 Gene. To create a conditional Hrt2 null
allele, we introduced LoxP sites into introns 1 and 3 of the mouse
Hrt2 gene by homologous recombination in ES cells (Fig. 1A).
Deletion of the region of the gene between the two LoxP sites
eliminates amino acids 29–82, which includes all of the basic and
most of the helix–loop–helix region, and splicing of exon 1 to
exon 4 alters the reading frame of the remainder of the tran-
script. The deleted gene therefore does not encode a functional
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protein. A neomycin resistance cassette flanked by sites for Flp
recombinase was incorporated into intron 3. Chimeric mice
obtained by blastocyst injection of ES cells heterozygous for the
targeted Hrt2 allele transmitted the mutant allele through the
germ line, yielding mice heterozygous for this Hrt2neo-loxP allele.
Breeding of these mice to mice expressing the FLPe recombinase
in the male germ line allowed for the removal of the neomycin
resistance cassette, creating the Hrt2loxP allele (Fig. 1B). A PCR
strategy was also designed to genotype the various Hrt2 alleles
(Fig. 1C). Homozygous Hrt2loxP mice were phenotypically nor-
mal, demonstrating that the Hrt2loxP allele did not function as a
hypomorphic allele.

We also created a null Hrt2 allele by replacing exons 1–4 with
a lacZ-neo cassette, referred to as Hrt2KO [supporting informa-
tion (SI) Fig. 7]. Mice homozygous for this mutant allele, in
either an isogenic 129 or a mixed 129/C57Bl6 background, died

in the neonatal period, and all showed VSDs, which is consistent
with studies by other groups (16–19).

Cardiac Defects Resulting from Myocardial Deletion of Hrt2. To
analyze the cardiomyocyte-specific functions of Hrt2 and their
involvement in the phenotypes in Hrt2 null mice, we bred
Hrt2loxP/loxP female mice to Hrt2KO/� mice harboring an Nkx2–
5-Cre recombinase (Cre) transgene, which is highly specific
for cardiomyocytes (22). In contrast to Hrt2KO/KO mice,
Hrt2loxP/KO;Nkx2–5-Cre mice with a cardiomyocyte-specific Hrt2
deletion are viable to adulthood. They did not have significant
valve defects or myocardial hypertrophy (Fig. 2), and the heart
weight/body weight ratios were normal (data not shown).
Hrt2KO/KO mice displayed a complete penetrance of VSDs,
whereas we observed no VSDs in six adult Hrt2loxP/KO;Nkx2–5-
Cre mice. However, the hearts of adult Hrt2loxP/KO;Nkx2–5-Cre
mice were grossly enlarged with an aberrant architecture of the
ventricular chambers in which the base of the dilated right
ventricle (RV) merged with the interventricular septum above
the apex of the heart (Fig. 2). Histological analysis of Hrt2loxP/

KO;Nkx2–5-Cre embryos at various stages revealed that this
morphological defect was apparent by embryonic day (E) 13.5
and persisted in adult animals. A small fraction (2/7) of Hrt2loxP/

KO;Nkx2–5-Cre embryos showed VSDs or the delay of ventricular
septal formation at E13.5–17.5 (Fig. 2).

The rarity of VSDs observed in Hrt2loxP/KO;Nkx2–5-Cre mice
suggested that cell populations other than cardiomyocytes con-
tributed to the formation of VSDs observed in all Hrt2KO/KO

mice. Consistent with this hypothesis, we observed that deletion
of Hrt2 with an SM22-Cre transgene, which is expressed in the
heart until E10.5 and in a subset of arterial smooth muscle cells
thereafter (23), resulted in VSDs and partial perinatal lethality,
whereas deletion of Hrt2 in the endothelium with Tie2-Cre did
not evoke detectable defects of cardiac structure (Table 1 and
data not shown). Thus, it seems likely that the VSDs of Hrt2KO/KO

mice arise as a result of the deletion of Hrt2 in smooth muscle
cells or, possibly, from the combined deletion in smooth and
cardiac muscle cells. Detailed comparison of the phenotypes in
various conditional mutant mice will be described elsewhere.

Contractile Dysfunction Resulting from Cardiac Deletion of Hrt2.
Hrt2KO/KO mice showed perinatal lethality in either an isogenic
129 or a mixed background, preventing the evaluation of cardiac
function at adult stages. To study the effects of myocardial-
specific Hrt2 deletion on contractile function, we performed
echocardiography on Hrt2loxP/KO;Nkx2–5-Cre mice (hereafter
referred to as Hrt2CKO mice) at 6 weeks of age (Fig. 3A).
Myocardial deletion of Hrt2 caused an increase in the systolic left
ventricular internal diameter (LVIDs) and a corresponding
deterioration in cardiac contractility, as indicated by decreased
fractional shortening (FS) (Fig. 3B). The diastolic left ventricular
internal diameter (LVIDd) did not change appreciably in mutant
mice. Because the decrease in FS primarily reflects an increase
in LVIDs, rather than an increase in both LVIDs and LVIDd as
is associated with general dilative remodeling, the cardiac dys-
function in Hrt2CKO mice is likely to arise from contractile
dysfunction.

Ectopic Activation of Atrial Genes in Ventricular Myocardium of Hrt2CKO

Mice. In an effort to determine the molecular basis of cardiac
dysfunction in Hrt2CKO mice, we compared the pattern of gene
expression in wild-type and mutant hearts at 6 weeks of age by
microarray analysis. Notably, atrial-enriched regulatory and
structural genes, such as those encoding sarcolipin (Sln), myosin
light chain (Mlc) 1a (Myl4), and Mlc2a (Myl7) were up-regulated
in the ventricles of Hrt2CKO mice (Fig. 4A). Quantitative real-
time PCR demonstrated that expression of all three genes
increased �10-fold compared with wild-type littermates (Fig.

Fig. 1. Targeting the Hrt2 locus. (A) The structure of the mouse Hrt2 protein,
denoting position of the exons, is shown at the top, along with the genomic
locus, targeting vector, and targeted allele. Lox P sites were inserted into
introns 1 and 3 of the Hrt2 gene, along with a neomycin resistance cassette
flanked by FRT sites in intron 3. The neomycin resistance cassette was removed
in the mouse germ line by breeding heterozygous mice to hACTB::FLPe
transgenic mice. Conditional deletion of exons 2 and 3 was achieved by
breeding Hrt2loxP/loxP to Hrt2loxP/� mice harboring transgenes that expressed
Cre recombinase tissue specifically. Position of the probe used for Southern
analysis is shown. bHLH, basic helix–loop–helix. (B) Southern blot analysis of
various Hrt2 alleles. Genomic DNA isolated from mice of the indicated geno-
types was digested with HindIII and analyzed by Southern blot with the
SalI/XhoI probe. (C) PCR strategy for genotyping various Hrt2 alleles. Primers
flanking the 5� loxP site are labeled in A. Genotypes are shown on the top.
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4B). In contrast, mRNA levels of GATA4 and �-myosin heavy
chain (Fig. 4B), Mlc1v, Mlc2v, and Cx40 (data not shown), and
phospholamban (SI Fig. 8) did not significantly change in the
ventricles of Hrt2CKO mice. In addition, the hypertrophic markers
b-type natriuretic peptide, �-skeletal actin (Acta1), and �-
myosin heavy chain were unchanged in Hrt2CKO mice (data not
shown).

We next examined the tissue distribution of the dysregulated
genes by in situ hybridization. The expression of Mlc1a and Mlc2a
was expanded in the ventricles of E17.5 Hrt2CKO mouse embryos,
particularly in the interventricular septum and compact myo-
cardium of both the LVs and RVs (Fig. 5). Wild-type mice
expressed these genes predominantly in the developing atria,
whereas low levels of expression were observed in the ventricular
trabeculation. Expanded expression of Mlc1a and Mlc2a was also
observed in the ventricles of E15.5 Hrt2CKO embryos (data not
shown). The expression of Sln was observed ectopically in the
compact myocardium of the ventricles of E17.5 Hrt2CKO mouse
embryos (Fig. 5), whereas this transcript is virtually absent from
ventricles of wild-type mice.

We also found the expression of atrial natriuretic factor (ANF)
and Tbx5 to be significantly increased in the left ventricles (LVs)
of Hrt2CKO mice (Fig. 5). ANF and Tbx5 normally display
expression in the atria and trabecular cells of the LV in wild-type
embryos. Because Cx40 is also expressed predominantly in the
atria and trabeculation of the LV, we examined the expression
of this gene by in situ hybridization at E17.5 and quantitative
RT-PCR in adult ventricular tissue. Cx40 did not show an
increase in expression in the ventricles (data not shown), sug-
gesting that Hrt2 regulates a subset of atrial-enriched target
genes.

Repression of Atrial Genes by Hrt2. To determine whether Hrt2 was
sufficient to repress endogenous atrial gene expression, we
infected atrial and ventricular cardiomyocytes with adenovirus
expressing Myc-Hrt2 or GFP as a control (Fig. 6). Because Sln,
Mlc1a, and Mlc2a were expressed at low levels in ventricular
myocytes, it was difficult to measure further reduction of their
expression by Hrt2. However, in atrial cardiomyocytes, the
expression levels of Sln, Mlc1a, and Mlc2a all were repressed by
adenovirus-mediated Hrt2 expression. Furthermore, a reduction
in expression of ANF and Tbx5 was apparent upon Hrt2 over-

expression in both atrial and ventricular cardiomyocytes (data
not shown). Importantly, Cx40 did not display an alteration of
expression levels in cardiomyocytes infected with myc-Hrt2
adenovirus, further demonstrating the specificity of Hrt2 target
genes (Fig. 6). These observations are consistent with the
increase in atrial gene expression observed in the Hrt2CKO mice
and suggest that Hrt2 is both necessary and sufficient to limit the
expression of atrial genes.

Discussion
Global deletion of Hrt2 in mice results in myriad cardiac defects,
which have been difficult to interpret because of the expression
of Hrt2 in numerous cell types (5, 7, 9), including cardiomyocytes,
smooth muscle cells, and endothelial cells, all of which are
required for cardiac development and function. Through the
conditional deletion of Hrt2 in each of these lineages, our results
uncover a myocardial cell-autonomous function of Hrt2 in
repression of atrial gene expression in the ventricular myocar-
dium and maintenance of normal function of the adult heart.
Misregulation of atrial genes in the ventricle likely contributes to
the abnormalities in cardiac contractility resulting from cardiac-
specific deletion of Hrt2.

Repression of Atrial Gene Expression by Hrt2. Based on the up-
regulation of multiple atrial genes including Mlc1a, Mlc2a, Sln,
ANF, and Tbx5 in ventricular cardiomyocytes of mice lacking
cardiac expression of Hrt2, we conclude that Hrt2 is required to
maintain ventricular identity and that activation of atrial genes
represents a default gene program resulting from the absence of
Hrt2-dependent repression. The atrialization of ventricular gene
expression is likely to alter contractile properties that are
required for ventricular function. For example, sarcomeric in-
corporation of atrial-specific MLCs in the ventricles of RXR� or
Mlc2v null mice leads to a reduced LV ejection fraction (24, 25).
Sln encodes an atrial-specific inhibitor of the cardiac sarcoplas-
mic reticulum Ca2� ATPase SERCA2a and suppresses Ca2�

uptake into the sarcoplasmic reticulum (26). Notably, overex-
pression of Sln in the ventricle in transgenic mice leads to
reduced cardiac contractility and heart failure (27–29). Misregu-
lation of these genes has also been associated with human cardiac
pathologies. For example, SLN levels have been shown to be
reduced in patients with atrial fibrillation (30), and MLC1a and

Table 1. Consequences of conditional Hrt2 deletion

Cre transgene Cell type of deletion Cardiac phenotype Viability

Nkx2–5-Cre Cardiomyocytes RV dilation and contractile dysfunction Viable
SM22-Cre Smooth and cardiac muscle RV dilation and contractile dysfunction; VSDs Perinatal lethal
Tie2-Cre Endothelial cells Normal Viable

Fig. 2. Cardiac defects resulting from myocardial deletion of Hrt2. Whole-mount and H&E sections of hearts of wild-type and Hrt2CKO mice at various embryonic
and postnatal (P) time points. Note the distention of the RV in the whole mount and the abnormal right ventricular chamber morphology in the H&E section
of the mutant. Also note a VSD observed in one Hrt2CKO embryo at E13.5 denoted by *. The arrowhead indicates the base of the interventricular septum, which
is shifted upward and toward the RV in the hearts of Hrt2CKO mice.
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MLC2a up-regulation has been observed in human cardiomy-
opathies (31, 32). Thus, the up-regulation of these atrial genes,
and Sln in particular, in ventricular myocardium could contribute
to the functional defects observed in the Hrt2CKO mice. Atrial-
ization of gene expression in the ventricle may also play a role
in the distended RV phenotype observed in the hearts of
Hrt2CKO mice. It is interesting to note that retrovirus-mediated
misexpression of Tbx5 in the presumptive RV results in a shift of
the interventricular septum to the right and a distended and
hypoplastic RV (33). The abnormal RV phenotype accompa-
nying the ectopic expression of atrial-enriched genes, especially
Tbx5 in the LV of Hrt2CKO mice, may suggest a role for Hrt2 in
the specification or maturation of the RV and LV. It is curious
that Hrt1, which shares a high structural similarity to Hrt2, is
expressed in atrial myocytes (9), but appears not to repress
endogenous atrial gene expression. Mice homozygous for Hrt1
deletion are viable and have not been reported to display an
increase in atrial gene expression, as might be expected (34, 35).
One possibility is that ventricle-restricted corepressors, such as
the homeodomain protein Irx4, which has been implicated in
suppression of atrial gene expression in ventricular myocardium,

mediate the negative influence of Hrt2 on atrial-specific genes
(36–40). Alternatively, amino acid differences between Hrt1 and
Hrt2 might confer unique functions to the proteins, possibly
allowing the association of Hrt2 with specific corepressors or
other transcriptional regulators.

The configuration of transcription factor binding sites in
atrial-specific genes may also confer Hrt2-specific responsive-
ness. The ANF promoter, for example, contains a 17-bp element
that seems to impart intrinsic repressive activity specifically in
postnatal ventricular cardiomyocytes (41). Mutation of this
element in the ANF promoter abolishes atrial specificity and
results in robust expression in the ventricles of transgenic
Xenopus embryos (42). It is interesting to note that sequences
upstream of the Sln, Mlc1a, and Mlc2a genes contain a similar
combination of cis elements, including conserved binding sites
for GATA factors, which serve as sensitive targets for repression
by Hrt2 (13).

Fig. 3. Functional defects resulting from myocardial deletion of Hrt2. (A)
Representative M-mode images of control mice or Hrt2CKO mice at 6 weeks of
age demonstrate an increase in LVIDs, which results in a decrease in cardiac
function. (B) Bar graph representations of LVIDd, LVIDs, FS, and heart rate
indicate that cardiac removal of Hrt2 reduces systolic function and attenuates
cardiac contractility.

Fig. 4. Ectopic activation of atrial genes in ventricles of Hrt2 mutant mice. (A)
Microarray analysis showing the fold up-regulation of atrial genes in the
ventricles of Hrt2CKO mice at 6 weeks of age. (B) Quantitative RT-PCR analysis
showing up-regulation of the atrial-specific genes Mlc1a, Mlc2a, and Sln in
ventricles of 6-week-old Hrt2CKO mice. The expression of GATA4 and �MHC are
not altered. The error bars represent standard deviation.

Fig. 5. Expression of atrial genes in Hrt2 mutant mouse embryos. In situ
hybridization of E17.5 hearts showing the ectopic expression of Mlc1a, Mlc2a,
Sln, ANF, and Tbx5 in ventricles of Hrt2CKO mice (Right) compared with control
mice (Left). Arrows depict ectopic expression in the ventricle.

Fig. 6. Hrt2 activity is sufficient to repress atrial genes in cardiomyocytes.
Quantitative RT-PCR analysis shows repression of atrial-specific genes in rat
neonatal atrial and ventricle cardiomyocytes infected with adenovirus ex-
pressing Myc-Hrt2. The error bars represent standard deviation.
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Regulation of Cell Fate Decisions by Hrt Proteins and Notch Signaling.
Hrt proteins function as targets of Notch signaling, which
regulates binary cell fate decisions during embryogenesis (43).
The role of Hrt2 in repression of atrial gene expression in
ventricular cardiomyocytes is reminiscent of its proposed role in
determining arterial versus venous identity, as shown in ze-
brafish lacking expression of gridlock, the orthologue of Hrt2,
which display the inappropriate development of venous instead
of arterial endothelial cells from vascular precursors (44–46).
However, mutations in genes encoding Notch family members or
their ligands have not, to our knowledge, been reported to induce
atrial gene expression in the ventricular myocardium. Thus, it
remains to be determined whether repression of the atrial gene
program by Hrt2 reflects a role of Notch signaling in this process
or occurs through a Notch-independent mechanism. In this
regard, the recent demonstration that members of the Hrt/Hey
family of genes act downstream of the BMP–Smad pathway (47)
raises the possibility that other signaling pathways may also use
these factors to regulate downstream target genes.

Conclusions and Implications. Although we have focused here on
the consequences of cardiac deletion of Hrt2, the conditional
allele of the Hrt2 gene will make it possible to determine the role
of Hrt2 in a temporal and tissue-specific manner and uncover
possible functional redundancies with other members of the Hrt
family. In this regard, mice lacking Hrt1 are viable and do not
display obvious phenotypic abnormalities, whereas Hrt1/Hrt2
double mutant mice die during embryogenesis from global
vascular deficiencies (34, 35). Combining the conditional Hrt2
allele with an Hrt1 null allele should permit the identification of
additional cellular processes that rely on the expression of these
genes in specific cell types. In the future, it will be interesting to
determine whether mutations in Hrt2 contribute to congenital
heart defects and whether Hrt2 modulates cardiac contractility
in humans as predicted from the phenotype of Hrt2 mutant mice.

Addendum. After completion of this work, a complementary
study (48) showed that global deletion of Hrt2 in mice also
resulted in up-regulation of atrial genes in the ventricular
myocardium. Cardiac-specific expression of Hrt2 from a trans-
gene was sufficient to normalize gene expression in the ventric-
ular chambers, consistent with our conclusion that Hrt2 acts in
a ventricular myocyte autonomous manner to repress the atrial
gene program.

Materials and Methods
Gene Targeting. Details of gene targeting and generation of
mutant mice are described in SI Text.

Conditional Gene Deletion with Cre Transgenic Mice. Heterozygous
Hrt2neo-loxP mice were intercrossed with hACTB::FLPe transgenic
mice to remove the neomycin resistance cassette in the germ line
(49). The following Cre transgenic mice were used to delete the
conditional Hrt2 null allele: Nkx2.5-Cre (22), SM22-Cre (23), and
Tie2-Cre (50).

Histology and in Situ Hybridization. Histological analyses and in situ
hybridization were performed by standard procedures as de-
scribed (9). Details are described in SI Text.

Echocardiography. Cardiac function and heart dimensions were
evaluated by 2D echocardiography in conscious mice using a
Vingmed System (GE Vingmed Ultrasound, Horten, Norway)
and an 11.5-MHz linear array transducer. The data were ana-
lyzed by a single observer blinded to mouse genotype.

Cardiomyocyte Cell Culture and Adenovirus Infections. Primary rat
cardiomyocytes were prepared as described (51), except that the
atrial cardiomyocytes were isolated along with ventricle cardi-
omyocytes. Forty-eight hours after plating, cells were infected
with adenovirus for 3 h in 10% FBS containing media at 50
multiplicities of infection. After an additional 48 h, the cells were
harvested, and RNA was isolated for RT-PCR. GFP- and
Myc-Hrt2-expressing adenoviruses have been described (13, 52).

RNA Purification, Microarray Analysis, and Real-Time PCR. Total
RNA was purified from mouse ventricular tissues and cultured
cardiomyocytes by using TRIzol (Invitrogen, Carlsbad, CA) as
described (13). Microarray analysis was performed with a Mouse
Genome 430 2.0 array (Affymetrix, Santa Clara, CA). Real-time
PCR was performed with the 7000 Sequence Detection System
(Applied Biosystems, Foster City, CA).
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