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Aims To examine the role of the basic Helix-loop-Helix (bHLH) transcription factor HAND1 in embryonic and adult
myocardium.

....................................................................................................................................................................................................
Methods
and results

Hand1 is expressed within the cardiomyocytes of the left ventricle (LV) and myocardial cuff between embryonic
days (E) 9.5–13.5. Hand gene dosage plays an important role in ventricular morphology and the contribution of
Hand1 to congenital heart defects requires further interrogation. Conditional ablation of Hand1 was carried out us-
ing either Nkx2.5 knockin Cre (Nkx2.5Cre) or a-myosin heavy chain Cre (aMhc-Cre) driver. Interrogation of
transcriptome data via ingenuity pathway analysis reveals several gene regulatory pathways disrupted including
translation and cardiac hypertrophy-related pathways. Embryo and adult hearts were subjected to histological, func-
tional, and molecular analyses. Myocardial deletion of Hand1 results in morphological defects that include cardiac
conduction system defects, survivable interventricular septal defects, and abnormal LV papillary muscles (PMs).
Resulting Hand1 conditional mutants are born at Mendelian frequencies; but the morphological alterations acquired
during cardiac development result in, the mice developing diastolic heart failure.

....................................................................................................................................................................................................
Conclusion Collectively, these data reveal that HAND1 contributes to the morphogenic patterning and maturation of cardio-

myocytes during embryogenesis and although survivable, indicates a role for Hand1 within the developing conduc-
tion system and PM development.
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1. Introduction

During the process of cardiogenesis, a co-ordination of cell specification,
migration and differentiation of cardiomyocytes, endocardial cells, neural
crest, and epicardium co-ordinate the morphogenetic patterning of the
heart from a simple linear tube to a four-chambered structure with de-
fined pulmonary and systemic circulations.1–8 The orchestration of car-
diac morphogenesis lies within the gene regulatory networks that
determine these cell types. When these gene regulatory networks break
down, the result is often congenital heart defects (CHDs), which are

observed in almost one percent of live births.9–12 CHDs that result in
morphological alterations within the left side of the heart exhibit the
poorest clinical outcomes13 and the identification of the genes causative
of left-sided CHDs has been a priority in defining mechanisms of devel-
opment. Transcription factors that include TBX5,14,15 NKX2.5,16 and
GATA417,18 are associated with the development of CHDs; however,
the incidence of CHDs that are linked to defined genetic causes are small
in comparison to the total number of cases presented.19

The bHLH transcription factor HAND1 uniquely marks the cardio-
myocytes of the left ventricle (LV) as well as a ring of second heart field
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cardiomyocytes that directly contacts the cardiac outflow tract called
the myocardial cuff; however, the necessity of Hand1 in extraembryonic
tissues is thought to preclude the inheritance of HAND1 loss-of-
function mutations due to embryonic lethality.20–22 Conditional Hand1
ablations within the myocardium reveals a role for Hand1 in the forma-
tion of the intraventricular septum (IVS) and disruption of valvulogenesis
resulting in neonatal death.23 The data within this study confirms and
expands these embryonic phenotypes; however, our cardiomyocyte
model of Hand1 knockouts survives in larger numbers. More recently,
the idea of somatic HAND1 mutations has been proposed and indeed
HAND1 mutations in patient tissue samples are reported24–26 as well as
evidence of inherited HAND1 mutations27,28; however, testing the identi-
fied HAND1 mutant in mice did not reproduce expected phenotypes.29

LV-specific deletion of Hand1 and Hand2 in mice results in mice that are
viable but exhibit aberrant trabeculation and thickened compact zone
myocardium.30 In this study, we conditionally delete Hand1 from embry-
onic cardiomyocytes and perform E11.5 transcriptome analysis on iso-
lated ventricles. Data reveal expression changes in a number of gene
regulatory pathways, which are often observed as being dysregulated in
adult cardiac failure. Next, we allowed cardiomyocyte conditional
knockout (H1CKO) mice to go to birth. Results show H1CKOs are born
at Mendelian frequencies, are viable, fertile, and survive into adulthood;
however, H1CKO mice have cardiac conduction defects, develop car-
diac hypertrophy, heart dilation, and heart failure with preserved ejec-
tion fraction (HFpEF) resulting in death.

2. Methods

2.1 Mouse strains and genotyping
The Hand1 conditional (Hand1f/f) mice23 were out crossed and main-
tained on a mixed C57b/6; 129SV; NIH-SWISS background. Genotyping
was performed by Southern blot as described previously21,22,31,32 or
with allelic-specific primers H1 Sense 5’- GGG AGG GAC ATA GGC
GGG CGG GTT TT-3’ and H1 Antisense 5’-GGG GTG CGG CGG
GTG TGA GTG GTG-3’ using PCR conditions of 94�C 2 min, 63�C
1 min, 72�C 1 min for 30 cycles, and 72�C 5 min. B6.129S4-
Gt(ROSA)26Sortm1Sor/J (ROSA26R-b-gal homozygous; R26RlacZ) mice
were genotyped using a probe located 5’ of the Stop-Flox (and provided
by Dr Phillippe Soriano). Hand1f/f alleles were bred onto a R26RlacZ ho-
mozygous background and females of this genotype were crossed to ei-
ther the Nkx2.5 knockin Cre (Nkx2.5Cre)33 or a-myosin heavy chain Cre
(aMhc-Cre).34 Nkx2.5Cre; Hand1f/f; R26RlacZ or aMhc-Cre; Hand1f/f;
R26RlacZ mice were bred for all adult studies. Cre mice were genotyped
for the Cre allele either via Southern blot or PCR using the primers
Cre(F) 5’- ATTCTCCCACCGTCAGTACG-3’ and Cre(R) 5’- CGTTT
TCTGAGCATACCTGGA-3’ as described.30

2.1.1 Ethics statement
No anaesthetic/analgesic agents were used. Euthanasia was performed
using CO2 gas in a closed chamber followed by cervical dislocation. All
experiments were performed conforming to the NIH guidelines follow-
ing the Indiana University IACUC animal protocol 11326.

2.2 RNA capture followed by sequencing
(RNA Seq)
Poly-A RNA was processed for library construction by Cofactor
Genomics (http://cofactorgenomics.com, Saint Louis, MO, USA) from

both right ventricle (RV) and LVs of 2–3 representatives of the following
genotypes at E11.5: (Nkx2.5Cre/þ;Hand1f/f), (Nkx2.5þ/þ; Hand1f/f), and
(Nkx2.5Cre/þ;Hand1þ/þ; N = 6/genotype). Poly-A selected RNA was
sheared to appropriate size for cDNA synthesis. Double-stranded cDNA
was end-repaired and A-tailed for adaptor ligation. Indexed adaptors
were ligated to sample DNA, and the adaptor-ligated DNA was then
size-selected on a 2% SizeSelectTM E-Gel (Invitrogen, Carlsbad, CA, USA)
and amplified by PCR. Library quality was assessed by measuring nanomo-
lar concentration and the fragment size in base pairs. Raw sequence data
in Fastq format were assessed for quality (FastQC, http://www.bioinfor
matics.babraham.ac.uk/projects/fastqc/) and ribosomal RNA content.
NovoAlign version 2.08 (Novocraft, http://novocraft.com) was used to
align reads to the reference genome. Parameters were trained to maxi-
mize sensitivity while maintaining the highest specificity for this data set.
Resulting alignments were combined to create clusters of reads, which
represent non-redundant genomic regions in the reference genome se-
quence. Cluster boundaries are created by taking all samples into account
during the cluster generation to define the left-most and right-most end
co-ordinates of each cluster. Only uniquely mapping reads are taken into
consideration. Clusters then undergo linear normalization by multiplying
each sample’s locus coverage by the total reads of the lowest read-count
sample divided by the respective sample’s total reads. The normalized ex-
pression data are the basis for the expression comparison.

2.3 Bioinformatic analysis
The 75 bp single-end sequencing data generated with Illumina NextSeq
were mapped to Mus musculus mm10 reference genome using RNA-Seq
aligner STAR (v2.4.2a).35 The gene-based expression levels were quanti-
fied with feature Counts (subread v.1.5.0)36 applying parameters ‘-s 2 –Q
10’. Read counts were normalized to the total number of sequencing
reads falling into annotated gene regions in each sample, and further
scaled based on a trimmed mean of log-transformed counts per million
(CPM) value to correct for the variability of RNA composition in each
sample.37,38 The genes with expression greater than three per million
mappable reads (CPM > 3) in at least three samples were kept for gene
differential expression analysis with the R/Bioconductor package edgeR.37

Two samples, one from the Nkx2.5þ/þ; Hand1f/f group, and one from the
Hand1f/f group, were removed from the differential gene expression
analysis based on multidimentional scaling plot and Hand1 gene expres-
sion level. Benjamini and Hochberg’s algorithm was used to control the
false discovery rate (FDR). Genes with a FDR <5% were considered dif-
ferentially expressed. The differentially expressed genes were imported
into Ingenuity Pathway Analysis (IPA, QIAGEN) for upstream regulator
and disease and function analyses. Data are deposited at GEO and will be
available 1 June 2019 at the following URL: https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE128571 (accession number GSE128571).

2.4 QRTPCR
QRTPCR was performed on a QuantStudio 3 (Applied Biosystems,
Foster City, CA, USA) quantitative thermocycler using TaqMan primers
(Life Technologies, Whitefield, Bangalore, Karnataka, India) recognizing
the following transcripts: Hand1, Hand2, Cited1, Nppa, Mybcp1, Hcn4,
Gja5, Cxcl12, Tnni2, Itpr2, Crebbp, Adcy1, Phkg1, Ppp1r3a, Cacna1d, Plcb2,
and Mapkapk3. Gapdh is used in normalization. Error bars denote the
maximum and minimum relative level of gene expression in the test sam-
ples calculated using the confidence level set in the QuantStudio 3&5
software analysis settings. P values <_0.05 generated by the QuantStudio
3 software which calculates Benjamini–Hochberg FDR were regarded as

606 B.A. Firulli et al.
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significant and marked in all graphs as a single asterisk (*) n >_ 6 in all
experiments for all genotypes assayed.

2.5 Histology and morphometric analysis
Embryos (E9.5–E18.5) and adults were fixed in 4% paraformaldehyde,
dehydrated, embedded, sectioned, and haematoxylin and eosin (H&E)
stained as described.22,31 A minimum of six viable embryos per genotype
was used for all analyses. All data were collected on a Leica DM5000 B
compound florescent microscope. For scoring the incidence of VSDs
adult sections (N = 20 for Nkx2.5Cre and N = 12 for aMHC-Cre generated
H1CKOs) was calculated to be 0.7 and 0.5, respectively and show signifi-
cant P values of 0.02 and 0.01, respectively using the Fisher’s exact Test.

The Morphometric data were analysed following the established pro-
tocol as described.39 To measure the wall and trabeculae thickness, four
comparable levels of chamber cross-sections between the KO and con-
trol groups. Twelve to 20 spots along with the LV wall and RV wall were
measured for the wall thickness for each section, and 20 to 42 measure-
ments for trabecular thickness for each section. A Shapiro–Wilk test
was applied to each set of measurements to test for normal distribution.
For data sets fitting normal distribution, significance was calculated using
unpaired t-test. The diameter of trabecular myocardium data set failed
the normal distribution test and significance was determined by Mann–
Whitney U test. All the measurements had same variances (F test,
P > 0.05). N = 12 per genotype. Error bars represent standard deviation.

2.6 Immunofluorescence staining and
confocal microscopy imaging for
morphometric analysis
All images, confocal images, were obtained from single-laser layer scan-
ning (unstacked, magnifications: 400X). CD31-positive (green) cells rep-
resent endocardium, while MF20 (red) cells are myocardium. Cardiac
trabeculation and compaction were measured and calculated as previ-
ously described.39 Staining and analysis procedures were as previously
described.39 Slides were dried for 30 min at room temperature (RT) and
fixed for 10 min in cold acetone and washed 3 times in phosphate buff-
ered saline (PBS) before being treated with blocking solution (M.O.M
Kit, Vector Laboratories, Inc., Burlingame, CA, USA) for 1 h. Primary
antibodies were added to a final concentration of 2 lg/mL for MF20
(MF20, DSHB, Iowa City, IA, USA) and 5 lg/mL for CD31 (AF3628,
R&D Systems, Minneapolis, MN, USA) and incubated at 4�C overnight.
About 1 lg/mL secondary antibodies (A21202 AND A11058,
ThermoFisher Scientific, Waltham, MA, USA) were used and incubated
for 1 h at RT followed by DAPI staining and mounting (P36931,
ThermoFisher Scientific). PBS washes twice between each step. Samples
were analysed using a Leica TCS SP8 confocal microscope and Leica
Application Suite X. All images were from single-laser layer scanning
(unstacked, magnifications: 400X). CD31-positive cells represent endo-
cardium, while MF20 cells represent myocardium.

2.7 Echocardiography, electrocardiogram
(ECG), and epicardial optical voltage
mapping of Langendorff-perfused hearts
Adult mice (both sexes) of the indicated age were mice (N = 12 for 4-, 8-
, and 12-week studies; N = 6 for P >_ 210 animals) are anaesthetized with
isoflurane (2%) and oxygen (98%) mixture and assayed for cardiac func-
tion on either a Vevo 770 or Vevo 2100 ultrasound machine as de-
scribed.30,40,41 Functional analysis was performed by a single user (WZ)

for consistency. One-way analysis of variance (ANOVA) determined sta-
tistical significance with a P <_ 0.05 confidence.

2.8 ECG
Surface ECGs were performed on mice that were lightly anaesthetized
with 2% isoflurane mixed with O2. Mice were mounted on a heated stage
and temperature and heart beat were monitored during recording.
ECGs were recorded for 1 min at a sampling rate of 2000 Hz using the
PowerLab26T (ADInstruments, Colorado Springs, CO, USA). QTc was
calculated using LabChart software package (ADInstruments, Colorado
Springs, CO, USA) using the equation QTc = QT/(RR/100)1/2, where QT
is the measured Q-T interval and RR is the measured R-R interval.42 ECG
intervals were measured by averaging 100 beats using LabChart software
package. Statistical analysis was performed first by employing a Shapiro–
Wilk test to test for normal distribution and when normal distribution
was established, we next employed one-way ANOVA with post hoc
Tukey HSD test to determine significance (*P <_ 0.05, **P <_ 0.01).

2.9 Optical voltage mapping
High-resolution optical mapping experiments were performed on 6-
month-old Hand1f/f controls, Nkx2.5Cre/þ;Hand1þ/þ and Nkx2.5Cre/

þ;Hand1f/f CKOs using littermates as described previously.43 Hearts
were isolated and retrogradely perfused in Langendorff-mode with
temperature-controlled (37�C) Krebs–Henseleit solution (pH 7.4 when
gassed with a mixture of 95% O2 and 5% CO2) at an aortic pressure of
70 cmH2O. A volume-conducted ECG was monitored continuously
throughout the experiment. After 10 min of stabilization, the hearts were
stained with the voltage-sensitive dye Di-4-ANEPPS (2 lL of a 2-mmol/L
stock solution). The heart was then washed with dye-free solution for
5 min followed by the addition of (±)-blebbistatin to uncouple contrac-
tion from excitation (10mmol/L; Tocris Bioscience, Minneapolis, MN,
USA). The stained hearts were illuminated with a laser at a 532 nm wave-
length and the fluorescence was collected by a MiCAMUltima-L CMOS
camera (SciMedia, Costa Mesa, CA, USA) through a 715-nm long-pass fil-
ter. The fluorescence was recorded at a 1 ms/frame rate in a 100� 100-
pixel grid with a spatial resolution of 0.35� 0.35 mm2 per pixel. Optical
signals were processed with both spatial (3� 3 pixels Gaussian filter) and
temporal (three frames moving average) filtering. Hearts were paced at
the right atrium at a cycle length of 120 ms. Three 1-s recordings were
captured sequentially, while the right atrium was paced at cycle lengths of
120, 150, and 200 ms. This protocol was repeated once. Finally, three 1-s
recordings were acquired, while the hearts were paced from the apex at
cycle lengths of 120, 150, and 200 ms. Activation time was measured as
described previously.43 The prevalence of RBB was determined signifi-
cant by P = 0.015 using a v2 test.

3. Results

3.1 Transcriptome analysis of E11.5
H1CKO ventricles reveals that several
gene regulatory networks indicative of
cardiac dysfunction are altered
To look at the role of HAND1 in cardiomyocytes during development,
we intercrossed Hand1 conditional knockout mice23 with either
Nxk2.5Cre33 or aMhc-Cre34 driver mouse lines. Assessment of recombina-
tion was assayed by both wholemount in situ hybridization (ISH) as this
Nxk2.5Cre23 has not been utilized previously for Hand1 ablation

Loss of HAND1 in cardiomyocytes results in heart failure 607
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..(Figure 1). Additionally, we do not employ the systemic Hand1 knockout
allele21 in this study, thus requiring two Cre-mediated recombination
events to achieve Hand1 null cardiomyocytes compared to the study of
McFadden et al.23 These variations in approach and the inevitable
changes in genetic background over extended breeding, likely account
for the differences in our data.20,44 Results show that Hand1 expression
at E10.5 is specifically deleted within LV cardiomyocytes using either
Nxk2.5Cre (Figure 1A and B) or aMhc-Cre (Figure 1C and D; black arrows).
Hand1 expression within the pharyngeal arches and umbilical area show
deletion is conditional.

To gain an unbiased assessment of the changes in embryonic gene ex-
pression (both direct and indirectly regulated by HAND1), we isolated
mRNA from E11.5 RV and LV and performed RNA-Seq analysis compar-
ing Nkx2.5Cre/þ;Hand1þ/þ controls with Nkx2.5Cre/þ;Hand1f/f CKOs. We
chose E11.5 as it represents the peak of Hand1 expression prior to its

down-regulation.20,44 IPA for disease and biofunction identified a
number of pathways with a Z score of greater than j2j as summarized in
Table 1.

Alterations were seen in several diseases and biofunction classes asso-
ciated with adult cardiac failure including Nfat in Cardiac hypertrophy,
Cardiac hypertrophy, Cardiac b-adrenergic Signalling, and Renin-
Angiotensinogen Signalling as shown by changes in gene expression within
E11.5 day ventricles between control and Nkx2.5Cre/þ;Hand1f/f CKOs
hearts. Interestingly, EIF2 signalling, associated with protein translation
(required for increased muscle mass), is the most significantly (Z score
5.048; Table 1) changed pathway. To validate the accuracy of RNA-Seq
analysis, we performed QRTPCR on select candidate genes from these
pathways. As expected, results show Hand1 expression is decreased be-
yond detection in knockout samples vs. controls (Figure 1E). Hand2 ex-
pression is unaffected and consistent with previous studies the Hand1

Figure 1 Cardiomyocyte-specific deletion of Hand1f/f and validation of select genes from transcriptome analysis of Nkx2.5Cre/þ;Hand1f/f mutant hearts. (A)
Wholemount in situ hybridization of control E10.5 embryo showing Hand1 LV expression (arrows). (B) Nkx2.5Cre; Hand1f/f E10.5 embryo shows a loss of visi-
ble Hand1 LV expression. (C) A similar Hand1f/f control as shown in A. (D) aMhc-Cre; Hand1f/f embryo shows a loss of visible Hand1 LV expression. (E)
QRTPCR analysis was performed from E11.5 ventricle cDNA from Hand1f/f control and Nkx2.5Cre/þ;Hand1f/f mutant hearts. Candidate expression analysis of
genes associated with HAND1 regulation or not associated with an IPA biofunction category. (F) Expression analysis of genes chosen for protein kinase A and
cardiac hypotrophy biofunctions. Error bars represent the minimum and maximum relative level of gene expression. N >_ 6 (six mutants and six control hearts/
primer set). Error bars denote the maximum and minimum relative level of gene expression in the test samples calculated using the confidence level set in the
QuantStudio 3&5 software analysis settings. P values <_0.05 generated by the QuantStudio 3 software which calculates Benjamini–Hochberg false discovery
rate were regarded as significant and marked in all graphs as a single asterisk (*) n >_ 6 in all experiments for all genotypes assayed. Scale bars = 150lm.

608 B.A. Firulli et al.
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..transcriptional targets Cited1 and Nppa are down-regulated.23,30 Other
validated genes showing significant reduction in expression include:
Myosin binding protein C1 (Mybpc1), a gene associated with slow twitch
muscle, that is, dramatically, down-regulated in engineered cardiac tissue
upon p38MAPK inhibition,45 that is, causative of cardiac oedema and bra-
dycardia when knocked down in zebrafish,46 as well as highly expressed
in human hearts throughout the first trimester47; Hcn4, Hyperpolarization
Activated Cyclic Nucleotide Gated Potassium Channel 4, the potassium/so-
dium channel associated with LV non-compaction and conduction sys-
tem function48; CONNEXIN40 (Gja5) a tight junction protein also
associated with conduction system development; and49 Growth arrest-
specific 6 (Gas6), also associated with vascular formation50 and robustly
expressed in the heart51 (Figure 1E). Cxcl12 expression, a maturation fac-
tor required for coronary vessel development,52,53 is also significantly
down-regulated in our mutant ventricles by both RNA-Seq analysis and
QRTPCR (Figure 1E) similar to what we have previously observed in
Hand factor LV deletion mice.30

To further validate the transcriptome data and gain insight into the
gene regulatory networks revealed in the IPA, we next focused on bio-
functions that involved protein kinase A (PKA) signalling, a well-
established mechanism for Hand factor functional regulation,54 and path-
ways related to cardiac hypertrophy (Figure 1F). The contractile gene
Troponin I type 2 (Tnni2), associated with PKA biofunctions is significantly

up-regulated in Nkx2.5Cre/þ;Hand1f/f mutant hearts. Inositol 1, 4,5-trisphos-
phate receptor, type 2, (Itpr2) a regulator of transportation activity across
the sarcoplasmic reticulum membrane, is significantly down-regulated.
cAMP response element-binding protein binding protein (Crebbp), is a tran-
scriptional co-activator that is down-regulated close to significant levels
(P = 0.063). Adenylyl cyclase type 1 (Adcy1) and Phosphorylase b kinase
gamma catalytic chain (Phkg1) are both significantly down-regulated in
Nkx2.5Cre/þ;Hand1f/f mutant hearts (Figure 1F).

Genes associated with b-adrenergic signalling and/or cardiac hyper-
trophy validated by QRTPCR include: Protein phosphatase 1 regulatory
subunit 3A (Ppp1r3a) which is significantly elevated in expression in
Nkx2.5Cre/þ;Hand1f/f mutants; Calcium voltage-gated channel subunit alpha
1d (Cacna1d) is down-regulated (P = 0.063), phospholipase C beta2
(Plcb2) a gene also associated with PKA signalling, and Map kinase-
activated protein kinase 3 (Mapkapk3), a MAP kinase pathway driver are
both significantly down-regulated in Nkx2.5Cre/þ;Hand1f/f mutant hearts.
Protein phosphatase 1-like (Ppm1l) localizes to the endoplasmic reticu-
lum (ER) modulating ER-stress55 and thus influencing hypertrophy.
Ppm1l is significantly down-regulated in Nkx2.5Cre/þ;Hand1f/f mutant
hearts (Figure 1F). Together, this analysis shows that Hand1 loss in cardi-
omyocytes alters cardiac embryonic gene regulatory networks com-
monly found dysregulated in adult cardiac hypertrophy and heart
disease.

..............................................................................................................................................................................................................................

Table 1 Canonical pathways significantly altered in Nkx2.5Cre/þ;Hand1f/f E11.5 hearts

IPA class 2log(P value) Ratio jZ-scorej

Role of NFAT in cardiac hypertrophy 1.31Eþ00 1.03E-01 2.000

Agrin interactions at neuromuscular junction 3.3E-01 7.58E-02 2.000

Dendritic cell maturation 3.3E-01 7.19E-02 2.111

Protein kinase A signalling 2E-00 1.01E-01 2.117

Paxillin signalling 1.83E-00 1.33E-01 2.121

Aldosterone signalling in epithelia cells 1.11E-00 1.01E-01 2.121

Melanocyte development and pigmentation signalling 9.6E-01 1.08E-01 2.121

FLT3 signalling in haematopoietic progenitor cells 8.92E-01 1.08E-01 2.121

Cardiac hypertrophy signalling 2.8E-00 1.25E-01 2.132

Basal cell carcinoma signalling 4.7E-01 18.57E-02 2.236

TGF-b signalling 2.82E00 7.06E-02 2.236

STAT3 PATHWAYS 2.53E-01 6.85E-02 2.236

CDK5 signalling 1.54E-00 1.25E-01 2.309

Glioblastoma multiform signalling 5.64E-01 8.33E-02 2.309

NF-jB signalling 3.59E-00 7.32E-02 2.309

a-adrenergic signalling 1.24E-00 1.19E-01 2.449

Dopamine receptor signalling 1.17E-00 1.2E-01 2.449

IL-1 signalling 1.1E-00 1.12E-01 2.449

Wnt/Caþ pathway 7.49E-01 1.07E-01 2.449

Dopamine-DARPP32 feedback in cAMP signalling 3.02E-00 1.5E-01 2.524

Ephrin receptor signalling 9.21E-01 9.36E-02 2.53

Neuropathic pain signalling in dorsal horn neurons 8.92E-01 1.02E-01 2.53

Cardiac b-adrenergic signalling 3.03E-00 1.5E-01 2.673

Renin–angiotensin signalling 9.58E-01 1.03E-01 2.714

CREB signalling in neurons 2.99E00 1.37E-01 3.051

GNRH signalling 1.11E-00 1.06E-01 3.051

Synaptic long-term potentiation 1.89E-00 1.28E-01 3.207

EIF2 signalling 3Eþ01 3.73E-01 5.048

Loss of HAND1 in cardiomyocytes results in heart failure 609
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.. 3.2 Analysis of H1CKO embryos shows the
presence of ventricular septal defects and
an increased trabecular to compact zone
ratio
We next isolated E14.5 embryos and looked at cardiac histology via
H&E staining (Figure 2). Results show that consistent with previous find-
ings,23 Nkx2.5Cre H1CKOs embryos exhibit membranous ventricular sep-
tal defects (VSDs, asterisks; frequency 0.7; N = 20, P = 0.02 Fisher’s exact
test) and present with large immature mitral valves (MVs; Figure 2A and B
arrow). Mhc-Cre-H1CKOs present with similar phenotypes (Figure 2C and
D; frequency 0.5; N = 12, P = 0.014 Fisher’s exact test). We next per-
formed morphometric analysis to determine both trabecular and com-
pact wall thicknesses from immunoreacted sections (Figure 2E–I).
Antibodies for CD31 (green) and aMHC (red) were reacted on sections
from E14.5 control Hand1f/f to Nkx2.5Cre-H1CKOs hearts. Results show
that compact wall thickness is indistinguishable within the RV and LV
walls of Nkx2.5Cre-H1CKOs hearts (Figure 2I). In contrast, diameter of tra-
becular myocardium between Hand1f/f and Nkx2.5Cre-H1CKOs hearts
was found significantly thicker in the RV (P = 0.004) and the ratio of tra-
becular tissue to compact wall myocardium is significantly increased
within the LV of Nkx2.5Cre-H1CKOs heart (P = 0.008; Figure 2I). Previous
cell lineage analysis using Hand1eGFPCre shows that within the heart,
Hand1-lineage is restricted to the compact zone, trabecular, and small
domain within the IVS myocardium of the LV and within myocardial cuff
of the RV with no detectable expression observed within the endocar-
dium.56,57 Although the Hand1-lineage directly contributes to the epicar-
dium, Hand1 is not expressed within the proepicardial organ or
epicardium.56,57 These observations suggest that the observed CHDs
observed in H1CKOs are cell autonomous to the myocardium and that
cardiomyocyte deletion of Hand1 results in an increase of LV trabecular
tissue and that VSD and valve phenotypes are consistent with similar
published embryonic analysis.23

Figure 2 Histological assessment of cardiac morphology reveals
morphological defects in E14.5 H1CKOs hearts. H&E stained control
E14.5 Hand1f/f hearts (A, n >_ 10 and C, n >_ 10) compared to Nkx2.5Cre;
Hand1f/f (B, n >_ 10); and aMhc-Cre; Hand1f/f (D, n >_ 10) embryos.
Control heart morphology shows distinct RV and LV and patent IVS. In
Nkx2.5Cre; Hand1f/f mutants, ventricular septal defects are visible (aster-
isk), mitral valves appear immature (arrow), PM in B directly attaches to

Figure 2 Continued
the valve (arrowhead). aMhc-Cre; Hand1f/f mutants (D) display simi-
lar ventricular septal defects (asterisks) and a PM directly inserting
into the mitral valve (arrowhead n >_ 10). Scale bars = 500 lm.
Frequency of VSD occurrence was calculated to be 0.7 for
Nkx2.5Cre generated and 0.5 for aMHC-Cre generated H1CKOs and
exhibit significance with P values of 0.02 and 0.01, respectively
obtained using the Fisher’s exact Test. (E–H all n = 12 for controls
n = 11 for mutants) immunohistochemistry sections of Control (E
and F) and H1CKO (G and H) showing expression of the endothe-
lial-specific protein CD31 (green) the cardiomyocyte-specific anti-
body to aMHC (MF20, red) and nuclei are visualized by DAPI
staining (Blue). (I, n = 12 for control; n = 11 mutants). Sections were
used to calculate the thickness of the LV and RV compact walls, RV
and LV trabecular diameter, and the ratio of trabecula to compact
wall. A Shapiro–Wilk test was applied to each set of measurements
to test for normal distribution. All data sets fitting normal distribu-
tion were tested for statistical significance was calculated using un-
paired t-test n = 12 for control and n = 11 mutant hearts. Measure
of diameter of trabecular myocardium failed the normal distribu-
tion test, and significance was determined by Mann–Whitney U
test. Scale bars = 500 and 50lm where indicated. Error bars repre-
sent standard deviation...
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3.3 Functional analysis of H1CKO hearts
reveals defects in cardiac conduction
We next intercrossed Creþ/-; Hand1f/þ males with Hand1f/f females and
genotyped P10 offspring. Results from over 40 pups show surviving
Creþ/-; Hand1f/f H1CKOs at expected Mendelian frequencies using either
Cre driver (Supplementary material online, Table S1). Neonatal H1CKOs
survived to adulthood and were fertile. Although McFadden et al.23 re-
port only less than �5% viability using aMHC-Cre (and no survival with
Nkx2.5-Cre), their study utilized a Hand1LacZ/fx genetic combination and a
transgenic Nkx2.5-Cre driver vs. in our study, we utilized only Hand1f/f ge-
netic combination and the knockin Nkx2.5Cre driver. In our observations,
mice survive beyond 12 months of age and do not appear to suffer from
premature early death.

Given that the H1CKO transcriptome data showed alterations in the
expression of several cardiac conduction system genes and we validated
three of the identified genes by QRTPCR (Figure 1E), we looked at car-
diac conduction in adult mice using surface ECG analysis (Figure 3A–C).
Results show that when compared with Nkx2.5Cre/þ and Hand1f/f con-
trols Nkx2.5Cre/þ;Hand1f/f mutants exhibit an indistinguishable PR and
QT interval; however, a longer QRS interval is observed in Nkx2.5Cre/

þ;Hand1f/f mutants in lead I QRSII (P <_ 0.05), lead II QRSII, (P <_ 0.05), and
lead III QRSI (P <_ 0.01) measures (Figure 3A–C).

We next employed optical voltage mapping of isolated perfused
hearts to more accurately interrogate the altered QRS durations ob-
served in the Nkx2.5Cre/þ;Hand1f/f mutants (Figure 3D–I). While pacing
the right atria, the majority of control Hand1f/f hearts (n = 4, 6 total)
exhibited two breakthrough sites on the anterior surface (near the apex
of the RV and LV; Table 2). The breakthroughs occurred simultaneously
(within the temporal resolution of our imaging system). While pacing the
ventricle at the apex, activation propagated towards the base with similar
speed in the RV and LV. The Supplementary material online, Movie S7
shows a representative example of the epicardial activation patterns in a
Hand1f/f heart. One control Hand1f/f heart was observed to exhibit a sin-
gle LV epicardial breakthrough site with no observable RV breakthrough
during atrial pacing (Figure 3D; Supplementary material online, Movie S1),
while another control Hand1f/f heart exhibited two LV epicardial break-
through sites along with a singular RV breakthrough site. RV break-
through was delayed (Figure 3E; Supplementary material online, Movie
S2). Both of these two Hand1f/f controls exhibited epicardial activation
patterns that were indistinguishable from those seen in the other four
Hand1f/f hearts during pacing at the ventricular apex (Table 2). Two out
of four Nkx2.5Cre/þ control hearts exhibited simultaneous RV and LV epi-
cardial breakthroughs while being paced from the right atria and normal
apex-to-base propagation patterns when paced from the ventricular
apex (Table 2). One Nkx2.5Cre/þ control heart exhibited single LV and
RV breakthrough sites and another Nkx2.5Cre/þ control mouse exhibited
two LV and two RV epicardial breakthrough sites when paced from the
atria (Figure 3F and G; Supplementary material online, Movies S3 and S4).
Again, both of these Nkx2.5Cre/þ control hearts showed the expected
propagation of epicardial activation when paced from the ventricular
apex (Table 2). These results show that although the majority of Hand1f/f

and Nkx2.5Cre/þ control mice display a normal epicardial activation pat-
tern when paced from the right atria, a small fraction of the control
hearts do display conduction phenotypes that are not detectable by sur-
face ECG analysis and this needs to be considered when evaluating mu-
tant phenotype.

In contrast to the control groups, all six Nkx2.5Cre/þ;Hand1f/f mutants
assayed display abnormal epicardial activation patterns during atrial

pacing. All Nkx2.5Cre/þ;Hand1f/f mutants exhibit either one or two LV
epicardial breakthrough sites with no observable RV breakthrough
(Figure 3H and I; Supplementary material online, Movies S5 and S6), while
activation was unimpaired during pacing at the ventricular apex when
compared with the epicardial activation pattern in a Hand1f/f heart
(Table 2). These data show that in addition to the observed structural
defects Nkx2.5Cre/þ;Hand1f/f mutants display abnormal epicardial activa-
tion patterns consistent with the presence of a right bundle branch block
caused by a combination of defective morphology and altered regulation
of conduction system gene expression.

3.4 Nkx2.5Cre; Hand1f/f mice exhibit
persistent VSDs, abnormal growth of LV
papillary muscles, and cardiomegaly
A number of adults (6–8 months of age) H1CKO mice exhibited signs of
lethargy as compared to their Hand1f/f littermates; therefore, we exam-
ined the hearts in these H1CKO mice (Figure 4). Results show a pro-
nounced cardiomegaly (n >_ 100) in Nkx2.5Cre/þ;Hand1f/f mice when
compared with Hand1f/f littermates. Both RV and LV are visibly hyper-
trophic and the left atrium (LA) is also enlarged (Figure 4A and B).
Nkx2.5Cre H1CKO hearts lack a clearly identifiable apex (Figure 4B).
Histology shows both membranous (large arrowhead) and muscular
(small arrowheads) VSDs accompanied by hypertrophic RV, LV, and di-
lated LA myocardium (Figure 4C and D). Interestingly, the extent of the
hyper-muscularized RV free wall suggests that the VSD was large enough
to be haemodynamically significant, resulting in increased RV volume
and/or pressure overload. Frequently, the LV papillary muscles (PMs) of
the Nkx2.5Cre H1CKOs appear to directly insert into the MV, a phenotype
that is similar to a human condition called Mitral Arcade58,59 (Figure 4D
boxed and D’ n >_ 10). Additionally, Nkx2.5Cre H1CKO mice show pulmo-
nary oedema (Figure 4E and F). These data suggest that Nkx2.5Cre H1CKO
adults develop lung congestion (n >_ 10 observed) and cardiomyopathy
typically seen in CHD with left to right shunts from intracardiac defects.

We next looked at replacement fibrosis in Nkx2.5Cre-generated
H1CKO adults (>_p60). Sirius red staining of a typical Nkx2.5Cre H1CKO
shows significant levels of ventricular collagen deposition (Figure 4G). In
addition, muscular VSDs (Figure 4I magnification of 4G; black arrows),
overtly hyper-muscularized RV free wall, and LV PM making direct con-
tract with the MV (Figure 4H magnification of 4G double asterisk) are ap-
parent in this animal. The insertion of the PMs into the MV of Nkx2.5Cre

H1CKOs can also be visualized via ultrasound imaging (Figure 4J yellow ar-
rowhead n >_ 10 by histological examination).

In the initial analysis of Nkx2.5 loss-of-function mice, Hand1 was
reported as a regulated gene.60 To confirm Nkx2.5Cre H1CKOs pheno-
types are not significantly influenced by Nkx2.5 haploinsufficiency, we
next examined aMhc-Cre H1CKOs (Figure 5). At P2, histological analyses
reveal morphological abnormalities consistent within the LV that
includes ectopic muscle within the lumen of the LV and a PM originating
from the cardiac apex (Figure 5B asterisk). At P60, significant replacement
fibrosis within the IVS is readily apparent in aMhc-Cre(þ); Hand1f/f hearts
and the PM connections to the MV (Figure 5C arrowhead) appear to be
similar to what we observe with the Nkx2.5Cre H1CKOs.

Echocardiographic images of Nkx2.5Cre H1CKO mice show visible
membranous and muscular VSDs (Figure 6A–C). Colour and pulse wave
Doppler measurements of an Nkx2.5Cre H1CKO reveal a membranous
VSD with an -1800 mm/s velocity (Figure 6D) as is shown in a colour
Doppler movie of the VSD (Nkx2.5Cre H1CKO Supplementary material
online, Movie S8). Together, these data show that cardiomyocyte loss of
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Figure 3 Functional analysis of Nkx2.5Cre; Hand1f/f mice show altered ventricular conduction. (A–C) Surface ECG analysis of leads I, II, and III from anaes-
thetized mice. QTc indicates corrected QT interval. A prolonged QRS duration is observed in Nkx2.5Cre; Hand1f/f mice (n = 6) in all leads (either QRSI or
QRSII) when compared with controls (Hand1f/f n = 6; Nkx2.5Creþ/- n = 5). A Shapiro–Wilk test was first applied to each set of measurements to test for nor-
mal distribution. Data were found to normal distribution and significance was determined using one-way ANOVA with post hoc Tukey HSD test. *P <_ 0.05,
**P <_ 0.01. In the box-scatter plots centre lines indicate medians; box limits indicate the 25th and 75th percentiles; whiskers indicate the 1.5X the
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Hand1 results in survivable VSDs and PM defects that alter the connec-
tion with the MV resembling Mitral Arcade.58

3.5 Functional analysis of H1CKO hearts
reveals diastolic dysfunction that
progresses to heart failure
In order to determine the aetiology of the heart failure observed in
H1CKO mice, we undertook a functional time course between 4 and
12 weeks of age with 12 mice per genotype analysed (Figure 7). Control
Nkx2.5Cre/þ;Hand1þ/þ and Nkx2.5Cre/þ;Hand1f/f animals were assayed for
fractional shortening (FS) and ejection fraction (EF; Figure 7B). Over this
time course no significant differences in systolic function are observed
between control and H1CKO mice. We next looked at aortic (Ao) and
pulmonary artery (PA) peak velocity (Figure 7B). Results show PA peak
velocity was not significantly changed; however, Ao peak velocity is sig-
nificantly higher in the H1CKO mice at 4 and 12 weeks. We next looked
at diastolic function using tissue Doppler (Figure 7C). Results from this
cohort of mice show that the MV A-wave velocity at 4 weeks (MV A;
Figure 7C) and MV deceleration (MV Decel; Figure 7C) at 12 weeks is sig-
nificantly altered in Nkx2.5Cre/þ;Hand1f/f when compared with controls.
Calculation of the MV E/e’ ratio reveals that this measure of increased
atrial filling pressure is also significantly higher in Nkx2.5Cre/þ;Hand1f/f

mice (Figure 7C) suggesting that H1CKO mice are presenting with HFpEF.
Interrogation of older (>_P180) Nkx2.5Cre/þ;Hand1f/f mice reveals EA re-
versal (Figure 6E) and compromised systolic function reflected with EFs
below 40% and FS of <20% (Figure 6F). Collectively, these data support
that embryonic loss of Hand1 alters key gene regulatory networks that
impact heart morphology such that embryonic viability is not compro-
mised but sustained cardiac function is pathologically impacted.

4. Discussion

We have discovered that deletion of the bHLH transcription factor
HAND1 results in viable fertile mice with cardiac conduction defects
and exhibit VSDs as well as PM abnormalities, which resemble the CHD
Mitral Arcade. H1CKOs presented with right bundle branch block and a
prolonged QRS interval, which are both arrhythmogenic conditions pre-
dictive of cardiac sudden death.9–12 In humans, Mitral Arcade presents
with large PMs and absent or reduced chordae tendineae such that the
PMs directly insert into the MV. This morphology results in poor MV
function and stenosis leading to heart failure.61,62 Although Mitral
Arcade is rare, enlarged LA has been observed in older patients.63,64

Given that H1CKOs exhibit similar phenotypes and present first with dia-
stolic dysfunction, followed by diminished systolic function, myocardial
loss of HAND1 appears to phenocopy this congenital disease. Hand1 is
first detected during cardiac development at E8.0.57 Nkx2.5Cre and
aMHC-Cre express Cre at E7.5 and E9.5, respectively.33,34 The use of
these two drivers does not give rise to significant variations in the mutant
phenotype, suggesting that potential genetic interactions between
Nkx2.5 and Hand1 in the genesis of phenotype are minimal.

The original cardiomyocyte-specific knockout using the Hand1 condi-
tional allele reports identical embryonic phenotypes to what is pre-
sented here; however, in our study H1CKO mice survive more
robustly.23 We feel that the difference can be accounted for by the dif-
ferent Nkx2.5 Cre drivers employed, as well as the inclusion of the
Hand1LacZ allele21 in the earlier study making Hand1 deletion more effi-
cient. Indeed, when we utilized the Hand1LacZ in crosses our frequency
of H1CKOs encountered dropped to 11% (data not shown). We also
suspect that 14 years of allele maintenance resulted in background drift-
ing that may significantly contribute to the more robust survival ob-
served in these data.

At E14.5 VSDs are clearly observable in Nkx2.5Cre/þ;Hand1f/f hearts in
line with previous findings on similar H1CKO analysis validating the

Figure 3 Continued
interquartile range from the box limits; dots show number of animals n >_ 5. (D–I) Epicardial activation patterns in adult Hand1f/f (n = 6 each; D and
E), Nkx2.5Creþ/- (n = 5 each; F and G) and Nkx2.5Cre; Hand1f/f hearts (n = 6 each; H and I) during atrial pacing. Shown are representative sequential
optical maps (columns a–c) and the colour-coded activation maps (column d) for each genotype. LV and RV breakthroughs are demarked by aster-
isks and arrowheads, respectively. Optical maps were obtained during right atrial pacing at a cycle length of 120 ms or 150 ms. (D and E) One
Hand1f/f heart showed a single breakthrough site on the anterior LV surface (D) consistent with the presence of a right bundle branch block, while
another Hand1f/f heart showed two and one breakthrough sites on the left and right ventricular surface (E), respectively. (F and G) In Nkx2.5Creþ/-

hearts, epicardial breakthrough occurred first on the right anterior surface (F) or manifested as double breakthrough sites on both the left and right
ventricular anterior surfaces (G). (H and I) Three out of six Nkx2.5Cre; Hand1f/f (H1CKO) hearts showed two left ventricular breakthrough sites (H).
The activation of the mid-anterior LV was grossly delayed (�3 ms). The remaining three Nkx2.5Cre; Hand1f/f hearts exhibited single left ventricular
breakthrough sites (I) indicative of right bundle branch block. Isochrone lines (I column d) demonstrate that LV global activation propagates from
the LV to the RV. The prevalence of RBB was significantly higher in Nkx2.5Cre; Hand1f/f hearts compared with both Nkx2.5Cre and Hand1f/f hearts
(P = 0.002 by v2 test followed by Fisher’s Exact tests for pairwise comparisons). Cross hairs present in some of the images are cursors and do not
highlight any data. (D–I) Hand1f/f (n = 6; D and E), Nkx2.5Creþ/- (n = 5; F and G) and Nkx2.5Cre; Hand1f/f hearts (n = 6; H and I).

......................................................................................................

Table 2 Summary of ventricular breakthrough sites
observed in H1CKOs

Genotype Number of

ventricular

breakthrough

sites during

right atrial pacing

Mean interval

between earliest

LV and earliest

RV breakthrough

(ms)

Hand1f/f 1 LV, 1 RV (4/6 hearts) 0

Hand1f/f 1 LV (1/6 hearts) NA

Hand1f/f 2 LV, 1 RV (1/6 hearts) 3

Nkx2.5Creþ/- 1 LV, 1 RV (3/4 hearts) 0

Nkx2.5Creþ/- 2 LV, 2 RV (1/4 hearts) 0

Nkx2.5Creþ/-; Hand1f/f 1 LV (3/6 hearts) NA

Nkx2.5Creþ/-; Hand1f/f 2 LV (3/6 hearts) NA

Negative value for the mean interval indicates that the activation was earliest in
the LV. Optical voltage maps were obtained during right atrial pacing at a cycle
length of 120 ms or 150 ms.
LV, left ventricular; RV, right ventricular.

Loss of HAND1 in cardiomyocytes results in heart failure 613
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congenital origins of the morphological defects (Figure 2).23 We show
here through morphometric analysis that E14.5 Nkx2.5Cre/þ;Hand1f/f

hearts exhibit a significant increase in diameter of RV trabecular myocar-
dium (P = 0.004; n = 12) as well as an increase in the ratio of trabecular

to compact LV myocardium (P = 0.008; n = 12). The effect on RV trabec-
ular diameter is likely non-cell autonomous given Hand1 RV expression
is restricted to the myocardial cuff.20–22 However, LV morphological
changes are likely to be cell autonomous effects. Indeed, both PM anom-
alies and survivable VSDs (Figure 4A–C) with high-velocity flow (Figure
6D) are present in adult H1CKO and these primary embryonic defects,
over time, manifest adaptive non-cell autonomous phenotypes as a re-
sult of compromised cardiac function. These observations are
completely novel and H1CKOs are a viable mouse model of congenital
defects that lead heart failure in adults.

H1CKOs display enlarged LA, and hypertrophic RV and LV myocar-
dium. Functional data from younger mice show that initially systolic func-
tion is not compromised (Figure 7). Aortic peak velocity is increased.
Atrial Doppler patterns across the MV indicate of a stiff myocardium and
poor MV function, which would be expected for a phenocopy of Mitral
Arcade.61 H1CKO mice exhibit E/A reversal (Figure 6E), enlarged LA, and
in older mice (P >_ 120) systolic function becomes compromised (Figure
6F) fitting a diagnosis of HFpEF.65 The LA-LV pressure imbalance in such
cases of mitral stenosis in humans is alleviated partially by valvuloplasty.66

Indeed, the pulmonary oedema observed (Figure 4E and F) is likely
caused from pulmonary over-circulation from the resultant VSD.

In conjunction with these morphological and functional observations,
we also observe using surface ECG and optical mapping that ventricular

Figure 4 Adult (P60) Nkx2.5Cre; Hand1f/f mice exhibit cardiomegaly
and mitral arcade. (A) Control Hand1f/f heart with unremarkable RA
and LA and RV and LV. (B) Nkx2.5Cre; Hand1f/f heart is large and highly
muscularized with a dilated LA, as well as RV and LV showing hypertro-
phic growth. (C) H&E section analysis of a control Hand1f/f heart shows
normal chamber size and compaction. (D) Nkx2.5Cre; Hand1f/f heart dis-
plays thickened ventricular walls and both membranous (large arrow-
head) and muscular (small arrowheads) VSDs. Boxed area in D is
magnified in D’ showing PMs directly inserted into the mitral valve. (E)
Control Hand1f/f lung showing normal morphology. (D) Nkx2.5Cre;
Hand1f/f lung presents with marked pulmonary oedema. (G) A second
Nkx2.5Cre; Hand1f/f example stained with Sirus red/fast green. VSD
marked by arrowhead. Asterisks in G (magnified in H) show PM inser-
tion into the mitral valve. (I) Magnified view of VSD shown in (G). (J)
Echocardiography still image of a Nkx2.5Cre; Hand1f/f mutant show a
large PM directly inserted into the MV (yellow arrowhead). Scale bars
A–D and G, 650 lm; Scales bars E, F, H, and I, 100 lm. N >_ 10.

Figure 5 aMhc-Cre; Hand1f/f mice exhibit cardiomegaly and mitral ar-
cade. (A) P2 H&E histology shows normal heart morphology. (B) aMhc-
Cre; Hand1f/f mutant hearts display muscle overgrowth in the LV lumen
and enlarged LA. (C) P60 Sirus red fast green stained aMhc-Cre; Hand1f/f

mutant heart showing PM insertion into the MV and high levels of fibro-
sis in the IVS. Scale bars A and B 650 lm; Scales bars C 100 lm. N >_ 10.
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.
conduction (the QRS interval) is lengthened in Nkx2.5Cre/þ;Hand1f/f

when compared with controls (Figure 3). Significant changes in QRS
complex length are detected via ECG in all three leads and more rigor-
ous optical mapping analysis reveals epicardial breakthrough anomalies
that include single LV breakthroughs and double LV breakthroughs with
no observable RV breakthroughs in H1CKOs. Although a low incidence
of abnormal ventricular conduction is observed in both the Hand1ff and
Nkx2.5Cre/þ controls (Figure 3; Table 2) all of the six Nkx2.5Cre/þ;Hand1f/f

mutants display right bundle branch block. Given that we observe signifi-
cant reductions in embryonic gene expression of Mybpc1 associated
with bradycardia in Zebrafish,46 cardiac conduction potassium channel
Hcn4 and tight junction protein CONNEXIN40 (Gja5) in our transcrip-
tome analysis a direct role for HAND1 in cardiac conduction formation
is a formal possibility; although, we cannot rule out that the VSDs and
PM defects observed influence the changes in ventricular conduction.

Furthermore, an abnormal conduction system could also impact cardiac
function facilitating cardiac hypertrophy leading to heart failure. As the
morphological and functional phenotypes in H1CKO are complex, it is
currently unclear which components of this phenotype are causative to
the heart failure. Equally important to note is that it is possible that a low
level of Hand1, below current thresholds of detection, is expressed
within the adult heart and some components of the observed phenotype
are caused by this persistent expression. In our hands and in published
studies Hand1 mRNA is not detectable in the heart past E14.5, neverthe-
less, the possibility of extremely low levels of Hand1 expression and
function within the adult would be needed to fully test this hypothesis.
Future studies collecting neonatal conduction data, adult Hand1 cardio-
myocyte knockout, may reveal greater insights. Alternatively, it is well-
established in the clinic that a left-right shunt often results in an enlarged
RV leading to right heart failure, and this in turn, can cause RBB block

Figure 6 Documentation of cardiac defects living Nkx2.5Cre/þ;Hand1f/f mutant hearts via cardiac ultrasound. (A) Still, image with schematic drawing to the
right representing a patent cardiac outflow tract in Hand1f/f control heart. (B) Image from a similar location as shown in A of Nkx2.5Cre/þ;Hand1f/f mutant that
displays a membranous VSD (yellow arrowhead). (C) Still, image from a deeper plane showing a muscular VSD (yellow arrowhead) in a second Nkx2.5Cre/

þ;Hand1f/f mutant. (D) Pulse wave Doppler evaluation of a high-velocity blood jet from a membranous VSD measured from the mouse in Supplementary
material online, Movie S1. (E) Example of EA reversal in a Nkx2.5Cre/þ;Hand1f/f mutant. (F) M-mode evaluation of systolic function in a P >_ 120 Nkx2.5Cre/

þ;Hand1f/f mutant showing poor systolic function with EF of only 38.79% and fractional shortening of 18.65%. Ao, aorta; LV, left ventricle; PA, pulmonary ar-
tery; RA, right atria; RV, right ventricle; TV, tricuspid valve (leaflets marked by asterisk); VSD, ventricular septal defect. N = 6.
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Figure 7 Functional analysis of young Nkx2.5Cre; Hand1f/f mice show normal systolic function but altered peak aortic velocity. (A) Representative echocar-
diography still images of Hand1f/f control (n = 12, light grey), Nkx2.5Cre control (n = 12, open) and Nkx2.5Cre; Hand1f/f (n = 12, dark grey). (B) FS and EF at 4, 8,
and 12 weeks of age show no changes in systolic function in Nkx2.5Cre; Hand1f/f compared to controls. Doppler echocardiography measurement of aortic
peak velocity (Ao peak) is significantly elevated (P = 0.04; one-way ANOVA) in mutants at 4 weeks and 12 weeks compared to controls. PA peak velocity is
not significantly altered in Nkx2.5Cre; Hand1f/f mice. In the box-scatter plots centre lines indicate medians; box limits indicate the 25th and 75th percentiles;
whiskers indicate the 1.5X the interquartile range from the box limits; dots show number of animals Hand1f/f control (n = 12, light grey), Nkx2.5Cre control
(n = 12, open) and Nkx2.5Cre; Hand1f/f (n = 12, dark grey). (C) Tissue Doppler analysis of MV A at 4 weeks (asterisk) and MV E velocities at 4, 8, and 12 weeks
are significantly elevated in Nkx2.5Cre; Hand1f/f mice compared to controls. Calculation of the mitral valve E/e’ ratio reveals that this measure of increased
atrial filling pressure is also significantly higher in Nkx2.5Cre/þ;Hand1f/f mice. *P <_ 0.05 **P <_ 0.01 via one-way ANOVA determined statistical significance with
a P <_ 0.05 confidence. A‘, peak velocity of diastolic mitral annular motion determined by pulse wave Doppler; E’, peak velocity of early diastolic mitral annular
motion determined by pulse wave Doppler; E‘/A’, the E‘ to A’ ratio; IVRT, isovolumic relaxation time; MV A, peak velocity of late transmitral flow; MV Decel,
deceleration time of early diastolic transmitral flow; MV E, peak velocity of early diastolic transmitral flow; MV E/A, ratio of MV E/A; MV E/E’, ratio of MV E/E’.
± indicates standard deviation. Hand1f/f control (n = 12, light grey), Nkx2.5Cre control (n = 12, open), and Nkx2.5Cre; Hand1f/f (n = 12, dark grey).
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..independently of cardiac conduction defects.67 We cannot determine
the causation of the RBB without further study.

Transcriptome analysis from E11.5 ventricles confirms the loss of
Hand1 as well as expected changes in gene expression in Hand1 down-
stream targets (see Supplementary material online, Data excel spread
sheet FIRULLI RNA SEQ Analysis all results; Figure 1). Hand1 is maximally
expressed at E10.5 within the heart and E11.5 is the best window to
look at the consequences of Hand1 cardiomyocyte loss-of-function. IPA
determined that 28 biofunction categories hold a Z score of <_ -2 or >_2
(Table 1). Among these pathways, a clear correlation with the observed
phenotypes of H1CKOs can be noted. Role of Nfat in cardiac hypertro-
phy; Cardiac hypertrophy signalling; Cardiac b-adrenergic signalling; and
Renin–Angiotensin signalling are all associated pathways with cardiac
dysfunction. What is truly intriguing here is that these pathways are al-
tered in the E11.5 embryonic heart well before the adult cardiac pheno-
types that these pathways are attributed to. Indeed, the idea that adult
heart disease can be traced back to congenital origins is certainly a hy-
pothesis that needs to be explored further. For instance, PKA signalling
has an important role in the modulation of cardiac homoeostasis; how-
ever, PKA is also an important regulator of hand factors themselves regu-
lating bHLH dimerization choices.54,68 Indeed, Mapkapk3, a PKA
pathway gene, which we validated the significant decreased gene expres-
sion (Figure 1L), codes for a Kinase that directly interacts with and
represses the activity of the bHLH transcription factor E47,69 a well-
established Hand1 dimer partner. The greatest biofunction pathway
change identified is Eif2 signalling with a Z sore of 5 (Table 1). To our sur-
prise many of the regulated genes in this IPA class are ribosomal genes
that are essential in facilitating protein translation. Upon further consid-
eration, in order to increase the size of the heart, at least one of two
mechanisms is required, either cardiomyocyte proliferation or cardiac
hypertrophy, and both mechanisms rely on increased protein translation.
As with the up-regulation of the hypertrophy-related pathways, the up-
regulation of translation-related gene expression to support the hyper-
trophic growth in the E11.5 heart could be an indicator that many heart
diseases associated with adult onset may have congenital origins in al-
tered gene expression setting the stage for the manifestation of pheno-
type and pathology later in life. Our future plans are to look at this
gene regulatory network in more detail and at earlier and later develop-
mental time points to determine if Hand1 (associated with the transcrip-
tional activation of RNA polymerase II-mediated gene expression) is also
regulating genes associated with RNA polymerase I and or III (i.e.
ribosomal subunits) and define HAND1 occupancy across the genome
to refine searches for novel Hand1 transcriptional targets during
cardiogenesis.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Translational perspective
Cardiogenesis is a complex process that integrates the cell specification and morphological patterning of a number of cell types to form a patent func-
tioning heart. The bHLH factor HAND1 is expressed within the early heart left ventricular myocardium where its loss of function impacts left ventric-
ular morphology and mitral valve function. Moreover, cardiac conduction is altered in Hand1 mutant mice resembling right bundle branch block.
Clinically, this data suggest that examining mutations in HAND1 in adults may prove an effective marker for cardiac disease.
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