














cause of variable penetrance and expressivity of heart defects
in humans.
Here, we report that a combination of genetic susceptibility and

maternal hypoxia leads to increased penetrance and expressivity of
heart defects in mice. We show that GxE variably affects heart

morphology, depending on the genetic background (with regard to
FGF signalling or cardiac transcription factors) and the level of
oxygen deprivation. Exposure to 8% oxygen does not induce GxE
in wild-type embryos or in embryos heterozygous null for Fgf8,
Fgfr1 or Fgfr2, with only low incidence of heart defects observed.

Fig. 7. Alterations in heart morphology and HIF1α accumulation are apparent after maternal cobalt chloride exposure. (A) Schematic diagram illustrating
the experimental design. Pregnant females were injected with 40 mg/kg of cobalt chloride at E9.5 (0 h), and embryos harvested 8, 13 or 24 h later.
(B-E) Representative bright-field pictures of Nkx2-5+/+ (B, n=9), Nkx2-5+/− control embryos (C, n=8), Nkx2-5+/+ (D, n=8) and Nkx2-5+/− (E, n=9) embryos 8 h after
maternal injection of cobalt chloride. (F-I) Comparison of expression levels of HIF1α (magenta) in control Nkx2-5+/+ (F, n=7), Nkx2-5+/− (G, n=6) embryos, and
injectedNkx2-5+/+ (H, n=6) andNkx2-5+/− (I, n=6) embryos 8 h after maternal injection of cobalt chloride. Nuclei are stainedwith DAPI (green). (J) Quantification of
HIF1α staining intensity. Red dots indicate quantification of the embryos shown in F-I. (K-N) Representative bright-field pictures of Nkx2-5+/+ (K, n=3), Nkx2-5+/−

control embryos (L, n=4), andNkx2-5+/+ (M, n=6) andNkx2-5+/− (N, n=13) embryos 13 h after maternal cobalt chloride injection. (O-R) Comparison of expression
levels of HIF1α (magenta) in control Nkx2-5+/+ (O, n=3), Nkx2-5+/− (P, n=4), Nkx2-5+/+ (Q, n=7) and Nkx2-5+/− (R, n=8) embryos 13 h after cobalt chloride
exposure. Nuclei are stained with DAPI (green). Insets in O-R are higher magnifications of the boxed areas. (S) Quantification of HIF1α protein levels.
Red dots indicate quantification of the embryos shown in O-R. (T-W) Representative bright-field pictures of Nkx2-5+/+ (T, n=5), Nkx2-5+/− control embryos
(U, n=6), Nkx2-5+/+ (V, n=17) and Nkx2-5+/− (W, n=27) embryos 24 h after maternal injection of cobalt chloride. Dilated hearts (white arrows) with pericardial
effusion (dotted line). (X) Histogram showing the percentage of heart defects present in E10.5 embryos following water or cobalt chloride injection. Data were
tested for statistical significance using one way ANOVAwith Tukey’s post-hoc test (J,S) or chi-squared test (X). Data are mean±s.d. ns, not significant. **P<001,
****P<0.0001. DH, dilated heart; MN, morphologically normal heart. Scale bars: 1 mm in B-E,K-N,T-W; 100 µm in F-I,O-R.
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Embryos heterozygous for both Fgfr1 and Fgfr2 exhibit GxE with
8% oxygen exposure, consistent with the fact that these genes show
genetic redundancy in the developing heart and somites (Park et al.,
2008), providing further support to the concept that FGF signalling
has a dose-dependent effect on embryogenesis (Naiche et al., 2011).
Exposure to 8% oxygen did not increase the incidence of heart

defects in Tbx5, Tbx1 or Nkx2-5 heterozygous null embryos
compared with non-exposed controls. It is unclear why
heterozygosity for these genes does not interact with 8% oxygen.
We have shown that 8% oxygen interacts with heterozygosity in
Notch pathway genes to disrupt somitogenesis (Sparrow et al.,
2012). In this case, hypoxia inhibits FGF signalling, which disrupts
Notch signalling in the presomitic mesoderm, leading to somite and
vertebral defects. Hypoxia also inhibits FGF signalling in the SHF
and disrupts heart development (Shi et al., 2016). The lack of GxE
here might indicate that these transcription factors are not associated
with FGF signalling. Evidence of an association could only be
found with Tbx1, with expression of Fgf8 partially rescuing heart
defects induced by loss of Tbx1 in mice (Vitelli et al., 2010, 2002).
Hypoxia also stabilises HIF1α in cardiomyocytes and there is
evidence to indicate that HIF1α positively and/or negatively
regulates the expression of cardiac transcription factor genes,
including Tbx5 and Nkx2-5 (Bohuslavova et al., 2013; Krishnan

et al., 2008; Nagao et al., 2008). Despite some evidence linking
these transcription factors to FGF signalling or HIF1α, it is not clear
why GxE between these genes and 8% oxygen was not observed in
the context of heart development. Similar variable results have been
reported where hypoxia exposure of mice heterozygous for genes
that are crucial for somitogenesis did not always result in GxE
(Sparrow et al., 2012, 2011).

More extreme low-oxygen exposure of 5.5% induces an
interaction in embryos heterozygous for Tbx1 or Nxk2-5. With
respect to Tbx1, the incidence of heart defects is increased, whereas
the GxE observed with Nkx2-5 causes a more-extreme phenotype of
death in utero. This variability seen in the ability of GxE to disrupt
heart development might be due to many factors, including: genetic
or functional redundancy; the function of the gene in heart
development; distinct susceptibility of gene expression and the
function of the gene product to the oxygen levels; and the duration
of the exposure and/or the timing of the exposure with respect to the
timing of gene function.

The observed GxE between Nkx2-5 and 5.5% oxygen rapidly
affected heart function and embryo survival (Table S3). Tracking
this demise provides insight into the natural history of this heart
failure and its molecular triggers. The first sign of the impact that
hypoxia has on the heart is at 5 h after exposure, when half the
embryos have a dilated heart and elevated expression of HIF1α in
the myocardium (Table S3). The incidence of dilated hearts is
unchanged at E10.5 following hypoxic exposure, indicating that
these embryos still have dilated hearts 16 h later (Table S3). At this
stage, we find that dilated hearts exhibit impaired contractility,
hallmarks of which are also present in the normal, non-dilated,
hearts (Table S3). Specifically, the heart rate is reduced inNkx2.5+/−

embryos with normal hearts and more so in those with dilated hearts
(Table S3). The same trend is evident with reduced expression of
two genes (Myl2 and Tnnt2), which encode contractile proteins in
the sarcomere (Table S3). Just 1 day later at E11.5, 80% of the
Nkx2.5+/− embryos have died, including all those with dilated hearts
and some with normal hearts (Table S3). Surviving Nkx2.5+/−

embryos at E12.5 show normal expression of genes encoding
protein components of the conduction and contractile systems
(Table S3). Thus, it is possible that reduced expression of the
sarcomeric proteins in normal hearts at E10.5 may be a trigger of
cardiac dilation and embryo death by the next day.

HIF1α is stabilised in the nucleus when cellular oxygen levels
drop below a threshold (half maximal response 1.5-2.0% oxygen;
Jiang et al., 1996) and, accordingly, HIF1α is elevated in the
embryonic myocardium following gestational hypoxia, independent
of genotype (Table S3; O’Reilly et al., 2014; Shi et al., 2016). HIF1α
levels are not sustained in Nkx2.5+/+ embryos upon return to
normoxia. Sustained HIF1α protein levels and reduced Nkx2-5
expression inNkx2-5+/− embryos may trigger heart failure by E11.5.
Our findings are supported by the observation that embryos with
elevated HIF1α levels throughout the Nkx2-5 cell lineage have
ventricular wall thinning and chamber dilation, phenotypes that we
also observed in the Nkx2-5+/− embryos exposed to hypoxia
(Menendez-Montes et al., 2016).

There is some conflicting evidence that HIF1α might regulate
Nkx2-5 expression (Bohuslavova et al., 2013; Nagao et al., 2008).
However, our finding that elevated HIF1α levels, either by exposure
to low oxygen or to CoCl2, reduced NKX2-5 expression is
consistent with one study that shows decreased NKX2-5
expression in the myocardium of embryos from females exposed
to 14% oxygen for 8 days between E10.5 and E18.5 (Moumne et al.,
2018). There is also clear evidence that mouse heart development is

Fig. 8. Molecular response to chemical accumulation of HIF1α on Nkx2-5
at E10.5. (A) Quantification of Nkx2-5 transcript levels by qPCR relative to
Gapdh and Eef1e1 at E10.5. (B) Representative western blot showing NKX2-5
protein (37 kDa). (C) Quantification of NKX2-5 protein relative to tubulin.
Red dots indicate quantification of the images shown in B. Data were tested for
statistical significance using one-way ANOVA with Tukey’s post-hoc test.
Data are mean±s.d. **P<001, ***P<0.001, ****P<0.0001.
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dependent on NKX2-5 in a dose-dependent manner and that Nkx2-5
is required not only early in development for correct cardiac
morphology but also later on, in the establishment and function of
the conduction system and for cardiac contractility (Prall et al.,
2007). Thus, in the context of our study, hypoxia may cause
NKX2-5 levels to fall below a threshold, precipitating a reduction in
contractility for a period of time extending beyond the effects of the
low-oxygen exposure. Reduced contractility would further limit
circulation and oxygen delivery, exacerbating cellular hypoxia. It is
possible that this cycle in Nkx2.5+/− embryos leads to rapid heart
failure and embryo death. We find that the expression of some
contractile protein genes (Myl2 and Tnnt2) is reduced in hypoxia-
exposed Nkx2-5+/− embryos at E10.5. Loss-of-function mutations
in these genes results in heart failure and death by E10 to E12.5
(Chen et al., 1998). By contrast, we observe no difference in
expression of ion channel genes at E10.5. This indicates that
hypoxia does not directly affect the conduction system and/or that
E10.5 is too early, as the sinoatrial node is not morphologically
distinct until E11.5 (van Weerd and Christoffels, 2016).
In this study, CoCl2 prolongs elevated HIF1α protein levels in the

myocardium, and hearts of embryos exposed to CoCl2 appeared
dilated with pericardial effusion. This suggests that sustained HIF1α
in low-oxygen exposed Nkx2.5+/− embryos is, at least in part,
responsible for the observed heart phenotype. This is in keeping
with another study reporting that a single maternal injection of
30 mg/kg CoCl2 2 days earlier, at E7.5, also perturbs heart
development and expression of Nkx2.5 (Yuan et al., 2017).
Variability in CoCl2 dose, the timing of injection, the stage of
analysis and the mouse strain may explain differences observed
between the two studies. Further work is required to determine
whether reduced expression of the contractile protein genes is due to
hypoxia, to sustained HIF1α or to reduced Nkx2-5 expression.
Variable penetrance and expressivity of phenotype has been

reported among related and unrelated individuals that carry the
same pathogenic variant of NKX2-5 (Benson et al., 1999, four
different alleles; McElhinney et al., 2003, Arg25Cys variant).
This may be the result of modifier genes or due to the influence of
non-genetic factors. Our data support a role for environmental
factors in this variability. The timing, extent and nature of an
environmental ‘second hit’ in combination with specific genetic
predisposition are all likely to influence the phenotype. Other
plausible environmental factors include maternal age (Schulkey
et al., 2015), diet (Shi et al., 2017), illness ((Wren et al., 2003)),
infections (Dewan and Gupta, 2012) or teratogen exposure (Kopf
and Walker, 2009). Finally, our results suggest that a relatively
short period of hypoxia, coupled with a genetic predisposition, can
result in embryonic death. Therefore, it is possible that families
carrying a pathogenic NKX2-5 allele may also have a higher rate
of miscarriages.
In conclusion, we demonstrate that interaction between genetic

predisposition to heart defects and an environmental factor causes
heart defects and embryo loss in mice. These findings indicate
that some cases of foetal death and/or congenital heart disease
might arise by such an interaction in humans. Our findings also
provide insights into the molecular mechanisms underlying
the interaction between genetic predisposition and factors that can
cause embryonic cellular hypoxia. Thus, they are relevant to
understanding the sporadic nature of congenital heart disease and
are important for framing the information given during genetic
counselling in such a context of sporadic defects. They might also
inform discussion concerning guidelines associated with pregnancy
management.

MATERIALS AND METHODS
Mouse lines
This research was performed following the guidelines, and with the
approval, of the Garvan Institute of Medical Research/St. Vincent’s Animal
Experimentation Ethics Committee (research approvals 9/33, 12/33, 15/27
and 18/27). Mouse lines used in these studies were as follows: Fgf8
[Fgf8tm2Moon] (Park et al., 2006); Fgfr1 [Fgfr1tm5.1Sor] (Hoch, 2006); Fgfr2
[Fgfr2tm1Dor] (Yu et al., 2003); Tbx1 [Tbx1tm1Bld] (Lindsay et al., 2001);
Tbx5 [Tbx5tm1Jse] (Bruneau et al., 2001); and Nkx2-5 [Nkx2-5tm4Rph]
(Biben et al., 2000).

Male mice heterozygous for the gene of interest were crossed with 8- to
18-week-old C57BL/6J wild-type females to produce heterozygous and
wild-type embryos. Double heterozygous Fgfr1/Fgfr2 embryos were
produced by crossing Fgr1+/−; Fgfr2+/− males with C57BL/6J females.
Pregnant mice were exposed to reduced oxygen levels at normal
atmospheric pressure as described previously (Sparrow et al., 2012). After
exposure, the mice were either sacrificed immediately and embryos
harvested, or mice were returned to normoxia for embryo harvest at a later
date. For cobalt chloride experiments, pregnant mice were dosed with
40 mg/kg dissolved in water by a single intraperitoneal injection at E9.5.
Hypoxyprobe experiments were performed as described previously
(O’Reilly et al., 2014).

Heart morphology analysis
Heart morphology was examined using optical projection tomography
(OPT) according to Shi et al. (2016). For analysis of E10.5 hearts, embryo
torsos were immunostained with anti-smooth muscle actin (SMA, Table S5)
in whole mount (Chapman et al., 2011), dehydrated in methanol and cleared
for at least 10 min in 1:2 benzoic acid/benzyl benzoate (BABB). These were
superglued directly to the mounting post of the OPT scanner. For whole
E17.5 hearts, hearts were dissected and fixed overnight in 3%
glutaraldehyde, dehydrated in methanol and cleared in BABB for at least
24 h. OPT scanning was performed at a resolution of 3.2 µm, as described
by Shi et al.(2016). For myocardial and luminal volume quantification of the
E10.5 hearts, SMA staining was used to separate the myocardium from the
lumen on Amira software as described by (del Monte-Nieto et al. (2018).

Ultrasound assessment of the embryonic heart
Pregnant mice were anaesthetised using 5% isoflurane in medical oxygen
and transferred to the Vevo Integrated Animal Platform that includes a
warming pad with a nosecone, integrated ECG recording electrodes of
the high frequency echocardiography machine (Vevo 2100, FujiFilm
Visualsonics). The chest and abdomen were shaved, washed with water and
ultrasound gel applied, which was also used to electrically connect the feet
to their respective ECG electrodes. During scanning, isoflurane dose was
reduced to 1-2% to maintain maternal heart and respiratory rates at over 450
beats per minute (bpm) and over 120 breaths per minute throughout
the examination, while maintaining immobility. The maternal cardiac
dimension from long axis and short axis B-mode was determined using a
MS400 probe (n=23 females), and the embryos on the right and left uterine
horns were located and counted. The embryos were then examined using a
MS700 probe by rotating the probe to align the spinal somites and head in
the B-mode field of view. Colour Doppler scanning was used to aid
identification of the arterial outflow and atrioventricular tracts from which
Doppler data were recorded for heart rate determination. Only the most
superficial embryos could be imaged (an average of four per litter) because
the other embryos were too deep. After imaging, the females were sacrificed
and embryos collected, taking care to identify which embryos had been
imaged. Heart rates values were calculated from Doppler data using Vevo
2100 software in a blinded manner by two independent researchers.

Immunohistochemistry
For immunohistochemistry of sections, embryos were harvested at different
time points (E9.5-E10.5), fixed overnight in 4% paraformaldehyde at 4°C,
paraffin embedded and sectioned in the transverse plane at 10 µm. To
minimise inter-slide staining variation, tissue arrays were made by putting
six sections from each heart of two to four embryos on a single slide.
Antigen retrieval for all antibodies was carried out using TE buffer (Moreau

10

RESEARCH ARTICLE Development (2019) 146, dev172957. doi:10.1242/dev.172957

D
E
V
E
LO

P
M

E
N
T

http://dev.biologists.org/lookup/doi/10.1242/dev.172957.supplemental


et al., 2014). The antibodies used are listed in Table S5. Finally, slides were
mounted in Mowiol with DABCO (Moreau et al., 2014). Images were
captured on a LSM 710 upright confocal microscope (Carl Zeiss). For
detecting HIF1α in paraffin sections, biotinylated donkey anti-rabbit
secondary and streptavidin Cy3 tertiary reagents were used (Table S5).

Western blot
Proteins were extracted from isolated E10.5 hearts in RIPA buffer [150 mM
NaCl, 1% IGEPAL CA-630, 0.5% sodium deoxycholate, 0.1% SDS,
50 mM Tris (pH 8)]. Protein (50 µg) was loaded on a 4-12% Bis-Tris Plus
Gel using a mini Bolt system (Life Technologies) and transferred using the
mini Bolt system to a nitrocellulose membrane (0.45 µm pore size,
Amersham) according to the manufacturer’s instructions. For NKX2-5,
protein detection was performed using WesternBreeze (ThermoFisher
Scientific) according to the manufacturer’s instructions. The antibodies used
are listed in Table S5.

Isolation of RNA and RT-qPCR
Embryonic hearts were collected, snap frozen in liquid nitrogen and stored at
−80°C. Total RNA was isolated using TriReagent (Life Technologies)
following the manufacturer’s protocol. The tissues were homogenised using
an insulin syringe. RNA purity (A260/A280 ratio≥1.8) and concentration
were measured using the NanoDrop ND-1000 Spectrophotometer. Total
RNA (1000 ng) was converted into cDNA in a total volume of 20 µl using
QuantiTect Reverse Transcription Kit following the manufacturer’s
instructions. The qPCR reaction contained 4 ng of cDNA. The qPCR
reactions contained LightCycler 480 SYBR Green I Master (Roche) and the
forward and reverse primer, each at a final concentration of 0.3 µM. Each
sample was analysed in triplicate. The amplification protocol consisted of
10 min at 95°C followed by 45 cycles of 95°C for 15 s and 60°C for 30 s,
completed with a standard melting curve protocol. Melting curve analysis
(LightCycler480, Roche) and quantifications were performed using the
Lightcycler 480 software (Roche). Eight reference genes were selected from
Ruiz-Villalba et al. (2017) and the two best ones were selected with
NormFinder and used as housekeeping genes. Each pair of primers, listed in
Table S4, was validated on mouse embryonic cDNA for specificity (one
peak on the melting curve), efficiency (>−3.6) and error (<0.2). Raw values
were exported fromMicrosoft Excel and relative expression calculated using
the 2−ΔΔCt formula.

Quantification
Staining intensity of immunohistochemistry on paraffin sections was
quantified using ImageJ 1.48a (NIH). Briefly, LSM files generated by
confocal microscopy were imported into ImageJ. The region of interest
(ROI) was manually defined, and the image was thresholded for both the
staining of interest and nuclei. Identical thresholding values were used for all
images of each experiment. The signal of the protein of interest above
threshold was quantified as a raw integrated density and divided by the
nuclei area. For proliferation measurement, the percentage of phospho-
histone H3 positive cells in each embryo was calculated as the ratio of total
number of phospho-histone H3-positive cells against the total number of To-
Pro3+ nuclei from five to six independent sections from the same embryo.
Western blots analysed by chemiluminescence were digitised using a FLA-
5100 scanner (Fujifilm) and converted to TIFF format using ImageJ.
Western blots analysed by Odyssey Imager (LI-COR) were scanned at high
resolution and saved as TIFF files. In both cases, bands were quantitated
using Gelanalyzer (gelanalyzer.com).

Statistical analyses
All statistical analyses were performed with Prism 7 (GraphPad Software).
Data from immunohistochemistry, western blots and qPCRs were first tested
for normal distribution using either the d’Agostino and Pearson normality
test (when n>8) or the Shapiro-Wilk normality test (when n<8). All datasets
were normally distributed. Therefore, all datasets were tested for statistical
significance using an ordinary one-way ANOVAwith Tukey’s post-hoc test
or Students t-test. The statistical significance of the incidence of heart
defects or resorbed embryos in exposed versus unexposed embryos (Fig. 1,

Fig. S2) was tested using a two-tailed Fisher’s exact test. Chi-squared
test were used to test for divergence from expected Mendelian ratios (Figs 1
and 7). In all the figures, data are mean±s.d.
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Figure S1: Representative images of heart defect assessment of E17.5 embryos
using OPT imaging and 3D reconstruction.
(A) 3D reconstruction of a normal E17.5 mouse embryonic heart. (B-C) Representative
images of cardiac transverse sections of a normal tricuspid aortic valve (B, arrowhead) and
a bicuspid aortic valve (C, BAV, arrowhead). (D-G) Representative images of cardiac
coronal sections of a normal heart (D) and heart displaying a ventricular septal defect (E,
VSD, arrowhead), an overriding aorta (F, OA, arrowhead) and a double outlet right ventricle
(G, DORV, arrowhead). RA: right atrium, LA: left atrium, RV: right ventricle, LV: left
ventricle, Ao: Aorta, Pa: pulmonary artery, Th: thymi. The scale bar represents 0.5 mm
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Figure S2: Incidence of heart defects in embryos with mutated cardiac development genes
following maternal exposure to low oxygen. Histograms showing the percentage of heart
defects present in E17.5 embryos following maternal exposure to the indicated level of hypoxia at
E9.5. (A) Fgf8 and (B) Tbx5. Data were tested for statistical significance by two-tailed Fisher’s
exact test. All relevant pairs were statistically tested and only the significant and/or relevant ones
are shown. ns not significant, * P<0.05, **P<0.01, *** P<0.001.
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Figure S3: Embryonic survival and resorption genotypes following maternal exposure to
low oxygen. (A) Histograms showing the percentage of heart defects present in E17.5 Nkx2-5
embryos following maternal exposure to 8% Oxygen at E9.5. (B) Histogram showing the
percentage of Nkx2-5+/+embryos alive (white), Nkx2-5+/+ resorbed (white with dots), Nkx2-5+/-alive
(grey), Nkx2-5+/- resorbed (black with dots) and the resorptions that could not be genotyped (black)
exposed to 5.5% Oxygen at the indicated developmental stages.
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Figure S4: Proliferative index of Nkx2-5 embryos following maternal exposure to low
oxygen. (A-E) Comparison of Phospho-HISTONE H3 expression (magenta) in Nkx2-5+/+
controls (A, n=4), Nkx2-5+/- controls (B, n=4), and exposed to 5.5% oxygen Nkx2-5+/+ (C,
n=10), Nkx2-5+/- with a morphologically normal heart (D, n=4) and Nkx2-5+/- with a dilated
heart (E, n=5). Nuclei are stained with TOPRO-3 (green). (F) Quantification of phospho-
histone H3-positive nuclei. Red dots indicate quantification of the images shown in A-E.
Data were tested for statistical significance by one-way ANOVA with Tukey’s post hoc test.
Error bars show standard deviations. DH: dilated heart, MN: morphologically normal heart.
The scale bar represents 100 �m.
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Figure S5: In utero embryonic cardiac chronotropy assessment. Quantification of
the heart rate of each embryo in the given genotypes and conditions at E10.5. Data were
tested for statistical significance by one-way ANOVA with Tukey’s post hoc test. Error
bars show standard deviations. ns not significant, *** P<0.001, **** P<0.0001. DH:
dilated heart, MN: morphologically normal heart, bpm: beats per minute.
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Figure S6: Effects of maternal exposure to low oxygen on embryonic levels of cardiac gene
transcripts at E10.5. (A-J) Quantification of transcript levels of (A) Hcn4, (B) Gja5, (C) Prox1, (D)
Cacnb2, (E) Cacna1c, (F) Kcnh2, (G) Scn5a, (H) Myh7, (I) Myl7, (J) Myl3, (K) Gata4, (L) Smad4
and (M) Hif1α at E10.5 by qPCR relative to Gapdh and Eef1e1. Data were tested for statistical
significance by one-way ANOVA with Tukey’s post hoc test. Error bars show standard deviations.
DH: dilated heart, MN: morphologically normal heart.
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Figure S7: Effects of maternal exposure to low oxygen on embryonic levels of cardiac gene
transcripts at E12.5. (A-K) Quantification of transcript levels of (A) Myl7, (B) Myl3, (C) Myl2, (D) Tnnt2,
(E) Nkx2-5, (F) Hcn4, (G) Gja5, (H) Cacnb2, (I) Cacna1c, (J) Kcnh2, and (K) Scn5a at E12.5 by qPCR
relative to Gapdh and Eef1e1. Data were tested for statistical significance by one-way ANOVA with
Tukey’s post hoc test. Error bars show standard deviations. DH: dilated heart, MN: morphologically
normal heart. * P<0.05, ** P<0.01.
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Figure S8: Induction of hypoxia and accumulation of HIF1� in embryonic heart following
maternal cobalt chloride injection in wildtype E9.5 embryos. (A) Schematic diagram
illustrating the experimental design. (B) Western Blot showing quantification of Hypoxyprobe™
adducts in E9.5 embryo. Embryos were uninjected (n=1, lane 4), normoxic (n=2, lane 3 and 5),
exposed to 5.5% O2 for 3 hours (n=2, lanes 1 and 6), and 8 hours after injection of 40mg/kg
cobalt chloride (n=2, lanes 2 and 7). �-TUBULIN was used as the loading control. (C-E)
Comparison of expression levels of HIF1� (magenta) in control embryos (C, n=2), embryos after
3 hours maternal exposure to low oxygen (D, n=2), and embryos 8 hours after maternal cobalt
chloride injection (E, n=2). The scale bar represents 100 �m in C-E.
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Type of heart defect observed 

O2 % 
Embryo 

genotype 
Embryos 
examined 

Normal Abnormal VSD 
Musc 

OA DORV BAV ASD TGA SOTV PTA EC HRH 
VSD 

21% 
+/+ 11 11 0 0 0 0 0 0 0 0 0 0 0 0 

+/- 30 30 0 0 0 0 0 0 0 0 0 0 0 0 

8% 
+/+ 24 22 2 0 2 0 0 0 0 0 0 0 0 0 

+/- 30 29 1 0 1 0 0 0 0 0 0 0 0 0 

5.5% 
+/+ 28 17 11 10 0 6 1 1 0 0 0 0 1 0 

+/- 30 21 9 8 0 2 1 1 0 2 1 0 0 0 

21% 

+/+ +/+ 20 20 0 0 0 0 0 0 0 0 0 0 0 0 

+/- +/+ 21 21 0 0 0 0 0 0 0 0 0 0 0 0 

+/+ +/- 20 20 0 0 0 0 0 0 0 0 0 0 0 0 

+/- +/- 22 22 0 0 0 0 0 0 0 0 0 0 0 0 

8% 

+/+ +/+ 52 48 4 2 1 1 1 1 0 0 0 0 0 0 

+/- +/+ 37 33 4 3 1 1 0 1 0 0 0 0 0 0 

+/+ +/- 42 39 3 3 1 1 1 1 0 0 0 0 0 0 

+/- +/- 34 25 9 7 1 1 0 1 0 0 0 0 0 1 

Table S1: Pregnant mice were exposed at the indicated oxygen concentration for 8 hours at E9.5 days of gestation. Mice were 
returned to normoxia, and embryos allowed to develop until E17.5, when heart morphology was analysed using OPT in 3D. VSD: 
membranous ventricular septal defect; muscVSD: muscular ventricular septal defect; OA: overriding aorta; DORV: double-outlet right 
ventricle; TGA: transposition of the great arteries; ASD: atrial septal defect; PTA: persistent truncus arteriosus; SOTV: straddling 
overriding tricuspid valve; BAV: bicuspid aortic valve; EC: ectopia cordis; HRH: hypoplastic right heart. Note that a particular embryo 
may have more than one type of defect. The heart defects in bold are more severe than the ones in regular font. Also see Figure S1 
for representative images of heart defects. 
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Type of heart defect observed 

O2 % 
Embryo 

genotype 
Embryos 
examined 

Normal Abnormal VSD 
Musc 
VSD 

OA DORV BAV ASD TGA SOTV PTA HLH 

21% 
+/+ 36 36 0 0 0 0 0 0 0 0 0 0 0 

+/- 38 27 11 5 0 3 1 0 3 0 3 1 2 

8% 
+/+ 23 22 1 1 0 1 0 0 0 0 0 0 0 

+/- 25 14 11 4 3 5 2 0 1 0 1 1 2 

21% 
+/+ 11 11 0 0 0 0 0 0 0 0 0 0 0 

+/- 20 19 1 1 0 0 0 0 0 0 0 0 0 

8% 
+/+ 32 31 1 1 0 0 0 0 0 0 0 0 0 

+/- 37 35 2 0 2 0 0 0 0 0 0 0 0 

5.5% 
+/+ 43 27 16 4 3 5 1 0 0 1 0 1 0 

+/- 31 8 23 8 3 8 3 0 0 1 0 0 0 

21% 
+/+ 16 16 0 0 0 0 0 0 0 0 0 0 0 

+/- 14 14 0 0 0 0 0 0 0 0 0 0 0 

8% 
+/+ 12 12 0 0 0 0 0 0 0 0 0 0 0 

+/- 20 18 2 1 0 0 0 0 1 0 0 0 0 

Table S2: Pregnant mice were exposed at the indicated oxygen concentration for 8 hours at E9.5 days of gestation. Mice were 
returned to normoxia, and embryos allowed to develop until E17.5, when heart morphology was assessed using OPT in 3D. VSD: 
membranous ventricular septal defect; muscVSD: muscular ventricular septal defect; OA: overriding aorta; DORV: double-outlet 
right ventricle; BAV: bicuspid aortic valve; ASD: atrial septal defect; TGA: transposition of the great arteries; SOTV: straddling 
overriding tricuspid valve; PTA: persistent truncus arteriosus; HLH: hypoplastic left heart. The heart defects in bold are more severe 
than the ones in regular font.

T
b

x
5
 

T
b

x
1
 

N
k
x

2
-5

 

Development: doi:10.1242/dev.172957: Supplementary information

Jo
ur

na
l o

f 
D

ev
el

o
pm

en
t •

 S
up

pl
em

en
ta

ry
 in

fo
rm

at
io

n



Embryonic stage after exposure at E9.5 to 5.5% oxygen for 8 hours 

E9.5 
0h after 
5.5%O2 

E9.5 – E10 
5h after 5.5%O2 

E10.5 E11.5 E12.5 E17.5 

Nkx2-5 +/+ +/- +/+ +/- +/+ +/- +/+ +/- +/+ +/- +/+ +/- 

HIF1 
= = ⇓ ⇑⇑ 

(F6) (F6) 

Live 
embryos (%) 

100 100 100 100 96 96 96 27 66 25 94 18 

(F6) (F6) (F2, FS3) (F2, FS3) (F2, FS3) (F1) 

Heart 
morphology 

(%) 

normal 
100 

normal 
100 

normal 
100 

normal 
55 

DH 
45 

normal 
100 

normal 
50 

DH 
50 

normal 
100 

normal 
100 

normal 
100 

normal 
100 

normal 
100 

normal 
100 

(F6) (F6) (F2) (F2) (F2) (FS3) 

Nkx2-5 
expression 

= ⇓ ⇓⇓ 

(F3) 

Proliferation/
apoptosis 

= = = 

(FS4) 

Heart rate 
⇓ ⇓⇓ ⇓⇓⇓ 

(F4, FS5) 

Conduction 
= = = = = 

(FS6) (FS7) 

Contractility 
= ⇓ ⇓⇓ = = 

(F5, FS6) (FS7) 

Table S3: Summary of molecular and morphological cardiac phenotype of Nkx2-5 embryos following maternal low oxygen 

exposure.  Embryonic day (E), figure (F), supplementary figure (FS), equal levels (=), elevated levels (⇑), reduced levels (⇓), wildtype 

(+/+), heterozygous null (+/-), dilated heart (DH).
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Candidate RefSeq Primer Sequence Reference 

Nkx2-5 NM_008700.2 
AAGTGCTCTCCTGCTTTCCC 

This study 
GCGCGCACAGCTCTTTTT 

Myh7 (Beta-
MHC) 

NM_001361607.1 
NM_080728.3 

CCTTACTTGCTACCCTCAGGTG 
GGCTGAGCCTTGGATTCTCAAA 

This study 

Myl7 
(MLC2a) 

NM_022879.2 
GGCACAACGTGGCTCTTCTAA (Koren et al., 

2013) TGCAGATGATCCCATCCCTGT 

Myl3 
(MLC1v) 

NM_001364484.1 
NM_010859.3  

GGAAGCCGAGTTTGATGCC 
This study 

GCCTCCTTGAACTCTTCAATCT 

Actc1 NM_009608.4 
GAACCACAGGCATTGTTCTGG 

This study 
CGCATGATGGCATGGGGTAA 

Myl2 
(MLc2v) 

NM_010861.4 
ATCGACAAGAATGACCTAAGGGA (Koren et al., 

2013) ATTTTTCACGTTCACTCGTCCT 

Tnnt2 
(cTNT) 

NM_001130174.2 
NM_001130175.2 
NM_001130176.1 
NM_001130177.2 
NM_001130178.2 
NM_001130179.2 
NM_001130180.2 
NM_001130181.2 
NM_011619.3 

ATGATGCACTTTGGAGGGTACA 
GGCCTTCTCTCTCAGTTGGT 

This study 

Hcn4 NM_001081192.1 
CAGCGTCAGAGCGGATACTT 

This study 
CTTCTTGCCTATGCGGTCCA 

Gja5 (Cx40) 
NM_001271628.1 
NM_008121.3  

AGCTCTAAACGTGGAAGGCTC 
This study 

CCGATGACTGTGGAGTGCTT 

Prox1 
NM_001360827.1 
NM_008937.3  

AAAGTCAAATGTACTCCGCAAGC (Zhou et al., 
2013) CTGGGAAATTATGGTTGCTCCT 

Cacnb2 
NM_001309519.1 
NM_001252533.1 
NM_023116.4  

TCTCGAGGGAAATCTCAAGCA 
This study ATTCCTGCGGAGGACATTGG 

Cacna1c 

NM_001159533.2 
NM_001159534.2 
NM_001159535.2 
NM_001255997.2 
NM_001255998.2 
NM_001255999.2 
NM_001256000.2 
NM_001256001.2 
NM_001256002.2 
NM_001290335.1 
NM_009781.4 

CATGAAGCTCAACTCAACTGTTTC 
CGTGGGCTCCCATAGTTG 

(Furtado et al., 
2017) 

Kcnh2 
NM_001294162.1 
NM_013569.2 

GATCGCCTTCTACCGGAAA (Furtado et al., 
2017) CATTCTTCACGGGTACCACA 

Scn5a 
NM_001253860.1 
NM_021544.4 

GATGAGGAGAACAGCCTTGG (Furtado et al., 
2016) CACAACTTGGGATTCCTGCT 

Gata4 
NM_001310610.1 
NM_008092.4 

GCTCCATGTCCCAGACATTC 
This study 

ATGCATAGCCTTGTGGGGAC 

Smad4 NM_008540.2 
CCAAGCGCGTATATAAAGGTCT 

This study 
GAGCTATTCCACCCACGGAC 

Hif1 
NM_001313919.1 
NM_001313920.1 
NM_010431.2 

TCATCAGTTGCCACTTCCCC 
This study CTGTCTAGACCACCGGCATC 

Table S4: Primer sequences used for qPCR 
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Target Name 
Catalogue 

number 

Species 

and type 
Supplier 

Dilution 

for IHC 

Dilution 

for IB 

Primary Antibodies 

-Smooth 

Muscle-FITC 

clone 

1A4 
F3777 

Mouse 

monoclonal 
Sigma-Aldrich 1:1,000 na 

Phospho-

histone H3 

(Ser 

10)- R 
sc-8656 

Rabbit 

polyclonal 

Santa Cruz 

Biotechnology 
1:200 na 

NKX2-5 
13921-
1-AP 

Rabbit 

polyclonal 
Proteintech na 1:1,000 

-Tubulin 
Clone 
TUB 2.1 

T5201 
Mouse 

monoclonal 
Sigma-Aldrich na 1:5,000 

HIF1 
NB100- 

449 

Rabbit 

polyclonal 
Novus Biologicals 1:400 na 

Hypoxyprobe 

TM 
4.3.11.3 

Mouse 

monoclonal 

Hypoxyprobe, Inc. 
1:500 na 

Secondary Antibodies 

Donkey anti-
rabbit Cy™3 

711-165-
152 

Jackson 
ImmunoResearch 

1:500 na 

Donkey anti-
mouse 
AlexaFluor ® 
488 

715-545-
151 

Jackson 
ImmunoResearch 

1:500 na 

Goat anti-
mouse 
IRDye® 
800CW 

926-
32210 

LI-COR na 1:10,000 

Donkey anti-
rabbit 
biotinylated 

711-065-
152 

Jackson 
ImmunoResearch 

1:500 na 

Tertiary reagents 

Steptavidin 
Cy™3 

GTX8590
2 

GeneTex 1:1,000 na 

Nuclear stain 

TO-PRO®-3 
Iodide 

T3605 Life Technologies 1:10,000 na 

DAPI 
1023627
6001 

Sigma-Aldrich 1:1,000 na 

Table S5: Antibodies used for immunodetection 
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