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Recent studies have identified the genetic underpinnings of a growing number of diseases through targeted
exome sequencing. However, this strategy ignores the large component of the genome that does not code for
proteins, but is nonetheless biologically functional. To address the possible involvement of regulatory vari-
ation in congenital heart diseases (CHDs), we searched for regulatory mutations impacting the activity of
TBX5, a dosage-dependent transcription factor with well-defined roles in the heart and limb development
that has been associated with the Holt–Oram syndrome (heart–hand syndrome), a condition that affects
1/100 000 newborns. Using a combination of genomics, bioinformatics and mouse genetic engineering, we
scanned ∼700 kb of the TBX5 locus in search of cis-regulatory elements. We uncovered three enhancers
that collectively recapitulate the endogenous expression pattern of TBX5 in the developing heart. We
re-sequenced these enhancer elements in a cohort of non-syndromic patients with isolated atrial and/or ven-
tricular septal defects, the predominant cardiac defects of the Holt–Oram syndrome, and identified a patient
with a homozygous mutation in an enhancer ∼90 kb downstream of TBX5. Notably, we demonstrate that this
single-base-pair mutation abrogates the ability of the enhancer to drive expression within the heart in vivo
using both mouse and zebrafish transgenic models. Given the population-wide frequency of this variant,
we estimate that 1/100 000 individuals would be homozygous for this variant, highlighting that a significant
number of CHD associated with TBX5 dysfunction might arise from non-coding mutations in TBX5 heart
enhancers, effectively decoupling the heart and hand phenotypes of the Holt–Oram syndrome.

INTRODUCTION

Congenital heart diseases (CHDs) are the most prevalent neo-
natal disorders in humans, affecting �1 in every 120 live
births (1). Because CHDs reflect abnormalities of heart devel-
opment during embryogenesis, they are thought to result from
alterations in transcription factors and other developmental
pathways that coordinately control cardiac development.
This hypothesis has been repeatedly reinforced by successive
reports of mutations in cardiac developmental genes, resulting
in CHDs (2–7). These examples, however, collectively
explain but a small fraction of CHD cases.

Recent advances in DNA sequencing technology allow for the
simultaneous interrogation of entire patient exomes in search of
disease-causing genetic variations (8–10). This has led to the

discovery of MLL2 as a causative gene for Kabuki syndrome
(11), which includes congenital cardiac defects, and holds
great potential as an experimental platform for the identification
of new mutations and genes causing CHDs. Despite the promise
of exome sequencing, its main limitation resides precisely in
restricting the mutation survey area to �1–2% of the human
genome which encodes for proteins. Indeed, the impact of
genetic variants in non-protein-coding sequences in the etiology
of complex diseases has become well recognized. Genome-wide
association studies (GWASs) suggest that a large number of
non-coding variants underlie the increased risk to various
common diseases, often by disrupting cis-regulatory elements
(CREs) that control the expression of nearby genes (12–19).

The potential role of non-coding variants in congenital
malformations, including CHDs, has not been extensively
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explored. Mutations that truncate the mRNA or significantly
alter the structure or amino acid composition of a transcription
factor will intuitively result in severe morphological pheno-
types, such as those seen in CHDs. Less clear are the potential
deleterious effects of mutations in CREs of these developmen-
tal genes. The regulatory architecture of a locus spanning a
transcription factor or other developmental factors often com-
prises various long-range CREs, each responsible for a subset
of the temporal, spatial and/or quantitative aspects of the
gene’s expression (18). Genetic variation within one of these
multiple cis-regulatory units may lead to (i) no phenotypic
effect, with the remaining cis-regulatory units compensating
for the dysfunction of a single enhancer; (ii) a compartmental-
ization of the phenotypic effects of that gene, with a subset of
the global biological function of the gene being disrupted; or
(iii) an altogether new phenotype, uncovering a previously un-
anticipated biological role for that gene. In fact, several loci
encoding for transcription factors involved in embryonic de-
velopment have emerged from GWASs with non-coding vari-
ation associated with adult-onset cardiac disease phenotypes
(20–22), rather than congenital morphological phenotypes
that were attributed to coding mutations within those same
genes (2,23).

To address the potential for mutations within CREs of de-
velopmental genes to result in CHDs, we utilized the TBX5
locus. TBX5 is a transcription factor with well-defined roles
in the heart and forelimb development (24,25). In addition
to its demonstrated necessity for cardiogenesis (26,27), an
array of coding mutations in TBX5 almost invariably leads
to the Holt–Oram syndrome (2,26,28,29), indicating a
strong biological sensitivity to TBX5 dosage, which has
been confirmed in multiple animal models (25,30–33).
Given this dosage-sensitivity, we hypothesized that sequence
variations in enhancers regulating TBX5 expression during
heart development are likely to perturb TBX5 expression and
result in CHD.

Using a combination of bioinformatics, epigenetics, genom-
ics and in vivo mouse transgenic reporter assays, we scanned
the TBX5 locus for developmental enhancers. We subsequent-
ly sequenced three cardiac-specific enhancers in a cohort of
260 Brazilians with atrial septal defects (ASDs) and/or ven-
tricular septal defects (VSDs), the most common forms of
CHD associated with the Holt–Oram syndrome. Our results
uncovered a low-frequency single-nucleotide polymorphism
(SNP) segregating in the population that abrogates a cardiac-
specific TBX5 enhancer, thereby decoupling the heart and
hand phenotypes seen in the Holt–Oram syndrome patients.
This SNP alone has the potential to lead to as many CHDs
as the combined spectrum of mutations reported for the Holt–
Oram syndrome, underscoring that a significant number of
TBX5-related CHDs may be due to variation in CREs and are
undetected by exome or other protein-coding targeted sequen-
cing strategies.

RESULTS

Determining the regulatory landscape of the TBX5 locus

TBX5 lies amidst a nearly 700 kb gene desert, bracketed by
TBX3 (261 kb upstream) and RBM19 (387 kb downstream)

(Fig. 1). Although regulatory elements can lie further afield
(34), we and others have had success limiting the search to
the nearest neighboring genes. Using in situ hybridization
(Fig. 1A–C), we established that the endogenous expression
patterns of these three genes overlap minimally, thereby sim-
plifying the assignation of enhancers within this region to their
cognate gene.

We then interrogated the entire 700 kb region for the pres-
ence of transcriptional enhancers. We identified three mouse
bacterial artificial chromosomes (BACs) that tile across the
region, and subsequently converted each into an enhancer
trap system by recombineering lacZ onto each BAC, such
that transgene expression would be driven exclusively by
extant enhancers (19,35,36). We generated transgenic mice
harboring each of the engineered BACs and assayed them
for b-galactosidase expression in multiple independent
founder embryos. Because known TBX5 mutations result in
septal defects (27,30), we assayed the developing embryos
after septation had begun (37,38), during their 11th day of de-
velopment (E11.5) (Fig. 1D–F). Comparing b-galactosidase
expression with the mRNA expression of each gene in the
region, we found that BACs RP23-267B15-lacZ and RP23-
173F14-Tn7 each drove cardiac expression in a manner consist-
ent with the endogenous TBX5 expression profile. In contrast,
RP23-235J6-Tn7 generated no overlapping expression with
TBX5 and was therefore excluded from further investigation
(Fig. 1F).

Transgenic lines (n ¼ 6) carrying RP23-267B15-lacZ exhi-
bited consistent expression in a pattern qualitatively similar to
that of TBX5, with strong expression in the left ventricle, mod-
erate expression in the ventricular septum and very low ex-
pression in the right ventricle (Fig. 1E). Notably, all lines
exhibited weak expression in the left atrium and almost no ex-
pression in the right atrium, suggesting that the bulk of TBX5
atrial expression is regulated by enhancers outside the genomic
region covered by this BAC. Sporadic expression (n ¼ 2) was
also seen in the forelimbs.

Transgenic lines (n ¼ 4) carrying RP23-173F14-Tn7 dis-
played consistent expression similar to that of TBX5 in the
dorsal retina and along a strong anteroposterior gradient in
the heart (Fig. 1D). Both atria and the atrial septum were
heavily marked, as was the mesoderm surrounding the
trachea. The atrioventricular canal (AVC) and the left ven-
tricle showed moderate expression, especially in the trabecu-
lated myocardium, while expression in the right ventricle
was minimal.

Together, these two BACs recapitulated virtually all
aspects of TBX5 cardiac expression. We next sought to fine-
map individual TBX5 enhancers contained within each of
these BACs.

Identification of individual enhancer elements

Having narrowed the TBX5 enhancer-containing region to
�411 kb, we used an integrated approach to map the coordinates
of individual enhancers. This strategy considered multiple
genome-wide ChIP-seq data sets including the enhancer-
associated transcriptional co-activator p300 (39,40), cardiac tran-
scription factors Mef2a, TBX5, Gata4, Nkx2.5, SRF (40) and
computationally predicted enhancers (41), as well as the
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enhancer-associated histone modification H3K4me1 (generated in
the Nobrega lab; not shown) and evolutionary conservation
(42,43) to identify and prioritize likely functional non-coding
regions. In total, we identified 19 discrete (369–5026 bp) can-
didate human non-coding CREs (Fig. 2C and D, Supplemen-
tary Material, Table S1).

Each candidate CRE was tested for enhancer activity in vivo
by placing it upstream of an hsp68 minimal promoter con-
nected to lacZ (hsp68– lacZ). Using these constructs, we gen-
erated transgenic mice, each of which were assayed for
b-galactosidase expression at E11.5. Enhancers exhibiting
overlapping expression patterns with TBX5 in at least three
independently derived embryos were considered for further
analyses.

We identified three elements (CREs 2, 9, 16) with patterns
of enhancer activity overlapping the endogenous expression
pattern of TBX5 and the enhancer-trap BACs in which they
were contained (Fig. 2E–G). Enhancer 2, located 380 kb
downstream of TBX5 (hg19 chr12:114 463 712–114 464
080), drove strong expression in ventricles, but not the inter-
ventricular septum (IVS), and in both atria, but not the atrial
septum or AVC. Situated 140 kb downstream of TBX5 (hg19
chr12:114 701 207–114 704 691), enhancer 9 controlled ex-
pression throughout the posterior portion of the heart, includ-
ing ventricles, IVS and AVC. Enhancer 16, which is 9 kb
upstream of TBX5 (hg19 chr12:114 853 271–114 858 238),
imparted expression in ventricles, IVS, AVC and weakly in
atria. In each case, the regulatory activity was reproducible
(see Supplementary Material, Figs S1–S3 for additional
time points and Supplementary Material, Figs S4–S6 for add-
itional transgenic lines). Although these isolated enhancers
gave expression in both ventricles, when in the larger

context of a BAC, RV expression was not seen and supports
the notion that, in vivo, the expression in the right ventricle
is repressed by undefined mechanisms. Only ECR2 drove
reproducible extra-cardiac expression, in the eye, which was
also seen in the BAC that contains ECR2 (Fig. 1D). We also
identified three elements (CREs 8, 15, 19; Supplementary
Material, Figs S7–S9) that consistently yielded expression
within the outflow tract (OFT), a domain in which TBX5 is
excluded. TBX3, however, is critical for OFT development
(44), and the most parsimonious explanation is that these are
TBX3 enhancers. These enhancers were not studied further.

Interestingly, because none of the enhancers imparted both
heart and limb expression, our scan suggests that the cis-
regulation of this gene in the heart and forelimbs is compart-
mentalized, each carried out by a distinct set of modular
enhancers specific to each spatial domain. These results
further suggest that potentially deleterious genetic variation
within these enhancers might lead to cardiac-specific pheno-
types, decoupling the heart and hand phenotypes seen with
TBX5 protein-coding mutations in the Holt–Oram syndrome
and potentially expanding the spectrum of CHDs caused by
TBX5-associated dysfunction.

Sequencing CHD patient samples

In order to establish a potential role for TBX5 cis-regulatory
variation in CHD, we sequenced the three enhancers that
were uncovered in a patient cohort consisting of 260 unrelated
Brazilian children born with isolated, congenital heart defects,
including atrial (82), ventricular (140) and atrioventricular
(38) septal defects, none of whom were diagnosed with the
Holt–Oram or any other syndromic CHD. We identified 19

Figure 1. Regulatory landscape of the TBX5 locus. Whole mount and histological sections through the heart of embryonic day 11.5 (E11.5) embryos. Top
row: In situ hybridizations showing endogenous expression (purple) of (A) RBM19, (B) TBX5 and (C) TBX3. Bottom row: b-Galactosidase staining (blue) cap-
tures the regulatory landscape of enhancers within BACs (D) RP23-173F14-Tn7, (E) RP23-267B15-LacZ and (F) RP23-235J6-Tn7. The genes probed for in
A, B and C are contained, respectively, within the BACs tested in D, E and F. There is a 46 bp gap between the BACs containing RBM19 and TBX5, encom-
passing nucleotides 120 424 690–120 424 646. There is 1140 bp of overlap between the BACs containing TBX5 and TBX3 encompassing nucleotides 120 216
612–120 217 754. Panels B, D–F, forelimb is outlined. A–E, transverse sections; F, sagittal section. A, atrium; RA, right atrium; LA, left atrium; AS, atrial
septum; V, ventricle; RV, right ventricle; LV, left ventricle; VS, ventricular septum; AVC, atrioventricular canal.
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high-quality sequence variants, 10 of which represented
common polymorphisms and were discarded from further ana-
lysis (Supplementary Material, Table S2). We confirmed the
remaining nine rare or novel variants via resequencing.
Eight of these variants were observed in a heterozygous
state, with half common to two or more individuals within
our sample, while the other half were novel. In addition,
most of these eight variants were devoid of or harbored
minimal basewise placental mammal conservation according
to PhyloP and MULTIZ (45,46), suggesting a lack of evolu-
tionary constraint expected of functionally critical nucleotides.
Furthermore, when analyzed using rVista (47), most of these
lacked notable overlap with predicted conserved transcription
factor binding sites (cTFBS).

One variant, however, stood out markedly as a strong can-
didate for a functionally relevant sequence variant: a singleton,
homozygous G�T transversion within enhancer 9 at a highly
conserved nucleotide (hg19, chr12:114 704 515) inside a
cTFBS (see below) (Fig. 3A–C). Notably, enhancer 9 exhib-
ited expression within the ventricular septum (Fig. 2F),
while the patient that harbored the putative functional
variant was diagnosed with a VSD.

To establish whether the variation within enhancer 9 corre-
sponds to a functional binding site of a known transcription
factor, we screened the variant nucleotide and adjacent DNA
sequence for transcription factor binding sites using the
TRANSFAC database (47,48) and identified a conserved, pre-
dicted binding site of TAL1 (HGNC:11556) (Fig. 3D).

However, previous reports in mouse (49–51) and zebrafish
(52), as well as our own RNA in situ hybridization (Supple-
mentary Material, Fig. S10), indicate that TAL1 is confined
to the endocardial aspects of the ventricular septum, and not
the myocardial portion in which enhancer 9 drives expression.
No other predicted binding site in TRANSFAC overlaps the
variant nucleotide, suggesting that an unidentified factor
binds to this DNA region in vivo. It is also possible that the
variant overlaps with a binding site for a known factor that
binds to DNA using alternative, non-canonical binding sites,
as we have recently shown (53). The identification of such
binding factor(s) will be the subject of future studies.

Upon further sequencing, we confirmed that both parents
of the patient are heterozygotes at this position, and additional
sequencing of 500 unrelated, unaffected Brazilians identified
three additional heterozygotes, suggesting that this variation is
an SNP with a minor allele frequency of 0.3% in the Brazilian
population, which is slightly less common than the 2.7%
frequency among Peruto Ricans, as seen in preliminary data
from the 1000 Genomes Project (54), but suggests that it segre-
gates in broader populations within the Americas. To exclude
protein-coding mutations in this patient, we sequenced the
exons of genes previously associated with VSD (TBX5,
CITED2, GATA4 and NKX2.5). Only a common, synonymous
SNP (rs2277923) in NKX2.5 was observed. All patients were
karyotypically normal, and we also excluded a 22q11.2 deletion
(55) as a putative underlying genetic determinant of the CHD
in the patient.

Figure 2. Location of and b-galactosidase expression driven by TBX5 enhancers. (A and B) The TBX5 locus. (C) Individual elements tested for enhancer ac-
tivity. Sequences with enhancer activity consistent with the expression pattern of TBX5 are dark blue. (D) Pairwise alignments of the mouse genome to human
and chicken identify evolutionarily conserved regions (ECRs), which are displayed as peaks. (E–G) Whole mount, isolated hearts and transverse histological
sections of transgenic animals carrying individual TBX5 enhancers at E11.5. Consistent expression, across multiple lines, was observed for all three enhancers in
the ventricular myocardium, and although it is evident here for ECRs 2 and 16, atrial expression was not recapitulated in independent lines. Only enhancer 2
reproducibly drove expression outside the heart, in the eye. See Fig. 1 for abbreviations and Supplementary Material, Figs S1–S6 for additional lines and time
points.
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Functional impact of variant in enhancer function

In vitro analysis
We hypothesized that the variant nucleotide disrupts transcrip-
tion factor binding to enhancer 9. To test this, we performed
an electrophoretic mobility shift assay using short DNA
probes spanning either the wild-type (G) or variant (T)
allele. Upon in vitro incubation with HeLa cell lysate, which
we confirmed express TAL1 (Supplementary Material,
Fig. S11), we observed that the magnitude of the shift in the
variant enhancer sequence is quantitatively reduced, in a
dosage-dependent effect, compared with the wild-type probe
(Fig. 4, Supplementary Material, Figs S12 and S13), support-
ing the hypothesis that this variant does impart a functional
consequence.

In vivo analysis
We next assayed the impact of this variant on enhancer func-
tion in vivo. For this analysis, we amplified enhancer 9 con-
taining the putative functional variant using the patient’s
DNA, cloned this sequence into an hsp68– lacZ reporter con-
struct and generated transgenic mice. While the construct har-
boring the wild-type (G) allele of enhancer 9 resulted in seven
out of eight independent transgenic founders with reproducible
b-galactosidase staining in the heart, the variant (T) allele of
this enhancer resulted in 11 independent founder transgenic
animals, only one of which expressed b-galactosidase,
weakly in the atrial free wall of the heart (Fig. 5A, Supplemen-
tary Material, Fig. S14). These data directly demonstrate that
the variation within this highly conserved DNA segment abro-
gates the cardiac expression potential of enhancer 9 in vivo.

To further narrow the critical region sufficient for enhancer
9 function, we generated a construct containing a short, highly
conserved 515 bp sub-sequence of enhancer 9 (construct 9B)
spanning the variant. We obtained 9B constructs harboring
each allele of the variant, cloned each into a cFos-GFP report-
er construct, sequence-verified them and generated transgenic
zebrafish, which we assayed at 72 h for GFP expression (41).
At this stage, the zebrafish heart has already developed and is

undergoing rapid differentiation and proliferation, comparable
to mouse embryonic stage E11.5. Of 82 fish injected with
wild-type 9B constructs, 28 (34%) displayed similar expres-
sion of GFP in the heart, indicating that this shorter element
alone is sufficient to retain cardiac enhancer properties
(Fig. 5B). In stark contrast, of 110 fish injected with enhancer
9B containing the novel allele, only two (1.8%) displayed
weak expression of GFP in the heart (Fisher’s exact P-value:
3.85e210), demonstrating a clear functional consequence of
this variant, in vivo, in a second vertebrate model. Together,
these results indicate that this low-frequency SNP destroys
the cardiac expression properties of this enhancer.

DISCUSSION

Results from GWAS have suggested that a significant fraction
of the underlying genetic variation associated with complex
human diseases is non-protein coding in nature, and experi-
mental follow-up in several of these associated regions has dir-
ectly implicated regulatory variation—disrupting the function
of long-range cis-regulatory sequences—as a mechanistic link
to these genetic associations (12–19). Less clear, however, is
the spectrum of congenital diseases that may also have regula-
tory variation as their genetic underpinning. Our work illus-
trates that a considerable number of CHD cases may be due
to variation in long-range enhancers of genes that are critical
in heart development. Importantly, we showed how the modu-
larity in the cis-regulation of TBX5, comprising several cardiac
enhancers, can decouple the cardiac and limb phenotypes
usually associated with TBX5 protein-coding mutations and
the Holt–Oram syndrome. This example highlights that regu-
latory variations leading to CHDs may present with compart-
mentalized phenotypes compared with the broader phenotypes
associated with protein-coding mutations in their cognate
gene.

Our results show that the enhancer variant tested in vitro
and in vivo represents a low-frequency SNP in the population
studied. It also implies that �1/100 000 individuals will be

Figure 3. Enhancer 9 genomic context and nucleotide conservation. (A) Human alignment to chicken, opossum and mouse at the enhancer 9 region (black bars,
top) shows that this enhancer contains two short segments of highly conserved nucleotides (red peaks). (B) One patient possessed a homozygous G�T sequence
alteration (hg19 chr12:114 704 515), with two heterozygous parents. (C) The variant nucleotide (boxed) is highly conserved and overlaps a predicted, conserved
binding site for TAL1 (D).
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homozygous for this variant. The penetrance of this variant is
unknown, but its frequency raises the possibility that this SNP
alone may result in as many cases of CHD as the population-
wide incidence of the Holt–Oram syndrome, significantly in-
creasing the number of cases of CHD connected to TBX5 dys-
function. Because the patient’s parents and the three unrelated
Brazilians appear to be unaffected carriers of the variant, we
speculate that a single allele of this variant is not sufficient
to significantly change the expression of TBX5, which we
show is under the control of at least three independent
cardiac enhancers. Moreover, while we were successful in
uncovering multiple cardiac enhancers within the TBX5
locus, this was not a comprehensive enhancer screen, and it
is likely that we are missing other regulatory sequences that
could harbor additional variants leading to additional cases
of CHD.

Regulatory variation in long-range enhancers such as the
one studied here will be missed by exome sequencing
strategies. With the advent of whole-genome sequencing,
such variants will finally be captured by routine resequencing
efforts. Nevertheless, two major hurdles limit the interpret-
ation of sequencing data. First, a complete catalog of function-
al non-coding sequences will be necessary in order to
prioritize among the non-coding fraction of the genome
those regions in which variation may result in phenotypes.
Technological developments in high throughput genomics
and large-scale experimental efforts such as the ENCODE
project have made this an addressable challenge (56,57).
Second, the functional interpretation of sequence variation
in non-protein-coding sequences remains elusive. As

demonstrated in our work, we were not able to establish
which transcription factor(s) binds differentially to the allelic
variants of the novel SNP within the TBX5 enhancer that we
studied. Given the rapidly increasing repertoire of examples
of non-coding variation as genetic underpinning for both
developmental and complex, adult-onset diseases, the devel-
opment of new, high throughput, systematic experimental
tools to evaluate the functional implications of such variants
will likely take center stage.

MATERIALS AND METHODS

BAC modification

Mouse BACs were engineered in vitro in two ways: through
targeted insertion and through transposon-mediated, random
insertion of a cassette containing an antibiotic resistance gene,
for selection of recombinant bacteria, and a b-galactosidase
(lacZ) gene which is expressed only in the presence of cis-
regulatory elements within the respective BACs.

BAC RP23-267B15 had a lacZ–ampicillin cassette inserted,
in frame, replacing the first exon of TBX5 using a Red/ET
recombination kit and protocol from Gene Bridges (catalog
#K001). Ampicillin-resistant colonies were polymerase chain
reaction (PCR)-screened for homologous recombination
using primers in TBX5 and the vector cassette (Supplementary
Material, Table S1), and the insertion junction was verified by

Figure 5. A regulatory variant abrogates enhancer function. (A) A
single-base-pair mutation in enhancer 9 abrogates its ability to drive cardiac
expression. (B) Enhancer 9B, containing a 515 bp ECR within enhancer 9,
drives cardiac expression in zebrafish. When mutated similarly, it too loses
enhancer activity.

Figure 4. Reduced binding to mutant DNA. Radioactive DNA probe contain-
ing wild-type G allele (WT) is bound to a greater extent than probe containing
mutant T allele (mut) (A, lanes 1, 2 versus 6, 7; B, 20 and 30 mg). Cold WT
probe competitively displaces mutant probe faster than WT (A, lanes 8–10
versus 3–5; B, ×5, ×10 and ×20). Statistical analyses were performed
with two-way ANOVA. Each bar represents median+ standard error (n ¼ 3).
∗P , 0.05 versus wild-type.
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sequencing. Recombinant BACs were confirmed intact by re-
striction digest with MluI (NEB).

BACs RP23-173F14 and RP23-235J6 were modified using
a Tn7 transposon-based system (19,35,36). Using a Nucleo-
bond AX Kit (Macherey-Nagel), BAC DNA was extracted,
40 ng of which were combined with 20 ng of Tn7 vector car-
rying a b-globin minimal promoter adjacent to a lacZ gene and
a downstream kanamycin resistance gene, GPS buffer and
TnsABC transposase (NEB), and incubated at 378C for
10 min. Start solution was added and incubation continued
for 1 h, followed by a heat inactivation 758C for 10 min and
a 1 h dialysis against ultra-pure H20. Electro-competent
DH10B cells were transformed with 2 ml of the transposition
reaction and plated on LB agar containing 20 mg/ml kanamy-
cin and 12.5 mg/ml chloramphenicol. Recombinant colonies
were identified by PCR. Modified BAC clones were then
digested with NotI and separated by pulsed field gel electro-
phoresis (PFGE) overnight on a 1% agarose gel to determine
the number of copies and approximate position(s) of the inte-
grated Tn7b-lacZ cassette.

Finally, BAC DNA from both systems was extracted from
fresh overnight culture, an aliquot linearized and checked for
length and degradation via PFGE, and the remainder dialyzed
against PBS and submitted for pronuclear injection.

Enhancer reporter constructs

DNA was PCR-amplified and, depending on amplicon size,
cloned into either of the Gateway entry vectors pENTR/
D-TOPO (,2 kb) or pDONR 221 (Invitrogen), and then trans-
ferred to a Gateway-hsp68-lacZ reporter vector through LR
recombination (58). Constructs were restriction digest and
sequence-verified, linearized with SalI (NEB) and the vector
backbone excised to leave only the putative enhancer, the
hsp68 minimal promoter and the lacZ gene. After a final
ethanol precipitation, the DNA was submitted to the Univer-
sity of Chicago Transgenic Core for pronuclear injection.

Mouse in vivo transgenic reporter assay

Embryos were harvested into cold 100 mM phosphate-buffered
saline, pH 7.3 (PBS), followed by, depending on the embryon-
ic stage, 20–60 min incubation in 4% paraformaldehyde at
48C. Embryos were washed twice for 20 min in wash buffer
(2 mM MgCl2, 0.01% deoxycholate, 0.02% NP-40, 100 mM

phosphate buffer, pH 7.3), and stained for 16–20 h at room
temperature with freshly made staining solution (0.8 mg/ml
X-gal, 4 mM potassium ferrocyanide, 4 mM potassium ferri-
cyanide, 20 mM Tris, pH 7.5 in wash buffer). After staining,
embryos were rinsed at least five times in PBS and post-fixed
in 4% paraformaldehyde. Embryonic yolk sacs were digested
overnight at 558C in 50 ml lysis buffer (100 mM Tris–HCl
pH8.5, 5 mM ethylenediaminetetraacetic acid, 0.2% sodium
dodecyl sulphate, 200 mM NaCl, 20 mg Proteinase K) and
genomic DNA was extracted and purified using a Gentra Pure-
gene kit (Qiagen).

Zebrafish reporter construction and in vivo transgenic
assay

DNA from Patient 3403 and a control were PCR-amplified and
cloned into pDONR 221 (Invitrogen) Gateway entry vector
and then shuttled via LR reaction to a reporter vector contain-
ing eGFP under the control of a minimal c-fos promoter, all of
which were flanked by tol2 transposon sites. Each construct
was coinjected into one- to two-cell stage zebrafish embryos
as 25 ng/ml circular plasmid with 35 ng/ml to l2 transposase
mRNA transcribed in vitro using the mMessage mMachine
Sp6 kit (Ambion). Zebrafish were maintained in accordance
with standard protocols (59,60), and embryos were obtained
from natural crosses of wild-type mating pairs, incubated at
28.58C, and staged (61). Developing fish were observed
daily for enhancer activity beginning 24 h after injection.

Histological processing and sectioning

Embryos were trimmed of excess tissue and submitted for de-
hydration and paraffin infusion to the University of Chicago
Human Tissue Resource Center. Embryos were then embed-
ded in paraffin blocks, sectioned and lightly stained with
eosin at the University of Chicago Cancer Research Center
Immunohistochemistry Core facility.

Enhancer sequencing in humans

Patient DNA was collected at the Instituto do Coracao in San
Paulo, Brazil, under local IRB regulatory approval. Patients
were ascertained by heart defect: 82 possessed ASDs, 140 pos-
sessed VSDs and 38 had complex atrioventricular septal
defects. Enhancers were PCR-amplified (primers in Supple-
mentary Material, Table S1) and then sequenced with
BigDye Terminator chemistry (Applied Biosystems) accord-
ing to standard protocols. Sequences were analyzed using
Mutation Surveyor (SoftGenetics) and putative variants
sequenced a second time in the opposite direction.

In situ hybridization

Whole mount and section in situ hybridizations against TBX5,
Tbx3 and Rbm19 mRNA using digoxigenin-labeled antisense
and sense (control) riboprobes were performed according to
standard protocols (62). Probes were generated from full-
length mouse cDNA clones: TBX5 (plasmid TBX5 w35),
kindly provided by S. Evans; TBX3 (IMAGE ID 30547736);
and RBM19 (IMAGE ID 3673396). Tissues were stained
overnight, whole mount embryos transferred to 10% buffered
formalin phosphate prior to imaging and sections mounted in
Fluoro-Gel (Electron Microscopy Sciences).

Electrophoretic mobility shift assay

Assays were performed as previously reported (28). Probe
sequences are available upon request. HeLa cells were shown
to significantly express TAL1 compared with HEK 293T cells
transiently transfected to overexpress TAL1 and endothelial
cells that endogenously express TAL1 by western blot. Immu-
noblot membranes were probed first with TAL1 antiserum
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M258C (kindly provided by R. Baer) and subsequently with
mouse anti-rabbit IgG/horseradish peroxidase conjugate (Invi-
trogen). Data were expressed as mean+SEM. Statistical ana-
lyses were performed using two-way analysis of variance
(ANOVA) and/or Student’s t-test. Values of P , 0.05 were
considered significant.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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