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incubated at 22°C for 20 min before it was viewed by
fluorescence microscopy.

T. Kouyama and K. Mihashi, Eur. J. Biochem. 114, 33
(1981); J. A. Cooper, S. B. Walker, T. D. Pollard,
J. Muscle Res. Cell Motil. 4, 253 (1983).

The pyrene-actin assay measures the weight concen-
tration of polymer over time and is not sensitive to
the distribution of filament lengths (76). Pyrene-actin
was prepared as described in (76). Pyrene-labeled
G-actin and unlabeled G-actin were isolated by cen-
trifuging actin in G-buffer at 228,000g for 15 min to
remove F-actin. For polymerization reactions, the
Arp2/3 complex, ActA-His, and/or ActA-N-His were
mixed and brought to 5 pl in control buffer [20 mM
Mops (pH 7.0), 100 mM KCl, 2 mM MgCl,, 5 mM
EGTA, 1 mM EDTA, 0.2 mM ATP, 0.5 mM DTT, 10%
(v/v) glycerol]. This solution was immediately mixed
with 5 pl of 10X initiation buffer (20 mM MgCl,, 10
mM EGTA, 5 mM ATP) and immediately added to 40
wl of G-actin solution (90% unlabeled actin and 10%
pyrene-actin in G-buffer) to initiate polymerization.
To monitor actin depolymerization, 7 pM pyrene
G-actin was polymerized for 4 to 5 hours at 20°C by
adding 10X initiation buffer (20 mM MgCl,, 10 mM
EGTA, 5 mM ATP). Depolymerization was initiated by
diluting 2 wl of F-actin into 48 pl of G-buffer con-
taining 1 wl of control buffer or 1 ul of 6.4 pM
Arp2/3 complex in control buffer (0.27 uM actin,
0.13 wM Arp2/3). Pyrene fluorescence was monitored
with a fluorometer (excitation wavelength, 365 nm;
emission wavelength, 407 nm).

. Lasa et al., EMBO J. 16, 1531 (1997).

To generate ActA-His, a truncated actA gene encod-
ing amino acids 1 to 613 but lacking the trans-
membrane domain was amplified by polymerase
chain reaction (PCR). Primers used were GGAAGCT-
TGTGGATGCTTCTGAAAGTGAC (upstream of the
actA promoter) and GGGGATCCCGTCGTATGGT TC-
CCTGG (bases 1812 to 1839 of actA; Bam Hl site is
undeilined). The PCR product was digested with Bam
HI and Hin dlll (site upstream of promoter) and was
subcloned into pAM401, yielding pDP2683. To intro-
duce the Hisg tag, the Bam HI-Xba | fragment of
pQE-60 (Qiagen) encoding amino acids GSRSHHH-
HHH (G, Gly; S, Ser, R, Arg; H, His) was subcloned into
pDP2683 to yield pDP2717. This was transformed
into L. monocytogenes strain DPL1545 (6) to yield
strain DPL2723. To generate ActA-N-His, a fragment
of actA encoding amino acids 1 to 263 was amp-
lified by PCR. Primers used were CGGGATCCT-
GAAGCTTGGGAAGCAG (upstream of actA promot-
er; Bam HI site underlined) and GCTCTAGAT TAGT-
GGTGGTGGTGGTGGTGCGAAGCATTTACCTCTTCA-
CT (bases 769 to 789 of actA; Xba | site underlined),
which encodes the Hisg tag. The PCR product was
digested with Bam HI and Xba | and ligated into
pAM401 to yield pDP3624. This was transformed into
L. monocytogenes strain DPL1545 to yield strain
DPL3625. Secreted ActA-His and ActA-N-His were
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resin was washed with binding buffer and proteins
were eluted with elution buffer 20 mM Mops (pH
7.0), 100 mM KCl, 250 mM imidazole (pH 7.0)].
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(Pharmacia) gel-filtration chromatography in control
buffer for the pyrene-actin experiments (77) and
were frozen in N,(l) and stored at —80°C.
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Congenital Heart Disease
Caused by Mutations in the
Transcription Factor NKX2-5

Jean-Jacques Schott,* D. Woodrow Benson,*} Craig T. Basson,
William Pease, G. Michael Silberbach, Jeffrey P. Moak,
Barry J. Maron, Christine E. Seidman, J. G. Seidman§

Mutations in the gene encoding the homeobox transcription factor NKX2-5
were found to cause nonsyndromic, human congenital heart disease. A dom-
inant disease locus associated with cardiac malformations and atrioventricular
conduction abnormalities was mapped to chromosome 535, where NKX2-5,
a Drosophila tinman homolog, is located. Three different NKX2-5 mutations
were identified. Two are predicted to impair binding of NKX2-5 to target DNA,
resulting in haploinsufficiency, and a third potentially augments target-DNA
binding. These data indicate that NKX2-5 is important for regulation of sep-
tation during cardiac morphogenesis and for maturation and maintenance of
atrioventricular node function throughout life.

Cardiac development is a complex biological
process requiring the integration of cell com-
mitment, morphogenesis, and excitation-con-
traction coupling (Z, 2). Several transcription
factors (3) have been implicated in this process
on the basis of their spatial and temporal pat-
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terns of expression or their phenotypic effects
when they are functionally inactivated in flies
or mice. Analyses of the finman gene in Dro-
sophila melanogaster, which encodes a ho-
meobox transcription factor, indicate that it has
an essential role for specification of heart mus-
cle progenitors in nascent mesoderm (4). Tar-
geted disruption of a murine homolog of tin-
man, Nkx2.5, causes early embryonic lethality
(5), with cardiac development arrested at the
linear heart tube stage, prior to looping. Cardiac
expression of Nkx2.5 continues throughout de-
velopment and into adult life (6), but the func-
tions regulated by its continued expression are
unknown.

Identification of human-mutations that
cause congenital heart disease offers a com-
plementary approach to gene ablation studies
and particularly fosters definition of gene
defects that perturb later stages of cardiac
development. Cardiac septation is a critical
morphogenetic process in which the primor-
dial single atrium and ventricle are parti-

. tioned into four chambers. Mistakes in this

process occur commonly in humans; 1 in
1500 live births have an atrial septal defect
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(ASD) (7). Normal atrial partitioning requires
sequential growth and resorption of a primi-
tive septum (the septum primum) followed by
the definitive, right-sided septum secundum
(8). During embryogenesis, a hole is main-
tained between the atria, through which oxy-
genated blood is shunted so as to bypass the
nonfunctional fetal lungs; this hole closes
shortly after birth. The molecular signals that
regulate cardiac septation are largely un-
known, although recent genetic studies of a
rare disorder, Holt-Oram syndrome (9), have
shown that TBXS5, a T-box transcription fac-
tor, plays a role. Conduction-system develop-
ment occurs concurrently with cardiac septa-
tion (8), but the processes that specify orga-
nization of nodal structures or differentiation
of specialized conduction cells are unknown.
To investigate the molecular basis for these
important cardiac morphogenetic events, we
sought to identify the genetic defect that
causes autosomal dominant ASD (secundum
type) and atrioventricular conduction delays.

Four families, clinically followed by one
of us, were known to have a high incidence of
congenital heart disease. Clinical evaluations
of surviving members (10) and pedigree anal-
yses (Fig. 1A) demonstrated autosomal dom-
inant transmission of this trait. Some 27 of 33
affected individuals had secundum ASDs
(Fig. 2, A and B); all underwent surgical
repair except for individual IV-4 (family
MBF), whose defect spontaneously closed.
Other structural heart malformations identi-
fied in affected individuals (Table 1) included
ventricular septal defects, tetralogy of Fallot,
subvalvular aortic stenosis, ventricular hyper-
trophy, pulmonary atresia, and redundant mi-
tral valve leaflets with fenestrations.

Electrocardiograms demonstrated atrio-
ventricular conduction delays in all individu-
als with congenital heart defects and in one
individual with normal cardiac structures
(11). Serial studies in some individuals indi-
cated progressive conduction disease (Fig.
2C). Invasive electrophysiologic studies per-
formed in individuals III-2, IV-4, and V-2
(family MBF) localized the prolonged con-
duction to the atrioventricular node (Fig. 2A);
electrophysiologic properties of other con-
duction system components were normal.
Pacemakers have been implanted in 14 af-
fected individuals.

Cardiac deaths occurred in multiple af-
fected individuals. Individuals IV-8, IV-10,
and IV-12 (family MXP) died from compli-
cations of structural heart defects. In contrast,
six asymptomatic individuals died suddenly
(family MXP III-3; family MBT II-3, III-2;
family MBX -2, II-3, 1I-4). Each event oc-
curred during adulthood, many years after
surgical repair of an ASD. None had received
a pacemaker.

Genome-wide linkage analyses (/2) per-
formed in family MXP demonstrated linkage
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to locus D5SI1456 [logarithm of the odds
(LOD) score = 391, 6 = 0]. A common
disease haplotype was identified in families
MXP and MBF, suggesting that there was a
founding mutation in a distant unknown an-
cestor of both kindreds. Analyses of flanking
loci on chromosome 5q35 indicated that no
recombination events had occurred in either
families MBX or MBF at loci within 12
centimorgans of D5S1456 or D5S211 (13).
The gene encoding the homeobox tran-
scription factor NKX2-5 (also called CSX)
has been mapped to chromosome 5q35 (/4)
and to a yeast artificial chromosome contain-
ing D5S211 (15). Given this protein’s role in
cardiac development in lower species (3-5),
we hypothesized that mutations in NKX2-5
might cause the congenital heart defects iden-
tified in the four study families. The genomic
sequence of the human NKX2-5 gene report-

A MXP

ed by other laboratories (/4, 16) indicates that
the gene consists of two exons and encodes a
324 -amino acid protein (Fig. 3A). Using pre-
viously described primers (Fig. 3A) (/4), we
amplified and sequenced (I7) both NKX2-5
exons in DNA samples from two affected
individuals in each study family.

Affected individuals in families MXP and
MBF share a C—T transition at NKX2-5 nu-
cleotide 642, which is predicted to substitute a
methionine codon (ATG) for the highly con-
served threonine codon (ACG) at homeodo-
main position 41 (designated Thr178Met)
(Fig. 3). Affected individuals in families
MBT and MBX had sequence variants that
encode truncated NKX2-5 proteins. A
C—T transversion of nucleotide 618 (fam-
ily MBT) is predicted to substitute a termi-
nation codon (TAG) for a glutamine (CAG)
codon (designated Glnl70ter), which

Fig. 1. NKX2-5 mutations in
four families with congenital B
heart disease and atrioventric-
ular block. (A) Pedigrees indi-
cating clinical status and pres-
ence (+) or absence (-) of an
NKX2-5 mutation in families
MXP, MBF, MBT, and MBX
Symbols denote females (cir-

MXP MBF

210
137
73

MBX
u

® probe
M

10
96

1

cle), males (box), deceased (slash), unaffected status (clear symbols), structural heart malformation
(solid left half of symbol), atrioventricular conduction block (solid right half of symbol), or unknown
status (gray). (B) Confirmation of NKX2-5 mutations. DNA samples were amplified using primers P3S
and P3AS (Fig. 3) and analyzed. The C—T transitions in affected (A) members of families MXP (shown)
and MBF creates a novel Nla Il site and a novel Bfa I site in family MBT that is not present in unaffected
(U) individuals. An oligonucleotide probe corresponding to normal (N) NKX2-5 sequences hybridizes to
DNA samples from affected and unaffected MBX individuals; a probe encoding mutant (M) NKX2-5
sequences hybridizes only to DNA samples from affected MBX individuals.
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would stop translation prematurely at posi-
tion 33 of the homeodomain. A C—T
transversion at nucleotide 701 (designated
GIn198ter; family MBX) is predicted to
create a termination signal immediately
COOH-terminal to the homeodomain.
Each sequence variant was independently
confirmed by restriction enzyme digestion or
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oligonucleotide-specific hybridization (Fig.
1B). NKX2-5 sequence abnormalities were
present in DNA samples derived from all
clinically affected but not unaffected mem-
bers of study families (Fig. 1A) and were not
present in more than 100 normal chromo-
somes from unrelated individuals (/3). Link-
age between the disease and each mutation

Fig. 2. Clinical manifestations of NKX2-5 mutations. (A) Schematic of secundum ASD and
atrioventricular conduction system. Development of the septum secundum to the right of the
septum primum maintains the hole (foramen) that allows fetal blood flow to bypass the
nonfunctional lungs. Malformation of these structures results in secundum ASD. Excitation of the
heart occurs by propagation of impulses from the sinus node (black) to the atrioventricular (AV)
node (red). Specialized conduction bundles (green) rapidly excite the ventricular myocardium. RA,
right atrium; LA, left atrium; RV, right ventricle; LV, left ventricle. (B) ASD detected in individual llI-5
(family MBT) by two-dimensional echocardiography. Doppler pulse signal (pink) detects blood flow
between the left and right atria. A normal tricuspid valve (TV) and right ventricle are noted in this
view. (C) Electrocardiograms (ECGs) show progressive atrioventricular nodal delay in individual V-4
(family MBF). The duration between atrial excitation (indicated by P wave) and ventricular
excitation (indicated by R wave) abnormally increased through age 6. Conduction through the AV
node at age 7 demonstrates 2:1 block (two P waves for each R wave) and marked delay at age 14,

necessitating pacemaker placement.

was assessed in the study families, assuming
an allele frequency of 0.01. Maximum LOD
scores of 4.06 (family MXP), 1.23 (family
MBF), 1.76 (family MBT), and 0.29 (family
MBX) were achieved at 6 = 0.

The two mutations (Thr178Met and
GIn170ter) within the DNA-binding home-
odomain of NKX2-5 are likely to alter the
affinity or sequence-specificity of target
DNA binding, implying that NKX2-5 haplo-

C  age PRintenval ECG insufficiency causes ASDs and atrioventricu-
ot RERL 4 B e lar node dysfunction. The Glnl98ter muta-
By SN A S tion deletes COOH-terminal amino acids and
Surpicl closure oI ASD oo is analogous in structure to a Nk2 box dele-
s b D2 U tion construct (/&) that increases transcription
8 of reporter genes. GIn198ter may therefore
. o h & 2 5.2 function as an activating mutation that aber-
. rantly augments transcription of downstream

£ s @ BAaRES genes.
The viable cardiac malformations caused
e » FIr ) by human NKX2-5 mutations (Table 1) are

strikingly different from the early embryonic
lethal defects observed in Nkx2.5-deficient
mice (5) and the normal cardiac structures
observed in heterozygote mutant mice. Al-
though such differences may indicate distinct
developmental pathways in mice versus hu-
mans, genetic redundancy, or unrecognized
structural or electrophysiologic defects in
heterozygous mice, these animal models may
nonetheless reveal molecular signaling path-
ways that are relevant to human atrial septa-
tion. Nkx2.5-deficient mice fail to develop
restricted, left-atrial expression of the basic
helix-loop-helix factor, eHand (/9). We spec-
ulate that induction of this left-right axial

& 4 &
A S8
1.5Kb PRI
ATG intron & > TAG
P * % %
B p2S pas ™ P2AS P3S P3AS P4AS  PIS P1AS
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ThrLT8Met | | | | ...ttt e e et et ettt ettt .
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Wg-g RRKPRVLFSQAQVYELERRFKQQRYLSAPERDQLASVLKLTSTQVKIWFOQNRRYKCKRQROQ
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]

Fig. 3. Structure of the human NKX2-5 gene, positions of mutations, and
sequence comparison to related genes. (A) NKX2-5 is encoded by two
exons (open rectangles) separated by a 1.5-kb intron. Primer sequences
are denoted and provided in (74). Mutations Gln170ter and Thr178Met
alter sequences in helix 2 of the homeodomain (dark hatching). The
Gln198ter mutation terminates translation just after helix 3, thereby
deleting the COOH-terminal Nk domain (clear hatching). (B) Comparison
of normal and mutant NKX2-5 sequences (27) with homeodomain se-
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helix 2

helix 3

quences in other NK gene family members and related genes: thyroid
nuclear factor-1 (TTF-1), tinman, bagpipe, and antennapedia (Antp) (13,
16). Gene names are prefixed with a species abbreviation in lower case:
h, human; m, mouse; x, Xenopus laevis; c, chicken; and d, Drosophila. Dots
denote identity; letters denote amino acid differences. Asterisks indicate
termination signals. The Thr178Met defect alters a residue that is highly
conserved in related genes. Three a helices within the homeodomain are
indicated below the sequences.
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system in humans by NKX2-5 is important for
specifying the precise location of atrial sep-
tum secundum development (to the right of
the septum primum) (Fig. 2A) (&) and ulti-
mately, appropriate atrial partitioning.
Elucidation of a critical role for Nkx2.5
in early cardiac specification and commit-
ment in flies and mice (2, 4) may help to
_explain how NKX2-5 mutations perturb hu-
man atrioventricular nodal function. In con-
trast to specialized fast-conducting fibers
found in the ventricles, the atrioventricular
node has few gap junctions and slowly
propagates impulses (20). The electro-
physiologic properties of the atrioventricu-
lar node are’similar to those found in em-
bryonic myocardium and may indicate that
nodal cells are the vestigial remnants of
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primordial myocardial cells. We hypothe-
size that the cellular defects induced by
NKX2-5 mutations continue to be expressed
in primitive atrioventricular nodal cells, but
are masked in cells that have further
evolved into the contractile myocardium or
specialized conduction system.

The natural history of conduction-sys-
tem disease in our study families delineates
the importance of normal NKX2-5 function
during postnatal life. Progressive electro-
physiologic abnormalities in individuals
with normal heart structure or after sponta-
neous or surgical correction of ASDs (Ta-
ble 1 and Fig. 2C) and a high incidence of
sudden death in affected individuals with-
out pacemakers indicate that normal
amounts of NKX2-5 are required for phys-

Table 1. Clinical features of affected individuals in families with congenital heart disease. Abbreviations:
SVAS, subvalvular aortic stenosis; LVH, left ventricular hypertrophy; TOF, tetralogy of Fallot; PA,
pulmonary atresia; VSD, ventricular septal defect; MVF, mitral valve fenestration; PM, pacemaker
implanted; \} 3 days, deceased age 3 days; /' post-op, died post-operation; \} HF, died of heart failure
years after surgical correction of cardiac malformation; SD, sudden cardiac death; SC, spontaneous closure
of ASD; AICD, automatic implanted cardiac defibrillator. + indicates presence of atrioventricular block; ?
indicates that clinical data on atrioventricular block are not available.

Other AV
Pedigree ASD structural block Comment
oc
defects
Family MXP
1I-1 + + PM
111-3 + SVAS, LVH + SD
11-5 + +
-7 + + PM
-9 + +
V-2 + +
IV-5 + +
V-7 - +
V-8 - TOF, PA ? - 3 days
IV-10 + VSD ? ) post-op
IV-12 - TOF + PM; \} HF
IV-13 + - +
V-1 - VSD ?
Family MBF
-2 + + PM
V-1 + + PM
V-3 + +
V-4 + + PM, SC
V-1 + + PM
V-2 + + PM
V-3 + + PM
V-4 + + PM
Family MBT
I1-2 - + SD
-3 + ?
-1 - LVH ?
-2 + ? SD
111-5 + + AICD
V-7 + +
Family MBX
|-2 + ? SD
1I-2 + + PM
1I-3 + LVH, MVF ? SD
-4 + LVH ? sSD
-2 + + PM
V-1 + + PM
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iologic atrioventricular node function
throughout life. Characterization of the
downstream targets of this transcription
factor may explain why other myocardial
cells are unaffected by NKX2-5 defects and
should further clarify the critical role of
this gene in atrial and conduction tissue
morphogenesis and maturation.
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