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Two articles in this issue of the JCI (1, 2)
describe haploinsufficiency of the tran-
scription factor Nkx2-1 (also known as
TTF1) as the cause of a heretofore
unrecognized human syndrome charac-
terized by neurological, thyroid, and
pulmonary dysfunction. Definition of
the disorder and elucidation of its cause
is a real tribute to the astute clinicians
who looked beyond unusual laboratory
values and carefully considered the mul-
tisystem manifestations in very young
patients. Affected infants had elevated
levels of thyroid-stimulating hormone,
and indeed some were identified by
neonatal screening protocols; but this
was not typical hypothyroidism, since
serum thyroxine (T4) levels were normal
in several infants. CNS findings were
prominent but pleiotropic, including
microcephaly, basal ganglia malforma-
tions, choreoathetosis, ataxia, muscular
hypotonia, and developmental delays.
Pulmonary problems further compli-
cated the presentation, and symptoms
ranged from neonatal, sometimes lethal
respiratory distress syndromes to severe
recurrent infections. While manage-
ment of each individual phenotype
undoubtedly consumed considerable
medical attention, recognition of the
composite clinical triad, CNS, thyroid,
and pulmonary disease, provided the
critical foothold that ultimately solved
this medical mystery.

Comparable multisystem deficits had
been described in homozygous Nkx2-1-
null mice (3), which prompted genetic
analyses of the human homologue
NKX2.1 (also referred to as TTFI,
T1TF1, and T/EBP) in these patients.
Definition of mutations in NKX2.1 elu-
cidated the molecular basis for this
novel clinical triad and further indicat-
ed transcription factor haploinsuffi-
ciency as the basis for yet another
human syndrome.

The diversity of transcription factor
haploinsufficiency disorders
Molecular genetic studies of multiple
complicated clinical phenotypes have
demonstrated that a surprising num-
ber of these maladies are due to muta-
tions in genes encoding transcription
factors ( see Table 1 and ref. 4). The
usual manifestations of Holt-Oram
syndrome (hand malformations of the
embryonic radial rays and heart
defects including atrial septal defect,
ventricular septal defect, and complex
malformations; MIM no. 142900),
lymphedema-distichiasis syndrome
(double-rowed eyelashes; MIM no.
153400), and Waardenburg syndrome
(lateral displacement of the inner can-
thus of each eye, pigmentary distur-
bance including frontal white blaze of
hair, heterochromia iridis, white eye-
lashes, leukoderma, and cochlear deaf-
ness; MIM no. 193500) are now
defined as the consequences of domi-
nant mutations in TBXS, FOXC2, and
PAX3, respectively. The fact that these
genes regulate the gene expression in
organs with disparate functions and
distinct embryologic origins helps
account for the remarkable constella-
tion of phenotypes produced by dis-
ease mutations.

The mechanism by which such tran-
scription factor defects cause disease
is often haploinsufficiency. Whether
by deletion, insertion, or a 5" point
mutation that prematurely termi-
nates translation, human mutations
often inactivate one allele, producing
haploinsufficiency, or a reduction by
half in the protein levels of the encod-
ed transcription factor. As is evident
from a review of the plethora of clini-
cal manifestations associated with
genetic syndromes, half-normal levels
of many transcription factors are sim-

ply not enough.
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Geneticists have recognized for
many years that interpreting the con-
sequences of a gene mutation can be
important for understanding the
mechanisms for disease. Dominantly
inherited mutations that produce clin-
ical disorders are generally understood
to affect protein levels (haploinsuffi-
ciency occurs more commonly than
overexpression) or to alter protein
function, producing a gain or loss of
function. Differentiating between hap-
loinsufficiency and poison peptides
can be difficult when only human sub-
jects are available for study. Mutation
type can provide a clue, but often not
more than that. Even identification of
a deletion as the cause of disease may
not be sufficient to indicate haploin-
sufficiency as the mechanism. If a dele-
tion removes only the carboxyl end of
a protein, the mutant truncated pep-
tide may function as a poison polypep-
tide. Similarly, some nonsense muta-
tions can cause disease by creating an
inactive peptide, while others cause
disease by creating a mutant mRNA
that is rapidly degraded by nonsense-
mediated decay (5). Only the finding
of a disease-causing mutation that
prevents transcription, abolishes
mRNA expression posttranscription-
ally, or encodes extremely small (and
likely unstable) peptide fragments is
sufficient evidence to warrant the con-
clusion of haploinsufficiency as the
mechanism for disease.

The most compelling evidence often
comes from genetically engineered ani-
mals in which one allele is fully inacti-
vated. The article by Pohlenz et al. in
this issue of the JCI (2) describes the
phenotype of a heterozygous mutant
mouse bearing a null Nkx2-1 allele; the
mice exhibit components of the
human phenotype, thereby demon-
strating that reduced levels of Nkx2-1
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Table 1
Transcription factors that cause disease by haploinsufficiency

Gene Class Aliases MIM no.  Chromosome Clinical features

TWIST bHLH domain ACS3, ACS I 101400 7p21 Minor skull and limb anomalies, soft tissue syndactyly of fingers and
toes, acrocephaly

MITF bHLH domain 156845 3p14.1-p12 Waardenburg syndrome type Il

FOXC1 Forkhead FKHL7, Mf1 601090 6935 Axenfeld-Rieger syndrome (anterior segment defects in the eye,
glaucoma)

FOXC2 Forkhead FKHL14 153400 16p24 Lymphedema-distichiasis syndrome (lymphedema and a double
row of eyelashes)

HFN1B HMG box TCF2 189907 17cen-q23 Familial glomerulocystic kidney disease and diabetes and internal
genital malformations in females

HFN1A HMG box TCF1 142410 12q24.2 MODY3 (maturity onset diabetes of the young)

SOX10 HMG box SRY-BOX10 277580 22q13 Waardenburg-Shah syndrome (WS4); (deafness, pigmentary abnor-
malities, and aganglionic megacolon

SOX9 HMG box CMD1, CMPD1 114290 17q24.3-q25.1 Campomelic dysplasia (dwarfism, congenital bowing and angu-
lation of long bones, other skeletal and extraskeletal defects)

MSX2 Homeobox 168500 5q34-q35 Enlarged parietal foramina

PITX1 Homeobox RIEG1, ARP1 601542 4q25-q26 Rieger syndrome (hypodontia and malformation of the anterior
chamber of the eye including microcornea and muscular
dystrophy)

PITX3 Homeobox 602669 10925 Anterior segment dysgenesis of the eye, moderate cataracts, and
anterior segment mesenchymal dysgenesis

Lim1xb Homeobox NPS1 161200 9q34.1 Abnormal skeletal patterning and renal dysplasia in nail patella
syndrome

NKX2.1 Homeobox TTF-1 118700 14q11.2-q13.3 Choreoathetosis (rapid involuntary and slow writhing
movements) and pulmonary dysfunction (see refs. 1, 2)

NKX2.5 Homeobox CsX 108900 5q34 Atrial septal defect and atrioventricular conduction defects

SHOX Homeobox PHOG 312865  Xpter-p22.32 Leri-Weill dyschondrosteosis (deformity of distal radius, ulna, and
proximal carpal bones as well as mesomelic dwarfism)

ZFHX1B Homeobox and zinc finger ~ SIP1 235730 Hirschsprung disease and microcephaly, mental retardation,
hypertelorism, submucous cleft palate, and short stature

IPF1 Homeoboxand HMG  IDX1, STF1 606392 13q12 MODY4

p53 p53 151623 17p13 Li-Fraumeni syndrome (familial childhood sarcomas, high inci-
dence of breast cancer, and other neoplasms)

PAX2 Paired box 120330 10q24 Renal coloboma syndrome (renal and optic nerve coloboma)

PAX8 Paired box 218700 2q12-q14 Thyroid dysgenesis

PAX6 Paired box AN2 106200 11p13 Aniridia type Il (notable iris hypoplasia, and pupil similarities to
coloboma)

PAX3 Paired box and homeobox 193500 2935 Waardenburg syndrome type | (WS1); (wide bridge of the nose,

displacement of the inner canthus, pigmentary disturbance, and
cochlear deafness)

CREBBP Pocket domain CBP 180849 16p13 Rubinstein-Taybi syndrome (broad thumbs, great toes, charac-
teristic facies, and mental retardation)
CBAF1 Runt RUNX2 119600 6p21 Cleidocranial dysplasia (open skull sutures with bulging

calvaria, hypoplasia or aplasia of the clavicles permitting abnor-
mal facility in apposing the shoulders, wide pubic symphysis,
short middle phalanx of the fifth fingers, dental anomalies, and,
often, vertebral malformation)

CBFA2 Runt AML1T, RUNX1 601399 21q22.3 Familial platelet disorder with associated myeloid malignancy

TBX1 T-box 188400 22q11 Velocardial facial syndrome (VCFS), (conotrun cal anomaly,
Takao VCFS, hypoplasia of thymus and parathyroids), also
known as DiGeorge syndrome and CATCH-22

TBXS T-box 142900 12q24.1 Holt-Oram syndrome (also known as heart-hand syndrome;
thumb anomalies and atrial septal defect, with more severe con-
ditions including ventricular septal defect and phocomelia)

TBX3 T-box 181450 12q24 Ulnar-mammary syndrome (also known as Schinzel syndrome;
ulnar ray defects, small penis, delayed puberty, obesity, and anal
atresia)

WT1 Zinc finger 194070 11p13 WAGR syndrome (Wilms tumor-aniridia-genito-urinary
anomalies-mental retardation syndrome)

GATA3 Zinc finger 146255 10p15 Hypoparathyroidism, sensorineural deafness, and renal dysplasia

SALL1 Zinc finger 107480 16q12 Townes-Brocks syndrome (also known as renal-ear-anal-radial
syndrome)

TRPS1 Zinc finger 190350 8q24.12 Trichorhinophalangeal syndrome types | and Il (sparse scalp

hair, bulbous tip of the nose, long flat philtrum, thin upper ver-
million border, protruding ears, cone-shaped epiphyses at the
phalanges, and hip malformations)

bHLH, basic helix-loop-helix. HMG, high mobility group; MODY, maturity onset diabetes of the young.
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are sufficient to cause disease. Compa-
rable data for other human syndromes
(Table 1) also confirm the importance
of transcription factor haploinsuffi-
ciency as a mechanism for disease.

Because transcription factors regu-
late the expression of one or more
downstream target genes, the finding
that a mutation that reduces by 50%
the level of these factors has any clin-
ical effect is surprising for several rea-
sons. First, studies of prokaryotic
genes have suggested that gene tran-
scription can be an all-or-none
response. Second, neither cell-based
assays nor in vitro analyses of mam-
malian transcription factors usually
indicate dramatic effects in response
to twofold changes in levels of a tran-
scription factor. Third, of the myriad
genetically engineered mice pro-
duced with haploinsufficiency of a
given transcription factor (i.e., het-
erozygous knockout mice), most het-
erozygous mice are reported to have
no demonstrable phenotype. As rec-
ognized by Pohlenz et al. (2) and oth-
ers (e.g., see ref. 6), the apparent
absence of a phenotype might reflect
nothing more than incomplete study,
but it is also possible that reduced
levels of certain factors (gata4, Irx4,
fos, and myc among them) are truly
inconsequential, at least in some
genetic backgrounds.

A comparison of the more than 30
different human syndromes caused by
transcription factor haploinsufficien-
cy (Table 1) raises many interesting
questions. Why are half-normal levels
of many transcription factors insuffi-
cient? Do altered levels of any tran-
scription factor always cause disease,
or does haploinsufficiency of only cer-
tain gene families cause disease? What
biology underpins the seemingly unre-
lated tissues that exhibit phenotypes
in transcription factor haploinsuffi-
ciency? What accounts for clinical
variation amongst patients with muta-
tions that produce haploinsufficiency?
Clear answers to these questions are
lacking, but the ideas below may offer
models with which to address them.

Effects of half-normal expression

of certain transcription factors
Transcription factors play a critical
role in enhancing or inhibiting a target
gene expression by binding to the pro-
moter sequences, modulating the
binding of RNA polymerase, and thus

regulating gene transcription. More
than 500 human transcription factors
are encoded in the human genome (4),
and these can be subdivided into class-
es or families based on the structure of
their DNA-binding domains (ref. 7;
Table 2). Several features of the differ-
ent classes of transcription factors may
indicate why haploinsufficiency of
some, but not others, causes disease.

Evolution has introduced redundan-
cy into many gene families that encode
transcription factors (for a review see
ref. 8, and for examples see refs. 9, 10).
Duplication of many homeobox genes,
for example, has resulted in gene clus-
ters that are scattered throughout the
genome. Experiments in mice indicate
that inactivation of only one gene ina
homeobox gene cluster often has no
effect, while deletion of an entire clus-
ter produces demonstrable pheno-
types. Overlapping regulation of
downstream target genes by multiple
transcription factors provides a simple
mechanism to account for the absence
of phenotype, despite transcription
factor haploinsufficiency.

Some transcription factors direct
excess expression of target gene prod-
ucts. Reduced levels of proteins that
are abundantly expressed or proteins
with redundant functions may not
have cellular consequences. For exam-
ple, heterozygous mice bearing a defec-
tive o-tropomyosin allele have a 50%
reduction in the levels of cardiac
o-tropomyosin mRNA, but no appar-
ent effect on myocyte function or
heart physiology (11). In other cases,
exquisite precision in gene expression
may be required for viability. If early

Table 2

embryonic lethality occurs as a result
of reduced expression of a particular
protein, haploinsufficiency of tran-
scription factors regulating expression
of such genes would escape detection.

Transcription factors regulate gene
expression by binding the target gene
promoter and turn the target gene
“on” or “off”; in a particular cell, target
gene expression is an all-or-none phe-
nomenon. Transcription factor hap-
loinsufficiency alters the likelihood
that a promoter is activated, and this
likelihood is influenced by promoter
sequence-transcription factor interac-
tions. While some transcription factors
may interact at only one site, better def-
initions of target sequences and
genome databases indicate that many
transcription factors probably interact
at multiple sites on any one promoter.
Initiation of gene transcription may
require occupancy of several, if not all,
binding sites. But since the number of
binding sites within a cell is very small
compared with the number of tran-
scription factor molecules, the likeli-
hood for binding site occupancy
should be proportional to the concen-
tration of transcription factor. Assum-
ing n binding sites in a promoter and
no interactions between sites, the like-
lihood that all sites will be occupied is
directly proportional to the transcrip-
tion factor concentration to the nth
power. Thus, the more promoter bind-
ing sites for a transcription factor, the
more sensitive gene expression will be
to transcription factor concentration.
In contrast, promoters that contain
only a single transcription factor-tar-
get site should be relatively insensitive

Relationship between the class of human transcription factors and disease

Class® No. of genes Disease genes Mechanism
Haploinsufficiency Missense,
recessive, or unknown

Leucine zipper 54 3 0 3
MADS 13 0 0 0
Zinc finger 150 16 1 15
pS53 2 2 1 1
Basic helix-loop-helix 83 12 2 10
Forkhead 41 11 2 9
T-box 17 3 3 0
Paired box 17 4 3
HMG box 46 5 2
Homeobox 68 15 9 6
Total 491 76 27 49

AThe classes of transcription factors, the number of members of each class, and the number of genes were

obtained from refs. 4, 13.
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to transcription factor concentration.
Therefore, given a mutation that caus-
es haploinsufficiency, a twofold change
in the concentration of a transcription
factor might lead to either minimal or
substantial effects on gene expression.

In a simple analysis, assuming no
cooperativity in transcription factor
binding, a promoter with three DNA-
binding sites for a single transcription
factor would be eight times less active
in an individual with a mutation caus-
ing haploinsufficiency than in an indi-
vidual with two functional transcrip-
tion factor alleles. Presumably,
transcriptional regulation that is more
severely affected by transcription factor
haploinsufficiency produces greater
phenotypic expression. Clearly, the
consequences of transcription factor
haploinsufficiency are further compli-
cated by cooperative interactions
between transcriptional regulators,
including homotypic interactions and
heterotypic interactions with other
DNA- or protein-binding factors. Since
promoter sequences provide a plat-
form for a large number of direct or
indirect protein interactions, the con-
sequences of reduced levels of even one
transcription factor could be consider-
able. By extension of the model above,
the more independent interactions
each factor has with regulatory ele-
ments (proteins and sequences), the
more sensitive gene expression may be
to transcription factor concentration.

Transcription factor gene families
and haploinsufficiency

Given the limited data about levels of
individual transcription factors and of
gene family members that are required
for appropriate cell biology and organ
physiology, continued analysis of the
clinical consequences of transcription
factor mutations in humans clearly
has merit. A molecular cause has been
defined in only a fraction of the 3644
inherited clinical syndromes defined
by OMIM (4). If many of these syn-
dromes arise from transcription factor
gene mutations, considerable infor-
mation may be gleaned from delineat-
ing disease-causing mutations and
defining mechanisms.

Some generalities have already
emerged from the molecular causes of
human syndromes in Table 1. Surpris-
ingly, haploinsufficiency of members
of several gene families appears more
likely to produce disease than do other

mechanisms (Table 2). Deficiencies in
three distinct T-box genes and nine
homeobox genes have been defined as
the cause of human disorders. Where-
as only 1 of 15 mutations reported in
zinc finger transcription factors and 2
of 12 defects in factors with basic
helix-loop-helix motifs cause disease
by haploinsufficiency, mutations in
these transcription factors produce
disease via other mechanismes.

Effects of transcription

factor haploinsufficiency

on disparate tissues

Mammalian genetics studies have
demonstrated efficiencies in gene
transcription; functionally unrelated
genes are sometimes regulated by the
same factor. While logic might sug-
gest that genes expressed in the same
spatial or temporal pattern could
share transcriptional regulators, it is
surprising that even these identifiers
do not clearly demarcate transcription
factor targets. Often these molecules
regulate genes in different organs at
distinct developmental stages. For
example, Tbx5 cooperates with the
homeobox protein Nkx2-5 to regulate
cardiac expression of connexin40 and
atrial natriuretic factor (6, 12). But
since human TBXS mutations cause
hand and heart malformations, this
factor must also regulate genes
involved in forelimb development.
Notably, cardiac development is virtu-
ally complete by the time limb devel-
opment commences, and TBXS part-
ner proteins appear to be unique,
since Nkx2-5 expression has not been
found in the forelimbs.

Presumably, this efficient utilization
of transcription factors reflects dupli-
cation of particularly useful protein-
DNA and protein-protein interactions
during evolution to define funda-
mental principles of organogenesis.
For example, the establishment of axis
(i.e., left-right, anterior-posterior)
might be an underlying function for
TBXS5 expression in both the hand
and the heart. While a definition of
target genes may provide a molecular
basis for the diversity of phenotypes
resulting from transcription factor
mutations, the converse is also true;
careful analyses of clinical manifesta-
tions of these mutations should pro-
vide clues about the matrices neces-
sary for engineering a tissue and
integrating organ systems.

Clinical variation among

patients with transcription

factor haploinsufficiency

Although a variety of mutations can
inactivate one gene allele, one might
predict that identical phenotypes
would be produced by each defect that
causes transcription factor haploinsuf-
ficiency. The results are otherwise. Even
family members with precisely the same
genetic cause of haploinsufficiency do
not have identical clinical features. For
example, deletions of TBXI on chromo-
some 22, which causes velocardial facial
syndrome (CATCH-22 syndrome; MIM
no. 188400), are recognized to produce
considerable intrafamilial variation in
the range and severity of dysmorphic
features and cardiac malformations.

Two explanations to account for
variable phenotype are differences in
environment and differences in modi-
fier genes. Since transcription factor
mutations that cause congenital syn-
dromes mediate their effects during in
utero development, assessing the
effects of environmental differences
can be difficult. Identical twins pro-
vide a unique opportunity to address
this issue in humans.

In contrast, there are multiple mod-
els that provide genetic explanations
for variation in phenotypes of individ-
uals with mutations causing tran-
scription factor haploinsufficiency.
Modifying background genes are like-
ly to be particularly relevant to this
class of mutations. First, polymor-
phisms within or flanking DNA target
sequences may alter the transcription-
al activity of factors derived from the
normal allele. Second, the multiple
interactions between transcription fac-
tors and other proteins provide great
opportunity for polymorphisms with-
in coregulators to influence transcrip-
tional activity of target genes. Finally,
the molecular mechanisms that regu-
late transcription of transcription fac-
tor genes may also affect protein levels.

Particularly clear evidence for these
and other genetic modifiers of tran-
scription factor mutations comes
from the analyses of genetically engi-
neered mutations in different inbred
mouse strains. Deletion of Thx5 in
SvEv mice causes a myriad of cardiac
malformations, including embryonic
lethality, whereas the same mutation
introduced onto a Black Swiss back-
ground produces viable animals with
only atrial septal defects (6).
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Clinical management of
transcription factor
haploinsufficiency disorders

Early and accurate diagnosis is an
important benefit from the discovery
that a human syndrome results from a
transcription factor mutation. Because
these syndromes are rare and often
present complex and seemingly unex-
plainable multisystem manifestations,
gene-based diagnosis can provide
definitive information that helps both
families and physicians. While recogni-
tion of a simple protein deficiency as
the cause of human disease often
prompts thoughts of replacement
strategies, the jump from gene discov-
ery to gene therapy will likely be long
and slow. While it is appealing to con-
sider tackling diseases with small,
sometimes widely expressed molecules,
the plethora of malformations result-
ing from a two-fold reduction in tran-
scription factor levels suggests consid-
erable stringency in the appropriate

dose of these proteins. Surprisingly lit-
tle is known about the consequences of
either overexpression or temporal mis-
expression of most transcription fac-
tors. Continued discovery of critical
parameters affecting transcription fac-
tor biology not only should provide
important information regarding the
molecular basis for human disease but
may also provide clues about organ
morphology and physiology that are as
relevant to tissue engineering as they
are to development.
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