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Purpose: Pitt-Hopkins syndrome is characterized by severe mental
retardation, characteristic dysmorphic features, and susceptibility to
childhood-onset seizures and intermittent episodes of hyperventilation.
This syndrome is caused by haploinsufficiency of TCF4, which encodes
a basic helix-loop-helix transcription factor. Missense, nonsense, splice-
site mutations, and gene deletions have been found in individuals with
Pitt-Hopkins syndrome. Previous reports have suggested that the Pitt-
Hopkins syndrome phenotype is independent of mutation or deletion
type. Methods: We screened 13,186 individuals with microarray-based
comparative genomic hybridization. We also conducted a review of the
literature and statistical analysis of the phenotypic features for all indi-
viduals with confirmed mutations or deletions of TCF4. Results: We
identified seven individuals with TCF4 deletions. All patients have features
consistent with Pitt-Hopkins syndrome, although only three have breathing
anomalies, and none has seizures. Our review of previously reported cases
with TCF4 mutations and deletions showed that all patients with Pitt-
Hopkins syndrome reported to date have severe psychomotor retardation,
the onsets of seizures and hyperventilation episodes are limited to the first
decade in most reported patients with Pitt-Hopkins syndrome, hyperventi-
lation episodes are more common than seizures and are seen in the oldest
patients, and individuals with missense TCF4 mutations are more likely to
develop seizures. Conclusions: On the basis of an analysis of published
cases, we propose a genotype–phenotype correlation of increased seizure
activity with missense TCF4mutations.Genet Med 2009:11(11):797–805.
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Pitt-Hopkins syndrome (PTHS, OMIM 610954) was first
described in 19781 in two individuals and is characterized

by specific dysmorphic features (deep-set eyes, broad-beaked
nose, wide mouth with bow-shaped upper lip, and widely
spaced teeth), childhood-onset hyperventilation episodes,
childhood-onset seizures, microcephaly, and severe psy-
chomotor retardation with a happy disposition. It is an auto-
somal dominant condition caused by haploinsufficiency for
TCF4 (transcription factor 4, OMIM 602272) on 18q21.2.2–4

The etiology of PTHS was determined when two groups
concurrently screened individuals with PTHS for chromo-
somal deletions using microarray technology, one with array-
based comparative genomic hybridization (aCGH)5 and the
other with single-nucleotide polymorphism-based molecular
karyotyping.3 Each group described a patient with a de novo
deletion involving this gene. Further screening of individuals
with PTHS or phenotypic overlap with PTHS found individ-
uals with de novo missense and nonsense mutations in
TCF4.3,5 Subsequently, more individuals have been pub-
lished with disruptions, deletions, and mutations in TCF4,
most with typical PTHS features.4,6 –10

TCF4 is a transcription factor that belongs to the class I basic
helix-loop-helix (bHLH) protein family, also known as the
“E-protein” family. These proteins form homo- and het-
erodimers with other helix-loop-helix (HLH) proteins through
their HLH domains and bind DNA through their basic do-
mains.11,12 Missense, nonsense, frameshift, and splice-site mu-
tations and larger deletions encompassing all or part of TCF4
have been found in patients with PTHS.3–5,7–10 Whole-gene and
large intragenic deletions represent 15% of molecularly con-
firmed TCF4 alterations in the literature, with the smallest
deletion described to date a 0.5-Mb deletion that results in a
deletion of the 5� half of TCF4.7 All but three of the missense
mutations so far described have been in the bHLH region of
TCF4.3–5,8 To date, the only genotype–phenotype correlation
observed has been limited flexion and an absent flexion crease
on the thumb in some patients with deletions.

We report seven individuals with TCF4 microdeletions de-
tected by aCGH. We also show a genotype–phenotype analysis
of these and all other TCF4 mutations in the literature, which
revealed an increased incidence of seizures among individuals
with missense mutations.

MATERIALS AND METHODS

Patient ascertainment
Between November 2007 and February 2009, we screened

13,186 samples with aCGH. For the individuals described here,
informed consent was obtained to publish clinical descriptions
and photographs.
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Table 1 Review of all reported cases in the literature with TCF4 mutations or deletions

Complete deletions
of TCF43,5,7–9, n �

11a

Intragenic deletions
or truncating
mutations3,4,8,

n � 25b

Subtotal: likely
haploinsufficient

mutations,
(n � 36)

Missense
mutations3–5,8

n � 8

Other TCF4
mutations or
unspecified

mutation typesc

Totals for all
TCF4 mutations
and deletions,

n � 59 Pd

Mean age (yrs) 6.4 11.9 10.2 9.7 NA 10.1

Severe
psychomotor
delay

11/11 24/25 35/36 8/8 14/15 57/59 97% 1

Breathing
abnormalities

6/11 15/25 21/36 7/8 5/15 33/59 56% 0.22

Average age (yrs)
of onset
(range)e

6.8 (6–7.5) 7.2 (2–17) 7.1 (2–17) 3.6 (0–5) (3–7) 5.7 (0–17)

Average age (yrs)
of cases
without (range)

4.7 (1–12) 6.0 (1–18) 5.6 (1–18) 1.2 (1.2) 5.9 (1–18)

Epilepsy 2/11 4/25 6/36 7/8 7/13 20/57 35% 0.0003

Average age (yrs)
of onset
(range)e

8.0 (8) 1.8 (0–5) 3.3 (0–8) 4.4 (0.33–9) (0.2–18) 3.9 (0–18)

Average age (yrs)
of cases
without (range)

4.6 (1–12) 12.2 (1–29) 9.9 (1–29) 1.2 (1.2) 9.8 (1–29)

Brain
abnormalities

4/6 9/17 13/23 5/6 12/18 30/47 64% 0.36

Hypotonia 6/6 17/20 23/26 4/4 8/11 35/41 85% 1

Stereotypic
movements

7/11 10/25 17/36 5/8 9/13 31/57 54% 0.70

Happy disposition 9/11 22/25 31/36 8/8 1/2 40/46 87% 0.57

Constipation 7/11 14/25 21/36 5/8 10/14 36/58 62% 1

Postnatal growth
retardation

5/11 6/13 11/24 1/5 3/13 15/42 36% 0.37

Microcephaly 8/11 15/25 23/36 6/8 10/14 39/58 67% 0.70

Strabismus 6/11 11/25 17/36 5/8 11/15 33/59 56% 0.70

Myopia 7/11 11/25 18/36 2/8 0/2 20/46 43% 0.26

PTHS facies 10/11 22/24 32/35 8/8 15/15 55/58 95% 1

Accessory nipple 2/11 4/25 6/36 1/8 1/15 8/59 14% 1

Single palmar
crease

5/7 13/19 18/26 7/7 10/24 35/57 61% 0.15

Clubbed or broad
fingers

3/7 1/8 4/15 2/4 4/11 10/30 33% 0.56

Genital
abnormalities

2/7 3/20 5/27 3/7 9/21 17/55 31% 0.32

Scoliosis 2/11 6/25 8/36 1/8 2/14 11/58 19% 1
a Includes Patients 1–3 in this report.
b Includes Patients 4–7 in this report; all nonsense, frameshifts leading to a truncation, and splice site mutations are in this category.
c Other mutations include a frameshift mutation creating a longer protein and a balanced translocation disrupting TCF4 but with a fusion transcript.4,6 Phenotypic features
reported by de Pontual et al.10 and some phenotypic features reported by Giurgea et al.8 were not attributed to specific patients.
d Based on a Fisher exact two-tailed test, comparing missense mutations to the subtotal of those likely resulting in haploinsufficiency (the first two columns).
e Calculated based on available data; not all reports provide age of onset.
NA, not applicable.
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Bacterial artificial chromosome microarray analysis
aCGH was initially performed on Patients 1, 3, and 5 with a

bacterial artificial chromosome (BAC) microarray, the Signa-
tureChip Whole Genome® (Signature Genomic Laboratories,
Spokane, WA).13 Results were visualized using our laboratory-
developed computer software Genoglyphix® (http://www.
signaturegenomics.com/genoglyphix.html). Each BAC clone
was verified by fluorescence in situ hybridization (FISH) for its
chromosomal location before microarray construction and val-
idated for use in FISH to visualize chromosome abnormalities
identified by the microarray. Microarray analysis was per-
formed as previously described.13

Oligonucleotide aCGH
Oligonucleotide-based microarray analysis was performed

on all patients using a 105K-feature whole-genome microar-
ray, the SignatureChip Oligo Solution®, made for Signature
Genomic Laboratories by Agilent Technologies (Santa Clara,
CA) with one probe every 10 kb in targeted regions—
microdeletion/microduplication syndromes, pericentromeric
regions, subtelomeres, and genes in important developmental
pathways—and an average probe spacing of one probe every

35 kb throughout the rest of the genome. Genomic DNA was
extracted from the peripheral blood using a Qiagen M48
Biorobot automated DNA extraction system. Purified
genomic DNA was then sonicated and labeled with Alexa
Fluor dyes 555 or 647 using a BioPrime Total DNA labeling
kit (Invitrogen Corp, Carlsbad, CA). Array hybridization and
washing were performed as specified by the manufacturer
(Agilent Technologies). Arrays were scanned using an Axon
4000B scanner (Molecular Devices, Sunnyvale, CA) and
analyzed using Agilent Feature Extraction software v9.5.1
and Agilent CGH Analytics software v3.5.14. Results were
visualized using Genoglyphix.

Genome database analysis
Computational analysis of 18q21.2 was performed using the

annotated March 2006 assembly of the human genome on the
UCSC genome browser (http://genome.ucsc.edu; build hg18).
The locations of TCF4 introns and exons were determined using
the consensus CDS database available from NCBI (http://www.
ncbi.nlm.nih.gov/CCDS/CcdsBrowse.cgi).

Fig. 1. Analysis of individuals with deletions encompassing TCF4 on 18q21.2. Oligonucleotide microarray profiles for (A)
a single-copy loss of 6.1 Mb (chr18:45,564,835–51,677,777) in Patient 1, (B) a single-copy loss of 2.4 Mb (chr18:
49,229,755–51,677,916) in Patient 2, (C) a single-copy loss of 2.9 Mb (chr18:49,884,520–52,773,507) in Patient 3, (D)
a single-copy loss of 63 kb (chr18:51,050,140–51,113,108) in Patient 4, (E) a single-copy loss of 101 kb (chr18:
51,136,052–51,237,535) in Patient 5, (F) a single-copy loss of 76 kb (chr18:51,059,650–51,136,312) in Patient 6, and
(G) a single-copy loss of 64 kb (chr18:51,078,120–51,142,195) in Patient 7. For the microarray plots, probes are ordered
on the x-axis according to physical mapping positions with distal 18p to the left and distal 18q to the right. Blue bars at
the bottom of the plots represent the deletion sizes. (H) Summary of the deletion sizes in individuals with microdeletions
encompassing TCF4. Green bars indicate the approximate deletion sizes in Patients 1 to 7. Black notches at the top of the
diagram indicate distances, in Mb, from the chromosome 18p telomere. The TCF4 gene is indicated by a blue box.
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Fluorescence in situ hybridization
Metaphase FISH analysis with the BAC probe RP11–353I8

or RP11–746K23 was used to confirm deletions of the TCF4
locus in Patients 1 to 3.14

Literature review
Searches of the PubMed database (http://www.ncbi.nlm.nih.

gov/pubmed/) using the terms “Pitt Hopkins,” “TCF4,” “18q
deletion,” and “18q monosomy” were performed to find all the
reports of patients with PTHS and cytogenetically defined de-
letions encompassing 18q21.2.

Statistical analyses
Fisher exact test calculations were performed using a pub-

licly available program (http://www.langsrud.com/fisher.htm).
Analysis was performed for the frequency of each phenotypic
feature listed in Table 1 for predicted haploinsufficient muta-
tions in comparison with missense mutations. The correction for
multiple comparisons was made using Bonferroni adjustment
(http://www.quantitativeskills.com/sisa/calculations/bonfer.htm).

RESULTS

Case reports
Of the 13,186 samples screened during the study period,

we identified seven individuals with microdeletions of
18q21.2. We characterized the deletions using a high-density
105K oligonucleotide microarray. In these individuals, mi-
croarray analysis identified single-copy losses of the region
containing TCF4 that ranged in size from 6.1 Mb to 63 kb
(Fig. 1). Figure 2 shows the location of the intragenic gene
deletions. Gene deletion in Patient 5 is predicted to cause a
frameshift, whereas precise breakpoints are unknown in Pa-
tients 4, 6, and 7. It is possible that Patients 6 and 7 have
in-frame deletions that leave the bHLH domain intact,
whereas gene deletion in Patient 4 likely abolishes this
domain.

Large deletions in Patients 1 to 3 were confirmed by FISH,
whereas deletions in Patients 4 to 7 were below the resolution

for FISH. Parental testing confirmed a de novo origin in Patients
2, 3, and 7. All other parental samples were unavailable, except
the mother of Patient 5, who did not have the deletion found in
her daughter.

Clinical information was available on Patients 1 to 7 and is
summarized in Table 2. Images of some of the physical char-
acteristics seen in these patients are shown in Figure 3.

Review of cases with TCF4 mutations or deletions in
the literature

A total of 52 cases with confirmed mutations or deletions
of TCF4 have been reported.2–10 A summary of the clinical
features of these individuals, categorized by the type of
mutation or deletion, is listed in Table 1. Figure 2 shows the
locations of all reported mutations in TCF4. In addition, 12
cases of terminal or interstitial deletions of 18q specifically
involving 18q21.2 have been described, although the inclu-
sion of TCF4 in these deletions has not been confirmed.15–20

Therefore, these cytogenetically described deletions were
excluded from further comparison.

Statistical analyses
Individuals reported in the literature with missense muta-

tions were compared with individuals reported in the litera-
ture with mutations predicted to lead to haploinsufficiency.
Functional studies are necessary to determine the exact mo-
lecular effects of each of these mutations; however, the
truncating mutations, including splice-site mutations, non-
sense mutations, and intragenic deletions, were grouped
within the category of “haploinsufficiency” for phenotypic
analysis. There is no significant difference in the ages of
these two groups (unpaired t test, P � 0.85). The Fisher exact
two-tailed test was used to test for significant differences in
the incidence of any phenotypic features (Table 1). A sig-
nificant difference was observed in the incidence of seizures
in patients with missense mutations (P � 0.0003). This
remains significant after a correction for multiple compari-
sons; the Bonferroni adjustment for 18 tests (the number of
categories assessed in this analysis) instructs to lower � to

Fig. 2. Diagram of TCF4 showing all reported mutations. Intron sizes are not to scale. White exons (1 and 20) are
noncoding. The lightly shaded Exon 18 contains the basic helix-loop-helix (bHLH) domain. M, missense; trans, site of
balanced translocation; ss, splice site; fs, frameshift creating a longer coding sequence; X, nonsense or frameshift mutation
leading to premature protein truncation. Nine of the missense mutations in Exon 18 have been within the basic portion
of the bHLH domain, with six in the codon 576/580, two in the codon 574/578, and one in the codon 572/576. One
reported nonsense mutation in this exon was at the beginning of the bHLH domain, in the codon 563/567. The other
missense mutation in this exon is downstream of the bHLH domain, in the codon 610/614, which codes for an amino acid
that is highly conserved across species.3–6,8,10 Also shown are intragenic deletions of cases presented here. Gene deletion
in Patient 5 extends from Intron 5 to Intron 8. Gene deletion in Patient 4 extends from Intron 8 to at least Intron 17, and
it may extend into Exon 20. Gene deletion in Patient 6 extends from Intron 8 to at least Intron 15, and it may extend into
Intron 17. Gene deletion in Patient 7 extends from Intron 8 to at least Intron 13, and it may extend into Intron 15.
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0.0028 to maintain a 95% confidence level. No other signif-
icant differences were found.

DISCUSSION

We report seven individuals with microdeletions of 18q21.2
encompassing or within the TCF4 gene, haploinsufficiency of
which causes PTHS. During the study period, our laboratory
also detected 38 Williams syndrome deletions and 16 Smith-
Magenis syndrome deletions. Using a comparison to the popu-
lation frequency of 1 of 7,500 for Williams syndrome21 and 1 of
15,000 for Smith-Magenis syndrome,22 our calculation for an
estimated frequency of PTHS deletions is between 1 of 34,000
and 1 of 41,000.

Most cases in the literature with TCF4 mutations or dele-
tions have the typical PTHS neurologic and dysmorphic
features. Our patients reported here all demonstrate the char-
acteristic PTHS facial features and, with the exception of the
youngest patient, severe psychomotor delay. Three experi-
ence breathing abnormalities, and none has a history of
seizures. This is similar to what has been reported in the
literature. The phenotypic incidences determined after our
review are approximately 56% for hyperventilation and 35%
for seizures and are likely underestimates for lifetime risk
because some of the patients in the analysis are younger than
the average age of onset for these features. Most cases in the
literature who presented with seizures or hyperventilation
episodes had an onset within the first decade of life. How-
ever, there has been a case with epilepsy onset at 18 years10

and another with breathing abnormality onset at 17 years,4

indicating it is possible for teenagers to develop these symp-
toms. The hyperventilation episodes, unlike seizures, are
seen in the oldest patients, although there is an 18-year-old
patient reported without breathing abnormalities.4 Despite
the younger average age of onset for epilepsy than for
breathing abnormalities, one series suggested that hyperven-
tilation episodes were more common in epileptic patients,
and hyperventilation preceded epilepsy.10

With aCGH detecting chromosome abnormalities in patients
with nonspecific symptoms, such as developmental delay, ear-
lier diagnoses may be reached for syndromes such as PTHS.
This allows for better patient care, medical management, and
appropriate surveillance for the development or presence of
other syndromic features.

Haploinsufficiency of TCF4
Animal studies support a role for TCF4 in neurologic

development. Class I bHLH genes have been shown to be
widely expressed in the developing vertebrate embryo, in-
cluding the central and peripheral nervous systems.23 TCF4
is highly expressed throughout the developing human central
nervous system.10 Studies of embryologic expression of tcf4
in zebrafish showed expression in the telencephalon early,
increasing with time in the hindbrain, diencephalon, mid-
brain, branchial arches, and retina.7 Although Tcf4� mice do
not have any obvious phenotypic abnormalities,24 and
Tcf4�/� mice do not show any gross structural brain defects,
murine brains completely lacking Tcf4 have a substantial
reduction in the neurons of the pontine nucleus. This defect
is attributed to abnormal migration because of the absence of
the specific activity of the heterodimer formed by Tcf4 and
Math1, another bHLH transcription factor essential in neu-
ronal differentiation. Thus, humans with TCF4 haploinsuffi-
ciency could be missing subsets of neurons because of im-
paired differentiation.25Ta

b
le

2
C
on

tin
ue

d

P
at
ie
nt

nu
m
be
r

1
2

3
4

5
6

7

M
yo
pi
a

�
�

�
�

�
�

�

P
T
H
S
fa
ci
es

�
�

�
�

N
E

�
�

A
cc
es
so
ry

ni
pp
le

�
�

�
�

�
�

�

S
in
gl
e
pa
lm

ar
cr
ea
se

L
ef
t

�
B
il
at
er
al

�
R
ig
ht

�
B
il
at
er
al

F
in
ge
rs

S
le
nd
er

fi
ng
er
s;
ab
se
nt

fl
ex
io
n
cr
ea
se

on
L
th
um

b
N
or
m
al

C
lu
b-
sh
ap
ed

fi
ng
er
s

T
ap
er
ed

fi
ng
er
s

N
or
m
al

B
ra
ch
yd
ac
ty
ly
of

se
co
nd

an
d
fif
th
fin
ge
rs

W
id
e
th
um

bs

F
ee
t

2–
3
sy
nd
ac
ty
ly
;
ov
er
la
pp
in
g

to
es
;
cl
in
od
ac
ty
ly
;

hy
pe
rk
er
at
os
is

O
ve
rl
ap
pi
ng

to
es

O
ve
rl
ap
pi
ng

to
es

P
uf
fy

fe
et

P
ro
m
in
en
t
as
ym

m
et
ri
c

to
e
pa
ds

P
ro
m
in
en
t
fe
ta
l
to
e

pa
ds

W
id
e
ha
ll
uc
es
;
sm

al
l

fe
et

G
en
it
al

ab
no
rm

al
it
ie
s

�
H
yp
os
pa
di
as

w
it
h

ch
or
de
e

A
bs
en
t
cl
it
or
is

�
�

�
�

S
co
li
os
is

�
�

�
�

�
�

�

O
th
er
s

D
ac
ry
os
te
no
si
s;
di
sp
la
ce
d

an
us

B
lu
e
sc
le
ra
e
(O

I
ty
pe

I)
;
m
il
d
pe
ct
us

ex
ca
va
tu
m

ou
tb
ur
st
s
of

ag
gr
es
si
on

N
ys
ta
gm

us
;
sm

al
l

op
ti
c
ne
rv
es
;

ga
st
ro
es
op
ha
ge
al

re
fl
ux

di
se
as
e

S
le
ep

di
st
ur
ba
nc
es

m
on
th
ly
;
hi
rs
ut
is
m

N
E
,
no
t
ex
am

in
ed
;
E
E
G
,
el
ec
tr
oe
nc
ep
ha
lo
gr
ap
hy
;
M
R
I,
m
ag
ne
ti
c
re
so
na
nc
e
im

ag
in
g.

Rosenfeld et al. Genetics IN Medicine • Volume 11, Number 11, November 2009

802 © 2009 Lippincott Williams & Wilkins



Decreased interaction of TCF4 with ASCL1, another bHLH
transcription factor that plays a role in the central nervous
system development and differentiation of neural crest cells,3,5

has been proposed to cause the breathing abnormalities in
PTHS. ASCL1 is part of a developmental pathway that also
includes PHOX2A, PHOX2B, and RET, which controls the
development of noradrenergic neurons important in the auto-
nomic nervous system.26,27 Animal and in vitro models lacking
Ascl1 have abnormal respiratory networks, and mutations in
ASCL1 have also been found in individuals with congenital
central hypoventilation syndrome (OMIM 209880).27,28 TCF4
functionally interacts with ASCL1,29 and if TCF4 plays an
important role in this PHOX pathway, then haploinsufficiency
may lead to the breathing abnormalities because of impaired
noradrenergic neuronal development. Although Tcf4�/� mice
have a normal locus ceruleus (a noradrenergic center),25 mice
may not be a good model of this condition because heterozygote
mice have a different phenotype than humans with PTHS. Thus,
impaired interaction of TCF4 with ASCL1 may still have an
etiological role in the PTHS phenotype.

Other genetic factors may impact the phenotype in individ-
uals with whole-gene TCF4 deletions. In particular, the pheno-
type of individuals with deletions may be impacted by haplo-
insufficiency of neighboring genes, and this may be of clinical
significance. For example, the deletion of gene in Patient 1
includes SMAD4, and haploinsufficiency of this gene can cause
juvenile polyposis syndrome and hereditary hemorrhagic telan-
giectasia.30–33 Furthermore, juvenile polyposis syndrome can
cause constipation, which overlaps with the PTHS phenotype.
In addition, absent flexion creases on the thumbs have mostly
been reported in deletion patients, although this has also been

seen in a patient with a nonsense mutation.4,10 However, anal-
ysis of the phenotype in reported individuals with deletions
shows no significant differences from those with other types of
TCF4 mutations. Thus, the phenotype in the patients with larger
deletions may be mostly explained by TCF4 haploinsufficiency.

Mutations in TCF4
Previous reports of individuals with TCF4 mutations and

deletions suggested the phenotype was independent of the
mutation type, which supported a model of haploinsuffi-
ciency as the cause of PTHS.4,5,8 A notable exception to the
typical PTHS phenotype seen in association with a TCF4
mutation is a female with mild to moderate mental retarda-
tion who had a disruption of TCF4 caused by a balanced
translocation.6 This individual was shown to produce a fu-
sion transcript of the noncoding Exon 1 of CHD6 with the 5�
end of TCF4, starting at Exon 4.6 Residual function of a
TCF4 protein truncated at the amino terminus may have
prevented the emergence of a PTHS phenotype in this pa-
tient. Our analysis of a larger number of patients in this
article confirms that, for most PTHS features, phenotype is
independent of mutation type, with the exception of seizures,
which are significantly more prevalent in individuals with
missense mutations. In addition, there is a nonstatistically
significant trend toward increased breathing and brain abnor-
malities in this group. Supporting this observation is a report
of somatic mosaicism for a TCF4 missense mutation in a
mother of a patient with PTHS who developed seizures at the
age of 20 years.10 Studies by Zweier et al.3 and de Pontual et
al.10 in a human cell line have shown lower, although not
significant, TCF4 transcription activity with transfection of

Fig. 3. Facial features of Patient 1 (A, B), Patient 2 (C, D), Patient 3 (E), and Patient 6 (F). Note the wide mouth with a
protruding philtrum and bow-shaped upper lip, widely spaced teeth, deeply set eyes, thin eyebrows, broad and beaked
nose with a high bridge, and thick, dysplastic ears. Strabismus is present in Patients 2 and 6 (C, F). Blue sclerae seen in
Patient 3 (E) is due to osteogenesis imperfecta. Single palmar crease (G), mild 2 to 3 toe syndactyly, and toe clinodactyly
(H) were present in Patient 1.
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genes containing a missense mutation in the bHLH domain
compared with those with nonsense mutations. Cells lacking
transfected TCF4 also had significantly more transcription
activity than cells with any type of mutant TCF4 trans-
fected.10 In addition, three of the four patients ascertained by
Amiel et al.5 using strict phenotypic criteria had missense
mutations, a higher proportion compared with subsequent
studies that screened more individuals for TCF4 mutations
following less-strict phenotypic criteria. Therefore, a mis-
sense mutation may be more likely to result in a clinically
recognizable PTHS diagnosis. Although the only significant
difference in individuals with missense mutations in our
literature review is the increased prevalence of seizures, this
population is also enriched for hyperventilation episodes and
brain abnormalities. There may be an ascertainment bias in
the earlier published PTHS cohorts because clinical suspi-
cion of PTHS needed to exist for inclusion in the study,
whereas our cohort only required a suspicion of a chromo-
some abnormality for inclusion. Therefore, there may be
more mildly affected individuals with TCF4 point mutations
who have not yet been identified. However, these phenotypic
differences may exist because of a dominant-negative activ-
ity of mutant TCF4 with an amino acid substitution.

Nine of the 12 patients reported with missense mutations,
and seven of the eight patients with missense mutations and
sufficient phenotypic information to be used in the pheno-
typic analysis in this article, have an amino acid change in
the highly conserved basic portion of the bHLH domain (Fig.
3), which is predicted to affect the ability of the protein to
bind DNA while leaving the HLH, or the protein–protein
interaction domain, intact.3–5,8 Therefore, these missense mu-
tations could have a dominant negative effect, sequestering
other HLH partners of TCF4 but not correctly binding to
DNA,5 an effect seen with similar engineered mutations in
other bHLH genes.34,35 Thus, missense mutations in the
bHLH domain may have a greater impact on TCF4 and other
TCF4 partners’ functions compared with haploinsufficiency
caused by deletion or other nonsense mutations. Similar
dominant-negative activities caused by missense mutations
in DNA-binding domains of transcription factors have been
shown to result in disease. Such mutations have been de-
scribed in PITX1, associated with autosomal dominant club
foot,36 in STAT3, associated with hyper-IgE syndrome,37 in
AIRE, associated with autosomal dominant autoimmune thy-
roiditis,38 and in somatic mutations of IRF5 in chronic lym-
phocytic leukemia and adult T-cell leukemia/lymphoma.39

There is also precedent for different mutations within the
same gene causing variable disease phenotypes; in connec-
tive tissue disorders, such as osteogenesis imperfecta, mis-
sense mutations are associated with a more severe phenotype
than nonsense mutations,40 although the effect seen here is
not as substantive. Similarly, in Townes-Brocks syndrome,
truncations of the SALL1 transcription factor gene are
thought to have a dominant-negative effect, preventing the
normal nuclear import of the wild-type protein,41 whereas
deletions of the gene show a milder phenotype.42,43 Only
missense mutations in the bHLH domain of TCF4 would be
expected to have a dominant-negative effect by this mecha-
nism. The effect of missense mutations in other regions is
unclear, and further studies of all TCF4 mutations and pa-
tients who have them are required to understand better how
this affects the PTHS phenotype.
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