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Abstract
Pitt–Hopkins syndrome is an underdiagnosed neurodevelopmental disorder which is characterized by specific facial fea-
tures, early-onset developmental delay, and moderate to severe intellectual disability. The genetic cause, a deficiency of the 
TCF4 gene, has been established; however, the underlying pathological mechanisms of this disease are still unclear. Herein, 
we report four unrelated children with different de novo mutations (T606A, K607E, R578C, and V617I) located at highly 
conserved sites and with clinical phenotypes which present variable degrees of developmental delay and intellectual dis-
ability. Three of these four missense mutations have not yet been reported. The patient with V617I mutation exhibits mild 
intellectual disability and has attained more advanced motor and verbal skills, which is significantly different from other 
cases reported to date. Molecular dynamics simulations are used to explore the atomic level mechanism of how missense 
mutations impair the functions of TCF4. Mutations T606A, K607E, and R578C are found to affect DNA binding directly or 
indirectly, while V617I only induces subtle conformational changes, which is consistent with the milder clinical phenotype 
of the corresponding patient. The study expands the mutation spectrum and phenotypic characteristics of Pitt–Hopkins 
syndrome, and reinforces the genotype–phenotype correlation and strengthens the understanding of phenotype variability, 
which is helpful for further investigation of pathogenetic mechanisms and improved genetic counseling.
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Background

Pitt–Hopkins syndrome (PTHS, MIM #610,954) is a neu-
rodevelopmental disorder characterized by early-onset 
developmental delay, moderate to severe intellectual dis-
ability, specific facial features, and breathing anomalies 
[1, 2]. It was first described in 1978 [1] and in 2007 its 
cause was proposed to be haploinsufficiency of the TCF4 
gene (transcription factor 4, OMIM *602,272) located on 
18q21.2 [3, 4]. TCF4 is known to be taking part in a variety 
of biological process such as B- and T-cell development 
[5, 6], epithelial mesenchymal transition [7], and the func-
tioning of the central and peripheral nervous system [8, 
9]. It encodes a broadly expressed basic helix–loop–helix 
(bHLH) protein, also called E-protein, which is a DNA 
binding domain that binds to the enhancer-box (E-box) 
element 5’-CANNTG-3’ (where N = any nucleotide). The 
bHLH domain is the only functionally characterized domain 
of the TCF4 protein, which functions as a homo- or het-
erodimer [4, 10]. Recently, the structure of human TCF4 
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C-terminal bHLH domain in complex with 13-bp oligo-
nucleotide containing the E-box sequence was published 
(PDB 6OD3) [11], which provides a solid structural basis 
to study the effects of PTHS-associated mutations in the 
TCF4 bHLH domain.

There are about 500 PTHS patients reported to date [2], 
but the prevalence of the disease is still unknown and it 
is widely believed that PTHS is underdiagnosed. Diverse 
pathogenic variants have been found in patients with PTHS, 
such as nonsense, frameshift, splice-site, and missense muta-
tions as well as translocations and large deletions encom-
passing all or part of TCF4 [2–4, 12–14]. The most common 
ones are gene disruptive or truncating variants including 
frameshifting, nonsense, and splice-site single nucleotide 
variants and large deletions at 18q21 encompassing the 
TCF4 gene [2, 15]. The rarity of the syndrome, complexity 
of the TCF4 gene, and similarity to other well-recognized 
syndromes such as Angelman syndrome or Rett syndrome 
hinder a deeper understanding of the underlying pathological 
mechanisms [2, 16]. Up to now, only breathing anomalies in 
patients with PTHS are considered to be caused by impaired 
noradrenergic neuronal development due to defective TCF4 
interaction with the ASCL1-PHOX-RET pathway [3, 13]. 
Known pathogenic missense variants usually cluster in the 
highly conserved bHLH domain encoded by exon 18 [2, 17]. 
Related studies show that the impact of missense mutations 
ranges from subtle deficiencies to dominant-negative effects 
and presents to a varying extent, which may be contributing 
to the phenotypic variability of PTHS patients [18]. How-
ever, detailed phenotype data for the vast majority of PTHS 
cases is unavailable.

Herein, we report four PTHS patients with molecularly 
confirmed missense mutation (3 novel and 1 reported) in 
the exon18 of TCF4 and describe their phenotype in detail. 
These four cases harboring missense mutation show vari-
able degrees of developmental delay and intellectual dis-
ability. Moreover, we explore how these missense mutations 
impair the functions of TCF4 by using molecular dynamics 
(MD) simulation and protein structure analysis tool. Fur-
thermore, we aim to explain the phenotypic variability of 
PTHS patients with the effect of these missense mutations.

Methods

Patients

This study was approved by the Ethics Committee of Chil-
dren’s Hospital of Shanghai. Retrospective clinical data 
was collected on four patients with a molecular diagnosis 
of Pitt–Hopkins syndrome (PTHS) referred to the Shang-
hai Children’s Hospital. Informed consent for publication 
of clinical data and genetic test results identified by whole 

exome sequencing (WES) was obtained. A clinical diag-
nostic score was assigned to each patient based on the latest 
proposed international scoring system [2], where score ≥ 9 
indicates molecular confirmation and score of 6 to 8 with 
the presence of the facial characteristics raises suspicion for 
PTHS and requires further confirmation by molecular test-
ing. The mutation coordinates were given according to the 
TCF4 transcript variant 1 (NM_001083962.2) and GRCh37 
for all patients. Related therapeutic interventions utilized 
were also discussed.

Bioinformatics analysis

We investigated the effects of missense mutations on exon 
18 from the prospective of protein structural analysis. The 
crystal structure complex of human TCF4 C-terminal bHLH 
domain and 13-bp oligonucleotide containing an E-box 
sequence (PDB code: 6OD3) were downloaded from the 
Protein Data Bank (PDB) [11]. To strengthen the reliability 
of our MD results, mutation R578H which had been inves-
tigated before [18] was included in our analysis. Complexes 
of DNA-mutant protein (T606A, K607E, V617I, R578C, 
and R578H) were built with PyMOL 2.4 [19] based on the 
wild-type (WT) structure. Commonly used computational 
methods (including PolyPhen-2 [20], PROVEAN [21], 
FATHMM [22], MutationTaster [23], and SIFT [24]) were 
used to predict the pathogenicity of the variants. ProtParam 
[25] (https://​web.​expasy.​org/​protp​aram/) was utilized to 
study the physical and chemical properties of the protein.

MD simulations were performed using the Amber16 
package [26] following a five-step protocol including PDB 
preparation, minimization, heating, equilibration, and pro-
duction. The force field parameters retrieved from ff14SB 
and bsc1 for the protein and DNA were applied. Each 
ensemble was solvated in a box of the opc water model [27] 
with a padding of 10 Å. Appropriate amounts of Na+ and 
Cl− ions were added to each ensemble to mimic the physi-
ological environment and ensure zero net charges. After 
minimization, heating, and equilibration, the production runs 
were simulated at 298 K for 60 ns through 30 million steps 
of NPT simulations with 2-fs step size. Five independent 
trajectories of 60 ns for each of the 6 molecular complexes 
were simulated. For each simulation, sampling was con-
ducted every 5 ps (12,000 snapshots for 60-ns simulations). 
In total, 1.8 μs of trajectories was collected for the WT and 
five mutant systems.

The embedded tools in Amber were used to analyze the 
resultant trajectories. Average structures were defined as the 
structure ensembles of lowest energy among all five trajecto-
ries for the last 10 ns [28, 29]. Binding free energies between 
TCF4 bHLH domain and DNA sequence for the last 10 ns 
in all the simulation trajectories were calculated separately 
with Molecular Mechanics-Generalized Born Surface Area 

https://web.expasy.org/protparam/
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(MM/GBSA) method [30] using MMPBSA.py [31] and the 
average value was used as an indicator of the TCF4-DNA 
binding affinity.

Results

Patient description

All four patients showed typical facial features (Table 1), 
but with variable degrees of disease disabilities. All patients 
had no family history of intellectual disability and other 
neurological or psychiatric disorders. The identified novel 
variants were absent in large population databases such as 
dbSNP and the Exome Aggregation Consortium (ExAC) 
database [32].

Patient 1 is a 4.5-year-old Chinese boy who carries a 
novel TCF4 missense mutation c.1816A > G (p.T606A). 
He showed the typical facial features (Table 1) and severe 
intellectual disability delay with absent or limited speech, 
but was able to comprehend simple task instructions and 
play with others. Developmentally, he was looking up at 
2 months, rolling at 5 months, sitting at 10 months, standing 
at 14 months, and walking at 17 months, but in an unstable 
manner until the present time. Moreover, he exhibited severe 
language delay; he was able to babble at the age of 3 years 
and had 10 words at 4 years. He had breathing regulation 
anomalies (intermittent hyperventilation and/or apnea), 
myopia, and a history of constipation, but no sleep prob-
lems. He recently began to receive speech therapy and stem 
cell therapy. Retrospective analysis of patient 1 phenotype 
and comparison with PTHS diagnostic criteria [2] showed 
12 points (8 cardinal and 4 supportive points).

Patient 2 is a 12-year-old Chinese girl identified with a 
novel TCF4 missense mutation c.1819A > G (p.K607E). 
The girl is the second child of a nonconsanguineous pair 
and has a healthy sister. The proband was delivered at term 
with hypoxia. The proband showed the typical facial features 
(Table 1) and suffered from constipation, myopia, constipa-
tion, breathing regulation anomalies, and severe intellectual 
disability delay. She spoke her first word at 2 years old and 
developed 2-word phrases until present. She could walk 
at 4 years, but with an unstable, ataxic gait. She also has 

learning disabilities and cognitive difficulties. Retrospective 
analysis of patient 2 phenotype and comparison with PTHS 
diagnostic criteria [2] showed 12 points (8 cardinal and 4 
supportive points).

Patient 3 is a 2.5-year-old Chinese girl, with a novel vari-
ant c.1849G > A (p.V617I) located in exon 18 of TCF4. She 
is one of the mildest affected patients reported to date. She 
was rolling at 4 months, sitting at 7 months, and crawling 
at 13 months. She showed development delay on her initial 
intelligence test at 20 months; she received rehabilitation 
training at 21 months, including physical therapy, speech 
therapy, and occupation therapy. She was able to walk at 
21 months and at present she can ambulate independently 
and run normally, although she cannot jump. She had 20 
words at 2 years and had 2-word phrases on an occasional 
basis. She exhibits slightly worse command and cognition 
than her peers, and is able to count to 10 now. She began to 
eat and dress by herself, although is not good at it. In addi-
tion, she was described to usually have a smiling appear-
ance, but an anxious or agitated disposition. Notably, she 
has never demonstrated any abnormal breathing or seizure-
like activity. Retrospective analysis of patient 3 phenotype 
and comparison with PTHS diagnostic criteria [2] showed 
5 points (4 cardinal and 1 supportive points).

Patient 4 is a 1.5-year-old Chinese boy with a reported 
TCF4 missense mutation c.1732C > T (p.R578C). He 
showed typical facial features (Table 1). He was looking 
up at 2 months, rolling at 4 months, sitting at 11 months, 
crawling at 13 months, and pulling to stand at 16 months 
and beginning to babble. He can understand basic instruc-
tions. Repetitive movements were also described as he was 
easily getting excited, beating the table or toys and shaking 
his head. Reported was neither constipation nor seizure-
like activity, and his vision had not yet been evaluated. 
No abnormalities were found on brain magnetic resonance 
imaging (MRI) and electroencephalography examination. 
He recently received rehabilitation training including 
physical therapy, brain acupuncture, and electrotherapy. 
At the same time, he also took an injection of mouse nerve 
growth factor and sevoflurane oral solution. Retrospective 
analysis of patient 3 phenotype and comparison with PTHS 
diagnostic criteria [2] showed 6 points (4 cardinal and 2 
supportive points).

Table 1   Physical characteristics of the four reported patients

ID Gender Age Square 
forehead

Thin lateral 
eyebrows

Wide nasal 
bridge/ridge/
tip

Flared 
nasal alae

Full cheeks/ 
prominent 
midface

Wide mouth/full lips/
cupid bow upper lip

Thickened/
overfolded 
helices

Slender 
fingers

1 Male 4.5 1 1 1 1 1 1 1 1
2 Female 12 1 1 1 1 1 1 1 1
3 Female 2.5 1 1 1 0 1 1 1 1
4 Male 1.5 1 1 1 1 1 1 1 1
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Bioinformatics analysis of corresponding missense 
mutations

The four identified missense mutations are highly con-
served in all classes of Vertebrata, and in the related 
transcription factor TCF12 (Fig. 1). The pathogenicity 
of the variant prediction results was consistent in the 
majority of algorithms used and showed to be damag-
ing/deleterious (Supplementary Table 1). Table 2 shows 
the physical and chemical properties of the wild-type 
and mutant bHLH domain predicted by ProtParam. 
Mutant R578C and K607E showed a decrease in the 
theoretical pI. Moreover, R578C also showed a modest 

increase in the instability index and grand average of 
hydropathicity (GRAVY).

To explore the molecular mechanism underlying variable 
disease severity, we first mapped these four mutations in 
exon18 to the homodimer structure models in PDB 6OD3 
(Fig. 2a) and investigated the molecular consequences of 
the pathogenetic mutations with MD simulations. The root 
mean squared deviation (RMSD) was calculated for every 
trajectory (Supplemental Fig. 1) showing that 60 ns of simu-
lation time was sufficient for the equilibration of the WT and 
mutants at the NPT ensemble.

K607 and R578 are highly conserved amino acids and 
located at the beginning site of helix 1 and the middle site 

Fig. 1   Sequences of the basic helix-loop-helix (bHLH) regions in proteins related to TCF4 are shown. TCF4 mutations investigated in this work 
are highlighted in red

Table 2   Analysis of wild-type 
and mutant bHLH domain by 
ProtParam

a Instability index: instability index > 40, unstable; instability index < 40, stable
b The negative value of GRAVY stands for hydrophilic protein and lower negative value represents higher 
hydrophilicity

Molecular weight Theoretical pI Instability indexa Aliphatic index Grand average of 
hydropathicity 
(GRAVY)b

Wild type 7218.46 10.48 31.08 108.69  − 0.621
R578C 7165.42 9.85 41.44 108.69  − 0.507
T606A 7188.44 10.48 31.08 110.33  − 0.580
K607E 7219.41 9.97 35.63 108.69  − 0.615
V617I 7232.49 10.48 31.08 110.33  − 0.616
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of helix 1 respectively, which are both in the basic DNA-
binding region (Fig. 2a). It is known that both of them are 
binding in the major groove of the DNA and are in contact 
with DNA phosphate groups [11]. Mutation K607E intro-
duces a large negative charge in place of the positive charge 
at position 607. As observed in the MD simulation for this 
mutant (Fig. 2b), the favorable interaction between K607 and 
the DNA backbones disappears and the negatively charged 
DNA is pushed away from the protein. Similarly, mutation 
R578C introduces the polar glutamic acid in place of the 
positively charged arginine and interactions with the nega-
tively charged DNA phosphate group are removed (Fig. 2c). 
Cascaded conformational changes are observed during the 
simulation. R582 which was not involved in the binding of 
either base or phosphate backbone of DNA replaces partly 
R578 to contact a phosphate group of the backbone of cyto-
sine. Moreover, the N574•••R578 interaction (Fig. 2d) 
which bridges the two phosphate groups neighboring the 
central cytosine [11] and works as stabilizing interaction at 

the protein-DNA interface is also lost, which leads to a slight 
movement of the helix α2 away from the DNA major groove. 
The R578C mutant is unstable as indicated by ProtParam.

The protein-DNA binding free energy for mutation 
K607E and R578C is significantly higher than that of the 
wild type (Table 3), signifying that the DNA binding affinity 
greatly drops. This is consistent with the evidence related 
to R578H, whose molecular consequences on DNA bind-
ing were examined experimentally by using in vitro trans-
lated proteins [18]. Hence, this further suggests that muta-
tions K607E and R578C are set to abrogate DNA binding 
completely.

T606 sits at a conjunction site between a loop and helix 
1 of the TCF4 bHLH domain near the basic DNA-binding 
region (Fig. 2a). When the polar T606 is replaced by a non-
reactive alanine, the interactions between the polar side 
chain of the threonine and the DNA are removed, and the 
distance between the affected amino acid and DNA increases 
(Fig. 2e). Our MD results reveal that K607 tends to interact 

Fig. 2   The overall WT crystal 
structure and mutant models 
after MD simulation. a Mapping 
of PTHS-causing mutations in 
TCF4 crystal structure. V617 
is located at the middle of helix 
2, which is far away from the 
DNA. T606 sits at a conjunction 
site between a loop and helix 1 
of the TCF4 bHLH domain near 
the basic DNA-binding region. 
K607 located at the beginning 
site of helix and R578 at the 
middle site of helix 1, which are 
both in the basic DNA-binding 
region. b The model of K607E 
mutant after MD simulation. c 
The model of R578C mutant 
after MD simulation. d R578 
interacts with two neighboring 
phosphate groups (cytosine and 
guanine of the 5’-CAC​GTG​
-3’). e The model of T606A 
mutant after MD simulation. 
f The model of V617I mutant 
after MD simulation. Yellow 
dash lines represented hydrogen 
bonds. The cyan model rep-
resenting the crystal structure 
and mutant average structure is 
colored by another color. Side 
chains are shown as sticks with 
carbon atoms colored in blue 
for the crystal structure and off-
white for the mutant structure
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with E585 rather than with the DNA. Accordingly, DNA-
binding free energy by T606A is higher compared to the 
binding energy of the WT (Table 3). Hence, the DNA bind-
ing affinity is affected. Moreover, the loop beside the muta-
tion T606A undergoes a conformational change as well 
(Fig. 2e). We hypothesize that the T606A mutation together 
with the conformational change would very likely abolish 
the activity to recognize the DNA binding partner.

V617 is located at the middle of helix 2, and is further 
removed from the DNA (Fig. 2a). The replacement of V617 
with an isoleucine residue does not change the hydropho-
bic property at this position but the length of side chain is 
enlarged, which leads to a slight movement of the beginning 
of helix α1 and induces subtle changes in the loop (Fig. 2f). 
Accordingly, mutation V617I does not destroy the hydropho-
bic microenvironment but the increased size of this substi-
tution very likely causes local steric hindrance which may 
disturb local structure and folding energies.

Discussion

In this study, we reported four patients identified with a dif-
ferent de novo missense mutation in the bHLH domain of 
TCF4, and with variable degrees of developmental delay and 
intellectual disability. MD simulations were used to explore 
how these missense mutations specifically impair the func-
tion of TCF4. Mutations T606A, K607E, and R578C are 
found to affect DNA binding directly or indirectly, while 
V617I only induced subtle conformational changes. This is 
consistent with the fact that patient 3, who is afflicted with 
mutation V617I, has a milder clinical phenotype compared 
with the other cases reported and exhibited less prominent 
motor delays and to some degree language delay.

All of the patients in this work presented with typical 
facial gestalt, which is the main key feature for the diagno-
sis of PTHS and distinguishes it from other syndromes [2, 
17]. Compared with the majority of cases reported in the 
literature where speech is often absent and there are severe 

motor delays (independent ambulation after 5 years of age or 
not at all) [14, 17, 33–37], the patients showed variable dis-
ease phenotype. In particular, patient 3 who has a missense 
mutation in exon18 exhibited mild special facial features 
and attained more advanced motor and verbal skills with 
mild intellectual disability. Similarly, in a Caucasian male 
with PTHS caused by a single-pair deletion in exon 19 of 
the TCF4 gene, with mild to moderate intellectual disabil-
ity, use of full sentences and independent ambulation were 
reported [38]. More mildly affected individuals with TCF4 
point mutations will be identified with the development of 
genetic tests [12]. Previous studies report that individuals 
with variants starting from exon 9 to exon 20 tend to pre-
sent a typical PTHS phenotype [2, 39, 40], while those with 
variants affecting exons 1 to 5 in the TCF4 gene are associ-
ated with mild intellectual disability. These abovementioned 
unique cases showed that this conclusion has not held true 
in all PTHS cases. In addition, it is notable that testing for 
PTHS of patient 3 and patient 4 would not have been recom-
mended based on the latest proposed international clinical 
diagnostic scores [2], partly because the patients were too 
young to show the symptoms, which indicates that the avail-
able systems and approaches are still limited especially for 
young patients [14, 33]. Hence, although there are published 
diagnostic guidelines for PTHS [2], there is still a need for 
additional descriptions of novel, especially unique, clinical 
cases [15] to expand the spectrum of PTHS.

These four cases show that different missense mutations 
within the same exon cause different degrees of intellectual 
disability including motor delay and speech delay. To explain 
the phenotypic variability of these PTHS patients with cor-
responding missense mutations, we used MD simulation to 
further explore each missense mutation consequence and 
attempt to match it to the patient’s phenotype. To strengthen 
the reliability of our MD results, mutation R578H which 
has been investigated before [18] is included in our analy-
sis and our results are consistent with the molecular con-
sequences of R578H examined experimentally. Moreover, 
to further substantiate the pathogenicity of these missense 

Table 3   TCF4-DNA binding 
free energy with MM/GBSA

a VDW, van der Waals energy; EEL, electrostatic energy; EGB, polar solvation energy; ESURF, non-polar 
solvation energy; ∆GGas, (VDW + EEL) gas-phase free energy; ∆GSolv, (EGB + ESRUF) solvation free 
energy; ∆GTotal, (GGas + GSolv) total free energy

Contribution WT K607E T606A V617I R578C R578H

VDW  − 127.393  − 119.572  − 123.444  − 122.432  − 116.061  − 110.392
EEL  − 6510.051  − 5483.254  − 6430.466  − 6497.942  − 6007.643  − 5910.047
EGB 6477.221 5482.199 6405.493 6463.631 5998.923 5911.729
ESURF  − 18.806  − 17.638  − 18.219  − 18.288  − 17.327  − 16.336
∆GGas  − 6637.444  − 5602.826  − 6553.910  − 6620.374  − 6123.704  − 6020.440
∆GSolv 6458.415 5464.561 6387.274 6445.343 5981.596 5895.392
∆GTotal  − 179.029  − 138.265  − 166.636  − 175.031  − 142.108  − 125.047
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mutations, additional commonly used computational meth-
ods were used here. The prediction results are consistent in 
the majority of algorithms used. However, those computa-
tional algorithms tend to be overly dependent on the degree 
of conservation [41] and lack functional mechanism-based 
interpretations. In contrast, MD can study protein-DNA 
interactions and interpret dysfunction at the molecular level 
with atomic resolution; thus, we believe it can become an 
integral part of meta-prediction approaches [42].

As it is known that E-proteins usually form homodimers 
and heterodimers with tissue-specific bHLH factors [4, 10] 
and it has been verified that the impact of mutations in one 
subunit is similar to that in both subunits [18], with the goal 
to focus the MD functional study herein, we explored the 
consequences of mutation of the intra-TCF4 heterodimers 
that contain one WT and one mutant TCF4 subunit. Combin-
ing the MD results with the mutation functional analysis, we 
demonstrated that not all pathogenetic missense mutations 
in exon18 of TCF4 gene will result in the complete loss 
of function and invariable disease severity as in [18]. For 
example, patient 3 — who is harboring missense mutation in 
exon18 which does not affect DNA binding — presents mild 
disease phenotype, which helps to explain the phenotypic 
differences and the milder signs and symptoms.

No specific medication is so far known to be generally 
effective in individuals with PTHS [2, 43]. Hence, it is nec-
essary to determine appropriate intervention services and 
educational strategies based on developmental assessments 
upon initial diagnosis [2]. Owing to the fast-developing 
sequencing technology and widespread use of WES in 
clinical application, the detection of mutations can improve 
our ability to accurately and early diagnose the patients, 
especially those mildly affected individuals [12] which will 
inform the timely intervention for individuals with PTHS 
and lead to improved treatment results. Patient 3 is a good 
example who received rehabilitation at her very young age 
(21 months) and gained great improvement such as inde-
pendent ambulation and higher cognition in the following 
year. Similarly, patient 4 also received rehabilitation train-
ing. Figuring out how such missense mutations impair the 
protein function of TCF4 is important for further under-
standing of the genetic etiology and is also helpful for a 
more accurate diagnosis, prognosis, and management of this 
rare and severe disease.

Conclusions

The results of this study expand the mutation spectrum and 
phenotypic characteristics of PTHS. In addition, the struc-
tural analysis performed confirms that not all pathogenetic 
missense mutations in exon18 of TCF4 gene result in the 
complete loss-of-function and thereby affect the clinical 

phenotype or disease severity of the patients. A considerable 
effort is still needed to understand the phenotype variability 
and pathogenetic mechanisms, thus fostering the develop-
ment of specific medications or therapeutic strategies to treat 
and manage this rare neurodevelopmental disorder.
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