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Abstract 

Background TCF4 acts as a transcription factor that binds to the immunoglobulin enhancer Mu‑E5/KE5 motif. Domi‑
nant variants in TCF4 are associated with the manifestation of Pitt‑Hopkins syndrome, a rare disease characterized 
by severe mental retardation, certain features of facial dysmorphism and, in many cases, with abnormalities in respira‑
tory rhythm (episodes of paroxysmal tachypnea and hyperventilation, followed by apnea and cyanosis). Frequently, 
patients also develop epilepsy, microcephaly, and postnatal short stature. Although TCF4 is expressed in skeletal mus‑
cle and TCF4 seems to play a role in myogenesis as demonstrated in mice, potential myopathological findings taking 
place upon the presence of dominant TCF4 variants are thus far not described in human skeletal muscle.

Method To address the pathological effect of a novel deletion affecting exons 15 and 16 of TCF4 on skeletal muscle, 
histological and immunofluorescence studies were carried out on a quadriceps biopsy in addition to targeted tran‑
script studies and global proteomic profiling.

Results We report on muscle biopsy findings from a Pitt‑Hopkins patient with a novel heterozygous deletion span‑
ning exon 15 and 16 presenting with neuromuscular symptoms. Microscopic characterization of the muscle biopsy 
revealed moderate fiber type I predominance, imbalance in the proportion of fibroblasts co‑expressing Vimentin 
and CD90, and indicate activation of the complement cascade in TCF4‑mutant muscle. Protein dysregulations were 
unraveled by proteomic profiling. Transcript studies confirmed a mitochondrial vulnerability in muscle and confirmed 
reduced TCF4 expression.

Conclusion Our combined findings, for the first time, unveil myopathological changes as phenotypical association 
of Pitt‑Hopkins syndrome and thus expand the current clinical knowledge of the disease as well as support data 
obtained on skeletal muscle of a mouse model.
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Background
TCF4 (also known as E2-2, FECD3, ITF2, PTHS and 
SEF2 among others) is known to act as a transcrip-
tion factor that binds to the immunoglobulin enhancer 
Mu-E5/KE5 motif. It activates gene transcription by 

binding to the Ephrussi-box (“E-box”, 5’-CANNTG-3’) 
and is itself widely expressed and involved in the initia-
tion of neuronal differentiation [1, 2]. Already 30  years 
ago, an impact of TCF4 in muscle was demonstrated by 
linking TCF4 function to inhibition of MyoD, a muscle-
specific transcription factor [3]. Along this line TCF4 
expression in human muscle has already been demon-
strated [4] and results of previous in vitro studies unrav-
elled that the expression of different TCF4 isoforms is 
important for the differentiation process of C2C12 cells 
[5]. Furthermore, TCF4 expression has been described 
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in mesodermal cell populations leading to limb muscle 
formation in vertebrates [6]. Genome-wide association 
studies have identified common TCF4 variants as suscep-
tibility loci for schizophrenia, Fuchs’ endothelial corneal 
dystrophy, and primary sclerosing cholangitis [1]. How-
ever, defects in TCF4 (NM_003199.2) are also causative 
for Pitt-Hopkins syndrome (PTHS, OMIM #610,954) [4, 
7], a multisystem disorder characterized by severe men-
tal retardation [8], and – in many cases – abnormalities 
in respiratory rhythm [9–11]. Patients also frequently 
develop epilepsy, ocular anomalies, postnatal macroso-
mia and present with distinctive facial features including 
a wide mouth and postnatal microcephaly [8, 9, 12]. Fur-
ther neurological features include motor incoordination, 
seizures, typical behavior and subtle brain abnormalities 
[13]. The syndrome is caused by pathogenic heterozygous 
de novo variants in the TCF4 gene (chromosome 18q21; 
NM_003199.2) encoding the transcription factor 4 and 
boys and girls appear to be affected equally [7].

Although, the role of TCF4 in muscle cell function 
and differentiation has been studied before (see above), 
investigations targeting the impact of TCF4 mutations 
on muscle cell integrity and potential myopathology in 
terms of potential skeletal muscle vulnerability in PTHS 
are still lacking in literature.

We report on the findings in a muscle biopsy derived 
from a boy with muscular hypotonia, apnoea, severe 
motor developmental delay and moderate response to 
pyridostigmine. This was indicative of the presence of a 
congenital myasthenic syndrome. The muscle biopsy was 
performed in the second year of life to rule out myopathy 
as the cause of the muscle weakness before his molecular 
genetic diagnosis was made. Microscopic investigation of 
this quadriceps muscle biopsy unveiled a predominance 
of type I fibers and complement activation. Transcript 
studies of TCF4 demonstrated reduced level in mus-
cle. Biochemical analysis of muscle protein extract via 
proteomics revealed dysregulation of different classes 
of proteins mainly hinting toward perturbed mitochon-
drial function, oxidative stress burden and complement 
activation. Immunofluorescence studies focusing on 
muscle fibroblasts revealed an imbalance of vimentin 
and CD90 co-immunoreactivity compared to controls. 
These combined clinical, microscopic, transcriptional, 
and biochemical findings indicate an affection of skeletal 
muscle upon the presence of a pathogenic TCF4 variant 
(NM_003199.2) associated with the clinical manifesta-
tion of PTHS.

Materials and methods
Exome‑sequencing
To confirm the clinical diagnosis of PTHS, we sequenced 
the exome of the patient. Library was prepared using the 

Twist Human Core Exome plus RefSeq Panel (Twist Bio-
science, San Francisco, USA) and sequenced by paired-
end 150  bp massively parallel sequencing on a NextSeq 
2000 Instrument (lllumina). Reads were mapped on the 
hg19 reference genome and variants called using a com-
mercially available (Varfeed) pipeline developed by Lim-
bus Medical Technologies (Rostock, Germany). Variants 
were filtered using the Varvis software (Limbus Medical 
Technologies). This pipeline includes an analysis of copy 
number variants. Confirmation of the suspected copy 
number aberration in the index patient and parental anal-
ysis were performed by MLPA (kit P075, MRC Holland).

Histology, enzyme histochemistry, immunofluorescence 
and electron microscopy
Histological studies and enzyme histochemistry and on 
the muscle biopsy were carried out according to stand-
ardized procedures. Immunofluorescence was car-
ried out on 7 µm cryosections as described previously 
[14] making use of primary antibodies targeting C5b-9 
(Dako, M0777), HLA1 (Dako,  M0736), HLA2 (Dako, 
M0775), CD4 (Dako, M0716), CD8 (Novocastra/Leica, 
NCL-CD8-4B11), CD20 (Novocastra/Leica, NCL-CD20-
L26), CD45 (Dako, M0701), CD68 (Dako, M0718), 
CD79A (Dako, M7050), and CD90 (Dianova, DIA-100), 
MYH7 (GeneTex, GTX100713) as well as Vimentin 
(GeneTex, GTX112661); secondary antibodies: Invitro-
gen, Alexa Fluor 488, A11029 and Invitrogen Alexa Fluor 
488, A11008.

Proteomic profiling
Protein extraction and subsequent mass spectrometry-
based protein quantification studies were carried out as 
described previously [15]. For proteomic profiling, three 
control samples derived from male children of Cauca-
sian origin (10 months, 12 months, and 14 months of age, 
respectively) with an unremarkable family history were 
included. In these control biopsies histological and labo-
ratory investigations remained unremarkable. In brief, a 
bottom-up proteomic approach with label-free quantifi-
cation of peptides was performed in a data-independent 
acquisition mode making use of an in-house generated 
peptide library.

For relative quantification, only proteins identified 
with two or more unique peptides were considered for 
further analysis. After this initial filtering, the average of 
the normalized abundances was calculated and used to 
determine the ratios between the overexpression model 
or patient samples with their respective controls includ-
ing log2 transformation and p‐value generation by per-
forming a Student’s t‐test. For further proteomaps-based 
pathway analysis (www. prote omaps. net), we consid-
ered only proteins that were identified with two or more 

http://www.proteomaps.net
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peptides in the muscle samples derived from the PTHS 
patient and controls.

RNA extraction and quantitative reverse transcription PCR 
(qRT‑PCR)
Total RNA was extracted from whole muscle specimens 
of the PTHS patient and juvenile control muscle (see 
above) using Trizol/chloroform extraction, followed by 
cDNA transcription using the High-Capacity cDNA 
Archive Kit (Applied Biosystems, Foster City, CA). For 
qPCR reactions, 10  ng cDNA was used for subsequent 
analysis on the Applied Biosystems™ QuantStudio™ 6 
Flex Real-Time PCR System (ThermoFischer, Waltham, 
MA; USA, running conditions: 95  °C 0:20, 95  °C 0:01, 
60  °C 0:20, 40 cycles). Targeted transcripts were run 
as triplicates and the reference gene PGK1 has been 
included as internal control to normalize the relative 
expression of the targeted transcripts.

The TaqMan® Gene Exp Assay (Life Technologies/
ThermoFisher) are as follows: BNIP3/BCL2 Hs00198106_
m1, B2M Hs00187842_m1, C2 Hs00918862_m1, C5 
Hs01004342_m1, CXCL12 Hs03676656_mH, CXCR5 
Hs00540548_s1,  ETFA  Hs00164511_m1, LDHB 
Hs00929956_m1, MT-ND1 Hs02596873_s1, NNMT 
Hs00196287_m1, NUDFA12 Hs07291325_m1, PGK1 
Hs99999906_m1, TCF4 Hs00162613_m1. Displayed 
is the ratio (in %) of gene expression in skeletal muscle 
derived of the PTHS patient compared to the expression 
of the juvenile controls.

Results
Clinical findings
Development
The boy was born via cesarian section in 36th week of 
gestation due to HELLP-syndrome of the mother [weight 
3060 g (25 P., -0.66 z), length 54 cm (85 P., -1.03 z), head 
circumference 35  cm (52 P., -0.04 z)] he suffered from 
episodes of apnea and bradycardia until 4 months of age 
and needed feeding via nasogastric tube for 6–8  weeks 
postnatally. Motor development was delayed, as he was 
able to sit with 22 months, to stand with 24 months and 
to walk with 30 months. Achievement of speech develop-
ment milestones was also delayed: two words at the age 
of 15 months and no further development afterwards. In 
line with this, cognitive development is severely impaired 
(IQ 50/SON-R). Communication could be established 
using sign language. Neurologically, also at his last 
appointment at the age of 12 years in 2023, he presented 
with muscular hypotonia, hyperextensible joints and soft 
muscles. Subsequently, he had developed a broad-based 
gait pattern and difficulties in climbing stairs. The mother 
reported episodes suspicious of absence seizures with 
upward gaze deviation and tremor. EEG was also normal.

Diagnostic workup
At his first presentation in our department with the age 
of 15  months (Fig.  1A and B), the boy showed a severe 
motor development disorder with pronounced weakness 
in the upper extremities and generalized muscular hypo-
tonia. A positive decrement (median nerve) was identi-
fied upon repetitive nerve stimulation (Fig.  1C). Based 
on this pathological decrement and his clinical features 
fitting to a congenital myasthenic syndrome, at the age 
of 20  months treatment with pyridostigmine (3.8  mg/ 
Kg bodyweight) was initiated and the boy initially (four 
weeks after first treatment) showed a benefit in muscle 
strength of lower extremities and improvement of motor 
development: he was able to drink on his own and roll 
from back to stomach as well as to sit unsupported and 
put himself into upward position. Repeatedly blood tests 
with creatine kinase (last CK-value: 161 U/l, ref < 165 
U/l), basic and extended metabolic screening produced 
normal results. An MRI of the brain showed no patholo-
gies (data not shown). EEG was normal. Electroneurogra-
phy measuring nerve conduction velocity showed normal 
values.

However, as no persisting improvement was achieved 
upon the treatment with pyridinstigmine, a muscle 
biopsy was performed at the age of 2.5 years to exclude 
an underlying myopathic disease.

With disease progression, our follow-up clinical exami-
nations revealed dysmorphia with persisting Cupid’s bow 
lip (Fig. 1), talipes varus of both feet and doubled crease 
of the pectoralis muscle. The patient was diagnosed with 
PTHS at the age of 8 years.

A schematic representation of the timeline of the 
diagnostic workup and clinical findings is presented in 
Fig. 1D.

Microscopic findings
Due to suspected muscular involvement, a muscle 
biopsy was performed at two years of age. Histological 
investigation of the muscle collected from right vastus 
lateralis muscle did not show any striking myopatholo-
gies. However, results of ATPase 4.3 reaction showed a 
moderate type I fiber predominance, whereby these fib-
ers were occasionally organized in groups (Fig.  2). An 
enzyme histochemistry revealed no COX-negative fibers 
but indicated increased subsarcolemmal mitochondrial 
content in some fibers by nicotine adenine dinucleo-
tide hydride (NADH) and combined Cytochrome C 
oxidase and Succinate dehydrogenase reaction (COX-
SDH). Immunohistological-based examination of pro-
tein abundances (including Caveolin 3, Dystrophin 1–3, 
α-/ β-Dystroglycan, α-/ β-/ γ-/ δ- Sarcoglycan, Laminin 
α2, Laminin α5, Emerin, Dysferlin, Collagen IV and VI, 
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Utrophin, neonatal myosin) of the muscle showed nor-
mal results (data not shown). Given that in the central 
nervous system an impact of TCF4 abundance on fibro-
blast growth factor production (necessary for neuronal 
function) was shown [16], by performing immunofluo-
rescence studies on the patient-derived muscle biopsy, 
we additionally investigated the characteristics of muscle 
fibroblasts: Co-staining of Vimentin (fibroblast marker) 
and CD90 (marker of activated fibroblasts) revealed 
an approximate complete co-expression of both pro-
teins in muscle biopsy specimen derived from two con-
trols whereas in the biopsy derived from our patient a 
co-expression could only be detected in roughly 50% 
of fibroblasts with a higher proportion solely showing 
immunoreactivity for CD90 but not Vimentin (Fig. 3).

Molecular genetic findings
Conventional karyotyping and array CGH were unre-
markable. The boy was tested negative for Angelman 
syndrome and panel diagnostic for encephalopathic 

epilepsies including Rett syndrome and Coffin-Lowry 
syndrome. The analysis of point variants in genes rel-
evant for PTHS did not reveal any likely pathogenic 
or pathogenic variants. However, the analysis of copy 
number variants revealed a possible deletion of exons 
15 and 16 of TCF4 [(NM_003199.2): c.(1146 + 1_1147-
1)_(1468 + 1_1487-1)del]. This deletion was confirmed by 
MLPA analysis and shown to be absent in both parents.

Proteomic signature of TCF4‑mutant muscle
A proteomic profile was performed on whole protein 
extract of the muscle biopsy of the PTHS patient and three 
controls and enabled the robust quantification of 2243 
proteins (Fig.  4A and B). Among these, we identified 99 
statistically significant dysregulated proteins: 87 Proteins 
were upregulated, 12 proteins downregulated (Fig. 4C & 
Supplementary Table  1). Of these dysregulated proteins, 
17 are involved in B-cell-depending immune response, 
including immunoglobulins, but also unspecific humoral 
immune system, such as complement factors (Table 1 & 

Fig. 1 Patient’s photograph at the age of 15 months. A Facial dysmorphia with Cupid’s bow lip. B Doubled crease of M. pectoralis is shown. C 
Positive decrement of the median nerve upon repetitive stimulation. D Schematic representation of the diagnostic work‑up along with clinical 
findings in our PTHS patient
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Fig. 4D). Notably, 7 dysregulated proteins modulate oxida-
tive stress burden (Table 2) and further 7 affected proteins 
are localized to mitochondria (Table  3). After filtering 
the proteomic data for significantly dysregulated proteins 

with known involvement in specific diseases, we identified 
different proteins associated with phenotypical features of 
PTHS: These proteins include NAXE (NADPH-hydrate 
epimerase) and HMGCS2 (Hydroxymethylglutaryl-CoA 

Fig. 2 Light microscopic findings on TCF4‑mutant muscle. H&E as well as Gomori stains show normal morphology. Increase of mitochondria 
in the subsarcolemmal region of some muscle fibres is indicated by NADH and COX‑SDH stain. COX‑negative fibers as not present. ATPase stain (pH 
4.3) shows moderate increase of type I fibers occasionally organized in groups. This finding was confirmed by immunofluorescence studies of MYH7 
labelling type I fibers. COX: cytochrome c oxidase; SDH: succinate dehydrogenase; HE: Hematoxylin and Eosin; Gomori: Gomori‑Trichorme stain; 
NADH: Nicotinamid Adenin Dinucleotid Hydrid. Scale bars: 50 µm and in immunofluorescence stain of MYH7 100 µm

Fig. 3 Immunofluorescence‑based studies of myofibroblasts on TCF4‑mutant muscle. Reduced co‑localization of CD90 and Vimentin in the muscle 
biopsy specimen of the PTHS patient compared to sex‑ and age‑matched normal disease controls (NDC). Nuclei are visualized by DAPI staining. 
Co‑localization is indicated by yellow arrows whereas areas solely immunoreactive for Vimentin are highlighted with green arrows. Scale bars: 50 µm
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Fig. 4 Proteomic studies on whole protein extract of TCF4‑mutant muscle. A Schematic representation of the applied workflow. B Overall statistics 
of PTHS skeletal muscle proteomics. C Volcano plot showing proteins identified as being decreased (orange dots) and increased (purple dots) 
in PTHS patient‑derived muscle. D Results of proteomaps‑based data analysis indicating activation of complement cascade and altered oxidative 
phosphorylation based on identified protein dysregulations
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synthase). Pathogenic NAXE variants are associated 
with PEBEL (encephalopathy, progressive, early-onset, 
with brain edema and/or leukoencephalopathy) (OMIM 

#617,186) [17]. Mitochondrial HMG-CoA synthase defi-
ciency caused by bi-allelic pathogenic variants may be 
associated with psychomotoric retardation (OMIM # 

Table 1 Dysregulated proteins within PTHS patient‑derived muscle biopsy associated with inflammatory processes

N/A Not applicable

UniProt Entry Protein Accession Number OMIM# Gene Name Patient vs. 
Control

p‑Value Dysregulation status

IGHA1 P01876 146,900 IGHA1 7.26 0.000 upregulated

IGHM P01871 147,020 IGHM 6.29 0.000 upregulated

IGHA2 P01877 147,000 IGHA2 5.85 0.000 upregulated

IGLL5 B9A064 NA IGLL5 4.78 0.000 upregulated

IGHG4 P01861 147,130 IGHG4 4.59 0.000 upregulated

IGHG1 P01857 147,100 IGHG1 4.31 0.000 upregulated

IGHG2 P01859 147,110 IGHG2 4.26 0.000 Upregulated

LV147 P01700 NA IGLV1‑47 4.20 0.000 upregulated

KV320 P01619 NA IGKV3‑20 3.87 0.000 upregulated

IGLC2; IGLC3 P0DOY2; P0DOY3 NA IGLC2; IGLC3 3.66 0.000 upregulated

HV551 A0A0C4DH38 NA IGHV5‑51 3.24 0.000 upregulated

CO4B P0C0L5 120,820 C4B 3.18 0.018 upregulated

HV366; HV353;
HV333; HVC33

A0A0C4DH42; P01767;
P01772; P0DP02

NA IGHV3‑66; IGHV3‑53; 
IGHV3‑33; IGHV3‑30–3

2.76 0.011 upregulated

IGKC P01834 NA IUGKC 2,63 0.000 upregulated

CO4A P0C0L4 120,810 C4A 2,53 0.006 upregulated

HV315 A0A0B4J1V0 NA IGHV3‑15 2,37 0.007 upregulated

HV434 P06331 NA IGHV4‑34 2,09 0.023 upregulated

Table 2 Dysregulated proteins within PTHS patient‑derived muscle biopsy associated with oxidative stress

UniProt Entry Protein Accession 
Number

OMIM# Gene Name Patient vs. 
Control

p‑Value Dysregulation status

CAH1 P00915 114,800 CA1 15.82 0.000 upregulated

CAH2 P00918 611,492 CA2 4.88 0.000 upregulated

PRDX2 P32119 600,538 PRDX2 4.36 0.000 upregulated

CATA P04040 115,500 CAT 4.04 0.000 upregulated

GPX1 P07203 138,320 GPX1 2.21 0.000 upregulated

GSHB P48637 601,002 GSS 2.16 0.001 upregulated

GSTM3 P21266 138,390 GSTM3 2.09 0.001 upregulated

Table 3 Dysregulated proteins within PTHS patient‑derived muscle biopsy showing mitochondrial localization

UniProt Entry Protein Accession 
Number

OMIM# Gene Name Patient vs. 
Control

p‑Value Dysregulation status

HMCS2 P54868 600,234 HMGCS2 4.67 0.000 Upregulated

NNRE Q8NCW5 608,862 NAXE 2.00 0.006 Upregulated

NDUBB Q9NX14 300,403 NDUFB11 0.48 0.006 Downregulated

CX7A1 P24310 123,995 COX7A1 0.44 0.032 Downregulated

PRDX5 P30044 606,583 PRDX5 0.42 0.002 Downregulated

DHSD O14521 602,690 SDHD 0.38 0.001 Downregulated

COX5A P20674 603,773 COX5A 0.16 0.000 Downregulated
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605,911). GSS (Glutathione synthetase) is related to glu-
tathione synthetase deficiency, which go along with cen-
tral nervous damage [18]. Psychomotoric retardation and 
muscle weakness are associated with CAH2 (carbonic 
anhydrase II)-deficiency [19]. Remarkably some of the 
upregulated proteins are in line with inflammatory pro-
cesses. In particular, 15 immunoglobulin subtypes were 
found to be increased in the context of possible B-cell 
activation (Table  1). Two complement factors (C4A and 
C4B) were found to be upregulated according to humoral 
immune response. None of those dysregulated proteins is 
notoriously associated with neuromuscular diseases on 
a genetic base, but B cell and complement activation are 
well known hallmarks in a variety of muscular diseases.

Results of confirmational immunofluorescence studies 
on TCF4‑mutant muscle
Given that our proteomic findings were indicative 
for activation of the complement cascade and B-cell 

involvement, further immunostaining studies were car-
ried out to validate these findings in the muscle tissue. 
C5b-9 immunostaining studies revealed an increased 
expression on some larger vessels, but not on muscle 
fibers (Fig. 5). Also, HLA1 showed more intense expres-
sion on larger vessels (Fig.  5, white arrows) as well as 
an increased intensity on smaller capillaries (Fig.  5, yel-
low arrows). Only singular CD4 + T-cells were detected; 
however, the few detected cells were localized around 
the vessels (Fig. 5). Immunostaining for the lymphocyte 
marker CD45 only reveals single immunoreactive cells in 
the muscle tissue (Fig. 5), while immunoreactivity for the 
B-cell marker CD20 was not detected (data not shown). 
Immunostaining of HLA2 was unremarkable and stain-
ing for CD8 + T cells, as well as CD68 + macrophages and 
CD79A + plasma cells was negative (data not shown).

To study the effect of the exon deletion in TCF4 on the 
level of corresponding transcripts, quantitative PCR was 
carried our revealing a profound reduction of the gene 

Fig. 5 Immunofluorescence studies on TCF4‑mutant muscle. C5b‑9 immunostaining shows an increased immunoreactivity at some vessels 
(white arrow). Similarly, HLA1 and CD4 showed an increase at vessels (white arrows) accompanied by a general increase within the extracellular 
space (yellow arrows) which are indicative for the presence of CD4 + helper T cells. Immunostaining of CD45 revealed a dot‑like increased 
immunoreactivity within the extracellular space (white arrows). Scale bars: 50 µm
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expression levels, compared to the level detected in mus-
cle of juvenile control individuals (Fig. 6).

To validate proteomic findings, we additionally stud-
ied the level of transcripts corresponding to components 
of the complement cascade (C2, C5), B cell homing fac-
tor CXCL12 and it´s receptor CXCR5, as well as genes 
responsible for mitochondrial function and turnover 
(ETFA, NNMT, NDUFA12, BNIP3 and LDHB). Whereas 
level of C2 and C5 were profoundly decreased (61% 
and 43%, respectively), the chemokine CXCL12 was 
strongly increased, hinting to a recruitment of B cells 
into the muscle tissue. However, the respective recep-
tor CXCR5 was only slight changed (-17%) compared to 
the level identified in control muscle (Fig. 6). Regarding 
the level of transcripts encoding for mitochondrial rel-
evant proteins, only NNMT displayed a decreased (by 
40%) whereas ETFA, NDUFA12 and LDHB showed an 
increased (37%, 28% and 28%, respectively) (Fig. 6). Level 
of BNIP3 remained almost stable compared to controls 
(Fig. 6).

Discussion
In the present study, we introduce a new case of PTHS 
based on a heterozygous intragenic deletion affecting 
exons 15 and 16 of the TCF4 gene. This variant occurred 
de novo and is in line with the overall clinical presenta-
tion of our patient thus expanding the current genetic 
landscape of TCF4-associated PTHS. Studies of TCF4 
transcript level revealed a 42% decrease compared to 
the level detected in muscle samples derived from age-
matched control individuals. This molecular finding 

suggests that a profound decrease of the amount of TCF4 
transcript level constitutes the molecular cause of the 
manifestation of the disease in our patient and is in line 
with previous descriptions (OMIM #610,954). The clini-
cal presentation of our case included delayed motor 
development, muscle hypotonia and muscular weakness. 
Prompted by the known role of TCF4 in muscle cell dif-
ferentiation [5] (and the evidence that cancer cachexia is 
promoted by TCF4 which modulates expression of mus-
cle atrophy promoting hormones [20], we – in the light 
of muscle weakness present in our patient – elucidated 
skeletal muscle vulnerability in PTHS by making use of a 
quadriceps biopsy. This biopsy was collected in the diag-
nostic work-up prior the molecular genetic diagnosis was 
made. Hence, we performed the most detailed examina-
tion of human skeletal muscle existing for TCF4 pathol-
ogy thus far. Our microscopic studies reveled increase of 
type I fibers (occasionally in appearing in groups).

Skeletal muscle comprises a heterogeneous population 
of myoblasts and fibroblasts and whereby fibroblasts have 
shown to role play a role maintaining cytokine balance 
and consequently promoting angiogenesis in the skel-
etal muscle [21]. This in addition to the known impact 
of TCF4 abundance on fibroblast growth factor produc-
tion (necessary for neuronal function) was shown [16] 
prompted us to investigate myofibroblasts in the muscle 
biopsy of our PTHS patient more detailed: co-staining 
of CD90 and Vimentin revealed a reduced co-immuno-
reactivity accompanied by the increase of areas which 
are solely reactive for CD90 compared to investigated 
controls. As Vimentin plays a crucial role in fibroblast 

Fig. 6 Transcript studies on TCF4‑mutant muscle. Quantitative PCR studies on whole RNA‑extracts converted to cDNA revealed a 42% reduction 
of TCF4 transcripts along with a reduction of C2 (‑61%), C5 (‑43%), CXCR5 (‑17%) and NNMT (‑40%). In contrast, level of further studied transcripts 
were increased: CXCL12 (+ 87%), ETFA (+ 37%), LDHB (+ 28%) and NDUFA12 (+ 28%). BNIP3 showed only a 5% increase
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ageing and cell migration [22], one might speculate 
that this microscopic finding hints toward a fibroblast-
modulated maturation defect of TCF4-mutant muscu-
lature. Our PTHS patient presents with a predominance 
of slow-twitch type I fibers and reduced TCF4 level as 
highlighted by our transcript studies. Thus, our findings 
indicate an interplay of reduced TCF4 level, muscle fibre 
predominance and altered biochemical properties of 
myofibroblasts.

Based on our proteomic data, proteins indicative for 
B-cell activation and inflammation such as immunoglob-
ulins are increased accompanied by factors belonging to 
the complement cascade. Our immunostaining-based 
confirmational studies confirmed activation of comple-
ment cascade at the larger vessels (by staining of C5b-
9). Vessels also showed increased immunoreactivity of 
HLA1, and we moreover identified an increase of areas 
immunoreactive for CD90, a membrane glycoprotein 
which is not only expressed in fibroblasts but also in acti-
vated endothelial cells [23]. These findings accord with 
altered biochemical characteristics of myofibroblast in 
TCF4-mutant muscle as demonstrated by the results of 
our immunofluorescence studies and moreover suggest 
that this may impact on vessel integrity which is also 
altered in our patient. Of note the cytokine/ chemokine 
CXCL12, which is essential for an inflammatory process 
by cell recruitment and homing of B-cells was strongly 
upregulated in the patient; however, histological staining 
of CD20 + B-cells did not reveal presence of these cells 
around the vessels while only singular CD4 + T-cells were 
detected around the vessels.

Immunostaining for the lymphocyte marker CD45 
reveals the presence of only single immunoreactive cells 
within the muscle tissue. Most likely, these cells par-
ticipate in the immune response and react to the com-
plement activation. Taken together, although TCF4 is 
known to play a role in the negative regulation of pro-
inflammatory cytokines [24], a strong and detrimental 
inflammation was not visible, since we did not detect any 
macrophages or intense infiltration of T-cells in the mus-
cle biopsy of our patient.

Furthermore, mild mitochondrial affection could be 
found, which displayed as a combined histological, pro-
teinogenic and transcriptional (increase of the metabo-
lomic relevant factors ETFA, NDUFA12 and LDHB) 
finding (Figs.  2, 3 and 6 as well as Table  3). However, 
this finding is rather non-specific but may accord with 
the observed fiber type I predominance upon presence 
of the heterozygous TCF4 variant as these fibers notori-
ously display a high oxidative/ mitochondrial activity. 
This assumption is also supported by decreased level 
of NNMT encoding for Nicotinamide N-methyltrans-
ferase which shunts the  NAD+ precursor NAM away 

from  NAD+ biosynthesis through methylation and the 
knowledge that limited  NAD+ affects in  vivo energet-
ics and mitochondrial function in mdx mice [25]. Sta-
ble BNIP3 level suggest that altered mitophagy is rather 
unlikely in the mitochondrial affection of TCF4-mutant 
skeletal muscle. Indeed, results of our proteomic profil-
ing approach also confirmed a dysregulation of mito-
chondrial proteins presumably impacting on metabolic 
activity and oxidative balance in TCF4-mutant muscle 
(Table 2 and Supplementary Table 1). Given that a dys-
regulation of mitochondrial proteins often indicates 
increased oxidative stress burden, upregulation of pro-
teins dealing with degradation of toxic oxidative metab-
olites (Table  2) may hint toward altered mitochondria 
proteostasis concomitant with increased oxidative stress 
burden in TCF4-related muscle cell vulnerability. How-
ever, further functional studies – for instance on an 
established animal model [26] – are crucial to draw final 
conclusions.

Conclusions
In conclusion, by introducing a novel intragenic variant 
(de novo deletion von exons 15 to 16) leading to haplo-
insufficiency and associated with the clinical manifesta-
tion of PTHS, we expand the current molecular genetic 
landscape of TCF4 (NM_003199.2). Clinical, micro-
scopic, transcriptional, and biochemical work-up of our 
case indicated an affection of skeletal musculature mainly 
prompted by fiber type I predominance accompanied 
by increased mitochondrial content identified on the 
transcript, the microscopic and the protein level. Type 
I fiber predominance accords with the results of previ-
ous in  vivo studies on reduced Tcf4 level impacting on 
expression of slow myosin heavy chain. In addition, our 
combined proteomic, transcriptional and immunofluo-
rescence findings indicate activation of the complement 
cascade in TCF4-mutant muscle mainly characterized 
by C5b-9 and HLA1 immunoreactive deposits at vessels. 
Nevertheless, it remains unclear, how far the dimensions 
of the dysregulated proteins affect the clinical pheno-
type, which requires further investigation. More studies 
focusing on potential myopathology in additional PTHS 
patients (or a suitable animal model) are crucial to delin-
eate the impact of skeletal muscle involvement in the 
phenotypic spectrum of PTHS.

Abbreviations
CGH  Comparative Genomic Hybridization
ETFA  Electron‑transfer‑flavoprotein, alpha subunit
HELPP‑syndrome  Hemolysis, Elevated Liver enzymes and Low Platelets) 

syndrome
HMG‑CoA  3‑hydroxy‑3‑methylglutaryl coenzyme A
LDHB  Lactate Dehydrogenase B
NDUFA12  NADH:Ubiquinone Oxidoreductase Subunit A12
MLPA  multiplex ligation‑dependent probe amplification



Page 11 of 12Chiu et al. Skeletal Muscle           (2024) 14:15  

PTHS  Pitt Hopkins Syndrome
P  Percentile
PCR  polymerase chain reaction
qRT‑PCR  quantitative reverse transcription PCR
SON‑R  Snijders‑Oomen Non‑verbal intelligence test
TCF4  Transcription factor 4

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13395‑ 024‑ 00348‑0.

Supplementary Material 1: Supplementary Table 1: List of overall prot‑
eomic findings obtained on TCF4‑mutant muscle.

Acknowledgements
We thank Mrs. Swantje Hertel for excellent technical assistance.The Depart‑
ment of Neuropediatrics is a member of the European Reference Network 
(ERN) for Neuromuscular Diseases.

Authors’ contributions
A.R. and H.K. conceptualized this study. Microscopic studies were carried out 
by J.W., K.N. and U.S‑S. Molecular genetic data were generated by A.Re., A.K. 
and F.K. Proteomic profiling and data analysis was carried out by A.H. and A.R. 
Immunostaining studies were performed by A.R. and qPCR studies by C.P. 
Clinical evaluation was performed by H.K., N.B. and C.C. The manuscript was 
drafted by C.C., H.K., U.S.S. and A.R. All authors reviewed the manuscript

Funding
Open Access funding enabled and organized by Projekt DEAL. The prot‑
eomic profiling experiments outlined in this study were financed through 
the European Regional Development Fund (ERDF; project NME‑GPS). AR and 
USS moreover acknowledge funding from the German Society of Muscu‑
lar Diseases (DGM). This study was also supported by the “Ministerium für 
Kultur und Wissenschaft des Landes Nordrhein‑Westfalen,” the “Regierenden 
Bürgermeister von Berlin—Senatskanzlei Wissenschaft und Forschung,” and 
the “Bundesministerium für Bildung und Forschung”. We acknowledge support 
by the Open Access Publication Fund of the University of Duisburg‑Essen. 
The Department of Neuropediatrics is a member of the European Reference 
Network (ERN) for Neuromuscular Diseases.

Availability of data and materials
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
All data concerning our patient was extracted from his medical routine files. 
This approach was approved by our local ethics committee. For all diagnostic 
steps, written informed consent was obtained from both parents. The permis‑
sion to publish clinical data and photos was obtained from the parents. The 
study was conducted in accordance with the principles of the Declaration of 
Helsinki.

Consent for publication
Informed consent was obtained from all subjects involved in the study. Writ‑
ten informed consent has been obtained from the patient’s parents to publish 
this manuscript.

Competing interests
The authors declare no competing interests.

Author details
1 Centre for Neuromuscular Disorders, Department of Pediatric Neurol‑
ogy, Centre for Translational Neuro‑ and Behavioral Sciences, University 
Hospital Essen, 45147 Essen, Germany. 2 Center for Rare Diseases Essen, 
Institute for Human Genetics, University Hospital Essen, University Duisburg‑
Essen, 45147 Essen, Germany. 3 Department of Neuropathology, Charité 
‑ Universitätsmedizin Berlin, corporate member of Freie Universität Berlin 

and Humboldt‑Universität Zu Berlin, Charitéplatz 1, 10117 Berlin, Germany. 
4 Department of Neuropediatrics, Charité‑Universitätsmedizin Berlin, Corporate 
Member of Freie Universität Berlin, Humboldt‑Universität Zu Berlin, Berlin 
Institute of Health (BIH), Augustenburger Platz 1, 13353 Berlin, Germany. 5 Insti‑
tute for Human Genetics, University Hospital Erlangen, Friedrich‑Alexander‑
University, 91054 Erlangen, Germany. 6 Department of Neuropathology, Uni‑
versity Hospital Aachen, RWTH Aachen University, 52074 Aachen, Germany. 
7 Leibniz‑Institute for Analytical Science ‑ISAS‑ E.V, 44127 Dortmund, Germany. 
8 Children’s Hospital of Eastern Ontario Research Institute, Ottawa, ON K1H 5B2, 
Canada. 9 Department of Neurology, Medical Faculty and University Hospital 
Düsseldorf, Heinrich Heine University, 40225 Düsseldorf, Germany. 

Received: 14 December 2023   Accepted: 29 June 2024

References
 1. Forrest MP, Hill MJ, Quantock AJ, Martin‑Rendon E, Blake DJ. The emerging 

roles of TCF4 in disease and development. Trends Mol Med. 2014;20(6):322–31.
 2. Flora A, Garcia JJ, Thaller C, Zoghbi HY. The E‑protein Tcf4 interacts with 

Math1 to regulate differentiation of a specific subset of neuronal progeni‑
tors. Proc Natl Acad Sci U S A. 2007;104(39):15382–7.

 3. Skerjanc IS, Truong J, Filion P, McBurney MW. A splice variant of the ITF‑2 
transcript encodes a transcription factor that inhibits MyoD activity. J Biol 
Chem. 1996;271(7):3555–61.

 4. de Pontual L, Mathieu Y, Golzio C, Rio M, Malan V, Boddaert N, Soufflet C, 
Picard C, Durandy A, Dobbie A, et al. Mutational, functional, and expres‑
sion studies of the TCF4 gene in Pitt‑Hopkins syndrome. Hum Mutat. 
2009;30(4):669–76.

 5. Chen B, Lim RW. Physical and functional interactions between the transcrip‑
tional inhibitors Id3 and ITF‑2b. Evidence toward a novel mechanism regu‑
lating muscle‑specific gene expression. J Biol Chem. 1997;272(4):2459–63.

 6. Kardon G, Harfe BD, Tabin CJ. A Tcf4‑positive mesodermal population 
provides a prepattern for vertebrate limb muscle patterning. Dev Cell. 
2003;5(6):937–44.

 7. Amiel J, Rio M, de Pontual L, Redon R, Malan V, Boddaert N, Plouin P, 
Carter NP, Lyonnet S, Munnich A, et al. Mutations in TCF4, encoding a 
class I basic helix‑loop‑helix transcription factor, are responsible for Pitt‑
Hopkins syndrome, a severe epileptic encephalopathy associated with 
autonomic dysfunction. Am J Hum Genet. 2007;80(5):988–93.

 8. Mary L, Piton A, Schaefer E, Mattioli F, Nourisson E, Feger C, Redin C, Barth 
M, El Chehadeh S, Colin E, et al. Disease‑causing variants in TCF4 are a 
frequent cause of intellectual disability: lessons from large‑scale sequenc‑
ing approaches in diagnosis. Eur J Hum Genet. 2018;26(7):996–1006.

 9. de Winter CF, Baas M, Bijlsma EK, van Heukelingen J, Routledge S, Hen‑
nekam RC. Phenotype and natural history in 101 individuals with Pitt‑
Hopkins syndrome through an internet questionnaire system. Orphanet J 
Rare Dis. 2016;11:37.

 10. Zweier C, Peippo MM, Hoyer J, Sousa S, Bottani A, Clayton‑Smith J, 
Reardon W, Saraiva J, Cabral A, Gohring I, et al. Haploinsufficiency of TCF4 
causes syndromal mental retardation with intermittent hyperventilation 
(Pitt‑Hopkins syndrome). Am J Hum Genet. 2007;80(5):994–1001.

 11. Brockschmidt A, Todt U, Ryu S, Hoischen A, Landwehr C, Birnbaum S, 
Frenck W, Radlwimmer B, Lichter P, Engels H, et al. Severe mental retarda‑
tion with breathing abnormalities (Pitt‑Hopkins syndrome) is caused by 
haploinsufficiency of the neuronal bHLH transcription factor TCF4. Hum 
Mol Genet. 2007;16(12):1488–94.

 12. Dean L. Pitt‑Hopkins syndrome. In: medical genetics summaries. edn. 
Edited by Pratt VM, Scott SA, Pirmohamed M, Esquivel B, Kattman BL, 
Malheiro AJ. Bethesda (MD). 2012.

 13. Goodspeed K, Newsom C, Morris MA, Powell C, Evans P, Golla S. Pitt‑
Hopkins Syndrome: A Review of Current Literature, Clinical Approach, 
and 23‑Patient Case Series. J Child Neurol. 2018;33(3):233–44.

 14. Roos A, Hathazi D, Schara U. Immunofluorescence‑Based Analysis of 
Caveolin‑3 in the Diagnostic Management of Neuromuscular Diseases. 
Methods Mol Biol. 2020;2169:197–216.

 15. Gangfuß A, Hentschel A, Heil L, Gonzalez M, Schönecker A, Depienne C, 
Nishimura A, Zengeler D, Kohlschmidt N, Sickmann A, et al. Proteomic 
and morphological insights and clinical presentation of two young 

https://doi.org/10.1186/s13395-024-00348-0
https://doi.org/10.1186/s13395-024-00348-0


Page 12 of 12Chiu et al. Skeletal Muscle           (2024) 14:15 

patients with novel mutations of BVES (POPDC1). Mol Genet Metab. 
2022;136(3):226–37.

 16. Liu Y, Ray SK, Yang XQ, Luntz‑Leybman V, Chiu IM. A splice variant of 
E2–2 basic helix‑loop‑helix protein represses the brain‑specific fibroblast 
growth factor 1 promoter through the binding to an imperfect E‑box. J 
Biol Chem. 1998;273(30):19269–76.

 17. Kremer LS, Danhauser K, Herebian D, Petkovic Ramadza D, Piekutowska‑
Abramczuk D, Seibt A, Muller‑Felber W, Haack TB, Ploski R, Lohmeier K, 
et al. NAXE Mutations Disrupt the Cellular NAD(P)HX Repair System and 
Cause a Lethal Neurometabolic Disorder of Early Childhood. Am J Hum 
Genet. 2016;99(4):894–902.

 18. Ristoff E, Larsson A. Inborn errors in the metabolism of glutathione. 
Orphanet J Rare Dis. 2007;2:16.

 19. Aramaki S, Yoshida I, Yoshino M, Kondo M, Sato Y, Noda K, Jo R, Okue A, 
Sai N, Yamashita F. Carbonic anhydrase II deficiency in three unrelated 
Japanese patients. J Inherit Metab Dis. 1993;16(6):982–90.

 20. Fang XQ, Kim YS, Lee YM, Lee M, Lim WJ, Yim WJ, Han MW, Lim JH. 
Polygonum cuspidatum Extract (Pc‑Ex) containing emodin suppresses 
lung cancer‑induced cachexia by suppressing TCF4/TWIST1 cComplex‑
induced PTHrP expression. Nutrients. 2022;5;14(7):1508. Bookshelf ID: 
NBK66129 10.3390/nu14071508.

 21. Thummarati P, Kino‑Oka M. Effect of Co‑culturing Fibroblasts in Human 
Skeletal Muscle Cell Sheet on Angiogenic Cytokine Balance and Angio‑
genesis. Front Bioeng Biotechnol. 2020;8:578140.

 22. Sliogeryte K, Gavara N. Vimentin plays a crucial role in fibroblast 
ageing by regulating biophysical properties and cmigration. Cells. 
2019;8(10):1164. https:// doi. org/ 10. 3390/ cells 81011 64.

 23. Kisselbach L, Merges M, Bossie A, Boyd A. CD90 Expression on human pri‑
mary cells and elimination of contaminating fibroblasts from cell cultures. 
Cytotechnology. 2009;59(1):31–44.

 24. Jiang Y, Gruszka D, Zeng C, Swindell WR, Gaskill C, Sorensen C, Brown W, 
Gangwar RS, Tsoi LC, Webster J, et al. Suppression of TCF4 promotes a 
ZC3H12A‑mediated self‑sustaining inflammatory feedback cycle involv‑
ing IL‑17RA/IL‑17RE epidermal signaling. JCI Insight. 2024;9(8):e172764. 
https:// doi. org/ 10. 1172/ jci. insig ht. 172764.

 25. Ryu D, Zhang H, Ropelle ER, Sorrentino V, Mazala DA, Mouchiroud L, 
Marshall PL, Campbell MD, Ali AS, Knowels GM, et al. NAD+ repletion 
improves muscle function in muscular dystrophy and counters global 
PARylation. Sci Transl Med. 2016;8(361):361ra139.

 26. Espinoza F, Carrazana R, Retamal‑Fredes E, Ávila D, Papes F, Muotri AR, 
Ávila A. Tcf4 dysfunction alters dorsal and ventral cortical neurogenesis 
in Pitt‑Hopkins syndrome mouse model showing sexual dimorphism. 
Biochim Biophys Acta Mol Basis Dis. 2024;1870(5):167178.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.3390/cells8101164
https://doi.org/10.1172/jci.insight.172764

	Skeletal muscle vulnerability in a child with Pitt-Hopkins syndrome
	Abstract 
	Background 
	Method 
	Results 
	Conclusion 

	Background
	Materials and methods
	Exome-sequencing
	Histology, enzyme histochemistry, immunofluorescence and electron microscopy
	Proteomic profiling
	RNA extraction and quantitative reverse transcription PCR (qRT-PCR)

	Results
	Clinical findings
	Development
	Diagnostic workup

	Microscopic findings
	Molecular genetic findings
	Proteomic signature of TCF4-mutant muscle
	Results of confirmational immunofluorescence studies on TCF4-mutant muscle

	Discussion
	Conclusions
	Acknowledgements
	References


