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Abstract

High-throughput sequencing (HTS) of human genome coding regions allows the simultaneous screen of a large number of genes,
significantly improving the diagnosis of non-syndromic intellectual disabilities (ID). HTS studies permit the redefinition of the
phenotypical spectrum of known disease-causing genes, escaping the clinical inclusion bias of gene-by-gene Sanger sequencing. We
studied a cohort of 903 patients with ID not reminiscent of a well-known syndrome, using an ID-targeted HTS of several hundred genes
and found de novo heterozygous variants in TCF4 (transcription factor 4) in eight novel patients. Piecing together the patients from this
study and those from previous large-scale unbiased HTS studies, we estimated the rate of individuals with ID carrying a disease-causing
TCF4 mutation to 0.7%. So far, TCF4 molecular abnormalities were known to cause a syndromic form of ID, Pitt—-Hopkins syndrome
(PTHS), which combines severe ID, developmental delay, absence of speech, behavioral and ventilation disorders, and a distinctive facial
gestalt. Therefore, we reevaluated ten patients carrying a pathogenic or likely pathogenic variant in 7CF4 (eight patients included in this
study and two from our previous ID-HTS study) for PTHS criteria defined by Whalen and Marangi. A posteriori, five patients had a score
highly evocative of PTHS, three were possibly consistent with this diagnosis, and two had a score below the defined PTHS threshold. In
conclusion, these results highlight TCF4 as a frequent cause of moderate to profound ID and broaden the clinical spectrum associated to
TCF4 mutations to nonspecific ID.

Introduction

These authors contributed equally: Laura Mary and Amélie Piton. Since a few years, the development of new high throughput

sequencing technologies (HTS) permitted the study of either
a large number of genes or the entire exome/genome in
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patients with non-syndromic ID. These allowed the identi-
fication of disease-causing variants in genes involved in
syndromic forms of intellectual disability (ID) in patients
whom clinical manifestations were not typical of the cor-
responding disorders. In our previous targeted sequencing
(TES) study performed in 106 individuals with unexplained
ID using a panel of 217-ID genes, only four genes were found
to be mutated in more than one family. Three mutations were
identified in MECP2 (MIM *300005, involved in Rett syn-
drome #312750), two de novo point mutations in two girls
and one maternally inherited complex rearrangement in exon
4 of the gene in one boy removing 60 amino acids inherited
from his mother (speech delay) [1]. Two disease-causing
variants were identified in another X-linked gene, KDM5C
(MIM #314690), and in two autosomal genes DYRKIA (MIM
*600855) and TCF4 (MIM *602272). TCF4 (transcription
factor 4) is located in 18q21, and encodes a class I basic helix-
loop-helix transcription factor binding to E-boxes on DNA
after dimerization, which is involved in cell signaling, cell
survival and neurodevelopment [5]. So far, TCF4 is the single
gene involved in Pitt-Hopkins Syndrome (PTHS, MIM
#610954) [2-4], a rare, well-characterized, neurodevelop-
mental disorder usually presenting with severe intellectual
disability associated with distinctive facial features, various
neurological and behavioral impairment and gastro-intestinal
dysfunction, hypotonia, ataxia, breathing abnormalities, and
seizures [6]. This provided a rationale for TCF4 Sanger-
sequencing in patients with syndromic ID after ruling out
differential diagnoses by PTHS clinical scores [6, 7]. Since
implementation of HTS in ID screening, we and others have
suggested TCF4 implication in isolated ID [1, 8-10].

To assess the frequency of TCF4 molecular abnormal-
ities in non-syndromic ID patients, we studied 903 novel
patients with mild to severe ID and reviewed the previous
published targeted, exome or genome sequencing studies [1,
11-15]. To better delineate the phenotype related to TCF4
mutations we re-analyzed a posteriori the phenotype of all
the patients carrying a pathogenic or likely pathogenic
variant in this gene (as defined by the American College of
Medical Genetics and Genomics), but for whom PTHS
diagnostic was not clinically suspected.

Materials and methods
Patients

DNA samples (from peripheral blood or saliva) of the 903
patients were referred to the laboratory of genetic diagnosis.
Patients presented with non-specific intellectual disability
and no major congenital anomalies. The cohort includes
patients with mild ID or ID of unknown severity (around
25%), moderate (around 40%), or severe to profound

(around 35%) ID, based on clinician’s appreciations. The
most current causes of cognitive impairment were dismissed
by fragile-X test, array-CGH, and metabolic explorations
(in 90% of patients or more). Among the more recurrent
tests, UBE3A (MIM *601623) sequencing or methylation
analysis were performed in <20% of the patients, and
MECP2, ARX (MIM *300382) or DMPK (MIM *605377)
in around 12%. Clinical data were recorded before inclusion
following a standardized clinical questionnaire highlighting
prenatal history, developmental milestones, neurological,
and behavioral disorders. ID severity was assessed by
medical geneticists upon clinical evaluation and was not a
discriminating inclusion criterion. However, the cohort was
enriched in severe and moderate forms of ID compared to
the distribution in ID population. After obtaining the
molecular diagnosis, the patient was reevaluated by the
clinical geneticist. All the clinical data were re-collected,
with a specific attention to PTHS clinical signs. This study
was approved by the local Ethics Committee of the Stras-
bourg University Hospital (Comité Consultatif de
Protection des Personnes dans la Recherche Biomédicale
- CCPPRB). For all patients, a written informed consent
for genetic testing was obtained from their legal
representative.

Targeted genes and capture design

DNA samples were extracted from peripheral blood or
saliva. HTS targeted libraries were prepared, as previously
described [1] with individual in-solution SureSelect capture
reaction for each DNA sample (custom design for genes
known to be involved in ID, Agilent, Santa Clara, Cali-
fornia, USA). Capture experiments were performed using
probes corresponding to a panel of 275 (in 207 patients),
451 (in 66 patients) or 456 (in 630 patients) ID genes.
Paired-end sequencing (2 x 101-bp) was performed on an
Mlumina HiSeq 2500, multiplexing in average 32 samples
per sequencing lane. Read mapping, variant calling and
annotation were performed, as previously described [1].
Detected variants, short indels and single nucleotide var-
iants (SN'Vs), were annotated and ranked by VaRank soft-
ware [16].

Sanger sequencing confirmation

TCF4 pathogenic or likely pathogenic variants identified by
HTS were confirmed in patients and the de novo status was
checked in their parents by Sanger sequencing. Pedigree
(parents-child) concordance was confirmed by checking the
segregation of several highly polymorphic microsatellite
markers (PowerPlex 16 HS System, Promega, Madison,
WI, USA) or frequent variants (when TES was also per-
formed for parental DNA). We reported the variants
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identified in TCF4 in a specific database (https://databases.
lovd.nl/shared/genes/TCF4).

PTHS clinical scoring

To facilitate the clinical diagnosis of PTHS two scoring
tests have been developed in 2012. The first one, estab-
lished by Whalen et al., was based on the scoring of the
following criteria: facial gestalt (8 points), severe motor
delay (2 points), absent language (2 points), stereotypic
movements (2 points), hyperventilation (1 point), anxiety (1
point), hypotonia (1 point), smiling appearance (1 point),
ataxic gait (1 point), and strabismus (1 point). This score
was validated in patients evocative of PTHS with (n = 33)
or without (n = 100) pathogenic variant identified in TCF4.
A threshold of 15/20 was considered as a good indicator of
TCF4. A score between 10 and 15 could also be suggestive
of this diagnosis, especially for young patients [6]. The
second scoring, established by Marangi et al. scored the
following symptoms: typical/partial facial features (4
points/2 points), moderate/severe intellectual disability (2
points), poor/absent language (1 point/2 point), normal
growth parameters at birth (1 point), microcephaly (1 point),
epilepsy/EEG abnormalities (1 point), ataxic gait (1 point),
hyperventilation (1 point), constipation (1 point), brain MRI
abnormalities (1 point) and strabismus or ophthalmologic
abnormalities (1 point) [7]. These criteria were evaluated in
patients evocative of PTHS with (n = 18) or without (n =
60) pathogenic variants in TCF4 and a score above 10/16
was recommended for a molecular study of TCF4. Whalen
and Marangi’s scores were calculated after a clinical reex-
amination (a posteriori after obtaining the molecular diag-
nosis) for the patients described in this paper plus the two
we previously described [1].

Results

Pathogenic or likely pathogenic TCF4 variants in
undiagnosed ID patients

Through HTS targeted sequencing of several hundred of ID
genes in 903 patients with undiagnosed ID, we identified
eight pathogenic or likely pathogenic TCF4 variants among
which four were novel (Table 1, Fig. 1). All these variants
occurred de novo, were not reported in EXAC general
population database and affected amino acids included
in all the isoforms of the gene. Named here according to the
NM_001083962.1, we identified four nonsense or
frameshift variants c.873C>A p.(Tyr291%), c.1662del
p-(Asp554Glufs*4), c.1726C>T  p.(Arg576%*) and
c.1927G>T p.(Glu643*), three missense variants affecting
conserved amino acid located in the bHLH domain of the
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protein and predicted to be damaging by in silico
tools (SIFT, Polyphen2): c.1705C>T p.(Arg569Trp),
c.1733G>A p.(Arg578His) and ¢.1841C>T p.(Ala614Val),
and one silent variant altering the last nucleotide of
exon 12 (according to NG_011716) and predicted to modify
the donor splice site (c.990G>A, p.?). In addition,
two variants affecting only one alternative isoform
(NM_001243231.1: ¢.7G>T p.(Glu3*) and c.2T>C, p.
(Metl?)) have been identified, both inherited from an
unaffected parent and were therefore classified as likely
benign.

TCF4 mutation rate is of 0.7% (16/2239) in
individuals with undiagnosed ID

Piecing together the 8 patients out of the 903 of this study
with the two out of 106 patients that we have previously
reported [1], the frequency of TCF4 disease-causing var-
iants is of 1% (10/1009) in our cohort of individuals with ID
undiagnosed by a geneticist. Furthermore, we reviewed data
from other large scale studies, including TES of ID genes
[12, 15], and WES performed in patients with non-specific
ID [11, 13, 14] and calculate the TCF4 mutation rate in
patients with non-syndromic ID (Tables 1 and 2). Alto-
gether with our results, 16 individuals with pathogenic or
likely pathogenic TCF4 variants were identified during the
large-scale sequencing studies performed in 2230 patients
with nonspecific ID, providing a TCF4 mutation rate of
0.7% (Table 2, Fig. 1).

TCF4 mutations can cause ID poorly suggestive of
PTHS

A posteriori clinical reevaluation was performed for the 10
patients (eight novel patients included in this study and two
from our previous ID-HTS study) carrying a TCF4 disease-
causing variant (Table 3, Fig. 2). All probands, except
MMPNI166, were born from unrelated healthy parents, with
irrelevant family history. According to Whalen and Marangi
scores, five patients (MMPN166, MMPNG6S, APN-214,
BOOH4MR, and BOOH4U1) had features reminiscent of
PTHS (>12/20 Whalen’s and 10/16 Marangi’s score), three
individuals (BOOH4RS8, APN-210, and APN-41) were
slightly evocative of PTHS (only one of the scores was
upper to the threshold) and two patients (APN-149 and
APN-117) were not consistent with PTHS (both scoring
were below the threshold). To widely asses the phenotype
of patients with a TCF4 pathogenic variant identified
through TES or WES, we further evaluate the phenotype of
the patients reported by other groups [11-13, 15] (Table 4).
Clinical data were available for four out of the six reported
patients. The phenotype could be evocative of a PTHS for
three of the patients, but not in the last one who had only
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Table 2 Pathogenic or likely pathogenic variants identified in TCF4 during targeted sequencing (TES), whole exome sequencing (WES) or whole

genome sequencing (WGS) in patients with intellectual disability (ID)

Cohort Reference Approach Number of patients TCF4 mutations
ID (mild to severe) this study TES (275-456 genes) 903 8

ID (mild to severe) Redin et al. [1] TES (217 genes) 106 2

ID (moderate to severe) Grozeva et al. [12] TES (575 genes) 986 2

ID Tan et al. [15] TES (90 genes) 52 2

ID (severe) Rauch et al. [14] WES 51 (1%)

ID (moderate to severe) de Ligt et al. [11] WES 100 1

ID (moderate to severe) Hamdan et al. [13] WES 41 1

Total 2239 16 (0.7%)

* de novo missense variant predicted to be benign, not included in the statistics

p.(Argl174%*)P
APN-117, no PTHS
(Redin, 2014)

Truncating p.(Lys172Phe*61)°

APN-41, poss PTHS
(Redin, 2014)

p.(GIn169%)
(Grozeva, 2015)

(2 s el Ls el {7 1]

AD1

p{(Tyr291*)
MMPN2166, high. PTHS

Splice €.550-1G>A

(Grozeva, 2015)

€.990G>A
- APN-149, no PTHS
- (Tan, 2015)

Missense

Fig. 1 Schematic representation of disease-causing variants identified
in TCF4. AD1, AD2 transactivation domains; RD repressor domain;
bHLH DNA-binding domain. In bold: variants identified by TES in
our cohort. Patient number is indicated as well as the severity of his

a mild ID. Taken together, in nearly half of the patients (6/
13) studied by HTS and carrying a disease-causing
TCF4 variant, clinical features were poorly or not evoca-
tive of PTHS.

Discussion

Targeted or whole exome HTS used in routine diagnosis
have demonstrated their efficiency in the diagnosis of iso-
lated ID [1, 11, 14]. Unexpected rates of pathogenic var-
iants in genes implicated in syndromic cognitive
impairment were found with these clinically unbiased
approaches. We studied 903 patients with undiagnosed ID
by targeted HTS of ID known genes, and identified eight
novel patients carrying a pathogenic or likely pathogenic
variant in TCF4. We also analyzed data from previous HTS
studies, and found eight additional patients carrying a
disease-causing variant in 7CF4, including two patients

SPRINGER NATURE

p.(Arg576*)
APN-214, high. PTHS

p.(Arg385*)®
(Hamdan, 2014)

p.(Asp554Glufs*4)
BOOH4MR, high. PTHS

p.(Glu643*)
BOOH4U1, high.PTHS

16 |4 17 4 18

ERSE

RD  bHLH

c.991-2A>G"*
(Tan et al., 2015)

~

p.(Arg569Trp)?

MMPN68, high. PTHS

p.(Ala614Val)®
BOOH4R8 poss. PTHS

p.(Arg578His)®
APN-210, poss. PTHS

p.Arg576GIn
(De Ligt, 2012)

PTHS phenotype: no not evocative of PTHS, poss. possibly
evocative of PTHS, high. highly evocative of PTHS), in italic: variants
identified in other HTS studies ©: variants previously described in
PTHS patients

reported by our group [1]. Taken together, we count 16
patients carrying a TCF4 disase-causing variant (of which
15 distinct variants) among
2239 ID patients and we obtained a TCF4 mutation rate of
0.7% in non-specific ID (Table 2). This mutation rate is
close to those of the most frequent causes of ID such as
FMRI expansions [17, 18] or ARIDIB mutations [19] in
Fragile-X and Coffin-Siris syndromes. Otherwise, TCF4
mutation rate gets down to 0.3% (13/4293) in studies
including patients with developmental disorders in which
ID is not a mandatory sign, such as the Deciphering
Developmental Disorder (DDD) project [20]. Indeed, a very
recent study reported ID in 100% (47/47) of patients car-
rying a disease-causing variant in 7CF4, collected though a
web-based database [21]. However, in the DDD data, TCF4
still appears in the top-twenty of the most frequently
mutated genes in with developmental disorders.

The patients included in our TES study were referred by
a geneticist after several biological, radiological and
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molecular tests which did not allow a diagnosis. The a
posteriori analysis of the clinical features of the ten patients
carrying a TCF4 disease-causing variant showed that PTHS
could have been suspected in five patients. However, even if
the diagnosis would have been possible in three additional
cases, by using Whalen and Marangi clinical scores, facial
gestalt of those patients was not typical of PTHS. Further-
more, for two patients, Whalen and Marangi clinical scores
were low and PTHS could not have been suspected clini-
cally. Indeed, in absence of distinctive signs of PTHS, such
as a typical facial gestalt (4/10) (Fig. 2) or hyperventilation
(3/10) which can appear later in childhood [21, 22], the
clinical diagnosis remains challenging, especially for the
patients with moderate ID. In contrast, absence of speech (8/
10), noticeable delay in walking (after 3 years of age, if
acquired) (8/10), seizures (4/10), behavior problems (self-
aggressiveness, poor social interactions) (4/10), smiling
appearance (6/10), strabismus (4/10) and constipation (7/
10) were observed in our patients, but were not sufficiently
discriminatory signs of PTHS, as they can be also found in
non-specific ID. This study suggests that even if some were
a posteriori evocative of PTHS, other ones presenting
nonspecific ID and only few PTHS features could not be
diagnosed clinically showing that phenotypic spectrum
associated to a TCF4 disease-causing variant is wider than
we used to think.

The main differential diagnoses described for PTHS are
Angelman and Rett syndromes [23]. Consistent with that,
previous genetic tests performed in the patients, before
identification of a disease-causing variant in TCF4, were
UBE3A methylation testing or point mutation screening
(64% of the patients), and MECP2 sequencing (36%). A
third known differential diagnosis, the Mowat—Wilson
syndrome, was suspected in one patient. This later syn-
drome is associated with cardiac and urogenital malforma-
tions and Hirschsprung disease, which are features more
discriminative for clinical diagnosis. Surprisingly, a Steinert
syndrome was suspected in four patients, maybe due to
hypotonia observed in those patients. Analysis of the
17p11.2 deletion (Smith-Magenis syndrome) and of ARX
coding sequences were also performed in two patients.
Taken together, these explorations assess the difficulty to
evoke clinically PTHS when the patient only presents with
severe delay of psychomotor acquisitions with mild dys-
morphic features.

Most of the disease-causing TCF4 variants previously
associated to PTHS are truncating mutations localized
between the exons 7 and 18 and are probably responsible of
haploinsufficiency. Missense variants mainly concern the
bHLH domain of the protein including the arginine residues
578 and 580, spots of recurrent mutations [6]. In in vitro
functional studies, Sepp et al. highlighted the variation in
expression, patterning, dimerization and DNA binding of

Patient
(Redin et al.,
2014)
APN117

o
no

(Redin et al.,
2014) APN41
chronic otitis
possibly

12
12

Patient BOOH4U1 Patient
heterotaxy, bifid

uvula, long

thumbs, labia

minora

hypoplasia

highly

15
12

Patient
BOOH4R8
no

13

10
possibly

APN210
headaches
13

10
possibly

Patient APN214 Patient
cryptorchidism,

abolition of
osteo-tendinous

reflexes

17

13

highly

MMPN68
no

15

14

highly

Patient BOOH4MR  Patient
15
13

syringomyelia

cervical
highly

Patient
APN149
no

no

MMPN166
no

Patient
highly

® Rubinstein-Taybi facial features suggested. MRI anomalies 1: posterior atrophy of corpus callosum; 2: Hypersignal of the subcortical white matter in temporal lobes. The cDNA nomenclature

PTHS Pitt-Hopkins syndrome, y-o year-old; mo: months, SD standard deviation, M value in normal range, MRI Magnetic resonance imaging
given according to NM_001083962.1 isoform for all the variants.

4 mutation previously described in databases or literature

Table 3 (continued)
(>12 or 15/20)
Marangi’s score

(>10/16)
Conclusion PTHS

Other signs
Whalen’s score
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Fig. 2 Pictures of Patients
carrying de novo heterozygous
disease-causing variants in
TCF4. a Patient MMPN166, b
Patient MMPNG68, ¢ Patient
APN214, d Patient APN210, e
Patient BOOH4RS, and f Patient
APN117

APN210

different TCF4 mutants comparing to WT proteins, sug-
gesting that disease-causing variants can have various
functional effects ranging from selective heterodimeriza-
tion defects to complete lack of DNA binding or possible
dominant-negative effects [24]. These authors suggested
that the variety of variations could explain the phenotypic
variability. Other authors suggested that seizures are more
often associated to missense than truncating variants [25]
but this was not confirmed afterwards [6]. It is tempting to
speculate that some milder phenotype might be explained
by variants having a less severe effect, but no clear cor-
relation between the type of variation (missense, trun-
cating) or its location and the phenotype was reported so
far [6]. Actually, in the patients reported here, no corre-
lation between the PTHS score and the type or the loca-
tion of the variant was found. Some of the patients, as for
instance patient APN117, had a milder PTHS score while
carrying disease-causing variants previously described in
classical PTHS cases (Fig. 2). Finally, the ¢.990 G > A
variant, predicted to affect the exon 12 splice donor site,
was identified in two patients poorly evocative of PTHS
(patient APN149 and Patient 6 reported by Tan et al.,
2014). In this specific case, the presence of normal spli-
cing in a part of transcripts might explain the milder
phenotype of these patients. Due to the large number of
TCF4 transcripts and to the tissue-variability, splicing
effects are difficult to assess. Furthermore, the threshold
of TCF4 normal transcript level sufficient to avoid a
pathogenic effect is not known since several cases of

MMPN68 APN214

BOOH4RS

typical PTHS with varying levels of mosaicism have been
reported [26-29]. Interruptions of the TCF4 gene can also
result in a broader phenotype than usually described, as
suggested by Kalscheuer et al. in 2008 after reporting the
case of a girl with mild ID, minor facial gestalt and a
balanced 18;20 translocation disrupting TCF4 in exon 4
[9]. More recently, Schluth-Bolard et al. reported a case of
a girl with severe developmental delay and microcephaly
who was carrier of an apparently balanced translocation
between chromosomes 1 and 18, which was disrupting
TCF4 in intron 6 [30]. Similar complex chromosomal
translocations have been reported in familial cases of mild
ID with an autosomal dominant transmission pattern,
without any feature of PTHS [10, 31]. Both breakpoints
were located before exon 8. More than a dozen of tran-
scripts isoforms are described for TCF4. Functional RNA
studies carried on fibroblasts showed, as expected, a
decrease of the long isoforms of TCF4 (affected by the
breakpoint) in the patients while the short isoforms
encoding nuclear TCF4 were upregulated [31]. The
authors suggested that the persistence of the expression of
TCF4 short isoforms may rescue part of PTHS phenotype.
In our study, there is no correlation between the number
of isoforms affected by the different disease-causing
variations and the severity of the phenotype, suggesting
that additional mechanisms than a rescue with short iso-
forms are responsible for the clinical variability. Finally,
genetic background may also play a role and influence the
severity of clinical manifestations caused by a disease-
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causing variant in TCF4. It is interesting to note that
Patient MMPN 166, one the most severely affected patient,
also carries an inherited 22ql11.21 duplication which
segregates with various neurological signs in her family.
The hypothesis of a second genetic hit should be con-
sidered to account for the phenotypic difference of
patients carrying a disease-causing variant in TCF4.

The growing number of HTS realized in routine in
patients with ID may allow to provide more data about the
prevalence of disease-causing variants in 7CF4 in patients
with cognitive impairment and to assess its related pheno-
type in an unbiased manner. Our study extended the clinical
spectrum associated to TCF4 mutation from PTHS to
nonspecific intellectual disability. The high prevalence
(0.7%) of disease-causing variants in TCF4 found in large
cohorts of patients suffering from intellectual disability
proves that the borders of PTHS are less stringent than we
used to consider. This gene should therefore be included in
all HTS panels used for diagnosis of unspecific ID. The use
of “Pitt-Hopkins syndrome” when reporting a disease-
causing variant in 7CF4 in a patient with a low PTHS
clinical score should also be discussed.

Web resources

The URLs for online tools and data presented herein are:

OMIM: http://www.omim/org/

UCSC: http://genome.ucsc.edu/

dbSNP: http://www.ncbi.nlm.nih.gov/projects/SNP/

Mutation Nomenclature: http://www.hgvs.org/
mutnomen/recs.html

Exome Variant Server, NHLBI Exome Sequencing
Project (ESP): http://evs.gs.washington.edu/EVS/

ExAC Browser (Beta) | Exome Aggregation Consortium:
http://exac.broadinstitute.org/

Integrative Genomics Viewer (IGV): http://www.broa
dinstitute.org/igv/

These variants were submitted to Clinvar: http://www.
ncbi.nlm.nih.gov/clinvar/
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