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Abstract

Biallelic mutations in the TTC5 gene have been associated with autosomal recessive
intellectual disability (ARID) and subsequently with an ID syndrome including severe
speech impairment, cerebral atrophy, and hypotonia as clinical cornerstones. A TTC5
role in IDs has been proposed based on the physical interaction of TTC5 with p300,
and possibly reducing p300 co-activator complex activity, similarly to what was
observed in Menke-Hennekam 1 and 2 patients (MKHK1 and 2) carrying, respec-
tively, mutations in exon 30 and 31 of CREBBP and EP300, which code for the
TTC5-binding region. Recently, TTC5-related brain malformation has been linked to
tubulinopathies due to the function of TTC5 in tubulins' dynamics. We reported
seven new patients with novel or recurrent TTC5 variants. The deep characterization
of the molecular and phenotypic spectrum confirmed TTC5-related disorder as a rec-

ognizable, very severe neurodevelopmental syndrome. In addition, other relevant
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clinical aspects, including a severe pre- and postnatal growth retardation, cryptorchi-
dism, and epilepsy, have emerged from the reversal phenotype approach and the
review of already published TTC5 cases. Microcephaly and facial dysmorphism
resulted in being less variable than that documented before. The TTC5 clinical fea-
tures have been compared with MKHK1 published cases in the hypothesis that clini-

cal overlap in some characteristics of the two conditions was related to the common
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p300 molecular pathway.
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1 | INTRODUCTION

Neurodevelopmental disorders (NDDs) are complex and highly het-
erogeneous conditions; they often show overlapping characteristics
and share a spectrum of disease-associated genes, thus raising unex-
pected difficulties and new challenges to the traditional syndrome-
based approach. For this reason, thanks to the continuous advance-
ment of NGS (next-generation sequencing) technologies, the charac-
teristics delineation of a specific syndrome often follows the genetic
results by describing patients' recurrent clinical features that share the
same molecular defect. This approach, called reverse phenotyping, is a
highly effective and valuable strategy for obtaining information on the
gene-specific phenotypic spectrum (de Goede et al., 2016; Stessman
et al,, 2017; Uliana & Percesepe, 2016), remarking that pathogenic
variants in a gene, initially considered the cause of a specific symptom
(i.e., intellectual disability or epilepsy), then found to be associate with
a broad neurodevelopmental phenotype (Abramov et al., 2021; Weng
et al., 2021).

However, hypothesizing a syndrome starting from recognized
descriptive clinical criteria allows the clinician to suspect a genetic
diagnosis and guide geneticists to choose the technique with the
higher diagnostic yield, which is more effective economically and
time-saving. Lastly, reverse phenotyping can support molecular find-
ings, confirming the initial hypothesis and establishing the causality of
novel or uncertain results (Vulto-van Silfhout et al., 2017). The
tetratricopeptide repeat domain-containing protein 5 gene (TTC5)
encodes a stress-inducible transcription cofactor that interacts with
lysine acetyltransferase p300 and several components of the p300
complex in the nucleus (Demonacos et al., 2001). p300 and its paralog
CREB-binding protein are involved in histone acetylation and chroma-
tin remodeling, thereby regulating several cellular processes such as
proliferation, transformation, apoptosis, inflammation, and metabolism
(Davies et al., 2011; Xiong et al., 2013) and have a crucial role in neu-
ronal plasticity and cognition (Van Gils et al., 2021). Heterozygous
mutations in EP300 and CREBBP are considered the cause of the
Rubinstein-Taybi syndrome (RSTS) (MIM:#180849; #613684). Deep
phenotyping analysis shows that missense variants in exons 30 and
31 of CREBBP and EP300, which code for the TTC5-binding region,
result in a diverse clinical phenotype the Menke-Hennekam syndrome

1 and 2 (MKHK1, MIM: #618332; MKHK2, MIM: #618333; Menke
etal.,, 2016, 2018; Van Gils et al., 2021).

Despite its localization in the nucleus, TTC5 is also found in the
cytosol, identified as a tubulin-specific ribosome-associating factor
driving the co-translational degradation of tubulin mRNA when solu-
ble a/B-tubulin concentration increases in the cells (Lin et al., 2020). A
dynamic equilibrium between the polymerized and depolymerized
(soluble) forms of tubulin is critical for cell division, intracellular traf-
ficking, cell shape, and neuronal morphology (Dent, 2017; Saunders
et al., 2022). Mutations in tubulin genes are responsible for a large
spectrum of brain malformations such as abnormal neuronal migration
and organization, differentiation, and axon guidance, with motor
impairment, intellectual disability, and epilepsy being the main clinical
symptoms (Romaniello et al., 2019).

In 2019, homozygous mutations in TTC5 were associated with
autosomal recessive intellectual disability (ARID) in two families (Hu
et al., 2019). Subsequently, Rasheed and colleagues defined an intel-
lectual disability syndrome reporting eight patients with severe
speech impairment, cerebral atrophy, and hypotonia as clinical mile-
stones (Rasheed et al., 2021). The authors hypothesized a role of
TTC5 in IDs, based on the physical interaction of TTC5 with p300,
mutated in RSTS and MKHK patients. In 2021, Miyamoto described a
Japanese boy with TTC5 compound heterozygous variants providing a
detailed neuroradiological description and functional data and
suggesting a link between TTC5-related brain malformation and the
tubulinopathies (Miyamoto et al., 2021).

Our article delineates the phenotype of seven new TTC5 cases
with novel or recurrent mutations from five unrelated families; six of
the probands present with homozygous variants, and one, born from
non-consanguineous parents, with compound heterozygous variants
in the TTC5 gene.

The study aimed to (1) strengthen the clinical and genetic defini-
tion of a TTC5-related neurodevelopmental syndrome, confirming the
milestone features already proposed to prioritize this syndrome for
diagnosis; (2) highlight some emerging clinical aspects, including the
severity of the impairment of motor and language functions, the
severe pre and postnatal growth retardation, cryptorchidism and the
presence of epilepsy; (3) provide a comprehensive phenotype descrip-

tion of TTC5-patients and compare it with the MKHK1, a recognizable
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syndrome different from RSTS, caused by variants in exons 30 and
31 of CREBBP, to investigate the consistency of some observed clini-
cal overlapping features; and (4) underline the importance of the deep

reversal phenotype approach for interpreting molecular data.

2 | MATERIALS AND METHODS

Investigations were conducted in accordance with the ethical stan-
dards of the appropriate local Institutional Ethical Committees.
Informed consent from the participating subjects was collected.

The multicentric, retrospective study enrolled seven patients from
five unrelated families (Figure 1) with a severe NDD.

Patient 1 was recruited in the Neuropediatric Department of the
IRCCS Burlo Garofolo in Trieste, Italy. We used GeneMatcher
(patients 2-6; Sobreira et al., 2015) and data from the Deciphering
Developmental Disorders (DDD) Study via DECIPHER (patient 7; Firth
et al,, 2011) to enlist a cohort of seven individuals. Probands were
investigated by their referred physicians. The clinical information was
standardized using the Human Phenotype Ontology (HPO; Ko&hler
et al., 2021) to allow a reliable comparison of clinical features among
individuals.

According to standard procedures, genomic DNA was extracted
from patients' and parents' venous peripheral blood lymphocytes.

WES analysis was performed on the trio (patient and both par-
ents) unless differently indicated.

Target enrichment kits, WES statistics and predicted functional
impact, based on ACMG guidelines (Richards et al., 2015) and

Varsome (https://varsome.com), are reported in Table S1.

Family 1

OO
O

Family 2

(O

0O
3O O—

In detail: WES analysis of patient 1, born from non-
consanguineous parents, was performed at the IRCCS Burlo Gar-
ofolo (Trieste, Italy). According to the manufacturer, DNA was
processed for library enrichment with the Twist Human Core for
Enrichment-Exome panel (Twist). Sequencing was performed on
NextSeq 500 (lllumina, San Diego, CA) instrument. Sequencing
reads were aligned to the human reference genome (GRCh37/hg19)
employing the BWA-mem tool, and variant calling were performed
with GATK v4.1.2 HaplotypeCaller (EnGenome, Pavia, Italy). Anno-
tation and prioritization of the variants were conducted with eVAI-
enGenome software based on the American College of Medical
Genetics and Genomics (ACMG) guidelines (Richards et al., 2015).
SNVs and INDELs were filtered referring to public databases
(dbSNP build150, NHLBI Exome Sequencing Project (ESP), Exome
Aggregation Consortium (ExAC) database, Genome Aggregation
Database (gnomAD)) and led to ruling out those variants previously
reported as polymorphism. In particular, a minor allele frequency
(MAF) cut-off of <0.01% was utilized. The trio was examined for the
following inheritance patterns: de novo, homozygous recessive,
compound heterozygous, and hemizygous. The pathogenicity of
variants was assessed with the ClinVar, The Human Gene Mutation
Database (HGMD), Online Mendelian Inheritance in Man (OMIM),
and DECIPHER. Several in silico tools, such as PolyPhen-2
(Adzhubei et al., 2013), Sorting Intolerant from Tolerant (SIFT) (Sim
et al., 2012), PaPl (Limongelli et al., 2015), DANN (Quang
et al., 2015), dbscSNV score (Jian et al., 2014), and Combined Anno-
tation Dependent Depletion (CADD) score (Kircher et al., 2014),
were applied to establish the pathogenicity of novel variants. The

diagnostic procedure adopted included discussion of WES data in

Family 3

OO0 —000
0 e

Family 4

O—1

HEO

100

FIGURE 1 Pedigrees of the five
unrelated families included in the study.

Double bar, parental consanguinity;
square, male; circle, female; filled,
affected; unfilled unaffected; backslash,
deceased
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the context of phenotypic data at interdisciplinary meetings; the
interpretation of WES data was supported by systematic biblio-
graphic review and public database consultation (Musante
et al., 2022). Variants' validation and segregation analyses were car-
ried out by Sanger sequencing. Exome sequencing of patient 2 was
performed at UCL Institute of Neurology and patient 3 (sequenced
in single) at Centogene AG (Rostock, Germany). WES methods and
data processing, including sequence alignment to GRCh37/GRCh38,
variant filtering and prioritization by allele frequency, predicted
functional impact, inheritance, and validation, were performed as
previously reported (Bauer et al., 2019; Efthymiou et al., 2021).

WES analysis of patient 7 has been executed in the frame of the
DDD study; methods and data processing, including variant filtering
and prioritization, were performed as previously reported
(Deciphering Developmental Disorders Study, 2017).

Exome sequencing of patients 5 and 6 was performed using Sur-
eSelect Human All Exon V6 enrichment kit (Agilent) and a HiSeq4000

sequencer (lllumina) at the Cologne Center for Genomics (CCG,

University of Cologne, Germany). The data were analyzed with the
Varbank 2 pipeline (https://varbank.ccg.uni-koeln.de/varbank2, ver-
sion 3.4), and categorization was based on ACMG guidelines 2015.
Rare (MAF <0.001 in gnomAD) missense, INDEL, and intron variants
with splice site effects were filtered for high quality. Pipeline-related
false positives and recurrent variants biologically/clinically irrelevant
were further reduced by utilizing an in-house database. Compound
heterozygous and homozygous variants present in both brothers were
considered for further analysis. Variants' validation and segregation

analyses were carried out by Sanger sequencing.

3 | RESULTS

3.1 | Molecular findings

All novel and recurrent TTC5 variants identified in this study are
reported in Figure 2 and Table 1.

c.631_632insGTATG

c.51+1G>A

c.771G>A

c.1148_1149delCT
c.787C>T -

c.1183C>T

p.Gly186Val

p.Ala211GlyfsTer20

p.Trp257Ter
p.Arg263Ter

p.Ser383CysfsTer5

tr1 | Tter2 | PR3 | TPRa | TPRS

p.Arg263Ter p.Arg395Ter

p.Tyr240Ter
p.Ala231Val

p.GIn212LysfsTerl?7
p.Tyr210Cys

p.Pro200LeufsTer29

FIGURE 2

Schematic representation of TTC5 gene and protein. Type and location of TTC5 mutations identified in the patients reported in

this study (black and bold) and previously published in the literature (gray) (Hu et al., 2019; Miyamoto et al., 2021; Rasheed et al., 2021). The
position of the variants along the TTC5 gene, as well as the position of the corresponding protein changes, is indicated. The shown
tetratricopeptide domains (TPR 1-6) and oligonucleotide binding domain (OB) are based on UniProtKB/Swiss-Prot entry Q8N0Z6
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WES analysis on patient 1 revealed a compound heterozygous

genotype of the TTC5 gene, including a deletion of two bases in exon

@ 9 (NM_138376.2: ¢.1148_1149delCT, p.Ser383CysfsTer5) inherited
= e}
- % 2 °N>‘3 from the healthy father, leading to a premature stop codon
" -
> LE ,Q @D % 8 (Figure 2), predicted to be pathogenic according to the ACMG guide-
‘s 2 = o
Eu ~ § 4 % g ~ &5’ < lines and Varsome (Table S1). Given its position relative to terminal
exon 10, it is likely to cause nonsense-mediated decay (NMD),
g 2 g resulting in the complete loss of a functional gene product from this
5 2 & allele. The second change altered a highly conserved nucleotide,
(V] 0 >
%) Y N
-(% G> g located in exon 5 (NM_138376.2: ¢.557G>T, p.Gly186Val; Figure 2),
™
1 < 0 E § inherited from the unaffected mother. It was predicted to be VUS-
= B -« [
% é 2 <L):‘s 3 likely pathogenic according to the ACMG guidelines and Varsome
L v =2 - + ¢ =3 n Z 1 . .
(Table S1) and pathogenetic by the tools used during the analysis
E Q " (PaPl score, Polyphen, SIFT, DANN score) and with a CADD phred
N =]
g 2 & score of 26.6. ClustalW alignment of TTC5 orthologues revealed that
w)
é % 'g the missense variant pGly186 is evolutionary conserved among all
1 - %I 3 2 species examined (data not shown) (CLUSTALW https://www.
= K] N =
§ é § é" % genome.jp/tools-bin/clustaw). Notably, the variants were not found
Bl o 2+ S = = in the control population referring to several public databases
(dbSNP build150, gnomAD, ExAC, Exome Sequencing Project, 1000
Genomes). No other pathogenic or likely pathogenic variants which
5 go could explain the entire or partial phenotype were detected. To
) c = 5 % § determine and corroborate putatively adverse functional effects of
.8 O D
% § 5 (Eo E § p.Gly186Val, we performed in silico 3D modeling (Project HOPE;
<
ol - e S a ~ & Venselaar et al., 2010). The affected Glycine is located in the fifth
TPR motif in the N-terminal tetratricopeptide repeat (TPR) domain
which mediates protein-protein interactions and the assembly of
_ § multiprotein complexes (D'Andrea & Regan, 2003). TPR motif con-
- c — % 2 °N>'3 sists of 3-16 tandem repeats of 34 amino-acid residues. Sequence
A
> % Y § g % alignment of the TPR domains revealed a consensus sequence
» &
-§ Eu o S ED + 5 f‘i ~ &5’ < defined by a pattern of small and large amino acids. Although no
@ position is entirely invariant, some residues are very conserved at
R4}
5 " only a few positions, for instance, Gly or Ala in position 8 of the
c =3
'-E;_) < E °°>,3 repeat (D'Andrea & Regan, 2003), which is the position of Gly186
B ‘: - H Ew _ g within the fifth TPR motif. Therefore, it is reasonable to hypothesize
§ g % E ,% % 2 that the size difference between the wild-type and mutant residue
(%) [ ; 5
‘g N - e ~ could compromise the TPR domain structure. X-ray structure analy-
E 5 sis corroborates this hypothesis, revealing that TPR adopts a helix-
Q2 § turn-helix arrangement, with adjacent TPR motifs packing in a paral-
£ E v lel fashion, resulting in a spiral of repeating anti-parallel alpha-helices
[ Q
.?5” g' E s (D'Andrea & Regan, 2003). Substituting the very flexible glycine with
E % = 3 é cgo another amino acid, like valine, could force the local backbone into
[$2] >
= N 3 2 % S an incorrect conformation and disturb the local structure.
o T o ¥ 5]
SN =
g‘ﬁo E S E = czz_ T U % The affected individual from family 2 presented a novel homozy-
3 E o= £ 5 S S 2 gous nonsense variant in the TTC5 gene in exon 7 (NM_138376.2:
=
= c.771G>A; p.Trp257Ter), which passed segregation analysis according
s (7]
g :‘c: to a strict recessive mode of inheritance. The variant, predicted to be
8 '«CC) pathogenic following the ACMG guidelines and Varsome (Table S1),
IS SV . . . .
3 = Fg % was not previously described in public databases. The premature stop
£ = o
% kS g _g- § codon introduced by the mutation is most likely to cause NMD,
- > & 2
w 2 g 5 ?C: 5 ;. % 2 resulting in a complete loss of a functional gene product from both
- 9] =] = c ®©
m = ;CE S 2z B 2 & alleles. No other pathogenic or likely pathogenic variants which could
< a O w O o w >
= explain the entire or partial phenotype were detected.
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Exome sequencing of probands in unrelated families 3 and 5, the
firstoriginating from Egypt and the second from Pakistan, identified in
all affected individuals the homozygous nonsense variants in TTC5
c.787C>T (NM_138376); p.(Arg263Ter), located in exon 7, that segre-
gated with the phenotypes in the respective families. The variant was
reported twice, in a heterozygous state in gnomAD (2/251092; allele
frequency 0.000007965), predicted to be pathogenic following
ACMG guidelines and Varsome (Table S1), and it was reported as
disease-causing in two unrelated Egyptian families (5477 and 5543;
Rasheed et al., 2021).

Affected individuals from family 4 had a novel homozygous non-
sense variant in the TTC5 gene (NM_138376.2: c.631_632insGTATG;
p.Ala211GlyfsTer20) located in exon 7, predicted to be pathogenetic
according to the ACMG guideline and Varsome (Table S1) and never
described before in any public database, that segregated with the dis-
ease phenotype in the family. No other pathogenic or likely patho-
genic variants which could explain the entire or partial phenotype
were detected.

3.2 | Patients

The cohort consists of four males and three females, whose ages at
the last evaluation ranged from 4 years and 6 months to 20 years.
We provided a short description of each patient, reporting data not
available in Tables 2-5 and Table S2. Table 2: overview of the core
clinical features; Table 3: brain MRI findings; Table 4: craniofacial dys-
morphic features; Table 5 growth parameters of the patients at birth
and last examination; Table S2: Clinical features of all TTC5 patients
included in this study and previously published (Hu et al., 2019;
Miyamoto et al., 2021; Rasheed et al., 2021).

3.3 | Clinical evolution

Patient 1 is the first child of unrelated Italian parents. He was born at
term with microcephaly after a pregnancy characterized by intrauter-
ine growth retardation (IUGR) (HP:0001511). From the second month
of life, vomiting, feeding difficulties, and failure to thrive
(HP:0001508) were observed. He presented with severe hypotonia
(HP:0006829), excessive startle reactions, frequent diffuse spontane-
ous jerks, and bilateral cryptorchidism. At 10 months, the patient
showed severe food avoidance and severe global developmental delay
(HP:0011344) jointly with facial dysmorphic features.

At 12 months, the EEG documented an epileptic encephalopathy
with abundant multifocal epileptic activity (HP:0010841). Myoclonic
seizures (HP:0002123) and epileptic spasms (HP:0032842) were
recorded on video EEG. Epileptic spasms responded to ACTH. Chronic
treatment with several antiepileptic drugs was started, but “subtle”
seizures (erratic myoclonias, hypomotor seizures, brief nystagmus epi-
sodes) persisted until the age of five. Metabolic analyses to investi-
gate a possible inborn error of metabolism was performed and

showed no abnormalities. Auditory brainstem response (ABR), visual

evoked potential (VEP), and nerve conduction study were normal.
Because of persisting feeding problems, he underwent a gastrostomy
at 21 months of age (HP:0011471). The evolution was characterized
by a severe delay in motor milestones with pronounced lower limbs
hypotrophy and spastic paresis (HP: 0002061) and unusual stereo-
typed manual movements.

At the last examination (10 years), the proband presented with
microcephaly, short stature, and severe intellectual disability with ver-
bal communication limited to a few words. After a seizure-free period,
the epileptic encephalopathy relapsed with EEG abundant multifocal
paroxysmal activity and with clinically evident sporadic myoclonic sei-
zures in sleep.

Patient 2 is the second offspring of Iranian first cousins. The girl
was born at term with microcephaly after a pregnancy characterized
by IUGR (HP:0001511). Since birth, feeding difficulties and vomiting
were observed; therefore, she was supported by a nasogastric tube.
Craniofacial dysmorphic features were noted.

At the last examination (8.5 years), she showed severe intellectual
disability, speech impairment (few single words), and autism-like
behaviors such as self-mutilation (HP:0000742).

She presented with short stature, axial hypotonia (HP:0009062),
brisk reflex, and contractures of the joints of the lower limbs
(HP:0005750). She never achieved unassisted standing and walking
ability.

Patient 3 is the first of two affected siblings from consanguineous
Egyptian parents with unremarkable family history. He was born by
cesarean delivery at 36 weeks of gestation due to premature mem-
rupture after a pregnancy characterized by IUGR
(HP:0001511). At the last examination (6 years), he had a severe ID,
speech impairment with verbal communication limited to less than
10 words (HP:0002167) and facial dysmorphic features. He also
showed microcephaly, short stature jointly with feeding difficulties,

brane

and being able to eat only soft food. In addition, he presented marked
truncal hypotonia (HP:0008936), tetraparesis (HP:0001258) with
hyperreflexia, and contracture (HP:0005750). He never achieved
unassisted standing and walking ability.

Patient 4 is the younger sister of patient 3. She was born at term
after a pregnancy characterized by IUGR (HP:0001511). At her last
examination (4 years and 5 months), she showed a severe ID with
absent speech (HP:0001344) and dysmorphic facial features. She
presented microcephaly, short stature, truncal hypotonia
(HP:0008936), and distal spastic paresis (HP:0002460), more severe
in lower limbs (HP: 0002061). Like her brother, she never achieved
unassisted standing and walking ability.

Patient 5 was the first of two affected siblings of Turkish first
cousins. The boy was born at term with normal growth parameters.
Feeding difficulties and vomiting were observed at 2 months (HP:
0008872), which persisted throughout life, and severe growth failure
followed (HP: 0008850). From 4 months onwards, developmental del-
ayed milestones with axial hypotonia (HP:0008936) and dystonic
movements (HP:0001332) were detected. At 5 months, epileptic sei-
zures occurred; the EEG showed paroxysmal and disorganized activity
(HP:0011182) without typical hypsarrhythmia. Epilepsy did not
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TABLE 2 Overview of the core clinical features of individuals with TTC5 biallelic mutations

TTC5 TTC5 patients previously
patients reported (Hu et al., 2019;

included in  Miyamoto et al., 2021;
this study  Rasheed et al., 2021) Total

Patient 1 2 3 4 5 6 7 7 12 19

Sex M F M F M M F 3F:4M 4F:8M 7F:12M

Age at last 10 years 8 years 6 years 4 years 20 years 10 years 6 years 4 years 19 months-12 years 19 months-
examination 4 months 5 months 5 months 20 years

20 years

Growth retardation + + + + I = + 6/7 8/12 74%
HP:0001510

Short stature + + + + + — + 5/6 8/12 72%
HP:0004322

Feeding problems  + 4F 4 = 3 4F + 6/7 1/1 87%
HP:0011968

Microcephaly + + + + - — + 5/7 7/10 63%
HP:0000252

Speech impairment + + + + aF + + 7/7 12/12 100%
HP:0002167

Hypotonia + + + + + + + 7/7 7/9 88%
HP:0001252

Standing inability + + 4 4 aF 4 + 7/7 8/12 79%

Walking inability + —+ + + 7/7 8/8 100%

Developmental + + + + AF + + 7/7 12/12 100%
Delay/ID
HP:0001263/
HP:0001249

Mild HP:0001256 1/12 5%

Moderate 3/12 16%
HP:0002342

Severe + + + + + + + 7/7 8/12 79%
HP:0010864

Seizures + = = = + + + 4/7 1/12 26%
HP:0001250

Abnormal brain + + + + + + + 7/7 9/9 100%
MRI

Cryptorchidism + = + + 3/4 2/5 60%
HP:0000028

Note: Human phenotype ontology (HPO) terms are provided.

respond to several antiepileptic treatments in infancy; in child-
hood, valproate partially controlled the seizures that relapsed in
adulthood. He started to sit independently at 4 years, but walk-
ing has never been achieved. The patient had severe scoliosis
(HP:0002650), surgically corrected at 15 years. A severe ID,
speech impairment with verbal communication limited to few
words, facial dysmorphism, short stature, spastic tetraplegia
(HP:0001258), and bilateral cryptorchidism were documented at
17 years. At this age, extensive diagnostic investigations (basic
laboratory examinations, screening for lysosomal storage dis-
eases, and enzyme testing) were normal like the nerve conduc-
tion studies. At the age of 20, the patient developed respiratory
insufficiency and a significant weight gain probably due to

edema (>15 kg), for which antidiuretic therapy was started. ECG
and echocardiography excluded cardiac insufficiency. He died at
26 years for unknown reasons.

Patient 6 is the younger brother of patient 5. He was born at
38 gestational weeks with growth parameters in the normal range.
Neonatal feeding difficulties with frequent vomiting (HP:0008872)
were reported. At 7 months, hypertonic stiffening of the extremities
and concomitant lateral gaze deviation appeared monthly, therefore
epileptic seizures were suspected but not confirmed. At that time the
EEG during sleep was normal. At 9 years, the patient had a single focal
seizure (HP:0007359). When he was 10, he presented severe ID with
language limited to a few words, dysmorphic facial features, bilateral
cryptorchidism, and spastic tetraplegia (HP:0002510). At the time,
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TABLE 4 Craniofacial dysmorphic features of patients with TTC5
variants included in this study

Main craniofacial features Number of patients

Prominent forehead (HP:0011220) 6/7
Broad arched eyebrows (HP:0002553) 7/7
Hypertelorism (HP:000031) 717
Upslanted palpebral fissure (HP:0000582) 4/7
Downslanted palpebral fissures (HP:0000494) 3/7
Strabismus (HP:0000486) 4/7
Proptosis (HP:0000520) 4/7
Short nose (HP:0003196) 717
Depressed nasal bridge (HP:0005280) 7/7
Bulbous tip of nose (HP:0005274) 717
Anteverted nares (HP:0000463) 5/7
Long philtrum (HP:0000343) 6/7
Full cheeks (HP:0000293) 717
Downturned mouth (HP:0002714) 7/7

Note: Human phenotype ontology (HPO) terms are provided.

mild peripheral edema was noted. All metabolic investigations were
normal. He never achieved the ability to stand and walk unassisted.
Patient 7 is a girl born of Pakistani first cousins. Pregnancy was
complicated by oligohydramnios (HP:0001562) and IUGR
(HP:0001511). She was delivered by cesarean section at 38 weeks of
gestation, with reduced auxologic parameters. At 2 months, she devel-
oped seizures, possibly due to hypocalcemia. At 3 years, she pres-
ented microcephaly, severe global developmental delay
(HP:0011344), and speech impairment with communication limited to
a few words. She showed axial hypotonia (HP:0008936), dystonic
posturing of the hand (HP:0031969), and hypertonia with brisk
reflexes of the lower limbs (HP:0002061). She did not achieve unas-
sisted standing and walking ability. At 4 years of age, hypercalcemic
hyperparathyroidism was diagnosed. At 4.5 years, a pelvic ganglion-
euroblastoma was incidentally detected during an ultrasound assess-

ment for nephrocalcinosis.

4 | DISCUSSION

In 2019, Hu and colleagues identified TTC5 as a candidate gene for
autosomal recessive ID (ARID) in two unrelated consanguineous fami-
lies (Hu et al., 2019). Two years later, Rasheed et al., reporting seven
additional patients, identified the core clinical features, including
severe speech impairment, cerebral atrophy, and hypotonia, to priori-
tize this syndrome for diagnosis. Defining TTC5 disorder as an IDs
associated syndrome, the authors draw attention to the possible
underlying molecular mechanism, namely reduced p300 co-activator
complex activity, and compare the phenotype with RSTS2 syndrome,
caused by EP300 variants, suggesting that a shared pathomechanism
could result in clinical similarities between the two conditions

(Rasheed et al., 2021). On the other hand, the same authors suggested

medical genetics BN W1 L EY_L 2
that the differences in the clinical presentation and the severity
between the two conditions could be attributed to additional TTC5
functions unrelated to the p300 network, including tubulin
autoregulation. More recently, Miyamoto reported a boy with biallelic
frameshift variants in TTC5, providing functional data and brain MRI
findings to suggest a link between TTC5-related brain malformation
and tubulinopathies (Miyamoto et al., 2021).

The present study provides the molecular spectrum, the clinical
evolution, and the deep reverse phenotyping of seven new TTC5
patients. The previously emerged clinical phenotype is confirmed, and
new elements are added to delineate a recognizable very severe neu-
rodevelopmental syndrome in the broad spectrum of NDDs
(Tables 2-5 and Table S2). The hypothesis that alterations in different
genes could converge functionally to the same molecular effect (alter-
ation opening/closing chromatin/epigenetic modification) to deter-

mine overlapping clinical conditions prompted us to review the
MHKH1 patients (Table S3).

4.0.1 | Clinical evolution

In most cases, delivery occurred at term, but a global development
delay starting from early infancy was reported; general hypotonia
evolving toward axial hypotonia and spasticity mainly in the lower
limbs characterized the evolution of motor development in all individ-
uals. At the last examination, none of the patients acquired the ability
to stand and walk independently. The significant impairment of cogni-
tive and language function was consistent with the features of previ-
ously reported patients and confirmed the severity of the disorder.
Psychomotor evolution was generally less severe in MKHK1 syn-
drome than in TTC5 patients. Cognitive and language function impair-
ment was reported in all MKHK1 patients but with a more variable
degree of severity; insufficient data were provided concerning the
presence of hypotonia; a delay in the ability to walk independently
was observed, but it was eventually obtained (Table S3).

4.0.2 | Brain malformations
All TTC5 patients described in the literature and all individuals in this
study showed abnormal brain MRI findings (Table 3). In particular, a
simplified gyral pattern was described in six out of eight patients (Hu
et al, 2019; Miyamoto et al., 2021; Rasheed et al., 2021). Mal-
formations of cortical development (MCDs; microgyria, poly-
microgyria, abnormal gyri, simplification of gyration, cortical
thickening) were reported in three out of seven of our patients. More-
over, in addition to the cortical phenotype, extra-cortical brain fea-
tures are also reported in TTC5 patients (Table 3). These features are
consistent with the imaging pattern of brain malformations associated
with tubulinopathies (Romaniello et al., 2018).

In this regard, TTC5 mediates autoregulation of tubulin via its
mRNA degradation, binding the ribosome through the OB domain and
making some critical protein-protein contact with amino acids located
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TABLE 5

Growth parameters of TTC5 patients reported in this study

Patient 1 2 3 4 5 6 7
Gender M F M F M M F
Gestational age  term 40 weeks 36 weeks term 39 weeks 38 weeks 38 weeks

6 days
Growth parameters at birth
OFC (cm) 30.5(-2.8SD) 29 (-3.9 SD) NA NA 34 (-0.8 SD) 33(-1.2SD) NA
Length (cm) 44 (-2.8 SD) 43 (-2.9 SD) NA NA 49 (-0.4 SD) 49 (-0.4 SD) NA
Weight (g) 2460 (-3.2 1600 (—3.5SD) 1700 (—2.9 2000 (-2.7 SD) 3150 (—0.6 SD) 2860 (1.1 2360 (—2.0 SD)

SD) SD) SD)
Age at last 10 years 8 years 6 years 4 years 20 years 10 years 6 years
examination 4 months 5 months
Growth parameters at last examination
OFC (cm) 49 (-3.0SD) 44 (- 6.3 SD) 47.2(-2.7SD) 46.5(-2.3SD) 54 (—-1.8 SD) (at 17 years) 54 (+0.8 SD) 44.8 (—4.9 SD)
Height (cm) 118 (-3.2SD) 100 (—5.0 SD) 93 (—5.4 SD) 82 (—4.9 SD) 150 (—3.7 SD) (at 138(-0.1SD) NA
17 years)

Weight (kg) 19.8(-2.9SD) 11(-4.5SD) 11 (—4.6 SD) 9 (-4.3 SD) 40 (—4.9 SD) (at 17 years) 37.1(+0.5SD) NA

Abbreviation: OFC, occipital-frontal circumference.

in the fifth TRP motif of the tetratricopeptide domain. Recently,
Miyamoto provided a detailed neuroradiological description of a
Japanese boy with TTC5 mutations, and he showed that reduced
TTC5 protein level could induce a decrease of $3 tubulin, a neuronal-
specific isotype. Since the decreased level of B3 tubulin could lead to
an aberrant cell cycle, the authors suggested a possible link role of
TTC5 in cell cycle regulation; however, the author stressed the neces-
sity of new experiments with knockout neural cells or mice to provide
additional evidence about the functional role of TTC5 and mutation
related disorder in the pathomechanism (Miyamoto et al., 2021).
Functionally, the frameshift and stop mutations we found in TTC5
likely cause NMD, leading to a decreased amount of protein available.
Experimental outcomes corroborated this hypothesis (Rasheed
et al, 2021). Decreased TTC5 protein levels could determine a
reduced tubulin autoregulation rate, whereas the missense mutation
affecting the fifth TRP motif very likely results in altered protein-

protein interactions.

4.0.3 | Epilepsy

In our series, patients 1, 5, and 6 presented spontaneous seizures.
Patients 1 and 5 had epileptic spasms without a typical hypsarrhythmic
EEG pattern. Patient 7 presented seizures at 2 months of life, possibly
due to hypocalcemia. In the Rasheed series, only one patient (patient
5377 in Family 4) at 2 years developed epilepsy with tonic and myo-
clonic seizures and then controlled with antiepileptic medications
(Rasheed et al., 2021). The author did not rule out the possibility that
TTC5 variants could contribute to epilepsy. Epilepsy is usually present,
with a wide range of severity and no specific pattern in tubulinopathies.
In this regard, the accurate analysis of the EEG in wakefulness and sleep
allowed the detection of significant abnormalities of the background
activity in all the patients reported by Romaniello et al. (2019). The EEG

features of TTC5 patients were not reported in the Rasheed series; how-
ever, interestingly, Miyamoto described an abnormal EEG with no epi-
leptic discharge or apparent seizures in his patient (Miyamoto
et al., 2021). Concerning the clinical diagnosis of epilepsy and its entry,
among other features characterizing the disorder, it could be argued that
seizures can be subtle and difficult to recognize, especially in patients

with severe cognitive and motor impairment.

4.0.4 | Pre-and post-natal growth retardation,
short stature

Most of the patients of our series (except for two siblings) presented
an IUGR; the growth failure continued postnatally (Table 5 and
Table S2), as in the case reported by Miyamoto and possibly attrib-
uted to a growth hormone deficiency by the author (Miyamoto
et al, 2021). The feeding difficulties, including vomiting and food
avoidance, described in almost all of our patients (1, 2, 3, 5, 6, and 7)
could be related to swallowing and chewing difficulties and the sever-
ity of neurological impairment (Table S2). Moreover, a specific TTC5
role in development and growth could also be hypothesized.

In all but one case so far described, the mutations identified are
either frameshifts, stop codon, or a missense change affecting exons
coding for the OB domain or located in the fifth and sixth TRP motifs,
supporting the critical role of those regions. The TRP domain in TTC5
allowed the binding of different components of the p300 complex in
the nucleus (Demonacos et al., 2001), interacting directly with p300.
CREB-binding protein, a p300 paralog, is also an important coactivator
in the p300 transcriptional regulatory network. Two regions in p300
are responsible for binding TTCS5, including aa 1572-1921, encoded
by exons 30 and 31 of EP300 gene (Demonacos et al., 2001).

Only recently, heterozygous mutations in these exons and in the

homologous region of the CREB-binding protein (CREBBP) gene were
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found responsible for Menke-Hennekam syndrome 1 and 2 (MKHK1
and 2; Angius et al., 2019; Banka et al., 2019; Menke et al., 2016,
2018; Nishi et al., 2022; Wang et al., 2021). The main MKHK1 charac-
teristics are psychomotor delay, variable impairment of intellectual
disability (ID), feeding difficulties, autistic behavior, hearing impair-
ment, short stature, facial dysmorphisms, and microcephaly. Notably,
in 87% and 45% of MKHK1 patients, feeding problems and short stat-
ure were described (Table S3). The patient reported by Angius et al.
(2019) and all the three patients described by Banka et al. (2019) had
feeding difficulties and reduced growth parameters. Moreover, five of
six patients recently observed by Nishi and colleagues had prenatal
growth failure, and four had postnatal growth failure (Nishi
et al.,, 2022). Given the overlapping clinical features between TTC5
and MKHK1 patients and this cell-biological knowledge, it is reason-
able to speculate that TTC5, p300, and CREBBP could affect the func-
tion of a common molecular pathway. In this regard, it has been
shown that the p300 activator complex mediates p53 transcriptional
response to cell stress (Demonacos et al., 2001). In particular, the lack
of nutrients results in the enhanced transcription of Pten, TSC2, and
AMPK, blocking the functioning of the IGF-1/mTor pathways leading
to a decrease in cell growth (Feng, 2010).

4.0.5 | Facial dysmorphisms

The facial dysmorphisms in TTC5 patients are generally not specific,
but their association in these individuals characterizes a common
facial gestalt (Table 4). Moreover, some of these features overlap with
the clinical facial characteristics of MKHK1 syndrome patients, includ-
ing a prominent forehead, highly arched eyebrows, up-slanted or
down-slanted palpebral fissures, depressed nasal bridge, short nose,

anteverted nares, long philtrum, and full cheeks.

5 | CONCLUSION

We described seven affected individuals from five unrelated families
with homozygous and compound heterozygous variants in the TTC5
gene. In total 19 patients have been so far described. Two of them
were offspring of non-consanguineous parents and had compound
heterozygous TTC5 variants.

The detailed reverse phenotyping of our cases and the compari-
son with the published ones allowed us to underline some recurrent
characteristics, in particular, (1) the severity of the condition both for
neurodevelopment and for intellectual disability, (2) the inability to
reach the stand position and to walk, (3) the severe language disorder,
(4) the brain malformations, (5) the severe growth retardation,
(6) cryptorchidism and (7) the common facial gestalt.

Epilepsy was present in about a quarter of patients with
TTC5-related disorder and in the same proportion of MKHK1
patients. It would be desirable to obtain clinical neurophysiological
and neuroradiological information in a larger number of patients to

study and compare in detail this feature. The comparison with

MKHK1 patients highlighted an overlapping of clinical features, partic-
ularly the feeding problems, pre- and post-natal growth retardation,
the severity of language impairment, and facial features. These obser-
vations are intended to be a background stimulus to promote func-
tional studies to verify the hypothesis of the causative role of a
disrupted molecular pathway involving p300 and its influence in
determining shared phenotype characteristics. Molecular understand-
ing of the disease mechanism and more specific clinical data derived
from targeted interpretation of neuroimaging and electroclinical
assessment are also needed to confirm the link of TTC5 with

tubulinopathies in the reversal phenotype approach.
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