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Abstract

Context: Pathogenic variants in the TBCE gene, encoding tubulin-specific chaperone E crucial for tubulin folding, are linked to three severe
neurodevelopmental disorders: Hypoparathyroidism-retardation-dysmorphism syndrome, Kenny-Caffey syndrome type 1, and progressive
encephalopathy with amyotrophy and optic atrophy.

Objective: We identified patients with a novel, milder TBCE-associated phenotype and aimed to characterize it at the clinical and molecular
levels.

Materials and Methods: \We conducted splicing analysis using deep next-generation sequencing of RT-PCR products and detected TBCE
through Western blotting. Translation efficiency was measured using a luciferase reporter assay. Overexpression experiments were
performed in Hela cells with tubulin staining. Immunofluorescence analysis was used for Golgi complex assessment, while microtubule
dynamics were studied post-nocodazole treatment. Electron microscopy facilitated ultrastructural studies.

Results: \We report 7 patients with a novel, milder TBCE phenotype, presenting with amyotrophy, testicular failure, and mild intellectual
disability, with or without short stature. All patients were homozygous or compound-heterozygous for the NM_003193.5:c.100 + 1G> A
variant, which causes a splicing alteration and early frameshift. However, we found that the mild phenotype arises due to translation from an
alternative open reading frame, producing a partially functional protein. Dermal fibroblasts showed reduced Golgi compactness but normal
microtubule dynamics. Electron microscopy revealed varying levels of acto-myosin degradation. The ¢.100 + 1G > A variant was found to be
10 times more frequent in Slavic samples than in gnomAD, suggesting underdiagnosis of this phenotype.

Conclusion: This study uncovers complex molecular mechanisms contributing to the milder phenotype in patients with the c.100 + 1G> A
variant, providing insights into a new TBCE-related disorder.
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Microtubules (MTs) are essential components of the cell cyto-
skeleton, formed by the polymerization of o and B-tubulin
heterodimer molecules (1). MTs play a critical role in maintain-
ing cellular shape and structure, essential for correct cell division
(2), intercellular transport (3), and many other pivotal cellular
mechanisms. The assembly and disassembly of MTs are highly
dynamic, and they can spontaneously alternate these phases in
a process referred to as dynamic instability (4).

The proteostasis of tubulin heterodimers is regulated by
a complex interplay of several MT-associated proteins,

including the cytosolic chaperonin complex CCT, the co-
chaperone complex prefoldin, the small Arl2 GTPase, and 5
tubulin-binding cofactors (TBCs): TBCA, TBCB, TBCC,
TBCD, and TBCE (5, 6). TBCB binds the near-native form
of a-tubulin after its CCT-mediated folding (7), while TBCA
binds nascent B-tubulin. Subsequently, TBCB and TBCA are
replaced by TBCE and TBCD, respectively. TBCC then drives
TBCE-a-tubulin and TBCD-B-tubulin to form a protein com-
plex consisting of a-tubulin, B-tubulin, TBCC, TBCD, and
TBCE. TBCC also activates Arl2 GTP hydrolysis in a parallel
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pathway, leading to the formation of native ap-tubulin heter-
odimers (8). Additionally, TBCE and TBCB can dissociate
af-tubulin heterodimers by sequestering a-tubulin monomers
and forming an a-tubulin-TBCE-TBCB complex, thereby
regulating MT dynamics by changing of free af-tubulin heter-
odimers concentration. Overexpression of TBCE completely
disrupts the cell MT network (9). The TBCE protein consists
of 527 amino acids and contains an N-terminal cytoskeleton-
associated protein glycine-rich (CAP-Gly) domain, which me-
diates a-tubulin specific interaction, followed by leucine-rich
repeat (LRR) domains and a C-terminal ubiquitin-like do-
main, possibly involved in o-tubulin degradation via the
proteasome.

Pathogenic variants in the TBCE gene are associated with 3
extremely rare, severe neurodevelopmental phenotypes with
autosomal recessive inheritance: hypoparathyroidism-
retardation-dysmorphism (HRD) syndrome, characterized
by extreme growth failure, congenital hypoparathyroidism,
severe intellectual disability, and facial dysmorphism;
Kenny-Caffey syndrome type 1, which partially overlaps
with HRD syndrome and includes osteosclerosis and medul-
lary stenosis as additional features (10); and a distinct pheno-
type described as progressive encephalopathy with
amyotrophy and optic atrophy (11). The first 2 phenotypes
have been almost exclusively reported in patients with
Middle Eastern ancestry, with the in-frame deletion
c.155_166del found in a homozygous state in all patients.
HRD was additionally described in a Belgian pedigree with
2 affected siblings carrying a 2 bp deletion in exon 1
(c.66_67del) and a nonsense variant in exon 12 (c.1113T >
A) in a compound heterozygous state (10). In the progressive
encephalopathy with amyotrophy and optic atrophy pheno-
type, 6 patients originating from Italy all shared the c.464T
> A missense variant in a homozygous or compound heterozy-
gous state, which was suggested to have a hypomorphic effect.

As TBCE is an essential component of the MT assembly ma-
chinery; complete absence of the protein is assumed to be le-
thal. In mice, a homozygous knockout of TBCE leads to
preweaning  lethality = with  complete  penetrance
(MGI:5588279). This observation contradicts the presence
of patients harboring 2 loss-of-function (LoF) variants in the
Belgian HRD family. However, in the work of Tian et al, it
was demonstrated that a functional TBCE protein is trans-
lated from the c.66_67del allele due to a cryptic translation
from 3 downstream out-of-frame ATG codons, thus resolving
this paradox (12).

Here we describe 7 patients with a novel, milder
TBCE-associated phenotype. All patients carry the
NM_003193.5:c.100 + 1G> A variant in a homozygous or
compound heterozygous state. Extensive phenotyping re-
vealed that amyotrophy, testicular failure, and mild intellec-
tual disability with or without short stature are the main
features of this new phenotype. Detailed molecular and cellu-
lar characterization demonstrated that although ¢.100 + 1G >
A leads to a presumed complete LoF by disrupting splicing,
cryptic translation rescues tubulin formation in these patients.
We show that the reduced translation level of the mutant
TBCE is associated with both reduced stability of the altered
N-terminus and competition for ribosome binding with the
reference ATG start codon. At the cellular level, we observed
partial overlap with previously reported TBCE phenotypes
with reduced compactness of the Golgi complex and increased
number of large electrolucent vacuoles in patient fibroblasts.

By comparing with other data, we deciphered the molecular
consequences of different TBCE-associated variants and
mapped the core region of the CAP-Gly domain that is suffi-
cient for a-tubulin binding, thus providing new insights into
the biology of TBCE functioning.

Materials and Methods

Detailed materials and methods can be found in the
Supplementary Materials and Methods file (13) and describe
the following: variant nomenclature, subjects, bioinformatic
analysis, genetic analysis, RT-PCR, targeted next generation
sequencing of RT-PCR products, luciferase reporter assay,
Western blotting, TBCE overexpression, microtubule re-
growth assay and immunofluorescence microscopy, fibroblast
motility analysis, electron microscopy, and statistical analysis.

All research participants gave written informed consent (or
responsible consent form for infant proband) to the clinical
examination and the publication of their anonymized data.
Additionally, the 3 participants whose photographs appear
in the manuscript provided responsible consent for the publi-
cation of their images.

Results

Clinical Description and Genetic Diagnosis

The study included 7 patients from 6 unrelated Slavic families
of Russian origin, consisting of 6 males and 1 female. Detailed
clinical information regarding all 7 patients can be found in
Supplementary Table S1 (13), with individual case presenta-
tions included in Supplementary File 2 (13).

One patient initially sought consultation with a clinical gen-
eticist at the age of 14 due to extremely low weight and lack of
muscle mass. The remaining patients received counseling from
an endocrinologist due to short stature, with 3 patients pre-
senting partial growth hormone (GH) deficiency (patients
3,4,5) and the others showing hypogonadism (Patients 2-1,
2-2, and 6). The mean age at initial presentation was 10.6
years, ranging from 1 month to 18.2 years.

Except for 1 patient, all patients exhibited low body weight
with reduced muscle mass, indicated by body mass index SD
score ranging from -2.17 to -6.05 (Supplementary
Table S1) (13). During clinical examination, mild facial dys-
morphic features were noted in all subjects, including large
protruding ears, micrognathia, and a triangular face.
Narrow shoulders, narrow waist, long neck, and lumbar scoli-
osis were also observed. The patients displayed amyotrophy
due to muscle wasting, which was determined not to be caused
by neurogenic changes based on electromyography results
(Fig. 1). Additionally, all patients displayed signs of mild intel-
lectual disability that was characterized by reduced adaptive
functioning, which resulted in tailored support from their
caregivers, unawareness of their physical condition, and aca-
demic struggling that required remedial education.

In pubertal-aged male patients, hormone profiling con-
firmed the diagnosis of hypergonadotropic hypogonadism, in-
dicated by increased serum levels of FSH and LH. They all
exhibited reduced testis volume, which, strikingly, did not
correspond to the advanced genital and pubic Tanner staging.
In addition, testicular microlithiasis was observed during
ultrasound examinations (Supplementary Table S1) (13). In
the only female patient, levels of gonadotropins were within
normal range and pelvic ultrasound showed normal sizes of
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Figure 1. Clinical features of patients with amyotrophy, testicular failure, and mild intellectual disability with or without short stature. (A-F) Phenotype of
patient 3 (A, D), patient 1 (B, E), and patient 5 (C, F) showing extremely reduced body weight, atrophy of the paravertebral muscles, long neck, scoliosis,
and mild facial dysmorphic features. (G, H) X-ray of patient 3 with cervicalization of thoracic vertebrae and thoracic scoliosis. () Sagittal MRI of patient 3
in T1-weighted image. White arrows indicate hypoplasia of the corpus callosum and partial empty sella syndrome. (J, K) Lower limb muscle MRI in
T1-weighted image of patient 1 with involvement of m. vastus intermedius and m. tibialis posterior indicated with white arrows. (L, M)
Electromyography of n. tibialis anterior and n. biceps brachii of patient 1 displaying signs of myopathic changes.

Abbreviation: MRI, magnetic resonance imaging.

the uterus and ovaries. But she was examined during puberty
development (Tanner stage 3-4), and she only started to have
her menstrual cycles. At the time of molecular diagnosis, none
of the patients exhibited clinical or laboratory signs (where
available) consistent with hypoparathyroidism, although
transient hypocalcemia was reported during the first month
of life in patient 3, with normal levels of calcium, phosphate,
and PTH observed later in life (Supplementary Table S1) (13).

Brain magnetic resonance imaging (MRI) was performed in
6 out of 7 patients, revealing pituitary hypoplasia in 3 cases
and hypoplasia of the corpus callosum in 2 cases. In 2 patients,
brain MRI results were considered normal. Overall, the pa-
tient cohort exhibited a distinct phenotype characterized by
amyotrophy, testicular failure, and mild intellectual disability
with or without short stature.

Whole-exome sequencing (WES) was performed on 5 pa-
tients, but no potentially causative variants were detected in
genes associated with known endocrine or neuromuscular dis-
orders. However, all 5 patients exhibited the ¢.100 + 1G> A
variant in the TBCE gene, either in a homozygous state (3 pa-
tients) or a compound heterozygous state. In patient 2-2, the
same variant was identified in a homozygous state through
Sanger sequencing after WES analysis of his younger brother.
Additionally, targeted analysis for the c.100 + 1G > A variant
was performed on patient 5 due to high phenotypic similarity
with other patients in the cohort. Once again, the c.100 + 1G
> A variant was detected in a homozygous state, confirming
that the reported phenotype can be distinguished clinically.

This variant has been reported several times in ClinVar with
conflicting interpretations of pathogenicity. The ¢.100 + 1G >
A variant is located at the highly conserved donor splice site

dinucleotide of intron 2 and is predicted to disrupt splicing
by SpliceAl with a A score of DL—1.00 and DG—0.96 and ac-
tivation of a cryptic donor site in exon 2 34 nucleotide up-
stream (Supplementary Fig. S1) (13). The variant was found
in 109 alleles in gnomAD v4.2.1 in a heterozygous state, pre-
dominantly in samples of European (non-Finnish) ancestry,
with no homozygotes reported. According to the American
College of Medical Genetics guidelines, the variant has been
classified as likely pathogenic (PVS1, PM2) (14).

Patient 6 was compound heterozygous for the ¢.100 + 1G >
A variant and the ¢.101G > T [p.(Gly34Val)] missense variant
in the TBCE gene. The missense variant was previously de-
scribed in trans position with a LoF variant in a patient with
epilepsy (15). This variant is located at a conserved amino
acid residue in the CAP-Gly domain, crucial for tubulin bind-
ing. Moreover, it changes the first nucleotide of exon 3, which
can disrupt splicing by affecting critical exonic cis-regulatory
sequences (16). SpliceAl predicted that the ¢.101G > T variant
leads to acceptor loss with a A score of 0.26 (Supplementary
Fig. S2) (13). Overall, this variant has been classified as likely
pathogenic (PM2, PP3, PM1, PM3, PPS5).

In patient 3, along with the ¢.100 + 1G > A variant, a novel
missense variant, c.512T > A [p.(Val171Glu)], was observed
at the end of the LRR1 domain. Based on the high similarity
of the patient’s phenotype to other reported cases and the pre-
dicted deleterious effect by in silico tools, this variant has also
been classified as likely pathogenic (PM2, PP3, PM3, PP4).

Biallelic variants in the TBCE gene are associated with 3
distinct phenotypes: HRD, Kenny-Caffey syndrome type 1,
and progressive encephalopathy with amyotrophy and optic
atrophy. However, the patients in our study did not exhibit
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Table 1. Comparison of the main symptoms of known and newly described TBCE-associated phenotype

Feature/phenotype  Amyotrophy, testicular ~ Progressive encephalopathy = Hypoparathyroidism-retardation-dysmorphism  Kenny—Caffey
failure, intellectual with amyotrophy and optic ~ syndrome syndrome
disability with or atrophy type 1
without short stature
Genotype c100+1G>A ¢.464T > A homozygous ¢.155_166del homozygous; c.66_67del/c.1113T  ¢.155_166del
homozygous (5/7); (%); c.464T > A >A homozygous
c100+1G>A compound heterozygous
compound (V6)
heterozygous (2/7)
Low birth weight/ —/+ - + +
length
Short stature —/+ - + +
Facial dysmorphism  + - + +
Amyotrophy + + - -
Optic atrophy - + - -
Intellectual disability  Mild Mild to severe Severe No/severe
Hypoparathyroidism  — - + +
Hypogonadism + - + -
GH deficiency —/+ n/a —/+ n/a
Recurrent infections  — - + +
Osteosclerosis - - - +
Medullary stenosis - - - +
Brain MRI Hypoplasia of the Hypoplasia of corpus Hypoplasia of the adenohypophysis, hypoplasia n/a
adenohypophysis callosum, cerebellar of corpus callosum, decreased white
(2/6), hypoplasia of atrophy, iron accumulation matter volume, delayed myelination
corpus callosum in GP and SN (in some
(2/6%) patients in the second
decade)
Opverall severity + ++ et e

Asterisks indicate missing data. All variants are named according to the recommendations of the Human Genome Variation Society. The nucleotide changes are described

based on the mRNA isoform NM_003193.5.

Abbreviations: GH, growth hormone; GP, globus pallidus; MRI, magnetic resonance imaging; n/a - not available; SN, substantia nigra.

signs of congenital hypoparathyroidism, extreme growth fail-
ure, severe intellectual disability, recurrent infections, osteo-
sclerosis, or medullary stenosis, which are characteristic
features of HRD and Kenny-Caffey syndrome type
1. Although amyotrophy was diagnosed in all our patients,
it did not originate from a neurogenic cause, as seen in pro-
gressive encephalopathy with amyotrophy and optic atrophy
syndrome, which typically presents with signs of distal motor
neuropathy resembling distal spinal muscular atrophy.
Additionally, careful monitoring of several patients revealed
no signs of disease progression, and there were no reported
changes in vision among the subjects. An exception was
Patient 6 (c.100 + 1G> A/c.101G > T), who lost ambulation
during the disease course due to severe muscular hypotonia.
Considering the overall phenotype in our patient cohort
compared to previously reported cases (Table 1) and based
on the identification of a high-confidence LoF variant, all evi-
dence strongly supports the observation of a new, milder
TBCE-associated phenotype in our patients.

RT-PCR Coupled With Targeted Next-Generation
Sequencing Reveals Loss of Function Effect

for the c.100+1G > A and ¢.101G > T Variants

Even though a predicted LoF variant was found in a homozy-
gous state in 5 out of 7 patients and in a compound

heterozygous state in the remaining 2, all demonstrated a dis-
tinct, milder phenotype compared to what was reported in the
literature. To evaluate the effect of the c.100 + 1G > A variant
on splicing and explain the phenotypic discrepancy observed
in our patients, we performed RT-PCR analysis. Total RNA
was extracted from primary dermal fibroblast cultures ob-
tained from forearm biopsy samples from patient 1, his moth-
er (a heterozygous carrier of the investigated variant), and
patient 6.

RT-PCR analysis with subsequent Sanger sequencing
showed a wild-type (WT) splicing pattern with the inclusion
of exons 1-5 in the control sample. In a trace amount, we
observed skipping of exon 3, corresponding to the
NM_001287802.2 isoform of the TBCE gene. In patient 1’s
mother, we observed 2 isoforms: a long isoform with the
WT transcript and a short abnormal isoform. Sanger sequen-
cing of the mutant isoform showed that the ¢.100 + 1G> A
variant leads to both skipping of exon 3 and activation of a
cryptic donor splice site in exon 2, confirming SpliceAl predic-
tion (Supplementary Fig. S1) (13). Overall, the splicing alter-
ation led to deletion of 119 nucleotides. At the protein level,
such a deletion is predicted to lead to a frameshift and the
formation of a premature termination codon early in the
mRNA structure (p.Thr33dellnsAla62fsTer24). In patient
1’s sample, we detected only the mutant isoform without any
residual level of WT transcript (Supplementary Fig. S1) (13).

GzZ0z Aenuer g Uo Jasn | $S829Y Jaquial A1e100S auoopul Aq 876/ 16//6E89eBp/WwaulD/0LZ L 0L/10p/alo1e-a0ueApe/wad/wod dno-olwapede//:sdiy wouy papeojumoq



The Journal of Clinical Endocrinology & Metabolism, 2024, Vol. 00, No. 0 5

BEx3 - 7286

- ‘_“

m
2

) _ i

R 46.9 Owr
: <]
Ex2 | 78717 Ex3 84010~ Ex4 = 60 CrEx2+AEX3
WT/c.100+1G>A : o e B o
o E 57 91.9
3 ; D 40 75.1 W crexz
e 2
i 9547 = 48.8
H 0 20
C100+1G>A /c.100+1G>A T2 | B3 Exd
: AEx3 - 9046
0
i
EX2 | B3 Exd - - W
c.100+1G>A/ c.101G>T '
! CrEx2+AEX3 - 352630 c QO X o I o
1
1 CrEx2+AEx3 - 173016 TBCE |- | Je— |
2656 22041 ="
Ex2 Ex3 - Ex4

BEx3-8374

Figure 2. Molecular characterization of the ¢.100 + 1G> A and ¢.101G > T variants in the TBCE gene. (A) Sashimi plot with exon-exon junction
visualization of deep sequencing of RT-PCR products in a control sample (red), a heterozygous carrier of the ¢.100 + 1G > A variant (green), patient 1
who is homozygous for the ¢.100 + 1G > A variant (brown), and patient 6, who is compound heterozygous for the ¢.700 + 1G> A and c.101G>T
variants (blue). Numbers indicate the amount of exon-exon junction reads for each isoform. (B) Quantification of different isoform ratios for various
genotypes. (C) TBCE Western blot analysis from dermal fibroblasts of a control sample (lane 1), heterozygous carriers of the ¢.100 + 1G > A variant
(lanes 2 and 4), and patients 1 and 6 (lanes 3 and 5, respectively). Glyceraldehyde-3-phosphate dehydrogenase was used for protein normalization.

Abbreviations: CH, compound-heterozygous (patient 6); Het, heterozygous carrier of the ¢.100 + 1G> A variant; Hom, homozygous (c.100 + 1G > A) (patient 1); WT, wild-type.

The same splicing pattern was detected in a myoblast culture
obtained from a muscle biopsy sample of patient 1
(Supplementary Fig. S3) (13). In patient 6’s cDNA sample,
we observed, along with the short isoform that corresponded
to the 119 bp deletion, a longer isoform and partial expres-
sion of the WT transcript, confirming the partial splicing
change caused by the ¢.101G > T variant (Supplementary
Fig. S2) (13).

To quantitatively analyze different isoform ratios in pa-
tients with the ¢.100 + 1G> A and ¢.101G > T variants, we
performed targeted next-generation sequencing (NGS) of
RT-PCR products.

In the control sample, we observed 4.3 % skipping of exon 3
with 95.7% normal splicing (Fig. 2A and 2B). In the sample
from patient 1°s mother (Fig. 2B), 46.9% of all exon-junction
reads corresponded to exon 3 skipping and activation of a
cryptic exon 2, as observed on RT-PCR. Additionally, trace
amounts of skipping of exon 3 and isolated activation of the
cryptic donor site in exon 2 were observed (2.5% and 1.8%,
respectively) (Fig. 2A and 2B).

In patient 1 (Fig. 2B), 91.9% of all exon-junction reads cor-
responded to the abnormal isoform previously found on
RT-PCR, and in 8.1%, activation of the cryptic donor site
with inclusion of exon 3 was observed (Fig. 2A and 2B). In pa-
tient 6 (CH, Fig. 2B), the majority of transcripts (94.3%) cor-
responded to the splicing alteration caused by the ¢.100 + 1G
> A variant. An isoform with isolated exon 3 skipping caused
by the ¢.101G > T variant was found in only 3.6 % suggesting
that this isoform is degraded by the nonsense-mediated decay
(NMD) machinery. This is further confirmed by the allelic ra-
tio of the ¢.101G > T variant in exon 3, which significantly
skewed toward the G allele (Supplementary Fig. S4) (13).
Overall, the WT splicing pattern was observed in patient 6
in only 2.1% of exon-junction reads (Fig. 2A and B) explain-
ing his more severe clinical phenotype.

Given the fact that we observed a 50:50 ratio between the
WT and the abnormal isoform in a heterozygous carrier of
the ¢.100 + 1G > A variant and since no inhibition of NMD
was performed, we conclude that the mutant isoform caused

by the ¢.100 + 1G > A variant is translated into a short pro-
tein lacking all TBCE domains and therefore could not be
functional.

Cryptic Translation Restores the Reading Frame and
Produces a Shortened Mutant TBCE Protein

No patients with complete absence of TBCE are reported in
the literature. Moreover, according to Mouse Genome
Informatics (MGI), a TBCE homozygous knockout is associ-
ated with a preweaning lethality phenotype with complete
penetrance (MGI:5588279). Since RT-PCR coupled with
deep NGS sequencing of cDNA results contradicted the obser-
vation of a relatively mild clinical phenotype in our patients,
we hypothesized that the explanation may be related to the
translation process of the mutant TBCE protein.

Previously, it was shown that the first coding exon of TBCE
contains 3 additional ATG codons in the +1 frame, and trans-
lation can be initiated from any of them. This cryptic transla-
tion was demonstrated to rescue tubulin formation, leading to
a functional TBCE protein in an HRD patient with a 2 bp de-
letion in exon 2 (c.66_67del) (12). To explore the possibility
of a similar mechanism in our patients, we performed bio-
informatic analysis of possible cryptic translation in the mu-
tant TBCE mRNA isoform observed by RT-PCR analysis in
patient 1.

Analysis using both ATGpr_sim and ORFfinder predicted
translation from the +1 frame starting from the first down-
stream ATG codon, resulting in a 480 amino acid long protein
(compared to 527 in WT). In the +1 frame, the first 2 codons
encode the same amino acids as in the WT protein, followed
by 13 different amino acids. The cryptic translation starts
from a frame shifted by 1 nucleotide compared to WT. The
119-nucleotide deletion of exon 3 and part of exon 2 also
shifts the reading frame by one nucleotide, resulting in identi-
cal sequences starting from exon 4 in both WT and mutant
TBCE. Overall, bioinformatic analysis predicted the forma-
tion of a slightly shorter TBCE protein with a different
N-terminus and partial deletion of the CAP-Gly domain,
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Figure 3. Ribosomal competition and reduced protein stability due to altered N-end affect translation efficiency from out-of-frame ATG codons in the
TBCE gene. (A) Structure of the first coding exon of the TBCE gene (exon 2) with all 3 reading frames located below. Start codons are indicated by a
green square. Cryptic translation initiates from the +1 ORF. (B) Quantification of translation efficiency using a luciferase assay. Upper panel: Translation
efficiency of +1 ORF compared with the main ORF under wild-type conditions. Translation efficiency from the +2 ORF indicates translational
background. Middle panel: the effect of the main ORF ATG codon on the translation efficiency of +1 ORF (details in text). Lower panel: the effect of the
altered N-end on the translation efficiency of the +1 ORF (middle part) and the influence of both the main ORF and altered N-end on +1 ORF translation
efficiency (lower part, details in text). In all cases, mean relative luciferase activity was measured from at least 3 biological replicates. Error bars indicate
+ SE of the mean. (C) Schematic representation of the influence of the TBCE-altered N-end on luciferase activity. Removal of the altered N-end by

P2A-mediated “cleavage” leads to an increase in luciferase activity.

Abbreviation: ORF, open reading frame.

with only the last 10 amino acids present in the mutant protein
(Supplementary Fig. S1) (13).

Western blot analysis performed on patient 1 fibroblast ly-
sates confirmed the translation of a small amount of a shorter
TBCE protein (Fig. 2C, lane 3). In patient 6 samples, in agree-
ment with the RT-PCR results, a shortened TBCE isoform was
observed along with residual levels of full-length TBCE
(Fig. 2C, lane 3).

Quantification of Translation Efficiency

To analyze the translation initiation potential of different TBCE
open reading frames, we performed a luciferase assay. We cloned
a segment of TBCE exon 2 corresponding to the shortened iso-
form resulting from the splicing change due to the ¢.100 + 1G >
A variant. We created 3 separate luciferase constructs with this
exon fused with Renilla luciferase open reading frame in 1 of
the 3 possible frames (Fig. 3A). The main ORF that normally
produces the TBCE protein, starts with a single ATG codon in
a Kozak sequence with moderate strength. The +1 ORF that
contains 3 downstream ATG codons that can produce a trun-
cated TBCE protein from an aberrant isoform caused by the
¢.100 + 1G > A variant. + 2 ORF does not contain any ATG co-
dons and is unlikely to be translated. We used the +2 frame as a
background control for the luciferase assay.

We transfected these 3 luciferase plasmids into the
HEK293T cell line and measured their relative luciferase ac-
tivities 48 hours after transfection. We observed that the
translation efficiency of the +1 ORF is only ~4% of the trans-
lation level of the main ORF (adjusted P-value < .0001), while
the translation background (+2 ORF) is less than 1% (ad-
justed P-value <.0001) (Fig. 3B). Thus, we concluded that
translation of the truncated TBCE protein from the aberrant
mRNA isoform is present but at a very low level. This finding
is consistent with the Western blot analysis of patient fibro-
blasts and with previously published data (12).

Despite the fact that the +1 ORF contains 3 ATG codons, 2
of which are in a more optimal Kozak context than the refer-
ence start codon, it produces a significantly lower amount of
protein compared to the reference. There are 2 possible rea-
sons for this. First, it may be related to reduced protein stabil-
ity due to an altered N-terminus. Such a mechanism was
previously described by Tian et al in their study of the
TBCE frameshift variant c.66_67del (12). Second, translation
initiation at the reference ATG codon can lead to competition
for binding to the ribosome, resulting in decreased translation
initiation efficiency at downstream alternative ATG codons.
Thus, the main TBCE OREF, being out-of-frame, overlaps
with the alternative ORF and can thereby prevent its
translation.

To further assess the contribution of these phenomena to
the low protein expression from the +1 ORF, we created add-
itional luciferase constructs. To investigate the influence of the
reference ORF translation on the translation of the +1 ORF,
we replaced the main ATG start codon with TTG in plasmids
that translate luciferase from frame +1 (main) and +2 (which
produces a truncated TBCE protein). This mutation prevents
translation of the main ORF. We performed luciferase experi-
ments with these new plasmids. As expected, translation of the
main ORF decreased dramatically after its ATG was removed
(adjusted P-value <.0001), while the translation level of the
+10ORF did not statistically significantly change expression,
although there was a tendency towards a slight increase com-
pared to the original plasmid (Fig. 3B).

To assess the contribution of protein instability (due to an
altered N-terminus) to the reduced protein expression from
the +1 ORF, we introduced a P2 A peptide before the luciferase
coding sequence (CDS) into the corresponding plasmids. P2A
is a “self-cleaving” peptide that causes the separation of the
N-terminus from the luciferase protein during translation,
thereby negating the contribution of protein stability to luci-
ferase activity. Using the luciferase assay, we showed that, in
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the absence of the N-terminus contribution, the translation
level of the +1 ORF increased up to ~16% compared to WT
plasmid (Fig. 3B).

Simultaneous removal of the reference start codon and
introduction of the P2A peptide in the +1 ORF led to an in-
crease in luciferase activity up to 69% of normal level (ad-
justed P-value=.0042), confirming the role of both
described mechanisms. In summary, we concluded that both
the presence of the reference ORF translation and the instabil-
ity of the N-terminus reduce protein expression from TBCE
+1 ORF (Fig. 3C).

Overexpression of Mutant TBCE Protein Leads co
Complete Microtubule Dissociation

Several studies have demonstrated that overexpression of a
functional TBCE protein is associated with complete dissoci-
ation of the entire MT network within the cell (9, 17). Since
Western blot experiments revealed the presence of low
amounts of a shortened TBCE protein in the fibroblast culture
of patient 1, who is homozygous for the ¢.100 + 1G > A vari-
ant, we decided to perform an overexpression experiment
with GFP-tagged TBCE to explore whether the mutant
TBCE protein remains functional.

To do this, the CDS of both WT and mutant TBCE were
amplified from control and patient cDNA, respectively, and
cloned into the pcDNA3.1 expression vector. Consistent
with previous results, overexpression of WT GFP-tagged
TBCE showed complete disruption of MT in HeLa cells
(Fig. 4). Similar results were observed with the mutant
TBCE, indicating that the mutant protein retains functionality
(Fig. 4). In contrast, TBCE CDS lacking exon 3 did not affect
the cell MT network, indicating that this TBCE isoform lacks
functional activity (Fig. 4). Surprisingly, overexpression of
TBCE CDS where we introduced the previously reported in-
frame deletion ¢.155_166del found in homozygous state in
HRD patients showed complete disruption of MT network
in HeLa cells (Fig. 4). Presumably, this variant does not affect
TBCE function rather than affect TBCE stability.

To ensure that the observed effect of different TBCE
protein isoforms on microtubule dissociation was not af-
fected by the attachment of GFP to the N-end, the same
overexpression experiments were repeated with a FLAG-
tag on the protein’s C-end. We observed identical results,
ruling out the possible bias introduced by the fused protein
(Supplementary Fig. S5) (13).

TBCE ¢.100 + 1G > A Homozygous Variant Does Not
Affect Microtubules Architecture, Growth Rate, or
Nucleation Frequency in Fibroblasts

The previously reported effects of TBCE homozygous and
compound heterozygous pathogenic variants included the
loss of microtubule network polarity and a qualitative delay
in the process of microtubule regrowth after their disruption
(10, 11). However, immunofluorescent staining of a-tubulin
in fibroblasts from patient 1 did not reveal any morphological
differences in the architecture of the microtubule system com-
pared to control fibroblasts (Fig. 5A). Subsequently, we per-
formed microtubule repolymerization experiments followed
by careful quantitative and statistical analysis to evaluate pos-
sible changes in microtubule growth dynamics.

Based on previous data, microtubule regrowth delay was
expected in patient cells. Surprisingly, the microtubule

repolymerization assay did not reveal any statistically signifi-
cant differences in microtubule nucleation frequency or their
growth rate between patient 1 and control fibroblasts
(Fig. SA). Both control and patient fibroblasts exhibited abun-
dant microtubule nucleation in the cytoplasm (Fig. 5B and 5C)
and at the centrosome (Supplementary Fig. S7) (13) as early as
1.5 minutes after microtubule-disrupting agent washout, with
subsequent microtubule growth observed at 2.5 minutes.

For quantitative analysis of microtubule nucleation fre-
quency and their growth rate, we estimated the total number
and length of free cytoplasmic microtubules, as well as the
area of centrosomal microtubule asters. Statistical analysis
of the length distribution of short cytoplasmic microtubules
at the 1.5-minute stage of microtubule recovery showed no
significant differences between patient and control fibroblasts
(1631 and 1768 microtubules measured from 10 control and
10 patient cells, respectively) (Fig. 5B). This indicates the same
growth rate of microtubules nucleated in the cytoplasm of
both patient 1 and control fibroblasts. The number of cyto-
plasmic microtubules that appeared 1.5 minutes after nocoda-
zole washout (equal to the number of cytoplasmic nucleation
sites) also did not differ between control and patient fibro-
blasts (Fig. SC). Similarly, the measured area of centrosomal
microtubule asters did not demonstrate statistically
significant differences between patient 1 and control samples
(Supplementary Fig. S7) (13), which was expected given that
the disruption of centrosome functional activity leads to mi-
tosis defects and the inability to develop viable organisms
from such cells.

Altogether, our results indicate that the dynamics of micro-
tubule polymerization and the architecture of microtubules
are not significantly affected in the fibroblasts of patient
1. This suggests that the homozygous ¢.100 + 1G > A variant
does not lead to the loss of TBCE function as an a-tubulin
chaperone in agreement with the overexpression data.

Golgi Compactness Suffers in Both Homozygous
and Heterozygous Carriers of the c.100+1G > A
Variant

The compactness of the Golgi apparatus directly depends on
microtubule-based transport and the overall architecture of
the microtubule system. Since Golgi fragmentation due to
homozygous pathogenic variants in the TBCE gene has been
previously demonstrated (11, 18), we decided to evaluate
the effect of the ¢.100+ 1G> A TBCE variant on Golgi
morphology.

The Golgi ribbon is a complex organelle consisting of sev-
eral compartments, each containing specific protein markers
on its surfaces. For a precise description of Golgi morphology,
we used immunofluorescent staining with antibodies against 2
different proteins localized on the cis-Golgi membranes,
GM130 and AKAP450, considering an object to be Golgi
when both markers were detected. Golgi compactness was es-
timated as the ratio of the sum of the areas of all Golgi ele-
ments of the cell to the square of the sum of their perimeters
multiplied by 4= (19).

Although we did not find significant differences in the archi-
tecture of microtubules and their growth rate in cells with the
c.100 + 1G> A TBCE variant (as described earlier), we ob-
served a significant loss of Golgi compactness in patient 1’s fi-
broblasts compared to control cells (Supplementary Fig. S6)
(13), consistent with previously reported data (10, 11).
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Figure 4. Mutant TBCE protein translated from the ¢.100 + 1G > A allele retains microtubule depolymerization activity in vivo. Confocal microscopy
images of Hel a cells overexpressing N-end fused GFP-wild-type TBCE, mutant protein translated from the c.100 + 1G > A allele (A119), TBCE lacking
exon 3 (AEx3), and mutant TBCE described in hypoparathyroidism-retardation-dysmorphism patients with the ¢.155_166del variant in a homozygous
state. a-Tubulin (red, left column) and the overexpressed GFP-fused TBCE proteins (green, third column) are shown. Nuclei (blue, second column) are
stained with 4’,6-diamidino-2-phenylindole. The right column shows merged images. White arrows indicate TBCE-overexpressing cells.
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Figure 5. Mutant TBCE protein translated from the ¢.100 + 1G > A allele does not affect microtubule architecture, growth rate, or nucleation frequency.
(A) Immunofluorescence analysis of microtubule repolymerization in control (upper panel) and patient 1 (lower panel) fibroblasts labeled for a-Tubulin
after nocodazole treatment at different time points. (B) Comparison of microtubule length in control and patient 1 fibroblasts labeled for a-Tubulin at the
1.5-minute stage. (C) Comparison of microtubule number per cell in control and patient 1 fibroblasts labeled for a-Tubulin at the 1.5-minute stage.

Abbreviation: n.s., P> .05 by Mann-Whitney U test.
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Figure 6. Ultrastructural analysis of skin fibroblast and striated muscles in a patient with the homozygous ¢.100 + 1G > A variant in the TBCE gene.
Example of electron microscopy of control fibroblasts (A) and muscle samples (B) with normal ultrastructural organization. Patient 1 fibroblast (D) shows
an increased amount of electrolucent vacuoles. (C, E, F) Electron microscopy of patient 1 muscle samples showing varying levels of actomyosin

cytoskeleton degradation (details in text).

Moreover, Golgi compactness in the fibroblasts of the pa-
tient’s mother was also significantly lower than in control
cells, despite her being heterozygous for the ¢.100 + 1G> A
TBCE variant. The value of this parameter did not significant-
ly differ between the patient’s and his mother’s fibroblasts
(Supplementary Fig. S6) (13). This suggests potential defects
in intracellular transport along microtubules in cells where
the ¢.100 + 1G> A TBCE variant is present, even in a hetero-
zygous state.

Homozygous TBCE ¢.100 + 1G > A Variant Does Not
Reduce Fibroblast Motility

Microtubule dynamics and transport along microtubules
could determine not only Golgi morphology but also import-
ant processes such as cell motility. Our data, on one hand, in-
dicate that the studied TBCE variant does not affect the
architecture and dynamics of microtubules in the patient’s
cells (Fig. 5A-5C). However, the observed differences in
Golgi morphology may suggest changes in transport along mi-
crotubules (Supplementary Fig. S6) (13), which could poten-
tially impact cell motility. Therefore, we decided to study
the parameters of locomotion in cultured primary fibroblasts
from the patient and his mother and compare them with con-
trol cells.

We continuously recorded the movement of fibroblasts
along the substrate in a sparse monolayer for 16 hours and
subsequently analyzed their movement parameters. It was
found that the average speed of movement of the mother’s
cells (heterozygous for the ¢.100 + 1G > A variant) was slight-
ly higher than that of the patient cells (homozygous for the
¢.100 + 1G > A variant) (Supplementary Files 4 and 5) (13).
However, no significant differences were observed between
control and patient cells (Supplementary Files 3 and 5) (13)
or between control and mother cells (Supplementary Files 3
and 4, Supplementary Fig. S11) (13). Thus, we can conclude
that the ¢.100 + 1G> A variant does not significantly affect

cell motility, and any observed differences may be attributable
to individual variability.

Homozygous ¢.100 + 1G > A Variant Leads to Severe
Mosaic Disorders in Ultrastructure of Striated
Muscles

Next, we compared control cells and patients’ cells at the ul-
trastructural level. We analyzed the ultrastructure of control
and patient 1 fibroblasts using a transmission electron micro-
scope. Given that the patient’s phenotype includes pro-
nounced muscular dystrophy, we also analyzed and
compared ultrathin sections of his striated muscles with con-
trol samples.

As expected, the comparison of fibroblast ultrastructure did
not reveal significant differences between patient and control
cells: the general morphology of nuclei and various cytoplas-
mic organelles was largely similar (Fig. 6A and 6D).
However, in patient 1’s cells, we observed an increased num-
ber of large electrolucent vacuoles, similar to those observed
in the ultrastructural images of HRD patients (10).

A completely different situation was found in skeletal
muscle tissue. Ultrathin sections of patient 1’s striated muscle
fibers showed striking sarcomere heterogeneity. About a third
of the sarcomeres were indistinguishable from the control, ex-
hibiting the ultrastructure of the actomyosin system character-
istic of healthy muscle fibers. In contrast, the remaining
sarcomeres demonstrated significant and alarming degrad-
ation of the actomyosin cytoskeleton, up to complete destruc-
tion (Fig. 6C, 6E-6F). Sarcomeres with such ultrastructural
abnormalities have obviously lost their functional activity.
Thus, in the skeletal muscles of a patient homozygous for
the ¢.100 + 1G > A variant, a pronounced mosaic pattern is
observed, with most muscle fibers in the striated muscles at
various stages of degradation at any given time. The presence
of normal or near-normal muscle fibers suggests an ongoing
regeneration process.
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Alongside the distorted myofibers, abnormally structured
nuclei were observed. These nuclei are characterized by the al-
most complete detachment of heterochromatin from the nu-
clear envelope (Supplementary Fig. S8) (13). The sparse
remaining connections are maintained by irregularly spaced,
barely visible thin chromatin threads linking heterochromatin
to the inner nuclear membrane. The rest of the nucleoplasm is
electron-lucent and filled with even finer fibers of unidentified
origin. Some heterochromatin blocks are located in the central
part of the nucleus and in association with the nucleolus.
Nuclear pore complexes are evenly spaced in the nuclear
envelope.

In the nuclei of healthy muscle cells, the heterochromatin
maintains a very tight attachment to the inner nuclear mem-
brane, except in the zones occupied by nuclear pore com-
plexes. Chromatin threads fill the nucleoplasm. Some
blebbing of the outer nuclear membrane was observed in
both patient and control biopsies.

Discussion

Even with the introduction of comprehensive NGS-based
diagnostics such as gene panels WES and whole-genome se-
quencing into routine clinical practice, the utility of DNA
diagnostics overall remains low (20, 21). One reason is the dif-
ficulty in interpreting noncoding variants without supporting
functional data. Additionally, causative variants might be fil-
tered out due to low phenotypic similarity with previously
published cases. Patient 1 underwent a diagnostic odyssey, in-
volving counseling with several clinical geneticists, more than
a dozen different genetic tests, and multiple reanalyses of WES
data before the discovery of the ¢.100 + 1G > A variant in the
TBCE gene. This variant, despite being a LoF variant in a
homozygous state, was not reported multiple times for this
very reason. Moreover, the ¢.100+1G>A variant in
ClinVar is reported as having conflicting classifications of
pathogenicity (Accession: VCV000631595.20) due to a lack
of functional confirmation and association with a known
TBCE-related phenotype. This variant was even reported in
a homozygous state in a large cohort of patients with disorders
of sex development (22). Analyzing the available clinical data,
we observed similarities with our patient, including short stat-
ure, testicular abnormalities, impaired spermatogenesis, dys-
morphic features, and cognitive impairment. However, the
authors did not discuss the striking differences between their
patient and reported TBCE phenotypes. According to
gnomAD v4.1.0, the ¢.100 + 1G> A variant in the TBCE
gene was found in a heterozygous state 109 times, mostly in
people of European ancestry with an allele frequency of
~0.001%. However, in a similar population database of con-
trols from Russia, this variant has a 10-fold higher frequency,
making it a common pathogenic variant. Most likely addition-
al cases of this clinically recognizable phenotype remain un-
diagnosed due to lack of phenotypic overlap with known
TBCE-related disorders. It is possible that similar cases in-
volving other genes remain undiagnosed due to strict priori-
tization based on reported phenotypic data.

Here, using detailed clinical phenotyping and a variety of
molecular methods, we decipher the molecular mechanism
underlying this unique phenotype in a large clinically homoge-
neous cohort. Although the ¢.100 + 1G > A variant indeed af-
fects splicing, leading to a presumably complete LoF of the
TBCE protein, we observed a relatively mild phenotype

compared with what was previously published. We show
that the underlying mechanism is related to cryptic translation
from downstream out-of-frame ATG codons. This, in turn, re-
stores the reading frame starting from exon 4 of the TBCE
gene, producing a low amount of an N-end altered yet func-
tional protein. Examples where a canonical splice variant
does not lead to a LoF effect are known (23). However, here
on the RNA level, the ¢.100 + 1G > A variant indeed leads
to a LoF effect. Classification of this variant without addition-
al experiments on the protein level would lead to a false clas-
sification of the variant as truly LoF, thus leading to
inconsistent phenotype-genotype correlation. We demon-
strate here that such cases require elusive molecular investiga-
tion, which is both difficult and time-consuming, in order to
eliminate the discrepancy between the observed clinical
phenotype and the genetic alteration. Interestingly, the
RT-PCR analysis of the ¢.100 + 1G > A variant demonstrated
along with an activation of a cryptic donor splice-site in exon
2 skipping of exon 3. To the best of our knowledge, such ex-
amples are extremely rare if not unique given that the donor
site of exon 2 and exon 3 are located more than 20 kb apart.
Presumably, the 3’ end of exon 2 contains a splicing enhancer
positively regulating exon 3 inclusion and loss of the enhancer
due to shortening of exon 2 leads to complete skipping that is
observed in patients’ samples.

TBCE is an essential protein, and its complete absence is
presumably embryonically lethal; as in all reported
TBCE-related phenotypes, a residual amount of the protein
was detected. All 3 downstream out-of-frame ATG codons
are evolutionarily conserved across mammals and presumably
also have similar translation potential as in humans. Such
out-of-frame translation, as demonstrated here, may serve as
a regulatory buffer that helps bypass early frameshifting var-
iants and rescues the production of essential proteins that
would otherwise be nonfunctional. Translation initiation at
downstream in-frame ATG and non-ATG codons is a known
phenomenon (24, 25) that can influence both disease severity
and penetrance (26, 27). Taking this into consideration, the
ClinGen Sequence Variant Interpretation Workgroup even
recommends reducing the strength of the PVS1 criteria for
start-loss variants (28). However, the extent to which
out-of-frame translation can affect disease variability and
penetrance genome-wide is unknown.

The patient cohort reported here is very homogeneous both
clinically and genetically. Five out of 7 patients are homozy-
gous for the ¢.100 + 1G > A variant and display a remarkably
similar phenotype (Fig. 1A-1F). The only patient in the cohort
with a relatively more severe phenotype is patient 6, who is
compound heterozygous, carrying the ¢.101G > T missense
variant on the other allele. We demonstrated that this variant
partially affects splicing, leading to skipping of exon 3. This,
in turn, causes a frameshift where no alternative translation
occurs, and NMD is activated. Deep sequencing revealed
that in patient 6, only 2.1% of reads correspond to the full-
length isoform with a missense variant located in the
CAP-Gly domain. Overall, the even more pronounced reduc-
tion in TBCE level in patient 6, as shown by Western blot, is
responsible for his more severe clinical outcome.
Interestingly, patient 3, who is also compound heterozygous
(c.100 + 1G> A/c.512T > A), showed great similarity to other
patients (Fig. 1A and 1D). This missense variant is located in
the LRR1 repeat of the TBCE protein, where the p.Ile155Asn
variant was previously described in the progressive
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encephalopathy with amyotrophy and optic atrophy pheno-
type (11). In the original paper, the authors concluded that
this variant is hypomorphic, which explains the less severe
phenotype in their cohort. Although we did not analyze the ef-
fect of the ¢.512T > A variant due to the lack of patient-
derived samples, we believe that the effect of this variant on
protein function is even less marked, leading to our novel
mild phenotype.

Overexpression analysis proved that the mutant TBCE pro-
tein translated from the mutant allele in our patients is able to
disassemble the MT network and is therefore functional.
Unexpectedly, when testing the in-frame deletion reported
in patients with HRD, we also observed that the
mutant protein completely disrupted the MT network.
These results suggest that the c.155_166del deletion manifests
in an alternative manner rather than affecting TBCE function,
possibly by decreasing TBCE stability. In the only clinical re-
port providing Western blot data from an HRD patient, the
amount of TBCE was negligible, confirming this hypothesis
(29).

The initial report demonstrating the possibility of cryptic
out-of-frame translation in the TBCE gene showed that, simi-
larly, the mutant TBCE protein translated from the
c.66_67del allele is functional. Although this protein also
has an altered N-end, which is most likely responsible for in-
creased sensitivity to proteolysis and consequently low protein
stability, the CAP-Gly domain is completely preserved. In con-
trast, the mutant protein translated from the ¢.100 + 1G> A
allele contains only the last 10 amino acids of the CAP-Gly do-
main, yet it remains functional. In the work by Serna et al, sev-
eral deletion constructs were analyzed to narrow down the
functional core region of the TBCE protein (17). Similar over-
expression analysis demonstrated that, in a TBCE protein
completely lacking the CAP-Gly domain, the microtubule de-
polymerization activity is abolished. The CAP-Gly deletion
construct had an 83-amino-acid deletion starting from the
first residue at the N-end of the protein. Such a protein not
only lacks the CAP-Gly domain, which is mapped to residues
27-71, but also the entire N-end of the protein, potentially
preventing proper folding into its native 3-dimensional
conformation. This suggests that it is not the absence of
the CAP-Gly domain that disrupts TBCE function.
Alternatively, it is possible that the last 10 amino acids present
in the mutant protein of our patients are sufficient to drive
tubulin interaction or that the CAP-Gly domain is redundant
in terms of MT disassembly and is not essential for the associ-
ation of the TBCD-TBCE-TBCC-op-tubulin complex and
hence for the formation of ap-tubulin heterodimers. This as-
sumption does not contradict previously published structural
data on the core tubulin chaperone consisting of tubulin co-
factors TBCD, TBCE, and Arl2, where deletion of the
CAP-Gly domain did not affect the assembly of soluble
TBC-DEG complexes (6).

In a previous study on the effect of TBCE LoF variants in
motor neurons leading to Golgi fragmentation, the authors
concluded that Golgi vesiculation in TBCE-depleted cells
was due to a reduction in nucleation and growth of
Golgi-derived microtubules (18). However, our data did not
reveal any deviations in noncentrosomal microtubule nucle-
ation and growth dynamics in patient 1’s fibroblasts with
the homozygous ¢.100 + 1G > A TBCE variant, although we
did detect a loss of Golgi compactness in his cells. The reason
for these changes needs further clarification.

Comparison of our patients to those with HRD/
Kenny-Caffey syndrome type 1 and the progressive encephal-
opathy with amyotrophy and optic atrophy phenotype clearly
shows that the novel phenotype is less severe (Table 1). At the
molecular level, the severe phenotype of HRD/Kenny-Caffey
syndrome type 1 is most likely related to the pronounced re-
duction in TBCE protein. In the progressive encephalopathy
with amyotrophy and optic atrophy phenotype, the protein
level was not reduced, but its function was altered, as demon-
strated by the reduced repolymerization of microtubules in
such patients. In contrast, our findings clearly show a less pro-
nounced reduction in TBCE levels, as evidenced by Western
blot. Moreover, the protein remains functional, as shown by
both normal repolymerization rates and overexpression ex-
periments, thus explaining the relatively mild phenotype of
our patients.

When quantifying the translation efficiency of the
out-of-frame ATG codons for the first time using the luciferase
assay, we observed that the translation efficiency is only 4%
compared with the reference ATG. This partially contradicts
the Western blot results from patient 1 fibroblasts, where we
found a reduced level of a shortened protein but to a lesser de-
gree. The extremely low translation efficiency observed in the
luciferase assay may be biased by both the artificial reduction
of the genomic background introduced into the plasmid,
which may lack important regulatory sequences, and by cell-
line specific effects observed in HEK293T cells. Future re-
search quantifying translation efficiency in different cell lines
may resolve this inconsistency. The presence of a
tissue-specific effect on TBCE abundance is confirmed by the
Western blot data from the muscle sample of patient 1, where
we observed a lower TBCE level compared with skin fibro-
blasts (Supplementary Fig. S3) (13). This correlates with the
observation of more severe involvement in skeletal muscles
in our patients.

The experiments conducted in this study primarily address
the effect of the ¢.100 + 1G > A variant at the molecular and
cellular levels. Although we showed that the splice variant re-
sults in disruption of mRNA and protein structure, it seems
that the main molecular effect is a decrease in TBCE expres-
sion. However, how these alterations ultimately lead to the
observed phenotype at the pathophysiological level remains
unclear. We hypothesize that the primary mechanism involves
microtubule-related organelle dysfunction, particularly with-
in the Golgi complex, ultimately leading to apoptosis.
Nevertheless, given that TBCE is ubiquitously expressed
across most tissues, why the TBCE dysfunction caused by
the ¢.100 + 1G > A variant predominantly affects endocrine
organs and muscle tissue remains a subject for future research.

Overall, detailed clinical and molecular phenotyping re-
vealed a novel mild TBCE-related phenotype in a patient co-
hort of Slavic origin, all sharing the c.100 + 1G > A variant
in a homozygous or compound heterozygous state. This vari-
ant leads to splicing alteration and an early frameshift.
However, we demonstrated that cryptic translation from
out-of-frame ATG codons restores the reading frame and res-
cues the production of a shortened, N-end-altered TBCE pro-
tein that remains functional. The mutant protein is translated
at a reduced level due to both competition with the reference
ATG codon by the ribosome and reduced stability of the pro-
tein owing to its modified N-end. Nevertheless, even the re-
duced amount is sufficient to lead to a unique phenotype
that we named amyotrophy, testicular failure, and mild
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intellectual disability with or without short stature based on
its main clinical features. Our work uncovers insight on a
unique mechanism of phenotypic rescue of an early frame-
shifting variant that can serve as a blueprint for similar
work in other genes, offering explanations for the molecular

mechanisms of varying expressivity and incomplete
penetrance.
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