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Bi-allelic variants in CEP295 cause Seckel-like syndrome
presenting with primary microcephaly, developmental delay,
intellectual disability, short stature, craniofacial and digital
abnormalities
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Summary

Background Pathogenic variants in the centrosome protein (CEP) family have been implicated in primary micro-
cephaly, Seckel syndrome, and classical ciliopathies. However, most CEP genes remain unlinked to specific Men-
delian genetic diseases in humans. We sought to explore the roles of CEP295 in human pathology.

Methods Whole-exome sequencing was performed to screen for pathogenic variants in patients with severe micro-
cephaly. Patient-derived fibroblasts and CEP295-depleted U20S and RPE1 cells were used to clarify the underlying
pathomechanisms, including centriole/centrosome development, cell cycle and proliferation changes, and
ciliogenesis. Complementary experiments using CEP295 mRNA were performed to determine the pathogenicity
of the identified missense variant.

Findings Here, we report bi-allelic variants of CEP293 in four children from two unrelated families, characterized by
severe primary microcephaly, short stature, developmental delay, intellectual disability, facial deformities, and
abnormalities of fingers and toes, suggesting a Seckel-like syndrome. Mechanistically, depletion of CEP295
resulted in a decrease in the numbers of centrioles and centrosomes and triggered p53-dependent G; cell cycle
arrest. Moreover, loss of CEP295 causes extensive primary ciliary defects in both patient-derived fibroblasts and
RPE1 cells. The results from complementary experiments revealed that the wild-type CEP295, but not the mutant
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protein, can correct the developmental defects of the centrosome/centriole and cilia in the patient-derived skin

fibroblasts.

Interpretation This study reports CEP295 as a causative gene of the syndromic microcephaly phenotype in humans.
Our study also demonstrates that defects in CEP295 result in primary ciliary defects.

Funding A full list of funding bodies that contributed to this study can be found under “Acknowledgments.”

Copyright © 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before this study

The members of the centrosome protein (CEP) family are
active components of the centrosome and therefore play an
important role in centriole biogenesis, centrosome assembly,
and ciliary biogenesis. Bi-allelic variants of several members of
the CEP family have been linked to primary microcephaly (i.e.,
autosomal recessive primary microcephaly and Seckel
syndrome with or without primary microcephaly) and
ciliopathies (i.e., Meckel syndrome).

Added value of this study
We revealed CEP295 as the causative gene related to recessive
Seckel-like syndrome. In addition to the confirmation of the

Introduction

The centrosome, the primary microtubule-organizing
center (MTOC) in eukaryotic cells, is composed of a
pair of centrioles (termed mother- and daughter-
centrioles) that are surrounded by an electron-dense
matrix known as pericentriolar material (PCM). In
proliferating cells, the formation of centrioles/centro-
somes is strictly regulated by the cell cycle, where the
centrioles undergo semi-conservative duplication to
ensure cell entry in mitosis, involving two functional
centrosomes and a bipolar spindle that arranges chro-
mosomes on the metaphase plate."? Moreover, the
centrosome has a major function in primary cilio-
genesis. In non-proliferating cells, the mother centriole
migrates to the cell surface to form a basal body, which
serves as the template for the formation of cilia.’
Therefore, structural and/or functional defects in cen-
trosomes/centrioles are closely associated with
abnormal cell division and cell cycle progression, chro-
mosomal aneuploidy, and ciliary dysfunction.’

The centrosome protein (CEP) family is the active
component of the centrosome and is essential for
centriole biogenesis. Though hundreds of candidate
genes that may encode centrosome-related proteins have
been included in the centrosome database (cen-
trosomeDB),* as well as in the Cell Atlas (https://www.

centriole and centrosome development defects caused by the
CEP295 mutation in patient-derived fibroblasts, we also
showed that ciliary development defects play an important
role in the pathogenesis.

Implications of all the available evidence

This study increases our knowledge of the effects of
dysfunction of CEPs on human diseases. These findings
indicate that CEP295 variants can lead to the microcephaly
phenotype by blocking both centrosome development and
ciliogenesis.

proteinatlas.org/humanproteome/cell/centrosome), only
about 30 related genes have been well characterized and
classified as members of the CEP family thus far.” CEPs
are involved in various developmental stages of the
centriole and centrosome. For example, CEP135 plays
an important role in centriole elongation,® while CEP152
is involved in initiating centriole duplication.” Patho-
genic variants in CEPs are associated with syndromes
that present with microcephaly and neurodevelopmental
defects, suggesting that CEPs have a particularly critical
role in brain development.® Implicated genes include
the autosomal recessive primary microcephaly (MCPH)-
related genes CENP] (MCPHG6, MIM: 608393), CEP135
(MCPHS8, MIM: 614673), CEP152 (MCPHY9, MIM:
614852), and CEP215 (MCPH3, MIM: 604804) and the
microcephalic primordial dwarfism (Seckel syndrome)-
related gene CEP63 (SCKL6, MIM: 614728) (https://
omim.org/). Notably, there is a known overlap in the
etiology of MCPH and Seckel syndrome, e.g., bi-allelic
variants in CENPJ and CEP152 also result in Seckel
syndrome (SCKL4, MIM:613676 and SCKL5, MIM:
613823, respectively). In addition, defects in CEPs can
lead to classical ciliopathies, such as Joubert syndrome
(JBTS) associated with CEP41 (JBTS 15, MIM: 614464),
nephronophthisis (NPHP) associated with CEP164
(NPHP 15, MIM: 614845), and Meckel syndrome (MKS,
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also known as Meckel-Gruber syndrome) associated
with CEP290 (MKS4, MIM: 611134). Most CEP genes,
however, remain unlinked to specific Mendelian genetic
diseases in humans.

In this study, we identified bi-allelic variants of
CEP295 in four paediatric individuals from two unre-
lated families showing highly consistent clinical phe-
notypes, characterized as Seckellike syndrome with
primary microcephaly and short stature. We uncovered
defects in centriole biogenesis, centrosome formation,
and ciliary biogenesis in patient-derived fibroblasts. Our
findings strongly suggest that CEP295 is a causative
gene of Seckel-like syndrome. We further report a foetus
with typical features of MKS, including encephalocele
and dysplastic kidney, who was assumed to harbour bi-
allelic variants of CEP295 because both the parents were
heterozygotes of CEP295.

Methods

Patients and ethics

A total of four paediatric patients and one foetus (still-
birth) from three unrelated families were included in
this study. Clinical data and DNA specimens were
collected and used, following the procedures and pro-
tocols in accordance with the ethical standards of the
responsible institutional committee on human experi-
mentation and with the Helsinki Declaration of 1975, as
revised in 2000. The relevant protocols were approved by
the Ethics Committee of Shanghai Children’s Medical
Center (SCMCIRB-K2020060-1), the Institutional Re-
view Board for Baylor College of Medicine and Affiliated
Hospitals (H-29697), and the Ethics Committee of King
Faisal Specialist Hospital and Research Centre
(KFSHRC RAC#2080006).

Genomic sequencing

For family 1, trio whole-exome sequencing (WES) was
performed as previously reported.” The parental origin of
the CEP295 variants was confirmed via Sanger
sequencing. For family 2, DNA from patients 2 and 3 and
their parents was sequenced on a clinical basis using
Quad-WES in a CLIA-approved commercial lab (Baylor
Genetics). Variants were confirmed in patient 3 following
sequencing using the Illumina platform (Baylor Ge-
netics). For family 3, a specimen of the foetus was un-
available, and duo-WES was performed in the parents to
screen candidate variants as previously described.!

Sanger sequencing for verification of the CEP295
gene

Primers for amplification of CEP295 (GenBank accession
no. NM_033395.2, https://www.ncbinlm.nih.gov/gene/
85459) were designed using the Primer 3 online plat-
form (http://primer3.ut.ee/) and are as follows: Exon 13-
forward, 5~ CGTGTGTTATCTTTGCCTTTGT-3’; Exon
13-reverse, 5-TTCTGCATCCTACCCCAGTC-3; Exon
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15-forward, 5- ACACTTGCATGCACAGACAG-3’; and
Exon  15-reverse, 5- ACGAATGCTCTGTTTCC
TTGG -3'. For patient 1 and each of their family mem-
bers, both exons and exon-intron boundaries were
amplified via polymerase chain reaction (PCR; Takara
Bio, Dalian, China). The PCR products were examined on
a 1% agarose gel, purified using a QIAquick Gel Extrac-
tion Kit (Qiagen GMBH, Hilden, Germany) according to
manufacturer’s instructions, and sequenced using an
ABI3730XL sequencer (Applied Biosystems, Foster City,
CA, USA).

Skin fibroblast isolation and cell culture

After informed consent was obtained, skin fibroblasts
were derived from the patient of family 1 and two sex-
and age-matched healthy control individuals. U20S
(RRID:CVCL_0042) and hTERT-immortalized RPE1
(RRID:CVCL_4388) cells were maintained in Dulbec-
co’s modified Eagle’s medium (DMEM, Hyclon) sup-
plemented with 10% foetal bovine serum (GIBCO) and
1% penicillin/streptomycin (GIBCO) at 37 °C in a hu-
midified 5% CO, incubator. 2 mM of 1-glutamine
(GIBCO) was added to the human fibroblast culture.

siRNA transfection

siRNA oligonucleotides were transfected into cells using
Lipofectamine RNAIMAX Reagent (Life Technologies)
according to the manufacturer’s instructions. The se-
quences of the siRNAs used in this study were as fol-
lows: negative control (siCtrl), GGGUAUCGACGAUUA
CAAA; siCEP295, GCAUGAACUUAGUGCUAUA.

mRNA synthesis and transfection

mRNA was synthesized as previously described."
Briefly, the WT and c.1685C > T mutant CEP295
mRNA integrated with Myc tag at the C-terminal were
produced using T7 RNA polymerase-mediated tran-
scription, respectively, from a linearized DNA template
incorporating generic 5'and 3° UTRs and a poly(A) tail.
To enhance the in vitro stability and protein translation,
uridine was replaced with N1-methylpseudouridine
during the synthesis procedure. The mRNA was puri-
fied using an Ambion MEGAclear kit (Thermo Fisher
Scientific) and treated with Antarctic Phosphatase (New
England Biolabs, Ipswich, MA, USA) for 30 min at
37 °C to remove residual 5-phosphates. The mRNA
resuspended in 10 mM Tris HCI with 1 mM EDTA was
transfected into patient 1-derived fibroblasts with the
dose of 2 pug/250,000 cells using the ExPERT ATx™
electroporation systems according to the manufacturer’s
instructions (MaxCyte Rockville, MD, USA).

Western blot and antibodies

Cells were lysed with sodium dodecyl sulfate lysis buffer
(100 mM Tris-HCI [pH 6.8], 10% glycerol, and 1%
SDS). The lysates containing equal amounts of protein
were subjected to 10% bis-tris gel (ThermoFisher
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Scientific) electrophoresis and transferred onto poly-
vinylidene fluoride membranes. The membranes were
blocked using 5% non-fat milk in TBS-T for 1 h and
then incubated overnight at 4 °C with the following
antibodies: anti-p53 (Cell Signaling Technology #2527,
RRID:AB_10695803), anti-p21 (Cell Signaling Technol-
ogy #2947, RRID:AB_8235806), and anti-actin (Cell
Signaling Technology #4967, RRID:AB_330288). To
detect endogenous human CEP295, we generated rabbit
polyclonal antibodies against CEP295 (residues 1-163).

Immunofluorescence

To determine the numbers of centrosomes in the S-
phase, fibroblasts cultured on coverslips in a 12-well
plate were double blocked with 2 mM thymidine
(arrested for 16 h, released for 8 h, and arrested for
another 16 h), and then the cells were released for
another 5 h. Then, the cells were washed with 1 x PBS
and fixed using 4% paraformaldehyde at room temper-
ature for 15 min. The coverslips were then washed with
1 x PBS three times and blocked (blocking buffer, 1x
PBS/5% goat serum/0.3% Triton X-100) for 1 h. The
samples were co-incubated with anti-centrin (Sigma-
Aldrich # 04-1624) and anti-y-tubulin (GeneTex #
GTX113286, RRID:AB_1952442) or anti-PLK4 (Pro-
teintech, #12952-1-AP, RRID:AB_2284150) and anti-
SAS-6 (Proteintech, #21377-1-AP, RRID:AB_2878851)
overnight at 4 °C. The samples were then labelled with
goat anti-rabbit IgG (H + L) secondary antibody (Life
Technologies #A32731) and goat anti-mouse IgG
(H + L) secondary antibody (Life Technologies #
A32727).

To examine ciliary development in the absence of
CEP295, fibroblasts or RPE1 cells transfected with
control or CEP295 siRNA for 24 h were starved for
another 24 h on coverslips in a 12-well plate. After fix-
ation and blocking, the samples were co-stained with
anti-ARL13B (Proteintech, #17711-1-AP, RRID:AB_
2060867) and anti-centrin (Sigma-Aldrich, #04-1624).

To determine the rescue efficiency of the develop-
ment of centrosomes and centrioles, 24 h after trans-
fection with CEP295 mRNA, the fibroblasts were then
synchronized at S-phase by thymidine and were co-
stained with anti-Myc-tag (Cell Signaling Technology,
Cat# 2276; RRID:AB_3317) and anti-y-tubulin or anti-
PLK4. To observe the rescue efficiency of ciliary for-
mation, the fibroblasts were transfected with CEP295
mRNA for 48 h and were starved for another 24 h after
on coverslips. Cells were then co-stained with anti-Myc
and anti-ARL13B. The samples were then labelled with
the above-indicated secondary antibodies and observed
using a Leica DM6000B fluorescence microscope.

Cell proliferation assay

U20S cells were transfected with control or CEP295
siRNAs in a 6-well plate. After 6 h, the cells were seeded
in a 96-well plate (1000 cells/well). The cell viability for 6

days was determined using the Cell Counting Kit-8
(CCK-8) assay kit (Dojindo, Kumamoto, Japan), and
the cell growth curve was plotted.

Cell cycle analysis

After 48 h of transfection with control (Ctrl) or CEP295
siRNAs, U20S cells were collected after digestion with
trypsin and were washed twice with 1 x cold-PBS. The
cells were then fixed in 70% ethanol at 20 °C overnight
and stained with FxCycle™ PI/Rnase staining solution
(Thermo Fisher Scientific #F10797) for 20 min. Cell
cycle distribution was analysed using a FACS Canto™
flow cytometry system (BD Biosciences). The data were
analysed using Modfit LT software v5.0 (Verity Software
House).

Quantitative RT-PCR

Total RNA was extracted from human fibroblasts using
an Rneasy Mini kit (Qiagen) according to the manu-
facturer’s instructions, and cDNA was obtained using
an RT kit (TaKaRa). Quantification of gene expression
was performed in triplicate using Bio-rad iQ SYBR
Green Supermix (Bio-Rad) and was detected on the
Realplex system (Eppendorf). The following primers
were used for qPCR: GLII: forward, 5-ACAT-
CAACTCCGGCCAATAG-3’; reverse, 5- GAGGATGC
TCCATTCTCTGG -3’; PTCH1: forward, 5'- ACCTGC
TCTCCCAGTTCTCC -3’; reverse, 5- ATTCTCTGG
TTTCCCGAGGT -3'; GAPDH (Human): forward, 5'-
CCATCTTCCAGGAGCGAGAT-3’; reverse, 5- TGCTG
ATGATCTTGAGGCTG-3".

Reverse transcription polymerase chain reaction
(RT-PCR)

Wild-type mice of C57BL/6 background were purchased
from Shanghai Model Organisms Center, Inc. and
housed in standard cages in a pathogen-free facility. To
determine the expression pattern of Cep295 in mouse
brain, four pregnant mice at different embryonic stages
(E10.5, E11.5, E13.5, and E14.5) were euthanized using
carbon dioxide. Total RNA was then extracted from the
whole brains of the foetal mice using Trizol (Roche)
according to the manufacturer’s instructions, and cDNA
was obtained using an RT kit (TaKaRa). The leader of
the project was aware of the group allocation at the
different stages of each experiment. All animal experi-
ments complied with the ARRIVE guidelines and were
conducted according to protocols approved by the
Institutional Animal Care Committee of Shanghai
Children’s Medical Center.

The following primers were used for PCR amplifi-
cation of a 337-bp fragment of Cep295 (NM_176976.5)
cDNA: forward (located on exon 2), 5-TGAGCCC-
TAGTGAAGAAGCC-3'; reverse (located on exon 4), 5'-
TGCCTCACTTCTGCTTTTCT-3. A 245-bp region
of Gapdh was used as an internal control, and the
following primers were wused for amplification:
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forward, 5-TGTTTGTGATGGGTGTGAACC-3'; reverse,
5-AGTGGATGCAGGGATGATGT-3'.

Statistical analysis

All quantitative data were analyzed using GraphPad
Prism 8 software. All values are represented as
mean + SEM (or SD where appropriate) as indicated in
figure legends. The statistical significance of differences
was assessed using the Student’s t-test for the compar-
ison of two groups and one-way analysis of variance
(ANOVA) with Tukey’s test for the comparison of
multiple groups. P-values less than 0.05 were consid-
ered statistically significant.

Role of funders

The funding sources were not involved in the study
design, the analysis and interpretation of the data, the
writing of this manuscript, or in the decision to submit
this manuscript for publication.

Results

Identification of bi-allelic CEP295 variants

A Chinese descent male proband (patient 1 in family 1)
with physically healthy and non-consanguineous par-
ents (Fig. 1la) was referred to Shanghai Children’s
Medical Center to seek the underlying genetic cause of
microcephaly and growth retardation. A series of
candidate genes, including CABP1, CEP295, FANCM,
GLI3, KMT2C, NCAPD3, PCLO, and PTRHI, were
identified through WES (Table S1). After prioritization,
the compound heterozygous nonsense variants of
¢.1630C > T, p(Q544*) and c.4558C > T, p(R1520%) in
the CEP295 gene (NM_033395.2) were identified as the
top candidates, which were confirmed via Sanger
sequencing (Figure Sla). Since CEP295 was not asso-
ciated with any human genetic disorders, we tried to
identify more patients. Using GeneMatcher,"” we iden-
tified three patients (an elder sister and a pair of iden-
tical male twins), from a non-consanguineous family of
Hispanic descent (family 2), harbouring a compound
heterozygous frameshift variant ¢.163_.164 del,
P(R55Efs*49) and a missense variant ¢.1685C > T,
p(P562L) of CEP295 (Fig. 1a and Figure S1b).

Among the mentioned CEP295 variants, p.Q544*
was absent in the control population databases (gnomAD
and ExAC). The other three variants had extremely low
allele frequency (Table S2), and no homozygous in-
dividuals were listed in the gnomAD database for any of
the variants. Additionally, all four variants were absent
from our internal repository, composed of approximately
12,000 exomes data. The missense variant ¢.1685C > T,
p.P562L is predicted to be deleterious, according to SIFT
(“Damaging,” score = 0.001), PolyPhen-2 (“Possibly
damaging,” score = 0.923), PROVEAN (“Damaging,”
score = —4.53), CADD (“Damaging,” score = 23.5), and
ReVe (“Pathogenic,” score = 0.88).
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Human CEP295 maps to chromosome 11921 and
comprises 30 exons, encoding a large centrosomal pro-
tein (2601 amino acid), which is composed of an N-
terminal DDC8-like domain present in the C-terminal of
the Ana-1 (PICA) motif and an Alstrom syndrome
(ALMS)-like motif at the C-terminal.” The four variants
are distributed in exons 3, 13, 14, and 15. Of them, the
nonsense and two frameshift variants are furthest from
the C-terminal (Fig. 1b) and thus likely to cause
nonsense-mediated decay. CEP295 is widely expressed
in various human tissues, with the highest expression in
the human cerebellum, cerebral cortex, and tibial nerve,
according to the human RNA-seq data presented in the
Genotype-Tissue Expression (GTEx, https://gtexportal.
org) project (Figure S2a). Our RT-PCR data from
mouse brain tissues showed that cep295 was expressed
from the early stage of embryonic development
(Figure S2b). In addition, analysis of the single-cell
transcriptome data of the human cortex from the
Allen Brain MAP database (https://celltypes.brain-map.
org) showed that CEP295 is moderately expressed in
various types of neurons, including cortical plate-
derived excitatory neurons and ganglionic eminence-
derived inhibitory neurons (Figure S3). These findings
indicate that CEP295 is involved in multiple processes
of neural development and further suggest that bi-allelic
CEP295 variants could contribute to neurological
defects.

Phenotypic description of the affected patients
The affected individuals included four paediatric pa-
tients (three male and one female patient(s)), with ages
ranging from 3-month to 9-year-9-month at last clinical
evaluation (Fig. 1c, and Table 1). Common features of
the patients in families 1 and 2 included severe
microcephaly, global developmental delay (GDD), mild
intellectual disability (ID), short stature, pachygyria
and simplified gyri, and facial dysmorphism including
arched eyebrows, prominent nasal bridge, prominent
ears, long and smooth philtrum, thin upper lip, and
micrognathia. In addition, malformations of fingers
and toes were observed, including clinodactyly of the
right thumb and syndactyly between the 1st and 2nd
fingers of the right hand in patient 1 and 2nd and 5th
finger clinodactyly and broad 2nd toe in the patients of
family 2 (Fig. 1c). Moreover, abnormalities of the eyes,
heart and urinary system were reported in the indi-
cated patients (Table 1). Notably, patient 1 exhibited a
gradual slowing of the rate of growth. He had a height
of 119.2 cm (-1.94 SD) at 8 years of age, while his
height was 125 cm (-2.4 SD) at 9.5 years and was thus,
diagnosed with short stature according to the height
standard for Chinese children.' X-ray imaging showed
that his bone age was equivalent to that of a 7-year-old
child (Fig. 1c). He had normal levels of growth
hormone.
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Fig. 1: Identification of CEP295 variants in patients with syndromic microcephaly. (a) A diagram showing two pedigrees in this study. Het,
heterozygous; hom, homozygous. (b) Top panel, schematic representation of the genomic structure of human CEP295. A total of 30 exons are
shown as bars, and solid bars represent coding exons. Below them, the protein structure of CEP295 is shown with a DDC8-like (differential
display clone 8) domain at its N-terminus, PICA (present in C-terminal of Ana-1) motif, and ALMS (Alstrom syndrome) motif at the C-terminus.
The position of each variant is marked by arrows. (c) Clinical features of the patients. Patients 1-4 from families 1 and 2 presenting with
microcephaly and similar facial dysmorphism, including arched eyebrows, abnormal palpebral fissures, prominent nasal bridge, long or (and)
smooth philtrum, prominent ears, micrognathia, and thin upper lip. Patient 1 had syndactyly of the right thumb and underwent surgical
treatment at 6 months old. He also had delayed bone age (equivalent to seven years old) and pachygyria. Clinodactyly (2nd and 5th) and broad
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Patient 1 (Family 1) 2 (Family 2) 3 (Family 2) 4 (Family 2)
Sex Male Female Male Male

Age 9-year-9-month 4-year-7-month 3-month 3-month

Origin China Latin-American Latin-American Latin-American
Height (cm) 125 (-2.4SD) 101.6 (-1.13 SD) 46 (-4.3 SD%) 49.5 (-3.1 SD)
Weight (kg) 28 (-0.9 D) 15.6 (-0.77 SD) 2.64 (-4.44) 2.74 (-4.24 SD)
HC (cm) 45 ( <<-35D ) 421 (-5.2 SD) 29 (-6.57 SD) 30.5 (-5.5 SD)
Bone age 7-year ND ND ND

Birth history C-section at 41 weeks GA IUGR, C-section at 36 weeks GA. IUGR, C-section at 30 weeks GA

Birth length (cm) 48 (-1.0SD) 41 (-2.52 SD) 35.6 (-1.68 SD) 34.9 (-2.08 SD)
Birth weight (kg) 3.45 (0.3 SD), 1.5 (-2.93 SD) 0.78 (-1.44 SD) 0.88 (~1.59 SD)
Birth HC (cm) 315 (-235D) 27.5 (-3.47 SD) 23 (-3.13 SD) 22 (-3.83 SD)

Craniofacial features
Microcephaly
Arched eyebrows
Prominent nasal bridge
Prominent ears
Long and smooth philtrum
Thin upper lip
Micrognathia
Retrognathia
Hanging columella
Long tubular nose
Slopping forehead
Others

Skeletal abnormalities
Clinodactyly

Broad 2nd toe

others

Developmental and neurology
Motor delay

Speech delay

Intellectual disability

Teething delay

Brain MRI

Echocardiogram

Feeding difficulties
Others

Molecular information
Variant (CEP295: NM_033395.2)

Up-slanting palpebral fissures,
absence of cupid bow, widely
spaced teeth

Right thumb

Syndactyly of the right hand (the
1st and 2nd fingers), surgery was
performed at 1 year old

+
+

Mild

Yes, at 1.5-year old

Pachygyria and simplified gyral
pattern

Myopia of both eyes, strabismus

€1630C > T,p.Q544* (het)/
¢.4558C > T,p.R1520%*(het)

+

Down-slanting palpebral fissure,
high arched palate, crowded teeth

Sth fingers of both hands
Both feet

Mild
ND
ND

Stretched PFO and small secundum
ASD, mild left pulmonary artery
stenosis

+

2nd and 5th fingers of both hands
Both feet

ND
ND
ND
ND
Simplified gyral pattern

PDA (resolved)

+ (G-button)

Tracheoesophageal fistula, left mild
hydronephrosis, undescended left
testis

€.163_164del p.R55Efs*49(het)/c.1685C > T, p.P562L (het)

2nd and 5th fingers of both hands
Both feet

ND

ND

ND

ND

Pachygyria and simplified gyral
pattern

Small PDA (resolved)

Small ASD (resolved)

+ (NG-Tube)

Abbreviations: ASD, atrial septal defect; C-section, cesarean section; GA, gestational age; het, heterozygous; HC, head circumference; hom, homozygous; IUFD, intrauterine fetal death; IUGR, intrauterine
growth restriction; MRI, magnetic resonance imaging; ND, not determined because of non-availability or non-applicability; PDA, patent ductus arteriosus; PFO, patent foramen ovale; SD, standard
deviation. *For patients 3 and 4, Fenton growth curves for premature infants were used.

Table 1: Clinical features of affected individuals harboring CEP295 variants.
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Fig. 2: Patient-derived fibroblasts show defective CEP295 expression and aberrant centrosome development. (a-e) The control- and
patient-1-derived fibroblasts were blocked at the late S/G, phase. Cells were then co-incubated with anti-centrin (green, indicating centriole)
and anti-y-tubulin (red, indicating centrosome). Representative images showing normal centriole-centrosome development (Type 1) and three
types of centriole-centrosome development defects (Type II-1V). (f) Quantification analysis of the centriole-centrosome development defects as
indicated in a-e. One hundred cells were analysed for each group from three independent experiments. Data are shown as mean + SD compiled
from three independent experiments (g, h) Representative images and quantification analysis to show the recruitment levels of PLK4 and SAS-6
to centrioles in control- and patient-derived fibroblasts, respectively. One hundred cells were analysed from each group. Data are shown as

mean + SD compiled from three independent experiments.

Patient-derived fibroblasts exhibit developmental
defects of centrioles and centrosomes

CEP295 was recently identified as a key regulator of
daughter-to-mother centriole conversion and centriole-
to-centrosome conversion. Depletion of CEP295 in
U20S and Hela cells results in centrosome reduction
and abnormal numbers of centrioles.”** We hypothe-
sized that such defects were also found in patient-
derived cells. We derived skin fibroblasts from patient
1 and two healthy controls (HC1 and HC2), and the cells
were then synchronized to S/G,-phase using thymidine
to examine the numbers of centrioles and centrosomes.
In control fibroblasts, almost all cells showed the ex-
pected development of centrioles (labelled with anti-
centrin) and centrosomes (labelled with anti-y-tubulin),
displaying two doublets (Type I, two centrosomes and

four centrioles), while the proportion of this type of cells
in the patient’s fibroblasts was only about 20%. Instead,
cells with reduced numbers of centrioles and/or cen-
trosomes (Type II-IV) were largely increased in patient 1
(Fig. 2a—f). Interestingly, nearly half of the patient’s fi-
broblasts displayed de novo centrioles without centro-
some formation (Type IV) (Fig. 2e and {), a pattern only
seen in 5% of CEP295-knockdown U20S cells.”

It has been reported that depletion of CEP295 in
HelLa cells affected the centriolar recruitment of critical
factors, such as PLK4 and SAS-6, to new mother cen-
trioles in interphase cells.”” We hypothesized that this
may also happen in patient-derived fibroblasts. As ex-
pected, most of the control fibroblasts showed normal
recruitment of PLK4 and SAS-6 to the new mother
centrioles in S/G,-phase cells. However, patient 1’s
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Fig. 3: Depletion of CEP295 results in cell growth inhibition and cell cycle arrest via activation of p53-p21 signalling. (a and b) The cell
cycle was analysed in U20S cells after 48 h of transfection with indicated siRNA. Data are shown as mean + SD compiled from three inde-
pendent experiments. ns, no significance; **, P < 0.01; ****, P < 0.0001; two-tailed Student's t-test. (c) Cell viability was determined using CCK-
8 cell proliferation assays every 24 h after transfection of the indicated siRNA in U20S cells. Data are shown as mean + SD compiled from three
independent experiments. ****, P < 0.0001; two-way ANOVA test. (d) U20S cells were transfected with indicated siRNA, the cells were lysed
after 48 h, and Western blot analyses were performed to determine the expression levels of p53 and p21. (e) p53 and p21 levels in CEP295-
depleted U20S cells presented in (d) were normalized to actin levels and then compared with those of the siCtrl group. Data presented are
mean = SD from three independent experiments. ns, not significant; ***, P < 0.001; two-tailed Student's t-test. (f) Cell viability was determined
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determine the expression levels of p53 and p21 in the fibroblasts. Data are shown as mean + SD compiled from three independent experiments.
*** P < 0.001; ****, P < 0.0001.

fibroblasts had obvious defects in centriolar loading of
the two critical factors (Fig. 2g and h). These results are
indicative of defects in the centriole and centrosome
development in patient 1’s cells harbouring bi-allelic
truncating variants of CEP295.

Loss of CEP295 causes p53-dependent cell cycle
arrest at the G, phase

Given that CEP295 is required for centrosome devel-
opment, and since centrosomes have a central role in
regulating cell cycle progression,’ we expected that
CEP295 defects would affect the cell cycle. To test this
hypothesis, we knocked down CEP295 expression in
U20S cells using siRNA. Flow cytometry analysis at

www.thelancet.com Vol 99 January, 2024

48 h after transfection indicated that depletion of
CEP295 resulted in cell cycle arrest at the G; phase
(Fig. 3a and b). Consistent with changes in the cell cycle,
the depletion of CEP295 caused significant proliferation
inhibition, which was reflected in the growth curve re-
sults (Fig. 3c). In addition, the expression levels of p53
and its downstream component p21 were significantly
elevated in CEP295-depleted U20S cells (Fig. 3d and e),
which is in line with previous observations that
centrosome loss after inhibition of PLK4 induces p53
and p21 activation and causes Gl-phase arrest.'*'®
Consistently, we showed that the patient-derived fibro-
blasts also inhibited proliferation and abnormal activa-
tion of the p53-p21 signal (Fig. 3f~h). Together, these
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Fig. 4: Depletion of CEP295 results in ciliary defects. (a) Representative images of control and patient’s fibroblasts stained for centrin (red,
indicating centriole) and co-stained for ARL13B (green) to indicate cilium. Cells were treated with serum starvation for 24 h before fixation. (b)
Quantification of cells with cilia from healthy controls and a patient with CEP295 mutant. More than 150 cells from three independent ex-
periments were quantified for each group. ****, P < 0.0001, two-tailed Student's t-test. (c) Quantification of the ciliary length of the fibroblasts.
A total of 50 ARL13B-positive cells from three independent experiments were quantified for each group. ****, P < 0.0001, two-tailed Student’s
t-test. (d) Representative images of RPE1 cells co-stained for centrin and ARL13B after transfection with the indicated siRNA for 48 h (e, f)
Quantification of cells with cilia (>150 cells) and ciliary length (50 cells) in RPE1 cells after knockdown of CEP295. ****, P < 0.0001, two-tailed
Student's t-test (g, h) Fibroblasts from control 2 and patient 1 were subjected to serum starvation for 24 h. After treatment with SAG (100 nM)
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results indicated that loss of CEP295 triggers G;-phase
arrest in a p53-dependent manner.

CEP295 is required for ciliary biogenesis in humans
Given that CEPs are required for ciliogenesis, and var-
iants in several of them are known to cause ciliopathies,
such as MKS and JBTS,”* we subsequently investi-
gated whether CEP295 is involved in ciliary formation.
We examined ciliary formation by staining ARL13B in
the control and patient’s fibroblasts. On average, nearly
85% of control cells had clear primary ciliary formation
after 24 h of serum starvation. In contrast, the patient’s
fibroblasts had a 3-fold reduction in ciliary formation
(Fig. 4a and b). In addition, the cilia of the patient cells
were much shorter than those of the control cells
(Fig. 4c). Similar results were observed in the RPE1 cells
after the knockdown of CEP295 using specific siRNA

(Fig. 4d—f). It is well known that the primary cilium is
required for the vast majority of signalling pathways,
especially for Hedgehog signalling.”>* We, therefore,
examined if loss of CEP295 affects Hedgehog signalling
in the patient fibroblasts. After serum starvation and
treatment with smoothened agonist (SAG), control fi-
broblasts showed significant upregulated of GLI1 and
PTCHI mRNA expression, suggesting activation of the
Hedgehog signalling pathway. In contrast, the response
of the patient’s cells was largely attenuated (Fig. 4g and
h). Our results strongly suggest that CEP295 is essential
for ciliary formation and signalling in human cells.
Intriguingly, a stillbirth male foetus with encepha-
locele and dysplastic kidney and a clinical diagnosis of
MKS was presumed to harbour the homozygous
frameshift variant c¢.2603delA, p.(Q868Rfs*25) in
CEP295, as duo-WES analysis revealed that both parents
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carried the heterozygous variant'® (Figure S4). Though
we were unable to assess clinical features in
detail, several clinical features, including a triangle face,
depressed nasal bridge, broad mouth, mild retrognathia,
and brachydactyly, were observed in available photo-
graphs suggesting that the foetus had a syndromic dis-
ease. These observations suggest that the variants of
CEP295 may be related to ciliopathy phenotypes and
further support the important role of CEP295 in
ciliogenesis.

The P562L variant failed to restore centrosome/
centriole and ciliary defects in patient-derived
fibroblasts

To confirm the pathology of CEP295 and also to deter-
mine the pathogenicity of the ¢.1685C > T (p.P562L)
variant identified in family 2, we next attempted to
replenish CEP295 in patient 1-derived fibroblasts and
observe the development of centrosome/centriole and
cilium. The length of CEP295 cDNA poses a huge
challenge for lentivirus construction, making it difficult
to stable express CEP295 in human cells. We therefore
tried expression of exogenous CEP295 using electropo-
ration with in vitro synthesized mRNAs, which has been
proven to efficiently achieve exogenous protein expres-
sion in various types of mammalian cells."** Approxi-
mately 85% of the WT-CEP295 (Myc)-positive
fibroblasts showed clear centrosome structures (Fig. 5a
and b), which is quite close to the proportion in the
healthy control individuals (Fig. 2a and b). In contrast,
only ~10% of the mutant CEP295-positive cells could
observe centrosome formation. In addition, replenish-
ment of the WT-CEP295, rather than the P562L mutant,
can largely restore the defects of PLK4 recruitment,
indicating that the centrioles replication defects in the
patient’s cells were also restored (Fig. 5c and d). Similar
results can be observed from the ciliary formation after
the WT or mutant CEP295 mRNA transfection (Fig. Se
and f). These results suggest that the P562L variant
significantly impairs the function of CEP295, further
supporting that the CEP295 variants are the cause of the
affected individuals in these two families.

Discussion

CEP295 is required for centriole-to-centrosome conver-
sion and centriole elongation, the depletion of which
results in shorter centrioles and reductions in centro-
some numbers.””” In addition, pathogenic variants of
RTTN, which encodes a centrosome-associated protein
that functions upstream of CEP295, can lead to primary
microcephaly and primordial dwarfism,*** supporting
the relevance of CEP295 in the pathogenicity of this
phenotype. This study included four individuals with
compound heterozygous variants of CEP295. They
shared common clinical features, including severe
microcephaly, short stature, GDD/ID, pachygyria and
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simplified gyria, and craniofacial and digital abnormal-
ities. Notably, phenotypic analysis of other CEPs showed
the features of patients with mutant CEP295 largely
overlapped with those of CENPJ- and CEP152-associated
Seckel syndrome.”** CEP295 can directly interact with
CEP152, forming a conserved architectural network
essential for centriole-to-centrosome conversion during
mitosis in both Drosophila and humans.” We, therefore,
propose terming the phenotype of these four patients as
Seckel-like syndrome.

Loss of centrioles in the neural stem cells is thought
to be a cause of primary microcephaly, as the spindle
positioning is disturbed, leading to a decrease in the
pool of neural precursors.”** Defects in centrosomes/
centrioles trigger p53-dependent apoptosis, which ulti-
mately contributes to the development of primary
microcephaly. In mice, depletion of p53 could rescue
cell death and the reduced brain size phenotype.”
Mechanistically, centrosome loss causes cell arrest at
the G; phase, which leads to the activation of p53/p21
mediated by USP28 and 53BP1."°'* Consistently, after
inducing centrosome/centriole defects in the patient-
derived fibroblasts, we observed proliferation inhibi-
tion and elevated p53/p21 levels in patient’s fibroblasts
and also in CEP295-depleted U20S cells. In addition,
defects in primary cilia are known to impair various
steps of cerebral cortical formation, including progeni-
tor development and neuronal migration, differentia-
tion, and connectivity.”* Consequently, structural and
functional neurological deficits have been widely
observed in ciliopathies, such as JBTS and MKS.”
Similar deficits can also be observed in microcephaly
and are associated with some centrosome proteins. For
example, CENP] is essential for cilium disassembly and
neurogenesis in the mouse cortex, which is independent
of its role in centrosome biogenesis.** Here, we showed
that CEP295 depletion leads to cilium loss and the for-
mation of shorter cilia in human cells. Additionally,
complementary experiments using synthesized CEP295
mRNA showed that the WT CEP295, rather than the
P562L mutant, can fully restore the centrosome/
centriole and ciliary developmental defects in patient-
derived fibroblasts. Though the evidence is limited, we
here suggest that the neurodevelopmental delay of the
four patients presented in this study may be attributed
to the primary microcephaly caused by a combination of
defects in centrosome/centriole biogenesis and
ciliogenesis.

MKS is a rare autosomal recessive ciliopathy char-
acterized by occipital encephalocele, cystic-dysplastic
kidneys, congenital hepatic fibrosis, and polydactyly.”
Here, we report a stillbirth who was clinically diag-
nosed with MKS, showing a distinct phenotype from the
other four patients. The foetus was presumed to
harbour a homozygous deleterious variant of CEP295
(p- Q868Rfs*25) inherited from his consanguineous
parents. As MKS is a lethal ciliopathy,*® patient 5 did not
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survive, and no biological samples were available to
further elucidate ciliary development. Though our
findings indicate that CEP295 variants may be associ-
ated with ciliopathy, we cannot exclude the possibility of
a de novo variant elsewhere in the genome of the foetus.
Thus, investigating whether CEP295 deficiency can
cause these two distinct phenotypes is necessary in the
future. Given that conventional depletion of CEP295
leads to prenatal lethality in mice and zebrafish models
(data not shown), constructing conditional knock-in
animal models with the point mutations identified

from the patients with microcephaly and MKS is the
most feasible strategy.

In summary, we have shown bi-allelic loss of func-
tional variants of CEP295 in patients with primary
microcephaly, which we defined as Seckel-like syn-
drome. This study extends our understanding of the role
of CEPs in the pathogenesis of primary microcephaly
and Seckel syndrome. Additionally, we demonstrated
that the loss of function of CEP295 results in defects in
cilium formation and suggested the possible correlation
between CEP295 variants and the MKS phenotype.
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