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Purpose: Rothmund-Thomson syndrome (RTS) is characterized by poikiloderma, sparse hair,
small stature, skeletal defects, cancer, and cataracts, resembling features of premature aging.
RECQLA4 and ANAPCI are the 2 known disease genes associated with RTS in >70% of cases.
We describe RTS-like features in 5 individuals with biallelic variants in CRIPT (OMIM
615789).

Methods: Two newly identified and 4 published individuals with CRIPT variants were sys-
tematically compared with those with RTS using clinical data, computational analysis of pho-
tographs, histologic analysis of skin, and cellular studies on fibroblasts.

Results: All CRIPT individuals fulfilled the diagnostic criteria for RTS and additionally had
neurodevelopmental delay and seizures. Using computational gestalt analysis, CRIPT in-
dividuals showed greatest facial similarity with individuals with RTS. Skin biopsies revealed
a high expression of senescence markers (p53/pl6/p21) and the senescence-associated
-galactosidase activity was elevated in CRIPT-deficient fibroblasts. RECQL4- and CRIPT-
deficient fibroblasts showed an unremarkable mitotic progression and unremarkable number
of mitotic errors and no or only mild sensitivity to genotoxic stress by ionizing radiation,
mitomycin C, hydroxyurea, etoposide, and potassium bromate.

Conclusion: CRIPT causes an RTS-like syndrome associated with neurodevelopmental delay
and epilepsy. At the cellular level, RECQL4- and CRIPT-deficient cells display increased
senescence, suggesting shared molecular mechanisms leading to the clinical phenotypes.

© 2023 by American College of Medical Genetics and Genomics. Published by Elsevier Inc.

Introduction

appearance.’ Additional features of RTS include sparse hair,
dystrophic teeth and nails, short stature, skeletal abnormal-

Rothmund-Thomson syndrome (RTS) is a rare autosomal
recessive disorder, which is characterized by clinical signs
of premature aging and increased risk of cancer. The clas-
sical skin presentation is poikiloderma consisting of chronic,
reticulated areas of depigmentation and hyperpigmentation,
dilated blood vessels, and punctate atrophy giving a mottled

ities including osteopenia, and juvenile cataracts.”

More than 300 individuals with RTS have been reported
in the literature since its first description in 1868.™* Two
forms of RTS can be distinguished. The characteristic
feature of RTS type 1 is cataracts, and the typical hallmark
of RTS type 2 is an increased susceptibility to cancer,

*Correspondence and requests for materials should be addressed to Luisa Averdunk, Department of General Pediatrics, Neonatology and Pediatric
Cardiology, University Children’s Hospital, Heinrich-Heine-University, Moorenstrae 5, 40225 Diisseldorf, Germany. Email address: luisasusan.averdunk @
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Heinrich-Heine-University, Moorenstra3e 5, 40225 Diisseldorf, Germany. Email address: felix.distelmaier@med.uni-duesseldorf.de
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Key Messages

1. CRIPT causes a Rothmund-Thomson-like syndrome,
which is associated with developmental delay.

2. Biallelic variants in CRIPT cause increased cellular
senescence, which is a shared cellular phenotype of
CRIPT and RECQLA4 deficiencies.

3. In fibroblasts derived from individuals with patho-
genic variants in CRIPT, mitotic progression and
mitotic arrest induction are not compromised, and the
incidence of mitotic errors is not significantly
increased.

4. Fibroblasts from CRIPT and RECQILA4 individuals
show no or only very mild sensitivity to ionizing
radiation, mitomycin C, hydroxyurea, etoposide, and
potassium bromate compared with controls.

particularly osteosarcoma.” Neurodevelopmental delay of
variable degree has been reported in RTS, but it has not been
formally studied.”” The diagnosis of RTS can be made on
clinical grounds based on the characteristic poikiloderma
and other typical features of RTS (small stature, osteosar-
coma or skin cancer, cataracts, and sparse hair).2 Numerical
and structural chromosomal aberrations have been observed
in lymphocytes and fibroblasts from RTS individuals.”'"""’

In 1999, biallelic variants in RECQL4 were identified in a
subset of RTS type 2 cases.'” Although the genetic cause of
RTS type 1 remained unknown for a long time, biallelic
variants in ANAPCI, including intronic splice variants, were
recently identified explaining a proportion of RTS type 1."°
RECQILA4 codes for the ATP-dependent RECQ-like DNA
helicase type 4 (RECQL4) and is involved in DNA repair,
DNA replication, telomeric maintenance, normal chromo-
some alignment in mitosis, and senescence.'*'® RECQL4
contains a conserved DNA-unwinding domain, but it has
only weak helicase activity.'” ANAPCI codes for the APC1
subunit of the multisubunit anaphase-promoting complex or
cyclosome (APC/C). APC/C is an E3 ubiquitin ligase that
controls cell cycle progression by proteasome-dependent
degradation of cell cycle regulators.”’ The genetic cause in
approximately 30% of RTS cases remains unknown, sug-
gesting that not all RTS-associated genes have been iden-
tified so far.”’

We report 2 unrelated individuals who fulfilled the
diagnostic criteria of RTS but lacked pathogenic variants in
RECQLA4 and ANAPCI. However, we identified pathogenic
biallelic variants in CRIPT by exome sequencing. Biallelic
variants in CRIPT were recently associated with primordial
dwarfism and developmental delay in 4 families, but a link
to RTS has not been drawn so far.”>** CRIPT codes for a
short, 101 amino acid cysteine-rich PDZ-binding protein
that specifically binds to microtubules and to the post syn-
aptic density protein, drosophila disc large tumor suppressor
and zonula occludens-1-(PDZ) domain 3 of the postsynaptic
density protein 95 (PDS95). CRIPT has mainly been studied

in the context of synaptic formation; however, a functional
role for CRIPT outside of the brain is unknown.>>>° Here,
we systematically compare CRIPT-associated clinical phe-
notypes with RTS and identify CRIPT as a novel disease
gene associated with an RTS-like phenotype. To delineate
the driving and shared molecular mechanisms underlying
RTS, cellular senescence, mitotic progression, and DNA
repair were studied in fibroblasts from RECQL4- and
CRIPT-deficient individuals. We show that CRIPT and
RECQLA both play a functional role in preventing cellular
senescence, whereas the mechanism that drives senescence
remains unsolved.

Materials and Methods
Patient recruitment and clinical evaluation

Two individuals with typical features of RTS (#1 and #2)
underwent exome sequencing. From the 3 individuals (#3-5)
with biallelic CRIPT variants (CRIPT individuals) from the
literature, follow-up clinical data and updated photographs
were provided.””** Skin biopsies of #1 and #3 were per-
formed and used for cell culture of fibroblasts and immu-
nohistochemistry. Similarities among facial photographs
were quantified using GestaltMatcher.”” Frontal photo-
graphs from the 5 CRIPT individuals were compared with
available, open-access photographs of published RTS cases
(RECQL4), RecQ family-related syndromes, and syn-
dromes characterized by poikiloderma. References of pho-
tographs are accessible in GestaltMatcher Database (https:/
db.gestaltmatcher.org). Methods of exome sequencing,
electron microscopy of hair, and diagnostic skin histology
are provided in the Supplemental Methods.

Experimental methods

Fresh skin biopsies for the generation of fibroblasts cultures
were available from CRIPT individuals #1, #2, and #3, and
from control individuals (infants and adolescents).”® The fi-
broblasts of #3 divided very slowly, and the number of cells
was sufficient for live-cell imaging of mitotic progression but
not for assays of senescence or genome stability. Fibroblasts
from RTS individuals with pathogenic variants in RECQL4
(RECQILA individuals) were obtained from Coriell Institute
(NJ): RECQLA4 #1, AG05013: NM_004260.4:¢c.2492_2493del
p-(His831Argfs*52), NM_004260.4:c.2059-1G>T, com-
pound heterozygous; RECQL4 #2, AGI18371: NM_O
04260.4:c.1483+27_1483+37del, homozygous; and REC
QL4 #3, AG17524A: NM_004260.4:c.1391-1G>A NM_0
04260.4:c.2492_2493del p.(His831Argfs*52), compound
heterozygous. The neonatal control fibroblast line was obtained
from Lonza (Walkersville). The other control fibroblasts were
generated by skin biopsies from healthy individuals. Fibro-
blasts with pathogenic variants in ANAPC were not available.
Cellular B-galactosidase activity was quantified in fibroblasts
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from #1 and #2 and after downregulation of CRIPT expression
by small interfering RNA (siRNA) in control cells using the
CellEvent Senescence Green Flow Cytometry Kit (Thermo
Fisher). Lymphocytes from whole blood samples of #1 were
analyzed by optical genome mapping to search for somatic
structural variants (Bionano Genomics). Mitotic progression of
fibroblasts was analyzed after DNA staining in a Ti2 Eclipse
(Nikon) equipped with an LED light engine SpectraX
(Lumecor, Beaverton) and a Plan-Apochromat 20x NA 0.75
objective and environmental control system UNO-T-H-CO2
(Okolab). Fluorescence multiposition imaging was done
every 3 minutes for 24 hours using the Elements software
(Nikon). The dwell times and the images of mitotic progression
were extracted using the machine learning CecogAnalyzer
1.5.2.%” Mitotic arrest was induced with 100 ng/mL nocodazole
treatment for 30 minutes. To study the sensitivity of patient-
derived cell lines to genotoxic stress, cell viability was quan-
tified at high resolution and high sensitivity using IncuCyte-S3
Live-Cell-Imaging system (Essen Bioscience). After treatment
of cells with different genotoxic agents, viable and dead cells
were stained and tracked for 96 hours. A cell death score was
calculated as the dead cell over live-cell signal, allowing for
normalization of different growth kinetics. Comprehensive
description of methods, including siRNA downregulation,
optical mapping, cytoplasmic and nuclear extraction of CRIPT
protein, and mitotic progression are provided in the
Supplemental Methods.

Statistical analysis

Differences of B-galactosidase activity was compared using
student's t-test, and live-cell imaging-based mitotic timing
and cell viability was analyzed with one-way analysis of
variance.

Results
Clinical characteristics

Individual #1 is a 3-year-old Moroccan female born in
Germany who presented at the age of 6 months with a
cutaneous rash starting on the face and spreading to the
hands and legs, sparing the trunk, and developing into
reticulated hypo- and hyperpigmentation with punctate at-
rophy resembling poikiloderma (Figure 1B).

Individual #2 is an 8-year-old Romanian male born in
Northern Ireland by cesarean delivery at 28 weeks of
gestation because of intrauterine growth retardation. Starting
at 4 weeks of age, he had a mottled, reticulated rash
affecting the limbs and abdomen spreading to the hands and
scalp. In both individuals, edematous swelling of the limbs
and palmoplantar hyperkeratotic lesions accompanied the
skin rash. Histologic examination of skin biopsies from both
individuals revealed atrophic epidermis, inflammatory

infiltration, pigment incontinence, and dilated blood vessels
confirming the diagnosis poikiloderma (Figure 1F)." Addi-
tional histologic findings were fragmented elastic fibers and
increased mucinous deposits (Supplemental Figure 1).

Both individuals had sparse hair, including eyebrows and
eyelashes (Figure 1B and C). The children showed failure to
thrive (Figure 1G), and full skeletal survey indicated
osteopenia and skeletal abnormalities (Figure 1H). Individ-
ual #2 was diagnosed with bilateral central cataract at the
age of 8 years. Both children had muscular hypotonia and
moderate motor and profound language delay. Head mag-
netic resonance imaging showed reduced brain volume.
Individual #2 had microcephaly (Figure 1I). Both had a
prominent forehead with frontal bossing, a broad, depressed
nasal root, and telecanthal folds.

In summary, the clinical features included poikiloderma,
sparse hair, short stature, skeletal anomalies, developmental
delay, and facial dysmorphic features. Because the diag-
nostic criteria of RTS were fulfilled, RTS was diagnosed on
clinical grounds (Table 1).?

Identification of homozygous variants in CRIPT in 2
individuals with RTS

There were no pathogenic variants in RECQL4 or ANAPCI1
identified by exome sequencing, and protein expression of
APC1 and RECQL4 was normal in fibroblasts from in-
dividuals #1 and #2 (Figure 2B). By Sanger sequencing of
individual #1, we additionally did not detect the recurrent
deep intronic ¢.2705—198C>T variant that had been iden-
tified in ANAPCI (Supplemental Figure 2A)."

Instead, in both individuals, we identified homozygous
variants in the CRIPT gene (Figure 1J). In 4 families (#3-6),
pathogenic CRIPT variants were reported in association
with abnormal skeletal and neurologic development and
abnormal skin (Table 1).”** The term “short stature with
microcephaly and distinctive facies” was suggested (OMIM
615789).”>

Individual #1 harbors the homozygous variant c.132del
(NM_014171.4), which results in the same frameshift
p-(Ala45GInfs*86) that has been reported in individual #3
(ACMG class 5).23 The missense variant c.227G>A,
p-(Cys76Tyr) (NM_014171.4) of #2 is unreported (highly
conserved among different species, including mammals,
zebrafish, chicken, frog, and African craw frog; Combined
Annotation Dependent Depletion score 31, https://cadd.gs.
washington.edu/). The variant reported by Leduc et al*
(#5) also is a missense variant substituting one of the 8
cysteine residues in 101-aa CRIPT (Figure 1J). The cysteine
residues have recently been suggested to play a crucial role
in redox modulation during disassembly of mitotic spin-
dle.”>" The variants have been confirmed by Sanger
sequencing in the probands’ parents (Supplemental
Figure 2B). By western blot of CRIPT protein in patient-
derived fibroblast cell lysates, CRIPT was only detectable
in control and RECQL4 individuals but not in CRIPT
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Figure 1  Genetic, clinical and imaging findings in individuals with biallelic variants in CRIPT. A. Family pedigrees of the CRIPT
individual #1 (Moroccan) and #2 (Romanian) both harboring homozygous pathogenic variants in CRIPT (NM_014171.4.). B. Photographs of
individual #1 showing characteristic frontal bossing, depressed nasal root, telecanthus, reticulated pigmentation of the skin (1 year), pro-
gressive hair loss with absent eye lashes and eyebrows, edematous swelling of extremities, muscular hypotonia, and dystrophic nails.
Proximal placed and short thumbs. Difficulties to grasp with thumb and finger (first row: 1 year, second row: 2 years, hands: 4 years).
C. Photographs of individual #2 showing sparse hair and progressive hair loss, reticulated rash of cheeks, dystrophic nails, and proximally
placed thumb and edematous swelling, talipes equinus and nuclear cataract of both eyes (cataract of left eye only visible under the operating
microscope). D, E. Photographs of individuals #3 and #5 at their follow-up examinations (unpublished photos of published cases)*>** #3 at
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individuals (Figure 3B). Despite the clinical features
resembling RTS in our subjects, a link between CRIPT and
RTS has not been previously established.

Clinical comparison of CRIPT individuals with RTS

Clinical updates on CRIPT individuals #3-5 were obtained,
and clinical features of RTS types 1 and 2 were systemati-
cally compared with the 6 CRIPT individuals (Table 1).***
Individual #4 had died at the age of 70 days because of
pulmonary infection. All CRIPT individuals who survived
presented with reticulated, hypopigmented skin changes (5 of
5) compatible with poikiloderma, the hallmark of RTS
(Figure 1B-E). All individuals had sparse hair and progres-
sive hair loss, resulting in an almost complete absence of
eyebrows and eyelashes in #1 and #2 (6 of 6). Additional
features were dysplastic nails (2 of 5, #1 and #5) and delayed
eruption of abnormal teeth (3 of 5, #1, #2, #5, and #6).! All
CRIPT individuals had short stature (6 of 6). RTS often
presents with skeletal anomalies, including osteoporosis,
abnormal metaphyseal trabeculation, brachymesophalangy,
first metacarpal or thumb hypoplasia, or hypoplastic terminal
phalanges.”’ Skeletal survey of CRIPT individuals revealed
osteopenia with abnormal metaphyseal striation (6 of 6),
brachymesophalangy (3 of 6), first metacarpal hypoplasia (1
of 6), hypoplastic terminal phalanges (5 of 6), flexible talipes
equinus or pes planus (6 of 6), and scoliosis (6 of 6). The
typical feature distinguishing RTS type 1 from RTS type 2
are juvenile-onset cataracts.'” Individual #2 developed bilat-
eral cataracts at the age of 8 years, consistent with RTS type 1
individuals. Of 6 CRIPT individuals, 5 had myopia and 4 of 6
were suspected to have optic atrophy. RTS type 2 is asso-
ciated with an increased risk of neoplasm, but none of the
CRIPT individuals had a history of cancer so far.” Although
RTS has rarely been associated with reduced brain volume or
microcephaly, most RTS individuals are reported to develop
normally or to only have mild speech delay.””’ All CRIPT
individuals presented with moderate motor delay and clearly
impaired language development (Supplemental Table I:
skills and development of #1 and #2). The oldest individual
#5 was able to speak short sentences and read 3 to 4 letter
words at the age of 11 years. All CRIPT individuals had
proportionate microcephaly (5 of 6) or reduced brain volumes
on magnetic resonance imaging (Figure 1J). Although epi-
lepsy is not common in RTS, 4 of 6 CRIPT individuals
developed epilepsy (difficult to control in #1 and 2;
Supplemental Table 2). Of 5 individuals, 2 had postprandial

&

emesis and dysphagia improving with age. All individuals
were affected by recurrent upper respiratory tract infections,
and in RTS, recurrent infections have been reported although
rare.”” A laboratory workup of immunodeficiency revealed
only mildly reduced titer of IgG in CRIPT individual #I.
Additional hematologic findings included anisopoikilocytosis
(2 of 6), microcytic anemia (2 of 6), and thrombocytopenia (1
of 6). RTS clinically overlaps with progeroid syndromes,
including the 2 RecQ family-related syndromes (Bloom
syndrome and Werner syndrome) and poikiloderma-
associated syndromes (eg, Kindler syndrome and Fanconi
anemia). We systematically compared the CRIPT individuals
and RTS syndrome with these differential diagnoses, but
none of the CRIPT individuals were more appropriately
classified as any of these differential diagnoses than as RTS
(Supplemental Table 3)." All CRIPT individuals fulfilled
RTS diagnostic criteria and were additionally affected by
neurodevelopmental delay, seizures, and microcephaly.

Sanger sequencing of CRIPT in 10 RECQL4-negative
RTS individuals from the RTS registry

We searched for pathogenic variants in CRIPT in all (N =
10) RECQILA4-negative RTS type 1 individuals from the
RTS registry (Baylor College of Medicine, Houston, TX).
Four of these individuals had mild developmental delay,
and 6 had reportedly unremarkable neurologic develop-
ment. Pathogenic variants in CRIPT were not detected in
either of these 2 groups of individuals, which supports
the notion that CRIPT is not a common disease gene
among RTS individuals with unremarkable neurologic
development.

Loss of cuticle in hair from CRIPT and RECQL4
individuals

RECQILA4 and CRIPT individuals have brittle and sparse
hair. The healthy hair surface consists of several layers of
overlapping cells, termed cuticle. Electron microscopy of
the hair surface of CRIPT individuals revealed a partial (#2)
to complete (#1) loss of the cuticle that was similar to that of
the hair from 2 RECQL4 individuals #1 and #2 (Figure 2A).
Besides, the hair from #1 and #2 and RECQL4 #1 showed
fragility of the hair surface after bending stress. In contrast,
the hair surface from young and old healthy controls showed
intact cuticle layers.

t‘he age of 11 years with reticulated hypo- and hyperpigmentation and sparse hair, edematous swelling, and talipes equinus, and #5 at the age
of 10.5 years with reticulated rash on the cheeks, vesicles and hypo- and hyperpigmentation, and talipes equinus. F. Skin of #1 showing
typical histopathologic findings of poikiloderma (H&E, 20x). Scale bars = 50 pm. G. Growth charts illustrating failure to thrive and short
stature (dashed line illustrates third and 97th percentiles) of #1. H. Radiographic images of the hand of individual #1 showing osteopenia,
brachymesophalangy third to fifth digits, metacarpal hypoplasia first and fifth and bowing of second and fifth digits (top middle panel), and
hypoplastic terminal phalanges, in comparison to x-ray images of unaffected (bottom middle panel) and RECQL4/RTS (right panel) in-
dividuals®' and a healthy control individual. I. MRI of the head showing reduced brain volume in CRIPT individual #1. J. Schematic
illustration of CRIPT, a cysteine-rich PDZ domain-binding protein (cysteines in red). Pathogenic variants indicated. MRI, magnetic resonance

imaging; RTS, Rothmund-Thomson syndrome.



Table 1  Clinical characteristics of ANAPC1, RECQL4, and CRIPT individuals
| [ |
Individual #1 Individual #2 Individual #3 Individual #4 Individual #5 Individual #6
Feature RTS Type 1 RTS Type 2 (New) (New) (Shaheen et al*®) (Shaheen et al*®) (Leduc et al*?) (Akalin et al®*)
Disease gene ANAPC1 RECQL4 CRIPT CRIPT CRIPT CRIPT CRIPT CRIPT
Variants c.132del c.227G>A, €.133_134insGG, c.141del c.8G>A c.7_8del;
p-(Ala45Glyfs*82), p-(Cys76Tyr), p-(Ala45Glyfs*82), p.(Phe47Leufs*84), p-(Cys3Tyr), 1,331 bp p-(Cys3Argfs*4),
homozygous homozygous homozygous homozygous del exon 1, compound- homozygous
heterozygous
Origin, sex Morocco, female Romania, male Saudi Arabia, male Saudi Arabia, male African American, female Turkey, male
Age at last follow-up 4y 8y 11y 70d 105y 4y
RTS—major criteria
Facial rash + + + + + n/r + +
Poikiloderma + + + + + n/r + n/r
RTS—minor criteria (at least 2)
Sparse hair + + + + n/r + (silvery) + +
Short stature + + + + + + + +, reduced subcutaneous
tissue
Neoplasia - + -2 - -7 -2 -1 -1
Cataracts + - - + - - - -
Other clinical features
Skeletal anomalies’®”®
Osteopenia/metaphyseal + — + + +(-1.82) + + +
striations
Brachydactyly/Brachymeso- II+V n/r + n/r + n/r + (slender) n/r
phalangy I+ 1IV+V
Metacarpal hypoplasia I n/r I+ V (plus mild bowing) n/r n/r n/r n/r Delayed carpal ossification
Hypoplastic terminal + n/r + (no nail spikes) + + + + n/r
phalanges
Feet anomalies - - Skewfoot Pes planus Pes planus Skewfoot Pes planus Pes calcaneovalgus
Syndactyly of - - + + + + + +
toes 4/5
Trunk anomalies Scoliosis Scoliosis + platyspondyly Scoliosis + platyspondyly Scoliosis Scoliosis Scoliosis
11 pairs of ribs 11 pairs of ribs
Aplastic radius, ulna, Common - Proximally placed thumb - - - - -
thumb
Frontal bossing + + + + + + + + and
obliteration of metopic and
sagittal sutures
Dystrophic nails + + + - n/r n/r + n/r
Abnormal teeth + + n/r n/r + + (conic, delayed)
Microcephaly Occasionally - + + + + +
Developmental delay 10% 10% + + + + + +
(continued)
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Table 1 Continued

RTS

_

Feature RTS Type 1

RTS Type 2

Individual #1
(New)

Individual #2
(New)

Individual #3
(Shaheen et al*®)

Individual #4
(Shaheen et al*®)

Individual #5
(Leduc et al*?)

Individual #6
(Akalin et al**)

Motor development Usually normal

Independent sitting at 15
mo, walking at 30 mo

Independent sitting at 12
mo, walking at 36 mo

Can run and jump, not able
to ride bicycle

Independent sitting at 13
mo, walking at 23 mo
Speaks in short sentences,

Independent sitting 30 mo,

walking 4 y

Significant delay

Speech development Mild delay Single words, no sentences,  Single words, no sentences,  Single words, no sentences,
understands simple understands simple understands simple follows simple
commands commands commands commands, reads 3-and
4-letter words
Gastrointestinal Some + (dysphagia) - + (mild dysphagia) — - —
disturbance
Recurrent chest infections Rarely Yes Yes Yes Yes, lethal pneumonia Yes Yes, hospitalized twice
Recurrent
(Kubota et al*?)
Anemia Macrocytic n/r n/r Anisopoikilocytosis Aniso-poikilocytosis Yes, additionally thrombo-
cytopenia
Additional features primarily in CRIPT individuals
Seizures (age of onset) - - +(1y) +(3y) - + + (3y)
Well controlled Control difficult (2 mo) Well controlled —
Myopia - - + + + - + +
Retina - - Normal Normal Bilateral optic atrophy Bilateral pale Hypopigmented Retinal pigmentation
macular dystrophy optic discs mottling retina defect
®No history of cancer at last follow-up.
Variants refer to the transcript NM_014171.4 (CRIPT).
+, present; —, not present; n/r, not reported; R7S, Rothmund-Thomson syndrome.

‘|2 18 JUNpIBAY ]




web 4C/FPO

L. Averdunk et al.

Old control
(85 years)

A Young control
(29 years)

250x-500x | 500x-1000x

-1

CRIPT RECQL4 (RTS)

A

Bloom RECQL4 (RTS)
-
| p=
>
@ -
Cockayne Werner

CRIPT individual # 1

.

CASE PHOTO COMPOSITE PHOTO

Similarity score

P;r‘ioritized list (Face2Gene)

1 H Ectodermal dysplasia, X-linked
2:;: Rothmund-Thomson Syndrome
3 8g21.11 Deletion Syndrome

CRIPT individual # 2

3]

CASE PHOTO COMPOSITE PHOTO
Pgoritized list (Face2Gene)
1 : Noonan Syndrome
Z:d: Cardiofaciocutaneous Syndrome
3 :Rothmund-Thomson Syndrome

CRIPT individual # 3

CASE PHOTO COMPOSITE PHOTO
Pgoritized list (Face2Gene)
lnd: Noonan Syndrome
2"1: Emanuel Syndrome
3 : Bloom Syndrome
... 227: Rothmund-Thomson Syndrome

Figure 2

CRIPT #1
(2 years)

CRIPT #2
(8 years)

RECQL4
individual *1

RECQL4
individual *2

A RTS A
A x
10 A A il X
x x
A
. A CRIPT x
A A
» A "
A " ° A
° A
A
Y n & o .
L]
.
L]
L] ) .
™ e
. 0 . Cockayne
Bloom .
0 [}
- A RECQL4 (RTS) .
).( CRIPT o N o
Werner syndrome L
Bloom syndrome Werner .
_ @ Cockayne syndrome *
o = G % w
0 ==
. 0
.
.
.
L]
100 L]
Xeroderma S =
pigmentoga
0 X
~ A
%
L] [ ]
5 °
P . . *
POIKTM PWN
o o A A ° % 5
A X
N X
A A
A
A A\ A X
o RTS i
A RrECQL4 (RTS) i A A ¥ b,
CRIPT
@ PoiKT™ CRIPT

100 Poikiloderma with Neutropenia (PWN)
. Xeroderma pigmentosa
@ Kindler syndrome

By ) ) g E)

Comparison of hair ultrastructure and facial profile of individuals with CRIPT deficiency and differential diagnoses.

A. Electron microscopy showing the normal hair cuticle (overlapping layers of dead cells forming the hair surface) from young (29 years) and
old (85 years) healthy controls (left panels) in comparison with (complete #1 or partial #2) loss of the cuticle in the hair from CRIPT and

RECQLA4 individuals. Easy breaking of the hair shaft or

surface after bending stress (knots). Scale bars = 50 pm. B. Illustration of pairwise

computational comparison of facial morphology using the DeepGestalt analysis framework (Face2Gene, FDNA Inc)** C. Heatmaps of frontal
images of CRIPT #1, #2, and #3 highlighting the facial regions (left side) with greatest overlaps with the merged, composite image RTS
(RECQLA) individuals (right side) with prioritized lists of differential diagnoses based on the analysis of frontal images for CRIPT #1, #2, and
#3. D. Analysis of the morphologic similarities of published photographs using GestaltMatcher. The 2D visualization illustrates the

morphologic distances between facial images of CRIPT

individuals, and individuals with pathogenic variants in RECQL4 (RTS) and related

syndromes—RecQ family-related syndromes (Bloom syndrome and Werner syndrome), and the progeroid Cockayne syndrome. E. The 2D
visualization illustrates the morphologic distance of CRIPT and RECQL4 individuals and other syndromes that are characterized by poi-

kiloderma. POIKTM, hereditary fibrosing poikiloderma
with neutropenia; RTS, Rothmund-Thomson syndrome.

with tendon contractures, myopathy, and pulmonary fibrosis; PWN, poikiloderma
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Figure 3  Senescence markers in skin biopsies from CRIPT-deficient individuals and in CRIPT-deficient cultured fibroblasts.
A. Immunohistochemical staining of p21, p53, and p16 (senescence markers). Expression of the p21, p53, and p16 in the skin of a 72-year-
old control individual and CRIPT individual #1, and expression of p53 and minor expression of p21 in CRIPT individual #2, but not in the
20-year-old individual. Scale bars = 50 pm. B. Western blot of APC1, RECQL4, and CRIPT from fibroblast cell lysates of CRIPT in-
dividuals #1 and #2 and RECQLA4 cell lines #1 and #2. HDAC1 was used as a loading control for nuclear proteins. C. Senescence-associated-
(SA-) B-galactosidase activity in fibroblasts from controls and from CRIPT individuals #1 + #2. D. Immunoblotting of CRIPT after small
interfering RNAmediated CRIPT downregulation in control fibroblasts. E, F. SA-3-galactosidase activity in fibroblasts after downregulation
of CRIPT expression on day 14. Scale bars = 10 pum. All experiments were performed 3 times. Mean + SD. APCI, anaphase-promoting
complex subunit 1; CTRL, control; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HDACI, Hdal histone deacetylase complex.

* P < .05; ** P < .01.
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Computational comparison of photographs

RTS is characterized by a distinct facial phenotype, which
includes frontal bossing, depressed nasal root, and epican-
thal folds." All CRIPT individuals show these craniofacial
features. However, the assessment of facial features is
biased by the clinician’s experience. Therefore, the facial
appearance of CRIPT individuals ranging from #1 to #5 was
compared with individuals with other syndromic genetic
diagnoses using the unbiased, computational DeepGestalt
analysis (Face2Gene and FDNA) (Figure 2B).* Based on
photographs of #1 and #2, RTS was listed among the top 3
differential diagnoses, indicating a significant morphologic
similarity (Figure 2C). For the photograph of #3 and #6,
RTS was ranked as top 22 and top 9, respectively; for #4
and #5, RTS was not in the prioritized list of differential
diagnoses, which might be attributed to a reduced perfor-
mance of DeepGestalt for very young age or African
background.

The morphologic similarity between CRIPT and
RECQILA4 individuals and related differential diagnoses was
quantified by GestaltMatcher.”” The photographs of CRIPT
individuals showed a strong overlap with RECQL4 in-
dividuals but no overlap with the RecQ family-related
Bloom, Werner, or Cockayne syndromes (Figure 2D)

Facial photographs of CRIPT individuals showed the
highest similarity to images of RECQL4 individuals when
compared with  other “poikiloderma  syndromes”
(Figure 2E). Interestingly, photographs of RECQL4 and
CRIPT individuals overlapped with hereditary fibrosing
poikiloderma (POIKTM) with tendon contractures, myop-
athy, and pulmonary fibrosis and poikiloderma with neu-
tropenia syndrome.

Increased senescence in skin and in CRIPT-deficient
fibroblasts

CRIPT individuals display the typical hallmarks of aging.
Aged tissues accumulate senescent cells with a permanently
arrested cell cycle.” Previous studies in skin and cartilage
tissues of Recql4-deficient mice and in human fibroblasts
after RECQL4 downregulation demonstrated exuberant
senescence.”” >’ Cell cycle arrest in senescence is induced
by activation of p53 and p21 and maintained by p16.”*

To analyze if increased senescence could contribute to
aging symptoms in CRIPT deficiency, we stained skin
samples from CRIPT individual #1 and #2 and from 20-
and 72-year-old healthy controls for p53, pl6, and p2l.
The skin of the younger control was negative for senes-
cence markers (Figure 3A). In contrast, keratinocytes in the
skin of the CRIPT children #1 and #2 showed strong
expression of p53. In the 2-year-old CRIPT individual #1,
there was additionally strong expression of p21 and pl6,
similar to the older control. The activity of senescence-
associated B-galactosidase (SA-B-galactosidase) in fibro-
blasts, a marker of senescent cells, was quantified by

FACS. The SA-B-galactosidase activity was significantly
higher in patient-derived CRIPT-deficient fibroblasts from
individuals #1 and #2 compared with that of control
(Figure 3C). The extent of senescence in cultured cells
depends on the age and passage number and can be
influenced by selective pressure. To better control these
factors, we downregulated CRIPT expression by siRNA in
wild-type fibroblasts (Figure 3D). CRIPT downregulation
caused a significant 2.5-fold upregulation of SA-B-galac-
tosidase activity when compared with negative control
siRNA (Figure 3E and F). In line with the increased
senescence observed in RECQL4-deficient tissues, CRIPT
deficiency also induces cellular senescence.

Karyotypes and mitotic progression are unchanged
in patient-derived cells

The underlying mechanism driving cellular senescence in
CRIPT- and RECQLA4-deficient cells is unknown. Senes-
cence can be induced by mitotic, genotoxic, or oxidative
stress.

In up to 6% of RTS cases, low-level mosaicism of nu-
merical or structural chromosomal aberrations, most
frequently of chromosomes 8, 7, or 2, were observed in
lymphocytes and fibroblasts, suggesting a defect in chro-
mosomal segregation.”'”'" In addition, in cells derived
from a viable mouse model of RTS, up to 25% of cells
exhibited defective sister chromatid cohesion with preco-
cious segregation of sister chromatids.”” Karyotypes of
lymphocytes (#1 and #2) and fibroblasts (#1) from CRIPT
individuals did not indicate increased rates of chromosomal
aberrations, precocious segregation of sister chromatids, or
sister chromatid exchanges (>100 cells evaluated,
Figure 4A and H; Supplemental Figure 3G). For the
detection of low-grade mosaicism, interphase fluorescence
in situ hybridization of chromosomes 2, 7, 8, 11, and 17 was
performed but no isochromosomes were detected
(Figure 4B). To search for somatic structural variants (SVs)
and copy number variants, fibroblasts and lymphocytes of
individual #1 were additionally analyzed with optical
genome mapping (Bionano Genomics). Rare germline SVs
present in both tissues with variant allele fractions were
filtered out. Using stringent filter settings, we did not detect
somatic SVs or copy number variants with variant allele
fractions ranging from >5% to 10% (single-cell SVs cannot
be excluded, Figure 4C).

RECQLA4 is a microtubule-associated protein and local-
izes to the mitotic spindle.'®*? RECQL4 downregulation in
HeLa cells delayed mitotic progression and induced chro-
mosome misalignment, but these aberrations were not
observed in patient-derived RECQL4-deficient fibroblasts.'*
CRIPT also binds to microtubules and was recently sug-
gested to be crucial for redox-dependent microtubule
depolymerization at spindle ends during anaphase.”®*" In
this publication, it was shown that CRIPT knockout and
cysteine substitution of CRIPT in HeLa cells caused either
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Figure 4  Analysis of chromosomal aberrations, mitotic progression, mitotic errors and sensitivity to chemotoxic stress in CRIPT-
and RECQL4-deficient cells. A. Representative karyograms of cultured fibroblasts from CRIPT individual #1 showing no numerical or
structural aberrations B. No mosaicism of numerical or structural aberrations detectable by inter- and metaphase-FISH (>1000 cells) using
different probes. Representative metaphases are shown. C. Circos plot of somatic SVs and CNVs of CRIPT individual #1 analyzed by optical
genome mapping (Bionano Genomics; minimal detectable variant allele fraction 5%-10%). After filtering rare SVs that were present in both
tissues with variant allele fractions close to 50% to 100% (suggestive of germline SVs), no somatic SVs or CNVs were detected D. Mitotic
progression was measured by live-cell imaging and quantified with the machine learning-algorithm CecogAnalyzer.>” Superblots of mitotic
timing of prometaphase, metaphase, and the time from NEBD to anaphase onset in cultured cells from healthy controls and from CRIPT and
RECQLA4 individuals: The thick gray dots represent the means of the populations of each independent experiment. The colored small dots
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mitotic arrest or multipolar spindles and/or chromosome
alignment with long-lasting spindle remnants. To test if
CRIPT patient—derived fibroblasts show a similar phenotype
with mitotic arrest, we analyzed mitotic progression and
mitotic errors in patient-derived CRIPT- and RECQLA4-
deficient cells by live-cell imaging. Interestingly, prom-
etaphase to anaphase progression did not significantly differ
between control and CRIPT- or RECQL4-deficient and
control cells (Figure 4D, P values of one-way analysis of
variance: Supplemental Table 6). In RECQL4- and CRIPT-
deficient cells, incidence of lagging chromosomes, mis-
aligned chromosomes, or chromosomal bridges was not
consistently increased when compared with control cells
(Figure 4E; Supplemental Figure 3B-D). In addition, the
proportion of dividing cells with tilted spindle axes indica-
tive of spindle microtubule defects was not different from
that of controls (Supplemental Figure 3E).

Because a defective spindle assembly checkpoint (SAC)
can cause low levels of chromosome segregation errors, we
also intended to check the integrity of the SAC." Chal-
lenging cells with nocodazole, a drug that disturbs the
microtubule polymerization, results in prometaphase arrest
via SAC activation. The duration of this arrest serves as a
readout for SAC integrity. After nocodazole challenge, the
duration of arrest was not reduced in CRIPT-deficient fi-
broblasts, indicating an intact SAC (Figure 4F).

Micronuclei can result from chromosome malse-
gregation, for example, arising from mitotic spindle or
kinetochore defects, or from acentric chromosome frag-
ments generated by unrepaired DNA breaks. In patient-
derived RECQLA4-deficient fibroblasts, an increased num-
ber of micronuclei was reported.'® We quantified the num-
ber of micronuclei in CRIPT #1 and #2 and RECQLA4 #1 and
#2 patient-derived fibroblasts and only found inconsistently
increased numbers of micronuclei in fibroblasts from CRIPT
#2 (3.8%) and RECQLA4 #1 (4.4%) when compared with that
of control cells (2.8%) (Figure 4G). However, because of

&

the high variability between cell lines, no clear conclusions
can be drawn.

Nuclear localization of CRIPT and sensitivity to
genotoxic stress

CRIPT was originally described as a cytoplasmic,
microtubule-binding protein that localizes to synapses in
neurons.””*® Recently, it was shown that during interphase
CRIPT is localized in the nucleus.”” By immunofluores-
cence and immunoblotting of cytoplasmic and nuclear
fractions, we could confirm that CRIPT is expressed in both
cytoplasmic and, more pronounced, in nuclear compart-
ments in wild-type fibroblasts (Figure 41 and J).

Based on initial findings of RECQLA4 localizing to nu-
clear foci, RECQL4 was suggested to be involved in DNA
repair.’' Later studies demonstrated that RECQL4 acts in
DNA replication, homologous recombination, nonhomolo-
gous end joining, base excision repair, and telomere main-
tenance.'*!” However, studies with primary cell lines
derived from Recql4-deficient mice and RTS individuals
yielded conflicting results regarding sensitivity to genotoxic
agents. In fibroblasts from 10 RTS individuals, only agents
interfering with DNA replication (eg, hydroxyurea)
impaired growth in colony survival assays, whereas cells
showed only minor sensitivity to DNA damaging agents
(eg, cisplatin).*’

We analyzed the sensitivity of patient-derived fibroblasts
to ionizing radiation (IR; 1.5 Gy) and mitomycin C using a
diagnostic pipeline for screening for ataxia-telangiectasia,
ligase-IV-syndrome, and Fanconi anemia.””** The sensi-
tivity of fibroblasts from CRIPT #1 and #2 and RECQLA #1
and #2 to IR and mitomycin C was in the range of control
cells, only showing a trend toward a higher shift from S to
G1 phase after IR (Figure 4K). These findings are in line
with the unremarkable sensitivity of Recql4 knockout
mouse embryonic fibroblasts to IR.*

;epresent the time for each cell. No differences in dwell timing were observed. P values of ordinary one-way ANOVA are reported in
Supplemental Table 6. E. Numbers of mitotic cell trajectories with chromosomal errors, including misaligned, lagging chromosomes, and
chromosome bridges. Fisher’s exact test was used to compare the pooled percentages and showed no differences between CRIPT-, RECQLA4-
deficient, and control cells. F. After nocodazole (100 ng/mL) treatment for 30 minutes, the arrest time of CRIPT-deficient fibroblasts is not
reduced when compared with control cells. D-F show the results of 3 pooled experiments. Mean + SD. G. The percentage of cells with
micronuclei was inconsistently increased in fibroblasts from individuals CRIPT #2 and RECQL4 #1. H. Differential staining of sister
chromatids in chromosomes from patient-derived lymphocytes (BS: Bloom Syndrome, CRIPT #1). The number of sister chromatid ex-
changes has been assessed by light microscopy. I. Western blot after extraction of cytoplasmic and nuclear (laminin A/C) fractions from
fibroblasts. J. Immunofluorescent labeling of CRIPT (red) showing the presence of CRIPT in the cytoplasm and in the nucleus (DAPI, blue).
K. Cell cycle distribution of primary fibroblasts (control, ataxia-telangiectasia, RECQL4 #1 and #2, CRIPT #1 and #2) after ionizing radiation
1.5 Gy or exposure to mitomycin C (MMC). G2: G2/m phase of the cell cycle. L. IncuCyte live-cell imaging of cell viability of patient-
derived fibroblasts upon challenge with hydroxyurea, etoposide, and potassium bromate. One-way-ANOVA, *P < .05. M, N Cell
viability of fibroblasts analyzed by CellTiterGlo Assay (Promega) (M) after siRNA targeting of CRIPT expression and (N) in patient-derived
fibroblasts after potassium bromate challenge for 72 hours measured, means of relative change of viability of 3 independent experiments,
0. Relative change of senescence-associated B3-galactosidase activity after treatment of patient-derived fibroblasts with low-dose potassium
bromate (10 pM) for 5 days, quantified by flow cytometry. Mean + SD. Scale bars = 10 pm. ANOVA, analysis of variance; BLM, BLM gene;
CNV, copy number variant; FISH, fluorescence in situ hybridization; MMC, mitomycin C; NEBD, nuclear envelope breakdown; neg siRNA,
negative control small interfering RNA; SV, structural variant; RTS, Rothmund-Thomson syndrome.
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We next screened the sensitivity to hydroxyurea, etopo-
side, and potassium bromate by live-cell imaging of cell
viability. Hydroxyurea interferes with DNA replication. In
contrast to a previous report, RECQL4- and CRIPT-
deficient fibroblasts did not show an increased susceptibil-
ity to hydroxyurea compared with those in controls
(Figure 4L).** The topoisomerase II inhibitor etoposide in-
duces double-strand breaks. Although fibroblasts from
CRIPT individual #1 showed a slightly increased sensitivity
to etoposide, the overall sensitivity was in the range of
controls (Figure 4L). Potassium bromate oxidizes DNA
generating  7,8-dihydro-8-oxoguanine;  7,8-dihydro-8-
oxoguanine is repaired by base excision repair, and
RECQLA4 knockout was reported to impair base excision
repair.”® The fibroblasts from individuals CRIPT #1 and
RECQLA4 #1 and #2 showed a mildly increased sensitivity to
potassium bromate (10 mM) compared with control
(Figure 4L). To further explore a potential sensitivity to
potassium bromate, we downregulated CRIPT expression in
wild-type fibroblasts. Although targeting CRIPT expression
by siRNA caused a significant decrease in the number of
proliferating cells, the sensitivity to potassium bromate, or
alternatively oxidative stress by hydrogen peroxide, was
unaffected by CRIPT downregulation (Figure 4M;
Supplemental Figure 4). Likewise, patient-derived CRIPT-
or RECQLA4-deficient fibroblasts were not more sensitive to
different doses of potassium bromate than controls. As ex-
pected, however, we noted a trend toward a higher sensi-
tivity to potassium bromate in fibroblasts with shorter
doubling times (Supplemental Figure 3A; Figure 4N).
Because this was not systematically assessed, further studies
would be required to prove this association. To investigate if
sublethal doses of potassium bromate might trigger cellular
senescence, we challenged patient-derived fibroblasts with a
low concentration of potassium bromate (10 pM) for 5 days.
Although the SA-B-galactosidase activity remained un-
changed in control fibroblasts, CRIPT- and RECQLA4-
deficient fibroblasts responded with mild upregulation of
SA-B-galactosidase activity upon low concentration potas-
sium bromate challenge (Figure 40).

In conclusion, though low-level genotoxic stress might
induce cellular senescence in CRIPT- and RECQLA4-
deficient fibroblast, the overall sensitivity to lethal doses
of genotoxic stress is in the range of control cells.

Discussion

RTS is characterized by poikiloderma, sparse hair, small
stature, susceptibility to cancer, and cataracts, features
usually found in the aging population. Genetically, RTS is a
heterogeneous disease with RECQL4 and ANAPCI as the
established disease-causing genes. However, in up to 30%
of RTS individuals, no causative variants are detected in
either RECQL4 or ANAPCI, suggesting other, not yet
identified disease genes.

We initially report 2 individuals who fulfill the diagnostic
RTS criteria and lack pathogenic variants in RECQL4 or
ANAPCI1, but who both have biallelic variants in the CRIPT
gene. Biallelic variants in CRIPT have been reported in 4
individuals in the literature, accounting for a multisystemic
disorder, including short stature, skin rash, skeletal, and
neurodevelopmental anomalies.”””* Our systematic evalu-
ation of the clinical, histologic, and radiologic features
showed that all 6 CRIPT individuals matched very well to
the clinical spectrum of RTS. In a computational approach,
facial images of CRIPT individuals showed the highest
similarity to RTS individuals when compared with other
premature aging and poikiloderma-associated syndromes.
Given the phenotypic overlap, we propose that, in addition
to RECQL4 and ANAPCI, CRIPT causes an RTS-like
syndrome.

One possible explanation why the published CRIPT cases
had not yet been linked to RTS is that most ectodermal fea-
tures in RTS develop over time starting at the age of 3 to 6
months and that published CRIPT individuals had not yet
manifested the full dermatologic picture, as exemplified by
follow-up data on individuals #3 and #5 (Figure 1D and
E).2223

All CRIPT individuals presented with mild motor and
more severe speech developmental delay, 5 of 6 CRIPT
individuals had microcephaly proportional to body size, and
4 of 6 had well-controlled or refractory epilepsy. Although
cognition has not formally been assessed in RTS, RECQLA4
individuals from the RTS registry are reported to have mild
speech delay and minor delays in meeting developmental
milestones.'> In addition, cases of non-RECQILA4-RTS in-
dividuals with more profound neurodevelopmental delay
have been reported.5 < Mechanistically, the neuro-
developmental phenotype of CRIPT deficiency might be
related to the known function of CRIPT in dendritic and
synaptic plasticity and memory formation.’**’

POIKTM and poikiloderma with neutropenia (PN) are 2
poikiloderma syndromes that have been published as
distinct diseases. Although the facial profiles of POIKTM
and PN overlap with RTS, these 2 diseases have features
(PN: no sparse hair and no skeletal defect; POIKTMP:
psoriasis-like lesions, blisters, almost obligatory internal
organ involvement, myopathy, and contractures) that clearly
distinguish them from RTS. In view of the neuro-
developmental phenotype as apparently outstanding feature
of CRIPT individuals, it is debatable if the CRIPT-associ-
ated RTS-like syndrome should rather be classified as a
distinct RTS-like disease entity or as a novel subtype of
RTS (eg, type 3). Cataracts and the absence of cancer are the
typical features of RTS type 1. Additionally, developmental
delay has been observed in 2 of 10 ANAPCI RTS type 1
individuals.””*® CRIPT individual #2 developed bilateral
cataracts at the age of 8 years; none of the CRIPT in-
dividuals had cancer to date and all have developmental
delay. In view of this overlap, the clinical phenotype of
CRIPT deficiency appears to be closer to RTS type 1 than 2.
However, long-time clinical follow-up is warranted to
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systematically assess the risk of cancer and cataracts and
neurologic development and to compare the frequency of
these features in CRIPT, ANAPCI, and RECQIL4
individuals.

Although CRIPT was primarily studied in the context of
neuronal connectivity and recently mitotic spindle disas-
sembly, RECQL4 has been implicated in many cellular
processes, including DNA repair, cellular senescence, and
cell cycle progression, but the crucial mechanism that ac-
counts for the multisystemic and aging-related findings in
RTS is under debate.’™*” The so far unrecognized link be-
tween CRIPT and RTS opens avenues to delineate further
the molecular pathology of RTS symptoms. In the experi-
mental part of this study, we searched for shared cellular
pathways of CRIPT- and RECQL4-deficient cells, focusing
on cellular senescence, mitotic progression, and sensitivity
to genotoxic stress.

Similar to RECQL4 deficiency, we found that CRIPT
deficiency induces a senescence phenotype as demonstrated
by high levels of pl6, p21, and p53 expression in skin
biopsies and increased SA-B-galactosidase activity in
patient-derived fibroblasts and wupon CRIPT down-
regulation. Senescent cells change their metabolic profile
into proinflammatory secretory cells and this senescence-
associated secretory inflammatory phenotype might
explain the immune cell infiltration and dilated blood ves-
sels observed in skin from CRIPT individuals and other
poikiloderma disorders.”® Overriding senescence of dermal
hair matrix or papilla cells might cause a loss of the hair
cuticle cells that we observed by electron microscopy in
CRIPT and RECQILA individuals.

Senescence can occur in response to different kinds of
stress, including genotoxic and oxidative damage and mitotic
errors. Although structural and numerical chromosomal ab-
errations were reported in subsets of RTS individuals (eg, in
3 of 17 published individuals), we did not detect any chro-
mosomal aberrations in CRIPT patient—derived cells.” Fi-
broblasts from RECQL4 or CRIPT individuals progressed
normally through mitosis, and the mitotic defects were not
overrepresented compared with those from controls. In
summary, in patient-derived cells with disease-associated
RECQLA4 and CRIPT variants, there were no quantifiable
mitotic defects. In a previous study, the number of misaligned
chromosomes increased after RECQL4 downregulation in
HeLa cells, but it was normal in RECQL4 patient—derived
cells.'® Similarly, the divergent results for CRIPT with re-
gard to mitotic defects might be likely because of differences
between patient-derived fibroblasts and immortalized cells,
for example, cancer cells but do not exclude a functional role
of CRIPT or RECQLA4 in mitosis.

Cellular senescence could also be triggered by DNA
repair defects and genomic instability. The overall sensi-
tivity of RECQL4 and CRIPT patient—derived cells and fi-
broblasts after siRNA downregulation of CRIPT expression
to different types of genotoxic stress was in the range of
control cells.

In conclusion, we identified CRIPT as a novel RTS-like
syndrome causing gene with neurologic impairment and
further expand the genetic heterogeneity of the RTS spec-
trum of disorders. We searched for shared cellular defects as
the drivers for overlapping RTS phenotypes and narrowed
down that CRIPT and RECQL4 deficiency are both asso-
ciated with (1) increased cellular senescence and (2) only
mild sensitivity to chemotoxic agents, (3) while the numbers
of mitotic errors was not significantly different from con-
trols. Of note, only CRIPT- and RECQL4-deficient patient-
derived fibroblasts were available for this study, and future
studies elucidating the functional impact in APCI-deficient
cells are warranted. Thus, the question regarding which
precise mechanism drives senescence remains unanswered
at the current stage.

Our findings will open the door for further studies
exploring the role of CRIPT, RECQILA, and also ANAPCI in
preventing cellular senescence and the potential of senolytic
drugs as a therapeutic approach. “Splitter and lumper de-
bates” are decisive in the field of syndromic diseases.
Formal neurologic assessment of RTS individuals and long-
term clinical follow-up of additional CRIPT individuals will
add clarification to the debate whether the CRIPT-associated
RTS-like syndrome should rather be split as a separate
disease entity or rather should be classified as a novel
subtype of RTS.
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