MEDICAL GENETICS Vavilovskii Zhurnal Genetiki i Selektsii
Original article Vavilov Journal of Genetics and Breeding. 2025;29(5):685-692

doi 10.18699/vjgb-25-75

Crouzon syndrome: preimplantation genetic testing
for a familial case with a whole and a mosaic variant of the disease

E.V. Soloveva

1@, M.M. Skleimova (91, L.L. Minaycheva 1 A.F. Garaeva ([9)1, E.M. Bakulina?, E.A. Ladyginaz,

O.R. Kanbekova3, G.N. Seitova (10!

T Research Institute of Medical Genetics, Tomsk National Research Medical Center of the Russian Academy of Sciences, Tomsk, Russia
2vVitromed LLC, Novosibirsk, Russia
3 Regional Perinatal Center named after I.D. Yevtushenko, Tomsk, Russia

@ elena.soloveva@medgenetics.ru

Abstract. Crouzon syndrome, which is a hereditary craniosynostosis, can be the result of inheritance from either pa-
rent, as well as de novo mutations in the FGFR2 gene. With a confirmed molecular genetic diagnosis, preimplantation
genetic testing for monogenic diseases (PGT-M) is available for high-risk families. However, there is currently little
information in the literature about using this approach to prevent this condition. The aim of our study was to de-
scribe the clinical case of IVF/ICSI with PGT-M for Crouzon syndrome with a successful outcome and confirmatory
diagnostics. PGT-M was planned and performed for a married couple (aged 24 and 25), in which the husband had
Crouzon syndrome. The husband’s father had a milder form of Crouzon syndrome and the pathogenic variant of
the FGFR2 gene was in a mosaic form. During preparation, a testing system was selected for the pathogenic variant
NM_000141.5(FGFR2):c.1007A>G (p.Asp336Gly) of the FGFR2 gene, and gene-linked polymorphic microsatellite mar-
kers. The STR markers in the husband'’s father excluded chimerism for the pathogenic variant and indicated mosaicism
with the involvement of germ cells. Molecular genetic analysis was performed using a nested PCR, with detection by
fragment analysis for STRs and restriction analysis of the pathogenic variant. During the IVF program, superovula-
tion stimulation and embryological procedures were performed according to standard protocols. Fertilization was
achieved using the ICSI method, and blastocyst biopsy was done on the sixth day of development. For PGT-M, a direct
analysis of pathogenic variants and an indirect analysis of selected informative STRs were used. The thawed embryos
were transferred based on the results of preimplantation testing. We selected twelve STRs flanking the FGFR2 gene,
eight informative ones were used during PGT-M. In the IVF program, 15 mature oocytes were obtained, then four
blastocysts were biopsied. One of the four embryos inherited a normal paternal chromosome, the other three had
the pathogenic variant and the associated risk haplotype. A singleton pregnancy has occurred as a result of embryo
transfer recommended after PGT-M. Following the child’s birth, molecular diagnostics were performed, confirming
the PGT-M result. The presented clinical case provides an effective example of IVF with PGT-M to prevent the birth of
affected children in families with hereditary craniosynostosis.
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Crouzon syndrome: PGT-M for a familial case
with a whole and a mosaic variant

AnHoTauusA. CrHgpom Kpy3oHa, OTHOCALMIACA K HaCeACTBEHHBIM KPAaHWOCMHOCTO3aM, MOXET ObITb KaK pe3ynbTaTom
HacneoBaHMA OT OAHOrO M3 poauTeneil, Tak U BapraHTOM de novo myTaumii B reHe FGFR2. Mpu nogTBep»KAeHHOM
MOJIeKyNIAPHO-TeHeTMYECKOM AinarHo3e AnA cemell BbICOKOro pucka BO3MOXHO MpoBeAeHre nperMniaHTaLMoHHO-
ro reHeTNYECKOro TECTUPOBaHNA MOHOreHHOro 3abonesaHua (MIT-M). OgHaKO Ha CErofHALWHNIA AeHb B NUTepaTtype
Masio CBefleHMIN O TaKoM Moaxofe K npodunaktuke gaHHoro 3abonesaHuA. Llenbto Halwen paboTbl ABMAOCH OnKnca-
Hue knuHnyeckoro cnyyvaa IKO/MKCU ¢ MIT-M gna cnHgpoma KpysoHa ¢ ycnewHbIM UCXOA0M 1 MOATBepKAAtoLLen
avarHocTmkon. MnanmposaHme v nposeaeHue MIT-M BbiNoOAHeHbI A4ns cynpy»Keckon napbl (24 n 25 neT), B KOTOpoOWn
cmHapom KpysoHa 6biny My»a. Y oTua cynpyra cuHgpom Kpy3soHa 6bin B 6onee nerkoi ¢opme 1 naToreHHbIn BapnaHT
reHa FGFR2 npwcyTcTBOBaN B MO3aMYHOM BapuaHTe. Ha moarotoButeNibHOM 3Tane nogobpaHa cucteMa TeCTMpPOBa-
HMA natoreHHoro BapuaHta NM_000141.5(FGFR2):c.1007A>G (p.Asp336Gly) reHa FGFR2 v cLenfeHHbIX C FeHOM Mosu-
MOP®GHBIX MUKPOCATENUTHBIX MapKepoB. Mpodunb STR-MapKepoB y oTua cynpyra UCKyan XMMepusm no natoreH-
HOMY Bapu1aHTy 1 CBUAETeNbCTBOBAN O MO3anLM3Me, 3aTparvBatoLemM nosioByto IMHUI0. MonekynapHo-reHeTu4eckni
aHanu3 nposogunu metonom riesgosoit MUP ¢ petekumen pparmeHTHbIM aHann3om ana STR n pecTpUKLMOHHOIO
aHanv3a Ans natoreHHoro BapuaHTa. B xoge nporpammbl KO cTyMynsaLuio CynepoBynaumMm 1 sMOPUoNornyeckme
npovueaypbl BbINOAHANN MO CTaHAAPTHBIM NMPOTOKOMaM, ONMfI0A0TBOPeHUe nposoaunu metogom VKCU. Buoncua 6na-
CTOLMCT BbINOMHANACL Ha 6-e cyTKu pa3suTuA. MNpu MIT-M ncnonb3oBanu NpAMON aHann3 NaToreHHoro BapuaHTa u
KOCBEHHbI aHann3 no oTobpaHHbIM Ha NOArOTOBUTENbHOM 3Tane MHGopmaTBHbIM STR. MepeHoC pa3MOPOXKEHHOTO
SMOpPMOHA BbINOJHEH C YyYeTOM pPe3ynbTaToB NPenMniaHTaLuMoHHOro TecTupoBaHua. Hamm 6bino otobpaHo ABeHas-
uatb STR, ¢naHkmpytowmx reH FGFR2, n3 HUX BoceMb MHPOPMATUBHBIX ObiNKn ncnonb3oBaHbl B xoae MIT-M. B npo-
rpamme IKO nonyuyeHo 15 3penbix OOLMTOB 1 B JajibHeWLIEM YeTbipe 611acTOLMUCTbI, KOTOpPbIe OblIN BUOMNCUPOBAHDI.
OfuH 13 YyeTbipex SMOPMOHOB YHaCIe40Bal HOPMasbHYIO OTLIOBCKYIO XPOMOCOMY, B TPEX OCTaslbHbIX BbISBAANICA Ma-
TOFEHHbIV BapyaHT U acCOLMMPOBAHHDBIV C HM FanioTun pucka. B pesynbtate nepeHoca B MONOCTb MATKK SMOpUO-
Ha, peKOMeHAoBaHHOro no pe3synbtatam MNIT-M, HacTynuna ogHonnogHasa 6epemeHHOCTb. [ocne poxaeHns pebeHka
npoBefeHa MOJeKyAPHO-TeHeTuyeckan AnarHoCTrKa, noareepamsan pesynsrat MIT-M. MNpeacTtaBneHHbIN HamMy
KIMHWYECKNIA Cryyail ieMoHCTpurpyeT 3ddeKkTrBHBIN Nprumep npumeHeHna KO ¢ MNIT-M gna npeaoTBpaLleHna pox-
LeHNs 6ONbHBIX AETEN B CEMbSIX C HACEACTBEHHBIMY KPAaHMOCMHOCTO3aMMU.

KnioueBble cnoBa: cuHgpom Kpy3soHa; MI'T-M; npemmnnaHTayMoHHOe reHeTnyeckoe TectpoBaHue; KO, mo3anumsm;

reH FGFR2

Introduction

Crouzon syndrome belongs to an extensive heterogeneous
group of craniosynostosis — birth defects that are charac-
terized by premature fusion of one or more sutures in the
cranial vault prior to the completion of growth and devel-
opment of the brain, which leads to limited growth of the
skull, brain, face and central nervous system development.
Among craniosynostosis, syndromic craniosynostoses are
estimated to comprise 15 % of all cases. To date, there are
over 180 craniosynostosis syndromes identified. About 8 %
of cases are familial or inherited (Al-Namnam et al., 2019).
Crouzon syndrome (OMIM 123500) is the most common
syndrome among hereditary craniosynostosis. It is caused by
mutations in the fibroblast growth factor receptor 2 (FGFR?2)
gene, which is located on chromosome 10 (10q26.13). The
FGFR?2 protein is involved in cell signaling, and disruption
of the FGFs/FGFR2 signaling pathway leads to abnormal
differentiation, proliferation and apoptosis (Al-Namnam et
al., 2019; Yapijakis et al., 2023).

The incidence of Crouzon syndrome is approximately
16.5 cases per million live births (1:60,000). We have not
found any data on the incidence of the disease in Russia.
The disease is inherited as an autosomal dominant trait
with incomplete penetrance and variable expressivity.
In approximately 70 % of cases the disease is inherited
from one parent, while in other cases, it is the result of a
de novo mutation (Al-Namnam et al., 2019). The syndrome
was first described by Louis Edouard Octave Crouzon
in 1912.
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The disease usually manifests itself in the first three years
of life. It can be suspected during the antenatal period using
ultrasound examination. It is also often detected at birth
due to its classic signs in newborns, which include cranio-
synostosis, hypoplasia of the middle part of the face, pro-
ptosis (exophthalmos), and, in some cases, a beaked-shaped
nose. Other common manifestations of the syndrome include
coronary craniosynostosis with other cranial sutures fusion,
brachycephaly, hypertelorism, prominent frontal tubercles,
strabismus, orbital proptosis, mandibular prognathism,
and maxillary hypoplasia. These signs either become more
pronounced or may regress over time (Al-Namnam et al.,
2019). Hearing loss is also common (55 %), and fusion of
the C2 and C3 vertebrae occurs in 30 % of cases. Another
manifestation may be progressive hydrocephalus (30 %).
The patients’ mental abilities are usually normal, but in
some cases, increased intracranial pressure can lead to in-
tellectual disability. The differential diagnosis of Crouzon
syndrome includes Apert syndrome and Pfeiffer syndrome.
Historically, these diseases were described separately, but the
overlap of spectrum of molecular genetic disorders suggests
that these conditions form a continuum (Koltunov, 2011;
Al-Namnam et al., 2019).

Treatment of Crouzon syndrome is based on the severity
of symptoms. To optimize treatment, a comprehensive as-
sessment by a multidisciplinary team of specialists is needed.
The main treatment method is surgery. It allows to perform
correction of the face skull and eye sockets in order to opti-
mize cerebral blood flow and prevent the effects of increased
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intracranial pressure, blindness and mental retardation. Sur-
gical intervention can be staged or combined, depending on
the level of functional impairment in the patients and their
age (Koltunov, 2011; Sokolova et al., 2024).

Molecular genetic examination is currently an important
part in the diagnosis of Crouzon syndrome. If there is a high
risk of transmission of Crouzon syndrome to offspring, pre-
implantation genetic testing for monogenic disease (PGT-M)
may be used (Wenger et al., 1993-2025). To achieve this, the
couple needs to resort to IVF (in vitro fertilization). PGT-M
is currently used worldwide for a wide range of monogenic
diseases, however, we found in the literature a description
of only one clinical case of PGT-M for Crouzon syndrome
(Abou-Sleiman et al., 2002).

In our work, we presented a clinical case of IVF/ICSI
with PGT-M with a successful outcome and confirmatory
diagnostics.

Material and methods

IVF with PGT-M was performed for a married couple
(a 24-year-old woman and a 25-year-old man), in which
the husband had the disease status of Crouzon syndrome.
The phenotypic manifestations of the man included hy-
pertelorism, a beaked nose, exophthalmos (not very pro-
nounced), hypoplasia of the middle part of the face, a high
palate and a protruding chin. His father also had Crouzon
syndrome. The father’s clinical manifestations were milder,
with no exopthalmos, hypoplasia, or hypertelorisms. Familial
pathogenic variant of NM_000141.5(FGFR2):c.1007A>G
(p-Asp336Gly) was detected in a heterozygous state in the
spouse and his father as a result of Sanger sequencing;
“14 % mosaicism or chimerism with heterozygosity” for the
father was noted (Genoanalytika LLC, Moscow, 2022). The
abbreviation for the pathogenic variant, D336G, is used in
this article. The variant is described in the ClinVar database
(Variation ID: 374815) and is associated with the develop-
ment of Crouzon syndrome (OMIM 123500). At least three
in silico pathogenicity prediction programs confirmed the
pathogenic effect of the variant on the gene or gene pro-
duct (AlphaMissense, Revel, Aggregated Prediction). The
nucleotide sequence variant was not registered in the control
sample of The Genome Aggregation Database v4.1.0 and
in the Russian Federal Medical and Biological Agency
database of population frequencies of genetic variants for
the Russian Federation population (version 1.1.2, database
version 59.1, https//gdbpop.nir.cspfmba.ru). This missense
variant is located in the gene where missense variants often
cause the disease.

The couple underwent detailed medical genetic counsel-
ing, including the issues of planned molecular genetic test-
ing system and ART (assisted reproductive technologies)
counseling. Voluntary informed consent was obtained from
all persons involved in the study for all procedures.

The biological material for the PGT-M setup was venous
blood samples from spouses and parents of the husband, as
well as from a voluntary unrelated donor (for DNA testing
and single lymphocytes) collected into EDTA-containing
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vacutainer tubes. For postnatal diagnosis, the newborn’s
dried blood spots on a filter blank were used. DNA isola-
tion was carried out using the DNA-sorb-B kit (Amplisens,
Russia) from 100 pl blood. DNA from a dried blood spot
sample was isolated using the PREP-MB-DBS DWP kit
(DNA-Technology, Russia) at the Auto-Pure 96 robotic
station (Hangzhou Allsheng Instruments Co., Ltd, China).
Samples of single lymphocytes were used as biological mate-
rial to validate the system. For this purpose, a suspension of
mononuclear cells was isolated from blood by centrifugation
in a density gradient of ficoll solution. Single lymphocytes
were then taken with a glass biopsy micropipette under
a microscope using a polyvinylpyrrolidone solution and
each was placed into an individual microtube with a lysing
solution. The lysing solution for single lymphocytes and
embryo trophectoderm samples contained proteinase K,
triton X-100, and twin 20 (Verlinsky, Kuliev, 2004).

For PGT-M, a testing system has been developed that
includes analysis of the pathogenic variant D336G of the
FGFR?2 gene, as well as polymorphic STR markers (short
tandem repeats) linked to the FGFR2 gene. STRs have been
selected within 1 million bp from the pathogenic variant
with heterozygosity ranging from 0.8 to 0.9 for dinucleotide
repeats, and no less than 0.7 for tri-tetranucleotide repeats.
At the PGT-M setup stage, PCR reactions and optimization
(gradient PCR if necessary) were performed for all frag-
ments for test DNA, followed by analysis of family samples
to identify informative STRs. The developed system was
validated on single lymphocytes (N = 8).

Standard PCR (2nd PCR) in a volume of 20 pl with fluo-
rescently labeled oligonucleotide primers was used to test
DNA samples from family members. Nested PCR was used
during single-cell testing, both during PGT-M and single
lymphocyte validation. The first round of PCR (1st PCR)
was multiplexed in a volume of 50 pl. 1 pl of the 1st PCR
product was used as a template for the 2nd PCR. Negative
and positive controls were used in all amplification series.
The overall scheme of molecular genetic testing, as well
as conditions and amplification programs were carried out
according to the recommendations of Y. Verlinsky and
A. Kuliev (Verlinsky, Kuliev, 2005).

The 2nd PCR products were preliminarily examined in
a 7 % polyacrylamide gel to assess the loading of samples
on capillary electrophoresis and the quality of negative
controls. Fragment analysis of STR markers was performed
by capillary electrophoresis on a Nanophore 05 genetic
analyzer (Institute of Analytical Instrumentation, Russia).
The GeneMarker software (SoftGenetics, USA) was used
to evaluate the fragment analysis results. The study of the
pathogenic variant involved restriction analysis with HspAl
and detection in a 7 % polyacrylamide gel. GelRed dye
(Biotinum, USA) was used to color gels.

The couple underwent standard pre-treatment assess-
ment according to national guidelines to plan IVF (Assisted
Reproductive Technology..., 2019). Controlled ovarian hy-
perstimulation was performed using standard short protocol
with recombinant FSH (follicle stimulating hormone) and
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antagonists. The dose of FSH was selected individually.
Ovulation was triggered 0.2 mg of Decapeptil (Ferring
GmbH, Germany) when at least three follicles reached
17 mm in size according to ultrasound monitoring. Trans-
vaginal follicle puncture was performed under ultrasound
control 36 hours later. WHO standard criteria were used
for ejaculate analysis (WHO Laboratory Manual..., 2010).

ICSI (intracytoplasmic sperm injection) was used as a fer-
tilization technique. Embryological procedures and embryo
biopsy were carried out taking into account national and
international guidelines (ESHRE PGT Consortium and SIG-
Embryology Biopsy Working Group et al., 2020; Evaluation
of Oocytes..., 2021). A single-step medium SAGE 1-Step™
(ORIGIO, Denmark) was used for embryo culture. Biopsy of
good and excellent quality embryos was performed on day 6
using a flip method. The obtained trophectoderm fragments,
after washing in phosphate buffer (PBS), were transferred
into microtubes containing 5 pl of lysing buffer and frozen
at —20 °C. Immediately after the biopsy, blastocysts were
vitrified using Kitazato media and carriers (Kitazato Cor-
poration, Dibimed-Biomedical Supply, Spain).

PGT-M was performed using the nested PCR method,
according to the scheme developed at the preliminary stage,
taking into account the aforementioned conditions and
international recommendations (ESHRE PGT-M Working
Group et al., 2020).

The preparation for the transfer of the thawed embryo was
carried out in a natural cycle, taking into account the results
of PGT-M. Kitazato thawing media (Kitazato Corporation,
Dibimed-Biomedical Supply, Spain) and a transfer catheter
Guardia™ Access ETEmbryo Transfer Catheter (COOK
Medical, USA) were used.

Pregnancy diagnosis was performed by standard analysis
of human chorionic gonadotropin (HCG) on the 14th day
after the embryo transfer, followed by ultrasound exami-
nation of the gestation at 7 weeks. No invasive prenatal
diagnosis was made.

S PCR w H FH MH

Crouzon syndrome: PGT-M for a familial case
with a whole and a mosaic variant

Postnatal diagnosis was performed using samples of dried
newborn bloodstains. Molecular genetic testing of the new-
born included all the loci tested during PGT-M.

The study was carried out using the resources of the Bio-
bank of the Population of Northern Eurasia biocollection
at the Research Institute of Medical Genetics of the Tomsk
National Research Medical Center and the equipment of the
Medical Genomics Center for Collective Use at the Tomsk
National Research Medical Center.

Results

During the PGT-M setup, a test system was developed for a
family with a high genetic risk (50 %) of Crouzon syndrome,
including the analysis of the pathogenic variant D336G and
12 polymorphic STR markers. The presence of the patho-
genic variant was confirmed by restriction analysis in the
husband and his father, both for the preliminary examination
of the family and for the PGT-M (see the Figure).

We have recorded a difference in the intensity of restric-
tion fragments between the father and the husband. In the
husband’s father, the fragment corresponding to the allele
with the pathogenic variant looked significantly paler than
normal. This was consistent with the results of molecular
genetic examination provided by the family for PGT-M
planning, which also noted mosaicism in the husband’s
father.

The informative value of STR markers for PGT-M was
established through the family analysis based on testing
samples from the husband’s parents. Table 1 shows the
polymorphic STR markers we selected and studied in the
family samples.

Nine of the twelve STRs tested were informative regard-
ing the husband’s chromosome carrying the pathogenic
variant. The husband’s father did not have any additional
alleles across the entire spectrum of highly polymorphic
microsatellite markers studied, which excluded the assump-
tion of chimerism.

_-HL-—J s J S R S
——
e NG RN N
e

S PCR Eil =2 E3 E4 W H

The result of testing the pathogenic variant D336G in the FGFR2 gene by restriction analysis with gel detection (inverted image) in
family samples from PGT-M setup and embryo samples during PGT-M. W - wife/woman; H — husband/man; FH - husband'’s father;
MH - husband’s mother; E1-E4 - the embryo samples; PCR - PCR product without endonuclease digestion; S — the pUC19/Mspl

size standard.
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Table 1. Results of the preliminary stage of PGT-M for a family with Crouzon syndrome

No.  STR/Gene, Repeat (distance from the pathogenic variant, Mb),

localization (chr10:/GRCh37/hg19)

1 AG (0.98) 122297505-122297597

2 AT (0.85) 122422706-122422730

3 ACAG (0.81) 122466425-122466476

4 AAT (0.74)* 122533089-122533125

5 AC(0.68) 122593191-122593232

6 AC (0.55) 122725637-122725689

7 FGFR2

8 AC(0.01) 123283616-123283661

9 AT (0.22) 123493200-123493222
10 AAT (0.61) 123888576-123888611
1 AG (0.66) 123935589-123935661
12 AC(0.76) 124039027-124039061

13 ATC (0.95) 124227919-124227959

Alleles (bp)

Husband Wife Husband’s Husband’s

father mother
255/257 (239/247) 255/245 247/257
354/354 374/374 354/374 352/354
250/250 208/208 250/208 246/250
282/273 (291/294) 282/291 282/273
160/152 (162/160) 160/154 160/152
236/242 (254/246) 236/258 234/242
D336G/N N/N D336G/N N/N
256/258 (258/260) 256/256 246/258
186/186 (186/194) 186/186 186/186
161/149 (161/149) 161/149 152/149
136/128 (128/108) 136/144 138/128
246/244 238/238 246/232 248/244

90/96 (96/87) 90/90 87/96

Note. Alleles linked to the pathogenic variant are indicated in bold and underlined; uninformative STRs are marked in gray; alleles with coupling that were not
established during the preliminary stage are marked in parentheses. * A locus that has not been validated on single cells is marked.

Next, the testing system was validated using samples
of single lymphocytes and products obtained from whole-
genome amplification of embryos. Acceptable amplification
in terms of fragment intensity, absence of non-specific frag-
ments and peak shape was confirmed for all STRs except
for one. One STR located at a distance of 0.74 million bp
was excluded from the system due to lack of amplification
on single cells.

During the IVF treatment cycle, a starting dose of go-
nadotropins 200 [U FSH+75 IU LH (luteinizing hormone)
was used. The total gonadotropin dose was 1,950 IU
FSH+600 IU LH. No complications occurred during stimu-
lation. 21 oocytes were retrieved from 23 follicles, 15 of
them being mature. Fertilization was performed by ICSI
in order to reduce contamination of parental DNA during
embryo testing. The husband’s ejaculate was teratozoosper-
mic; the sperm concentration was 167 million/ml, the per-
centage of progressively mobile was 49 %. The next day after
fertilization, 12 zygotes with two pronuclei were formed.
Onday 3, 11 embryos were developing. Four embryos have
reached the blastocyst stage, and all of them have been suc-
cessfully biopsied for genetic testing.

Trophectoderm fragments from four embryos were tested
for the familial pathogenic variant responsible for Crouzon
syndrome and the linked STR markers selected at the pre-
liminary stage. The preimplantation study included only
informative STRs validated on single cells.

The results of preimplantation analysis of pathogenic
variant of the FGFR2 gene are shown in the Figure. During

PGT-M, the paternal pathogenic variant D336G of the
FGFR2 gene was found in a heterozygous state in three
embryo samples. A normal FGFR?2 allele was detected in
the sample of the first embryo. The genotype of embryo 1
can be interpreted as homozygous for the normal allele.
However, due to the risk of allele dropout (ADO) in PGT-M,
the genotype was interpreted only in conjunction with STR
results. The full results of preimplantation testing are pre-
sented in Table 2.

All presumably homozygous profiles in the embryo
samples (Table 2) are indicated as a single allele, as a pre-
cautionary measure in interpretation, due to the possible phe-
nomenon of ADO. The results of STR testing showed that the
samples from three embryos carrying the pathogenic variant
contained paternal alleles linked to the pathogenic variant
of the gene. A normal paternal haplotype was detected in
embryo 1, along with one of the maternal haplotype, which
confirmed the normal homozygous status of the embryo in
relation to the pathogenic variant.

Genetic testing for aneuploidy was not carried out,
based on the couple’s decision following medical genetic
counseling.

The transfer of thawed embryo number 1 into the uterine
cavity was performed based on the preimplantation testing
results. Cryotransfer was performed in a naturally modified
ovulation trigger cycle (HCG 6,500 IU).

The result was a singleton pregnancy, confirmed by
ultrasound. The pregnancy progressed without complica-
tions. Standard prenatal screening did not detect any fetal
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Crouzon syndrome: PGT-M for a familial case
with a whole and a mosaic variant

Table 2. PGT-M results and confirmatory diagnostic results for a family with Crouzon syndrome

No. STR/Gene, Alleles (bp)
Repeat (Mb)
PGT-M: embryo samples Control family samples IVF-PGT-M
baby

E1 E2 E3 E4 Husband Wife
1 AG (0.98) 257/247 255/239 255/247 255/247 255/257 239/247 257/247
2 AC (0.68) 152/160 160/162 160 160 160/152 162/160 152/160
3 AC (0.55) 242/246 236/254 236/246 236/246 236/242 254/246 242/246
4 FGFR2 N D336G/N D336G/N D336G/N D336G/N N/N N/N
5 AC (0.01) 258/260 256/258 256/260 256/260 256/258 258/260 258/260
6 AAT (0.61) 149 161 161/149 161/149 161/149 161/149 149/149
7 AG (0.66) 128/108 136/128 136/108 136/108 136/128 128/108 128/108
8 AC (0.76) 244/238 246/238 246/238 246/238 246/244 238/238 244/238
9 ATC (0.95) 96/87 90/96 90/87 90/87 90/96 96/87 96/87

Note. Alleles linked to a pathogenic variant are shown in bold and underlined; loci in italics can be interpreted individually in embryo samples as homozygous

or one allele due to the ADO of the second allele.

abnormalities. Invasive prenatal diagnosis, recommended by
genetic counseling to check the genotype of the fetus, was
not performed due to the patient’s concerns about potential
complications. The pregnancy was terminated via cesarean
section at 39 weeks of gestation. In May 2024, a healthy
baby girl weighting 3,480 g was born. Her Apgar score was
7/8 according to the discharge records.

Confirmatory genetic diagnosis was performed using
dried newborn blood sample for the familial variant of
Crouzon syndrome. The testing was carried out on all loci
included in the PGT-M (Table 2). As a result, the child had
a genotype homozygous for the normal allele of the FGFR2
gene, confirmed by the paternal haplotype. The postnatal
confirmatory diagnosis results completely matched the
results of embryo 1 testing during PGT-M.

Discussion

Our article provides a detailed description of a clinical case
of IVF with PGT-M to prevent the birth of a child with Crou-
zon syndrome in a family where the husband and his father
suffered from this disease. The familial pathogenic variant
of the FGFR2 gene in the husband’s father was present in
a mosaic form and was not a consequence of chimerism, as
proven by our data from microsatellite analysis. This most
likely caused a milder clinical manifestation of the disease.
For embryos, we recorded the standard heterozygous (non-
mosaic) pathogenic variant, as well as for the husband (see
the Figure).

A case of generative and somatic mosaicism for the same
pathogenic variant c.1007A>G(p.Asp336Gly), as in our
clinical case, is described in the work of A. Goriely et al.
(2010). In a mother without Crouzon syndrome, a heterozy-
gous mosaic variant ¢.1007A>G(p.Asp336Gly) was detected
in approximately 25-30 % of blood and saliva cells. In a
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child with Crouzon syndrome, this pathogenic variant was
present, as it was in our case, in the standard heterozygous
form (Goriely et al., 2010).

Cases of transmission of an autosomal dominant disease
from a parent who is a mosaic carrier of a pathogenic vari-
ant have also been found for other conditions, in particular,
for autosomal dominant polycystic kidney disease (Hopp et
al., 2020). The prevalence of this phenomenon is currently
unclear for various hereditary diseases.

During the IVF program, four blastocysts were obtained,
all of which were successfully biopsied and tested for Crou-
zon syndrome. We used a strategy based on analyzing the
pathogenic variant and linked informative STR markers that
were selected during the PGT-M setup. We used nested PCR
but not genome-wide amplification, because the combination
of PGT-M and aneuploidy analysis was not performed for
this clinical case. Our approach allowed us to draw definitive
conclusions regarding the inheritance of the chromosome
responsible for the familial variant of Crouzon syndrome
in each embryo. The dominant nature of inheritance of the
disease determines a 50 % risk for embryos. In our case,
3 out of 4 (75 %) embryos had the pathogenic variant.
One embryo had a normal status, and its transfer led to the
achievement of pregnancy and birth of a healthy child.

There is little data on PGT-M for Crouzon syndrome in
scientific publications. In 2002, a group from the UK pub-
lished the results, reporting the first successful PGT for this
condition (Abou-Sleiman et al., 2002; Harper et al., 2002).
Both articles describe the same clinical case. One article
presents the test results in more detail (Abou-Sleiman et al.,
2002), while the second one focuses on the outcomes (Harper
etal.,2002). Amarried couple, in which a woman had Crou-
zon syndrome, underwent pre-implantation testing during
two IVF cycles. They had a history of the birth of a girl with
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Crouzon syndrome, who later died during corrective surgery.
The preimplantation testing system included the analysis of
the pathogenic variant using the SSCP (single strand confor-
mational polymorphism) method. Two intragenic SNPs were
tested during preparation for the diagnosis, but they were
uninformative for the spouses (Abou-Sleiman et al., 2002).
In addition to the FGFR2 gene fragment, unlinked D21S11
locus was included in the preimplantation analysis to control
amplification. In just two cycles, 23 day 3 embryos were
analyzed. The strategy of taking two blastomeres during
biopsy was used. Eight embryos were diagnosed as normal,
nine as abnormal and six were inconclusive. Five embryos
were transferred during two embryo transfer procedures.
The second cycle of PGT resulted in a twin pregnancy, but
only one embryo had a heartbeat. Prenatal diagnosis was not
performed at the request of the married couple and confir-
matory diagnosis was done postnatally. A healthy baby boy
was born (Harper et al., 2002).

We have not found any other descriptions of PGT-M for
Crouzon syndrome. During our work, we did not encounter
any specific difficulties with PGT-M related to the disease,
gene, or specific pathogenic variant. Due to the complex
molecular mechanisms involved in craniosynostosis de-
velopment, this group may have attracted less attention
from specialists as a method for preventing the disease
until now. Our experience shows that PGT-M can success-
fully be applied in cases where there is a clear monogenic
inheritance.

In comparison with the above-described clinical case
from the literature, in our case, pregnancy was achieved in
the first treatment cycle of IVF with PGT. The differences
can be noted in a number of aspects of the entire process
related to technology changes in this area. We had fewer
embryos for preimplantation testing. In general, when testing
trophectoderm samples from 5 or 6-day embryos, as it was
in our study, there are fewer samples for PGT-M compared
to testing blastomeres on day 3, because of natural selection
of embryos from day 3 to 5.

For the genetic analysis we used a more detailed test-
ing system, which included a clear identification of the
pathogenic variant by restriction analysis, and at least two
informative flanking STRs for the family. To analyze the
pathogenic variant properly, a restriction analysis was used
based on the natural site of the restriction endonuclease in
the case of the pathogenic variant. This approach proved to
be more informative than the SSCP method. Currently, a
wide range of innovative genome-wide methods have been
proposed in the field of PGT-M (De Rycke, Berckmoes,
2020). At the same time, it is important to consider the
potential benefits and drawbacks of these methods for each
specific case.

The STRs included in our study allowed us to identify all
the difficulties of amplification and interpretation of PGT
results, including ADO, contamination, and recombination.
Even in the cases where amplification of the pathogenic al-
lele fails, haplotypes can allow us to clearly identify embryos
carrying a chromosome with the paternal pathogenic variant.
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According to modern standards, targeted preimplantation
analysis without linked informative markers is not recom-
mended (ESHRE PGT-M Working Group et al., 2020).

In the clinical case presented by us, PGT for aneuploidy
was not performed. The spouses were of a relatively young
age; there were no other indications for this procedure.

Conclusion

Our study presents a clinical case of IVF with PGT-M for
a married couple at high risk for Crouzon syndrome, with
a successful outcome confirmed by postnatal diagnosis. In
comparison with the only case presented in the literature,
our results reflect a more modern and, in some aspects, a
more reliable approach to IVF with PGT-M for Crouzon syn-
drome. In the family studied, the pathogenic variant of the
FGFR2 gene was present in a mosaic form in the husband’s
father, while in the husband and, consequently, in embryos
it had the standard heterozygous state. Microsatellite analy-
sis used in our work excluded chimerism in the husband’s
father. The issues of transmission of dominant diseases in
the cases of parental mosaicism require further research.
The clinical case presented by us demonstrates an effective
example of the use of [IVF with PGT-M to prevent the birth
of'sick children in families with hereditary craniosynostosis.
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