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Purpose: Preimplantation genetic testing for monogenic disorders (PGT-M) has been successfully used to prevent couples
with monogenic disorders from passing them on to their child. Charcot-Marie-Tooth Disease (CMT) is a genetic disorder
characterized by progressive extremity muscle degeneration and loss of sensory function. For the first time in Korea, we re-
port our experience of applying single nucleotide polymorphism genotyping and karyomapping for PGT-M of CMT disease.
Materials and Methods: Prior to clinical PGT-M, preclinical tests were performed using genotypes of affected families to
identify informative single-nucleotide polymorphisms associated with mutant alleles. We performed five cycles of in vitro fer-
tilization PGT-M in four couples with CMT1A, CMT2A, and CMT2S in CHA Fertility Center, Seoul Station.

Results: From July 2020 through August 2021, five cycles of PGT-M with karyomapping in four cases with CMT1 and CMT2
were analyzed retrospectively. A total of 17 blastocysts were biopsied and 15 embryos were successfully diagnosed (88.2%).
Ten out of 15 embryos were diagnosed as unaffected (66.7%). Five cycles of PGT-M resulted in four transfer cycles, in which
four embryos were transferred. Three clinical pregnancies were achieved (75%) and the prenatal diagnosis by amniocentesis
for all three women confirmed PGT-M of karyomapping. One woman delivered a healthy baby uneventfully and two preg-
nancies are currently ongoing.

Conclusion: This is the first report in Korea on the application of karyomapping in PGT-M for CMT patients. This study shows
that karyomapping is an efficient, reliable and accurate diagnostic method for PGT-M in various types of CMT diseases.
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Introduction

Charcot-Marie-Tooth disease (CMT) is a genetically and clini-
cally heterogeneous disorder of the peripheral nervous system.
CMT is characterized by progressive limb muscle degeneration
and loss of sensory function. It is mainly divided into CMT type
1 and CMT type 2 according to the clinical phenotype, genetic
cause, and mode of inheritance [1-3]. To date, more than 80
genes have been reported to be associated with CMT. Of these,
74 CMT-associated genes are known, including inheritance
mode and neuropathy type (https://www.ncbi.nim.nih.gov/
books/NBK1358) [4]. We performed preimplantation genetic
testing for monogenic disorders (PGT-M) for CMT1A, CMT2A
and CMT2S among various CMT types. Seventy to eighty five
percent of CMT patients are CMT1A (Online Mendelian Inheri-
tance in Man [OMIM] 118220) with a 1.5 Mb duplication in the
p11-p12 region of chromosome 17 containing the PMP22 (pe-
ripheral myelin protein 22) gene [3-7]. Another form of CMT2
that maps to chromosome 1p36.2 are CMT2A (OMIM 609260),
which results from a heterozygous mutation in the MFN2 gene
[8]. CMT2S (OMIM 616155) is caused by a homozygous or com-
pound heterozygous mutation in the /GHMBP2 gene on chro-
mosome 1113 [9].

PGT-M has been successfully used as an alternative to prena-
tal testing to prevent couples with specific genetic disorders in
the family from passing them on to their child [10]. After 5 days
of culture after in vitro fertilization (IVF) or intracytoplasmic
sperm injection, embryos identified as unaffected by biopsy of
five to seven trophoblast cells from the blastocyst are transfer to
the uterus. The use of PGT-M allows high-risk patients to avoid
termination of affected pregnancy or births of affected child.
Conventional polymerase chain reaction (PCR) PGT-M, which
uses short tandem repeat (STR) markers, has limited information
near the target locus, and optimization of multiplex PCR at the
single-cell level requires a significant amount of laboratory work
and takes about six months [11].

Table 1. Genetic information for cases with CMT1A, CMT2A and CMT2S

Karyomapping has been proposed as an alternative to the
conventional PGT-M. Karyomapping performs genome-wide
linkage analysis by genotyping parents and embryos using over
300,000 single-nucleotide polymorphisms (SNPs) across the
entire genome [12,13]. Karyomapping can be used for the diag-
nosis of any single gene disorders without designing a patient-
specific method, significantly reducing the time required for op-
timization prior to PGT-M. Therefore, unlike conventional PGT-
M, detecting single gene disorders is a faster, more efficient and
more reliable method [14].

Herein, we applied genome-wide linkage analysis and kary-
omapping for PGT-M of CMT disease for the first time in Korea.

Materials and Methods

1. Patient description

Four patients were diagnosed with CMT at Samsung Medical
Center were referred to our clinic, Genetics Laboratory, CHA Fer-
tility Center, Seoul station for PGT-M.

From July 2020 through August 2021, five cycles of PGT-M
using karyomapping in four cases with CMT1 and CMT2 were
analyzed retrospectively. PGT-M was requested by two cases for
CMT1A, one case for CMT2A, and one case for CMT2S. Patients'
demographic and medical information, including laboratory and
clinical results, were extracted from medical charts.

In Case 1, CMT1A is an autosomal-dominant disorder, with
duplication of PMP22 detected in the female partner, who had
inherited the mutation from her affected father. In Case 2, also
having duplication of PMP22 in the female partner with the
CMT1A inherited from the affected father. In Case 3 with CMT2A
type, an autosomal dominant disease, the mutation in the MFN2
¢.1082A>T in female partner was inherited from affected father.
Case 4 with an autosomal recessive disease, CMT2S, had an affect-
ed daughter with compound heterozygous mutations of ¢.712-
9G>A and c.257-2A>G in the /GHMBP2 gene. It was confirmed
that the female partner and the male partner had ¢.712-9G>A

Couple  Affected partner F:gn;i%s Type Inhr?]r(;tggce Gene Variant Type
1 Female 28 CMT1A AD PMP22 17p11-p12 duplication Pathogenic
2 Female 36 CMT1A AD PMP22 17p11-p12 duplication Pathogenic
3 Female 30 CMT2A AD MFNZ2 c1082A>T Pathogenic
4 Female, male 29 CMT2S AR IGHMBP2 €.712-9G>A, ¢.257-2A VUS, likely pathogenic

CMT1A, Charcot—Marie—Tooth disease type 1A; CMT2A, CMT type 2A; CMT2S, CMT type 2S; AD, autosomal dominant; AR, autosomal recessive;
PMP22, peripheral myelin protein 22, MFN2, mitochondrial protein mitofusion-2; /GHMBPZ2, immunoglobulin mu-binding protein 2; VUS, variant of uncer-

tain significance.
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and ¢.257-2A>G of the [GHMBP2 gene, respectively (Table 1).

2. Work up for haplotype analysis

Patients and family members received appropriate genetic
counseling and informed consent was obtained for all proce-
dures to be performed. DNA extraction from ethylene-diamine-
tetraacetic acid-treated peripheral blood of all family members
was performed within 1 week after blood collection using the
Quickgene DNA whole blood kit according to the manufacturer's
instructions (SHIMADZU, Neyagawa, Japan).

For preclinical test for CMT, DNA samples from additional
family members used as references for phasing of SNP alleles in-
cluded the couple's sons/daughters or the parents of male and/
or female patients. DNA samples from couples and other fami-
lies were analyzed using the HumanKaryomap-12 Bead Chip
according to the manufacturer's protocol (lllumina, San Diego,
CA, USA), and karyomapping for each single gene disorder was
performed using dedicated software (BlueFuse Multi V4.5, lllu-
mina).

3. Embryo biopsy and whole genome amplification

After IVF, embryos were cultured to the blastocyst stage and
biopsied using laser micromanipulation in the morning on day
5 and approximately five to seven trophectoderm (TE) cells were
obtained. Morphological grading of blastocysts was assessed
according to Schoolcraft and Gardner guideline [15]. The bi-
opsied cells were washed in three to four microdroplets of PBS
(Phosphate-Buffered Saline, without magnesium or calcium)
and transferred to a sterile PCR tube containing two pl of PBS.
After biopsy, all embryos were vitrified and stored. And the bi-
opsied TE cells were subjected to PGT-M. Whole genome ampli-
fication (WGA) was performed using the multiple displacement
amplification and according to the standard protocol provided
by the REPLI-g Single Cell Kit (QIAGEN, Hilden, Germany). WGA
could sufficiently obtain genomic DNA by amplifying from the

picogram level to the nanogram level for karyomapping experi-
ments.

4. Karyomapping

Infinium Human Karyomap-12 DNA analysis kit (Cat#1500055;
lllumina) was used for karyomapping, and fragmentation, pre-
cipitation, resuspension, hybridization, washing, and staining
were performed according to the manufacturer's protocol. Kary-
omapping data was scanned using lllumina NextSeq and ana-
lyzed using BlueFuse Multi software (Illumina). Using the geno-
type of the affected family as a reference, haploblock was made
using informative SNPs of the male partner and female partner.
Using reference, the mutant allele can be identified in the hap-
loblock. According to the genotype of TE cells, heterozygous SNP
reads were applied in the 2 Mb region near the mutant gene to
identify mutant alleles in the blastocyst [12].

5. Embryo transfer and in vitro fertilization outcomes

After genetic counseling on the results of PGT-M, single fro-
zen-thawed unaffected blastocyst was transferred back to the
mother's uterus after the endometrium preparation with artifi-
cial hormonal cycle. Clinical pregnancy was defined as the pres-
ence of a gestational sac or fetal heartbeat on ultrasonogram at
6 to 7 weeks of gestation.

6. Prenatal diagnosis

Amniocentesis was performed under ultrasound guidance ac-
cording to standard techniques at 16 to 18 weeks of gestation.
For prenatal diagnosis using amniotic fluid cells, linkage analysis
or direct sequencing, karyomapping, and karyotype analysis
were performed to confirm the PGT-M results.

Table 2. The informative SNPs identified by preclinical test for cases with CMT1A, CMT2A and CMT2S

Variable Case 1 Case 2 Case 3 Case 4
Type CMT1A CMT1A CMT2A CMT2S
Affected partner Female Female Female Female, male
Reference Affected father Affected father Affected father Affected daughter
Target gene PMP22 PMP22 MFN2 1GHMBP2
5’ region 19/351 26/351 28/350 29/76
Main region 0/15 0/15 0/6 0/2
3’ region 22/233 4/233 9/200 77/202

SNP, single nucleotide polymorphism; CMT1A, Charcot—Marie—Tooth disease type 1A; CMT2A, CMT disease type 2A; CMT2S, CMT disease type 2S;
PMP22, peripheral myelin protein 22; MFN2, mitochondrial protein mitofusion-2; /GHMBPZ2, immunoglobulin mu-binding protein 2.
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Table 3. The results of karyomapping according to embryo from cases with CMT1A, CMT2A, and CMT2S

Karyomapping result

Case &%L Embryo Grade CMT Chromosome tEr?ntg‘)é? pggﬂgﬁ!:y Amniocentesis Péﬁgcnoanqu
gene copy number
1 1 #1 Exp. BL (BB) Normal Euploid Transferred Singleton Normal  Live birth
#2 Exp. BL (BB) Abnormal  Euploid Not transferred
#3 Mid. BL (BC) Fail Fail Not transferred
#4 Mid. BL (BC) Normal Euploid Cryopreservation
#5 Exp. BL (BC) Abnormal  Euploid Not transferred
#6 Hatching BL (BC) Normal Euploid Cryopreservation
2 1 #1 Mid. BL (BB) Abnormal  Euploid Not transferred
#2 Mid. BL (BB) Normal Partial monosomy 13 Not transferred
#3 Exp. BL (BB) Normal Euploid Transferred Singleton Normal  Ongoing
pregnancy
3 1 #1 Exp. BL (BC) Normal Euploid Cryopreservation
#2 Mid. BL (BC) Abnormal  Euploid Not transferred
2 #1 Exp. BL (BB) Normal Euploid Transferred Singleton Normal ~ Ongoing
pregnancy
#2 Mid. BL (BB) Normal Euploid Cryopreservation
#3 Mid. BL (BB) Normal Monosomy 8 Not transferred
#4 Mid. BL (BC) Abnormal  Haploid Not transferred
4 1 #1 Mid. BL (BC) Fail Fail Not transferred
#2 Exp. BL (CB) Normal Euploid Transferred Biochemical _
pregnancy

CMT1A, Charcot—Marie—Tooth disease type 1A; CMT2A, CMT type 2A; CMT2S, CMT type 2S; PGT, preimplantation genetic testing; BL, blastocyst.

Results

1. Preclinical test using DNA of the affected family

The genomic DNA of the affected family was used to identify
informative SNPs linked to the mutant allele (Table 2).

Case 1 was CMT1A, and the affected father of the female
partner was a reference. The number of informative SNPs as-
sociated with PMP22 gene on 5" and 3' flanking regions were 19
and 22, respectively. Case 2 was CMT1A, and the affected father
of the female partner was a reference. Twenty-six and four in-
formative SNPs associated with the PMP22 gene were detected
in the 5'and 3' flanking regions, respectively. Case 3 was CMT2A,
and the affected father of the female partner was a reference.
The number of informative SNPs associated with the MFN2
gene in 5"and 3' flanking regions were 28 and nine, respectively.
Case 4 was an autosomal recessive disease with CMT2S. The af-
fected daughter of the couple was a reference. The number of
informative SNPs associated with the /GHMBP2 gene in the 5'
and 3' flanking regions were 29 and 77, respectively.

2. Clinical PGT for CMT
After preclinical testing, PGT-M was applied to four cases with

CMT (Table 3). In the DNA sample amplified with WGA, the SNP
call rate was 949% on average (recommended SNP call rate of
blastocyst biopsy by lllumina, 70-95), which is considered suf-
ficient for karyomapping analysis. A total of 17 embryos were
biopsied and 15 embryos were successfully diagnosed (88.2%).
Ten out of 15 embryos were diagnosed as unaffected by CMT
disease (66.7%). Two out of ten unaffected embryos were found
to have chromosomal abnormalities and were excluded from
embryo transfer. Five cycles with biopsy resulted in four transfer
cycles, in which four embryos were transferred and three clinical
pregnancies were achieved (75%).

Case 1, five out of six biopsied embryos were diagnosed suc-
cessfully. One of three unaffected embryos was transferred,
resulting in a singleton pregnancy. PGT-M was confirmed by
amniocentesis and the healthy baby was delivered without any
complications.

In Case 2, three embryos were biopsied and diagnosed. Two
unaffected embryos were identified, and Embryo 2 was exclud-
ed due to the deletion of q14.3-gter of chromosome 13 (Fig. 1).
Embryo 3 was transferred and successfully implanted. The PGT-
M result was confirmed by amniocentesis, and have an ongoing
pregnancy at 38 weeks.
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Fig. 1. Results of karyomapping and pre-
implantation genetic testing for aneuploidy
(PGT-A) in case 2 with Charcot—Marie—
Tooth disease type 1A. Karyomapping
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stream (5’) and downstream (3’) sides of
the PMP22 gene for linkage analysis. (A)
M1 is the mutant allele and M2 is the nor-
l mal allele. Embryo 1 has mutant allele and

Deletion of 13q14.3-qgter

1 et ssinim i i pammas i m memenennien - @MDIY0 2 and Embryo 3 have normal allele.

it | (B) B allele chart of karyomapping in unaf-

Embryo3

e —====== fected embryos. In Embryo 2, segment of
chromosome 13 had AA and BB alleles but
no AB alleles. A segmental monosomy13

Euploidy

eteesmie was suggested in Embryo 2. (C) Result of
PGT-A shows segmental monosomy on

Fopaen Mim2 M1 M1 M2 M2

(A) Haploblock chart

Normal Affected Affected Normal Normal Normal Abnormal
1w Male Female Ref Embryol Embryo2 Embryo3 Embryod

(B) B-allele chart

Embryol

Embryol

(C) CNV chart of PGT-A

i - 13014.3-g31 in embryo 2, and euploidy in
Embryo 3. CNV, copy number variation.

Fig. 2. Results of karyomapping and pre-
implantation genetic testing for aneuploidy
(PGT-A) in case 3 with Charcot—Marie—
* Tooth disease type 2A. Karyomapping
analysis included 2 Mb each of the up-
stream (5’) and downstream (3’) sides of
the MFN2 gene for linkage analysis. (A) M1
is the mutant allele and M2 is the normal
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Case 3 underwent two IVF cycles and a total of six embryos
were biopsied and diagnosed. Four unaffected embryos were
identified, and Embryo 3 was excluded due to monosomy 8 (Fig.
2). One unaffected embryo was transferred and the successful
pregnancy was achieved. Prenatal diagnosis by amniocentesis
using karyomapping and direct sequencing were consistent
with the PGT-M results.

For Case 4, two embryos were biopsied and one embryo was
diagnosed. One unaffected embryo was transferred, resulting in
a biochemical pregnancy.

= CNV, copy number variation.

Discussion

Karyomapping is an advanced method for PGT-M. It dramati-
cally reduces time and work load required for optimization prior
to PGT-M compared to conventional PCR methods, allowing us
to make a diagnosis of single-gene disorders without designing
patient-specific PCR methods [12]. It also reduces the wait-
ing time for patients remarkably. In addition, the allele dropout
(ADO) problem, which is one of the most challenging problem of
the conventional PCR method, can be overcome with a univer-
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sal test using genome-wide SNP markers and haplotyping at the
mutation site and adjacent regions [16].

However, karyomapping also has its limitations. Karyomap-
ping with SNP markers cannot be performed without DNA from
an appropriate reference from the family. Therefore, karyomap-
ping cannot be applied in couples with de novo mutations. And
if chromosomal recombination occurs in the main region (caus-
ative gene) accurate diagnosis cannot be made [11]. In this re-
port, all CMT patients had references, affected family members,
fortunately and so the karyomapping could be applied.

In this study, prior to PGT-M, the preclinical test showed
large number of informative SNPs ranging from 30 to 106 in
4 cases, which is considerably larger number than that of STR
linked markers in the conventional PCR. Due to large number of
informative SNPs, the karyomapping analysis would undoubt-
edly be much more accurate than PCR method, because large
number of SNPs can overcome the problem of ADO of the linked
markers. In addition, the probability of false negative results by
homologous chromosome recombination in the vicinity of mu-
tation site would be much lowered.

Karyomapping has the additional advantage of detecting the
copy number of the chromosome compared to the PCR method
[13]. As a result of the PGT-M, chromosomal aneuploidies were
found in two out of ten CMT-unaffected embryos. Considering
that aneuploidy is a major cause of implantation failure and
miscarriage in early pregnancy [17,18], high pregnancy rate in
this study, albeit small sample number, may have been achieved
by excluding the embryos with abnormal chromosome from the
transfer (Table 3).

In the present study, successful pregnancies and live birth
were achieved by applying karyomapping in couples with CMT
to prevent delivering an affected baby. We confirmed that kary-
omapping is a highly efficient and accurate diagnostic method
for PGT-M in CMT diseases. In addition, the feasibility of simul-
taneous examination of single gene disorder and chromosomal
aneuploidy was confirmed.

In conclusion, we provided further evidence that PGT-M using
karyomapping is a reliable and effective clinical technique and is
an advantageous option for couples at high risk of transmitting
single gene disorders.
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