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1  |  INTRODUC TION

von Willebrand disease (VWD) is the most common, inherited bleed-
ing disorder in humans1,2 caused by a deficiency or dysfunction of 
the von Willebrand factor (VWF).3 VWF acts as a factor VIII stabilizer 
and mediator of interaction between platelets and subendothelial 

tissues.4 Gene coding studies have identified the location of VWF; it 
is located on chromosome 12p13.31,5,6 consists of 52 exons and en-
codes a multidomain protein of 2813 amino acids.7 VWD is classified 
into type 1, which is caused by a partial quantitative deficiency of 
VWF; type 2, which is caused by a qualitative deficiency of VWF and 
type 3, which is caused by a virtually complete deficiency of VWF.8 
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Abstract
Very few studies have shown the real origin and timing of de novo variants (DNV) im-
plicated in von Willebrand disease (VWD). We investigated four families with type 2 
VWD. First, we conducted linkage analysis using single nucleotide variant genotyping 
to recognize the possible provenance of DNV. Second, we performed amplification re-
fractory mutation system-quantitative polymerase chain reaction to confirm the real 
origin of variant (~0% mutant cells) or presence of a genetic mosaic variant (0%–50% 
mutant cells) in three embryonic germ layer-derived tissues and sperm cells. Then, 
three possible timings of DNV were categorized based on the relative likelihood of 
occurrence according to the number of cell divisions during embryogenesis. Two each 
with type 2B VWD (proband 1 p.Arg1308Cys, proband 4 p.Arg1306Trp) and type 2A 
VWD (proband 2 p.Leu1276Arg, proband 3 p.Ser1506Leu) were identified. Variant 
origins were identified for families 1, 2 and 3 and confirmed to originate from the 
mother, father and father, respectively. However, the father of family 4 was confirmed 
to have isolated germline mosaicism with 2.2% mutant sperm cells. Further investiga-
tion confirmed the paternal grandfather to be the origin of variant. Thus, we proposed 
that DNV originating from the two fathers most likely occurred at the single sperm 
cell, the one originating from the mother occurred at the zygote during the first few 
cellular divisions; alternatively, in family 4, the DNV most likely occurred at the early 
postzygotic development in the father. Our findings are essential for understanding 
genetic pathogenesis and providing accurate genetic counselling.

K E Y W O R D S
de novo variant, type 2 von Willebrand disease, von Willebrand disease

www.wileyonlinelibrary.com/journal/jcmm
mailto:﻿
https://orcid.org/0000-0001-7789-2148
https://orcid.org/0000-0002-9559-9428
http://creativecommons.org/licenses/by/4.0/
mailto:111710@cch.org.tw


5404  |    CHEN et al.

Type 2 VWD is further classified into types 2A, 2B, 2M and 2N.8 
Type 1 and 2 VWD, except type 2N, are inherited in an autosomal 
dominant manner, whereas type 2 N and 3 VWD are inherited in an 
autosomal recessive manner.9

De novo variant (DNV) is a rare phenomenon in VWD.9,10 It is 
defined as a variant observed in a child but not in either parent.9,11 
Accordingly, family members in whom DNV origins have been 
recognized are usually free of coagulation alteration and genetic 
variants associated with the DNV. However, individuals who have 
mosaic variants that were not detected owing to the use of less sen-
sitive conventional method are not considered as origins of DNV. 
Previously, there have been several reports on the origin of DNV in 
VWD,9,10,12–18 but almost no studies have shown the real origin and 
timing of DNV. Nonetheless, two possible interpretations for DNV 
occurrence have been described—germline mosaicism in either par-
ent and a DNV in the proband.9 Therefore, to understand how DNV 
occurs, further evaluation of the timing of occurrence of this modi-
fication during embryogenesis is required. We previously identified 
four families with type 2 VWD and DNVs.19 In this study, the prov-
enance and timing of DNV during embryogenesis were investigated 
in the aforementioned four families to understand how this variant 
occurred. The purposes of this study were to: (1) better recognize 
the real provenance of DNV, which is distinct from the occurrence of 
DNV; (2) demonstrate the most likely timing of DNV during embry-
onic development; (3) understand the genetic pathogenesis, which 
is critical for the provision of accurate genetic counselling; and (4) 
provide the parent an explanation for the variant and advice to alle-
viate the guilt.

2  |  METHODS

2.1  |  Study design

All four patients and their family members provided informed con-
sent, and the study was approved by the Institutional Review Board 
of Changhua Christian Hospital (IRB approval No.210130). (1.1). 
First, we conducted linkage analysis using single nucleotide variant 
(SNV) genotyping to identify the possible provenance of DNV. (1.2) 

Next, to confirm the real origin of variant with ~0% mutant cells or 
the presence of somatic and/or germline mosaic variant with 0%–
50% mutant cells in various tissues or cells, an improved technique 
named amplification refractory mutation system-quantitative poly-
merase chain reaction (ARMS-qPCR) was used. If the parents were 
found to have a mosaic variant with 0%–50% mutant cells in various 
tissues or cells, their parents (the proband's grandparents) would 
further be investigated to recognize the real provenance of DNV.
(1.3) Finally, the following three possible timing of DNV occurrence 
during embryonic development were categorized depending on 
whether the DNV was a complete or a mosaic variant11: (1) variant 
at the single germ cell stage; (2) variant at the zygote stage during 
the first few cell divisions (both these variant timings would lead to 
a complete variant in the offspring) and (3) variants occurring early 
at the postzygotic development stage; this would lead to a mosaic 
variant.

2.2  |  Diagnosis of type 2 VWD

Coagulation tests, including factor VIII coagulant activity (FVIII:C), 
von Willebrand factor antigen (VWF:Ag), von Willebrand factor ac-
tivity (VWF:Act) and VWF multimeric analysis, as well as VWF ge-
netic analysis were conducted as reported previously.19

2.3  |  Linkage analysis and identification of the 
provenance of DNV

After the VWD variant site was detected using Sanger's method, 
SNV genotyping20,21 was performed using a human VWF gene refer-
ence sequence (human VWF gene-NCBI database, NC_000012.11; 
http://www.ncbi.nlm.nih.goo/gene/gene7450) for linkage analysis 
and identifying the origin of variant among the parents. Initially, 
primers for genotyping were designed to include the variant site of 
the proband, then to avoid primer annealing to the VWF pseudogene 
identified on chromosome 22 (homologous to exons 23–34 of VWF, 
with a 3.1% divergence in sequence),22 and finally to ensure that the 
annealing site did not introduce a mismatch or cause a monoallelic 

F I G U R E  1  Linkage analysis using single nucleotide variant (SNV)-genotyping and ARMS-qPCR to confirm the origin of de novo variant 
(DNV) in families 1–3. (A), (C) and (E) Linkage analysis using SNV genotyping in family 1, Type 2B VWD; family 2, type 2A VWD; and family 
3, type 2A VWD, respectively. The VWD gene location at chromosome 12 (from NCBI data bank, NC_000012.11) are shown at the left side 
end of each figure with linear genomic sequence marker numbers with a “g” prefix (https://varno​men.hgvs.org/bg-mater​ial/refse​q/) selected 
for linkage analysis. The different arrowhead marks shown at the left side bottom of each figure approximately indicate the size and location 
of primers designed for linkage analysis: F1, F2 and F3 (families 1, 2 and 3); A, B and C (first, second and third round PCRs); F and R (forward 
and reverse PCR primers). (B), (D) and (F) Determination of mutant cells (%) using ARMS-qPCR in various tissues or cells obtained from 
family members to confirm the origin of DNV (~0% mutant cell) or presence of somatic or germline mosaic variants (0% ~ 50% mutant cell) in 
families 1, 2 and 3, respectively. ΔCp (WT − MU) represents cycle differences between the qPCR cycle crossing points (Cp) of the wild-type 
(WT) and mutant (MU) allele of different synthetic dilutions (X-axis). Blue points ( ) indicate various synthetic dilutions, prepared via a two-
fold serial dilution of MU DNA, using WT DNA, as described in the text (section 2.5). The standard curve in each figure was generated by 
plotting the ΔCp value (X-axis) against known mutant percentages of various synthetic dilutions (Y-axis). The equation for X and Y was then 
derived. When ΔCp (X) of the test sample after ARMS-qPCR was known, shown as various red marks, Y (% mutant cell) could be calculated, 
as shown in each small table.

http://www.ncbi.nlm.nih.goo/gene/gene7450
https://varnomen.hgvs.org/bg-material/refseq/
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amplification.23,24 Subsequently, SNV genotyping was performed 
repeatedly with different primers to detect more points (SNVs), usu-
ally 3–4 points showing differing base pairs between the parents 
or among the trios to ensure possible discrimination between SNV 
haplotypes in parents. We observed that almost all the points ex-
cept the variant site were located in the intron regions. These sites 
had individual linear genomic reference sequence marker numbers 
with a “g” prefix, which included not only the exonic but also the 
intronic nucleotides (https://varno​men.hgvs.org/bg-mater​ial/refse​
q/) (Figures 1 and 2). Therefore, we selected the SNV haplotype se-
quence from the trios after they were compared, that is the parent 
who bore a similar SNV haplotype sequence to the proband, except 

those variant points with a detected nucleotide substitution that 
would be assigned to be the possible origin of the variant. When the 
haplotype sequence is known, each assumed haplotype sequence 
was further confirmed via polymerase chain reaction (PCR) and se-
quencing of the indicated genotype. We presented SNV genotyping 
in family 2 as an example in the Supplemental paragraph.

Subsequently, PCR was performed using a T100TM thermal 
cycler (Bio-Rad, Hercules, CA, USA). Each 50-μL reaction mixture 
consisted of 100 ng of genomic DNA, 0.2 μM of each primer and 2X 
SapphireAmp® Fast PCR Master Mix (Takara Bio Inc). Furthermore, 
PCR conditions were as follows: 94°C for 1 min, followed by 40 cy-
cles at 98°C for 5  s and 68°C for 2  min. Then, sequencing of the 

F I G U R E  2  Linkage analysis using single nucleotide variant (SNV) genotyping and ARMS-qPCR to confirm the origin of de novo variant 
(DNV) in family 4. (A) Linkage analysis using SNV genotyping in family 4 with type 2B VWD. The location of VWD at chromosome 12 
(from NCBI data bank, NC_000012.11) is shown at the left side end with linear genomic sequence marker numbers with a g prefix (https://
varno​men.hgvs.org/bg-mater​ial/refse​q/) selected for linkage analysis. The different marks of arrowheads shown at the left side bottom 
approximately indicate the size and location of the primers designed for linkage analysis—F4 (families 4); A, B and C (first, second and third 
round PCRs); and F and R (forward and reverse PCR primers). (B) Determination of %mutant cells via ARMS-qPCR in various tissues or cells 
obtained from family members to confirm the real origin of DNV (~0% mutant cell) or the presence of somatic or germline mosaic variant 
(0%–50% mutant cells) in family 4. ΔCp (WT − MU) represents the differences between the qPCR cycle crossing points (Cp) of the wild-type 
(WT) allele and mutant (MU) allele of different synthetic dilutions (X-axis). Blue points ( ) indicate various synthetic dilutions prepared via 
a two-fold serial dilution of MU DNA using WT DNA as describe in the text, section 2.5. The standard curve was generated by plotting the 
ΔCp value (X-axis) against the known mutant percentage for various synthetic dilutions (Y-axis). The equation for X and Y was then derived. 
When ΔCp (X) of the test sample was identified after performing ARMS-qPCR, was known shown as various red marks, Y (% mutant cell) 
could be calculated as shown in each small table.

https://varnomen.hgvs.org/bg-material/refseq/
https://varnomen.hgvs.org/bg-material/refseq/
https://varnomen.hgvs.org/bg-material/refseq/
https://varnomen.hgvs.org/bg-material/refseq/
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PCR product was performed using an automated DNA sequencing 
analyser ABII3130xl (Applied Biosystems), as reported previously.25

Polymerase chain reaction primers used in each round to am-
plify the three different SNV sites of the parents in families 1–4 are 
described in Table S1 and those used for the final confirmation of 
the selected SNV haplotype sequences of the designated origin of 
variant in families 1–4 are described in Table S2.

2.4  |  Collection of tissue or cells from 
patients or their family members

Buccal cells, blood cells and palatine tonsil epithelial cells/bladder 
and urethra epithelial cells are the derivatives of ectoderm, meso-
derm and endoderm, respectively.26,27 DNAs from these tissues or 
cells and sperm cells, if available, were isolated for genetic analysis 
and detection of percent mutant cells as described below.

2.5  |  ARMS-qPCR to confirm the 
real origin of the variant

First, to avoid the interference of VWF pseudogenes, preamplifica-
tion was performed based on the previously published primers28,29 
and purification was performed using Agencourt AMPure XP beads 
(Beckman Coulter, Brea, CA, USA) before executing ARMS-qPCR. 
ARMS-qPCR is an effective customized method that can differen-
tially amplify mutant (MU) and wild-type (WT) alleles. Furthermore, 
with an enhanced sensitivity of <1% for mutant cell detection, it 
can recognize the real provenance of DNV. Therefore, to perform 
the ARMS-qPCR, a recently reported approach was adopted.30 For 
type 2B VWD with a c.3916C > T, the p.Arg1306Trp mutant of VWF, 
which is similar to the mutated VWF identified in the proband of 
family 4, is shown as an example in Figure S1A,B. In addition, two 
sequence-specific forward primers modified with a mismatch at the 
penultimate nucleotide position of the variant site to augment the 
specificity of the reaction were also designed (VWF-3916 T-mu: 
5′-CCTTTGTGGTGGACATGATGGAAT-3′ for the MU allele and VWF-
3916C-wt: 5′- CCTTTGTGGTGGACATGATGGAAC-3′ for the WT al-
lele). The two forward primers were paired with the same reverse 
primer VWF-ARMS-R57: 5′-GCATACTTCACCTGGCTGGCAAT-3′ 
to produce an equivalent 149 bp. All the primers used are shown 
in Table S3. The ARMS-qPCR assays were performed in triplicates 
on a Light Cycler® 480 Real-Time PCR System (Roche, Rotkreuz, 
Switzerland). Each 20-μl reaction mixture consisted of 30 ng of tem-
plate DNA, 0.3 μmol/L of each primer and 1X Smart Quant Green 
Master Mix (Protech Technology Enterprise Co). PCR conditions 
were as follows: 95°C for 10 min, followed by 45 cycles at 95°C for 
10 s and 60°C for 30 s.

A standard curve was generated by plotting the difference be-
tween the qPCR cycle crossing point (Cp) of the WT allele and MU 
allele [i.e. ΔCp (WT − MU) value] of different synthetic dilutions (X-
axis) against the mutant percent of the synthetic dilution (Y-axis) 

(Figure  S1C). Then, we made synthetic dilutions via a 2-fold serial 
MU DNA dilution using the WT DNA. An equation for X and Y was 
then derived. When ΔCp (X) of the test sample is known, Y (% mu-
tant) can be derived.

Once the parent considered to be the origin of variant shows the 
presence of mosaic variants in any of the obtained tissues (0%–50% 
mutant cell), their parents (patient's grandparents) should further be 
examined through ARMS-qPCR to identify the real provenance of 
variant.

2.6  |  Determination of possible timing of DNV

The timing of DNV was defined as the periods during embryo-
genesis, which were categorized as those mentioned by Dr. Freed 
et al11 described in the section of study design. The variant rate is 
generally known to be essentially correlated with the number of 
cell divisions—the higher number of cell divisions resulting in more 
DNA replications, the higher the variant rate. Throughout the de-
velopment of an embryo, the highest number of cell divisions occurs 
during spermatogenesis, the second highest number of cell divisions 
occurs during embryonic mitosis, and the least number of cell di-
visions occurs during oogenesis.31,32 Other mechanisms producing 
high variant rates include DNA repair of DNA damage and exposure 
to mutagens.

The possible timing of DNV would be determined after con-
sidering two facts—first, who among the parents was the origin of 
DNV and second, whether it caused a complete variant or a mosaic 
variant.

3  |  RESULTS

3.1  |  Coagulation studies and DNV of type 2 VWD 
in the four understudied families

As shown in Table 1, the probands of family 1, 2, 3 and 4 were young 
girls aged 10, 7, 8 and 12 years, respectively, at the times of diag-
nosis. All the probands had decreased levels of FVIII:C, VWF:Ag, 
VWF:Act and VWF:Act/VWF:Ag ratio <0.7 and showed a reduc-
tion of large multimers in multimeric analyses (shown in Figure S2); 
these findings were consistent with those indicating type 2 VWD.33 
Ristocetin-induced platelet aggregation revealed either a poor re-
sponse in probands 2 and 3 (type 2A) or an enhanced response in 
probands 1 and 4 (type 2B). In contrast, all four parents showed nor-
mal levels of FVIII:C, VWF:Ag and VWF:Act and normal distribution 
in VWF multimeric analysis. Subsequently, since the proband from 
family 2 was previously characterized as having type 2M VWD,19 
we changed the VWD classification from type 2M to 2A using an 
additional multimeric analysis.

While genetic analysis of VWF revealed de novo heterozygous 
c.3922 C to T, p.Arg1308Cys, c.3827 T to G, p.Leu1276Arg, c.4517 C 
to T, p.Ser1506Leu and c.3916 C to T, and p.Arg1306Trp variants in 
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the blood and buccal cells of the probands 1, 2, 3 and 4, respectively, 
WT VWF was also identified in the four parents. Except for the four 
probands, all tissues or cells obtained from family members lacked 
VWF variants. Notably, the sperm cells obtained from the fathers of 
families 2 and 4 also showed the presence of WT VWF.

3.2  |  Linkage analysis to identify the possible 
provenance of the DNV and ARMS-qPCR to 
confirm the real origin of DNV

3.2.1  |  Investigations in families 1–3

Linkage analysis and ARMS-qPCR of families 1, 2 and 3 are shown in 
Figures 1A–F, respectively. Nucleotide substitution DNVs are shown 
using a red asterisk in a haplotype and similar SNV haplotype se-
quences transmitted in the family are shown using a red rectangle. 
The final SNV haplotype sequences of each member of the trios, 
especially those shown using a red rectangle, were confirmed via 
PCR. The initial linkage analysis disclosed that the possible origin of 
the DNV was the mother, father and father of families 1, 2 and 3, 
respectively.

The results of ARMS-qPCR analysis, as shown in Figure  1B,D 
and F, revealed that the percentage of mutant cells was ~50% in the 
blood and buccal cells of the proband of these three families as ex-
pected; in contrast, 0% mutant cells were detected in the following 
cells: blood cells, buccal cells, urinary sediments consisting of epithe-
lial cells of the bladder and urethra or tonsil epithelial cells obtained 
from all three pairs of parents as well as sperm cells of the father of 
family 2. These results highly suggested that the real origin of DNV 
was the mother, father and father of families 1, 2 and 3, respectively. 
Therefore, these three parents were considered the confirmed prov-
enance of DNV, although no germinal cells were available for study 
from the mother of family 1 and father of family 3.

3.2.2  |  Investigations in family 4

The initial linkage analysis disclosed that the possible origin of the 
DNV originated from the father in family 4 (Figure 2A). The ARMS-
qPCR analysis results (Figure 2B) revealed that the percentage value 
of mutant cells was ~50% in blood and buccal cells of the proband 
as expected, but were 0% in blood cells, buccal cells, urinary nucle-
ated cells, tonsil epithelial cells, obtained from the proband's father. 
In contrast, the percentage of mutant cells was 2.2% in the father's 
sperm cells, which was undetected by the less sensitive Sanger 
method. These results indicated that the father had a germline 
mosaic variant and therefore was not the real origin of the DNV. 
However, he was assumed to be the origin of variant by initial link-
age analysis. Further linkage analysis indicated that DNV originated 
from the paternal grandfather (Figure  2A). Similar SNV haplotype 
sequences, except those of the variant point shown in the red rec-
tangle, were also traced downward from the paternal grandfather 

to father, proband, her young brother and young sister. Moreover, 
ARMS-qPCR showed 0% mutant cell in blood cells, buccal cells and 
tonsil epithelial cells obtained from paternal grandfather (Figure 2B). 
These results confirmed that paternal grandfather was the origin of 
the variant.

3.3  |  Possible timing of DNV occurrence during 
embryonic development

3.3.1  |  Categorizations in families 1 and 2

The timing of the DNV in families 1 and 2 was evaluated and shown 
in Figure 3A and B, respectively. We considered that the DNV most 
likely occurred at the zygote stage during the first few cellular divi-
sions causing heterozygous variant in the proband of family 1; more-
over, the father of family 2 had a single sperm cell variant causing 
heterozygous variant in the proband based on the relative likelihood 
of occurrence according to the number of cell divisions and clinical 
data. The other possibility that the mother of family 1 had a single 
ovum cell variant or isolated germline mosaic variant is unlikely; with 
reference to family 2, the other possibility that a variant occurred 
at the zygote stage during the first few cellular divisions causing a 
heterozygous variant in the proband is less likely.

3.3.2  |  Categorizations in families 3 and 4

The timing of DNV in families 3 and 4 was investigated and is 
shown in Figure 3C and D. We observed that the father of family 
3 (Figure 3C) most likely had a single sperm cell variant and caused 
the heterozygous variant in the proband, similar to the event corre-
lated with the father of family 2. However, the other possibility that 
the DNV occurred at the zygote stage during the first few cell divi-
sion are less likely, and the possibility that the father had an isolated 
germline mosaic variant cannot be ruled out as his sperm cells were 
not available for study. Furthermore, we realized that the father of 
family 4 (Figure  3D) had a DNV with an isolated germline mosaic 
variant that most likely occurred early at the postzygotic embryo-
genesis stage. Therefore, we considered that the father transmitted 
his variant to the proband.

4  |  DISCUSSION

We considered that the origin of DNV is not the occurrence of 
DNV, regardless of whether it caused a complete variant or an un-
detectable mosaic variant. The two events must be distinct from 
each other so that DNV can be studied. Sanger's variant detec-
tion technique is a simple and useful method; however, it has a low 
sensitivity, requiring a minimum of 5%–20%34,35 of mutant cells. 
Nonetheless, it is still used as a routine method for detecting vari-
ants. We assumed that DNV occurred in a family when both the 



5410  |    CHEN et al.

parents were found to have (1) WT VWF in the blood and buc-
cal cells, which were easily obtained and (2) normal VWD-related 
coagulation data. Moreover, we have performed paternity test in 
these four families and kinship was confirmed in all families, with 
the probability of paternity (PP) of 99.99999% (detailed data not 
shown), as it always cannot be excluded that one father may not 
be the real parent of the proband. Linkage analysis using intra-
genic markers13,16 or other useful markers36 could be employed 

to recognize the provenance of DNV only when the affected 
proband had affected offspring. However, this situation was not 
the case in these four probands. Therefore, we had to employ 
time-consuming and laborious SNV genotyping to identify the ori-
gin of DNV. Nonetheless, to understand the genetic pathogenesis 
and offer accurate genetic counselling, the efforts and benefits 
were worthwhile. Once either parent was identified to be the ori-
gin of variant, ARMS-qPCR, which has a better variant detection 

F I G U R E  3  Possible timing of de novo variant occurrence during embryogenesis in family 1 (A), family 2 (B), family 3 (C) and family 4 (D). 
The most likely possibility is described for each family in comparison with other possibilities based on the relative likelihood of occurrence 
according to the number of cell divisions and clinical data. The arrow indicates the origin of variant.
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sensitivity (<1%), was subsequently used to detect mutant cells 
originally used for both preimplantation and prenatal genetic di-
agnoses37,38 and confirm the real provenance of DNV (~0% mutant 
cells), as shown in four families (Figures 1B,D,F and 2B). As pre-
viously described, we also collected tissues or cells derived from 
each of the three embryonic germ layers26,27 and sperm cells, if 
possible, for use as samples for performing ARMS-qPCR to confirm 
the real origin of DNV or the presence of mosaic variant. Such ex-
tensive tests could hopefully avoid misdiagnosis of the provenance 
of DNV. Importantly, in family 4, linkage analysis revealed that the 
proband's young brother and sister (Figure 2A) received the same 
SNV haplotype sequence from their paternal grandfather (dashed 
rectangle); however, they did not receive the variant and showed 
normal coagulation tests (data not shown). These results provided 
strong evidence to support that the father had an isolated germline 
mosaicism disorder, which has also been noted in other genetic 
disorders.39,40 Another interesting finding in family 1 was that al-
though the proband's sister received the same SNV haplotype se-
quence from the mother (dashed rectangle, Figure 1A), she did not 
carry the same variant. These findings support our notion shown in 
Figure 3A. Previous studies have reported that variants can occur 
in a germ cell lineage after the specification of primordial germ 
cells during early embryonic development,27 and these variants re-
main isolated from somatic cells.31,41 These genetic modifications 
are undetectable in sampled tissues or cells but can be transmitted 
to the offspring as germline events, similar to those observed in 
the father of family 4 in our study. In fact, the paternal grandfather 
was the origin of variant (Figure 3D), although his sperm cells could 
not be analysed due to their unavailability. However, if the pater-
nal grandfather had an isolated germline variant and no somatic 
variant, the two rare variational events (one in the grandfather and 
the other in the father) occurring in one family and causing similar 
variants will be extremely exceptional.

The three categories of the timing of DNV described by Dr. Freed 
et al in 201411 and variant rates in correlation with the number of cell 
division during the development of an embryo are embryogenically 
justifiable; however, it is impossible to look into an embryo and know 
exactly the timing of DNV. Therefore, we determined the most likely 
time during which DNV occurred. All the three categories of DNV 
timing were observed in this study. Among the four families stud-
ied, although complete DNV was found to originate from two males 
(two fathers), the sample size was small. These findings were consis-
tent with those of previous investigations that showed that major 
disease-causing variants with concerned nucleotide substitutions 
originated from the paternal germline using parent–offspring trios 
studies.31,42 The explanation for this is that a sperm cell undergoes 
much more germline cell divisions than an egg.32,43 Spermatogonial 
stem cells divide via mitosis approximately every 16 days throughout 
the male reproductive life, both maintaining their pool and generat-
ing differentiated spermatogonia to produce sperm cells. Contrarily, 
by the time of birth, germ cells in the ovary have already completed 
their proliferative phase, and only meiosis, which occurs during ovu-
lation, is observed throughout the female reproductive life.32 These 

facts are important data that we rely on to determine the most likely 
timing of DNV.

In summary, we emphasized that the origin of DNV is distinct 
from the timing of DNV occurrence and family members designated 
to be the origin of variant should be free of DNV-related coagulation 
alteration and genetic variants. ARMS-qPCR is an excellent method 
that fulfilled our study requirements. It is worth noting that DNV was 
found to originate from three fathers and all the three categories of 
the timing of DNV were observed in this study, which was evaluated 
by the relative likelihood of occurrence based on the different number 
of cell divisions occurring during embryonic development. It is with-
out doubt that the father of family 4 had isolated germline mosaicism. 
Although no germ cells were available for the mother of family 1 and 
the father of family 3, other less likely possibilities were not excluded. 
We believe that our study would contribute toward understanding the 
genetic pathogenesis and providing accurate genetic counselling.
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