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7<. Pathogenic CNV regions

Region name Location on GRCh37 size (bp) Haploinsufficiency score Triplosensitivity score

1p36 terminal region (includes GABRD) chr1:834083-6289973 5,455,890 3 2
1921.1 recurrent region (BP3-BP4, distal) (includes GJAS) chr1:146577486-147394506 817,020 3 3
143944 terminal region (includes AKT3) chr1:243287730-245318287 2,030,557 3 0
2p15p16.1 region (includes BCL11A) chr2:59139200-62488871 3,349,671 3 1
2q13 recurrent region (includes NPHP1) chr2:110879906-110962594 82,688 autig;ﬁ::“fezs;:\i:tz:e‘:i::‘ype 0
2937.3 terminal region (includes HDAC4) chr2:239954693-242930600 2,975,907 3 0
3429 recurrent region (includes DLG1) chr3:195756054-197344665 1,588,611 3 2
4p16.3 terminal (Wolf—-Hirshhorn syndrome) region chr4:331568-2010962 1,679,394 3 2
5p15 terminal (Cri du chat syndrome) region chrb:37693-11347262 11,309,569 3 2
535 recurrent (Sotos syndrome) region (includes NSD1) chr5:175728978-177013961 1,284,983 3 3
6924 region (includes PLAGL1) chr6:144243292-144416561 173,269 1 3
7q11.23 recurrent (Williams—Beuren syndrome) region (includes ELN) chr7:72744454-74142513 1,398,059 3 3
7921.2921.3 region (includes SHFM1) chr7:95533860-96779486 1,245,626 Not yet evaluated Not yet evaluated
7936.3 ZRS (SHH cis-regulatory) duplication region (within LMBR1 intron 5) chr7:156583796-156584568 772 0 3
8p23.1 recurrent region (includes GATA4) chr8:8119295-11765719 3,646,424 3 3
9934.3 telomere region (includes EHMT1) chr9:140513444-140730578 217,134 3 0
10922.3g23.2 recurrent region (LCR-3/4-flanked) (includes BMPR1A) chr10:81683648-88743240 7,059,592 3 1
11p15 region (includes H19, KCNQ1) chr11:2016406-2906995 890,589 0 3
11p15.5 region (Imprinting Control Region 1) chr11:2019075-2024375 5,300 3 0
11p13 (WAGR syndrome) region chr11:31803509-32510988 707,479 3 1
11p11.2 (Potocki-Shaffer syndrome) region (includes ALX4, EXT2) chr11:43894800-46152450 2,257,650 3 0
12914 region (includes GRIP1 and HMGA2) chr12:65071919-68645525 3,573,606 Not yet evaluated Not yet evaluated
15q11q13 recurrent (PWS/AS) region (BP1-BP3, Class 1) chr15:22876632-28557186 5,680,554 3 3
15q11q13 recurrent (PWS/AS) region (BP2-BP3, Class 2) chr15:23758390-28557186 4,798,796 3 3
15q13.3 recurrent region (BP4-BP5) (includes CHRNA7) chr15:31137104-32445408 1,308,304 3 1
15924 recurrent region (LCR15q24A to D) (includes STRA6 and CSPG4) chr15:72963541-75912944 2,949,403 3 1
15925.2 recurrent region (LCR B-C, proximal) chr15:83213988-84714734 1,500,746 3 0
16p13.3 region (includes CREBBP) chr16:3775056-3930121 155,065 3 1
16p13.11 recurrent region (includes MYH11) chr16:15504454-16292268 787,814 3 2
16p11.2 recurrent region (includes SH2B1) (distal region) (BP2-BP3) chr16:28822634-29046502 223,868 3 1
16p11.2 recurrent region (includes TBX6) (proximal region) (BP4-BP5) chr16:29649996-30199855 549,859 3 3
17p13.3 (Miller-Dieker syndrome) region (includes YWHAE and PAFAH1B1) chr17:1247833-2588909 1,341,076 3 3
17p12 recurrent (HNPP/CMT1A) region (includes PMP22) chr17:14097915-15470901 1,372,986 3 3
17p11.2 recurrent (SMS/PLS) region (includes RAI1) chr17:16757111-20219651 3,462,540 3 3
17q11.2 recurrent region (includes NF1) chr17:29162822-30218667 1,055,845 3 3
17412 recurrent (RCAD syndrome) region (includes HNF1B) chr17:34815072-36192492 1,377,420 3 3
17921.3 recurrent region (includes KANSL1) chr17:43686245-44164876 478,631 3 2
22q11.21 recurrent (Cat eye syndrome) region (includes CECR2) chr22:17392953-18591860 1,198,907 0 3
22q11.2 recurrent (DGS/VCFS) region (proximal region, LCR22-A to -B) chr22:18661725-20311904 1,650,179 3 3
22q11.2 recurrent (DGS/VCFS) region (proximal region, LCR22-A to -D) chr22:18661725-21561514 2,899,789 3 3
22q11.2 recurrent region (distal region, LCR22-D to LCR22-E or —F) chr22:21797378-23649113 1,851,735 3 3
22q13 region (includes SHANK3) chr22:51045516-51178945 133,429 3 0
Xp22.31 recurrent region (includes STS) chrX:6455811-8133196 1,677,385 3 40: Dosage sensitivity unlikely
Xp11.23 region (includes MAOA and MAOB) chrX:43514154-43741720 227,566 3 0
Xq28 recurrent region (includes GDI1) chrX:153564626-153889019 324,393 0 3
Xq28 recurrent region (int22h1/int22h2-flanked) (includes RAB39B) chrX:154124111-154564398 440,287 3 3

#*ClinGen Dosage Sensitivity Curation Page <https://www.ncbi.nlm.nih.gov/projects/dbvar/clingen/pathogenic_region.shtml> J V) —g5c 5/ /i
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SUMMARY

Pairing and synapsis of homologous chromosomes
during meiosis is crucial for producing genetically
normal gametes and is dependent upon repair of
SPO11-induced double-strand breaks (DSBs) by
homologous recombination. To prevent transmis-
sion of genetic defects, diverse organisms have
evolved mechanisms to eliminate meiocytes contain-
ing unrepaired DSBs or unsynapsed chromosomes.
Here we show that the CHK2 (CHEK2)-dependent
DNA damage checkpoint culls not only recombina-
tion-defective mouse oocytes but also SPO11-defi-
cient oocytes that are severely defective in homolog
synapsis. The checkpoint is triggered in oocytes that
accumulate a threshold level of spontaneous DSBs
(~10) in late prophase I, the repair of which is in-
hibited by the presence of HORMAD1/2 on unsy-
napsed chromosome axes. Furthermore, Hormad2
deletion rescued the fertility of oocytes containing a
synapsis-proficient, DSB repair-defective mutation
in a gene (Trip13) required for removal of HORMADs
from synapsed chromosomes, suggesting that many
meiotic DSBs are normally repaired by intersister
recombination in mice.

INTRODUCTION

Genome maintenance in germ cells is critical for fertility, preven-
tion of birth defects, and the genetic stability of species.
Throughout mammalian germline development, from primordial
germ cells (PGCs) through completion of meiosis, there are
mechanisms that prevent the transmission of gametes with ge-
netic defects. Indeed, mutation rates in germ cells are far lower
than in somatic cells (Conrad et al., 2011; Murphey et al., 2013;
Stambrook and Tichy, 2010). This is reflected by the exquisite
sensitivity of PGCs to mutations in certain DNA repair genes
(Agoulnik et al., 2002; Luo et al., 2014; Nadler and Braun,
2000) (Watanabe et al., 2013), sensitivity of resting oocytes to
clastogens such as radiation and chemotherapeutics (Maltaris

1026 Molecular Cell 67, 1026-1036, September 21, 2017 © 2017 Elsevier Inc.

et al., 2007; Perez et al., 1997; Suh et al., 2006), and sensitivity
of developing prophase | meiocytes to genetic anomalies,
including a modicum of DNA damage (Meirow and Nugent,
2001; Suh et al., 2006) or the presence of a single asynapsed
chromosome or even a chromosomal subregion (Burgoyne
and Baker, 1985; Homolka et al., 2012).

Genetic and developmental analyses of mouse mutants have
suggested that there are at least two distinct checkpoints during
meiotic prophase | in oocytes, one that monitors double-
strand break (DSB) repair and another that monitors synapsis.
Oocytes defective for either synapsis or DSB repair are elimi-
nated with different dynamics and severity. Females with
mutations causing pervasive asynapsis alone (e.g., Spo171~/")
are born with a grossly reduced oocyte pool. The surviving
oocytes undergo folliculogenesis but are reproductively inviable,
becoming exhausted within a few weeks by atresia and ovulation
(Di Giacomo et al., 2005). Oocytes defective in DSB repair alone
(Trip136Y6Y or defective in both synapsis and meiotic DSB repair
(e.g., Dmc1~/~; Msh5~') are virtually completely eliminated be-
tween late gestation and wean age by the action of a DNA dam-
age checkpoint (Di Giacomo et al., 2005; Li and Schimenti,
2007). Furthermore, genetic ablation of meiotic DSB formation
confers a Spo11~/~ -like phenotype to such DSB repair mutants,
consistent with the existence of separate DNA damage and syn-
apsis checkpoints (Di Giacomo et al., 2005; Finsterbusch et al.,
2016; Li and Schimenti, 2007; Reinholdt and Schimenti, 2005).
For DSB repair, CHK2 (checkpoint kinase 2) signaling to
TRP53/TAp63 is crucial for eliminating Trip73%7Gt mutant
oocytes that exhibit full chromosome synapsis but have unre-
paired SPO11-induced DSBs (Bolcun-Filas et al., 2014). Inter-
estingly, Chk2 deficiency imparted a Spo71 null-like phenotype
upon Dmc1~/~ ovaries, consistent with separate, sequentially
acting checkpoints (Bolcun-Filas et al., 2014). Genetic evidence
for a distinct synapsis checkpoint came from studies of mice
lacking HORMAD1 or HORMAD?2, proteins that load onto axes
of meiotic chromosomes throughout early prophase | but are
removed upon synapsis (Wojtasz et al., 2009). Ablation of either
in mice prevented loss of SPO11-deficient oocytes, resulting in
the persistence of a nonfertile primordial follicle reserve in adults
(Daniel et al., 2011; Kogo et al., 2012a; Wojtasz et al., 2012).
These data suggest that the HORMADs are components of a
synapsis checkpoint pathway. Another mechanism for elimina-
tion of oocytes is related to the phenomenon of MSUC (meiotic
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silencing of unsynapsed chromatin). Although not formally a
checkpoint, the transcriptional inactivation of a chromosome
containing genes essential for oocyte survival and development
can block progression past diplonema (Cloutier et al., 2015).

Although these lines of evidence support the existence of
separate checkpoints monitoring DNA damage and synapsis,
studies in non-mammalian organisms indicate that the “pachy-
tene checkpoint” —a term referring to delayed progression of
meiosis or death of meiocytes triggered by genetic aberrations
present in late pachynema—is more complex, consisting of
both distinct and overlapping signaling pathways that also affect
DNA repair modalities such as choice of recombination partner
for the repair of meiotic DSBs (e.g., sister chromatid versus ho-
molog) (Joshi et al., 2015; MacQueen and Hochwagen, 2011;
Roeder and Bailis, 2000; Subramanian and Hochwagen, 2014).
Here we report the results of a series of experiments designed
to discriminate whether the pachytene checkpoint in mouse
oocytes indeed consists of distinct pathways responding to
different signals or whether the responses are integrated into a
single checkpoint pathway. Using a variety of mouse mutants,
we show that most oocytes that are highly defective for chromo-
some synapsis accumulate spontaneous DSBs at a level that
can trigger the CHK2-dependent DNA damage signaling
pathway, leading to their elimination. Additionally, we present
evidence that the reason why asynaptic Spo77~/~ oocytes can
be rescued by HORMAD1/2 deficiency is that their absence dis-
rupts the so-called barrier to sister chromatid recombination
(BSCR), enabling intersister (IS) repair of those spontaneous
DSBs. Taken together, we propose that the pachytene check-
point consists primarily of a canonical DNA damage signaling
pathway and that extensive asynapsis leads to oocyte loss by in-
hibiting homologous recombination (HR) repair rather than trig-
gering a distinct “synapsis checkpoint.”

RESULTS

CHK2 Is Involved in the Elimination of Spo771~~ Oocytes
To investigate potential overlap of the meiotic DSB repair and
synapsis checkpoint pathways in mice, we tested whether
CHK2, a well-defined DSB signal transducer, contributes to
the elimination of Spo77~/~ oocytes that are asynaptic because
of lack of programmed meiotic DSBs needed for recombination-
driven homolog pairing. Consistent with prior reports (Baudat
et al., 2000; Di Giacomo et al., 2005), we observed a greatly
reduced number of total follicles in 3-week-postpartum (pp)
Spo11~/~ ovaries compared with the WT, and, in particular,
the oocyte reserve (the pool of primordial resting follicles) was
almost completely exhausted by 8 weeks of age (Figure 1). Sur-
prisingly, Chk2 deletion rescued the oocyte reserve (Figures 1A
and 1B), albeit not to WT levels. The rescued follicles in dou-
ble-mutant females persisted robustly at least until 6 months
pp (in one case, 554 total in a single ovary).

HORMAD2 Deficiency Prevents Elimination of Trip13
Mutant Oocytes that Have Complete Synapsis but
Unrepaired Meiotic DSBs, Restoring Female Fertility
Taken alone, the rescue of Spo171~/~ oocytes by Chk2 deletion
suggests that severe asynapsis leads to CHK2 activation and

signaling to mediate oocyte elimination. This led us to postulate
that either CHK2 is a common component of otherwise distinct
synapsis and DNA damage checkpoints or that there is a single
linear checkpoint pathway that responds to both asynapsis and
DNA damage and that DNA damage activates the checkpoint
pathway more robustly or sooner in prophase | (thus accounting
for the different patterns of oocyte elimination in asynaptic
versus DSB repair-deficient oocytes mentioned above; Di Gia-
como et al., 2005).

We reasoned that if there is a single linear checkpoint
pathway, then putative synapsis checkpoint genes required to
eliminate Spo77~/~ oocytes would also be required to eliminate
Trip13%7Ct oocytes. Trip13%7%! meiocytes have synapsed chro-
mosomes and persistent SPO11-dependent DSBs, which leads
to neonatal depletion of follicles in a CHK2 > TRP53/TAp63
pathway-dependent manner (Figure 2A; Bolcun-Filas et al.,
2014; Li and Schimenti, 2007). To test this, we determined
whether deficiency of HORMAD2, a putative synapsis check-
point protein, could rescue Trip13%YG" oocytes. HORMAD?2
and its paralog HORMAD1 are HORMA (Hop1, Rev7, and
Mad?2) domain-containing proteins orthologous to the Saccharo-
myces cerevisiae synaptonemal complex (SC) axial element pro-
tein Hop1p, and deletion of either prevents elimination of
Spo11~/~ oocytes (Daniel et al., 2011; Kogo et al., 2012a; Woj-
tasz et al., 2012). We used a mutant of Hormad2 rather than
Hormad1 because deletion of the latter disrupts recombination
and homolog synapsis (Daniel et al., 2011; Kogo et al., 2012b;
Shin et al.,, 2010). Remarkably, not only did ovaries of
2-month-old Trip13%YCt Hormad2~/~ mice retain a substantial
primordial follicle pool (Figures 2A and 2B), but these females
were also fertile (Figure 2C). The rescued fertility of these oocytes
suggests either that these DSBs were compatible with further
oocyte maturation or that they were eventually repaired, as in
the case of Trip13%YC! females, whose fertility was restored by
Chk2 ablation (Bolcun-Filas et al., 2014). The dynamics of DSB
repair are addressed below.

Because TRIP13 is required for removal of the HORMADs from
chromosome axes upon synapsis (Wojtasz et al., 2009), and
persistence of HORMADs on unsynapsed chromosomes corre-
lates with MSUC-mediated silencing of essential genes (Cloutier
et al., 2015; Wojtasz et al., 2012), the question arises of whether
Trip13%7Ct oocytes are eliminated not because of unrepaired
DSBs but, rather, by transcriptional silencing. However, this is
unlikely for the following reasons. First, Trip13%¥G oocytes are
depleted with a temporal pattern and degree consistent with mu-
tants defective in DSB repair, not asynapsis (Di Giacomo et al.,
2005; Li and Schimenti, 2007). Second, Spo11 is epistatic to
Trip13 in that Trip 1376 Spo11~/~ ovaries resemble Spo117 sin-
gle mutants in their pattern of oocyte elimination (Li and Schi-
menti, 2007), demonstrating that unrepaired meiotic DSBs drive
early culling of Trip13 mutant oocytes. Third, HORMAD persis-
tence on synapsed Trip13%7! or unsynapsed Spo17~/~ meiotic
chromosome axes is not affected by Chk2 deletion (Figure S1),
which might be predicted if CHK2 was rescuing either mutant
class by disrupting the ability of HORMADs to signal asynapsis.
The latter is further supported by the fact that CHK2 depletion
does not interfere with MSCI (meiotic sex chromosome inactiva-
tion), which is mechanistically similar or identical to MSUC, in
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Figure 1. CHK2 Is Required for Efficient Elimination of Asynaptic Spo71~~ Mouse Oocytes
(A) H&E-stained histological sections of 8-week-old ovaries. Black arrowheads indicate antral follicles. The presence of corpora lutea (CL) is indicative of prior
rounds of ovulation. Shown at the bottom are higher-magnification images of an ovarian cortical region, where primordial follicles reside. Yellow arrows and

asterisks indicate primordial and primary follicles, respectively.

(B) Follicle counts from ovaries of the indicated genotypes at 3 and 8 weeks pp, respectively. Each data point is from a single ovary, each from a different animal.
Total, all follicle types. Horizontal hashes denote mean and SD. Littermate controls included animals with the following genotypes: Spo?1*/*Chk2*/*, Spo11*/~
Chk2*'~, and Spo11*/*Chk2*/~. A, the values obtained for the 3-week follicles/ovaries counts are not comparable with the 8-week ones (see STAR Methods).
*p = 0.005-0.05, **p = 0.001-0.005 and “** p < 0.001 derived from a non-parametric, one-way ANOVA test (Kruskal-Wallis).

males (Pacheco et al., 2015) and that Chk2~'~ mice are fertile,
unlike Hormad1~/~ animals (Daniel et al., 2011; Kogo et al.,
2012b; Shin et al., 2013).

HORMAD2 Inhibits DSB Repair in Prophase | Oocytes

That HORMAD2 deficiency could rescue both Trip13%7S* and
Spo11~/~ oocytes is consistent with a single checkpoint capable
of detecting both damaged DNA and asynapsed chromosomes.
If there is indeed a single checkpoint pathway, then combined
deficiency for CHK2 and HORMAD2 should rescue asynaptic
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and DSB repair-defective Dmc1~/~ oocytes to the same degree
as deficiency for either one alone. However, Dmc1~/~ Chk2~/~
Hormad2~'~ females had >3-fold increase in primordial and
total follicles compared with Dmc1~/~ Hormad2~'~ or Dmc1~/~
Chk2~'~ ovaries (Figures 3A and 3B; Figure S2). This lack of epis-
tasis indicates that HORMAD2 and CHK2 are not functioning
solely as members of a single linear checkpoint pathway sensing
either or both asynapsis and DNA damage.

We therefore considered two alternative explanations for why
Hormad?2 deficiency rescues Trip13%7%! oocytes: it reduces the
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Figure 2. Synapsis-Competent Trip13%/% Oocytes Are Eliminated in a HORMAD2-Dependent Manner

(A) H&E-stained histological sections of 8-week-old ovaries of the indicated genotypes. Black arrowheads indicate antral follicles. Shown at the bottom are
higher-magnification images of cortical regions of ovaries. Yellow arrows and asterisks indicate primordial and primary follicles, respectively.

(B) Follicle quantification of 8-week-old ovaries. Each data point is from a single ovary, each from a different animal. Total, all follicle types. Horizontal hashes

denote mean and SD. The statistic used was a Kruskal-Wallis test. “p = 0.002.

(C) Graphed are mean litter sizes. n > 3 females tested for fertility per genotypic group. Control matings were between mice with the genotypes Trip13%Y* and
Trip13%"* Hormad2*'~. Error bars represent SD, and **p < 0.005, derived from the Kruskal-Wallis test.

number of SPO11-induced DSBs to a level sufficient for synapsis
but below the threshold for checkpoint activation, and/or it facil-
itates DSB repair. Studies of related proteins support both expla-
nations. Absence of the budding yeast ortholog Hop1p not only
decreases meiotic DSB formation but also increases use of the
sister chromatid as a template for HR repair (Carballo et al.,
2008; Lam and Keeney, 2014, Latypov et al., 2010; Mao-Draayer
et al., 1996; Niu et al., 2005; Schwacha and Kleckner, 1997).
Mouse HORMAD1 is required for loading HORMAD2 onto unsy-
napsed axes, proper SC formation (Daniel et al., 2011), and
normal levels of meiotic DSBs (Daniel et al., 2011; Stanzione
et al, 2016). Although Dmc1~~ Hormad1™~ or irradiated
Hormad1~'~ oocytes exhibit fewer DSB markers than oocytes

containing HORMAD?1 (Daniel et al., 2011; Shin et al., 2010), this
can be attributable largely to enhanced repair (Shin et al., 2013).
IS HR repair of DSBs in S. cerevisiae is substantial, and it in-
creases in hop1 mutants (Goldfarb and Lichten, 2010). Moreover,
disruption of SC axes in mice (deletion of Sycp2 or Sycp3) ap-
pears to alter recombination partner choice in favor of the sister
chromatid, decreasing persistent DSBs in Trip13%7! oocytes to
a degree that diminishes their elimination in a RAD54-dependent
manner (Li et al., 2011). These data led us to hypothesize that the
rescue of Trip13 mutant oocytes by Hormad2 deficiency was due
to increased DSB repair, possibly by diminishing the BSCR.

To test this, we quantified the levels and rates of meiotic DSB
repair in various genotypes of prophase | oocytes. Although the
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Figure 3. HORMAD2 and CHK2 Are Not in the Same Checkpoint
Pathway

(A) H&E-stained histological sections of cortical regions of 8-week-old mutant
mouse ovaries, where primordial follicles are concentrated. Histologies of
whole ovaries of these genotypes are presented in Figure S2. Primordial fol-
licles, which constitute the oocyte reserve, are indicated by yellow arrows, and
a primary follicle by an asterisk. Residual Dmc1~/~ ovaries are not represented
because they are completely devoid of oocytes (Pittman et al., 1998).
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number of leptotene- and zygotene-stage RAD51 foci was not
significantly different in Trip13%Y®! Hormad2~'~ oocytes com-
pared with Trip13%7Ct or other control and mutant genotypes
(Figures 4A and 4B; Table S1), there were significantly fewer
compared with Trip13%/G! py pachynema and diplonema
(p = 0.02 and 0.03, respectively, using Tukey honest significant
difference (HSD) in a mixed model). RAD51 levels in Trip13%¥Gt
and Trip136Y6t Chk2~'~ newborn oocytes remained high in dip-
lonema compared with all other genotypes (Figures 4A and 4B;
Table S1), presumably reflecting a relative deficiency in DSB
repair. Furthermore, we found that RAD51 foci induced by
2 Gy of ionizing radiation (IR) disappeared more rapidly in
Spo11~/~ Hormad2™~ oocytes than in either Spo?71~/~ or
Spo11~/~ Chk2~/~ oocytes, as assessed 8 hr after treatment
(Figure 5; Table S2). Overall, the data suggest that HORMAD2
on the axes of either asynapsed (Spo?7~/") or synapsed
(Trip136Y6Y (Wojtasz et al., 2009) meiotic chromosomes inhibits
IS recombination-mediated DSB repair.

Evidence that CHK2-Mediated Elimination of Asynaptic
Oocytes Is Driven by Accumulation of SPO11-
Independent DSBs

If indeed Hormad?2 deletion rescues DSB-containing oocytes by
weakening or eliminating the BSCR, then this raises the question
of why HORMAD?2 deficiency rescues Spo77~/~ oocytes that do
not make meiotic DSBs. A clue comes from the surprising obser-
vation that Spo71~/~ oocytes sustain DSBs of unknown origin
(but possibly from LINE-1 retrotransposon activation) during
early pachynema (Malki et al., 2014; Carofiglio et al., 2013). We
hypothesized that these DSBs occur at levels sufficient to trigger
the CHK2-dependent checkpoint in Spo71~/~ oocytes but that,
in the absence of SC axis-bound HORMAD?2, there is sufficient
DSB repair to prevent checkpoint activation. To test this, we
determined the threshold number of DSBs that kills WT and
Chk2™'~ oocytes by exposing explanted newborn ovaries to a
range of IR. RAD51 foci on chromosome axes accumulated
roughly linearly in oocytes exposed to 0.5-9 Gy (Figure 6A; Fig-
ure S5), and Chk2~'~ oocytes withstood up to 7 Gy (Figure 6B), a
dosage that induces 73.3 RAD51 foci (Figure 6A). In contrast, as
little as 0.3 Gy (10.3 foci by linear regression) abolished the entire
primordial follicle pool of wild-type (WT) ovaries. Consistent with
our hypothesis that HORMAD2 prevents DSB repair, the SC axes
of Spo11~/~ zygotene/pachytene-like chromosomes in newborn
oocytes contained far more discrete RAD51 foci (raw average of
39.8; likely an underestimate; see Figure S3) than in Spo771~/~
Hormad2~/'~ oocytes (average of 7.3 foci), the latter being almost
identical to WT or Chk2~'~ oocytes (7.5 and 7.3, respectively;
Figure 6C; Table S3), in which HORMAD2 has been removed
from synapsed chromosomes. These data indicate that the
majority of Spo771~/~ oocytes (60.8%) bear a level of DSBs
(>10.3 foci) sufficient to trigger their elimination by the CHK2-
dependent DNA damage checkpoint, whereas most WT oocytes
(71%) are below this threshold (Table S3).

(B) Follicle counts from ovaries of the indicated genotypes at 8 weeks of age.
Total, all types of follicles. Data points represent follicle counts derived from
one ovary, each ovary originating from a different animal. *p < 0.05 (Kruskal-
Wallis test).
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Figure 5. Depletion of HORMAD2 Acceler-
ates Repair of Induced DSBs in Oocytes

(A) Immunolabeling of surface-spread chromo-
somes from oocytes after exposure to ionizing
radiation (IR). Fetal ovaries were collected at
15.5 DPC, cultured for 24 hr, exposed to 2 Gy of IR,
and then cultured for an additional 4-8 hr. Shown
are those recovered 8 hr after IR. See Figure S4 for
single Hormad2~'~ single-mutant results.

(B) Quantification of RAD51 foci. Each data
point represents one oocyte. The graphs include
mean and SD and are color-coded according to
genotypic group. The 4- and 8-hr unirradiated
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DISCUSSION

Meiocytes have genetic quality control mechanisms that
respond to their unique developmental circumstances, chromo-
some biology, and cell cycle. For example, the pachytene/pro-
phase | checkpoint is active only at a point in prophase | at which
DSBs have normally been repaired but not during the time be-
tween programmed DSB formation and HR repair. Although
the oocyte pachytene checkpoint is distinct with respect to its
cell cycle timing and its ability to monitor an event (chromosome
synapsis) unique to meiosis, our current and prior (Bolcun-Filas
et al.,, 2014) work indicate that, for circumstances involving
extensive asynapsis and DNA damage, this checkpoint in
oocytes involves a DNA damage response (DDR) common to
somatic cells. Our surprising finding that the DDR is involved in
culling of Spo?11~/~ oocytes raises the question of how
SPO11-independent DSBs, first reported by Carofiglio et al.
(2013) and confirmed here, arise on unsynapsed chromosomes.
One possible source is LINE-1 retrotransposon activation, which
has been correlated with natural oocyte attrition (Malki et al.,
2014). However, transposon expression normally occurs only
transiently at the onset of meiosis before epigenetic silencing
(van der Heijden and Bortvin, 2009). It is possible that the exten-
sive asynapsis in Spo77~/~ oocytes per se or disruption of the
meiotic program, including the normal course of DSB induction
and repair, interferes with transposon silencing. Another possi-
bility is that unsynapsed chromosomes are more susceptible
to spontaneous breakage. These outcomes could be exacer-
bated by extended retention of HORMADs on unsynapsed
axes, inhibiting repair of these breaks. An intriguing question is

&

samples were combined. Data were derived from
at least two different animals per condition. See
Table S2 for associated raw data and statistical
calculations.

whether the production of these SPO11-independent DSBs,
whatever their origin, evolved as a contributory mechanism for
genetic quality control. It is also conceivable that the extended
presence of HORMADs themselves contributes to spontaneous
DSB formation, possibly as a “last ditch” mechanism to drive
pairing or synapsis in chromosomes devoid of sufficient interho-
molog recombination events.

The late appearance and highly variable number (Figure 6C)
of SPO11-independent DSBs in Spo77~~ oocytes may explain
the differences in timing and extent of oocyte elimination in
exclusively asynaptic versus DSB repair-deficient (e.g., DmcT,
Trip13) mutants. As reported by Di Giacomo et al. (2005),
although Dmc1~/~ oocytes were completely eliminated before
dictyate arrest and follicle formation, Spo771~/~ ovaries con-
tained ~15%-20% of the WT number of follicles (including
27-fold fewer primordial follicles by 4 days pp); this reduced
oocyte reserve was depleted by 2-3 months of age by subse-
quent cycles of recruitment and maturation. Additionally,
Dmc1~’~ oocytes degenerate before Spo71~/~ oocytes, sug-
gesting that an earlier-acting mechanism was triggering
Dmc1~'~ oocyte death. These distinctions, in conjunction with
epistasis analysis of mutants doubly deficient for Spo77 and
DSB repair mutations, led to the conclusion that there are
DSB-dependent and -independent mechanisms to eliminate
defective oocytes. We suggest that the difference in timing of
oocyte elimination, at least in part, may be related to the DSB
load. The abundant SPO11 DSBs formed early in prophase |
may trigger the checkpoint sooner and more uniformly in
recombination mutants that fail to reduce DSB levels in a timely
manner. According to this scenario, spontaneous DSBs that do

Figure 4. Depletion of HORMAD2 Accelerates DSB Repair during Early Stages of Meiotic Prophase |
(A) Representative images of meiotic chromosome spreads from oocytes at different substages of meiotic prophase I, probed with antibodies for SYCP3 (SC axis
protein) and the DSB marker RAD51. Oocytes were isolated from female embryos ranging from 15.5 DPC to newborns. See Figure S1 for HORMAD2 localization

in meiotic mutants.

(B) Numbers of RAD51 foci in the specified meiotic prophase | substage of the indicated mutants. Only RAD51 foci present on SYCP3-stained axes were scored.
Each data point represents one cell. In each genotypic group, at each stage, the counts are derived from at least three animals. Horizontal hashes in summary
statistic plots denote mean and SD. Values of the mixed-model calculation can be found in Table S1. Colors correspond to genotypes. Asterisks indicate
statistical significant differences between groups in terms of the least square means of RAD51 foci: ***p < 0.001, **p < 0.005, *p < 0.05 (Tukey HSD). See Table

S1 for associated raw data and statistical calculations.
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Figure 6. DNA Damage Threshold Required to Trigger Oocyte Death and Evidence for HORMAD-Mediated Inhibition of IS Repair

(A) Linear regression for conversion of radiation dosages to RAD51 focus counts. Meiotic surface spreads were made from WT neonatal ovaries 2.5 hr after IR.
Plotted are means with SD. Each IR dose has focus counts from ~25 pachytene oocytes derived from a total of 18 animals. See Figure S5 for single-cell focus
counts and numerical values.

(B) Chk2~'~ oocytes are highly IR-resistant. Shown are immunofluorescence images of ovarian sections labeled with nuclear and cytoplasmic germ cell markers
(063 and MVH, respectively).

(C) RAD51 focus counts from newborn oocyte spreads. Only oocytes with discrete patterns of RAD51 foci were scored, as defined in Figure S3. Data points
represent individual oocytes, derived from at least five different animals from each genotypic group. Horizontal hashes denote means and SD calculated using a
mixed model (see STAR Methods). Asterisks indicate statistically significant differences between groups: ***p < 0.001, **p < 0.005, *p < 0.05 (Tukey HSD). See
Table S3 for raw data and statistical calculations.

(D) Model for pachytene checkpoint activation in mouse oocytes. Oocytes with many unsynapsed chromosomes (green) ultimately accumulate DSBs, which
cannot be repaired because of block to IS recombination imposed by HORMADs on asynapsed axes. Failure of DSB repair leads to activation of CHK2 and
downstream effector proteins (p53/TAp63) that trigger apoptosis. Few asynapsed chromosomes (red) lead to inactivation of essential genes by MSUC, thereby
causing oocyte death.

Although the CHK2-dependent checkpoint is of central impor-
tance to genetic quality control in oocytes, our observations that

not arise until latter stages of prophase | in Spo77~/~ oocytes
would trigger the DNA damage checkpoint at a later point.

Based on our data (Figure 6A; Figure S5), we suggest that
oocytes with below-threshold DSB levels escape the DNA dam-
age checkpoint and are either eliminated by other mechanisms
(see below) or survive to constitute the reduced follicular
reserve in Spo11 mutants.

Chk2 deletion does not fully restore oocyte numbers to WT levels
in mutants indicates that it is not absolutely required for elimi-
nating all oocytes with unrepaired DSBs. Rather, the fraction of
oocytes rescued is inversely related to the burden of unrepaired
meiotic DSBs. For example, although Chk2 deficiency rescued
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nearly one-third of Trip13%¥Ct oocytes (which are partially profi-

cient for DSB repair and harbor 35 + 4 and 63 + 4.7 persis-
tent RAD51 foci in diplonema and pachynema, respectively;
Figure 4B), it rescued only a small fraction (~5%) of pro-
foundly recombination-deficient Dmc7~/~ oocytes (harboring
an average of ~150 RAD51 foci; Li et al., 2011). We posit that
the oocytes that fail to be rescued in these mutants are elimi-
nated either by a separate or a complementary checkpoint
pathway (for example, ATR-CHK1; Smith et al., 2010) or suc-
cumb to catastrophic levels of DNA damage. It is informative
that deletion of Hormad1, but not Hormad2, rescues Dmc1~/~
oocytes to a greater extent than Chk2 deletion. As discussed
earlier, the rescued Dmc1~/~ Hormad1™~ oocytes had a
marked reduction in DSBs (Bolcun-Filas et al., 2014; Shin
etal., 2013; Wojtasz et al., 2012). Because HORMAD1 is needed
to load HORMAD2 onto unsynapsed chromosome axes (not vice
versa), the effect of Hormad1 deletion upon IS recombination
constitutes the combined roles of both HORMAD proteins. How-
ever, when Hormad? alone is deleted, the continued presence of
chromosomally bound HORMAD1 may provide a less effective
but still substantive BSCR. The lower level of residual DSBs in
Spo11 and Trip13 mutant oocytes (compared with Dmc1~")
may render them responsive to a weaker BSCR, such as when
Hormad?2 is deleted. We postulate that, because of its involve-
ment in stimulating SPO11 activity (Daniel et al., 2011), Hormad1
deletion is very effective in rescuing a DSB repair mutant like
Dmc1 because not only are fewer DSBs formed, but IS recombi-
nation is also more active.

Our results add to increasing evidence that IS recombination is
important in mammalian meiosis. As discussed in the text, the
HORMADs and SC axial element structure appear to inhibit IS
repair of meiotic DSBs preferentially, thus allowing interhomolog
(IH) recombination to drive homolog pairing and synapsis.
However, as synapsis progresses and the SC is formed, the
HORMADs are removed and, presumably, both IS and IH
recombination can occur readily, as in yeast (Subramanian
et al., 2016). Because not all RAD51 foci disappear by pachy-
nema when synapsis is complete (for example, see Figure 4B),
it is possible that a substantial fraction of these DSBs is normally
repaired by IS recombination. We speculate that the persistent
unrepaired DSBs on synapsed chromosomes of Trip13 mutants,
which retain HORMADSs on their SCs, may actually constitute a
substantial fraction of SPO11-induced DSBs (an average of
~65/0ocyte nucleus of the 200-300 induced; Figure 4) that
would normally be repaired by IS recombination. However, we
cannot rule out the possibility that the “persistent” DSBs on syn-
apsed Trip13%7C! chromosomes actually arise from continued
SPO11 cleavage signaled by continued presence of SC-bound
HORMADs (Kauppi et al., 2013).

When trying to decipher the quality control mechanisms func-
tioning during meiosis, it is important to recognize that experi-
mental studies such as those performed here employ mutants
with pervasive, non-physiological levels of defects. Meiocytes
in WT individuals would have less extreme genetic defects. In
oocytes bearing a small number (1-3) of unsynapsed chromo-
somes, the unsynapsed chromosomes undergo transcriptional
silencing (MSUC) during pachynema, causing elimination at the
diplotene stage (Cloutier et al., 2015; Kouznetsova et al., 2009)

1034 Molecular Cell 67, 1026-1036, September 21, 2017

from lack of essential gene products encoded by these chro-
mosomes (Cloutier et al., 2015). However, oocytes with more
than 2-3 unsynapsed chromosomes impair MSUC, presumably
because of a limiting amount of BRCA1 (Kouznetsova et al.,
2009). Nevertheless, Spo77~/~ meiocytes typically exhibit
“pseudo sex bodies,” hamed as such because they resemble
the XY (sex) body involving a small number of asynapsed auto-
somes (Bellani et al., 2005). Formation of pseudo sex bodies in
Spo11~/~ oocytes is dependent on HORMADs (Daniel et al.,
2011; Kogo et al., 2012b), leading to the proposal that these
are responsible for oocyte elimination (Kogo et al., 2012a).
This may be the case in a subset of oocytes where the pseudo
sex body affects either a chromosomal region containing
haploinsufficient loci or both alleles of a locus needed for
meiotic progression or oocyte survival. Because CHK2
deficiency can rescue Spo17~/~ oocytes while not abolishing
HORMAD localization (Figure S1) or pseudo sex body formation
(data not shown) but does not rescue all Spo71 oocytes, it
is likely that neither MSUC nor CHK2 alone is entirely respon-
sible for elimination of all oocytes with pervasive asynapsis.
Finally, because MSUC involves many components of the
DNA damage response (Fernandez-Capetillo et al., 2003; Ichi-
jimaetal., 2011; Turner et al., 2004), it is conceivable that asyn-
apsis leading to MSUC would activate effector elements of the
DNA damage checkpoint pathway, including CHK2. However,
this does not appear to be the case because silenced supernu-
merary chromosomes do not eliminate oocytes (Cloutier et al.,
2015), MSCI does not kill spermatocytes, and asynaptic
oocytes are not eliminated in a pattern typical of DNA repair
mutants.

The pachytene checkpoint has commonly been thought to
consist of separate DNA damage and synapsis checkpoints in
multiple organisms. However, the finding that MSUC can cause
the death of oocytes led to the suggestion that there is only 1
formal cell cycle checkpoint in mouse oocytes, the DNA damage
checkpoint (Cloutier et al., 2015), - and our data provide mecha-
nistic evidence consistent with this idea. Current information
supports a model (Figure 6D) for two major mechanisms by
which oocytes with synapsis defects are eliminated: 1) MSUC,
for oocytes with a small number of asynapsed chromosomes
that do not accumulate unrepaired DSBs above a threshold
and in which both homologs bear essential genes for meiotic
progression are silenced (Cloutier et al., 2015), and the DNA
damage checkpoint, for oocytes with multiple asynapsed chro-
mosomes that accumulate a sufficient number of DSBs to trigger
the DNA damage checkpoint (Figure 6D). These disparate mech-
anisms may have distinct purposes. Because oocytes with only 1
or 2 unsynapsed chromosomes may not efficiently trigger the
spindle assembly checkpoint (SAC) (LeMaire-Adkins et al.,
1997), the MSUC pathway would safeguard against aneuploidy.
Superficially, it would seem that, because oocytes with exten-
sive asynapsis would effectively trigger the SAC, the DNA dam-
age checkpoint mechanism is redundant. However, it is likely
advantageous reproductively to eliminate such defective oo-
cytes before they enter dictyate as constituents of the ovarian
reserve, otherwise the fraction of unproductive ovulations
(those terminated by the SAC) would increase, compromising
fecundity.
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KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

mouse anti-p63

rabbit anti-MVH

rabbit anti-RAD51 Chip-Grade
mouse anti-SYCP3

guinea pig anti-HORMAD2

Novus Biologicals
Abcam

Abcam

Abcam

Wojtasz et al., 2012

Novus Cat# NB 100-691; RRID: AB_525968
Abcam Cat# ab13840; RRID: AB_443012
Abcam Cat# ab176458; RRID: AB_2665405
Abcam Cat# ab97672; RRID: AB_10678841
gift from Dr. Attila Toth

Deposited Data

Raw images

This paper; Mendeley Data

http://dx.doi.org/10.17632/3n2yfpk4vh.1

Experimental Models: Organisms/Strains

Mouse: Trip13CYCt: Trip13C1FRB047)Byg

Mouse: Dmc1~/~: Dmc1tm?Jes
Mouse: Chk2~/~: Chk2'™Mak

Mouse: Spo11~/~: Spo1 7™M
Mouse: Hormad2~'~: Hormad?2

Li and Schimenti, 2007

Pittman et al., 1998

Tak Mak; Hirao et al., 2002
Maria Jasin; Baudat et al., 2000
Kogo et al., 2012a

RRID:MGiI:372059

RRID:MGI:3768914
RRID:MGI:2662578
RRID:MGiI:4358251
RRID:MGI:5466572

Software and Algorithms
JMP Pro12 software v.12.0.1
Fiji-lmaged

SAS Inc., Cary, NC-USA
Schindelin et al., 2012

RRID:SCR_014242
RRID:SCR_002285

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to and will be fulfilled by the Lead Contact, John Schimenti (jcs92@
cornell.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Experiments were performed on female mice, and of course male mice were used for matings to produce desired genotypes. Sam-
ples for histological analysis were from eight week old animals. The alleles used have been previously described and were the
following: Trip13%1FRE047BYI (referred to as Trip13% in the manuscript) (Li and Schimenti, 2007); Dmc 1™/ (Pittman et al., 1998);
Chk2'™™MaK (Hirao et al., 2002); Spo11™ ™" (Baudat et al., 2000); and Hormad?2 (Kogo et al., 2012a). All mice were in a mixed genetic
background of strains C57BL/6J and C3H/Hed. The Cornell’s Animal Care and Use Committee approved all animal usage, under
protocol 2004-0038 to JCS.

The embryonic age of pre-term animals was counted using the morning in which copulation plug was detected as being the
0.5 days post coitus (dpc).

METHOD DETAILS

Organ Culture and Irradiation

Embryonic and pp explanted ovaries were cultured under conditions as we previously detailed (Rinaldi et al., 2017). Ovaries were
irradiated in a ' cesium irradiator with a rotating turntable. Immediately after irradiation, the media was replaced, and ovaries
were cultured for indicated periods of time prior to tissue processing.

Histology and Immunostaining

Ovaries were dissected and incubated in Bouin’s fixative overnight at room temperature. Afterward, tissues were washed in 70%
ethanol prior to being embedded in paraffin for serial sectioning at 6 um thickness. Ovaries were stained with Harris Hematoxylin
and Eosin (H&E) and follicles counted in every fifth section except for the three-week counts reported in Figure 1B, in which every
12'" section was counted. There was no correction factor applied to the values reported. Only one ovary per animal was used.
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Cultured ovaries, used for histological sections followed by immunostaining, were fixed in 4% paraformaldehyde/PBS over night at
4°C. After 70% ethanol washes, ovaries were embedded in paraffin and serially sectioned at 5 um. These ovaries were immuno-
stained using standard methods. Briefly, slides were deparaffinized and re-hydrated prior to antigen retrieval using sodium citrate
buffer. Slides were blocked with 5% goat serum (PBS/Tween 20) and incubated at 4°C overnight with primary antibodies: mouse
anti-p63 (1:500, 4A4, Novus Biologicals); and rabbit anti-MVH (1:1000, Abcam). Afterward, sections were incubated with Alexa
Fluor® secondary antibodies for one hour and Hoechst dye for 5 min. Slides were mounted with ProLong Anti-fade (Thermo-Fisher)
and imaged.

Histological images were obtained from slides digitized using a Leica Scanscope CS2.

Immunofluorescence of meiotic chromosome surface spreads

Meiotic surface spreads of prophase | female meiocytes were prepared using an adaptation (Reinholdt et al., 2004) of a drying-down
technique (Peters et al., 1997) that was described in great detail in the former reference. Meiotic stages (leptonema-diakinesis) were
determined based on SYCP3 staining patterns (Gray and Cohen, 2016). Slides were stored at —80°C until immunostained. For stain-
ing, slides were brought to room temperature (RT) and washed once with PBS+0.1% Tween-20 (PBS-T). Slides were blocked for
40 min at RT with PBS-T containing 5% normal goat serum (5%GS-PBS-T). Primary antibodies were diluted into 5%GS-PBS-T
and incubated overnight at RT in a humidified chamber. Antibodies and dilutions used included: rabbit anti-RAD51 (1:250 Abcam
176458), mouse anti-SYCP3 (1:600 Abcam) and guinea pig anti-HORMAD?2 antibody (1:1000, kind gift from Attila Toth). Secondary
antibodies used were diluted 1:1000 in in 5%GS-PBS-T and included goat anti-rabbit Alexa 488/594, goat anti-mouse Alexa 488/594
and goat anti-guinea pig Alexa 488/594. Images were taken using an Olympus microscope with 40X lens or 100X immersion oil lens
and CCD camera.

Focus Quantification

Foci were quantified both manually, through the visualization and annotation of individual foci, and also semi-automatically using Fiji-
Imaged (Schindelin et al., 2012). Semi-automated counts were performed using binary images obtained from the RAD51-labeled
channel, with the threshold set above background level. The count was obtained after performing “Watershed,” by the “Analyze
Particles” functionality with size set for 1.5 to infinity. Cell counts that displayed discrepancy of more than 20% between manual
and semi-automated counts were discarded.

Fertility Test

To test if HORMAD2 deficiency was able to rescue the Trip13%7% sterility phenotype, three double mutant females were mated to WT
C3H/Hed males proven to be fertile through previous matings. Each female provided more than 4 consecutive litters up to the time of
preparation of this manuscript. All three females originated from different litters. Trip 13%¥Ct |ittermates were housed with fertile males
and used as negative controls.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Comparisons between compound mutants and controls were done using littermates or related animals. Unless otherwise noted, all
experiments used at least three mice per experimental group. All statistical analyses were done using JMP Pro12 software (SAS Inc.,
Cary, NC-USA, version 12.0.1). Comparisons of fertility and follicle counts between genotypic groups were tested using both the
Tukey honest significance different (HSD) and the non-parametric, one-way ANOVA test (Kruskal -Wallis). Both tests provided
concordant results. RAD51 focus counts were analyzed using a mixed model with animal ID as random effect and genotype as fixed
effect. Least square means (LSMeans) differences were tested using Tukey HSD. The residuals from the mixed model were normally
distributed.

DATA AND SOFTWARE AVAILABILITY

Raw data of RAD51 foci counts are in supplementary tables (Table S1, Table S2, and Table S3). The raw image files can be down-
loaded at Mendeley data: http://dx.doi.org/10.17632/3n2yfpk4vh.1.
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Abstract

Chromosomal insertions are rare structural rearrangements,
and the molecular mechanisms underlying their origin are
unknown. In this study, we used whole genome sequencing
to analyze breakpoints and junction sequences in 4 patients
with chromosomal insertions. Our analysis revealed that
none of the 4 cases involved a simple insertion mediated by
a 3-chromosomal breakage and rejoining events. The insert-
ed fragments consisted of multiple pieces derived from a lo-
calized genomic region, which were shuffled and rejoined in
a disorderly fashion with variable copy number alterations.
The junctions were blunt ended or with short microhomolo-
gies or short microinsertions, suggesting the involvement of
nonhomologous end-joining. In one case, analysis of the pa-
rental origin of the chromosomes using nucleotide varia-

tions within the insertion revealed that maternal chromo-
somal segments were inserted into the paternal chromo-
some. This patient also carried both maternal alleles,
suggesting the presence of zygotic trisomy. These data indi-
cate that chromosomal shattering may occur in association
with trisomy rescue in the early postzygotic stage.

© 2017 S. Karger AG, Basel

Chromosomal structural rearrangements (CSRs), also
known as gross chromosomal rearrangements, are gener-
ated by 2 double-strand DNA breaks (DSBs) followed by
aberrant DNA repair [Shaffer and Lupski, 2000; Kura-
hashi et al., 2009]. The DSBs are generally processed by
an error-free pathway, called homologous recombina-
tion, and repaired properly. However, recurrent CSRs are
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caused by genomic instability induced by 2 specific se-
quences that exist as DSB hotspots [Kato et al., 2012]. Al-
ternatively, DSBs at the segmental duplications are often
repaired aberrantly by nonallelic homologous recombi-
nation (NAHR), leading to recurrent CSRs [Ou et al,
2011; Hermetz et al., 2012]. In contrast, DSBs that arise
randomly are often repaired by an error-prone pathway,
nonhomologous end-joining (NHE]J), which leads to
nonrecurrent CSRs [Gu et al., 2008]

Recent advances in genomic analysis have provided
detailed information on the breakpoints and junction se-
quences of CSRs and have helped us to understand their
origin and mechanism. We now know that replication-
based pathways such as fork-stalling and template-
switching as well as microhomology-mediated break-in-
duced replication are the major pathways leading to CSRs
[Zhang et al., 2009]. The products of these pathways oc-
casionally manifest complex junction structures that in-
clude duplication or triplication of the breakpoint prox-
imity. In addition, recent high-resolution microarray and
next-generation sequencing studies have found that large
numbers of complex chromosomal rearrangements oc-
cur in one or a few chromosomes [Holland and Cleve-
land, 2012]. This catastrophic rearrangement is called
chromothripsis. Unfortunately, the precise mechanism
that induces the chromosome shattering is still unknown
[Kloosterman et al., 2011; Stephens et al., 2011].

Chromosomal insertion, also called insertional trans-
location, is one of several gross interchromosomal struc-
tural rearrangements [Van Hemel and Eussen, 2000]. In-
sertions involve a translocation of a segment from one
chromosome and its insertion as an interstitial region
into another nonhomologous chromosome [Wecksel-
blatt and Rudd, 2015]. Balanced carriers are healthy but
occasionally have reproductive problems such as infertil-
ity, recurrent pregnancy loss, or offspring with multiple
congenital anomalies due to an unbalanced insertion.
Unbalanced insertions also arise de novo. They are rela-
tively rare CSRs, with an estimated incidence of about 1:
80,000 according to conventional cytogenetic techniques
[Van Hemel and Eussen, 2000]. However, 3 recent cohort
studies using high-resolution aCGH in conjunction with
FISH found a higher incidence than previously estimated
[Kang et al., 2010; Neill et al., 2011; Nowakowska et al.,
2012].

Little is known about the mechanism of the insertion.
It requires at least 3 breaks followed by aberrant repair,
but information on the breakpoints and junctions is
scarce. One previous study using microarray analysis
showed that a small subset of insertions may involve the

2 Cytogenet Genome Res
DOI: 10.1159/000481586

NAHR pathway, but the etiology of most nonrecurrent
insertions is unclear [Neill et al., 2011]. A recent large-
scale study using next-generation sequencing of 6 cases
with an insertion identified the underlying mechanism
leading to the insertion to be a chromothripsis-like repli-
cation-related pathway [Gu et al., 2016]. In the present
study, we characterized 4 insertion cases via a combina-
tion of cytogenetic and genomic techniques such as whole
genome sequencing and mate-pair sequencing for the de-
tection of rearrangement breakpoints. We subsequently
genotyped the polymorphisms on the relevant chromo-
somes and determined their parental origin, thereby
shedding light on the mechanisms underlying the origin
of the insertion.

Case Reports and Results

Case 1

This patient was referred to our facility because of developmen-
tal delay. Initial G-banding revealed a 46,XX,add(14)(q32.1)
karyotype. We performed cytogenetic microarray analysis and de-
tected a duplication in chromosome 4q and a deletion in 14q. De-
tailed copy number analysis revealed complex chromosomal rear-
rangements that included duplications encompassing a 13.1-Mb
region at 4q32.1q32.3 and a 0.3-Mb region in 4q35.2, some parts
of which appeared to be triplicated, while a 2.7-Mb deletion was
found in 14q32.33 (Fig. 1a). Subsequently, using FISH, we found
that these copy number variations were due to a chromosomal in-
sertion of 4q32.1q32.3 into 14q32.33 (Fig. 1b). This insertion was
not identified in either of the parents and was found to have oc-
curred de novo in the index case.

Next, we performed whole genome sequencing to determine
the breakpoints and junctions. LUMPY, a probabilistic structural
variant caller, revealed the presence of 6 discordant reads, possibly
including the junctions of the rearrangements. To characterize
breakpoints at a nucleotide resolution, breakpoint-spanning PCR
followed by Sanger sequencing was performed. According to the
sequence information of the 6 junctions, the original fragments
were shuffled and rejoined in a disorderly manner (Fig. 1¢). Some
regions were lost, while some appeared twice among the inserted
fragments, resulting in triplication. Of the junction sequences
identified, 1 involved simple end-joining (junction 1), 2 had mi-
crohomology of a few nucleotides (junctions 3 and 6), and 1 had a
4-nucleotide microinsertion (junction 1). The remaining 2 junc-
tions carried insertions consisting of small pieces of a segment de-
rived from the vicinity of the breakpoint region in chromosome 4
(Fig. 1d; junctions 4 and 5). The likely structure is shown in Figure
1d, e.

To determine the parental origin of the chromosomal inser-
tion, we genotyped common SNPs in the related regions of chro-
mosomes 4 and 14 using DNA from the proband and his parents.
When we compared the SNP data of the 14q32.33 region deleted
in the proband, the proband carried only the maternal allele, sup-
posedly reflecting the normal homolog of chromosome 14. This
suggests that the original chromosome 14 of der(14) with the in-
sertion was of paternal origin (Fig. 1f). Following, we genotyped
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Fig. 1. Analysis of the chromosomal insertion in case 1. a Chromo-
some Analysis Suite (ChAS) graphic results for chromosomes 4
and 14 showing copy number gain and loss, respectively. The re-
sults are designated as arr[hgl9] 4q32.1q32.3(156,376,846-
169,441,822)%x3~4,4q35.2(190,659,209-
190,957,473)%3,14q32.33(104,549,511-107,285,437)x1. Although
ChAS showed a normal copy number region within the deletion
in chromosome 14, FISH analysis did not identify it as a diploid
region (data not shown). b FISH confirming the deletion in
14932.33 (red) shown at the top and the insertion of 4q32.3 (red)
into the long arm of chromosome 14 (green) shown at the bottom.
¢ Breakpoint-specific PCR and its sequence. Green and orange ar-
rows indicate chromosomes 14 and 4, respectively. The distance
between the arrows correlates with microhomology or microinser-
tion. Asterisks indicate the insertion of a few dozen nucleotides.
* The gray-dashed line encompasses a 35-nt sequence at position

the SNPs within the insertional region in chromosome 4. The
inserted segments were found to originate from the maternal
chromosome. This indicates a postzygotic origin of the insertion.
Furthermore, the proband was found to have 2 normal chromo-
somes 4, one paternal and the other maternal, and this normal
maternal chromosome 4 was revealed to be a different allele from

Chromosomal Insertions Underlying
Chromothripsis

156,671,582-156,671,616 in chromosome 4 and a 37-nt sequence
of unknown origin. ** The gray-dashed line encompasses a 24-nt
sequence of unknown origin, a 21-nt sequence at position
156,711,369-156,711,389 in chromosome 4 with inverted orienta-
tion, and a 34-nt sequence of unknown origin. *** The gray-dashed
line encompasses a 25-nt sequence of unknown origin. d The de-
tected chromosomal rearrangements are visualized by a Circos
plot using ClicO FS. e Multiple segments in chromosome 4 were
shuffled and inserted into chromosome 14. Some of the segments
were missing or duplicated during the rearrangements. f An ex-
ample of a parent-of-origin analysis. The top shows the vicinity of
the breakpoint, and the bottom shows a deleted region in chromo-
some 14. Discordant reads (dark red) and SNPs (light green and
blue) are visualized by different colors. SNP genotyping was con-
ducted by Sanger sequencing. SNPs are superimposed on the yel-
low background.

the inserted segments of maternal origin. Thus, it is suggested
that 2 normal chromosomes 4 were transmitted from the mother
and one from the father and that one of the maternal chromo-
somes 4 was then shattered and integrated into the paternal chro-
mosome 14 in the early postzygotic stage in the trisomic zygote
(Fig. 5a).
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Fig. 2. Analysis of the chromosomal insertion in case 2. a Copy
number abnormalities in chromosomes 5 and 8 are graphically
displayed using ChAS. Positional information on the copy number
change is designated as arr[hgl9] 5q23.2q31.1(125,311,267-
134,731,795)%3,8p23.2(2,421,059-2,488,315)x1. b FISH analysis
confirming the insertion of 5q31.1 (red) into the vicinity of 8p23.3.
¢ Breakpoint-specific PCR and its sequence. The analysis was per-
formed as described in Figure 1. Orange and green arrows indicate
chromosomes 5 and 8, respectively. The distance between the ar-
rows corresponds to microhomology or microinsertion. d The de-

Case 2

This case was referred to our facility for the examination of
postnatal short stature. Initial G-banding revealed a 46,XX,add(8)
(p22) karyotype. Cytogenetic microarray data showed that the pa-
tient had both a duplication at 5q23.2q31.1 and a deletion in chro-
mosome 8p23.2 (Fig. 2a). FISH analysis showed that the interstitial
chromosome 8p23.2 deletion was due to an insertion at chromo-
some 5q23.2q31.1 (Fig. 2b). This insertion was not identified in
either of the parents and was thus determined to have occurred de
novo in the index case.

To identify the deletion and insertion breakpoints, we applied
LUMPY to the whole genome sequencing data. Three breakpoints
were found and validated by PCR and Sanger sequencing. One
breakpoint was between the 5q regions, while the others were re-
joined between chromosomes 5 and 8 but with different orienta-
tions. The inserted 5q chromosome comprised 2 segments in chro-
mosome 5, one large segment spanning from 125,317,703 to

4 Cytogenet Genome Res
DOI: 10.1159/000481586

tected chromosomal rearrangements are visualized by a Circos
plot using ClicO FS. e Two segments in chromosome 5 were shuf-
fled and translocated into chromosome 8. One segment complete-
ly overlaps another segment. f SNP-based parental origin determi-
nation. The top shows the 1-copy region in chromosome 8, where-
as the bottom shows the 2-copy region in chromosome 8. The
details are the same as those provided in Figure 1. Discordant reads
are shown in dark blue. SNPs used for analysis are presented on a
yellow background.

134,732,368 and the other spanning from 134,730,551 to
134,731,048. This suggests that smaller 497-bp fragments were
triplicated and inserted adjacent to the larger insertion in an in-
verted orientation. Similar to case 1, one junction had a 2-nucleo-
tide microhomology (junction 1), whereas 2 junctions had micro-
insertions of an unknown origin (Fig. 2¢; junctions 2 and 3). The
likely structure is shown in Figure 2d, e.

SNP genotyping of the deleted region in chromosome 8 showed
that the paternal chromosome 8p23.2 was deleted and that the nor-
mal chromosome 8 was of maternal origin. In addition, the in-
serted 5q segments originated from the paternal chromosome,
suggesting that the paternal fragment from chromosome 5 was
integrated into the paternal chromosome 8 (Fig. 2f). However, the
inserted 5q segments were different from the normal paternal ho-
mologue chromosome, indicating the presence of 2 paternal 5q
chromosomes. This suggests that one of the paternal chromo-
somes 5 was shattered and integrated into the paternal chromo-
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Fig. 3. Analysis of the chromosomal insertion in case 3. a Analysis
of copy number state using ChAS software revealed that the pro-
band had 3 distinct deletions in chromosome 10. The copy num-
ber change was designated as arr[hgl9] 8q23.3(114,340,065-
114,527,620)x1, arr[hgl9] 8q23.3(114,806,300-114,925,879)x1,
arr[hgl9] 8q23.3q24.13(115,101,169-122,616,401)x1. b FISH
analysis of the proband’s mother with whole chromosome paint-
ing of chromosomes 8, 10, and 12 confirms the insertion of chro-
mosome 8 into chromosomes 10 and 12. FISH analysis of the pro-
band confirming the insertion of chromosome 8 into chromosome

some 8p in the premeiotic stage, during MII, or in the postzygotic
stage in the trisomic zygote (Fig. 5b).

Case 3

This patient was referred to our facility for the diagnosis of
Langer-Giedion syndrome. Initial G-banding revealed a
46,XY,der(12)ins(12;8)(p12;q21q23) karyotype. CytoScan HD ar-
ray analysis showed that the proband had a deletion at chromo-
some 8q23.3q24.13 (Fig. 3a). The mother of the proband was
46,XX (data not shown). FISH with whole chromosome painting
probe analysis revealed that she had a balanced insertion that in-
volved chromosomes 8, 10, and 12. The long arm of chromosome
8 was found to be inserted into chromosomes 10 and 12. The pro-

Chromosomal Insertions Underlying
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12. ¢ PCR validation of a discordant read. The details are the same
as those provided in Figure 1. Orange arrows show chromosome
8, blue arrows show chromosome 10, and green arrows show chro-
mosome 12. The distance between the arrows corresponds to mi-
crohomology or microinsertion. d The detected chromosomal re-
arrangements are visualized by a Circos plot using ClicO FS. e A
number of segments in chromosome 8 were shuffled and translo-
cated into chromosomes 10 and 12. There may be uncharacterized
breakpoints in the region of chromosome 8 of the derivative chro-
mosome 12.

band inherited only der(8) and der(12), not der(10), resulting in
the deletion of chromosome bands 8q23.3q24.13 and causing
Langer-Giedion syndrome (Fig. 3b).

Breakpoint analysis of the chromosomal rearrangements al-
lowed us to identify 10 discordant reads. Of these, 6 junctions were
detected in both proband and maternal DNA (junctions 5-10),
whereas the remaining 4 were not detected in the proband (junc-
tions 1-4), suggesting that 6 junctions are in der(8) and der(12),
and 4 are in der(10) (Fig. 3c). The inserted chromosome 8 regions
consisted of pieces of segments, which were shuffled, rejoined in
direct or inverted orientation, and inserted into either chromo-
some 10 or 12. Six junctions of rearrangements involved simple
end-joining (junctions 1, 3, 5, 7, 9, and 10), and the remaining 4
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DOI: 10.1159/000481586

017 8:49:09 PM




Copy number state |-

Allele Difference .

It

Chromosome band | o= e —

a Chromosome 7
Junction PCR Sequence

.Wurnn

[ AATGCCTCTTAT)' A

Weighted Log2 Ralio i g T R e T R e g

Chromosome 7

LU B LY
=
= ¢

e Derivative 2 Derivative 7

Fig. 4. Analysis of the chromosomal insertion in case 4. a The fetus
has a copy number loss in chromosome 7. The genomic position
of the copy number change is arr[hgl9] 7p15.3pl4.1
(25,471,046-38,067,611)x1. b Whole chromosome painting of
chromosomes 2 (green) and 7 (red) showing the insertion from
chromosome 7 into band 2q. ¢ PCR confirmation of a discordant

junctions had either microhomology (junctions 2 and 4) or micro-
insertion (junction 6). The likely structure is shown in Figure 3d, e.

Because we did not obtain the parental sample of the mother,
who was a carrier of a balanced insertion, we could not analyze the
origin of the insertion.

Case 4

This patient was referred to our facility because of recurrent
pregnancy loss. The initial G-banded karyotype was 46,XY,ins(2;
7)(q31;p11.2p13). We confirmed the balanced insertion of the pro-
band by whole chromosome painting (Fig. 4b). Cytogenetic mi-
croarray analysis revealed that the aborted fetus of the proband
had a deletion at 7p15.3p14.1 (Fig. 4a).

Breakpoint analysis of chromosomal rearrangements allowed us
to identify discordant reads. Four discordant reads were discovered
by LUMPY and validated by junction-specific PCR and Sanger se-
quencing. Two junctions formed by rejoining between chromo-
somes 2q and 7p were identified only in the proband, not in the
fetus (junctions 1 and 2), whereas the remaining 2 junctions com-
posed of 7p rejoined in an inverted orientation were identified in
both the proband and fetus (Fig. 4c; junctions 3 and 4). These results
suggest that the fragments of 7p were divided into 2 pieces, one in-

6 Cytogenet Genome Res
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read. The details are the same as those provided in Figure 1. Orange
and green arrows indicate chromosomes 2 and 7, respectively. The
distance between the arrows corresponds to microhomology or
microinsertion. d The detected chromosomal rearrangements are
visualized by a Circos plot using ClicO FS. e Two pieces of seg-
ments in chromosome 7 were inserted into chromosomes 2 and 7.

serted into 2q and the other inserted into the same 7p region but in
the opposite direction (Fig. 4d). Three were blunt-end rejoined
junctions (junctions 1-3) and 1 had a 3-nucleotide microhomology
(junction 4). The likely structure is shown in Figure 4d, e.

Junction-spanning PCR showed that the proband’s mother
also had a balanced insertion. Because we did not obtain samples
from the grandparents, we could not analyze the origin of the in-
sertion.

Materials and Methods

We obtained blood from the patients and their family mem-
bers. Genomic DNA was extracted using standard procedures. We
analyzed 4 patients with an unbalanced chromosomal insertion
and their relatives in this study.

Cytogenetic Analyses of Chromosomal Insertions

Individuals with a chromosomal insertion were identified by
FISH and SNP array analysis. FISH analysis was performed on
metaphase spreads or interphase nuclei from the patients and their
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parents, obtained by standard protocols using appropriate region-
specific probes and whole chromosome painting probes. SNP ar-
ray was performed using a CytoScan HD Array Kit (Affymetrix,
Santa Clara, CA, USA) for high-resolution analysis of copy num-
ber variations and determination of the genotypes of derivative
chromosomes. The genome coordinates were based on hg19 in this
manuscript.

Breakpoint Characteristics of Chromosomal Insertions by

Next-Generation Sequencing

Mate-pair or paired-end whole genome sequencing was per-
formed to detect the breakpoints of chromosomal rearrange-
ments. Libraries were prepared using a Nextera Mate Pair Library
Preparation Kit or TruSeq DNA PCR-Free Library Preparation
Kit (Illumina, San Diego, CA, USA) according to the manufac-
turer’s protocol. For preparation of the mate-pair library, frag-
ments of 9 kb in length were extracted. Libraries for next-gener-
ation sequencing analysis were then subjected to 2 x 100-bp
paired-end sequencing on a HiSeq 1500 platform (Illumina). Se-

Chromosomal Insertions Underlying
Chromothripsis

quence data were demultiplexed using bcl2fastq-1.8.4 (Illumina).
In the mate-pair sequence case, duplex reads were trimmed using
NxTrim [O’Connell et al., 2015]. Sequence reads were then
mapped onto the human reference hgl9 using BWA 0.7.10 [Li
and Durbin, 2010]. Sorting and recalibration of the mapped reads
were done using SAMtools 0.1.19 and GATK 3.3-0 [Li et al., 2009;
McKenna et al., 2010]. LUMPY was used to identify putative
breakpoints of chromosomal rearrangements [Layer et al., 2014].
We focused on discordant reads in the vicinity of the breakpoint
junction from FISH and SNP array information. All putative
breakpoints were confirmed by visual inspection using the Inte-
grative Genomics Viewer and breakpoint-spanning PCR [Thor-
valdsdottir et al., 2013]. The detected structural variants were vi-
sualized by a Circos plot using ClicO FS [Cheong et al., 2015].
PCR was performed with appropriate primer sets and conditions
using TaKaRa Ex Taq DNA polymerase (Takara Bio, Otsu, Ja-
pan). Sanger sequencing of breakpoint-spanning PCR fragments
was carried out using an ABI3130xl sequencer (Life Technolo-
gies, Foster City, CA, USA).
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SNP-Based Parental Origin Determination

To determine the parental origin of the chromosomal rear-
rangement, genotype information from derivative chromosome-
specific PCR, SNP array, or whole genome sequencing was com-
pared with that of the parental genotype.

Discussion

In this study, we analyzed chromosomal insertions in
4 individuals. We found that the chromosomal insertions
in all 4 cases were not generated by simple inaccurate re-
pair of 3 DSBs, but showed structural complexity. Many
pieces of genomic fragments derived from a highly local-
ized chromosomal region were reconstructed in a disor-
derly array associated with copy number alterations. A
recent study of 6 insertion cases also showed similar re-
sults [Gu et al., 2016]. The insertion of similar highly
shuffled chromosomal segments was also documented in
another subset of CSRs, namely, unbalanced transloca-
tions [Weckselblatt et al., 2015]. Thus, CSRs, even when
observed as a simple rearrangement in conventional
karyotyping, are actually more complex than we thought.

Such localized complex CSRs have been termed chro-
moanagenesis [Holland and Cleveland, 2012; Zhang et
al., 2013]. Chromoanagenesis includes 2 different con-
cepts, chromothripsis and chromoanasynthesis. Chro-
mothripsis is alocal chromosome shattering and restitch-
ing by NHE], whereas chromoanasynthesis is a replica-
tion-based complex rearrangement that involves
fork-stalling and template-switching as well as micro-
homology-mediated break-induced replication [Zhang et
al., 2009; Kloosterman et al., 2011; Stephens et al., 2011].
Our data show that chromosomal insertions include re-
gions of more than 4 copies in diploid cells, which is not
compatible with the definition of chromothripsis (an al-
teration of 2 copy number states), but rather implies the
involvement of a replication-mediated complex rear-
rangement mechanism. On the other hand, junction
analysis showed that the junctions were blunt ended or
with short microhomologies or short microinsertions in
junction sequences. This conversely implicates the in-
volvement of NHE], which is a characteristic of chro-
mothripsis. Given that micronucleus-related chromo-
some shattering is a mechanism for the origin of chro-
mothripsis, chromosome replication in the micronucleus
is not synchronous with that in the nucleus, suggesting
that a variable copy number is acceptable in chromothrip-
sis [Crasta et al., 2012; Ly et al., 2017]. Thus, this micro-
nucleus-related chromothripsis pathway may possibly be
the mechanism that leads to chromosomal insertion.

8 Cytogenet Genome Res
DOI: 10.1159/000481586

Determination of the parental origin of a de novo in-
sertion can shed light on the timing and mechanisms of
its formation. In general, de novo constitutional struc-
tural rearrangements are predominantly of paternal ori-
gin [Thomas et al., 2010]. However, we showed com-
pound paternal and maternal rearrangements in case 1,
suggesting a postzygotic origin of the insertion. Such
postzygotic CSRs of both parental chromosomes are also
observed in de novo unbalanced translocations [Rob-
berecht et al., 2013]. Furthermore, surprisingly, case 1
may have undergone trisomy rescue in the postzygotic
stage as evidenced by the presence of 2 maternal and 1
paternal chromosomes. Even in case 2, the presence of 2
paternal chromosomes suggested that the insertion may
have arisen in the premeiotic stage or, possibly, in the
postzygotic stage in the trisomic zygote. These data imply
that the trisomic fertilization may precede the chro-
mothripsis event and be followed by trisomy rescue in the
early postzygotic stage, resulting in insertion. [Conlin et
al., 2010; Taylor et al., 2014]. Micronuclei formed from
anaphase-lagging chromosomes may predispose a pul-
verized insertion due to low stringency at the spindle
checkpoint in this embryonic stage [Mertzanidou et al.,
2013]. To conclude, further studies involving higher sam-
ple numbers may elucidate a more precise understanding
of the mechanisms underlying the etiology of chromo-
somal insertions.
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Abstract

Our current understanding of the phenotypic consequences
and the molecular basis of germline complex chromosomal
rearrangements remains fragmentary. Here, we report the
clinical and molecular characteristics of 2 women with germ-
line complex X-chromosomal rearrangements. Patient 1 pre-
sented with nonsyndromic ovarian dysfunction and hyper-
thyroidism; patient 2 exhibited various Turner syndrome-
associated symptoms including ovarian dysfunction, short
stature, and autoimmune hypothyroidism. The genomic ab-
normalities of the patients were characterized by array-
based comparative genomic hybridization, high-resolution
karyotyping, microsatellite genotyping, X-inactivation anal-

ysis, and bisulfite sequencing. Patient 1 carried a rearrange-
ment of unknown parental origin with a 46,X,der(X)(pter—
p22.1:p11.23-q24:921.3—qg24::p11.4—pter) karyotype, in-
dicative of a catastrophic chromosomal reconstruction due
to chromothripsis/chromoanasynthesis. Patient 2 had a pa-
ternally derived isochromosome with a 46,X,der(X)(pter—
p22.31:922.1-q10:q10—-q22.1::p22.31—pter) karyotype,
which likely resulted from 2 independent, sequential events.
Both patients showed completely skewed X inactivation.
CpG sites at Xp22.3 were hypermethylated in patient 2. The
results indicate that germline complex X-chromosomal re-
arrangements underlie nonsyndromic ovarian dysfunction
and Turner syndrome. Disease-causative mechanisms of
these rearrangements likely include aberrant DNA methyla-
tion, in addition to X-chromosomal mispairing and haplo-
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insufficiency of genes escaping X inactivation. Notably, our
data imply that germline complex X-chromosomal rear-
rangements are created through both chromothripsis/chro-
moanasynthesis-dependent and -independent processes.
©2017 S. Karger AG, Basel

Complex chromosomal rearrangements are common
in cancer genomes and can also appear in the germline
[Liu et al., 2011; Kloosterman and Cuppen, 2013]. To
date, germline complex rearrangements have been iden-
tified in a small number of individuals [Liu et al., 2011;
Ochalski et al., 2011; Auger et al., 2013; Kloosterman and
Cuppen, 2013; Plaisancié et al., 2014]. Of these, complex
autosomal rearrangements were often associated with
congenital malformations and mental retardation, which
probably reflect dysfunction or dysregulation of multiple
genes on the affected chromosome [Liu etal., 2011; Kloos-
terman and Cuppen, 2013; Plaisancié et al., 2014]. In con-
trast, complex X-chromosomal rearrangements were de-
tected primarily in women with nonsyndromic ovarian
dysfunction and were occasionally associated with other
clinical features such as short stature, muscular hypoto-
nia, and an unmasked X-linked recessive disorder [Ochal-
ski et al., 2011; Auger et al., 2013]. The lack of severe
developmental defects in women with complex X-chro-
mosomal rearrangements is consistent with prior obser-
vations that structurally abnormal X chromosomes, ex-
cept for X;autosome translocations, frequently undergo
selective X inactivation [Heard et al., 1997]. The clinical
features of these women, such as ovarian dysfunction and
short stature, are ascribable to X-chromosomal mispair-
ing and haploinsufficiency of genes that escape X inacti-
vation [Zhong and Layman, 2012]. Mutations in BMP15
at Xpl11.22, POFIB at Xq21.1, DIAPH2 at Xq21.33, or
PGRMCI at Xq24 have been shown to lead to ovarian
dysfunction, while mutations in SHOX at Xp22.33 impair
skeletal growth [Bione et al., 1998; Bione and Toniolo,
2000; Mansouri et al., 2008; Zhong and Layman, 2012].
However, considering the limited number of reported
cases, further studies are necessary to clarify the pheno-
typic characteristics of germline complex X-chromosom-
al rearrangements. Furthermore, it remains uncertain
whether such rearrangements perturb DNA methylation
of the affected X chromosomes.

Recent studies revealed that complex genomic rear-
rangements are caused by catastrophic cellular events re-
ferred to as chromothripsis and chromoanasynthesis [Liu
et al., 2011; Pellestor, 2014; Leibowitz et al., 2015; Zhang
et al., 2015]. Chromothripsis is characterized by massive
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DNA breaks in a single or a few chromosomes followed
by random reassembly of the DNA fragments [Liu et al.,
2011; Pellestor, 2014; Zhang et al., 2015]. Chromothripsis
is predicted to arise from micronucleus-mediated DNA
breakage of mis-segregated chromosomes, although sev-
eral other mechanisms such as telomere erosion, p53 in-
activation, and abortive apoptosis have also been impli-
cated [Liu et al., 2011; Pellestor, 2014; Zhang et al., 2015].
Chromothripsis typically results in copy-number-neutral
translocations/inversions or rearrangements with copy
number loss; however, in some cases, genomic rearrange-
ments with copy number gain have also been linked to
chromothripsis [Liu et al., 2011; Pellestor, 2014]. Copy
number gains in these cases are ascribed to replication-
based errors during chromosomal reassembly [Liu et al.,
2011]. Chromoanasynthesis is proposed to arise from se-
rial template switching during DNA replication [Leibo-
witz et al., 2015]. Chromoanasynthesis has been reported
as a cause of complex rearrangements with duplications
and triplications [Leibowitz et al., 2015]. To date, the clin-
ical significance of germline chromothripsis/chromo-
anasynthesis has not been fully determined. In particular,
it remains unknown whether these catastrophic events
account for all cases of complex rearrangements in the
germline. Here, we report the clinical and molecular
characteristics of 2 women with complex X-chromosom-
al rearrangements.

Patients and Methods

Patients

Patients 1 and 2 were unrelated Japanese women. Patient 1 was
hitherto unreported, while patient 2 was previously reported as a
female with Turner syndrome [Uehara et al., 2001]. Both patients
underwent G-banding analysis in endocrine clinics and were
found to have X-chromosomal rearrangements. Thus, they were
referred to our institute for further investigation.

Molecular Analysis

Copy number alterations in the genomes were analyzed by
comparative genomic hybridization using catalog human arrays
(2x400K or 4x180K formats; Agilent Technologies, Palo Alto, CA,
USA). We referred to the Database of Genomic Variants (http://
dgv.tcag.ca/dgv/app/home) to exclude benign copy number poly-
morphisms. Then, we genotyped 15 microsatellite loci on the X
chromosome. Each locus was PCR-amplified using fluorescently
labeled forward primers and unlabeled reverse primers. Primer se-
quences are available from the authors upon request. We also ex-
amined the X inactivation status by performing methylation anal-
ysis of CpG sites and microsatellite assays of a polymorphic CAG
repeat tract in the androgen receptor (AR) gene. The methods were
described previously [Muroya et al., 1999]. Furthermore, to clarify
whether the genomic rearrangements in the patients affect the
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DNA methylation of X-chromosomal genes, we performed bisul-
fite sequencing for CpG sites in the upstream region of SHOX. In
this experiment, genomic DNA samples were treated with bisulfite
using the EZ DNA Methylation Kit (Zymo Research, Irvine, CA,
USA). A DNA fragment (chrX:580,597-580,771, hg19, build 37)
containing 12 SHOX-flanking CpG sites was PCR-amplified using
a primer set that hybridizes with both the methylated and unmeth-
ylated clones. The PCR products were subcloned with the TOPO
TA Cloning Kit (Life Technologies, Carlsbad, CA, USA) and sub-
jected to direct sequencing.

Results

Clinical Manifestations of Patients 1 and 2

Patient 1 was born to phenotypically normal noncon-
sanguineous parents. This patient showed normal growth
during childhood. At 12 years of age, she developed goi-
ter. She was diagnosed with hyperthyroidism and was
treated with propylthiouracil for 13 years. This patient
exhibited age-appropriate sexual development and expe-
rienced menarche at 12 years of age (mean menarcheal
age in the Japanese population: 12.3 years). However, her
menstrual cycles were irregular and ceased at 15 years of
age. Blood examinations at 26 years of age revealed mark-

Complex X-Chromosomal
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edly increased gonadotropin levels. She received estrogen
and progesterone supplementation and had periodic
withdrawal bleeding. She was otherwise healthy and had
no Turner stigmata. Her mental development was nor-
mal. Her adult height was within the normal range (151.0
cm, —1.3 SD).

Patient 2 was previously reported as a female with
Turner syndrome [Uehara et al., 2001]. At 16 years of age,
she presented with short neck, shield chest, and cubitus
valgus. She also exhibited hypertension, diabetes melli-
tus, and autoimmune hypothyroidism. In addition, she
showed severe short stature (138 cm, -3.8 SD) despite be-
ing treated with growth hormone from 8 years of age. She
lacked spontaneous pubertal development and was diag-
nosed with hypogonadism. Her mental development was
normal.

Characterization of Genomic Rearrangements

Patient 1 had a 46,X,der(X)(pter—p22.1::p11.23—q24
::q21.3—q24::pl1.4—pter) karyotype (Fig. 1). The rear-
ranged X chromosome involved at least 5 breakpoints
and showed copy number gain of ~20-Mb and ~27-Mb
regions at Xp and Xg, respectively, and copy number loss
of ~7-Mb and ~36-Mb regions at Xp and Xq, respective-
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Fig. 2. X-inactivation analysis of AR. Microsatellite analysis was per-
formed for polymorphic dinucleotide repeats before and after diges-
tion with the methylation-sensitive enzyme Hpall. In patient 1, the
274-bp peak (indicated by an asterisk) represents the PCR products
amplified from the inactive X chromosome, while the 283-bp peak
indicates the products amplified from the active X chromosome. In
patient 2, the 271-bp peak (asterisk) represents the PCR products
amplified from the inactive rearranged X chromosome, while the
286-bp peak depicts the products amplified from the maternally
transmitted normal X chromosome. These data suggest that the re-
arranged X chromosome of patient 2 was of paternal origin.

Table 1. Representative results of the microsatellite analysis in
patient 2 and her mother

Locus Chromosomal Copy number PCR products, bp
e .

position g} ;};iigflrtlgme patient 2 mother
SHOX (CA) Xp22.33 3 142/150 132/142
DXYS233 Xp22.33 3 277 277
DXYS85 Xp22.33 3 200/204 204
DXS1449 Xp22.33 3 116 116
DXS85 Xp22.2 3 174/232 174/232
DXS8025 Xpll.4 1 186 180/186
DXS1069 Xpll.4 1 256 256
DXS1068 Xpll.4 1 254 250/254
ALAS2 Xpll.21 1 155 155/157
AR Xql2 3 271/286 268/286
DXS8020 Xq22.1 3 194/196 194/196
HPRT1I Xq26.2-26.3 1 290 282/290
DXS8377 Xq28 1 233 229/233
DXS7423 Xq28 1 187 183/187
DXS15 Xq28 1 148 146/148

* Based on Ensembl Genome Browser (http://www.ensembl.org).
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Fig. 3. Methylation analysis of SHOX-flanking CpG sites. Each
horizontal line indicates the results of 1 clone. Filled and open cir-
cles indicate methylated and unmethylated cytosines in the CpG
dinucleotides, respectively.

ly. This rearrangement caused overdosage of SHOX,
POFI1B, DIAPH2, and PGRMCI but did not affect the
copy number of BMP15 or XIST (X inactive specific tran-
script). X-inactivation analysis confirmed completely
skewed inactivation (Fig. 2). SHOX-flanking CpG sites
were barely methylated both in patient 1 and in an unaf-
fected control individual (Fig. 3).

Patient 2 had a 46,X,der(X)(pter—p22.31::q22.1—q10
::q10—q22.1::p22.31 —pter) karyotype (Fig. 1). The rear-
ranged X chromosome comprised at least 3 breakpoints
and showed copy number gain of an ~8-Mb region at Xp
and an ~40-Mb region at Xq and copy number loss of an
~53-Mb region at Xp and an ~54-Mb region at Xq.
SHOX, XIST, and POF1B were duplicated, while BMP15,
DIAPH?2, and PGRMC1 were deleted. There were no co-
py-number-neutral regions on this X chromosome. Mic-
rosatellite analysis suggested that this chromosome con-
sisted of 2 identical arms (“isochromosome”) of paternal
origin (Table 1). The rearranged X chromosome was se-
lectively inactivated (Fig. 2). SHOX-flanking CpG islands
in patient 2 were hypermethylated (Fig. 3).

Discussion

We characterized complex germline X-chromosomal
rearrangements in 2 patients. The clinical manifestations
of the patients are consistent with the genomic structure.
First, both patients manifested ovarian dysfunction. This
feature is attributable to X-chromosomal mispairing, as
suggested in cases of Turner syndrome due to X mono-
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Fig. 4. Predicted mechanisms of the chro-
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2 likely results from 2 independent sequen-
tial events. It remains to be clarified wheth-
er the father of patient 2 carries a pericen-
tric inversion.

Normal
X chromosome

jV

chromothripsis/chromoanasynthesis

—

somy [Ogata and Matsuo, 1995]. Furthermore, patient 2
lacked BMP15, DIAPH2, and PGRMC1, which have been
implicated in ovarian function [Bione et al., 1998; Bione
and Toniolo, 2000; Mansouri et al., 2008]. Copy number
changes of other genes might also have contributed to the
ovarian dysfunction in patients 1 and 2, because multiple
X-chromosomal loci have been linked to this phenotype
[Zhong and Layman, 2012]. Second, Turner stigmata
such as short neck, shield chest, and cubitus valgus were
observed in patient 2 but not in patient 1. These results
support the previously proposed notion that a lympho-
genic gene responsible for Turner stigmata resides at
Xp11.2 [Ogata et al., 2001a], a genomic region deleted in
patient 2 and preserved in patient 1. Third, both patients
manifested thyroid disorders. Notably, isochromosome
Xq is known to be associated with a high risk of autoim-
mune thyroid disorders [Elsheikh et al., 2001]. Indeed,
the hypothyroidism of patient 2 may have resulted from
copy number gain of GPRI74 at Xq21.1, because in-
creased expression of GPR174 has been linked to the risk
of an autoimmune thyroid disorder [Chu et al., 2013].
However, the copy number of GPR174 remained intact in
patient 1. Thus, the genomic interval at Xq21.32q22.1>
Xq21.32-q22.1, duplicated in both patients, may contain
a hitherto uncharacterized gene associated with autoim-
mune thyroid disorders. Lastly, patient 1 had a normal

Complex X-Chromosomal
Rearrangements in Two Women

stature, and patient 2 showed severe short stature, al-
though both patients carried 3 copies of SHOX. This is
inconsistent with previous findings that trisomy of the
Xp22.3 region encompassing SHOX leads to tall stature
[Ogata et al., 2001b]. In patients 1 and 2, positive effects
of SHOX overdosage on skeletal growth may be balanced
by negative effects of X-chromosomal mispairing and
copy number alterations of minor growth genes on the X
chromosome. Furthermore, short stature in patient 2
may be associated with SHOX dysregulation, because
SHOX-flanking CpG islands were hypermethylated in
this individual. These sites were barely methylated in the
control individual, which is in agreement with the fact
that SHOX escapes X inactivation [Rao etal., 1997]. It has
been shown that in patients with X;autosome transloca-
tions, aberrant DNA methylation can spread to regions
larger than 1 Mb of the autosomal segments [Cotton et
al., 2014]. Hypermethylation of the SHOX-flanking CpG
sites in patient 2 may reflect decreased physical distance
between SHOX and XIST and/or copy number gain of
XIST.

The genomic rearrangements in patients 1 and 2 ap-
pear to have been formed through different mechanisms
(Fig. 4). The rearrangement in patient 1 is consistent with
catastrophic reconstruction due to chromothripsis/chro-
moanasynthesis [Liu et al., 2011; Leibowitz et al., 2015].
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This case provides further evidence that X-chromosomal
chromothripsis/chromoanasynthesis accounts for a small
portion of cases with nonsyndromic ovarian dysfunction.
In contrast, the rearrangement in patient 2 is inconsistent
with the “all-at-once” nature of chromothripsis/chromo-
anasynthesis [Liu et al., 2011; Hatch and Hetzer, 2015].
The rearranged chromosome of this patient had 2 identi-
cal arms consisting of Xp and Xq material, indicating that
this chromosome arose by 2 independent sequential
events, namely, a fusion between the Xp22.31 and Xq22.1
segments followed by isochromosome formation. Nota-
bly, the rearrangement occurred in the paternally inher-
ited X chromosome. Thus, although the Xp22.31;Xq22.1
translocation is the simplest explanation of this rear-
rangement, it is implausible in this case, because X;X
translocation rarely occurs during male meiosis. The re-
sults of patient 2 can be explained by assuming that the
phenotypically normal father carried a pericentric inver-
sion, inv(X)(p22.31q22.1), which was subjected to mei-
otic or postzygotic isochromosome formation (Fig. 4).
However, since a paternal DNA sample was not available
for genetic testing, we cannot exclude the possibility that
this rearrangement was formed via other rare processes.
In conclusion, the results indicate that complex X-
chromosomal rearrangements in the germline lead to
ovarian dysfunction with and without other Turner syn-
drome-associated features. Clinical outcomes of such re-
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Intragenic DOK7 deletion detected by

whole-genome sequencing in congenital

myasthenic syndromes

ABSTRACT

Objective: To identify the genetic cause in a patient affected by ptosis and exercise-induced mus-
cle weakness and diagnosed with congenital myasthenic syndromes (CMS) using whole-genome
sequencing (WGS).

Methods: Candidate gene screening and WGS analysis were performed in the case. Allele-specific
PCR was subsequently performed to confirm the copy number variation (CNV) that was suspected
from the WGS results.

Results: In addition to the previously reported frameshift mutation c.1124 1127dup, an intra-
genic 6,261 bp deletion spanning from the 5’ untranslated region to intron 2 of the DOK7 gene
was identified by WGS in the patient with CMS. The heterozygous deletion was suspected based
on reduced coverage on WGS and confirmed by allele-specific PCR. The breakpoints had micro-
homology and an inverted repeat, which may have led to the development of the deletion during
DNA replication.

Conclusions: We report a CMS case with identification of the breakpoints of the intragenic
DOK?7 deletion using WGS analysis. This case illustrates that CNVs undetected by Sanger
sequencing may be identified by WGS and highlights their relevance in the molecular diagnosis
of a treatable neurologic condition such as CMS. Neurol Genet 2017;3:e152; doi: 10.1212/
NXG.0000000000000152

GLOSSARY

aCGH = array comparative genomic hybridization; AChE = acetylcholinesterase; CMS = congenital myasthenic syndromes;
CNV = copy number variation; MLPA = multiplex ligation-dependent probe amplification; MuSK = muscle-specific tyrosine
kinase; NMJ = neuromuscular junction; WES = whole-exome sequencing; WGS = whole-genome sequencing.

Congenital myasthenic syndromes (CMS) are inherited disorders characterized by fatigable
muscle weakness with or without other associated signs or symptoms.' They are caused by
mutations in genes expressed at the neuromuscular junction (NMJ). DOK?7 is one of the
components of the NM]J and an activator of the muscle-specific tyrosine kinase (MuSK).?
Recessive mutations in DOKY cause approximately 10% of the genetically diagnosed CMS
cases.'

CMS are heterogencous diseases, and to date, more than 25 genes have been reported to be
causative. Consecutive single-gene screening has been routinely used as a diagnostic tool; how-
ever, next-generation sequencing allows the analysis of all these genes simultaneously to identify
the causative variant and obtain a genetic diagnosis. The efficacy of whole-exome sequencing
(WES) for the diagnosis of CMS cases has been reported,>* as well as its ability to identify
new causal genes.>® However, the limitation is thac WES is designed to detect only protein-
coding regions and exon-intron boundaries of the genome.
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On the other
sequencing (WGS) allows the analysis of deep

intronic, intergenic, and other noncoding re-

hand, whole-genome

gions. Furthermore, WGS allows to detect
copy number variations (CNVs), as coverage
is more homogeneous than that of WES.”

We present a CMS case in which a large
intragenic DOK7 deletion was identified by
WGS compound heterozygous to a known
exonic mutation.

METHODS DOK7 screening. DNA from the patient was
extracted from whole blood by standard methods. Screening of
hot-spot mutations was performed by Sanger sequencing, en-
compassing a region of ~600 bp covering the previously reported
European founder mutation c.1124_1127dup.? Subsequently,
full screening of coding regions and exon-intron boundaries of
the DOK7 gene was performed. Primer sequences are listed in
table e-1 at Neurology.org/ng. Annotation of the human DOK7
cDNA is according to the GenBank accession number NM_
173660.

Mutation analysis by WGS. WGS was performed by the Tru-
Seq PCR~free library preparation kit and HiSeqX v2 SBS kit
(Illumina, San Diego, CA) for 30X mean coverage on a HiSeqX
sequencer. Reads were mapped against hgl9 reference genome
using the Burrows-Wheeler transform,® and duplicates were
removed using Picard tools.”

Sequence variants were called using the Genome Analysis
Toolkit.'* WGS data were then analyzed using deCODE’s plat-
form (Clinical Sequence Miner; WuXi NextCODE, Cambridge,
MA). Rare variants were filtered by threshold of coverage (=8),
variant call (=2), and ratio of variant (=0.2) and allele frequency
of 1% in 1000 Genomes database.’

Sanger sequencing of large deletion. We amplified
DNA samples to identify the suspected intragenic deletion with
primers  5'-CCCAGATGGTGCGCTTGCTCC-3'and  5'-
GCCCACCCCCTCACGCTCAG-3'. The PCR protocol com-
prised 35 cycles and annealing temperature of 68°C using
HotStarTaq DNA polymerase with Q-Solution for the GC rich
region (QIAGEN, Diisseldorf, Germany).

Standard protocol approvals, registrations, and patient
consents. All human studies including genetic analysis were
approved by institutional review boards, and appropriate written
informed consent was obtained from all the patients and family

members.

RESULTS Clinical findings. The patient is a 39-year-
old Portuguese man who presented with bilateral
ptosis and exercise-induced muscle weakness. He had
no family history of muscle disease, and his motor
milestones in childhood were normal. He showed
mild ptosis from infancy and noticed mild lower limb
weakness at 13 years of age. He was admitted to
hospital for a month because of sudden severe gen-
eralized muscle weakness and worsening ptosis at 15
years of age. He has bilateral facial weakness and
winged scapula, and the clinical diagnosis of a neu-
romuscular transmission defect was confirmed by
neurophysiologic studies. EMG showed myopathic
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changes on facial muscles. Repetitive nerve stimula-
tion showed a remarkable decremental response of
76% in proximal muscles. Both antiacetylcholine-
receptor and anti-MuSK antibodies were negative,
and immunosuppressive treatment was unsuccessful.
(AChE) of pyr-
idostigmine up to 360 mg/d for 10 years had little

Acetylcholinesterase inhibitor
effect and was discontinued without clinical deterio-
ration after the trial of oral administration of salbu-
tamol which effected significantly. He has not
experienced severe muscle weakness for 5 years since
salbutamol was started.

DOK7 screening. Based on the limb-girdle clinical
presentation of the patient, a hot-spot region of
DOK7 was investigated as a first screening step.
Sanger sequencing revealed that the patient carried
the heterozygous ¢.1124_1127dup reported as
a founder mutation in European CMS patients.? This
mutation was not present in the mother (DNA from
the father was unavailable). However, this single
heterozygous mutation does not explain DOK7-
CMS, which invariably shows autosomal recessive
inheritance. To identify a second heteroallelic DOK7
variant, the whole coding region and exon-intron
boundaries of the DOK7 gene were Sanger
sequenced, but no potentially pathogenic exonic or
splice site variants were found. The sample was
therefore subjected to WGS to try to identify other
mutations within the DOK7 gene or elsewhere in the
genome.

WGS analysis. As expected, applying a standard pipe-
line for variant filtering (minor allele frequency 1% in
coding region), the heterozygous ¢.1124_1127dup in
DOK7 was detected in the WGS data. This filtering
did not identify any other coding variants in known
CMS causal genes.

However, visual inspection of the sequencing
reads of the DOK7 gene for this patient revealed that
the read depth for exons 1 and 2 was lower than that
of neighboring regions and other control samples
(figure 1A). Furthermore, there were no heterozy-
gous variants within this region, indicating a run of
homozygosity or hemizygosity suggesting a single
copy region. Close inspection of the boundaries of
this region showed that in some instances, sections
of the sequencing reads did not match the reference
sequence. These reads were considered chimeric or
split reads, as the unmatched sequences did align to
a different region of the genome. Split reads are
indicative of structural variation. In fact, the 3’ sec-
tion of the split reads of the proximal boundary
aligns to the 3’end of the distal boundary, and vice
versa (figure 1B, red underline and red box). The
proximal and distal breakpoints lie approximately
6 kb away. These findings suggested that this patient
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[ Figure 1 Whole-genome sequencing analysis and allele-specific PCR

A

(Chr4: Position) s B ST 7500

3,480,000

3,485,000 3,490,000 3,495,000 3,500,000 3,505,000 3,510,000

30
Control 1 10
30
Control 2 10
Control 3
Control 4
Mother I I ‘ |
30 /
Index case 10
(Coverage depth) DOK?7 i 4 — -
B L 1
3.465,040 3,465,050 3,465,060 3,465,070 3.471.300 3,471,310 3.471.320 3.471.330
G CCeE6GG6E
G GGGAGCTGGCCAGTGGC
[ | GTGA
ceCcCcTCTE6 6
GEGECTEGEGGECECCGEGEE GCTATTTTGAAAGTGA
GCTATTTTGAAAGTGA
GCTATTTTGAAAGTGA
GGG TGTGGEGGTICAGCCGGGEGAGCGGGGT GCTATTTTGAAAGTGA
<
GGGGAGCTGGCCAGTGGC
GGGGAGCTGGCCAGTGGC GCTATTTTGAAAGTGA
mc GTGEGTGGEGGGCCGE GCTATTTTGAAAGTGA
GCTATTTTGAAAGTGA
G GC G GCTATTTTGAAAGTGA
G EE6
GGGGGGCT
G GGGAGCTGGCCAGTGGC
Homao Sanians 5 Homo Sapiens- 3

T 5 Cominh ¢ b (L ¢ G Kb o L L AGTE|
BIGTG A6 A © © CIGIGIA C o CIBIBIT T T T TR A T TR TAT

Proximal breakpoint in exon 1

T
Distal breakpoint in intron 2

D

AAAGTGACCCIGGGG AGCTGG

W
il

Exon 1 Intron 2

(A) Both index case and his mother show reduced read depth (coverage) from exon 1 to deep intron 2 of the DOK7 gene (red arrow). Controls 1-4 correspond to
samples sequenced and analyzed through the same pipeline and without the diagnosis of congenital myasthenic syndromes. (B) Split reads were observed at
both presumed breakpoints. Nucleotides matching the reference sequence of DOK7 are highlighted in orange/blue. Single unmatched nucleotides are high-
lighted in yellow, and further unmatched sequences are not highlighted. The unmatched sequence (indicated with red/green underline) of the split reads of the
proximal breakpoint aligns to the reference sequence (indicated in green/red boxes) at the distal breakpoint, and vice versa. (C) The expected products amplified
by allele-specific PCR were identified in the index case and the mother. (D) The junction of the breakpoint in the allele with the intragenic deletion was confirmed
by Sanger sequencing of the PCR product. Coverage and reads were drawn by the graphical user interface of Sequence Miner 5.21.1 (WuXi NextCODE).

has a heterozygous 6-kb deletion in DOK7 encom-  designed around 250 bp away from the presumed

passing exons 1 and 2.

breakpoints of the deletion, between the 5’
untranslated region and intron 2. The expected

Identification and analysis of the intragenic DOK7 product of 488 bp was amplified in the DNA
deletion. We performed PCR using a pair of primers  samples of the patient, but not in control DNA
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(figure 1C). The junction of the 2 breakpoints was
identified by Sanger sequencing of the PCR prod-
uct (figure 1D). The exact size of the deletion is
6,261 bp. The deletion was also detected by PCR

in the mother, who did not carry the

c.1124_1127dup mutation. We therefore con-
cluded that the CMS in the patient is caused by
the compound heterozygous mutations in DOK7.

[ Figure 2 Analysis of the breakpoints of the intragenic 6-kb deletion ]

A ?_.l?roximal breakpoint DOK7 Distal breakpointe |

GC ﬁercent J
I O . O IO A AR DN M T 010001 0 0O A At

crescratascr| | || 1 Simple tandem repeats by TRF
GTGTGTGTGCATG. . . [ 1
GTGTGTGTGCATG. . . [ |
TGTGTGTGCATGT. .. 1
GTGTGCATGTGAA. . . [ ]
ATGTGAATACCTG. .. []
TGTGTGCCTCTGT. .. 1 _ri
GTGTGTGCGTGTA. .. [ ] GT rICh repeat
GTGTGTGTGACTG. . . 1
GTGTGCGTGTATTGGT 1
TGTGTGTGTGCC [}
TGTGTGTGCGTGT. . . 1
TATGCCTGTGTGT. .. n
TGTGTGTGCATGTA []
TGTGCGTGCATGT. . . [ |
TGTATGTGTG ]
TGTATGTGTGTGT. .. [ |
TGTGTATGTGTAT. .. [ ]
TGTGTGTGCGTGTA | |
GTGTATGTGTGTG. .. [ ]
TGTGTATGAGTGT. .. 1
TGAGTGTAGTGTG. . . l
ATGAGTGTGTGTG. . . [ ]
TGTGTGTGTATGA. .. [ ]
TGTGTGTGCC . .
TGTATGAGTGTGCA G-rich region I|
TGTGTGAGTGTGCGTC [
SINE Repeating elements by RepeatMasker
LINE
LTR
DNA
Simple | 11
Low Complexity 1
Satellite
RNA
Other
Unknown

Chr4:3,461,001-3,472,000 (GRCh38/hg38, 11,000bp)

800bp

P

; n

: + Loop

®

tg\:Lo\o_ ﬁ;; Breakpoint

12-basepair
inverted repeat

® Guanine
® Adenine
O Thymine
O Cytosine

(A) University of California Santa Cruz genome browser (genome.ucsc.edu/) view of the deleted region showing the Simple
Tandem Repeats track (based on Tandem Repeats Finder, TRF8) and the Repeating Elements track (based on Repeat-
Maskert®). GT-rich repeat regions (green box) are seen around the distal breakpoint, and a G-rich region (green arrow) is
located near the proximal breakpoint. (B) The secondary DNA structure with the lowest delta G value was predicted by the
mfold tool (unafold.rna.albany.edu/?q=mfold) for the 800 and 200 bp regions around the proximal breakpoint. An enlarged
view of the breakpoint area highlighting the complementary nucleotides is also shown. The proximal breakpoint (indicated by
the red arrows) is at the boundary of a loop and a 12-bp inverted repeat that may cause stalling of DNA replication. It is
possible that deletion/duplication can occur if stalled replication resumes using an alternate location on the same chromo-
some. Red/blue/green bars represent hydrogen bonds between G-C/T-A/G-T.
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The 2 breakpoints of the deletion have a C-triplet
homology region, and the deleted region contains
a G-rich region and GT-rich repeat region (figure 2A).
In silico secondary structure analysis using the prediction
program mfold'* showed that the proximal breakpoint is
at the boundary of a loop and a 12-bp inverted repeat
(figure 2B). This may cause stalling of DNA replication
and subsequenty result in chromosomal structural
changes including deletions, if replication resumes using
an alternate chromosomal location.

Screening of the intragenic deletion in a CMS cohort. To
identify carriers of single heterozygous mutations in
DOKY7 (i.e., without a second rare variant within cod-
ing regions and exon-intron boundaries), we inter-
rogated our database of clinically diagnosed CMS
cases referred to us in the years 1996-2015. The total
number of patients with CMS was 577, of which 7
genetically unsolved cases had single frameshift mu-
tations in DOK7 (c.1124_1127dup in 6 cases and
¢.1378dup in 1 case). These samples were amplified
using the deletion-specific pair of primers used to
detect the 6-kb deletion of the index family. All 7
samples were negative using this PCR method. This
does not exclude that they carry CNVs in DOK7
different from the one described in this study.

DISCUSSION We identified an intragenic DOK7
deletion in a patient with clinically diagnosed CMS.
Patients lacking a second heteroallelic mutation in
DOK7 were reported in a previous study.”> Moreover,
multiexon genomic deletions of RAPSN' and
COLQ"™ have also been identified as causative of
CMS. It is therefore conceivable that CNVs in
DOK7 may explain a proportion of cases assessed as
negative or inconclusive by conventional sequencing
analysis.

Our study shows the advantage of WGS analysis
and detailed interrogation for detecting CNVs, using
coverage and visual analysis of split reads. Tradition-
ally, multiplex ligation—dependent probe amplifica-
tion (MLPA) is considered the method of choice to
detect previously described CNVs, where kits are
available commercially. To identify new CNVs,
however, specific MLPA primers for each gene need
to be designed, rendering it expensive and time
consuming for testing a genetically heterogeneous
syndrome such as CMS. Array comparative genomic
hybridization (aCGH) is also a valuable method for
CNVs analysis; nevertheless, deletions/duplications
are not detectable by aCGH if they are shorter than
the spacing of the hybridization probes. In addition,
neither MLPA nor aCGH can detect single nucleo-
tide variants. Despite WES being widely used for
clinical sequencing, the library preparation step re-
sults in uneven coverage, which makes the estimation

of CNVs by read depth less reliable. This can be
overcome by the homogenous coverage of WGS, al-
lowing both the detection of single nucleotide as well
as CNV.

WGS analysis is still more expensive than WES
and Sanger sequencing. In addition, computational
tools need further improvement in sensitivity and
specificity to detect CNVs exhaustively.'> Taken
together, we believe that WGS is advantageous and
will become the method of choice for genetic diagno-
sis in rare, heterogeneous conditions such as CMS.
We suggest that previously unsolved cases or the
carriers of a single mutation in a causal gene are
especially suitable cases of CMS for WGS analysis.
The 6-kb deletion was not identified in other cases
tested by PCR, although it is inherited from the
mother, suggesting this is likely a private mutation.
However, it is possible that other CNVs in DOK7
underlie in CMS cases.

We also determined the breakpoints of the 6-kb
deletion, and analysis of the sequence and secondary
structure suggested that long inverted repeats might
cause the development of the deletion due to a stall
of replication, and microhomology might have played
a role in the repair process.'® Further documentation
of breakpoints and sequences would help understand
the mechanism for the development of CNVs.

Obtaining genetic diagnosis of CMS is very
important because the therapy varies depending on
the affected gene. Poor response to AChE inhibitors
is often observed in patients affected by limb-girdle
CMS due to DOK7 mutations. Salbutamol therapy
has now been started for the patient described in this
study, which has been reported of good response in
DOK7-CMS."
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A case with concurrent duplication, @
triplication, and uniparental isodisomy at
1942.12-qgter supporting microhomology-
mediated break-induced replication model

for replicative rearrangements
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Hidehito Inagaki®, Shigeko Satomura®, Nobuhiko Okamoto®, Masako Saito', Kiyoshi Masuda', Hiroki Kurahashi®
and Issei Imoto'

Abstract

Background: Complex genomic rearrangements (CGRs) consisting of interstitial triplications in conjunction with
uniparental isodisomy (isoUPD) have rarely been reported in patients with multiple congenital anomalies (MCA)/
intellectual disability (ID). One-ended DNA break repair coupled with microhomology-mediated break-induced replication
(MMBIR) has been recently proposed as a possible mechanism giving rise to interstitial copy number gains and distal
isoUPD, although only a few cases providing supportive evidence in human congenital diseases with MCA have

been documented.

Case presentation: Here, we report on the chromosomal microarray (CMA)-based identification of the first known

case with concurrent interstitial duplication at 1g42.12-g42.2 and triplication at 1g42.2-g43 followed by isoUPD for the
remainder of chromosome 1q (at 1g43-qgter). In distal 1q duplication/triplication overlapping with 1g42.12-g43, variable
clinical features have been reported, and our 25-year-old patient with MCA/ID presented with some of these frequently
described features. Further analyses including the precise mapping of breakpoint junctions within the CGR in a sequence
level suggested that the CGR found in association with isoUPD in our case is a triplication with flanking duplications,
characterized as a triplication with a particularly long duplication-inverted triplication-duplication (DUP-TRP/INV-DUP)
structure. Because microhomology was observed in both junctions between the triplicated region and the flanking
duplicated regions, our case provides supportive evidence for recently proposed replication-based mechanisms, such as
MMBIR, underlying the formation of CGRs + isoUPD implicated in chromosomal disorders.

Conclusions: To the best of our knowledge, this is the first case of CGRs + isoUPD observed in 1g and having DUP-TRP/
INV-DUP structure with a long proximal duplication, which supports MMBIR-based model for genomic rearrangements.
Molecular cytogenetic analyses using CMA containing single-nucleotide polymorphism probes with further analyses of
the breakpoint junctions are recommended in cases suspected of having complex chromosomal abnormalities based on
discrepancies between clinical and conventional cytogenetic findings.

Keywords: 1g, Complex genomic rearrangement, Uniparental isodisomy, DUP-TRP/INV-DUP structure, Microhomology-
mediated break-induced replication model, Template switching, Chromosomal microarray, Breakpoint junction sequence
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Background

Complex genomic rearrangements (CGRs) consisting of
two or more breakpoint junctions have been frequently ob-
served during the characterization of nonrecurrent micro-
duplications associated with genomic disorders [1, 2]. The
occurrence of CGRs, such as partial tetrasomy induced by
an interstitial triplication, contiguous distally with an
extended segment uniparental isodisomy (isoUPD), has
recently been reported as a rare event [3-7]. The recent
establishment of high-resolution chromosomal microarray
(CMA) using probes designed to detect copy number vari-
ations (CNVs) and genotype single-nucleotide polymorph-
ism (SNP) simultaneously in a genome-wide manner has
accelerated the identification of cases with such CGRs +
isoUPD observations [8]. Although the cause, mechanism,
and phenotypic effect of such CGR + isoUPD remain un-
clear, Carvalho et al. [5] provided evidence that CGRs gen-
erated post-zygotically through microhomology-mediated
break-induced replication (MMBIR) can lead to regional
isoUPD. In this replication-based mechanism model, a
triplicated segment inserted in an inverted orientation be-
tween two copies of the duplicated segments (duplication-
inverted triplication-duplication, DUP-TRP/INV-DUP)
followed by regional isoUPD is generated via template
switches between homologs and sister chromatids using
MMBIR [5].

Here, we report on a patient with the co-occurrence of
interstitial trisomy at 1q42.12-q42.2 and tetrasomy at
1q42.2-q43, followed by a segmental isoUPD for 1q43-qter,
as additional evidence for an MMBIR-based model gener-
ating DUP-TRP/INV-DUP rearrangement followed by
isoUPD. Detailed molecular genetic analyses at the se-
quence level revealed the presence of microhomology at
two breakpoint junctions of the CGR, probably underlying
the formation of the complicated genomic alteration
(CGR +isoUPD). Notably, this is the first case of
CGR +isoUPD detected in the long arm of chromosome
1. In addition, the pattern of flanking duplications experi-
mentally documented in the present case, namely, a long
duplicated segment with a size on the order of megabases
at the centromeric junction observed by CMA with a
short duplication at the telomeric junction only identified
by sequencing of the breakpoint, has not been reported
previously.

Case presentation

The 25-year-old Japanese male reported on here was the
first child of a non-consanguineous healthy mother
(GOPO, 24 years of age) and father (details are unclear
due to a divorce) with no notable family disease history.
After an uncomplicated pregnancy, he had been born at
38 weeks of gestation by a normal delivery. His birth
weight was 1958 g (-2.52 SD) and he was introduced
into a neonatal incubator to treat intrauterine growth
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retardation (IUGR) and poor sucking by tube feeding for
20 days, although detailed medical records of his phys-
ique are not available. Physical examination at the age of
1 month showed height 46 cm (-3.4 SD), weight 2715 g
(-2.6 SD), and head circumference 29.8 cm (-4.6 SD).
The abilities to hold up his head, eat solid food, imitate
the behaviors of others, and walk alone were recognized
at 6 months, 18 months, 2 years and 6 months, and 3
years of age, respectively. The patient had never been
able to speak until now, and his comprehension was lim-
ited to simple signs, but he recognized various sounds.
At 3 years of age, he was diagnosed with the congenital
heart defect of tetralogy of Fallot (TOF) but was not
treated surgically, although he showed frequent squatting
and cyanotic attacks. On physical examination at 24 years
and 6 months of age, he showed growth retardation with
height 136 cm (-6 SD), weight 28.1 kg (-3.3 SD), and
severe mental retardation with a developmental quotient
of 5. At 25 years of age, he had TOF, bilateral congenital
inguinal hernia, bilateral cryptorchidism, club feet, scoli-
osis, Chilaiditi’s syndrome, and several facial anomalies,
such as thinning of the hair, strabismus, widely spaced
eyes, a down-slanted palpebral fissure, low-set ears, a
prominent forehead, and a coarse face. He has some miss-
ing teeth due to having suffered from periodontal disease.
Serial complete blood counts showed thrombocytopenia,
and magnetic resonance imaging showed cerebral atrophy
especially of the frontal lobe, with enlargement of the
ventricles. His karyotype at birth was reported to be
normal, but repeatedly performed karyotyping revealed
46,XY,dup(1)(q32.1q42.1),inv(9)(p12q13).

Molecular cytogenetic studies

This research protocol for this study was approved by the
local ethics committee of Tokushima University. Written
informed consent for the participation of the patient in
this study was obtained from the patient’s mother DNA
was extracted from a peripheral blood sample.

A high-resolution CMA using the CytoScan HD array
(Affymetrix, Santa Clara, CA) with Chromosome Ana-
lysis Suite software (ChAS, Affymetrix) to process the
raw data detected a 9.2-Mb trisomy at 1q42.12-q42.2, a
6.7-Mb tetrasomy consisting of the duplication of two
haplotypes, each of which probably derives from either
the father or the mother, at 1q42.2-q43, and a 8.2-Mb
segment with the absence of heterozygosity at 1q43-qter
consistent with isoUPD (arr[hgl9]1q42.12q42.2(225,
101,799_234,324,222)x3,1q42.2q43(234,330,738_240,992,
219)x4,1q43qter(240,993,835_249,224,684)x2 hmz, Fig. 1a).
Trisomic, tetrasomic, and iUPD regions contain 88, 38,
and 94 Refseq genes, and 49, 21, and 24 OMIM genes, re-
spectively. Neither copy number abnormalities nor iUPD
around 1q42.2-gter was detected in the DNA of the
patient’s mother (data not shown). Since the genotyping
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Fig. 1 a Chromosome Analysis Suite (ChAS) graphic results of Affymetrix CytoScan HD analysis for the 1q region that presented duplication
(DUP), triplication (TRP), or isoUPD in the patient. Detection of CGR and isoUPD were performed using an Affymetrix CytoScan HD CMA platform
(Affymetrix), which provides 906,600 polymorphic (SNP) and 946,000 non-polymorphic (CNV) markers, according to the manufacturer's recommen-
dations. In addition, we used Chromosome Analysis Suite software (ChAS, Affymetrix) to process the raw data, and the output data were inter-
preted with the UCSC Genome Browser (http://genome.ucsc.edu; GRCh37/hg19 assembly). Top, copy number log2 ratio; bottom, allele peaks. CN,
copy number. Possible genotype calls based on the allele dosage normalization algorithm are shown using A and B. The location of each BAC
used for FISH analysis is shown. b Images of two-color FISH mapping using six BAC clones and the scheme of distal 1q CGR based on FISH data.
Metaphase FISH images with high-magnification images of the distal 1q. BAC clones labeled with either FITC (green) or rhodamine (red) were hy-
bridized to 4'6-diamidino-2-phenylindole (DAPI)-stained chromosomes of the patient. The location and detailed information of each BAC are
shown in Fig. 1a and Additional file 1: Table S1, respectively. In the scheme, arrows indicate the direction of chromosomal fragments |, Il (II', II"), and Ill,
which presented duplication, triplication, and isoUPD, respectively, in CMA. Two junctions (jct 1 and jct2) between fragments Il and II'and between |
and II" are also shown. ¢ Color-matched sequence alignment of breakpoint junctions in rearrangements. Top, jct1 (breakpoint junction 1 between seg-
ments Il and II'); bottom, jct2 (breakpoint junction 2 between segments | and II") (see Fig. 1b). Microhomology at the junctions is represented by under-
lined letters. Frequent mismatch sequences were only observed near jct2 within long-range PCR products (data not shown). Thick arrows indicate the
possible orientation of chromosomal fragments. Various types of repeat elements observed around junctions are shown

results using SNP typing probe within the iUPD region of
the patient matched at least one of the maternal alleles,
the iUPD segment is likely to have been inherited from his
mother (data not shown), although genomic DNA of his
father was not available to confirm the inheritance of this
region. On the other hand, genotyping results within the
trisomic region suggest that the duplicated segment is un-
likely to have been inherited from his mother (data not
shown). In the tetrasomic region (the triplicated segment),
three allele peaks (AA, AB, and BB) with unusually large
spaces between them were observed (Fig. 1a), suggesting
the presence of AA/AA, AA/BB, and BB/BB tracks, which
is only possible if each parent contributed equally with
two alleles (either AA or BB).

Next, the location and orientation of each segment
within this structurally altered region were determined by
a series of dual-color fluorescence in situ hybridization
(FISH) studies using bacterial artificial chromosome
(BAC) clones located around the region (Fig. 1a and b,
Additional file 1: Table S1) performed as described else-
where [9]. Two signals (duplication) with a direct-inverted
orientation and three signals (triplication) with a direct-
inverted-direct orientation were detected by probes on the
trisomic and tetrasomic regions, respectively. The tripli-
cated segment in an inverted orientation was observed
between the proximal triplicated segment in a direct
orientation (junction 1, jctl) and the distal duplicated
segment in an inverse orientation. The distal triplicated
segment in a direct orientation is joined with the inversely
oriented distal duplicated segment (junction 2, jct2). The
isoUPD segment is then joined with this triplicated
segment and terminates the abnormal chromosome 1.
Taking these findings together, the final karyotype was
interpreted as 46,XY,der(1)dup trp(pter — q43::q43 —
q42.12::q42.2 — qter).

Genomic investigation
For the precise mapping of breakpoint junctions in the
CGR (jct 1 and 2), we first performed mate pair next-

generation sequencing using the Nextera Mate Pair Sam-
ple Preparation Kit and Illumina HiSeq 1500 with 100
paired-end cycles according to the manufacturer instruc-
tions (Illumina, San Diego, CA). Reads were aligned to the
human genome sequence using the Burrows-Wheeler
Alignment tool 0.7.12. (http://bio-bwa.sourceforge.net).
Two recurrent structural variations within 1q42.12-1qter
were identified from the discordant read pairs around the
estimated boundary areas by the expected number of
reads per region and visual inspection using the Integra-
tive Genomics Viewer. Long-range polymerase chain reac-
tion (PCR) using primers designed around the estimated
boundaries (Additional file 2: Table S2) and Takara LA
Taq (Takara Bio, Otsu, Japan) with the two step protocol
according to the manufacturer instructions. The direct se-
quencing of PCR products defined sequences around two
breakpoint junctions, jctl and jct2 (Fig. 1c). Based on
these results, the duplication and the triplication start
around chrl:225,104,328 and 234,324,641, respectively,
and the triplication stops around 240,990,090. Interest-
ingly, the small telomeric duplication, namely, of approxi-
mately 3 Kb, which evaded CMA detection, is located
between 240,990,090 and 240,993,434, and isoUPD starts
around 240,993,434, although the copy number of the dis-
tal flanking duplication was not experimentally validated.
Therefore, the CGR observed in our case seems to involve
triplication with flanking duplications, which has been
characterized as a type II triplication proposed by Liu et
al. [10] with a particular DUP-TRP/INV-DUP structure,
and isoUPD was also reported to be associated with this
type of CGR [5]. Notably, all reported cases with triplica-
tion with flanking duplications followed by isoUPD have
small flanking duplications (<0.258 Mb and < 0.004 Mb in
proximal and distal duplications, respectively) [5], indicat-
ing that our case is the first with a large proximal duplica-
tion (approximately 9.2 Mb) in this type of CGR.
Microhomology (ATAT) was observed at the jctl break-
point interval, whereas a microhomologous sequence with
some mismatch sequences including insertions, deletion,
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and point mutations was observed at the jct2 breakpoint
interval (Fig. 1c). Mismatch sequences only near jct2 of
CGR, which might occur during the same event as
the de novo CGR/isoUPD formation, have previously been
reported [5]. These mismatch sequences near to the
breakpoint junctions of CGR are proposed to be one of
the potential signature features of highly error prone
replication-based mechanisms using DNA polymerase(s)
of low fidelity or a replisome with reduced fidelity [2],
although it remains unclear why mismatch sequences
have been observed only in jct2 of CGR/isoUPD cases.

Within the isoUPD region, three genes were associated
with four autosomal recessive diseases, as determined by a
search of the Online Mendelian Inheritance in Man data-
base (OMIM, http://www.omim.org, accessed 1 Decem-
ber, 2016; Additional file 3: Table S3). No phenotypes
matching these four diseases were observed in the patient
described here, and no pathogenic mutation was found in
the three genes by Sanger sequencing. In addition, data-
bases of imprinted genes, such as Geneimprint (http://
www.geneimprint.com/site/genes-by-species, accessed 1
December, 2016) and the Catalogue of Parent of Origin
Effects (http://igc.otago.ac.nz/home.html, accessed 1 De-
cember, 2016), indicated that there are no known imprint-
ing genes within this isoUPD region.

Discussion

In the case presented here, our comprehensive analyses
of all of the cytogenetic, microarray, and sequencing
data suggest that the MMBIR-based template-switching
model (Fig. 2a) recently proposed by Carbalho et al. [5]
is one of the most plausible mechanisms underlying the
gain of interstitial copy number followed by distal iso-
UPD to the telomere, which has not previously been de-
scribed in the long arm of chromosome 1. In this model,
two-step template switches triggered by stalled or col-
lapsed replication forks might have occurred. The first
template switch is supposed to use a sister chromatid to
resume replication. Microhomology at the annealing site
(jetl, Fig. 1c) in the complementary strand close to
breakpoint is used to prime DNA synthesis, although it
is difficult to determine whether this template switching
occurred between c and d. or d and ¢ in our sequencing
method. Then, unidirectional replication resumes in an
inverted orientation and forms an inverted partially du-
plicated segment. A new event of fork stalling or collaps-
ing might occur and release a free 3’ end, which can be
resolved by a second template switch to the homologous
chromosome using microhomology again, resulting in
the formation of a jct2 (Figs. 1c and 2a). This second
compensating inversion might contribute to result in a
viable cell. A target annealing site was selected between
alleles B and C in the present case, and the derivative
chromosome results in a DUP-TRP/INV-DUP structure
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with a unique long proximal duplicated region (b and b,,
Fig. 2b). Because BIR cannot account for the observa-
tions of microhomology identified in both jctl and jct2
(Fig. 1c), MMBIR is probably involved in resolving both
the first and the second breaks. In our case and some
previously reported cases [5], however, various mismatch
sequences including insertions, deletions, and/or point
mutations around breakpoint junction sequences were
observed only in jct2 of CGR and the size of the prox-
imal duplicated region containing jct2 was commonly
larger than that of the distal duplicated region contain-
ing jctl. Therefore, the accomplishment of the reso-
lution of the second break might need additional
mechanisms. It also remains unknown whether those
two events occurred either all at once in a post-zygotic
mitotic cell or in two steps: the first step occurring in a
pre-meiotic cell was resolved by the second step occur-
ring in a post-zygotic cell. These alternatives cannot be
distinguished using the current data. In addition, it also
difficult to rule out tissue-specific mosaicism as a post-
fertilization mitotic event in this case, although no find-
ing of mosaicism was observed in all data obtained from
the peripheral leukocytes/lymphocytes of the patient.

Recently, several cases along with our own with concur-
rent triplication (tetrasomy) and isoUPD, which may be
explained by the MMBIR-based mechanism, detected by
CMA containing SNP probes, have been reported [4-7].
However, detailed analyses of centromeric and telomeric
junctions of triplicated regions in a tiling array or at the
sequence level have only been performed on the cases re-
ported by Carvalho et al. [5] and the present case. In most
of those cases with detailed junctional analyses, relatively
short flanking duplications were observed. These findings
suggest that the small size of flanking duplications might
have led to the evasion of array-based detection in three
reported cases without detailed junction analyses [4, 6, 7].
Indeed, the concurrent triplication (tetrasomy) and iso-
UPD were detected by Affymetrix arrays including SNP
probes in all cases, but a flanking duplication was ob-
served in this analysis only at the centromeric junction in
the present case. In addition, microhomology was ob-
served in breakpoint junctions in most of the cases with
the DUP-TRP/INV-DUP rearrangement followed by
isoUPD reported by Carvalho et al. [5] and the present
case, suggesting that an MMBIR-based mechanism might
underline the formation of at least this type of genomic
alteration implicated in constitutional disorders. Detailed
junction analyses of additional cases showing CGRs +
isoUPD will be needed to provide support for an MMBIR-
based mechanism inducing complex copy number gains
and segmental isoUPD in tandem in subjects with multiple
congenital anomalies.

Because partial 1q trisomy is a rare disorder and un-
balanced chromosomal translocations are often observed
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Fig. 2 Replication-based mechanism model for the generation of DUP-TRP/INV-DUP rearrangement followed by isoUPD detected in the present
case. a The event probably occurred involving parental homolog chromosomes, P1 and P2. The first template switch (template switch 1) have
been triggered by a stalled or collapsed replication fork (fork collapse 1), and used a complementary strand to resume replication through using
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with the inverse orientation compared with the reference genome. Two putative jct1 sites, jct1 between ¢ and d. (left) and jct1 between d and
C., (right) are predicted, because the same sequence result can be obtained in both cases (see Fig. 1c). Then, a new fork stalling or collapsing
event (fork collapse 2) have released a free 3" end that can be resolved by the second template switching (template switch 2) through using the
microhomology in the homologous chromosome at the annealing site (jct2, Fig. 1¢) to prime and resume DNA synthesis, resulting in the generation
of jct2 as well as isoUPD. a—d, representative chromosome alleles in P1 chromosome; a~—e., complementary chromosome alleles in P1 chromosome;
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with this alteration [11-16], it is difficult to evaluate the
contribution of 1q trisomy to the phenotype in cases
involving another chromosome. Patients with pure

partial distal trisomy 1q are known to demonstrate a wide
range of manifestations of variable severity. However,
distal 1q duplication syndrome is characterized by the
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signs present in many of the previously reported cases
[15, 16]. The present case showed some of the symptoms
characteristic of distal 1q duplication syndrome, such as
psychomotor developmental delay, cardiac defect, widely
spaced eyes, a down-slanted palpebral fissure, low-set ear,
a prominent forehead, club feet, and scoliosis, although
psychomotor developmental delay and cardiac defect were
very severe compared with those in previously reported
cases and some features commonly found elsewhere were
not observed [15, 16]. Because the present patient is the
first known case of pure distal partial 1q tetrasomy and
trisomy, it is possible that the copy number increase in
some of the genes located between 1q42.12 and the mid-
dle of 1g43 (approximately 180 RefSeq genes) contributes
to these symptoms, although no causal regions responsible
for each symptom of distal trisomy/tetrasomy 1 syndrome
have been clarified. In addition, the influence of isoUPD
on the clinical features of the present case remains
unknown because of a lack of reported cases with distal
1q UPD.

Conclusions

We report the first case with concurrent CGR (duplications
and triplication) + isoUPD in 1q42.12-qter, from an initial
diagnosis of interstitial trisomy 1q by conventional karyo-
typing. Comprehensive cytogenetic and molecular analyses
provide additional evidence that DUP-TRP/INV-DUP
rearrangement having a unique long proximal DUP
structure followed by isoUPD may be generated by an
MMBIR-based mechanism. Because it is almost impos-
sible to quantify precise chromosomal copy numbers and
detect UPD by conventional karyotyping, molecular cyto-
genetic analyses using CMA containing SNP probes with
additional detailed analyses of the breakpoint junctions in
a sequence level are recommended in cases suspected of
having complex chromosomal abnormalities based on
clinical and cytogenetic findings.
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Abstract Phosphoglucomutase 1 (PGM1) deficiency is a
recently defined disease characterized by glycogenosis and
a congenital glycosylation disorder caused by recessive
mutations in the PGM1 gene. We report a case of a 12-year-
old boy with first-cousin parents who was diagnosed with a
PGM1 deficiency due to significantly decreased PGM1
activity in his muscle. However, Sanger sequencing
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revealed no pathogenic mutation in the PGM1I gene in this
patient. As this case presented with a cleft palate in addition
to hypoglycemia and elevated transaminases and creatine
kinase, karyotyping was performed and identified homozy-
gous inv(1)(p31.1p32.3). Based on the chromosomal
location of the PGMI gene at 1p31, we analyzed the
breakpoint of the inversion. Fluorescence in situ hybrid-
ization (FISH) combined with long PCR analysis revealed
that the inversion disrupts the PGM] gene within intron 1.
Since the initiation codon in the PGMI gene is located
within exon 1, we speculated that this inversion inactivates
the PGMI gene and was therefore responsible for the
patient’s phenotype. When standard molecular testing fails
to reveal a mutation despite a positive clinical and
biochemical diagnosis, the presence of a gross structural
variant that requires karyotypic examination must be
considered.

Introduction

Phosphoglucomutase 1 (PGM1) deficiency is a recently
defined disease, characterized by glycogenosis and a
congenital disorder of glycosylation (CDG) (Tagtmeyer
et al. 2014). ¢ PGMI1 deficiency is rare with only 38
patients from 29 families with different ethnic backgrounds
described in the literature so far (Perez et al. 2013;
Ondruskova et al. 2014; Tagtmeyer et al. 2014; Loewenthal
et al. 2015; Zeevaert et al. 2016; Wong et al. 2016; Preisler
et al. 2017; Nolting et al. 2017; Voermans et al. 2017).
PGM1 is an essential enzyme in carbohydrate biosynthesis
and metabolism and functions both in glycogen synthesis
and breakdown through a reversible conversion of glucose
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1-phosphate to glucose 6-phosphate (Morava 2014). Since
glucose 1-phosphate is a precursor of the nucleotide sugars
used for glycan biosynthesis, PGMI1 activity is also
required for protein N-glycosylation (Beamer 2015). Hence,
PGM1 deficiency has considerably diverse phenotypes.
Most of the affected patients develop a congenital anomaly
syndrome showing a bifid uvula, cleft palate, and Pierre
Robin sequence as clinical manifestations from the time of
birth. Hepatopathy, dilated cardiomyopathy (DCM), hypo-
glycemia, muscle weakness, exercise intolerance, growth
retardation, and endocrine abnormalities emerge in these
cases over time (Scott et al. 2014). Many of these
manifestations can be linked to the role of PGMI1 in
glucose metabolism and glycosylation (Beamer 2015).

PGM1 deficiency is caused by homozygous or com-
pound heterozygous nucleotide alterations in the PGM]I
gene (Herbich et al. 1985). Several types of mutations have
been reported to date including missense mutations, frame-
shifts, and splicing mutations (Tagtmeyer et al. 2014; Lee
et al. 2014; Perez et al. 2013; Timal et al. 2012; Stojkovic
et al. 2009; Ondruskova et al. 2014). In our current report,
we describe a case of PGMI1 deficiency caused by a
homozygous chromosomal inversion that disrupts the
PGM]1 gene at chromosome 1p31.

Materials and Methods
Cytogenetic Analysis

Fluorescence in situ hybridization (FISH) analysis of the
patient and his parents was performed using standard
methods to detect the breakpoint region at the chromosome
level. Briefly, phytohemagglutinin-stimulated lymphocytes
or Epstein-Barr virus-transformed lymphoblastoid cell lines
derived from the subjects were arrested by exposure to
colcemid. Metaphase preparations were then obtained by
hypotonic treatment with 0.075 M KCI followed by
methanol/acetate fixation. A bacterial artificial clone
(BAC) containing 1p31.1, RP4-534K7 (chrl:63,525,021-
63,677,603), was used as the test probe, and a chromosome
1 centromere probe (CEN1 SpectrumOrange Probe; Abbott
Laboratories, Abbott Park, IL) was used as a reference. The
probes were labeled by nick translation with digoxigenin-
11-dUTP. After hybridization, the probes were detected
with DyLight 488 Anti-Digoxigenin/Digoxin. Chromo-
somes were visualized by counterstaining with 4;6-
diamino-2-phenylindole.

Sequence Analysis
To isolate the breakpoint, long-range PCR with several sets

of primers for the PGM1 gene was performed using LA Taq
(TaKaRa, Shiga, Japan) (Fig. 3¢). The PCR conditions were
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35 cycles of 10 s at 98°C and 15 min at 60°C. PCR primers
were designed using sequence data from the human
genome database. PCR products were separated on 0.8%
(w/v) agarose gels and visualized with ethidium bromide.
The homology between the obtained sequence around the
breakpoint within the PGM1 gene and the 1p32.3 sequence
obtained from the database was examined using the BLAT
in UCSC genome browser (http://genome-asia.ucsc.edu/
human GRCh38/hg38).

Patient

The current study patient was a 12-year-old boy from
consanguineous parents who are first cousins without a
family history of congenital metabolic disease (Fig. 1). The
patient’s height was 137 cm (z-score —2.3), and he had a
normal body weight of 39 kg (z-score —0.6). He was born
at term with a normal body weight and length. A cleft
palate was noted at birth and closure surgery was performed
at 12 months. Persistently elevated transaminases (AST
50-400 U/L [normal value <33 U/L] and ALT
40-300 U/L [normal value <30 U/L]) had been observed
since that surgery. In addition, mild hypoglycemia
after overnight fasting and an occasionally elevated serum
creatine kinase (100—2,600 U/L [normal value <287 U/L])
were evident from 2 years of age. The echocardiogram and
electrocardiogram readings showed no abnormalities, and
his psychomotor development was normal. Oral adminis-
tration of uncooked corn starch prior to bedtime was
commenced to prevent morning hypoglycemia.

At 2 years of age, the patient was referred to our
department for further examination. Intravenous glucose
loading at 2 g/kg led to an elevated lactate level (from 7 to
37 mg/dL at 120 min) with a normal lactate/pyruvate ratio.
Intramuscular glucagon loading at 0.03 mg/kg caused no
increase of blood sugar either during fasting or at 2 h after a
meal, indicating a deficiency in the generation of hepatic
glucose from glycogen. However, the activity of the
debrancher enzyme responsible for glycogen storage dis-
ease (GSD) type III, phosphorylase involved in GSD type
VI, and phosphorylase kinase enzyme associated with GSD
type IX in the peripheral blood was normal. A forearm
nonischemic exercise test was performed when the patient
was 8 years old. No increase in venous lactate with a large
elevation in his ammonia levels (297 pg/dL) was observed,
suggesting inadequate glycogen utilization in the muscle. A
muscle biopsy was therefore performed, and a significant
decrease in PGM activity was identified (62.1 nmol/min/mg
[controls 351.1 4 81.1]). Isoelectric focusing (IEF) of
serum transferrin was performed as previously described
(Okanishi et al. 2008) and revealed a mixed type I and
type II pattern, typical features of CDG-I and CDG-II
(Fig. 2) (Tagtmeyer et al. 2014).
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Fig. 2 Serum transferrin isoelectric focusing (IEF) and mass
spectrometry (MS) of serum glycoproteins. (a) IEF patterns of serum
transferrin. The number of negatively charged sialic acids of
transferrin is indicated on the right. Reduced glycosylation of
transferrin  including an unusual mixture of CDG-I and CDG-II
patterns (increased tri-, di-, mono-, and asialotransferrin) is shown.
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(b) Matrix-assisted laser desorption/ionization (MALDI) mass spec-
trum of (glycol) tryptic peptides of transferrin. A biantennary glycan
lacking galactose and sialic acid are observed in patient’s transferrin
(arrows). (¢) Electrospray ionization (ESI) mass spectrum of transfer-
rin. An abnormal transferrin isoform having a single glycan is present
in the patient (arrow)
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Mass spectrometry to characterize the molecular abnor-
mality of transferrin was performed as previously described
(Wada 2016) and further revealed the presence of a variety
of transferrin glycoforms, including forms lacking one or
both glycans as well as forms with truncated glycan
(Fig. 2). These findings were consistent with a PGM1
deficiency (Tagtmeyer et al. 2014), and genetic analysis
was performed to confirm this. Sanger sequencing revealed
only ¢.1258T>C, a common polymorphism in the database.
The karyotype of the patient was determined to be 46,XY,
inv(1)(p31.1p32.3)x2, of which inv(l) was homozygous
(Fig. 3a). Since the PGMI gene is localized at 1p31, we
hypothesized that the inversion disrupts this gene in our
patient, and we thus analyzed its distal breakpoint.

Results

FISH signals for the BAC RP4-534K7 probe that incorpo-
rates the entire PGM1 gene are observed on the short arm

Inv(1)
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(b)

of chromosome 1 in an individual with a normal karyotype.
In our current study patient however, two distinct signals
were detected on the short arm of both chromosome 1
homologues (Fig. 3b). This result indicated that the
inversion breakpoint in the patient had disrupted the
PGM]1 genomic region. Karyotype analysis of both parents
showed 46,XY,inv(1)(p31.1p32.3). Both parents carried the
inv(l) in a heterozygous state, suggesting that the two
inv(1) homologues of the patient had been transmitted from
each parent, respectively (data not shown).

Long PCR revealed that one of the PCR primer pairs
(4F-4R) within intron 1 failed to amplify the products in the
patient DNA, indicating that the breakpoint of the inversion
was located in intron 1 (Fig. 3d). To analyze the breakpoint
region in more detail, we performed additional long PCR.
The 4F4-4R but not the 4F3-4R primer pair successfully
yielded a PCR product. This indicated that the breakpoint
was located between primer 4F3 and 4F4. We did not
obtain the sequence of the other breakpoint region at

Patient Control
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Fig. 3 Disruption of the PGMI gene in the study patient by a
chromosomal inversion. (a) G-banding of the patient’s karyotype
which was determined to be 46,XY,inv(1)(p31.1p32.3)x2, in which
inv(1) was homozygous. (b) FISH signals for PGM1 (red arrow) are
typically observed on the short arm of chromosome 1 in a normal
karyotype. In contrast, the two distinctive signals were detected on the
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chromosome 1 arm in the study patient. (¢) Schematic representation
of the PGMI gene structure. The blue boxes denote exons. The
positions of the PCR primers are indicated by arrows. The position of
the BAC probe is also indicated. (d) Agarose gel electrophoresis of
long PCR products. 4F-4R and 4F3-4R primer pairs failed to amplify
the PCR products in the study patient. P patient, C control, H H,O
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1p32.3. To ascertain the mechanism leading to the
inversion, we obtained the sequence information of the
1p32.3 from the database and analyzed the homology with
the 4F3-4F4 sequence. However, we did not find any
sequence similarity between the 4F3-4F4 sequence and the
genomic sequence at 1p32.3.

Discussion

PGM1 deficiency is a newly identified metabolic disorder
which manifests features of both CDG and glycogenosis
(Tagtmeyer et al. 2014). Our present case report describes a
young male patient with PGM1 deficiency caused by a
homozygous inv(1l) inherited from his first-cousin parents
that disrupts each of the two PGMI alleles. To date, 38
PGMI1 deficiency patients have been reported, and patho-
genic mutations in the PGMI gene were identified and
genetically confirmed in most of these cases (Perez et al.
2013; Ondruskova et al. 2014; Tagtmeyer et al. 2014;
Loewenthal et al. 2015; Zeevaert et al. 2016; Wong et al.
2016; Preisler et al. 2017; Nolting et al. 2017; Voermans
et al. 2017). However, a small subset of patients exists
without mutations in the PGM1 gene. In our present case,
Sanger sequencing did not identify any pathogenic muta-
tion in the PGMI gene initially. However, subsequent
chromosome karyotyping of our patient detected the
presence of multiple congenital malformations and led to
the identification of the aforementioned chromosomal
inversion as the responsible mutation for his condition.
Hence, when standard molecular testing does not reveal any
abnormalities in patients who have been clinically and
biochemically diagnosed with a known congenital disorder,
chromosome testing may be a fruitful approach for
identifying the responsible mutation in the candidate gene.

In mutational screening for single-gene disorders involv-
ing an autosomal recessive inheritance of a known
causative gene, it is often the case that only one of the
recessive mutations is identified. If standard PCR and
Sanger methods fail to identify two pathogenic mutations
within the exons or flanking intronic regions of the
responsible gene, a subsequent approach can be MLPA
(multiplex ligation-dependent probe amplification) analysis
of structural variant copy number variations or repeat PCR/
Sanger analysis to identify possible mutations in noncoding
regions such as the promoter or enhancer. In addition to
these methods, standard chromosomal karyotyping is
important for identifying large-scale chromosomal abnor-
malities that may disrupt the causative gene.

A possible mechanism of inversion formation is inter-
spersed repeat sequences that may induce chromosomal
aberrations. Direct repeats can induce deletions or duplications

via recombination between them, whereas inverted repeats
sometimes cause pericentric or paracentric inversion (Lakich
et al. 1993). In our present case, we didn’t find any specific
segmental duplication sequences at the breakpoint region
within the intron of the PGM1 gene. Likewise, there was no
evidence of segmental duplication sequences that were
common to the proximal and distal breakpoint regions. Our
patient harbored a rare homozygous pericentric inversion of
chromosome 1 inherited from first-cousin parents. We assume
therefore that the inversion chromosome in this patient is rare
in the general population and is not a recurrent type variation.

Since the initiation codon in the PGMI gene is located
within exon 1, the inversion in our patient that disrupts
intron 1 produces a truncated protein containing only the
amino acids encoded by exon 1 or no protein product at all
due to nonsense-mediated mRNA decay. The crystal
structure of human PGM]1 has not been characterized, but
the structure of the analogous PGM from rabbit has been
described (Liu et al. 1997). Because of the high amino acid
sequence identity (97%) between these two proteins, the
rabbit PGM structure provides a highly accurate model for
the human enzyme. PGM1 is a monomeric protein of 562
amino acids and 4 structural domains (Beamer 2015). The
active site is located in a large, centrally located cleft and
can be segregated into four highly conserved regions which
are located behind exon 2. In our present case therefore,
even if a truncated protein was produced, it would have no
active site, and PGM1 deficiency would still arise. Further,
we performed RT-PCR using the patient’s peripheral blood.
The exon 1 transcript was found to be present, but we did
not find any transcripts distal to the exon 2 (data not
shown). Some residual enzymatic activity might be possi-
bly due to other members of phosphoglucomutase family,
PGM2 and PGM3, that could compensate the PGMI1
activity (Maliekal et al. 2007; Wong et al. 2016).

In conclusion, we have identified and analyzed an
inverted chromosome from a PGMI1 deficiency patient.
Our present report also emphasizes the potential benefits of
karyotype analysis in congenital cases in which molecular
genetic testing fails to identify the responsible mutations.
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Synopsis Sentence
Karyotypic examination must be considered when standard

molecular testing fails to reveal a mutation despite a
positive clinical and biochemical diagnosis.
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Case report

Gestational trophoblastic disorder with a coexistent foetus
occurs in 1 in 20,000-100,000 pregnancies (Wee and Jauniaux
2005) and mostly involves a partial hydatidiform mole with a
live foetus and rarely a twin pregnancy with a complete
hydatidiform mole and co-twin foetus (Gupta et al. 2015).
Most cases of partial hydatidiform mole have triploidy with
multiple structural anomalies and result in first trimester mis-
carriage (Toufaily et al. 2016). However, their management is
complicated because the coexistent foetus is occasionally a
normal healthy diploid foetus. Furthermore, this condition is
often accompanied by severe complications such as hyper-
emesis, preeclampsia or thromboembolic disease (Matsui
et al. 2000; Sebire et al. 2002). Thus, the diagnosis and man-
agement of gestational trophoblastic diseases with coexistent
foetus are clinically important.

A gravid 33-year-old woman (gravid 4, para 3) was referred
to our hospital with vaginal bleeding from 9weeks of gesta-
tion. She was noted on prenatal ultrasound to have a normal
foetus with an abnormally thickened space in the placental
region. At 11 gestational weeks, a snowstorm pattern was
observed on ultrasound examination, but it was slightly differ-
ent from the typical pattern for hydatidiform mole.
Multivesicular areas were prominent, but the other areas
appeared relatively normal (Figure 1(A)). At 13 gestational
weeks, the snowstorm pattern persisted with a foetal growth
retardation of a biparietal diameter of 22.3 mm (—1.9 SD). The
serum B-human chorionic gonadotropin (B-hCG) level was
alarmingly elevated at 369,065 mlU/ml at 14 gestational
weeks, whereas alpha-fetoprotein (AFP) showed a normal level
of 109.5 ng/ml. B-hCG was persistently high at 207,336 mIU/ml
at 16 gestational weeks, whereas AFP was 159.8 ng/ml.

The couple decided to terminate the pregnancy after con-
sidering the risks because the possibility of hydatidiform
mole and coexistent foetus could not be excluded. After the
curettage, the woman was in good condition and the B-hCG

level decreased to 4 mlU/ml. The delivered foetus had a
median cleft lip and palate (Figure 1(B)). The placenta
appeared to have patchy villous hydropic changes (Figure
1(C)). Histological examination revealed focal villous oedema.
Trophoblast hyperplasia was not observed (Figure 1(D)). After
receiving approval from the Ethical Review Board and obtain-
ing written informed consent from the couple, we obtained
samples from the foetal skin and from the oedematous and
normal-seeming areas of the placenta.

Initial cytogenetic analysis by Giemsa staining indicated a
normal karyotype (data not shown). Cytogenetic microarray
of the foetus revealed three copies of an 8-Mb region at the
terminus of 9p, but monosomy 2q and trisomy 4q in the pla-
centa (Figure 1(E-G)). Although hydatidiform moles generally
result from dispermic triploidy or diandric diploidy with the
paternal genome only, there was no evidence of triploidy or
uniparental disomy. The foetus was found to carry arr[hg19]
9p24.3p24.1(326,927-8,441,863)x3, which appeared to be
mosaic with normal cells because the copy number (CN)
state was 2.80. On the other hand, the placental tissue was
found to carry arr[hg19] 2937.3(237,337,625-242,408,074)x1,
4025935.2(113,816,349-190,957,.473)x3. These appeared to
be in mosaicism because the CN state was 1.35 and 2.67,
respectively. Approximately 65-67% of cells showed mono-
somy 2q and trisomy 4q, and it is likely that the same cells
had monosomy 2q and trisomy 4q simultaneously. The pla-
cental tissue also showed 9p trisomy at CN state 2.33, sug-
gesting that 33% of cells carried the 9p trisomy identified in
the foetus. On the other hand, we did not detect monosomy
2q and trisomy 4q in foetal tissue at all.

Microsatellite analysis of the DXS0767 locus revealed that
there was only a small level of maternal tissue contamin-
ation in placental tissue (2-3%, data not shown) and none
in foetal tissue. The pattern of whole-genome SNP genotyp-
ing also excluded the chimeric pattern but indicated a sin-
gle zygote origin, suggesting that all of the foetus and
placenta were derived from a monozygotic twin or somatic
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Figure 1. Clinical phenotypes and cytogenetic analysis of the foetus and placenta. Cytogenetic microarray was performed using CytoScan HD Array (Affymetrix). #1:
placenta that appeared relatively normal; #2: placenta that included villous hydrops lesions; and #3: foetus. (A) Ultrasound examination at 11 weeks of gestation.
Two separate areas — a vesicular area (upper area) and relatively normal area (lower area) — were observed, which are atypical for gestational trophoblastic disease.
(B) Foetus. A median cleft lip and palate were observed. (C) Macroscopic analysis of the placenta. Patchy villous hydropic changes were observed. (D) Histological
specimen for chorionic villi. Focal villous oedema was observed. Scale bars, 100 m. (E) 9p and 9q. (F), 2g. (G), 4q. Scale bars, 10 Mb. (H), Giemsa staining. Additional
material was observed at the terminal region of 14p. (I) FISH. Subtelomeric probes (Vysis ToTelVision, Abbott Molecular) revealed the presence of

der(14)t(9;14)(p24;p11.2) (arrow). White arrows: 9p; and white arrow heads: 9q.

mosaicism of a single zygote. As the CN state showed that
the cell population with 9p and that with monosomy 2q
and trisomy 4q were mutually exclusive, we concluded that
they were likely from monozygotic twins (Supplementary
Figure).

Reexamination of Giemsa staining of the foetal fibroblasts
showed additional material at the terminal of 14p.
Subtelomeric FISH was performed to further characterise the
CN abnormalities. Trisomy 9p was found to originate from
der(14)t(9;14)(p24; p11.2) in all of the 20 metaphases exam-
ined (Figure 1(H,1)). As the CN states of monosomy 2q and tri-
somy 4q are reciprocal, the monosomy 2q and trisomy 4q
found in the placenta were likely to have originated from
unbalanced t(2;4)(q37.3; g25) translocation. However, subtelo-
meric FISH did not detect the t(2;4) translocation in any of
the foetal cells. We did not study the karyotype of the couple
because they did not want to undergo the required
examinations.

We recommend careful performance of the differential
diagnosis of abnormal placenta with snowstorm pattern, par-
ticularly in cases with a coexistent foetus. A molecular

cytogenetic study including zygosity test is necessary for dif-
ferential diagnosis because it is possible that a chromosomal
disorder might underlie placental abnormalities. The severities
of the clinical symptoms in the foetus with such disorders
vary widely. These disorders often result in lethality from mul-
tiple congenital anomalies, whereas cases with milder cyto-
genetic abnormalities can occasionally survive and live to a
good age. Furthermore, confined placental mosaicism might
affect the foetus to a lesser degree (Johnson and Wapner
1997; Lestou and Kalousek 1998). Thus, the results of the
cytogenetic test might seriously affect the choice of treat-
ment for the ultrasound findings.
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Abstract

Integration of the complete human herpesvirus 6 (HHV-6) genome into the telomere of a chromosome has been reported in
some individuals (inherited chromosomally integrated HHV-6; iciHHV-6). Since the proportion of iciHHV-6-positive individuals
with integration in chromosome 22 is high in Japan, we hypothesized a founder effect. In this study, we sought to elucidate
the reason for the high proportion of viral integrations into chromosome 22. We analyzed six cases of iciHHV-6A and two
cases of iciHHV-6B, including one iciHHV-6A case with a matched sample from a father and one iciHHV-6B case with a
matched sample from a mother. In iciHHV-6A, the same copy numbers of viral telomeric repeat sequences (TRS) and the
same five microsatellite markers were detected in both the index case and paternal sample. Moreover, the same five
microsatellite markers were demonstrated in four cases and the same copy numbers of viral TRS were demonstrated in two
pairs of two cases. The present microsatellite analysis suggested that the viral genomes detected in some iciHHV-6A

patients were derived from a common ancestral integration.

INTRODUCTION

Human herpesvirus 6 (HHV-6) is categorized into two dis-
tinct species, HHV-6A and HHV-6B, which are closely
related herpesviruses with an overall nucleotide sequence
identity of 90 % [1, 2]. Although HHV-6B is a ubiquitous
virus in developed countries, prevalence of HHV-6A infec-
tion is very low in those countries [3]. Primary HHV-6B
infection generally occurs in infancy and causes a common
febrile exanthematous disease, exanthem subitum [4, 5]. In
contrast, the clinical features of primary HHV-6A infection
remain unclear. Horizontal transmission of HHV-6 is con-
sidered to be the main route of viral infection from parents
to children because HHV-6 is frequently excreted in saliva
in seropositive individuals [6, 7].

In addition to horizontal viral transmission, HHV-6 is
transmitted from parent to child as an inherited chro-
mosomally integrated HHV-6 (iciHHV-6) [8]. The com-
plete HHV-6 genome is integrated into the telomere of a

chromosome in some individuals [9, 10]. The prevalence
of iciHHV-6 in the USA [11] and UK [12] is approxi-
mately 0.8% compared to only 0.2% in Japan [13]. As
iciHHV-6 patients have one viral copy per cell, the result
of real-time polymerase chain reaction (PCR) analysis
demonstrates extremely high copy numbers of viral DNA;
generally, over 1 million copies ml~' in whole blood and
over 3000 copies ml™! in serum [14]. Furthermore, an
individual with a high viral load may be misdiagnosed with
an active HHV-6 infection and unnecessarily prescribed
antiviral drugs [15]. Although iciHHV-6 has been associ-
ated with several clinical manifestations such as encephali-
tis [16, 17], cognitive dysfunction and fatigue [18], and
angina pectoris [19], the precise role of iciHHV-6 in these
clinical manifestations is still under debate. Additionally,
viral reactivation from integrated HHV-6 genomes has also
been suggested in immunocompromised patients [20] and
pregnant women [21, 22], as well as under in vitro experi-
mental conditions [23].
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The HHV-6 genome can be integrated into a host chromo-
some by homology-mediated integration between human
telomere repeat sequences and viral telomere repeat-like
sequences and the integrated viral genome is transmitted by
Mendelian inheritance [24, 25]. Furthermore, a recent study
has demonstrated that TRS, in particular the perfect TRS, is
crucial for integration and maintenance of a viral genome in
HHV-6A integration [26]. Several sites of viral integration
have been reported to date based on fluorescence in situ
hybridization (FISH) analysis [27, 28]. Although the HHV-6
genome is believed to be randomly integrated into the telo-
meric region of host chromosomes, we discovered several
individuals and families with iciHHV-6 integration into chro-
mosome 22. Additionally, although HHV-6A infection rarely
occurs in developed countries, it has been demonstrated that
frequency of ciHHV-6A was higher than that of ciHHV-6B
[29]. These findings suggest that HHV-6A may have higher
potency for integration into a host genome or chromosome 22
may be more susceptible to viral genome integration than
other chromosomes. Another possible hypothesis for explain-
ing the unique findings is the founder effect. Therefore, we
sought to elucidate the mechanism of viral integration into
chromosome 22, particularly the founder effect.

RESULTS

Virological and microsatellite analyses of the two
matched parent and index cases

FISH analysis confirmed that the virus genome was integrated
into chromosome 22 in all of the analyzed subjects (one rep-
resentative image is shown in Fig. 1). As an initial experiment,
in order to evaluate the reliability of the analysis, microsatellite
and TRS analyses were carried out in the matched parent and
index cases. The data for virological and microsatellite analy-
ses of two families (families 1 and 7) are shown in Fig. 2. In
family 1, 16 HHV-6A TRS were detected in both the index
case and paternal genomes. Additionally, the PCR products
were exactly the same sizes for all five microsatellite markers
on one of the alleles. The haplotypes for the integration of
HHV-6A in chromosome 22 were estimated as follows:
242bp for rs71772361; 102bp for rs386395698; 273 bp for
rs71810967; 215bp for rs746349407; and 141bp for
rs762747991. Similarly, in family 7, 32 HHV-6B TRS were
demonstrated in both the index case and maternal genomes.
Moreover, the PCR products were exactly the same sizes for
all of the microsatellite markers. Haplotypes of chromosome
22, in which HHV-6B might be integrated, were estimated to
be 232 or 238bp for rs71772361, 106bp for rs386395698,
271bp for rs71810967, 213 or 217 bp for rs746349407 and
141 bp for rs762747991. As expected, TRS and microsatellites
were matched completely between each parent and index case
suggesting the analysis is highly reliable.

Virological and microsatellite analyses of all cases
of iciHHV-6A

Next, the TRS and microsatellite analysis were carried out in
other unrelated families (index cases) to examine a founder
effect. As assumed by the analysis of family 1, PCR product
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Fig. 1. FISH analyses of metaphase chromosomes derived from the
iciHHV-6A study subjects. The red signal from HHV-6 is detectable
(yellow arrowhead) at the end of chromosome 22q (family 5 index
case). The green reference signals for chromosome 22q11.21 are indi-
cated by white arrowheads.

sizes of the microsatellite markers at 1571772361,
1r$386395698, rs71810967, rs746349407 and rs762747991, rep-
resenting the integration of the HHV-6A genome, were 242,
102, 273, 215 and 141 bp, respectively. As shown in Table 1,
the five haplotypes of one allele in families 2, 3 and 4 were
exactly the same as family 1; however, these haplotypes were
different in families 5 and 6. Additionally, 16 HHV-6A TRS
were found to be identical in families 1 and 2, but not in fami-
lies 3 and 4 that had 14 HHV-6A TRS. Families 5 and 6 con-
tained 15 and 12 HHV-6A TRS, respectively.

Virological and microsatellite analyses of iciHHV-
6B cases (Table 2)

In addition to iciHHV-6A, we compared the microsatellite
markers of iciHHV-6B in families 7 and 8. PCR product sizes
for microsatellite markers at rs71772361, rs386395698,
1571810967, rs746349407 and rs762747991 in family 8 were
232, 106, 255 or 277 bp, 215 or 211bp, and 141 or 139bp,
respectively. Thus, distinct haplotypes of chromosome 22 were
detected for family 8 relative to family 7. We detected 32
HHV-6B TRS in family 7 compared to 29 HHV-6B TRS in
family 8.

DISCUSSION

A microsatellite is a tract of repetitive DNA ranging in
length from two to five base pairs that is typically repeated
5-50 times [30]. Microsatellites have been identified in
thousands of locations throughout the human genome, and
are associated with a high mutation rate as well as high
diversity in the population. Therefore, microsatellite marker
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Fig. 2. Haplotypes of microsatellite markers and copy number of TRS for (a) the index case of iciHHV-6A and matched father and (b)
the index case of iciHHV-6B and matched mother. (c) Genotyping microsatellite data. The dye labeled PCR amplicons of each microsat-
ellite were separated by size using electrophoresis and were then identified by fluorescence detection. The data were genotyped
detecting the peaks. The data of the index case and father from family 1 are shown here as a representative.
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Table 1. PCR product size (bp) of microsatellite markers and copy number of TRS in iciHHV-6A patients and families

Family 1 2 3 4 5 6

Case Index Father Index Index Index Index Index
1571772361 242 238 242 242 242 242 242 236 242 236 242 242 242 232
15386395698 102 104 102 102 102 102 102 102 102 102 110 110 102 102
1571810967 273 255 273 271 273 271 273 255 273 271 273 269 273 269
15746349407 215 215 215 215 215 213 215 209 215 217 215 213 219 227
15762747991 141 139 141 141 141 143 141 141 141 139 141 143 143 139
Copy no. of TRS 16 16 16 14 14 15 12

The bold underlined numbers indicate matched haplotypes among different families.

iciHHV-6, inherited chromosomally integrated human herpesvirus 6; no., number; TRS, telomeric repeat sequences.

analysis has been used to discover founder effects in several
important genetic diseases [31-33]. In this study, the haplo-
types of the microsatellites that are located close to the
HHV-6 genome integration site in chromosome 22q were
exactly the same between the index cases and matched
parental samples for both HHV-6A and HHV-6B. Previous
reports using FISH analysis [20, 23, 25, 34], revealed that if
two generations had the same HHV-6 genome integration
sites then the integrated viral genome was likely inherited
from a parent. Our present data further support the hypoth-
esis for hereditary transmission of iciHHV-6 from parent to
child. Three of the five iciHHV-6A index cases (families 2, 3
and 4) from unrelated families had the same type of micro-
satellite markers as family 1. These results suggested that
the HHV-6A genome was integrated into chromosome 22
of their ancestors and passed on to offspring in Japan.
Although lack of basic data for the present microsatellites in
the Japanese population is considered to be limitation of
this study, as shown in Tables 1 and 2, the diversity of these
microsatellites in iciHHV-6A patients was different from
those of iciHHV-6B patients. Therefore, it is considered
that the microsatellites measured in this study have suffi-
cient diversity for evaluation of the founder effect.

Recently, Tweedy et al. demonstrated a founder HHV-6A
integration in the telomere of chromosome 17p by phyloge-
netic analysis and Sanger sequencing of integration sites
[35]. To the best of our knowledge, this is the first data that
suggests the founder effect on iciHHV-6 in chromosome
22q, which is relatively common for the integration site in
the Japanese population. Despite the fact that HHV-6A is
not commonly detected in children in Japan [36], the USA
and Europe [37-39], the HHV-6A genome was integrated
into six of the eight iciHHV-6 cases in this study. Thus, this
curious phenomenon further supports the notion of the
founder effect of iciHHV-6A.

Two families of iciHHV-6B were analyzed in this study. The
haplotypes of the microsatellites were the same in the index
case and matched maternal sample (family 7). However,
distinct haplotypes were identified for families 7 and 8.
Thus, inherited transmission of iciHHV-6B genomes
between generations was demonstrated, but it is unclear
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whether founder effects also play a role in iciHHV-6B.
Future studies on a large number of cases are needed to elu-
cidate the founder effect on iciHHV-6B in the Japanese
population.

In order to determine whether integrated HHV-6 genomes
were the same among the families, we examined the num-
bers of TRS located in the direct repeats of the HHV-6
genome. Previous studies determined that the number of
TRS in the HHV-6 genome was highly variable among labo-
ratory strains and clinical specimens [40]. In our previous
study, the number of TRS was stable after at least 17 pas-
sages of cultured cells, and was useful for the differentiation
of HHV-6 strains [41]. In contrast to our expectation, the
number of HHV-6A TRS was different in some families
with the same haplotype of microsatellites. For example,
families 1 and 2 had 16 TRS and families 3 and 4 had 14
TRS. Although the number of TRS are stable after at least
17 passages of cultured cells [41], it is unclear whether the
number of TRS is stable after more than 17 passages and is
stable in vivo. It is possible that mutations may occur in a
unique region of integrated HHV-6A causing the number
of TRS to change over many generations after the initial
integration of the viral genome in a Japanese ancestor. The

Table 2. PCR product size (bp) of microsatellite markers and copy
numbers of TRS in iciHHV-6B patients and families

Family 7 8

Case Index Mother Index
1571772361 232 238 232 238 232 232
rs386395698 106 104 106 106 106 106
rs71810967 271 217 271 269 255 277
15746349407 213 217 213 217 215 211
rs762747991 141 145 141 147 141 139
Copy no. of TRS 32 32 29

The bold underlined numbers indicate matched haplotypes among dif-
ferent families.

iciHHV-6, inherited chromosomally integrated human herpesvirus 6;
no., number; TRS, telomeric repeat sequences.
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Table 3. Clinical characteristics of iciHHV-6 patients and families

Family Cases Trigger for the diagnosis of iciHHV-6

1 Index case and father Examination for the causative agent of hemophagocytic lymphohistiocytosis

2 Index case Virus monitoring in ALL patients after bone-marrow transplantation

3 Index case Examination for the causative agent of uveitis

4 Index case Examination for the causative agent of encephalitis

5 Index case Examination for the causative agent of multiform exudative erythema

6 Index case Virus monitoring in AML patients after bone-marrow transplantation

7 Index case and mother Examination for the causative agent of meningitis

8 Index case Virus monitoring in patients with aplastic anemia after bone-marrow transplantation

iciHHV-6, inherited chromosomally integrated human herpesvirus 6; ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia.

copy numbers of TRS were different between iciHHV-6A
patients (from 12 to 16) and iciHHV-6B patients (from 29
to 32). These results were consistent with previous studies
that demonstrated 15 to 25 TRS in HHV-6A strains and 22
to 90 TRS in HHV-6B strains [40, 41]. Although the under-
lying mechanism responsible for the variance in the copy
number of TRS is unknown, these differences may depend
on the HHV-6 species.

Most iciHHV-6 patients are diagnosed based on real-time
PCR analysis. However, in transplant recipients, PCR moni-
toring may lead to the misdiagnosis of active HHV-6 infec-
tion and unnecessary administration of toxic antiviral drugs
[15, 42]. FISH analysis is required for identification of the
viral integration site, but it is a time-consuming method
that requires informed consent from the patient. We under-
stand that the small number of cases analyzed was a limita-
tion of the current study. Therefore, we believe a
longitudinal study enrolling a large number of cases is

Mbp
49.0 == 1571772361
Chromosome 22
[ p1a ([
12 =
p arm o P — 49.4 == 1538639568
p11.2
L pit1 49.7 == 1571810967
q11.1
g11.21 49.8 == 15746349407
q11.22
q12.2
garm
50.3 == 15762747991
50.8

Fig. 3. Schematic of chromosome 22 including microsatellite markers
at 22q13.33.

1827

needed to confirm our hypothesis. Additionally, an interna-
tional collaborative study is also important to elucidate the
origin of the first integration of either the HHV-6A or
HHYV-6B genome into the human genome.

Based on our findings, the detection of iciHHV-6 in some
patients is likely due to viral integration in their ancestors.
Although previous reports have demonstrated the integra-
tion of HHV-6 into telomeres of naive cells upon their
infection in vitro [23], reports of this phenomenon has not
yet been established in vivo. It is important to highlight the
fact that iciHHV-6 represents a risk factor for the develop-
ment of angina [19]. Therefore, we believe that it is critically
important to elucidate the mechanism of viral integration
into hosts to clarify the pathogenic relationship between
reactivation and various diseases.

METHODS

Human subjects

Eight Japanese cases with iciHHV-6 integrated into chro-
mosome 22, including two cases with matched parental
samples, were analyzed in this study. All of the cases were
from different regions in Japan, and there were no known
blood relationships among them. iciHHV-6 was confirmed
by real-time PCR analysis, which detected high copy num-
bers of viral DNA in peripheral blood mononuclear cells
(PBMCs), hair follicle and nail samples [43], and by FISH of
PBMCs [27]. Restriction digestion of PCR products was
used to discriminate between integration of HHV-6A and
HHV-6B viruses [44]. The clinical features of each case are
summarized in Table 3.

FISH

FISH was conducted to identify the integration sites of
HHV-6 on the human chromosome as previously
described [27]. Briefly, phytohemagglutinin (PHA)-stim-
ulated lymphocytes or Epstein Barr virus-transformed
lymphoblasts were treated with colcemid to induce cell-
cycle arrest. Metaphase preparations were obtained using
0.075 M KClI followed by methanol/acetate fixation. FISH
probes were made from PCR products and a plasmid con-
taining HHV-6 sequences that were labeled by nick-
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Table 4. Position and primer sequences for the PCR of each microsatellite

Microsatellite Primer sequence
Name Start position End position Forward Reverse
171772361 49006 333 49006 366 5’-FAM-ACAACTTCCAGCAGACGTGGTG-3’ 5’-CACACTCACTCACACAAAATCATG-3’
1s386395698 49424 694 49424743 5"-FAM-TACCTCCTCCTCCTTGAGAC-3’ 5"-GATCAGGGAGGAAGCAACAG-3’
1rs71810967 49706 585 49706 632 5"-VIC-GCACAGATGGGATCCTAGAGTG-3’ 5"-GATCCATTGACCAAAGATGACTTC-3’
15746349407 49832718 49832765 5’-VIC-CAGACAGAGCTAGGAAATAAGTATG-3" 5-AGCTACTAAGTGAAGGCATAGATAG-3’
1$762747991 50296 194 50296230 5-FAM-ATAGTGGTGAACTTTGGGAGCAAG-3’ 5-CGGTCTAGTTCAAGTTCCTTGAAC-3’

translation with biotin-16-dUTP or digoxigenin-11-
dUTP. After hybridization, the probes were visualized
using either Alexa Fluor 488-conjugated streptavidin or
rhodamine-conjugated anti-digoxigenin in cells that were
counter stained with  4’,6-diamino-2-phenylindole
(DAPI). As reference standards, we used Bac clone RP11-
18608 (22q11.21) or TelVysion 22q SpectrumOrange
(5J04-022, Abbott Molecular, Illinois, USA).

DNA extraction and PCR assay for the viral TRS of
HHV-6

TRS analysis was conducted as previously described [41].
DNA was extracted from the stored PBMCs using a
QIAamp DNA blood minikit (QIAGEN, Chatsworth,
CA, USA) according to the manufacturer’s instructions.
Extracted DNA was eluted in 100 pul buffer and stored at
—20°C until ready to be assayed using PCR. TRS of HHV-
6A and HHV-6B were amplified using primers that were
specific to sequences containing the perfect telomere repeat
known as TRS-2 in the direct repeat region (DR)-L of each
virus as previously described [40, 41]. LA Taq (TaKaRa Bio,
Otsu, Japan) and the following conditions were used for the
PCRs: denaturation at 94 °C for 1 min, followed by 30 cycles
at 94°C for 30's, 63 °C for 30 s and 72 °C for 1 min. The sizes
of the amplified products were analyzed by electrophoresis
on a 1 % agarose gel with ethidium bromide staining.

Sequence analysis of the TRS of HHV-6

PCR products were purified using a PCR purification kit
(QIAGEN), and directly sequenced using a BigDye Termi-
nator cycle sequencing kit and a Prism 3100 Avant analyzer
(Applied Biosystems, Foster City, CA, USA). The purified
PCR products were sequenced using H6 TRS F (5-C
TCGGACCCATGCTATCCT-3") for HHV-6B cases and
using HHVA (5-CTACCACGGACGCGTACACACG-3')
for HHV-6A cases according to the manufacturer’s instruc-
tions. The size of the TRS was enumerated by counting the
copy number of TAACCC repeats.

PCR assay of microsatellites and microsatellite
analysis using fragment analysis

Genotyping was performed by selecting five microsatellites
using Tandem Repeats Finder on chromosome 22q13.33
(UCSC Genome Browser on Human Dec. 2013 (GRCh38/
hg38) Assembly) [45] (Fig. 3). There were at least 15 perfect
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dinucleotide repeat sequences that were highly polymorphic
in our population. These microsatellite loci were amplified
by PCR using primer pairs consisting of a forward primer
that was labeled at the 5’-end with either FAM or VIC and
unlabeled reverse primers (Applied Biosystems). Since these
microsatellites have not been submitted to GenBank, the rs
number which includes each microsatellite region from the
Single Nucleotide Polymorphism Database was used as the
microsatellite name in this study, and the positions at chro-
mosome 22 and primer sequences of each microsatellite are
shown in Table 4. AmpliTaq Gold (Applied Biosystems,
Foster City, CA, USA) and the following conditions were
used for the PCRs: denaturation at 95°C for 10 min, fol-
lowed by 30 cycles at 94 °C for 1 min, 60°C at rs71772361,
rs71810967, and rs746349407, 65°C at rs386395698, and
62°C at rs762747991 for 1 min, and 72°C for 1min. The
PCR products were separated by capillary electrophoresis,
and were detected by the intensity of emitted fluorescence
on an ABI Prism 3100-Avant Genetic analyzer (Applied
Biosystems, Foster City, CA, USA). Raw data were analyzed
with the GeneMapper Software v.3.7 (Applied Biosystems,
Foster City, CA, USA). The sizes of these PCR products
were determined based on the peak detection of fluores-
cence intensity, and this size was used to identify the haplo-
types of each allele.
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