ARTICLE

Absence of Heterozygosity Due to Template Switching
during Replicative Rearrangements

Claudia M.B. Carvalho,!.2 Rolph Pfundt,®> Daniel A. King,* Sarah J. Lindsay,* Luciana W. Zuccherato,!
Merryn V.E. Macville,> Pengfei Liu,! Diana Johnson,® Pawel Stankiewicz,! Chester W. Brown, %78
DDD Study, Chad A. Shaw,! Matthew E. Hurles,* Grzegorz Ira,! PJ. Hastings,! Han G. Brunner,3>
and James R. Lupskil7.8:9*

We investigated complex genomic rearrangements (CGRs) consisting of triplication copy-number variants (CNVs) that were accompa-
nied by extended regions of copy-number-neutral absence of heterozygosity (AOH) in subjects with multiple congenital abnormalities.
Molecular analyses provided observational evidence that in humans, post-zygotically generated CGRs can lead to regional uniparental
disomy (UPD) due to template switches between homologs versus sister chromatids by using microhomology to prime DNA replica-
tion—a prediction of the replicative repair model, MMBIR. Our findings suggest that replication-based mechanisms might underlie

the formation of diverse types of genomic alterations (CGRs and AOH) implicated in constitutional disorders.

Introduction

Absence of heterozygosity (AOH) in the developing em-
bryo can result from uniparental disomy (UPD).! UPD is
an important non-Mendelian human disease-causing ge-
netic mechanism resulting either from involvement of im-
printed loci or from expression of a recessive trait when
only one parent is a carrier.”” Segmental post-fertilization
AOH can be observed in regions identical by descent or can
occur because of recombination between homologous
chromosomes such as mitotic crossing-over* and gene
conversion. Long tracts of AOH can also be generated dur-
ing repair of one-ended, double-stranded DNA breaks (i.e.,
DSBs) by break-induced replication (BIR) if a homologous
chromosome is used as a template to prime DNA replica-
tion.>° Microhomology-mediated break-induced replica-
tion (MMBIR), a mechanistic model that proposes a less
stringent homology requirement for recombination than
BIR with regards to length of homology, is predicted to pro-
duce segmental AOH as well.® However, observational evi-
dence for AOH in humans resulting from either replicative
repair or MMBIR-mediated template switching between
homologous chromosomes versus sister chromatids has
been lacking.

Occurrence of complex genomic rearrangements (CGRs)
associated with an extended segment of UPD has been
recently reported,” ” but the underlying molecular mecha-
nism has remained elusive. We speculate that the previous
lack of such CGR + AOH observations is due to the absence
of genomic visualization of such potential events prior to
the recent introduction of high-resolution microarrays
with genome-wide coverage and the capacity to resolve

CNVs and genotype SNPs in the same experimental
assay. '’

Intrachromosomal triplications in the human genome
can originate from distinct molecular mechanisms gener-
ating two recognizably different CGR products, type I
and II, that produce recurrent or nonrecurrent rear-
rangements,'" respectively. Type I triplication structures
consist of three copies of a genomic segment in tandem
with a head-to-tail orientation, separated and flanked by
paralogous low-copy repeats (LCRs). Such triplications
can result from two independent, intergenerational
nonallelic homologous recombination (NAHR) events us-
ing flanking LCRs: the first event produces a duplication,
followed by a second event producing the triplication.
Such type I structures were reported in triplications lead-
ing to a severe form of Charcot-Marie-Tooth type 1A neu-
ropathy,'” recognized as phenotypic outliers in families
segregating duplications, as well as in individuals car-
rying Xp22.31 triplications.'®> Type II triplications are
more complex and share a unique structure consisting
of a triplicated segment inserted in an inverted orienta-
tion between two copies of the duplicated segments,
i.e.,, DUP-TRP/INV-DUP. Replication-based mechanisms
with potential iterative template switches either coupled
or not with non-homologous end joining (NHE])
underlie the formation of these inverted triplications
embedded in duplications, frequently consisting of, at
least, two breakpoint junctions (jctl and jct2) generated
in one single event.'> DUP-TRP/INV-DUP was reported
in 20% of the MECP2 CNV gains at Xq28,'* at the
PLPI locus at Xq22,'*'® at VIPR2 at 7q36,'° and at
15q13.3."
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Figure 1. Replication-Based Mechanism
Model for Generation of DUP-TRP/INV-
DUP Rearrangements followed by AOH
(A) Event described probably occurred in a
post-zygotic mitotic cell involving parental
¢ homolog chromosomes, P1 and P2. It
might initiate due to a stalled or collapsed
replication fork that uses a complementary
strand to resume replication (template
switch 1), generating jct1l. Microhomology
in the complementary strand at the an-
nealing site (d.) is used to prime DNA syn-
thesis, which will establish a unidirectional
replication and will produce an inverted-
oriented segment as compared to the
reference genome.

! (B) A new fork stalling or collapsing event
releases a free 3’ end that can be resolved
by a new cycle of template switching (tem-

. Template
™y Switch 1: jet1

Template
Switch 2: jct2

L_c plate switch 2) and target annealing, this
4 time using the homolog chromosome to
b c d z prime and resume DNA synthesis. This sec-

ond event can generate jct2 as well as AOH.

Wb It is possible that multiple cycles of fork

DUP-INV + AOH collapse and target annealing occurs and
produces additional complexities.

(C) Top: different genomic structures (De-

rivative [Der] 1, 2, 3) are expected to be

generated depending on the location of the selected annealing site to prime DNA synthesis in the second template switch event. For
instance, if the new annealing occurs at or before allele A to C, a triplication flanked by duplications will be produced (DER 1 and
DER 2), whereas if annealing occurs at allele D, an inverted duplication will result (DER 3). Annealing at allele E will produce an inversion
of segments b-c-d along with a partial duplication of b-c (not shown). AOH will result if unidirectional replication fork continues till the
telomere. Bottom: expected segmental copy number (CN) variation in a simulated aCGH experiment. a, b, c: representative chromosome
alleles; a., b, c.: complementary chromosome alleles; A, B, C, D, E: corresponding homolog chromosome alleles.

We investigated the mechanism underlying CGRs found
in association with segmental AOH in five families. By using
a combined analysis of different high-resolution array plat-
forms and breakpoint junction sequencing, we provide evi-
dence that, in humans, complex rearrangements generated
post-zygotically via MMBIR can lead to regional UPD as
observed by copy-number-neutral segmental AOH. The
model we propose can help explain formation of inverted
triplications followed by AOH; this latter rearrangement
product is posited to result from a template switch between
homologs versus sister chromatids (Figure 1). Replication-
based mechanisms might underlie the formation of diverse
types of human genomic (CGR) and genetic (UPD) alter-
ations, the latter with implications for transmission genetics.

Subjects and Methods

Subijects

Subjects carrying an unusual pattern of triplications associated with
AOH were identified by Nijmegen Centre for Molecular Life Sci-
ences, Radboud University Nijmegen Medical Centre (Nijmegen,
the Netherlands) (BAB3922, BAB3923; Figure 2), by the Department
of Clinical Genetics, Maastricht University Medical Center
(BAB3924; Figure 2), by the Baylor College of Medicine Medical
Genetics Laboratories (MGL) as part of their clinical diagnostic eval-
uation (BAB4539; Figures 2 and S1), and by the Wellcome Trust
Deciphering Developmental Disorders (WTDDD) research program
(DECIPHER_257814). Informed consent was obtained for participa-
tion in the research study.

Determining Triplication Size and Absence of
Heterozygosity Region

DNA from subjects BAB3922, BAB3923, and BAB3924 plus
parental DNA samples were hybridized on an Affymetrix
GeneChip 250k (Nspl) SNP array platform or CytoScan array. Hy-
bridizations were performed according to the manufacturer’s
protocols (Affymetrix). Copy-number estimates were determined
with the 2.0 version of the Copy Number Analyzer for Affymetrix
GeneChip mapping (CNAG) software package (250k) or Chromo-
some Analysis Suite (CHAS) software (for CytoScan arrays) by
comparing SNP probe intensities from index individual samples
of DNA with those of a sex-matched pooled reference DNA sample
(DNA from either ten healthy male or ten healthy female individ-
uals). Subject BAB4539 was identified with V9.1 OLIGO, which is a
custom-designed array with approximately 400,000 interrogating
oligonucleotides that include 60,000 probes used for SNPs (Agilent
Technologies).'” Subject DECIPHER 257814 was genotyped with
an [llumina (Illumina) custom SNP genotyping chip, constituted
by a backbone of 733,059 HumanOmniExpress-12v1_A-b37 posi-
tions and the addition of 94,840 selected positions. Genotypes
were called by Illuminus genotyping software.'® Array compara-
tive genomic hybridization was performed with a custom,
exome-focused, two million probe Agilent aCGH array; CNVs
were called via CNsolidate, a Sanger Centre in-house algorithm
that integrates 12 change-point detection algorithms (T. Fitzpa-
trick, P. Vijayarangakannan, N. Carter, M.E.H., data not shown);
uniparental disomy was detected with UPDio.'® To confirm tripli-
cation and AOH independently, samples were run on two different
array platforms. For instance, BAB4539 plus parental samples were
run on an Affymetrix CytoScan SNP array and samples BAB3922,
BAB3923, and BAB3924 plus parental samples were analyzed with
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Figure 2. Affymetrix CytoScan Results

(A) Chromosome Analysis Suite (ChAS) software compares SNP probe intensities from index individual sample DNA with those of a sex-
matched pooled reference DNA sample to calculate log, ratios and infer copy number state (CN) that differ from the expected O value for
CN = 2. Genotype calls and allele dosage normalization are performed as follows: the basic formula for allele peaks is A — B, where A is
the signal of the A allele and B is the signal of the B allele. The allele peaks are normalized such that AA = 1.0, AB = 0.0, and BB = —1.0.
Table shows allele dosage that differs from the heterozygous, diploid state.

(B-E) ChAS graphic results for chromosomes that presented triplication (TRP, blue rectangle) and absence of heterozygosity (AOH, or-
ange rectangle) in subjects (B) BAB4539, (C) BAB3922, (D) BAB3923, and (E) BAB3924. Top, copy number log, ratio; bottom, allele peaks

(A — B). Alteration size is shown in Mb.

an [llumina array HumanOmniExpress-24 Beadchip at the Human
Genome Sequencing Center of Baylor College of Medicine. Basic
quality control and analysis of the genotyping data were per-
formed on GenomeStudio software (Illumina).

The Affymetrix platform algorithm calls genotypes and normal-
izes allele dosage as follows: the basic formula for allele peaks is A —
B, where A is the signal of the A allele and B is the signal of the B
allele. The allele peaks are normalized such that AA = 1.0, AB =
0.0, and BB = —1.0; a hemizygous A maps to 0.5 and a hemizygous
B maps to —0.5. On the Illumina platform the algorithm uses B-
allele frequency (BAF) formula as follows: B / (A + B), where A is
the signal of the A allele and B is the signal of the B allele. In
BAFs, both AA and hemizygous A display as 0.0, AB displays as
0.5, and both BB and hemizygous B display as 1.0.

Fluorescence In Situ Hybridization Studies

Fluorescence in situ hybridization (FISH) for subject BAB4539 was
performed with BAC probes for 9921.13: RP11-655M14 (test, red)
and RP11-338N12 (control, green).

Refining Triplication Size and Gene Content
To refine the breakpoint junctions of triplications in subjects
BAB3922, BAB3923, BAB3924, and BAB4539, we designed a

high-density custom tiling-path oligonucleotide microarray
spanning each of the chromosomes involved (6, 9, 10, and 14)
via the earray website. The average coverage was 1 probe
per 1,000 bp, spanning the following genomic regions
(UCSC Browser build hgl9): chré: 140,000,000-150,000,000;
chr9: 65,000,000-141,213,430; chr10: 120,000,000-135,000,000;
chr14: 80,000,000-105,000,000. Probe labeling and hybridization
were performed according to the manufacturer’s protocols with
modifications.

Long-Range PCR Amplification

Reverse and forward primer pairs (relative to the reference
genome) were designed at the apparent boundaries of the copy-
number gain segments as defined by high-density aCGH
analysis.'* Long-range PCR was performed with TaKaRa LA Taq
(Clontech). PCR sample-specific products were sequenced by
the Sanger sequencing methodology. PCR and sequencing results
were independently repeated to confirm results. Any additional
potential point mutation observed in the rearrangement break-
point junction of the index subject was also studied in parental
samples to examine the ancestral chromosome status for those
specific alterations and determine whether they occurred de
novo.
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Table 1.

Summary of Results for Subjects with Triplication Followed by AOH

DuUP TRP DuUP AOH Region

a b-c d e Uniparental
Subject Chromosome Sub-band Mb Mb Mb E disomy
BAB3922 6q24.1 0.258 3.8 0.004 24.7 maternal
BAB3923 10926.13 0.022 3.8" unknown 5.9 paternal
BAB3924 14q32.12 0.031 5.9 0.002 8.6 paternal
BAB4539 9q12-g21.11 LCR 21.7 + 0.055° LCR 50.3 paternal
DECIPHER_257814 1p36.12 0.001 8.7 0.001 11.8 maternal

Size of CNV segments was defined by inspection of high-resolution aCGH data coupled to breakpoint junction sequencing unless otherwise stated. Size of AOH
region was inferred from SNP array data (Affymetrix platform: BAB3922, BAB3923, BAB3924, BAB4539; lllumina platform: DECIPHER_257814). Segments a, b, c,
d, and e are defined in Figure 1. Abbreviations are as follows: LCR, non-paralogous low-copy repeat; Mb, Megabase.

Estimated size based on Affymetrix platform data.

Results

Intrachromosomal Triplications Followed by
Extensive Regions of Absence of Heterozygosity

In total, five triplications associated with adjacent copy-
number-neutral AOH were studied. The five complex
genomic rearrangements (CGRs) studied were from four
independent diagnostic and research laboratories and
each represented a de novo rare variant. These five subjects
were found to carry de novo genomic triplications, that is,
copy number (CN) equal to four, followed by AOH that
extended from the end of the triplication to the telomere.
Both log;, ratio and allele peaks (A — B) in the triplicated re-
gion presented distinct patterns (log, ratio = 1, AAAA = 2,
AABB = 0, BBBB = —2) that could be readily differentiated
from the diploid, heterozygous state (log, ratio=0, AA=1,
AB = 0, BB = —1) (Figure 2). The observed allele dosage
values indicate that, within the triplicated segment, each
parent contributed equally with two alleles (either AA or
BB). AOH segments presented with log, ratio = 0 and allele
peaks of AA =1 or BB = —1. Triplication sizes varied from
3.8 Mb to 21.7 Mb whereas accompanying AOH genomic
intervals ranged from 5.9 Mb to 50.3 Mb (Figure 2, Table 1),
involving different chromosomes: 1, 6, 9, 10, and 14.

To study the structure of these distinct genomic alter-
ations further, we first asked whether the triplicated seg-
ments were located on the same chromosome or inserted
into homologous or heterologous chromosomes. FISH
assays were performed on samples that had biological
material available. For samples BAB3922, BAB3924, and
BAB4539, FISH studies were consistent with the triplicated
genomic segments being located at an adjacent position, in
the same chromosome homolog (Figure S2 for BAB4539;
data not shown for BAB3922 and BAB3924).

Triplications Are Flanked by Small Duplications

We fine-mapped the breakpoint junctions of rearrange-
ments in individuals BAB3922, BAB3923, BAB3924, and
DECIPHER_257814 to the nucleotide resolution level. For
four cases (BAB3922, BAB3923, BAB3924, and BAB4539),

we designed chromosome-specific, high-resolution,
custom-tiled oligonucleotide CGH arrays to examine the
CGRs in subjects and families. Remarkably, in two out of
four cases (BAB3922 and BAB3924, Figure 3A), high-density
aCGH revealed small duplications flanking both proximal
and distal junctions of the triplications. Triplication
observed in BAB3923 also presented a small, proximal,
centromeric duplication (Figure 3B) but there was no
apparent flanking duplication at the distal, telomeric side.

Interestingly, BAB4539 presented an apparent complex
rearrangement consisting of two triplications separated by
a ~163 kb segment without copy-number alteration. LCRs
flanking the centromeric and telomeric side of the large
triplication hampered our ability to map the breakpoint
junctions (Figure 3C), whereas the smaller triplication was
flanked by a small duplication (Figure 3C) at the centro-
meric side. Importantly, the distal telomeric breakpoint
junctions of both large and small triplications map within
30kb of an inverted repeat pair, IR1 and IR2, that each share
99% nucleotide identity (Figure 3C). The high nucleotide
similarity and the relative short genomic distance between
IR1 and IR2 suggest that they can act as substrates for an in-
trachromosomal ectopic recombination that would result
in an inversion of the genomic segment in between them.
In fact, the region between IR1 and IR2 seems to be inverted
in seven out of nine individuals that had their genomes
subcloned to fosmid libraries in the Human Genome Struc-
tural Variation Project (HGSV) (Figure S3),?° suggesting that
a frequent polymorphic inversion of such a region is pre-
sent in the population. If the ancestral chromosome that
underwent the rearrangement in subject BAB4539 carried
such an inversion, then the apparent complex rearrange-
ment formed by a triplication and a duplication/triplication
can be, in fact, a single triplication flanked by a duplication
as observed in the other cases reported herein (Figure 3C).
The observation of inverted haplotypes, with respect to
the haploid human reference genome, producing apparent
structural complexities have been reported and reveal the
limitations of a haploid reference for interpreting structural
variation of the diploid human genome.”'
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Breakpoint Junction Sequencing Supports a DUP-TRP/
INV-DUP Pattern

Duplications flanking triplications have been observed and
characterized as type II triplications with a particular DUP-
TRP/INV-DUP structure.'"'* Thus, in these AOH-associated
triplications with flanking duplications, we anticipated the
possibility that the triplicated segment might be inverted,
which would be consistent with our proposed model in
Figure 1. To test this hypothesis, we designed outward-fac-
ing sets of primer pairs for long-range PCR in which the
amplification was predicted to span the transitions from
an unchanged copy-number state to gains of genomic
sequence based on the breakpoint mapping results of the
high-density aCGH for each subject described above.
Breakpoint junctions of four out of five cases (BAB3922,
BAB3923, BAB3924, and DECIPHER 257814) were
sequenced, and we confirmed that there is an inversion of
the triplicated segment, consistent with a pattern of DUP-
TRP/INV-DUP. Sequences obtained from each junction are
depicted in Figure S4. Junctions 1 and 2 (jctl and jct2)
were precisely characterized, revealing that the size of
centromeric duplications, a, varied from 964 bp to 258
kb, whereas the size of the telomeric duplication, d, varied
from 612 bp to 4.0 kb (Table 1). Importantly, the small
size of the telomeric duplications might evade array detec-

tion of these latter CNV gains; also
a likely scenario for the CGR in
BAB3923 for whom we were not able
either to detect telomeric duplication or to obtain
sequencing of jctl. BAB4539 had no breakpoint junction
sequenced despite multiple attempts, probably because
they map within LCRs. The BAB4539 CGR jct1 maps within
a flanking inverted repeat (IR1, IR2) whereas jct2 mapped
somewhere within the pericentromeric region of chromo-
some 9 (9q12/gh) and 9921, which is rich in LCRs and re-
petitive sequences (Figure 3C). This cytogenetic interval is
known to show frequent polymorphic structural variation.

Microhomology from 1 to 10 bp was observed in all
seven breakpoint junctions studied (Table 2, Figure S4).
Insertion of sequences were observed in three junctions:
BAB3922 presented with four nucleotide insertions at the
junction; BAB3923 presented with an insertion of 12 nt
of which 10 nt (CACCCAGATG) might represent a duplica-
tion of the sequence found adjacent to the breakpoint; and
DECIPHER 257814 presents with a single nucleotide inser-
tion (C) flanking the junction. In addition, an A to T trans-
version was observed in subject BAB3922. Remarkably, all
insertions and point mutations seem to have occurred at
jct2. None of the parents carry these single-nucleotide var-
iants (SNVs), as tested by PCR and Sanger sequencing of
these loci in parental DNA, so we infer that they arose dur-
ing the same event as the de novo CGR/AOH formation.
We have previously observed novel insertions, deletions,
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Table 2. Breakpoint Junction Features in Four Subjects

jetl jet2
Subjects Microhomology Ins/Del® Point Mutation® Microhomology Ins/Del® Point Mutation®
BAB3922 AAAA 0 0 A Ins CC + Del C, Del T, Del G, Del CA A>T
BAB3923 NA NA NA CA Ins CATCTGGGTGCA + Ins T 0
BAB3924 TTT 0 0 AGGCTG 0 0
DECIPHER_257814 GGTGGCAGGC O 0 CT Ins C 0

Abbreviations are as follows: jct, breakpoint junction; Ins, insertion; Del, deletion; NA, not available.

Flanking 50 bp sequence analyzed for de novo mutations.

and point mutations near to the breakpoint junctions of
CGR—a potential signature feature of replication-based
mechanisms.””

Change in Allele Dosage Ratio Suggest a Third
Breakpoint Junction within the Triplicated Segment
Individual DECIPHER 257814 was genotyped with a
customized [llumina SNP array and analyzed with in-house
developed software, CNsolidate and UPDio, that detected
an 8.7 Mb triplication and an 11.8 Mb segmental isodisomy,
respectively, involving 1p36.12 (Figure 4). Importantly, in-
spection of B-allele frequencies in the raw SNP data of the
triplicated region was significant for two patterns. One large
region of ~8.7 Mb showed equal allele dosage (AABB),
consistent with data obtained in the four above-mentioned
CGR + AOH genomes from individuals genotyped by Affy-
metrix arrays. Surprisingly, though, in the DECIPHER sub-
ject, a small ~148.5 kb region within the triplicated interval
consistently presented SNPs with unequal parental contri-
bution, i.e., ABBB or BAAA (Figures 4B and 4C). Genotyping
inspection of the unequal allele dosage region indicated
that this segment was inherited from the same parent that
contributed the UPD segment (maternal inheritance). The
most likely explanation for this observation is that a new
junction upstream of jct2 is present in this rearrangement;
more importantly, such a new junction is revealed as
defined by changing from equal to unequal allele dosage
via a SNP platform for the genomic assay without a clear
accompanying change in copy number (Figure 4B).
Intrigued by the apparent template switch without copy-
number change, we further analyzed Affymetrix data to
search for evidence of unequal allele dosage in all four in-
dividuals, BAB3922, BAB3923, BAB3924, and BAB4539.
No evidence for an unequal allele dosage inheritance for
the triplicated alleles could be observed for individuals
BAB3922 and BAB3924 but analysis of subject BAB3923
data revealed two SNPs that seemed to be inherited from
a single parent (rs7073245 and rs9422252, paternal inher-
itance), both of which map near to jct2. Sequencing of
both alleles by Sanger in samples from the family trio re-
vealed that the maternal allele was being sequenced but
it was barely detectable (Figure S5), supporting the conten-
tion that paternal alleles were being amplified in higher
quantity compared to maternal alleles as would be ex-

pected in an unequal allele dosage pattern biased toward
the paternal alleles. In addition, we also tested two infor-
mative SNPs present on each side of jct2 (rs11517442
and rs4132312) by Sanger sequencing that allowed us to
confirm exclusive inheritance of both segments from the
father (Figure S6). A summary of alterations observed in
BAB3923 is shown in Figure S7.

We then investigated samples BAB3922, BAB3923, and
BAB3924 plus parents in an Illumina SNP array aiming to
confirm the Affymetrix results independently. BAB3922
and BAB3924 indeed present a triplication segment with
an equivalent contribution from both parents, and there-
fore there was no evidence for jct3 formation in those sub-
jects. For BAB3923, Illumina BAF values support existence
of an unequal allele dosage region within the triplicated
segment spanning a maximum of 226 kb including jct2
(data not shown). Importantly, as in DECIPHER_257814,
the small unequal allele dosage segment was inherited
from the same parent that contributed to the UPD
segment, in this case a paternal inheritance. A model for
formation of the CGR in BAB3923 is shown in Figure S7.
We could not confirm whether jct3 was formed without
an accompanying change in the CNV status as observed
in DECIPHER_257814 because in BAB3923, jct3 seems to
have occurred between genomic coordinates chrl0:
125,868,868 and 125,946,185 where a gap in the reference
genome remains (therefore, none of the arrays provide
CNV information for that region).

Discussion

The main molecular mechanism invoked to explain large
regions of AOH not inherited as identical by descent is
mitotic recombination,® first described by Stern in 1936
to explain somatic crossovers (CO) observed in Drosophila
experiments.* DSB-induced COs between homologs fol-
lowed by segregation of crossover chromatids to separate
daughter cells is a very rare event in mitotic cells and might
lead to AOH within part of the chromosome arm distal
from the point of CO.?**° The second mechanism that
can also generate very large regions of AOH is BIR. BIR
acts on one-ended, double-stranded DNA breaks; for
instance, those that result from replication fork collapse.
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Figure 4. Subject DECIPHER_257814 Pre-
sents a Third Breakpoint Junction
Analysis of the Illumina SNP array revealed

A B-allele CN=2 CN=2 CN=4
Frequency | Heterozygous Equal allele dosage
BAF state AOH TRP
1 BB BB BBBB
0.75
0.5 AB AABB
0.25
0 AA AA AAAA

a triplicated segment with unequal allele
dosage indicating dissimilar genotype
inheritance (unequal allele dosage, light
blue) followed by a region containing
similar genotype inheritance (equal allele

B DECIPHER_257814
Chromosome 1

dosage, dark blue).

(A) Table shows some of the possible geno-
type calls performed by the allele dosage
normalization Illumina’s platform algo-
rithm. B-allele frequency (BAF) formula is

calculated as: B / (A + B), where A is the
signal of the A allele and B is the signal of
the B allele. In BAFs, both AA and hemizy-
gous A display as 0.0, AB displays as 0.5,
and both B and hemizygous B display as 1.0.
(B) Graphic view of telomeric 20 Mb

spanning 1p showing BAF and LogRR for
subject DECIPHER_257814 indicating an
11.8 Mb region of absence of heterozygosi-
ty (AOH, orange rectangle) and triplication

(TRP, dark and light blue rectangles). BAF
data revealed that the centromeric TRP

breakpoint segment of 148.5 kb (enlarged
detailed view) presents with unequal allele

AOH
A
(
1 TEL 11.8 Mb
075 )
< 0.50
0.25
0 -
Mb 0.0 10.0
11— 7=
0.75
I oso—luddall .ty ul B 5
0.25
00— - s it - -
- Equal Unequal
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20423099  0.4667 4 Equal 2
® N
o
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o o
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jet1
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20584645 05312 2 Equal
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dosage (light blue) of the parental alleles
that is followed by a TRP segment with
equal allele dosage (8.7 Mb, dark blue).
LogRR indicates Log R ratio used to calcu-
late copy number state that differ from
the expected 0 value for CN = 2.

(C) Informative Illumina SNP BAF data
spanning the region containing jct3 (tripli-
cation with an equal parental allele dosage
to triplication with an unequal parental
allele dosage) and jct2.

(D) Color-matched schematic representa-
tion of the 1p36.12 CGR formation.
DECIPHER_257814 is hypothesized to pre-
sent at least three breakpoint junctions
generated by template switches during
replication-based repair (refer to model
described in Figure 1). Top: genomic coor-
dinates (hg19) of breakpoint junctions in
chromosome 1 inferred from multiple

"N20574470

technical approaches. For sequencing data at jctl and jct2, refer to Figure S4. Red indicates duplicated segment; light blue indicates trip-
licated segment harboring unequal allele dosage; dark blue indicates triplicated segment harboring equal allele dosage. Bottom: repre-
sentation of the SNP allele dosage in each segment involved in this CGR. A, B: SNP alleles. Note that the different orientation of the
rearrangement in DECIPHER_257814 compared to that shown in Figure 1, in this case involving the p-arm.

In the case that an homologous chromosome is used as
template to re-establish a unidirectional replication fork,
long tracts of AOH of all markers located distal to the
DSB can be observed and might proceed several hundred
kilobases to the telomere.”®

Experiments performed here unveiled multiple layers of
complexity, many of which were shared by all individual
CGRs studied (Figure S8). In three cases (BAB3922,
BAB3924, and DECIPHER_257814), rearrangements could
be consistently classified as DUP-TRP/INV-DUP, or type II
triplications, and in two cases (BAB3923 and BAB4539),
preliminary data also support such a structure: BAB3923
presents with a DUP-TRP/INV structure and BAB4539 pre-
sents with a DUP-TRP structure. Furthermore, in all cases
equal allele dosage is observed within the majority of the

triplicated segments, which indicates that each parent
had contributed equally to the copy-number gain in each
subject. This observation is relevant for two reasons: first,
it implies that at least two events, one intrachromosomal
and another one interchromosomal in nature, must have
occurred to produce triplications with AABB genotyping
patterns; and second, the interchromosomal event indi-
cates that there was at least one post-zygotic event. There-
fore, triplications followed by AOH might, in fact, present
with a similar genomic structure, which allows us to hy-
pothesize a general model for their formation.
Importantly, mitotic crossing-over alone cannot account
for our observations including the presence of segmental
copy-number gain associated with AOH and a consistent
pattern of DUP-TRP/INV-DUP rearrangement formed by a
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mixture of paternal and maternal segments originating
from homologous chromosomes. BIR would be another
possible mechanism to explain our findings; BIR in human
cells under replication stress was recently reported
in vitro.”® Nonetheless, BIR is RAD51 dependent and ho-
mology dependent,”” which cannot account for the obser-
vations of microhomology present in both jctl and jct2.
Because the underlying mechanism for formation is not
driven by sequence homology (e.g., inverted repeats), we
therefore propose that junctions are a result of multiple
template-switches during MMBIR (Figure 1). Events might
have occurred either all at once in a post-zygotic mitotic
cell or in two steps: first one in a pre-meiotic cell followed
by resolution in a post-zygotic cell; current data do not
allow distinguishing between these alternatives. At least
two template switches might have occurred triggered by
stalled or collapsed replication forks. An initial template
switch is predicted to use a sister chromatid to resume
replication (Figure 1A). Microhomology at annealing site
(do) in the complementary strand is used to prime DNA
synthesis relatively close to the breakpoint c (612 bp to
4.0 kb). Therefore, a unidirectional replication resumes in
an inverted orientation and will form an inverted partially
duplicated segment consisting of d. (no copy-number
gain), c. to b. (duplication) (Figure 1A). This is unlikely
to result in a healthy viable cell unless a second compen-
sating inversion occurs, which might happen if the fork
again collapses. A new fork stalling or collapsing event
releases a free 3’ end that can be resolved by a second
template switch to the homologous chromosome; this
will result in a jct2 (Figure 1B). There are at least three
possible target annealing sites to resume replication, repre-
sented here by different alleles A, C, D (annealing site 3).
Each one will result in derivative chromosomes Der 1, 2,
or 3; two of them will result in a DUP-TRP/INV-DUP struc-
ture (Der 1 and Der 2), whereas an inverted duplication will
result in Der 3 (Figure 1C).

The resolution of the second break might be accom-
plished by other mechanisms that cannot be ruled out at
this point. All of them would be capable of inducing the
formation of AOH to the telomere: (1) a fully processive
replication fork is established and can continue to the
end of the chromosome or replicon; (2) repair might be
accomplished by non-homologous end joining;*® or (3)
repair is finished by formation of a half-crossover.””*"
Half-crossovers were shown to result from aberrant pro-
cessing of BIR intermediates in mutants deficient in DNA
synthesis in S. cerevisiae that are analogous to mammalian
nonreciprocal translocations.*! One of the predicted prod-
ucts of a half-crossover would be a template chromosome
carrying a large deletion including the telomere that can
just segregate away, leading to cell death or triggering
further instability. None of those by-products have yet
been detected but this could be due to the few individual
cases studied thus far.

Interestingly, DUP-TRP/INV-DUP rearrangements ob-
served on autosomes seem to contrast somewhat with

our previous observations regarding DUP-TRP/INV-DUP
formation involving the MECPZ2 locus on the X chromo-
some. In the latter case an inverted repeat mediates jctl
formation probably through BIR coupled with MMBIR or
NHEJ.14 In the cases described here, BIR cannot account
for the observations of microhomology present in jctl
and jct2, and we speculate that MMBIR might be involved.
The reason underlying such differences needs further
investigation, but one possibility is that the genomic ar-
chitecture of chromosome X plays a role. For example,
we have recently constructed a genome-wide map of in-
verted repeats larger than 800 bp with at least 98%
sequence identity (named DTIP-LCRs*?) that could facili-
tate duplication/triplication formation. We observed
that: (1) chromosome X has the largest chromosomal
percent coverage of DTIP-LCRs (~1.2%); and (2) chromo-
some X has a higher chromosomal percent coverage of
genomic regions flanked by such DTIP-LCRs (>40%),
which implies that nearly 2/5 of that chromosome is at
risk of undergoing DUP-TRP/INV-DUP formation.** This
contrasts sharply with chromosome 14, involved in the
DUP-TRP/INV-DUP rearrangement in subject BAB3924,
which shows less than 10% of genomic regions flanked
by DTIP-LCRs and therefore presents with a lower number
of DTIP-LCRs substrates.

Remarkably, subjects DECIPHER 257814 and BAB3923
present with a potential third junction (jct3) not observed
in the other three subjects described here. Existence of
such a junction was inferred upon careful analysis of the
SNP array data that revealed a triplicated segment consist-
ing of two regions, each one presenting with different
segregating patterns regarding parental contribution
(equal allele dosage region or unequal allele dosage region).
A third junction is required to explain the transition
between those two patterns. Interestingly, in both cases
(DECIPHER_257814 and BAB3923), jct3 seemed to have
occurred a hundred kilobases from jct2 and without evi-
dence of an accompanying change of the copy-number
status. One possible explanation is that homology could
have driven the formation of jct3 by template switching
between homologs and, therefore, regular BIR might be
involved rather than MMBIR. Coupled-homology and mi-
crohomology-mediated BIR was previously implicated in
the generation of triplications at the chromosome X loci,
MECP2 and PLP1,"* and might also be involved in gener-
ating triplications in autosomes. Alternatively, an accom-
panying CNV below the level of resolution afforded by
our multiple array platforms used here is also potentially
possible.

In conclusion, we present a model for formation of a
recently described disease-causing mechanism: segmental
AOH associated with complex rearrangements produced
by long-range template switching via a RADS1-indepen-
dent BIR. Replicative mechanisms to explain human
CGRs have all incorporated the concept of long-distance
template switching of replication forks, including fork stall-
ing and template switching (FoSTeS),”*** recombination
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restarted replication forks (RRRF or 3RF),*> and MMBIR,®
which are thought to proceed independently of RAD51.%¢
The molecular features of the rearrangements described
here, including triplication formation and de novo SNVs
observed at breakpoint junctions, support the involvement
of replicative mechanisms underlying its formation and
implicate an expected level of mutational load that can be
generated in a unique event (i.e., copy-number variation
or CNV, inversion, point mutations or SNV, and UPD),
which has important implications for human disease and
evolution.
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