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Abstract

Small supernumerary marker chromosomes (sSMC) are chromosomal fragments difficult to
characterize genomically. Here we detail a proband with schizoaffective disorder and a mother
with bipolar disorder with psychotic features who present with a marker chromosome that
segregates with disease. We explored the architecture of this marker and investigated its temporal
origin. Array comparative genomic hybridization (aCGH) analysis revealed 3 duplications and 3
triplications that spanned the short arm of chromosome 9, suggestive of a chromoanasynthesis-like
event. Segregation of marker genotypes, phased using sSSMC mosaicism in the mother, provided
evidence that it was generated during a germline-level event in the proband’s maternal
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grandmother. Whole-genome sequencing (WGS) was performed to resolve the structure and
junctions of the chromosomal fragments, revealing further complexities. While structural
variations have been previously associated with neuropsychiatric disorders and marker
chromosomes, here we detail the precise architecture, human life-cycle genesis, and propose a
DNA replicative/repair mechanism underlying formation.
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Small supernumerary marker chromosomes (sSMC) are chromosomal fragments that are
observed cytogenetically and identified as an addition to the normal complement of 46
human chromosomes, typically during clinical karyotyping studies. Their overall size and
genomic content can vary greatly, but generally any additional G-band detected structure
smaller than chromosome 20 is considered to be a SSMC. This relatively small size makes it
difficult to use traditional cytogenetic G-banding techniques for meaningful characterization
at a genomic content level (Liehr, 2011). The chromosomal mechanisms of SSMC formation
are heterogeneous; possible explanations include gamete complementation, post-fertilization
errors, as well as trisomy and monosomy rescue events (Kotzot, 2002). The lack of detailed
resolution for genomic content and architecture that make up a marker chromosome stymies
identification of the genomic rearrangement end product. This makes it difficult to surmise
which potential DNA recombinant/repair mechanism(s) may apply to specific markers,
thereby limiting understanding of the potential mechanisms that may have contributed to the
sSMC formation. Although marker chromosomes are found in normal populations with a
frequency ranging from 0.044% to 0.075%, there are strong associations between their
occurrence and a wide range and severity of disease traits and clinically defined genetic
disorders (Liehr, Cirkovic & Lalic, 2013; Liehr, 2011). In some cases, the presence of the
sSMC in addition to the normal complement of chromosomes implicates aberrant gene
dosage in risk for disease. Alternatively, the presence of the marker, independent of the copy
number variation (CNV), may also contribute to altered cellular or developmental processes
related to the phenotypic presentation as a result of the cells response to anomalous
chromosomal material during division (Crolla, Youings, Ennis & Jacobs, 2005; Liehr et al.,
2006).

CNVs has been shown to be associated with a spectrum of neuropsychiatric traits, including
autism, schizophrenia, and bipolar disorder (Levy, Xu, Gogos & Karayiorgou, 2012;
O’Donovan, Kirov & Owen, 2008). Subsequent analysis of genes located within CNV
regions provided evidence for enrichment of genes encoding proteins involved in
postsynaptic signaling complexes as well as other neuronal and neurotransmitter specific
genes, suggesting a possible mode of disease pathogenesis (Kirov et al., 2012, Pocklington
etal., 2015).

A higher incidence of marker chromosomes has been reported among individuals with
neuropsychiatric disorders, most notably individuals with autism spectrum disorder and
markers containing genomic regions of chromosome 15 and chromosome 9 (Abu-Amero et
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al., 2010; Gillberg et al., 1991; Schroer et al., 1998). A case report implicated a marker
derived from regions spanning 9p24.3g21.11 in a patient with psychotic symptoms, further
highlighting the association of a marker chromosome with a neuropsychiatric presentation
(Martinez-Jacobo et al., 2015).

Here we detail a proband (BAB3398) and mother (BAB3399) who present with long
standing clinical diagnoses of schizoaffective disorder and bipolar disorder with psychotic
features, respectively, and a marker chromosome that segregates with disease in this family
(Figure 1A). The psychiatric diagnoses of both carriers were based on meeting DSM-IV
(1994) criteria, as determined by a review of hospital records and the Structured Clinical
Interview for DSM-IV (SCID) (Spitzer et al., 1994). Within a large study of CNVs
associated with psychiatric diseases, a proband and mother were shown to carry multiple
copy number variants on the short arm of chromosome 9 as revealed by a Nimblegen HD2
2.1 M aCGH platform (data not shown) (Malhotra et al., 2011). Attempts to generate
induced pluripotent stem (iPS) cell lines for these individuals revealed that the CNVs
presented on a marker chromosome (TCW et al., 2017).

Using molecular analyses provided by fluorescence /n situ hybridization (FISH), array
comparative genomic hybridization (aCGH), breakpoint sequencing, whole genome
sequencing (WGS), genome-wide SNP array and droplet digital PCR (ddPCR), we are able
to propose a genomic structure for the sSSMC, allowing inferences about the DNA
mechanism resulting in the genesis of this marker. A custom 4 X 180K Agilent high-
resolution tiling-path oligonucleotide microarray spanning the short arm of chromosome 9
confirmed the structural variation, including a duplication approximately 1.15 MB in size
(segment B), a triplication 672,351 bp in size (segment C) and a second duplication ranging
from 58,512 - 64,535 bp in size (segment D) (Figure 1B), and showed additional CNVs not
originally detected that could now be visualized with this higher resolution genome analysis.
The newly delineated events included a triplication spanning ~ 24,307 bp (segment A), a
triplication of ~ 400 bp (segment E) and an additional duplication of ~ 2,660 bp in size
(segment F), bringing the total observed CNV states to 3 duplications and 3 triplications
spanning 9p (Figure 1B, Supp. Figure S1). The genes involved in each genomic segment of
altered copy number state are highlighted in supplemental figure 1. Subsequent FISH
analysis using the bacterial artificial chromosome (BAC) probe RP11-575C20 within the
duplicated segment B (Figure 1C), as well as the probe, RP11-106A1, which maps within
the triplicated segment C (Figure 1D), and a control probe, RP11-364M22, showed that the
regions of copy-number gain identified by the aCGH were adjacent and located on the
marker chromosome.

WGS was performed on genomic DNA isolated from the blood of the proband (BAB3398),
the mother (BAB3399) and the maternal grandmother (BAB3916) using the Illumina TruSeq
PCR-free library and sequenced on the Illumina Hiseq Xten system to identify potential
additional structural variants not revealed by aCGH. Data were analyzed using the
novoBreak assembly algorithm to detect breakpoint junctions (Figure 1E) (Chong et al.,
2017; Liu et al., 2017). In total, 6 junctions were identified through a combination of aCGH
and WGS analyses; of those junctions, 5 were confirmed through traditional Sanger-
sequencing (Supp. Figure S2). We were unable to resolve the 6! junction at the nucleotide
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sequence level, but WGS data analysis using novoBreak indicated that it occurred within the
pericentromeric repeat region of the long arm of chromosome 9 and involved recombination
between two full-length LINEs that share 91% of nucleotide similarity. The first
recombinant LINE (L1PA3), spanning 6,024 bp, is located at the proximal break of segment
D at 9p23 (chr9:9,921,214 - 9,927,237) whereas the second recombinant LINE (L1PA3),
spanning 6,116 bp, is located at 9912 (chr9:69,101,499-69,107,614). Attempts to confirm
this event by PCR amplification were unsuccessful.

In order to further assess the copy number state of each of the junctions using ddPCR in
DNA samples from BAB3398 and BAB3399, we used the information obtained from
breakpoint junctions (Jct) 1, 2 and 3. Sequencing data identified the distal (in relation to the
telomere) break of segment C and the distal break of segment E connected in an inverted
orientation (Jctl) followed by the proximal break of segment E connected to the proximal
break of segment A (Jct3). Jct 2 is constituted by a proximal break of segment C connected
to the proximal break of segment D, the latter also in an inverted orientation. Consistently,
results from ddPCR indicate that Jct2 is present once compared with the diploid control
region, as expected for junctions formed upon a duplication (Figure 1F). Surprisingly, Jctl
was present at twice the levels observed for Jct2 (Figure 1F), a result confirmed by two sets
of primers. Although, this observation is consistent with the dosage indicated in the aCGH
for chr9: 7,129,163, double-dosage of junctions occurs only if the initial rearrangement
undergoes further non-allelic homologous recombination (NAHR) or if it results from a
rolling circle, the latter suggestive of a complex DNA repair aberration (Beck et al., 2015;
Gu et al., 2015). In aggregate, the experimental data and information gleaned from the
junction copy number, as well as fragment orientation derived through WGS and Sanger-
validation, facilitate the derivation of a genome architectural map detailing the content of
this SSMC, which is most parsimoniously explained by a specific end product structure for
the DNA rearrangement (Figure 1G, Supp. Figure S2). Importantly, the lymphoblastoid cell
line (LCL) sample from BAB3399 showed no amplification for any junction tested (Figure
1F), suggesting the marker was lost during EBV transformation, an observation further
confirmed by SNP array (Figure 2A). sSSMC mosaicism for both BAB3398 and BA3399 was
suspected based on ddPCR using distinct samples to confirm copy-number of segments B
(DUP) and C (TRP) (Figure 2B). Evidence for mosaicism was further confirmed by FISH in
leukocytes, which showed that 13/20 cell nuclei contained the marker in BAB3399 (mother)
and 19/20 cell nuclei contained the marker in BAB3398 (proband). Karyotyping studies on
fibroblasts from these individuals indicated that the marker element is present in 25% of
fibroblasts from BAB3399 and in 56.2% of fibroblasts from BAB3398 (TCW et al., 2017).

The fact that the mother had different subsets of cells with and without the marker provided
a unique opportunity to genotype the latter (Figure 2C) and use that information to infer
genetic origin. B-allele frequency data within the copy-number variant region was used to
estimate the genotype of the marker in BAB3399, which segregates the same way in
BAB3398 (Figure 2D); 27 informative SNPs within the triplicated regions (segments A and
C) were used to genotype the marker. Importantly, using a Mendelian genomics and
genotyping/inheritance strategy, we were able to trace the origin of the marker chromosome
to the proband’s maternal grandmother BAB3916 (Supp. Table S1). The absence of the
marker in genomic DNA from blood and saliva from BAB3916 suggests that it was
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generated as a germline-level event. The fact that BAB3399 is the youngest in her sibship is
consistent with the higher incidence of marker formation within gametogenesis mutational
events in older females (Dalpra et al., 2005; Liehr, 2011).

Here we present a family in which a proband and mother both carry a marker chromosome
derived from genomic material on chromosome 9 that segregates with psychotic illness. The
lack of resolution afforded by G-banding in marker chromosomes initially made it
challenging for cytogeneticists to make informed assumptions about the relation between a
marker chromosome and a clinical phenotype, because detailed information about the
genomic content located on the marker, its genesis, and transmission status was unclear. The
introduction of molecular cytogenetic methods (i.e., FISH and aCGH) and related
technologies has allowed for greater insight into and resolution of the genomic content of
marker chromosomes, thus allowing for a more genomics data-driven approach (Liehr, 2011;
Reddy et al., 2013). While simple segments of fusion could be explained through DNA
repair mechanisms such as non-homologous end joining (NHEJ), markers that exhibit
cryptic complexity, such as the one we present herein, are likely the result of alternative
chromosomal rearrangement mechanisms involving DNA replication/repair events.

Chromoanasynthesis is a phenomenon proposed to explain multiple copy-number gains
found on a single or multiple chromosomes along with the seemingly random reorganization
of said genomic segments — a recently delineated phenomenon in constitutional genomes
that has been proposed to be generated by replicative mechanisms of DNA repair such as
microhomology-mediated break-induced replication (MMBIR) and fork stalling and
template switching (FoSTeS) (Liu et al., 2011; Maher and Wilson, 2012). These
chromosomal catastrophes and genomic phenomena, i.e., chromothripsis, were originally
delineated in cancer genome studies (Stephens et al., 2011), were further described in the
constitutional genome (Kloosterman et al., 2012; Liu et al., 2011), and now described as a
potential mechanism for marker formation (Al-Rikabi, Pekova, Fan, JancuSkova & Liehr,
2018). In the individuals reported here, high-resolution aCGH revealed the genomic
locations of structural variants that were originally believed to be present in a linear fashion
on chromosome 9 (Malhotra et al., 2011). Through additional experimental studies, iPSC
generation and subsequent FISH analysis, we determined that the duplication and
triplication events mapped to the sSSMC, revealing the consequences of a
chromoanasynthesis event and delineating a chromosomal rearrangement end product
structure, i.e., a SSMC not initially anticipated by the MMBIR replicative repair model
(Hastings, Ira & Lupski, 2009). The mechanism of NHEJ was originally proposed to explain
multiple CNVs and rearrangements detected on a linear chromosome, but NHEJ may also be
a potential causal mechanism in the generation of ring chromosomes (Leibowitz, Zhang &
Pellman, 2015). Here we expand the definition of chromoanasynthesis to encompass the
formation of a marker chromosome.

In combination with other genomic techniques, WGS facilitated the Sanger validation of 5
out of 6 breakpoints junctions found on the marker (Supp. Figure S2). The 6t junction
revealed by WGS proved difficult to discern by aCGH directed breakpoint mapping and
Sanger-sequencing, likely due to the occurrence of the breakpoint for this region within a
6.01 kb LINE segment (L1PA3) at 9p23 and with its apparent recombination within the
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pericentromeric repeat region of another 6.1 kb LINE segment at 9p12, both sharing 91%
nucleotide sequence similarity. LINE segments and short interspersed nuclear elements
(SINE) are repetitive sequence elements that are often embedded within repeat regions of the
genome that are points of genomic instability and mediators of copy humber variation as
well as sites of rearrangement (Szafranski et al., 2016; Weckselblatt and Rudd, 2015). The
repeat nature of this region, the computational and technical limitations of short read WGS
sequencing, and a haploid reference devoid of many pericentromeric regions provided
limited information regarding the true nature of this specific breakpoint junction.

We hypothesize that the sequence similarity between these two LINE segments was the
starting point of break-induced replication (BIR), which may have used regions of homology
between the two LINE segments for initiating replicative repair followed by iterative cycles
of template-switching (TS) and replication likely by MMBIR, resulting in “patches” of
amplified segments copied from the short arm of chromosome 9. Microhomology ranging
from 1-3 nucleotides at 4 out of 6 breakpoint recombinant junctions supports the
involvement of a replicative-based repair mechanism in the marker generation.
Microhomology at all observable breakpoints may have acted as priming events for DNA
replication, as found in the MMBIR mechanism for derivation of complex genomic
rearrangements (Carvalho and Lupski, 2016). The 4™ junction was not only the result of an
inversion event but also showed a 62 bp deletion 7 bp upstream of the breakpoint that
occurred in the middle of a homopolymeric poly-A stretch (7 bp) implicating the effect of an
error-prone polymerase (Carvalho et al., 2013). The discovery that the 15t and 3™ junctions
were detected twice is suggestive of a rolling circle-type mechanism during the replicative
event itself (Beck et al., 2015; McEachern and Haber, 2006). All together, the data strongly
support that an iterative TS model, parsimoniously explained/predicted by MMBIR,
underlies formation of the marker chromosome studied in this family (Carvalho and Lupski,
2016, Hastings, Ira & Lupski, 2009). We speculate that a collapsed fork, generated during
DNA replication through the highly repetitive pericentromeric region of chromosome 9,
resulted in one-ended, double-stranded DNA (0eDNA) that was subject to replicative repair.

SNP array analysis allowed us to infer that the likely life cycle and temporal origin of the
maker occurred within the germline of the grandmother. The selection bias against marker
chromosomes within sperm is congruent with our finding that this marker is derived from a
maternal event (Liehr, 2011).

Although markers are generally seen as unstable genomic events, this marker is stable
enough to have been inherited by the mother and subsequently transmitted to the proband.
Although karyotyping does not give an accurate representation of the marker itself,
presumably it has the required genomic material to allow for transmission and segregation
between generations and within cell division; the presence of a centromere and a potential
ring structure would aid intergeneration maintenance. Karyotyping studies were unable to
resolve this feature, likely because it is below the resolution detectable by that method. The
postulated ring structure not only parsimoniously explains the marker’s genomic stability
and protection from degradation, but also highlights the hidden architectural complexity that
was not visible using older genomic sequencing methods.
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The fact that the marker chromosome is found in a mosaic state may have phenotypic
consequence since mosaicism for a mutation has been shown to play a role in phenotypic
variability (Campbell et al., 2014). Although mosaicism levels have been shown to affect
severity of neurodevelopmental disorders, their influence on psychiatric conditions is not
well understood (Poduri, Evrony, Cai & Walsh, 2013). For instance, the levels of mosaicism
in other chromosomal abnormalities, such as ring 20 [r(20)] syndrome appear to correlate
with clinical severity, although this issue has not been extensively studied in patients with
marker chromosomes (Daber et al., 2012). It is of interest that the glycine decarboxylase
(GLDC) gene is located within the triplicated region of this marker chromosome. GLDC
encodes the glycine decarboxylase or glycine cleavage system (GCS) P-protein, which is
involved in the catabolism of glycine in glial cells (Takayanagi et al., 2000). Carriers of
GLDCtriplications would be expected to have increased catabolism of glycine, resulting in
low brain levels and NMDA receptor-mediated hypofunction, which has been strongly
implicated in the pathophysiology of schizophrenia (Tsai and Coyle, 2002). Consistent with
this expectation, mice transgenically modified to overexpress GLDC have significantly
reduced extracellular brain glycine levels (Oda et al., 2007). The GLDC gene is also located
within a potential locus for autism susceptibility (Abu-Amero et al., 2010), has been found
to be fully duplicated in patient with schizophrenia and idiopathic epilepsy (Stewart, Hall,
Kang, Shaw & Beaudet, 2011), and has been previously reported as duplicated on a marker
chromosome in a patient with psychotic symptoms (Martinez-Jacobo et al. 2015), although
the exact biological relevance of dosage changes in this gene remains unknown. Therefore,
we postulate that the differing levels of mosaicism in the mother and proband may also
contribute to the different clinical severities of their illnesses. Though we can not rule out
that the alteration of other dosage-sensitive genes in the region may have contributed to the
patient’s phenotype, current evidence supports the role of GLDC as a main candidate gene
(Supp. Table S2).

While an increased rare CNV burden is associated with neuropsychiatric disorders, here we
detail the precise architecture in the formation of a marker chromosome and delineate a
mechanism for formation, transmission genetics and trait manifestation. The final
phenotypic outcomes of these patients are likely a combination of the marker chromosome
itself, the aberrant gene dosage from genes on the marker as well as the mosaicism levels of
the marker in each individual.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(A) Pedigree showing the extended family with the proband (BAB3398) and mother
(BAB3399) (B) The copy number state of each genomic segment with appended high-
resolution aCGH detailing the CNV’s presence on the short arm of chromosome 9 with the
precise genomic locations for each segment derived from aCGH probe location data. (C &
D) FISH studies showing that duplicated segment B, using BAC probe RP11-575C20 (red)
(chr9:6,072,717-6,272,364), and triplicated segment C, using BAC probe RP11-106 (red)
(chr9:6,576,991-6,744,615) with control BAC probe RP11-362M22 (green)
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(chr9:12,344,849-12,480,002), are present on the marker. (E) Combination of genomic
methods used to map the breakpoint junctions of the marker. (E1) aCGH highlighting the
CNV in segment F (E2) Whole genome sequencing (WGS) showing the split reads at the
exact point of the junction. (E3) The junction (middle) along with the sequence for the
adjoining genomic segments. (E4) Sanger-validation of identified breakpoint junction. (F)
Droplet digital PCR of breakpoint junctions showing a duplication of junctions 1 and 3
across cell types in the mother and proband but absent in the LCL of the mother; F refers to
fibroblasts. (G) Proposed architectural map of the 9p24 marker chromosome. In red:
duplicated junctions 1 and 3 suggest ring formation. All but junction 6 were verified through
Sanger sequencing.
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Figure2.

(A) Duplication and triplication events as visualized from SNP array data in BAB3399’s
(mother) blood and their absence in lymphoblastoid cell lines (LCL). (B) We designed
ddPCR assays to confirm the copy number state of the CNVs identified by aCGH. Primers
were designed within the identified duplicated (DUP) and triplicated (TRP) genomic
intervals as well as a region of normal (NML) diploid copy number. DNA samples from
blood, fibroblasts (F) and LCL were used to confirm the CNVs in the proband (BAB3398),
mother (BAB3399) and maternal grandmother (BAB3916). None of the maternal
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grandmother’s samples, including saliva, showed copy number change, confirming previous
aCGH results. The red box highlights the absence of the marker chromosome in maternal
LCL. (C) SNPs mapping within the triplicated segments that were homozygous in maternal
LCL but heterozygous in maternal blood were classified as informative SNPs and used
further for sSSMC genotyping and segregation. (D) Examples of informative SNPs used to
infer origin of the marker chromosome. Results indicate that SSMC originated in the
germline of the maternal grandmother (See Supp. Table S1 for complete SNP data within the
CNVs).
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