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Abstract

Somatic mosaicism is a known cause of neurological disorders, including developmental brain
malformations and epilepsy. Brain mosaicism is traditionally attributed to post-zygotic genetic
alterations arising in fetal development. Here we describe post-zygotic rescue of meiotic errors
as an alternate origin of brain mosaicism in patients with focal epilepsy who have mosaic
chromosome 1q copy number gains. Genomic analysis showed evidence of an extra parentally-
derived chromosome 1q allele in the resected brain tissue from 5 of 6 patients. This copy
number gain is observed only in patient brain tissue, but not in blood or buccal cells, and

is strongly enriched in astrocytes. Astrocytes carrying chromosome 1q gains exhibit distinct
gene expression signatures and hyaline inclusions, supporting a novel genetic association for
astrocytic inclusions in epilepsy. Further, these data demonstrate an alternate mechanism of brain
chromosomal mosaicism, with parentally derived copy number gain isolated to brain, reflecting
rescue in other tissues during development.

Keywords

Brain mosaicism; neurodevelopment; cerebral cortex; meiotic nondisjunction; single-cell;
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The human body is a genetic mosaic wherein distinct genotypes emerge from various cell
lineages, a phenomenon traditionally attributed to post-zygotic errors in mitosis that arise

in progenitor cells during embryonic development(1). Brain mosaicism is a known cause

of neurological disorders, including developmental brain malformations and epilepsy(2).
Notably, mosaic copy humber gains of the entire g-arm of chromosome 1 have been
identified in brain tissue from pediatric patients with severe neurodevelopmental delay,
unilateral polymicrogyria or focal cortical dysplasia, and early-onset focal epilepsy(3-6).
Although it has been presumed that these alterations are post-zygotic due to their mosaic
allele fraction and absence from blood samples, their origin has not been investigated.

We characterized surgically resected brain tissue from six pediatric epilepsy patients and
identified somatic mosaic copy number gains of chromosome 1q (Table 1). The six patients
were identified in a total cohort of 196 patients with focal epilepsy and brain malformations.
All six patients initially presented at young age with infantile spasms and progressed to
intractable focal epilepsy requiring surgical treatment. Resected tissue from all six patients
showed evidence of cortical malformation and hyaline astrocytic inclusions in the cortex — a
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relatively rare neuropathological feature previously reported in a subset of epilepsy patients,
but for which no genetic etiology has been determined(7, 8).

Identifying brain mosaicism

We first identified brain-specific mosaicism by performing whole exome sequencing of
resected brain and blood samples for each patient (Fig.1a). Copy number analysis revealed
a clear, non-integer (i.e., mosaic) gain spanning almost the entire length of the long arm

of chromosome 1 (1g21-g44) that was present in brain tissue, but not in blood, from

all six patients (Fig.1b). The allele fraction in all patients was estimated at <30%. This
mosaic alteration has previously been associated with early-onset epilepsy in the setting

of focal brain malformation(3-6, 9, 10). No other potentially causal copy humber or
sequence variants were observed to explain our patients’ clinical presentation, except for

a PTEN somatic variant in Patient 6 that was previously described, but not thought to

be necessarily sufficient to explain the patient’s malformation and overall condition(6).

To determine more precisely the chromosome 1q copy number, we performed interphase
fluorescent /n situ hybridization (FISH) on patient brain tissue sections with probes targeting
both chromosomes 1q and 1p. Five of six patients had tissue available for FISH. Four of
those five patients had evidence of mosaic chromosome 1q tetrasomy, which was further
confirmed in two patients via single cell copy number profiling (Fig.1c—d; Extended Data
Fig. 1a), comparable to an independent previously reported case(9). One patient (Patient 2)
had evidence of mosaic chromosome 1q trisomy.

To evaluate specificity of the presence of 1q copy number gains, we also evaluated exome
sequence data from 342 controls obtained from the North American Brain Expression
Consortium (NABEC - dbGAP Study Accession: phs001300.v1.p1), and 15 whole genome-
sequenced controls available from the Brain Somatic Mosaicism Network (National Institute
of Mental Health Data Archive). None were found to have evidence of a 1g copy number
gain, which further supports that the chromosomal anomaly is not common in brain tissue of
the general population.

Meiotic origin of mosaicism

Further analysis of exome sequencing data, prior to filtering out high-frequency population
variants (see methods), from brain and blood samples revealed that all five patients
harboring chromosome 1q tetrasomy had hundreds of brain-restricted single-nucleotide
variants on chromosome 1q present at mosaic allele fraction (Fig. 2a, Supplementary Data
1). High-depth targeted sequencing of a subset of these variants (>50,000x sequence depth)
revealed no evidence of these variants in patient blood or buccal DNA. However, the variants
were present at heterozygous levels (50% allele frequency) in blood or buccal DNA from

the corresponding karyotypically-normal mother of all three patients for whom parental
samples were available (Fig. 2b; Extended Data Fig. 2a—c, Supplementary Data 2-4). The
base change at each variant position matched the maternal allele (Fig. 2c), suggesting that
the extra copies of chromosome 1q arose in a maternal gamete during meiosis and were
subsequently lost from embryonic cell lineages forming blood and buccal tissue, while being
retained in the neural cell lineage. Patient 2—the only patient in whom the 1q gain exists as
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trisomy—nhad no evidence of a third haplotype in brain tissue, suggesting the 1q gain arose
by a different genetic mechanism, likely as a post-zygotic mitotic error. We then examined
exome sequencing data for a cohort of six pediatric patients with central nervous system
tumors with chromosome 1q gains under the presumption that chromosomal alterations in
tumors originate in mitosis. Consistent with our hypothesis, we observed no evidence of
single nucleotide variants (SNVs) representing an additional chromosome 1q allele in any of
these tumors (Extended Data Fig. 3a—b).

To resolve the structure of the chromosome 1q gain, which may inform the mechanism by
which it occurred in development, we performed optical genome mapping and/or long-read
sequencing on brain tissue DNA from three representative patients: Patients 1 and 3 who
had evidence of chromosome 1q tetrasomy arising in meiosis, and Patient 2 who had 1q
trisomy of possible mitotic origin. The structure of the gain in Patient 2 appeared to be

an inverted duplication [der(1)t(1;1)(g21,q44)] as supported by both optical mapping and
long-read coverage of the breakpoint (Extended Data Fig. 4a—b). This further supports a
post-zygotic mitotic origin of the gain as there is no known mechanism of meiotic rescue for
this type of structural variant that leads to mosaicism. On the other hand, the structure of the
chromosome 1q gains in Patients 1 and 3 was not resolved by either method. We checked
the long-read sequence data from both patients for the presence of the breakpoint observed
in Patient 2, but no breakpoint was detected. The absence of a clear breakpoint suggests that
the extra 1q copies could exist as an isochromosome, which would not be detected by either
approach due to inability to read through the centromere with our current methodologies. No
material was available for karyotype analysis.

Next, we examined the position of marker SNVs for the extra chromosome 1q alleles
across the length of chromosome 1q. The presence of additional haplotypes near the
centromeres would suggest an origin in meiosis | resulting in transmission of a complete
maternal homolog, whereas additional haplotypes restricted to the telomeres with evidence
of crossover sites would suggest an origin with sister chromatids in meiosis 11(11). The
positions of marker SNVs in our five patients were mostly distal from the centromere with
evidence of crossover (Fig. 2d). These findings suggest a hypothetical model in which an
isochromosome could arise from meiotic | nondisjunction followed by centric mis-division
during meiosis 11, during which one parental chromosome 1 centromere failed to separate
properly. The isochromosome could be lost during a subsequent mitotic division in the
embryo, via mitotic nondisjunction, tetrasomy rescue, or anaphase lag, thus leading to both
disomic and tetrasomic cell lineages(11, 12)(Fig. 2e).

Cell type distribution and function

To assess the distribution of the chromosome 1q gain among cell types in affected brain
tissue, we performed genotype analysis from single-nuclei transcriptomes (Extended Data
Fig. 5a—b). We profiled approximately 42,000 nuclei from brain tissue of five different
patients via single-nuclei RNA-sequencing (Fig.3a—b) and inferred the presence of the
chromosome 1q gain by quantifying gene expression based on genomic coordinates, as
previously published(13). Chromosome 1 disomic reference nuclei were designated from
adjacent unaffected brain tissue when available or from the microglial cell cluster as a
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comparator from a distinct developmental lineage. Nuclei containing the chromosome 1q
gain were identified among multiple cell types, with a strong enrichment in astrocytes in all
six patients (Fig. 3c—d, Extended Data Fig. 6a—b). Astrocytes of both genotypes—normal
and 1qg gain—showed clear expression of canonical astrocytic marker genes (Extended
Data Fig. 6¢). As our single-nuclei dataset represents a heterogeneous mixture of cell
types with unique gene expression profiles, we tested the robustness of our finding by
comparing only astrocytes from Patient 3 affected brain tissue to astrocytes from Patient
3 unaffected adjacent brain tissue, which clearly identified the chromosome 1q gain in
affected tissue but not unaffected (Extended Data Fig. 6d). To further verify this finding
experimentally, we enriched astrocytic nuclei from Patient 3 brain tissue by performing
fluorescence-activated nuclei sorting for PAX6 expression, as has been previously done in
epileptic brain tissue(14). Then we performed deep targeted sequencing of mosaic variant
positions representative of the maternal 1q allele. In agreement with our single-nuclei
results, PAX6+ nuclei had an increased representation of the 1q gain compared to either
PAX6- nuclei or bulk brain tissue (Extended Data Fig. 6€).

To understand the functional importance of mosaic chromosome 1q gain in brain cells, we
performed differential gene expression analysis using our single-nuclei RNA-sequencing
dataset. We compared nuclei with and without the 1q gain across various cell types,
focusing on astrocytes given the unique pathology observed in this patient group (Fig.

4a). Assigning differentially expressed genes into functional gene ontology enrichment
annotations revealed categories of biological processes that may be disease-relevant.
Astrocytes expressing the 1q gain showed dysregulation of cell-cell adhesion processes and
synaptic transmission compared to normal astrocytes (Fig. 4b). Several key cell adhesion
molecules were downregulated in astrocytes with the 1q gain (Fig. 4c), similar to other brain
malformation conditions(15), whereas genes involved in synaptic transmission, including
astrocytic receptors reportedly altered in epilepsy(16), were mostly upregulated (Fig. 4d).
All six patients had evidence of hyaline astrocytic inclusions, a relatively rarely reported
pathological feature that has not been observed in other genetic subtypes of focal epilepsy.
Though the relative proportion of astrocytic inclusions varied among the cases, the cells
were similar in appearance with a round to ovoid nucleus with pale or open nuclear
chromatin, surrounded by cytoplasmic glassy pink hyaline inclusion(s), and situated in
cortical gray matter often within a lacunar-like space (Fig. 4¢). Protoplasmic astrocytes are
present at synaptic junctions where they regulate structure and function(17). Our results
suggest that these unique astrocytes associated with chromosome 1q gains could play a role
in seizure propagation given their distinct gene expression signatures.

Given the neuronal abnormalities observed in our patients, we also compared excitatory
neurons with and without the 1q gain (Extended Data Fig. 7a) and identified gene ontologies
related to neuron projection development and synapse organization (Extended Data Fig.

7b). Differentially expressed genes common to both comparisons (i.e., for astrocytes and
excitatory neurons) were predominantly (81.5%) upregulated genes located on chromosome
1qg (Extended Data Fig. 7c; Supplementary Data 5). These genes are likely upregulated by
virtue of the copy number increase itself.
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Discussion

Brain mosaicism is an important explanation for neurodevelopmental disorders and has
been typically attributed to post-zygotic genetic variants acquired during development. The
exception has been the acquisition of variants in adult life that are thought to contribute

to degenerative diseases such as Alzheimer disease(18); this too involves post-zygotic,
post-developmental somatic mutation giving rise to mosaic variants. In contrast, our findings
point to the presence of a large chromosomal copy number gain that is present only in brain
tissue due to post-zygotic loss of maternally derived meiotic errors that remove the copy
number gain from other lineages, hence making these copy number gains undetectable in
blood (leukocytes) and buccal epithelial cells. Our findings represent a novel mechanism
through which brain mosaicism arises in development. In patients with chromosome 1q
gains originating in maternal meiosis, the alteration was propagated to the neural lineage
while being lost from lineages forming blood and buccal tissues, thus generating brain
mosaicism. Partial ‘tetrasomy rescue’ could explain this finding and has been reported

to occur for parentally-derived chromosomal abnormalities in previously described case
reports(11, 12, 19). Early developmental bottlenecks within the first few cell divisions may
provide an opportunity for aneuploidy rescue in the embryo(20). If this rescue occurs for
most cell lineages except for the neural lineage, then the alteration could be ultimately
restricted to the brain. Chimerism is an unlikely explanation here, as the maternal marker
alleles on chromosome 1q were the only alleles that did not identically match the patients’
constitutional DNA.

We attempted to resolve the structure of the chromosome 1q gain by optical genome
mapping and long-read sequencing. The patient with mosaic 1q trisomy had a clear inverted
duplication of chromosome 1q supported by evidence from both technologies. For the
patients with mosaic tetrasomy 1q, the fact that we could not resolve any clear breakpoints
leads us to believe the structure may be an isochromosome, in which two g-arms are joined
by a centromere. Formation of an isochromosome in development could have occurred at
several stages. One possibility, which we favor, is that an isochromosome could form wholly
in meiosis by non-disjunction followed by centromeric misdivision, and is subsequently
rescued during one of the early mitotic divisions of the embryo (Fig. 2e). As an alternative,
the isochromosome could arise in the early cleavage-stage embryo; non-disjunction in
meiosis may create a zygote trisomic for chromosome 1 and during the first few cleavages,
an isochromosome could form through centromeric misdivision leading to i(1q) and i(1p)
lineages (Extended Data Fig. 8a). This model requires non-survival of the i(1p) lineage, as
we saw no evidence of i(1p) in our patients. Finally, the isochromosome could arise in the
mother during gametogenesis; a maternal mitotic error during oogenesis may have produced
an oocyte with i(1q), which was then fertilized and propagated to the embryo (Extended
Data Fig. 8b). This model requires a genetically abnormal oocyte to survive through meiosis
and fertilization. Of note, there was no history of maternal infertility or recurrent pregnancy
losses.

The presence of the chromosome 1q gain in brain tissue, while being absent from blood or
buccal cells, underscores the fact that human development represents a complex interplay
of developmental bottlenecks and proliferation advantages that are not yet fully understood.
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In one case report describing a fetus with mosaic chromosome 1q trisomy, the level of
mosaicism ranged from 4-93% of cells depending on the tissue studied(21). We cannot rule
out the presence of the chromosome 1q gains from tissues that we were unable to study;
however, none of our patients showed any non-neurological clinical signs or symptoms.
Constitutive 1q trisomy is associated with lethality or very early death, so we are confident
that the majority of tissues other than brain do not contain the copy number gain. Moreover,
the 1q gain was focally restricted within the brain itself, as in two cases (Patients 1 and

3) there was tissue adjacent to the lesion in which 1q gain was not detected by exome
sequencing. In a reported case of fetal teratoma, a maternally-derived isochromosome 1q
was observed in the tumor but was absent from skin fibroblasts, demonstrating a precedent
for tissue-specific mosaicism arising from a meiotic error(22). Recognizing a meiotic origin
for mosaicism has important implications for genetic counseling and recurrence risk. If the
chromosome 1q gain is present in additional tissues, then patients could be at increased risk
of certain cancers, though it has not been studied in this patient population. Furthermore,
women who have a trisomic pregnancy related to increased predisposition to meiotic
nondisjunction are at increased risk of recurrence(23).

Enrichment of the chromosome 1q gain in astrocytes suggests that it may confer a
proliferative advantage in this cell type. This is supported by the observation that
chromosome 1q gain is a common cytogenetic abnormality observed in many brain tumors
of glial cell origin, including pediatric high-grade astrocytomas and ependymomas(24).
Particularly in ependymomas, which arise from glial stem or progenitor cells, chromosome
1q gain is the most common genomic alteration and often there are no other chromosome
imbalances detected - suggesting 1q gain is sufficient for the initiation of tumor formation in
this cell type(25-28). Moreover, long-term cultured human neural stem cells are susceptible
to recurrent duplications of chromosome 1q, which increase their proliferation rate, but
reduce their ability to differentiate into neurons, which may explain the relatively small
proportion of neurons compared to astrocytes affected in our cohort(29, 30). A related
possibility is that certain cell types, such as neurons, are more susceptible to death as a result
of chromosome 1q gain compared to other cell types. Chromosome 1qg gain was observed

in other neural cell types to a lesser degree, including microglia which arise from a distinct
lineage compared to other brain cell types. Depending on when a potential tetrasomy rescue
event occurred, the chromosome 1q gain could have persisted into progenitors of multiple
lineages, but may have been more compatible with survival in one lineage over the other,
giving rise to unequal distributions of affected cells.

Consistent with observed enrichment of the 1q gains in astrocytes, all six patients in

this study had evidence of cytoplasmic hyaline astrocytic inclusions, a rarely observed
neuropathological feature that has been reported in epilepsy(7, 8, 31). Although we did not
perform any co-staining in this study, prior studies demonstrated that the cells with hyaline
inclusions express astrocytic markers, including S100 beta, GFAP, and GLT-1(7, 8, 32). In
two cases, the hyaline astrocytic inclusions were observed and reported on as a distinctive
pathology in resected brain tissue from a cohort of 30 pediatric epilepsy cases without

any prior knowledge of genetic findings(7). These two cases were negative for Filamin A
staining, in contrast to astrocytic inclusions observed in Aicardi syndrome(32). FLNA was
expressed at low levels in our snRNA-seq data, so we could not compare expression levels
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between astrocytes with or without a 1q gain. These cytoplasmic eosinophilic inclusions in
astrocytes have been reported in individuals with epilepsy although this is the first report
to our knowledge recognizing an association of this pathology with 1g copy number gains.
The association of chromosome 1q gain with hyaline astrocytic inclusions provides new
directions for understanding how cell type-specific effects contribute to 1q pathophysiology.
Future studies will determine the specificity of the association between the presence of
hyaline inclusions and mosaic 1q gain, including assessments of whether 1q copy number
gains are present in the brain tissue of individuals with Aicardi syndrome when astrocytic
inclusions are detected. Although we did not directly test for the presence of 1q gain in
astrocytes with inclusions, according to our single-nuclei data the majority of astrocytes
are positive for the gain, despite astrocytic inclusions being quite rare among them. This
makes it likely that 1q copy number gains are found in both ‘normal’ astrocytes and the
rarer astrocytes with inclusions. If true, this would mean that additional factors contribute
to the formation of astrocytic inclusions besides just the genetic alteration. Nevertheless,
an observation of astrocytic inclusions upon neuropathology review will suggest a possible
mosaic 1q copy number gain. A recent example in which genetics have similarly informed
pathology is SLC35A2 mosaicism and its association with MOGHE - a previously
unrecognized pathological finding with apparently specific genetic association(33).

Further, a genetic finding of brain mosaic 1q gain may inform the clinical course and
prognostics. All six patients in this study had unifying features, including infantile spasms
and cortical malformation; however, MRI findings varied among individuals (Extended
Data Figure 9). Notably, the outcome also varied, as 3 patients were seizure-free following
surgery but 3 continued to have recurrent seizures. Future studies will further specify the
clinical features and outcomes associated with chromosome 1q gain.

Altogether, our observations demonstrate a novel mechanism for the origin of brain
chromosomal mosaicism and link brain mosaic chromosome 1q gain to a distinct clinical
phenotype including early-onset focal epilepsy, cortical malformation, and cytoplasmic
hyaline astrocytic inclusions.

Patient Samples

Individuals who underwent surgical resection of brain tissue or tumor tissue were enrolled
from Nationwide Children’s Hospital (NCH), The University of Texas Health Science
Center at Houston (UTH), and Boston Children’s Hospital (BCH). Written informed
consent was obtained from parents/legal guardians according to IRB-approved studies

at the respective institutions. Initial clinical and genetic characterization for Patients 1-

3 was published by Bedrosian et al.(5) and for Patients 4-6 by Lai et al.(6) Formalin-
fixed paraffin-embedded brain tissue sections underwent evaluation by a board-certified
neuropathologist. Blood, buccal swab, and surgically resected brain or tumor tissue samples
were collected as applicable and stored at —80°C prior to use. DNA was extracted from
frozen samples using Qiagen AllPrep DNA Kit (NCH) or Qiagen DNeasy Blood & Tissue
Kits (UTH and BCH).
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Exome sequencing & CNV/variant calling

For Patients 1-3, and 6, DNA isolated from blood and brain tissue was prepared for
enhanced exome sequencing using NEBNext Ultra Il FS DNA Library Prep Kit (New
England Biolabs, Ipswich, MA). IDT xGen Exome Research Panel v2.0 enhanced with

the xGenCNV Backbone Panel-Tech Access (Catalog # 10005152, Integrated DNA
Technologies, Coralville, IA) was used for target enrichment by hybrid capture. Final
libraries were sequenced on an lllumina NovaSeq 6000 to generate paired-end 151-bp
reads. For Patients 4-5, DNA samples were prepared for sequencing using Nimblegen
SeqCap EZ V3.0 (Catalog # 06465692001, Roche) and were sequenced on Illumina
HiSeq2000, HiSeg2500, or NovaSeq 6000 to generate paired-end 151-bp reads. The
Churchill pipeline was used for alignment to human reference genome build GRCh38

and secondary analysis(34). Somatic variants were then filtered based on the following
characteristics: MuTect2 = PASS, GATK quality score =30, depth of sequencing =10 reads,
alternate allele reads =5, VAF =2%, and gnomAD WGS and WES population frequency
<1%. Variants passing all criteria were then manually reviewed in Integrated Genomics
Viewer (IGV) to assess for strand bias, read-end bias, or other indications of sequencing
artifacts. VarScan2 and GATK v.4.1.9 were used to assess CNVs and loss of heterozygosity
across all chromosomes(35)

Fluorescent in situ hybridization

Dual-color FISH detection of the chromosome 1q gain on 5-um paraffin-embedded tissue
sections (Patients 1-3) was performed using the Vysis IntelliFISH™ 121 CKS1B/1p32
CDKNZ2C Probe Kit (Abbott Laboratories). The following protocol was optimized to

allow for reliable FISH analysis on formalin-fixed tissue: The slides were deparaffinized

in CitriSolv™, dehydrated in a series of ethanol dilutions, and allowed to airdry before
incubation in 0.2N hydrochloric acid at room temperature for 20 minutes. The slides were
then rinsed in purified water and 2X saline sodium citrate (SSC) buffer and incubated in
the Vysis IntelliFISH™ Pretreatment SSC Solution (Vysis, Cat # 08N85-05) at 80°C for 40
minutes. The resulting tissues were digested in a solution of 75mg Protease 1V (Vysis, Cat
# 08N85-010) and 50mL Protease Buffer (Vysis, Cat # 31-806014) at 37°C for 25 minutes
and dehydrated in 70, 85, and 100% ethanol before airdrying. The hybridization mixture
contained 1pL of 1g21 CKS1B SpectrumOrange/1p32 CDKN2C SpectrumGreen probes
(Vysis, Cat # 08N78-020), 12uL of Hybridization Buffer (Vysis, Cat # 08N87-001), and
2uL of nuclease-free water. Automated co-denaturation of the slides was performed at 73°C
for 5 minutes. The slides were hybridized at 37°C for 3 hours on a RapidFISH™ instrument
(Boekel Scientific). After hybridization, the slides were washed and ReadyProbes™ Tissue
Autofluorescence Quenching Kit was used according to the manufacturer’s instruction
(Invitrogen, Cat # R37630) to reduce unwanted autofluorescence. 10uL of DAPI |
counterstain (1000ng/mL) (Vysis, Cat # 06J49-001) was applied to the slides along with
coverslips and the slides were stored at —20°C until imaging. FISH was performed on frozen
tissue specimens (Patients 4-5) after fixing slides in 4% formaldehyde in PBS at 0°C for
15 minutes immediately after sectioning. Pretreatment for these slides began with a 0.2N
hydrochloric acid incubation at room temperature for 20 minutes. Pretreatment remained
the same with protease digestion occurring for 18 minutes. The following denaturation

and hybridization steps remained the same. After applying coverslips, FISH signals were
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recorded on a Nikon AX R Confocal equipped with NIS-Elements™ processing software
version 5.42.03. The chromosome 1q gain was visually evaluated by counting the number of
punctate 1q signals (green) in relation to 1p signals (red) co-localized to well-defined nuclei.

Single-nuclei copy number profiling

Frozen brain tissue was dissociated, and single nuclei were isolated by fluorescence-
activated nuclei sorting(36). For Patient 3, approximately 1,000 nuclei were captured using
the Chromium Single Cell CNV kit (10x Genomics) and prepared for single nuclei DNA-
sequencing according to the manufacturer’s protocol. The final library was sequenced on
NovaSeq6000 to achieve a minimum of 750,000 read pairs per cell. Demultiplexing, read
alignment, cell calling, and copy number estimation were performed using 10x Genomics
cellranger-dna-1.1.0.

Due to discontinuation of the 10x Genomics CNV product, Patient 1 cells were processed
by an alternate method. 24 single nuclei were sorted into a plate, and nuclei lysis and

DNA amplification were performed using ResolveDNA® whole genome amplification kit
(BioSkryb Genomics). To screen the 24 nuclei and identify which had chrlq gain, targeted
sequencing of known marker alleles representing the extra 1q material was performed (see
methods and Extended Data Fig. 2a). DNA from three nuclei with the chrlq gain and

one without were prepared for whole genome sequencing using 500ng input. DNA was
fragmented using Covaris® ME220 focused-ultrasonicator with the following settings: target
peak (350 base pair); duration (30 seconds); peak power (75 watts); duty factor (20%); and
cycles per burst (1000). Sheared DNA was then purified using 0.6X SPRIselect, followed
by end-repair, dA-tailing, and adapter ligation using NEBNext Ultra 11 DNA Library Prep
kit reagents (New England Biolabs). Final libraries were pooled and sequenced on NovaSeq
6000 to aim for 10X WGS coverage per sample. The Churchill pipeline was used for
alignment to human reference genome build GRCh38 and secondary analysis(34). GATK
were used for CNV calling, using an unaffected nucleus (i.e., without the chrlq gain) as a
comparator(37). The CNV plot in the unaffected nucleus was generated by comparing to a
‘panel of normals’ comprised of WGS blood samples from 30 healthy donors.

Oncoscan array

DNA samples were prepared for microarray-based whole-genome copy number evaluation
using the OncoScan™ CNV Assay kit according to the manufacturer’s protocol (Thermo
Fisher Scientific, Cat # 902695). Data were visualized and CNV plots were generated using
Chromosome Analysis Suite software (Version 4.3).

High-depth targeted sequencing of 1q variants

Targeted sequencing was performed using a custom hybridization capture panel of 211
probes (IDT xGen, Supplementary Data 6) designed to capture various regions along
chromosome 1q. The panel probes were designed to capture 120-bp regions surrounding
variants of interest representative of the mosaic, non-constitutional chrlq gain in two of the
patients; approximately 100 variants from each patient were targeted. DNA (50ng input)
from proband blood, buccal, and brain, maternal and paternal blood, and human reference
DNA samples (Coriell Institute) were prepped for sequencing using SRSLY® NanoPlus
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library kit and ForShear™ enzymatic fragmentation kit following manufacturer’s protocol
(Claret Bioscience). Hybridization capture was performed according to the manufacturer
(Integrated DNA Technologies), and final libraries were pooled in batches of six and
sequenced on Illumina MiniSeq with attempted average coverage of 1,500-fold per variant
of interest. In addition to hybridization capture targeted sequencing, amplicon-based
sequencing was performed on selected variants to obtain high-depth (>50,000x coverage)
(38). Briefly, sequence-specific primers (Supplementary Data 6) were used to amplify 200-
bp products containing chrlg mosaic, maternal variants, and the products were prepped for
next-generation sequencing using NEBNext Ultra Il DNA Library Prep kit reagents (New
England Biolabs). Final libraries were pooled and sequenced on the iSeq 100 to aim for
>50,000x coverage. The raw, deduplicated BAM files were used with SAMtools mpileup
and mpileup2cns VarScan (version 2.4.4) commands to generate read counts for the chrlq
variants of interest(35, 39).

Long-read sequencing

HiFi SMRTbell libraries were prepared from 4.0 ug of unsheared gDNA, with a mode

size of 14.1 kb, according to the PacBio HiFi Express Template Prep Kit 3.0 protocol

(PN 102-390-900 Version 01 [April 2022]). The Sage Science BluePippin system with the
0.75% Agarose Gel Cassette was used to remove molecules below 10 kb from the final
SMRTbell library. The resulting size selected SMRTbell library was assessed for DNA
concentration by Qubit 1x dsDNA HS and size by TapeStation 4200 Genomic ScreenTape.
The required final library metadata were entered into the PacBio SMRT Link Sample Setup
(version 11.1.0.156728) to calculate a per sample protocol for complexing using the Sequel
Il Binding Kit 3.2. The complexed library was sequenced across two 8M SMRT Cells

with the Sequel Il Sequencing Plate 2.0 chemistry, using adaptive loading with an on-plate
loading concentration of 55 pM. Sequence data collection involved a 2-hour pre-extension
followed by a 30-hour movie time on the Sequel lle instrument. Primary analysis included
the PacBio HiFi Mapping application within SMRT Analysis v.11.1.0.166339 for alignment
to reference build GRCh38, revealing a mean coverage of 16x sequencing depth. HiFi read
alignment was visualized in Integrative Genomics Viewer to assess reads for structural
variation.

Optical genome mapping

Brain tissue from two patients was sent to Bionano Genomics for optical genome mapping
(OGM) to resolve the structure of the chromosome 1q gain. Briefly, high molecular weight
genomic DNA was isolated from frozen tissue, prepped for OGM, and loaded onto the
Saphyr instrument. Samples were processed and visualized with Solve 3.7/Access 1.7 in
reference to the GRCh38 reference genome. Samples were filtered with the manufacturer’s
recommended settings and restricted to variants that are absent in the Bionano control
structural variant database.

Single-nuclei transcriptomics

Frozen brain tissue was dissociated by mechanical disruption using a dounce homogenizer
(36). Nuclei were washed and stained with Hoechst 33342 dye, filtered through a 30 um
mesh filter, and resuspended in PBS for analysis on a BigFoot cell sorter (ThermoFisher).
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Samples were gated on Hoechst-positive nuclei, debris was excluded using forward and side
scatter pulse area parameters (FSC-A and SSC-A), and then aggregates were excluded using
pulse width (FSC-W and SSC-W). Purified nuclei were sorted directly into 10x Genomics
reaction buffer and processed according to the manufacturer protocol for Chromium Next
GEM Single-Cell 3’-Reagent Kit v.3.1. Libraries were sequenced on an Illumina NovaSeq
6000 instrument to generate paired-end sequencing data with a minimum of 50,000 reads
per cell. Data pre-processing, including read alignment to the GRCh38 transcriptome,
filtering, barcode counting and UMI counting, were performed using 10x Genomics
CellRanger v.6.0 software following the default parameters, except for the inclusion of
intronic transcripts present in nucleic pre-mRNAs.

Downstream analysis was performed using Seurat v.4 for R(40). Only genes that

were expressed in at least three nuclei, as well as cells that expressed at least 200

unique genes and less than 5% mitochondrial transcripts were considered for further
analysis. Normalization, variance-stabilization, and integration of feature-barcode matrices
were performed using the SCTransform function in Seurat. Dimensionality reduction

was performed using principal component analysis (PCA) and the resulting principal
components were used to calculated the UMAP coordinates of each cell. The distance
matrix was then organized into a K-nearest neighbor graph (KNN) and partitioned

into clusters using the original Louvain algorithm. Nuclear doublets were detected via
DoubletFinder v2.0 and doublets were removed from the dataset, as well as clusters
containing greater than 10% doublets(41). Cell types were annotated based on expression of
known markers with reference to the Allen Brain Map Human M1 Cortex Dataset.

Single cells with chrlq gain were identified using inferCNV R package (inferCNV of

the Trinity CTAT Project(13) - https://github.com/broadinstitute/inferCNV). For Patients 1
and 3, brain tissues were available wherein the chrlq gain was not identified from exome
sequencing copy number variant calling and as such, these tissues were used as a “normal”
comparator for the affected (i.e., chrlg-gain) brain tissue when running inferCNV. For
patients without adjacent brain tissue lacking the chrlq gain, microglial cells within the
single nuclei data set were used as the “normal” comparator cells because the chrlq gain
was not identified in Patients 1 or 3 in this specific cell type. The chrlq status for each cell
(i.e., gain or no gain) and the corresponding single cell barcodes were obtained from the
run.final.infercnv_obj@expr.data by summing expression values from all chrlqg genes and
identifying the outliers (Q3 + 1.5[interquartile range; IQR]). The resultant chrlq gain status
was added to the Seurat object’s metadata slot by joining based on cell barcode.

Differential expression analysis was performed for mosaic vs. wild-type cells using
MAST(42). Gene ontology term enrichment was determined for differentially expressed
genes with a fold-change magnitude of greater than 1.3 using ClusterProfiler(43).

Fluorescence-activated nuclei sorting

Nuclei were isolated from fresh frozen tissue samples using the Chromium Nuclei Isolation
Kit (10X Genomics #1000493). Astrocytic nuclei were enriched using a PAX6 antibody
(Novus Biologicals #NBP2-34705APC) at 1:200 followed by incubation for 1 hour at

4°C with agitation. All nuclei were then stained with DAPI (ThermoFisher Scientific
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#EN62248), and all DAPI+/PAX6+ and DAPI+/PAX6- nuclei were gated and sorted using
a Bigfoot Cell Sorter running Sasquatch 1.19.3 software (ThermoFisher Scientific). DNA
was extracted from sorted nuclei using QlAamp DNA Micro Kit (Qiagen). The extracted
DNA was used for high-depth targeted sequencing (described above) of two chrlq variants
representative of the chrlq gain.

Extended Data

Primary template-directed amplification
Single-cell WGS

6 D@L ..

Patient 1, Cell A4

Extended Data Fig. 1.
(A) Whole genome sequencing of single-nuclei from Patient 1 brain tissue confirming the

presence of chromosome 1q tetrasomy. Chromosome 1 copy number data is shown for
representative nuclei with and without 1q tetrasomy (top) and the entire genome is shown
(bottom) for the cell with the 1q gain.
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Extended Data Fig. 2.

(A) Variant allele fractions for SNVs found on chromosome 1q in Patient 1 brain, blood,
buccal, and parental blood samples, demonstrating that these SNVs represent an extra
chromosome 1q allele of maternal origin. (B) Oncoscan array results for Patient 1 trio
demonstrating a chromosome 1q gain in proband brain tissue but no gain observed in blood
samples from either parent, showing the parents are karyotypically normal. (C) Variant allele
fractions for a small number of representative chromosome 1g SNVs in available tissues
from Patients 4, 5, and 6.
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(A) Number of brain-restricted mosaic variants identified from exome sequencing of
resected brain tissue versus blood samples from epilepsy Patients 1-6. (B) Somatic variants
identified from tumor-normal exome sequencing of various pediatric CNS tumors with
chromosome 1q gains. No enrichment of variants on chromosome 1q is observed.
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Q. Patient 2 — PacBio HiFi breakpoint coverage
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Extended Data Fig. 4.
(A) A breakpoint-spanning read from PacBio HiFi long-read sequencing of Patient 2 brain

DNA identifies the structure of the gain as an inverted duplication of chromosome 1q. (B)
Optical genome mapping coverage of the breakpoint.
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(A) Single-nuclei RNA-seq quality control metrics: number of reads per nucleus, number of
genes per nucleus, and percent mitochondrial reads. (B) Feature plots showing expression of

cell type markers.
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Extended Data Fig. 6.
(A) InferCNV output for Patient 3 demonstrating the chromosome 1q gain enriched in

astrocytes. (B) Percent of cells with chromosome 1q gain depicted by patient and by cell
type. (C) Astrocytes with and without the chromosome 1q gain highly express astrocytic
marker genes. (D) InferCNV output comparing Patient 3 astrocytes from affected brain
tissue to Patient 3 astrocytes from unaffected adjacent brain tissue. (E) Fluorescence
activated nuclei sorting based on PAX6-APC signal to enrich astrocytes followed by targeted
sequencing of chromosome 1q marker SNVs in Patient 3. Astrocyte enriched cell population
has increased representation of the chromosome 1q gain compared to bulk cells or PAX6-
negative cells.
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(A) A potential model of mosaic isochromosome 1q formation in the early cleavage-stage
embryo. (B) An alternate model of mosaic isochromosome 1q formation originating in an
oocyte.

Extended Data Fig. 9.
Brain MRIs from subjects with 1q duplications. Axial (A) and coronal (B) T2 images of

Patient 1 at 13 months demonstrates hazy T2 prolongation involving the right frontal and
parietal lobes (dashed circles). Axial (C) and coronal (D) T2 images of Patient 2 at 5 years
of age demonstrate a dysplastic right frontal sulcus (dashed circles). Axial (E) and coronal
(F) T2 images of Patient 3 at 9 months of age demonstrate polymicrogyria in the right
frontal lobe and insula (dashed circle). Axial T1 (G) and axial T2 (H) images of Patient 6
at 14 months demonstrates hazy T1/T2 prolongation involving the inferior left frontal lobe
(dashed circles). Axial T2 (1) and sagittal T1 (J) images of Patient 4 at 9 years of age
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demonstrate generalized decrease in size of the right hemisphere with a large frontoparietal
area of dysplastic cortex (hazy T2 prolongation and increased gyral frequency indicated by
dashed circles). Axial T2 (K) and coronal T2 (L) images of Patient 5 at 5 years of age
demonstrate subtle T2 prolongation in the left supramarginal and superior temporal gyri
(dashed circles).
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(A) Six patients included in the study met the following criteria: infantile spasms
progressing to intractable focal epilepsy, cortical dysplasia, and hyaline astrocytic
inclusions. Tissue obtained from surgical resection was evaluated for mosaicism using
whole exome sequencing, fluorescent /n situ hybridization (FISH), and single-cell whole
genome sequencing. (B) Copy number analysis of exome sequencing data comparing brain
tissue to a matched blood sample from each patient. Each patient had a non-integer (i.e.,
mosaic) gain encompassing almost the entire long arm of chromosome 1 (1921-g44). (C)
Representative examples of FISH analysis of patient brain cells showing three or four copies
of chromosome 1q present in each cell. Cells with 1q gain were observed on at least 3
slides per patient. (D) Copy number profiling of single-nuclei from Patient 3 brain tissue
confirming the presence of chromosome 1q tetrasomy in approximately 30% of nuclei.
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Fig. 2. Chromosome 1q gain originatesin maternal meiosis.
(A) A high number of brain mosaic SNVs were observed on chromosome 1q in five out

of six patients. (B) Variant allele fractions for SNVs found on chromosome 1q in Patient 3
brain, blood, buccal, and parental blood samples, demonstrating that these SNVs represent
an extra chromosome 1q allele of maternal origin. (C) Illustrative depiction of representative
chromosome 1q SNVs from Patient 3 showing a maternal origin of the brain mosaicism.
(D) Position of chromosome 1g mosaic SNVs visualized on ideograms for each patient. (E)
Hypothetical model for brain mosaicism arising from a maternal meiotic | non-disjunction
event with centric mis-division in meiosis 11, followed by rescue in non-neural cell lineages.
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Fig. 3. 1g copy number gain enriched in astrocytes.
(A) Cell type clusters identified in single-nuclei RNA-sequencing data from 5 patient’s brain

samples. (B) Gene expression of representative cell type markers for each cluster. (C) Nuclei
expressing the chromosome 1q gain visualized by cluster. (D) Enrichment of chromosome
1q gain in astrocytes in all 5 patients.
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Fig. 4. 1g copy number gain has cell-type-specific effects.
(A) Volcano plot showing differentially expressed genes in astrocytes containing the

chromosome 1q gain vs. euploid astrocytes. Black points represent genes located on
chromosome 1q. (B) Enriched GO terms for 1q gain astrocytes derived from an over-
representation test performed with the enrichGO function of clusterprofiler R package with
FDR p-value adjustment. (C) Differentially expressed genes related to cell adhesion and
(D) synaptic transmission. (E) Representative H&E stains on FFPE tissues demonstrating
hyaline astrocytic inclusions identified in at least two slides per patient upon board-certified
neuropathological review.
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Table 1.
Patient Summary.
Patient Onset Initial Engel Brain regions
ID Sex Age Presentation MRI Surgery Class Neuropathology studied
. Right inferior
Focal seizures . . h
12 = 4 followed by Right hemisphere Right functional 1A chlt%?%ﬁ:lme %‘;Srtjs”grrlgrggﬁl
months |2f:2;trl]lf encephalomalacia | hemispherectomy inclusions temporal lobe
P lateral cortex
. Right frontal
. . - FCDla; Hyaline -
6 Infantile Right functional Y cortex and right
a . -
2 F months spasms Temporal FCD hemispherectomy IA astrocytic superior temporal
inclusions
gyrus
. Left frontal PMG; . FCDIc; Hyaline Frontoparietal
34 M m oﬁth S Isnf:;:lse equivocal right hlgﬁqfitsfuhnecrg(t)ggl 1A astrocytic operculum and
p frontal PMG p Y inclusions parahippocampus
Infantile Right frontal and
spasms; . . . FCDIc; Hyaline temporal opercula,
2 : FCD; Regional Right N
4b M intractable . 1A astrocytic amygdala,
months focal motor areas of PMG hemispherotomy inclusions hippocampus,
seizures insula
Infantile
Left temporal .
spasms FCD; Hyaline
b 4 lobectomy and p Left temporal and
5 M months followed by Normal parieto-occipital A astrocytic parietal lobe
onset of focal disconnection inclusions
seizures
Infantile .
. FCD lla; Hyaline
7 spasms Focal resection Lo
c :
6 F months followed by FCD (twice) 1l :alféisgl);t:; Left frontal lobe
focal seizures

aPatients previously reported by Bedrosian et al.(5)

bPatients previously reported by Fischer et al.(7)

cPatients previously reported by Lai et al.(6)
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