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Supplemental Table 1. Comparison of validation methods and false discovery rate estimates.
All Validation Sources (as reported in study)

Variant Class Attempted Validated Failed PPV FDR
DEL 2,125 2,013 112 94.7% 5.3%
DUP 822 657 165 79.9% 20.1%
INV 244 219 25 89.8% 10.2%
INS 407 314 93 77.1% 22.9%
CTX 4 3 1 75.0% 25.0%
CPX 154 150 4 97.4% 2.6%
ALL 3,756 3,356 400 89.4% 10.6%

PCR/Sanger, Targeted Capture, and CMA (no siWGS)

Variant Class Attempted Validated Failed PPV FDR
DEL 681 618 63 90.7% 9.3%
DUP 591 461 130 78.0% 22.0%
INV 42 38 4 90.5% 9.5%
INS 41 31 10 75.6% 24.4%
CTX 4 3 1 75.0% 25.0%
CPX 95 91 4 95.8% 4.2%
ALL 1,454 1,242 212 85.4% 14.6%

siWGS Alone (no PCR/Sanger, Targeted Capture, or CMA)

Variant Class Attempted Validated Failed PPV FDR
DEL 1,522 1,461 61 96.0% 4.0%
DUP 296 235 61 79.4% 20.6%

INV 209 187 22 89.5% 10.5%
INS 372 287 85 77.2% 22.8%
CTX 0 0 0 NA NA

CPX 71 67 4 94.4% 5.6%
ALL 2,470 2,237 233 90.6% 9.4%

PPV: positive predictive value; FDR: false discovery rate
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Supplemental Table 2. Genomic element enrichments from contrasts of rare vs common SV.
Fraction of SV Disrupting Element

Rare SV Common SV Fisher's Exact Test
Fraction of Fraction of Rare:Common
Element Citation(s) Rare SV 95% ClI Common SV 95% CI N-Fold Enrichment p OR
(n=8,323) (n=2,785)
Genes Rosenbloom (2015) 0.281 +0.010 0.236 +0.016 1.193 1.30E-06 1.269
Thurman (2012)
Promoters ENCODE (2012) 0.345 +0.010 0.200 +0.015 1.720 6.12E-49 2.099
Thurman (2012)
Enhancers ENCODE (2012) 0.346 +0.010 0.210 +0.015 1.645 6.04E-43 1.985
TADs Dixon (2012) 0.023 +0.004 0.012 +0.004 1.889 3.98E-04 1.909

CI: confidence interval; OR: odds ratio
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Supplemental Table 3. LoF gene set enrichment statistics from contrasts of rare vs common SV.
Fraction of Genes Disrupted by 2 1 LoF SV

Rare SV Common SV Fisher's Exact Test
Fraction of Fraction of Genes Rare:Common
Gene Set Citation(s) f?fn:e;'a"r”; "é’\F/ 95% CI é”é ';’;;Log‘v 95% Cl N-Fold Enrichment p OR
(n=1,334) (n=318)

Intolerant to Functional

. Petrovski (2013) 0.110 +0.018 0.065 +0.030 1.695 1.34E-02  1.780
Mutation

Samocha (2014)

Intolerant to LoF Lok (2016) 0.138 +0.019 0.088 +0.032 1.567 8.91E-03  1.657
Exonic Deletion Burden o\ 4i (2012) 0.157 +0.019 0.076 +0.028 2.059 248E-05 2.256
in Clinical NDD Cases
21 Reported
Pathogenic Mutationin  Landrum (2014) 0.138 £0.016 0.077 +0.025 1.801 1.14E-04  1.928
ClinVar
Autosomal Dominant Blekhman (2008)
o e Berg (2013) 0.031 +0.008 0.015 +0.011 2.110 3.05E-02 2.146

CI: confidence interval; OR: odds ratio
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Supplemental Table 4. 20 loci with genome-wide significant SV enrichments.

Chr° Start (Mb) End (Mb) Size (kb) Cytoband SVs Unadjusted p’ B-H Adjusted q* Genes

3 1.9 2.0 100 3p26.3 6 1.41E-06 3.48E-02 -

3 4.0 43 300 3p26.1 7 9.20E-08 2.28E-03 -

4 0.1 0.2 100 4p16.3 9 2.80E-10 6.94E-06 ZNF718

4 80.8 80.9 100 4q921.21 6 1.41E-06 3.48E-02 ANTXR2

5 39.7 39.8 100 5p13.1 6 1.41E-06 3.48E-02 -

6 13.1 13.2 100 6p24.1 6 1.41E-06 3.48E-02 PHACTR1

6 95.5 95.6 100 6q16.1 7 9.20E-08 2.28E-03 -

6 162.7 162.8 100 6926 6 1.41E-06 3.48E-02 PARK2

7 111.0 111.3 300 7q931.1 8 5.35E-09 1.32E-04 IMMP2L

8 47.0 47.4 400 8q11.1 8 5.35E-09 1.32E-04 -

9 1.7 11.8 100 9p23 6 1.41E-06 3.48E-02 -

10 68.2 68.5 300 10921.3 9 2.80E-10 6.94E-06 CTNNA3

10 124.3 1244 100 10926.13 7 9.20E-08 2.28E-03 DMBT1

LSP1,

11 1.9 2.0 100 11p15.5 6 1.41E-06 3.48E-02 TNNTS3,
MRPL23

12 38.3 38.4 100 12912 6 1.41E-06 3.48E-02 -

13 82.3 82.4 100 3g31.1 6 1.41E-06 3.48E-02 -

14 231 23.2 100 14911.2 8 5.35E-09 1.32E-04 -
CYFIP1,

15 229 23.1 200 15911.2 9 2.80E-10 6.94E-06 NIPAT, NIPA2

20 14.7 14.9 200 20p12.1 7 9.20E-08 2.28E-03 MACROD2

20 41.2 41.3 100 20q12 6 1.41E-06 3.48E-02 PTPRT

°All coordinates reported from GRCh37

Tp-Values calculated from the Poisson distribution; see Methods
*Benjamini-Hochberg correction procedure
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Supplemental Table 5. 10 loci with genome-wide significant rare SV enrichments.

Chr° Start (Mb) End (Mb) Size (kb) Cytoband Rare SVs Unadjusted p* B-H Adjusted q* Genes

3 1.9 2.0 100 3p26.3 6 3.35E-07 8.28E-03 -

3 4.1 4.3 200 3p26.1 7 1.76E-08 4.36E-04 -

6 95.5 95.6 100 6q16.1 7 1.76E-08 4.36E-04

6 162.7 162.8 100 6q26 6 3.35E-07 8.28E-03 PARK2

7 111.0 111.3 300 7931.1 7 1.76E-08 4.36E-04 IMMP2L

8 47.0 474 400 8q11.1 7 1.76E-08 4.36E-04 -

9 11.7 11.8 100 9p23 6 3.35E-07 8.28E-03 -

10 68.2 68.5 300 10921.3 7 1.76E-08 4.36E-04 CTNNAS3
CYFIP1,

15 22.9 23.1 200 15q11.2 9 3.48E-11 8.61E-07 NIPA1,
NIPA2

20 41.2 41.3 100 20q12 6 3.35E-07 8.28E-03 PTPRT

°All coordinates reported from GRCh37
Tp-Values calculated from the Poisson distribution; see Methods

*Benjamini-Hochberg correction procedure
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Supplemental Table 6. Literature review of previous reports of germline chromoanagenesis.

Total 1 1
Chromoanagenesis n:_‘mhrmh»ﬂﬂﬂm_m on_“v””ﬂw_ﬂnm_m Chromoanasynthesis Chromoplexy
Rearrangements
First Author Year Journal Affected Healthy Affected Healthy Affected Healthy Affected Healthy Affected Healthy Notes
Kloosterman 2011 Hum Mol Genet 1 0 1 0 0 0 0 0 0 0
Lid? 2011 Cell 4 0 0 0 0 0 4 0 0 0 Report 17 cases & w.:muwoﬁa cxSVs, 4 of <<.zo_,_
meet proposed criteria for chromoanagenesis
OZm:mN 2012 Nat Genet 4 0 4 0 0 0 0 0 0 0 Report 10 o.mmmm of cxSVs, 4 of which 169
proposed criteria for chromoanagenesis
Kloosterman? 2012 Cell Rep 7 0 3 0 4 0 0 0 0 0 Report 10 ommo.w of cx8Vs, 7 of which Bmmn
proposed criteria for chromoanagenesis
Nazaryan 2013  Eur J Hum Genet 1 0 1 0 0 0 0 0 0 0
Plaisancie 2014  Eur J Med Genet 1 0 0 0 0 0 1 0 0 0
Zanardo 2014 Mol Genet Genom 1 0 0 0 0 0 1 0 0 0
Children of all three healthy controls manifested
dePagter 2015 Am J Hum Genet 0 3 0 3 0 0 0 0 0 0 severe phenotypes due to de novo o
rearrangements (CNVs) arising at chromothripsis
breakpoints from parents
Macera 2015 Prenat Diagn 1 0 0 0 0 0 0 0 1 0
Weckselblatt? 2015 Genome Res 3 0 1 0 1 0 0 0 1 0
Bertelson 2016 Genet in Med 0 1 0 1 0 0 0 0 0 0
Masset® 2016 Hum Mutat 3 0 0 0 0 0 3 0 0 0
Report 38 rearrangements that meet proposed
criteria for chromoanagenesis, 27/38 of which were
Redin? 2016 Nat Genet 27 0 13 0 10 0 0 0 4 0 not reported by other studies in this table.
Previously reported cases were not included in
counts here.
Present Study 2 0 1 0 0 0 1 0 0 0 Case UTR22 also included in Redin, 2016
TOTAL HUMAN GERMLINE CASES 55 4 24 4 15 0 10 0 6 0

1: Rearrangement balance defined as net copy loss and copy gain totalling to < 5% of all aggregate rearranged bases

2: When the authors' original classification conflicted with our proposed criteria, we considered the events as they would be classified under our definitions. Counts may therefore not match
those reported in the original publication.
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Supplemental Table 7. Comparison of three cases of extreme chromoanagenesis.

Case ID TLO10 UTR22' TLO09
Class Chromothripsis Chromothripsis Chromoanasynthesis
Chromosomes 4 4 1
Breakpoints 65 40 9
Fragments 61 36 8
CNV Segments 5 1 9
Bases Rearranged 60.6 Mb 41.5Mb 53.7 Mb
(Total)
Bases Rearranged 840.7 kb 361.2 kb 19.5 Mb
(Unbalanced)
% Unbalanced 1.4% 0.9% 36.3%
Genes Truncated (LoF) 29 13 12
Genes Duplicated (CG) 0 0 567

Origin

De novo in germline

De novo in germline

Likely mosaic?

1: Recently reported in Redin et al., Nat. Genet., 2016
2: See Additional File 2: Supplemental Figure 7
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Supplemental Figure 1. Example of a ¢xSV with unknown impact on gene function. A 127.9 kb
complex paired-deletion inversion (“delINVdel”) alters multiple loci and may lead to a complex fusion
product, SLCOICI-SLCO1B3, including the net loss of five exons and inversion of three exons. SLCOICI
has been previously described in ASD due to a de novo truncating coding mutation in an ASD-affected
subject [1], and one component of this cxSV, a flanking deletion, was previously identified by WES [2].
liWGS sequencing depth visualization was generated with CNView [3].
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Supplemental Figure 2. Trends among cxSV subclasses. (A) Left: cxSV involving duplication (blue)
were significantly larger than cxSV involving deletion (red) (p=4.54x10; one-tailed Welch’s t-test (WTT)).
Right: duplicated segments involved in all cxSV (blue) were significantly larger than deleted segments
involved in all cxSV (red) (p=7.99x107; one-tailed WTT). (B) cxSV were larger on average than all
canonical SV collectively as well as each individual canonical SV subclass except for inversions. All
comparisons were performed on untransformed SV sizes (note: log, sizes plotted here) and were evaluated
with one-tailed WTTs. (C) cxSV involving duplication (blue) were significantly rarer in this cohort than
either cxSV involving deletion (red; p:3.49x10'4) or all canonical SV (white; p:8.96x10'4). (D) Among
complex CNV-flanked inversions, which comprised the majority of all cxSV, there was no significant bias
for CNVs to arise at either the ‘head’ (i.e. 5°:5” junction) or ‘tail’ (i.e. 3’:3” junction) inversion breakpoints.
This observation was consistent when considering flanking deletions alone, flanking duplications alone, or
all flanking CN'Vs collectively.
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Supplemental Figure 3. Characteristics of canonical and complex inversion variation. (A) Totals of
canonical (orange) and complex (teal) inversion variants observed per subject and comparison to results
from the 1,000 Genomes Project, which reported 37 inversion alleles per genome across 2,504 individuals
[4]. iWGS analyses in these ASD probands identified a median of 76 canonical & 11 complex inversions
per genome with validation rates of 89.8% (canonical inversions) and 96.9% (complex inversions). (B)
Complex inversions (center & right) were significantly larger than canonical inversions (left), both in bases
rearranged (center) and bases inverted (right). Rare variants (yellow) were larger than common variants
(green) for both canonical and complex inversions. (C) Inversion breakpoints were enriched in long
(=300bp) repetitive sequences per RepeatMasker for GRCh37, and especially segmental duplications (Seg.
Dup.), as compared to the null distribution of one million matched simulations (boxplots).
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Supplemental Figure 4. IrWGS resolved and phased an 83.7kb delINVdel in a subject with ASD. (A)
Coverage tracks (green) and sequenced fragments (white) for iWGS (top), siWGS (middle), and rtWGS
(bottom) all provided evidence for an inversion flanked by two deletions. All three WGS approaches also
had anomalous read-pair support for 5°/5” (white) and 3°/3” (teal) inversion junctions. (B) A r'WGS “read-
cloud” barcode heatmap, which illustrates the count of shared 10X barcodes between pairs of coordinates
on the X and Y axes, also clearly showed evidence for linked molecules passing over both deletions (red
boxes) and into the inversion (orange box). Breakpoint coordinates are delineated with dashed black lines;
coverage is again provided in green as per panel (A). This heatmap was generated with the 10X Loupe

software (https://www.10xgenomics.com/software/) [5].
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Supplemental Figure 5. IrWGS resolved and phased a 97.6kb dupTRIPdup-INV in a subject with
ASD. (A) Changes in copy state estimated by liWGS (top) and IrWGS (bottom) depth of coverage
confirmed the predicted segment of triplication, labeled “A” (teal), and segment of duplication, labeled “B”
(blue), involved in this complex unbalanced inversion, labeled “C” (orange). Solid horizontal lines
represent the mean copy state across the marked interval and shaded backgrounds correspond to 95%
confidence intervals. (B) A IrWGS “read-cloud” barcode heatmap showed evidence for both the duplicated
and triplicated segments (coverage tracks, green) and inversion breakpoints (marked with arrows). This
heatmap was generated with the 10X Loupe software (https://www.10xgenomics.com/software/) [5].
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Supplemental Figure 6. Genome-wide significant accumulation of rare SV at 10 loci. We assessed
the distribution of all SVs across the genome to screen for any loci enriched in SV beyond expectation
(Additional File 2: Supplemental Results 3). (A) Genome-wide distribution of all SVs per 100 kb bin.
Significance was assessed from a Poisson distribution after Benjamini-Hochberg correction (a<0.05).
Twenty loci were significant by this approach. (B) Genome-wide distribution of rare (VF<1%) SV per
100 kb bin. Significance was assessed with the same method as for all SV when unrestricted on VF. Ten
loci were significant by this approach, five of which overlapped genes and are highlighted in this figure.
(C) Rare SV hotspot at 6q26 (PARK2; p=3.35x10"; ¢=8.28x107). (D) Rare SV hotspot at 7q31.1
(IMMP2L; p=1.76x10"; q=4.36x10™). (E) Rare SV hotspot at 10q21.3 (CTNNA3; p=1.76x10"%;
q=8.61x10"). (F) Rare SV hotspot at 15q11.2 (CYFIP1, NIPAI, NIPA2; p=3.48x10'”; q=4.36x10'4). (G)
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Supplemental Figure 7. Proposed mutational timeline of chromoanasynthesis in TL009. iWGS
analysis suggested that the complex rearrangement observed on chromosome 19 in subject TLO09 may
not have arisen in a single mutational event. A potential model by which the rearrangement could have
occurred is provided here. Colored segments demark rearrangements newly arising in each stage. (A)
Normal chromosome 19 in maternal germline. (B) An initial 5.1 Mb dupINVdup (segments 6-8) arose
either de novo in the maternal germline or early in embryonic development, resulting in observed copy
states of nearly three copies from liWGS (2.93 + 0.08 and 2.83 + 0.09 copies for segments 6 and 8§,
respectively; 95% confidence intervals). (C) A subsequent mutational event later in development may
have then occurred involving widespread reorganization of the same maternal homologue. Copy states for
segments 1, 3, 10, 12, 14, and 16 are all significantly lower than both segments 6 and 8, and were
estimated at approximately 2.57 + 0.02 copies from liWGS (95% confidence interval). These data support
the possibility of this second mutational event involving mitotic missegregation into a micronucleus and
subsequent chromoanasynthesis, as has been previously proposed as a primary mechanism for
chromoanagenesis [6-9], possibly attributable to instability in the presence of the large de novo
dupINVdup arising within 2.4 Mb of the centromere.
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Supplemental Figure 8. Computational framework for consensus classification of canonical CNV
segments. We used a tiered pipeline to integrate physical depth and paired-end (PE) clustering SV signals
from liWGS data, and to score groups of similar putative CNV calls for qualitative confidence in each call.
In brief: we considered PE clustering and physical depth calls both jointly where they overlapped as well
as independently where they did not. After refining a set of all candidate CNV intervals, we applied a k-
means copy-state genotyping algorithm to affirm or refute each interval. Finally, we screened CNVs on
overlap with a set of blacklist regions including poorly mapping sequences, N-masked reference bases, and
known multicopy loci (e.g. segmental duplications/low-copy repeats). See Methods for a full description
of this tiered integration process. Only CNVs scored as “high” or “medium” confidence were included for
genome-wide analyses, while “low” confidence CNV calls were excluded from all analyses, counts, and
statistics.

S-16



1,000bp bins

2 — —
o
8 0
wn
e
[}
o -2
()]
=
S
Z -4
e (Dup) < 0.05 (df=199)
] 3 e q(Del) < 0.05 (df=199)
—6 —] ] : - - - Median t Score
b 3 B 1 maD
2*MAD
f I H —Ht } I i
VRK1

97,281,000 97,290,250 97,299,500 97,308,750 97,318,000 97,327,250 97,336,500 97,345,750 97,355,000
chr14 Coordinate (bp)

Supplemental Figure 9. A de novo 14kb deletion of VRK1 in a subject with ASD. liWGS analysis in a
subject with ASD discovered a de novo 14kb deletion (yellow) of seven exons (green) at the vaccinia-
related kinase 1 (VRKI) locus. VRK1 had not been directly implicated in ASD by genetic evidence
previously, but is coexpressed with known ASD risk factors [10], is involved in neuronal migration and
axon maintenance [11, 12], is a chromatin remodeling factor [13], and was predicted to be the most
interconnected gene in the genome with other genes recurrently mutated in ASD [14]. The iWGS
sequencing depth visualization shown here was generated with CNView [3]. This de novo deletion was
not previously ascertained by CMA or WES analyses [15, 16], illustrating the value of WGS for SV in
ASD and other human disease phenotypes with partial genetic etiologies.
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Supplemental Figure 10. A de novo inversion of the 2q23.1 syndrome locus in a subject with ASD.
liWGS analysis in a subject with ASD discovered a de novo 675.2kb inversion of the 2q23.1/MBD5
microdeletion syndrome locus, which completely inverted the known driver gene of 2q23.1 syndrome,
MBD3, yet had no observable functional effect on MBD5 expression in proband lymphoblasts (green
barplots; exons 3-4 and 7-8 tested by RT-qPCR). Direct disruption of ACVR24 resulted in reduced
expression (pink barplots; exons 2-3 and 4-5 tested by RT-qPCR). Both MBD5 and ACVR2A are
constrained against truncating coding variation [17, 18], and both genes also lie within the 2q23.1
microdeletion syndrome critical region [19-21]. This inversion provides evidence for a possible secondary
contributing effect from ACVR24 in the NDD phenotypes associated with 2q23.1 syndrome, and further
highlights the value of WGS for SV in studies of disease genomics.
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Supplemental Results 1: Evaluation of SV discovery methods from six independent validation
methods. We attempted validation of 33.8% (3,756/11,108) of all fully resolved SVs using five
orthogonal approaches, including: (1) PCR and Sanger sequencing of breakpoints (n=114 SV tested), (2)
comparison to chromosomal microarray (CMA) data available for 99.0% (679/686) of subjects (n=1,170
SV tested) [15, 22], (3) multiplexed targeted breakpoint capture and deep resequencing in 96 subjects and
their parents (n=230 SV tested), (4) linked-read WGS (n=3 SV tested), and (5) comparison to standard
short-insert whole-genome sequencing (siWGS) data available on a subset of subjects (n=39 subjects;
n=2,470 SV tested) [23]. From these experiments, 89.4% (3,356/3,756) of all assessed SVs were
validated by at least one method (Figure 1C and Additional File 1). We also sequenced pairs of technical
replicate liWGS libraries in 22 subjects to further appraise our methods. Based on these replicate library
pairs, we found a median of 87.5% concordance between replicate libraries. We attempted to estimate a
false negative rate by evaluating 32,472 low-quality candidate SV read clusters that were filtered as
‘invalid’ by our computational SV pipeline, finding that 5.9% (1,906/32,472) of computationally
predicted ‘invalid’ read clusters successfully validated from at least one assay. Finally, we assessed the
sensitivity of iWGS to capture high-confidence CNVs from CMA [15], observing that iWGS
successfully detected 99.0% (1,642/1,659) and 98.5% (802/814) of all deletions and duplications
identified by CMA, respectively. Based on these experiments, we estimated a global false discovery rate
(FDR) of 10.6% and false negative rate (FNR) of 5.9% for our SV discovery methods. Importantly, it is
likely that the reference-based short-read mapping methods used here (iWGS, capture sequencing, and
siWGS) share similar error models, which could have underestimated FDR and FNR. Finally, the
resolution of liWGS is restricted proportional to the size of the insert, and both sensitivity and specificity
for SV detection is thus greatly reduced for rearrangements smaller than ~5 kb (Additional File 2:
Supplemental Note 1).
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Supplemental Results 2: Coding and noncoding functional annotations for all fully resolved SV.
Upon overlaying gene annotations onto the SV detected in this study [24], 27.0% (2,995/11,108) of fully
resolved SVs were predicted to likely perturb coding sequence of one or more genes, of which
approximately one third (35.3%; 1,057/2,995) were predicted to involve two or more genes. Collectively,
SVs impacted 4,067 distinct genes in this cohort, of which 73.1% (2,972/4,067) encoded proteins. From
these predictions, we estimated each subject’s genome to contain 181 genes altered by SV at the
resolution of liIWGS, of which half (50.8%; 92/181) were computationally predicted to have at least one
normal message truncated, resulting in a loss of function (LoF), and 19.3% (35/181) were subject to
whole-gene copy gain (CG) of one or more genes. The remaining predictions comprised a variety of other
perturbations, including gene retrocopy, translocated exons, and insertions into gene bodies, the
functional outcomes of which are less certain than LoF or CG.

We also considered the contribution of SV to noncoding regulatory elements of the genome. Such
noncoding regulatory sites are not as well defined as coding loci, and are further confounded by
transience and tissue-specificity [25, 26]. These analyses predicted 35.2% (3,910/11,108) of all fully
resolved SV to disrupt at least one candidate promoter or enhancer element derived from ENCODE (v3)
histone acetylation marks [27]. Despite the frequent proximity of these noncoding regulatory annotations
to genes (84.0% within £20kb of a gene body), a majority (55.4%; 2,166/3,910) of all SV with predicted
noncoding regulatory impact had no direct genic perturbation. Next, by mapping all fully resolved SVs
onto annotated boundaries between topologically associated domains (TADs) derived from cultured
human fibroblasts [28], we identified 192 SVs in this cohort predicted to disrupt one or more TAD
boundaries, indicating that a subset of SVs cause restructuring of the local 3D genome architecture, which
recent evidence suggests may have relevance to human disease [29-34].
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Supplemental Results 3: Genome-wide SV aggregation analyses. We statistically evaluated all
positions in the genome for an unexpected aggregation of SV. While most SV were distributed randomly
and mostly consistent with the null expectation for relatively rare genomic events approximating a
Poisson point process [35], we identified 20 loci enriched for SV at genome-wide significance after
correcting for multiple comparisons, 10 of which were specifically enriched for rare (VF<1%) SV in this
cohort (Additional File 2: Supplemental Figure 6 & Supplemental Tables 4-5). Several of these loci
were consistent with previously described hotspots of recurrent CNVs occurring in large introns, such as
6926 (PARK?2),7q31.1 IMMP2L), 10q21.3 (CTNNA3), 15q11.2 (CYFIPI), 20p12.1 (MACROD?2), and
20q12 (PTPRT) [36-41]. Of the ten mutational hotspots for rare SV, five (PARK2, IMMP2L, CTNNA3,
CYFIP1, PTPRT) involved genes with some evidence for roles in a broad spectrum of neurological
disorders, including autism, schizophrenia, epilepsies, ID, and ADHD [36, 38, 39, 41-43]. No loci met a
threshold of genome-wide significance for enrichment specifically of balanced and complex SVs (i.e.
excluding canonical CNVs; >4 SVs per 100 kb window), though two loci (1p35.p2 & 8q11.21) some
evidence of possible mutational hotspots specifically prone to large complex and balanced SV (3 SVs per
100kb; p:3.1x10'6; corrected g=0.08).
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Supplemental Results 4: Cryptic de novo SV that may contribute to ASD risk. Although this study was
designed to classify the mutational spectrum of SV, the extensive validation studies performed herein did
confirm several de novo SVs that had not been previously detected by chromosomal microarray (CMA)
and whole-exome sequencing (WES) analyses on these same subjects [15]. Two particular examples merit
discussion. The first is the gene VRK/, which was disrupted by a relatively small 14 kb de novo LoF exonic
deletion in one subject with ASD in this cohort (Additional File 2: Supplemental Figure 9). VRK/ is
involved in chromatin remodeling [13], shares coexpression patterns with known ASD-associated genes
[10], has been implicated in neuronal migration, development, and maintenance [11, 12], and was
remarkably predicted to be among the most highly connected genes to other genes that are recurrently
mutated in ASD [14]. Yet, as our colleagues previously noted, to date there has been “essentially no genetic
evidence for [VRK1’s] involvement in ASD” [14]. The second example is a 675 kb de novo inversion at the
2g23.1 reciprocal microdeletion/microduplication syndrome locus, which encompasses MBDSJ, the
syndrome’s proposed driver gene (Additional File 2: Supplemental Figure 10) [19-21]. This inversion
did not directly disrupt MBD35, instead truncating a proximal gene, ACVR2A, and quantitative real-time
PCR follow-up studies in available lymphoblastoid cell lines (LCLs) revealed reduced expression of
ACVR24, but not MBD5, commensurate with a heterozygous LoF mutation. Both MBD5 and ACVR2A are
constrained against LoF mutations in healthy individuals and are within in the 2q23.1 syndrome critical
region [17-21], suggesting this de novo inversion may provide an initial clue for a possible secondary
contributing locus in the 2g23.1 microdeletion syndrome, although a more concrete interpretation is
challenging due to the complex and as-of-yet unresolved pathogenicity of the 2q23.1 region. These results
emphasize the value of capturing the complete spectrum of genomic variation in studies of human disease.
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Supplemental Note 1. Definition and validation of cxSVs. In this study, we defined rearrangements as
complex if the variant allele structure involved two or more distinct rearrangement signatures (e.g. inversion
& deletion) or if the rearrangement involved at least three breakpoints detectable at the resolution of iIWGS;
this breakpoint resolution varies by coverage and by genomic locus, but is approximately 1.5kb in most
cases. However, as has been highlighted by several studies [4, 44-47], SV breakpoints frequently do not
form precise junctions on the derivative chromosomes, and instead involve micro-inversions, small non-
templated insertions, or other micro-complexity. As iWGS does not provide nucleotide-level resolution of
breakpoints, we were unable to categorically assess any additional breakpoint complexity below ~1.5kb. A
previous study sequenced the breakpoints of 38 cxSVs detected by 1iWGS, finding that 5/38 (13%)
rearrangements had complexity at one or more breakpoints below the detection thresholds of iWGS [48];
despite small sample sizes, these prior data provide a rough estimate of the potential frequency of SV
complexity not captured by liWGS in the present study. Thus, there likely is a meaningful subset of SV that
are misclassified in this present study as a consequence of the relatively limited resolution of liWGS, and
that the sixteen cxSV subclasses delineated here are almost certainly an underrepresentation of the total
complement of cxSVs existent in the human genome.
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