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The Formation of the New York Genome Center

• Founded in 2011 to provide critical infrastructure and expertise in genomic 
research

• Located at 101 6th Ave. (SoHo)

• Partnership of academic researchers and civic minded philanthropists

• Serve as the convening nexus for collaborative genomic research

• Work to establish New York City as a biotech hub 





• Fully Automated Production Sequencing 
Capacity 

– 5 NovaSeq 6000, 3 Illumina HiSeq X 
Ten, 2 Illumina HiSeq 2500 
sequencers

– 50,000 whole genomes per year 
• Long read sequencing - Oxford Nanopore 

Technologies PromethION
• Low cost sequencing options -  evaluating 

cost and quality for key applications: 
– Single cell and single nuclei 

genomics 
– Cell-free whole genome sequencing
– FFPE tumor sequencing
– Clinical WGS/WGTS and Precision 

Genomics Initiatives
• Single-cell genomics

– scWGS (DLP+)
– multimodal scRNA (CITE-Seq, etc)

• Spatial Transcriptomics

Innovation & Technology Development at NYGC



Outline

• Lancet cancer variant calling

• Polyethnic-1000 cancer project

• Absinthe insertion caller

• 1000 Genomes Project deep whole genome sequencing

• Structural Variant imputation



Lancet: somatic variant calling 
using colored de Bruijn graphs

red = tumor, green = normal, blue = shared, grey = low coverage & sequencing errors

• Joint assembly of tumor and normal data

• Reduced reference bias: in regions of genomes 
that substantially differ from the reference 
sequence. 

• Increased power to discover shared/private 
events across tumor and matched normal 
samples

• More accurate variant allele fraction estimates, 
critical to understanding sub-clonal structures.
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Example of variant 
with partial support

- Insertion is clearly present in the 
tumor, but it is partially 
supported in the normal

- Low support in normal 
(soft-clipping) + low complexity

- The colored DeBruijn graph of 
the (tumor+normal) reads 
correctly characterizes the 
mutation

- More accurate estimation of 
variant allele fraction
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Somatic mutations performance comparison

Narzisi G, et al. Genome-wide somatic variant calling using localized colored de Bruijn 
graphs. Communications Biology, volume 1, Article number: 20 (2018) 



Lancet2 - refactored code for speed
https://github.com/nygenome/Lancet2 

1. Re-factor the source code using modern 
C++17 features for modularity and 
maintainability

2. Store the graph using a fast hash table 
(Abseil’s Swiss table) to improve graph 
traversal performance

3. Efficient pull-based reactive 
multi-threading strategy for local assembly 
of windows using a lock-free concurrent 
queue

4. Developer tool kit and APIs to facilitate 
new feature development and integration 
with other bioinformatics tools.

Rajeeva Musunuri
Bioinformatics 
Data Scientist

Genome-wide computational performance on the Virtual Tumor.

WGS
Total 

Runtime 
(core hrs)

Max Memory 
Utilized (GB)

Avg CPU 
Utilization 

(%)

Lancet 
v1.1.0 2902.7 38.69 94.1

Lancet2 
alpha 728.4 5.1 99.7

Mutect2 
v4.2.6.1 954.4 12.7 11.6

Strelka2 
v2.9.10 81.4 3.2 45.8

https://github.com/nygenome/Lancet2


Somatic indel mutations performance comparison



98 bp insertion in chr14 of COLO829 cancer cell-line

Clear pattern of soft-clipped sequences in the tumor reads indicating 
the challenge to map the reads to the reference.
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Lancet colored de Bruijn graph for the same 98bp 
insertion in COLO829 (red = tumor; green = normal; 
blue = shared; white = sequencing errors).



Github repository
• Source code freely available (BSD-3-Clause) via NYGC 

github: https://github.com/nygenome/Lancet2

• 100% C/C++ code with native multi-threading 
parallelization.

• Interactive user interface similar to other 
bioinformatics utilities (e.g., samtools, bamtools, 
bedtools, etc.). 

• Compilation:
1. git clone https://github.com/nygenome/Lancet2.git
2. cd Lancet2 && mkdir build && cd build
3. cmake .. && make

• Pre-built docker images for Lancet2 are available on 
DockerHub: 
https://hub.docker.com/r/rmusunuri/lancet2

https://github.com/nygenome/Lancet2
https://hub.docker.com/r/rmusunuri/lancet2


Documentation: https://nygenome.github.io/Lancet2/



@gnarzisi gnarzisi@nygenome.org
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CANCER HEALTH DISPARITIES IN THE NEWS

NYTimes, 9/11/2020



• A decade of tumor profiling

• Somatic landscape of the most prevalent 
cancer types

• Databases and interfaces, such as 
cBioPortal

However, 70-80% of the samples come from 
patients of European ancestry!

PUBLIC DATABASES OF CANCER GENOMICS

AACR Genie v12.0-public
(137401 patients) 

TCGA

White 
(n=10,378)

Black or AA 
(n=1,336)

Asian (n=789)
”Other” (n=70)

American Indian or Alaska Native (n=37)

Native Hawaiian or Other Pacific Islander (n=29)

Unreported: 19,606
Reported: 12,639

Carrot-Zhang, Chambwe et al. 2020



● 16 participating sites
● >40 collaborators  
● 44 working group members
● 21 sites coordinators and 

pathologists 
● Partners include: IRB, legal, 

technology transfer
● Supported by our scientific leads at 

the GCCG

Polyethnic-1000 Participating Sites

P1000 Infrastructure

source https://www.nytimes.com/interactive/2015/07/08/us/census-race-map.html

Harold Varmus, MD, 
NYGC Senior Associate Core Member,
Weill Cornell Medicine Professor

Charles Sawyers, MD
Memorial Sloan Kettering Cancer Center

David Tuveson, MD
Cold Spring Harbor Laboratory



Polyethnic-1000 Phase 1

• 160 samples from 13 institutions
• “Non-white” patients
• WES+RNA (tumor-only)
• Genetic ancestry estimation

“Somatic” variants in local cBioportal
Data sharing within the consortium



Polyethnic-1000.

“Phase 2”
● 1000 samples collected in 2021-2022
● Retrospective and prospective samples
● Tumor-normal Whole-Genome Sequencing
● Tumor RNA-seq
● Research samples, consented for data 

sharing

7 Projects
● Bladder
● Breast/Prostate
● Pancreas
● Multiple Myeloma
● Lung
● Colon 
● Endometrial 



Samples received to date



WGS pipeline NYGC Somatic Pipeline v7 (Arora et al. 2019)

Code: 
https://bitbucket.nygenome.org/scm/compbio/wdl_port.git 

Additional documentation: 
https://www.nygenome.org/bioinformatics/software/nygc-cance
r-pipeline/ 

Additional analyses:
● Mutational signatures (COSMIC v3.3) with 

deconstructSig
● MicroSatellite Instability with MANTIS
● HLA Typing with Kourami
● Ancestry estimation with fastNGSAdmix
● Homologuous Recombination Deficiency with HRDetect
● Purity/ploidy estimation
● JaBba (Complex Structural Variants)
● Recurrence analysis with FishHook, GISTIC, etc
● RNA-DNA integration
● Batch effect correction
● Immune infiltration deconvolution with CIBERSORT

https://www.nature.com/articles/s41598-019-55636-3
https://bitbucket.nygenome.org/scm/compbio/wdl_port.git
https://www.nygenome.org/bioinformatics/software/nygc-cancer-pipeline/
https://www.nygenome.org/bioinformatics/software/nygc-cancer-pipeline/


Genetic ancestry estimation



Mutational signatures



RNA-seq

Alignment with STAR
Gene quantification with 
featureCounts
Differential expression with 
DESeq2
Fusion discovery with 
FusionCatcher and STAR-Fusion

Unsupervised clustering of TCGA 
expression profiles.

Clustering by tumor types.

Overlay of P1000 samples.



POLYETHNIC-1000 NEXT STEPS

● Data analysis and data sharing

● Patient and Community Outreach

● Clinical Sequencing and return of 
results to patients

● More minority populations

● Additional cancer types

Onyinye 
Balogun

Melissa 
Davis

AACR Health Disparity 
conference, Sept 2022



NYGC Project Management
• Lara Winterkorn
• Michelle Mehallow
• Cat Reeves

NYGC Ethnicity and Cancer 
Scholars

• Melissa Davis
• Onyinye Balogun

NYGC Development Office,
Sweng, ResComp, 
CompBio, Seq lab.
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ABSINTHE INSERTION CALLING

•Calling “insertions” from short reads has traditionally been difficult
•Absinthe identifies reads that don’t map or mismap and assembles them
•The resulting contigs can then be placed back on the reference

•Used to call variants from several projects including:
• TOPMed (Taliun et al., Nature, 2021)
• 1000 Genomes (Byrska-Bishop et al., Cell, 2022)
• HGSVC analysis of 1000 Genomes (Ebert et al., Science, 2021)

•Recently run in the cloud on CCDG Freeze 3
•Working on call set for Alzheimer’s Disease
•Work of André Corvelo at NYGC
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EXAMPLES OF ASSEMBLED INSERTIONS
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RESULTS FROM TOPMED

Taliun et al., Nature, 2021

From the TOPMed 53,831 analysis:
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ABSINTHE PIPELINE

Extraction

Assembly

Placement

Genotyping

CRAM

FASTQ

FASTA

BEDPE

VCF

• Not properly mapped read-pairs
• phiX removal, adapter clipping, low quality base trimming

• de novo
• ABySS v2.0.2
• k = 77

• ab initio:
• Flank maximal best hit pairs to GRCh38
• Alignment with gap excision 

• LiftOver:
• Hominid alignment and reference-based scaffolding
• Coordinate transposition to GRCh38
• Alignment with gap excision

• Merging
• Paragraph v2.4b
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PARAGRAPH GENOTYPING

Chen et al., Genome Biology, 2019
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INSERTION LENGTH DISTRIBUTION

Fully resolved insertions >= 100 
bp

• Consistent across 
individuals

• Absinthe calls are a good complement to Manta’s as they extend well into the range of 1Kb – 10Kbp
• Several fully resolved insertions are longer than 10Kbp 
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1KG - UNIFIED CALLSET ACROSS 3202 SAMPLES

Filters:
• Super population PASS-filter rate [ all >= 0.8 ]
• Super population HWE [ any > 10-6 ]
• Mendelian Consistency based on 602 trios [ >= 0.95 ]
• Output:

• 7,183 HQ genotyped insertions

Merging:
• MSA-based 
• Input:

• 3,583,674 per-sample calls
• Self-genotyped (1, 0/1, 1/1)

• 657,757 distinct
• 12,222 loci 

• Output:

• 12,704 insertions 

Genotyping:
• Paragraph (Chen et al, 2019)
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RESULTS FROM 1000 GENOMES

Insertions detected per 
sample.

Underneath are validation 
rates and fraction 
overlapping for three 
orthogonal methods.

Accuracy of breakpoints and insertion length 
by comparison to long read sequencing on 
the same samples.

Byrska-Bishop et al., Cell, 2022



● International research effort launched in 2008 to establish 
an open-access catalog of human genetic variation. 

● Culminated in 2015 with the release of the final, phase 3 
variant call set based on 2,504 unrelated samples 
collected from 26 populations across 5 continental regions 
of the world.

● Phase 3 was based primarily on low-coverage 
whole-genome sequencing (WGS), deep coverage 
whole-exome sequencing (WES), and genotyping chip data.

● Discovered 84.7 mln SNVs, 3.6 mln INDELs, and 68.8 
thousand SVs. 

● 1kGP resources utilized for foundational applications 
such as genotype imputation, expression quantitative trait 
loci (eQTL) mapping, variant pathogenicity prioritization, 
population history, and evolutionary genetics studies.

1000 Genomes Project (1kGP)

The 1000 Genomes Project Consortium. 2015. Nature; Sudmant et al. 2015. Nature

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/expression-quantitative-trait-loci
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/expression-quantitative-trait-loci
https://www.sciencedirect.com/topics/immunology-and-microbiology/pathogenicity
http://paperpile.com/b/xhTqX9/SzWNH


Highlights
● Expansion of the 1000 Genomes 

Project (1kGP) resource to include 
602 trios.

● High-coverage whole-genome 
sequencing of the expanded 1kGP 
cohort.

● Discovery of more rare SNVs as 
well as INDELs and SVs across the 
frequency spectrum.

● Generation of an improved and 
accessible reference imputation 
panel.

Expansion and upgrade of the 1kGP resource

37



SNV & INDEL DISCOVERY

1. Small variant discovery.
2. Structural variant discovery.
3. Generation of an integrated reference imputation panel.

Outline



SNV & INDEL DISCOVERY

1. Small variant discovery.
2. Structural variant discovery.
3. Generation of an integrated reference imputation panel.

Outline



Over 111 million SNVs and 14 million INDELs discovered across 3,202 1kGP samples

Cohort level Per sample (mean)
SNV INDEL SNV INDEL

Total 111,048,944 14,435,076 4,080,992 871,923
Singletons 55,047,226 3,331,937 23,197 (unrelated)

Novel 6,357,560 1,116,015

Small variant discovery: 
● 117,175,809 small variant loci, 

which represent 125,484,020 
distinct alternate alleles.

● 4,952,915 small variants per 
sample on average.

● Functional predictions: 
○ 605,896 missense,
○ 384,451 synonymous,
○ 36,520 pLoF mutations.

●  At MAF <=1%, each sample 
carries on average:

○ 11 stop-gain, 
○ 18 essential splice,
○ 14 frameshift mutations.

● FDR: 
○ 0.3% for SNVs
○ 1.15% for INDELs



Taking a closer look at the singletons in the 1kGP cohort 

Singletons: variants with allele count (AC)=1 across the 3,202 samples



The number of singletons per genome varies depending on the sample's relatedness status

Zook et al., 2019, Wagner et al., 2021.

“Private” variants (~20,000 per genome): inherited 
variants private to one family.

● Children: 100% of them are shared with parents 
(i.e. are not counted as singletons).

● Parents: 50% shared with children (i.e. 50% are 
counted as singletons).

● Unrelated: all counted as singletons.

http://paperpile.com/b/xhTqX9/lX2C


The number of singletons per genome varies depending on the sample's relatedness status

Zook et al., 2019, Wagner et al., 2021.

“Private” variants (~20,000 per genome): inherited 
variants private to one family.

● Children: 100% of them are shared with parents 
(i.e. are not counted as singletons).

● Parents: 50% shared with children (i.e. 50% are 
counted as singletons).

● Unrelated: all counted as singletons.

Accumulation of somatic de novos: 
variability across cell lines likely dependent on 
age of the cell line.

http://paperpile.com/b/xhTqX9/lX2C


~5% of singleton calls appear to be truly present in the cell lines 
but may not represent true population variants or even real DNMs in the original donors

Zook et al., 2019, Wagner et al., 2021.

FDR among singletons:

● 1.01% (GIAB v3.3.2);
● 5.93% (GIAB v4.2.1, which excludes some of 

the mosaic variants).

http://paperpile.com/b/xhTqX9/lX2C


● 1.24-fold cohort-level increase in the number of SNVs and 4.05-fold increase in the number of INDELs compared to the 
phase 3 call set across the 2,504 shared samples.

● 1.05-fold average per-sample increase in the number of SNVs and 1.47-fold increase in the number of INDELs in the 
high-coverage call set. 

● Discovered more non-coding/regulatory SNVs as well as coding & non-coding INDELs. 

Discovered more rare SNVs and more INDELs across the frequency spectrum 

FDR (%):
Variant 

type Phase 3
High 

coverage
SNV 0.60 0.10

INDEL 12.40 1.10



SNV & INDEL DISCOVERY

1. Small variant discovery.
2. Structural variant discovery.
3. Generation of an integrated reference imputation panel.

Outline



SV call set integrated from 
GATK-SV, svtools, and Absinthe:

● A total of 173,366 SV sites 
across 3,202 samples in the 
high-coverage call set.

● An average of 9,679 SVs per 
genome.

● More SVs are observed in 
African ancestry group.

SV discovery using multiple algorithms and analytic pipelines



> 2-fold greater power for SV discovery compared to phase 3

● 2.5-fold increase in SV sites at 
the cohort-level in the 
high-coverage vs. phase 3 call set 
(169,713 vs. 68,697).

● 2.8-fold average increase in SVs 
per sample (9,655 vs. 3,431).

● 5.0-fold average increase in 
genes altered by SVs in the 
high-coverage call set than phase 3 
(162 vs. 32).

● More genes are altered in AFR 
population than others.

CG: complete copy gain; IED: duplication of intragenic exons. 



How much are we still missing? Comparison to LR data 

Ebert et al. Science, 2021.

How much are we still missing? Comparison to long-read data 

Comparing 31 Illumina genomes to the same genomes done 
with PacBio:

● < 30% of PacBio discovered events are found by 
Illumina overall and by genome

● > 70% of Illumina discovered events are found by 
PacBio overall and by genome

http://paperpile.com/b/xhTqX9/kccv


SNV & INDEL DISCOVERY

1. Small variant discovery.
2. Structural variant discovery.
3. Generation of an integrated reference imputation panel.

Outline



Imputation increases discovery power of genome-wide association studies (GWAS)

Imputation = statistical inference of unobserved genotypes in sparse 
genotyping array data using a reference panel based typically on WGS



SNV & INDEL DISCOVERY

● Most existing reference panels, such as HRC or TOPMed, do not include SVs 
due to challenges with SV calling and GT-ing.

● Lack of well-established truth sets for SV genotyping and phasing accuracy 
evaluations. 

○ Haplotype-resolved LR data now available on 34 1kGP samples from 
Ebert et al. 2021.

○ Inclusion of trios allows us to use inheritance patterns to evaluate quality 
of GT-ing and phasing.

Challenges associated with inclusion of SVs in the reference panel



● 73,452,337 SNV/INDELs and 102,459 SVs (DELs, INSs, DUPs, and INVs) included in the phased panel 
(filtering criteria: PASS, missingness < 5%, HWE PASS, MER ≤ 5%, MAC ≥ 2). 

● STEP 1: Phasing of SNVs/INDELs was performed using statistical phasing with pedigree-based correction 
(SHAPEIT2-duohmm) across autosomes (chrX was phased using Eagle2).

● STEP 2: SVs were phased on top of the SNV/INDEL haplotype scaffold using SHAPEIT4 v4.2.2.

2-step process of haplotype phasing

Delaneau et al. 2019, Delaneau et al. 2011; O’Connell et al. 2014; Loh et al. 2016. 

SNV/INDEL scaffold built using SHAPEIT2-duohmm

0 1 1 0 1

0 0 0 0 1

0 0 0 1 0

1 0 0 0 0

0 1 0 1 1 0 1

0 0 1 0 0 0 1

0 0 0 0 0 1 0

1 0 0 0 0 0 0

Reference imputation panel consisting of phased 
SNVs, INDELs, and SVs.

Phasing of SVs on top of the SNV/INDEL scaffold with SHAPEIT4

Hap1

Hap2
Hap3
Hap4

Hap1

Hap2
Hap3
Hap4

http://paperpile.com/b/xhTqX9/htMm
http://paperpile.com/b/xhTqX9/htMm
http://paperpile.com/b/xhTqX9/HaD0
http://paperpile.com/b/xhTqX9/es2s


Superior SNV/INDEL phasing accuracy & imputation performance 
of the high-coverage panel compared to phase 3

● Up to 10-fold higher SNV/INDEL phasing accuracy in 
the high-coverage vs. phase 3 panel (autosomal 
SER=0.07% vs. 0.76%).

● Average autosomal SER in the high coverage panel:
○ Children: 0.09%
○ Parents: 0.22%
○ Unrelated: 0.79%

● Parental and unrelated samples showed 2.2-fold and 
1.3-fold average improvement, respectively, relative to 
phase 3.

Phasing accuracy evaluation:



Superior SNV/INDEL phasing accuracy & imputation performance 
of the high-coverage panel compared to phase 3

● SNV imputation performance was comparable 
across the panels. 

● Imputation of INDELs with the high-coverage 
panel displayed superior accuracy across all five 
super-population ancestry groups across the 
entire AF spectrum.

Phasing accuracy evaluation:

Imputation accuracy evaluation:

● Up to 10-fold higher SNV/INDEL phasing accuracy in 
the high-coverage vs. phase 3 panel (autosomal 
SER=0.07% vs. 0.76%).

● Average autosomal SER in the high coverage panel:
○ Children: 0.09%
○ Parents: 0.22%
○ Unrelated: 0.79%

● Parental and unrelated samples showed 2.2-fold and 
1.3-fold average improvement, respectively, relative to 
phase 3.



SVs show high phasing accuracy and imputation accuracy comparable to small variants 
at MAF > 5% but lower at rarer MAF bins

Average flip rate: 
○ 0.89% for DELs,
○ 0.24% for INSs.

Average parental flip rate:
○ 0.99% for DELs, 
○ 0.65% for INS, 
○ 1.63% for DUPs, 
○ 1.20% for INV.

Phasing accuracy evaluation using 2 approaches: Imputation accuracy evaluation:



Conclusions

● Expanded the 1kGP cohort to include 602 trios.

● Upgraded the sequencing to high-coverage WGS.

● Discovered more rare non-coding SNVs and substantially more coding and 
non-coding INDELs and SVs across the frequency spectrum.

● Generated an improved reference imputation panel which makes variants 
discovered here accessible for association studies.

● All data publicly available without restriction at IGSR FTP, EBI-EMBL, 
dbSNP, dbVAR. 
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Generation of the 1kGP reference imputation panel 
including PanGenie SV and INDEL calls

Preliminary analysis:

● Integrated the 1kGP PanGenie strict call set (DELs, INSs, and INDELs) from Ebert et al. 2021 with the non-singleton 
high-quality SNV subset of the high-coverage 1kGP call set from Byrska-Bishop et al. 2022. 

● Performed haplotype phasing of SNVs, SVs, and INDELs using statistical phasing with pedigree-based correction 
(SHAPEIT2-duohmm) and evaluated phasing accuracy by computing parental flip rate of phased HET GTs across 602 
children samples (see table below).

Future plans: 

● Switch to a 2-step phasing approach, in which SVs and INDELs are phased on top of the previously-phased SNV 
scaffold (SHAPEIT4-scaffold), which results in a slightly better phasing accuracy and substantially lower computational 
cost (~5-10-fold faster run time).

Variant type Approach for 
phasing accuracy estimation

SHAPEIT2
duohmm

SHAPEIT4
scaffold

SNV SER (n=1; truth set: PG NA12878) 0.0008 0.0008

IN-DEL Mean parental flip rate (n=602) 0.0016 0.0010

IN-INS Mean parental flip rate (n=602) 0.0019 0.0011

DEL Mean parental flip rate (n=602) 0.0086 0.0054

INS Mean parental flip rate (n=602) 0.0069 0.0044

SHAPEIT2-duohmm SHAPEIT4-scaffold



SV Imputation in UK Biobank using the Integrated Reference Panel

● Imputed 342,334 genotyped UK Biobank samples

● SVs observe comparable HWE distributions to SNVs/INDELS
○ 0.016% SVs, 0.014% INDELs, 0.008% SNVs HWE 

p<1e-10

● Rarer SNVs are imputed more accurately than SVs and 
INDELs

○ 35% SVs,  39% INDELS,  85% SNVs with AF < 1% 
were imputed

Variant Type Minimac
 R2

Count (% of total variant type)

SNV 0.3 20,018,920  (33.4)

INDEL 0.3 501,693  (73)

SV 0.3 16,032    (70.6)
DEL: 6,375
INS: 9,657

Minimac R2 >0.3 Minimac R2 >0.8



Common (AF >5%) SVs are Accurately Imputed in the UK Biobank (UKB)
● Empirical imputation accuracy evaluations were performed on 50 UKB samples. 
● The SV truth set was generated by genotyping DELs and INSs from the HGSVC strict call set using PanGenie. 
● SVs are imputed with comparable accuracy to SNVs at AF ≥ 5%:

○ DELs (mean R2=0.75 +/- 0.12) 
○ INSs (mean R2=0.76 +/- 0.09) 
○ SNVs (mean R2=0.82+/- 0.03)



Lipid Trait GWAS identifies significant SVs

● 17 significant SVs with Bonferroni-corrected p-value <1.7e-9
● Top SV hit: chr19:19326707-INS-58 in MAU2 

○ P-value=5.5e-27, AF=64.7%, Beta=0.031 

● FINEMAP identified this SV and 2 strongly correlated SNVs as potentially causal 
with ~98% posterior probability. 

○ 99% posterior probability of ≥1 putative causal signal within 3 variant set. 
○ 96% posterior probability of SV being likely causal when conditioned on the 

2 SNV signals.
○ chr19-19326707-INS-58 remained significant (P-value=4.9e-15) when 

conditioned on the 2 SNVs.


