
Mutations in 
individuals and 

populations 



Lecture plan

• Timeline of large scale genome projects

• The coalescent theory. Early estimates of nucleotide 

diversity in humans

• The excess of rare variants in humans. Explosive 

human population growth

• 1000 genomes: variation in an individual 

• ExAC and gnomAD: variants in populations

• Genes intolerant to LoF variation

• Structural variation in populations

• ClinVar: open database of disease variants
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Large-scale projects: timeline
2001 * Human genome

2003 * Encyclopedia of DNA Elements (ENCODE)

2004 * Resequencing studies

* Human genome... again!

2005 * HapMap: 11 populations

2006 * UK Biobank: 500,000 volunteers

2007 * Individual genomes: Craig Venter, James Watson

2009 * Genome Reference Consortium Human Build 37 

2012 * 1000 genomes: 2,504 from 26 populations

* NHLBI Exome Sequencing Project: 6,500, heart, lung and 

blood phenotypes

2013 * Genome Reference Consortium Human Build 38 

* NCBI ClinVar, ClinGen

2016 * ExAC, gnomAD: 60,706 exomes from 6 broad populations and 14 

disease cohorts; >125,000 exomes, >71,000 whole genomes

2021 * The Telomere-to-Telomere (T2T) Consortium human genome!

2022 * UK Biobank: >150,000 whole genomes
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Are PTVs actually LoFs?

Lek (2016) Nature, ExAC paper, ~60,000 individuals:

– 13.2 expected pLoF variants per gene, 62.8% of genes have >10 pLoF variants on 

the canonical transcript 

– Each individual harbors ~85 heterozygous and ~34 homozygous PTVs

Sulem (2015) Nat Genet, ~101,000 Icelanders: // founder population

– 7.7% individuals have 1 gene completely knocked out by loss-of-function variants 

with a MAF under 2% 

– 553 were predicted to have >1 gene completely knocked out

– 1,171 of the 19,135 RefSeq genes (6.1%) were completely knocked out

Saleheen (2017) Nature, ~10,000 Pakistanis // consanguineous

– 1,317 distinct genes were predicted to be inactivated b/c of homozygous pLoFs 

– 17.5% participants had at least one gene knocked out by a homozygous pLoF 

mutation, ~18% of them >1 gene knocked out 

Backman (2021) Nature 454,787 UK Biobank participants

– in >80% of genes, at least 50 individuals carried a predicted LoF variant
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Random genetic drift and mutations

The infinite-alleles model: each mutation creates a new 

allele in the population

Lecture 3 -- 22

N
e
: effective population size, ~10,000

μ: mutation rate per site per generation, ~1.2×10-8

θ = 4×104×1.2×10-8 ≈ 5×10-4

θ << 1 ⟹ H ≈ θ = 1/2000



The coalescent theory
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Aim: estimate the number of segregating sites in a sample of 

N sequences

Assumptions:

⚫ random reproduction (=genetic drift) in a population of 

constant size

⚫ random neutral mutations

Method: generating the random genealogy of the individuals 

backward in time, and then superimposing mutations forward 

in time.

A A A A T T T T A G G G C C C C

A A A A T T T T G G G G C T C C

G A A A C T T T A G G G C C C C

G A A A T T T T A G G G C C C C



The coalescent theory
Every human:

21 = 2 parents

22 = 4 grandparents

23 = 8 great-grandparents

…

Macro: Some individuals are 

common ancestors, some have 

no descendants

Micro:

5

Lupski (2011) Cell
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The coalescent theory
Every human:

21 = 2 parents

22 = 4 grandparents

23 = 8 great-grandparents

…

Macro: Some individuals are 

common ancestors, some have 

no descendants

Micro:

5

Lupski (2011) Cell

The most recent common ancestor of all members of a sexually 

reproducing population of constant actual size N is expected to appear 

after ~log
2
N generations // Rhode (2004) Nature

Exercise: estimate the time for the human MRCA

N-1

N



Lines of descent of 12 genes for 15 generations under the Wright-Fisher model of evolution, where

generation is produced from generation by sampling with replacement. ○ indicates the most recent

common ancestor; black lines are the lineages of extant genes; gray lines show extinct lineages.
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The coalescent theory

Haubold & Wiehe (2006) – Introduction to computational biology 



Lines of descent for a sample of n = 4 genes form a subgraph of the population genealogy

shown before. ○ indicates the most recent common ancestor of the sample. T
i
: time interval in

which the coalescent consists of exactly i lineages.
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The coalescent theory

Haubold & Wiehe (2006) – Introduction to computational biology 



A fusion of two lineages is called a coalescence event. The complete

topology of coalescence events is called the coalescent. In other words, a

coalescent is the lineage of sequences (a.k.a alleles, genes, loci) in a

sample traced backward in time to their {last, most recent} common

ancestor (LCA, MRCA) sequence. Coalescent theory looks back in time

and merges sequences originating from an LCA.

We can derive properties of an ensemble of coalescent trees compatible

with the data; no specific tree can be known.

Coalescent trees are the convenient and computationally efficient way to

derive important properties of sequence variation.

Genetic events, such as mutations, that differentiate the sequences, must

have occurred since their descent from the LCA. Conversely, any event

before the LCA has equally affected all members of the population and is

therefore invisible.
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The coalescent theory



Any n distinct alleles in generation G
i
have 

ancestors in G
i-1

. The probabilities that the  

ancestor of the allele 2 is distinct from the ancestor 

of 1; the 3 is distinct from 1 and 2, and so on:
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The coalescent theory

The probability that n alleles all have distinct ancestors in G
i-1

;

The probability Pc that a coalescence occurs is one minus the probability that it does not:

The probability that the first coalescence occurs after exactly t+1 generations is therefore (1-Pc)tPc. 

Coalescence times are geometrically distributed with parameter Pc. The mean of the geometric 

distribution is the reciprocal of the probability of success, giving the mean time leading from a 

coalescent with n alleles to coalescent with n-1 alleles



Under the infinite sites model the number of (unobservable) mutations is equal to

the number of observable segregating sites (variants) in the sample. For a given

coalescence time T
2

the number of segregating sites S
2

per nucleotide is 2T
2
μ, where

μ is the mutation rate per site per generation. What is T
2

then?
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The coalescent theory

Haubold & Wiehe (2006) – Introduction to computational biology 
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The coalescent theory

The number of segregating sites per nucleotide S
2
:

Haubold & Wiehe (2006) – Introduction to computational biology 
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The coalescent theory

Gillespie – Population genetics. A concise guide



The infinite-sites model: each mutation alters a new site in a 

[very long] nucleotide sequence

A A A A T T T T G G G G C C C C

A A A A T T T T G G G G C C C C

G A A A C T T T A G G G T C C C

A G A A T C T T G A G G C T C C

1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6

Sequences: n = 4

Segregating sites: S = 8

Sequence length: L = 16

Average mismatches: Π = 24/6 = 4

Nucleotide diversity: π = H = Π/L

Exercise: sample size and variant discovery
13
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Estimates of nucleotide diversity in humans

Nucleotide diversity π = Average mismatches Π / Length L

N
e
: effective population size, 

μ
s
: mutation rate per site per generation, 

S: total segregating sites in a sample of  n sequences

θ
s

= 4×104×1.2×10-8 ≈ 5×10-

4
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Estimates of nucleotide diversity in humans

Nucleotide diversity π = Average mismatches Π / Length L

N
e
: effective population size, ~10,000

μ
s
: mutation rate per site per generation, ~1.2×10-8

S: total segregating sites in a sample of  n sequences

θ
s

= 4×104×1.2×10-8 ≈ 5×10-

4
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Total 2,504 samples, 

Genome length 2.84 Gbp. 

Expected autosomal SNVs:
E(S) = θ

s 
L(1 + 1/2 +...+ 1/(2×2504)) 

=  4.8×10-4×2.84×109×9.09 = 12.4 mln

Observed:

• 64 mln with MAF <0.5%,

• 12 mln (MAF: 0.5–5%),

• 8 mln (MAF: >5%)
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Total 2,504 samples, 

Genome length 2.84 Gbp. 

Expected autosomal SNVs:
E(S) = θ

s 
L(1 + 1/2 +...+ 1/(2×2504)) 

=  4.8×10-4×2.84×109×9.09 = 12.4 mln

Observed:

• 64 mln with MAF <0.5%,

• 12 mln (MAF: 0.5–5%),

• 8 mln (MAF: >5%)
...Why (a) so many (b) rare variants?
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The excess of rare variants in humans

Coalescent-based E(S):

• constant population size

• variant neutrality

Earlier estimates: few samples ⟹ common (neutral) variants

More realistic:

• demographic models with recent human expansion

• negative selection: reduction of variation and an excess of 

rare alleles in the remaining variation
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“The number of nonsense variants

discovered in 300 samples is 40

times greater than the average

number discovered in a single

sample, whereas the number of

synonymous variants is only 10

times greater (although the

absolute number of nonsense

variants is a relatively minor

proportion of the total variation

discovered); this effect is due to

purifying selection. All classes of

variants are discovered at rates

exceeding what would be

predicted under a neutral model

of evolution in a population of

constant size, an effect of

population growth.”

Discovery of novel variants 

Kiezun (2012) Nature Genetics24





The 1000 Genomes Project Consortium (2015) Nature

Median autosomal variants per genome
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Median autosomal variants per exome

Eilbeck (2017) Nat Rev Genet

AFR, individuals of African

descent; AMR, individuals of

admixed descent from the

Americas; EAS, individuals of

East-Asian descent; EUR,

individuals of European

descent; PP Del, PolyPhen2

predicted the missense variant

to be deleterious; SAS,

individuals of South-Asian

descent; SIFT Del, SIFT

predicted the missense variant

to be deleterious.

*We measured the average

number of heterozygous (het)

and homozygous alternate (hom

alt) genotype counts among the

2,504 individuals sequenced by

The 1000 Genomes Project.

All genetic variants affecting

genes were annotated with the

Variant Effect Predictor
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60,706 exomes of unrelated adults without pediatric disease

• 7,404,909 high quality variants (1 each 8 bp)

• 99% with MAF<1%, 54% are singletons 

• 7.9% are multiallelic

• 317,381 indels

• Approaching saturation: 62.8% of all possible synonymous 

C>T at CpG (gnomAD: ~85%)

• Mutational recurrence: de novo mutations from other 

datasets ⟹ depletion of singletons

ExAC

27



ExAC

Exercise: why most variants here are common, not rare?
28



ExAC

Mutability-adjusted proportion of singletons (MAPS)
29



ExAC

Mutability-adjusted proportion of singletons (MAPS)
30

Frameshift and in-frame indels



Individual exomes:

1) Known pathogenic variants

53.7 disease-causing alleles from HGMD and ClinVar in an exome, 

of which 47.2 with AF_POPMAX>1%

This is incompatible even with recessive inheritance ⟹
misclassification, incomplete penetrance

2) High confidence PTVs

179,774 high-confidence PTVs, 121,309 (67%) are singletons

⚫ 85 heterozygous and 35 homozygous PTVs, of which 

⚫ 18 (het) and 0.19 (hom) are rare (AF< 1%), 2 singletons 

ExAC

31



ExAC

“The cumulative frequency of rare deleterious PTVs [in a gene] is

primarily determined by the balance between incoming mutations and

purifying selection rather than genetic drift. This enables the estimation of

the genome-wide distribution of selection coefficients for heterozygous

PTVs and corresponding Bayesian estimates for individual genes.”

S
het

applications:

• Discrimination between AR and AD 

modes of inheritance

• In dominant diseases, restricting to 

genes with S
het

>0.04 provides a 3x 

reduction of candidate variants

• S
het

helps predict phenotypic severity, 

age of onset, penetrance

32



ExAC

Q: do we observe all S values?
33





Populations and subpopulations in gnomAD

125,748 exomes + 15,708 genomes

Karczewski biorXiv http://dx.doi.org/10.1101/53121034



125,748 exomes + 15,708 genomes
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125,748 exomes + 15,708 genomes
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The total number of variants observed in each functional 

class for exomes (g) and genomes (h).

125,748 exomes + 15,708 genomes

Karczewski biorXiv http://dx.doi.org/10.1101/53121037



(d) The mutability-adjusted proportion of singletons (MAPS)

(f) The proportion of all possible variants

125,748 exomes + 15,708 genomes

Karczewski biorXiv http://dx.doi.org/10.1101/53121038



Variant frequency in 125,748 exomes

gnomad.broadinstitute.org

13.9 mln variants

39



Q: Explain: “~50% of all newly arising human missense variants are 

filtered by purifying selection at common allele frequencies”
40



LOEUF: intolerance to pLoF variation

«We classify human protein-coding genes along a spectrum 

representing intolerance to inactivation»

•pLoF, putative loss-of-function ≈ PTV (protein-truncating 

variants)

•LOFTEE tool: a high confidence set of 443,769 pLoF variants 

(413,097 in the canonical transcripts of 16,694 genes)

•A median of 17.3 expected pLoF variants per gene, at least one 

pLoF in 95.8% of all genes

•LOEUF: observed / expected pLoF variants, binned into 

deciles of ~1,920 genes each

•1,752 genes that are likely tolerant to biallelic inactivation.

•1,266 with no observed pLoFs (obs_lof=0, some have quite 

large exp_lof) Exercise*: retrieve genes with obs_lof=0

Karczewski biorXiv http://dx.doi.org/10.1101/53121041



gnomad.broadinstitute.org

LOEUF: intolerance to pLoF variation

42



Figure 3 | The functional spectrum of pLoF impact

LOEUF: intolerance to pLoF variation

Karczewski biorXiv http://dx.doi.org/10.1101/53121043



Karczewski biorXiv http://dx.doi.org/10.1101/531210

Disease applications of constraint. (a) The rate ratio is defined by the number

per patient of de novo variants in intellectual disability / developmental delay

(ID/DD) cases divided by the rate in controls. pLoF variants in the most

constrained decile of the genome are approximately 11-fold more likely to be

found in cases compared to controls. (c) Autism cases. pLoF variants in the most

constrained decile of the genome are approximately 4-fold more likely to be

found in cases compared to controls.

LOEUF: intolerance to pLoF variation

44



Structural variants in 14,891 genomes

Collins biorXiv http://dx.doi.org/10.1101/578674 

Structural variants (SVs): genomic rearrangements that alter 

segments of DNA ≥50 bp

•Unbalanced (copy number variants, CNVs) and balanced 

(inversions, translocations) + more exotic Svs

•Method: four orthogonal signatures, 498,257 distinct SVs 

•After filtering: 382,460 unique, completely resolved SVs from 

12,549 unrelated genomes

SVs per genome:

•1000 Genomes: 3,441 

•GTEx project: 3,658

•gnomAD-SV: 8,202

•Long-read WGS: 24,825

45



Structural variants in 14,891 genomes

Collins biorXiv http://dx.doi.org/10.1101/578674 46



Structural variants in 14,891 genomes

Collins biorXiv http://dx.doi.org/10.1101/578674 

Average genome: 8,202 SVs

•Small (median SV size=374 bp) 

• ...and rare (92% are AF<1%)

•46.4% are singletons 

•Eight genes altered by rare SVs

•Large (≥1Mb), rare autosomal 

SVs in 3.1% of genomes 

Homozygous SVs

Rare SVs
47



Structural variants in 14,891 genomes

Collins biorXiv http://dx.doi.org/10.1101/578674 

(b) At least one pLoF or CG SV was detected in 40.4% and 23.5% of all 

autosomal genes, respectively. (c) Up to 1.3% of genomes in gnomAD-SV 

harbored a very rare (AF<0.1%) pLoF SV in a medically relevant gene 

across several gene lists.48



Structural variants in 14,891 genomes

Collins biorXiv http://dx.doi.org/10.1101/578674 

(d) We found 308 rare autosomal SVs ≥ 1Mb, revealing that ~3.1% 

of genomes carry a large, rare chromosomal abnormality. 
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Structural variants in 20 genomes by Delly
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ClinVar: open database of disease mutations

Eilbeck (2017) Nat Rev Genet
51

ClinVar: an open archive of variants with

• clinical phenotypes 

• evidence 

• interpreted clinical significance. 

Submitted variants are classified by 

• type of submitter

• number of agreeing submissions

• the variant interpretation guidelines used

A key strength of this archive is the aggregation of data from

multiple clinical laboratories, providing a growing record of

support for each interpretation, in which the provenance for each

interpretation is maintained. A benefit of this aggregation process

is that disagreements about the significance of variants are

collated and reported.



ClinVar: open database of disease mutations

52



ClinVar: open database of disease mutations
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Accession: VCV000053510

Variation: NM_000492.3(CFTR):c.254G>T (p.Gly85Val)

Gene: CFTR

Condition: Cystic fibrosis

Clinical Significance (Interpretation): Pathogenic, by submitter

Review status (Assertion criteria): Criteria provided, single 

submitter

ClinVar: open database of disease mutations

Release 16/09/2019,   

498,741 unique entries
54



Change in ClinVar Variant Classification from May 2016 to September 2017.

In the study period, 7,615 ClinVar variants changed classification. Overall, most

of the re-classification in ClinVar feeds into ‘‘conflicting interpretation,’’ B/LB

and VUS, and away from P/LP.

ClinVar: open database of disease mutations

Shah (2018) Am J Hum Genet
55



Use ClinVar (OMIM) to find and save one example of 

disease-associated pathogenic mutation for each 

annotation type:

• stop-gain

• synonymous

• missense

• splice-site

• frameshift indel

Now use gnomAD to get population frequencies for these 

variants

Exercise
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dbSNP: a free archive for genetic variation

57

dbVar is NCBI's database of human genomic 

Structural Variation – large variants >50 bp including 

insertions, deletions, duplications, inversions, mobile 

elements, translocations, and complex variants





The Genome Russia Project

58

The Russian Federation is the largest and one of the most ethnically diverse

countries in the world, however no centralized reference database of genetic

variation exists to date. Such data are crucial for medical genetics and essential for

studying population history.

The Genome Russia Project aims at filling this gap by performing whole genome

sequencing and analysis of peoples of the Russian Federation. Here we report the

characterization of genome-wide variation of 264 healthy adults, including 60

newly sequenced samples. People of Russia carry known and novel genetic

variants of adaptive, clinical and functional consequence that in many cases show

allele frequency divergence from neighboring population.
Zhernakova (2019) Genomics



The Genome Russia Project

59 Zhernakova (2019) Genomics
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Ivanovo population: 242 genes, 1685 samples

61



Ivanovo population: 242 genes, 1685 samples

62



Ivanovo population: 242 genes, 1685 samples

63

Known pathogenic variants that are significantly more common in Ivanovo
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APOB and hypobetalipoproteinemia 
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APOB and hypobetalipoproteinemia 

Table 6 Variants with confirmed phenotypes. Variant: dbSNP rsID for known variants or

chr:pos_ref/alt identifier for novel PTVs. HGVS: variant description. Phenotype:

disease phenotype confirmed by evaluation of clinical data; source of clinical data is

specified in the parentheses.





1. We construct an expanded reference set of genetic variants by analyzing 6,096 exome samples

collected in two major Russian cities of Moscow and St. Petersburg.

2. An approximately tenfold increase in sample size compared to previous studies allowed us to 

identify genetically distinct clusters of individuals within an admixed population of Russia. 

3. We show that up to 18 known pathogenic variants are overrepresented in Russia compared to 

other European countries. 

4. We also identify several dozen high-impact variants that are present in healthy donors despite 

either being annotated as pathogenic in ClinVar or falling within genes associated with autosomal 

dominant disorders. 

5. The constructed database of genetic variant frequencies in Russia has been made available to 

the medical genetics community through a variant browser available at http://ruseq.ru
66



We identified several genetically

distinct clusters of the study

participants. Yellow: most likely

represents European part of

Russia; gray: represents

Caucasus; blue: unites diverse

samples from East part of Russia

(e.g., originating from Syberia,

the “Far East”, etc.). Variant

frequencies at this website are

provided for all three clusters.
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Lessons from sequencing

• PCA reveals local subpopulations, variant frequencies may vary

• RuSeq: combines genetic information between clinical laboratories

and genomic centers in Russia

• Approximately 10% of variants are novel, enriched with variants

with higher impact (PTV, missense)

• Over-represented known pathogenic variants

• Known and expected pathogenic variants detected in healthy donors

• Novel and known variants linked to phenotypes

• Discriminate healthy donors vs. patients in variant frequency

estimation!
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Summary

• Earlier estimates of nucleotide diversity do not account for human rapid

expansion and natural selection. They result in much higher and variable

diversity and excess of rare alleles

• Recent large-scale sequencing studies (1000 Genomes, ExAC, gnomAD,

UK Biobank) elucidate previously unknown patterns of human genome

variation and enable valuable insights into human population and disease

genetics

• In particular, variants with population frequency incompatible with

recessive inheritance and previously considered as pathogenic are re-

classified

• The sample accumulation enables gene-level resolution: gene

intolerance measure or selection coefficients for putative loss-of-

function (pLoF) variants

• There are few WES- and WGS-based variant prevalence studies in

Russian population
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Further reading

• Lek, M., Karczewski, K.J., Minikel, E.V., Samocha, K.E., et al. (2016). Analysis 

of protein-coding genetic variation in 60,706 humans. Nature 536, 285–291

• Cassa, C.A., Weghorn, D., Balick, D.J., Jordan, D.M., et al. (2017). Estimating 

the selective effects of heterozygous protein-truncating variants from human 

exome data. Nat. Genet. 49, 806–810

• Saleheen, D., Natarajan, P., Armean, I.M., Zhao, W., et al. (2017). Human 

knockouts and phenotypic analysis in a cohort with a high rate of consanguinity. 

Nature 544, 235–239

• Karczewski, K.J., Francioli, L.C., Tiao, G., Cummings, B.B., et al. (2019). 

Variation across 141,456 human exomes and genomes reveals the spectrum of 

loss-of-function intolerance across human protein-coding genes. BioRxiv 531210

• Collins, R.L., Brand, H., Karczewski, K.J., Zhao, X., et al. (2019). An open 

resource of structural variation for medical and population genetics. BioRxiv 

578674

• Kiezun, A., Garimella, K., Do, R., Stitziel, N.O., et al. (2012). Exome 

sequencing and the genetic basis of complex traits. Nature Genetics 44, 623–630
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• Eilbeck, K., Quinlan, A., and Yandell, M. (2017). Settling the score: variant 

prioritization and Mendelian disease. Nature Reviews Genetics 18, 599

• Rehm, H.L., Berg, J.S., and Plon, S.E. (2018). ClinGen and ClinVar – Enabling 

Genomics in Precision Medicine. Human Mutation 39, 1473–1475

• Gao, F., and Keinan, A. (2016). Explosive genetic evidence for explosive human 

population growth. Current Opinion in Genetics & Development 41, 130–139

• Shah, N., Hou, Y.-C.C., Yu, H.-C., Sainger, R., Caskey, C.T., Venter, J.C., and 

Telenti, A. (2018). Identification of Misclassified ClinVar Variants via Disease 

Population Prevalence. The American Journal of Human Genetics 102, 609–

619.

• Barbitoff, Y.A., et al. (2022). Expanding the Russian allele frequency reference 

via cross-laboratory data integration: insights from 6,096 exome samples. 

https://doi.org/10.1101/2021.11.02.21265801

• Zhernakova, D.V., Brukhin, V., Malov, S., Oleksyk, T.K., Koepfli, K.P., et al. 

(2019). Genome-wide sequence analyses of ethnic populations across Russia. 

Genomics.
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Further reading

https://doi.org/10.1101/2021.11.02.21265801
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