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Biological resources

statistical genetic mapping

Integrative computational frameworks
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Statistical Genetics + 
Bioinformatics



The general procedure of detecting disease-
casual mutations using high-throughput 

sequencing data 

Mapping
• Assemble short 

reads and map 
them onto 
reference 
genome 

Calling
• Call 

sequence 
variants in 
samples

Identifying
• Identify causal 

mutations in 
the called 
variants
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Li MX, Gui HS, Kwan SH, Bao SY, Sham PC. A comprehensive framework for prioritizing variants in exome

sequencing studies of Mendelian diseases. Nucleic Acids Research (Nucleic Acids Res. 2012 Apr 1;40(7):e53)

Exclude variants conflicting with disease 
inheritance patterns/modes

Exclude variants not altering proteins

Exclude common variants (e.g., MAF 0.001) in 
dbSNP, 1K Genome Project and other datasets

Exclude predicted non-disease variants 

Variants and/or genotypes called from
sequencing data in variants formats

Exclude variants outside identity by descent 
(IBD) regions 

Explore variants whose 
genes have physical 

protein-protein interaction 
with candidate genes 

Explore available 
literature in NCBI PubMed 

about genes/ideogram 
and interested diseases

Prioritized and annotated variants in an 
Excel or text file

Explore variants whose 
genes share the same 
biological pathways 

with candidate genes 

Genetic level

Gene level

Known disease genes
Disease names

A multilayer automated filtration and prioritization framework 
(Mendelian-diseases using exome sequencing data)

Variant level
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KGGSeq ANNOVAR (Version2) VEP

Quality control Systematic QC on genotype, variant and

subject levels

Only by depth and sequencing

quality

No

Use disease mode Recessive, dominant compound heterozygous,

de novo and runs of homozygosity.

Too simple, cannot directly take

genotypes of controls; it only works

for recessive and dominant modes

No

Variants reference databases dbSNP, 1000 Genomes Project and ESP Similar to wKGGSeq Similar to wKGGSeq

Gene annotation RefGene

GENCODE

UCSC knownGene

RefGene

GENCODE

UCSC knownGene

ENSEMBL

ENSEMBL

RefGene

Functional prediction SLR

SIFT

Polyphen2_HDIV

Polyphen2_HVAR

LRT

MutationTaster

MutationAssessor

FATHMM_score

CADD_score

GERP++_NR

GERP++_RS

PhyloP100way_vertebrate

29way_logOdds

Same as wKGGSeq SIFT

Polyphen2_HDIV

Polyphen2_HVAR

Protein-protein interaction and

pathway

Yes No No

Literature PubMed No No

Management of input data Yes No No

Disease-targeted prioritization Yes No No

Key functions of the three tools for filtration, prioritization 
and annotation

5



The summary filtration and prioritization results of three tools in 
three pedigrees

KGGSeq ANNOVAR VEP

Neonatal-onset Crohn disease
Initial variants 1196282 68992a 68992a

Retained variants when the causal mutations were kept 

finally

3 53 4232

Variant hit by PPIs, pathways or PubMed search - - -

Additional evidences to highlight the causal mutations PPI+Pathway+PubMed - -

Spinocerebellar ataxias
Initial variants 1417935 82465a 82465a

Retained variants when the causal mutations were kept 

finally
17 29 6501

Variant hit by PPIs, pathways or PubMed search 3 - -

Additional evidences to highlight the causal mutations Pathway+PPI - -

Familial spastic paraplegia
Initial variants 1017018 63207a 63207a

Retained variants when the causal mutations were kept 

finally
3 7 5109

Variant hit by PPIs, pathways or PubMed search 2 - -

Note: a: as wANNOVAR cannot effectively map variants on VCF data, KGGSeq was used to do the basic quality 

control on VCF data of affected samples.

Hum Mutat. 2015 May;36(5):496-503
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When whole genome sequencing data 
come, …

1000 subjects  

• Sequence variants: around 40 millions

• Genotypes + quality values in compressed 
format: 250GB 

KGGSeq (v0.8-) needs 100+ GB RAM and 24+ hours to do 

downstream prioritization analysis!!!

7



I. How can the huge amount of 
sequencing data by analyzed with less 

RAM and faster speed?
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Genotype bit-block encoding algorithm

Reference homozygous Heterozygous Alternative homozygous Missing
VCF genotype A/A A/G G/G ./.
Bits 00 01 10 11
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Reference homozygous Heterozygous Heterozygous Alternative homozygous Missing

VCF genotype A|A A|G G|A G|G .|.
Bits 000 001 010 011 100



Compare the size of genotypes in chromosome 
1 of 1000 Genomes Project

Coding advantages

• Flexible for phased and unphased genotypes

• Flexible for variants with multiple alternative alleles

• Facilitate fast computing

~1%
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Calculate genotypic correlation 

xi and xj are genotypes

11

𝒓𝒊,𝒋 =
൯𝒏 σ𝒙𝒊𝒙𝒋 − (σ𝒙𝒊)(σ𝒙𝒋

ቃ𝒏 σ𝒙𝒊
𝟐 − σ𝒙𝒊

𝟐 ∗ [𝒏 σ𝒙𝒋
𝟐 − σ𝒙𝒋

𝟐

(σ 𝑥𝑖) = 𝑐𝑜𝑢𝑛𝑡(𝑏𝑖1&𝑏𝑐) ∗ 2 + 𝑐𝑜𝑢𝑛𝑡(𝑏𝑖2&𝑏𝑐),

σ𝑥𝑖
2 = 𝑐𝑜𝑢𝑛𝑡 𝑏𝑖1&𝑏𝑐 ∗ 4 + 𝑐𝑜𝑢𝑛𝑡 𝑏𝑖2&𝑏𝑐 ,

(σ 𝑥𝑗) = 𝑐𝑜𝑢𝑛𝑡(𝑏𝑗1&𝑏𝑐) ∗ 2 + 𝑐𝑜𝑢𝑛𝑡(𝑏𝑗2&𝑏𝑐),

σ𝑥𝑗
2 = 𝑐𝑜𝑢𝑛𝑡(𝑏𝑗1&𝑏𝑐) ∗ 4 + 𝑐𝑜𝑢𝑛𝑡(𝑏𝑗2&𝑏𝑐), and

(σ𝑥𝑖𝑥𝑗) = 𝑐𝑜𝑢𝑛𝑡 𝑏𝑖1&𝑏𝑗1 ∗ 2 + 𝑐𝑜𝑢𝑛𝑡 𝑏𝑖3&𝑏𝑗3 ∗ 2 − 𝑐𝑜𝑢𝑛𝑡 𝑏𝑖2&𝑏𝑗2

Assume the two bit-blocks of a variant i are saved in two bit vectors, bi1 and 
bi2

Conventional methods



Time used by a bit-block based algorithm and the 
conventional algorithm for computing Pearson 

correlation of genotypes

Nucleic Acids Res. 2017 Jan 23. pii: gkx019

Hour: Minute: 
Second
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Hour: Minute: 
Second



Sectional accessing and optimized parsing text 
algorithm

• Sectional and random access of compressed 
text lines (block-wised compressed format)
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1. Calculate initial positions in a 
compressed file to partition the file 
into approximately equal parts. 

2. Search valid start and end reading 
positions around the initial positions 
and reserve the truncate lines

3. Read and parse the compressed data 
from the valid start reading positions 
by lines.

4. Merge all reserved data across the 
parts to splice the truncated lines 
between blocks after all parts have 
been read out.



Compare the speed to PLINK/SEQ  and 
vcftools for parsing variants in VCF files

~8X

~40X

14

Testing dataset: 1KG whole genome sequencing data



NGS studies could fail …

Failed to find any candidate mutations

typical results provide 
adequate coverage of
85 to 95% of the 
targeted sequence

Gilissen et al. Nature. 2014 
Jul 17;511(7509):344-7. 15



II. How can the data be analyzed more 
accurately?
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Feature Explanation

Frameshift Short insertion or deletion result in a completely different translation from the original.

Nonframeshift Short insertion or deletion result in loss of amino acids in the translated proteins.

Startloss Indels or nucleotide substitution result in the loss of start codon(ATG) (mutated into a non-start codon).

Stoploss Indels or nucleotide substitution result in the loss of stop codons (TAG, TAA, TGA)

Stopgain Indels or nucleotide substitution result in the new stop codons (TAG, TAA, TGA), which may truncate the protein.

Missense Variants result in a codon coding for a different amino acid (missense)

Splicing variant is within 2-bp of a splicing junction (use --splicing x to change this, the unit of x is base-pair)

Synonymous Nucleotide substitution does not change amino acid.

Exonic Due to loss of sequences, only map a variant into exonic region

UTR5 variant within a 5' untranslated region

UTR3 variant within a 3' untranslated region

Intronic Variants within an intron

Upstream variant overlaps 1-kb region upstream of transcription start site? (use --neargene x to change this, the unit of x is base-pair)

Downstream variant overlaps 1-kb region downtream of transcription end site (use --neargene x to change this, the unit of x is base-pair)

ncRNA variant overlaps a transcript without coding annotation in the gene definition (see Notes below for more explanation)

Intergenic variant is in intergenic region

Unknown Variants failed to map

Various gene models:
RefSeq genes: NCBI Reference Sequence 
Database, 92,006 transcripts.
Ensembl genes: 196,501 transcripts
UCSC Known genes: 82,960 transcripts.
GEnocde: 196,520 transcripts

17

Gene feature annotation-A seemingly simple question!



A sequence gap-filled gene feature 
annotation algorithm

RefSeq
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Chromoso
me

StartPositi
onHg19

ReferenceAlterna
tiveAllele

1 69428 T/G
1 69534 T/C

1 865545 G/A
1 865664 C/T
1 871216 G/A

1 874762 C/T
1 874809 G/C

1 876592 C/T
1 878226 C/T
1 878254 C/T
1 878667 G/T
1 879180 C/T

1 879382 T/A



Number of exonic variants uniquely annotated by 
KGGSeq using gap-filled gene-feature annotation 

algorithm
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Compare non-synonymous gene feature 
annotation of three popular tools
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Multi-variants annotation

Chrom Pos Ref/Alt Feature

1 12921087 A/T
PRAMEF2:NM_023014:c.878A>T:p.N293I:(4Exons):exon
4:missense

1 12921088 C/G
PRAMEF2:NM_023014:c.879C>G:p.N293K:(4Exons):exo
n4:missense

1 12921087 AC/TG
PRAMEF2:NM_023014:c.878AC>TG:p.N293M:(4Exons):
exon4:missense

..
G
A
C
..

..
G
T
G
..

12921088
12921089

21



Pathogenic prediction at protein 
coding mutations

Another seemingly simple question!

22
22



Pathogenic prediction at protein 
coding mutations
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Chromosome StartPosition

ReferenceAlt
ernativeAllel

e GeneSymbol
Polyphen2_H

DIV_pred
Polyphen2_H

VAR_pred LRT_pred
MutationTas

ter_pred
MutationAss
essor_pred

8 133251794 A/C KCNQ3 D;D D;D D D medium

1 68669602 G/C RPE65 B B N D low

17 7517842 A/G TP53 P;P;P;P P;P;D;P N D medium

18 45817276 C/T MYO5B B;P B;B D D medium

10 127412194 C/T C10orf137 D;D;D D;D;P D D low

3 170968107 C/T ACTRT3 D D N D high



Combined prediction

Logistic regression model

𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑 =
𝑤𝑒𝑖𝑔ℎ𝑡1 ∗ 𝑡𝑜𝑜𝑙1 +𝑤𝑒𝑖𝑔ℎ𝑡2 ∗ 𝑡𝑜𝑜𝑙2 +𝑤𝑒𝑖𝑔ℎ𝑡3 ∗ 𝑡𝑜𝑜𝑙3
+⋯

 Benchmark dataset

5,340 disease-causal alleles  vs. 
4,752 rare non-disease-causal 
nsSNVs

Pr 𝐷 = 1|𝑋 = (𝑆1, 𝑆2, … 𝑆𝑛) =? ? ?

Li et al. PLOS Genetics; 2014; 9(1):e1003143
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Distinguishing pathogenic nsSNVs from other rare
nsSNVs

receiver operating characteristic (ROC) curve 

Li et al. PLOS Genetics; 2014; 9(1):e1003143
25



Pathogenic prediction by new tools
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(a) (b)

Evaluation  with 1898 non-synonymous pathogenic variants and 2180 benign in 
ClinVar

KGGSeq: PLoS Genet. 2013;9(1):e1003143
M-CAP: Nat Genet. 2016 Dec;48(12):1581-1586.
REVEL: Am J Hum Genet. 2016;99(4):877-885
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Context-dependent epigenomic weighting improves 

identification of regulatory variants and disease-

associated genes

Bench-mark datasets
• eQTLs fine mapping data from eleven studies on seven tissues/cell lines, and thirteen GTEx tissues

Key features

• 36 chromatin features to evaluate variant regulatory potential  = (hit, score, centrality) * (DNase, H2AZ, 

H3K27ac, H3K27me3, H3K36me3, H3K4me1, H3K4me2, H3K4me3, H3K79me2, H3K9ac, H3K9me3, 

H4K20me1) for matched GTEx tissues/cell lines

Models
• Logit model and model selection

Li J*, Li M*, et al. Genome Biol. 2017 Mar 16;18(1):52.
29

Pathogenic prediction at non-coding mutations
A difficult question!



Context-dependent scoring of GWAS fine-mapped 

SNPs underlies phenotypic cell type specificity

Li J*, Li M*, et al. Genome Biol. 2017 Mar 16;18(1):52.
30



Improve the statistical power for identifying genes 

associated with complex diseases

Li J*, Li M*, et al. Genome Biol. 2017 Mar 
16;18(1):52.

LDL-C （低密度脂蛋白）-associated SNPs
Rheumatoid Arthritis （关节炎）
-associated Genes



III. How can the high-throughput 
sequencing data be used for different 

types of genetic diseases?
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KGGSeq V1.0+
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Identifying cancer-driver genes  by 
somatic mutations

Challenges

• The mutation rates vary across cancers and 
difficult to model somatic mutations;

• Existing methods are underpowered to 
identify driver-genes when samples are not 
huge.

34

Nature. 2013 Jul 11;499(7457):214-218

https://www.ncbi.nlm.nih.gov/pubmed/?term=Mutational+heterogeneity+in+cancer+and+the+search+for+new+cancer-associated+genes


A method for identifying cancer-driver 
genes  by somatic mutations

Hypothesis :

• Genomic aberrations in somatic cells are 
major drivers of cancers;

• Driver-mutations conferring growth 
advantages of cancer cells and thus having 
higher mutations in cancer patients.

35
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A model of identifying rare mutations 
without using controls 

Challenges: 

• Existing methods are underpowered to detect 
rare causal mutations unless the sample is huge.

• Spurious associations due to population structure

Hypothesis :

• Mutations of causal genes are excessive in human

36



AVAILABILITY

http://grass.cgs.hku.hk/limx/kggseq
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Methodological studies on KGGSeq(A biological Knowledge-based 

mining platform for Genomic and Genetic studies using Sequence data)

Methods developed by my research team for downstream analysis
✓ A powerful statistical model detecting rare-causal mutations of complex diseases using case-only samples 

(On-going)

✓ A powerful statistical model detecting cancer-driver genes using somatic mutations (In submission)

✓ Advanced algorithms for  accurate and fast analyses of whole genome sequencing data of human diseases
[Li M et al. Nucleic Acids Res. 2017 May 19;45(9):e75]

✓ Tissue-specific functional prediction of non-coding variants[,Li J*, Li M*, et al. Genome Biol. 2017 Mar 
16;18(1):52.]

✓ A multi-layer bioinformatics framework to prioritize Mendelian disease causal mutations with exome-
sequencing data   [Li M et al. Nucleic Acids Res. 2012; 40(7):e53] 

✓ A method for accurate prediction of disease-causal mutations [Li M et al. PLoS Genet. 2013;9(1):e1003143]

✓ A inheritance-model based prediction model for disease causal genes [..., Li M. Bioinformatics. 
2016;32(20):3065-3071]

38
Keep updating for 8+ years，downloaded for 3000+ times!

KGGSeq ( One of main-
stream platforms in the
world for downstream-
analysis of high-
throughput sequencing
data )



In Summary

• Effective to use the block-bit-based algorithm to 
reduce the computing space and time in NGS 
data analysis;

• The block-based compression algorithms to 
facilitate parallel computing;

• Subtly designed annotation and prioritization 
algorithms to remove noises;

• Advanced methods to models distributions of 
rare mutations for more powerful identification 
of disease associated genes
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Application in real datasets
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Epilepsy


