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The human genome - basic stats

http://uswest.ensembl.org/Homo_sapiens/Location/Genome

● 3.096 billion base pairs (haploid)
● ~20,000 protein coding genes
● 198,002 coding transcripts 

(isoforms of a gene that each 
encode a distinct protein product)



♂
♀

ATCGGGTACCATCCAATCATTACC

Humans are diploid. 

ATCGGGAACCATCCAATCATTACC
♂
♀

Our genome is comprised of a paternal and a maternal 
"haplotype". Together, they form our "genotype"



A measly 2% of the human genome encodes proteins.

https://genome.ucsc.edu



Half of the human genome is comprised of repeats

http://www.nature.com/nrg/journal/v10/n10/pdf/nrg2640.pdf

Retrotransposons use a "copy/paste" mechanism
DNA transposons use a "cut/paste" mechanism

McClintock's 
"jumping
genes" in maize



Problem: Half of the human genome is comprised of repeats
taaccctaaccctaaccctaaccctaaccctaaccctaaccctaacccta
accctaaccctaaccctaaccctaaccctaaccctaaccctaaccctaac
cctaacccaaccctaaccctaaccctaaccctaaccctaaccctaacccc
taaccctaaccctaaccctaaccctaacctaaccctaaccctaaccctaa
cccccctaaccctaaccctaaccctaacccctaaccctaaccctaaaccc
ccctaaaccctaaccctaaccctaaccctaaccctaaccccaaccccaac
cccaaccccaaccccaaccccaaccctaacccctaaccctaaccctaacc
ctaccctaaccctaaccctaaccctaaccctaaccctaacccctaacccc
taaccctaaccctaaccctaaccctaaccctaaccctaacccctaaccct
aaccctaaccctaaccctcgcggtaccctcagccggcccgcccgcccggg
tctgacctgaggagaactgtgctccgccttcagagtaccaccgaaatctg
tgcagaggacaacgcagctccgccctcgcggtgctctccgggtctgtgct
gaggagaacgcaactccgccggcgcaggcgcagagaggcgcgccgcgccg
gcgcaggcgcagacacatgctagcgcgtcggggtggaggcgtggcgcagg
cgcagagaggcgcgccgcgccggcgcaggcgcagagacacatgctaccgc
gtccaggggtggaggcgtggcgcaggcgcagagaggcgcaccgcgccggc
gcaggcgcagagacacatgctagcgcgtccaggggtggaggcgtggcgca
ggcgcagagacgcaagcctacgggcgggggttgggggggcgtgtgttgca
ggagcaaagtcgcacggcgccgggctggggcggggggagggtggcgccgt
gcacgcgcagaaactcacgtcacggtggcgcggcgcagagacgggtagaa

( first bit of human chromosome 1 )



Alignment is central to most genomic research

FASTQ
format
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genome
Quality control

Find peaks

Quantify transcripts
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Best case scenario: an error-free sequencing technology

Computers are rather good at finding exact matches.
Think Google.

ATTCGAAACA
TTCGCGCAAT
CTGGACTCAA

ATTCGAAACA
TTCGCGCAAT
CTGGACTCAA TACCTCCAGGGGGCATCCTCCCCCCCAATTCG

AAACACAATCGTAGCCCCTGGCACTACCTATG
TGTGTCAATTCGGAGAGAGAGAGATTCACGAA
AAAAAAGTCTGGACTCAACTAGGATACACACA
TTCGGCTACAGATACCAAAAAAAAAAAAAAAA
AAATTTTCACCATTGAGGCACCACCTTCTCGT
CGCTGCGTCGCTCTGCTCGCTTCGGCTAAAAA
TTCGCGCAATACATTCGGCTACAGATACCAAA
AAAA

Aligner



Reality check. Errors happen. Frequently. 

“Fuzzy” matching is much more computationally expensive.
Think Google’s “Did you mean...”

ATTTGAAACA

ATTCGAAACA
TACCTCCAGGGGGCATCCTCCCCCCCAATTCG
AAACACAATCGTAGCCCCTGGCACTACCTATG
TGTGTCAATTCGGAGAGAGAGAGATTGGAAAC
AAAAAAGTGCTACAGATACCACTAGGATACAC
ACATTCGGCTACAGATACCAAAAAAAAAAAAA
AAAAAATTTTCACCATTGAGGCACCACCTTCT
CGTCGCTGCGTCGCTCTGCTCGCGGCTAAAAA
ATTAGAAACAACATTCGGCTACAGATACCAAA
ATTT

Aligner



Goal: find all variants in an individual's diploid genome.



Find inherited genetic variation by sequencing DNA 
from millions of cells

A G
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What if an individual is homozygous for an 
"alternate" allele?

♂
♀

ATCGGGCACCATCCAATCATTACC
ATCGGGCACCATCCAATCATTACC

♂
♀

ATCGGGTACCATCCAATCATTACCRef



Each DNA cluster is amplified from a single strand from a single 
haploid chromosome from a single cell.

A G

A G

@seq1
ACCTTCGAACGGCGGGGGGTTACAA
+
!''*((((***+))%%%++).1***
@seq2
TGGAACCGAACGGCCCCGGTTACAT
+
!''*!!!!***+))+++++).1***
@seq3
ACCTTCGAACGGCGGGGGGTTACAA
+
!''*((((***+))%%%++).1***
@seq4
TGGAACCGAACGGCCCCGGTTACAT
+
!''*!!!!***+))+++++).1***

@seq2

@seq1

@seq4

@seq3



C C

C C

What if an individual is homozygous for an 
"alternate" allele?

ATCGGGTACCATCCAATCATTACCRef
GGCACCATCCAAT

ATCGGGCACCAT
GGGCACCATCCAA

 TCGGGCACCATC
  CGGGCACCATCC
   GGGCACCATCCA

CGGGCACCATCCA



What if an individual is heterozygous for an 
"alternate" allele?

♂
♀

ATCGGGCACCATCCAATCATTACC
ATCGGGTACCATCCAATCATTACC

♂
♀

ATCGGGTACCATCCAATCATTACCRef



C T

C T

What if an individual is heterozygous for an 
"alternate" allele?

ATCGGGTACCATCCAATCATTACCRef
GGTACCATCCAAT

ATCGGGCACCAT
GGGTACCATCCAA

 TCGGGCACCATC
  CGGGCACCATCC
   GGGCACCATCCA

CGGGTACCATCCA



Variant Calling Overview

FASTQ
Align
(BWA)

BAM

Detect 
SNP/INDELs
(GATK or 
FreeBayes)

VCF



##fileformat=VCFv4.3
##fileDate=20090805
##source=variantcallerXYZ
##reference=file:///seq/references/1000GenomesPilot-NCBI36.fasta
##contig=<ID=20,length=62435964,assembly=B36,md5=379d618ff66beb2da,species="Homo sapiens",taxonomy=x>
##phasing=partial
##INFO=<ID=NS,Number=1,Type=Integer,Description="Number of Samples With Data">
##INFO=<ID=DP,Number=1,Type=Integer,Description="Total Depth">
##INFO=<ID=AF,Number=A,Type=Float,Description="Allele Frequency">
##INFO=<ID=AA,Number=1,Type=String,Description="Ancestral Allele">
##INFO=<ID=DB,Number=0,Type=Flag,Description="dbSNP membership, build 129">
##INFO=<ID=H2,Number=0,Type=Flag,Description="HapMap2 membership">
##FILTER=<ID=q10,Description="Quality below 10">
##FILTER=<ID=s50,Description="Less than 50% of samples have data">
##FORMAT=<ID=GT,Number=1,Type=String,Description="Genotype">
##FORMAT=<ID=GQ,Number=1,Type=Integer,Description="Genotype Quality">
##FORMAT=<ID=DP,Number=1,Type=Integer,Description="Read Depth">
##FORMAT=<ID=HQ,Number=2,Type=Integer,Description="Haplotype Quality">
#CHROM  POS      ID         REF  ALT     QUAL  FILTER  INFO                       FORMAT       MOM             DAD             KID
20      14370    rs6054257  G    A       29    PASS    NS=3;DP=14; GT:GQ:DP:HQ  0|0:48:1:51,51  1|0:48:8:51,51  1/1:43:5:.,.
20      17330    .          T    A       3     q10     NS=3;DP=11;         GT:GQ:DP:HQ  0|0:49:3:58,50  0|1:3:5:65,3    0/0:41:3
20      1110696  rs6040355  A    G,T     67    PASS    NS=2;DP=10;         GT:GQ:DP:HQ  1|2:21:6:23,27  2|1:2:0:18,2    2/2:35:4
20      1234567  microsat1  GTC  G,GTCT  50    PASS    NS=3;DP=9;         GT:GQ:DP     0/1:35:4        0/2:17:2        1/1:40:3

Raw VCF files are naked. Interpretation requires annotation.

A/A A/G

A/G



##fileformat=VCFv4.3
##fileDate=20090805
##source=variantcallerXYZ
##reference=file:///seq/references/1000GenomesPilot-NCBI36.fasta
##contig=<ID=20,length=62435964,assembly=B36,md5=379d618ff66beb2da,species="Homo sapiens",taxonomy=x>
##phasing=partial
##INFO=<ID=NS,Number=1,Type=Integer,Description="Number of Samples With Data">
##INFO=<ID=DP,Number=1,Type=Integer,Description="Total Depth">
##INFO=<ID=AF,Number=A,Type=Float,Description="Allele Frequency">
##INFO=<ID=AA,Number=1,Type=String,Description="Ancestral Allele">
##INFO=<ID=DB,Number=0,Type=Flag,Description="dbSNP membership, build 129">
##INFO=<ID=H2,Number=0,Type=Flag,Description="HapMap2 membership">
##FILTER=<ID=q10,Description="Quality below 10">
##FILTER=<ID=s50,Description="Less than 50% of samples have data">
##FORMAT=<ID=GT,Number=1,Type=String,Description="Genotype">
##FORMAT=<ID=GQ,Number=1,Type=Integer,Description="Genotype Quality">
##FORMAT=<ID=DP,Number=1,Type=Integer,Description="Read Depth">
##FORMAT=<ID=HQ,Number=2,Type=Integer,Description="Haplotype Quality">
#CHROM  POS      ID         REF  ALT     QUAL  FILTER  INFO                       FORMAT       MOM             DAD             KID
20      14370    rs6054257  G    A       29    PASS    NS=3;DP=14;GENE=ABC GT:GQ:DP:HQ  0|0:48:1:51,51  1|0:48:8:51,51  1/1:43:5:.,.
20      17330    .          T    A       3     q10     NS=3;DP=11;GENE=DDD        GT:GQ:DP:HQ  0|0:49:3:58,50  0|1:3:5:65,3    0/0:41:3
20      1110696  rs6040355  A    G,T     67    PASS    NS=2;DP=10;GENE=TTN        GT:GQ:DP:HQ  1|2:21:6:23,27  2|1:2:0:18,2    2/2:35:4
20      1234567  microsat1  GTC  G,GTCT  50    PASS    NS=3;DP=9;GENE=XYZ         GT:GQ:DP     0/1:35:4        0/2:17:2        1/1:40:3

Raw VCF files are naked. Interpretation requires annotation.

A/A A/G

A/G



Annotation provides context for interpretation.

...CCTCATGCATGGAAA...

Genetic variation

...CCTCATGTATGGAAA...

...CCTCATGCATGGAAA...

...CCTCATGCATGGAAA...

...CCTCATGTATGGAAA...

...CCTCATGCATGGAAA...
...CCTCATGTATGGAAA...

Conservation
Repeat elements
Genome Gaps
Cytobands
Gene annotations
“Mappability”
DeCIPHER
ISGA

Chromatin marks
DNA methylation
RNA expression
TF binding



Case study: exome sequencing for rare disease

exon exonintron

Mom and dad are unaffected, kid 
(proband) is affected with rare, 
Mendelian disease phenotype 



>40% of developmental disorders caused by de novo mutation

https://www.nature.com/articles/nature21062.pdf

https://www.nature.com/articles/nature21062.pdf


Goal: find variants that disrupt gene function

Normal

Mutated

ctg cag act
ctg caa act

L Q T

L Q T

synonymous (silent)

Normal

Mutated

ctg cag act
ctg cgg act

L Q T

L R T

non-synonymous (missense)

Normal

Mutated

ctg cag act
ctg tag act

L Q T

L T

stop-gain (nonsense)

Normal

Mutated

ctg tag act
ctg cag act

L

Q

T

L T

stop-loss

Impact sometimes hard to predict.



Loss of function variants

MacArthur et al, Science. 2012 February 17; 335(6070): 823–828.

http://www.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&retmode=ref&cmd=prlinks&id=22344438


Uh oh. Needle in a haystack problem.

Many predicted loss of function 
variants observed in a typical human. 
Even as a homozygote!!!https://www.nature.com/articles/nrg.2017.52.pdf

https://www.nature.com/articles/nrg.2017.52.pdf


Apparent loss-of-function variants are enriched for error.



If a disease phenotype is rare, the causal variant should also be similarly rare



An allele underlying a rare disease should be rare in all ancestries!

Nature Reviews Genetics, 2017



gnomAD reports the allele frequency from diverse ancestries

exac.broadinstitute.org

gnomad.broadinstitute.org



Why are only 30% of rare disease cases diagnosed?



Hypothesis 1: we cannot detect the causal variant



Hypothesis 1: e.g., structural variants



Hypothesis 1: e.g., Novel Short Tandem Repeats

• 1-6bp repeat units
• AKA microsatellites

• ~3% of the human genome
• High mutation rate, 

high polymorphism



Hypothesis 1: e.g., Novel Short Tandem Repeats

Disease Gene Repeat unit InheritanceLocation Pathogenic rangeReference 

CANVAS RFC1 AAGGG AR intronic 400-2000 Cortese 2019
Baratela-Scott 
Syndrome XYLT1 CCG AR 5’ non-coding LaCroix 2019

BAFME1/FAME1 SAMD12 TTTCA AD intronic 225-458 Ishiura 2018

BAFME6/FAME6 TNRC6A TTTCA AD intronic Ishiura 2018

BAFME7/FAME7 RAPGEF2 TTTCA AD intronic Ishiura 2018

SCA37 DAB1 ATTTC AD intronic 31-75 Seixas 2017

SCA31 BEAN TGGAA AD intronic Sato 2009



Hypothesis 2: We don't know what to make of a variant (VUS)



Hypothesis 2: e.g. spice-altering predictions



Hypothesis 2: genetic "constraint" (intolerance to mutation)



Hypothesis 2: genetic constraint



Summary and things to ponder

● Modern DNA sequencing and advanced software can rapidly diagnose 33-50% of rare disease 
cases, often in just a few days

● The majority of cases are caused by loss-of-function variants in protein coding exons or splice 
sites.

● Why are 50% of cases undiagnosable with the same assay, information?
○ We are far from predicting phenotype directly from genotype.
○ We have a poor understanding of the consequence of genetic variation outside of exons
○ Often we have one interesting variant, but are missing the other (AR inheritance). How 

do we find it?
○ Some patients may in fact have multiple phenotypes. This complicates interpretation.


