
Lecture 6: introduction to human genome and 
mammalian comparative genomics 



Outline 

1.  How to sequence a genome ?  
2.  Basic facts of mammalian genomes 
3.  Whole genome alignment and synteny 
4.  Genome arrangement, duplication 
5.  Ultra-conserved elements 
6.  Detecting functional elements: Phylogenetic footprinting 

and shadowing 
7.  Evolution of genes 
8.  Evolution of gene expression 



Genome Sequencing 
and Assembly 

Modified from M. Kellis 



Illumina Solexa 
platform:  
Sequencing by 
synthesis 

Nanopore: next-next generation 

1. Prepare Genomic DNA 2. Attach DNA to surface 3. Bridge Amplification 

4. Fragments become 
double stranded 

5. Denature double-
stranded DNA 

6. Complete amplification 



Genome assembly 

•  De novo assembly 
–  It is like putting words back together into a 3 billion letter 

book 

•  Use a reference genome 
–  If we already know one person’s genome sequence and now 

sequenced another person’s genome 



What to do with a genome (3 billions of A, C, G, T) ?  

•  Quality control:  
–  Sanger re-sequencing, checking error rate, polymorphisms 

•  Repetitive elements: 
–  More than 50% of the mammalian genome 

•  Gene prediction:  
–  by sequence homology, ab initio (HMM), transcript mapping 

•  Noncoding RNA:  
–  rRNA, tRNA, snoRNA, microRNA … 

•  Genome alignment:  
–  synteny, conservation, duplication… 

•  Genome evolution:  
–  Rate of substitution, % of sequence under conservation and selection … 
–  Lineage-specific gene gain and loss, adaptation 
–  Pseudogene: loss of umami taste receptor in panda 

Human intervention is necessary,  
data management and presentation (database) is a big challenge 



www.ensembl.org 

human 





Ensembl “Genes” 

• Known genes:  
• Predicted genes that have good 
experimental evidence 

• Novel genes:  
• Have sequence similarity to known 
genes, but not 100% identical 

• Pseudogenes:  
• dead genes 

• RNA genes:  
• tRNA, rRNA, microRNA, snoRNA, 
noncoding RNAs, 

• Gene transcripts 
•  multiple transcripts per gene 

• Genscan prediction:  
– ab initio prediction based on HMM 
model 







human 

chimp 



Pseudogene: genomic fossil 
an example  cytochrome c pseudogenes 

Transcript Structures 

Ψg 

Ψg 

Ψg 

Ψg 

Ψg 



Cyc gene 

A pseudogene 

Pseudogene: genomic fossil 
an example  cytochrome c pseudogenes 



Human has much fewer genes than expected  

•  Before 2000s, it was estimated that human has > 35,000 
genes.  

•  The initial annotation (2001) indicates 30,000 genes, 
which later was reduced to ~21,000 genes  after removing 
pseudogenes and others.  



Estimated gene numbers of selective species 

•  Dog (Canis familiaris): ~14,000 
•  Platypus (鸭嘴兽): ~17,000 
•  Chicken: (Gallus gallus): ~17,000 
•  Frog (Xenopus tropicalis): ~17,000 
•  Zebrafish (Danio rerio): ~17,700 
•  Sea squirt 海鞘(Ciona intestinalis): ~14,000 
•  线虫 (Caenorhabditis elegans)：20,000 genes 
•  Fruitfly (Drosophila melanogaster): 14,000 
•  草履虫 (Paramecium tetraurelia): 40,000 
•  Yeast (S. cerevisiae): 5800 



What makes human so complex if we have similar 
number of genes as a fruitfly ? 

Possible reasons: 
•  Human proteins are longer and have more domains, thus 

can interact with more proteins. 

•  Human genes undergo alternative splicing, thus one gene 
can generate multiple proteins 

•  The regulation of human genes is more complex: by 
transcription factors, microRNAs, phosphorylations etc. 
The same or slightly different form of the same protein can 
be made at different abundance, at different time, and in 
different tissues.  



The majority of the human genes undergo  
alternative splicing (AS) 



Alternative splicing: an extreme case 

Drosophila Down syndrome cell adhesion molecule (Dscam) 

Possible distinct mRNA transcripts: 12 x 48 x 33 = 19,008   

Exon cluster 4 
 (12 exons) 

Exon cluster 5 
 (48 exons) 

Exon cluster 6 
 (33 exons) 

Anastassiou et al Genome Biology 2006 



Some basic facts about mammalian genome (human) 

•  Very small portion (~5%) of the genome encode for proteins, the vast 
majority of the regions are repetitive elements, intergenic sequences, 
pseudogenes, introns and potential regulatory elements.  

•  Junk DNA may not be “junk”, a large fraction of the intergenic DNA is 
actually transcribed into RNA, but their potential function is not clear. 

•  Some of the “junk DNA” contains regulatory elements, finding them is 
difficult.  

•  Mammalian genomes are mosaic of isochores: ~300 Kb long DNA with 
homogeneous G+C%, caused by bias in mutation or recombination. 

•  Genes are more concentrated in G+C rich regions. 



Isochores in the genome 

GC-poor 

Giemsa staining bands correspond to isochores 

GC-rich 



Di-nucleotide 
frequency bias 

Genome-scale compositional comparisons in eukaryotes. Gentles AJ, Karlin S, Genome Res. 2001 Apr;11(4):540-6. 

Human genome contains 
21% C and 21% G, 
therefore the frequency of 
CpG should be  
0.21x0.21 = 4%. 

However the real CpG 
frequency is only 1% , less 
than 25% of the expected.  



Why vertebrate genomes contain few CpG ? 

•  C (cytosine) base followed immediately by a G (guanine) base 
(a CpG) is rare in vertebrate DNA. 

•  This is because the cytosines followed by G tend to be 
methylated. The methylated cytosine can undergo deamination 
and becomes U (Uracil).  



CpG islands are often present in  
the promoters of genes 

•  CpG dinucleotides are depleted in the genome, however 
large segments of CpG are found in 40% of the human 
genes. 

•  The methylation state of these CpG islands can regulate 
the expression of the genes.  

•  DNA methylation can be measured by microarrays or 
deep sequencing.  



[International Human Genome Sequencing Consortium, Nature 409, 2001] 

•  LINE retrotransposon 
–  Retro-:  going through an RNA intermediate 
–  LINE: Long Interspersed Elements 
–  The complete sequence is 6000 – 8000 bp long, contains genes for 

an RNA binding protein and an endonuclease and reverse 
transcriptase. 

•  SINE retrotransposon 
–  SINE: Short Interspersed Elements 
–  It is a “parasite’s parasite”, depends on LINE for its propagation 
–  Alu elements is the most abundant in human, 300 bp long 

•  Retrovirus 
•  DNA transposon 

Repetitive Elements in the Human Genome 



[International Human Genome Sequencing Consortium, Nature 409, 2001] 

In total, 46% of the human genome are recognizable interspersed repeats 

(Alu in human) 

Repetitive Elements in the Human Genome 



Image: Elena Khazina and Oliver Weichenrieder; Max Planck Institute for Developmental Biology 



Other RNAs such as Alu 
transcripts or mRNAs can 
be bound and integrated 
into genome as well. 



Family of Alu elements 

Batzer Nat Rev Gen 2002 

5 Mya (million yrs) 

15 Mya 

25 Mya 

35 Mya 

55 Mya 



Family of Alu elements 

Batzer Nat Rev Gen 2002 



Dating Repetitive Elements by Sequence Divergence 

75 MYR 
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A burst of 
retrotransposition 
events in early 
primates 



Some LINE elements are still active in human and 
are polymorphic among individuals and populations 

•  “In total, we assayed 25 individuals at 1139 sites” 
•  “We find that any two individual genomes differ at an 

average of 285 sites (25%) with respect to L1 insertion 
presence or absence. “ 

•  “We estimate that the rate of L1 retrotransposition in 
humans is between 1/95 and 1/270 births”  



Ewing and Kazazian Genome Res 2010 
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Yoruban 

Japanese Caucasian 



Why so many repetitive elements ? 

•  Why are repeats bad ? 
–  Repetitive elements wastes energy: replication, transcription 

etc… birds have fewer repeats because they have high 
metabolic rates  

–  Insertion of repetitive elements can be harmful. 

•  Why are they still here ?  
–  Mammalian genomes can not rid them because of small 

population size which allows accumulation of junk DNA.  
–  The generation and deletion of repetitive elements have 

reached an equilibrium 
–  Mammalian genomes can tolerate them because we 

developed mechanism to control them such as histone 
modification, and siRNA   



Richard Cordaux & Mark A. Batzer, Nat Rev Gen 2009 

Effect of repeats on genes 
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Effects of repeats on gene expression 



Using repetitive elements to infer phylogeny 



Using repetitive elements to infer phylogeny 



Human genome has thousands of pseudogenes 



Different Types of Pseudogenes 

•  Duplicated Pseudogenes: 
–  Created from tandem duplication or unequal-crossover 
–  Segment duplication is prevalent (5% of the genome) 

•  Retropseudogenes (Processed Pseudogenes) 
–  by mRNA retrotransposition (反专录） 

•  Other types: 
–  Spontaneous loss of function: e.g. Olfactory Receptors 
–  Numt (Nuclear mitochondria DNA) 



63% of the human olfactory receptor genes  
are pseudogenes 

•  Human has 900 olfactory receptor genes and 
pseudogenes, 63% has a disrupted open reading frame. 

•    
•  Other primates have similar fraction of pseudogenes, 

probably the result of decreased dependence on olfaction 
due to arising of color vision 



Evolution of olfactory receptor genes 



NUMT: Nuclear mitochondrial pseudogenes 

•  A total of > 600 insertions, 500, 000 bp, 0.016% of the 
nuclear genome 



Original Gene 

Gene Duplication 

Mutations 

 retains original intron/exon structure 

 e.g. globins, Hox cluster and Arabidopsis genome 

 sometimes can be transcribed 

Duplicated Pseudogenes 



Original Gene 

LINE-1 mediated retrotransposition,  

 Mostly dead-on-arrival (DOA) 

 Features: intronless, poly-A tail, direct repeats 

 Target-primed reverse-transcription: -TT|AAA- 

AACATA 

AAAAAA 

AAAAAA 

Retro-pseudogenes (Processed  pseudogenes) 



Per cent substitution from consensus sequences 

Most recent Most ancient 

Present time, 
Substitution = 0% 

We can calculate the age of the pseudogenes 
 by the number of substitutions 



A burst of retrotransposition 
activity in ancestral primates 

(~40 Myr) 

Per cent substitution from consensus sequences 

Human and mouse 
diverge, ~75 Myr 

Slowdown in 
retrotransposition 

We can calculate the age of the pseudogenes 
 by the number of substitutions 



Per cent substitution from consensus sequences 

Human and mouse 
diverge, ~75 Myr 

Slowdown in 
retrotransposition 

60%  40% 

We can calculate the age of the pseudogenes 
 by the number of substitutions 



Human specific pseudogenes 

•  Wang et al identified 80 pseudogenes that were 
inactivated after human split from the chimpanzees”. 

•  They used phylogenetic tree to distinguish human 
specific loss from chimp specific gene gain. 

Genes losses during human origins, Wang, Grus, Zhangm PLOS 2005 

Human specific 



Retrotransposition can generate new genes too 

•  “We estimate that at least one new retrogene per million 
years emerged on the human lineage during the past ~63 
million years of primate evolution.” 





[Waterston et al.  Nature 2002] 

About 90% of the mouse and human genomes are in syntenic blocks. 

Genome Alignment and Synteny 



[Waterston et al.  Nature 2002] 

Human-mouse rearrangement events 



Genome Duplication 

•  Segmental Duplication: 5% of the human genome (E. Eichler 
etal) 

“Recent Segmental Duplications in the Human Genome” Bailey, Science 2002 

chr7 

4	
 



•  More than 500 regions (> 200 bp) that are absolutely conserved 
(100% identity) between orthologous regions of the human, rat, 
and mouse genomes. 

•  In addition, found > 5000 shorter ultraconserved sequence 
(100-200 bp). 

•  Nearly all of these segments are also conserved in the chicken 
and dog genomes, on average of 95 and 99% identity 

Human genome contains many  
“ultra-conserved regions”  



E. T. Dermitzakis, Science 2003 

CNG-high CNG 

Coding ncRNA 

Ultra-conserved regions are more conserved than coding regions 



Using reporter assay to test the function of these 
ultraconserved regions in transgenic mice 

•  “In vivo enhancer analysis of human conserved non-coding 
sequences”, Pennacchio, et al Nature 2006 

•  Tested 167 elements, 75 (45%) functioned reproducibly as tissue-
specific enhancers at embryonic day 11.5, most involved in developing 
nervous system. 



Phylogenetic Shadowing 

•  Objective: we want to compare genomic sequences to 
find functionally important sequences such as exons or 
regulatory elements.  

•  Hypothesis: these regions should evolve slower than 
other background regions.  

•  Approach: We can align sequences and look for regions 
that have slower evolutionary rate (valleys).  



Phylogenetic Shadowing 



Evolution and divergence of gene expression 

•  How divergent are gene expression among animals ?  
–  Do the orthologous genes in human, chimpanzee and 

monkeys have similar expression breadth and expression 
level ?  

–  What about expression levels of orthologous genes from 
more distantly related species such as chicken and frog ?  

•  How divergent are gene regulatory mechanisms among 
orthologs ?  

•  How divergent are gene expression and regulatory mechanisms 
among individual humans ?  



Evolution of gene expression among primates 

“neutral model”: divergence in expression level proportional to time of divergence 



Evolution of gene expression among primates 

Major observations:  
•  “…changes in expression proportional to divergence time”, 

suggesting a neutral model  
•  “ … brain shows the least differences between the species 

whereas liver shows the most.” 
•  “transcription factors show the biggest difference” 

brain liver Myr Myr 



Evolution of gene expression among  
human / mouse / chicken / fish / frog 

•  Chan et al designed custom microarray to survey the expression 
level of 20 tissues in five vertebrate species. 

•  Strikingly, conservation of expression correlates poorly with the 
amount of conserved regulatory elements. Many genes show 
conserved human/fish expression despite having almost no 
conserved regulatory sequences.  

•  “We find that, on average, transcription factor gene expression 
is neither more nor less conserved than that of other genes.” 

Chan et al . Conservation of core gene expression in vertebrate tissues Journal of biology 2009 

It is important to control for confounding factors such as seasonal 
effects, individual variations, age, sex etc. 



Correlation between 
orthologous tissues 
from 5 animals 

Digestive tissues 

Neural tissues 



Divergence of TF binding sites in 5 vertebrates 

•  Schmidt et al collected liver samples from human, mouse, rat, 
dog and chicken, and determined the binding sites of two 
transcription factors: CEBPA and HNF4A. 

•  “binding specificity of the TFs are mostly unchanged among the 
five species” 

•  “however, most binding is species-specific, and aligned binding 
events present in all five species are rare” 



Divergence and conservation of binding by CEBPA 



“binding specificity of the TFs are mostly unchanged among the five species” 



How variable are the gene expression among 
human individuals ?  

•  Stranger et al used microarray to measure genome-wide gene 
expression of 270  individuals from Chinese, Japanese, 
Caucasian, and Africans. 

•  They used Epstein-Barr virus–transformed lymphoblastoid (淋
巴) cell line 

•  Questions:  
•  (i) how variable is human gene expression?  
•  (ii) What is the proportional contribution of cis- vs trans- 

regulatory element?  
•  (iii) What is the proportional contribution of SNPs and CNVs ?  



Observations:  
cis- regulatory variation is more dominant than trans- effects, which is 
the primary effect contributing to phenotypic variation in humans. 

SNPs and CNVs captured 83.6% and 17.7% of the total detected genetic 
variation in gene expression  



Variation in TF binding among individual humans 

•  Kasowski et al used ChIP-seq to measure binding of RNA 
polymerase II (Pol II) and a nuclear factor kappa B (NFΚB) 
among 10 individuals (using lymphoblastoid cell lines) 

•  They found 25% of the Pol II binding sites and 7.5% of the 
NFΚB binding sites are variable among individuals. 

•  They conclude variation of TF binding are responsible for 
phenotypic differences among individuals.  



Effect of polymophisms on the binding of  transcription factor NFΚB 



Summary  

•  We discussed the basic facts on human genome, 
human genes, and their evolution.  

•  Repetitive elements make up more than half of 
the human genome. Only very small fraction of 
the genome code for proteins. 

•  There are state-of-art technologies to investigate 
the divergence and variation of gene expression, 
and gene regulation.  



The END 


