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Introduce Yourself!
Your preferred name,  

Place you identify with, 
Major area of study/research, 

Favorite joke (optional)! 



Course Logistics Website, ethics, assessment  
and grading procedure. 

Learning Objectives What you need to learn to  
succeed in this course.

Course Structure Major class topics and  
student group presentations.

Human Genome 
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Today’s Menu



http://thegrantlab.org/bimm194/

http://thegrantlab.org/bimm194/


http://thegrantlab.org/bimm194/

http://thegrantlab.org/bimm194/


http://thegrantlab.org/bimm194/

http://thegrantlab.org/bimm194/


Assessment & Grading:

• Letter grades (F through A+) will be assigned on 
the basis of: 
‣ Student presentations (50 points), 
‣ Homework and quiz assignments (25 points), 
‣ Contributions to class discussion (15 points), 
‣ Attendance (10 points). 

• There will be occasional opportunities for extra 
credit 

• There is no final exam or mid-term!
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At the end of this course students will be able to: 

• Describe human genome structure and how genomes differ 
between individuals. 

• Appreciate and be able to describe in general terms the recent 
rapid advances in sequencing technologies and how genomics 
can inform us about disease risks.  

• Critically evaluate and summarize primary research literature in the 
genomics area. 

• Discuss major ethical, legal and social implications of advances in 
genomic technologies. 

• Utilize terminology such as gene, genotype, phenotype, variant, 
variants of unknown significance, traits, multifactorial disease, SNP, 
genetic test, pharmacogenomics, epigenetics, microbiome, whole 
genome sequencing and exome sequencing.
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Presentations (25 min):

Based on YOUR review of primary literature on recent genomic advances of 
relevance to biomedical science and health care. Topics  can be selected from the 
provided “Readings” online or address any of the following:  

• How useful are genomic approaches to solving mystery genetic diseases? 

• How can your genome directly help guide drug treatments for treating disease? 

• Can genetic testing be used to predict intelligence or sports performance? 

• Can genetic testing and genome editing be useful for choosing healthier 
embryos and producing designer babies? 

• How will increased understating of epigenetics impact health care? 

• How does the microbiome affect health and can it be rationally altered to 
improve health? 

• Will having my genome sequenced affect my family members? 

• Who has the right to know your genetic test results?
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‣ What is a Genome?
• Genome sequencing and the Human genome project 

‣ What can we do with a Genome?
• Comparative genomics

‣ Modern Genome Sequencing
• 1st, 2nd and 3rd generation sequencing
• RNA-Sequencing and discovering variation

GENOME REVIEW



Genetics and Genomics

• Genetics is primarily the study of individual 
genes, mutations within those genes, and 
their inheritance patterns in order to 
understand specific traits. 

• Genomics expands upon classical genetics 
and considers aspects of the entire 
genome, typically using computer aided 
approaches.



What is a Genome?

The total genetic 
material of an organism 
by which individual 
traits are encoded, 
controlled, and 
ultimately passed on to 
future generations



Genomes come in many shapes

• Primarily DNA, but can be 
RNA in the case of some 
viruses 

• Some genomes are circular, 
others linear 

• Can be organized into 
discrete units (chromosomes) 
or freestanding molecules 
(plasmids)

prokaryote

eukaryote

bacteriophage

Prokaryote by Mariana Ruiz Villarreal| Bacteriophage image by Splette / CC BY-SA  | Eukaryote image by Magnus Manske/ CC BY-SA

http://commons.wikimedia.org/wiki/File:Average_prokaryote_cell-_en.svg
http://commons.wikimedia.org/wiki/File:Phage_injecting_its_genome_into_bacteria-GL.svg
http://creativecommons.org/licenses/by-sa/3.0/deed.en
http://commons.wikimedia.org/wiki/File:Chromosome-upright.png
http://creativecommons.org/licenses/by-sa/3.0/deed.en


Genomes come in many sizes

Modified from image by Estevezj / CC BY-SA

http://commons.wikimedia.org/wiki/User:Estevezj
http://creativecommons.org/licenses/by-sa/3.0/deed.en


Genome Databases
NCBI Genome:  

http://www.ncbi.nlm.nih.gov/genome 
  

http://www.ncbi.nlm.nih.gov/genome


Characteristics of Genomes

• All genomes are made up of nucleic 
acids 
– DNA and RNA: Adenine (A), Cytosine (C), 

Guanine (G)  
– DNA Only: Thymine (T) 
– RNA Only: Uracil (U)  

• Typically (but not always), DNA genomes 
are double stranded (double helix) while 
RNA genomes are single stranded 

• Genomes are described as long 
sequences of nucleic acids, for example:  
 
GGACTTCAGGCAACTGCAACTACCTTAGGA

Darryl Leja, Courtesy: National Human Genome Research Institute. 

http://www.genome.gov


Early Genome Sequencing

• Chain-termination “Sanger” 
sequencing was developed 
in 1977 by Frederick Sanger, 
colloquially referred to as 
the “Father of Genomics” 

• Sequence reads were 
typically 750-1000 base pairs 
in length with an error rate 
of ~1 / 10000 bases

http://en.wikipedia.org/wiki/Frederick_Sanger



The First Sequenced Genomes

http://en.wikipedia.org/wiki/Phi_X_174 http://phil.cdc.gov/

Bacteriophage φ-X174 
• Completed in 1977 
• 5,386 base pairs, ssDNA 
• 11 genes

Haemophilus influenzae 
• Completed in 1995
• 1,830,140 base pairs, dsDNA 
• 1740 genes



The Human Genome Project

• The Human Genome Project (HGP) was an 
international, public consortium that began in 
1990 
– Initiated by James Watson 
– Primarily led by Francis Collins 
– Eventual Cost: $2.7 Billion  

• Celera Genomics was a private corporation that 
started in 1998 
– Headed by Craig Venter  
– Eventual Cost: $300 Million 

• Both initiatives released initial drafts of the 
human genome in 2001 
– ~3.2 Billion base pairs, dsDNA 
– 22 autosomes, 2 sex chromosomes 
– ~20,000 genes

Jane Ades, Courtesy: National Human Genome Research Institute. 

http://www.genome.gov


What can we do with a Genome?

• We can compare genomes, both within and between 
species, to identify regions of variation and of 
conservation 

• We can model genomes, to find interesting patterns 
reflecting functional characteristics 

• We can mine genomes, to find mutations and 
epigenetic correlations with disease, drug sensitivity, 
treatment efficacy and other phenotypic 
characteristics 

• We can edit genomes, to add, remove, or modify 
genes and other regions for adjusting individual traits



Comparative Genomics

http://cbse.soe.ucsc.edu/research/comp_genomics/human_chimp_mouse

~6-7 million years ~60-70 million years



Conservation Suggests Function

• Functional regions of the genome tend to mutate slower 
than nonfunctional regions due to selective pressures 

• Comparing genomes can therefore indicate segments of 
high similarity that have remained conserved across 
species as candidate genes or regulatory regions

figure generated from: http://genome.ucsc.edu/



Conservation Indicates Loss

• Comparing genomes allows us to also see what we have 
lost over evolutionary time 

• A model example of this is the loss of “penile spines” in 
the human lineage due to a human-specific deletion of 
an enhancer for the androgen receptor gene (McLean et 
al, Nature, 2011)

figure generated from: http://genome.ucsc.edu/

human specific deletion

conserved in other mammals



When we look at a persons genome we often look for specific changes 
(mutations, insertions and deletions) to known genes. 

We then sort these genes into distinct piles much like sorting dirty laundry.



• Into the 1st basket go the relatively few “actionable” disease causing mutant 
genes. These are the precious few that existing treatments can potentially 
address (i.e. their are known therapies for treating their associated illness). 
E.g. BRACA1 and breast cancer. These are like precious laundry items for the 
dry-cleaners.

• The 2nd basket contains the “unactionable” gene mutations, these are the 
wish they were actionable set where medicine has little to offer. E.g. mutations 
linked to familial Alzheimer disease for which there is no treatment yet. Many 
people don’t want to know about these. 

• The 3rd basket contains the “potentially actionable" genes. E.g. gene 
variants yielding adverse reactions to drugs like abacavir or clopidogrel that 
you have never heard of but may be prescribed in 10 years time. If you do 
take these drugs you will have serious immune reactions or die in agony from 
bleeding to death respectively. These are like the items you don’t use but keep 
in the back of the closet just incase you need them some day.

• The 4th basket contain “other” mutant genes that don’t directly affect your 
health but may be significant for your siblings and kids. E.g. the cystic fibrosis 
gene where you have one good copy and one bad copy (1/23). This is like 
laundry that is someone else’s and not yours but you want to do it anyway. 

Clean up!



Modern Genome Sequencing

• Next Generation Sequencing (NGS) technologies 
have resulted in a paradigm shift from long reads 
at low coverage to short reads at high coverage 

• This provides numerous opportunities for new 
and expanded genomic applications

Reference 

Reads 







Timeline of Sequencing Capacity

Mardis, ER (2011), Nature, 470, pp. 198-203



• Sequencing by Synthesis: Uses a 
polymerase to incorporate and assess 
nucleotides to a primer sequence 
– 1 nucleotide at a time 

• Sequencing by Ligation: Uses a ligase to 
attach hybridized sequences to a primer 
sequence 
– 1 or more nucleotides at a time (e.g. dibase)

DNA Sequencing Concepts



Modern NGS Sequencing Platforms

Modified from Mardis, ER (2011), Nature, 470, pp. 198-203



Illumina – Reversible terminators

Metzker, ML (2010), Nat. Rev. Genet, 11, pp. 31-46

(other sequencing platforms summarized at end of slide set)



Illumina Sequencing - Video

https://www.youtube.com/watch?src_vid=womKfikWlxM&v=fCd6B5HRaZ8

https://www.youtube.com/watch?src_vid=womKfikWlxM&v=fCd6B5HRaZ8


NGS Sequencing Terminology

Sequence CoverageInsert Size

length

0 200 400 600

insert size

0 1 2 3 4 5 6 7 8 9 10 11 12

Base coverage by sequence

6X



Summary: “Generations” of DNA Sequencing

Schadt, EE et al (2010), Hum. Mol. Biol., 19(RI2), pp. R227-
R240



• Currently in active development 
• Hard to define what “3rd” generation means 
• Typical characteristics: 
– Long (1,000bp+) sequence reads 
– Single molecule (no amplification step) 
– Often associated with nanopore technology 
• But not necessarily!

Third Generation Sequencing



A good repository of analysis software can be found 
at http://seqanswers.com/wiki/Software/list

SeqAnswers Wiki

http://seqanswers.com/wiki/Software/list




What can we do with all 
this sequence information?





Population Scale Analysis

We can now begin to assess genetic differences on a 
very large scale, both as naturally occurring 
variation in human and non-human populations as 
well somatically within tumors

https://www.genomicsengland.co.uk/the-100000-genomes-project/

https://www.genomicsengland.co.uk/the-100000-genomes-project/


• While the sequencing of the human genome was a great milestone, 
the DNA from a single person is not representative of the millions of 
potential differences that can occur between individuals 

• These unknown genetic variants could be the cause of many 
phenotypes such as differing morphology, susceptibility to disease, 
or be completely benign. 

-William Cowper, 1785

“Variation is the spice of life”
-Kruglyak & Nickerson, 2001

“Variety’s the very spice of life”



Germline Variation

• Mutations in the germline 
are passed along to 
offspring and are present 
in the DNA over every cell  

• In animals, these 
typically occur in meiosis 
during gamete 
differentiation



Somatic Variation

• Mutations in non-germline cells 
that are not passed along to 
offspring 

• Can occur during mitosis or from 
the environment itself 

• Are an integral part in tumor 
progression and evolution

Darryl Leja, Courtesy: National Human Genome Research Institute. 

http://www.genome.gov


Mutation vs Polymorphism

• A mutation must persist to some extent within a 
population to be considered polymorphic 
– >1% frequency is often used 

• Germline mutations that are not polymorphic are 
considered rare variants

“From the standpoint of the neutral theory, the rare variant 
alleles are simply those alleles whose frequencies within a 
species happen to be in a low-frequency range (0,q), whereas 
polymorphic alleles are those whose frequencies happen to be 
in the higher-frequency range (q, 1-q), where I arbitrarily 
take q = 0.01. Both represent a phase of molecular 
evolution.” 
       
     -Motoo Kimura

Kimura M (1983) Mol. Biol. Evol., 1(1), pp. 84-93  



Types of Genomic Variation

• Single Nucleotide Polymorphisms 
(SNPs) – mutations of one nucleotide 
to another 

• Insertion/Deletion Polymorphisms 
(INDELs) – small mutations removing 
or adding one or more nucleotides at 
a particular locus  

• Structural Variation                 (SVs) 
– medium to large sized 
rearrangements of chromosomal DNA

AATCTGAGGCAT 
AATCTCAGGCAT

AATCTGAAGGCAT 
AATCT--AGGCAT

Darryl Leja, Courtesy: National Human Genome Research Institute. 

http://www.genome.gov


Differences Between Individuals

The average number of genetic differences in the 
germline between two random humans can be broken 
down as follows: 
• 3,600,000 single nucleotide differences 
• 344,000 small insertion and deletions 
• 1,000 larger deletion and duplications

1000 Genomes Project, Nature, 2012

Numbers change depending on ancestry!



Discovering Variation: SNPs and INDELs

• Small variants require the use of sequence data to 
initially be discovered 

• Most approaches align sequences to a reference 
genome to identify differing positions  

• The amount of DNA sequenced is proportional to the 
number of times a region is covered by a sequence 
read 
– More sequence coverage equates to more support for a candidate variant site



SNP

ATCCTGATTCGGTGAACGTTATCGACGATCCGATCGA

        CGGTGAACGTTATCGACGATCCGATCGAACTGTCAGC
         GGTGAACGTTATCGACGTTCCGATCGAACTGTCAGCG

TGAACGTTATCGACGTTCCGATCGAACTGTCATCGGC

TGAACGTTATCGACGTTCCGATCGAACTGTCAGCGGC

TGAACGTTATCGACGTTCCGATCGAACTGTCAGCGGC
GTTATCGACGATCCGATCGAACTGTCAGCGGCAAGCT

TTATCGACGATCCGATCGAACTGTCAGCGGCAAGCT

ATCCTGATTCGGTGAACGTTATCGACGATCCGATCGAACTGTCAGCGGCAAGCTGATCGATCGATCGATGCTAGTG 

TTATCGACGATCCGATCGAACTGTCAGCGGCAAGCT

TCGACGATCCGATCGAACTGTCAGCGGCAAGCTGAT

ATCCGATCGAACTGTCAGCGGCAAGCTGATCG  CGAT

TCCGAGCGAACTGTCAGCGGCAAGCTGATCG  CGATC 
TCCGATCGAACTGTCAGCGGCAAGCTGATCGATCGA 

GATCGAACTGTCAGCGGCAAGCTGATCG  CGATCGA 

AACTGTCAGCGGCAAGCTGATCG  CGATCGATGCTA 

TGTCAGCGGCAAGCTGATCGATCGATCGATGCTAG 

INDEL

ATCCTGATTCGGTGAACGTTATCGACGATCCGATCGA

TCAGCGGCAAGCTGATCGATCGATCGATGCTAGTG 

reference genome

sequencing error  
or genetic variant? 

sequencing error 
or genetic variant?

Discovering Variation: SNPs and INDELs



Genotyping Small Variants

• Once discovered, oligonucleotide probes 
can be generated with each individual 
allele of a variant of interest  

• A large number can then be assessed 
simultaneously on microarrays to detect 
which combination of alleles is present in a 
sample



SNP Microarrays

Maggie Bartlett, Courtesy: National Human Genome Research Institute. 

TAACGATGAATCTTAGGCATCGCGC

TAACGATGAATCGTAGGCATCGCGC

GGCTTAAGTACCCTATGGATTACGG

GGCTTAAGTACCTTATGGATTACGG

genotype: T/T

genotype: C/T

Shearing
Labeling

http://www.genome.gov


Discovering Variation: SVs

• Structural variants can be discovered by 
both sequence and microarray approaches 

• Microarrays can only detect genomic 
imbalances, specifically copy number 
variants (CNVs) 

• Sequence based approaches can, in 
principle, identify all types of structural 
rearrangements



Impact of Genetic Variation

There are numerous ways genetic variation 
can exhibit functional effects

premature stop codons

TAC->TAA

frameshift mutation

TAC->T-C

gene or exon deletion

transcription factor binding disruption

ATGCAAAT->ATGCAGAT

Oct-1

X



Geuvadis Consortium
http://www.geuvadis.org/web/geuvadis 

http://www.geuvadis.org/web/geuvadis


RNA Sequencing
The absolute basics



Normal Cells Mutated Cells

• The mutated cells behave differently than the normal 
cells 

• We want to know what genetic mechanism is causing the 
difference  

• One way to address this is to examine differences in 
gene expression via RNA sequencing… 



Normal Cells Mutated Cells

Each cell has a bunch 
of chromosomes



Normal Cells Mutated Cells

Each chromosome has 
a bunch of genes

Gene1 Gene2 Gene3



Normal Cells Mutated Cells

Some genes are active more 
than others

mRNA 
transcripts

Gene1 Gene2 Gene3



Normal Cells Mutated Cells

Gene 2 is  
not active

mRNA 
transcripts

Gene1 Gene2 Gene3

Gene 3 is the 
most active



Normal Cells Mutated Cells

HTS tells us which genes are 
active, and how much they are 

transcribed!

mRNA 
transcripts

Gene1 Gene2 Gene3



Normal Cells Mutated Cells

We use RNA-Seq to measure gene 
expression in normal cells …

… them use it to measure gene 
expression in mutated cells



Normal Cells Mutated Cells

Then we can compare the two cell 
types to figure out what is 

different in the mutated cells!



Normal Cells Mutated Cells

Gene2
Gene3

Differences apparent for Gene 2 
and to a lesser extent Gene 3



1) Prepare a sequencing library  
    (RNA to cDNA conversion via reverse transcription)  

2) Sequence 
    (Using the same technologies as DNA sequencing) 

3) Data analysis  
    (Often the major bottleneck to overall success!)  

We will discuss each of these steps in detail 
(particularly the 3rd) next day!

3 Main Steps for RNA-Seq:



Normal Cells Mutated Cells

Gene WT-1 WT-2 WT-3 …

A1BG 30 5 13 …

AS1 24 10 18 …

… … … … …

We sequenced, aligned, counted the reads per gene in each 
sample and normalized to arrive at our data matrix

Lets skip ahead to the start of step 3



Step 1 in any analysis is always the same: 



PLOT THE DATA!!

Step 1 in any analysis is always the same: 



PLOT THE DATA!! 
• If there were only two genes, then plotting 

the data would be easy 

Step 1 in any analysis is always the same: 

Gene WT-1 WT-2 WT-3

A1BG 30 5 13

AS1 24 10 18



PLOT THE DATA!! 
• If there were only two genes, then plotting 

the data would be easy 

Step 1 in any analysis is always the same: 

Gene WT-1 WT-2 WT-3

x 30 5 13

y 24 10 18

Just replace the gene names 
with “x” and “y” and plot!



sample-1 sample-2 sample-3

x 30 5 13

y 24 10 18
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sample-1 sample-2 sample-3

x 30 5 13

y 24 10 18



But we have 20,000 genes… 
 

So we would need a graph with 20,000 axes to 
plot the data! 



So we use PCA (principal component analysis) or 
something like it to plot this data. 

PCA reduces the number of axes you need to 
display the important aspects of the data.  



This is a PCA plot from a real RNA-seq experiment done 
on neural cells. The “wt” samples are “normal”. 

The “ko” samples are samples that were mutated. 
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This	is	a	PCA	plot	from	a	real	RNA-seq experiment	done	on	neural	cells.
The	“wt”	samples	are	“normal”.

The	“ko”	samples	are	samples	that	were	mutated	by	the	researchers.

©	2017	Joshua	Starmer,	http://statquest.org,	https://youtu.be/tlf6wYJrwKYPrincipal component 1
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Plotting the data: 

(1) Tells us if we can expect to find some 
interesting differences  

(2) Tells us if we should exclude some samples 
from any down stream analysis. 



We’ve	identified	interesting	genes,	now	what?

0 5 10 15
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©	2017	Joshua	Starmer,	http://statquest.org,	https://youtu.be/tlf6wYJrwKY

Step 2: Identify differentially expressed genes between 
the “normal” and “mutant” samples  

This is typically done using R with either the edgeR or DESeq2 
packages and the results are generally displayed using graphs like 
this one  



We’ve	identified	interesting	genes,	now	what?
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©	2017	Joshua	Starmer,	http://statquest.org,	https://youtu.be/tlf6wYJrwKY

Step 2: Identify differentially expressed genes between 
the “normal” and “mutant” samples  

A Red dot is a gene that is different between “normal” and 
“mutant” samples (black dots are the same).  



We’ve	identified	interesting	genes,	now	what?
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©	2017	Joshua	Starmer,	http://statquest.org,	https://youtu.be/tlf6wYJrwKY

Step 2: Identify differentially expressed genes between 
the “normal” and “mutant” samples  

The x axis tells us how much each gene is transcribed (CPM 
stands for Counts Per Million) 



We’ve	identified	interesting	genes,	now	what?
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Step 2: Identify differentially expressed genes between 
the “normal” and “mutant” samples  

The x axis tells us how much each gene is transcribed (CPM 
stands for Counts Per Million) 

The y axis tells you how big the relative difference is between 
“normal” and “mutant” (FC stands for Fold change) 



We’ve	identified	interesting	genes,	now	what?
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©	2017	Joshua	Starmer,	http://statquest.org,	https://youtu.be/tlf6wYJrwKY

Step 3 and beyond: We’ve identified interesting 
genes, now what?

1. If you know what you’re looking for, you can see if the 
experiment validated your hypothesis.  

2. If you don’t know what you’re looking for, you can see if 
certain pathways are enriched in either the normal or mutant 
gene sets.



DNA- and RNA-Seq Databases
NCBI Short Read Archive (SRA): 
 http://www.ncbi.nlm.nih.gov/sra 
  

http://www.ncbi.nlm.nih.gov/sra


Protected Data - dbGaP
NCBI Database of Genotypes and Phenotypes (dbGaP):  

http://www.ncbi.nlm.nih.gov/sra 
  

http://www.ncbi.nlm.nih.gov/sra


Course Logistics Website, ethics, assessment  
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Human Genome 
Review

What is a genome? What does the 
genome do? How is the genome 
decoded? How do we examine 

differences and disease mutants? 
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