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Learning objectives

g

Describe the relationship
between genotype and
phenotype

Understand different
types of genetic variation

Identify applications of
genomics relevant to
legal issues

Recognize major
milestones in the history
of genetic research

Overall goal: Gain basic scientific understanding of genetics in order
to apply the law and legal concepts in cases that involve genetics
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|. Basic Biology
Il. Genetic Research

I1l. Applications



“Many orientedness” of DNA

Family relationships

Ancestry/population
history

Disease risk/susceptibility

Non-medical traits




Basic Biology: overview

* DNA

* Molecule that carries genetic information

* Genes
* Protein-coding units of DNA
e ~20K genes in human genome

* Chromosomes ,
e Organized packages of DNA 7 i
e Located in nucleus of the cell  #uman Cell o

Nucleus

* Human genome
* Entire set of genetic instructions found in a cell

Credits: American Society of Human Genetics, https://www.ashg.org/education/everyone 1.shtml



https://www.ashg.org/education/everyone_1.shtml

What Does DNA Look Like?

A, T, C, G: nucleotides, also
called “base pairs”



DNA is organized into chromosomes

Chromosomes Karyotype

e Humans: chromosomes 1- ¢ An individual’s collection of
22 (autosomes) and sex chromosomes

chromosomes (X, Y) * Laboratory visualization technique

* One set of chromosomes ...
from each parent W/ A8 X N
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Somatic vs. Germline genome

Germ line (Germ cells)
* Germ cells ' ]

e Reproductive cells (i.e., sperm and /\ (/\

egg) T @
« Genetic content passed onto offspring e ormess
* Somatic cells @
* Non-germline S o |
* Your other body tissues and parts
(heart, blood, liver, etc.) Jim Smith
* “soma” = body in Greek ’
* Genetic content NOT passed onto ¢

* Can be “passed on” to daughter cells
during cell division, in the same person)

offspring /\ Jim Smiths sperm
|

Germ cells 3



“Central Dogma” of Biology

Replication

Images: https://qenius.com/Biology-genius-the-central-dogma-annotated 9


https://genius.com/Biology-genius-the-central-dogma-annotated

Genotype and Phenotype

* Genotype: genetic information

* Phenotype: outward expression of a trait

* Genotype matters more for some phenotypes than
others...

10



Genotype and Phenotype

Mendelian (single gene) disorder

T

HTT gene Huntington’s Disease

Gene Complex (multi-factorial) disorder

Gene

Trait

Gene

Exercise

Ex: type 2 diabetes
cardiovascular disease
asthma
Smoking 11




Types of genetic variation

1) Single Nucleotide Polymorphisms (SNPs, or

llsnipsll)
SNP
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@ Legal application: investigative genetic genealogy

12
https://www.natera.com/node/1856



https://www.natera.com/node/1856

Types of variation

2) Copy number variation (CNV)
- also referred to as structural variation

Reference
sequence

Copy number variants

A S
o ey
C /: T x.{ s
Deletion of
sequence B ;
Inversion of
sequence B
lication of
and C Duplication o
sequence B

Multiple copies
of sequence B
and C

¥ @genomicsedu www.genomicseducation.hee.nhs.uk f /genomicsedu




g~ NNl ENENIl mIEEE 1N ]
o

Short *Repeating sequences of 2-6 base pairs of
Tandem DNA

Repeats *Multi-allelic

(STRs)
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Type of variation

3) Chromosomal anomalies

* Large pieces of chromosomes deleted, duplicated,
or rearranged

Deletion Duplication Inversion Substitution Translocation

580 2 oo

* Also whole chromosome deletions or duplications

e e.g., Trisomy 21 — 3 copies of chrom21 — Down
syndrome

* Sex chromosome aneuploidies: XXX, XXY, XYY, X0

15



Types of Genetic Variation

Germ line (Germ cells)

GERMLINE SOMATIC ——
* Inherited from parents * Acquired variation in W
P non-germ cells, e.g. ﬂ (/\ T
from.... sperm Ovum(egg)
 New (de novo) .
mutations in sperm or  * Errorsin DNA
egg cells (germline) replication Somtc |
 DNA damage from
environment | Jim S
. Intedn]’gional : iﬂ
modification (gene ' -
t h e ra py) /_\ (/\ Jim Smith’s sperm
CAN be passed on to CANNOT be passed on |

offspring to offspring Germicalls




& Variation: additional terms

* Locus: specific physical location of a gene or other
DNA sequence on a chromosome (plural=“loci”)

* Could be a single SNP or an entire gene

e Allele: one of two or more versions of a locus
e E.g.: a SNP with two alleles, A and G

 Alleles can also refer to longer stretches of a DNA

* E.g., a neighboring set of SNPs, called a “haplotype” or a whole
gene

 Homozygous: both alleles are the same (e.g., AA)
* Heterozygous: two alleles are different (e.g., AG)

17
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Variation on what?

* Being a DNA “variant” typically means the
DNA sequence varies/differs from the human
genome reference sequence

* Generated during Human Genome
Project (more later)

* A consensus sequence based on ~20
anonymous donors

* Not comprehensive representative of
human genetic variation worldwide

e But practically useful for measuring and
describing DNA variation

* E.g., at a given position, does a
chromosome contain the

“reference” vs an “alternative” allele
18



Relatedness

father

50

mother

(59)

~25 nephew

é@ sister 100

daughter

50

Pedigree: common way of
depicting family relationship

Numbers given are the
percent of genetic material
(on average) shared
between these different
relative pair types

grandson

Legal applications: Family law;
familial searching

Image adapted from http://genetics.thetech.org/ask-a-geneticist/grandson-nephew-relatedness 19



http://genetics.thetech.org/ask-a-geneticist/grandson-nephew-relatedness

[l. GENETIC RESEARCH



Learning objectives

g

Describe the relationship
between genotype and
phenotype

Understand different
types of genetic variation

Identify applications of
genomics relevant to
legal issues

Recognize major
milestones in the history
of genetic research

Overall goal: Gain basic scientific understanding of genetics in order
to apply the law and legal concepts in cases that involve genetics

21



II. Genetic Research

* Overall goal

To understand human biology and disease in order
to improve individual and population health

e Basic clinical translational (“bench to bedside”)

* Theme

Advances in laboratory technologies, bioinformatics,
and statistical techniques have allowed new research
directions



Genetic research pre 215 century
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Research highlights

Project Technical side note
Human Genome Project Sanger sequencing
HapMap Project Genome-wide association studies (GWAS)
& genotyping microarrays (“SNP chips”)
1000 Genomes Project Next-generation sequencing
Precision Medicine Initiative Combine genomics with other “omics”
1990 2000 2002 2003 2008 2010 2012
HUMAN GENOME WORKING N 3 N COMPLETE 1000 GENOME Phase 1 1000 GENOME
PROJECT (HGP) DRAFT HGP M DRAFT HGP PROJECT 1000 GENOME PROJECT
initiated \ launched PROJECT Publishes
Goal: Determine the wyw hapmap nebi nim nih goy Goal: Catalog human completed Sequencing of
genes that encode genetic variation across 1092 genomes.
human genetic diversity ethnically diverse populations
www.genome gov/HGP www. 1000genomes org
NHGRI launches ENCODE PROJECT
THE ENCODE initial results
PROJECT published.

Goal: Chartenize the
functional elements
in the human genome

www . genome gov/10005107

24
Fox et al. Circulation 2015



Human Genome Project

* International, collaborative research program to “map”
(determine the sequence of) the human genome

* In US, led by National Institutes of Health (NIH) and
Department of Energy (DOE)

* Launched in 1990, completed in April 2003

* National Human Genome Research Institute (NHGRI) created
in 1997

* Total cost: $2.7 billion in FY 1991 dollars
* Cost to US taxpayers

* 5% of NHGRI budget dedicated to examining ethical,
legal, and social implications (ELSI) of genetics

25



HGP cont.

* “human genome reference sequence”
* Composite sequence of a few (~20) anonymous

individuals

e Sanger sequencing technology

* Slow
* Expensive

Image: Aliyu. ANM 2014
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Falling fast

In the first few years after the end of the Human Genome Project, the cost of
genome sequencing roughly followed Moore’s law, which predicts exponential
declines in computing costs. After 2007, sequencing costs dropped precipitously.

100,000

10,000

:

8

Cost (thousands US$)

10

The price of
sequern ing a

whole huma

2002 2003 20‘04 2005 2006 2007 2008 2009 2010 2011

2012 2013

N9

Hayden Nature News 19 Mar 2014




Post-HGP Research Initiatives
Intemationa ﬂs"_ -

i
e b
5
B £ \
“

Technical development:

)

- Multi-national project 2002-2009  * SNP microarray or “chip’

.Goal Of Identlfylng utag” SNPs that ¢ H|gh throughput
* Genotype hundreds of

are informative abou.t gen.otype thousands to millions of
for other polymorphic loci SNPs in one experiment

*i.e. catalog common variants * Initially content focused

on HapMap “tag” SNPs
«Initially 4 populations but piviap “tag

expanded to 11 in final phase

www.hapmap.ncbi.nim.nih.gov



NHGRI FACT SHEETS

HapMap Project

Individuals with disease  Individuals without disease h e I pS b rin g us

5 l 5 l 530305 i S SNP chips which
' in turn usher in

ge the age of GWAS

No association

to disease (2007 —_ present,
though waning)

SNP 2

No association
to disease

SNP 3
Associated
to disease

29



NHGRI-EBI GWAS Catalog

This diagram shows all
SNP-trait associations
with p-value £ 5.0 x
108, published in the
GWAS Catalog.

http://www.ebi.ac.uk/
gwas/diagram

@ Digestive system disease

@ Cardiovascular disease

(O Metabolic disease

(O Immune system disease

(O Nervous system disease

@ Liver enzyme measurement

(O Lipid or lipoprotein measurement
O Inflammatory marker measurement
O Hematological measurement

(© Body measurement

() Cardiovascular measurement

@ Other measurement

(O Response to drug

(© Biological process

@ cancer

@ Other disease

@ Other trait


http://www.ebi.ac.uk/gwas/diagram

Post-HGP Research Initiatives, cont.

1000 Genomes

A Deep Catalog of Human Genetic Variation
 Multi-national project, 2008-2012 TECh N ical development:

* Sequence the genomes of 2,504 individuals o N EXt-generation
sequencing (NGS)

* Much quicker and

* Goal of identifying >95% of genetic variation
* Structural variation
* Rare variation in genes

* Population allele frequencies

* Haplotypes and linkage disequilibrium patterns Chea per than Sa nger
* Samples from 26 populations worldwide and Other eda rlier
AT T . sequencing methods
_ T o &
Y = g ;j_r; \. w.: ’“ l @
Q™ _’./ N e /m ®- ./ &
®- 4

Image: G. Abecasis slides, ASHG 2014.
bubble size indicates sample size



Next generation DNA sequencing

NHGRI FACT SHEETS

genome.gov

Computational
Analysis of Data

Hundreds of Millions
of Genomic DNA Fragments
on a Surface

Single
Genomic Fragment

v

Make Thousands of Copies

Genomic Samples
into Sequencing Machine

32



THE PRECISION MEDICINE INITIATIVE

Precision Medicine
nitiative
* Launched by President Obama

during 2015 State of the Union

* Long-term focus: “bringing precision medicine to all
areas of health and healthcare on a large scale”

* Now recruiting 1M person research cohort, “All of Us”

™ e szes engaged
research participants, rosponslblu data sharing and
privacy protection,

Research based on the cohort data will

We have the tools to track health Research technolog
information and use large improved
dats =

bo

0 J

* Lay sciei ic foundation for precision medicine
o treat and prevent discase
devices, such as phones and tablets, can
y n will lay the foundatio f USIng y behaviors
C" D"!CUCG * Help develop the right drug for the right person at the
right dose

https://ghr.nlm.nih.gov/primer/precisionmedicine/initiative; https://obamawhitehouse.archives.gov/node/333101



https://ghr.nlm.nih.gov/primer/precisionmedicine/initiative
https://obamawhitehouse.archives.gov/node/333101

Research initiatives for translational
genomics: global context

United Kingdom France Estonia

Genomics England 2012

100,000 Genomes: rare diseasa, cancar
E£350M {USDS485M)

Scottish Genomes E6M (USDSEM)

Genomic Medicine Plan 2016-2025
Rare tiseasa, cancer, diabates €570M
(USDS795M)

Estonlan Genome Project 2000 -
Infrastructure and population-based
cohort

2017: €6M for 100,000 individuals

Weish Genomics for Precision Medicine
£6.8M (USD$9M) Netherlands
Northem lreland Genomic Medicine RADICON-NL 2016-2025

Centre £3.3M (USD34.6M) zﬂ: lg'e:m 2 2

United States of America

Natlonal Human Genome Research
Institute 2007~

Infrastructure anc clirecal conors
USDS427M

All of Us 2016-2025

Denmark

Genome Denmark 2012-

DK 86M (USD$13.5M)

FarGen 2011- 2017

DK 10M (USDS$1.6M)
Infrastructure, population-based
cohort, pathogen project

Turkey
Turkish Genome Project 2017-2023
Infrastructure, dinical and population-

Population cohort based cohorts
USDS500M (first two years)

Japan

Japan Genomic Medicine Program, 2015-
Infrastructure, clinical and population-basad
cohorts, drug discovery

JPY10.28 (USD$80.06M
PR (USD$80.06M)

Qatar Genome 2015-
Infrastructure, population cohort

Australia

Australian Genomics 2016-2021
Infrastructure, rare disease and cancer
AUDS125M (USDS95M)

Genomics Health Futures Mission 2018-2028
AUDSS00M (USDS372M)

Global Alliance for Genomics & Health (GA4GH), 34
https://www.sciencedirect.com/science/article/pii/S0002929718304221



https://www.sciencedirect.com/science/article/pii/S0002929718304221

Large-scale human genetic research:
Ethical and legal questions @

* Can participants give broad consent or should they
have input on specific proposed uses of their
biobanked samples and associated clinical info?

* Do researchers have ethical or legal responsibility
to return results (clinically relevant or otherwise) to
participants?

 What about when participant is deceased? Or notifying
family members who may also be implicated?

* Can participants request that their sample and/or
data be destroyed?

Mehlman, Rothstein, and Suter, Genetics: Ethics, Law and Policy 5th ed. Ch 4



Beyond the genome: “-Omics”

e Other areas of research interest -
* Transcriptomics (RNA) SR
* Proteomics (protein)
* Metabolomics A3
 Study of small molecules (“metabolites”)
* Epigenomics

 Study of chemical marks that regulate gene
expression

* Microbiome

e Study of genomes of the many microorganisms
that live in/on our bodies (e.g., gut, skin)

H

36



[1l. APPLICATIONS

Medicine and Public Health
Consumer Genomics

Forensics
Biotechnology (CRISPR)



Learning objectives

g

Describe the relationship
between genotype and
phenotype

Understand different
types of genetic variation

Identify applications of
genomics relevant to
legal issues

Recognize major
milestones in the history
of genetic research

Overall goal: Gain basic scientific understanding of genetics in order
to apply the law and legal concepts in cases that involve genetics

38



I11-A. Medicine and Public Health

* Genetic information can be used to guide the
prevention, diagnosis, and treatment of disease

;;Ge
* Personalized/precision medicine f
 Alternative to “one size fits all” health care that takes
into account individual differences in people’s genes,
environments, and lifestyles

* Goal of the Precision Medicine Initiative and “All of Us”
Research cohort: to lay the groundwork for clinical
implementation of genetics and precision medicine



NHGRI FACT SHEETS |

genome.gov

Genetic Tests Can Help to:

(7‘ Diagnose Your Disease

POS

Pinpoint Genetic Factors That Caused
Your Disease

Predict How Severe Your Disease
Might Be

Choose the Best Medicine and
Correct Dose

Discover Genetic Factors That
Increase Your Disease Risk

Find Genetic Factors That Could Be
Passed to Your Children

Screen Newborns for Certain
Treatable Conditions




Variant of Uncertain Significance

* Clinical interpretation of a genetic variant:
* Pathogenic
* Likely pathogenic " |
e \VUS Benign Be'neign Uncertain Potﬁ(k)egznic Pathogenic
* Likely benign
* Benign

e VUS: Common problem in clinical sequencing

* e.g. 5% of results for BRCA1/2 breast cancer; can go up to 20%
for other diseases

* Sequencing DNA is now easy compared to interpreting

Legal application: liability for labs that don’t u;pdate a VUS
in a clinical report once more info is available:

https://www.ashg.org/education/csertoolkit/uncertainresults.html



https://www.ashg.org/education/csertoolkit/uncertainresults.html

Public Health

* Newborn screening

* Best example of large scale public
health genetic screening in US

State run
Blood test w/in 1-2 days of birth
Began in 1960’s

Recommended Uniform Screening
Panel: 32 conditions

e Other applications
* Infectious disease surveillance
e Characterizing and tracking outbreaks

A
=
&
@_
@
v/ &/ ‘

VA YAy ELY it

http://www.biopoliticaltimes.org
/article.php?id=5477

42


http://www.biopoliticaltimes.org/article.php?id=5477

11I-B. Consumer Genomics

* Genetic testing available direct-to-consumer (DTC)
since ~2007

* Industry estimates: > 26M people tested

Everybody's doing DNA tests

Total number of people tested by consumer genetics companies through January 2019, in millions

AncestryDNA M 23andMe Others
30m

25m
20m
15m
10m

5m

2013 2014 2015 2016 2017 2018 2019

Vayana et al. 2012: Regalado 2019 Chart: MIT Technology Review « Source: Company reports, Leah Larkin, ISOGG + Create d with Datawral pper 43
. ’



DTC genetic testing process

Customer

(1) Mail saliva sample
using company-
provided spit kit

DTC company

(2) Extracts customer’s DNA

(3) Measures (genotypes) DNA at ~1M variants
Using SNP microarray technology

(4) Analyzes subset of genotyped variants to provide

interpreted reports:

Genetic ancestry Genealogy Traits Health Diet & fitness
. N jﬁ /4!/&
eejee]os %:T—J - s L4
R R R

o
ancestr ancestr

4. DNAFit
00> 00> L
23andMe 23andMe My ZNAT!

Fa TeeDNA 23andMe Fa o DNA Ak 23andMe \ \

(2) ATHLETIGEN
@ MyHeritage @ MyHeritage

(5) Provides to costumer:
* interpreted reports
* raw data file of all ¥Y1M measured variants



POLICY

Hey, soldiers and spies — think
twice about that home genetic
ancestry test

Lawmakers appear to be concerned that China could access genetic and
health data of U.S. soldiers and secret agents through home ancestry tests

In this photo stration, an An martphone. (SOPA Images/LightRocket via G mages

https://www.rollcall.com/2020/12/24/hey-soldiers-and-spies-think-twice-about-that-home-genetic-ancestry-test/

Omnibus
spending
package passed
by Congress end
of Dec 2020

Asks GAO to
examine risks to
intelligence
community and

military from use
of DTC tests



https://www.rollcall.com/2020/12/24/hey-soldiers-and-spies-think-twice-about-that-home-genetic-ancestry-test/

III-C. Forensic Uses

*Relatedness
* Determine kinship, including paternity

e Comparative DNA Profiling
* Evaluation of the extent of genetic similarity
between a known individual and an unidentified
sample (eg. Blood stain from crime scene)
* Match probability based on population allele
frequencies

* ELSI Concerns
* Familial searches?
* Use of consumer-facing databases (GEDmatch)?
* DNA samples taken at arrest?
* Overrepresentation of racial and ethnic minorities
in criminal databases?




Phenotypic profiling

* Predicting facial features based on DNA

e Controversial “face prediction” paper in 2017
* J. Craig Venter’s company, Longevity
* Heavily critiqued by scientific community

* Implications for DNA forensics in courts:
* Admissibility as evidence?
e Standards for evaluating evidence?

https://www.technologyreview.com/s/608813/does-your-genome-predict-your-face-not-quite-yet/

47


https://www.technologyreview.com/s/608813/does-your-genome-predict-your-face-not-quite-yet/

Consumer genomics meets forensics

SCIENCE

How a Genealogy Website Led to the Alleged Golden
State Killer

Powerful tools are now available to anyone who wants to look for a DNA
match, which has troubling privacy implications.

* April 2018: law enforcement announce use of
consumer-facing, publicly available genealogy
database (GEDMatch) to lead to arrest in Golden
State Killer case

* Via “spoofing” the data format used by DTC companies

* Opened floodgates on use of this technique (vs.
government DNA databases such as CODIS)

e Over 50 “cold cases” solved

Erlich et al. Science 2018



I11-D. Biotechnology

Focusing on a BIG game changer...

* CRISPR

» =“clustered regularly interspaced short galindrorﬁié
repeats”

* Based on natural bacterial defense system
* Gene-editing technique harnessed in past decade

CRISPR research publications

According to a Scopus database search of journal article titles and abstracts, the number of scientific
publications that mention the word "CRISPR" is expected to reach an all-time high by the end of the year. As of
May, 885 have already been published justin 2017.

2,500 .
projected
2000
500
299 2007
15
2009 2010 2011 2012 2013 2014

49

The Conversation, CC-BY-ND



CRISPR: how does it work?

Compared to the

DNA editing original DNA, the

A DNA editing technique, called CRISPR/Cas9, works like a biological version .
of a word-processing programme’s “find and replace” function. inserted DNA

sequence can be a
deletion, insertion,

-
Cell DNA-cutting OR single base pair
Guide enzyme
molecule * Change
Healthy

HOW THE TECHNIQUE WORKS

. DNA strand . .
Nucleus Delective " Incredibly precise
compared to
previous gene

Chromosome —»

Acellistransfected  Aspecially designed  An enzyme cuts off The defective DNA

with an enzyme synthetic guide the target DNA strand is replaced
complex containing: moleculefindsthe  strand. withahealthycopy.  editing techniques
J Guide molecule et ONAtran. “Molecular scissors”
; Healthy DNA copy
* gr',\lA-r;léttmg Sources: Reuters; Nature; . «“ »”

i \ Massachusetts Institute of Technology Relative Iy easy

W. Foo, 24/04/2015

() REUTERS (COSt; t|mer
materials required)

“transfection” = getting cell to express the Cas9 protein and guide RNA molecule. May involve viral vectors 50

N\ Cas9 protein



CRISPR: how can it be used?

* Many possible applications in research and
medicine, in both humans and non-humans e.g.:

- Generate “gene knockout” animal models for
research

- Treat infectious diseases
- GMO/GM crops . &

Hsu et al. Cell (2014); Yang Military Medical Research (2015); https://phys.org/news/2017-05-crispr-lab-today.html

51


https://phys.org/news/2017-05-crispr-lab-today.html

CRISPR: how can it be used? (cont)

e Gene therapy/gene transfer
* Concept not new: first clinical trials > 20 yrs ago

/
(not much success) ]k Ay

* “Correcting” genetic diseases

e Somatic gene therapy *changes NOT passed down
* Germline gene therapy *changes passed down
* Nov 2018: claim of first “CRISPR” babies in China

 First FDA approvals for CRISPR drugs started in
2017

e E.g., Dec 2017: Luxturna, the first gene therapy for an
inherited disease, a form of blindness

* Expected to cost S850k/tx

https://www.technologyreview.com/s/612458/exclusive-chinese-scientists-are-creating-crispr-babies/
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THE LEGAL LANDSCAPE

A 2016 survey in Science examined existing laws (legislation) and documented
policies (regulation) that explicitly govern gene editing or might be applied to
such activities. The survey labelled countries as restrictive, permissive or
something in between. But specialists disagree over whether rules in some
nations might be intepreted to permit gene editing.

Canada ;}-‘»E}.ﬁ.
’ ’*’“‘"’} Belgium
. y United | The Netherlands
N , Kingdom "4, Germany Chmé :
United - France oy
States
Mexico
— India
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I Intermediate Singapore
: Eermussnve Brazil
egislation A i
7/ Regulation ustralia v

Springer Nature is neutral about jurisdictional claims in maps.

Source: R. Isasi et al. Science 351, 337—339 (2016). >



https://doi.org/10.1126/science.aad6778

General references

National Human Genome Research Institute (NHGRI) resources:

* Talking Glossary of Genetic Terms, https://www.genome.gov/glossary/

* Genetics, DNA, and Heredity: The Basics,

https://www.genome.gov/pages/education/modules/basicspresentatio
n_vs2.pdf

* |Issues in Genetics, https://www.genome.gov/10000006/issues-in-
genetics/

* Fact Sheets: https://www.genome.gov/10000202/fact-sheets/

Genetics Home Reference, https://ghr.nlm.nih.gov/

University of Utah, Learn Genetics, http://learn.genetics.utah.edu
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Codons

Base pair triplets
(“codons”)
specify different
amino acids, the
building blocks
of all proteins

Images; https://www.nature.com/scitable/topicpage/nucleic-acids-to-amino-acids-dna-specifies-935/

First nucleotide

Second nucleotide

U C A G
UUU g | UCU UAU UGU 4
uuc UCC m UAC S UGC @
UUA UCA @ UAA STOP | UGA STOP
UUG UCG UAG STOP | UGG
cuu ccu CAU CGU
cuC ccC o | CAC * | cac
CUA CCA CAA o CGA
CUG CCG CAG @ CGG
AUU o | ACU AAU AGU 9
AuC & | Acc AAC @ AGC
AVA_ | Aca @ AAA o AGA
AUG Mel | Acc amG & | AGG
GUU GCU GAU 0 GGU
GUC ° GCC 0 GAC GGC
GUA GCA GAA @ GGA i
GUG GCG GAG ¢ GGG

Orr0O0OC O>»O0OC @O@FPOC OG> O0OC
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Cell Division

Mitosis

one cell divides once to form two

identical, diploid daughter cells
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Image credit: Genome Research Limited

Meiosis

one cell divides twice to form four
non-identical haploid cells
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/
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Case study 2: Sofia is pregnant with her first child. Wanting to do
everything to ensure a healthy newborn, she opts for whole-exome
sequencing. The sequencing results identify pathogenic variants in

PKU, which have been associated with phenﬂke(onurla Armed with

this information, Sofia i
during preg:

diately begins a low-phenylalanine diet
9 for the avail '-llltyolaspecual dietary

infant formula to avoid

dalanine. With this

Prenatal treatment plan, the baby is expected to dmlop normaﬂy and lead a

testing healthy adult life.

P o

Case study 1: Bob and Julie are
considering having a child and seek
preconception genetic testing. Julie is
found to carry seven pathogenic variants
for recessive diseases and Bob is found to
carry five. There is one gene, SMNI, for
which both are carriers. This result puts the
couple at a 25% risk of having a child with
spinal muscular atrophy. a progressive
muscle-wasting disease. Julie and Bob
decide to pursue preimplantation genetic
diagnosis to avoid a pregnancy with an
affected fetus by selecting embryos that
do not inherit both pathogenic variants.

Case 6: John had watched his
father suffer a long end-of-life battle
with Alzheimer disease. Curious about
his own risks, he elected to obtain genetic
testing through a direct-to-consumer
testing company and learned that he
harbours two copies of the APOE g4
variant, putting him at heightened risk
of Alzheimer disease. He also learned
that his ancestral origins were more
diverse than he had previously realized

N\

Case study 3: Mei has just given bhh toa healthy baby
girl. She decides to have her daughter’s g
using exome sequencing. This test Xt twop thogeni
variants in GJB2, putting ) the newborn at risk of b heanng
loss that can be progressive. Although the child passed a
newborn baby hearing screening test, a diagnostic
audiological test reveals mild hearing loss, often missed in
newborn screening. | The baby is fitted with hemng aids to
facilitate The
Newborn hearing is monitored yeuly andifit progresses lo
screening and  profound deafness, the option for cochlear implantation
paediatric care surgery can be offered to the family.

v

Case study 4: Joseph was interested in pursuing genomic
sequenclng to learn about his own health risks. He ordered a
ing test through a medical geneticist
oﬁering conclerge services and discovered that he harbours a
paxhogenk variant for hypemophlc cardiomyopalhy This
g prompted a cardiac e 1, which led normal
cardiac morphology and conduction systems; however, a
de(allnd family history assessment identified suspicion for
hereditary sudden cardiac death on his mother’s side based
on unmq;ramed drowning of a sibling and two maternal uncles
who died of heart attacks at 55 and 60 years of age. Given the
incomplete penetrance of hypertrophic cardiomyopathy,

and was able to connect with several Joseph's actual risk of disease is unclear, but with a positive
distant relatives though an online Adult at-risk genotype, he will pursue regular cardiac eval
Elderly health ancestry portal. medicine and inform family members of their possible risk.

Case study 5: Jessica is seeing a genetic counsellor (GC) to discuss her risk of
breast cancer after her grandmother and aunt died of breast cancer and her
mother was recently diagnosed. She brings a copy of her aunt’s laboratory
report from 2008 that notes a pathogenic variant identified and cites a
publication to support the variant interpretation. Jessica’s GC quickly looks up
the variant in ClinVar and discovers that five clinical laboratories now interpret
the variant as benign, citing more recent evidence accumulated from clinical
testing. The GC suggests that her aunt’s testing probably did not identify the
correct cause of disease in her family and su s that Jessica’s mother
undergo testing to identify another potential cause of hereditary breast cancer
Adult that may not have been examined in 2008. If a cause of breast cancer is found
dici in her mother, Jessica would be able to pursue testing to inform her own risk.

Nature Reviews | Genetics

Rehm Nat Rev Gen 2017

linical
enetic
esting
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Race, ethnicity, and identity

physical characteristics categorization
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PERSISTENT BIAS

Over the past seven years, the proportan of parbcipants in gencene-wide
stuches (GWAS) that are of Asian ancestry has increased.
of other ancestries continue 1o be very poorly represented.

2009 2016
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Genetic research

and diversity

Research Careers & Jobs

Current Issue

Genomics is failing on diversity

Alice B. Popejoy & Stephanie M. Fullerton

12 October 2016

Archive

Audio & Video

An analysis by Alice B. Popejoy and Stephanie M. Fullerton indicates that some

populations are still being left behind on the road to precision medicine.
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Genetic research and health disparities
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Genomics, Health Disparities, and Missed
Opportunities for the Nation's Research Agenda

Kathleen McGlone West, MS, MPH?; Erika Blacksher, PhDZ; Wylie Burke, MD, PhD?2
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JAMA. Published online March 27, 2017. doi:10.1001/jama.2017.3096

he completion of the Human Genome Project occurred at a time of increasing public attention to health
T disparities. In 2004, Sankar and colleagues' suggested that this coincidental timing resulted in an
inappropriate emphasis on the contribution of genomics to health disparities, conflating racial patterns of disease
with genetic ancestry, and distracting attention from the large and compelling body of scientific evidence
pointing to social determinants of health disparities.? For example, genomic research has emphasized discovery
of genetic contributors to diabetes risk, but the recent increase in the prevalence of obesity and type 2 diabetes,

which disproportionately affects minority populations, cannot be attributed to genetic changes and rather
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Ownership of DNA

* Who owns your genetic information?

* Court precedent that donors to do not have property
rights in their biological samples

* E.g., Moore v. Regents of the University of California (1990)

* Many direct-to-consumer companies sell customer data
to third parties

* Genetic data often more useful/valuable in the aggregate, e.g.,
as an R&D tool, than it is for the individual

* Ongoing case, Peerenboom v. PerImutter, that may
go against Moore precedent

* See Genome Magazine Winter 2018 article, “Do You
Belong to you?”

http://genomemag.com/do-you-belong-to-you/
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Genetic Discrimination

* The Genetic Information Nondiscrimination Act
(GINA) of 2008

e Protects Americans from discrimination based on their
genetic information in both health insurance (Title 1) and
employment (Title I1)

* Does not apply to other insurance (e.g., life, long
term disability)

 Legal issue: largely untested in court

https://www.genome.gov/10002077/genetic-discrimination/genetic-discrimination/ 63
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Ploidy

* Diploid
* Two sets of chromosomes (2n)

* One from father (paternal)
* One from mother (maternal)

* Human (non-germ) cells are diploid
e Most Eukaryotes (species whose cells have nuclei) are diploid

* Haploid
* One set of chromosomes (1n)
* Germ cells (sperm and egg) are haploid

* Polyploidy
* Multiple sets of chromosomes (>2n)

e Common in plants
* Fun fact: strawberries are octaploid (8n)
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“CRISPR baby” controversy

* First gene-edited babies reported Nov 2018, from an
academic group in Shenzhen, China

* Twin girls born

* Edited CCR5 gene in embryos prior to transplant to
woman'’s uterus

e Attempt to create resistance to HIV, smallpox, and cholera

* Generated much controversy in scientific and medical
communities

* Dec 2019: the lead scientist (He Jiankui) sentenced to 3
yrs in prison and ~$430K fine for “illegal medical practice
by knowingly violating the country's regulations and
ethical principles with their experiments”

Kennedy 2019, https://www.npr.org/2019/12/30/792340177/chinese-researcher-who-created-gene-edited-babies-sentenced-to-3-years-in-prison
Regalado 2018, https://www.technologyreview.com/s/612458/exclusive-chinese-scientists-are-creating-crispr-babies/
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CRISPR: how does it work?

EDITING A GENE USING

THE CRISPR/CAS9 TECHNIQUE

Scientists create a genetic sequence, called
a “guide RNA," that matches the piece of DNA
they want to modify.

Guide RNA

Guide sequence

N

The guide RNA homes in on the target DNA
sequence, and Cas9 cuts it out. Once their
job is complete, the guide RNA and Cas9
leave the scene.

Guide RNA

Target DNA \’

L T

JITIIIT

Cas9

SOURCES: Nature News; Carl Zimmer

This sequence is added to a cell along with
a protein called Cas9, which acts like a pair
of scissors that cut DNA.

Cutting

site

Cas9
b T

n Now, another piece of DNA is swapped into

the place of the old DNA, and enzymes repair
the cuts. Voila, you've edited the DNA!

BUSINESS INSIDER
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