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Human DNA –
split into 2x23 DNA molecules 
called chromosomes

Source: https://commons.wikimedia.org/wiki/File:Chromosome_set_humans.jpg Source: https://commons.wikimedia.org/wiki/File:Chromosome-DNA-gene_copy.jpg
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We can illustrate this as follows
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3 billion 
letters

DNA of a person

Approximately 
50 m tall pile of 

papers when 
printed

Source: 
https://commons.wikimedia.org/wiki/File:Rijksmuseum.Amsterdam.jpg

At least
100-200 GB 
file size per 

person



Techniques to determine DNA sequence



DNA
of a person

Each pixel 
stands for 

~4000 
nucleotides



Shotgun 
technology



NextGen
sequencing



Whole 
genome 
sequencing



Exome 
sequencing



Genotyping



Long-read 
sequencing

Source: 
https://www.pacb.com/blog/smrt-cell/



Examples of DNA variants
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Single nucleotide 
variants (SNV)
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sequence
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sequence
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Easier to detect Harder to detect

etc.

Indels and larger structural variations



However…

There is more and more 
evidence, that structural 
variants play a big role in 
PGx 

But these are hard to detect 
with common 

sequencing/genotyping 
methods

Big hope on long-read 
sequencing
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A population-based biobank with a current 
cohort size of more than 200,000 individuals
provides data for researchers and innovators 
to examine how DNA affects health outcomes 
and to explore ancestral histories.

ESTONIAN BIOBANK
Eesti geenivaramu

of Estonian adult 
population has joined 
the Estonian Biobank

20%



Providing PGx feedback
for Biobank participants



DNA Proteins, enzymes Body
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DNA with
bad mutations

Non-functioning
proteins, enzymes

Impaired
interaction

with the drugs

Adverse
drug

reaction
(ADR)
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DNA with
bad mutations

Non-functioning
proteins, enzymes

Impaired
interaction

with the drugs

Adverse
drug

reaction
(ADR)

A lot of knowledge exist already



Gene CYP2C19 example

Having T instead of C in rs12248560 Increased activity of CYP2C19 protein

Having A instead of G in rs17884712 Decreased activity of CYP2C19 protein

Having A instead of G in rs4244285 Non-functional CYP2C19 protein

Can lead to 
toxicity or 

drug 
inefficancy

Affects many antidepressants (for example, escitalopram):
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Problem with the vast amount of PGx knowledge

The information is

• Scattered

• With varying evidence

• Often contradicting
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Very hard to create
a solid computer algorithm

for PGx

IF X

THEN ELSE



Pipeline for providing pharmacogenomic information of a person

DNA of all Estonian 
Biobank participants

Pharmacogenomic
information for

each participant

Pharmaco-
genomic

knowledge

Reisberg S, Krebs K, Lepamets M, Kals M, Mägi R, Metsalu K, Lauschke VM, Vilo J, Milani L. Translating genotype data of 44,000 biobank 
participants into clinical pharmacogenetic recommendations: challenges and solutions. Genetics in Medicine. 2019 Jun;21(6):1345-54. 2019 22



of biobank participants
need a dosage adjustment
for at least one of the 
medications

99.8%

Reisberg S, Krebs K, Lepamets M, Kals M, Mägi R, Metsalu K, Lauschke VM, Vilo J, Milani L. Translating genotype data of 44,000 biobank 
participants into clinical pharmacogenetic recommendations: challenges and solutions. Genetics in Medicine. 2019 Jun;21(6):1345-54.

23



24

A project of
returning individual 

genomic results
to

3000
research participants
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HOW DID PARTICIPANTS FEEL?

Participants perceived the information
that they received as valuable,
even when the reporting of high risks
initially caused worry.

Main challenge: scalability

Leitsalu L, Reigo A, Palover M, Nikopensius T, Läll K, Krebs K, Reisberg S, Mägi R, Kals M, 
Alavere H, Nõukas M, Kolk A, Normet I, Tammesoo ML, Käärik E, Puusepp M, Metsalu K, Allik
A, Milani L, Fischer K, Tõnisson N, Metspalu A. Lessons learned during the process of 
reporting individual genomic results to participants of a population-based biobank. Eur J 
Hum Genet. 2023 Sep;31(9):1048-1056. doi: 10.1038/s41431-022-01196-6. Epub 2022 Oct 
3. PMID: 36192438; PMCID: PMC10474261.



Portal for 
Estonian 
Biobank 
participants

Includes 
PGx 

information 
for 200,000 
participants

Example

CYP2C19 rapid metabolizer

Escitalopram (antidepressant)

Recommendations
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Adverse drug reactions in real world



Estonian Biobank has health data also

Genetic data
Electronic 

health data



Do we see a large number of 
adverse drug reactions 
reported in routinely 
collected health records?

No, they are heavily 
underreported

(and mostly in free-text parts)
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Survey of adverse drug reactions

Approximately 50K Estonian Biobank participants replied the survey

Ever had DRUG side effects? Ever had VACCINE side effects?

No
44% Yes

31%
Don’t
know
25%

No
50% Yes

35%
15%

Krebs et al. to be published soon
31



Our DNA affects our lifelong 
medication-use patterns

DNA of the individual

How individual start, 
switch and discontinue

lifelong medications

Affects
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Cascade effect of PGx

Is treated by

Antipsychotic drugs

Metabolic syndrome

Schizophrenia

Cause 
more

DNA of
the individual

May cause

Bad adherence of 
antipsychotic drugs

Severe forms of 
metabolic syndrome

33



Implementation of personalised medicine in Estonia
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2019–2023

The project
„Implementation of 
personalised medicine in 
Estonia“ created the 
capability to employ 
national services that use 
genetic data more 
extensively.

2025+

Implementation of 
first PGx services
based on the new IT 
infrastructure



SUMMARY
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1 Pharmacogenomics is
much more important
than we previously thought

2 Structural genetic variants
play a larger role
than we previously thought

3 The inability
to reliably detect structural variants (yet)
prevents us
from using PGx services on a large scale
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