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https://reporter.nih.gov/

Search terms: “genetic biomarker”

Parameters: (agency) NIH, (summary by) fiscal year, (plot by) funding 

3



Prospects and limitations in the use of  genetic markers 

in translational research of  complex diseases 

O U T L I N E

• Introduction (basic concepts, tools, methodological approaches)

• Limitations & prospects

• Type 2 Diabetes Mellitus

• Examples of  translational success in T2D
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Genetic Biomarkers

! Genetic risk estimation as the earliest 
measurable contributor to any disease !
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Which are medically relevant?

BIOMARKERS



ENVIRONMENT

Chr 22 Ph
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infections

smoking
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DNA variation

Epigenetics

Chromosomal 
rearrangements

Family history

drugs

stress

Repetitive DNA

X-chr inactivation 
(females)

nutrition
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Rare diseases
Mendelian genetic basis
Mono-/Oligo-genic 
“Rare disease-rare variant” hypothesis

Common diseases
Complex genetic basis

Polygenic
“Common disease-common variant” hypothesis
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ΓΕΝΕΤΙΚΗ     ΠΕΡΙΒΑΛΛΟΝ

▪ Μυικές Δυστροφίες 
Duchenne/Becker

▪ Νόσος Huntington 

ASD

Διαβήτης▪ Σχιζοφρένεια

▪ Διπολική Διαταραχή

▪ Φαινυλκετονουρία
▪ Γαλακτοζαιμία

▪ Εθισμός (ναρκωτικά, αλκοόλ)
▪ Αγκυλοποιητική σπονδυλαρθρίτιδα
▪ Ισχαιμικό καρδιακό επεισόδιο

Αυτοκινητιστικό
δυστύχημα

Ανταπόκριση σε 
φάρμακα

▪ Ύψος 
▪ ΒΜΙ

Καρκίνος
Θρησκευτικές 
πεποιθήσεις

Ιλαρά

Σκορβούτο
▪ Ομάδες αίματος
▪ Χρώμα ματιών

Adapted and modified from Emery’s Elements of Medical Genetics, 15th ed., 2017



• Low impact on public health cost 

• One or a few gene(s)

• Mendelian inheritance (dominant/recessive)

• Rare variants of  large effect → BIOMARKERS

• Classical genetics approaches

• Examples:

• Huntington’s disease/Myotonic dystrophies

• Cystic fibrosis

• Muscular dystrophies (Duchenne/Becker)

• Rett Syndrome

• Fragile X

• Osteogenesis Imperfecta

• Hereditary cancer syndromes

Multifactorial disorders
(Complex traits)

 Serious impact on public health cost

 Multiple genes and loci

 Complex pattern of  inheritance (additive)

 Variable heritability (h2)

 Common and rare genetic variants → LACK OF BIOMARKERS

 Whole-genome scans → new technologies/analytical tools

 Examples:
 Stroke/CVD

 Diabetes (Type 2)

 Schizophrenia/Bipolar Disorder/OCD

 Autism Spectrum Disorder (ASD)/ADHD/Language & Learning 
Disorders

 Osteoarthritis

 Alzheimer’s/Dementia
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Single-gene disorders



Human Genetics: Concepts and Applications, McGraw Hill, 13th ed., 2021

Quantitative traits and 

Quantitative Trait Loci (QTLs)

“All-or-none” vs “Shades of  grey”

Genetics in Medicine, Thompson & Thompson, 7th ed., 2007



Schumacher & Petronis, Curr Top Microbiol Immunol, 2006

Human Genetics: Concepts and Applications, 
McGraw Hill, 13th ed., 2021

Complex trait heritability
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Heritability 
(Κληρονομησιμότητα ή Κληρονομική Ικανότητα)

A heritability close to 1 indicates a large portion of  

the phenotypic variation is due to genetic factors 

Broad-sense 

heritability

Narrow-sense 

heritability

+ V GxE



12

= SNPs, CNVs

Narrow-sense 
heritability

ΓΕΩΡΓΙΤΣΗ ΜΑΡΙΑΝΘΗ -- GWAS

Complex trait heritability



McCarthy et al., Nat Rev Genet, 2008

The landscape of  human genome variation

13



McCarthy et al., Nat Rev Genet, 2008

The landscape of  human genome variation
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Bush & Moore, PLoS Comput Biol, 2012 15



NOTE: The first genetic association studies focused on 

candidate gene analysis and, therefore, were not suited for 

novel genetic risk loci identification.

The completion of  the Human Genome Project, the HapMap

Project and 1000Genomes Project, along with many 

technological and conceptual advances, have paved the way to 

array (chip)-based GWAS and Next-Generation Sequencing 

→ High-throughput targeted genotyping and NGS

https://www.genome.gov/10001688/

international-hapmap-project

https://www.genome.gov/10001772
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https://www.internationalgenome.org/500k UK people data



Patients Controls

Genotyping of

eg 100k-6M SNPs

Comparison of  alleles 

–

Statistical analysis

Genome-wide association studies (GWAS)

Thousands of  samples 

– The more the better !

✓ Catalogued SNPs (Minor Allele Frequencies – MAFs) 

and tagSNPs

✓ Patterns of  linkage disequilibrium (LD) per population

✓ Population-specific variation (AIMs)

✓ Frameworks to analyze enormous datasets –

Development of  bioinformatics tools

✓ Pathway analyses

✓ Meta-analyses

✓ Better phenotyping of  cases –

Inclusion/Exclusion criteria

✓ More careful selection of  controls

✓ Investigators joining forces – Data sharing

✓ Funding of  large-scale projects  

(multicentered – multiethnic)

✓ International data repositories – Free access
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Workflow of  a typical GWAS study

Sample 
collection

DNA 
extraction and 
Quantification

DNA 
Plating

Array run QC
Statistical 
analysis

(trait-dependent)

Peripheral blood

Buccal cells

…

Manual purification

Kit-based purification

96-well plates

384-well plates

Replication 

study 
(stage 2)

Validation 
(technical, 

functional)

Pathway 

analyses

Meta-

analyses

Fluorospectrophotometry

Spectrophotometry

• Other genotyping platform

• In silico analysis

• Sequencing

• Gene expression analysis

• Cell-based analysis

• Animal models

• ANOVA
• Chi-square
• Covariate adjustment

• Multiple testing correction

• Population stratification

• Sample size (large)

• Population 

• Phenotypic criteria

18



Προς την ανάπτυξη τεχνικών γονιδιωματικής κλίμακας

http://www.lifesciences.sourcebioscience.com/media/426305/genotyping%20image.png

WES 

WGS

GWAS

1. Κόστος

2. Στόχος

3. Εργαλεία ανάλυσης
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20Visscher et al., Am J Hum Genet, 2017



Genome-wide association studies (2005 – present day)

✓ Καλύτερος φαινοτυπικός χαρακτηρισμός των περιστατικών –
Κριτήρια ένταξης/Αποκλεισμού

✓ Προσεκτικότερη επιλογή μαρτύρων
✓ Σύμπραξη ερευνητών – Διαμοιρασμός δεδομένων
✓ Χρηματοδότηση ερευνητικών έργων μεγάλης κλίμακας 

(πολυκεντρικές – πολυεθνικές μελέτες)
✓ Θέσπιση και λειτουργία διεθνών αποθετηρίων δεδομένων – 

Ελεύθερη (?) πρόσβαση ερευνητών

✓ Καταλογογράφηση SNPs
✓ Πρότυπα ανισορροπίας σύνδεσης (Linkage Disequilibrium – LD)
✓ Ποικιλομορφία γονιδιώματος σε πληθυσμιακό επίπεδο 

(Ancestry-Informative Markers – AIMs)
✓ Πλαίσια (pipelines) ανάλυσης δεδομένων μεγάλου όγκου –

Ανάπτυξη εργαλείων βιοπληροφορικής ανάλυσης
✓ Αναλύσεις μονοπατιών
✓ Μεταναλύσεις - PRSs

• Συλλογή δειγμάτων 
• Θέσπιση και δραστηριότητα 

ερευνητικών κοινοπραξιών

• Γενετική αρχιτεκτονική
• Αναλύσεις
• Βιοπληροφορική
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Γενετική Αρχιτεκτονική

Πληθυσμός Γενετικές παραλλαγές

Αριθμός (πόσες)

Συχνότητα 
(πόσο συχνές)

Αποτέλεσμα  
(πόσο σημαντικές)

Linkage 
Disequilibrium 
(με ποιες άλλες)

Είδος (ποιες)

22



GWAS limitations

Low-hanging fruit ?

(high penetrance, high MAF)
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• Only associations revealed – Not causation (Positive or negative correlation may imply underlying mechanisms, 

but is not proof  that A actually causes B)

• Sex chromosomes (X, Y) omitted from analysis (until recently)

• Patient selection (population-based vs selected group) and controls selection (are they truly free or any disease? →

genetic correlation between disorders/cross-disorder analyses)

• Can results from one ancestry (eg Caucasians) be extrapolated to another (eg Asians)?

• Distinguish true cases from phenocopies (=a trait or illness that resembles an inherited one                               

but is attributed to an environmental cause)

• Unable to uncover tissue-specific gene x gene interactions



We should not expect common variants to have large effects, for 

evolutionary reasons. 

Large effects are bad, as most variants with large effects are consequently 

selected against, thus never become fixed and common.

Missing heritability

(ελλείπουσα κληρονομησιμότητα)

Rare variants (MAF<1%)

• Structural variants (CNVs)

• Gene x gene interactions (epistasis)

• Epigenetics

• Gene x environment interactions

• Something unknown?

https://www.nature.com/news/2008/081105/pdf/456018a.pdf - freely available

Has anybody 
seen a genetic 

biomarker?



Tam et al., Nat Rev Genet, 2019
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GWAS



Ισχυρή σύσταση για ανάγνωση!
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What whole-genome studies have to offer – Translational research

Whole-genome studies: 
Identification of  susceptibility/protective variants

Identify those at increased risk 

to develop a trait/disease 

Reduce health care and 

hospitalization costs

Improve quality of  life

Novel biological insights Improved measures

Clinical advances Personalized medicine

Therapeutic 

targets

Biomarker

identification

Preventive measures

in healthcare

Diagnostics Prognostics Therapeutic 

optimization

Adapted from McCarthy et al., Nat Rev Genet, 9:357-369, 2008 27



Examples of  links between GWAS discoveries and drugs: 

Genetically-informed translational research/Drug development 

Visscher et al., Am J Hum Genet, 2017 28

Identifying genetic markers with translational 

potential is crucial for medical fields where: 

a) Diagnostic criteria are not based on 

biological markers, such as psychiatry and 

behavioural traits, and

b) There is lack of  effective treatment

c) The phenotype is quite heterogeneous

d) Complex diseases are often late-onset, 

thus predisposed individuals could benefit 

from early detection and preventive 

testing/medical follow-up



Genetically-informed translational research/Drug development 

Graph source: ARK Investment Management LLC, 2020

Data Source: https://www.fda.gov/drugs/science-and-research-drugs/table-pharmacogenomic-biomarkers-drug-labeling
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30Werner, Mills & Ram, Nat Rev Clin Oncol, 2014

Genetically-informed translational research/ 

Drug development 

Pharmacogenomics



EWAS
(Epigenome-wide Association Study)

Xie et al., Int J Mol Sci, 2019

http://www.ewascatalog.org/

Zilhao et al., Twin Res Hum Genet, 2015 31



PheWAS
(Phenome-wide 

Association Study)

Electronic Health Records (EHR)

• Ένα γνώρισμα/νόσημα

• Όλο το γονιδίωμα

• Συγκεκριμένες συσχετίσεις

• Ένα υποσύνολο των 

παραλλαγών του γονιδιώματος

• Μεγάλος αριθμός φαινοτύπων

• Πολλαπλές συσχετίσεις

32



Polygenic Risk Scores (PRSs)
(Πολυγονιδιακοί Δείκτες Κινδύνου)

33Wray et al., JAMA Psychiatry, 2020

➢ A count of  the number of  the risk variants 

across multiple genomic loci present in the 

person’s DNA, weighted so that the presence 

of  some risk variants is considered more 

important than others. 

✓ IBD (Crohn’s, UC)

✓ T1DM and autoimmune diseases

✓ T2DM and obesity

✓ CVD and hypertension

✓ AD and neurodegenerative disorders

✓ ADHD and ASD

✓ Schizophrenia

✓ Preterm delivery

✓ Drug response (PGx)

✓ Ancestry testing
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Polygenic Model of  Disease

Fletcher & Houlston, Nat Rev Cancer, 2010 – Modified from: https://sites.google.com/uw.edu/gemnet-bio-t2d-curriculum/home 
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Polygenic Risk Scores (PRSs)
(Πολυγονιδιακοί Δείκτες Κινδύνου)

Restricted-to-significant polygenic scores (rsPSs): scores 

composed of  variants at the extreme of  a statistical distribution, 

most usually those that pass the genome-wide significant threshold

(p<5x10-8) for the trait concerned.

Global extended polygenic scores (gePSs): 

scores generated from a deeper set of  variants generated from 

genome-wide analyses, typically involving large numbers of  sub-

threshold significant variants (p>5x10-8).

Partitioned (or process-specific) polygenic scores (pPSs): 

scores composed of  variants grouped according to some common 

biological process (e.g., association with a related endophenotype, 

tissue expression of  related genes, chromatin state).

Udler et al., Endocr Rev, 2019

Alzheimer Disease (AD):

- AD risk, age-at-onset

- Progression (normal to MCI to AD)

- Cognitive function and memory

- Brain structure and function (MRI, PET)

- Biochemical changes in brain and periphery (CSF, blood, post-

mortem)
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Polygenic Risk Scores (PRSs)

Liu & Kiryluk, Nat Rev Nephrol, 2018
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Polygenic Risk Scores (PRSs)

Sud et al, njp Precision Oncology, 2021https://www.degruyter.com/document/doi/10.1515/medgen-2020-2006/html
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The perfect model The non-informative model

The current status in PRS researchThe worst model
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✓ AUC values of  0.7–0.8 are considered as acceptable and >0.8 as affording good discrimination 

✓ Digital mammography for breast cancer screening has an AUC of  0.78!

✓ Breast cancer has the best characterized set of  non-genetic risk factors: the AUC for these risk factors is 0.637 

while the AUC of  the current PRS is 0.631; and in combination the AUC is 0.683

Sud et al, njp Precision Oncology, 2021



40Vaura et al, Hypertension, 2021

BP PRSs together with traditional risk factors 

could improve prediction of  hypertension 

and particularly early-onset hypertension, 

which confers substantial CVD risk



Polygenic Risk Scores (PRSs) – The future prospects

Torkamani et al., Nat Rev Genet, 2018 41



PRSs pros

42

• DNA collection is performed once

• The costs of  generating PRSs is very low

• Can be recalculated from the same genetic data if  new 

information to improve PRS becomes available

• From a single DNA test, many PRSs can be generated

• Important for population-based screening and 

prevention programs (ex. CRC, BrCa, glaucoma)

• Specific diagnosis in early phase of  illness when 

symptoms may be general and non-specific (ex. CKD)

• Contribution to treatment choices, response to 

treatment, adverse outcomes (PGx)

PRSs cons

• Prerequisite: Large GWAS sample sizes

• Still limited predictive value (accuracy):
- Genetic factors are not the only risk factors in common diseases (age, 

sex, environment, etc)

- PRSs explain only part of  the genetic contribution (based on common 

variants only, each with a small effect)

- Prediction is not equally valid when using the same PRSs across ethnic 

ancestries → Need for ancestry-specific PRSs

• The utility of  the PRSs varies between conditions –

dependent on their calculated heritability

• How should PRS-associated risk be communicated to 

the general public? (patient, family members, etc)

• D-t-C companies already provide PRS for a number of  

diseases and traits – Are clinicians ready to/should they 

interpret “online PRS calculator” data?

• Implications for health insurance?

h2
→ GWAS → h2

SNP → PRS → accuracy



Heritability of 
neuropsychiatric phenotypes

+  V GxE

polygenic risk score (PRS)

= SNPs, CNVs

43
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Walsh et al., Eur Heart J, 2020

Σύνοψη



Part II

Type 2 Diabetes Mellitus (T2DM) 

as a paradigm of  a complex 

disease with a strong genetic 

component 

45
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Type 2 Diabetes Mellitus (T2DM) 

• 80-90% of  all diabetes cases

• NIDDM/T2DM (70-85%)

• 1-5% prevalence (6-8% in USA, 7% GR, 5-10% Malta/Finland, 15% 

Turkey, 25% N. Zealand aborigines, 39% Nauru-Pacific Ocean, 50% Pima 

Indians)

• ~500M cases, ~700M by 2050 (International Diabetes Federation)

• 1st degree relatives: ~3X higher risk of  developing T2DM

• Macrovascular and microvascular complications

• Genes, family history, sex, ancestry, age → non-modifiable 

T2DM predisposing factors

Genetics in Medicine, Thompson & Thompson, 7th ed., 2007
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1 in 3 US 

adults by 2050

Admixed 

populations

Prevention!!!



T2DM associated genes before 2007 – The pre-GWAS era
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• Biological (functional) candidates (ignores less-obviously implicated genes)

• Positional candidates (small numbers of  genes assessed)



Candidate gene studies

GWAS for T2DM

GWAS for DM associated traits

Meta-analysis studies

T2DM associated genes after 2007 – The GWAS era

49
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T2DM associated genes and 

molecular functions 

McCarthy & Hattersley, Diabetes, 2008



Flannick & Florez, Nat Rev Genet, 2016

The history of  T2DM genetics

51



Alleles associated with complex disorders differ in frequency around the world

Corona et al., 12th International Congress on Human Genetics, 2011 52

The percentage of  

ancestry populations 

included in large-

scale genomic 

studies is 

overwhelmingly 

European

https://www.genome.gov/Health/Genomics-and-Medicine/Polygenic-risk-scores#four
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T2DM and glycemic traits – The GWAS era

Prasad & Groop, Genes, 2015 Grarup et al., Diabetologia, 2014
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From GWAS hits to novel therapeutic targets 

Translational success story following up on much controversy

➢ A common missense variant in SLC30A8 (p.W325R) 

associates with T2D risk and glucose levels with great 

statistical significance (p<5×10-8) (Sladek et al., Nature, 2007).

➢ SLC30A8 encodes a pancreatic islet Zn2+ transporter 

(ZnT8), highly expressed in the membrane of  insulin 

granules within pancreatic β-cells, where it transports zinc 

ions for crystallization and storage of  insulin.

➢ Flannick et al. reported 12 rare, loss-of-function(LoF) 

SLC30A8 alleles (haploinsufficiency) with a protective 

role against T2DM in humans, which collectively explain 

a 65% reduction in diabetes risk (Flannick et al., Nat Genet, 2014).

➢ SLC30A8 LoF variants and T2D risk, across multiple 

ethnic backgrounds → a 50% reduction in gene dosage 

protects against T2D in humans!

Flannick et al., Nat Genet, 2014

➢ The data suggested ZnT8 inhibition as a therapeutic strategy in T2D prevention.
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From GWAS hits to novel therapeutic targets 

Translational success story following up on much controversy

Dwivedi et al., Nat Genet, 2019

➢ Heterozygosity for the LoF allele p.Arg138* and homozygosity for the common allele p.W325W of  SLC30A8 are associated with enhanced 

glucose-stimulated insulin secretion, combined with enhanced proinsulin conversion, as a potential explanation for T2D protection.
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From a GWAS hit to a novel therapeutic target

• 9.2M SNPs in 8,214 Mexicans and other Latin Americans: 3,848 with T2D and 4,366 non-

diabetic controls

• Each haplotype copy is associated with a ~20% increased risk of  T2D, expected to 

contribute to the higher burden of  T2D in Mexican and Latin American populations

• The T2D-risk haplotype contains a cis-eQTL for lower SLC16A11 expression in liver

The SIGMA Type 2 Diabetes Consortium; Williams et al., Nature, 2014 Rusu, Hoch et al., Cell, 2017
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From a GWAS hit to a novel therapeutic target

Rusu, Hoch et al., Cell, 2017

• SLC16A11 may influence diabetes risk through effects on lipid metabolism in the liver

• T2D-risk variants disrupt a SLC16A11-BSG interaction and cell-surface localization 

• Reduced SLC16A11 induces metabolic changes associated with increased T2D risk 

• Therapeutics that enhance SLC16A11 levels or activity may be beneficial for T2D

Credit: Image courtesy of Susanna Hamilton, Broad Communications



PRSs and diabetes

58Udler et al., Endocr Rev, 2019

If  the estimates of  relative risk seen in UK Biobank participants in recent studies 

generalize to the population level, then there are likely to be >1M individuals in 

the UK, who, on the basis of  their PRS alone, have a lifetime risk of  T2D!

The perfect model

The non-informative model

The current status in T2DM

The worst model

https://towardsdatascience.com/understanding-auc-roc-curve-68b2303cc9c5



We need to bridge the knowledge gap from sequence to consequence

Genotype  to   Phenotype

59
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Prospects and limitations in the use of  genetic markers in 

translational research of  complex diseases 

Μαριάνθη Γεωργίτση
Επίκουρη Καθηγήτρια Γενετικής και Μοριακής Βάσης Ασθενειών

Alexandroupoli, 20.04.2024
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