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Prospects and limitations in the use of
genetic markers in translational research

of complex diseases
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Prospects and limitations in the use of genetic markers
in translational research of complex diseases

OUTLINE

Introduction (basic concepts, tools, methodological approaches)
Limitations & prospects

Type 2 Diabetes Mellitus

Examples of translational success in T2D




(nundreds to thousands?) Genetic Biomarkers

I Genetic risk estimation as the earliest

risk factors measurable contributor to any disease !
(dozens?)

disease-associated
(handful?)

Which are medically relevant?
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Rare diseases

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

Complex genetic basis

E Polygenic
“Common disease-common variant” hypothesis
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Adapted and modified from Emery’s Elements of Medical Genetics, 15" ed., 2017




Single-gene disorders

Multifactorial disorders
(Complex traits)

Low impact on public health cost

One or a few gene(s)

Mendelian inheritance (dominant/trecessive)

Rare variants of large effect 2 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

Serious impact on public health cost
Multiple genes and loci
Complex pattern of inheritance (additive)

Variable heritability (/%)
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




Quantitative traits and
Quantitative Trait Loci (QTLs)

Figure 7.3 The Inheritance of helght. Genetics students “All-or-none” vs “Shades of grey”
at the University of Notre Dame lined up by height in inches,

revealing the continuously varying nature of height. David

Hyde/Wayne Falda/McGraw-Hill Education
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Z L5 : actuality, this trait likely involves many more than three genes. (b) Humans come in a great variety of skin colors. Skin color genes

can assort in interesting ways. These beautiful young ladies, Marcia and Millie, are twins! Their father is Jamaican with dark skin and
0 ' ' ' 8' tight dark curls and their mother is European with fair skin and golden-brown hair. (b): SWNS/South West News Service Ltd.

Stature (inches) Human Genetics: Concepts and Applications, McGraw Hill, 13t ed., 2021
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Complex trait heritability
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Schumacher & Petronis, Curr Top Microbiol Immunol, 2006
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DZ Twin concordance [% ]

Fig. 1 Concordance of MZ and DZ twins for different disorders. As a rule, the degree
of concordance in MZ twins is lower than 100% for nearly all complex diseases but  HumanGenetics: Concepts and Applications
substantially higher in comparison to the concordance rate in DZ twins

Variance in DZ pairs — Variance in MZ pairs

h* =

Variance in DZ pairs




P G + E Heritability
(KAnpovounotpotta 1 Kinpovopun Inavotnta)

Vo Vo + Vg +Vig

Vp=Vat t:f pt Vi , Vi

v
Phenotypic Additive Mon-Additive Environmental
Variance  Genetic Genetic Yariance

Ve=V,+Vp+V,

Variance  Variance = The total genetic variance for a character (V) is a function
of:

= Additive genetic variance (V,) — variation due to the

— V Broad-sense ay
o G/V P heritability additive effects of alleles

= Dominance genetic variation (V) — variation due to
Narrow-sense dominance relationships among alleles

heritabilit
. = Epistatic genetic variation (V,) — variation due to
interactions among loci

A heritability close to 1 indicates a large portion of
the phenotypic variation is due to genetic factors




Complex trait heritability

D. van Calker and T. Serchov Neuroscience and Biobehavioral Reviews 126 (2021) 2342

V S
h2 = 24 Narrow-sense 100% -
Vp heritability [l family/twin estimate
. molecular estimate = SNPs,

¢ heritability gap

Table 7.2 Heritabillities for Some Human Tralts

Trait Heritability
Clubfoot 0.8
Height 0.8

Blood pressure 0.6

z
2 50%-
®
-

females

Body mass index 04-07

Verbal aptitude 0.7

Mathematical aptitude 0.3

Spelling aptitude 0.5
Total fingerprint ridge count 09
Intelligence

Total serum cholesterol

Human Genetics: Concepts and Applications, McGraw Hill, 13® ed., 2021 Schiznphre nia Bipn[ar ASD ME]OFI {\nxlety
disorder depression disorders




The landscape of human genome variation

Penetrance

Mendelian
disease

Hard to identify
genetically

Very rare

Low-frequency
variants with

Uncommon

McCarthy ef al., Nat Rev Genet, 2008

Highly unusual for
common diseases

Most variants
identified by
GWA studies

Allele
frequency




The landscape of human genome variation
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The 100,000 genomes project

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

International

https:/ /www.genome.gov/10001688/
international-hapmap-project

1000 Genomes

b'obamk A Deep Catalog of Human Genetic Variation

Enabling scientific discoweries that improve human health

mm A 500k UK people data

https:/ /www.internationalgenome.org/




Genome-wide association studies (GWAS)

Patients

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

Genotyping of
eg 100k-6M SNPs

Thousands of samples
— The more the better !

Comparison of alleles

Statistical analysis

Controls

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




Workflow of a typical GWAS study PLINK in GWAS workflow
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aﬁalYSCS functional) Gene expression analysis
> Cell-based analysis
* Animal models
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Figure 2. GWAS SNP-Trait Discovery Timeline

Data used for generating the graph were taken from the GWAS Catalogue.'” SNPs and traits were selected according to the following
filters. SNPs were selected with a p value < 5 x 10 %, For each trait with two or more selected SNPs, SNPs were removed if they had
an LD r* > 0.5 (calculated from 1000 Genomes phase 3 data) with another selected SNPs and their p value was larger. For each year

2011 2012 2013 2014 2015 Till 09/2016
Time

of discovery, only the top three traits and diseases with the largest number of SNPs are labeled in the circle.

Visscher et al., Am | Hum Genet, 2017




Genome-wide association studies (2005 - present day)
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GWAS limitations

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 (atre 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 1s attributed to an environmental cause)

Unable to uncover tissue-specific gene x gene interactions

Low-hanging fruit ?

(high penetrance, hig P)




Has a dg
seen a genetie
blomarker?

Missing heritability
(eAMelmoLCoU UAEOVOUNCLULOTYTX)

Rare variants (MAF<1%)

* Structural variants (CNVs)

* Gene x gene interactions (epistasis)
* Epigenetics

* Gene x environment interactions

* Something unknown?

-
PP ol d i

There could be scarier and more intractable
reasons for unaccounted-for heritability that
are not even being discussed. “It’s a possibility
that there’s something we just don’t fundamen-
tally understand,” Kruglyak says. “That it’s so

o (i o e . ‘ S\ different from what we're thinking about that
& :k|0€dl¢e‘ 'm weTe not thinking about it yet.”

Still the mystery continues to draw its
' sleuths, for Kruglyak as for many other basic-
We should not expect common variants to have large effects, for

research scientists. “You have this clear, tangi-

evolutionary reasons. ble phenomenon in which children resemble

their parents,” he says. “Despite what students

) ) get told in elementary-school science, we just

Large effects are bad, as most variants with large effects are consequently don’t know how that works” =
selected against, thus never become fixed and common.

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



The bright side Identification of novel

SNV-trait associations

Discovery of novel biological
mechanisms

Diverse clinical applications

Insight into ethnic variation
of complex traits

Relevant to low-frequency,

rare variants \

Identification of novel monogenic /

and oligogenic disease genes

Relevant to the study of
structural variation
Multiple applications
beyond gene identification

Straightforward GWAS generation,
management and analysis

Easy-to-share and
publicly available data

The dark side

Disease prediction

True signals

Population stratification

Ultra-rare mutations

Epistasis

Causal variants or genes

Missing heritability
Tam et al.,, Nat Rev Genet, 2019




Benefits and limitations of genome-
wide association studies

Population
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What whole-genome studies have to offer — Translational research

Whole-genome studies:
Identification of susceptibility/protective variants

Personalized medicine

Clinical advances

S B

Therapeutic Biomarker Preventive measures Diagnostics  Prognostics Therapeutic
targets identification in healthcare optimization

Improve quality of life

Reduce health care and
hospitalization costs

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




Examples of links between GWAS discoveries and drugs:

GWAS hits

Trait

Gene with GWAS hits

Known or candidate drug

Type 2 Diabetes
Rheumatoid Arthritis

Ankylosing
Spondylitis(AS)

Psoriasis(Ps)
Osteoporosis
Schizophrenia
LDL cholesterol
AS, Ps, Psoriatic Arthritis

SLC30AS/KCNJ11
PADI4/IL6R

TNFR1/PTGER4/TYK2

IL23A
RANKL/ESR1
DRD2
HMGCR
IL128

ZnT-8 antagonists/Glyburide
BB-Cl-amidine/Tocilizumab

TNE-
inhibitors/NSAIDs/fostamatinib

Risankizumab
Dencsumab/Raloxifene and HRT
Anti-psychotics
Pravastatin

Ustekinumab

Visscher et al., Am | Hum Genet, 2017

Genetically-informed translational research/Drug development

: Identifying genetic markers with translational
} potential is crucial for medical fields where:
|

I a) Diagnostic criteria are not based on

| biological markers, such as psychiatry and

: behavioural traits, and

|

I b) There is lack of effective treatment
|

: c) The phenotype is quite heterogeneous
|

1 d) Complex diseases are often late-onset,
I thus predisposed individuals could benefit
I from early detection and preventive

; testing/medical follow-up




Genetically-informed translational research/Drug development

Distribution of Genetic Biomarkers
With an FDA-Approved Therapy

Data Soutce: https://www.fda.gov/drugs/science-and-research-drugs/ table-pharmacogenomic-biomarkers-drug-labeling
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Systems biology screen
. . : Histological subtyping » Molecular profile
Genetically-informed translational research/
W New recommended
Breast (A

Drug development personalized treatment

Pharmacogenomics i
N\ Breast
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EWAS

(Epigenome-wide Association Study)

DISCOVERY COMORT
STANISLAS Family Study: n =211

REPLICATION COHORT
The MuTHER Study: n = 662
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Xie etal., Int ] Mol Sci, 2019
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g DB093277 4 2GLOL2%0 1.31 e'ff 0.006787 GARBR1 &p22
cg 12961733 2 20165244 217e™ 0.009437 BRIM 22q13.33
cg 22430950 17 35164190 262 00144 — —
g 1620845 & 4021748 27600 0.003249 PRPF4AB b5pd5.2
o 14830164 12 11821908 3010 001192 ETV4 12p13.2
Zilhao et al., Twin Res Hum Genet, 2015 31




PheWAS GWAS: examines associations PheWAS: examines associations between
between specific phenotypes and specific genetic variants and a large number

(Phenome-wide genetic variants across the genome of different phenotypes (phenome)
Association Study)
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Polygenic Risk Scores (PRSs)

(ITohuyovidraxotl Aeinteg Kivdovov)

» A count of the number of the risk variants
across multiple genomic loct 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

N S I

Preterm delivery
Drug response (PGx)

KN

Ancestry testing

A\ PGS Catalog

Wray et al., LAM.A Psychiatry, 2020

Figure 2. Schematic of the Steps Needed to Generate and Validate Polygenic Risk Scores (PRS)
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2. Get association summary statistics
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5. Calculate PRS for individuals with unknown disease

4. Evaluate PRS In samples with known
status and benchmark risk against population

case-control status

Accuracy of PRS could be lower when applied in non-European Individuals




Polygenic Model of Disease

For complex diseases, variations in many genes may add to risk of getting that disease.

A

— People without t2d
— People with t2d
O Low-risk allele
© High-risk allele

Fraction of people

More risk alleles for type 2 diabetes

Gene
factors:
Small
variations
in many
genes

000000000000000000000000000000

Fletcher & Houlston, Naz Rev Cancer, 2010 — Modified from: https://sites.google.com/uw.edu/gemnet-bio-t2d-cuttriculum/home
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Polygenic Risk Scores (PRSs)
(ITohvyowtdtaxot Acinteg Kivdidvov)

Global, extended Partitioned
Restricted-to-significant polygenic score polygenic score

polygenic score ‘

Optimize

[

Udler e# al., Endocr Rev, 2019

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?) 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%).

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).

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 (CSE, blood, post-
mortem)




Polygenic Risk Scores (PRSs)

Low Intermediate High
risk . risk . risk
Best GPS-© | ‘
(@]

Additional

Optimization Validation - predictors
> ——

The best GPS Polygenic risk

~log(P value)
Clinical risk factors

Chromosome Candidate GPSs

@ Control @ Case © Low risk O High risk
O Intermediate risk @ Very high risk

Estimate SNP-based heritability Polygenic score for Composite score for

Association statistics
relative risk stratification personalized risk prediction

from GWAS and build candidate predictors

A genome-wide polygenic risk score (GPS) is based on genome-wide association study (GWAS) summary statistics. The optimization step enables
selection of the best method according to the genetic architecture of a disease under study. The validation step requires an external cohort and is critical

to obtaining reliable metrics of performance. Clinical predictors of absolute risk will require incorporation of additional demographic, clinical or lifestyle

factors into composite risk models. AUROC, area under receiver operating characteristic. SNP, single-nucleotide polymorphism.

Liu & Kiryluk, Nat Rev Nephrol, 2018




Polygenic Risk Scores (PRSs)

Healthy

AAGAAAAGCAGCCAYCAG

ACCC
GCAGG GCCAACAGGCGAAGTRIGC

CTGACAACGAGCGAACGA

acccill-. : : ;
A CCGGAAATACGGAATCGGAGC

Lower risk:
less genetic

risk variants
f—

GECA GGCAAAAAAAAAAAAAGAGAAATGTGARGCC
TGCCAIPACAAACTGAAGGCCCCTGAACCAGGAATAA
TGGGCGACCTGGCCTCGTTATAATTCGGCC
CGAG AG
TTTTACCTTTTAGCTTCTCGAGCCACATTTGTATRIGE

GTAC‘GTAGC TTGGCTTCTGATGGCTTCGAGGTGTCCGACGAT

CATTTTCTACGATTTTATCGAACAGCATCCGGAAAAGTTC

GCGACGCT CGCCGCATGATAACGGAGTATGAACACCAAAAGCAGCGA

Unaffected Affected

Higher risk:
more genetic

risk variants
q

Detection rate=16%

False—positive rate=5%

Overall

Lowest percentiles genetic risk

Highest percentiles

Lowest genetic risk Highest genetic risk

!
90 9599

Polygenic risk for prostate cancer

https:/ /www.degruyter.com/document/doi/10.1515/medgen-2020-2

Sud ez al, njp Precision Oncology, 2021



The perfect model

0.5
Threshold

The non-informative model

0.5
Threshold

The worst model

0.5
Threshold

The current status in PRS research

FN | FP

0.5
Threshold




Fig. 2: Receiver operator plots of polygenic risk scores for eight common cancers.
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v" AUC values of 0.7—0.8 are considered as acceptable and >0.8 as affording good discrimination
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v" Digital mammography for breast cancer screening has an AUC of 0.78!

v" 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 ez al, njp Precision Oncology, 2021
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Polygenic Risk Score

Hypertension Rate

40 60
Age, Years

BP PRSs together with traditional risk factors
could improve prediction of hypertension

and particularly early-onset hypertension,
which confers substantial CVD risk

Cumulative hypertension rate

Vaura et al, Hypertension, 2021

40
Age, Years

40
Age, Years

PRS
>97.5%
— 80-97.5%
— 20-80%
— 2.5-20%
<2.5%




Polygenic Risk Scores (PRSs) — The future prospects

Polygenic risk Combined risk

Action thrt':s.hnldxl

High polygenic risk E_Iinicnl risk a_nd'
Cholesterol: per 40 mg/dl increase high polygenic risk

| Intermediate
polygenic risk

Clinical risk
and low

polygenic risk

PRS percentile

Systolic blood pressure:
per 20 mmHg increase

Clinical risk and
Low polygenic unmeasured
risk risk

T T T T T T T T T T
0.33 050 0.67 Population 1.5 2.0 3.0 0.33 0.50 0.67 Population 1.5

incidence incidence

CAD relative risk CAD relative risk CAD absolute risk

Totrkamani e# al., Nat Rev Genet, 2018




PRSs pros

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)

h? 2 GWAS = h%,p 2 PRS = accuracy

L1 3!

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?

Risk prediction research
A growing number of reports try to predict cor

Implications for health insurance?

2018 5L




Heritability of
neuropsychiatric phenotypes

P o= 15 + B
Vp = Vg + Vg
Vp =V 4t \\ ptVi & VE

i
Phenotypic Additive Non-Additive Environmental

Variance Genetic Genetic Variance
Variance Variance

D. van Calker and T. Serchov
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Schizophrenia Bipolar
disorder

Neuroscience and Biobehmvioral Reviews 126 (2021) 2342

ASD

females

[l family/twin estimate

. molecular estimate = SNPs, CNVs
¢ heritability gap

[] polygenic risk score (PRS)
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Major Anxiety
depression disorders




Rare Mendelian variant Intermediate effect variants Common variants (GWAS)
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Part 11

Type 2 Diabetes Mellitus (T2DM)
as a paradigm of a complex
disease with a strong genetic

component

Diabetes Mellitus(DM)

Neonatal diabetes
mellitus (NDM)

Glucokinase
(20%)

Transcription
Factors (67%)




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)

15t degree relatives: ~3X higher risk of developing T2DM
Macrovascular and microvascular complications

Genes, family history, sex, ancestry, age = non-modifiable

T2DM predisposing factors

COMPARISON OF TYPE 1 AND TYPE 2 DIABETES

MELLITUS

Characteristic

Type 1 (IDDM)

Type 2 (NIDDM)

Sex
Age at onset

Ethnic

predominance

Female = male

Childhood and

adolescence

Whites

Female > male

Adolescence
through
adulthood

African Americans,
Mexican

Americans, Native
Americans

Concordance

Monozygotic
twins

Dizygotic twins
Family history

33%-50%

1%-14%

Uncommon

69%-90%

24%-40%

Common

Autoimmunity

Body habitus

Acanthosis nigricans

Plasma insulin
Plasma glucagon
Acute complication

Insulin therapy

Oral hypoglycemic
therapy

Common

Normal to wasted
Uncommon

Low to absent
High, suppressible
Ketoacidosis

Responsive

Unresponsive

Uncommon

Obese

Common

Normal to high

High, resistant

Hyperosmolar
coma

Resistant or
responsive

Responsive

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



The Staggering Costs of Diabetes

GROWING EPIDEMIC

Diabetes affects

30 million

children and adults

in the U.S.
L] : .
""' ""' 84 millien Americans
- , have prediabetes and are at risk EVEI’L’ 21 seconds
1 In 3 US That’s for developing type 2 diabetes. someone in the

1 in 11 90% of them don't know U-S- iS diagnosed

adUItS by 2050 X Americans. they have it with diabetes.

HUMAN COSTS

S African Americans and People with diabetes are at higher risk of serious health complications:
Ad m IXed Hispanics are over
. « 50% e; @ €9
populatlons more likely to have diabetes
than nen-Hispanic whites. STROKE BLINDNESS KIDNEY HEART LOSS OF
DISEASE DISEASE TOES, FEET,
ORLEGS

ECONOMIC COSTS
w v

w
w
G People with diabetes have

health t o A
The total cost of diabetes The average price of 3 x Salth care costs - P reve ntl on | ' I

and prediabetes in the U.S. is 2.3x greater

R insulin increased nearly than those
$322 bl""on- between 2002 and 2013, without diabetes.
American
Diabetes

Learn more at diabetes.org . Association.




T2DM associated genes before 2007 — The pre-GWAS era

* Biological (functional) candidates (ignores less-obviously implicated genes)

* Positional candidates (small numbers of genes assessed)

PPARG KCNJ11 rFD

— | I | | | |

2000 2003 2006




T2DM associated genes after 2007

Candidate gene studies

PPARG KCNJ11

— The GWAS era

TCE7L2

DGKB

GCKR

FTO MTNRI1B

‘:TP53 IN Pl

GCK

SLC30A8 KCNQ1

HHEX/IDE TSPANS

CDKAL1 ADAMTSS BCLI 1A ~~~~~ au SP8

IGE2BP2 | NOTCH2 feHerbo

9p21 CAMK1D - ZFANDG

HNF1B JAZF1  IRS1
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KCNJ11 HHEX
TCF7L2 CDXALT

1 COKN2A/B
T2DM associated genes and Gr28r2 12 e
molecular functions

=
~
-
-

-~
L]
1
W

P W
Beta-cell Reduced Beta-
dysfunction cell mass

Summary details of the first 17 loci with a proven role in tvpe 2 diabetes susceptibility

Representative  Risk allele  Effect

Signal Chromosome SNP frequency  size How found Hypothecated biology nsulin Reduced insulin

."l.l'.:l.'il:lﬂl'_‘j"lf.‘ differentiation Resistance secretion
PPARG rs1801282 . 23 Candidate and function
KECNIT] rsh21a Candidate B-Cell K 1y channel
| ] 5701 G5 . . Large-scale association IIn(:Ielin signaling in the islet
HHEX raal 15480 . . GWA Pancreatic development
Zn transport in B-cell insulin
SLO3I0AS r= 13266634 T A2 GWA granules
Hypothalamic effect on
FTO 38050136 . GWA weight regulation Type 2
CIEALT rs1 0846308 . GWA g-Cell function and mass ;
Cell cycle regulation in the diabetes
CDENZA/B r=1081 1661 . . GWA B-cell
mRNA processing in the
IGF2BP2 rs4402060 . . GWA B-cell
Endoplasmic reticulum
WES1 rs10010131 0.60 . Large-scale association stress
B-Cell development and
TCFZHNFIR rs7aT210 0.43 . Large-scale association function
Transcriptional repression
JAZF1 reB64745 0.50 . GWA in the izlet
Cell eycle regulation
CDCI2CAMKID rs12779790 018 . GWA (CDCIZT
TSPANS raTa61581 0.27 . GWA Cell surface glycoprotein
THADA : rs7HTEEIT 0.90 A2 GWA Apoptosis
ADAMTSD re4607103 0.76 . GWA Metalloprotease
NOTCHZ rs10023031 0.11 . GWA Pancreatic development

All loci have been shown to atiain significance levels consistent with genome-wide significance in European populations. Note that in most
cases the single nucleotide polymorphizms (SNPs) denoted are unlikely to be causal. Effect size is given as the estimated OR per copy of the
risk allele. The biological processes listed are based on best available knowledge, but empirical data confirming these are not yet available

McCarthy & Hattersley, Diabetes, 2008




sample size (1,000s)

225+

200 -

175-

150+

125+

ke
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|

)
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|

50

25+

B African American
0 East Asian
B European

B Scuth Asian

@ Initial sample size

GWAS or Metabochip
Exome array

[l Hispanic or Native American

Replication sample size

Linkage or candidate gene

Genome or exome sequencing

Flannick & Florez, Nat Rev Genet, 2016

The history of T2DM genetics
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TLE4 HLA-DG
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The percentage of

ancestry populations
included in large-
scale genomic
studies is
overwhelmingly
European

78% European

10% Asian

2% African
1% Hispanic

5% Other minorities

8.5% Unreported

https://www.genome.gov/Health/Genomics-and-Medicine /Polygenic-risk-scores#four

Alleles associated with complex disorders differ in frequency around the world

Corona ¢t al., 12 International Congtress on Human Genetics, 2011




T2DM and glycemic traits — The GWAS era
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Grarup e al., Diabetologia, 2014




From GWAS hits to novel therapeutic targets
Translational success story following up on much controversy

A common missense variant in SL.C30.A48 (pW325R) Table 1 Association of SLC30AS& variants with T2D . .
N Carriers Allela frequency oR

associates with T2D risk and gthOSC levels with great Variant Ancestry Country Cahort Cases Controls Cases Controls Cases (%) Controls (%)  (95% CI) P

statistical significance (p<5%10%) (Sladek ¢t af, Nature, 2007).  [paz1ze" European Finland Botnia 3727 5440
European Sweaden Malmao b,960 5,480

European Sweden PIVUS/ULSAM 270 1,734

SL.C30A8 encodes a pancreatic islet Zn?* transporter European Denmark  Danish 3889  7.863
¥ : > X European Finland Finnish 4,050 8,696

(ZnTS), hlghly CprCSSCd mn the membrane Of 1nsuhn South Asian Singapore Singapore Indians ~ B&Z BER
. . : . . European UK UKT2D 321 319

granules within .pagcreanc B-cells, Whe.Ie I NP OrtS 2 e e — — ———
ions for crystallization and storage of insulin. European Norway HONTZ T545 4,060
C.T1+2T=A African American United States WFS 501 527

African American United States JHS B30 B33

Flannick ez 4. reported 2 rare, IOSS—Of—funCtion(LOF) p-Mat50lle Europaan Germany KORA 97 51

3 3 2 5 C.2T71+G>A East Asian Korea KARE 520 551
SLC30A8 alleles (haploinsufficiency) with a protective South Asian  Singapora  Singapore Indians 562 585

role against T2DM in humans, which collectively explain =~ ©#19-16>C  Southfsian UK LOLIPOP 530 597
p.Trpl52™ European Finland Batnia 134 180

a 65% reduction in diabetes risk (Flannick ez al., Nat Genet, 2014).  paini74r South Asian UK LOLIPOP 530 537
C.B72+1G=A African American United States JHS 530 533

3 5 5 p.Tyr2s4* South Asian UK LOLIPOP B30 B37
SL.C30A8 LoF variants and T2D risk, across multiple South Asan  Singapore  Singapore Indians 562 585

ethnic back rounds 9 a 500/0 reduction in ene dOS’c't e p.lle291Phefs*2 African American United States JHS B30 b33
g g g p.Ser327Thrs*55 African American United States WFS a1 B27

pl‘OtCCtS against T2D in humans! I-EDmbingqj — - 30,433 118,701

[fe]

38 0.1z 0.36 0.47 (0.27-0.81) 0.0067
3 0.014 0027
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0.0 0.057
0.0l2 0011
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» The data suggested ZnT8 inhibition as a therapeutic strategy in T2D prevention.

Flannick ez al., Nat Genet, 2014




From GWAS hits to novel therapeutic targets

Translational success story following up on much controversy

Screening for p.Arg138* Recruitment by genotype Metabolic Profiling

Test meals (0-190 mins)
OGTT (0-120 mins)

Effect of p.Arg138" on
Glucose, insulin, C-
; peptide, glucagon, GLP1,
FFA and proinsulin

Botnia study p.Arg138* carriers +
indivi families 182 individuals
>14,000 individual
* * * / A% canis / (79 p.Arg138* carriers)

71 p.Arg138* carriers
\ 8436 non-diabetic OGTT (0-120 mins) —> Glucose and insulin
individuals
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(@
®7a s

—_— . y
(LI

Beta cell lines
{EndoC-fH1)

Pancreas

L

588 individuals

CRISPR-Cas9

(55 p.Arg138* carriers)
Newly diagnosed T20

SLC30A8

SLC30A8 p.Arg138*
SLC30A8 p.Lys34Serfs50"
Beta like cells

SIRNA knockdown (KD)

Pancreatic islets

isolation

Pancreatic islets

Dwivedi ¢# al., Nat Genet, 2019

IVGTT (0-60 mins)
OGTT (0-120 mins)

Digital Droplet PCR
SLC30A8 target RNA
sequencing

Allele specific expression

Insulin secretion assays
Proinsulin measurements
Electrophysiological
measurements
Immunoblotting

Cell viability assay
mRNA sequencing

Zinc measurement

Genotyping
RNA sequencing
Insulin measurements

Effect of p.Trp325Arg on
Glucose, insulin
and C-peplide

Effect of p.Arg138* on

SLC30A8 expression
Haploinsufficiency

Effect of SLC30A8 KD on
Glucose and insulin
Proinsulin processing
K, 1 channel activity
Cellular protein content
Cell survival
Transcriptome (MRNAS)
Intracediular and granular
zinc

Effect of p.Trp325Arg on
Expression of SLC30A8
Insulin secretion
Glucagon secretion

Heterozygosity for the LoF allele p.Arg138* and homozygosity for the common allele p.W325W of ST.C30.48 are associated with enhanced
glucose-stimulated insulin secretion, combined with enhanced proinsulin conversion, as a potential explanation for T2D protection.
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SLC16A11 haplotypes Haplotype frequencies
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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 SLC 76471 expression in liver
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From a GWAS hit to a novel therapeutic target _ SLC16A11 .
Non-Risk | T2D-Risk

Table 1. Categorization of SLC16 family members RCOO-
Category Family member Primary substrates Mechanism Ancillary proteins ‘Q:'
SLC16A1 SLC16A3 SLC16AT Pyruvate, Lactate, Ketone bodies  H"-coupled Basigin (BSG) Embigin (EMB) & | T2D-associated
SLC16A8 Lactate ( \‘/\ | metabolic changes
SLC16A2 T3, T4 hormones Facilitated diffusion  No interaction , a
SLC16A10 Aromatic amino - i “
SLC16A6 - - SLC16A11 “ 'l
SLC16A9 Mot H*-coupled " JV

SLC16A4 SLG16A5 SLC16A11 = BSG " )
|
%

SLC16A12 SLC16A13 SLC16A14

Zn
7
I~
| — ‘ P i
T2Drisk == 1 gene expression K |
variants |

I T2D-risk vanams

. y) H

%’nbrane localization
SL.C16.A11 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

t acylcarnitines ¢......... >T .
% diacylgylcerols Therapeutics that enhance SLC16A11 levels or activity may be beneficial for T2D

% wriacylgylcerols

Rusu, Hoch ¢7 al,, Cell, 2017




PRSs and diabetes

Table 1. Comparison of Three Published Global, Extended Polygenic Scores for T2D

Discavery GWAS

Optimization dara sec

Testing dara set

AUROC in testing data set
(Europeans)

Number of cases
Number of conrrols
Reference

Methods

Number of cases
Number of controls
P walue threshold

LD pruning threshold
Tuning parameter
Polymorphisms in risk score
Reference

MNumber of cases
Number of conmols

Reference

Mot adjusted for age and sex*

Adjusted for age and sex

OR. of top 5% bin vs remainder

population

Khera et al, 2018 (13)
21676

132,532

Scom et al, 2017 (44)
LDpred

2785

120,280

p =001
6917436
UK Biobank
5853
288,978

UK Biobank
064°

073

275

Study

Mahajan et al, 2018 (9)
55,005

400,308

Mahajan et al, 2018 (9)7

Pruning and thresholding

5639

171,249

UK Biobank
13,480
311,390

UK Biobank
066

a73

275 withour age and
sex adjustment

452 with age and
sex adjustment

23andMe (43)
80,792

1,479,116

Multhaup et al, 2019 (43)

Predetermined cutoffs
48028
893,692
1x10°°
50-kb window

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

o ROC

True positive percentage

0.5
Threshold

The non-informative model

1

0.5

Threshold

--- rsPS; AUROC = 0.62

— rsP5, age, and sex; AUROC = 0,72
gePs; AUROC = 0.66

— ePs, age, and sex; AUROC = 0.73 Treshold

P

20 40 60 a0 100
False positive percentage

The worst model

The current status in T2DM

1
ROC

AUC=0.7

FN | FP

0.5
Threshold

Udler e al., Endocr Rev, 2019 https:/ /towardsdatascience.com/understanding-auc-roc-curve-68b2303cc9c5 58
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Prospects and limitations in the use of genetic markers in
translational research of complex diseases
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