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Outline of lecture

• Introduction to monogenic and complex 
genetic diseases

• Methods to find genes for monogenic and 
complex traits

• Exemplar research project
– Genetic basis of hypertension



Monogenic versus Complex 

• Mendelian Disease
– Rare disease
– Single gene
– Mutations have low 

frequencies in the 
population

– Mutations have large 
effects on gene function 

– High penetrance
– Autosomal dominant, 

recessive or X-linked
– Minimal to mild 

environmental influences

• Complex Disease
– Common disease
– Polygenic
– Gene variants have high 

frequencies in the 
population

– Gene variants have small 
effects on gene function

– Low penetrance
– Unclear modes of 

inheritance
– Significant environmental 

influences



There are ‘monogenic’ forms of most complex 
diseases but these only account for 

a small proportion of cases in the population

(complex) - polygenic disease



How do you determine if genes are important? 

• Genetic factors
– Familial aggregation
– Twin studies
– Adoption studies



Benefits of gene identification for monogenic 
and complex diseases

• Better understanding of aetiology and pathogenesis of 
disease

• Identification of at-risk individuals for early diagnosis, 
prognosis and treatment

• Molecular targets for developing novel therapeutics



How do you find genes causing disease?

• Monogenic disease
– Linkage analysis
– Exome sequencing and now whole genome sequencing

• Complex disease
– Historical - candidate gene approach

• Physiology/Pharmacology, Rare single gene disorders, 
Experimental models

– Contemporary - Genome-wide scanning
• Genome-wide association studies (GWAS) in unrelated 

individuals (array-based genotyping)
• Whole exomes and genomes



Genetic Approaches I

Family Linkage

ob/ob– leptin deficient mouse 

Zhang et al. Nature, 
1994 

Human LEP 
orthologue

Re-sequence in 
affected individuals

Disease Gene
Mutation

Candidate 
Gene

Slide adapted from a presentation by Ines Barroso, Sanger Institute



Genome-wide association study



Genetic approaches II

500K-1M variants

1K- 500K individuals
Populations or affected  
(cases) – unaffected 
(controls)

Variant association with disease

GWAS

GWAS 
1GWAS 
2GWAS 
3GWAS
…

Large Scale Meta-
Analysis

International GWAS
Consortia + Denser/ 

Custom Arrays

Slide adapted from  a presentation by Ines Barroso, Sanger Institute



Genetic Approaches III

GWAS+ Imputation Dense 
Reference Panel

Whole-Exome and Whole-Genome 
Sequencing

Slide adapted from presentation by Ines Barroso, Sanger Institute



GWAS  - Success story for gene discovery

11/3/2023 - GWAS catalog latest 
figures on associations: 
6306 publications 
and 493,105 associations.

Downstream applications: 
new biology, new therapeutic 
targets and polygenic risk scores

Tam et al, Nature Reviews 2019



• Hypertension
– SBP ≥ 140mmHg and DBP ≥

90mmHg
• 1 billion hypertensives 

worldwide
ØCauses 4.5% of global 

disease burden
• Risk factor for CVD

World Health Organisation (WHO) guidelines and McManus et al, BMJ 2012.

Hypertension

https://en.wikipedia.org/wiki/Hypertension



Types of hypertension

• Primary hypertension (90%)
– 30 - 50% - genes

– Twins and family studies
– 50 -70% lifestyle factors

• Dietary salt intake, alcohol consumption, weight, inactivity etc
• Secondary hypertension (~10%)

• Primary aldosteronism (Conns syndrome), phaeochromacytoma, thyroid disease, side 
effects of medications

• Rare monogenic syndromes (~1%)



Rare monogenic forms of Hypertension



Monogenic HTN disorders

• 11 single gene hypertensive disorders known –
seven now characterised at functional level

• Genetic linkage and exome sequencing – for 
discoveries over 20 years

• Rare conditions

• Important - insights into process of BP control



Monogenic forms of hypertension

Trait Mode of 
Inheritance Location Gene

Glucocorticoid Remediable 
Aldosteronism

Autosomal 
dominant 8q24.3 

11 β-hydroxylase/ 
aldosterone synthase 
(CYP11B1/CYP11B2) 

chimera 

Apparent Mineralocorticoid 
Excess

Autosomal 
recessive 16q22.1 

11 β-hydroxysteroid 
dehydrogenase

(HSD11B2) 

Gordon’s syndrome

Autosomal 
dominant and 

Autosomal 
recessive

1q, 2q, 5q,12p, and 
17q 

Protein kinases, lysine 
deficient 1 and 4 (WNK 1, 

WNK 4)

Kelch-like 3 (KLH3)

Cullin 3 (CUL3) 

Liddle’s syndrome Autosomal 
dominant 16q 

Sodium channel non-voltage-
gated 1, β and γ subunits 

(SCNN1B, SCNN1G) 

Hypertension with 
bracydactyly

Autosomal 
dominant 12p Phosphodiesterase 3A 

(PDE3A) 



Hypertension with bracydactly

• Also known as Bilginturan syndrome (HTNB; OMIM: 
112410) 

• Salt independent HTN increasing with age
• Short stature
• Autosomal dominant
• Impaired baroreflex sensitivity
• Very rare – prevalence <0.0001%



HTNB genetics

• 6 Turkish pedigrees – heterozygous mutation in 
PDE3A gene – gain of function

• Other families and mutations also described and 
sporadic mutations in gene

• Mutations cluster in exon 4



HTNB pathophysiology

• Phenotype explanation

• In VSMC – PDE3A 
sensitivity to PKA, 
decrease in cAMP levels

• VSMC proliferation – 
sequelae - HTN

• In chondrocytes – lead 
to BDE – via 
downregulation of 
PTHLH gene decreasing 
PTHrP



HTNB Diagnosis and Management

• Resembles essential hypertension – diagnosis is 
difficult!

• There is the bracydactyly – but other symptoms than 
BP absent – neurovascular malformations – magnetic 
resonance angiography required.

• Genetic testing for mutations – NECESSARY
• Responsive to all BP medications



BP gene discovery using the GWAS approach



First GWAS for Hypertension

WTCCC, Nature 2007.



WTCCC, Nature 2007.

WTCCC and hypertension



Hum Mol Genet, Volume 28, Issue R2, 15 October 2019, Pages R151–R161, https://doi.org/10.1093/hmg/ddz197

BP loci discovery 2009 – 2019

https://doi.org/10.1093/hmg/ddz197


2018 – the 1M GWAS

3 GWAS:
SBP
DBP
PP

(med-adjusted)

Wain et al, Hypertension
(2017)

Evangelou et al, Nature Genetics 2018



Two stage design

Exclude all SNPs in 274 known BP loci, using SNPs previously reported 

Follow-up sentinel SNPs with P < 1 × 10-6 for any BP trait

Independent Replication meta-analysis
in two studies MVP (N=220,520) and EGCUT (N=28,742)

→ combined meta-analysis (N=1,006,863)

(i) genome-wide significant (P < 5 × 10-8) in combined meta
(ii) P < 0.01 in replication meta-analysis

(iii) concordant direction of effect

Evangelou et al, Nature Genetics 2018



One-Stage Design

Consider any novel sentinel lookup SNPs which do not replicate from the 2-stage 
analysis

UKB-ICBP Internal Replication

(i) P < 5 × 10-9 from UKB+ICBP discovery meta
(ii) P < 0.01 in UKB GWAS

(iii) P < 0.01 in ICBP GWAS meta-analysis
(iv) concordant direction of effect UKB vs ICBP

Evangelou et al, Nature Genetics 2018



535 novel BP loci

Evangelou et al, Nature Genetics 2018



1M GWAS results

• 535 novel loci identified
o Mostly common variants (as per study design)

• Support for all 274 previously published loci (P < 0.01)
Ø at least 95% of the exact SNPs covered in the GWAS reaching genome-wide significance

ØTotal 901 BP loci tripling the number of previously known loci

Evangelou et al, Nature Genetics 2018



Association plots – challenges of identifying 
candidate genes



Integrative bioinformatics - key first step to understanding 
genes and biology

Warren et al, 2017

Some questions you may wish to 
ask after performing a GWAS:
1. What is the candidate gene at a 

locus?
2. What is the causative SNP and 

mechanism?
3. What is the pathway affected?
4. Is there an opportunity to create 

new drug to the target – is the 
protein or pathway druggable?

5. Are there existing drugs which 
are safe and could be 
repositioned to treat 
hypertension?



Gene Expression & Enrichment

1. Lookups of SNPs & proxies (r2 ≥ 0.8) for association with expression of nearby 
genes eQTLs (expression quantitative trait loci)

44 tissues using the Genotype-Tissue Expression (GTEx) database
RESULT
Ø Lists of candidate genes for functional exploration

2. Analysis looking for enrichment of BP SNPs with expression across 50 tissues 
and cells: 
RESULTS
Ø strongest enrichment in vasculature (supporting prior work)
Ø increased enrichment in adrenal tissue
Ø new enrichment in adipose tissues



Check overlap of BP variants with Other Traits

Anthropometric

Autoimmune
Cancer

Eye

HR/ECG/
CAD
/CHD/MI

Kidney
&Thyroid

Lifestyle
Lipids

Neuro
T2D/Metabolic

Other

Haematological

Thrombosis
& Coagulation

Evangelou et al, Nature Genetics 2018



Therapeutic targets?

Identified new GWAS signals at loci which are targeted by 
established anti-hypertensive drugs:

o PKD2L1: potassium-sparing diuretics (amiloride)
o SLC12A2: loop diuretics (bumetanide and furosemide)
o CACNA1C: calcium channel blockers (dihydropyridine)
o CACNB4: non-dihydropyridines
o CA7: thiazide-like diuretics (chlortalidone)

o Signals at loci not previously known to be associated with BP –
protein target of an existing drug – potential repositioning 
opportunity



Role of rare variants in hypertension?



• BP-ICE consortium
– European and multi-

ancestry analyses - >1M 
samples
• 106 new BP associated 

regions
• 87 rare variants at 58 loci

• Downstream analyses
– Variant annotation  & ‘omics 

analysis for gene 
identification

Rare variants and BP

Surendran et al, Nat Genet 2020

Biological 
functionProteinCoding 

variants



Candidate genes from GWAS – functional follow up

Locus/gene GWAS discovery SNP Functional effect Mechanism PMID

MTHFR/NPPA/NPPB 2009 rs5068
Differential binding of 
mi-RNA425

Decreased 
expression of ANP, 
increase in BP 19219041

SLC39A8 2011 rs13107325 Missense, Ala391Trp

Affects cadmium 
transport and cell 
toxicity - lower cell 
viability 27466201

GUCY1A3 2011 rs7692387
intronic, affects promoter 
activity

Lower expression of 
soluble guanylate 
cyclase (sGC) key 
enzyme in 
NO/cGMP signalling 28487391

ARHGAP42 2011 rs604723
intronic, affects promoter 
activity

GTPase activating 
protein for RhoA in 
VSMC 28112683



BP genetics and clinical translational



PRSj=∑Niβi∗dosa
geij

where N is the number 
of SNPs in the 
score, βi is the effect 
size (or beta) of 
variant i and dosageij is 
the number of copies 
of SNP i in the 
genotype of 
individual j.

Polygenic Risk Score (PRS)

Konuma et al, Inflammation and Regeneration, 2021



SBP increase of 12.85 mmHg
OR of 3.34 for HTN 

(P < 1×10-300) 

Increased risk of 
all CVD outcomes

OR = 1.52; P = 1×10-6

Comparing top vs bottom 10% of GRS

Evangelou et al, Nature Genetics 2018

GRS 
with 
lead 
variants 
from 1M 
GWAS



Polygenic Risk Score (more BP variants)

→ 5.4-fold increased 
odds of HTN 

95% CI [4.12 - 7.10]
(P=9.71×10-33)

Mean difference of 
top 10% vs bottom 10% of PRS

12.9 mmHg SBP 
95% CI [11.5 - 14.2] (P=9.08×10-73)

8.8 mmHg DBP 
95% CI [8.0 - 9.7] (P=3.88×10-93)  



Summary
• >2000 BP loci across all ancestries

– Mostly common variants with small effect sizes
– Some evidence for low and rare variants with larger effect 

sizes
• New insights into BP regulatory pathways  (abnormal CV 

physiology, G protein signalling, embryonic growth 
retardation)

• Significant association of polygenic risk scores with 
HTN and CV diseases

• 1/6th of identified rare variants are located in or near 
potentially druggable genes (e.g. novel NR3C2);



GWAS accounting for gene-smoking 
interactions

• 38 novel loci for MAP and PP
• 5 loci showed significant 

interactions (P1df_INT<5×10-8)  in 
the African ancestry meta-
analysis, not replicated in stage 2

• 81 novel loci for SBP and DBP 
• 10 loci showed significant 

interactions (P1df_INT<5×10-8) in 
the African ancestry meta-analyses, 
not replicated in stage 2 



Gene-smoking interactions in UK Biobank
• Genome-wide interaction analyses in UK Biobank participants to search for 

• novel BP loci that can be identified by accounting for variant-smoking interactions
• genetic associations that may differ by smoking status

• To test for interactions we used
• the 1df test of interaction 
• the 2df joint test of main and interaction effects 

• BP traits
• Systolic blood pressure (SBP)
• Diastolic blood pressure (DBP)
• Pulse pressure (PP)

• Smoking exposures
• Current Smoking (yes/no)
• Ever Smoking (yes/no) 

• large prospective cohort study 
of 0.5m participants

• outcomes and exposures 
measured with the same 
phenotypic tool during the 
same period 

• well-powered for interaction 
analyses



Discovery dataset 

Current smoking Ever smoking 
All 

participants
Current 
smokers 

Non-current 
smokers

Ever 
smokers 

Never 
smokers

SBP N 420,919 32,080 377,385 136,665 225,532
Mean 141.2 138.6 141.5 142.8 140.2
SD 20.64 20.55 20.65 20.87 20.43

DBP N 420,898 32,058 377,383 136,623 225,555
Mean 84.32 83.45 84.41 84.9 83.98
SD 11.25 11.34 11.24 11.25 11.23

PP N 420,538 32,033 377,060 136,494 225,364
Mean 56.84 55.2 57.06 57.87 56.27
SD 14.13 13.94 14.15 14.48 13.9

Age (years) Mean 56.82 55.12 57.03 57.8 56.13
SD 7.96 7.98 7.92 7.74 8.03

BMI (kg/m2) Mean 27.38 26.9 27.42 27.92 27.09
SD 4.74 4.83 4.74 4.79 4.74

Sex % males 45.96 52.12 45.06 54.09 40.35

• ~420,000 unrelated European UK Biobank participants

• 3x larger than previous discovery datasets



Study design

UK 
Biobank*  

●
Discovery 

stage

Current smoking Ever smoking 

Current 
smokers

(N~32,000)

Non-current 
smokers

(N~377,000)

Ever 
smokers
(136,000)

Never 
smokers

(N~225,000)

CHARGE 
GxL

WG data

Current 
smokers

(N~64,000)

Non-current 
smokers

(N~14,000)

Ever 
smokers

(N~36,000)

Never 
smokers

(N~42,000)

Novel loci
22 novel loci 

P2df_jnt < 5x10-8 in the combined meta-analysis &
P2df_jnt < 0.05 in the CHARGE WG &

consistent direction of effects

BP trait ~ variant + age + sex + BMI + genotyping array
(~19m variants with MAF>1%)

237 unique potentially novel lead variants 
(P1df _INT<10-6 or P2df_JNT<10-6)

* We also performed variant main effects analyses in all participants (N~420,000)



Current smoking – 16 novel loci

49

UK Biobank CHARGE WG meta-analysis 

Trait rsID Nearest gene Chr Pos EAOA EAF beta beta0 beta1 Pall P1df_IN
T

P2df_JN
T beta0 beta1 P1df_IN

T
P2df_JN

T
P1df_IN

T
P2df_JN

T
SBP rs59980837 NGF 1 115827266 G T 0.982 -1.31 -1.40 -0.46 2.66E-16 0.111 5.84E-17 -0.32 -2.14 0.058 0.039 0.591 2.04E-18

rs10928206 GTDC1 2 144965236 G C 0.482 0.22 0.22 0.22 2.42E-07 0.995 5.19E-07 0.26 0.24 0.806 0.019 0.998 1.95E-09

rs10950289# CALN1 7 71429308 A G 0.838 0.29 0.32 0.02 3.67E-07 0.154 4.57E-07 0.32 0.17 0.711 0.042 0.152 5.65E-09

rs6601810 KLF6 10 4140086 C T 0.924 0.49 0.48 0.61 9.67E-10 0.633 3.22E-09 0.43 0.88 0.303 0.006 0.306 1.87E-12

rs11000060 PRKG1 10 53668890 T C 0.820 -0.29 -0.30 -0.21 1.24E-07 0.660 2.91E-07 -0.31 -0.15 0.695 0.042 0.483 2.56E-09

rs17245822 SNORA9 13 73131694 A C 0.627 -0.25 -0.25 -0.11 2.48E-08 0.360 7.18E-08 -0.31 -0.29 0.846 0.002 0.491 6.66E-11

rs3761287 XRN2 20 21281988 G A 0.380 0.22 0.22 0.30 3.59E-07 0.600 7.48E-07 0.33 0.17 0.474 0.016 0.810 4.34E-09

DBP rs1213404 NREP 5 111103018 G A 0.582 0.13 0.13 0.08 1.72E-07 0.535 3.16E-07 0.17 0.08 0.717 0.017 0.440 1.66E-09

rs9496614 LOC105377911 6 100613551 T C 0.755 0.17 0.17 0.18 6.95E-10 0.911 1.09E-09 0.26 0.09 0.510 0.002 0.773 6.72E-13

rs1178947# FZD9 7 72850178 T C 0.796 0.15 0.14 0.26 1.91E-07 0.285 5.43E-07 0.21 0.14 0.550 0.041 0.419 6.1E-09

8:49445257:ID EFCAB1 8 49445257 I D 0.875 0.22 0.23 0.07 9.60E-10 0.202 1.39E-09 0.20 0.35 0.834 0.029 0.483 7.9E-12

rs78550103 RHCG 15 90027296 G A 0.857 0.18 0.18 0.17 1.10E-07 0.947 4.37E-07 0.24 0.13 0.529 0.029 0.793 3.13E-09

rs11083857* TMEM160 19 47549454 C T 0.766 0.14 0.15 0.07 3.46E-07 0.413 7.31E-07 0.84 0.31 0.357 0.004 0.412 2.74E-08

PP rs144370193 DLC1 8 13273266 I D 0.798 -0.21 -0.22 -0.11 1.17E-08 0.385 2.24E-08 -0.31 -0.28 0.816 0.005 0.506 2.42E-11

rs7099368 CCDC6 10 61566323 T C 0.590 0.15 0.16 0.02 2.39E-07 0.180 4.27E-07 0.06 0.39 0.050 0.013 0.992 3.96E-08

rs78799967 UBE4A 11 118266523 C T 0.974 0.66 0.66 0.92 9.05E-13 0.431 5.36E-13 0.51 1.14 0.444 0.045 0.307 2.95E-15



PP – Current Smoking – DLC1

• intronic common variant in DLC1
• the effect allele was associated with 

lower PP with no major differences 
between the two smoking strata

• DLC1 encodes a small GTPase
involved in RhoA signaling - a known 
BP homeostasis pathway

• Dlc1 mouse models show abnormal 
heart development (MGI:3529997)



Ever smoking – 6 novel loci
UK Biobank CHARGE WG meta-analysis 

Trait rsID Nearest gene Chr Pos EA OA EAF beta beta0 beta1 Pall P1df_INT P2df_JN
T beta0 beta1 P1df_INT P2df_JN

T P1df_INT P2df_JN
T

SBP rs1229984* ADH1B 4 100239319 T C 0.026 -0.93 -0.58 -1.56 1.35E-11 1.0E-04 6.75E-14 -0.64 -0.88 0.459 0.005 0.001 1.10E-16

rs767717 ISL1 5 50880788 T C 0.373 0.25 0.18 0.35 9.35E-08 0.055 1.27E-07 0.12 0.32 0.332 0.028 0.037 9.50E-10

rs17085414# 13 27880846 T C 0.885 0.36 0.34 0.41 2.25E-07 0.633 7.35E-07 0.21 0.38 0.442 0.044 0.532 1.77E-08

DBP rs1950500 NFATC4 14 24830850 T C 0.292 0.15 0.17 0.09 1.55E-07 0.094 5.11E-07 0.22 0.11 0.386 0.018 0.075 2.68E-09

PP rs1523475 BCL6 3 187444210 T C 0.193 -0.19 -0.26 -0.07 1.53E-06 0.010 1.62E-07 -0.29 -0.13 0.277 0.014 0.008 8.81E-10

rs4143530 ZFHX4 8 77593246 A C 0.863 0.31 0.37 0.22 2.12E-12 0.076 1.84E-12 0.25 0.23 0.990 0.027 0.097 1.21E-14

*Missense variant; #Proxy of the lead variant in the locus.
beta: effect estimate from the main effects analyses; beta0: effect estimate from the non-exposed group; beta1: effect estimate from the exposed group.
Pall: P-value from main effects analyses in all participants of UK Biobank; P1df_INT: p-value from the 1df interaction test; P2df_JNT: p-value from the 2df joint test



Learning objectives
• Understanding of monogenic and complex genetic 

disorders
• Methods for analyzing the genetic basis of genetic 

disorders
• Hypertension - exemplar

– Rare monogenic forms
– BP gene discovery research programme
– GWAS, rare variants, bioinformatics, functional studies
– Examples of the utility of genetics for clinical translation
– Gene x environment analyses



Thank you

• Any questions or if you want to know more, please do 
email me
– p.b.munroe@qmul.ac.uk


