Statistical challenges of identifying the
genetic determinants of rare diseases

Ernest Turro

Department of Haematology
University of Cambridge

MRC Biostatistics Unit
INHS |

National Institute for
Health Research MRC

Medical
Research
Council

16 Sep 2016



Outline

1. Overview of rare diseases projects in the UK
2. Phenotypic heterogeneity
3. Genetic heterogeneity and neutral variants



NIHR BioResource — Rare Diseases (BRIDGE)

BRIDGE is an international consortium aiming to discover the
molecular basis of several classes of heritable rare diseases:

e PID - Primary Immune Disorders
PAH - Pulmonary Arterial Hypertension
BPD - Bleeding and Platelet Disorders

SPEED - Specialist Pathology: Evaluating Exomes in
Diagnostics (retinal and developmental disorders)

SRNS - Steroid Resistant Nephrotic Syndrome
EDS - Ehlers Danlos Syndrome

Uniform sequencing data generation across projects
500-2,000 genomes per project



Supporting institutions in the UK
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Supporting institutions overseas
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Bleeding and Platelet Disorders (BPD)

Recruit cases likely
to have a BPD
and variant calling \
* Detailed
- — phenotyping and
C Variant filtering > pedigree building

Analysis: statistical
bioinformatics

Genome sequencing
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Patient coding with Human Phenotype Ontology (HPO)

Thousands of patients with rare diseases are being sequenced
Important to standardise patient phenotypes

Phenotypic
Abnormality

Blood And Blood Recurrent
forming Tissues Infections

Thrombocytes Bleeding

Bleedinig \With ~-..__Prolonged

- Decreased Mean - . ~>Bleeding
it H h:
Thrombocytopenia Platelet Volume Minor Or No Joint Hemorrhage Fallofing
Trauma ' N
Procedure
Prolonged ‘Prolonged
Bleeding After Bleeding After
Surgery Dental Extraction

Terms in blue form a minimal set (non-redundant)
Terms in grey are implied by the terms in blue
HPO has > 10,000 terms spanning all organ systems



HPO terms for BPD index cases
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Overview of HPO coding of BPD probands

~ 7 HPO codes per person; many are non-haematological
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Thrombocytopenia (221)
D Thrombocytosis (52)
Platelet morphology (335)

Bleeding (508)

Platelet aggregation (361)
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Westbury et al., Genome Medicine, 2015

Take into account phenotypes outside primary area of interest



Difficulties of grouping patients into groups
Phenotypic heterogeneity (variable expressivity of traits)

MYH9 Hearing | Urine | Renal
mut. Pheno. Loss | abn. | dysf.

S96L | Epstein
S96L | Epstein
S96L | Epstein
S96L Epstein
S96L Epstein
S96L Epstein
S96L Epstein
S96L | MYH9-RD
S96L | MYH9-RD ND
S96L | Fechtner
S96L Epstein
S96L Epstein
S96L MCTP

Cataracts

Murayama et al.

A priori grouping into clusters with shared (though unknown)
genetic aetiology using phenotypes alone is challenging



Power of HPO-based analysis

Cases Controls

X: has variant in gene



Power of HPO-based analysis
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X: has variant in gene

Regression methods summarising phenotypes with unstructured
binary or quantitative variables may be underpowered



Bayesian phenotype similarity regression
Compare “inverse regression” models (genotype is the response):

yi (“rare genotype”) ~ Bernoulli(p;)

Pi
lo =
9(1 —PI)

Baseline model (y = 0):

Alternate model (y = 1):

yi € (0,1): “genotype” of patient i (e.g. has > 0 rare variants)
X;: HPO phenotype of patient i

¢: latent HPO-coded characteristic phenotype of disease

a: background rate of rare genotype

o f3: effect of phenotypic similarity on log odds of rare genotype
* S(x;,¢): similarity of patient i to characteristic phenotype ¢



y = 1 model

@ Patient has rare genotype
O ¢ (O OPatient has common genotype
(Edge length represents similarity)

o ¢: latent HPO-coded characteristic phenotype of disease
» Edge length: similarity between patient i and ¢
» Prior on ¢ informed by terms in human/mouse databases



Similarity measure

o Sharing of HPO terms — increases similarity
» Non-sharing of HPO terms — decreases similarity
o Rare terms carry more weight

Observed Latent
Patient phenotype x; Characteristic phenotype ¢

Thrombo Similarity
Migraine

cytopenia

Thrombo

Deafness cytopenia

Penalise Reward Penalise

non-shared terms shared non-shared terms
n X; terms in¢
Allow for Allow for
presence of sporadic terms non-expressivity of terms

Penalise flexibly on each side to obtain good model fit



New cause of macroTCP: DIAPH1 (P(y = 1]y) = 0.81)

Phenotypic
Abngrmality
N

TCP: thrombocytopenia
SNHI: sensorineural hearing impairment

Stritt S*, Nurden P*, Turro E*, et al., Blood, 2016 Jun; 127(23)



New cause of macroTCP: DIAPH1 (P(y = 1]y) = 0.81)
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Macrothrombocytopenia; hearing impairment.
Segregation (p = 3.66 x 107*, conditional on the genotypes of the
index cases)

Stritt S*, Nurden P*, Turro E*, et al., Blood, 2016 Jun; 127(23)



Variant prioritisation
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Myelofibrosis (early in life); tooth fractures; osteoporosis;
macrothrombocytopenia; abnormal platelet granules; bleeding.
67 rare variants in 67 genes shared by cases 13 and 31.

How best to prioritise these variants?



Variant prioritisation

Phenotypic similarity
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SRC

First-ever discovered oncogene (Rous sarcoma virus, 1911)

Src Family Kinase (SFK) inhibitors undergoing clinical trials
for cancer treatment

Thrombocytopenia and bleeding a frequent, unexplained
side-effect of SFK inhibitors

Mouse KO platelets normal
No published germline pathogenic mutations



E527K places SRC in a constitutively active state




WT .

Podosomes (actin-based protrusions on the plasma membrane)
linked to osteoclast formation and cancer, and now platelet
formation (Freson lab).



Most rare variants neutral with respect to severe disease

Rare alleles per gene in 6087 Europeans
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Motivation

e Most rare variant methods test association between
genotypes and complex traits.
e Some can be adapted to work for rare Mendelian disease,
however these either:
>~ lose power by aggregating variants within genes.
» don’t explicitly model a mixture of pathogenic and
non-pathogenic variants
» don’t model true Mendelian inheritance
» tend to be very slow

e We address these issues in our method ‘BeviMed'.



No association
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Dominant inheritance
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Recessive inheritance

No assoc
Dominant
Recessive

Pathogenic

Sample 1
Sample 2
Sample 3
Sample 4
Sample 5
Sample 6
Sample 7
Sample 8
Sample 9
Sample 10

Sample 11

Sample 12

Affected

Variant 1
Variant 2

Variant 3

Variant 4

Variant 5

Variant 6

H




Modelling
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Modelling

Baseline model, (y = 0):

P(yi=1)=q

Association model, (y = 1), with mode of inheritance f:

. _Ja HG.2)=0
P(yl_1)_{p (Gi,Z) =1



Priors

e Probability of association model

y ~ Bern(0.01)

» Probability of dominant inheritance given association

e Probability of pathogenicity for variant i

E(Z =1y =1,f = fgom) = 0.25

E(Z]: 1|y: 1,f: frec) 20.45

Demo



Results of gene-by-gene analysis
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Mixture of pathogenic & non-pathogenic variants

e CYCS (variants enhance the intrinsic apoptotic pathway but
causes only thrombocytopenia)

e Do we also observe an association between rare variants in
CYCS and thrombocytopenia? (Yes, log BF > 11)

e If so, which rare variants are likely pathogenic? Evidence
supporting these four:

Variant

Conseq.

Controls

Cases P(pathogenicly,G) CADD

7:5352736

7:25163343
7:25163445
7:25163581
7:25163615
7:25163663

large_del

Leu99Val

Leu65Val

Asn53Ser

Gly42Ser

Lys26Gilu

L009409

K002613, K002615

A009727, B200625
B200620

A002680, A002681
B200087




Closing remarks

» Highly heterogeneous groups of patients
o Careful, detailed phenotyping using HPO

» Phenotype “similarity”-based methods for prioritising variants
and association testing

e Genetic heterogeneity with many neutral variants

* Methods that model explicit mixture of variant types under
Mendelian inheritance

» Data from cell type specific genomic assays to focus search in
non-coding regions of the genome
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