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What are modifier genes of DMD
and why look for them?

AN Mo d i £ A genetk miteraction in which an
allele from one gene (= the modifier) masks
the phenotype caused by a mutation In
another gene ( = the dystrophin gene)

AfiVal i datedodo mes= ‘ 0
Common alleles in LTBP4 ——

Latent Transforming Growth %

Factor-b Binding Protein 4 5

Lafyatis, R. (2014) Tr ansf or mi ng datthewertredf act or
systemic sclerosis Nat. Rev. Rheumatol. doi:10.1038/nrrheum.2014.137
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Outline of the talk:

AAModi fi er geneso of 1 nher.
A Mouse models implicating Ltbp4 / TGF-b signaling
A Human LTBP4 variants in DMD patients
A Replication studies of additional candidate genes

A Genome-Wide Association Study (GWAS) for Loss of
Ambulation: the United Dystrophinopathy Project (UDP)

A Refining of the LTBP4 association signal

A SNP associations exceeding a genome-wide
significance threshold (P value < 5 x 10-8) for a DMD
phenotype
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MouseLtbp4dmodifies of muscular dystrophy

Elizabeth M McNally, MD,PhD

Northwestern University

Sgcg /-

DBA/2J % 129T2
(severe) (mild)

n =282

Latent TGF-beta-binding protein 4 modifies muscular dystrophy in mice.
Heydemann A, Ceco E, Lim JE, Hadhazy M, Ryder P, Moran JL, Beier DR, Palmer AA, McNally
EM. J Clin Invest. 2009 Dec;119(12):3703-12.

Targetingl at ent TGFb release in muscul
Ceco E, Bogdanovich S, Gardner B, Miller T, DeJesus A, Earley JU, Hadhazy M, Smith LR,
Barton ER, Molkentin JD, McNally EM. Sci Transl Med. 2014 Oct 22;6(259):259..

mouse Ltbp4 domain structure
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ECM bindin proline- EGF repeat GF bindin 8-Cys

| s WY pe a Wscy
protein Pl i
variants . e
Mouse129 [GF mpwmmummmm
MouseDBA GFLPTRRPEPRPDPGPQPEPRPRPEPRPRPESRPRPEPRPRPEPRPQPESQP WPEFPLPSIPAWTGPEIPESG
Dog FLPTHRPEPPPEP RP GPELPLPSIPAWSGPEISESG
Human FLPTHRLEPRPEP RPDPRP GPELPLPSIPAWTGPEIPESG

Mouse QTL for limb-based skeletal muscle damage
(Evans blue dye uptake) and fibrosis (hydroxyproline
content) linked to the chr7 / Ltbp4 region
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DMD modifier genes and TGF-b signaling
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adapted from Marta Ruiz-Ortega et al. Cardiovasc Res 2007;74:196-206



gt

HumanLTBP$olymorphisms and haplotypes

5220,2729 '51]3(1; 51%52;303 '5 LTBP4 SNPs: European
V14l T7s7A  T820A T1140M Major alleles = [ 1000 Genomes
v Vi y Minor alleles = Haplotypes
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Flanigan, Kevin M., Ermelinda Ceco, Kay Marie Lamar, Yuuki Kaminoh, Diane M. Dunn, Jerry R. Mendell, Wendy M. King, et al.
2013. ALTBP4 Genotype PrediBuchenndMwres oul aArmbDAhsats of deuioldgp @8 §4): 48hi 88



percent ambulatory

HumanLTBP4enotypes are associated with age of
ambulatory loss in DMD patients

LTBP4 genotypes are associated with age at loss of ambulation in patients

(n = 254) with Duchenne muscular dystrophy
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LTBP4 rs10880 genotype

TABLE : Haplotype Analysis of Nonsynonymous LTBP4 Variants Associated with Age of Ambulatory Loss for
Duchenne Muscular Dystrophy Patients

Haplotype® All, n = 254, Global Pb = Steroid Treated, n = 137, Steroid Naive, n = 102,
0.002 Global p” = 0.013 Global p* = 0.12
Frequency  Score  p° Frequency Score  p° Frequency Score  p°
VTITT 0.53 —1.51 0.1 0.52 —1.04 0.3 0.52 —1.12 0.3
[AAM 0.31 3.43 6x 1077 032 2.92 0.004 0.29 1.91 0.06

“These haplotypes consist of single nucleotide polymorphisms rs2303729, rs1131620, and rs10880, respectively.

"The haplo.stats package was used to test for association between haplotypes and age of ambulatory loss as a quantitative trait
using a recessive model.

“Probability value from the chi-square, 4f = 1, distribution of the haplotype-specific score.

from Flanigan et al., LTBP4 genotype predicts age of ambulatory loss in
Duchenne Muscular Dystrophy, Ann Neurol. 73(4):481-488 (2013).
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HumanLTBP$olymorphisms and activity in fibroblasts

TGF-p ligand LAP-TGFg (nM)
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Fibroblasts homozygous for the IAAM or VTTT LTBP4 haplotypes were cultured, and latent
TGFb was added (LAP = latency associated peptide). LTBP4 protein binds and sequesters
latent TGFb, and it is predicted that IAAM binds more latent TGFb in the matrix, leading to
reduced TGFb signaling, seen as less phosphorylated SMAD (pSMAD). IAAM fibroblasts

had less pSMAD/total SMAD at baseline and at 2 different doses of latent TGFb (p = 0.02,
analysis of variance with repeated measures).

pSmad/total Smad

from Flanigan et al., LTBP4 genotype predicts age of ambulatory loss in
Duchenne Muscular Dystrophy, Ann Neurol. 73(4):481-488 (2013).
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LTBP4 IAANReplication Studies

Figure 2C (from den Bergen JC, et
al.) Survival plots showing the
effect of the IAAM haplotype
(LTBP4) in 265 patients with DMD.

Figure 3B (from Flanigan et al.,
2012), Survival plots showing
the effect of the IAAM haplotype
238 patients from the UDP
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Age of ambulation loss

European cohort (London, Ferrera,
Montpelier, Leiden, Newcastle), 270
patients, P value = 0.01 (recessive):
van den Bergen JC, Hiller M,
Bohringer S, Vijfhuizen L, Ginjaar HB,
Chaouch A, et al. Validation of genetic
modifiers for Duchenne muscular
dystrophy: a multicentre study
assessing SPP1 and LTBP4 variants. J
Neurol Neurosurg Psychiatry. 2015;
86(10):1060i 5.

Figure 3D Caucasian CINRG cohort
genotyped for LTBP4 rs10880 (n = 115),
(black line = TT; gray line =CC/CT) and
GC treatment (continuous lines = at
least 1 year while ambulatory; dashed
lines =<1 year or untreated).

D 100%
75%~
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Ambulatory %
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Age

CINRG cohort, 118 patients, P value =
0.02 (KM log-rank): Bello L, , et al.
Genetic modifiers of ambulation in the
Cooperative International Neuromuscular
Research Group Duchenne Natural
History Study. Ann Neurol. 2015;
77(4):6841 96.

* Non-replication: Itailan cohort of 178 patients: neither SPP1 or LTBP4
associated with LoA. Barp A, Bello L et al. (2015) Genetic Modifiers of Duchenne
Muscular Dystrophy and Dilated Cardiomyopathy. PLoS ONE 10(10): e0141240.
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Cooperative International Research GrdopchenneNatural
History Study (CINRGINHS$: Exomewide association study of

age atLoAin a subcohort of(European ancestry, 1109

In press, AJHG: "Association study of exon variants in the NF-a B
—— Exome-wide significance an d T G F b p at h W a y S | d ent ID‘UOhGB"Ilse C D

2;%9?5“"9 significance musculard y s t r @upaBeNo,Beyin M. Flanigan, Robert B. Weiss, United
° in prioritized gene . . . L . .
Dystrophinopathy Project, Pietro Spitali, Annemieke Aartsma-Rus, Francesco Muntoni,
Irina Zaharieva, Alessandra Ferlini, Eugenio Mercuri, Sylvie Tuffery-Giraud, Mireille
6 7 INPPAB Claustres, Volker Straub, Hanns Lochmiiller, Andrea Barp, Sara Vianello, Elena Pegoraro,
D"lxg CRER3LL CRSLD2 Jaya Punetha, Heather Gordish-Dressman, Mamta Giri, Craig M. McDonald, Eric P.
NEURL . Hoffman, Cooperative International Neuromuscular Research Group.

- logio(p)

7 BN : .' : . CDA40 is a cell surface protein and a member of the

tumor necrosis factor receptor superfamily

CD40 5'UTR -1 +1
. CCTGCCGCCTGGTCTCACCTCGC [C/T]ATGGTTCGTCTGCCTCTGCAGTG . . .

rs1883832

| —

| CTCGC T ATGG
1 2 3 4 5 6 789 11 13 15 18 21 24 /X
Chromosome Kozak consensus sequence initiation codon

Figure 1 (féom |L' Be'}‘)ft "é" 2016) Ado.”“"el The major allele at CD40 rs1883832 (C) is associated
genotype P-values of the Cox proportiona with increased risk for Gr

hazards model with glucocorticoid treatment as a .. .. .
covariate are shown for 27,025 Exome Chip SNPs arthritis and results in increased CD40 expression,

with MAF > 0.05. SNPs within, or < 10,000 kb predicted to enhance a pro-inflammatory
upstream/downstream of prioritized genes in the environment/response. While, the rs1883832 minor

NF-eBand TGFDb pathways are higfelel(T)isatriskdallelerfor multiple sclerosis and is
green. associated with reduced CD40 expression.
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CD40s1883832 replication

rs188382
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= CT-TT (dominant)
(A) CINRG Exome Chip (n = 109)

(B) CINRG validation (n = 76) (C) Bio-NMD validation (n = 246)
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| £ £ activation of MAPKs and
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T e e D e
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:;2 é aII_eIe might prec_:lpltate
| ameon, | a0, failed regeneration and
L e e A s A ———————— fibrosis in DMD skeletal
Age (years) Age (years) Age (years) muscle.
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Genomewide Association Study abAin the
United DystrophinopathyProject cohort

UDP cohort (n = 253), recessive genotype P-values of CINRG Exome-Chip cohort (n=109),
linear regression for age at loss of ambulation with additive genotype P-values for age at loss
1,180,493 lllumina Omni2.5M SNPs (MAF > 0.05) of ambulation, 27,025 SNPs (MAF > 0.05)
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L TBP4egion single SNP associations
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LTBPAaplotype structure: =M colored by
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Is710160 is an expression QTLLHdBP4n fibroblasts

LTBP4 rs10880 Thr1180Met allele

LTBP4 rs710160 flanking SNP
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Genotype and RNASeq data (eQTL) in 43 tissues from
The GenotypeTissue Expression GTEX Project
Gene
Symbol SNP P-Value Effect Size Tissue
LTBP4 rs710160 0.0003¢ -0.13Cells- Transformed fibroblasts
LTBP4 rs710160 0.04 0.33Brain- Cerebellar Hemisphere

The Genotype-Tissue Expression GTEX pilot analysis: Multi-tissue gene regulation
in humans. The GTExConsortium. Science May2015: 348, 6235, pp. 648-660
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Top GWAS signal in the chrl5 region
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Chrl5 requlatory SNPs are associated with
decreasedf HBSIMRNAIN skeletal muscle

Genotype and tissue-specific gene expression from the GTEX Project

Tissue Ran
(out of 41) Gene Symbo SNP P-Value Effect Size Tissue (41 examined)
1 THBS1 rs2624259 0.0005¢4 -0.24Muscle- Skeletal
2 THBS1 rs2624259 0.03€ -0.17EsophagusMucosa
3 THBS1 rs2624259 0.074 -0.23Spleen
4 THBS1 rs2624259 0.2 0.33Brain- Anterior cingulate cortex (BA24)
5 THBS1 rs2624259 0.22 0.18Artery - Coronary
Muscle_Skeletal eQTL rs2725797 ENSGD0000137801.8 Muscle_Skeletal eQTL rs2624258 ENSG00000137801.9
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Expression data from The Genotype-Tissue Expression GTEX Project
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Overview of cellular pathways and

activities of mammalian TSP

) ) Adapted from Josephine C. Adams, and Jack Lawler Cold Spring Harb Perspect Biol 2011;3:a009712
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\ The TGFb large latent complex (LLC), including LTBP4

Schultz-Cherry, S. & Murphy-Ullrich, J. E. Thrombospondin causes activation of latent transforming growth factor-beta secreted by
endothelial cells by a novel mechanism. J Cell Biol 122, 9231 932 (1993).

Zhou, Y. et al. Latent transforming growth factor -beta-binding protein-4 regulates transforming growth factor -betal bioavailability for
activation by fibrogenic lung fibroblasts in response to bleomycin. Am. J. Pathol 174, 21i 33 (2009).



Summarymodifier genes and TGF-b signaling
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Summary

A Genetic variants that modulate TGF-b
signaling delay disease progression in DMD

A LTBP4 and CD40 variants have replicated
effects across multiple cohorts

A Initial GWAS results confirm the strength of
the LTBP4 effect and suggest that other large
effect variants exist.
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Osteopontin(SPP1Replication Studies

Figure 3 (Pegoraro et al.) SPP1 genotype Supplementary Table S9. SPP1
is associated with greater severity of rs28357094 -66 T/G promoter SNP
progression in Duchenne muscular is not associated with age at

dystrophy (DMD). The proportion of patients ambulatory loss with steroid
with DMD in the Padova cohort remaining treatment and DMD mutation

ambulatory at the specific age noted is class as covariates in 239
shown (n = 106). patients. from Flaniganet al., Ann
Neurol. 73(4):481-488 (2013).
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rs28357094 is in the promoter of SPP1 (osteopontin) and the G allele (dominant
model) was associated with more rapid progression (Padova cohort log rank p =
0.003), and 12%f 19% less grip strength (CINRG cohort p = 0.0003).

Figure 1: Survival plots showing the
effect of single nucleotide
polymorphism (SNP) rs28357094
(SPP1) for 336 patients with
Duchenne muscular dystrophy
(DMD). From JC van den Bergen et al.
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GenomeWide Association Study (GWAS)
of Age at Ambulatory Loss: 252 patients

Regression P values: 1,289,642 SNPsmaf > 0.05, recessive model
Top SNPs = 152725797 and rs2624259, P = 1.8e-09

Genotyping Platform = lllumina Omni2.5-Exome array



