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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
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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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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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HumanLTBP$olymorphisms and haplotypes
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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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Flanigan et al: LTBP4 Genotype in DMD
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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
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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

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).

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.



