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41.1 Introduction

The inherited retinal dystrophies, including retinitis pigmentosa, Leber congenital
amaurosis, cone-rod dystrophy, and others, are a remarkably heterogeneous group of
blinding disorders displaying both genetic and phenotypic diversity. They encompass a
spectrum of diseases all resulting in photoreceptor loss and eventual blindness, but differ in
age of onset, severity, cone- or rod-predominance, and associated findings. Some forms of
disease are syndromic while other forms are retina-specific. Over 150 different genes have
been implicated to date in all inherited retinal dystrophies, and retinitis pigmentosa alone is
caused by over 40 genes, many displaying allelic heterogeneity, and some demonstrating
both dominant and recessive modes of inheritance (RetNet; http://www.sph.uth.tmc.edu/
retnet/).

Certain genetic causes of retinal degeneration appear particularly prone to variable
expressivity. For example, many instances of extreme phenotypic variability have been
reported for mutations in RPGR (retinitis pigmentosa GTPase regulator), which causes over
70% of X-linked RP in addition to cone and cone-rod dystrophy and atrophic macular
dystrophy (Ayyagari et al. 2002; Demirci et al. 2002; Yang et al. 2002). RPGR localizes to
the connecting cilium in photoreceptors and is thought to play a role in protein transport
(Roepman et al. 2000; Hong et al. 2003; Khanna et al. 2005). Until recently, the “GTPase
regulator” function of RPGR was largely speculative, but recent evidence shows that RPGR
interacts with the GTPase RABB8A and that disease-causing mutations in RPGR disrupt this
interaction (Murga-Zamalloa et al. 2010). X-linked RP demonstrates marked variable
expressivity among both affected males, who demonstrate a wide range of severity, and
female carriers, who may or may not have clinical symptoms (Souied et al. 1997; Grover et
al. 2000). In addition, there have been multiple reports of diagnoses of both X-linked
retinitis pigmentosa and cone-rod dystrophy within the same family (Keith et al. 1991;
Walia et al. 2008).

Some of the observed phenotypic diversity is undoubtedly due to considerable allelic
heterogeneity: over 100 different RPGR mutations have been found to date in families with
X-linked retinitis pigmentosa (XIRP) (Human Gene Mutation Database; http://
www.hgmd.cf.ac.uk/). However, the same mutation often results in varying degrees of
clinical severity, and sometimes different diagnoses, both across families and within
families. This variable expressivity suggests the presence of either genetic or environmental
Modifiers, or both, playing a substantial role in disease expression.

This study aimed to categorize the clinical diversity in a cohort of 98 affected males from 56
families with RPGR mutations, and to test candidate Modifier genes for association with
disease severity. Ninety-eight affected males with 44 different RPGR mutations were
included. Candidate Modifier genes were chosen according to the following criteria: (1) the
protein is known to interact with RPGR, (2) the protein has polymorphic amino acid
substitutions, and (3) the gene contains known retinal disease-causing mutations. Based on
these criteria, coding SNPs in RPGR-interacting protein 1 (RPGRIP1) (Boylan and Wright
2000; Dryja et al. 2001), RPGRIP1-like (RPGRIP1L) (Arts et al. 2007; Delous et al. 2007;
Khanna et al. 2009), centrosomal protein 290 kDa (CEP290) (den Hollander et al. 2006;

Adv Exp Med Biol. Author manuscript; available in PMC 2014 July 29.


http://www.sph.uth.tmc.edu/retnet/
http://www.sph.uth.tmc.edu/retnet/
http://www.hgmd.cf.ac.uk/
http://www.hgmd.cf.ac.uk/

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Fahim et al.

Page 3

Sayer et al. 2006; Baala et al. 2007), and 1Q motif containing B1 (IQCB1 aka nephrocystin-
5) (Otto et al. 2005) were chosen for analysis. This study describes and categorizes
phenotypic severity in a cohort of 98 males with RPGR mutations and reports two SNPs in
candidate Modifier genes associated with disease severity.

41.2 Materials and Methods

41.2.1 Patients and Clinical Assessment

This study was performed in accordance with the Declaration of Helsinki and informed
consent was obtained from all participants. The research was approved by the Committees
for Protection of Human Subjects at the University of Texas Health Science Center at
Houston and the University of Texas Southwestern Medical Center. Ninety-eight affected
males from 56 families were enrolled. Clinical assessment included manifest refraction and
best-corrected visual acuity, Humphrey visual fields, frequency domain optical coherence
tomography, dark-adapted threshold, full-field electroretinogram, and multifocal
electroretinogram.

Fifty-four of the 98 affected males had 3 or more visits at least 1 year apart. For these
individuals, log cone 31 Hz flicker ERG amplitude was plotted as a function of patient age
and linear regression analysis was used to determine the predicted amplitude at age 18
(Berson et al. 1985; Birch et al. 1999; Berson 2007). The 54 patients with multiple visits
were characterized as grade 1 (mild), grade 2 (moderate), or grade 3 (severe) based on the
derived cone 31 Hz flicker ERG amplitude at age 18, supplemented by Humphrey visual
fields. Supplementary measures, along with cone ERG amplitude, were also used to
characterize the 44 patients with a single visit. Criteria used to categorize patients as grade 1,
2, or 3 are summarized in Table 41.1.

41.2.2 Genotyping Candidate Modifier Loci

Blood samples were collected in EDTA-coated tubes, and DNA was extracted using the
Gentra Puregene blood kit (Qiagen, Valencia, CA). DNA sequences containing SNPs of
interest were amplified from 37.5 ng genomic DNA per reaction with either AmpliTaqg Gold
360 (Applied Biosystems) or PyroMark PCR Kit (Qiagen). The PyroMark PCR reactions
included two specific primers, one of which contained an M13 tail, and a universal
biotinylated M13 primer, as described by Guo and Milewicz (2003). PCR conditions for
PyroMark reactions were as follows: 95°C for 15 min, 45 cycles of 94°C for 30 s, 52°C for
30 s, and 72°C for 30 s, followed by extension at 72°C for 10 min. Reactions were run on a
PSQ HS 96A Instrument (Qiagen).

41.2.3 Data Analysis

Family-based association testing was performed using the DFAM procedure in PLINK
(http://pngu.mgh.harvard.edu/purcell/plink/) (Purcell et al. 2007). As this analysis requires a
dichotomous phenotype, patients with grade 1 or 3 RP were compared, while patients with
grade 2 RP were excluded.

Adv Exp Med Biol. Author manuscript; available in PMC 2014 July 29.


http://pngu.mgh.harvard.edu/purcell/plink/

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Fahim et al.

Page 4

41.3 Results

41.3.1 Phenotypic Heterogeneity Between and Within Families

Ninety-eight affected males from 56 families with mutations in RPGR were ascertained and
categorized as grade 1 (mild), 2 (moderate), or 3 (severe) according to the clinical criteria in
Table 41.1. The cohort included 21 grade 1, 34 grade 2, and 43 grade 3 affected males.
RPGR mutations have historically been fully penetrant in the hemizygous state, consistent
with the absence of known nonpenetrance in our cohort. Representative fund us photos,
ERGs, and visual fields from each category are shown in Fig. 41.1. Most pedigrees were too
small to assess intrafamilial phenotypic variability. However, Fig. 41.2 shows one of the
largest pedigrees in the study, which demonstrated marked phenotypic heterogeneity.

41.3.2 Modifier SNPs

Coding SNPs with MAF = 2% in RPGRIP1, RPGRIP1L, CEP290, and IQCB1 (a.k.a.
NPHPS5) were sequenced in the cohort of 98 affected males and in 99 available family
members. Family-based association testing was performed using the DFAM test in PLINK
(Purcell et al. 2007) comparing individuals with grade 1 (mild) and grade 3 (severe) RP.
Two coding SNPs showed significant association: rs1141528 (I1393N) in IQCB1 and
rs2302677 (R744Q) in RPGRIPLL (Table 41.2). In IQCB1, the minor allele (as paragine) at
position 393 was associated with more severe disease (p = 0.044). In RPGRIP1L, the
common allele (arginine) at position 744 was associated with more severe disease (p =
0.049).

41.4 Discussion

This study described and categorized the clinical diversity in a cohort of 98 affected males
from 56 families with RPGR mutations, and demonstrated association in the cohort between
severe disease and coding SNPs in two proteins known to interact with RPGR. In IQCB1,
residue 393 lies in one of two calmodulin-binding domains, and interaction between 1QCB1
and calmodulin has been previously demonstrated (Otto et al. 2005). Studies have shown
that calmodulin is an important modulator of the cGMP-gated cation channel in rods (Chen
etal. 1994). IQCB1 I393N is a predicted benign variant by PolyPhen-2 (Adzhubei et al.
2010). In RPGRIPLL, residue 744 lies in the linker region between two C2 domains and is
predicted to be probably damaging by PolyPhen-2 (Delous et al. 2007; Adzhubei et al.
2010).

There have been three prior reports of coding SNPs in cilia proteins acting as genetic
Modifiers in ciliopathies. In a group of 602 patients with various syndromic ciliopathies
caused by mutations in different genes, the threonine allele at the A229T coding SNP in
RPGRIP1L was associated with increased frequency of retinopathy as part of the syndromic
phenotype (Khanna et al. 2009). Furthermore, the authors demonstrated that the associated
protein variant disrupted binding of RPGRIP1L to RPGR. Of note, the A229T SNP was
sequenced in our cohort, but no association with disease severity was found. A similar
modifying effect was found in nephronophthisis, a hereditary fibrocystic renal disease with
variable retinopathy most commonly caused by mutations in NPHPL. In a group of 306
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patients with nephronophthisis, the minor allele at a coding SNP in AHI1, a cilia protein that
interacts with NPHP1, was associated with increased frequency of retinopathy (Louie et al.
2010). The same variant in AHI1 was also found to be associated with neurologic symptoms
in nephronophthisis (Tory et al. 2007). As there are no reports of direct interaction between
AHI1 and RPGR, SNPs in AHI1 were not included in our study.

Genetic Modifiers achieve a remarkable genetic phenomenon: the generation of a complex
genetic trait superimposed on an underlying Mendelian trait. Discovery of Modifier genes
leads to new investigations in the biology of disease and in potential therapeutics. In
addition, genotyping Modifier loci in patients may have prognostic utility. This study and
future studies of retinitis pigmentosa Modifier genes help to define the total genetic
contribution to disease and to understand the complexity of phenotypic variation in this
otherwise Mendelian disease.
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Fig. 41.1.
Shown are OCT scans, ffERGs, fundus photos, and visual fields from representative mild

(grade 1), moderate (grade 2), and severe (grade 3) males from families enrolled in this
study
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Fig. 41.2.
A large pedigree with XIRP is shown with phenotypic variability. 1 = gradel, 2 = grade 2, 3

=grade 3
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Table 41.1

Males with XIRP were divided into grades 1, 2, and 3 according to the clinical criteria shown in the table

Severity ERG Visual field

Gradel =10 uV 30 Hz flicker in teens (1-5 uV in 30s)  Good central 30° field sensitivity

Grade2  1-5pV 30 Hz flicker in teens Marked central field constriction; some sensitivity beyond 20°
Grade3 <1 pV 30 Hz flicker in teens/20s Marked central field constriction
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Table 41.2

The results of the family-based association testing are shown

Gene SNP pvalue
RPGRIP1 P96Q 0.622
K192E 0.367
A547S 0.684
E1033Q 0.294
RPGRIPIL  A229T 0.564
R744Q  0.049
G1025S  0.523
D1264N  0.920
CEP290 K838E  0.698
L906W  NA
1QCB1 1393N 0.044
C434Y 0.977

Page 10

Coding SNPs that were sequenced in the 98 affected males are shown with their respective p values calculated using the DFAM procedure in
PLINK. p values <0.05 are shown in bold
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