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Purpose: This study aims to describe the phenotype and genotype of two Indian families affected with 
X‑linked choroideremia (CHM). Materials and Methods: In these two families, the affected individuals 
and unaffected family members underwent a comprehensive ophthalmic examination including an optical 
coherence tomography (OCT) and electroretinogram. Blood samples were collected from the families for 
genetic analysis. Next generation sequencing (NGS) was done using a panel of 184 genes, which covered 
previously associated genes with retinal dystrophies. Sequencing data were analyzed for the CHM, RPGR, 
and RP2 genes that have been implicated in CHM and X‑linked retinitis pigmentosa (XLRP), respectively. 
The identified variants were confirmed by Sanger sequencing in available individuals and unrelated controls. 
Results: In two unrelated male patients, NGS analysis revealed a previously reported 3’‑splice site change 
c.820‑1G>C in the CHM gene in the first family and hemizygous mutation c.653G>C (p.Ser218X) in the 
second family. The asymptomatic family members were carriers for these mutations. Spectral domain‑OCT 
showed loss of outer retina, preservation of the inner retina, and choroidal thinning in the affected males 
and retinal pigment epithelial changes in the asymptomatic carriers. The identified mutations were not 
present in 100 controls of Indian origin. There were no potential mutations found in XLRP‑associated (RPGR 
and RP2) genes. Conclusion: This report describes the genotype and phenotype findings in patients with 
CHM from India. The identified genetic mutation leads to lack of Rab escort protein‑1 (REP‑1) or affects the 
production of a REP‑1 protein that is likely to cause retinal abnormalities in patients.
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Choroideremia (CHM) (OMIM 303100) is a rare X‑chromosome‑
linked chorioretinal dystrophy characterized by progressive 
loss of vision due to degeneration of the choroid, retinal 
pigment epithelium (RPE), and photoreceptor cells in retina.[1,2] 
Being an X‑linked recessive condition, CHM mainly affects 
males; carrier females are mostly asymptomatic although 
those with skewed X‑inactivation may become symptomatic 
later in life. Associated with night blindness and reduced 
peripheral fields, the disease progresses relentlessly till most 
affected males are legally blind by midlife. Asymptomatic 
carrier females show irregular pigmentation throughout the 
fundus.[3] The global prevalence of the disease is estimated at 1 
in 50,000–100,000.[4] The highest incidence of CHM is reported 
in Northern Finland.[5] CHM (#300390), encoding the protein 
Rab escort protein‑1 (REP‑1), is the gene associated with 
CHM. The causative gene has been mapped at Xq21.1‑q21.3, 
which consists of 15 exons and encodes the 653 amino acids 
of intracellular protein known as REP‑1. This is involved (Rab 

GTPases) in the regulation of intracellular vesicle transport 
and posttranslational modification in lipid prenylation (Rab 
geranylgeranyltransferase), in addition to vesicle trafficking 
in various vesicular compartments of the cell.[6,7] The REP‑1 
protein is actively expressed in ocular and nonocular tissues 
such as retina, choroid, RPE, and lymphocytes.[8] Mutations 
in CHM gene result in CHM phenotype. The spectrum of 
CHM mutations includes deletions, translocations, and point 
mutations (including nonsense, frameshift, and splice site) as 
well as deep intronic mutations.[9‑11] In mice, the CHM knock 
out (KO) is embryonically lethal, but conditional KO mice of 
REP‑1 showed age‑related changes in RPE.[12,13] Recombinant 
adeno‑associated virus (AAV)‑mediated transduction of 
human REP‑1 ‑ restore the enzyme activity; REP‑1 in vitro 
in cells from affected patients (CHM), suggesting that gene 
therapy approach by AAV vectors may be an appealing 
treatment strategy.[14,15] In the present study, we report for 
the first time CHM gene mutations and associated clinical 
features in two Indian patients with CHM.
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Materials and Methods
Patient details and clinical evaluations
This study was approved by the Institutional Ethical Committee 
and conducted according to the Declaration of Helsinki 
Principles. All study participants including two patients, 
two available family members, and 108 normal controls 
provided a written consent to participate in the study. None 
of the participants had any systemic illness. There were no 
hearing or cognitive abnormalities. The proband and family 
members in two families identified with CHM underwent a 
complete ophthalmic examination including measurement of 
visual acuity, intraocular pressure, slit lamp biomicroscopy, 
detailed fundus examination, fundus photography, fundus 
autofluorescence (FAF), spectral domain optical coherence 
tomography (SD‑OCT). Four out of the five participants 
underwent full‑field electroretinogram (ERG) according to 
ISCEV standards.[16] (VERIS systems, USA).

Genetic analysis
A detailed family history was obtained from all participants. 
DNA was isolated from 5 ml of peripheral blood by the 
salt precipitation method.[17] Targeted next‑generation 
sequencing (NGS) was carried out using a method described 
previously that included sample preparation, target enrichment, 
and exome sequencing data analysis, variant calling.[18] For the 
variant interpretation, CHM (for Choroideremia) and RPGR 
and RP2 genes (for X‑linked retinitis pigmentosa [XLRP]) 
were included for the annotation, prioritization, and reporting 
following the ACMG guidelines. To revalidate the potential 
CHM variations in patients and in the available family 
members, 108 unrelated normal controls were analyzed 
using polymerase chain reaction (PCR) primers reported 
elsewhere.[19] The PCR products were sequenced (3500 DX, 
Lifetech Inc., USA) by Sanger sequencing method. The 
sequence electropherogram was visualized using the FinchTV 
software (Geospiza, USA), and the presence of the variation in 
genes was evaluated by comparing the patient’s sequence with 
the reference sequence (NM_000390.2).

Results
The genetic analysis revealed two previously reported known 
mutations in the CHM gene (p.Ser218X) (c.820‑1G>C at intron 6) 
in two unrelated patients with CHM. There were no potential 
mutations found in XLRP‑associated, RPGR, and RP2 genes.

Family 1: Choroideremia-01
In this family, a 32‑year‑old male patient (IV: 7) presented 
with night blindness and defective vision since childhood 
[Fig. 1]. His vision in both eye was 6/6, N6 on Snellen’s charting 
(RE = −4.00 DS, LE = −3.5 DS). The intraocular pressure and 
anterior segment examinations in both eyes were normal. The 
lens was clear. The optic discs were pink with a C/D ratio of 0.1 
in both eyes. Bilateral fundus findings included the following: 
prominent areas of atrophy of both the choroid and RPE 
in the peripapillary region, patchy pigment clumping, and 
prominence of large choroidal vessels in the midperiphery, 
arteriolar attenuation, and scalloped margins of choroidal loss 
with relative sparing of the central retina. FAF of both maculae 
showed a widespread loss of the normal autofluorescence. 
SD‑OCT of both eye showed a significant distortion of the 
outer retinal layers with multiple retinal tubulations [Fig. 2a]. 

There were no cystoid changes in the macula. Full‑field 
ERGs showed a complete extinction of both the rods and 
cone responses. His 61‑year‑old mother was asymptomatic 
(III: 5), she had undergone cataract surgery a year before this 
and did not have any significant refractive error before the 
cataract surgery. Her vision in both eyes was 6/6, N6. Anterior 
segment examination showed bilateral pseudophakia with a 
normal intraocular pressure. Fundus examination in both eyes 
showed widespread RPE alterations with normal retinal and 
choroidal vessels. FAF both eyes showed patchy hyper‑ and 
hypo‑autofluorescence throughout the fundus. SD‑OCT of 
both eyes showed significant undulations in the RPE with 
preservation of all retinal layers [Fig. 2b]. Full‑field ERG of 
both eyes was normal. The 36‑year‑old sister of the proband 
was asymptomatic (IV: 5), her vision was 6/6, N6 in both eyes. 
Intraocular pressures and anterior segments and fundus of both 
eyes were normal. Both eyes showed a normal autofluorescence 
and normal layers on the SD‑OCT. In the proband (IV: 7), the 
NGS analysis revealed a reported 3’‑splice site (c.820‑1G>C) at 
intron 6 of CHM gene on the X‑chromosome. Patient’s mother 

Figure 1: (a and b) Pedigrees of two unrelated families (choroideremia‑01, 
choroideremia‑02) with choroideremia. The asterisk denotes the 
individuals had an unknown cause of blindness. Arrow indicates the 
proband in each family. The ‘+’ symbol denotes the individuals did not 
consent for the genetic analysis
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(III: 5) was a heterozygous carrier for the mutation which was 
absent in the patient’s sister (IV: 5). This variation leads to 
altered splice site that results in skipping of exon 7. It codes for 
amino acids 274 (Val‑274) to 314 (Gly‑314); however, the codon 
for Gly314 was shared between exon 7 and exon 8, and thus 
will lead to a frameshift in the open reading frame. Ophthalmic 
examination of the proband’s father (III: 6) was normal. 
Historically, the mother’s brother and three of her uncles were 
legally blind (not examined), likely due to advanced CHM.

Family-2: Choroideremia-02
A 39‑year‑old male patient (III: 3) presented with night 
blindness since the age of 5 years, other family members had 
no visual complaints, and there was no history of consanguinity 
among the parents [Fig. 1]. Ophthalmic examination showed 
a visual acuity of 6/9, N6 in both eyes (RE = −4.00 DS/−1.75 

DC 80°, LE = −4.5 DS/−1.0 DC 110°). Intraocular pressures 
and anterior segment were normal in both eyes. The lens was 
clear in both eyes. Fundus evaluation showed normal discs 
with a C/D ratio of 0.5. Bilateral fundus findings included 
the following: Areas of prominent loss of choroid and RPE 
nasal to the disc and arteriolar attenuation with prominent 
choroidal vessels in the midperiphery. Macula showed patchy 
pigment clumping, scalloped areas of choroidal loss, and a 
very small island of normal retina. FAF showed very small 
areas of hyperautofluorescence at the macula, corresponding 
to the remaining visual field. SD‑OCT showed advanced 
loss of photoreceptors with choroidal thinning with retinal 
tubules in the outer nuclear layer at the junction of the normal 
and atrophic retina. There were a few cystoid changes at the 
macula in the LE; there were no cystoid changes in the RE. 
Visual fields showed a small island of remaining visual field 
on the Humphrey’s 10‑2 [Fig. 3a]. Full field ERG showed 
an extinguished rod response with minimal cone response. 
Genetic analysis of the patient (III: 3) revealed a C to G 
(c.653C>G) de novo hemizygous nucleotide change found in 
the CHM gene. It was a known nonsense mutation resulting 
in a premature stop codon (p.Ser218X) found at exon 5 in the 
canonical transcript (NM_0003 90.2). The truncated protein 
would lack a major portion of 436 amino acids at the C‑terminal 
region of the REP‑1. The patient’s 13‑year‑old daughter (IV: 1) 
was asymptomatic, had a heterozygous change (c.653C>G, 
p.Ser218X) in the CHM. Her uncorrected vision of 6/6, N6 both 
eyes, intraocular pressure, and anterior segment examination 
was normal in both eyes. Fundus of both eyes showed normal 
discs, normal retinal, and choroidal blood vessels with areas 
of retinal pigment alterations throughout the retina. FAF 
both eyes showed patchy hyperautofluorescence throughout 
the fundus. SD‑OCT of both eyes showed RPE undulations 
corresponding to the areas of pigmentation [Fig. 3b]. Full‑field 
ERG in both eyes was normal. Neither the mother nor the sister 
was available for ophthalmic or genetic evaluation.

Discussion
This is the first report to describe the genotype and phenotype 
findings in patients with CHM from India. Variety of CHM 
mutations known to cause X‑linked inherited or sporadic 
CHM have been summarized in databases (https://grenada.
lumc.nl/LOVD2/Usher_montpellier/home.php?select_
db=CHM, http://www.retina‑international.org/sci‑news/
databases/mutation‑database/chm‑mutation/). CHM (REP‑1 is 
ubiquitously expressed, has a vital role in prenylation of Rab 
proteins, which are essential for vesicle trafficking in endocytic 
and exocytic pathways. In CHM patients, loss of function 
of REP‑1 due to CHM mutations may cause progressive 
degeneration of choroid, photoreceptors, and RPE.[20,21] 
The clinical features associated with CHM include night 
blindness, visual field constriction, reduced visual activity, 
and progressive chorioretinal degeneration. Some of these 
clinical features may overlap with XLRP, one of the more severe 
forms of RP.[22] Symptoms of night blindness and constriction 
of peripheral visual fields are common in both diseases. High 
myopia and waxy pallor of discs are more commonly seen in 
RP. Fundus in CHM is characterized by chorioretinal scalloped 
atrophy initiated from the midperiphery without affecting the 
macula till the late stages. In contrast, due to a greater degree 
of RPE migration seen in RP, bony spicules are commonly 

Figure 2: Clinical features from choroideremia‑01 family. (a) The fundus 
pictures of both eyes in patient IV: 7 from family choroideremia‑01 (top), 
lower pictures show the infrared images and the spectral‑domain 
optical coherence tomography of both the eyes. Note the preservation 
of inner retinal layers, disruption of outer retinal layers, retinal 
tubulation (white arrows), and choroidal thinning. (b) Fundus pictures, 
fundus autofluorescence, and the spectral domain optical coherence 
tomography of the asymptomatic mother (III: 5). Top‑fundus pictures of 
the right and left eyes. Bottom right‑fundus autofluorescence of the right 
and left eyes showed the patchy autofluorescence. Lower left‑Infrared 
and spectral‑domain optical coherence tomography images of the 
eyes showing the retinal pigment epithelial irregularities (white arrows)
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seen throughout the fundus. In early stages of XLRP, the 
choroid is relatively normal in comparison to CHM where 
there is extensive chorioretinal degeneration. Carriers of both 
diseases exhibit characteristic pigmentary alterations in the 
fundus. Some carriers of XLRP may show golden tapetal‑like 
fundus reflex.

We, therefore, carried out a genetic analysis using the 
combination of targeted NGS (panel of gene test) and validation 
with Sanger sequencing on CHM, RPGR, and RP2 genes, the 
latter two associated with XLRP. High‑resolution imaging of 
the choroid is useful to assess the severity and determine the 
progression of the disease. In both our patients, we noted that 
photoreceptor degeneration was less severe over the areas 
of relatively preserved RPE.[23] The latter observation was 
further confirmed by OCT findings that retinal lamination 

and thickness remained remarkably normal in areas in 
which the RPE was preserved in contrast to generalized RPE 
and choriocapillaris atrophy.[23] It has been shown that RPE 
changes precede retinal degeneration.[23,24] FAF of both patients 
(IV: 7, III: 3) showed a very small island of autofluorescence 
in the macula, corresponding to the area of functioning RPE. 
FAF of both the carriers showed speckled autofluorescence 
throughout the fundus. This corresponds to the mosaic pattern 
of retinal dysfunction known to occur in carriers of CHM,[25] 
which occurs due to lyonization, the process of random 
inactivation of X‑chromosomes in retinal cells, as in every 
somatic diploid cell.[26] In patients with CHM, an abnormal 
thickening has been noted around the parafoveal region 
on the OCT early in the second decade of life. Observing a 
significant alteration in the laminar organization of the retina 
in patients with CHM; Jacobson et al. hypothesized that these 

Figure 3: Clinical features from choroideremia‑02 family. (a) Clinical details of patient (III: 3). Top left‑FP (Optos). Middle‑fundus autofluorescence 
showed a small area of normal AF (white arrows). Lower‑spectral domain optical coherence tomography showed the loss of outer retinal layers, 
choroidal thinning, and preservation of the inner retinal architecture. The LE shows a few cystoid spaces in the macula. Top right: Humphrey 
visual fields (10‑2) showing the remaining extremely small visual fields. (b) Clinical details of the daughter (IV: 1). Top‑FP, showing the extensive 
retinal pigment epithelial pigmentation throughout the fundus (white arrows). Lower left –fundus autofluorescence showing the patchy AF. Lower 
right‑infrared and the spectral‑domain optical coherence tomography pictures showing the retinal pigment epithelial irregularity (yellow arrows)
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corresponded with remodeling of the retina in CHM.[21] The 
earliest abnormality noted was retinal thickening, explained by 
photoreceptor damage and stress activating Muller cells, the 
main glial cells in the retina, noted as retinal thickening on the 
OCT. In advanced stages, there is photoreceptor dysfunction 
and death and loss of normal retinal lamination.[21] SD‑OCT 
in both male patients (IV: 7 and III: 3) showed the presence of 
multiple outer retinal tubulations (ORT), significant choroidal 
thinning, and relative preservation of the inner retinal layers. 
There was a central preservation of the photoreceptor layer 
and external limiting membrane, possibly corresponding to 
the remaining visual fields. The choroidal thickness underlying 
areas of preserved photoreceptors appeared normal, with a 
sharp reduction in the thickness at the transition zone between 
normal and atrophic photoreceptors. The tubules were seen 
prominently at the junction where inner segment/outer 
segment (IS/OS) loss was noted. There was cystoid spaces at 
the macula distinguishable from the choroidal tubules only in 
the left eye of the patient (CHM‑02_III: 3) in the second family. 
Zweifel et al.[27] first described the “ORT” on the SD‑OCT. They 
hypothesized that these were formed by the rearrangement 
of the photoreceptor layer in response to retinal injury in 
many conditions including CHM.[27] These have been known 
to develop from the gradual invagination of outer retinal 
structures at the junction of intact and atrophic retina.[28] The 
unaffected individuals (III: 5, IV: 1) were asymptomatic carriers 
showed irregularities in RPE and more prominent outside the 
macula. The IS/OS junction, although undulated, was intact 
throughout the macula. The RPE showed focal disruption 
corresponding to the undulations. FAF of the second carrier 
showed speckled autofluorescence, corresponding to the 
irregular RPE. In the first family, the patient (IV: 7) had a 
3’‑splice site (c.820‑1G>C) variation at intron 6 of CHM gene 
associated with ORT. Interestingly, this variation was found 
in heterozygous state in a female with the family history of 
CHM, showed a detectable level of subretinal hemorrhage in 
the fundus examinations.[29] Previously, skipping of exon 7 at 
mRNA level (3’‑splice site variation) in CHM gene was found 
in Italian patients with CHM.[30] This variation (c.820‑1G>C) 
found in 3’‑splice acceptor site of intron 6 of CHM can produce 
altered or shorted REP‑1 protein due to alternate splice event 
that is the likely cause of retinal abnormalities in the patient. 
Furthermore, a novel variation (c.819+2T>A), at the donor 
splicing site of intron 6 of the CHM, was found in families 
with CHM associated with various clinical manifestations 
indicating the intrafamilial variable expressivity.[31] In the 
first family (CHM‑01), the proband’s mother (III: 5) was 
asymptomatic and showed significant RPE alterations in 
the fundus examination which is consistent with previous 
findings.[31]

In the second family (CHM‑02), proband (III: 3) showed clinical 
features of advanced CHM such as hyperautofluorescence at 
the macula, loss of photoreceptors with choroidal thinning 
with retinal tubules associated with nonsense mutation 
(p.Ser218X). This mutation leads to premature stop codon at 
C‑terminal region that forms a part of the GDI domain (Rab 
GDP dissociation inhibitors)[32] that has functional and 
regulatory role on posttranslational modification (prenylation) 
and vesicular membrane trafficking.[33] There was a known 
mutation (p.Tyr2l7fs*230) at the adjacent position of Ser 2I7 
that has been implicated in CHM.[11] Previously, mutation 

in C‑terminal region of REP‑1 protein (p.Ser218Lysfs*13) 
was reported in CHM patients from Chinese and Italian 
origins.[10,30,34]

Since the clinical features of CHM overlap with XLRP, we 
suggest that the panel of targeted gene sequencing by NGS 
may be a convenient tool for genetic testing.[18] Advances in 
gene therapy and cell‑based therapy for CHM holds promise 
with progress in science.[35,36]

Conclusion
This is the first report to describe the genotype and phenotype 
findings in two patients with CHM from India. Furthermore, 
these mutations might play a role in pathogenesis consistent 
with previously reported genotype/phenotype correlations in 
patients with CHM. In addition, NGS panel of gene sequencing 
is an efficient method that is useful in accurate molecular 
diagnosis of asymptomatic carriers and helps in genetic 
counseling.

Acknowledgments
We are grateful to the patients who participated in this study.

Financial support and sponsorship
The authors would like to acknowledge the funding by the 
Narayana Nethralaya Foundation, Narayana Nethralaya Eye 
Hospital, Bengaluru, Karnataka, India.

Conflicts of interest
There are no conflicts of interest.

References
1. Cremers FP, Sankila EM, Brunsmann F, Jay M, Jay B, Wright A, 

et al. Deletions in patients with classical choroideremia vary in size 
from 45 kb to several megabases. Am J Hum Genet 1990;47:622‑8.

2. Cremers FP, van de Pol DJ, van Kerkhoff LP, Wieringa B, 
Ropers HH. Cloning of a gene that is rearranged in patients with 
choroideraemia. Nature 1990;347:674‑7.

3. Ohba N, Isashiki Y. Clinical and genetic features of choroideremia. 
Jpn J Ophthalmol 2000;44:317.

4. Garcia‑Hoyos M, Lorda‑Sanchez I, Gómez‑Garre P, Villaverde C, 
Cantalapiedra D, Bustamante A, et al. New type of mutations in 
three Spanish families with choroideremia. Invest Ophthalmol Vis 
Sci 2008;49:1315‑21.

5. Sankila EM, Tolvanen R, van den Hurk JA, Cremers FP, 
de la Chapelle A. Aberrant splicing of the CHM gene is a significant 
cause of choroideremia. Nat Genet 1992;1:109‑13.

6. Pereira‑Leal JB, Hume AN, Seabra MC. Prenylation of Rab GTPases: 
Molecular mechanisms and involvement in genetic disease. FEBS 
Lett 2001;498:197‑200.

7. Goody RS, Rak A, Alexandrov K. The structural and mechanistic 
basis for recycling of Rab proteins between membrane 
compartments. Cell Mol Life Sci 2005;62:1657‑70.

8. van Bokhoven H, van den Hurk JA, Bogerd L, Philippe C, 
Gilgenkrantz S, de Jong P, et al. Cloning and characterization of 
the human choroideremia gene. Hum Mol Genet 1994;3:1041‑6.

9. van den Hurk JA, Schwartz M, van Bokhoven H, van de Pol TJ, 
Bogerd L, Pinckers AJ, et al. Molecular basis of choroideremia (CHM): 
Mutations involving the Rab escort protein‑1 (REP‑1) gene. Hum 
Mutat 1997;9:110‑7.

10. McTaggart KE, Tran M, Mah DY, Lai SW, Nesslinger NJ, 
MacDonald IM. Mutational analysis of patients with the diagnosis 
of choroideremia. Hum Mutat 2002;20:189‑96.



December 2016  929Battu, et al.: Genetic analysis of Indian patients with choroideremia

11. van den Hurk JA, van de Pol DJ, Wissinger B, van Driel MA, 
Hoefsloot LH, de Wijs IJ, et al. Novel types of mutation in the 
choroideremia (CHM) gene: A full‑length L1 insertion and 
an intronic mutation activating a cryptic exon. Hum Genet 
2003;113:268‑75.

12. Shi W, van den Hurk JA, Alamo‑Bethencourt V, Mayer W, 
Winkens HJ, Ropers HH, et al. Choroideremia gene product 
affects trophoblast development and vascularization in mouse 
extra‑embryonic tissues. Dev Biol 2004;272:53‑65.

13. Wavre‑Shapton ST, Tolmachova T, Lopes da Silva M, Futter CE, 
Seabra MC. Conditional ablation of the choroideremia gene causes 
age‑related changes in mouse retinal pigment epithelium. PLoS 
One 2013;8:e57769.

14. Vasireddy V, Mills JA, Gaddameedi R, Basner‑Tschakarjan E, 
Kohnke M, Black AD, et al. AAV‑mediated gene therapy for 
choroideremia: Preclinical studies in personalized models. PLoS 
One 2013;8:e61396.

15. Tolmachova T, Tolmachov OE, Barnard AR, de Silva SR, 
Lipinski DM, Walker NJ, et al. Functional expression of Rab escort 
protein 1 following AAV2‑mediated gene delivery in the retina 
of choroideremia mice and human cells ex vivo. J Mol Med (Berl) 
2013;91:825‑37.

16. Marmor MF, Fulton AB, Holder GE, Miyake Y, Brigell M, Bach M; 
International Society for Clinical Electrophysiology of Vision. 
ISCEV Standard for full‑field clinical electroretinography (2008 
update). Doc Ophthalmol 2009;118:69‑77.

17. Miller SA, Dykes DD, Polesky HF. A simple salting out procedure 
for extracting DNA from human nucleated cells. Nucleic Acids Res 
1988;16:1215.

18. Battu R, Verma A, Hariharan R, Krishna S, Kiran R, Jacob J, et al. 
Identification of novel mutations in ABCA4 gene: Clinical and 
genetic analysis of Indian patients with Stargardt disease. Biomed 
Res Int 2015;2015:940864.

19. Furgoch MJ, Mewes‑Arès J, Radziwon A, Macdonald IM. 
Molecular genetic diagnostic techniques in choroideremia. Mol 
Vis 2014;20:535‑44.

20. Boye SE, Boye SL, Lewin AS, Hauswirth WW. A comprehensive 
review of retinal gene therapy. Mol Ther 2013;21:509‑19.

21. Jacobson SG, Cideciyan AV, Sumaroka A, Aleman TS, Schwartz SB, 
Windsor EA, et al. Remodeling of the human retina in choroideremia: 
Rab escort protein 1 (REP‑1) mutations. Invest Ophthalmol Vis Sci 
2006;47:4113‑20.

22. MacDonald IM, Hume S, Chan S, Seabra MC. Choroideremia. In: 
Pagon RA, Adam MP, Ardinger HH, Wallace SE, Amemiya A, 
Bean LJH, et al., editors. Gene Reviews. Seattle (WA): University 
of Washington; 2003.

23. MacDonald IM, Russell L, Chan CC. Choroideremia: New findings 

from ocular pathology and review of recent literature. Surv 
Ophthalmol 2009;54:401‑7.

24. Syed R, Sundquist SM, Ratnam K, Zayit‑Soudry S, Zhang Y, 
Crawford JB, et al. High‑resolution images of retinal structure 
in patients with choroideremia. Invest Ophthalmol Vis Sci 
2013;54:950‑61.

25. Rudolph G, Preising M, Kalpadakis P, Haritoglou C, Lang GE, 
Lorenz B. Phenotypic variability in three carriers from a family 
with choroideremia and a frameshift mutation 1388delCCinsG in 
the REP‑1 gene. Ophthalmic Genet 2003;24:203‑14.

26. Lyon MF. Gene action in the X‑chromosome of the mouse (Mus 
musculus L.). Nature 1961;190:372‑3.

27. Zweifel SA, Engelbert M, Laud K, Margolis R, Spaide RF, 
Freund KB. Outer retinal tubulation: A novel optical coherence 
tomography finding. Arch Ophthalmol 2009;127:1596‑602.

28. Goldberg NR, Greenberg JP, Laud K, Tsang S, Freund KB. Outer 
retinal tubulation in degenerative retinal disorders. Retina 
2013;33:1871‑6.

29. Potter MJ, Wong E, Szabo SM, McTaggart KE. Clinical findings 
in a carrier of a new mutation in the choroideremia gene. 
Ophthalmology 2004;111:1905‑9.

30. Esposito G, De Falco F, Tinto N, Testa F, Vitagliano L, 
Tandurella IC, et al. Comprehensive mutation analysis (20 families) 
of the choroideremia gene reveals a missense variant that prevents 
the binding of REP1 with Rab geranylgeranyl transferase. Hum 
Mutat 2011;32:1460‑9.

31. Contestabile MT, Piane M, Cascone NC, Pasquale N, Ciarnella A, 
Recupero SM, et al. Clinical and genetic studies in a family with a new 
splice‑site mutation in the choroideremia gene. Mol Vis 2014;20:325‑33.

32. Alexandrov K, Horiuchi H, Steele‑Mortimer O, Seabra MC, 
Zerial M. Rab escort protein‑1 is a multifunctional protein that 
accompanies newly prenylated rab proteins to their target 
membranes. EMBO J 1994;13:5262‑73.

33. Nishimura N, Goji J, Nakamura H, Orita S, Takai Y, Sano K. Cloning 
of a brain‑type isoform of human Rab GDI and its expression in 
human neuroblastoma cell lines and tumor specimens. Cancer Res 
1995;55:5445‑50.

34. Yip SP, Cheung TS, Chu MY, Cheung SC, Leung KW, Tsang KP, 
et al. Novel truncating mutations of the CHM gene in Chinese 
patients with choroideremia. Mol Vis 2007;13:2183‑93.

35. Anand V, Barral DC, Zeng Y, Brunsmann F, Maguire AM, 
Seabra MC, et al. Gene therapy for choroideremia: In vitro rescue 
mediated by recombinant adenovirus. Vision Res 2003;43:919‑26.

36. Abe T, Yoshida M, Yoshioka Y, Wakusawa R, Tokita‑Ishikawa Y, Seto H, 
et al. Iris pigment epithelial cell transplantation for degenerative 
retinal diseases. Prog Retin Eye Res 2007;26:302‑21.


