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Exome sequencing reveals CHM mutations in six families with
atypical choroideremia initially diagnosed as retinitis pigmentosa
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Abstract. Mutations in almost 200 genes are associated with
hereditary retinal diseases. Of these diseases, retinitis pigmen-
tosa (RP) is the most common and is genetically and clinically
highly heterogeneous. At least 62 genes are associated with
RP and mutations in these genes account for approximately
half of the cases of disease. In the present study, mutations
in the CHM gene, which are known to associate with choroi-
deremia, were identified in six of 157 families with retinitis
pigmentosa by whole exome sequencing. No potential patho-
genic mutations in the 62 RP-associated genes were found in
the six families. Sanger sequencing confirmed the mutations
in CHM, including four novel (c.558_559delTT, c.964G>T,
¢.966delA, c.1166+2T>G) and two known (c.703-1G>A and
¢.1584_1587delTGTT) mutations. Available clinical data
suggest an atypical phenotype of choroideremia in these
patients compared to that of Caucasians. Overlapping clinical
features and atypical phenotypic variation may contribute to
the confusion of one another. Awareness of the phenotypic
variation and careful clinical examination may facilitate
proper clinical diagnosis and genetic counseling of compli-
cated hereditary retinal diseases. Whole exome sequencing
therefore is useful in the identification of genetic cause for less
clarified hereditary retinal diseases and enriches our under-
standing of phenotypic variations of gene mutation.

Introduction

Hereditary retinal degeneration is the most common form
of genetic eye diseases causing irreversible blindness.
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Mutations in almost 200 genes are associated with heredi-
tary retinal degeneration (RetNet: http://www.sph.uth.tmc.
edu/Retnet/sum-dis.htm). Of these diseases, retinitis pigmen-
tosa (RP) is the most common type and refers to various
forms of progressive retinal degeneration with predominantly
impaired rod photoreceptors. RP is clinically and genetically
highly heterogeneous. Currently, mutations in at least 62 genes
were associated with autosomal dominant, autosomal reces-
sive, or X-linked RP. Mutations in all these genes may be
responsible for approximately half of the cases of RP (1-3).
The causes for the remaining half of RP cases await identifica-
tion. The development of high-throughput techniques for gene
analysis has revealed an increasing number of new genes that
are associated with RP (4,5). Additionally, a number of genes
known to cause other retinopathy or extraocular diseases have
been recently reported to also be responsible for RP, such as
mutation in ADAMTSIS, CYP4V2, or OFDI (6-8).

In the present study, exome sequencing on 157 families
with RP detected mutations in the RAB geranylgeranyl
transferase holoenzyme component A gene (the CHM gene)
in six families. These mutations are known to cause choroi-
deremia (9-11). No other causative mutations in the 61 of the
62 RP-associated genes were detected in the six families by
exome sequencing. Sanger sequencing confirmed four novel
and two known mutations in the CHM gene in the six families.
Clinical data of the six probands showed certain characteris-
tics of RP and some atypical indications of choroideremia. The
result emphasizes the importance of a comprehensive analysis
of clinical data and potential genes for hereditary diseases
with overlapping phenotypes (12) or among the list requiring
differential diagnosis.

Materials and methods

Patients. Probands with initial diagnosis of RP from 157 fami-
lies were recruited at the Eye Hospital of the Zhongshan
Ophthalmic Center (Guangzhou, China). The diagnosis of RP
was based on night blindness beginning in early childhood,
decreasing visual acuity with age, and fundus changes as previ-
ously described (13). Written informed consent that followed
the tenets of the Declaration of Helsinki was obtained from
each participating individual or their guardians prior to the
study. This study was approved by the Institutional Review
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Table I. Primers used for mutation confirmation by Sanger sequencing for the CHM gene.

Proband Primers and sequences (5'—3") Size of amplicons (bp) Annealing temp (°C)
RP31 F1: atggatcaggttttgctgct 397 58-65
R1: aagctgatgcccagttacaa
RP229 F2: ctgectacggaggatgagtc 337 58-65
R2: gggcccagatactgttttca
RP263 F3: aattaacccccaacctccaa 383 58-65
R3: aagctcaaaaagaggccaca
RP285, RP304 F4: ccacctatgtcctttgtgagg 291 58-65
R4: aatggagtgttgccataccg
RP359 F5: caccatgacttgctcagctc 376 58-65

RS: cccacatgtttaggcagaca

Mutant sequence

Normal sequence

RP31
R EE: '-
C :.c. .: ACAACT
c.703-1G>A
RP229
'IC.'...'.'..\a.\(‘——G.'C_.'
¢.558_559delTT
RP263
TG ST e
RP285
11 12
RP304
A
o l ’e]
RP359 |~
.—|—’\
ﬁl c.1584_1587delTGTT

Figure 1. Sequence chromatography showed CHM mutations. The proband numbers and associated pedigrees are listed on the left, followed by the hemizygous
mutations in the six probands in the middle, and corresponding normal sequences on the right.

Board of the Zhongshan Ophthalmic. Genomic DNA was
prepared from venous leukocytes.

Exome sequencing. Exome sequencing was performed by BGI
Shenzhen, as previously described (14). The exome sequencing,
genotype calling, and SNP calling were conducted as

previously described (15). Exome capture was carried out using
a NimbleGen SeqCap EZ Exome (44M) array (Roche, Basil,
Switzerland). Exon-enriched DNA fragments were sequenced
by the Illumina Genome Analyzer II (Illumina, Inc., San Diego,
CA, USA). The average sequencing depth was set at 60-fold.
The SOAP aligner was used to align the sequencing reads to
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Table II. Hemizygous mutations in the CHM gene and their associated clinical data.

CHM variation Gender Age (year) at Visual ERG responses
Proband First acuity Fundus
ID Nucleotide change Effect Database exam onset symptom (right; left)  changes rod cone
RP31 ¢.[703-1G>Al;[0] SSA Known [34] M 23 5 NB 03;03 AV,CS,BSP NA NA
RP229  ¢.[558_559delTT];[0] T186TfsX12 Novel M 34 7 NB 0.1;06 AV,CS,BSP ND ND
RP263 ¢ [1166+2T>G];[0] SSA Novel M 22 EC NB 0.7,0.7  AV,WSP ND ND
RP285  c¢.[966delAl;[0] E322DfsX3 Novel M 34 EC NB 02:03  SPP NA NA
RP304  ¢.[964G>T];[0] E322° Novel M 24 EC NB 0505 BSP NA NA
RP359  ¢.[1584_1587delTGTT];[0] F528FfsX8 Known[34] M 21 EC NB 04;003 AV,CS,BSP ND ND

SSA, splicing site abolished; M, male; EC, early childhood; NB, night blindness; AV, attenuated vessels; CS, choroidal sclerosis; BSP, bone spicule-like pigmentation;
WSP, wide-spread pigment deposit at retina; SPP, ‘salt and pepper’-like pigment mottling; NA, not available; ND, not detectable.

UCSC hgl9 (16,17). The likelihood of possible genotypes in
target regions was calculated using SOAPsnp (18). Data were
reviewed for all the genes known to be associated with heredi-
tary retinal disease. Probands with a hemizygous mutation in
the CHM gene but without other causative mutations in the 61
of the 62 RP-associated genes were selected in this study.

Sanger sequencing. Sanger sequencing was used to verify the
variants in CHM detected by exome sequencing. The frag-
ments with variants found in patients were amplified by the
polymerase chain reaction with the primers listed in Table I.
The sequences of the amplicons were determined with an ABI
Big Dye Terminator cycle sequencing kit v3.1 on an ABI3130
Genetic Analyzer (both from Applied Biosystems, Foster
City, CA, USA). Sequencing results from patients and controls
were aligned using the SeqManlI program of the Lasergene
package (DNAStar, Inc., Madison, WI, USA). Variants in
available family members were also analyzed. Novel variants
were then evaluated in 96 control individuals. The mutations
were described in accordance with the nomenclature for the
description of sequence variants (HGVS: http://www.hgvs.
org/mutnomen/).

Results

Whole exome sequencing detected six hemizygous mutations
in CHM in six of the 157 families with RP. Sanger sequencing
confirmed the six mutations in CHM (Fig. 1). Of the six, four
were novel and two were known mutations (Table II). Four
of the six resulted in truncation of the encoded proteins and
the remaining two were predicted to eliminate the splicing
sites (Table II). Potential pathogenic mutations in the
62 RP-associated genes were not detected in the six families.
For the patients with the CHM mutations, three were
singleton cases without a family history of retinal degeneration
while the remaining three had a family history consistent
with an X-linked trait. All the probands had experienced
night blindness since early childhood, with gradually reduced
visual acuity later in life. Fundus observation revealed retinal
degeneration with pigmentary disturbance. A review of the
fundus images obtained showed fundus changes consistent
with choroideremia (Fig. 2) although typical indications of
choroideremia, such as chorioretinal scalloped atrophy in

Figure 2. Images show fundus changes in two probands (RP229 and RP359)
and the carrier mother (RP359M) of RP359. Attenuated retinal vessels,
choroidal sclerosis, and pigment disturbance in the mid-peripheral retina are
evident. Yellow crystalline-like spots are aggregated in the macular region
and irregular mottled pigmentation occurred in the mid-periphery fundus in
the carrier mother.
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the mid-peripheral fundus with preserved macula, was not
recorded in these patients (Table II). Electroretinography
recordings on three probands showed no appreciable responses
of cones and rods in both eyes.

Available family members were analyzed in family
RP359, where the mother (RP359M) of the proband had a
heterozygous c.1584_1587delTGTT mutation. The mother
had normal visual acuity without night blindness, but had a
number of crystalline-like spots in the macular area and irreg-
ular retinal dystrophy in the mid-peripheral retina (Fig. 2).
Electroretinography showed normal rod responses and mildly
reduced cone responses.

Discussion

The present study identified six hemizygous CHM mutations
in six of the 15 unrelated families with initial diagnosis of
RP, initially analyzed by exome sequencing and confirmed by
Sanger sequencing. All six mutations resulted in truncation (or
loss of function) that is generally observed in CHM muta-
tions. Initial clinical diagnosis of the six probands was RP
while subsequent re-evaluation of the clinical data suggested
atypical form of choroideremia.

Mutations in CHM are known to cause choroideremia
alone (9,19-37). At least 147 mutations in CHM have been
previously reported in patients with choroideremia, including
2 missense mutations, 39 nonsense mutations, 25 splicing
mutations, 32 small deletions, 9 small insertions, 5 small
indels, 31 gross deletions, 1 gross insertions/duplications,
and 3 complex rearrangements, based on the HGMD®
Professional 2012.4 (https://portal.biobase-international.
com/hgmd/pro/gene.php?gene=CHM). All but two of
these (21,38) are loss of function mutations. The six mutations
identified in this study include 1 nonsense, 3 small deletion,
and 2 splicing mutations, all of which are loss of function
mutations.

Choroideremia and RP share several common features,
such as night blindness, constriction of the visual field,
gradually reduced visual acuity, and retinal degeneration,
and may be confused with each other (39). Previous studies
have suggested that ‘about 6% of individuals diagnosed with
RP-related disorders actually have choroideremia’ (39), while
about one quarter of clinically diagnosed choroideremia may
actually be other diseases, including RP (40). Choroideremia,
referring to the absence (-eremia) of choroid, is an X-linked
disease characterized by chorioretinal scalloped atrophy initi-
ated from the mid-peripheral fundus, with preservation of the
macula (20,40-42). However, these types of typical fundus
changes for choroideremia may not yet have developed at the
first visit to the ophthalmologists. Considering the great vari-
ability in the appearance of the fundus in RP, choroideremia
without a typical fundus appearance may easily be diagnosed
as RP.

The typical manifestation for choroideremia [i.e., chorioret-
inal scalloped atrophy with preservation of the macula (42,43)],
was not found in the six probands with CHM mutations in the
present study. However, the fundus changes of the six probands
with CHM mutations were also atypical compared to those seen
in classic RP. Retinal pigmentary degeneration with choroidal
sclerosis has been visualized, not only in choroideremia, but
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also in severe retinitis pigmentosa with the PROMI muta-
tion (44) or in Bietti crystalline corneoretinal dystrophy with
the CYP4V2 mutation (45). The six patients in the present
study with atypical fundus changes may be misdiagnosed as
RP if phenotypic variation of choroideremia is not obvious and
systemic fundus examination is not performed.

In summary, six mutations leading to the truncation of
CHM were identified in six of 157 (4%) unrelated patients
with initial diagnosis of RP. The results of this study suggest
that CHM should be included as a candidate gene for atypical
RP. Additionally, choroideremia may be misdiagnosed as RP.
These findings emphasize that genes known to cause one form
of retinal degeneration may also be ideal candidates for other
forms of retinal degeneration, particularly for those with over-
lapping phenotypes.
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