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Purpose: Choroideremia results from the deficiency of Rab Escort Protein 1 (REP1),
encoded by CHM, involved in the prenylation of Rab GTPases. Here, we investigate
whether the transcription and expression of other genes involved in the prenylation
of Rab proteins correlates with disease progression in a cohort of patients with choroi-
deremia.

Methods: Rates of retinal pigment epithelial area loss in 41 patients with choroideremia
weremeasured using fundus autofluorescence imaging for up to 4 years. From lysates of
cultured skin fibroblasts donated by patients (n= 15) and controls (n= 14), CHM, CHML,
RABGGTB and RAB27A mRNA expression, and REP1 and REP2 protein expression were
compared.

Results: The central autofluorescent island area loss in patients with choroideremia
occurred with a mean half-life of 5.89 years (95% confidence interval [CI] = 5.09–6.70),
with some patients demonstrating relatively fast or slow rates of progression (range =
3.3–14.1 years). Expression of CHMmRNA and REP1 proteinwere significantly decreased
in all patients. No difference in expression of CHML, RABGGTB, RAB27A, or REP2 was
seen between patients and controls. No correlation was seen between expression of
thegenes analyzed and rates of retinal degeneration. Non-sense induced transcriptional
compensation of CHML, a CHM-like retrogene, was not observed in patients with CHM
variants predicted to undergo non-sense mediated decay.

Conclusions: Patients with choroideremia, who are deficient for REP1, show normal
levels of expression of other genes involved in Rab prenylation, which do not appear
to play any modifying role in the rate of disease progression.

Translational Relevance: There remains little evidence for selection of patients for
choroideremia gene therapy based on genotype.

Introduction

Choroideremia is an X-linked recessive inherited
retinal degeneration caused by mutations in the gene
CHM (OMIM 300390; NM_000390.4). The typical
course of outer retinal degeneration in choroideremia
is characterized by nyctalopia in childhood, progres-
sive visual field constriction, and loss of central
visual acuity beyond the fourth decade of life.1–3
This corresponds to structural changes observed on
fundus autofluorescence imaging4,5 and optical coher-
ence tomography (OCT).6 Individuals within cohorts

of patients with choroideremia demonstrate a range
of phenotypic severity, however, where some patients
experience a milder disease course with slower rates
of degeneration compared to others with more severe
disease at a similar age.2,3,5,7,8 For some patients,
slower degeneration has been correlated with residual
expression of full-lengthCHM transcripts due to splic-
ing aberrations,7 however, for most patients, studies
have been unable to explain genetic factors that may
contribute to phenotypic variation.3,9

The CHM gene spans 15 exons on chromosome
Xq21.2 to encode Rab Escort Protein 1 (REP1), a
ubiquitously expressed 653 amino acid protein.10,11
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REP1 is involved in the prenylation of Rab GTPases,
a member of the Ras superfamily of G proteins
involved in vesicle trafficking.12 Prenylation is a post-
translational modification where one or more geranyl-
geranyl groups are covalently attached to the C-
terminus of the Rab protein. Prenylation is required
for the correct cellular localization, membrane associ-
ation, and protein-protein interactions of Rabs. The
reaction is catalyzed by Rab geranylgeranyl trans-
ferase II (GGTase-II), comprised of an alpha subunit
encoded by the RABGGTA gene and a beta sub-unit
encoded by the RABGGTB gene.13,14 Newly synthe-
sized Rabs must be escorted from the endoplasmic
reticulum and presented to GGTase-II for prenyla-
tion by REP1 or its paralogue Rab Escort Protein
2 (REP2) encoded by the retrogene CHML (CHM-
like).13,15 REP2 also supports the GGTase-II mediated
prenylation of Rabs, although with a different but
overlapping substrate specificity to REP1.15,16 Follow-
ing prenylation and activation by exchange of guano-
sine diphosphate (GDP) for guanosine triphosphate
(GTP), Rabs are guided to their target membrane by
REP proteins to undertake their functions.13 In the
retina, Rabs are important for retinal pigment epithe-
lium (RPE) homeostasis, contributing to photorecep-
tor outer segment phagocytosis17,18 and melanosome
trafficking to the apical microvilli.19–21

The Rab prenylation deficit that arises as a result
of mutations, which affect the function of REP1, is
critical in the pathogenesis of choroideremia, causing
alterations to vesicular trafficking,13 disruption of
melanosomematuration andmovement13 and shorten-
ing of rod photoreceptor outer segments.22 Prenylation
of the Rab family of proteins is ubiquitous within all
cells, however, under-prenylation of RAB27A has been
implicated in the pathogenesis of choroideremia.16,23,24
RAB27A is prone to under-prenylation: it is prenylated
at one of slowest rates of all Rabs,16 and other Rabs
are prenylated in preference to RAB27A,24 especially
when REP activity is reduced. Further, the RAB27A-
REP2 complex has a lower affinity for GGTase-II than
the RAB27A-REP1 complex,16 suggesting that REP2-
mediated prenylation of RAB27A may not be able to
fully compensate for a lack of REP1 activity in theRPE
in patients with choroideremia.

Although REP1 deficiency is the underlying cause
of choroideremia, it is possible that other genes
involved in the Rab prenylation pathway may influ-
ence the prenylation of Rabs, and, in turn, the rate
of degeneration in choroideremia. To investigate other
genetic factors in the prenylation pathway that might
be associated with the observed variability in choroi-
deremia progression, we calculated the progression rate
of a cohort of patients using serial fundus autofluo-

rescence imaging and then quantified the expression of
the key prenylation genes CHM, CHML, RABGGTB,
andRAB27A in fibroblasts derived from these patients.
Furthermore, as recent studies have demonstrated in
animal models that nonsense mediated decay of genes
could lead to upregulation of gene paralogues through
a new mechanism of non-sense induced transcrip-
tional compensation,25,26 we investigated if patients
with CHM mutations predicted to result in nonsense
mediated decay expressed upregulated levels of CHML
mRNA.

Materials and Methods

The study was conducted in accord with the Decla-
ration of Helsinki and received approval by the UK
Research Ethics Committee (reference 15/WA/0087).
Written informed consent was obtained from all partic-
ipants.

Clinical Assessment

Clinical data were collected from patients with a
confirmed genetic diagnosis of choroideremia with
pathological variants in CHM. BluePeak (488 nm)
55 degrees fundus autofluorescence images were
captured using the Heidelberg Spectralis confocal
scanning laser ophthalmoscope (Heidelberg Engineer-
ing) on annual visits as part of natural history studies
for gene therapy trials. This comprises 30 patients that
were previously analyzed (but with 4 years follow-
up for 5 of these patients)5,7 and an additional 11
patients. Overall, 15 of the 41 patients had 4 years
of data available for analysis. Analysis of the autoflu-
orescence island and half-life of degeneration was
performed as previously described.7 Briefly, the area
of the central contiguous of each eye was outlined
manually using Heidelberg Eye Explorer (HEYEX;
Heidelberg Engineering), adjusted for baseline image
focal length, expressed as a percentage of the total
measured 55 degrees field area, and a mean percent-
age area of both eyes was calculated. In two patients,
only one eye was used for area measurements: the
first patient received gene therapy to one eye, which
was excluded, the second patient did not have images
of adequate quality for analysis. An individual half-
life of the mean autofluorescence area was calcu-
lated for each patient using a linear regression of the
logarithm of the autofluorescence area to obtain a
decay constant (λ) for each patient from the gradient
of the line of best fit for that patient. Half-life (t1/2)
was subsequently calculated as N(t) = N(0)e−λt, where
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t1/2 = ln(2)/λ. All patients with less than 2 years of
follow-up were excluded from half-life analysis.

Fibroblast Culture

Fifteen male patients with a confirmed molecular
diagnosis of choroideremia (Supplementary Table S1)
and 14 control male patients (Supplementary Table
S2) with a confirmed genetic diagnosis of an inher-
ited retinal degeneration (but normal CHM gene) were
recruited for a skin biopsy. A 4-mm full thickness skin
punch biopsy was obtained from all patients under
local anesthetic. The biopsies were placed in Advanced
DMEM (Gibco) supplemented with 20% fetal bovine
serum (FBS), then washed with phosphate-buffered
saline (PBS) prior to sectioning. The biopsies were
sectioned into smaller (2–3 mm) pieces using sterile
scalpel blades and forceps in drops of FBS placed in
6-well plates. The pieces were transferred into a T25
flask using forceps; the flask was then flipped upside
down and 6 mL of media (Advanced DMEM supple-
mentedwith 20%FBS, 100U/mLpenicillin, 100 μg/mL
streptomycin, and 2 mM L-Glutamine) was added to
the bottom of each flaks (top surface). The flask was
placed upside down in a humidified 37°C, 5% CO2
incubator for 24 hours. After this period, the flasks
were carefully flicked back to the original position,
returned to the incubator, and left undisturbed for
7 days. Fibroblast outgrowthwasmonitored fromday 7
onward, and media was replaced every 2 to 3 days, and
the flask reached confluency. Cells were sub-cultured
in Advanced DMEM supplemented with 10% FBS,
100 U/mL penicillin, 100 μg/mL streptomycin, and
2 mM L-Glutamine, up to passage 7.

Preparation of Total Cell Lysates and In Vitro
Prenylation Activity

Primary fibroblasts were cultured in 6-well plates
and lysates were obtained from cells between passage
2 and 5, as previously described.27 The reactions for in
vitro prenylation were set up using total cell lysate (15
μg), recombinant rat GGT-II (2 μM; Jena Biosciences,
Jena, Germany), and biotin-labeled geranyl pyrophos-
phate (B-GPP, 5 μM; Jena Biosciences) as lipid
donor in prenylation buffer. All reactions were supple-
mented with fresh guanosine 5′-diphosphate (GDP,
20 mM;MerckMillipore, Watford, UK), DTT (1 mM;
Thermo Fisher Scientific, Loughborough, UK), and
recombinant REP1 protein (2 μM, fish His-REP1;
Jena Biosciences, Jena, Germany). The reactions were
incubated for 2 hours at 37°C and then stopped by
addition of Laemmli sample buffer.

Western Blot Analysis

Prenylation reaction products were subjected to
SDS-PAGE on 10% pre-cast polyacrylamide gel (Crite-
rion, Bio-Rad, Hertfordshire, UK), transferred to
a PVDF membrane (TransBlot Turbo; Bio-Rad,
Hertfordshire, UK), and blocked with blocking buffer
(PBS + 0.1% Tween20 [PBST] + 3% BSA) for
45 minutes. For detection of protein expression,
membranes were incubated separately using anti-beta-
actin (AM4302; Thermo Fisher Scientific, Loughbor-
ough, UK; 1:30,000), anti-human REP1 clone 2F1
(MABN52; Merck Millipore, Watford, UK; 1:2,500),
and anti-human CHML clone 5G4 (Sigma-Aldrich;
1:2,000) primary antibodies in blocking buffer for
1 hour under agitation. Membranes were washed
3 times for 7 minutes with Phosphate Buffered Saline
with Tween (PBST), incubated with fluorescent-labeled
secondary antibody (IRDye; LI-COR Biosciences,
Cambridge, UK; 1:10,000) for 30 minutes in blocking
buffer, washed again as before, and detected using an
Odyssey Imaging System (LI-COR Biosciences). The
incorporation of biotinylated lipid donor by the pool
of unprenylated Rab proteins was detected by direct
incubation with streptavidin (IRDye 800CW Strepta-
vidin; LI-COR Biosciences; 1:5,000) for 30 minutes.
Densitometry data analysis was performed using
ImageStudio Lite software (LI-COR Biosciences).

Quantitative Polymerase Chain Reaction

RNA was extracted from cultured fibroblasts
using RNeasy Mini kit (Qiagen, Germany) and
cDNA prepared using SuperScript III FirstStrand
kit (Thermo Fisher Scientific) according to the
manufacturer’s instructions. Reverse transcription
quantitative polymerase chain reaction (qPCR)
reactions to assess messenger RNA (mRNA) expres-
sion were performed using TaqMan-based probe
assays following a 6-carboxyfluorescein–minor groove
binder (FAM-MGB) design for CHM (exon 3/4
junction, Hs01114157_m1; Thermo Fisher Scien-
tific), CHML (Hs00266202_s1; Thermo Fisher Scien-
tific), RABGGTB (Hs00190183_m1; Thermo Fisher
Scientific), and RAB27A (Hs00608302_m1;Thermo
Fisher Scientific). Expression level was normalized to
GAPDH (Hs02758991_g1; Thermo Fisher Scientific).
All reactions were prepared in triplicate using TaqMan
Fast Universal PCR Master Mix (Thermo Fisher
Scientific) and run using the QuantStudio 7 Flex Real-
Time PCR System (Thermo Fisher Scientific). The
normalized fold change in gene expression for each
patient was calculated relative to mean expression to
control patients using the ��Ct method.
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Nucleotide Alignments

To calculate the sequence identity between
transcripts, the Basic Local Alignment Search Tool
(BLASTn)28 was used to query the CHM transcript
(NM_000390.3) against the human reference sequence
(RefSeq) database.

Statistical Analysis

Data were assessed for normality using the
D’Agostino and Pearson test and Q-Q data plots.
For qPCR data, statistical comparisons between multi-
ples groups were conducted with a 2-way ANOVA
with adjustment for multiple comparisons using the
Sidak method on untransformed ��Ct values, with
data presented as the geometric mean of 2−��Ct

values normalized to control expression with 95%
confidence intervals (95% CIs). Pairwise compar-
isons were performed using Student’s t-test or the
Mann Whitney U test for parametric and nonpara-
metric data, respectively. For tests of correlation,
Pearson correlation coefficients were calculated for
parametrically distributed data, and Spearman corre-
lation coefficients for nonparametric data. Data were
analyzed using Prism version 8.0 (GraphPad).

Results

Degeneration Rates Among a Cohort of
Patients with Choroideremia

Clinically, patients with choroideremia can appear
to progress through their disease at different rates.
We collected fibroblast samples from 15 patients with
choroideremia for analysis of the expression of preny-
lation pathway genes and whether these correlated with
disease progression. To first quantify the rate of disease
progression in these patients, we used serial fundus
autofluorescence imaging. Fundus autofluorescence
imaging in patients with choroideremia characteris-
tically demonstrates an area central residual autoflu-
orescence (Fig. 1A,B) that represents the remaining
RPE and correlates with the central area of retina
with remaining sensitivity.4,5,29 This well characterized
method enables the rate of degeneration to be quanti-
fied by calculating the degeneration half-life of the
area of the central autofluorescence island over serial
measurements.4,5,7,29

Fundus autofluorescence areas and half-lives of
fibroblast donors were analyzed within our cohort of
patients with choroideremia5,7 that now includes 41
choroideremia patients followed for up to 4 years.

Consistent with previous reports, the cohort demon-
trated autofluorescence area loss in a pattern of
exponential decay (Fig. 1C), with a mean half-life of
5.89 years (95% CI = 5.09–6.70; Fig. 1D).5,7 Within
the cohort, a range of disease severity was observed,
with some patients progressing at faster or slower rates
compared to the cohortmean. This provided a range of
degeneration rates among fibroblast donors for corre-
lation with gene expression data. The two patients with
the longest half-lives in this cohort have been previ-
ously described to express residual full-length CHM
transcripts,7 but other factors contributing to degen-
eration rate remain unexplored.

Expression of Genes in the Rab Prenylation
Pathway is Similar Between Patients and
Controls

As choroideremia results in a disruption of the
ubiquitous Rab prenylation pathway (see Fig. 2A),
the expression of four key genes involved in this
pathway were investigated (Figs. 2B, 2C) in fibrob-
lasts derived from patients with choroideremia (n= 15)
and controls (n = 14): CHM (NM_000390.4), CHML
(NM_001381853.1), RABGGTB (NM_004582.4), and
RAB27A (NM_004580.5).

As expected, the expression of the gene CHM,
which encodes for the protein REP1, was significantly
decreased in patients with choroideremia (choroi-
deremia patient relative quantity [RQ] = 0.13, 95%
CI = 0.04 − 0.38 vs. controls RQ = 1.0, 95% CI = 0.89
− 1.12, P < 0.0001; see Fig. 2B). A significant outlier
with highCHM expression was observed in the choroi-
deremia patient group. This patient has a pathologi-
cal noncontiguous duplication in CHM resulting in 2
transcripts: the first comprises exons 1 to 12 without
exons 13 to 15 or a termination or polyadenylation
signal; the second unit arises from a duplication event
and comprises the exons 1 to 2 and exons 9 to 15.30
The primer set used in this study binds within exon 3,
and so detects the expression of the first transcriptional
unit. This transcript does not lead to the translation of
detectable or functional REP1 protein.

Among the other genes studied, no significant
differences in expression were observed between
patients and controls (see Fig. 2B). This was observed
for CHML, the CHM-like retrogene that encodes
REP2 (RQ = 0.90, 95% CI = 0.71 – 1.17 vs. controls
RQ = 1.0, 95% CI = 0.90 − 1.12; P = 0.99); for
RABGGTB, which encodes the β-subunit of GGTase-
II (RQ = 1.19, 95% CI = 1.01 – 1.41 vs. controls RQ =
1.0, 95% CI = 0.91 – 1.09; P = 0.95); and for RAB27A,
which encodes the Ras related protein RAB27A
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Figure 1. Disease progression measured by autofluorescence area in a choroideremia cohort. The typical appearance of the fundus
of a patient with choroideremia seen on color imaging (A) and blue autofluorescence (B). The area of remaining autofluorescence area
can be measured to follow retinal degeneration over time. (C) Longitudinal measurement of the progression of mean autofluorescence
area remaining from 81 eyes from 41 patients. Data from fibroblast donors whose samples are used for further analysis in this study are
highlighted. Consistent with previous reports, this demonstrates a pattern of exponential decay. Data is plotted on a log scale fitted with
linear regression (y axis intercept = 1.751; slope = −0.033; R2 = 0.405). (D) The half-life of degeneration of patients demonstrates variation
in rates of progression across age. Half-lives calculated for patients with three or greater measurements (mean = 5.80 years, 95% CI = 5.09
− 6.70; n = 34). Shaded area represents 95% CI of the mean. Fibroblast donors in this study are highlighted. AF = autofluorescence.

(RQ = 0.97, 95% CI = 0.84 – 1.12 vs. controls RQ =
1.0, 95% CI = 0.92 – 1.09; P > 0.99).

Non-Sense Mediated Decay of CHM does not
Lead to CHML Upregulation

Experiments in animal models suggest that genes
subject to non-sense mediated decay can cause the
upregulation of gene paralogues with sequence similar-
ity, through a transcriptional genetic compensation
mechanism.25,26 CHML is an intron-less retrogene
and paralogue of CHM, and the primary transcripts
have 79.0% sequence identity. To investigate whether
this genetic compensation effect occurs in humans

with choroideremia, CHML expression was analyzed
in the subgroup of patients with choroideremia with
mutations in CHM predicted to result in nonsense
mediated decay of the transcript (n = 12; Supplemen-
tary Table S1) relative to controls (n = 14). In this
subgroup, there was no difference in CHML mRNA
levels between patients and controls (RQ = 0.85, 95%
CI = 0.62−1.17; P = 0.36 unpaired t-test). Further-
more, there was no significant correlation between
these variables (Pearson R2 = 0.23, P = 0.11) and
an inverse relationship that might suggest an increase
in expression of CHML due to non-sense induced
transcriptional compensation caused by the occurrence
of premature termination codons in CHM was not
observed (Fig. 2C).
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Figure2. Expressionofgenes involved in theRabprenylationpathway. (A) Anoverviewof the Rabprenylationpathway. Newly synthe-
sized Rabs (e.g. Ras-related protein RAB27A, encoded by gene RAB27A) are bound by the Rab Escort Proteins, REP1 (encoded by CHM) or
its paralogue REP2 (encoded by CHML). REP proteins present Rabs to the GGTase-II heterodimer composed of α and β subunits (encoded
by genes RABGGTA and RABGGTB, respectively) for prenylation. GGTase-II catalyses Rab prenylation, adding a geranylgeranyl diphosphate
group to the Rab C-terminus. This allows for insertion of the Rab into the target membrane where it is activated from the guanosine diphos-
phate (GDP) to the guanosine triphosphate (GTP)-bound state by the guanine nucleotide exchange factor (GEF). Once activated in the target
membrane, the Rab protein mediates critical functions including membrane trafficking, vesicle formation, movement, and fusion (depend-
ing on the specific Rab). Following fusion, Rab-GTP is converted back to Rab-GDP by a GTPase activating protein (GAP) and returns to the
cytoplasm to bind REP (dotted line). (B) Expression of genes in the prenylation pathway in skin-derived fibroblasts from choroideremia
patients (n = 15) relative to controls (n = 14). CHM expression in patients with choroideremia is significantly reduced relative to controls (P
< 0.0001). No significant differences in expression were observed between patients and controls in the genes CHML (P = 0.99), RABGGTB
(P = 0.95), or RAB27A (P > 0.99). (C) Expression of CHM plotted against CHML for patients with mutations predicted to result in non-sense
mediated decay of the CHM transcript (n= 12). No inverse correlation between the levels of CHML and CHM expression was seen to suggest
any compensational upregulation of CHML (Pearson R2 = 0.23, P = 0.11).
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Figure 3. Expression of genes in the Rab prenylation pathways does not correlate with the rate of disease progression in choroi-
deremia. (A–D) Half-life of the degeneration of autofluorescence area for patients with choroideremia (n = 13) plotted against relative
expression of CHM A (Spearman r = 0.13, P = 0.69), CHML B (Pearson R2 = 0.01, P = 0.65), RABGGTB C (Pearson R2 = 0.05, P = 0.42), and
RAB27A D (Pearson R2 = 0.02, P = 0.67). No significant correlations were observed.

Expression of Rab Prenylation Genes are not
Correlated to Degeneration Half-Life

Although no overall differences were observed
between patients with choroideremia and controls in
the expression of the Rab prenylation pathway genes,
variation in the expression of these genes was observed
within both patient cohorts. To investigate if the
expression levels of each gene might contribute to the
rate of disease progression in individual patients with
choroideremia, the relationship between gene expres-
sion and autofluorescence area half-life was explored
among the 13 patients for whom both fibroblasts and
longitudinal imaging data were available. Across all
four genes (CHM, CHML, RABGGTB, and RAB27A)
no correlation was observed between the level of gene
expression and degeneration half-life (all P > 0.05;
Fig. 3).

REP Protein Expression and the Level of
Unprenylated Rab Proteins are not Related
to Rate of Degeneration

Fibroblast cell lysates from patients with choroi-
deremia and controls were also assessed for REP1
and REP2 protein expression, as well as prenyla-
tion activity using an in vitro biotinylated prenyla-
tion assay that quantifies the unprenylated cytoso-
lic Rab pool. Patients with choroideremia demon-
strated markedly diminished REP1 protein expression
(Fig. 4, see SupplementaryTable S1) relative to controls
(Choroideremia RQ = 0.04, 95% CI = 0.02 – 0.06
vs. controls RQ = 1.0, 95% CI = 0.77 – 1.22, P
< 0.0001). Cell lysates from patients with choroi-
deremia also demonstrated a significantly increased
pool of unprenylated Rabs in the prenylation assay,
consistent with a reduced REP1-mediated prenylation
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Figure 4. Quantification of REP expression and level of unprenylated Rab proteins. (A) Fibroblast lysates from patients with choroi-
deremia were assessed for human REP1 expression (hREP1) and the level of unprenylated Rabs following an in vitro prenylation reaction.
In the in vitro prenylation assay, unprenylated Rabs incorporate a biotin-labeled analogue of geranylgeranyl-pyrophosphate, allowing the
quantification of the pool of unprenylated Rabs by the level of biotin incorporated during the reaction. Each lane represents an individual
patient (see Supplementary Table S1 for patient details). The lane labeled with an asterisk (*) shows detection of a truncated REP1 band in
the patient with an in-frame deletion of exons 2 and 3 (c.117_314del; p.R40_S105del). (B) Fibroblast lysates from control patients assessed
for hREP1 expression and levels of unprenylated Rabs. (C) Fibroblast lysates from patients with choroideremia (see Supplementary Table S2
for patient details) and controls assessed for hREP2 expression. Detection of hREP2 requires loading of a larger quantity of protein per lane,
leading to smearing of actin bands. (D) Quantification of hREP1 expression and the pool of unprenylated Rabs by densitometry in patients
with choroideremia and normalized to expression in controls. REP1 expression in choroideremia patients is significantly reduced compared
to controls (P< 0.0001, Student’s t-test). The pool of unprenylated Rabs is significantly increased in patients with choroideremia (P< 0.001,

→
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←
Mann Whitney test). (E, F) Plot of relative quantification of REP1, unprenylated Rabs, and REP2 in patients with choroideremia relative to
controls and their half-life of the degeneration of mean autofluorescence area. The rate of choroideremia progressionmeasured by autoflu-
orescence half-life is not correlated with REP1 expression (Pearson R2 = 0.02, P = 0.66), the quantity of unprenylated Rabs (Spearman r =
−0.4, P = 0.19), and REP2 expression (Spearman r = 0.14, P = 0.66).

activity (RQ = 2.31, 95% CI = 2.04 – 2.59 vs. controls
RQ = 1.0, 95% CI = 0.67 – 1.32, P < 0.001; see Fig.
4).27 No significant correlation was detected between
the rate of degeneration and the level of residual
REP1 expression (Pearson R2 = 0.02, P = 0.66) or
pool of unprenylated Rabs (Spearman r = −0.4, P =
0.19) quantified by band densitometry of the Western
blot (see Fig. 4). Furthermore, REP2 expression was
detected in all patients with choroideremia (see Fig. 4,
see Supplementary Table S2), but no significant corre-
lation was detected between the level of REP2 expres-
sion and rate of retinal degeneration (Spearman r =
0.14, P = 0.66).

Discussion

The rate of retinal degeneration and vision loss
can vary substantially among patients with choroi-
deremia; however, it remains unclear what contributes
to this range of phenotypes in most patients. With
gene therapy treatments for choroideremia currently
being evaluated in advanced clinical trials,31–36 under-
standing whether genetic factors influence the disease
course is important as this may influence the selection
of patients for, or the response of patients to, gene
therapies.

The reduction of prenylation of Rab GTPases
associated with REP1 deficiency (or sometimes
loss-of-function) is crucial in the pathogenesis of
choroideremia,13 with the most affected Rabs being
RAB27A23,24 and RAB38.24 Loss-of-function variants
in CHM reduce REP activity, however, multiple other
factors contribute toRab prenylation rates. The expres-
sion of REP2 likely compensates for deficiencies in
REP1 expression in the prenylation of Rab proteins
elsewhere in the body,37 but this appears insufficient
in the eye, leading to gradual RPE and photoreceptor
degeneration. The current study investigated whether
the expression levels of other genes in the Rab preny-
lation pathway that act together with REP1 may act as
modifiers in the choroideremia disease course. Within
the patient cohort studied, there does not appear to
be an association between severity of phenotype and
CHML, RAB27A, RABGGTB, mRNA, or REP2
protein levels in patients with choroideremia. To our
knowledge, this is the first study to explore potential

correlations between severity of disease progression
and the expression of Rab prenylation pathway genes
or prenylation activity.

This study used fundus autofluorescence imaging
to characterize disease progression, a highly repro-
ducible method for quantifying RPE degeneration
over time in choroideremia.4 This study includes a
total of 41 patients followed with autofluorescence
imaging; a larger cohort and with an increased length
of longitudinal follow-up (up to 4 years) in 15 patients
to improve the accuracy of autofluorescence half-life
calculations beyond previously published reports.5,7
Consistent with previous findings, the autofluores-
cence area reduction over time followed a pattern of
exponential decay with a mean half-life of 5.89 years
(95% CI = 5.09 – 6.70). Previous studies that reported
longer half-lives ranging from 6.3 to 8.7 years included
younger patients in earlier stages of the disease5,7 and
used cross-sectional data4 or shorter length of follow-
up,5,7 which may account for the differences in half-
lives observed. Our image analysis method was able to
clearly identify patients, for whom fibroblast samples
were available, that progressed at slower or faster rates
than the cohort mean.

The influences on phenotypic variability in patients
with choroideremia have now been investigated at
multiple levels, however, it remains difficult to estab-
lish a clear relationship between genotype and pheno-
type in choroideremia. At a DNA variant level, there
appears to be little correlation between the CHM
variant and disease severity or age-of-onset.3,9,38 At
a protein level, most variants are null mutations
causing absence of REP1 and the few missense
mutations are predicted to result in a nonfunctional
protein.39 Some associations have been established at
the RNA level. An analysis of patients with CHM
with noncanonical splice site mutations demonstrated
the preservation of low levels of wildtype CHM
transcripts that correlated with slower disease progres-
sion.7 It has also been suggested that slower disease
progression is seen in patients with any detectable
CHM mRNA expression. However, it is difficult to
comment on these results as little information was
included as to how the RNA expression studies were
conducted.2 The current study extends these RNA
analyses to demonstrate that there is little varia-
tion in the expression of related genes in the preny-
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lation pathway in patients with choroideremia that
might account for the individual phenotypic variations
seen.

Recent work has described a phenomenon whereby
paralogous genes may be upregulated when a gene is
subject to non-sense mediated decay.25,26 CHML is
an intron-less retrogene paralogous to CHM that was
inserted in chromosome 1 during mammalian evolu-
tion. We did not find any upregulation of CHML
relative to controls in 11 patients with choroideremia
with pathogenic variants expected to cause non-sense
decay of theCHM transcript (see Supplementary Table
S1). This transcriptional adaptation mechanism is not
expected to occur for alleles that completely fail to
be transcribed, such as might be expected in alleles
with large deletions of CHM or the promoter region.
If transcriptional adaptation was occurring in choroi-
deremia by CHML upregulation, patients with non-
sense mutations might be expected to have milder
disease than those with large deletions; however, this
is not the case.3,9

Why the eye is selectively affected in choroideremia
when REP1 expression is ubiquitous is a longstand-
ing area of inquiry. Current evidence suggests that
RPE may be more susceptible to a deficit in Rab
prenylation that disrupts an intricately balanced and
highly active vesicular trafficking process required for
the phagocytosis of photoreceptor outer segments and
melanosome maturation and movement.13 One limita-
tion of this study is that it relied on patient-derived
skin fibroblasts (due to obvious inherent difficulties
with obtaining retinal tissue), thus the findings may
not be representative of the prenylation activities in
the eye. However, as Rab prenylation occurs in all cells,
cultured primary fibroblasts still represent a useful ex
vivo model, and under-prenylation of Rabs was consis-
tently detected in choroideremia patient-derived cells
compared with controls. Future studies using induced
pluripotent stem cell (iPSC)-derived retinal organoids
or RPE from patients with choroideremia may provide
further insight into these results.

The underlying cause for phenotypic variability
in choroideremia remains unclear, with possibilities
including more complex genetic interaction or varia-
tions in prenylation in the retina not investigated
here, environmental factors, and stochastic effects.3 The
absence of any correlation between disease severity
and activity of other key enzymes in the prenylation
pathway raises the possibility that REP1 deficiency
may cause choroideremia through another hitherto
undefined mechanism. The results of this study
continue to support the understanding that REP1
deficiency is the primary defect in choroideremia, and
the rationale for CHM gene replacement therapy. Our
results add to the conclusions of previous work that

there is, to date, little evidence for the exclusion or
inclusion of specific patients for retinal gene therapy
based on genotype.3
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