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Choroideremia	(CHM)	is	an	X-linked	degeneration	of	the	retinal	pigment	epithelium	(RPE),	photoreceptors,	
and	choroid,	caused	by	loss	of	function	of	the	CHM/REP1	gene.	REP1	is	involved	in	lipid	modification	(pre-
nylation)	of	Rab	GTPases,	key	regulators	of	intracellular	vesicular	transport	and	organelle	dynamics.	To	study	
the	pathogenesis	of	CHM	and	to	develop	a	model	for	assessing	gene	therapy,	we	have	created	a	conditional	
mouse	knockout	of	the	Chm	gene.	Heterozygous-null	females	exhibit	characteristic	hallmarks	of	CHM:	pro-
gressive	degeneration	of	the	photoreceptors,	patchy	depigmentation	of	the	RPE,	and	Rab	prenylation	defects.	
Using	tamoxifen-inducible	and	tissue-specific	Cre	expression	in	combination	with	floxed	Chm	alleles,	we	
show	that	CHM	pathogenesis	involves	independently	triggered	degeneration	of	photoreceptors	and	the	RPE,	
associated	with	different	subsets	of	defective	Rabs.

Introduction
Inherited retinal degenerations are a significant cause of morbid-
ity in the Western world. Unraveling the underlying genes and 
their functions has led to much progress in assessing and treating 
these conditions and, in addition, has contributed significantly to 
our understanding of retinal degenerative mechanisms, including 
those underlying common conditions such as age-related macu-
lar degeneration (1–3). One such genetic disease is choroideremia 
(CHM) (OMIM 303100) (4–6). CHM has an incidence of 1 in 
50,000 and exhibits X-linked inheritance. Affected males develop 
night blindness in their teens, which progresses to loss of periph-
eral vision and complete blindness 2–3 decades after onset. The 
majority of heterozygous females usually do not develop blind-
ness, although examination of the fundus often reveals a patchy 
distribution of abnormal areas and there is a wide range of severity 
due to random X-inactivation.

Loss-of-function mutations in the CHM gene underlie CHM (7, 
8). The CHM gene was renamed Rab escort protein-1 (REP1) given 
its role as a regulator of Rab GTPases (9). Rabs are monomeric 
GTPases, which function as regulators of intracellular vesicular 
transport and organelle dynamics (10, 11). To bind to intracellular 
membranes, Rabs have to undergo lipid modification with gera-
nylgeranyl groups, a process generally known as prenylation (12, 
13). REP binds a newly synthesized Rab, presents it to Rab gera-
nylgeranyl transferase, which catalyzes geranylgeranyl additions to 
Rab, and then “escorts” and delivers it to its target cellular mem-

brane (14). More than 60 Rabs have been identified in the human 
genome, of which some are expressed ubiquitously and others in 
specialized cell types, depending on the specific vesicular transport 
pathway they regulate (11, 15).

In CHM, the loss of REP1 is apparently largely compensated for 
by REP2, and both REPs are ubiquitously expressed (16). Intrigu-
ingly, however, the loss of REP1 is not fully compensated for in 
the eye, and this leads to the slow-onset retinal degeneration char-
acteristic of CHM (17). Our previous studies suggested that the 
molecular basis of CHM resides in the existence of some Rabs that 
are selectively underprenylated in the absence of REP1. One such 
candidate is Rab27a, which was found to be underprenylated in 
lymphoblasts of CHM patients (17, 18).

The pathogenesis of CHM remains unclear. The name reflects 
the fact that the choroid is severely affected, especially at the late 
stages of the disease. However, 2 other layers of the eye are also 
damaged: the retinal pigment epithelium (RPE) and the pho-
toreceptors. It is not known at present whether the 3 affected 
layers, photoreceptors, RPE, and choroid, degenerate indepen-
dently or in a cascade mechanism, and, if the latter is true, which 
layer degenerates first.

A previous attempt to generate a KO mouse model of CHM 
showed, surprisingly, that null mutations of the X-linked Chm 
gene are embryonically lethal in males and also in heterozygous 
females when the mutant allele is inherited from a heterozygous 
female (19). The lethality is due to defects in trophoblast develop-
ment and vascularization (20). In heterozygous female offspring, 
this is presumably due to the preferential inactivation of the pater-
nal (wild-type) X chromosome in murine extraembryonic tissues, 
resulting in expression of the maternal (mutant) copy (19, 20). 
Recently, a chm	knockout in zebrafish was generated by random 
mutagenesis. The results were similar to those in mice: chm loss 
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of function caused lethality of the mutant larvae, which died at 6 
days after fertilization	(21).

In this work, we report the generation of several mouse models of 
CHM. To avoid embryonic lethality and to circumvent the breed-
ing problems caused by the inability to transmit the Chmnull allele 
from carrier females, we used a conditional approach in which Cre/
loxP site-specific recombination allows spatial and temporal con-
trol of the actual knockout event. The biochemical, histological, 
and functional analysis of these mice suggests a cell-autonomous 
degeneration model for this disease and reveals novel insights into 
retinal degenerations in general.

Results
Generation of mice with Chm-null alleles. The targeting vector pTT55 
was used to generate mice carrying the Chm3lox allele (Figure 1, A–C).  
The pTT55 vector contains exons 3 and 4 of the murine Chm gene 
within a 9-kb fragment of genomic DNA, including a 3.5-kb right 
homology arm and a 5.5-kb left homology arm (Figure 1A). A neo-
mycin and spectinomycin resistance cassette flanked by 2 loxP sites 
was positioned 90 bp downstream from the 3′ end of exon 4. A 
third loxP site was inserted 280 bp upstream from the 5′ end of 

exon 4 within the left homology arm. This allows conditional dele-
tion of exon 4, which causes a frameshift mutation and appear-
ance of an early stop codon.

Chm3lox mice were mated with the mouse line βMCM70 (see 
Methods for more details), which expresses Cre as a fusion protein 
with 2 copies of a tamoxifen-responsive (TM-responsive) estrogen 
receptor (MerCreMer) under control of the ubiquitous CMV-
enhanced chicken β-actin promoter pCAGGS (22). MerCreMer is 
normally sequestered by Hsp90 in the cytoplasm. Binding to TM 
induces nuclear translocation of MerCreMer, which then catalyzes 
recombination between loxP sites. We first obtained MerCreMer+	
Chm3lox/Y males and treated them with TM, which induced germ-
line recombination of the Chm floxed allele. TM-treated MerCre-
Mer+ Chm3lox/Y males were mated with wild-type females, and the 
female offspring carried a ChmWT allele from the mother and either 
Chm3lox or 1 of the 3 possible deleted alleles, Chmnull+Neo, Chmnull, or 
Chmflox, from the father (Figure 1, A and C). Chmnull+Neo and Chmnull 
are null alleles, while Chmflox is similar to the wild type, except for 
the presence of 2 loxP sites on either side of exon 4. This breeding 
scheme produced an ample supply of heterozygous-null females 
and thus overcame the breeding problems caused by lethality of 

Figure 1
Generation of mice carrying the conditional and KO Chm alleles. (A) Targeting vector pTT55 carrying 3 loxP sites, a neomycin and spectino-
mycin resistance cassette (Neor, Spr), and 2 homology arms was used to generate the Chm3lox allele in GSI-1 ES cells by homologous recom-
bination. Diagnostic HindIII and SstI restriction sites and corresponding 3′ and 5′ probes were used to identify correctly targeted ES clones. 
Cre-mediated recombination between the 3 loxP sites within the Chm3lox allele resulted in 3 possible alleles: Chmflox, Chmnull+Neo, and Chmnull, 
which were distinguished by Southern blot analysis using EcoRI digestion and probe A. (B) Results of Southern blot analysis using HindIII diges-
tion and the 3′ probe, and SstI digestion and the 5′ probe, are shown for 4 correctly targeted ES clones (78, 92, 147, and 197) and a wild-type 
ES clone. (C) Results of Southern blot analysis using EcoRI digestion and probe A. The Chm alleles of the mice are indicated above the lanes. 
“MCM” indicates mice carrying the MerCreMer transgene. “+TM” indicates treatment with TM.
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the Chm-null alleles in males and in females when inherited from 
the mother (19), a result confirmed in the present study. As Chm is 
X-linked, heterozygous-null females are mosaic for cells with nor-
mal Rep1 function or no Rep1 function. Approximately 50% of 
the cells are expected to be Chm KO cells, thus allowing analysis of 
Rep1 deficiency. The ratio between normal and Chm KO cells may 
vary in individual mice because of random X-inactivation.

Loss of Rep1 function causes a defect in prenylation of Rab27a. We 
showed previously that there is a selective defect in Rab prenyl-
ation in lymphoblast cells from CHM patients, namely in Rab27a 
(18). Therefore, we analyzed the prenylation status of Rab27a in 
mice with the engineered Chm alleles by subcellular fractionation 
and subsequent immunoblot analysis (Figure 2A).	In wild-type 
mice Rab27a was predominantly in the pellet fraction (Figure 2A), 
while in Chmnull/WT mice approximately 50% of the protein was in 
the cytosolic fraction (as expected for heterozygous mice). Similar 
results were obtained for Chmnull+Neo/WT mice (data not shown). These 
data confirm the requirement for Rep1 in prenylation of Rab27a 
and the loss of function in the null alleles (18). Loss of membrane 
partitioning of Rab27a was also observed for gunmetal mice, which 
exhibit an 80% reduction in Rab geranylgeranyl transferase	activ-
ity leading to a defect in Rab prenylation and were used here as a 

control (23). The defect in gunmetal 
mice was more subtle than that in 
Chmnull/WT mice, since the cytosolic 
pool constituted 50% of the total 
in homozygous mice (Figure 2A). 
No significant difference in subcel-
lular distribution was observed for 
the other Rabs tested, such as Rab8 
and Rab11; this further confirmed 
the selectivity of the Rab prenyl-
ation defect in CHM.

The expression of the Rep1 pro-
tein in Chm3lox/Y mice was found 
to be reduced, in the tissues tested, 
to about 10% of the levels detected 
in Chmflox/Y and wild-type mice 
(Figure 2B), indicating that gene 
expression is affected by the pres-
ence of the Neor and Spr genes in 
intron 4, as has been observed 
in other mouse models (24, 25). 
However, we observed that Rab27a 
remained associated primarily with 
the membrane fraction in Chm3lox/Y  
as well as in Chmflox/Y and wild-
type mice (Figure 2C), indicating 
that a severely reduced amount of 
Rep1 is sufficient for effective pre-
nylation of Rab27a.

To confirm the Rab prenylation 
defect in mice carrying Chm-null 
alleles, we performed in vitro pre-
nylation reactions (Figure 2D). 
Normal cellular Rab prenylation 
was efficient and no unprenylated 
Rabs remained available for in vitro 
prenylation in wild-type cytosolic 
extracts (Figure 2D) (18). However, 

in Chmnull/WT-derived cytosolic extracts, radiolabeled ([3H]-geranyl-
geranylated) Rabs were observed after in vitro prenylation (Figure 
2D), consistent with previous observations in human CHM cells 
(18). No radiolabeled Rabs were observed in Chmflox/Y extracts, but 
a small amount was observed in Chm3lox/Y extracts (Figure 2E), 
indicating that approximately 10% of normal Rep1 function is not 
enough to ensure completely normal prenylation.

Ophthalmoscopic and electroretinographic analysis reveals pathology char-
acteristic of CHM. We analyzed Chmnull/WT and Chmnull+Neo/WT mice at 
the ages of 1, 2, 4, 6, 8, and 10 months by indirect ophthalmoscopy. 
In these mice, we observed an early onset and progressive retinopa-
thy (see Supplemental Figure 1; supplemental material available 
online with this article; doi:10.1172/JCI26617DS1). The fundus 
was characterized by hypopigmentation observed throughout the 
whole retina, presumably reflecting areas of focal thinning of the 
neuroretina and RPE exposing the choroid. Small whitish patches 
were apparent on ophthalmoscopic examination of 1-month-old 
animals, and, as the disease progressed, these areas became conflu-
ent and islands of intact retina were noted. The fundi of Chm3lox/Y, 
Chm3lox/WT,	Chmflox/Y, Chmflox/WT, and ChmWT/Y mice were normal.

Scanning-laser ophthalmoscopy (SLO) analysis of heterozygous-
null females showed an early onset and progressive retinopathy. 

Figure 2
Analysis of Rep1 protein amount and function. (A) Total protein lysates from stomach of gunmetal  
(gm/gm), Chmnull/WT, and ChmWT/WT mice were subjected to subcellular fractionation, and total (T), solu-
ble (S), and pellet (P) fractions were immunoblotted and probed with anti-Rab27a antibody 4B12, anti-
Rab8 antibody, and anti-Rab11 antibody as indicated. Calnexin was used as a control for subcellular 
fractionation. (B) Immunoblot of total protein lysates from lung, liver, and kidney of Chm3lox/Y, Chmflox/Y, 
and ChmWT/Y mice probed with anti-Rep antibody J905, which recognizes both Rep1 and Rep2 proteins. 
(C) Total protein lysates from large intestines of Chm3lox/Y, Chmflox/Y, and ChmWT/Y mice were subjected 
to subcellular fractionation, and total (T), soluble (S), and pellet (P) fractions were immunoblotted and 
probed with anti-Rab27a antibody 4B12. Calnexin was used as a control for subcellular fractionation. 
(D and E) In vitro prenylation was carried out on the soluble fraction of total protein lysates from large 
intestines (D) and eyes (E). The Chm alleles are indicated above the lanes. “MCM” indicates mice car-
rying the MerCreMer transgene. “+TM” indicates treatment with TM. The radiogram underneath shows 
a shorter exposure to film.
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RPE pathology was detected as irregular areas of abnormal depig-
mentation distributed throughout the whole retina (Figure 3A, 
IR and RF channels). Small patches of hypopigmentation were 
apparent on examination of 1-month-old animals, and these 
were noticeably expanded by 2 months of age. In 4-month-old 
and older animals, these areas became confluent, forming islands 
interspersed with intact retina (Figure 3A and Supplemental Fig-
ure 1). Whitish autofluorescent flecks (Figure 3A, AF channel) 
were observed instead of the normal uniform appearance. The 

more irregular, dim variety of fleck may represent areas of RPE 
depigmentation, while the dotlike, round type possibly represents 
intraretinal changes (usually lipid accumulation) found in cases 
where outer-segment material is not digested normally by the RPE 
(as observed in rosettes or acute light damage).

Electroretinographic analysis showed a clear reduction of the 
scotopic (dark-adapted) a and b wave	amplitude (Figure 3B), 
which is in agreement with previously published results and our 
own unpublished observations in CHM patients (19, 26). In par-

Figure 3
Ophthalmic and electroretinographic analysis of Chm mutant mouse eyes. (A) Retinal SLO images from representative Chm mutant animals. 
The Chm alleles, MerCreMer (MCM) transgene, six3-Cre transgene, and TM induction (+TM) are indicated to the left of each set of panels. An 
equipment setting of 20° was used for a full view and of 10° for a more detailed view. The wavelengths shown are infrared (890 nm and 20°, 
IR20), green (514 nm and 20° or 10°, RF20 and RF10), and blue autofluorescence (488 nm with barrier at 500 nm and 10°, AF10). (B) Elec-
troretinographic analysis showing a and b waves for the indicated strains of mice. Box and whisker plot of mutant mouse data (red) (whiskers 
5% and 95% quantile, box 25–75% quantile, asterisk median) in comparison with respective control mouse data (black) (5% and 95% quantiles 
indicated by the lower and upper black lines, respectively, delimiting a 90% normal range). mcds, millicandela seconds.
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Figure 4
Histological analysis of sections of eyes of Chm mutant mice. (A–H) Chmnull/WT mice at 2 (A), 4 (B), 8 (C and F–H), and 16 (D) months, and 
ChmWT/WT mice at 10 months (E). (I and J) Detection of Cre protein (red) in TM-induced (+TM) (I) and non–TM-induced (J) mice carrying the 
MerCreMer transgene (MCM) with a Cre-specific antibody. (K and L) Histological analysis of TM-induced (+TM) (K) and non–TM-induced (L) 
Chm3lox/Y mice carrying the MerCreMer transgene (MCM) at 9–10 months. Analysis was carried out 8 months after TM injection (8 mpi). (M–P) 
Two-month-old ChmWT/Y (M) and Chmflox/Y (N) mice, and Chmflox/Y six3-Cre+ mice at 2 (O) and 4 (P) months. CH, choroid; RPE, retinal pigment 
epithelium; OS, photoreceptor outer segments; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer. Scale bars: 20 µm. 
Magnification, ×230 (A, inset), ×450 (K, inset). 
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ticular, the comparison between the electroretinogram (ERG)	in 
heterozygous females and that in unaffected males (both from the 
F1 generation) in the study by van den Hurk et al.	provided evi-
dence for a substantial amplitude reduction in the heterozygotes, 
similar to what we describe here in Chmnull/WT animals.

Histological analysis reveals a progressive and severe retinal degeneration. 
Histological analysis showed that the photoreceptors underwent 
late-onset progressive degeneration in adult Chmnull/WT mice, remi-
niscent of that in CHM patients.	In 2-month-old female carriers 
(Figure 4A), the photoreceptor layer (outer nuclear layer, ONL) was 
slightly reduced in thickness (8–10 instead of 10–12 nuclei thick). 
At 4 months, the depth of the ONL was on average 7–8 nuclei (Fig-
ure 4B). In 8-month-old and older animals, most of the ONL con-
sisted of 5–6 nuclei (Figure 4, C and D), although there were focal 
areas of severe degeneration where only 1–2 nuclei or no photore-
ceptor cells were left (Figure 4, G and H) as well as mildly affected 
areas (Figure 4F). In addition, patchy depigmentation of the RPE 
was observed in most sections (Figure 4A, inset), and we noticed 
frequent abnormal cells next to the RPE (Figure 4A, inset, arrow-

head; and Figure 4, G and K). Such cells were only occasionally seen 
in wild-type and other control mice, including Chm3lox mice. The 
abnormal cells possessed very limited cytoplasm, and the nuclei 
were similar to those of the RPE in shape and size. We also noted 
that the progressive degeneration of RPE cells resulted in thinning 
of the RPE layer, a characteristic of human CHM disease (27).

A more detailed analysis of the retina of a 9-month-old Chmnull/WT  
female was performed by electron microscopy (Figure 5, A–D). Fig-
ure 5A displays an example of an area where the RPE and rod outer 
segments (ROSs) are apparently normal. Figure 5B depicts a region 
where the RPE is slightly depigmented with redistribution of pig-
ment granules to the basal area of the cell, similar to that found in 
Rab27a-deficient (ashen) and myosin VIIa–deficient (shaker-1) mice 
(28), but the ROSs have wild-type morphology. Another region 
(Figure 5C) shows a severely depigmented RPE cell (asterisk) next to 
shortened and structurally altered ROSs. An abnormal cell next to 
the RPE is highlighted by the arrowhead. In Figure 5D, pigmented 
RPE cells are adjacent to severely degenerated photoreceptors. Most 
of the ROSs and the inner segments have disappeared, resulting in 
photoreceptor nuclei (marked by arrows) approaching the RPE. 
These data suggest that there is no direct correlation between degen-
eration of the photoreceptors and depigmentation of the RPE.

Early developmental defects. The early development of the retina 
in Chmnull/WT and Chmnull+Neo/WT mice was also affected. At the ear-
liest stage studied, P7, patchy depigmentation of the RPE was 
observed but other layers appeared normal (Figure 6A, inset). 
Some cells were devoid of pigment granules, while others looked 
indistinguishable from wild type. Later, at P15 (Figure 6, C and 
D) and P17 (Figure 6, E and F), the ONL was reduced in thickness 
by approximately 20–25%. There was also noticeable delay in the 
development of the outer segments, which were 50% shorter than 
wild type at P15 and P17, while the length of the inner segments 
was similar to wild type (Figure 6, C–F). Although development of 
photoreceptors was affected at P15 and P17, an apparently normal 
photoreceptor layer, with a thickness of 10–12 nuclei and normal 
inner and outer segments, was present in 1-month-old mice (Fig-
ure 5, G and H). These data suggest that Chm knockout causes 
early RPE defects and delays development of the photoreceptors, 
although the overall appearance at 1 month is normal.

Tissue-restricted knockout of Chm shows cell-autonomous degeneration. 
Electron microscopy analysis of the retina of a Chmnull/WT mouse 
had suggested that the photoreceptor and RPE layers degenerate 
independently (Figure 5, A–D). To further investigate this impor-
tant issue, we attempted to generate tissue-restricted Chm knock-
outs. Firstly, we analyzed MerCreMer+ Chm3lox/Y mice, which were 
induced with TM at 6–8 weeks of age. Immunostaining using Cre 
antibody on TM-induced and non–TM-induced MerCreMer+ mice 
showed that TM treatment induced translocation of Cre into the 
nucleus in all cell layers of the eye except the photoreceptors (Fig-
ure 4, I and J). Histological examination showed no obvious pho-
toreceptor degeneration up to 14 months after induction (Figure 
4, K and L), consistent with the lack of Cre activation in these cells. 
However, there were frequent abnormal cells adjacent to the RPE 
layer in TM-induced Chm3lox/Y (and Chm3lox/3lox) MerCreMer+ mice 
(Figure 4K, inset), similar to those detected in Chmnull/WT mice. Elec-
tron microscopy showed remnants of melanosomes in these cells, 
again suggesting that they probably originate in the RPE (Figure 
5E). SLO examination of TM-induced MerCreMer+ Chm3lox/Y mice 
showed abnormal pigmentation at the RPE level, confirming RPE 
defects similar to those in Chmnull/WT mice but at a slightly reduced 

Figure 5
Electron microscopic analysis of Chm mutant retinas. (A–D) Different 
sections from the eye of a 9-month-old Chmnull/WT female mouse. (E) 
A TM-induced Chm3lox/Y MerCreMer mouse. (F) A Chmflox/Y six3-Cre 
mouse. (G) A ChmWT/Y six3-Cre mouse. RPE nuclei are marked by 
asterisks. Abnormal cells above the RPE are shown by arrowheads in 
C and E. Nuclei of cells from the ONL are marked by arrows in D and 
F. Scale bars: 2 µm (A–E) or 7 µm (F and G).
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level (Figure 3A), and tiny autofluorescent specks, which indicated 
localized intraretinal irregularities. ERG recordings demonstrated a 
and b waves at the lower margin of the normal limits over the entire 
range of stimuli (Figure 3B), suggesting no significant and/or gen-
eralized abnormalities of photoreceptor cells. Thus, our analysis of 
TM-induced Chm3lox/Y (and Chm3lox/3lox) MerCreMer+ mice shows that 
the RPE degenerates without major effects on photoreceptors.

Chmflox mice were also bred with mice carrying a six3-Cre transgene 
(29). Six3 is a homeobox transcription factor that is expressed in 
the neuroretina during eye development (30, 31). Consistent with 
this, we did not observe depigmentation of the RPE nor abnormal 
cells next to the RPE in Chmflox/Y (or Chmflox/flox) mice carrying the 
six3-Cre transgene (Figure 4, O and P). Nevertheless, prominent 
degeneration of photoreceptors was observed. The ONL of six3-
Cre+ Chmflox/Y and Chmflox/flox mice contained 7–8 nuclei at 2 months 
(Figure 4O) and 4–5 nuclei at 4 months (Figure 4P). Additionally, 
electron microscopic examination showed that photoreceptor outer 
segments exhibited significantly shorter average length, while RPE 
cells looked normal (Figure 5, F and G). A selective decrease in the 
a wave of the scotopic single-flash ERG	in six3-Cre+ Chmflox/Y and 
Chmflox/flox mice indicated a generalized defective function of photo-
receptor cells (Figure 3B and Supplemental Figure 2). The loss of the 
a wave component apparent in Figure 3B is further characterized in 
Supplemental Figure 2. In particular, the A/B ratio was found to be 
significantly lower in the mutant mice (P < 0.0013),	and there was 
no overlap between the ranges of individual traces from both groups 
at high-intensity stimuli. SLO imaging revealed a substantial num-
ber of autofluorescent intraretinal specks in six3-Cre+ Chmflox/Y (and 
Chmflox/flox) mice (Figure 3A), consistent with photoreceptor damage. 
The visible patchy RPE layer abnormalities were, at that stage, rather 
mild and bore close resemblance to the secondary changes observed 
in mouse models subsequent to the total loss of photoreceptor cells 
(32). Presumably, these changes correspond to regions with severely 
reduced photoreceptor layer. We conclude that Chmflox/Y six3-Cre+ 
(and Chmflox/flox six3-Cre+) mice develop severe photoreceptor degen-
eration, initially without significant effects on the RPE.

Involvement of different Rabs in degeneration of the photoreceptors and the 
RPE. Although the prenylation of Rab27a was specifically affected in 
Chmnull/WT tissues (Figure 2A), in vitro prenylation reactions suggest-

ed that other Rabs may also be unprenylated (Figure 
2D). We further investigated the pattern of unprenyl-
ated Rabs in the eyes of the different tissue-restricted 
mouse models using in vitro prenylation reactions on 
cytosolic fractions of eye lysates (Figure 2E). The pat-
tern of bands in eye extracts derived from TM-induced 
Chm3lox/Y (or Chmflox/Y) MerCreMer+ mice was signifi-
cantly different from that for Chmflox/Y six3-Cre+ mice. 
This suggests that there are different subsets of Rabs 
in photoreceptors and in the RPE, which are under-
prenylated in the absence of Rep1. This biochemical 
analysis further suggests that CHM defects are trig-
gered independently in the RPE and photoreceptors.

Discussion
The purpose of this study was to create a mouse model of CHM, a 
degenerative eye disorder affecting the photoreceptors, RPE, and 
the choroid, which is caused by loss of function of the CHM gene. 
Using a conditional approach, we were able to generate a viable 
colony of mice producing female carriers of a Chm-null allele that 
develop retinal disease with characteristics similar to those of 
human CHM. Our analysis of disease progression suggests that 
the degenerative process develops independently in 2 key affected 
layers, photoreceptor and RPE cells.

The interdependence between photoreceptors and RPE is a 
critical issue in unraveling the pathogenic mechanisms underly-
ing retinal degenerations. Several genetic photoreceptor degen-
erations are caused by mutations in genes expressed by the RPE, 
such as RPE65, MERTK, RDH5, RGR, and LRAT (1, 3). Conversely, 
a photoreceptor gene (ABCA4) is thought to cause primarily RPE 
degeneration in one form of Stargardt disease (1, 3). In that case, 
the RPE degeneration is then thought to induce secondary pho-
toreceptor degeneration. In this study, we observed clear evidence 
of RPE degeneration without noticeable effects on photoreceptor 
number in TM-induced MerCreMer+ Chm3lox/Y mice, as late as 14 
months after induction. Our data indicate that RPE degeneration 
does not lead necessarily to photoreceptor degeneration, raising 
the possibility that most retinal degenerative processes involve cell-
autonomous defects and that secondary effects are mostly exerted 
in the advanced stages of disease owing to the many supporting 
functions RPE cells perform for photoreceptors.

Our data support the idea that defective prenylation of a sub-
set of Rabs underlies the CHM phenotype or is at least partially 
responsible for its appearance (17, 18). We observed a dramatically 
different pattern of nonprenylated Rabs in the 2 tissue-restricted 
KO models, suggesting that a different subset of Rabs might be 
responsible in each cell type for the defects that ultimately lead 
to degeneration. We find particularly interesting the observation 
that 1 major Rab may be dysfunctional in Chmflox/Y six3-Cre+ mice, 
where severe photoreceptor (but not RPE) degeneration is mani-
fested. If photoreceptor degeneration is triggered by the dysfunc-
tion of this Rab, it must be performing a specific and important 
function. Future studies should aim to identify this photorecep-

Figure 6
Histological analysis of Chm mutant retinas during devel-
opment. Sections from Chmnull/WT and ChmWT/Y littermates 
at P7, P15, and P17 and at 1 month as indicated for each 
panel. Magnification, ×125 (A–H), ×210 (A, inset).
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tor Rab and the RPE-specific Rabs affected, and to elucidate the 
important functions they play in these specialized cell types.

This work has important implications for the management and 
treatment of CHM patients. Our analysis of disease progression sug-
gests that the degenerative process develops independently in the 2 
key affected layers, photoreceptor and RPE cells, and ideally both cell 
types should be targeted. Nevertheless, restoration of Rep1 function 
in photoreceptors appears to be of critical importance, as these cells 
degenerate rapidly in the absence of RPE disease, as we observed in 
Chmflox/Y six3-Cre+ mice. In addition, we note that the choroidal com-
ponent of CHM remains mostly uncharacterized. We will begin spe-
cific studies to address this issue in our newly created lines.

In conclusion, a conditional knockout approach allowed us to 
overcome the breeding problems caused by the embryonic lethality 
of Chm-null alleles. Eye studies of heterozygous Chmnull/WT females 
showed features of progressive retinal degeneration similar to those 
associated with CHM in humans. Thus, the heterozygous Chm-null 
females are a valid model for CHM and will be used for further stud-
ies of the disease pathogenesis and for future gene therapy trials.

Methods
Generation of Chm3lox mice. Thirty micrograms of targeting vector pTT55 was 
linearized with XhoI endonuclease, purified by ethanol precipitation, and 
used for electroporation of 3 × 107 GSI-1 cells, which were then cultured in 
the presence of G418 (0.4 mg/ml). Initial screening for 3′-end integration 
events by Southern blotting with HindIII digestion and the 3′ probe (Fig-
ure 1, A and B) resulted in 17 positive clones out of 408 analyzed. Twelve 
of these 17 clones were further screened for correct integration at the 5′ 
end with SstI digestion and the 5′ probe (Figure 1B), for the absence of 
multiple integrations of the vector using a Neo probe, and for the presence 
of the 5′-most loxP site. All 12 analyzed clones had correct integration at 
the 5′ end, and no multiple integrations. The 5′-most loxP site was present 
in only 10 out of 12 clones. Blastocyst injections with ES cell line 92 (Fig-
ure 1B) resulted in 3 chimeric males, of which 1 successfully transmitted 
the Chm3lox allele through the germ line. These crosses produced several 
positive F2 offspring, both male and female, suggesting that the modified 
Chm3lox allele is transmitted normally through the germ line. Routine geno-
typing of mice was performed by PCR. Primers H7 (5′-AGAGTATCTCAG-
CAGTAGCTCTCC) and H9 (5′-CCAGAGAACACTGAGGGTTAGAGC) 
allowed identification of ChmWT, Chmflox, and Chmnull alleles. The sizes of 
the resultant PCR products were: 780 bp (ChmWT), 860 bp (Chmflox), and 
330 bp (Chmnull). To confirm the presence of Chm3lox and Chmnull+Neo alleles, 
2 additional PCRs were used. Spectinomycin-specific primers Spec4 (5′-
GATGTTATGGAGCAGCAACG) and Spec5 (5′-CTTCTTGTCCAAGATA-
AGCC) allowed confirmation of the presence of a neomycin-spectinomycin 
resistance cassette, and a 770-bp PCR product indicated the presence of 
either an Chm3lox or Chmnull+Neo allele. PCR analysis using primers H7 and H8 
(5′-CCAACAGTGTGCCAGCTTCAAAGG) resulted in either a 420-bp PCR 
product (for Chm3lox and Chmflox) or a 370-bp PCR product (for ChmWT), 
while for Chmnull+Neo and Chmnull alleles there was no amplification. Cre-spe-
cific primers Cre1 (5′-TCCCGCAGAACCTGAAGATGTTC) and Cre2 (5′-
GGATCATCAGCTACACCAGAGACG) were used to screen for MerCreMer 
and six3-Cre transgenes, the size of the product was 510 bp. Cycling condi-
tions were 94°C for 3 min, followed by 32 cycles of: 94°C for 40 s, 62°C for 
40 s, 72°C for 1 min, and 72°C for 10 min.

Mouse strains. Mice were bred and maintained in the Imperial College 
animal facility in accordance with the rules and regulations of the Home 
Office on project licenses 70/5056 and 70/6176. The transgenic mouse 
line βMCM70 carries a TM-inducible MerCreMer transgene under con-
trol of the CMV-enhanced chicken β-actin promoter (pCAGGS) (22, 

33).	TM (Sigma-Aldrich) was administered to 6- to 8-week-old mice by 
5 i.p. injections on 5 consecutive days (1 mg of TM per injection). The 
transgenic six3-Cre mice carry a Cre-recombinase gene with the nuclear 
localization signal of the SV40-T gene inserted into the first coding exon 
of the mouse six3 gene (29).

Biochemical studies. Protocols for immunoblotting and subcellular frac-
tionation have been described previously (34). The antibodies used were 
polyclonal anti-Rep antibody J905, which recognizes Rep1 and Rep2 pro-
teins (dilution 1:500) (35); monoclonal anti–rat Rab27a antibody 4B12 
(dilution 1:10,000) (36); polyclonal anti-calnexin antibody (Stressgen 
Bioreagents Corp.;	dilution 1:5,000); monoclonal anti-Rep8 antibody 
(BD Transduction Laboratories, BD Biosciences — Pharmingen; dilution 
1:1,000); and monoclonal anti-Rep11 antibody (BD Transduction Labora-
tories, BD Biosciences — Pharmingen; dilution 1:1,000).

Morphological studies. Mouse eyes for histology were fixed (2% 
paraformaldehyde, 2.5% glutaraldehyde, 0.1 M cacodylate buffer) for  
1 hour. Samples were embedded in paraffin wax, and sections were cut at  
4 µm thickness and stained with H&E. Electron microscopy was performed 
as described previously (28).

Electrophysiological studies. ERGs	and SLO were obtained in dark-adapted 
mice according to previously reported procedures (37, 38). The ERG equip-
ment consisted of a Ganzfeld bowl, a direct current	amplifier, and a PC-
based control and recording unit (Multiliner Vision; VIASYS Healthcare). 
SLO was performed with a Heidelberg Retina Angiograph (Heidelberg 
Engineering), a confocal scanning-laser ophthalmoscope. Laser wave-
lengths used for fundus visualization were 835 nm (infrared channel), 
514 nm (red-free channel), and 488 nm (for autofluorescent images). The 
following types of mice and numbers of eyes were analyzed with ERG 
and SLO for this study: Chmnull/WT (10 eyes), ChmWT/WT (4 eyes), ChmWT/Y 
MerCreMer (4 eyes), Chm3lox/Y MerCreMer TM+	(4 eyes), ChmWT/WT six3-Cre+  
(2 eyes), Chmflox/Y (4 eyes), Chmflox/flox (2 eyes), Chmflox/Y six3-Cre+ (4 eyes), and 
Chmflox/flox six3-Cre+ (6 eyes).

Statistics. To quantify the loss of the a wave relative to the b wave of the 
ERG, a/b ratios were calculated as shown in Supplemental Figure 2. The 
evaluation was based on the data obtained with the maximum stimulus 
intensity of 25 candela seconds/m2. Groups were compared using a 2-sam-
ple t test with assuming unequal variances. A P value less than or equal to 
0.05 was considered statistically significant.
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