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Table 3. Discase association or candidacy for differentially expressed genes
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Mouse gene description AFC Human homolog Disease
P2 P10 M Name Location
Known discase gencs
Guanine nucleotide hinding protein, 15 72 7.6 GNAT2 Ipl3.l Recessive achromatopsia (ACHMS3)
alpha transducing 2
ATP-binding cassette, sub-family A -14 -23 —22 ABCA4 1p22.1p21 Recessive Stargardt (STGDI ) /recessive MD/
(ABCH), member 4 recessive RP (RP19)/recessive fundus
flavimaculatus /reeessive cone-rod dystrophy
Cyclic nucleotide gated chantel alpha 3 — 22 2.6 CNGA3 2q11.2 Recessive achromatopsia (ACHMZ)
Retinal S-antigen =51 —41 =12 SAG 2q37.1 Recessive Opuchi disease [ recessive RP
Guanine nucleotide binding protein, —1.2 —-556 -2164 GNATI 3p21 Deminant congenital stationary night blindness
alpha transducing 1
Rhodopsin — —248 -41.3 RHO 3g21-24 Dominant RP / recessive RP / dominant
congenital stationary night blindness
Cyclic nucleotide gated channel alpha { —-— -73 —13.6 CNGAl 4pl2-cen Recessive RP
Prominin 1 Lo -19 — L6 PROMI 4pl15.33 Recessive retinal degeneration
Phosphodicsterase 6B, cGMP, —-23 —~373 -25.0 PDE6B 4pl6.3 Recessive RP / dominant congenital stationary
rod receptor, beta polypeptide night blindress
Phosphodiesterase 6A, cGMP-specific, — -21 —3.0 PDE6A 5931.2-q34 Recessive RP
rod, alpha
Guanylate cyclase activaror 1a -12 5.6 14 GUCALIA  6p2l.] Dominant cone dystcophy
Opsin 1 (cone pigments), short-wave-sensitive 1.3 84 9.4 OPNISW  7q31.3-q32 Dominant tritancpia
Retinal outer segment membrane protein 1 -22 -53 -33 RrOMI1 11913 Dominant RP / digenic RP (with RDS)
Weural retina leucine zipper gene — -26 —2.5 NRL 14q11.1-q11.2 Dominant RP (RP27)
Retinoschisis | homolog (human) —_ -2.7 -6 RS1 Kp22.2-p22.1 Retinoschisis (XI.RS1)
Candidate disease genes
S100 calcium binding protein A6 (calcyclin) 1.1 L1 2.1 S100A6 Ig21
Duffy blood group Lt 1.3 19 FY 1921-q22 Recessive cone-rod dystrophy (CORDS)
Retinoid X receptor gamma —-1.0 25 29 RXRG 1922-q23
Adiponectin receptor | ~12 —14 —2.7 ADIPOR! Iq32.1
Recessive ataxia, posterior column
Cytochrome b5 reductase ! (BSR.1) 11 -14 —-20 CYBSR1 19321 with RP (AXPC1)
Guanylate kinase | 1.9 -10 1.9 GUKI 1932-g41
Nuclear factor of kappa light chain pene 1.1 1.8 3.1 NFKBI 4924 Wolfram syndrome (WFS2)
enhanger in B-cells 1, plis
Adcnylate cyclase 2 1.3 1.9 20 ADCY2 5pl153 Dominant macukar dystraphy (MCDR3)
Myocyte enhancer factor 2C - - -42 MEF2C S5ql4 Dominant Wagner discase ¢ WGNL) and
erosive vitreoretinopashy (ERVR)
5" nucteotidase, ecto L1 =21 —2.7 NTSE 6qld-g21 Recessive RP (RP25)
GTP binding protein (gene 1.2 14 28 GEM 8q13-q21
overexpressed in skeletal muscle) Recessive optic atrophy (ROAI)
Protein kinase inhibitor, atpha (W] 1.2 21 PKIA 8q21.11
LIM domain only 1 -1.2 -5 -19 LMOI1 11pl5
, Dominant atrophia areata; dominant
Amylm_tl bc.iﬁ (.A‘fl prcc_:ursor -1.0 1.6 1.9 APBRBI | lplS chorieretinal degencmlion, helicoid (AAY
protein-binding, family B, member |
Cholecystokinin B receptor K¢ 14 23 CCKBR 11pl54
Muscle glycogen phosphorylase — 1.2 43 PYGM 1qt3.1
Dominant neavascular inflammatory
Microtubule-associated protein 6 =11 1.5 30 MAPs* ligl3.3 l vitreoretinopathy (VRNT)
Suppressor of K* transport defect 3 1.0 22 22 SKD3 11q13.3
RIKEN cDNA 1110002B05 gene 1.2 23 24 Cl4erfl47* 14ql3.1 Dominant MD, Notth Carolina-like with
] progressive sensorineural hearing loss
(MCDR4) recessive rod monochromacy
. i or achromatopsia (ACHM1)
Purine-nucleoside phosphorylase 15 30 42 NP l4ql13.1
Cerebellar degeneration-related 2 -L1 ~30 —-55 CDR2 16p12.3 Recessive RP (RP22)
Recoverin — -24 -2.1 RCVI 17p13.1
Dominant central areelar charoidal dystrophy
Double €2, beta -1.0 -106 2.0 DOC2B 17pl13.3 ] (CACD)
Polymerase (DNA directed), gamma 2, -10 ~17 -3.6 POLG2 17q
accessory subunit
Guanine nucleotide binding protein, 1.1 6.2 7.9 GNGT2 17q2t Cone rod dystrophy (CORD4)
gamma transducing activity pp 2
Suppresser of cyiokine signaling 3 L.1 1.6 24 SOCS3 179253

Differentially expressed genes that ate known to be associated with retinal diseases or candidate genes that map to disease intervals are shown. AEC is
shown as given in Table 1. “Indicates that gene is the likely human homolog but is not, as yer, definitively assigned as such (based on LocusLink).
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Figure 3. Ternporal expression of S-opsin in the wild-type and Nel™/ ~ retina,
The profile of relative expression of S-opsin determined by Q-PCR on the
developing mouse retinas is shown after normalization w Hprt. Eeror bars
indicate s.cm.

observed for N-myc downstream regulated 1 (Ndrl) and Ndr-
like (Ndr]).

A number of genes encoding tran%cnptlon regulatory pro-
teing are up-regulated in the Nrl™ /7 retina. Retinoid X recep-
tor gamma (Rxrg), tocalized to cones in the adult retina (40)
and shown to be induced by retinoic acid (RA) (41). shows
9-fold higher cxpression in the Nri™/~ retina. Rxrg maps to
the region of cone-dystrophy locus CORD& (Table 3) and is
an excellent candidate for this disease. Sal-like 3 (Sall3), a
C2H2 zinc finger transcription factor, is required for terminal
differentiation of photoreceptors in Drosophila (42); its aug-
mented expression is therefore of considerable interest. Vali-
dation by Q-PCR, which detects two of the six alternative
transcripts, reveals that Sall3 is highly differentially expressed
at P10 (20-fold) but is only moderately increased at 2 months
(2-fold), suggesting a potential role in cone differentiation.
Engrailed-2 (En2), a homeobox transcription factor, shows
sustained expression in the mature wild-type retina but in
Nrl™/7 retina it is highly elevated (30-fold increase). The
positive regulatory domain zinc Fmger protein, Prdml,
shows clevated expression (8-fold) in the matured Nil™ /=
retina. It is expressed eatlier in the wild-type retina and is
undetectable in the adult.

Apoptosis and stress response

Several genes encoding proteins associated with stress response
or apoptosis exhibit decreased expression in the Nrl =/~ retina;
these include the chaperone heat shock protcins Hsp70.3
(Hspala) and Hsp70.1 (Hspalb). Serum/glucocorticoid
regulated kinase (Sgk), which shows peak expresmon in the
adult retina and is down-regulated in the Nel™/7 retina, is
shown to be anti-apoptotic and induced in response to multiple
forms of stress in epithelial cells (43). Tumeor necrosis factor
alpha induced protcin 3 (Tnfaip3), which inhibits NF-kappa
B (Nfkbl) (44), has been associated with light-induced photo-
receptor degeneration (45). Tnfaip3 is first detected at P10,
and its expression peaks at 2 months. In contrast, Nfkbt
cxpression is relatively constant in the wild-type retina but
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exhibits 2 moderate peak at P2. In the NI/~ retina,
Tnfaipd is down-regulated 8-fold, whereas its inhibitory
target, Nikbl, is up-regulated. This observation, may at least
in part, prov1de clues to the mechanism through which stress
response and cell death may be mediated in the Nrl~/~
retina during late stages (unpublished data). Caspase-7,
which is detected in the wild-type retina during development,
is the only cas/pasc showing elevated (10-fold) expression in
the adult Nrl™/ " retina.

Calcium homeostasis and retinal function

Durmg the recovery of light response in photoreceptors, cGMP
is regulated by cytoplasmic Ca™" via Gucala (or Geapl). Both
Guecala and rod arrestin (Sag) are associated with retinai
discases and are expressed differentially in the Nrl ™77 retina,
Calcium/calmodulin-dependent kinase IT beta (Camk2b} is up-
rcgulatcd (15-fold) in the Nel™/" retina, Calcyelin (S100a6)
is expressed highly in neurons (46) and shows elevated levels
in the Nrl™/~ retina. The human homolog of this gene maps
to a cone-tod dystrophy locus (CORDS). 5100a6 s regulated
by NF-kappaB (47), which is also augmented in the Nrl =/~
retina. Two calcium channels genes Trpel and Caenb2 are
down-reguiated in the Nri™/~ retina, Syntrophin acidic 1
(Sntal)} is a component of the dystrophin glycoprotein
complex (DGC) which may play a significant structural and sig-
naling role (neurotransmission} in the retina (43). Mutations of
dystrophin or disruption of the DGC may account for scotopic
(rod response) defects in patients with Duchenne muscular
dystrophy (49), consistent wuh ‘tod-enrichment of Sntal and
its down-regulation in the Nri™/ " retina.

Melatonin signaling. Retinal melatonin. acts as a local neuro-
modulator through the melatonin receptors. which then may
control the release of dopamine (50). Three genes of the mel-
atonin pathway, tryptophan hydroxylase (Tphl), depamine
receptor 4 (Drd4) and melatonin rcccptor la (Mtarla), are
expressed d1ﬁ'erent:ally in the Nrl™/" retina. Tphl is the
first enzyme in the biosynthetic pathways of melatonin in
the photoreceptors and is believed to be synthesized primanly
in the cones (51), consistent with its up-regulation in the
Nrl™/7 retina, The melatonin receptor la, which normally
shows peak expression around P2-P4, is highly elevated in
the Nel™/~ retina, and peaks at P8 before rapidly decreasing
in expression. The dopamine receptor Drd4, which plays a
role in regulating cAMP metabolism. is not highly expressed
until P10-P12 in the wild-type retina (52), but is down-
regulated to <10% of the wild-type levels in the P10 Nrl™/~
retina, indicating a role in rods.

Novel functions and novel genes

Although a majority of the differentially expressed genes have
a defined function, in many cases their specific role in the
retina or their possible bias towards rods or conies is not under-
stood. Delcted in polyposis 1-like 1 (Dplll) is the top FDRCI
ranked down-regulated gene and is expressed at <<3% of the
wild-type levels. It shows peak expression in the adult retina
and is detected in the outer nuclear layer (data not shown)
but its function is unknown. A function can be inferred but
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is not known for calcium activated chloride channel 3 (Clca3),
which is up-regulated 44-fold in the Nrl™/~ retina. Kibra is a
novel WW-domain containing protein expressed primarily in
brain and kidney (53) and is up-regulated 26-fold in the
Nrl™/ retina. In addition, 18 of the differentially expressed
genes identified by microarray analysis match only ESTs.
These novel genes could provide new leads for elucidating
retinal development and function.

DISCUSSICN
Expression profiling and data mining

Appropriate microarray design and data analysis are essential
for extracting mecaningful results in genome-wide expression
profiling studies (54). We utilized RMA for normalization
(29.32) and chose an AFC cut-off of 1.5. A new two-stage
gene filtering procedure (53) was applied that contrels both
FDR and minfc levels. This procedure is based on construction
of a set of simultancous FDRCI on the temporal fold-changes
of each gene. Genes having at [east one confidence interval that
covers a range of fold-changes larger than the specified AFC
cut-off, which we call minfc, are declared significant at the
specified FDRCI level. As FDRCI is mere stringent than
FDR, the associated significance levels are generally not as
high as those of the FDR procedure. For each minfc level
studied, the two-stage procedure was used to generate a Jist
of genes ranked according to decreasing FDRCI significance
or, equivalently, increasing FDRCI P-value. For an AFC cut-
off of 1.5, the complete ranked list, excluding probesets
having FDRCI P-values >0.99, consisted of 173 probesets.
Of the 54 data points tested by Q-PCR, 51 (94%) were verified.
If the minfc is reduced to 1.25, the probeset list is expanded to
over 300 probesets (sce Supplementary Material, Table A).
Thesc additional genes may display a reduced validation rate
by Q-PCR but add to cluster analysis and pathway construction
based on the microarray data. Replicate experiments and
statistical analysis are critical for extracting such probesets.

Temporal profiling and clustering analysis add a new
dimension for predicting the functional role, possible inter-
actions and regulatory relationships that may exist amongst
the genes that are being analyzed. Our studies should identify
the genes that are presumably associated with photorecepter
development (P2), terminal differentiation (P10) and function
(2 month), Although our data are based on a mixed cell popu-
lation (whole retina), the generated profiles are dominated by
photoreceptors (about 70% of total cells) and can direct future
studies to prioritize candidate genes of interest for positional
cloning or functional analysis. Of particular interest are the
diffcrentially expressed genes encoding proteins associated
with visual process, transcriptional regulation, signal transduc-
tion and development, as they may provide insights into the
regulatory networks and signaling pathways underlying the
differences between rods and cones.

Genes encoding metabolism-related proteins represented
the single largest class of differentially expressed genes
(24%) in the Nrl™/" retina. In addition, one-third of the
genes are associated with light response/vision (11%), signal-
ing (18%) and transcription (6%). There was no significant
difference between up- and down-regulated genes in terms

of the specific biological processes affected; however, more
genes associated with vision or cell adhesion are down-
regulated in the Nri™/ ™ retina (Fig. 4). This can be attributed
to greater representation of rod- rather than cone-specific tran-
scripts on the MGU74Av2 Chips. A decreased expression of
genes encoding structural proteing may reflect the abnormal-
ities of the retinal organization in the Nri™/~ mouse, It
should be noted that cones contain more mitochondria when
comparcd with rods (56,57); expression changes in mitochon-
dria associated genes (Agp/, Mscs, Skd3 and Clicd) may
therefore teflect numerical and physiclogical differences
between the populations of mitochondria in the two classes
of photoreceptors.

Expanding the data set: MOE430 GeneChips and
custom ¢DNA arrays

The MGU74Av2 GeneChip contains over 12 000 known
genes and ESTs but the retina-specific transcripts are rep-
resented poorly. For example, neither Nr2e3 or cone arrestin
are on these arrays. Affymetrix has since significantly
improved the mouse arrays and the new MOE430 GeneChips
now comprisc over 36 000 gencs and ESTs. Thesc arrays arc
superior in design showing greater sensitivity and improved
specificity of probesets. One problem with GeneChips is that
the probesets are based on public databases and if transcripts
are exclusively or predominantly expressed in the retina,
they may not have been identified. Custom retinal <cDNA
arrays (28,58—60) should therefore complement GeneChip-
based analysis of the Nri™/~ retina (). Yu and A. Swarcop,
unpublished data).

Differential expression and reactive gliosis in the
Nrl™/~ retina

The ready-extraction of rod- or cone-specific genes from the
microarray analysis is complicated by the fact that the Nrl™/~
retina undergoes a slow form of retinal degeneration {after
4-6 months, unpublished data). A marker of retinal stress,
glial fibrllary acidic protcin (Gfap). is up-regulated in the
Nrl™/~ retina (18). Reactive gliosis or glial hypertrophy is
observed as part of the complex neuronal remodeling that
oceurs during retinzl degeneration (61,62). Discrimination
between photoreceptor-based differential expression and
changes due to retinal remodeling must be evaluated carefully.
especially when dealing with genes that encode proteins with a
poorly defined function. Qne experimental strategy would be to
compare gene profiles, reported here, to those of mouse models
of retinal degeneration.

Cones or ‘cods’

In the original characterization of the Nrl™/~ mouse, the
photoreceptor population was referred to as ‘cods’ as there
was uncertainty as to whether the later developing but fune-
tional cones were in fact a type of hybrid photoreceptor. Sub-
sequent analysis with cone-specific markers (such as PNA),
suction electrode recordings of isolated photoreceptors
(S.S. Nikonov, L. Daniele, A.J. Mears, A. Swaroop and EN.
Pugh Jr, unpublished data) and ERG of whole retina, nuclcar
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Figure 4. Biological processes associated with differentially expressed genes. (A} Overall distribution of all differentially expressed genes, {B) a comparison

between up- and down-regulated genes,

morphology of the ONL (punctate staining typical of cones)
and extensive molecular studies are all consistent with these
photoreceptors being cones. Histologically, the retina is abnor-
mal with rosettes and whorls disrupting the ONL, and short,
sparse and disorganized OS. These changes, however, may
be a consequence of inappropriate nuclear and OS packing
within ONL and the sub-retinal region, and may be secondary
to the actual identity and differentiation of the photoreceptors.
The gene profiling data, presented here, provide strong evi-
dence in favor of the photoreceptors of the Nrl™/~ retina
being cones and not cods.

Photoreceptor plasticity and identity

In the absence of Nrl, the failure of the retinal photoreceptors
to adopt their appropriate rod identity results in their

transformation into cones primarily expressing S-opsin (S-
cones). Nrl therefore appears to act as a molecular switch
during photoreceptor differentiation by promoting the rod
differentiation program while simultaneously repressing the
cone identity. The suppression of the cone fate is achieved,
at least in part, through direct or indirect regulation of the tran-
scription factor Nr2e3 (20,21), whose expression is undetect-
able in the Nrl™/~ retina (18).

How does Nrl orchestrate the coordinated expression of a
broad array of genes that are required for making a mature
and functional rod? Delineation of direct downstream targets
is the essential first step towards assembling the Nrl-mediated
transcriptional regulatory network(s) underlying rod differen-
tiation. Our study has identified several potential direct
targets of Nrt by a combined approach of microarray profiling
and ChIP. Several of these are known or putative transcription
factors or signaling proteins that may play a role inrod or cone
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differentiation. Comparative retinal gene profiling studies of
mouse loss-of-function mutants of other photoreceptor tran-
scription factors (e.g. Crx, Trf32, Nr2e3) should provide con-
siderable insights into the gene regulatory networks that
govern differentiation and homeostasis.

MATERIALS AND METHODS

Animal use and tissue collection

University Committee on Use and Care of Animals of the Uni-
versity of Michigan approved all procedures involving mice.
Both the Nrl™¢” mice and the wild-type controls werc of a
matched mixed genetic background (RI1 and C57BL/6
strains) (18). Mice were sacrificed by cervical dislocation,
and the retinas were excised rapidly, frozen on dry ice and
stored at —80"C. No signs of pathology were detected in
any of the animals used. To isolate sufficient total RNA for
labeling protocols, retinas from two mice were pooled into a
single sample. To minimize false positives doe 1o biological
variation, different samples were utilized for four replicate
cxperiments per genotypeime-point (biclogical replicates).
For the developmental Q-PCR studics, retinas were dissected
from the embryos of timed-pregnant Nrl™/~ or wild-type
females and pooled. Retinas from post-natal time-points
were also pooled (entire litter) after dissection.

RNA preparation

Tissues were placed into TRIzol (Invitrogen, Carlsbad, CA,
USA) (added to the frozen tissues at ~1.3ml per four
retinas) and homogenized (Polytron., Kinematica, Lucemne,
Switzerland) at maximum speed for 120 s. Subsequent steps
were done according to the manufacturer’s instructions,

Gene expression anzlysis

The GeneChips (Affynnetrix, Santa Clara. CA, USA) used in
the study contained ~12 000 probe sets, comresponding to
over 6000 genes and 6000 ESTs (Murine Genome U74A
Array vZ).

Total retinal RNA was used to generate double-stranded
c¢DNA (ds-cDNA) with SuperScript Choice System (Invitro-
gen) and oligo-dT primer containing a T7 RNA polymerase
promoter. After second-strand synthesis, the reaction mixture
was extracted with phenol-chloroform—isoamyl alcohol.
and ds-cDNA was recovered by ethanol precipitation. In
vitre transcription was performed by using a RNA transcrip-
tion labeling kit (Enzo) with 10 ul of ds-cDNA template in
the presence of a mixture of unlabeled ATP, CTP, GTP and
UTP and biotin-labeled CTP and UTP [bio-11-CTP and bio-
16-UTP (Enzo Life Sciences, Farmingdale, NY, USA}).
Biotin-labeled cRNA was purified by using an RNeasy affinity
column (Qiagen. Valencta, CA, USA), and fragmented ran-
domly to sizes ranging from 35 to 200 bases by incubating
at 94°C for 35 min. The hybridization solutions contained
100 mM MES, 1M NaCl, 20 my EDTA and 0.01% Tween-
20. The final concentration of fragmented cRNA was
0.05 pg/pl in the hybridization solution. After hybridization,
the solutions were removed and GeneChips were washed

and stained with streptavidin-phycoerythrin. GeneChips
were read at a resolution of 6 pm with a Hewlett-Packard
GeneArray Scanner. Initial data preparation (i.e. generation
of CHP files) were petformed by Atfymetrix MICROARRAY
SUITE v5.0. Normalization (quantile method) and calculation
of signal intensities were performed with the software package
RMA from the R project (hup://www.r-project.org/). Data
were based on four Affymetrix MGU74Av2 GeneChips (bio-
jogical replicates) for each time-point per genotype (i.e. total
of eight GeneChips per timepoint). Of the total 24 GeneChips,
only one had to be repeated due to a negative quality report
based on raw image and MASS analysis. Ratios of average
signal intensity (log.) were then calculated for the probesets
(Nl ™/~ relative to wild-type) and then counverted to an
AFC. Statistical validation was performed on probesets
showing a minimum AFC of 1.5. If due to low signal, any
of these probesets werc reported as having an absent signal
(based on MASS5) in all GeneChips (i.e. for both genotypes)
for a given time-point then it was reported as absent and
reported signal values and relative expressions were ignored.

FDR and P-values

The statistical method used to assign P-valucs to the fold-
changes of gene responses is a two-step procedure based on
the Benjamini and Yekutieli construction of FDRCT (63-65)
on the fold-changes between the Nel™/~ and the wild-type
response profiles (55). FDRClIs are (1 — ¢ )% confidence inter-
vals where the level *g” is corrected for error amplification
inherent to perfonming multiple comparisons on many genes
and many time-points, For specified minimum fold-change
(fcminy and a given level of significance ¢, a gene response
is declared as ‘positive” if the range of the FDRCI is either
greater than fomin (positive fold-change) or less than
—femin (negative fold-change). The FDRCI P-value for a
given gene is defined as the minimum level ¢ for which the
gene’s FDRCT does not intersect the interval [— fomin,
fcmin]. For this data, we formed a ranked list of genes accord-
ing to increasing FDRCI significance level having minfe of 1.5
{0.58 log;). All probesets with a P-value <1 were reported.

Q-PCR

RNA was treated with RQ1 DNAse (Promega, Madison, W1,
USA) following manufacturer’s guidelines. Oligo-dT-primed
reverse transcription was performed using 2.5 pg of DNAse-
treated total retinal RNA with Superscript II {Invitrogen).
Primers for the validated genes were designed typieally from
the 3' UTR rcgion using Primer 3 (htip: //www-gcnome.wi.
mit.edu/cgi-bin/primer/primer3). The PCR reactions on the
c¢DNA template were then performed in triplicate in an
I-cycler thermocycler with optical module (BioRad, Hercules,
CA, USA). Amplified products were quantified based on the
level of fluorescence of SybrGreen I (Molecular Probes,
Eugene, OR, USA) in cach reaction. Specificity of reactions
was confirmed by melt curve analysis and gel electrophoresis.
AFCs were then calculated based on the difference in the
threshold cycles (C,) between the Nrl™/~ and the wild-type
samples after normalization to Hprt.



Clustering analysis

Clustering based on similarity of temporal expression profiles
and visualization was performed using the software program
Spotfire DecisionSite 7.2 (www spotfire.com). The signal
data of statistically significant differentially cxpressed genes
were standardized to z-scores (66), and hierarchical clustering
performed using the ‘Euclidean distance’ method.

Annotation

Functional annotation of proteins was assigned through Gene
Ontology (http: // www.gencontology.org) or Locuslink (http: /
www.ncbi.nlm.nibh.gov/LocusLink) classifications obtained
through appropriate public databases such as NetAffx (hup: //
www.netaffx.com/indexp2.jsp} (67) and DAVID (http://
appsl.niaid.nih.gov/david/upload.asp) (68). -

ChIP analysis

Retinas were obtained from the C57BL/6 wild-type mice and
snap frozen on dry ice. ChIP was performed using 2 commer-
cial assay kit (Upstate Biotechnologies, Charlottesville, VA,
USA). Briefly, four retinas were crosslinked in PBS containing
proteinase inhibitors and a final concentration of 1% formal-
dehyde for 15min at 37°C. The retinas were washed four
times in ice-cold PBS with proteinase inhibitors and then
incubated on ice for 15 min, The tissue was then sonicated
on ice with 10 pulses of 20 sec. The remaining steps were per-
formed as described by the manufacturer, using an anti-NRL
polyclonal antibody (8).

The putative promater region for each of the genes analyzed
was determined using in  sifice methods  (hup: //www.
ncbi.nbm.nih.gov/mapview). Each promoter DNA sequence
was analyzed using Matinspector (http: //www.genomatix.
de/index.html) and PCR primers were designed to flank
putative APl-like sites either predicted by Matinspector or
predicted manually. If there was more than cne AP-1 like
site. the sequence element closest to the 5 untranslated
sequence was used. Equal amounts of input DNA, with and
without antibody, were wsed in each PCR reaction.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG Online.
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CLINICAL FEATURES OF JAPANESE
FAMILIES WITH A 402DELT OR A
555-556DELAG MUTATION IN
CHOROIDEREMIA GENE

TOSHITAKA ITABASHI, MD, YUKO WADA, MD, MIYUKI KAWAMURA, MD,

HAJIME SATO, MD, MAKOTO TAMAI, MD

Purpose: To characterize the clinical features of two Japanese families with choroider-
emia associated with a 402delT and a 555-556delAG mutation in the choroideremia gene

{CHM).

Methods: Four affected members and one obligate carrier from two Japanese families
with choroideremia were studied. To detect mutations of the CHM gene, the products of
polymerase chain reaction were directly sequenced in both directions. The ophthalmologic
examination included best-corrected visual acuity, slit-lamp examination, fundus exami-
nation, kinetic perimetry, electroretinography, and fluorescein angiography.

Results: A 402delT and a 555-556delAG mutation were found in two Japanese families
with choroideremia. All affected members had night-blindness, progressive constriction of
the visual field, chorioretinal atrophy, and mottled appearance of the retinal pigment
epithelium. The obligate carrier had mild patchy areas of retinal pigment epithelial atrophy

with no visual symptoms.

Conclusion: The authors found a 402delT and a 555-556delAG mutation in the CHM
gene, one of which (402delT) is a novel mutation. They conclude that these mutations
cause choroideremia in Japanese families.

RETINA 24:940-945, 2004

horoideremia is an X-linked disorder character-
ized by night-blindness, constricted visual field,
and a slow, progressive atrophy of the choroid, retina,
and retinal pigment epithelium (RPE). The carriers of
choroideremia have no symptoms of night-blindness
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and constricted visual field; however, they have char-
acteristic fundus changes, such as peppery hyperpig-
mentation or patchy areas of chorioretinal atrophy.
The candidate gene for choroideremia, designated
CHM, was isolated by positional cloning,!-3 and the
complete human CHM gene was cloned in 1994.4 The
CHM gene is located on chromosome Xq21.2 and is
expressed in the retina, choroid, RPE, and nonocular
tissues.5-7 It is made up of 653 amino acids and
encodes the Rab escort protein (rep-1) that functions
with Rab to regulate intracellular trafficking. To date,
many mutations of the CHM gene have been reported
in different ethnic populations.!~16

Because patients with choroideremia have muta-
tions in the CHM gene, molecular genetic analysis of
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Family 1
| &
I

Family 2

I O0—0

. &L

Fig. 1. Pedigrees of two Japanese families with choroideremia show-
ing affected (solid symbols) and unaffected (open symbols) members.
Squares, male members; circles, female members; X, individuals ex-
amined; dot in the circle, carrier; arrow, proband.

the CHM gene plays an important role in not only mak-
ing a comrect diagnosis but also genetic counseling.

The aim of this study was to assess the ocular
findings in two Japanese families with choroideremia
associated with two mutations in the CHM gene, one
of which is a newly identified mutation.

Materials and Methods

We examined four affected men and one carmier
woman from two unrelated families (Figure 1). The
ophthalmic examination included best-corrected visual
acuity, slit-lamp biomicroscopy, kinetic perimetry, fun-
duscopy, fluorescein angiography (FA), and electroreti-
nography (ERG). The ERG recordings were performed
under conditions that conformed to the International So-
ciety for Clinical Electrophysiology of Vision stan-
dards.!” ERGs were elicited by a single flash or a 30-Hz
flicker red light under light-adapted conditions for cone-
isolated responses, a dim blue flash after 30 minutes of
dark-adaptation for rod-isolated responses, and a stan-
dard white flash in dark-adapted conditions for the max-
imal mixed rod-cone response.

We analyzed the four affected members and one
obligate carrier for mutations for the CHM gene.
Genomic DNA was isolated from the leukocytes of
each patient’s blood using a protocol described in
detail,'® The genomic DNA was amplified from exon
1 to exon 15 of the CHM gene by pelymerase chain

402delT (Family 1)

[~ T cC ¥ T 6 T 6 A C

Normal

V-1

555-556delAG (Family 2)

T &§ ACA G G B & A

Nomal

del AG

T G A CG G G A

-1

Fig. 2. Results of sequencing analysis. The upper sequence, normal
allele; the bottormn sequences, a mutant allele from Patient V-1 of
Family 1 with a 402delT mutation, and a mutant allele from Patient Ii-1
of Family 2 with a 555-556delAG mutation.

reaction {PCR). Fifteen sets of oligonucleotide primer
pairs were used to amplify the entire coding region of
the CHM gene. The PCR products were directly se-
quenced on an ABI3100 sequencer in both directions
(Applied Biosystems, Perkin Elmer).

Informed consent was obtained from all patients
before entry into this study.

Results

DNA Analysis

Two mutations were found in the CHM gene: a
402delT and a 555-556delAG mutation in exon 5 of
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Fig. 3. Fundus photographs. A, Fundus photographs of Patient IV-1.
Chorioretinal atrophy and attenuation of retinal vessels can be seen in
both eyes, B, Fundus photographs of Patient V-2 showing mild cho-
rioretinal atrophy around the optic disk and mottled appearance of
retinal pigment epithelium (RPE) in both eyes. C, Fundus photographs
of Patient IV-3 showing motiled appearance of RPE in both eyes, and
pigment clumping in the right eye. D, Fundus photographs of Patient
111! showing patchy atrophic areas of RPE. E, Fundus photographs of
Patient II-1 of Family 2 show chorioretinal atrophy with exposure
of the choroidal vessels, pigmented stippling, and mottled appearance
of RPE in both eyes.

the CHM gene (Figure 2). These mutations resulted in
a frameshift and premature termination at codon 125
and 182, respectively. In Family 1, three affected men
had a hemizygous 402delT mutation, and the obligate
carrier was heterozygous for this mutation. In Family
2, one affected man had a hemizygous 555-556delAG
mutation.

Fig. 4. Fluorescein angiography (FA). A, FA of Patient TV-1 of
Family 1. The combination of hyperfluorescent and hypofluorescent
areas js seen. B, FA of Patient IV-2 of Family 1 shows granular
hyperfluorescence in the postenior pole and hypoflucrescence around
the optic disk. C, FA of Patient 1V-3 of Family 1 shows granular
hyperfluorescence in the posterior pole. D, FA of Patient I11-1 showing
granular hyperficorescence around the macula in the right eye, and
granular hyperfluorescence in the left posterior pole. E, FA of Patient
II-1 of Family 2 showing granular hyperfluorescence corresponding to
the atrophy of the retinal pigment and exposure of choroidal vessels.

Case Report

The four patients and one obligate carrier from two unrelated
families associated with the 402delT and a 555-556delAG muta-
tion in the CHM gene were examined and their clinical character-
istics are summarized in Tables 1 and 2. In addition, Patient TV-1
of Family 1 requested genetic counseling for the planning of a
second child.

The ages of the four patients ranged from 23 to 29 years. Three
of the four affected patients had night-blindness from their early
teens. The visual acuity of these patients ranged from 1.0 10 2.0,
which indicated all patients had preserved central vision.
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Fig. 5. Electroretinograms (ERGs) of four affected members and one
carrier. The obligate carrier has normal amplitudes of all components of
the ERGs. The ERGs of the affected members are mildly reduced to
nenrecordable ERGs. These changes are correlated with the fundus
changes. R, right eye; L, left eye. Patients are described in detail in
Report of Cases.

Fundus examination of Patients IV-1 and IV-2 of Family 1 and
II-1 of Family 2 disclosed chorioretinal atrophy with sparing of the
macular region, exposure of the choroidal vessels, and mottled
appearance of the RPE in both eyes. Patient IV-3 of Family [, a
23-year-old man who was the youngest brother of Family 1,
showed attenuation of the retinal vessels and mottled appearance of
the RPE in both eyes. There was also pigment clumping in the right
eye (Figure 3).

FA of Patients IV-1 and IV-2 of Family | and II-1 of Family 2
revealed a combination of hypofluorescence and hyperfluorescence
with granular hyperfluorescence in the posterior poles, and the
choroidal vessels were seen in bold relief against the hypoflucres-
cent areas in the periphery of both eyes. Fluorescein angiography
of IV-3 of Family 1 showed hyperfluorescent areas corresponding
to the atrophy of the RPE in the posterior poles (Figure 4).

The scotopic b-waves were severely reduced in IV-2 and IV-3 of
Family 1, and nonrecordable in IV-1 of Family 1. The scotopic,
photopic, and 30 Hz flicker ERGs were severely reduced in all
patients of Family 1. The scotopic, bright flash, photopic, and 30
Hz flicker ERGs were nonrecordable in Patient II-1 of Family 2
(Figure 5).

Kinetic visual field testing of IV-1 of Family 1 showed con-
stricted visual field with I-2-¢ isopter and enlargement of the blind
spot in the left eyes and constricted visual field with V-4-¢ and
[-2-e isopters in the right eyes. Kinetic visual field testing of
Patients IV-2 and 1V-3 of Family 1 and II-1 of Family 2 showed
ring scotomas and constricted visual fields with I-2e or I-4e isopt-
ers in both eyes (Figure 6).

Patient III-1 of Family 1, the 54-year-old mother of the three
patients of Family 1, had no visual impairments. Her visual acuity
was corrected to 1.0 in the right eye with —1.5 D sphere and 1.0/in
the left eye with ~1.5 D sphere. Slit-lamp biomicroscopic exam-
ination shewed normal cornea, anterior chamber, iris, anterior
vitreous, and senile cataracts in both eyes.

Fundus examination revealed peppery hyperpigmentation in both
eyes (Figure 3). FA showed hyperfluorescent areas comresponding to
the awophy of the RPE in the posterior poles (Figure 4).

Her scotopic, bright flash, photopic, and 30 Hz flicker ERGs
were normal (Figure 5) as were her kinetic visual fields (Figure 6).

We were not able to perform the molecular genetic analysis and
ophthalmologic examination on the other members of Family 2,
because consent was not obtained.

A :
B :
C :
D :

- —— -

Fig. 6. Results of Goldmann visual fields of Patient 1V-1 of Family 1.
(A} Patient IV-2; (B) Patient V-3, (C) Patient III-1; and (D) Patient
11-1 of Family 2 (E). Patents 1V-2, IV-3 of Family 1, and I1-1 of Family
2 showing ring scotomas in both eyes. Patient III-1 of Family | had
normal visual fields. L, left eye; R, right eye. Patients are described in
derail in Report of Cases.

Discussion

Choroideremia is an X-linked disorder that is char-
acterized by progressive degeneration of choroid, ret-
ina, and RPE, progressive visual field loss, and a
reduction of visual acuity at the late stage. The fundus
at the early stage of choroideremia shows areas of
RPE disruption. With progression of the choroider-
emia, there is severe chorioretinal atrophy, loss of
choriocapillaries, and finally bare sclera.

Positional cloning and the screening of ¢cDNA li-
brary were performed to identify the entire coding
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region of the CHM gene, which permitted the identi-
fication of the causative mutations for patients with
choroideremia. -4

The CHM gene encoded the Rab escort protein-1
(Rep-1), and Rep-1 presents Rab-proteins to the cat-
alytic site of the enzymes. This adds geranylgeranyl
groups to cysteines of the carboxy-terminus of Rab
proteins. These proteins play an important role in
intracellular vesicular transport.

To date, nonsense, frameshift, and splice site mu-
tations in the CHM gene have been identified.’-'¢ For
Japanese patients with choroideremia, 15 kinds of
mutations have been reported.!3-!5 We found a novel
402delT mutation and the 555-556delAG mutation in
the two Japanese families with choroideremia. These
mutations caused a frameshift and premature termina-
tion at codon 125 and 182, and if translated, the
mutated CHM protein would not be functional.

The severity of the clinical features produced by
these mutations was variable. Thus, Patient IV-3 of
Family 1 at the early stage of choroideremia at 23
years of age showed only mottled appearance of the
RPE, and the characteristic severe chorioretinal atro-
phy was not present. However, Patient II-1 of Family
2, who had the 555-556delAG mutation and was 24
years old, showed marked chorioretinal atrophy and
nonrecordable ERGs. It is not known how the differ-
ent mutations alter the severity or phenotype of cho-
roideremia. More cases associated with mutations in
the CHM gene resulting in nonsense mutation, frame-
shift mutations, and splice site mutations are needed to
understand the mechanism of clinical variability. In
addition, additional cases must be studied to offer
genelic counseling as requested by Family 1. From a
clinical point of view, further correlations between
specific mutations and their phenotypes are needed to
augment our understanding of the molecular mecha-
nism of diseases and also for diagnosis and prognosis.

Key words: CHM gene, choroideremia, clinical
variability, mutation, x-linked.
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