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ABSTRACT 

The human X chromosome contains ~1,600 genes, about 15% of which have been associated 

with a specific genetic condition, mainly affecting males. Blue cone monochromacy (BCM) is an 

X-linked condition caused by a loss-of-function of both the OPN1LW and OPN1MW opsin 

genes. The cone opsin gene cluster is composed of 2-9 paralogs with 99.8% sequence homology 

and is susceptible to deletions, duplications, and mutations. Current diagnostic tests employ 

PCR-based technologies; however, alterations remain undetermined in 10% of patients. 

Furthermore, carrier testing in females is limited or unavailable. High-resolution X chromosome-

targeted CGH microarray was applied to test for rearrangements in males with BCM and female-

carriers from three unrelated families. Pathogenic alterations were revealed in all probands, 

characterized by sequencing of the breakpoint junctions and qPCR. In two families, we identified 

a novel founder mutation that consisted of a complex 3-kb deletion that embraced the cis-

regulatory locus control region and insertion of an additional aberrant OPN1MW gene. The 

application of high-resolution X chromosome microarray in clinical diagnosis brings significant 

advantages in detection of small aberrations that are beyond the resolution of clinically available 

aCGH analysis and which can improve molecular diagnosis of the known conditions and unravel 

previously unrecognized X-linked diseases.  

 

Key Words: blue cone monochromacy; Xq28 deletion; color vision; X chromosome; aCGH; X-

linked disease
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INTRODUCTION 

A loss of function of both the OPN1LW (red) and OPN1MW (green) cone opsin 

photopigment genes causes blue cone monochromacy (BCM; OMIM#303700), a rare X-linked, 

recessive disorder characterized by markedly reduced vision, severe photophobia, congenital 

nystagmus, and inability to discriminate colors. In humans, up to nine copies of the OPN1LW 

and OPN1MW genes are arranged in a 5′-3′ orientation within Xq28, forming the cluster (1-3). 

The close physical location and high (99.8%) sequence homology predispose this genomic 

region to non-allelic homologous recombination, which results in deletions, duplications, and the 

formation of OPN1LW/OPN1MW-hybrid genes (4-6).  

In the normal human retina, only the most proximal two genes in the cluster are 

expressed (2). Red or green expression in cone photoreceptors is accomplished by interaction of 

the gene promoter with a locus control region (LCR), a unique cis-regulatory DNA sequence 

located ~4 kb upstream of OPN1LW (7). In about 90% of males affected by BCM, Xq28 

deletions or point mutations inactivating both OPN1LW and OPN1MW have been identified by 

PCR-based molecular testing, while ~10% of patients have negative results and the molecular 

defects remain unknown (2,6), precluding accurate information on disease progression in 

affected males and female-carriers, carrier and prenatal testing, potential approaches, and 

efficiency of gene therapy. The Xq28 deletions may remove the LCR, inactivating both wild-

type opsin genes, or extend into the opsin cluster (4,6). The complex structure of the LCR and 

opsin genes, the presence of highly homologous sequences, and variability within the opsin 

genomic region among human populations pose multiple challenges and limit the effectiveness 

of diagnostic and carrier testing in families with BCM. 

Microarray platforms are now used extensively for diagnosis and research to detect 

genomic imbalances contributing to human disease and population diversity (8-9). High-
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resolution microarrays provide distinct benefits in studying males affected with X-linked 

disorders (9). Single gene alterations are more likely to be present in affected males; however, 

the resolution of clinical whole-genome microarray platforms, ranging from 25-200 kb, is often 

insufficient to detect smaller X chromosome imbalances. We identified novel molecular 

alterations in three BCM families, using high-resolution X chromosome-targeted (X-HR) array 

comparative genomic hybridization (aCGH) and report the advantages and limitations of 

microarray analysis in the diagnosis of BCM and other X-linked conditions. 

MATERIALS AND METHODS 

Subjects 

Three unrelated men (P1-P3; Fig. 1) with a clinical diagnosis of BCM (10) were referred 

for testing by X-HR microarray. Informed consents were obtained using the UTHSC IRB 

protocols. Control samples from 268 women and 42 de-identified males who underwent 

microarray clinical testing unrelated to BCM condition were recruited under the University of 

Pittsburgh IRB guidelines.  

 X-HR microarray design 

We developed a custom oligonucleotide microarray using a 4x180K CGH platform 

(Agilent, Santa Clara, CA). The X-HR microarray consists of 166,000 oligonucleotide probes, 

covering the X chromosome with an average 1 probe/kb, and an enhanced (1 probe/200-500 bp 

or 10 probes/gene) coverage of all X-linked genes. This microarray has been validated on 

samples with X chromosome imbalances and implemented for clinical diagnostic testing. 

Array-CGH studies  

The X-HR microarray studies were performed on male patients P1-P3 and female-

carriers (Family-1 III-4, Family-2 IV-11 and IV-13). DNA samples from 42 males hybridized 

versus male reference (Coriell, NA12891), 10 males hybridized against Agilent male reference, 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
 

and 268 females hybridized against female reference (Promega, G152) not affected by BCM 

were analyzed by X-HR, serving as a negative control, and were also used to calculate the 

frequency of opsin gene copy number in a normal population. A whole-genome 180K 

CGH+SNP microarray (ISCA design, Agilent) was performed on the brother of P1 (Family-1 

IV-3). See supplemental data. 

Quantitative real-time PCR (qPCR) 

To determine the total number of red and green opsin genes, qPCR using iQ-SYBR 

Green Supermix (Bio-Rad Laboratories, Hercules, CA) was performed on P2 and the reference 

DNA (supplemental methods). 

RESULTS 

Microarray studies in BCM families 

In P1, X-HR microarray detected a hemizygous loss (chrX:153,405,331–

153,406,875;hg19) encompassing an at-least-1.5-kb segment (Fig. 2A), with the proximal 

breakpoint within the chrX:153,403,612-153,405,331 interval, and the distal breakpoint within 

the chrX:153,406,875-153,409,337 segment, indicating a deletion ranging from 1.544 kb 

(minimum) to 6.126 kb (maximum). This deletion includes the LCR (Fig. 2E). In addition, X-HR 

showed a gain suggestive of an extra opsin gene copy in the patient as compared to the reference 

DNA. Identical, but heterozygous deletion (log2(1/2)=–1.0) was detected in the patient’s mother 

(Fig. 2B). In the brother (IV-3; Fig. 1), a whole-genome microarray identified a de novo 9.3-Mb 

gain in the 4p16.1-pter region (Supplemental Fig. S2A), which probably explains his intellectual 

disability, but did not detect alterations in Xq28. Visual examination of the aCGH plot revealed 

insufficient coverage within the opsin gene cluster (Supplemental Fig. S2B). 

In P2, X-HR analysis revealed a loss (log2(2/3)=–1.58) in Xq28 (chrX:153,416,333-

153,459,120), consistent with a deletion of at least two out of three copies of the opsin genes 
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(Fig. 2C), with the proximal breakpoint in chrX:153,414,302-153,416,333 (OPN1LW intron 1) 

and the distal breakpoint downstream of OPN1MW exon 6 (Fig. 2E), probably altering structure 

or function of the third opsin gene in the cluster. See supplemental data for qPCR confirmation. 

Two daughters (Family-2 IV-11 and IV-13; Fig. 1), showed the same Xq28 alteration (Fig. 2D).  

In P3, X-HR microarray detected a loss involving the LCR and a gain in the opsin gene 

cluster region, identical to those of patient P1 (Fig. 2A). Comparison of the benign copy number 

variants along the X chromosome between P1 and P3 showed no similarity, thus excluding a 

close relationship between these two patients. Deletions detected in the affected males were 

absent in the 268 female and 42 male control samples. 

Breakpoint junction analysis  

We further analyzed breakpoints in individuals from Families 1 and 3. Primers p1F1 and 

p1R1, mapped to the proximal and the distal sequences flanking the LCR deletion, were 

designed to amplify the breakpoint junction and a 6,234-bp wild-type fragment (Table S1). 

Long-range PCR was performed on DNA from a control (wt) female and male, P1, his affected 

brother (F1 IV3) and mother (F1 III4), and P3. PCR yielded two abnormal fragments (~4 kb and 

2.7 kb) in the affected males and the carrier mother (Fig. 3A,B), consistent with the Xq28 

deletion detected by aCGH. Neither junction was observed using the same PCR primers to 

amplify the genomic male and female reference DNA. 

Direct sequencing of the patient-specific products revealed a complex rearrangement 

upstream of the OPN1LW gene. This aberration, identical in P1 and P3, included a 2,991-bp 

deletion embracing the entire LCR, insertion of an extra copy of the green pigment gene 

(OPN1MW), and a tandem duplication of a 1,345-bp sequence encompassing the promoter, exon 

1, and a part of OPN1MW intron 1 (Fig. 3C, D). The deletion-insertion breakpoints were located 

within two Alu elements, AluSx and AluSx1, oriented in the same direction, with ~79% homology 
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between them (Fig. 3D). The junction occurred in a 16-bp microhomology segment 

(AGAGGTTGT/CAGTGAGC) (Supplemental Fig. S3). The structure of an extra (inserted) 

OPN1MW gene is altered by a duplication of the 1,345 bp sequence. The duplicated DNA 

segment comprises exon 1; therefore, two mutant PCR fragments were obtained in P1 and P3 

using the p1F1 and p1R1 primers. The duplication junction occurred between non-homologous 

sequences. Comparison of the SNPs in the unique sequence revealed that P1 and P3 exhibit the 

same haplotype; therefore, the complex rearrangement probably represents a founder mutation. 

DISCUSSION 

Historically, X-linked recessive disorders were studied by PCR-based molecular methods 

due to their higher resolution compared to cytogenetic techniques. Despite its wide use in clinical 

diagnosis, PCR amplification of repetitive and rearranged DNA segments is highly problematic 

as it requires prior target sequence information and cannot test for duplications. Furthermore, the 

precise breakpoints of a deletion are difficult to determine; thus, testing for female carriers by 

this method is of very limited utility. In contrast to targeted approaches, microarray-based 

techniques have enabled detection of individual genomic variations, such as deletions, 

duplications, and amplifications, at a very high resolution in both males and females regardless 

of prior knowledge of the region of interest (8-9). We applied a high-resolution microarray that 

can detect X chromosome imbalances with at least 10-fold higher resolution than the clinical 

180K CGH+SNP array to study males and carrier females affected by BCM as well as a 

population of unaffected female and male controls (Supplemental Figs. S4-S7).  

It is not surprising that previous PCR-based testing was unsuccessful in these families, 

taking into consideration the complexity of the rearrangement and the peculiar structure of the 

cone opsin gene cluster (1,5-7). Interstitial chromosomal rearrangements are frequently mediated 

by recombination between flanking segmental duplications (11); however, analysis of repetitive 
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sequences is itself challenging. Duplicated regions of the genome usually represent a cluster of 

structurally and functionally related genes (paralogs) and pseudogenes with a high degree of 

sequence homology (11-12). Such regions are “hot spots” for nonhomologous and intragenic 

recombination or gene conversion rearrangements that can lead to pathogenic alterations as well 

as to genetic diversity among healthy individuals (5,11-12).  

Indeed, intragenic recombination between normal functional gene copies leads to the 

production of hybrid red/green-cone genes (3-4). About 70% of males carry three copies of the 

cone opsin photopigment gene on the X chromosome (3). Gains in copy number within the cone 

opsin gene cluster are observed in 10-15% of men and are considered to be benign copy number 

variants. Normal function of red- and green-pigment opsin genes strongly depends on the 

specific arrangements of gene coding and cis-regulatory sequences in the cluster. In males with 

normal color vision, additional hybrid red/green-cone genes must be positioned more distally to 

the functional copies on the X chromosome (1-4).  

Up to 10% of males have red or green color vision deficiency as the result of 

displacement or replacement of the normal functional OPN1LW or OPN1MW gene by a hybrid 

copy. Analysis of the junction fragments in P1 and P3 showed that the insertion of an additional 

green opsin gene copy took place at the first, most proximal, position in the cluster. In addition, 

this also resulted in ~3-kb deletion of the regulatory region, resulting in BCM.  

Interestingly, deletion-insertion junction breakpoints were located within the 16-bp 

microhomology segments of two Alu elements, suggestive of a microhomology-mediated break-

induced replication (MMBIR) mechanism (12). Complex aberration in both P1 and P3 is 

consistent with a founder mutation; however, genomic instability in the opsin cluster region and 

the presence of Alu repetitive sequences with extended segments of microhomology may result 

in sporadic reoccurrence of similar mutations. Both of our patients also have a 1.3-kb 
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duplication, and it is possible that the insertion-deletion-duplication rearrangement occurred 

simultaneously. Alternatively, the exon 1 duplication may have arisen independently from the 

insertion-deletion rearrangement, or it may exist as a hybrid gene polymorphism within a 

population. 

The high-density X-HR microarray was invaluable in identifying novel deletions and 

duplications in the studied families. In contrast to other clinical microarray platforms that do not 

usually contain probes for segmental duplicons, we were able to analyze copy number variations 

in paralogous gene clusters and therefore detected a pathogenic deletion in P2. BCM is 

considered to be a stationary disorder; however, the recent studies showed the correlation of a 

specific molecular defect with clinical manifestations and disease progression. Moreover, female 

carriers may present with some degree of retinal degeneration or progressive vision loss (13-14). 

Carrier testing in females depends on the molecular findings in the affected males and is 

commonly problematic. This highlights the importance of establishing more reliable approaches 

for the discovery of underlying molecular defects for X-linked conditions. Incorporation of high-

resolution X chromosome microarray testing into the routine clinical diagnosis in conjunction 

with mutation analysis can improve molecular diagnosis for known conditions and unravel 

previously unrecognized X-linked diseases.  
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Figure legends  

 

 

Fig. 1. Five-generation pedigrees. Black squares represent affected males with blue cone 

monochromacy (BCM). Retinal findings of these three subjects were reported previously (10) 

and are summarized in the supplemental data. Slashes through symbols indicate deceased 

individuals; the arrows designate the probands P1, P2, and P3 in Families 1, 2, and 3, 

respectively. Hx - family history of vision problems among relatives on the grandmother’s side 

of the proband P2. The maternal grandfather of the proband P3 (half-filled square) – affected by 

hearsay. ID – brother (Family 1, IV-3) of the proband P1 with intellectual disability and BCM. * 

- confirmed deletion in Xq28. Previous molecular studies at another institution performed on all 
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affected individuals (P1, P2, and P3) by multiple ligation-dependent probe amplification 

(MPLA) assay did not detect Xq28 deletions. 
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Fig. 2. The Xq28 deletions detected by X-HR microarray. (A) An array CGH plot showing 

copy number alterations in the Xq28 region in the male patient P1 (Family 1, IV-2) and (B) his 

mother (Family 1, III-4). Top, an idiogram of the X chromosome. The Xq28 region is indicated 

by a red line. Below, a magnified view of the Xq28 region showing a loss (pink shaded area) 

upstream of the OPN1LW gene and a gain (blue shaded area) in the total number of opsin genes. 

On the array CGH plot, each dot represents an oligonucleotide DNA probe, arranged according 

to genomic location, from the proximal (left) to the distal long arm (right) of the X chromosome. 

The fluorescence intensity ratio Cy5/Cy3 (test/reference signal) for each probe is displayed as a 

logarithmic (log2) value on the Y-axis. Black dots represent probes with no change in DNA copy 

number (log2 above -0.5 and less than +0.2). Red dots indicate a loss in DNA copy number (log2 

< -0.5). Gain in DNA copy number is detected for the segments with an average log2 > +0.2 

(blue dots). In the proband P1 (A), an average log2 of < -2.0 indicates a hemizygous deletion 

(log2(0/1) = - ∞) upstream of the OPN1LW gene. (C) X-HR microarray plot showing a loss (pink 

shaded area) of an at-least-42.8-kb segment in the proband P2 (Family 2, III-6) and (D) his 

daughter (Family 2, IV-11). (E) A schematic representation of the human opsin gene cluster 

region. Top, genomic location (chrX:153.400-153.525 Mb; hg19) of the cluster, size, and 

distance between the opsin genes is shown. The single red opsin gene (14.8 kb in size) and the 

adjacent green opsin gene (13.6 kb) are expressed. Functional copies of the genes are indicated 

by bold font (black arrows indicate the direction of transcription). Inactive copies are marked by 

gray font (gray dashed arrows indicate the 5′-3′ direction of an inactive gene). Each OPN1LW 

and OPN1MW consists of 6 exons, indicated by vertical bars, separated by the TEX28 genes. “P” 

indicates a promoter sequence. Locus Control Region (LCR) is shown as a blue box. Deletions in 

the probands P1, P2, and P3 are shown by horizontal pink bars. In P2, the exact position of the 
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distal breakpoint could not be precisely determined due to the repetitive structure of the DNA 

sequences in that region. Hatched bar indicates region of uncertainty for P2. 

 

 

Fig. 3. Breakpoint junctions in Families 1 and 3. (A) Two patient-specific junction fragments 

(mut) of ~2.7 kb and 4 kb were obtained from the affected male patients and the mother of P1 

(Family 1, III-4). Amplification of the male and female reference DNA yielded a single 6.2-kb 

(wt) band. (B) Structure of the opsin cluster in a normal wild-type (wt) male. Gray arrowhead 

indicates a non-functional (green or hybrid) copy. Primers p1F1 and p1R1 were used to amplify 

a wt fragment. Primer p1F1 is mapped within the unique Xq28 sequence upstream of LCR (blue 

box). Reverse primer p1R1 is located within the exon 1, which is identical in OPN1LW and 
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OPN1MW. (C) A complex rearrangement in P1 and P3. A total of four opsin genes are present. 

Dotted rectangle indicates a deletion encompassing the LCR. An additional copy of a green 

opsin gene is inserted upstream of the red pigment gene (depicted by a double-line rectangle). 

The structure of an inserted OPN1MW gene is altered by a duplication of a 1,345-bp sequence, 

containing exon 1. (D) Direct sequence analysis of the mutant junction fragments from probands 

P1 and P3. The deletion-insertion junction (dashed box/double line structure) is shown on the 

left. “Promoter-g” designates OPN1MW promoter. Alu sequences are indicated by blue arrows. 

Duplication junction occurs between intron 1 and sequence located upstream of the green 

promoter. Below, the sequences of the junction fragments and genomic coordinates are given. 

Underlined nucleotides indicate microhomology at the breakpoint junction. 
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