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ABSTRACT 

Colobomatous macrophthalmia with microcornea syndrome (MACOM, OMIM 602499) 

is an autosomal dominantly inherited malformation of the eye which is characterized by 

microcornea with increased axial length, coloboma of the iris and of the optic disc, and 

severe myopia. We performed whole-exome sequencing (WES) in two affected 

individuals from the 2p23-p16-linked MACOM family, which includes 13 affected 

individuals in three generations. Since no shared novel variation was found on the linked 

haplotype, we performed CNV analysis by comparing the coverage of all exons in the 

WES data sets of the two patients with the coverage of 26 control exomes. We identified 

a heterozygous deletion predicted to span 22 kb including exons 14 to 17 of CRIM1 

(cysteine rich transmembrane BMP regulator 1). qPCR analysis confirmed the deletion, 

which was present in 11 affected individuals. Split-read analysis of WES data followed 

by breakpoint-PCR and Sanger sequencing determined both breakpoints flanked by a 4-

bp microhomology (CTTG). In the mouse, Crim1 is a growth-factor-binding protein with 

pleiotropic roles in the development of multiple organs, including the eye. To investigate 

the role of Crim1 during eye development in mice, we crossed a Crim1flox mouse line 

with the Ap2α-cre mouse line, which expresses Cre in the head surface ectoderm. 

Strikingly, we observed alterations of eye development in homozygous mice leading to 

severe anatomical and morphological changes overlapping with the anomalies observed 

in MACOM patients. Taken together, these findings identify CRIM1 as the causative 

gene for MACOM syndrome and emphasize the importance of CRIM1 in eye 

development.  
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INTRODUCTION 

Colobomatous macrophthalmia with microcornea syndrome (MACOM, OMIM 602499) 

is a rare inherited malformation of the eye which is characterized by microcornea, 

coloboma of the iris and of the optic disc, increased axial length, staphyloma, and severe 

myopia. Additional associations are increased intraocular pressure, shallow anterior 

chamber depth, and mild cornea plana. The MACOM phenotype has originally been 

described in an autosomal dominant, two-generation family with four affected individuals 

(1) and successively in a four-generation family with four affected individuals (2) and in 

a large three-generation Turkish family with 13 affected individuals (3). MACOM 

syndrome seems to be fully penetrant in the reported families, but variable expressivity of 

the phenotype has been observed, e. g. unilateral presentation (1) and variability in the 

position and extent of the coloboma, different degrees of corneal diameter reduction, and 

variable severity of macrophthalmia. The severe myopia present in the affected 

individuals is thought to be secondary to the staphyloma and increased axial length (2).  

The vertebrate eye develops from the crosstalk between the optic vesicle, originated from 

an invagination of the diencephalon, the head surface ectoderm, and the ocular 

mesenchyme near their point of contact. At the time the optic vesicle reaches the head 

surface ectoderm, their point of contact becomes the lens placode, which then invaginates 

together with the optic vesicle. The optic vesicle thus becomes the bilayered optic cup, 

while the lens placode develops into the lens vesicle and the head surface ectoderm 

closing over the lens vesicle becomes the cornea. The ventral margin of the optic cup 

undergoes an additional invagination. This so called optic (or choroidal) fissure fuses 
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again later during development generating a canal which provides a route from and into 

the eye for retinal axons and blood vessels (4). It is thought that the phenotype of 

MACOM syndrome is probably caused by alterations during this developmental 

morphogenesis. Microcornea, staphyloma, and macrophthalmia are likely to derive from 

alterations at the level of the head surface ectoderm, which will produce the anterior part 

of the eye, including cornea and lens, while the coloboma derives from the incomplete 

fusion of the optic fissure (5).  

In the large Turkish pedigree initially described by Toker et al., a putative disease locus 

was mapped to chromosome 2p23-p16, between markers D2S2263 and D2S1352 

(positions 28,658,017 and 50,833,825, GRCh37) (6). However, the gene is unknown.  

Here, we report on the identification of CRIM1 as the causative gene for MACOM 

syndrome in the family described by Toker et al. and, moreover, we demonstrate that a 

conditional knockout of Crim1 in mouse craniofacial epidermis causes a very similar 

developmental eye phenotype. 

RESULTS 

WES in a large Turkish MACOM syndrome pedigree 

We obtained DNA samples of 11 affected and six healthy individuals from the family 

described by Toker et al. (figure 1A). In this large pedigree, the phenotype was 

characterized by bilateral microcornea (diameter ≤ 9 mm), coloboma of the iris, choroid, 

and retina, which involved the optic disc in all but two patients, varying degrees of axial 

length elongation, myopia, mild cornea plana, and shallow anterior chamber (3).  
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To identify the causative gene in this family, we performed whole-exome sequencing on 

patients III-1 and III-7 (III-2 and III-9 in Toker et al., 13 and 19 in Elcioglu et al., 

respectively). For the two exomes, we generated 11.1 and 10.7 gigabases of sequence 

resulting in an average read depth of 145 and 139, respectively, with 96% of the target 

regions covered at least 20 times. In total, we obtained 43,306 and 43,211 variations, 

respectively. After filtering for variants predicted to affect protein sequence or splicing 

and with a MAF < 0.001, only 310 (patient III-1) and 304 (patient III-7) variants were 

left. Of these, three and one variants, respectively, were present in genes located within 

the linked region described by Elcioglu et al. Both patients showed high coverage at these 

four variant positions, but all four variants were present in only one patient, indicating 

that these variants are likely located on an unlinked haplotype. 

 

CNV analysis identifies a large heterozygous deletion in CRIM1 as the cause of 

MACOM syndrome 

In addition to standard WES analysis, we performed CNV analysis using the program 

fishingCNV (7), which compares the coverage of all exons in WES data between 

samples. Using 26 WES data sets from unrelated controls, we identified 110 and 89 

statistically significant CNVs (p<0.05), but only one of them was present in both patients 

and located within the linked interval. This heterozygous, putative deletion was the 

statistically most significant CNV in both patients (p=1.2*10-27 and p=6.4*10-21) and 

predicted to span approximately 22 kb, including exons 14 to 17 of CRIM1 

(NM_016441.2) and most of the 3’UTR of FEZ2 (NM_001042548.1). To confirm the 
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deletion, we performed qPCR using primers for exon 6 of CRIM1 in 11 affected 

individuals and six unaffected family members. All of the affected individuals and none 

of the unaffected family members showed a reduction in the amount of genomic CRIM1 

exon 16 product (figure 1B).  

To identify the exact breakpoints of the deletion, we analyzed the WES data searching for 

split-reads that align over the breakpoints. Using the program Pindel (8), we identified 

the breakpoints at positions 36,757,668 and 36,780,274 of chromosome 2 (GRCh37), 

flanked by a 4-bp microhomology CTTG sequence. To confirm this result, we performed 

a breakpoint PCR using primers located in intron 13 of CRIM1 and intron 9 of FEZ2. We 

were able to amplify a junction fragment in all affected family members, but not in their 

healthy relatives (figure 1C) or in 108 unrelated Turkish controls. We confirmed the 

location of the breakpoints with Sanger sequencing (figure 2A). In addition, we tested 

DNA from the index patient of the autosomal dominant MACOM family described by 

Bateman et al. (1) for mutations in CRIM1. All coding exons of the gene were sequenced, 

but no causative mutation was found. Moreover, quantitative PCRs for the detection of a 

larger deletion/duplication of CRIM1 did not detect any alteration indicating further 

genetic heterogeneity of MACOM syndrome. 

CRIM1 (cysteine rich transmembrane BMP regulator 1) is a transmembrane protein 

containing six cysteine-rich von Willenbrand factor type C repeat domains (VWFC), an 

insulin-like growth factor-binding domain, a transmembrane domain and a small 

cytoplasmic domain (figure 1D). It has been reported to function both as a tether for 
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growth factors (9, 23, 24) and in the stabilization of adherens junctions through the 

interaction of its intracellular domain with ß-catenin-containing complexes (25). 

 

The large deletion on chromosome 2 is predicted to affect CRIM1 but not FEZ2 

We next identified a C to T polymorphism in exon 6 of CRIM1 (rs848547) and showed 

that patient III-1 is homozygous and patient III-7 is heterozygous for this SNP. Using the 

C/T ratio of rs848547 on cDNA derived from blood of patient III-7, we found that the 

mutant allele is less abundant and probably undergoes early degradation (figure 2B). The 

deletion spans the last VWFC domain, the transmembrane domain, and the cytoplasmic 

domain and is therefore predicted to prevent both the tethering function of CRIM1 and its 

interaction with ß-catenin-containing complexes. In addition, we tested whether the 

partial deletion of the FEZ2 3’ UTR might have an influence on RNA levels and thereby 

contribute to the phenotype. Again, we used a heterozygous A to G polymorphism in 

exon 3 of FEZ2 (rs14291) found in patient III-7. Sanger sequencing of patients’ cDNA 

did not reveal any significant reduction in the amount of the mutant allele (figure 2B). 

 

Loss of Crim1 in the developing eye of the mouse causes a phenotype similar to 

human MACOM syndrome 

A loxP Crim1 conditional mouse line (Crim1flox) has recently been generated (9). When 

crossed with a germline expressing cre line, the mice showed perinatal lethality, multiple 
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developmental abnormalities, and an eye phenotype characterized by small lenses, 

restricted aperture of the anterior eye chamber, and accumulation of cells in the posterior 

eye chamber (9). To further characterize the effects of Crim1 loss of function during eye 

development, we crossed the loxP Crim1 conditional mouse line with an Ap2α-cre line 

(10). Ap2α-cre is expressed in the head surface ectoderm and ocular mesenchyme of the 

mouse embryo (11), i.e. exactly the tissues from which the cornea and lens develop. 

Heterozygous mice were healthy and showed no particular phenotype. Strikingly, the 

eyes of the homozygous Crim1flox/floxAp2α-cre mice showed morphological changes 

overlapping with the developmental eye anomalies present in patients with MACOM 

syndrome, including microcornea, a shallow anterior chamber and a narrower eye 

without diminished axial diameter (figure 3A-B). Additionally, the lens of the 

Crim1flox/floxAp2α-cre mice is smaller and pear-shaped and often shows deficient 

development of the fiber cell mass (figure 3C-D), which might indicate a defect in cell 

adhesion.  

 

DISCUSSION 

In this study, we identify CRIM1 as the causative gene for MACOM syndrome and we 

show that loss of Crim1 in the mouse tissues responsible for eye development causes a 

phenotype that is very similar to human MACOM syndrome. 

We performed WES on two affected individuals from the large MACOM pedigree first 

published by Toker et al. (3). In the same family, Elcioglu et al. performed linkage 

 at G
SF-Forschungszentrum

 fuer U
m

w
elt und G

esundheit G
m

bH
 - Z

entralbibliothek on January 12, 2015
http://hm

g.oxfordjournals.org/
D

ow
nloaded from

 

http://hmg.oxfordjournals.org/


9 

analysis and identified the maximum possible LOD score of 3.61 in a candidate region on 

chromosome 2. Consistent with the large number of family members included in the 

linkage analysis, the probability of producing a LOD score of 3.61 by chance is very low 

(P≤0.0001) (6). We therefore focused the search for the causative gene on this region, but 

we could not identify any candidate mutation after the initial analysis. However, using 

only data derived from WES, we successfully identified the large heterozygous deletion 

in CRIM1 by comparing the coverage of the patient samples over all exons to the 

coverage of unrelated controls. 

 

Additionally, we directly identified the exact breakpoints of the deletion from the WES 

data using a split-read approach. The split-read approach is unlikely to succeed in WES 

experiments, since the enriched region represents less than 2% of the genome, so that 

breakpoints can only be identified if they are located within or very close to the target 

region. In our case, both breakpoints were outside of the target region, but the 36,780,274 

breakpoint was close enough to the last exon of FEZ2 to be covered by four reads in 

patient III-1 and five reads in patient III-7.  

While the precise mutational mechanism is unknown, the absence of long homologous 

stretches or repetitive elements near the breakpoints argues against non-allelic 

homologous recombination (NAHR) (12). Furthermore, the presence of a 4 bp 

microhomology (CTTG) suggests that the deletion was caused either by error-prone 

DNA repair mechanisms, such as non-homologous end joining (NHEJ) (13), or by DNA 

replication-based mechanisms, such as microhomology-mediated break-induced 

replication (MMBIR) (14) or fork stalling and template switching (FoSTeS) (15). 
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Two different heterozygous deletions reported in the Decipher database include CRIM1, 

but the large number of additional genes involved in these deletions (30 and 28, 

respectively) and the incomplete descriptions of the phenotypes prevent a direct 

comparison with the family studied in this paper. The Exome Variant Server (EVS) 

reports a frameshift variant in three out of 12.516 alleles and a nonsense mutation in one 

out of 13.005 alleles. The frameshift variant is predicted to only affect the last four amino 

acids of CRIM1, and is thus unlikely to be a true loss-of-function allele. The nonsense 

mutation could represent a sequencing artefact or if present, a truncated protein might 

have a different functional effect not leading to developmental eye anomalies. We did not 

detect any causative mutation in the index patient of the autosomal dominant MACOM 

family described by Bateman et al. (1) indicating further genetic heterogeneity of 

MACOM syndrome. 

CRIM1 was first identified as an interactor of WT1 (16) and is expressed in numerous 

mouse tissues including developing eye, kidney, blood vessels, brain, and limb (17-20). 

The homozygous Crim1 hypomorph KST264 mouse as well as two described conditional 

Crim1 knockdown mice showed perinatal lethality and multiple developmental 

abnormalities of the eye, kidney, limbs, and placenta. The eye phenotype in these mice is 

characterized by small lenses, restricted aperture of the anterior eye chamber, and 

accumulation of cells in the posterior eye chamber (9, 20-23). Crim1 is thought to have 

both an extracellular function as a tether, which binds growth factors such as BMPs, 

VEGF-A and PDGF, modulating their activity (9, 23, 24), and an intracellular function, 

where the Crim1 cytoplasmic domain binds in a complex with ß-catenin and cadherins, 

important for cell-cell adhesion (25). In the developing eye, Crim1 expression is detected 
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in the optic vesicle, optic cup, ocular mesenchyme and head surface ectoderm, and 

expression is especially high in the lens, the only ocular tissue where it persists after 

development (19).   

Given the perinatal lethality and wide range of affected tissues in the ubiquitous Crim1 

hypomorph and knockdown mice, we crossed the conditional loxP Crim1 mouse line 

with an Ap2α-cre line, which expresses cre in the head surface ectoderm and ocular 

mesenchyme. The resulting Crim1flox/floxAp2α-cre mice show a phenotype remarkably 

similar to human MACOM syndrome, including microcornea, shallow anterior chamber, 

and a narrow eye without diminished axial diameter. We have not found any colobomas 

in the Crim1flox/floxAp2α-cre mice, probably because Ap2α is not expressed in tissues 

responsible for coloboma formation. 

Since Crim1 has different functions, it is an interesting working hypothesis for future 

experiments to determine whether the extracellular or the intracellular CRIM1 function is 

mainly responsible for the observed eye phenotype. As an extracellular tether, Crim1 

could modulate the action of different growth factors such as the BMPs and TGFβ2, 

which have been shown to play an important role during eye development and in the 

fusion of the optic fissure (26-29). Crim1 haploinsufficiency could thus alter growth 

factor expression and function. Alternatively, haploinsufficiency could act on the 

intracellular function of Crim1 as an interactor of ß-catenin and cadherins, causing a 

destabilization of adherens junctions during eye development and closure of the optic 

fissure (30-32). 
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Taken together, our data identify CRIM1 as the causative gene for MACOM syndrome 

and emphasize the importance of CRIM1 in eye development in both human and mouse.  

 

MATERIALS AND METHODS 

Human subjects 

All subjects or their legal representatives gave written informed consent to the study. The 

study was performed in accordance with the Declaration of Helsinki protocols and 

approved by the local institutional review boards. DNA from participating family 

members was extracted from peripheral blood lymphocytes by standard extraction 

procedures.  

Whole-exome sequencing 

Exonic and adjacent intronic regions were enriched from genomic DNA using the 50 Mb 

SureSelect Human All Exon enrichment kit, and sequencing was performed with a GAIIx 

sequencer from Illumina. Alignment against the GRCh37 human reference was 

performed with BWA (33), PCR-duplicates marking with Picard, indel realignment, base 

quality recalibration and variant calling with GATK (34), and annotation with Annovar 

(35). The resulting variants were filtered to exclude variants present in dbSNP, the 

Exome Variant Server, the 1000 Genomes Project, and our in-house database and 

variants that were not predicted to affect protein sequence or exon splicing. CNV analysis 
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was performed using the program fishingCNV (7) with 26 unrelated controls. Breakpoint 

analysis was performed using the program Pindel (8). 

Breakpoint PCR and qPCR analysis 

Breakpoint PCR was performed using primers designed to anneal outside of the deleted 

region, with the forward primer located in intron 13 of CRIM1 and the reverse primer 

located in intron 8 of FEZ2. The resulting products were sequenced using the chain 

termination method (36). qPCR was performed using the taqman assay from Integrated 

DNA Technologies (IDT) and the results were analyzed using the ΔΔCt-method as 

previously described (37).  

Comparison of allele quantity at cDNA and genomic DNA level  

RNA was extracted from fresh blood using the Paxgene blood RNA system from Qiagen. 

RT-PCR was performed using the RevertAid First Strand cDNA Synthesis Kit from 

Thermo Scientific. The regions containing the SNP rs848547 for CRIM1 and the SNP 

rs14291 for FEZ2 were amplified from both genomic DNA and cDNA and sequenced 

with the chain termination method (36).  

Generation of the Crim1flox/floxAp2α-cre mouse model 

Animals were housed in accordance with institutional policies. Crim1flox and AP2α-cre 

mice have been described previously  (9, 11). Gestational age was determined through 

detection of a vaginal plug. Tissues were fixed in 4% paraformaldehyde and 

cryopreserved in OCT. 12 µm cryosections were cut and immunofluorescence labeling of 
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cryosections was performed as described  (38), with beta-crystallin antibody (1:5000, 

homemade) and Alexa 594 anti-rabbit secondary antibody. Phalloidin-Alexa 488 and 

Hoechst 33258 were used to label filamentous actin and nuclei, respectively. 

 

Web resources 

UCSC browser: http://genome.ucsc.edu/index.html 

PolyPhen: http://genetics.bwh.harvard.edu/pph2/ 

UniProt: http://www.uniprot.org/ 

OMIM: http://www.omim.org/ 

The exome variant server: http://evs.gs.washington.edu/EVS/ 

NCBI: http://www.ncbi.nlm.nih.gov/ 

Ensembl: http://www.ensembl.org/index.html 

BWA: http://bio-bwa.sourceforge.net/ 

GATK: https://www.broadinstitute.org/gatk/ 

Annovar: http://www.openbioinformatics.org/annovar/ 

Picard: http://picard.sourceforge.net 

Decipher database: http://decipher.sanger.ac.uk 

Decipher Consortium: https://decipher.sanger.ac.uk/information/members.shtml 
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LEGENDS TO FIGURES 

Figure 1: Identification of a heterozygous deletion in a large pedigree with MACOM 

syndrome. (A) Family tree of the pedigree reported by Toker et al. including all 

individuals from whom we obtained DNA samples. (B) Quantitative PCR on exon 6 of 

CRIM1, the ddCt value of 10 ng of control gDNA is set to 0. The affected family 

members show a reduction of CRIM1 gDNA. (C) Breakpoint PCR: a specific junction 

fragment could be amplified only in affected family members. (D) Schematic 

representation of the CRIM1 protein showing the six VWFC domains, the IGF binding 

domain, the transmembrane domain and the cytoplasmic domain. The brackets show the 

area missing in the deleted allele. 

Figure 2: A ~22 kb deletion of CRIM1 causes MACOM syndrome. (A) Panel a shows 

the position of CRIM1 within chromosome 2 and its genomic organization. The red bar 

shows the deletion, including the last four exons of CRIM1 and most of the 3'UTR of 

FEZ2. The green arrows show the positions of the breakpoint PCR primers, the blue 

arrows show the positions of the primers used for quantifying the transcripts of CRIM1 

and FEZ2. (B) Chromatogram showing the breakpoints at positions 36.757.668 and 

36.780.275. (C) Comparison of chromatograms from gDNA and cDNA to quantify the 

relative amounts of deleted and non-deleted alleles of CRIM1 (left) and FEZ2 (right). For 

CRIM1, rs848547 (black arrow) shows a cytosine on the deleted allele which is strongly 

reduced in the cDNA chromatogram. For FEZ2, rs14291 shows a guanosine in the 

deleted allele which is slightly reduced at cDNA level. 

Figure 3: Crim1flox/floxAp2α-cre showed morphological changes overlapping with the 
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developmental eye anomalies present in patients with MACOM syndrome. β-crystallin 

labeling showing the eye phenotype of Crim1flox/flox; Ap2α-cre (B, D) compared to WT 

(A, C) mice. (A, B) At embryonic day 14.5, anomalies are obvious in the eyes of 

Crim1flox/floxAp2α-cre mice. There is a shallower anterior chamber (arrowheads), 

microcornea with normal axial length and a narrower pear-shaped lens. (C, D) Close-up 

view of the lens at postnatal day 1, showing multiple anomalies in the fiber cell mass of 

Crim1flox/floxAp2α-cre mice (arrows). Representative figures of the 12 mice analysed at 

E14.5 and the 7 mice analysed at P1 are shown. co =  cornea; le =  lens; re = retina 

ABBREVIATIONS 

MACOM colobomatous macrophthalmia with microcornea 

WES whole-exome sequencing 

CNV copy number variation 

PCR polymerase chain reaction 

qPCR quantitative PCR 

CRIM1 cysteine rich transmembrane BMP regulator 1 (chordin-like) 

AP2α transcription factor AP-2, alpha 

DNA deoxyribonucleic acid 

RNA ribonucleic acid 

UTR untranslated region 

FEZ2 fasciculation and elongation protein zeta 2 (zygin II) 

VWFC  Von Willebrand factor type C 

i.e. id est 

EVS Exome Variant Server 
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WT1 Wilms tumor 1 

BMPs bone morphogenetic proteins 

VEGF-A vascular endothelial growth factor A 

PDGF platelet-derived growth factor 

TGFβ2 transforming growth factor-beta 2 

GRCh37 Genome Reference Consortium Human genome build 37 

MAF minor allele frequency 

BWA Burrows-Wheeler Aligner 

GATK genome analysis toolkit 

IDT Integrated DNA Technologies 

SNP single nucleotide polymorphism 

cDNA complementary DNA 

OCT optimal cutting temperature 

OMIM Online Mendelian Inheritance in Man 

UCSC University of California, Santa Cruz 

NCBI National Center for Biotechnology Information 

ddCt delta delta cycle threshold 

gDNA genomic DNA 

IGF insulin-like growth factor 

NAHR  non-allelic homologous recombination 

NHEJ non-homologous end joining 

MMBIR microhomology-mediated break-induced replication 

FoSTeS fork stalling and template switching 
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