
Osteogenesis imperfecta (OI) is a group of inherited 
disorders characterized by bone fragility and is usually 
inherited as an autosomal dominant trait. There are multiple 
forms of OI, ranging in severity from perinatal lethal to a 
mild phenotype with increased fracture frequency. OI type I 
is the most common adult form of the disease and is caused 
by mutations in the collagen type 1 alpha 1 gene (COL1A1, 
OMIM 120150). COL1A1 is located on chromosome 17, and 
it encodes the pro〈1(I) chains of type I procollagen [1]. OI 
results from mutations that produce premature termination 
codons and mRNA instability in the COL1A1 transcript. 
Type I collagen is the major structural protein in bone and 
many other tissues. Mutations in COL1A1 result in production 
of approximately half the usual amount of type I collagen. 
OI type I is characterized by normal height, bone fragility, 
ocular findings, and progressive hearing loss.

Ocular findings associated with OI include blue sclerae, 
low ocular rigidity, and thin corneas [2]. Various other 
reported ocular abnormalities include arcus senilis, small 
corneal diameter, small globe length, myopia, secondary 
glaucoma, optic atrophy, retinal detachment, subhyaloid 

hemorrhage, vitreous hyperplasia, congenital absence of 
Bowman’s layer, megalocornea, corneal opacities, and kera-
toconus. Although secondary forms of glaucoma have been 
reported in conjunction with surgery for retinal detachment 
or other interventions, there is no documented association 
between OI and primary open angle glaucoma (POAG). 
Herein, we report three individuals, one who is the only 
affected family member and two members of a multiplex 
family, with OI type I and POAG.

METHODS

Informed consent was obtained from all participating indi-
viduals. This research adhered to the ARVO statement on 
human subjects as well as the tenets of the Declaration of 
Helsinki and was reviewed and approved by the Institutional 
Review Board of Duke University Medical Center (Durham, 
NC). Three individuals with OI type I, two members of one 
family (Figure 1) and an isolated case from a second family, 
were seen and evaluated at the Duke Eye Center Glaucoma 
Service. Subjects received a complete eye examination 
including visual acuity, intraocular pressure (IOP), pachym-
etry, slit-lamp exam, dilated fundus exam, and visual fields.

Blood samples were obtained, and genomic DNA was 
extracted using a salting out procedure from nucleated 
cells from the venous blood samples from all subjects. 
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Type I collagen genes (COL1A1 and COL1A2, OMIM 
120160) were sequenced. Coding exons and flanking intron 
sequences were amplified with PCR using 17 primer pairs 
for the COL1A1 gene and 23 primer pairs for the COL1A2 
gene. The primer sequences and amplification conditions 
are available upon request. The identified mutations were 
confirmed by sequencing a new amplification product. To 
analyze the outcome of the splice-site mutation, cDNA was 
synthesized from RNA made from cultured fibroblasts after 
cyclohexamide incubation to inhibit translation-dependent 
mRNA degradation. The cDNA fragment containing the site 
of interest was amplified using a sense PCR primer located 
in exon 31 and an antisense primer in exon 47 and examined 
with polyacrylamide gel electrophoresis (PAGE). Fragments 
that contained additional bands compared to those seen in 
the control were excised from the gel, reamplified with the 
same primers, and sequenced with primers located in exon 
32 and exon 41. Primers flanking the entire coding sequence 
of myocilin (MYOC, OMIM 601652) were designed with 
Primer3 software [3]. The targeted region including all three 
exons included at least 80 base pairs into flanking introns to 
screen for exon splicing variants.

RESULTS

Subject 1: This patient is a 74-year-old woman with a history 
of multiple fractures and the clinical diagnosis of OI type I. 
POAG was diagnosed at age 50. The maximum reported IOP 
was 29 mmHg oculus uterque or both eyes (OU). The patient 
had three siblings with OI, and one of them was deceased 
(Figure 1). All family members with OI also had documented 
POAG. There were no family members with glaucoma other 

than those with OI. On examination, visual acuity was 20/20 
OU with a refractive error of +1.75–0.50 X 076 oculus dexter 
(OD) and +2.25–0.50 X 026 oculus sinister (OS). IOP was 
12 OD and 13 OS on treatment with latanoprost OU. Central 
corneal thickness (CCT) was 377 OD and 374 OS. Slit-lamp 
examination revealed sclera with a blue appearance. Gonios-
copy was normal with an angle that was open to the ciliary 
body band OU. Dilated fundus examination revealed bilateral 
glaucomatous cupping (Figure 2). Optical coherence tomog-
raphy revealed diffuse loss of the retinal nerve fiber layer OU 
(Figure 3). Humphrey visual fields demonstrated early visual 
field loss (Figure 4). The remainder of the ocular exam was 
normal.

Genomic DNA sequencing of COL1A1 and COL1A2 
revealed a single nucleotide insertion in exon 6 of COL1A1 
(c.540_541insC). This mutation causes a shift in the reading 
frame that would produce a premature termination codon in 
exon 8. This mutation is predicted to cause mRNA instability.

Subject 2: This subject was the 70-year-old sister of Subject 1. 
The patient had a history of remote femur and ankle fractures. 
On eye exam, visual acuity was 20/20 OU with refractive 
errors of +0.50–0.50 X 054 OD and +0.75–0.25 X 154 OS. 
CCTs were 426 OD and 432 OS. IOP was 13 mmHg OU. IOP 
was controlled with latanoprost, timolol, and dorzolamide 
OU. On slit-lamp examination, the sclerae were noted to be 
thin and bluish. Gonioscopy was normal with angles open to 
the ciliary body band. Dilated fundus examination revealed 
bilateral glaucomatous cupping (Figure 5). Humphrey visual 
fields demonstrated glaucomatous visual field loss consistent 
with the optic nerve exam (Figure 6). Due to medication intol-
erance, the patient had selective laser trabeculoplasty (SLT) 

Figure 1. Pedigree of the multiplex family. Subjects with OI and the genotypes of tested subjects are indicated. Filled circles indicate the 
presence of POAG. Subject 1 is the proband (0001), and Subject 2 is 107.
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performed OU. Her pressure had remained well controlled off 
topical therapy to date.

Directed DNA sequencing of COL1A1 revealed an inser-
tion in exon 6 of COL1A1 (c.540_541insC), the same muta-
tion as her sibling. Due to age and illness, the other family 
members affected by OI were either not able or unwilling to 
undergo ocular examination and blood sampling.

Subject 3: The patient is a 49-year-old woman with estab-
lished diagnoses of OI type I and POAG. There was no known 
family history of OI or POAG. On ocular examination, visual 
acuity was 20/60 OD and 20/30 OS. The refractive error was 
−10.75–1.50 X 020 OD and −5.75–1.50 X 169 OS. IOP by 
applanation was 34 OD and 13 OS. Pachymetry revealed 
CCTs measuring 452 microns OU. Gonioscopy was normal 
with the angle open to the ciliary body band OU. She had 
glaucomatous cupping of both optic nerves. Humphrey visual 
fields demonstrated advanced visual field loss OU (Figure 7). 
The patient required placement of a Baerveldt 350 glaucoma 
implant surgery in the right eye for IOP control.

Genomic DNA sequencing of COL1A1 and COL1A2 
identified a COL1A1 acceptor splice site mutation (c.2452–
2A>T or IVS36–2A>T) in intron 36. Analysis of the effect of 
the mutation on splice outcome in cultured dermal fibroblasts 
identified three splicing products, two of which were unstable 
and resulted in a small amount of stable mRNA. The first 
transcript used a cryptic acceptor 58–56 nt upstream from 
the constitutive site. This caused inclusion of the last 55 nt of 
intron 36 in the mRNA, producing a frameshift and prema-
ture termination codon in exon 37. The second transcript used 
a cryptic acceptor site in exon 37 that resulted in deletion of 
28 nt from the mRNA. This product was also unstable. Unex-
pectedly, the third transcript used a cryptic donor site in the 

upstream exon 36 that deleted 44 nt from this exon, spliced 
to the cryptic acceptor site in exon 37, and deleted another 28 
nt. The resulting product from the 72 nt deletion was small. 
Although it was stable, none was seen upon screening in 
cultured fibroblasts.

All glaucoma cases were screened for MYOC. No muta-
tions or sequence changes were found in any sample.

DISCUSSION

We identified two mutations in COL1A1 in two fami-
lies affected by OI type I and POAG. The two mutations 
(c.540_541insC and c.2452–2A>T) result in a reading frame 
shift, create premature termination codons downstream, and 
produce nonsense-mediated mRNA decay of transcripts. 
These mutations result in the production of about half the 
amount of normal type I procollagen, the characteristic 
genetic defect in OI type I. The mutation identified in the 
multiplex family (subjects 1 and 2), c.540_541insC, has not 
been previously reported. The three affected family members 
all had typical findings of OI and POAG. The mutation in 
the isolated case, Subject 3, c.2452–2A>T (IVS36–2A>T), 
has been described in two individuals with OI type I; 
however, neither study completed RNA processing studies 
[4,5]. Although there are known ocular associations with 
OI, the relationship between OI and POAG has not been 
well described. Manschot et al. described a post-mortem 
histological study of eyes from an infant with OI congenita 
(likely OI type II) with blue sclerae, markedly thin corneas, 
open angles, and deep excavation of the optic disc that was 
hypothesized to be due to “insufficient development of the 
lamina cribrosa.” However, this change was not thought to 
result from increased IOP [6]. Berggren et al. described five 
patients with OI with eyes that had blue sclerae, normal scleral 

Figure 2. Optic nerve photographs 
of Subject 1 demonstrate charac-
teristic glaucomatous optic nerve 
cupping.
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rigidity, low IOP (range: 10–14 mmHg), and high facility of 
outflow. There was no description of glaucomatous cupping 
or visual field loss in any of these individuals [7]. Beighton 
et al. described an autosomal recessive form of OI marked by 
blindness from hyperplasia of the vitreous, corneal opacities, 
and secondary glaucoma, possibly after penetrating kerato-
plasty [8]. This is now recognized as a distinct entity known 
as osteoporosis-pseudoglioma syndrome that results from 
mutations in LRP5 [9,10]. Superti-Furga et al. described a 
family with OI (likely type IV) due to a defect in COL1A2 in 
which one affected family member had glaucoma in one eye, 
but no further details of the ocular history, optic nerve exami-
nation, or visual field were provided [11]. POAG is a common 
ocular disorder, and this finding of POAG in patients with 
OI may have occurred by chance. Thus, to rule out known 

glaucoma-associated genetic variants we sequenced MYOC, 
the only known glaucoma-associated gene that would behave 
as an autosomal dominant condition and produce glaucoma 
with highly elevated IOP [12]. We found no sequence changes 
or mutations in these glaucoma cases that might explain our 
observation.

Type I collagen is found in many ocular tissues that play 
an important role in normal aqueous humor dynamics and 
optic nerve function. These include the trabecular meshwork, 
the uveoscleral pathway, and the optic nerve. Decreased 
amounts of type I collagen within the trabecular meshwork 
could potentially increase aqueous outflow resistance, which 
would produce a corresponding increase in IOP. Similarly, 
changes in the uveoscleral pathway could affect aqueous 
humor outflow. In addition, collagen abnormalities within 

Figure 3. Optic coherence tomog-
raphy of the retinal nerve fiber 
layers reveals diffuse nerve fiber 
layer thinning in both eyes of 
Subject 1.
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Figure 4. Humphrey visual fields (24–2 SITA-Standard) demonstrate early nasal field defects in both eyes of Subject 1.

Figure 5. Optic nerve photographs 
of Subject 2 demonstrate glauco-
matous optic nerve cupping in both 
eyes.
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the optic nerve head and lamina cribrosa could render the 
optic nerve more susceptible to damage from elevated IOP.

Dimasi et al. analyzed the role of mutations in type I 
collagen genes in CCT. They measured CCT in a cohort of 
28 patients with OI type I and found that the mean CCT was 
significantly lower than that of a normal population; this 
was observed in our patients. The authors also reported that 
common single nucleotide polymorphisms in COL1A1 and 
COL1A2 are associated with CCT variation in a normal popu-
lation [13]. Lower CCT is a known risk factor for POAG, and 
mutations in other collagen genes, including SNPs in collagen 
type 5 alpha 1 (COL5A1, OMIM 120215), collagen type 8 
alpha 2 (COL8A2, OMIM 120252) and collagen type 8 alpha 1 
(COL8A1, OMIM 120251) have also been linked to decreased 
CCT in Caucasian and Asian populations [14-17]. Mutations 
in other collagen genes, COL15A1 and COL18A1, which are 
expressed in the ciliary body, astrocytes in the optic nerve, 
and ganglion cell layer, have also been shown to affect the age 
of onset of POAG [18]. Based on these observations, further 
study of the role of variants in collagen genes in POAG 
appears warranted.

Interestingly, studies by Aihara et al. in a transgenic 
mouse model lend support to the association between type 

I collagen variants and glaucoma. In this report, a trans-
genic mouse model with a targeted mutation in COL1A1 
developed ocular hypertension [19]. In a follow-up report, 
Mabuchi and colleagues noted the loss of optic nerve axons 
in addition to ocular hypertension, consistent with glauco-
matous optic neuropathy [20]. Outflow facility is reduced 
by approximately 25% until 35 weeks of age in this mouse 
model. After this time period, outflow facility increases, 
and IOP subsequently normalizes [21]. Unlike the OI cases 
in which collagen production decreases, this mouse model 
proposes an increase in type I collagen deposition as the 
cause of ocular hypertension and glaucoma. The interactions 
between various extracellular matrix molecules are complex; 
therefore, it is difficult to predict the effect of decreased or 
increased synthesis of type I collagen in a specific connec-
tive tissue in humans. However, these studies and our report 
suggest that abnormalities in the synthesis of COL1A1 are 
associated with glaucoma.

Here, we reported three individuals in two families with 
OI type I and associated POAG. In one of these families with 
multiple affected members, POAG appeared to cosegregate 
with the OI trait. Another genetic factor or factors working 
separately or in concert with mutations in COL1A1 might be 

Figure 6. Humphrey visual fields (24–2 SITA-Standard) of Subject 2 demonstrate a superior altitudinal defect involving fixation in the left 
eye and early visual field changes in the right eye.
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associated with the development of glaucoma in these indi-
viduals. However, viewed in light of other studies that suggest 
the role of collagen type I in POAG, it is not unreasonable 
to suggest that some mutations for OI may increase lifetime 
risk for POAG. These mutations may produce collapse of the 
trabecular meshwork or other adverse physiologic effects that 
could produce elevated IOP with resultant glaucoma. Addi-
tional effects on the lamina cribrosa and optic nerve might 
increase the risk of glaucomatous optic neuropathy. Further 
genetic evaluation of families with OI, as well as the role of 
other inherited collagen variants, may provide insight into 
mechanisms that lead to the development of POAG.
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