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Introduction

A number of years ago, an inherited abnormality of the 
eye, primary congenital glaucoma (PCG, GLC3), was 
mapped to chromosome 2p21 in a locus designated 
GLC3A (Sarfarazi et  al. 1995). Subsequent studies 
revealed the glaucoma gene in the GLC3A locus to be 
a form of cytochrome P450, CYP1B1, and that truncat-
ing mutations (Stoilov et  al. 1997) and a number of 
other deleterious mutations in this gene (Stoilov et al. 
1998) were detected in PCG individuals around the 
world. PCG symptoms appear as corneal irritation, 
accompanying oedema of the corneal epithelium, 
which is caused by elevated intraocular pressure (IOP) 
(Dickens & Hoskins 1996) and appears before the 
age of three years. The elevated intraocular pressure 
leads to glaucomatous atrophy of the optic nerve that, 
if uncontrolled, ultimately results in blindness. This 
elevation of the intraoptic pressure appears to be the 

result of failure of proper development of the trabecu-
lar meshwork (TM) of the eye (defective trabeculogen-
esis) (Anderson 1981), a structure at the angle of the 
eye that is suggested to serve as a filter of the aqueous 
humour, allowing it to drain from the anterior cham-
ber of the eye.

Glaucoma

Glaucoma is a complex ocular neurodegenerative 
disease, and one of the leading causes of blindness 
worldwide with an estimated increasing prevalence 
to 60.5 million by 2010 (Quigley & Broman 2006). It is 
characterized by degeneration of retinal ganglion cells 
(RGC), optic nerve damage, and is frequently associ-
ated with high intraoptic pressure (IOP). The failure to 
regulate elevated IOP is a major risk factor for develop-
ment of glaucoma and results mainly from enhanced 
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Abstract
The association of CYP1B1 gene alterations in primary congenital glaucoma individuals has been known for 
about a decade. Recent evidence has shown the involvement of CYP1B1 mutations in a number of forms 
of glaucoma and anterior segment disorders. This suggests a wide role for CYP1B1 in ocular physiology. 
Histochemical studies of eyes from individuals with primary congenital glaucoma revealed abnormalities 
in the anterior chamber angle, the region between the cornea and the iris, containing the trabecular mesh-
work. The cells of the trabecular meshwork serve as a �lter to allow drainage of the aqueous humour, the 
�uid formed by the ciliary body that �lls the anterior chamber. Mutations in CYP1B1 that a�ect its activ-
ity have frequently been shown to in�uence development of the trabecular meshwork, and it is thought 
that CYP1B1, a monooxygenase, acts to form or degrade some endobiotic compound that is necessary for 
proper development of the �ltering structures. The rapidly developing area of stem cell research suggests 
a potential therapeutic approach for glaucomas resulting from deleterious mutations in CYP1B1, that is, the 
transfer of stem cells, di�erentiated to a speci�c lineage, containing wild-type CYP1B1 to speci�c regions of 
the eye, where they will develop into normal cells of that region and rectify the defect.
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resistance to aqueous humour outflow (Wang et  al. 
2001). This is attributed mainly to impaired develop-
ment of the TM during infancy in individuals with 
primary congenital glaucoma (PCG) (Anderson 1981), 
and to a lack of exposure of TM to the anterior cham-
ber angle in angle closure glaucoma (ACG) conditions 
(Lee & Higginbotham 2005). The most common form 
of glaucoma is primary open angle glaucoma (POAG), 
where deposition of extracellular matrix (ECM) in 
the TM region and/or thickening of the trabecular 
lamellae is explained as one of the factors in causing 
the obstruction to aqueous humour outflow (Lutjen-
Drecoll et  al. 1986; Tektas & Lutjen-Drecoll 2009). 
The histology of the TM area in POAG patients shows 
a decreased cell number and enhanced number of 
senescent cells, possibly due to oxidative stress (Wang 
et  al. 2001; Liton et  al. 2005) and remodelling of the 
ECM (Lutjen-Drecoll 1998). These observations sug-
gest that the TM is one of the key regions involved in 
the aetiology of glaucoma.

Eye ontogeny

The eye starts to form early during the development 
of the embryo, in the region of the neural plate, about 
post-conception day 7 (E7) in the mouse and day 17 
(E17) in human (for images, see http://www.med.
unc.edu/embryo_images/) (Smith et  al. 2002a; Gould 
et  al. 2004). By E12 in mouse and about E6 weeks in 
humans, the optic cup retinal bilayer is clearly seen 
with the connected anterior tip approaching the surface 
ectodermal-derived corneal epithelium. From E13 in 
mouse and E7 weeks in humans, respectively, migrat-
ing periocular mesenchymal cells fill the space between 
corneal epithelium and the anterior lens epithelium, 
and form corneal stroma lined by the corneal endothe-
lium (for images, see http://www.med.unc.edu/
embryo_images/). The tip of the optic cup is pigmented 
and forms the iris and ciliary body. The iris stroma and 
the TM develop beginning at about E17 in mouse and 
E15 weeks in human. The TM begins to develop at the 
junction of the iris and cornea and above the growing 
ciliary body (Smith et  al. 2002b). In both mouse and 
human, development of the anterior chamber struc-
tures and retinal structures continue through the post-
natal period (Anderson 1981; Cvekl & Tamm 2004). In a 
recent study we examined the ontogeny of the appear-
ance of CYP1B1 protein in the mouse eye and noted 
in the lens epithelium just adjacent to the developing 
ciliary body, the first clear indication of the protein at 
E15.5. By E17.5 the protein began to appear in the inner 
ciliary epithelium (ICE) of the developing ciliary body 
and increased in level postnatally until reaching adult 
levels at P28 (Choudhary et al. 2007). The changes in the 

CYP1B1 levels in the ciliary body appeared to parallel 
the developmental changes in the TM.

Role of CYP1B1 in ontogeny of the eye

The cytochrome P450 superfamily of genes encompasses 
a very large number of enzymes that are responsible for 
homeostatic or housekeeping functions (Schenkman 
et  al. 2003), synthesizing cholesterol and hormones, 
as well as activating vitamins. However, three families 
of cytochrome P450 — families 1, 2, and 3 — are rec-
ognized as having a major role in clearing the body of 
a wide range of organic lipophilic drugs and chemicals 
of endogenous and external origin (xenobiotics), and 
this was generally thought to be their function. CYP1B1 
is a member of family 1, which has been shown to have 
the ability to oxidize a range of polycyclic aromatic 
compounds, steroids and polyunsaturated fatty acids 
(Choudhary et al. 2004b). It is possible that metabolism 
of some endogenous substrate by CYP1B1 is necessary 
for synthesis or degradation of a morphogen required 
for activation of some transcription factor necessary for 
normal development and function of the anterior cham-
ber of the eye.

Over the years a number of forms of cytochrome P450 
(CYP) have been reported to be present in the developing 
human, mouse, rat and rabbit post-conception embryo 
(Schenkman et al. 2003) suggesting a potential function 
of these enzymes in development. A number of studies 
in the literature reported that foetal tissues have the abil-
ity to metabolize xenobiotics (Juchau et al. 1992; Raucy 
& Carpenter 1993), indicating the presence of functional 
forms of members of CYP families 1–3. In a recent study, 
mouse embryos at 7, 11, 15 and 17 days post-conception 
were examined for the presence of 40 of the 93 mouse 
cytochrome P450 gene transcripts (Choudhary et  al. 
2003). Eight of the forms of families 1–3 cytochrome 
P450, Cyp1a1, Cyp1a2, Cyp1b1, Cyp2e1, Cyp2r1, Cyp2s1, 
Cyp2u1 and Cyp2w1 have orthologues throughout the 
vertebrate phylum, suggesting perhaps retention of 
important development roles for these enzymes as well. 
Of these, Cyp1a2 was absent from the four developmen-
tal stages in mouse, but the other orthologous forms 
not only were present, but also demonstrated differen-
tial expression patterns in these stages. For example, 
Cyp1a1 was present only in the earliest stage of ontog-
eny studied, E7. Cyp1b1 was absent from that stage, but 
was present in the subsequent three stages, and Cyp2s1 
was present in all four stages (Choudhary et  al. 2003). 
The specific localization of Cyp1b1 transcripts in murine 
embryonic eye was shown at E9.5 by in-situ hybridiza-
tion (Stoilov et al. 2004) and indicates a possible role of 
this haemoprotein in eye development. These accumu-
lating observations led to the suggestion that perhaps 
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CYP1B1 functions in growth and development of the 
eye (Stoilov 2001; Stoilov et  al. 2001; Schenkman et  al. 
2003; Choudhary et  al. 2004a, 2004b). This was similar 
to an earlier suggestion that orthologous forms might be 
involved in homeostasis or growth (Nebert 1991).

The CYP orthologues have very high levels of amino 
acid sequence identity between species. For example, 
mouse Cyp1b1 has an 81% overall sequence identity 
with human CYP1B1, and substrate recognition sites 
(SRSs) in the molecules have 90–100% sequence iden-
tity (Choudhary et  al. 2004b). In fact, similar high lev-
els of amino acid sequence identity exist for CYP1B1 
within the vertebrate families, from bony fish to humans 
(Choudhary et al. 2008), indicating an early evolution-
ary appearance. This led to the hypothesis (Stoilov 
2001; Stoilov et  al. 2001) that the similarity between 
the orthologous forms of CYP1B1 was due to utiliza-
tion of a common substrate, an endobiotic, or com-
ponent of intermediary metabolism. Since the CYPs 
are monooxygenases, the observation that deleteri-
ous mutations in CYP1B1 were linked to PCG strongly 
supported this hypothesis (Plasilova et  al. 1998; 1999; 
Bejjani et  al. 2000). In fact, trabeculodysgenesis simi-
lar to that seen in humans with PCG were found in the 
Cyp1b1−/− mouse (Libby et  al. 2003), a strain of mouse 
created homozygous for a disruption in the Cyp1b1 gene 
(Buters et al. 1999). Such a substrate (or product of CYP 
action) would be expected to have morphogenic activ-
ity (Stoilov 2001; Stoilov et al. 2001). Attempts have been 
made to determine a possible substrate or metabolite 
of CYP1B1 activity that might be involved in eye devel-
opment. For example, it was reasoned that if a CYP1B1 
substrate is involved in development, it should be read-
ily metabolized by both mouse and human orthologues. 
In this respect, arachidonic acid and its metabolites 
could be ruled out as the morphogen, since it was barely 
metabolized by the mouse orthologue, while retinoids 
might possibly be involved (Choudhary et  al. 2004b). 
Similarly, ß-oestradiol, testosterone and progesterone 
could be eliminated (Choudhary et al. 2004a), since the 
mouse orthologue did not metabolize these steroids to 
any extent, while human CYP1B1 readily oxidized these 
substrates (Choudhary et al. 2004a).

Although unambiguous evidence is yet to be estab-
lished linking an endobiotic substrate of CYP1B1 to 
growth and development of the eye, this may just be a 
matter of time and continued investigations, as strong 
evidence has also appeared indicating the involvements 
of different forms of cytochrome P450 in growth and 
development of organisms of other phyla (Schenkman 
et al. 2003), and in a number of these cases the endobi-
otic substrate has also been identified. For example, it 
was observed that CYP26 was required during ontogeny, 
serving to limit levels and distribution of retinoic acid 
(Hollemann et al. 1998), for normal development of the 

mouse (Fujii et al. 1997), chicken (Swindell et al. 1999) 
and Xenopus (De Roos et al. 1999). CYP26 is an ortholo-
gous form of cytochrome P450; and there is a 96% (Ray 
et al. 1997), 68% (White et al. 1997) and 67% (Hollemann 
et al. 1998) sequence identity between the human form 
of CYP26 and that of mouse, zebrafish and Xenopus 
laevis, respectively. The differential effect of retinoic acid 
is the result of precise uneven distribution and localiza-
tion of levels of the morphogen, maintained by strict 
control of its synthesis and its degradation. Retinoic acid 
is a ligand for nuclear retinoic acid receptors (RAR) and 
retinoate X-receptor (RXR) which results in its activating 
other genes needed in developmental processes.

In the mouse eye, as in human eye, mutations in the 
CYP1B1 gene interfere with development of the trabec-
ular meshwork and of Schlemm’s canal in the angle of 
the eye, between the cornea and iris. In many instances, 
a cluster of cells of undeveloped mesenchymal origin is 
seen, with an absence of trabecular beams with asso-
ciated differentiated cells (Libby et  al. 2003). In some 
instances, the endothelial layer of the cornea extends 
into the angle. Studies in mice on the development of 
the anterior segment and causes of abnormalities have 
implicated a number genes coding for transcription 
factors that are involved in eye development (Cvekl 
& Tamm 2004). One of these, PAX6, which has a DNA-
binding domain, results in undifferentiated trabecular 
meshwork and the absence of Schlemm’s canal in the 
eye when mutated in mice (Baulmann et  al. 2002), 
indicating its requirement for normal eye development. 
We suspect that there may be a relationship between 
CYP1B1 expression and PAX6 expression, since damage 
to the former causes damage also attributed to the latter 
transcription factor.

CYP1B1 gene mutations in glaucoma

During the last ten years, research in molecular genetics 
of glaucoma families, using linkage studies and positional 
cloning, has demonstrated the existence of at least 20 
disease-associated loci. Full characterization of four loci 
have shown mutations in four specific genes, CYP1B1, 
myocilin, optineurin and WDR36 (Allingham et al. 2009). 
Mutations in CYP1B1 have been identified in different 
glaucoma phenotypes and in some other ocular disor-
ders. CYP1B1 plays a major role in the pathophysiology 
of glaucoma development. This conclusion comes from 
the observations that, (1) specific CYP1B1 mutations 
are present in different types of glaucoma; PCG, POAG, 
JOAG (Acharya et  al. 2006; López-Garrido et  al. 2006), 
and other anterior chamber eye disorders, Rieger’s 
anomaly (RA) and Peters anomaly (PA) (Chavarria-Soley 
et al. 2006; Vincent et al. 2006), and (2) the presence of 
mutations in myocilin and CYP1B1 together cause early 
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onset of juvenile open angle glaucoma (JOAG) (Vincent 
et  al. 2002). There are more than 60 different CYP1B1 
mutations found in PCG (Choudhary et al. 2008; Vasiliou 
& Gonzalez 2008). A list of overlapping CYP1B1 muta-
tions found in other eye disorders, in addition to PCG, 
is compiled in Table 1A. The mutational characteristics 
are provided in the table. The unique CYP1B1 mutations 
which are not detected in PCG but detected in other eye 
disorders are listed in Table 1B. The presence of CYP1B1 
mutations in individuals with these disorders clearly 

reflects the significance of proper CYP1B1 function not 
only in the normal development of anterior chamber 
(for PCG, RA, PA), but also in key homeostatic functions 
during the later stages of life (for POAG, ACG). Further, 
it is interesting to observe that CYP1B1 mutations occur 
as a heterozygous condition in many of these disor-
ders, while more frequently in PCG it is a homozygous 
mutation. Hence, dysfunction of one CYP1B1 allele is 
sufficient to cause some eye disorders, suggesting a con-
centration dependent role for the enzyme. Investigators 

Table 1A.  Common CYP1B1 alterations observed in eye-related disorders in addition to primary congenital glaucoma (PCG).

CYP1B1 nucleotide change Genotype Effect Disease References

g.3979delA Compound heterozygous Frameshift JOAG Melki et al. (2004)

g.3976G>T Heterozygous W57C JOAG Acharya et al. (2006)

g.3976G>A Compound heterozygous W57X PA, RA Chavarria-Soley et al. (2006b); 
Vincent et al. (2006)

g.3987G>A Heterozygous G61E JOAG, POAG López-Garrido et al. (2006); 
Chakrabarti et al. (2007); Suri 
et al. (2008)

g.3987G>A Homozygous G61E JOAG, PA Edward et al. (2004); 
Chakrabarti et al. (2007); 
Bayat et al. (2008); Suri et al. 
(2008)

g.4086T>A Heterozygous Y81N JOAG, POAG Melki et al. (2004); López-
Garrido et al. (2006); 
Chakrabarti et al. (2007)

g.4238-4247delCGGGCGGCAG Homozygous Frameshift PA Edward et al. (2004)

c.578C>T Heterozygous P193L POAG Chakrabarti et al. (2007); 
Kumar et al. (2007)

c.578C>T Homozygous P193L POAG Chakrabarti et al. (2007)

c.578C>T Compound heterozygous P193L POAG Kumar et al. (2007)

g.4490G>A Heterozygous E229K JOAG, POAG, ACG Melki et al. (2004); Acharya 
et al. (2006); Chakrabarti et al. 
(2007); Kumar et al. (2007)

g.4490G>A Compound heterozygous E229K POAG Kumar et al. (2007)

g.4499G>C Compound heterozygous G232R JOAG Melki et al. (2004)

g.4520A>C Heterozygous S239R POAG Chakrabarti et al. (2007)

g.4611_4619delGCAACTTCA Homozygous S269-F271del POAG Melki et al. (2004)

g.7901_7913delGAGTGCAGGCAGA Heterozygous Frameshift JOAG Melki et al. (2004)

g.7940G>A Heterozygous R368H JOAG, POAG, ACG,  
RA, PA

Vincent et al. (2002); Acharya 
et al. (2006); Chavarria-Soley 
et al. (2006b); Vincent et al. 
(2006); Chakrabarti et al. 
(2007); Kumar et al. (2007)

g.7940G>A Homozygous R368H JOAG Bayat et al. (2008)

g.7940G>A Compound heterozygous R368H JOAG, POAG Vincent et al. (2002); 
Chakrabarti et al. (2007); 
Kumar et al. (2007)

g.7996G>A Compound heterozygous E387K JOAG Melki et al. (2004)

g.8006G>A Heterozygous R390H JOAG Melki et al. (2004)

g.8006G>A Homozygous R390H JOAG Suri et al. (2008)

g.8037_8046dupTCATGCCACC Compound heterozygous Frameshift RA Chavarria-Soley et al. (2006b)

g.8037_8046dupTCATGCCACC Heterozygous Frameshift JOAG Vincent et al. (2002)

g.8104A>T Compound heterozygous N423Y JOAG Melki et al. (2004)

g.8147C>T Heterozygous P437L POAG Chakrabarti et al. (2007)

g.8165C>G Heterozygous A443G JOAG, POAG Melki et al. (2004)

Note: ACG, angle closure glaucoma; PA, Peters anomaly; PCG, primary congenital glaucoma; POAG, primary open angle glaucoma; RA, Rieger’s 
anomaly.
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across the world are seeking to discover potential new 
glaucoma genes, and it may be that some of them may 
interact with CYP1B1, perhaps serving as a modifier 
as has been proposed earlier (Bejjani et al. 2000; Libby 
et al. 2003).

Potential involvement of environmental 
factors as modulators of CYP1B1 in the 
aetiology of glaucoma

CYP1B1 is a member of a cytochrome P450 family that 
is known to be induced by a range of environmental 
agents, mainly compounds belonging to the family of 
dioxins and polycyclic aromatic hydrocarbon (PAH) 
compounds (Walker et  al. 1998), as well as com-
pounds found in vegetables, such as indole-3-carbinol 
(Larsen-Su & Williams 2001). Characterization of 
structure–function relationship for some CYP1B1 
point mutations showed impairment of various param-
eters, such as diminished stability, enzyme activity 
and uncoupling (Jansson et  al. 2001; Chavarria-Soley 
et al. 2008; Choudhary et al. 2008; Campos-Mollo et al. 
2009). This suggests that the activity of mutated CYP1B1 
will be less efficient in generating or removing the key 
morphogen required during eye development in the 
foetus. Exposure to specific inducing dietary agents or 
environmental chemicals during pregnancy can ele-
vate the CYP1B1 levels in mother and offspring (Walker 
et al. 1998; Larsen-Su & Williams 2001), as well as levels 
of mutated CYP1B1. Induction of less active forms of 
CYP1B1 might be sufficient to raise the net synthesis 
or degradation rate of the endogenous morphogen to 

normal levels. This might explain the incomplete pen-
etrance phenomena that has been observed in several 
PCG families (Bejjani et al. 2000). Since induction is a 
transient phenomenon, its occurrence during in utero 
development in an individual with a mutant CYP1B1 
gene might result in normal eye structure and non-
appearance of the PCG phenotype. However, a sibling 
with the same genotype might not show the PCG phe-
notype, but may or may not develop a delayed onset 
type of glaucoma in later stages of life (POAG, JOAG). 
This latter effect might occur when the mutated protein 
level declines and activity drops below the physiologi-
cal level required to maintain the function of the ocular 
tissues. This suggests an existence of a conserved com-
mon pathway associated with CYP1B1 metabolic activ-
ity and an endogenous metabolite, the levels of which 
may be identical or different during dynamic phases of 
growth to adulthood.

Adaptation of stem cell technology to 
glaucoma therapy

As indicated above, a major risk factor for development 
of glaucoma is an elevated IOP which can develop due 
to resistance to the aqueous humour outflow in the TM 
region of eye. In some of these instances the cause of 
the defect is genetic, a mutation in CYP1B1. The pri-
mary current goal of glaucoma therapy is lowering the 
IOP by either decreasing the synthesis rate of aqueous 
humour or increasing its outflow. This may involve use 
of pharmacological agents or by surgery to facilitate 
the aqueous humour outflow (Lee & Higginbotham 

Table 1B.  CYP1B1 alterations not detected in primary congenital glaucoma (PCG).

CYP1B1 nucleotide change Genotype Effect Disease References

g.3888C>G Heterozygous S28W POAG López-Garrido et al. (2006); 
Chakrabarti et al. (2007)

g.4157C>A Heterozygous P118T PA Vincent et al. (2006)

g.4237G>T Heterozygous Q144H POAG López-Garrido et al. (2006)

g.4236A>C Heterozygous Q144R JOAG, POAG, ACG Chakrabarti et al. (2007)

g.4238C>T Heterozygous R145W POAG López-Garrido et al. (2006)

g.4683T>A Heterozygous M292K POAG Kumar et al. (2007)

g.4683>A Compound heterozygous M292K POAG Kumar et al. (2007)

g.4832delCTC Compound heterozygous Frameshift RA Chavarria-Soley et al. (2006b)

g.4838C>T Heterozygous L345F JOAG Vincent et al. (2002)

g.8062G>T Heterozygous V409F POAG López-Garrido et al. (2006)

g.8137T>C Heterozygous W434R POAG Chakrabarti et al. (2007)

g.8148-8152del5bp Heterozygous Frameshift JOAG Chakrabarti et al. (2007)

g.8171T>G Heterozygous F445C POAG Chakrabarti et al. (2007)

g.8381C>T Heterozygous S515L POAG Acharya et al. (2006)

g.8405G>C Homozygous R523T JOAG Acharya et al. (2006)

g.8426A>G Heterozygous D530G POAG Acharya et al. (2006)

Note: ACG, angle closure glaucoma; PA, Peters anomaly; PCG, primary congenital glaucoma; POAG, primary open angle glaucoma; RA, Rieger’s 
anomaly.
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2005). These treatments are palliative and patients 
require continued medications and repetitive surgeries 
in many cases. Further, these modalities are not always 
effective in stopping the slow progression of vision loss 
(Johnson et al. 2008) and usually can not restore vision 
loss that occurred before the diagnosis and treatment. 
Vision loss occurs due to the progressive destruction 
of RGC. This has led to shift in thinking about thera-
peutic strategies in glaucoma, from lowering the IOP 
to developing neuroprotectants (such as memantine, 
neurotrophic factors) for the better survival of the gan-
glion cells of the retina (Weinreb 2007; Lebrun-Julien 
& Di Polo 2008; Varma et  al. 2008). This neuropro-
tectant therapy may be considered as a complement 
to surgery or can be used in combination with other 
strategies for lowering IOP. Perhaps a novel and more 
direct approach would be to try to bypass or correct the 
disease-causing defect, that is, to replace the damaged 
form of CYP1B1.

We envision newer approaches will involve trans-
plantation of stem cells to the eye as a potential alter-
native therapeutic treatment of glaucoma. A number 
of strategies to replace destroyed retinal neurons is 
currently being evaluated (Johnson et al. 2008; Lamba 
et al. 2008). There are two major sources of stem cells, 
embryonic stem (ES) cells from established cell lines, 
and subject-specific adult stem cells (Figure 1A and 1B).  
Tissue specific adult stem cells are multipotent as com-
pared with the pluripotent property of ES cells. The lat-
ter cells have the unique ability of self-renewal in the 
undifferentiated state plus the ability to differentiate 
into any cell type on exposure to a specific inducing 
environment (Murry & Keller 2008). In contrast, the 
former cells just have the ability to differentiate into a 
limited number of cell types, but have the advantage of 
being the subject’s own cells, thereby minimizing the 
risk of rejection. Recently, damaged RGCs in the mouse 
retina could be replaced by differentiation-induced 
mouse ESCs under in vitro conditions (Aoki et al. 2007). 
In a related study, the incorporation of neural progenitor 
ES cells into the damaged retina of the mouse resulted 
in enhanced survival of the host retinal neurons and 
photoreceptors (Meyer et  al. 2006). These investiga-
tions suggest a potential useful application of human 
ES cells (hESCs) (Figure 1A) to reduce the vision loss 
in glaucoma. A major advantage of utilizing hESC lines 
as therapeutic strategy lies in the easy availability of the 
cells in large numbers required for transplantation in a 
clinical situation. Potential problems include rejection 
of these foreign donor cells by the host (Swijnenburg 
et al. 2008).

Subject-specific stem cells can be obtained by iso-
lating the stem cells from adult tissues of the subject 
(Figure 1B(i)) or by reprogramming the individual’s 
adult somatic cells (Figure 1B(ii)). The major concern 

when choosing the optimal source of adult stem cells 
for transplantation strategy is how to isolate them 
without destroying the integrity of the subject’s tissue. 
Bone marrow derived mesenchymal stem cells (MSCs) 
isolated from a subject for transplantation offers 
major advantages, in terms of easy isolation by non-
destructive means plus compatibility (Figure  1B(i)) 
(Giordano et al. 2007; Kumar et al. 2008; Spaide 2008). 
CYP1B1 protein is strongly expressed in the non- 
pigmented inner ciliary epithelium and the corneal 
epithelium of the anterior chamber, and CYP1B1 
transcripts have been detected in cDNA libraries 
constructed from adult human TM tissue. However, 
CYP1B1 protein was not detected in foetal and adult 
TM of mouse or human (Doshi et al. 2006; Choudhary  
et  al. 2007). It is possible that CYP1B1 protein is 
produced in the TM cells, but at a level too low to detect 
by currently available histochemical techniques. In 
recent years many reports have appeared showing the 
eye itself is a potential source of stem cells for trans-
plantation strategies (O’Sullivan & Clynes 2007; Nadri 
et al. 2008; Kelley et al. 2009). The presence of epithelial, 
stromal and endothelial types of stem cells has been 
identified in the limbus (a narrow ring of tissue at the 
junction of cornea epithelium and conjuctiva) region 
of eye (McGowan et  al. 2007; Tektas & Lutjen-Drecoll 
2009). These would be useful if a way could be devel-
oped to activate them to repair improperly functioning 
tissue or to restore wild-type genes in them without 
having to remove them for external replacement of 
the defective gene. The main difficulty for isolation of 
these cells is the small size of the eye. Expression of 
stem cell markers, nestin, alkaline phosphatase, and 
telomerase have been shown in the TM region of the 
eye (McGowan et al. 2007), suggesting the presence of 
undifferentiated pluripotent stem cells. The wound-
ing of the cornea by trephination for transplantation 
resulted in the appearance of the additional markers 
for stem cells, OCT3/4 and WNT1, as well as for differ-
entiating stem cells, SOX2 and PAX6 genes (McGowan 
et al. 2007). This indicates the possibility of activation 
of pre-existing residual stem cells in the TM region 
towards proliferation and differentiation and migration 
to the damaged area. Since it would be a difficult task 
to isolate these potential progenitor stem cells from the 
TM region of a glaucoma subject’s eye for amplification 
to the large pool of cells required for transplantation 
to the affected eye region, an alternative strategy is 
needed. One could use allogenic hESCs differenti-
ated to the desired cell lineage for transplantation to 
the anterior chamber. Although this is a distant goal 
it can be accomplished by developing optimal culture 
conditions (Rao 2008). A potential problem might be 
the rejection of these allogenic foreign hESC lines since 
they are not derived from the same subject. However, 
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rejection can be dealt with using immunosuppressive 
strategies. It has been proposed that the development 
of a bank of 150 hESC lines might provide a sufficient 
source of cells for matching for HLA antigen (Taylor 
et al. 2005).

Personalized gene therapy is an emerging approach 
for the design of novel therapy, and has been proposed 
as an alternative therapeutic strategy for ocular diseases 
(Harvey et al. 2006; Colella et al. 2009). This approach 
might be applicable in families with PCG and defined 
mutations in the CYP1B1 gene. A single transcorneal 
injection of a transgene encoded in a lentiviral based 
vector into the anterior chamber of cat and monkey 
showed a sustained long term transgene expression 
that was preferentially localized in TM cells (Khare et al. 
2008; Barraza et al. 2009). Mutations in the RPE65 gene 
is seen in Leber congenital amaurosis (LCA), a child-
hood blindness disease that results from deficiency in 
RPE65 isomerase. The disease has recently been tar-
geted for human gene therapy by localized delivery of 
wild-type RPE65 gene encoded in an adeno-associated 
virus-2 vector between the RPE and photoreceptor 

layers (Cideciyan et al. 2008). Similarly, in PCG families 
having CYP1B1 enzyme deficiency due to mutations, 
the deficiency might be targeted by delivery of wild-type 
CYP1B1 gene encoded in an appropriate vector (Colella 
et al. 2009; Gill et al. 2009) to the anterior chamber. The 
direct gene delivery approach would be most beneficial 
if one first generates genetically modified subject’s stem 
cells and then transplant them to the affected region. 
This will involve constructing subject-specific stem 
cell lines which can then be transfected ex-vivo with 
CYP1B1 gene encoded in a suitable viral vector. These 
autologous cells, after being transfected with wild-type 
CYP1B1 gene would be subjected directly to treatments 
to cause differentiation into the TM, ICE, or RGC lineage 
before transplantation (Figure 1B(i)). The transplan-
tation of this genetically modified ex-vivo expanded 
population of cells back into the anterior chamber /
retina of the patient will allow expression of the wild-
type CYP1B1 gene and may result in regulating the 
aqueous humour outflow and IOP. This approach could 
be targeted in neonates to develop into specific eye 
structures, such as ICE, TM, or corneal endothelia, and 

Embryonic 
stem cell lines

Patient specific

Adult stem cells

SNCT
strategy

Differentiate to
specific lineage
progenitor cells

Transplant to 
anterior chamber

or retina

iPS
strategy

Tissue specific Bone marrow

Hematopoietic MSC

Isolate and purify

Wild type CYP1B1 gene delivery
(Gene therapy)

Ex-vivo expansion

Differentiate to specific
lineage progenitor cells

Transplant to anterior chamber or retina

A B

i ii

Adult somatic cells

Reprogramming

Figure 1.  Potential future clinical treatment protocols for glaucoma patients. (A) Differentiating human embryonic stem cell lines (ESC) to 
specific lineage progenitor cells and transplant. (B) Patient-specific strategies: (i) isolation of adult stem cells from eye or bone marrow which 
contains haematopoietic and mesenchymal stem cell (MSC) populations; or (ii) reprogramming of a patient’s somatic cells to pluripotent 
cells which can be achieved using somatic nuclear cell transfer (SNCT) or induced pluripotent stem (iPS) cells strategy. The desired stem cell 
progenitors will be isolated and wild-type CYP1B1 gene known to be mutated in a glaucoma patient will be introduced. This will be followed 
by ex vivo expansion of these cells to generate a large pool of cells and then differentiate to specific lineage progenitor cells for transplantation 
strategy. Dotted arrows indicate the possibility of skipping the gene transfer step and directly differentiating the stem cells without repairing 
the mutated gene.
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will express wild-type CYP1B1 protein. It could enable 
performance of the normal physiological functions in 
the eye, perhaps resulting in normal eye development. 
For adults with eye disorders showing CYP1B1 muta-
tions, differentiated stem cells carrying the wild-type 
CYP1B1 gene could also be targeted to these structures 
or even the retina, to enhance the CYP1B1 activity level 
there. This would allow its associated downstream sig-
nalling events required for normal eye functions which 
might serve to reverse the pathological aspects of these 
diseases.

The reprogramming of somatic cells (Figure 1B(ii)) 
can be achieved by various methods (Byrne 2008). 
Recently, transduction of four transcription factors 
(encoded in viral vectors) to somatic cells resulted in 
production of specific cell lines with stem cell proper-
ties (Takahashi & Yamanaka 2006). These cells are called 
induced pluripotent stem cells (iPS) and have been gen-
erated from mouse and human fibroblasts. The iPS cells 
will possess the mutational genotype of the diseased 
patient and therefore, will be a useful model to study the 
effect of these gene mutations (for example, CYP1B1) on 
the mechanisms of development of PCG. A recent study 
(Dimos et al. 2008) has shown iPS cells could be gener-
ated from individuals with amyotrophic lateral sclerosis 
(ALS), and differentiated to motor neurons. At present, 
these cells are generated by viral-mediated transfer of 
four transcription factors in the cells. The current very 
low efficiency of generating iPS cells and production of 
non-genetic modified iPS cells will be the main obsta-
cles to overcome for successful application of iPS cells in 
a clinical situation.

These proposed innovative therapeutic approaches 
appear complicated but continuous rapid advance-
ment in field of stem cell biology, current knowledge of 
mutations in specific genes, plus recent FDA approval 
of a first clinical trial of transplanting oligodendro-
cyte progenitors derived from hES cells to acute spinal 
cord injured individuals (see http://www.geron.com/
grnopc1clearance/grnopc1-pr.html), make it a promis-
ing future for this technology as a preferred modality for 
the glaucoma patient.
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