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Abstract

Glaucoma is a clinical entity with multifactorial etiology, a severe subtype occurs in infancy called primary congenital glaucoma (PCG). Three
distinct levels interact sequentially to produce PCG: (i) genetic mutations mainly affecting the CYP1B1 gene, (ii) absence or dysregulation of
a morphogen, and (jii) trabecular meshwork pathological changes either in patterning or remodeling. We will discuss these three levels in
detail towards further understanding of the morphological basis of the disease, focusing on the missing points, for instance the exact nature
and function of the morphogen along with the putative role of CYP1B1 gene.
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=& Introduction

It is intriguing that a single mechanical defect can
cause all these deleterious ramifications in such a complex
structure — our eye. A gene defect (or possibly more)
results in harmful metabolite production or absence of a
pattern-forming molecule, i.e., morphogen. This metabolite
causes damage that with time becomes irreversible.
Eventually, the trabecular meshwork (TM), the main
drainage system of the anterior chamber, becomes
dysfunctional where unknown developmental defect(s)
occur (trabeculodysgenesis). The drainage process is
impaired, the aqueous humor accumulates, the intraocular
pressure increases and the weakest point of the eye
afflicted by the high pressure is the posterior segment,
namely the optic nerve and the ganglion cell layer in the
retina. Eventually, optic neuropathy and visual impairment
ensues; the former explains our current understanding of
the pathogenesis of primary congenital glaucoma (PCG).
Recently, PCG has been considered a panocular disorder;
the entire ophthalmic structure will be affected at some
point of the disease course due to the progressive globe
distention. The following is the most notably encountered
altered corneal biomechanics, iris stromal hypoplasia,
ectopia lentis, and Descemet membrane breaks, also
rhegmatogenous retinal detachment is reported as a late
complication [1-3].

=& Ultrastructure of trabecular meshwork

The drainage system of anterior chamber is formed
from three main structures; the trabecular meshwork,
Schlemm’s canal, and finally intrascleral and episcleral
venous plexi. TM is a sponge-like structure where collagen
fibers form scaffolds in shape of beams and plates lined
exteriorly with endothelial-like cells, i.e., trabecular cells.

TM is further organized into three differentiated layers
(Figure 1), which are from the innermost: (i) uveal
meshwork, formed of several irregular layers in shape of
prolongations or beams of extracellular matrix (ECM)
which is entirely covered by endothelial cells, i.e., TM
beam cells (Figure 1a) — these prolongations appeared to
be continuous with that of the iris and ciliary body stroma;
(if) corneoscleral meshwork, the beams become more
flattened to form lamellae or sheets, which are also
covered totally with TM monolayer, the center of the
lamellae is rich in collagen fibrils and elastic fibers, this
layer is highly organized compared to the uveal layer
with narrower intercellular spaces and this poses more
resistance to the flow of aqueous humor (AH) (Figure 1b)
[4]; (iii) juxtacanalicular meshwork (JCM), the architecture
is altered; instead of ECM covered with cells in the
previous two layers, the cells of this layer are embedded
in a dense amorphous ECM, also some JCM cells are
scattered on the trabecular surface hence the name
cribriform meshwork — this layer is in direct contact
with the inner wall of Schlemm’s canal (Figure 1c) [5].
Another peculiar character of JCM cells is that they lack
the basal lamina, and considered to be fibroblast-like,
however some studies could identify basement membrane
protein nearby the JCM cells. The special architecture
of JCM, being filled with ECM gel, makes it the major
source of flow resistance in the human eye [6]. Once the
JCM cells and ECM undergo mechanical stretch from
elevations of intraocular pressure (IOP), and sense this
stretch via integrins and other receptors, they respond
by two mechanisms: (i) modulating the synthesis of a
wide variety of extracellular and intracellular genes, and
(i) increasing proteolytic enzyme activities, e.g., matrix
metalloproteinases-2 and -14 with concomitant decrease
of their inhibitors, e.g., tissue inhibitor of metalloprotei-
nase-2 (TIMP-2) [7].
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Figure 1 — The structural units in each of the three
differentiated layers of the trabecular meshwork.

= Development of trabecular meshwork

The cascade of development of TM entails three main
steps:

(1) Migration

Mesenchymal cells start to migrate to the anterior
margin of the developing optic cup; these cells are called
periocular mesenchyme (POM). The origin of POM
turned out to be mainly from cranial neural crest cells
(NCCs) and to minor extent from paraxial mesoderm.
The migration occurs in three waves, the second wave
resides at the angle between the anterior edge of the optic
cup and the cornea, and these cells differentiate into the
stroma of iris and ciliary body.

(2) Differentiation and patterning

The mass of POM cell, occupies the future TM in the
angular recess between the cornea and the iris, start to
differentiate into channels and form the TM. In regard
to how the intertrabecular spaces appeared in this bulky
mass of tissue is still elusive. Previously, it was postulated
that atrophy and cell death is responsible for forming
these spaces. However, Smith et al. [8] have found that
cell death and macrophages were not detectable during
the various developmental stages of TM.

(3) Remodeling

As the recent models of TM development have
excluded the atrophy and cell death instead, organization
of cellular and extracellular matrix components do occur.
In mice, the TM beams start to separate and ECM
becomes deposited at postnatal day 10 (P10). By P14,
the spaces between TM beams are well established. The

intertrabecular spaces continue to enlarge by the end of
P18 [8].

= Pathological changes in PCG

The pathology of PCG is not clear as most available
specimens from enucleated human eyes show severe and
more complicated pathologies, which obscure the primary
one. This limitation in human pathological specimens
along with the notion that CYPIB] either produces or
transforms the morphogen behind TM development, has
urged Teixeira et al. [9] to depend on CYPIBI deficient
mice to study the abnormalities of TM via histological
examination of postnatal iridocorneal angle of CYPIBI—/—
mice. They have found that TM is more or less normal
during first and second postnatal week and the disruption
of TM architecture starts at the third week (correlates
with final stages of TM development in mice), where the
trabecular beams atrophied and intertrabecular spaces
accentuated, until there is only one atrophied trabecular
beam left, with eventual collapse of TM. This study
excluded that the underlying pathology caused by absence
of CYPIBI is due to cell migration failure during embryo-
genesis rather, failure of ECM deposition or ECM
remodeling and the latter is more likely. Another earlier
study [10] from the same group has stressed the role of
periostin (Postn) in TM remodeling and development,
they have found that in the CYP1B1—/— mice and the
glaucomatous human eyes, the Postn level was decreased.
The previous study sheds light on importance of ECM of
TM in pathogenesis of PCG; interestingly, the cellular
component of TM is incriminated in primary open angle
glaucoma, it also added more on the 2003 study by Libby
et al. [11]. However, the latter study assessed the anterior
chamber developmental defects in tyrosinase deficient
mice and could find that L-DOPA plays an important role
in anterior chamber development. The mice, which are
CYPI1BI and tyrosinase deficient, showed more severe
angle dysgenesis than CYP1BI-deficient only mice.
Moreover, these dysgenetic changes could be corrected
to some degree with L-DOPA intake with drinking water.
An interesting molecular model proposed by Libby et al.
[11] demonstrated that retinoic acid (RA) enhances proli-
feration of avian neural crest cells from which the TM and
iris stroma is derived and those cells express tyrosine
hydroxylase (TH) (which converts tyrosine to L-DOPA),
so the defect in CYP1B1 aborts RA biosynthesis and the
absence of the latter lead to under-proliferation of neural
crest cells, hence decreasing TH and L-DOPA. This model
lent weight to the hypothesis that we will later discuss
about RA being a putative morphogen behind PCG.

The recent study from Zhao ef al. research group [10]
may be interpreted that PCG is a problem of remodeling
not patterning. However, the hunt for the morphogen
or substrate of CYPIBI1 is still the crucial step in
understanding the pathogenesis of PCG in regard to the
other important substances that are proposed now for
disruption of the remodeling step like Postn. They believe
this is influenced by the richer oxygen environment during
postnatal life and it is the accumulation of oxidative stress
that drives the dysfunction of developing TM due to
accumulation of its substrate (Sheibani N, personal
communication). This also can be correlated with that
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Postn is a key modulator of pressure-induced homeostatic
response and its down regulation may expose the TM to a
vicious circle of IOP elevation that cannot be interrupted.
It would not be a wild speculation if we suppose that
PCG is caused not due to developmental defect occurring
during migration, differentiation or patterning of TM
rather than being due to loss of protective regulatory
mechanism(s) in TM cells that Postn shares in part in one
of them. This is supported by recent studies that have
revealed the role of CYP/BI mutations in primary open
angle glaucoma (POAG) and juvenile open angle glaucoma
(JOAG) [12]. CYPI1BI mutations seem to be implicated
in a wide spectrum of glaucoma phenotypes, reviewed
by Choudhary et al. [13]. This is correlated to two distinct
yet interrelated functions of this enzyme. The first
function is developmental role in the differentiation or
remodeling of trabecular meshwork and other anterior
chamber structures where the reduction or abundance of
enzymatic activity [14] leads to three different anterior
segment dysgenesis phenotypes, which are PCG, Peter’s
anomaly and Axenfeld—Rieger’s syndrome [15-17]. The
second function is the homeostatic regulatory response to
the change in IOP where the enzymatic activity produces
substance(s) that modulate the ECM and scavenge harmful
oxidants and disturbance of this regulatory response share
in development of POAG and JOAG. Vincent ef al. have
found that the co-existence of mutations in myocilin and
CYPI1B]1 accelerate the onset of JOAG in earlier age [12].

= Genetics of PCG

It is apparent that PCG (gene symbol, GLC3) is
essentially a genetic disorder with a multitude of gene
defects, in the 1980s this genetic heterogeneity of PCG
was postulated [18] and since then numerous studies
continued unraveling the etiopathogenesis of the severest
form of glaucoma in infancy (Table 1). Sadly, there has
been minimal development of medical therapeutics as
alternatives to surgical treatment, which remains the
mainstay in management options. To the best of our
knowledge, there are four candidate loci linked to such
condition (Table 2). However, the GLC3A locus, which
expresses a cytochrome P450 protein called CYP1BI is
implicated in the majority of cases. CYPIBI gene belongs
to the superfamily of cytochrome P450 and has its locus
on the short arm of chromosome 2 (2p21), this gene was
first reported by Sarfarazi ef al. [19] to be a major gene
in the pathogenesis of PCG.

A founder effect is evident in Gypsies (Slovak Roma)
and Middle Eastern populations where the highest pre-
valence is reported, 1:1250 and 1:2500, respectively [20].
However, around 147 different mutations from different
populations are identified in this gene including missense,
non-sense, frameshift, deletion, and insertion or duplication
mutations [21], of course this number increases every
year with recent studies on different cohorts of patients
[22, 23]. CYP1B1 mutations account for 80% of familial
and 33% of sporadic PCG cases, not to mention that
in some subpopulations (Saudi Arabians and Slovak
Gypsies) they account for 100% of the cases [24]. The
missense mutations constitute the majority of CYPIBI
mutations around 39% (n=214 cases in 14 studies recruiting
550 cases according to Kaur ef al. [25]).

Table 1 — Milestones in genetics of PCG

Reference

Waardenburg claimed a recessive
inheritance pattern in some [26]
glaucoma cases.

Briard et al. postulated a clinical
and genetic heterogeneity in
category of nonsyndromal or
primary congenital glaucoma.
Genetic heterogeneity and
recessive inheritance of PCG

were much supported with works
of Gencik et al., Demenais et al.
and Morton.

2p21 assigned as candidate locus
for PCG (in 11 families out of 17).
6p21 and 11p15::912 excluded as
candidate /oci for PCG.

1p36 assigned as second locus for
PCG.

Mutations of cytochrome P450 1b1
on 2p21 is implicated as principal
cause of PCG.

14q24.3 assigned as third locus for
PCG.

Null mutations in LTBP2 gene
cause PCG in four consanguineous
Pakistani families and in eight out [35]
of 15 CYP1B1-negative Gypsy

patients.

Year

1950

1976 [27]

1980-1982 [18, 28, 29]

1995 [19]

1996 [30]

1996 [31]

1998-2000 [32, 33]

2002 [34]

2009

PCG: Primary congenital glaucoma; LTBP2: Latent transforming
growth factor (TGF)-beta binding protein 2.

It is noteworthy that CYPIB1 gene mutations can lead
to another very rare condition called Peters’ anomaly,
which entails central corneal opacity and corneal adhesions
to the iris, with or without adhesions to the lens [36, 37]
This reinforces the point of view about the role of CYPIBI
in directing the development of the anterior segment.

In some countries where the genetic studies are readily
conducted on PCG patients and pedigrees, the frequency
of a certain gene mutation is measured and the common
ones are used for screening purposes for example in the
Japanese population the following three mutations appear to
be common: p.Aspl92Val, c.4776insAT, and p.Val364Met
[15], in Morocco, the g.4340delG mutation seems to
be predominant [38], whereas the p.Gly61Glu mutation
predominates in Saudi Arabia [39].

The recent evidence is against that mutations in the
latent transforming growth factor (TGF)-beta binding
protein 2 (LTBP2) gene can lead to PCG (isolated
trabeculodysgenesis) rather they cause more complex
anterior segment developmental defects, e.g., micro-
spherophakia, ectopia lentis and megalocornea, where
glaucoma develops secondarily [24, 40]. Though the
LTBP?2 gene location is around 1.3 Mb proximal to GLC3C
locus, it is unlikely that LTBP2 is the GLC3C gene and
perhaps a second adjacent gene is implicated [35, 41].
One recent study has recruited 54 unrelated patients with
PCG compared to 50 normal controls, they were either
negative or heterozygous for MYOC, CYP1BI1, and FOXC1
mutations, yet no pathogenic variants were identified in
the LTBP2 gene in those patients [42]. Furthermore, the
localization of LTBP2 protein in experimental animal
models revealed abundant immunoreactivity in the ciliary
body with the highest intensity in the ECM of ciliary
processes [35]. This suggests that LTBP2 shares in the
maintenance of shape and elasticity of the ciliary body,
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which is important in supporting the TM and in homeo-
stasis of AH drainage.

So, determining gene loci of GLC3B, GLC3C, GLC3D
is a much needed task for more understanding of the
heterogeneity principle of PCG and the implicated genes
beside the largely documented CYP1B1, of these genes,
LTBP2 (MIM #602091), MYOC (MIM #601652) and
FOXCI (MIM #601090) [23].

Table 2 — Gene loci of primary congenital glaucoma
Candidate Candidate

Mapping on

I Reference
ocus gene chromosome

GLC3A  CYPIB1 _ 2p21 [MIM#231300]  [19]
GLC3B N/A 1p36 [MIM #600975]  [31]
(gf%;g) N/A 14q24.3-q31.1 (34]
GLC3D — 1ppy 1424 [MIM #602091]

(OMIM ial ide GLC3C | (35, 43]
613086) (controversial) (outside ocus)

N/A: Not available; LTBP2: Latent transforming growth factor (TGF)-
beta binding protein 2; OMIM: Online Mendelian inheritance in man;
MIM: Multiple-interval mapping.

= The enigmatic CYP1B1 and the eye

CYPI1BI is a monooxygenase acting on both xeno-
biotics and endobiotics, the CYP1B1 mRNA and protein
were found to be expressed in a variety of normal human
tissues [44], and its cellular localization showed to be
nuclear in the majority of examined samples with two
exceptions; the renal tubular cells and the mammary
gland secretory cells where the immunoreactivity of the
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protein was intense in both the nucleus and the cytoplasm.
Moreover, one recent study [45] could specify the location
of CYPIBI protein to mitochondria as well as to endo-
plasmic reticulum. There is much investigation into the
actions of CYP1BI protein on xenobiotics rather than
endobiotics as it is linked to pathogenesis of many types
of tumors namely breast and lung cancers [46, 47].

There is a paucity of studies about the functions of
CYPIBI in the eye; the recent hypothesis is that CYP1B1
protein shares in the development of the anterior segment
of human eye in the fetal period either through a substrate
or a metabolite produced from its enzymatic action. This
assumed substrate(s) or metabolite(s) (termed morphogen)
is not determined precisely. However, according to
comparative studies between the human and mouse
orthologues of the same gene, some endobiotics could
be ruled out, e.g., arachidonic acid and its metabolites,
p-estradiol, testosterone and progesterone, while others still
bear the possibility to be that morphogen, e.g., retinoids
[13, 48]. Actually, it is tempting to speculate that the
morphogen may in fact be retinoic acid (RA) on basis
that CYP1B1 shares in synthesis (not degradation) of RA
[both all-trans-retinal (t-RAL) and all-trans-retinoic acid
(t-RA)] from retinol (Figure 2, a and c), and the former
being a ligand for different nuclear receptor proteins, has
a regulatory function in anterior segment morphogenesis
via modulating gene transcription [49]. In POM of the
mouse eyes, RA signaling is active from embryonic day
10.25 (E10.25) [50].

Figure 2 — Chemical structures of some relevant compounds to primary congenital glaucoma: (a) All-trans-retinal;
(b) 2D structure of CYP1B1 in Homo sapiens (190-198); (c) Retinoic acid; (d) 2,3,7,8-Tetrachlorodibenzo-p-dioxin.

Moreover, RA is a well-known endogenous morphogen
in limb development; it has been found that RA is
continuously released by zone of polarizing activity
(ZPA), which is a region of mesenchyme at the posterior
margin of the limb bud [51]. ZPA secretes RA in a graded
distribution to direct the patterning and specification of
the various limb structures.

We cannot rule out totally the possibility that steroids
or arachidonic acid metabolites share in signaling system
important for morphogenesis of TM. A lipid receptor
signaling system based on G protein-coupled receptor 18
(GPR18) was recently investigated for regulation of IOP
[52]. Moreover, some morphogens are prone to lipid-
modification and this controls their transport and their
diffusivity.

This is further supported by the notion that considers
anterior chamber as a specialized blood vessel, the AH
is the blood and the endothelial-like cells of TM along
with corneal endothelium are the vascular wall [53]. Hence,
TM is subjected to the same biological parameters of
vascular wall. It is known that metabolites of arachidonic
acid and polyunsaturated fatty acid products have a key
role in modulating of vascular tone, blood flow and angio-
genesis [54]. Interestingly, one study revealed that CYP/BI
gene and protein expression in endothelial cells of mouse
blood vessels is regulated by shear stress [55]. Similar
study to be conducted on TM cells will be of great value.
Further research on the role of CYP1B1 in fat metabolism
is needed along with the revelation of other lipid-based
signaling systems in anterior chamber. It is tempting
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that this research shall start with the G protein-coupled
receptors (GPCRs). GPCRs are the most famous cellular
receptors that bind fatty acids and downstream a versatile
signaling systems. For example, GPR48 knockout mice
show a wide spectrum of anterior segment dysgenesis
(ASD) including microphthalmia, iris hypoplasia and
iridocorneal angle malformation [56]. GPR48 (also known
as LGR4) is an orphan receptor that mediates cyclic
adenosine monophosphate—protein kinase A ((AMP-PKA)
and CREB (cAMP responsive element binding protein)
signaling pathway (Figure 3).

Dioxins Endocannabinoid
Estrogen
| ARH I
ER GPR48
Sp1
"
+ +

U004

Figure 3 — Regulation of CYP1BI1 expression via ARH-
dependent pathway with exogenous ligands such as
TCDD and via ARH-independent pathways including
transcription factors such as Spl, CREB and ER.
ARH: Aryl hydrocarbon receptor; TCDD: 2,3,7,8-
Tetrachlorodibenzo-p-dioxin; CREB: cAMP (cyclic
adenosine monophosphate) responsive element binding
protein; ER: Estrogen receptor; +: Activate.

CREB, a transcription factor that binds Pitx2 exactly
at the CRE-binding site of the PITX2 promoter thus
GPR48 is capable of regulating PITX2 [56]. Actually,
CYPIB1 is known to cross talk with this pathway, as
CREB is one of the transcription factors that regulate
expression of CYPIBI [57]. Other examples are the
GPR84 and GPRI6] that are implicated in lens and
retina development [58, 59]. Besides the developmental
role of the orphan GPR48, 84, 161 [60], the GPRIS, a
deorphanized lipid receptor, found to have a functional
role in IOP regulation [52]. Interestingly, GPRIS is acted
upon by the endogenous lipid N-arachidonoyl glycine
(NAGly) and the abnormal cannabidiol (Abn-CBD).

To sum it up, CYP1BI protein is involved in the
metabolism of steroids, retinol and retinal, arachidonate,
and melatonin. The conserved expression of CYP1BI1 in
all vertebrates, its higher expression in fetal than adult
eyes, and its biochemical properties are consistent with
this hypothesis. The exact role of CYP1B1 in the patho-
genesis of glaucoma and other ASD disorders remains
to be elucidated.

The characterization of expressed proteins that lead
the proper development of TM is still a dark area (Table 3),
as the majority of PCG cases are linked to CYPIBI,

which expresses a 543 amino acid long protein. CYP1B1
is formed from (i) 53 residue long N-terminal region,
which is bound to the endoplasmic membrane, (if) the
hinge area, formed of 10 amino acids and rich in proline,
(iif) 480 residue long cytosolic globular domain. The
crystal structure was elucidated by Wang et al. (Figure 4)
[61]. The crystallographic study of CYPIBI1 revealed
a high conservation of around 18 out of 20 amino acid
residues in the active site across the vertebrate species.
Most active site cavities of P450s show extensive structural
and functional diversity due to gain and loss of genes
during evolution. Meanwhile, CYP1B1 has kept a very
constant slot-like active site cavity that is encoded by
single gene in most vertebrate genomes [61]. This cavity
is well adapted for binding hydrophobic planar bulky
aromatic systems, e.g., polycyclic aromatic hydrocarbons,
flavonoids and retinoids.

N-term (Q68)

Asp192

Val364

Figure 4 — Position of the different PCG mutations
shown in the light of the human CYPIBI crystal
structure. The Val364 mutation is close or in the helix
J, that is supposed to be at the interface of the P450-
CPR complex. (View of the distal side, with the heme
in red sticks and the ligand: alpha-naphthoflavone in
sticks colored cyan, PDB entry: 3pm(). The N-terminus
of the crystal structure is Gln68 because the crystallized
CYPIBI misses the 67 first amino acid residues for
sake of solubility. PCG: Primary congenital glaucoma;
CPR: Cytochrome P450 reductase; PDB: Protein Data
Bank.

The search for the expressed protein of CYP1BI in
the TM tissues in either murine or human eyes has failed to
detect anything significant until the study of Zhao et al.
[10]. The contradictory results, where some could detect
CYPIBI protein in TM and others could not, left us with
two hypotheses about the nature and function of PCG
morphogen. The first, with more evidence (Table 3) being
that the morphogen is expressed in ciliary body cells,
which secrete the aqueous humor and it flows to TM, to
exert its function there, this hypothesis can be termed
flowing morphogen. Actually, CYP1BI is first detected
in primitive ciliary epithelium at embryonic day 26 (E26)
in humans even before the TM starts to develop and
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it shows concentration profile changes parallel to the
developmental changes in the TM [13, 62].

The second hypothesis is that the morphogen is
expressed in TM cells themselves and exert an antioxidant
effect as well as increasing the levels of Postn as proposed
by Zhao et al. [10]; this hypothesis can be termed in situ
morphogen although the term morphogen will not be
correct in this situation. This is supported by the notion
that the pathological changes in PCG cases indicate a
problem in remodeling not patterning (see the section:
“Pathological changes in PCG”). It is noteworthy that
Postn itself has no structural role, but it binds ECM
proteins and could modulate the cell phenotype and
function. This matricellular protein is known to be up-
regulated in two conditions; tissue injury and remodeling

tissues [63]. The role of Postn in remodeling of TM is
still elusive.

Further studies are crucial to settle these two points
of view or perhaps reconcile them in one big hypothesis
explaining the correct pathogenesis of PCG and paving the
road for therapeutic targeting as the conventional medical
treatment continues to show disappointing results: e.g.,
in one recent study on long-term efficacy of latanoprost
(prostaglandin F2a), it was found to be effective in about
30% of the eyes, without prior surgery [64].

In conclusion, we can point out two main expected
functions of CYP1B1 protein that need to be investigated
(i) removing a metabolite which is toxic to TM cells, (if)
inducing generation of a molecule that regulates other
genes involved in the anterior segment development.

Table 3 — The studies conducted to detect expression and distribution of CYP1BI in ocular tissues

Type of ocular tissues

Detection Methodology Species - - Reference
Present in: Absent in:
CYP1B1 ; i itheli
mMRNA In situ hybridization Mouse eyes Pigmented glllary eplthelllum.and Trabecular B [65]
. sensory retinal neuroepithelium meshwork and iris
expression
CYP1B1 Indirect Human and 'Pr|m|t|ve c;hary eprghehum., non- Trabecular
. . pigmented (inner) ciliary epithelium [66]
protein immunofluorescence mouse eyes S o : meshwork
(ICE), corneal epithelium, iris, retina.
CYP1B1 . . Adult mouse eye ICE, corneal epithelium, retinal inner Trabecular
. Immunohistochemistry . [62]
protein and newborn nuclear cells, and ganglion cells meshwork
CYP1I.31 Immunohistochemistry Human and Trabecular meshwork [10, 67]
protein mouse eyes

& Toward a morphogen gradient system
for TM

The classical morphogen gradient system entails a
source of production, a transport mechanism and a receptor
that downstreams a signaling pathway. Most morphogens
are secreted polypeptides that bind cellular receptors that
mediate signaling and remove the morphogen itself from
the developmental field [68].

The theoretical work proposed by Turing [69], Wolpert
[70] and Crick [71], including positional information
and source-sink hypothesis, can be applied on RA as a
morphogen; a dynamic concentration gradient is created in
cell lines responsible for development of anterior chamber,
on one pole of this cell line (which may be the future
ciliary body) the CYP1BI is produced abundantly, which
in turn synthesizes large amount of RA. On the other
side of the pole (the future TM), the RA gets degraded,
a concentration gradient is generated, and this gradient
directs the development of TM and that could explain
why most of studies fail to detect significant level of
CYPI1BI protein in TM cells. PCG is like a mutilated
corpse in a crime scene, i.e., TM without any weapon in
the vicinity so full inspection of the eye structures is
needed. This is supported with the role of RA in limb
morphogenesis as discussed before. Another important
source of RA is the retina, which expresses retinal
dehydrogenases 1 and 3 (RALDHI1 and RALDH3); both
enzymes synthesize RA, which in turn diffuse to periocular
mesenchyme in a paracrine manner. The RALDH deficient
zebrafish produced anterior segment dysgenesis most
notably cornea and eyelid, there was no affection of the
TM [72]. This indicates that there is RALDH-independent
generation of RA, which enables embryos to direct the
RA-mediated patterning. The CYPIB1 and RALDHs

share a complementary role in the production of RA
(Figure 5) [73].

CYP1B1 RALDHSs

| |
1

-
Oxy.gen-rlch Other Retinoic acid Other
environment substrates morphogens

Anti-Oxidative Amicrior

stress (postn?) d:iﬁ;zﬁm

v |
|—‘ Remodeling ¢

Figure 5 — Flowchart indicates factors implicated
in TM development and PCG pathogenesis. TM:
Trabecular meshwork; PCG: Primary congenital
glaucoma; Postn: Periostin; RALDHSs: Retinal
dehydrogenases.

» patterning

One study in zebrafish embryos has shown that there
is a specific spatial and temporal pattern of CYP1BI
expression in the dorsal and ventral retina. An overlap
between CYP1B1 and RALDH?2 and 3 were also evident
[74]. The RA-degrading enzymes (CYP26A1,C1) have
been found to be expressed in a narrow area flanked by
the expression boundaries of RALDH1 and RALDH3 in
the retina [75].

The concentration gradient of RA is produced in
variable patterns, where in a specific spatio-temporal
dimension it is generated by RALDHs and in another
point of time, it is produced or modulated by CYP1BI.
CYP1BI may just modulate the RA dosage at some
point of time, the very same critical dose needed for TM
to complete its growth and modeling. CYP1B1-generated
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RA amount is added on a basal amount already having
been produced from RALDHSs and diffuse constantly to
the TM region.

Let us imagine that the morphogen produced from
three areas; dorsal, ventral retinae and ciliary body, is
transported towards the iridocorneal angle and it is not
unlikely that the angle itself becomes a fourth area of
morphogen production. Every area contributes to the
production of the morphogen(s) of the anterior chamber
at the same rate, it is logical that what is produced from
the posterior points, i.e., dorsal and ventral retina will get
degraded more rapidly than what is produced anteriorly
from CB or TM. Hence, the cells of the anterior segment
are subjected to different concentrations in a steady-state
condition. The threshold responses for every population
of cells in the anterior segment is different, those cells
that will form the cornea, iris and eyelid respond at lower
threshold and those that form the TM respond at higher
threshold. The cell population that forms the TM needs
an exact dose of the morphogen whose rate of production
is affected by CYP1B1 mutations.

This is not a strict process sometimes, CYPI1BI1
mutations lead to Peter’s anomaly rather than isolated
trabeculodysgenesis [76]. This hypothesis can be tested
in developing eye models by introduction of a RA-binding
protein at escalating doses. At a certain level, the RA-
binding protein will deprive the cell population with higher
threshold from RA and will not affect those responding
to a lower threshold. With meticulous calculation of the
amount of RA that is technically removed from the
gradient system and correlation with the developmental
defects that can be observed, many of the PCG mysteries
will be resolved. Of course, this experiment is still valid
for any other suggested morphogen with a well-known
binding carrier and kinetics profile.

This may explain why deficiency of RALDHs leads to
excessive POM growth and a wider spectrum of anterior
segment dysgenesis along with dysgenesis of cornea and
eyelid sparing the TM [72]. Meanwhile, CYP1B1 deficiency
leads to isolated TM dysgenesis. It is noteworthy that
the NCCs, when specified express WNT1, RA is known
to prevent excessive WNT signaling in POM via induction
of Pitx2 and DKK?2 (Dickkopf WNT signaling pathway
inhibitor 2) [77]. This in turn, prevents excessive POM
growth and ASD. It is likely that patterning defects result
in ASD rather than an isolated TM dysgenesis because
they tend to be produced from ectopic concentration
gradient in the developmental field [78]. The imbalance
between the activator WNT and the inhibitor DKK2 and
Pitx2 may be implicated in those patterning defects.

& RA trafficking

One of the main pillars for the robustness of the
morphogen gradients model is identifying the mechanism
of morphogen transport, which may be by active diffusion,
free diffusion or restricted extracellular diffusion [78].
An interesting study conducted by Bouhenni et al. [79]
provided much weight on the importance of RA in anterior
chamber development, they analyzed the proteomes of
aqueous humor in seven PCG cases (compared to four
with cataract, as control), the following proteins were
detected at significantly higher levels in PCG cases:

(i) apolipoprotein A-IV (APOA-IV) — it is a plasma
protein responsible for lipid absorption and transport;
(if) albumin — may increase due to oxidative stress or
another unknown cause; (iii) antithrombin 3 (ANT 3) —
a protease inhibitor that is expressed in TM and found
normally in AH. On the other hand, the following proteins
were detected at significantly lower levels than that of
controls: (i) transthyretin (TTR) — it transports retinol and
thyroxin (T4) interestingly it was found at higher levels
in POAG; (i) prostaglandin-H2 D-isomerase (PTGDS)
— catalyzes the conversion of prostaglandin H2 (PGH2)
to prostaglandin D2 (PGD?2), the latter is involved in
smooth muscle contraction/relaxation, PTGDS binds retinal,
RA and other small non-substrate lipophilic molecules;
(iii) opticin (OPT) — it binds to growth hormone in the
vitreous during embryonic retinal development; (iv) inter-
photoreceptor retinoid binding protein (IRBP) — it binds
to retinoids and fatty acids.

Decreased TTR, PTGDS and IRBP levels may hinder
RA transport in the AH but will they be significant enough
to disturb the TM development? Further investigations
are needed to resolve such a dilemma. It is noteworthy
that the free diffusion of RA, being a lipophilic molecule,
will be limited in the aqueous solutions, so the trafficking
of RA entails extracellular transport by TTR, PTGDS and
IRBP and intracellular transport by cellular RA-binding
proteins (CRABPs) [80].

@ The response of TM to IOP elevation

Once the IOP is elevated the trabecular meshwork
with its main two components, cellular and extracellular
matrix is exposed to much compression. The cellular
component constitutes the main impedance to AH flow,
while the porous fibrous ECM is continuously filled and
dilated with the percolated AH, the dilated ECM increases
the spaces between cells on the trabecular surface.
Actually, we can think of these cells to be serenely
floating on the surface of the fluid phase (ECM imbibed
with AH) but with elevation of IOP, these cells are
compressed and the matrix in turn becomes compacted
and flattened, hence the intercellular spaces are narrowed
and the permeability decreases [6]. Eventually, this leads
to a reduction of AH drainage and further IOP elevation.
Of course, at some point the body starts to interrupt this
cycle with production of modulating substances that
facilitate outflow. Borras [81] has found three important
proteins, which are normally upregulated during pressure-
induced homeostatic response of TM, which are periostin,
matrix metallopeptidase 2 and matrix Gla-protein (MGP).

For a while, cell loss can be seen as a valid solution
for annihilating the impedance to AH flow, however this
is not true as the TM cells play a key regulatory role in
AH drainage process. They respond to pressure changes
and stretch, produce and modulate ECM. Critical cellular
loss leads to atrophy of trabecular beams and collapse of
the elegant architecture of TM along with its sophisticated
regulatory mechanisms. Thanks to the patience of Grierson
& Howes, who conducted valuable TM cells counting
studies [82]. Similar study correlates between the changes
of IOP and cell number in TM will be of interesting
value. It is noteworthy that cell loss is different among
TM cell subtypes and tend to be higher in the uveal
meshwork [83].
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& Limitations of non-human models

An obvious distinction is currently made between
evolution of genes and evolution of form, to make this
point clear we will hold a comparison about a loss of
function due to a mutation in the CYPIBI gene, in both
human and mouse eyes. The ultrastructure of TM revealed
the same developmental abnormalities, while those abnor-
malities guarantee developing glaucoma in human eye
that does not happen in the case of mouse eyes, this
urges some authors to suggest a modifier gene (tyrosinase
gene in mice) that aggravates the angle abnormalities.
It is proposed that there is a link between CYP1BI1 and
tyrosine hydroxylase (TH), where the retinoids produced
from CYPIB1 promote the proliferation of neural crest
cells, which POM derived from and express TH. However,
Bidinost et al. [84] conducted a single nucleotide poly-
morphism (SNP) analysis in the 7YR chromosomal region
11q13-g21, and sequencing of the 7YR gene in a cohort
of Saudi Arabian patients with CYP1B]-associated PCG
phenotype and found out that tyrosinase is not a modifier
gene. Another important aspect is that there is a contro-
versy about occurrence of atrophy and cell death as a
developmental step in formation of TM in rodents [8].
To complicate matters some studies prove that RA
produced by RALDHI1 and 3 plays an important role in
controlling apoptosis through regulation of Eya2 and
Pitx2 [50].

Other non-rodent models, e.g., pig and zebrafish for
study of the role of CYP1BI in PCG are currently
investigated [85].

= The role of xenobiotics and
developmental toxicology

It is intriguing to know that CYP1BI, which is
implicated in PCG, was originally cloned as a dioxin-
responsive cDNA, is it a paradox that dioxin, which is
basically a teratogen, induces the expression of CYP1BI1
[86]. It is now evident that normal development of the
anterior chamber of the eye depends on CYPI/BI, being
expressed in a strict spatio-temporal pattern and we know
that drugs and other xenobiotics can alter cytochrome
P450 expression. It is tempting to speculate that aberrant
CYPI1BI induction during the embryonic and postnatal
development disrupts the normal distribution of morphogen,
in other words, PCG can not occur due to a simple gene
defect and mere absence of an enzyme and consequent
absence of its endobiotic substrate, i.e., the morphogen,
other players can be taken in consideration. An interesting
study [57] revealed that exposure of zebrafish embryos
to TCDD (Figure 2d) before hatching leads to enhancement
of CYP1BI transcription rate. This effect has not been
observed after hatching or after blocking aryl hydrocarbon
receptor 2 (AHR2), the receptor for TCDD. This indicates
that there are two distinct types of 1B1 transcription;
constitutive and TCDD-inducible. Furthermore, in CYPIBI
knockdown models, the developmental toxicity of TCDD
could not be eliminated. This means that constitutive
transcription of CYPIBI is sustained via AHR-indepen-
dent pathways. Dioxin may elicit its toxicity phenotypes
through another pathway rather than the conventional
TCDD/ARH/CYPI1B1 pathway. This is consistent with

the notion that regulation of CYP1B1 expression is mediated
by ARH-dependent along with ARH-independent pathways
(Figure 3). The latter includes transcription factors such
as Spl, CREB and estrogen receptor [87, 88].

= Dream of targeting

Speaking about targeting the morphogen will be pre-
mature at this stage, researchers could detect the gene
loci and candidate genes responsible for such disease
by genetic analysis and segregation techniques but they
could not come to conclusive results about the encoded
protein, i.e., CYP1B1 enzyme and its role in inducing
developmental defects in TM, we think that we can
benefit from the new techniques investigated nowadays
for detection of low abundance proteome [89].

The important question yet to be answered is: will
it be too late to develop a targeted therapy that can
manipulate the morphogen (which seems to direct the
TM development early in embryonic life), even if the
diagnosis of PCG is made as early as possible after birth?

The two medical options available now for trial are
(i) gene therapy: correcting the genetic defects, replacing
the pathogenic variants of CYP1BI, simply the mutations
lead to deficiency of CYPIBI, the wild type of CYPIBI
will be encoded in an appropriate viral vector — this vector
is in turn injected in the anterior segment; (if) stem cells:
replacing the damaged ganglion cell layer in the retina and
corneal endothelium. Meanwhile, the dream of targeting
PCG will be too far, how can we attempt to target a
molecule that we cannot detect to alter a function that we
cannot yet determine?

It is noteworthy that the development of TM is still
ongoing postnatally in both human and mouse eyes [13];
there is a chance if effective targeted therapy could be
discovered and taken early after birth to save the function
of TM and prevent further morbidity.

& Conclusions

Our thinking about developmental defects on basis
of absence or existence (on/off mechanism) have to be
changed to more flexible spatio-temporal changes of
induction and inhibition affecting the developing cell
lines. The reductionist view of PCG as a genetic defect
impairing the development of trabecular meshwork has
to be changed to a more integrative combined view that
entails: (7) migration and patterning defects; (i7) defects of
the remodeling of extracellular matrix; (iii) homeostatic
regulatory response for mechanical and oxidative stress;
(iv) xenobiotics and environmental factors; and (v) loss
of support from surrounding structures such as ciliary
body and lens. The molecular and signaling pathways
implicated in the aforementioned points such as tyrosinase/
L-DOPA, retinoic acid/WNT signaling, CYP1B1/putative
morphogen(s), periostin, dioxin/aryl hydrocarbon receptor
and N-cadherin have to be investigated further so that
effective targeted therapeutics can be available.
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