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Abstract

CYP1B1 has been implicated in primary congenital glaucoma with autosomal recessive mode of inheritance. Mutations in
CYP1B1 have also been reported in primary open angle glaucoma (POAG) cases and suggested to act as a modifier of the
disease along with Myocilin (MYOC). Earlier reports suggest that over-expression of myocilin leads to POAG pathogenesis.
Taken together, we propose a functional interaction between CYP1B1 and myocilin where 17b estradiol acts as a mediator.
Therefore, we hypothesize that 17b estradiol can induce MYOC expression through the putative estrogen responsive
elements (EREs) located in its promoter and CYP1B1 could manipulate MYOC expression by metabolizing 17b estradiol to 4-
hydroxy estradiol, thus preventing it from binding to MYOC promoter. Hence any mutation in CYP1B1 that reduces its 17b
estradiol metabolizing activity might lead to MYOC upregulation, which in turn might play a role in glaucoma pathogenesis.
It was observed that 17b estradiol is present in Human Trabecular Meshwork cells (HTM) and Retinal Pigment Epithelial cells
(RPE) by immunoflouresence and ELISA. Also, the expression of enzymes related to estrogen biosynthesis pathway was
observed in both cell lines by RT-PCR. Subsequent evaluation of the EREs in the MYOC promoter by luciferase assay, with
dose and time dependent treatment of 17b estradiol, showed that the EREs are indeed active. This observation was further
validated by direct binding of estrogen receptors (ER) on EREs in MYOC promoter and subsequent upregulation in MYOC
level in HTM cells on 17b estradiol treatment. Interestingly, CYP1B1 mutants with less than 10% enzymatic activity were
found to increase the level of endogenous myocilin in HTM cells. Thus the experimental observations are consistent with
our proposed hypothesis that mutant CYP1B1, lacking the 17b estradiol metabolizing activity, can cause MYOC
upregulation, which might have a potential implication in glaucoma pathogenesis.
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Introduction

Glaucoma is a multifactorial optic disc neuropathy in which

there is characteristic acquired loss of retinal ganglion cells and

atrophy of the optic nerve [1]. It is the second largest blinding

disorder after cataract [2]. According to the latest estimates,

worldwide 5.7 million people are visually impaired and about 3.1

million people are blind due to glaucoma [2].

Among the various glaucoma subtypes, primary open angle

glaucoma (POAG) occurs most frequently. Transmission of the

disease occurs mostly in monogenic form in juvenile onset POAG

(JOAG) and complex form in adults. The complex nature of the

POAG has been reviewed recently [3]. It has been reported that

72% of POAG cases have an inherited component [4]. Thirty

three chromosomal loci have so far been implicated in POAG, of

which four genes, Myocilin (MYOC) on GLC1A (1q32) [5], Optineurin

(OPTN) [6] on GLC1E (10p25), WDR36 on GLC1G (5q22.3) [7]

and NTF4 on GLC1O (19q13.3) [8,9] have been characterized. In

most cases, however, in spite of clear familial clustering, POAG

does not follow a Mendelian pattern of inheritance. All studies

carried out on the role of MYOC in POAG including the largest

study done on 1703 patients [10] reported similar frequency (2–

4%) of mutations in MYOC.

In 1997, CYP1B1 was first identified as a causal gene for

primary congenital glaucoma (PCG) [11]. Later, it was reported as

a modifier locus for POAG that together with MYOC mutation

expedite the disease progression from adult onset to a juvenile

form in a digenic mode of inheritance [12]. Screening CYP1B1 in

236 unrelated French Caucasian POAG patients unraveled

mutations in 4.6% (n= 11) of the patients with no mutation in

MYOC [13]. We observed that on rare occasion even CYP1B1

alone could be responsible for JOAG [14].

CYP1B1 is a multifactorial enzyme involved in fatty acid,

retinoic acid and 17b estradiol metabolism. Multiple studies have

demonstrated that mutations in CYP1B1 results in the loss of one

or more of its enzymatic activity, stability and relative abundance

[15–19] but no studies have been done yet to determine the

mechanism operating in digenic scenarios in POAG cases
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involving both CYP1B1 and MYOC mutations. We here propose

a mechanism based on our experimental data that could

potentially explain monogenic as well as digenic association of

CYP1B1 along with MYOC in POAG. We hypothesize that

CYP1B1 can manipulate myocilin expression by metabolizing 17b
estradiol to 4-hydroxy estradiol in Human Trabecular Meshwork

(HTM) cells preventing it from binding the Estrogen Receptors

(ER) present in cells and thus limiting the activation of the putative

EREs present in the MYOC promoter region. Mutant CYP1B1,

lacking 17b estradiol metabolizing activity, may lead to accumu-

lation of higher level of 17b estradiol in cells, thus leading to

prolonged activation of the EREs in the MYOC promoter region

via ERs and upregulate myocilin expression by transcriptional

activation. We attempted to prove this hypothesis by providing

supporting evidence for the following biological events: (1) 17b
estradiol is present in HTM cells and is synthesized in the

trabecular meshwork itself; (2) the EREs in the MYOC promoter

region are active; (3) 17b estradiol via EREs can cause

transcriptional activation of MYOC by nuclear localization of

ERa and direct binding of ERa-17b estradiol complex to the

EREs; and (4) specific CYP1B1 mutants, lacking 17b estradiol

metabolizing activity, can upregulate endogenous myocilin in

HTM cells.

Results

17b Estradiol is Present in HTM and RPE Cells
To probe the presence of 17b estradiol in ocular cells, HTM

and RPE cells were grown approximately for 36 hours in culture

media and treated with 17b estradiol antibody followed by FITC

conjugated anti-mouse secondary antibody. Immunofluoresence

assay showed scattered expression of 17b estradiol in the cytosol of

HTM (Figure 1A) and RPE (Figure 1B) that was absent in the

negative control (cells treated only with FITC conjugated anti-

mouse secondary antibody). To eliminate the possibility of

experimental artifact due to non-specific binding, same experi-

ment was performed with HEK293 (Human Embryonic Kidney)

cells that revealed the presence of 17b estradiol at a very low level

in these cells (Figure 1C).

Under normal condition, these cells were grown in a media

containing FBS. Thus these cells might have contaminating

amount of the hormone carried by FBS used in cell culture. In

order to eliminate such a possibility, HTM and RPE cells were

grown for several passages in media supplemented with charcoal

treated FBS to remove 17b-estradiol. Both cell types as well as the

culture media were treated with di-ethyl ether to extract 17b-
estradiol. The concentration of the extracted estradiol was

determined from the standard curve and was found to be

70,000 pg/ml and 150,000 pg/ml in HTM and RPE cell lines

respectively and the media was found to contain #200 pg/ml 17b
estradiol (Figure 1D). These observations strongly suggested the

presence of 17b estradiol in HTM and RPE cells.

Presence of Estrogen Biosynthesis Pathway Enzymes in
HTM and RPE Cells
To gather additional support in favor of intracellular synthesis

of 17b estradiol in HTM and RPE, we examined for the presence

of the enzymes involved in the biosynthetic pathway of estradiol

from cholesterol in these cell lines. In both HTM and RPE cells,

expression of P450SCC, CYP17, 3b-HSD, 17b-HSD and Aromatase

(Figure 2A) were found by RT-PCR (Figure 2B) using gene specific

primer pairs that encompass an intron to distinguish the amplified

products from genomic sequences. The PCR products were

further sequenced to confirm the identity of the target region (data

not shown).

EREs in the MYOC Promoter are Functionally Active
To provide evidence for 17b estradiol mediated upregulation of

MYOC, it was important to examine the responsiveness of EREs in

the MYOC promoter in the presence of estradiol. To examine this

possibility, deletion constructs (M700, M900, M1449 & M3194 in

Figure 3A) of MYOC promoter region containing ERE & AP1 sites

were generated and cloned in a promoter-less pGL3 basic vector

containing luciferase as the reporter gene. To test the functionality

of the EREs and AP1 cis-elements, the deletion clones were

transfected into human RPE cells, followed by a dose (250 nM and

1000 nM) and time (0–16 hrs) dependent treatment of 17b
estradiol, 40 hours post transfection. Based on experiments shown

in Figure 3B, two different time points (4 hrs and 8 hrs) were

selected for further downstream analysis to determine the ratio of

induced and uninduced cells with different dosages of 17b
estradiol (Figure 3C). The largest construct (M3194) containing

all 3 EREs was observed to induce maximum luciferase activity

proportional to dose and duration of estradiol treatment.

However, other clones either lacking (M700 & M900) or

containing half-ERE (M1449) were unresponsive to 17b estradiol

treatment (Figure 3B & 3C).

Inhibition of MYOC Promoter Activity by 17b-estradiol
Competitor
To further confirm that the putative EREs in the MYOC

promoter are active, we treated the cells with Estrogen Receptor

(ER) competitor 4-hydroxy tamoxifen (4-OHT). RPE cells were

transfected with the largest MYOC promoter construct containing

all the EREs (M3194) followed by treatment with increasing

concentration of 4-OHT. It was found that with increasing

concentration of 4-OHT, the basal promoter activity reduced.

This observation provided further support that the putative EREs

of the MYOC promoter are functionally active (Figure 3D).

17b Estradiol Elevates the Level of Endogenous Myocilin
in Human TM Cells
To further validate the functionality of the putative EREs in

MYOC promoter, HTM cells were treated with 1000nM of 17b
estradiol for 24 hrs. A subsequent increase in the level of

endogenous myocilin was observed post treatment (Figure 3E).

Thus, this further substantiates the activity of the EREs on MYOC

promoter and that the increased concentration of 17b estradiol

can upregulate MYOC in HTM cells.

17b Estradiol is Responsible for Nuclear Localization of
ERa in HTM and RPE Cells
To examine the presence of ERa in HTM and RPE cells and its

nuclear translocation on steroid treatment, the cells were treated

with 17b estradiol with similar dosage(250 nM and 1000 nM) in

a time dependent manner (4 hrs and 8 hrs). Then the cells were

treated with human specific ERa antibody raised in rabbit

followed by treatment with Alexa FluorH 488 conjugated anti-

rabbit secondary antibody. Confocal images of the HTM and RPE

cells revealed that nuclear localization of ERa was maximum after

8hours at both 250 nM and 1000 nM concentrations of 17b
estradiol (Figure 4 and 5).

ERa Binds to Putative EREs in MYOC Promoter
Since increased concentration of 17b estradiol in HTM cells can

upregulate endogenous myocilin and also cause nuclear localiza-

Myocilin & CYP1B1 Interaction in POAG Pathogenesis
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tion of ERa, we intended to test the direct binding of ERs to the

MYOC promoter element by chromatin immunoprecipitation

(ChIP) assay. In HTM cells, treated with 1000 nM of 17b-
estradiol for 48 hrs, ChIP was done using anti-ERa antibody and

the precipitated DNA was PCR amplified with primers specific to

a 308 bp region of the MYOC promoter (Figure 6). Positive

amplification of the specific region on MYOC promoter was

observed in HTM cells treated with 17b-estradiol indicating that

ERa specifically binds to the EREs in the MYOC promoter and

transactivates it. In order to further evaluate the specificity of the

ChIP assay, a second PCR amplification was done with the same

DNA sample immumoprecipitated with ERa antibody using

primers specific to the Tyrosinase (TYR) promoter which is devoid

of any putative ERE; absence of any PCR product strongly

suggests the specific binding of the ERa to the EREs in the MYOC

promoter (Figure 6).

CYP1B1 Mutant Proteins Show Reduced Enzymatic
Activity
The enzymatic activity of normal and mutant CYP1B1 was

analyzed to explore whether the mutant CYP1B1 clones (E229K,

R368H and R532T) lack 17b estradiol metabolizing activity,

leading to accumulation of higher level of the steroid in cells.

Among the mutants, E229K has been reported as a hypomorphic

CYP1B1 variant [16]. The R523T variant has been reported as

a cause of JOAG in an East Indian family [14] and R368H is

a predominant mutation in CYP1B1 in Indian PCG as well as

POAG patients [20], [21]. The level of activity of transfected

CYP1B1 was measured using P450-Glo assay kit with appropriate

Figure 1. Presence of 17b estradiol in ocular cells. Confocal images are shown for HTM (Panel A), RPE (Panel B) and HEK 293 (Panel C) cells using
anti-17b estradiol antibody and counterstained with FITC labeled secondary antibody. DAPI was used to stain the nucleus. In each panel control cells
were treated only with FITC labeled secondary antibody, but not primary antibody, to assess the background noise. The scale of magnification is
shown in each panel. The level of 17b estradiol in HTM and RPE cell lines were estimated by ELISA (Panel D). Similar estimation in low glucose (LG) and
high glucose (HG) media containing 10% charcoal treated FBS did not show presence of 17b estradiol. The experiments were done in triplicate.
doi:10.1371/journal.pone.0045077.g001
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controls in each step which includes (i) equal seeding density, (ii)

normalization of endogenous CYP1B1, activity, and (iii) trans-

fection efficiency. For each mutant or wild type CYP1B1 enzyme

activity was normalized with the transfection efficiency as de-

termined by the mRNA level by real-time PCR (Figure 7B). All

three mutants showed ,10% 17b metabolizing activity as

compared to the wild type CYP1B1 (Figure 7A).

Elevation of Endogenous Myocilin Level in Mutant
CYP1B1 Background
To delineate the effect of CYP1B1 mutants on the expression of

myocilin, the level of endogenous myocilin in HTM cell line was

analyzed in cells transfected with mutant CYP1B1 constructs. The

cells were harvested 36 hrs after transfection with normal and

mutant CYP1B1 constructs (E229K, R523T and R368H).

Myocilin expression in the background of R368H and R523T

mutants was found to be significantly higher leading to 180% (p

value: 0.023) and 165% (p value: 0.014) expression of MYOC,

respectively, compared to normal CYP1B1. The E229K mutant of

CYP1B1, though over expressed myocilin by 144% as compared

to wild type CYP1B1, the expression was not found to be

statistically significant (p value: 0.086) (Figure 8). Thus, in cells

expressing mutant CYP1B1 consistent overexpression of MYOC

was observed.

Discussion

To date multiple genetic evidences of involvement of CYP1B1 in

POAG have been reported [12–14,22,23]. From these reports, it

appears that CYP1B1 has a larger role to play in glaucoma

pathogenesis, which includes causation of PCG, acting as

a modifier for POAG and on rare occasions, being the primary

cause of JOAG. In addition, digenic inheritance in POAG

suggested genetic correlation between MYOC and CYP1B1 that

requires to be understood at the functional level. In our present

study, we deciphered that CYP1B1 plays a role in transcriptional

activation of MYOC, by regulating the level of 17b estradiol, the

substrate of CYP1B1.

It was observed that 17b estradiol is present in ocular cells

(HTM and RPE), which was further supported by the expression

of the enzymes required to synthesize estrogen from cholesterol in

these cells. Previous studies have demonstrated presence of

estradiol synthesizing enzymes in human ocular surface and

adnexal tissues (lacrimal and meibomian glands, corneal and

conjunctival epithelium, ciliary epithelium etc.) [24,25]. Expres-

sion of sex steroid hormone receptors were also found in multiple

ocular tissues (cornea, conjunctiva, ciliary body, retina, RPE etc.)

in different animals [26]. These observations together point that

potential local sex steroid biosynthetic and effector mechanisms

are available in the eye.

To support our hypothesis, we established that the EREs in the

MYOC promoter [27] could induce its transcription in the

presence of 17b estradiol. Also by the introduction of 17b
estradiol competitor it was found that the basal promoter activity

of the MYOC promoter is inhibited, which further proves that the

EREs of the MYOC promoter are active. In addition, a twofold

higher expression of endogenous myocilin was observed in HTM

cell line upon treatment with 17b estradiol. This was further

supported by observed nuclear localization of estrogen receptor-

alpha on17b estradiol induction. This transactivation was even-

tually brought about by binding of estrogen receptor and 17b
estradiol complex on the ERE elements of the MYOC promoter, as

evidenced from our ChIP experiment results.

It is well known that CYP1B1 plays an important role in steroid

metabolism (4-hydroxylation of 17b estradiol). Induction of MYOC

by dexamethasone, which is a corticosteroid by nature [28] and

association of early menopause with POAG [29], point towards

the fact that regulation of 17b estradiol by CYP1B1 is likely to

have a role in POAG. In fact, we detected the over-expression of

endogenous myocilin in HTM cell line in the presence of mutated

CYP1B1. The three CYP1B1 mutants (E229K, R368H and

R523T), earlier detected in East Indian POAG patients [14], were

selected for the present study and were found to have ,10% of

relative enzymatic activity compared to the wild type. Among

these three mutations, R368H is one of the predominant

mutations in India in both PCG and POAG and R523T is a novel

Figure 2. Expression of 17b estradiol synthesizing enzymes in HTM and RPE cells. A: 17b estradiol synthesis pathway. The key enzymes are
highlighted by red squares. B: Semi-quantitative RT-PCR showing the presence of key 17b estradiol synthesizing enzymes in HTM and RPE cells. Three
independent experiments were done for each enzyme in both cell lines. The identity of each product was confirmed by sequencing (data not shown).
NTC: No cDNA template control.
doi:10.1371/journal.pone.0045077.g002
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Figure 3. Functional evaluation of putative EREs in MYOC promoter. A: Serial constructs of MYOC-promoter region containing ERE and AP1
sites cloned in promoter less PGL3 basic vector. Black solid arrows indicate the forward and reverse primers used to amplify the inserts for subcloning.
Also, the alphanumeric nomenclature of the constructs corresponds to the first initial ofmyocilin (M) followed by the size of the insert in base pairs. B:
Luciferase activity in extracts from RPE cells transfected with the clones containing MYOC constructs and treated with 17b estradiol (250 nM or
1000 nM). C: Ratio of luciferase activity in cell extracts between induced and uninduced RPE cells for all 4 serial constructs upon dose (250 nM and
1000 nM) and time (4 hrs & 8 hrs) dependent treatment of 17b estradiol. The time points were taken based on the previous experiment in Panel B. D:
The M3194 construct was transfected in RPE cells and subjected to increasing amount of 4-hydroxy tamoxifen (4-OHT; 17b estradiol competitor)
treatment followed by luciferase assay. A gradual decrease in MYOC promoter activity was observed with increasing amount of 4-OHT. E: Significant
upregulation of endogenous myocilin with 17b estradiol treatment in HTM cell. (**p-value,0.001, ***p-value,0.0001). Three independent replicates
were performed for all the experiments described here.
doi:10.1371/journal.pone.0045077.g003
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mutation found to cause JOAG in autosomal recessive mode of

inheritance. Interestingly, for both the mutations significant

increase in myocilin expression was found. Although E229K did

not elicit significant overexpression of myocilin, it is possible that,

similar to other multifactorial diseases, additional underlying

factor(s) might precipitate the disease. E229K has been previously

characterized as a hypomorphic allele [16]. Nevertheless, the

activity for the variant (E229K) has been reported to be 26–40%

[15,16] while we observed it to be ,10%. The difference in in-vitro

assessment of the enzyme activity may be due to the usage of

different cells (RPE, HEK-293 or yeast cells), assay method and

method for normalization (protein vs mRNA). In addition,

relatively lower stability of E229K [16] could further complicate

the precise assessment of the enzyme activity. Also, it is predicted

to act as a risk factor for both PCG and POAG [14,20,21].

However, this variant has not yet been found in homozygous state

in PCG patients [16]. Even when found in compound heterozy-

gous state with another mutation, E229K was not found to be fully

penetrant [23,30]. Interestingly, we found that this variant does

not significantly overexpress myocilin.

CYP1B1 mutation has also been found in sporadic POAG

patients and on rare occasions, can cause JOAG in autosomal

recessive mode of inheritance [14]. MYOC mutation when present

along with CYP1B1 mutation is reported to expedite the disease

condition [31]. Also, mutated myocilin has been reported to form

protein aggregates in the cell, in cytoplasm as well as in

endoplasmic reticulum which ultimately results in cell death

[32]. Therefore, over expression of mutated myocilin as a result of

mutant CYP1B1 would be expected to hasten up the cell death.

Over expression of wild type myocilin is also believed to be

involved in glaucoma pathogenesis. It is believed that in case of

steroid induced glaucoma, over expression myocilin is one of the

triggering factors for glaucoma causation; however, the notion is

still controversial [33]. Over expression of myocilin has been

shown to compromise the adhesive property of the cultured HTM

cells through activation of cAMP/PKA and inhibition of Rho

kinase [34]. Human myocilin over expression in the eyes of

Drosophila melanogaster results in distortion of ommatidia (the ‘eye’ of

Drosophila) which is accompanied by fluid discharge [35] and also

activates the UPR (Unfolded protein response) [36]. On the

contrary, BAC mediated myocilin overexpression in mouse does

not produce any glaucoma phenotype [37]. This is not rare that

mutations in homologues genes in mouse do not produce similar

phenotype observed in human, which also varies depending on the

mouse strain used in the specific study. Intravitreal administration

of adenoviral vector with Y437H myocilin mutation in four

different mouse strain (A/J, BALB/cJ, C57BL/6J, and C3H/HeJ)

elevated the IOP level in three (BALB/cJ, C57BL/6J, and A/J)

and considerable damage to the optic nerve was found in only one

strain (A/J) [38].

CYP1B1 represents the first example where mutation in

a member of the cytochrome P450 superfamily results in a primary

Figure 4. Nuclear localization of ERa on 17b estradiol treatment in HTM cells. A: Confocal images of HTM cells upon dose (250 mM &
1000 mM) and time (4 hr and 8 hr) dependent treatment with 17b estradiol. Cells were stained with human specific ERa-antibody followed by Alexa
FluorH 488 labeled anti-rabbit secondary antibody (Upper panel). For all conditions, corresponding superimposed image with DAPI are given (Lower
panel). Arrows point to the cells where nuclear localization of ERa was observed. B: Histogram showing the percentage of HTM cells with ERa
localized in the nucleus upon treatment with 17b estradiol in a dose and time dependent manner. Each experiment was done in triplicate. C: Cross
sectional 3D view of nuclear localization of ERa in HTM cell is shown [Scale bar: 20 mm].
doi:10.1371/journal.pone.0045077.g004
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developmental defect in terms of PCG [11]. It has also been found

to be associated with head and neck squamous cell carcinoma and

breast cancer [39,40]. It has been speculated earlier that CYP1B1

participates in the metabolism of an as-yet-unknown biologically

active molecule that is a participant in eye development [11].

Vincent et al (2001) [12] suggested that MYOC and CYP1B1

possibly interact through a common pathway and proposed that

myocilin function could potentially be influenced by mutation in

CYP1B1. Also, polymorphisms in CYP1B1 are known to be

associated with its functional differences in estrogen hydroxylation

activity [41]. Here we tried to elucidate a possible underlying

mechanism where regulation of 17b estradiol by CYP1B1 plays

a key role in the cascade of events that may lead to glaucoma

(Figure 9). However, further in-vivo studies on animal models are

necessary to provide additional supporting evidence for CYP1B1

Figure 5. Nuclear localization of ERa upon 17b estradiol treatment in human RPE cells. A: Confocal images of human RPE cells upon dose
(250 mM & 1000 mM) and time (4 hr and 8 hr) dependent treatment with 17b estradiol. Cells were stained with human specific ERa-antibody
followed by Alexa FluorH 488 labeled anti-rabbit secondary antibody (Upper panel). For all conditions, corresponding superimposed image with DAPI
are given (Lower panel). Arrows point to the cells where nuclear localization of ERa was observed. B: Histogram showing the percentage of RPE cells
with ERa localized in the nucleus upon treatment with 17b estradiol in a dose and time dependent manner. Each experiment was done in triplicate.
C: Cross sectional 3D view of nuclear localization of ERa in RPE cell is shown [Scale bar: 10 mm].
doi:10.1371/journal.pone.0045077.g005

Figure 6. Direct binding of ER-a- 17b estradiol complex to EREs in MYOC promoter. ChIP (Chromatin-immunoprecipitation) assay results
showing the presence of specific 308 bp band for myocilin promoter in the sample immunoprecipitated with the anti-estrogen receptor antibody. No
specific band was observed for Tyrosinase gene promoter devoid of any EREs. In both the cases no amplification was observed on
immunoprecipitation with immunoglobulin (IgG). Three independent replicates were performed for this experiment. NTC: No Template Control.
doi:10.1371/journal.pone.0045077.g006

Myocilin & CYP1B1 Interaction in POAG Pathogenesis
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Figure 7. CYP1B1 mutants have lower 17b estradiol metabolizing activity compared to wild type protein. A: The enzyme activity of the
mutant proteins was expressed as percentage of the activity retained as compared to the native (wild type) enzyme. Mutant constructs of CYP1B1 (i.e.
E229K, R368H and R523T) showed ,10% of 17b estradiol metabolizing activity (**p-value,0.001). B: Histogram showing the expression level of the
transfected wild type and mutant constructs of CYP1B1 in RPE cells as detected by RT-PCR. Three independent replicates were performed for this
experiment.
doi:10.1371/journal.pone.0045077.g007

Figure 8. CYP1B1 mutants cause upregulation of MYOC in HTM cells. A: Increased MYOC expression with mutant CYP1B1. Western blot
analysis of mutant CYP1B1 and myocilin showed increased expression of MYOC in the presence of mutant CYP1B1 clones with reduced (,10%) 17b
estradiol metabolizing activity. B: Quantitative analysis of MYOC expression. The histogram shows levels of expression of endogenous MYOC in HTM
cells transfected with wild type and mutant CYP1B1 clones. All the three mutants of CYP1B1 (i.e. E229K, R368H and R523T) considerably over-
expressed MYOC compared to the normal CYP1B1. The R368H and R523T showed statistically significant over expression of myocilin with a p-value of
0.023 and 0.014, respectively. However, the effect of E229K mutant was not found to be statistically significant. This experiment was repeated three
times [*p-value- ,0.05].
doi:10.1371/journal.pone.0045077.g008

Myocilin & CYP1B1 Interaction in POAG Pathogenesis
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mediated MYOC upregulation as a molecular basis for glaucoma

pathogenesis.

Methods

Mammalian Cell Culture
The human retinal pigment epithelium cell line RPE8319 (kind

gift from Dr. Frans Cremers, Univ. Medical Center, Nijmegen,

The Netherlands), HEK293, and Human Trabecular Meshwork

(HTM) cell line (originally developed by Polansky et al and kindly

gifted by Dr. Michael Walter, University of Alberta, Edmonton,

Canada) were maintained in DMEM (Dulbecco’s modified Eagle

Medium, GIBCO BRL) at pH 7.4 supplemented with 10% fetal

bovine serum (GIBCO BRL) containing penicillin/streptomycin/

gentamycin in the presence of 5% CO2 at 37uC. While RPE and

HEK293 cell lines were maintained with high glucose concentra-

tion (4 g/L), HTM cell line was maintained in media containing

lower glucose concentration (1 g/L).The identity of the HTM cell

line was verified by upregulation of endogenous myocilin by

dexamethasone treatment (Figure S1). Transient transfections of

human RPE and HTM cell lines were performed with the

Lipofectamine 2000 system according to the manufacturer’s

instructions (Invitrogen Inc., USA).

Immunocytochemistry
For the immunofluorescence assay, HTM and RPE cells

(approximately 36105 cells) were cultured on coverslips in

a 35 mm culture dish for 14 hrs. The cells were rinsed twice with

cold PBS and fixed with cold acetone:methanol (1:1) fixing

solution for 5 mins at 220uC. After fixing, the cells were washed

with PBS 3 to 4 times. Only in case of ER-a, cells were

permealized using 0.1% Triton-X (Sigma-Aldrich, USA) at room

temperature for 3 mins. The cells were then incubated in 5% BSA

(Bangalore Genei, India) in PBS for 1hour at room temperature.

This was followed by overnight incubation with either human ER-

a specific primary antibody (1:100 dilution) raised in rabbit (Sigma

Biologicals, Germany) or human 17b estradiol specific primary

antibody (1:50 dilution) raised in mouse (Geneway, USA) at 4uC.
On the following day, the excess primary antibody was washed off

with PBS thrice and the cells were incubated with Alexa FluorH
488 anti rabbit (1:200 dilutions) (Invitrogen, USA) or FITC

conjugated anti mouse secondary antibody (1:200 dilutions)

(Bangalore Genei, India) for 2hours at room temperature. The

cells were again washed with PBS thrice and the cover slips were

mounted on glass slides with Prolong Gold Antifade reagent with

DAPI (Invitrogen, USA). The confocal imaging was done using

A1R confocal microscope (Nikon, Japan).

Figure 9. Schematic diagram showing potential influence of CYP1B1 mutants on MYOC expression. In Panel A fully functional wild-type
CYP1B1 metabolizes 17b-Estradiol; thus limiting the steroid to form the hormone-receptor complex (17b-Estradiol-ER) whereas in Panel B restricted
CYP1B1 enzymatic activity results in higher levels of the steroid available for formation of 17b-Estradiol-ER complex which in turn leads to MYOC
upregulation through estrogen response elements (EREs) in MYOC promoter. The latter condition might have a potential implication in glaucoma
pathogenesis.
doi:10.1371/journal.pone.0045077.g009
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To quantify ERa nuclear localization 3 to 4 fields were

randomly chosen and percentage of cells showing ERa foci in the

nucleus was determined for each field (for both RPE and HTM

cells). The experiment was done in triplicate. In each case nuclear

localization of the ER-a was confirmed by 3D imaging of the cells.

Detection of 17b Estradiol in HTM, RPE and Culture
Media by ELISA
Assessment of 17b estradiol in cells and cell culture media was

done using estradiol bioassay kit (Stressgene, USA) with a modified

protocol. The HTM and RPE cells were grown to confluency in

a 6 cm culture dish in a media containing charcoal treated FBS for

several passages. The confluent HTM and RPE cells were treated

with 500 ml of NP40 lysis buffer and the lysate was collected in

a tube. Estradiol was extracted from cell lysate with diethyl-ether.

Estradiol was also extracted from the ‘‘virgin’’ culture media (not

used in cell culture procedure) with charcoal treated FBS to

estimate the level of estradiol in the media. After extraction the

ether was evaporated under nitrogen and the extracted estradiol

was re-suspended in assay buffer provided with the kit.

The kit is provided with a 96 well ELISA plate pre-coated with

goat anti rabbit secondary antibody. The external antigen i.e 17b
estradiol has to compete with an ALP (alkaline phosphatase)

conjugated 17b estradiol competitor provided with the kit for

binding with estradiol specific primary antibody raised in rabbit.

So, as the amount of the external antigen increases the ALP signal

is decreased. The amount of external antigen was calculated from

the standard graph prepared with known amount of 17b estradiol.

This experiment was repeated three times.

Construction of MYOC-promoter Clones in PGL3 Basic
Vector
Serial fragments containing AP1 and EREs in the promoter

region of MYOC were amplified from genomic DNA using the

respective oligonucleotide pairs (Table S1). All the oligonucleotides

used for this purpose contained XhoI and HindIII restriction site at

their 59- and 39 ends respectively. The fragments were then cloned

either directly or via TA vector (pCR2.1, Invitrogen, USA)

mediated cloning into PGL3 basic vector (Promega, USA) after

digestion with XhoI and HindIII (New England Biolabs, USA) using

T4 DNA ligase (Invitrogen, USA). Recombinant plasmids were

isolated using QIAGEN plasmid midi kit (Qiagen, Germany) from

transformed E.coli cells in ampicillin mediated selection condition.

These constructs were first checked on 0.8–1.0% agarose gel after

digestion with above mentioned enzymes and then sequenced

using respective amplification primers (Table S1) on one end and

PGL3 specific primer PGLR (59-

CTTTATGTTTTTGGCGTCTTCCA-39) from the other end.

Assay for Luciferase Activity Following Treatment with
17b Estradiol and 4-hydroxy-tamoxifen (4-OHT)
Human RPE cells were (approximately 16106 cells/per well)

seeded on 6-well plate and left overnight (,14 hrs). Cells were

transiently transfected with empty pGL3 vector as control and

MYOC promoter constructs. For consistency each transfection was

carried out with 2 mg of either MYOC promoter constructs or

pGL3 control vector from a single plasmid preparation. After 36

hours of transfection RPE cells were subjected to dose and time

dependent treatment of 17b estradiol followed by luciferase assay.

The luciferase activity was normalized with protein concentration

and the ratio between estradiol treated and untreated cells were

taken. This experiment was repeated three times and statistical

significance was calculated using student’s t-test.

For examining the inhibition of myocilin promoter activity by

estrogen receptor competitor, human RPE cells (approximately

16106 cells/per well) were seeded on 6-well plate and cultured

overnight (,14 hrs). The cells were then treated with 0.1 mM,

1 mM and 10 mM of 4-OHT (Sigma, USA) for 8 hrs, post 36 hrs

of transfection with M3194 (2mg/per well); the largest construct

containing all the EREs followed by luciferase assay. For

consistency replicate experiments were carried out with plasmids

from single preparation. Here also the luciferase activity was

normalized with protein concentration and the fold differences

between 4-OHT treated and untreated cells were taken. For each

dose luciferase activity was measured for three independent

experiments and statistical significance was calculated using

student’s t-test.

The luciferase activity was determined as light units using the

Luciferase Assay Kit (Promega, Madison, USA). For the assay, the

cells were washed with phosphate buffered saline and lysed in the

luciferase cell culture lysis buffer provided with the Luciferase

Assay Kit. Twenty five micro-liter of cell lysate was then added to

25 ml of luciferase assay substrate (Luciferase Assay Kit) and the

luminescence was measured as light units in a Monolight 2010

luminometer (Analytical Luminescence, San Diego, CA). The

protein concentration in each lysate was determined with a protein

assay kit (Bio-Rad, USA) and used to normalize the luciferase

activity.

Chromatin Immunoprecipitation (ChIP) Assay
For ChIP assay HTM cells were treated with 17b estradiol for

48 hrs. Then the cells were processed for ChIP reaction with

IMGENEX quick ChIP kit (IMGENEX, USA) according to the

manufacturer’s protocol using estrogen receptor specific antibody

(Sigma, USA) or IgG (negative control) (primer lists are available

in Table S2).

Site Directed Mutagenesis
A CYP1B1 cDNA construct in the pcDNA3 mammalian

expression vector (kindly gifted by Dr. Thomas. H. Friedberg

University of Dundee, UK) was used to generate mutant CYP1B1

clones: c.1057 G.A (E229K), c.1475 G.A (R368H) and c.1940

G.C (R523T). Site-directed mutagenesis and subsequent trans-

formation of the mutant clones were performed using the

QuikChange XL Site-Directed Mutagenesis Kit (Stratagene, La

Jolla, CA, USA) according to the manufacturer’s protocol with

specific primers (Table S3). Plasmid isolation was done for all the

three variants c.1057 G.A (E229K), c.1475 G.A (R368H) and

c.1940 G.C (R523T) cloned in the pcDNA3 vector, using

a QIAGEN plasmid mini kit (Qiagen, Germany) according to the

manufacturer’s protocol. The targeted changes in the recombinant

clones generated were confirmed by sequencing.

Determination of Wild Type and Mutant CYP1B1 Enzyme
Activity
RPE cells (approximately 36105 cells per well) were grown on

12 well culture plates. After 24 hrs, cells were transfected with

2 mg wild type and mutant CYP1B1 (pE229K, pR368H and

pR523T). Forty hours post transfection CYP1B1 activity was

measured using the CYP450-GLOTM Assay kit (catalog number

V8762; Promega, Madison, WI) with a modified protocol. The

media was changed and the luciferin-CEE substrate (0.1 mM final

concentration) was added to each well with 500 ml of media. After

3Khrs incubation most of the luciferin-CEE was converted to

luciferin and secreted out in the media. The medium was collected

from each well and processed according to the manufacturer’s
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protocol. The final amount of luciferin was determined using

luminometer.

For each observation total media (500 ml) was taken out and 3

aliquots of 50ml of media for each mutant as well as the wild type

constructwere used for final reading from luminometer. The relative

luminescence unit (RLU) obtained was normalized with respective

mRNA levels of thewild type andmutantCYP1B1, as determinedby

Real-Time PCR, to nullify the difference in transfection efficiency.

The enzyme activity of the mutant proteins were expressed as

percentage of activity retained as compared to wild type protein. For

each mutant three independent observations were made and

statistical significance was calculated using Student’s t-test.

Preparation of cDNA from RNA (RT) and PCR
To determine the RNA levels of 17b estradiol synthesizing

enzymes and the wild type andmutant CYP1B1, cells were collected

from respective wells after determination of the luciferase activity

from the media. Total RNA was extracted from each by using

TriZolTM (Invitrogen, USA) as per the manufacturer’s protocol.

Preparation of cDNA was done using SUPERSCRIPTTM First –

Strand Synthesis System (Invitrogen, USA) for RT-PCR at 42uC for

50 min following the manufacturer’s instructions.

For PCR about 2 ml of cDNA was amplified in a 30 ml reaction
volume containing 10 mM Tris-HCl, pH 8.3; 50 mM KCl,

2.5 mM or 2.0 mM MgCl2 as required, 0.26mM of each dNTPs

and 25 pmol of each primer and 0.5U Taq DNA polymerase

(GIBCO-BRL, Gaithersburg, MD). To determine the expression

of the enzymes required for estrogen synthesis from cholesterol,

cDNAs of HTM and RPE cells were amplified with primer pairs

(Table S4) from coding sequence but encompassing an intron such

that amplified cDNA product could be distinguished from the

gDNA by the known difference in sizes of the amplicons.

Quantitative Real Time-PCR for Normal and Mutant
CYP1B1
The mRNA expression of normal and mutant (c.1057 G.A,

c.1475 G.A and c.1940 G.C) variants of CYP1B1 was de-

termined by Real-Time PCR in the 7500 Real Time PCR System

(Applied Biosystems, Foster City, CA) using SYBR Green

Jumpstart Taq Ready Mix (Sigma, St.Louis, MO). The following

primers were used: CYP1B1 F 59-GGAGAACGTACCGGC-

CACTATC-39 and R 59-CTTGGGTTTAATGGTTAGACC-39

and human b-actin F 59-TGACGGGGTCACCCA-

CACTGTGCCCATCTA- 39 and R 59-CTAGAAG-

CATTGCGGTGGACGATGGAGGG- 39. The threshold cycle

CT of duplicate samples was determined using 7500 System SDS

software (Applied Biosystems, Foster City, CA). The levels of both

normal and mutant CYP1B1 were normalized to b-actin levels by

calculating the DCT value, which is the CT (threshold cycle) of the

housekeeping gene (b-actin) subtracted from the CT of the target

gene (CYP1B1). As CYP1B1 mRNA is expressed in RPE cells, we

further normalized the data by calculating the DDCT value which

is a subtraction of DCT value of untransfected cells from each DCT

value of both cells transfected with normal and mutant CYP1B1.

All calculations were done according to the published paper in

2001 by Giulietti et al [42].

Protein Electrophoresis and Western Blotting
Human trabecular meshwork (HTM) cells were grown on 6 well

culture plates. After 24 hrs, cells were transfected with 4 mg of wild
type and mutant CYP1B1 constructs. After transfection, the cells

were treated with monensin sodium salt (3.2 mg/ml of media) for

36 hrs. Thirty six hrs post transfection cells were lysed using NP-

40 lysis buffer (150 mM Tris-Cl, 50 mM EDTA, pH. 8.0,

1%NP40) supplemented with protease inhibitor cocktail (1ul/

106 cell; Sigma, St.Louis, MO) and was sonicated in a water bath

for 5 mins. Total protein was estimated using Bradford assay,

which is necessary for equal loading of the lysates. Fifty microgram

of each protein sample were resolved in 10% SDS-polyacrylamide

(MiniPROTEAN III; BioRad, Herucles, CA) and transferred onto

a PVDF membrane (Hybond-P; GE Healthcare, Bedford, UK) by

electroblotting using the ECL semi-dry transfer unit (Amersham

Biociences, USA). Membranes were then blocked in 5% BSA in

TBS for 3 hrs at room temperature and incubated with respective

primary antibody [anti-CYP1B1 polyclonal antibody (1:1000)

(Abcam, UK), anti-MYOC polyclonal antibody (1:250) (Santa-

Cruz, USA) and Anti-b actin (1:2000) antibody (Sigma-Aldrich,

USA)] overnight at 4uC. Beta- actin was used as the loading

control. The membranes were washed thrice with TBST [25 mM

Tris-HCl (pH 7.5), 150 mM NaCl, 0.05% tween-20] at 10 mins

interval followed by incubation with appropriate secondary

antibody conjugated with HRP [Anti-rabbit (1:60,000) and anti-

mouse (1:2000)] (Bangalore Genei, India) for 2 hrs at room

temperature. The secondary antibody was washed thrice with

TBST followed by two washes with TBS. The ECL-western

blotting detection kit (Pierce, USA) was used for chemiluminiscent

detection. Densitometry for protein band quantitation was

performed on scanned films using Image J software on triplicated

independent experiments. The results were compared using

Student’s t-test.
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