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TET-dependent GDF7 hypomethylation impairs
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Glaucoma is the leading cause of irreversible vision loss,
affecting more than 70 million individuals worldwide. Circula-
tory disturbances of aqueous humor (AH) have long been cen-
tral pathological contributors to glaucomatous lesions. Thus,
targeting the AH outflow is a promising approach to treat glau-
coma. However, the epigenetic mechanisms initiating AH
outflow disorders and the targeted treatments remain to be
developed. Studying glaucoma patients, we identified GDF7
(growth differentiation factor 7) hypomethylation as a crucial
event in the onset of AH outflow disorders. Regarding the un-
derlying mechanism, the hypomethylated GDF7 promoter was
responsible for the increased GDF7 production and secretion
in primary open-angle glaucoma (POAG). Excessive GDF7
protein promoted trabecular meshwork (TM) fibrosis through
bone morphogenetic protein receptor type 2 (BMPR2)/Smad
signaling and upregulated pro-fibrotic genes, a-smooth muscle
actin (a-SMA) and fibronectin (FN). GDF7 protein expression
formed a positive feedback loop in glaucomatous TM (GTM).
This positive feedback loop was dependent on the activated
TET (ten-eleven translocation) enzyme, which kept the GDF7
promoter region hypomethylated. The phenotypic transition
in TM fortified the AH outflow resistance, thus elevating the
intraocular pressure (IOP) and attenuating the nerve fiber
layer. This methylation-dependent mechanism is also
confirmed by a machine-learning model in silico with a speci-
ficity of 84.38% and a sensitivity of 89.38%. In rhesus monkeys,
we developed GDF7 neutralization therapy to inhibit TM
fibrosis and consequent AH outflow resistance that contributes
to glaucoma. The neutralization therapy achieved high-effi-
ciency control of the IOP (from 21.3 ± 0.3 to 17.6 ±
0.2 mmHg), a three-fold improvement in the outflow facility
(from 0.1 to 0.3 mL/min $ mmHg), and protection of nerve fi-
bers. This study provides new insights into the epigenetic
mechanism of glaucoma and proposes an innovative GDF7
neutralization therapy as a promising intervention.

INTRODUCTION
Glaucoma, a main cause of permanent vision impairment, affects
more than 70million individuals worldwide.1,2 Disruption of aqueous
Mo
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humor (AH) outflow is believed to be the major cause of primary
open-angle glaucoma (POAG), which resulted in elevation of intraoc-
ular pressure (IOP).3 If left untreated, elevated IOP will result in
progressive loss of retinal ganglion cells and axons in the optic nerve
leading to irreversible vision loss. First-degree relatives of POAG pa-
tients have a 4 to 10 times higher disease prevalence than that of the
general population.4,5 Familial aggregation studies of POAG support
a substantial heritable component; however, a simple mode of inher-
itance is not robust for identifying POAG susceptibility genes. There-
fore, genome-wide association studies were recruited and successfully
identified common variants at more than 100 genetic loci that asso-
ciate with POAG.6,7

However, POAG is also complex clinically. The lead genetic variants
for POAG together explain less than 5% of high IOP variance, indi-
cating the heterogeneous genetic basis of POAG. Moreover, the rela-
tionship between IOP elevation and retinal ganglion cell degeneration
is not simple, as many individuals have IOP elevation without optic
nerve damage, and some patients develop optic nerve degeneration
without elevated IOP.8,9 With the consideration of the complexity,
rather than simple inheritance, POAG susceptibility is influenced
by DNA sequence variants in many genes, environmental factors,
and their interactions.10 Integration of chromatin annotation maps
of POAG supports the importance of altered transcriptional regula-
tion. Thus, the investigation of epigenetic changes in POAG is of
interest.

Previous studies mainly focus on the general methylation or acetyla-
tion level among the whole genome, without identifying specific genes
or loci.11,12 Also, the epigenetic mechanisms and therapies in main-
taining the AH outflow remain to be defined. Mapping the dysregu-
lated DNA methylation loci in POAG patients would be pivotal in
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Figure 1. GDF7 hypomethylation was the crucial event in glaucoma

(A) Diagram of aberrantly methylated regions in primary open angle glaucoma (POAG). From the outside in, the first layer presents the chromosomal information; the second

and third layers present the different methylation sites in POAG patients and healthy controls (CONs), respectively; and the fourth and fifth layers present aberrantly

methylated promoters and untranslated regions (UTRs) in POAG patients. (B) The top 20 differentially methylated sites in glaucomatous trabecular meshwork (GTM) samples

(presented in reference name). As normalized to the controls, the relative methylation levels of the target regions were represented in the pseudocolor (n = 8 per group). (C)

The disrupted methylation genes in POAG patients enriched in seven biological pathways as analyzed by Kyoto Encyclopedia of Genes and Genomes (KEGG). (D) The

dysregulated methylation levels of five candidates were confirmed by bisulfite sequencing PCR (BSP) in trabecular meshwork (TM) samples and cells (n = 3 per group). (E)

Decrease in methylation level of the GDF7 promoter was confirmed in eight GTM samples compared to healthy controls by BSP (n = 8 per group). (F) Ninety GTM samples

were obtained from trabeculectomy (clinical information in Table S2) to validate the expression of GDF7 by quantitative real-time PCR and ELISA. Note: the readouts were

(legend continued on next page)
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understanding the pathogenesis and suggest promising clinical appli-
cations. Since the DNA methylation landscape is predominantly tis-
sue specific,13 trabecular meshwork (TM) samples, the crucial
component of the AH outflow passway,14 should be recruited in
epigenetic screening.

This study, which assesses the role of aberrant DNA methylation in
POAG patients, aims to illustrate whether dysregulated DNAmethyl-
ation is responsible for outflow resistance of AH and visual impair-
ments. Growth differentiation factor 7 (GDF7) hypomethylation is
a major contributor of elevated AH outflow resistance by promoting
TM fibrosis and closely related with clinical outcomes. DNA hypome-
thylation-induced overexpression of GDF7 could be enhanced in a
ten-eleven translocation (TET)-dependent positive feedback loop.
By activating bone morphogenetic protein receptor type 2
(BMPR2)/Smad signaling, excessive GDF7 protein fortifies the TM
fibrosis with increased a-smooth muscle actin (a-SMA), fibronectin
(FN), and collagen expression. A machine-learning model is then
applied to validate the methylation-dependent mechanism in silico.
Furthermore, GDF7 neutralization therapy is developed in rhesus
monkeys to prevent TM fibrosis and thus improve the AH outflow fa-
cility, control the IOP elevation, and protect retinal neurons.

This study provides novel epigenetic insights into the pathogenesis of
glaucoma by deciphering DNA methylation. Moreover, the GDF7
neutralization therapy launches a groundbreaking paradigm shift in
the management of glaucoma.
RESULTS
GDF7 hypomethylation was identified in POAG

Dysregulated DNA methylation is responsible for various biological
and pathological processes, including cell fibrosis andmorphophysio-
logical variation.15,16 The excavation of the DNA methylation distur-
bance underlying glaucoma might open a new view for the fibrosis of
TM. To identify the DNAmethylation disturbance in POAG, the TM
samples were collected from eight POAG patients and eight matched
normal controls (NCs). The glaucomatous TM (GTM) samples were
obtained during trabeculectomy from POAG patients. The normal
TM (NTM) samples were obtained from the eye bank in the Zhong-
shan Ophthalmic Center (see Materials and methods). The inclusion
criteria of POAG patients and NC are stated in Materials and
methods (patients’ information summarized in Table S1).

As reported in bioinformatic analysis, Pearson’s correlation coeffi-
cients between the same experiments were 0.9985/0.9985 (POAG/
NC), indicating conformity among the samples. With the use of a
genome-wide DNA methylation microarray, we identified 810 aber-
rantly methylated genes and 1,294 CpG sites (|b-difference| > 0.2
normalized to the eight normal TM (NTM), due to the limitation of the donations we ca

treatment was tested by BSP, and the change in GDF7 mRNA level was measured by

methylation level and clinical manifestations in POAG patients (n = 8). The data represent

NTM cells: #p < 0.05, ##p < 0.01. NC, normal control; IOP, intraocular pressure; CDR
and p < 0.05) in POAG patients (Figure 1A). The top 20 differentially
methylated genes were listed in the heatmap (Figure 1B).

Assisted by Kyoto Encyclopedia of Genes and Genomes (KEGG)
analysis, the dysregulated methylation sites in POAG patients are pri-
marily enriched in seven biological pathways. As shown in Figure 1C,
disturbed DNA methylation acquires a pivotal role in tissue fibrosis
from the aspects of cellular adhesion and extracellular matrix
(ECM) dynamics. Based on these findings, five candidate methylation
sites related to fibrotic signaling were selected for further validation:
GDF7 (fold change = 3.36, adjusted p value = 0.017), Col1A1 (fold
change = 3.01, adjusted p value = 0.025), transforming growth factor
(TGF)-b1 (fold change = 2.69, adjusted p value = 0.039), fibroblast
growth factor (FGF)12 (fold change = �4.69, adjusted p value =
0.03), and MMP-27 (fold change = �1.68, adjusted p value = 0.042).

Bisulfite sequencing PCR (BSP) assay was conducted in TM samples
and primary TM cells (see Materials and methods) to confirm the
DNA methylation levels of target genes. As indicated in Figure 1D,
the disturbed DNA methylation levels of the five candidate sites
were in conformity with the microarray results. GDF7 methylation
level showed a fold change > 2 with p < 0.05. However, the other
four candidates did not present as much significance in methylation
change. Based on these results, GDF7 hypomethylation was nomi-
nated as a promising regulator in POAG.
Decreased methylation of the GDF7 promoter was the crucial

event in POAG

As presented in the diagram, the dysregulated methylation site is
located in the CpG islands of the GDF7 promoter region (Figure S5A).
Therefore, the DNA methylation level of the GDF7 promoter was
further tested in eight GTM samples. As analyzed by BSP, the DNA
methylation level of the GDF7 promoter was decreased in GTM sam-
ples compared with NC (Figure 1E).

Since the dysregulated methylation level in the promoter would
largely affect the transcription activity,17 the GDF7 expression was
tested in TM samples by real-time PCR. To eliminate the individual
difference, an additional 90 GTM samples (clinical information of pa-
tients in Table S2) were recruited in the validation. Results presented
that the mRNA levels of GDF7 were significantly increased in GTM
samples compared with NC. In addition, the increase of GDF7 pro-
tein was confirmed in homogenates of GTM samples, as measured
by enzyme-linked immunosorbent assay (ELISA) (Figure 1F). To bet-
ter define the role of DNA hypomethylation in increased GDF7
expression, NTM cells were treated with 0.5 mM 5-aza-20-deoxycyti-
dine (DAC), a general inhibitor of DNAmethyltransferase, for 72 h.18

DAC-induced demethylation in the GDF7 gene was validated by a
BSP assay, and the transcription of GDF7 was significantly enhanced
n get. (G) The GDF7 methylation level in response to 5-aza-20-deoxycytidine (DAC)

real-time PCR in TM cells (n = 3 per group). (H) Correlation analysis between GDF7

themean ± SD. Compared with NTM samples: *p < 0.05, **p < 0.01. Comparedwith

, cup/disc ratio; RNFL, retinal nerve fiber layer.
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Figure 2. Excessive GDF7 protein-promoted fibrosis in cultured TM cells

(A) In cultured TM cells, the expression level of fibrosis-relatedmarkers was presented with immunofluorescence, and the collagen accumulation in TM cells was presented by

Masson stain (n = 3 per group). (B) The mRNA levels of N-cadherin (N-cad), a-smooth muscle actin (a-SMA), and fibronectin (FN) were tested in recombinant human GDF7

(rhGDF7)-treated TM cells by quantitative real-time PCR assay (n = 3 per group). (C and D) As presented in western blot results, the protein levels of N-cad, a-SMA, and FN

(legend continued on next page)
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in DAC-treated TM cells, indicating that the epigenetic upregulation
of GDF7 expression in GTMwas methylation dependent (Figure 1G).

We then analyzed the correlation between the methylation level of the
GDF7 promoter and the clinical manifestations: IOP elevation, retinal
nerve fiber layer (RNFL) attenuation, cup/disc ratio (CDR) increase,
and visual field (VF) defects in patients. IOP elevation, the direct
manifestation of AH outflow resistance, negatively correlated with
the GDF7 methylation level in POAG patients. The mean RNFL
thickness is a commonly used measure to infer the status of retinal
ganglion cells in glaucoma diagnosis and progression.19 As shown
in Figure 1H, the mean RNFL thickness is positively correlated with
the methylation level of the GDF7 promoter in POAG patients. How-
ever, there was no significant correlation between GDF7 methylation
level and CDR or VF defects (Figure 1H).

Overexpressed GDF7 protein promoted TM fibrosis

Fibrotic TM was nominated as the predominant pathological event in
AH outflow resistance.20,21 Increased accumulation of collagen was
observed in the GTM samples and cells with Masson staining (first
lane of Figures S1A and S1B). Also, pro-fibrotic markers,22 including
a-SMA, FN, and Col I, were significantly upregulated in GTM samples
and cultured GTM cells. By contrast, the marker of NTM cells, N-cad-
herin (N-cad), was significantly decreased in patients (Figures S1A and
S1B). To exclude potential individual differences, a fluorescence image
gallery of TM samples from POAG patients and healthy donors was
presented in Figure S3A. Moreover, real-time PCR and immunoblot
results confirmed the TM fibrosis in POAG (Figures S2A�S2C). These
changes suggested an important role of fibrosis in GTM.

Given that GDF7 protein was overexpressed in GTM samples (Fig-
ure 1F), we wondered whether excessive GDF7 expression may be a
pivotal player in TM fibrosis. To this end, recombinant human
GDF7 protein (rhGDF7) was used. NTM cells were treated with
5 ng/mL rhGDF7 in culture medium for 72 h and then washed off
before testing. As determined by the immunofluorescence (IF) assay,
rhGDF7 treatment dramatically upregulated the expression level of
fibrotic markers a-SMA and FN and downregulated N-cad expres-
sion in TM cells. Moreover, rhGDF7 augmented the accumulation
of collagen in TM cells (Figures 2A and S4A). The disturbed expres-
sion of these fibrosis-related markers was also confirmed by real-time
PCR and western blot (WB) (Figures 2B�2D).

Then we made GDF7 neutralizing antibody (nGDF7; details in Mate-
rials and methods) to specify whether nGDF7 could inhibit rhGDF7-
induced fibrotic phenotypic change in TM cells. In rhGDF7-treated
TM cells, the decrease of the N-cad could be prevented by nGDF7.
Meanwhile, the rhGDF7-induced increase of a-SMA and FN could
be inhibited by nGDF7 compared with the NC antibody. Also, the
rhGDF7-induced accumulation of collagen in TM cells was signifi-
cantly suppressed by nGDF7, as shown in Masson staining (Fig-
weremeasured in NTM cells with or without rhGDF7 treatment (n = 3 per group). Scale ba

Compared with rhGDF7 group: #p < 0.05, ##p < 0.01. nGDF7, GDF7 neutralizing anti
ure 2A). At transcriptional and translational levels, nGDF7
significantly suppressed Col I, a-SMA, and FN expression and
rescued N-cad expression. These results showed that neutralizing
GDF7 effectively repressed rhGDF7-induced fibrosis in TM cells (Fig-
ures 2B�2D). Taken collectively, TM fibrosis was promoted by exces-
sive GDF7 protein and could be inhibited by GDF7 neutralization.

TET enzyme maintained GDF7 hypomethylation and facilitated

transcription

DNA methylation in the form of 5-methylcytosine can be actively
reversed to unmodified cytosine by TET dioxygenase,23 which is
the most ubiquitous demethylation mechanism in eukaryotes. We
wondered whether glaucomatous GDF7 hypomethylation was depen-
dent on dysregulated TET activity. Therefore, we checked TET activ-
ity in TM samples. As measured by chemiluminescence, TET enzyme
was dramatically activated in the GTM samples and cells as compared
with NC (Figure 3A).

Dimethyloxallyl glycine (DMOG), inhibitor of the TET enzyme, was
employed to define the role of TET in the demethylation of the GDF7
promoter. In DMOG-treated NTM cells, there was no significant
change in the methylation level of the GDF7 promoter region as
measured by BSP, but in GTM cells, the methylation level of the
GDF7 promoter was increased by 4 h DMOG treatment as compared
to vehicle. Results indicated that the activated TET enzyme is required
for themaintenance of the GDF7 promoter hypomethylation status in
glaucoma but not the initiator of DNA demethylation during the
pathological transition from NTM to GTM (Figure 3B).

To illustrate how the decreased methylation level in the GDF7
promoter facilitates the transcription of the GDF7 gene, reverse-chro-
matin immunoprecipitation (ChIP) was used to identify the tran-
scription factors binding to the hypomethylated GDF7 promoter
(detailed binding site presented in Figure S5A). Proteins pulled
down by reverse ChIP probes were analyzed by liquid chromatog-
raphy-tandem mass spectrometry (LC-MS/MS) spectrometry. Three
transcription factors were identified to bind with the GDF7 promoter
in GTM cells: ETS1, Foxo1, and KDM3A (Figure S5B). The increased
binding between ETS1 and region 2 of the GDF7 promoter in GTM
cells was confirmed by ChIP-quantitative PCR (qPCR) compared
with NC (Figure 3C). However, the other two transcription factors
have similar binding affinity with the glaucomatous and normal
GDF7 promoter, which lacked significance in pathological scenarios
(Figures S5C and S5D).

To explore the binding between the ETS1 and GDF7 promoter, hu-
man ETS1 plasmid and luciferase reporter with the GDF7 promoter
were co-transfected into TM cells. Luciferase activity was increased
in ETS1-overexpressed cells. In ETS1 transient knockdown cells,
the luciferase activity was suppressed, indicating that ETS1 can
directly bind with the GDF7 promoter to enhance the gene
rs, 20 mm. The data represent themean ±SD. Compared with NTM cells: **p < 0.01.

body; Col I, collagen I.
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Figure 3. Ten-eleven translocation (TET) activation promoted glaucomatous GDF7 production

(A) The activity of the TET enzyme was measured in nucleus extracts from TM samples/cells by chemiluminescence assay (n = 3 per group). (B) BSP assay was recruited to

measure the methylation level of the GDF7 promoter in response to dimethyloxallyl glycine (DMOG) in NTM and GTM cells (n = 3 per group). (C) All of the RNA fragments that

bond to the ETS1 protein were pulled down by ChIP and then tested by qPCR. The amplification of different regions in the GDF7 promoter was conducted with specially

designed primers (details in Table S7; n = 3 per group). (D) Luciferase activity was measured to indicate the binding affinity between the GDF7 promoter and ETS1 (n = 3 per

group). (E) The binding between ETS1 and the GDF7 promoter from NTM or GTM cells was tested by luciferase reporter assay (n = 3 per group). (F) As measured by ChIP-

qPCR, the binding between the ETS1 protein and the GDF7 promoter presented in GTM cells compared with NTM cells in response to DMOG (n = 3 per group). (G) The

transcription activity of the GDF7 promoter region in NTM cells and GTM was tested by the luciferase reporter assay. The transcription activity disturbance in response to

DMOGwas alsomeasured (n = 3 per group). (H) GDF7 secretion was tested in conditionedmedium by ELISA. GDF7 secretion was dramatically increased in GTMcells, which

was effectively prevented by DMOG treatment (n = 3 per group). The data were represented as mean ± SD. Compared with NTM samples: **p < 0.01. Compared with NTM

cells: ##p < 0.01. Compared with vector or scramble: @p < 0.05, @@p < 0.01. Compared with GTM cells: $p < 0.05, $$p < 0.01. siETS1, siRNA of ETS1.
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transcription (Figures S5E and 3D). To understand the changes in
transcription activity, region 2 of the GDF7 promoter from NTM
and GTM cells was cloned into the luciferase reporter, respectively.
Increased luciferase activity confirmed the increased transcription ac-
tivity of the glaucomatous GDF7 promoter (Figure 3E). These results
indicated that ETS1 can bind to the hypomethylated GDF7 promoter
to facilitate gene transcription activity in POAG patients.

But whether GDF7 overexpression in POAG was mediated by the
TET enzyme is unclear. As measured by ChIP-qPCR, DMOG treat-
1644 Molecular Therapy Vol. 29 No 4 April 2021
ment had no effect on the binding between the ETS1 and GDF7 pro-
moter in NTM cells. However, the increased binding between ETS1
and GDF7 in GTM cells can be inhibited by DMOG (Figure 3F).
Also, the role of DMOG in regulating GDF7 transcription was
measured. The luciferase reporter assay confirmed that DMOG
significantly inhibited transcription activity of the glaucomatous
GDF7 promoter compared with that of vehicle-treated cells (Fig-
ure 3G). We further tested the essential role of TET in GDF7 produc-
tion and secretion in glaucoma. As shown in Figure 1F, the GDF7
secretion was increased in the supernatant of GTM cells, and the



Figure 4. DMOG broke the positive feedback loop of GDF7 expression

(A) The conditioned medium from P3 cells was collected and measured by ELISA. The GDF7 protein concentration was presented (n = 3 per group). (B) The methylation level

of the GDF7 promoter and mRNA level of the GDF7 gene were measured by BSP and RT-PCR, respectively, in P3 cells (n = 3 per group). (C) The expression of pro-fibrotic

genes, a-SMA and FN, and the level of N-cad were presented by immunofluorescence labeling in P3 cells (n = 3 per group). Scale bars, 20 mm. The data were represented as

mean ± SD. Compared with NTM cells: **p < 0.01. Compared with P3 cells: #p < 0.05, ##p < 0.01. Compared with siRNA of GDF7 (siGDF7)-treated P3 cells: $$p < 0.01.

www.moleculartherapy.org
glaucoma-induced overproduction of GDF7 was prevented by
DMOG treatment (Figures 3H and S5F), indicating that TET was
involved in GDF7 overexpression. Conclusively, the active TET
enzyme maintained hypomethylation status in the GDF7 promoter
to facilitate the gene transcription in POAG.

Then the role of TET in TM fibrosis was validated. In GTM cells,
DMOG effectively inhibited the expression of Col I, a-SMA, and
FN, as determined by the IF assay, WB, and real-time PCR, and the
expression of N-cad was rescued by DMOG in GTM cells (Figures
S6A�S6D). DMOG exerted no effect on expression of these markers
in NTM cells. These results indicated that TET is crucial for the TM
fibrosis in glaucoma.

TET-dependent positive feedback loop of GDF7 expression

To further elucidate the mechanism of methylation-dependent GDF7
overexpression in POAG, we subcultured the rhGDF7-treated NTM
cells twice (P3 cells) without rhGDF7 in the culture medium. After
10–12 days, P3 cells and supernatants were collected. Interestingly,
GDF7 secretion remained increased in P3 cell supernatants compared
with NC (806 ± 13 pg/mL versus 349 ± 21 pg/mL, p < 0.05), indicating
that exogenous GDF7 protein can trigger the expression of endoge-
nous GDF7 in TM cells. To validate the hypothesis, GDF7 was tran-
siently knocked down with small interfering RNAs (siRNAs;
siGDF7). In P3 cells, GDF7 secretion was suppressed by GDF7 knock-
down (742 ± 9 pg/mL), indicating a regulatory role of GDF7 protein
in gene transcription (Figure 4A). Then we tested how exogenous
GDF7 protein activates endogenous gene expression. We theorized
that this regulatory effect lies in disturbed methylation in the GDF7
gene. As determined by the BSP assay, the methylation level of the
GDF7 promoter remained decreased in P3 cells, and siGDF7 signifi-
cantly increased the methylation level of the GDF7 promoter (Fig-
ure 4B). Also, siGDF7 effectively inhibited upregulation of a-SMA
and FN, and expression of N-cad was regained by GDF7 knockdown
in P3 cells as presented in IF (Figure 4C). The knockdown efficiency
was validated by both real-time PCR and WB. In concordance, the
Molecular Therapy Vol. 29 No 4 April 2021 1645
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upregulation of Col I, a-SMA, and FN in P3 cells was inhibited by
GDF7 knockdown with an observed increase in N-cad at mRNA
and protein levels (Figures S4A�S4C). These results indicated that
the exogenous GDF7 protein demethylates the GDF7 promoter to
trigger the endogenous production of GDF7, thus forming a positive
feedback loop to maintain the fibrotic phenotype in TM cells.

As stated above, TET was pivotal in maintaining the demethylation
status of the GDF7 promoter and in promoting the transcription of
GDF7. Therefore, we wondered whether TET also participates in
the positive feedback loop of GDF7 expression. After treatment
with DMOG for 4 h, the methylation level of the GDF7 promoter
was increased in P3 cells, as measured by BSP assay. Also, DMOG in-
hibited the GDF7 production, as detected by real-time PCR (Fig-
ure 4B). Next, the role of DMOG in fibrosis of P3 cells was tested.
With the use of IF, we observed upregulation in N-cad after
DMOG treatment. DMOG also inhibited the overexpression of
fibrotic markers, a-SMA and FN, in P3 cells (Figures 4C and S7A).
Consistently, DMOG prevented dysregulation of the fibrosis-related
markers in P3 cells, as confirmed by real-time PCR and immunoblot
(Figures S7B�S7D). These results indicated that the TET enzyme has
a crucial role in the positive feedback expression of endogenous GDF7
and TM fibrosis.

GDF7 promoted TM fibrosis via BMPR2/Smad1, -5, and -9

signaling

Given that nGDF7 blocked the pro-fibrotic effect of the exogenous
GDF7 protein as shown above, we assumed that the secreted GDF7
protein might function via binding to receptors on the plasma mem-
brane. In order to figure out the GDF7 receptor, we conducted bioin-
formatics analysis to annotate the proteins interacting with GDF7.
The results suggested that GDF7 closely interacted with BMPR2.
Therefore LDN-193189 (LDN), the specific inhibitor of BMPR2,
was employed to further illustrate the interaction between GDF7
and BMPR2 signaling.

As measured by IF, the rhGDF7-induced upregulation of a-SMA and
FN was prevented by 5 nM LDN treatment for 24 h, and LDN could
prevent the N-cad decrease in rhGDF7-treated TM cells. Also, LDN
inhibited collagen deposition in rhGDF7-treated cells (Figures 5A
and S8A). Consistently, the rhGDF7-induced TM fibrosis was in-
hibited by LDN with decreased a-SMA and FN, as measured by
WB and real-time PCR (Figures 5B and S8B). However, LDN treat-
ment has no effect in NTM cells (Figures 5A, 5B, S8A, and S8B), indi-
cating that overproduction of GDF7 promoted TM fibrosis through
activating BMPR2 in glaucoma.

Activated BMPR2 works through its downstream effectors. The phos-
phorylation of Smad protein marks the activation of the BMPR2
signal. As shown in WB, Smad proteins were hyperphosphorylated
in GTM samples compared with NC (Figure S8C), presenting the
activation of the BMPR2/Smad signal in GTM. Then we examined
whether the BMPR2/Smad signal was activated in response to
rhGDF7. As measured by immunoblots, Smad1/-5/-9 and Smad4
1646 Molecular Therapy Vol. 29 No 4 April 2021
were phosphorylated by rhGDF7 to their active forms. The
rhGDF7-induced phosphorylation of Smad proteins could be in-
hibited by LDN (Figures 5C and 5D). Taken collectively, GDF7 pro-
moted TM fibrosis through BMPR2/Smad signaling.

In silico validation of the GDF7/BMPR2/Smad signal in POAG

The artificial neural network (ANN)-based model (sketched in Fig-
ure 6A) was established to test the role of GDF7/BMPR2/Smad
signaling in the POAG pathological mechanism and clinical manifes-
tation. The methylation levels of 6 markers in this pathway (GDF7,
BMPR2, Smad1, Smad5, Smad9, and Smad4) were used to predict 4
major clinical manifestations of POAG. As presented, our model pre-
dicted the attenuated RNFL with area under the curve (AUC) 85.9%, a
high IOP with AUC 82.9%, a high CDR with AUC 92.4%, and VF de-
fects with AUC 87.2% (Figure 6B). The confusion matrixes of 4 clin-
ical manifestations are presented in Figure 6C, and the sums of all
false positive and false negative cases were below 20% (Figure 6D).
The evaluation indices are presented in Table S3. In all, these two ob-
servations indicated that our model is well trained and robust.

Then we analyzed the contribution of 6 methylation markers to the
clinical outcomes of POAG. GDF7 methylation level acquired the
largest contribution to POAG-related outcomes (contribution factor
�1.00 in RNFL,�0.80 in IOP,�0.33 in CDR, and�1.00 in VF). Such
a phenomenon is consistent with our previous finding that GDF7 hy-
pomethylation was the critical event in POAG development. BMPR2
methylation level contributed the least (contribution factor 0.00 in
RNFL, 0.00 in IOP, 0.02 in CDR, and 0.18 in VF) in predicting the
clinical outcomes. This result also fit the biological function of the
BMPR2 receptor, which is primarily regulated through ligand binding
and post-translational modifications24 rather than DNAmethylation.
Meanwhile, the methylation level of Smad1 (contribution factor
�0.42 in RNFL, �0.54 in IOP, �0.20 in CDR, and �0.35 in VF),
Smad9 (contribution factor �0.06 in RNFL, �0.42 in IOP, �0.18
in CDR, and 0.03 in VF), and Smad4 (contribution factor 0.20 in
RNFL, 0.24 in IOP, 0.13 in CDR, and 0.22 in VF) substantially
contributed to the clinical manifestations (Figure 6E).

GDF7 neutralization effectively inhibited TM fibrosis in rhesus

monkeys

Each eye of the eight monkeys had a baseline IOP below 20 mmHg,
and no ocular abnormalities in the anterior segment, fundus, or the
RNFL thickness were observed before the experiment (Figures
S9A�S9F). 2.5 mg rhGDF7 was delivered into the anterior chamber
three times on weeks 0, 2, and 4. After 10 weeks’ treatment of rhGDF7
(sketched in Figure 7A), the AH outflow facility was dramatically
decreased (c = 0.154 ± 0.003 mL/min $ mmHg) compared with that
of control (CON) eyes (c = 0.342 ± 0.007 mL/min $ mmHg, p <
0.05). If left untreated, the outflow facility of rhGDF7 eyes remained
low during our observation period (Figure 7B). Meanwhile, the IOP
was gradually elevated in rhGDF7-treated monkey eyes, from
16.39 ± 1.73 to 21.12 ± 0.25 mmHg (p < 0.05). During the observation
period, the IOP of the rhGDF7-treated monkeys continuously ex-
ceeded that of the CON monkeys (p < 0.05) (Figure 7C). The



Figure 5. GDF7 promoted fibrosis through the BMPR2/Smad1, -5, and -9 pathway

(A) Fibrosis was determined by immunofluorescence labeling with N-cad, a-SMA, and FN together with Masson staining in cultured TM cells. (B) The mRNA levels of GDF7

and fibrosis-related markers N-cad, a-SMA, and FN were tested by quantitative real-time PCR in four groups of TM cells (n = 3 per group). (C and D) The ratio between

phosphorylated and total Smad1, -5, and -9 and Smad4 protein was measured and analyzed by immunoblot in TM cells (n = 3 per group). Scale bars, 20 mm. The data were

represented as mean ± SD. Compared with rhGDF7 group: *p < 0.05, **p < 0.01. Compared with NTM cells: #p < 0.05.
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Figure 6. Validation of GDF7 methylation in POAG pathogenesis with the ANN model

(A) Study pipeline for agent training, validation, and testing. Methylation levels of GDF7, BMPR2, Smad1, Smad5, Smad9, and Smad4 were enrolled in the training library to

predict four binary POAG-related outcomes (high IOP, attenuation of RNFL thickness, high CDR, and visual field [VF] defects). (B) The ANN-basedmodel was used to predict

the four binary POAG-related outcomes. The accuracy of the model was presented by area under the curve (AUC). (C and D) Summary of the confusion matrices in the four

outcome networks was displayed. (E) The contribution of input indexes (methylation levels of GDF7, Smad1, Smad5, Smad9, and Smad4) in predicting clinical outcomes

related to POAG was calculated. TP, true positive; TN, true negative; FP, false positive; FN, false negative.
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Figure 7. GDF7 neutralization protected TM function in rhesus monkeys

(A) Simplified workflow of animal experiment. In brief, rhGDF7 was delivered into the anterior chamber three times on the first days of weeks 0, 2, and 4. The nGDF7 was

injected into the anterior chamber for three times on the first days of weeks 10, 12, and 14. Ophthalmic examinations were conducted every 2 weeks throughout the entire

process. The TM samples were harvested on the end of week 28. (B) The aqueous humor (AH) outflow facility was measured throughout the whole experiment. (C) Curves

(legend continued on next page)
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intraocular effect of rhGDF7 treatment in monkey eyes lasted for
7 months, which further confirmed the positive feedback loop of
GDF7 expression in vivo. Concurrently, the RNFL thickness, a direct
index of glaucomatous neuronal lesions, was reduced in response to
rhGDF7 treatment, especially in nasal (54.56 ± 1.62 mm versus
61.33 ± 1.33 mm in CON, p < 0.05) and temporal (61.53 ± 1.35 mm
versus 69.93 ± 0.98 mm in CON, p < 0.05) parts of the fundus (Figures
S10A and S10B). Conclusively, the intraocular accumulation of the
GDF7 protein disrupted the AH outflow, increased the IOP, and
caused neuronal lesions in monkeys.

The nGDF7 was delivered into the anterior chamber of monkey eyes
three times on the first days of weeks 10, 12, and 14 in the nGDF7
group. 18 weeks after nGDF7 treatment, the rhGDF7 reduced outflow
facility was greatly recovered (0.31 ± 0.005 mL/min $ mmHg in the
rhGDF7 + nGDF7 group versus c = 0.124 ± 0.009 mL/min $ mmHg
in the rhGDF7 group, p < 0.05) (Figure 7B). Also, the IOP elevation
was inhibited by nGDF7 (IOP = 17.30 ± 0.12 mmHg) compared with
that of rhGDF7-treated eyes (IOP = 21.81 ± 0.54 mmHg, p < 0.05)
(Figure 7C). Moreover, the rhGDF7-induced attenuation of the
RNFL thickness was suppressed by the nGDF7 (Figures S10A and
S10B). Simple delivery of nGDF7 into normal eyes presented no sig-
nificant difference. Therefore, the GDF7 neutralizing treatment effec-
tively blocked the rhGDF7-induced damage in AH outflow.

Mechanistically, intracameral delivery of exogenousGDF7 protein acti-
vated the endogenous expression of GDF7 via a positive feedback loop.
The nGDF7 effectively prevented GDF7 overexpression inmonkey TM
samples, asmeasured by immunoblot (Figure S11B). These results indi-
cated that GDF7 neutralization exerted protective effects via interrupt-
ing the positive feedback loop. Moreover, various disturbances of
fibrotic markers were observed in rhGDF7-treated TM tissues, which
could be markedly inhibited by the neutralizing antibody. Asmeasured
by the IF assay and WB, the rhGDF7-induced increase in a-SMA and
FN was suppressed by nGDF7. Also, nGDF7 prevented the rhGDF7-
induced loss of N-cad (Figures 7D and S11A). Meanwhile, the accumu-
lationof collagen inTMtissueswas inhibitedbyGDF7neutralization, as
measured by Masson staining compared with rhGDF7-treated eyes
(Figure 7D). In addition, the nGDF7 significantly suppressed the phos-
phorylation of Smad1, -5, and -9 and Smad4, thus inhibiting the activa-
tion of BMPR2/Smad signaling in monkey eyes (Figure S11C).

Taken collectively, intracameral GDF7 delivery resulted in glaucoma-
like TM fibrosis and clinical manifestations in monkey models. GDF7
neutralizing treatment effectively prevented the fibrotic phenotype
and improved AH outflow through TM.

DISCUSSION
A TM fibrosis-induced disturbance in AH outflow is an important
cause of retinal ganglion cell death and thus is involved in the path-
presented the IOP change in response to rhGDF7 delivery or/and nGDF7 treatment in m

and FN was conducted in monkey TM tissues, and collagen accumulation was determ
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ological process of glaucoma.25,26 Here, for the first time, we identified
GDF7 hypomethylation as the crucial contributor of AH outflow
resistance in glaucoma patients. Mechanistically, the demethylation
of the GDF7 promoter facilitated the transcription of the GDF7
gene and then increased production of the GDF7 protein. Locally
accumulated GDF7 protein promoted TM fibrosis, thus declining
the outflow facility of AH and elevating the IOP. rhGDF7-induced
phenotypic change is comparable to the glaucomatous manifestations
in patients. For therapeutic purposes, we developed the nGDF7 to
effectively inhibit glaucomatous damage in rhesus monkey eyes (sum-
marized in Figure 8).

There is one concern about the different preliminary sampling pro-
cedures: NTM was obtained from healthy donors, and GTM was ob-
tained during trabeculectomy. Such difference may introduce biases
on the following analyses, especially the microarray results. To mini-
mize the biases, we established an identical isolation procedure after
the preliminary sampling. Specifically, the isolation was carried out by
two experienced ophthalmologists to remove all of the adjacent tis-
sues under an optical microscope and only retained the translucent
and meshwork-shaped tissue. Conformity of isolation procedures in
both NTM and GTM secured the purity of TM cells in our samples,
thus reducing the possible bias in the following analysis.

We also identified a positive feedback loop in the epigenetic regula-
tion of GDF7 expression. This positive feedback regulation of
GDF7 perfectly matches the clinical manifestations, including the
gradual IOP elevation and continual RNFL attenuation. These clinical
manifestations were attributed to the consistent and irreversible cir-
culatory disturbance of the AH.27 In regenerative tissues, such as
TM, the transient environmental impact or temporary post-transla-
tional regulation cannot fit into this continuous clinical pattern.
Only with the help of a positive feedback loop can the regional
methylation disturbance in GDF7 lead to an increase in the magni-
tude of the AH circulatory perturbation. In our study, DMOG, the in-
hibitor of the TET enzyme, interrupted the GTM fibrosis by
increasing the methylation level of the GDF7 promoter (Figure 5C).
Therefore, we ascribed the positive feedback loop to activation of
TET enzymes in our scenario. However, the detailed landscape of
this positive feedback loop requires further studies.

In this study, DMOG was recruited to inhibit the activity of the TET
enzyme and further illustrate the role of the TET enzyme in POAG. It
should be noted that DMOG, as a synthetic analog of a-ketoglutarate,
can also induce the hypoxia-inducible factor (HIF) signal. However,
as indicated by the manufacturer (Sigma-Aldrich) and published
data, the inhibit function of the DMOG is dose specific. The
DMOG dose inhibiting TET is 10 times different with the dose to
regulate HIF.28,29 Also, many studies used DMOG as a TET inhibitor
to inhibit TET activity both in vivo and in vitro.30–32 Based on this
onkey eyes (n = 4 per group). (D) Immunofluorescence labeling with N-cad, a-SMA,

ined by Masson trichrome staining (n = 4 per group). Scale bars, 20 mm.



Figure 8. Proposed model for the methylation-

dependent pathology in POAG

Hypomethylation in the GDF7 gene gave rise to the

increased GDF7 mRNA transcription via facilitating tran-

scription factors binding to open chromatin. The TET

enzyme sustained GDF7 overexpression by keeping the

promoter region hypomethylated and open. Excessive

GDF7 proteins activated BMPR2 and phosphorylated the

downstream effectors, Smad1, -5, and -9 and Smad4.

The phosphorylated Smad complex translocated into the

nucleus and further promoted the overexpression of GDF7

and fibrosis markers, including Col I, a-SMA, and FN.

Meanwhile, the expression of N-cad was suppressed,

which remains to be explored in further studies. The

imbalance between these proteins triggered TM fibrosis,

which leads to the function failure in TM and ended up in

IOP elevation. The accumulated GDF7 protein also acti-

vated the TET enzyme via an unknown mechanism, thus

forming a positive feedback loop. Based on the afore-

mentioned mechanism, the nGDF7 could impede the pro-

fibrotic effect of GDF7. Therefore, GDF7 neutralization

halts the progression toward fibrosis and maintains a

normal AH through the TM.

www.moleculartherapy.org
information, we assume that DMOG functioned mainly as a TET in-
hibitor in this study.

The GDF7 positive feedback loop in glaucoma patients depends
largely on the hyperactivation of the TET enzyme. Three regulatory
mechanisms have been implicated in the modulation of TET activity.
First, TET activity can be determined by the levels and type of the
transcript produced, as reported by the Good et al.33 and Jiang
et al.34 groups. A variety of the enhancer and promoter can regulate
the expression of transcripts to encode TET proteins with different
catalytic activity. Second, TET activity can also be regulated by
post-translational modifications (e.g., ubiquitination, acetylation,
phosphorylation, GlcNAcylation, and PARylation).23,33,34 Third,
TET activity was related to the expression of multiple microRNAs.35

It would be interesting to identify the specific regulator of the TET
enzyme in future studies, which can provide more basic insights
into the pathogenesis of GDF7 hypomethylation-related POAG.

The rhGDF7 protein was used to illustrate the role of GDF7 in
cultured TM cells and in monkey eyes. However, we are not able to
distinguish the exogenous GDF7 protein from the endogenous one.
The protein tags36 (His or Myc) and radioactivity labeling are both
effective methods but can only be achieved in vitro. The fluorescent
label is a theoretically feasible method to monitor the exogenous
GDF7 protein in vivo. However, the molecular weight of the fluores-
cent tag (GFP or mCherry) is relatively large,37 so it will induce the
TM dysfunction bias by blocking the AH outflow physically. Another
limitation of the fluorescent-label method is that we cannot exclude
the tag bias in causing conformation and functional domain distur-
bance of the protein. Hence, it would be meaningful to develop a
novel method to detect rhGDF7 from endogenous protein in future
studies.
Based on these mechanistic findings, we developed the nGDF7, which
was effective in rhesus monkeys. In past decades, many efforts have
been made in targeting DNA methylation, but general methylation
regulators, such as DAC, influence the entire family of DNA methyl-
transferases, which can bring about severe side effects.38,39 However,
the nGDF7 specifically targeted the GDF7 protein and blocked its
detrimental effect regarding TM fibrosis. In addition, the neutralizing
treatment was very safe in eyeballs. Intracameral injection is widely
used in clinical routines to treat infection, post-operation inflamma-
tion, and cystoid macular edema with great safety and efficacy.40 Due
to the relatively large molecular weight of our antibody (45 kDa), it
cannot pass through the blood-ocular barrier or enter other tissues.
This critical characteristic will greatly protect patients from possible
circulatory side effects. Moreover, unlike small molecules, antibody
elimination occurs mostly through receptor-mediated endocytosis,
which is dependent on a limited number of receptors.41 With a rela-
tively slow elimination rate, the half-life of the neutralizing antibody
was significantly longer (9–14 days) compared with traditional anti-
glaucoma drugs (2–4 h).42 Therefore, the effective dose of the
nGDF7 can be quite low (0.05 mg/injection), which might also be
safe for patients. In addition, GDF7 neutralization achieved high-ef-
ficiency control of the IOP, improved the outflow facility, and pro-
tected nerve fibers in primates, as reported in our results. Therefore,
with great safety and efficacy, the nGDF7 appears to be a promising
therapy in POAG patients.

We checked fibrosis in the three randomNTM and GTM samples. As
presented in Figure S3A, we found that the fibrosis in GTM #1 and #3
was obvious, and GTM #2 was not that obvious. This individual dif-
ference was consistent with the published literature, which suggested
other pathological findings in the TM of POAG patients. Notably,
cross-linked actin network (CLAN) formation in TM tissues acquired
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the most attention due to the following evidence. First, the formation
of CLANs has been found more commonly in the cultured GTM cells
compared to the NTM cells.43,44 Second, the increased CLAN forma-
tion was also witnessed in glaucomatous human eyes in situ.45 Third,
the formation of CLANs was involved in AH outflow resistance.46

Given this evidence, it will be interesting to confirm the function
and investigate the underlying mechanism of the CLAN formation
in POAG.

This study identified GDF7 methylation as the novel epigenetic event
in the pathogenesis of glaucoma. The ANN model confirmed the
methylation-dependent regulatory mechanism via GDF7/BMPR2/
Smad signaling in silico. Furthermore, this model provides new in-
sights into the detection of POAG and the recognition of clinical
manifestations with specific methylation markers. The nGDF7
proved to have great safety and efficacy in the management and treat-
ment of glaucoma, and this has launched a groundbreaking paradigm
shift.

MATERIALS AND METHODS
Patients and CONs

Nighty-eight POAG patients and eight NCs were enrolled in this
study. The POAG group recruited patients with an age between 18
and 80 years and an adherence to the diagnostic criteria of POAG
(simplified version is shown in Table S4).47,48 The inclusion criteria
comprised patients who needed to undergo trabeculectomy for un-
controlled IOP under maximal-tolerated topical medical therapy.
Subjects with a visual acuity of <20/40; a spherical refraction of
<�10.0 or >+3.0 diopters (Ds); a history of ocular surgery; evidence
of retinal or macular pathology; or a history of pseudoexfoliation syn-
drome, diabetes mellitus, uveitis, systemic collagenopathy, and objec-
tive neurologic signs, or use of topical or systemic corticosteroids,
were excluded. The patients that met the inclusion criteria of
POAG without trabeculectomy were excluded from our study. Eight
patients were randomly picked from the POAG group for genome-
wide DNA methylation screening with the microarray. The samples
from the rest of the 90 patients were used for the validation of
GDF7 expression.

The healthy donors were recruited from the Eye Bank of Zhongshan
Ophthalmic Center (Guangzhou, Guangdong, China). These donors
were required to have no known ocular diseases, no family history of
glaucoma, and a normal optic nerve head appearance. Eight healthy
donors were matched with POAG subjects in DNA methylation
screening regarding the sex and age using a frequency-matching
method.

This study was approved by the Ethics Committee for Human Exper-
imentation at ZhongshanOphthalmic Center, Sun Yat-sen University
(Guangzhou, China; 2017KYPJ021), and it was performed in accor-
dance with the Declaration of Helsinki. Patients or the first-degree
relatives of the healthy donors were well informed about the study
and potential risk. Written, informed consent was obtained from all
of the subjects for collection of TM samples and clinical data.
1652 Molecular Therapy Vol. 29 No 4 April 2021
Data collection

The demographic data (including age, sex, and medical history) of
POAG patients and healthy donors were recorded. Visual acuity,
IOP, VF, slit lamp, optical coherence tomography (OCT), ophthal-
moscope, and gonioscopy examinations were carried out in POAG
patients.

TM sampling

NTM samples were obtained from the leftover tissue after cornea
transplantation. In all cases, death to preservation time was less
than 12 h. NTM samples were isolated from the juxta-canalicular
and corneoscleral regions of the human eye.

The GTM samples were obtained according to standard surgical pro-
cedures. The excision was conducted at least 0.5 mm away from the
limbus to avoid any damage to the corneal epithelium.49 The proced-
ures were executed under microscopic control to secure that the
removed specimens contained TM cells.

After sampling, the isolation was carried out by two experienced oph-
thalmologists in both preliminary NTM and GTM samples. Specif-
ically, we removed all of the tunica pigmentosa and sclera under
the optical microscope (40 magnificence) and only retained the trans-
lucent and meshwork-shaped tissue.

Every TM sample was divided into four equal amounts: one for DNA
methylation analysis, one for embedding, one for protein homoge-
nate, and one for RNA extraction. Histology examination was per-
formed in three randomly selected samples (1 NTM and 2 GTM).
The majority of TM cells in the specimens were determined by hema-
toxylin and eosin (H&E) staining (Figure S3B). Immediately after
isolation, the samples were immersed in a corneal storage medium
(Optisol; Chiron Vision, Irvine, CA, USA) at 4�C immediately and
stored at –80�C until use.

The following NTM samples were used: NTM1 (52-year-old male),
NTM2 (45-year-old male), NTM3 (64-year-old male), NTM4 (58-
year-old male), NTM5 (58-year-old male), NTM6 (61-year-old fe-
male), NTM7 (45-year-old female), and NTM8 (64-year-old female).
The average age of the NTM donors (n = 8), GTM donors (n = 8), and
GTM validators (n = 90) was 55.9 years, 57.4 years, and 52.0 years,
respectively (p > 0.05).

Genome-wide DNA methylation analysis

TM samples from the 8 POAG patients and 8 healthy donors were
collected and used for genome-wide DNA methylation analysis as
stated above. Illumina human methylation 850K chips (Illumina,
San Diego, CA, USA) were used to examine the DNA methylation
status. Total DNA was extracted using the QIAamp DNA Mini Kit
(QIAGEN) and then subjected to bisulfite conversion using the EZ
DNA Methylation Kit (Zymo Research, Irvine, CA, USA). The bisul-
fite-converted DNA was loaded onto the Infinium Methylation EPIC
BeadChips. The BeadChips were processed through a single nucleo-
tide extension, followed by immunohistochemical staining. After
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the primer extension process, the chips were imaged on an Illumina
iScan.

We processed all Illumina array raw data using the methylation mod-
ule of Genome Studio version (v.)1.9 software. The criteria for iden-
tifying the disturbed methylation regions were |b-difference| > 0.2,
and p values < 0.05. To assign biological meaning to the disrupted
methylation regions, two forms of annotation clustering, Gene
Ontology (GO) classifications and KEGG pathways, were employed.
At least two genes had to be present in a GO term group or a KEGG
pathway, and the p value had to be less than or equal to 0.05 for the
genes to be considered.

BSP

For BSP, genomic DNA was isolated using the Genomic DNA Isola-
tion Kit (QIAGEN, Valencia, CA, USA) and then subjected to bisul-
fite conversion using the EpiTect Fast DNA Bisulfite Kit (QIAGEN,
Hilden, Germany), according to the manufacturer’s instructions.
The bisulfite-converted genomic DNA was used to measure the
methylation level of five candidate genes with the methylation
primers (details in Tables S5A and S5B). The amplified fragments
were cloned into the pTG19-T vector (lot: GV6021; Beijing, China),
and ten clones were randomly selected for BSP. Controls to assess
the accuracy of the bisulfite conversion of the DNA were included
in each run to ensure the fidelity of the measurements.

Reverse ChIP assay

Reverse ChIP was conducted as previously described.50 In brief,
GTM cells were fixed, and the chromatin was solubilized. Twelve
probes targeting different regions of the GDF7 gene (details in Table
S6) were hybridized to the chromatin. The hybridized chromatin
was captured using magnetic beads and then eluted. The captured
proteins were identified by LC-MS/MS spectrometry. MS data
were collected using the positive ion mode by selected reaction
monitoring. Precursor ions were selected by the first quadrupole
(Q1) and allowed to pass into the collision cell, which was a
quadrupole in radio frequency (rf)-only mode (q). The second
quadrupole (Q2) was set to allow only product ions of a specific
mass-to-charge ratio (m/z) value.

ChIP-qPCR

ChIP-qPCR was performed essentially as described by Sinkkonen
et al.51 In brief, TM cells were crosslinked with 1% formaldehyde
while gently shaking for 15 min, and the DNA was sheared to frag-
ments ranging from 200 to 400 bp by sonication. The genomic frag-
ments were precipitated using antibodies against ETS1 (1:50; Cell
Signaling Technology [CST], Danvers, MA, USA), Foxo1 (1:50; Ab-
cam, Cambridge, MA, USA), and KDM3A (1:50; Abcam). The
primers for the amplification of GDF7 were designed according to
the four predicted binding sites detected in the reverse ChIP assay
(details in Table S7). ChIP-qPCR was run in triplicate, and each
ChIP reaction was repeated twice to confirm the reproducibility
of results. The results were normalized to the input DNA
amplifications.
Luciferase report assay

2.5 kb of the human GDF7 (NCBI: NC_000002.12) promoter
sequence with all predicted binding sites was cloned upstream of
the luciferase reporter. Human ETS1 cDNA plasmid was purchased
from Sino Biological (PA, USA). Human ETS1 plasmid or siRNA
of ETS1 (siETS1) was co-transfected with luciferase reporter plasmid
into TM cells to test the interaction between the GDF7 promoter and
ETS1 protein. pcDNA vectors without ETS1 open reading frame
(ORF) or scramble siRNA were used as a negative control. Stable
expression of the reporter construct, pGDF7-Luc, or the pGL-3 basic
luciferase vector (Promega, Madison, WI, USA) served as a quality
control. The Renilla reporter (RLuc; Promega) plasmid was used to
normalize the transfection efficiency. Three independent experiments
were performed.

Production and validation of the neutralizing antibody

For each immunization, 100 mL of the immunogen mixture, contain-
ing 30–60mg of filter-sterilized rhGDF7 and 60mg of poly I:C in PBS,
was injected into both inner rear thighs of mice. The mice were
immunized biweekly for four times. The mice spleens were collected
1 week after all immunizations and then fused with Sp2/0-Ag14 cells.
Ten cell colonies were picked and cultured. The supernatants were
harvested 1 week later, and the immunoglobulin G (IgG) was purified
using protein G Sepharose (GE Healthcare, Chicago, IL, USA) and
buffer exchanged with PBS. The neutralizing capability of the anti-
body was tested by regulating induced alkaline phosphatase produc-
tion (Abcam, Cambridge, MA, USA) in ATDC5 cells.52,53 The
neutralizing titer was tested in the ten strains, and the most efficient
one, with half-maximum inhibitory concentration in 5 mg/mL, was
used in a later experiment. The antibody purified from wild-type
mice was taken as the control.

TM cell culture and specification

Tissue obtained from human donors <65 years of age provides an
adequate number of TM cells with appropriate growth characteristics
that enhance successful culture development.54 NTM cells were
cultured from donor numbers (donor nos.) 3, 4, and 7, and GTM cells
were cultured from donor Nos. 2, 3, and 6 (detailed information of
patients listed in Table S1).

The iris and ciliary processes are gently removed from the anterior
segment before isolation of the TM specimens. TM cells were isolated
from the juxta-canalicular and corneoscleral regions of the NTM and
GTM samples using the blunt isolation method as previously
described.55,56

The cells were cultured at 37�C in 5% CO2 in TM Cell Medium
(TMCM) (ScienCell, Carlsbad, CA, USA), supplemented with 2%
(v/v) heat-inactivated fetal bovine serum (FBS; ScienCell), 1% TM
Cell Growth Supplement (TMCGS; ScienCell), and 1% penicillin/
streptomycin (P/S; ScienCell). All new primary cultures were treated
with 0.1 mM dexamethasone (DEX; Sigma-Aldrich, St. Louis, MO,
USA) for 4 days to validate the origin of cell strains,54 and only strains
that had an increased expression of myocilin (a marker for human
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TM [HTM] cell identity) were used in this study (Figure S3C).
Confluent TM cells were used between passages 1 and 5 for all exper-
iments. Three normal and three glaucoma donor cell strains were
used in every independent experiment.

Cell treatments

12 h prior to treatments, the cells were processed for serum starvation.
After starvation, DAC (Sigma-Aldrich; 0.5 mM), rhGDF7 protein
(Abcam; 5 ng/ml), nGDF7 (10 mg/mL), rhETS1 protein (Abcam;
5 ng/mL), DMOG (1 mM), or LDN (Selleck Chemicals, Houston,
TX, USA; 5 nM) was added into the culture medium.

For siRNA transfection, the cells were cultured until 80% confluence.
The siRNAs were mixed with Attractene transfection reagent (QIA-
GEN, Hilden, Germany) to a final concentration of 10 mg/mL, accord-
ing to themanufacturer’s instructions. After incubation for 30min, the
siRNA mixtures were added to the culture medium. Transfection was
conducted for 48 h to maximize the knockdown efficiency.

For plasmid transfection, the cells were cultured until 80% conflu-
ence. The plasmids were mixed with Attractene transfection reagent
(QIAGEN) and OPTI-MEM (Gibco) to a final concentration of
1 mg/mL, according to the standard protocol. After incubation for
30 min, the plasmid mixtures were added to the culture medium. Af-
ter 16 h transfection, the efficiency was visualized under a fluorescent
microscope. Cells were harvested after 24 h transfection for the
following assays. Three independent experiments were performed.

IF and histological staining

TM cells were seeded on coverslips (Millipore, Burlington, MA,
USA), followed by fixation with 4% paraformaldehyde, permeabiliza-
tion with 0.2% Triton X-100, and blocking with 1% bovine serum al-
bumin. For whole-mount staining, TM samples were fixed with 10%
neutral formalin for 24 h and then embedded in paraffin. The paraffin
blocks were sliced into 4 mm-thick sections. The sections were depar-
affinized, heat treated, and digested with protease K before staining.

The samples were incubated with primary antibodies at 4�C over-
night, followed by a species-compatible secondary antibody for 1 h
at room temperature. The sources and dilutions of antibodies are
listed in Table S8. Cell nuclei were then labeled with 50 ng/mL 40,6-
diamidino-2-phenylindole (DAPI; CST) for 5 min. Images were
visualized and captured by a Zeiss LSM 510 confocal laser-scanning
microscope and processed by Adobe Photoshop CS8.

For histological staining, the TM sections and coverslips were exam-
ined by Masson’s trichrome (Accustain HT15; Sigma-Aldrich) and
H&E staining, according to a standard procedure.57 Images were
taken by Zeiss AxioObserver Z1. Ten fields were randomly checked
in every slide.

Quantitative real-time PCR

Total RNA was extracted from tissues or cells using the TRIzol
reagent (Invitrogen, Thermo Fisher Scientific, Waltham, MA,
1654 Molecular Therapy Vol. 29 No 4 April 2021
USA), according to the manufacturer’s instruction. The cDNA was
synthesized using the PrimeScript RT Master Mix (TaKaRa, Kusatsu,
Japan). The primers were listed in Table S9. Quantitative analysis was
performed by quantitative real-time PCR using the SYBR Advantage
qPCR Premix Master Mix (TaKaRa), according to a standard proto-
col. The target mRNA copy numbers were measured and normalized
to that of b-actin. The comparative Cp method was used to evaluate
the expression levels.

WB

Total protein was isolated from the tissues or cells with radioimmu-
noprecipitation assay (RIPA) lysis solution (Beyotime, China). Pro-
tein samples were electrophoresed on 4%–15% gradient polyacryl-
amide gels, according to a standard procedure. The expression
levels of target proteins were normalized to b-actin using ImageJ soft-
ware. The primary antibodies and dilutions were listed in Table S8.

ELISA

The tissue homogenates and cell supernatants were specifically pre-
pared to measure the GDF7 level using the Human GDF7 ELISA
Kit (Elabscience, Beijing, China). For tissue, it was rinsed with PBS
for three times and immediate homogenization on ice, and the condi-
tioned medium from TM cells should spin down at 4,000 � g for
40 min to remove the dead cells and debris before testing.

To measure the TET enzymatic activity, nuclei were extracted using
the EpiQuik Nuclear Extraction Kit (Epigentek Group, Farmingdale,
NY, USA) and then tested with the Epigenase 5mC Hydroxylase TET
Activity/Inhibition Assay Kit (Epigentek Group). The absorbance was
read at 450 nm with a reference wavelength of 655 nm. Three inde-
pendent experiments were performed.

Husbandry statement of animals

All experimental procedures were reviewed and approved by the Insti-
tutional Animal Care and Use Committee of Sun Yat-sen University
and were performed in accordance with the Guide for the Care and
Use of Laboratory Animals (Eighth Edition). Eight healthy adult rhesus
monkeys (Macacamulatta; three females and fivemales) with an initial
body weight of 10.3 ± 3.1 kg and an initial age of 8.2 ± 1.2 years were
purchased from Blue Island Biological Technology (Beijing, China).
Each animal was individually caged and participated in an environ-
mental enrichment program designed to encourage sensory engage-
ment and social behaviors. The room temperature was maintained be-
tween 20�C and 24�C with the humidity between 40% and 70%. The
animal rooms were set on a 12-h light and 12-h darkness cycle with
scattered small light bulbs if necessary. Fresh air was ventilated into
the animal room every 5�8 min. The animals were fed with monkey
chow twice a day and supplemented with fresh fruits and vegetables
once per day to ensure enough vitamin C intake. Routine veterinary
physical examinations were performed on all animals.

Animal anesthesia and care after surgery

The veterinarian followed Animal Research: Reporting of In Vivo Ex-
periments (ARRIVE) guidelines to ensure appropriate handling for
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animal immobilization, sedation, and anesthesia. Abnormal postures,
anorexia, vocalization, lethargy, and self-directed behaviors are indi-
cators to evaluate pain or distress.

Anesthesia was first induced with ketamine hydrochloride (15 mg/kg,
intramuscularly [i.m.], Ketalar 50; GuTian Pharmaceuticals, Beijing,
China) and then maintained with inhalation anesthesia. All surgical
procedures were performed under gaseous anesthesia (isoflurane
1%–2% in 1.0 l/min oxygen).58 The anesthesia depth was further
confirmed by reflex tests. Animals’ vital life signs were monitored
continuously with electrocardiogram, pulse oximeter, temperature,
and end-tidal CO2 throughout the experiment.

Animals were covered by blankets to keep warm and closely
monitored until revive. New toys, cage changes, or comforting
foods (e.g., fruits, cookies, and candies) were employed to moder-
ate stress without compromising the scientific aspects of the ex-
periments. Monitoring of monkeys after surgery included daily
clinical assessments by study staff and regular evaluations by vet-
erinary staff. Animals were euthanized by overdosed sodium
pentobarbital (�200 mg/kg, intravenously [i.v.]) at the end of
the experiment.
Ophthalmic examinations in animals

Before examination, 3.0% to 4.0% of isoflurane in 2.0 L/min oxygen
was administered through a Bain coaxial system (Moduflex; Dis-
pomed, Joliette, QC, Canada) connected to a mask for induction
and maintenance with 2% isoflurane in 1.0 L/min oxygen. Monkeys
were exposed to isoflurane through a mask for 5 min before topical
proparacaine HCl (Alcaine, 0.5%; Alcon Laboratories, Ft. Worth,
TX, USA). Then slit-lamp microscopy and photography (BX-900;
Haag-Streit AG, Switzerland), gonioscopic examination (G-1 Tra-
beculum; Volk, USA), fundus photography (TRC-50DX retinal
camera; Topcon, Tokyo, Japan), OCT (Spectralis OCT; Heidelberg
Engineering, USA), and Schiotz tonography (YZ7A tonometer; 66
Vision Tech, China) were conducted according to standard
procedures.

The AH facility (C) was measured in the supine position using a
Schiotz tonometer with a standard 5.5-g weight over a period of
4 min. The initial reading of the Schiotz tonometer and reading after
4 min were recorded as Pt0 and Pt4, respectively. The outflow facility
(C) can be calculated with the following formula:59

C =
631:0 lg

� ffiffiffiffi
Pt0

p
+ 5ffiffiffiffi

Pt4
p

+ 5

�

Pt0 + Pt4
:

Ophthalmic examinations were performed every 2 weeks between
9:00 a.m. and 12:00 p.m. For measurement of IOP and AH outflow
facility, each eye was measured 3 times, and the values were aver-
aged.60 All of the examinations were conducted by the same two expe-
rienced technicians tominimize the technical variance. Isoflurane was
stopped immediately after examination.58
Intracameral delivery of rhGDF7 and nGDF7

The eight monkeys were randomly divided into the following four
groups: CON group nGDF7 group, rhGDF7 + nGDF7 group (rh +
nGDF7), and rhGDF7 + CON antibody group (rhGDF7), with two
monkeys in each group. All procedures were performed under general
anesthesia, as stated above, followed with topical proparacaine HCl in
all procedures involving contact with the cornea.

Under a stereoscopic microscope (M844; Carl Zeiss Meditec, Dublin,
CA, USA), an insulin syringe was inserted into the anterior chamber
of the eye through the limbus, taking care not to collapse the anterior
chamber or damage Descemet’s membrane. After 0.1 mL of the AH
was aspirated, the rhGDF7 solution (0.1 mL, 25 mg/mL) was delivered
into the anterior chamber61 three times on the first days of weeks 0, 2,
and 4. 10 weeks after the delivery of rhGDF7, 0.1 mL nGDF7 solution
(0.5 mg/mL) was injected into the anterior chamber three times on
the first days of weeks 10, 12, and 14. Balanced salt or NC antibody
solution was used as control. Tobramycin ointment was applied to
prevent bacterial infection.

Construction and validation of the ANN-based prediction model

Input variables included the regional methylation levels of six
markers involved in the GDF7/BMPR2/Smad pathway (GDF7,
BMPR2, Smad1, Smad5, Smad9, and Smad4) to predict four binary
POAG-related outcomes (elevated IOP, attenuated RNFL thickness,
high CDR, and VF defects) (detailed definitions in Table S10).

We constructed the neural network using the toolbox in MATLAB
2016b (MathWorks, Natick, MA, USA). The neural network algo-
rithm is based on the systematic training of interlinked simple pro-
cessing “elements” or artificial “neurons.”62 As every neuron was
linked with many other neurons, the network offers an ability to
represent both linear and nonlinear relationships directly from the
data. Before building the model, the ANN was tuned using a simulta-
neous grid search for the optimal size of the hidden neurons. Regula-
rization was used to combat ANN overfitting by augmenting the error
function used for training with the squared magnitude of the weights
used (more details could be referred to Arvind et al.63).

Eight-fold cross-validation was applied for training and testing. Spe-
cifically, for each fold, 14 samples were randomly selected for training,
and the remaining two samples were used for validation. This proced-
ure was repeated eight times. The performances were evaluated by
receiver operating characteristic (ROC) curve values, AUC values,
and indices of confusion matrix. The relative contribution of each
methylationmarker was also deciphered.64,65 All of the statistical tests
were conducted using Statistical Software R (version 3.2.4).

Statistics and reproducibility

The results of the experiments presented in the figures were represen-
tative of at least three independent repetitions. All data were pre-
sented as mean ± standard deviation (SD). One-way analysis of vari-
ance (ANOVA) was performed, followed by the Bonferroni multiple
comparison tests and two-way ANOVA using GraphPad Prism data
Molecular Therapy Vol. 29 No 4 April 2021 1655
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analysis software (version 7.0; GraphPad Software). A p value less
than 0.05 was considered statistically significant. The Pearson’s
method was used to test the correlation between the clinical parame-
ters and DNA methylation.
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