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Purrose. Glaucomatous trabecular meshwork (GTM) tissue is characterized by excess
fibrotic-like extracellular matrices, which negatively impacts aqueous humor outflow.
Endothelial-to-mesenchymal transition (EndMT) is the process by which tissues develop
fibrosis. In this study, we investigated fibrotic-related gene and protein profiles of
non-glaucomatous trabecular meshwork (NTM) and GTM cells.

MEeTHODS. Primary cells were cultured from NTM (z = 6) and GTM (z = 5) age-matched
cadaver eyes. RNA was harvested and mRNA profiling of 750 genes was performed using
the human fibrosis panel (NanoString). Quantitative PCR (qPCR), Western blotting, and
immunofluorescence microscopy were performed. A matrix metalloproteinase (MMP)
fluorogenic assay was used to quantitate enzyme activity.

Resurrs. Classic EndMT biomarkers, a-SMA, SNAI2, TWIST1, TWIST2, and VIM, were
upregulated in GTM cells, whereas increased phosphorylated SMAD2-3 indicated
increased TGFpB signaling. GTM cells had increased deposition of FN-EDA fibronectin
fibrils, but reduced amounts of FN-EDB fibrils, and altered immunostaining of active
a581 and avpB3 integrins. NanoString analysis showed that 2 genes were upregulated
and 28 genes were downregulated in GTM cells compared with NTM cells. Western
immunoblotting confirmed increased protein levels of N-cadherin and decreased MMP2,
CHI3L1, COL6A3, and SERPINF1 proteins in GTM cells. Whereas MMP2 gene and protein
levels were reduced, there was increased MMP activity.

Concrusions. Increased expression of «-SMA, FN-EDA, N-cadherin, SNAI2, TWISTs, VIM,
TGFpB signaling, and MMP activity are consistent with GTM cells acquiring an EndMT
phenotype. In combination with tissue studies, cultured GTM cells are a useful in vitro
model for studying the fibrotic process in glaucoma.
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he trabecular meshwork (TM) is the tissue that regulates

aqueous humor outflow in the anterior eye and estab-
lishes intraocular pressure (IOP).! TM cells are tightly regu-
lated at the molecular level to ensure that IOP is kept within
a narrow range. In normal tissue, changes in the biomechan-
ical environment caused by a sustained IOP elevation are
detected by TM cells, which respond by initiating remod-
eling of the extracellular matrix (ECM) via increased acti-
vation of matrix metalloproteinase (MMP) enzymes. This
facilitates fluid outflow to Schlemm’s canal, which helps
IOP to be lowered back to normotensive pressures.’> TM
dysfunction leads to elevated IOP, which can result in glau-
coma, a major cause of blindness. Glaucomatous TM tissue
is morphologically altered compared to normal age-matched
12 and has fewer TM cells,'? possibly due to increased
cellular senescence.'* Thus, cell loss in glaucomatous TM
suggests that IOP elevations may not be efficiently detected
and ECM remodeling responses are compromised compared

tissue®”

with healthy individuals.
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Fibrosis is a pathological process characterized by an
accumulation of ECM in tissues leading to their dysfunc-
tion. It typically is initiated following an injury and follows
a sequential series of events: inflammation, proliferation of
pro-fibrotic cells, and ECM modifications resulting in accu-
mulation of fibrous ECM, and stiffened tissues. In epithe-
lial cells, a well-defined epithelial-to-mesenchymal transition
(EMT) process is involved in fibrosis.'>'® Endothelial cells
undergo a similar process, which is known as endothelial-
to-mesenchymal transition (EndMT). Both EMT and EndMT
involve a series of molecular events that change their cellu-
lar phenotype to become more fibroblastic.'’~!° In EndMT,
these changes include some combination of a downreg-
ulation of endothelial markers (e.g. VE-cadherin [CDHS5],
endothelial nitric oxide synthase [eNOS and NOS3], and
CD31 [PECAM-1]) and increased expression of mesenchy-
mal markers (e.g. SNAI, SLUG, SMAD3, «SMA, N-cadherin,
and fibronectin).?’ Transforming growth factor-8 (TGFp) is
a potent inducer of EndMT.?° Of the three TGFB family
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members, TGFB2 is the strongest inducer of EndMT?! and
it is elevated in the aqueous humor of patients with glau-
coma.*

Numerous studies have sought to identify molecular
differences between healthy and glaucomatous outflow
pathway tissues.!'*® Microarray studies comparing glauco-
matous and non-glaucomatous age-matched tissue identi-
fied 72 upregulated genes and 84 downregulated genes,
many of which were related to inflammation.?* Another
microarray study reported that 60 genes were differentially
expressed, including 19 glycogenes, in POAG versus non-
diseased TM tissue.”> A larger study used Illumina gene
expression chips to compare TM tissue from 15 patients
with POAG and 13 healthy controls, which identified 480
differentially expressed genes including several ECM genes
such as matrix Gla protein, SPARC, and TIMP2.2° Proteomic
studies identified cochlin as a protein that is enriched in
glaucomatous TM tissue.?” A chip-based study containing
60 biomarkers was performed on TM tissue from glaucoma
(n = 40) and healthy subjects (z = 20) and found differ-
ential levels of several MMPs, cytokines (e.g. interleukins
—10 and —6), chemokines (e.g. VCAM1), and growth factors
(e.g. TGFB1 and VEGF).?® Electron microscopy analyses
show the accumulation of plaque-like material surround-
ing elastic fibers as well as an abundance of lattice colla-
gen 22230 In addition, numerous immunohistochemical
studies demonstrated changes in ECM molecules in glau-
comatous TM such as increased collagen types IV and VI
in plaque-like material,?*-*! altered microfibrils composed of
elastin and fibrillin-1,>> decreased glycosaminoglycan sugar
chain content,” altered thrombospondin-1,>* and increased
myocilin.>®> Excessive ECM accumulation in glaucomatous
TM results in a stiffer tissue.?°-3® Together, these gene
expression and protein studies support that glaucomatous
TM tissue is molecularly different than non-glaucomatous,
age-matched TM tissue, and that many of these changes are
related to fibrosis.*

To better understand EndMT, fibrosis, and glaucoma, the
purpose of this study was to investigate fibrosis-related
mRNA and protein profiles of cultured non-glaucomatous
and glaucomatous TM cells. Our study confirms that TM cells
isolated from glaucomatous tissues demonstrate many of the
changes in gene expression associated with EndoMT includ-
ing elevated Fn-EDA and N-cadherin expression. It also
provides novel information regarding differential expression
of specific fibrosis-related molecules that could be involved
in increased outflow resistance in glaucoma.

MATERIALS AND METHODS
Cell Culture

Primary TM cells were cultured from normal and glauco-
matous TM tissue derived from human cadaver eyes follow-
ing best practice guidelines.** Whole globes were obtained
from the eye bank (VisionGift, Portland, OR, USA) within 24
to 48 hours of death. Donor demographics and causes of
death are shown in Table 1. Use of human cadaver tissue
follows the guidelines from the Declaration of Helsinki and
human tissue experiments complied with the guidelines of
the ARVO Best Practices for Using Human Eye Tissue in
Research (November 2021). All TM cells were character-
ized by their ability to upregulate myocilin protein follow-
ing exposure to dexamethasone, some of which have been
previously published, and others are shown in Supplemen-
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tary Figure S1.'-%3 For experimental assays, TM cells were
cultured for 3 days in DMEM containing 2.5 g/L glucose
+10% fetal calf serum (FCS) + 1% penicillin-streptomycin
and, following a wash with PBS, they were placed in serum-
free DMEM containing 0.1 mM ascorbate. This concentration
mimics that of ascorbate levels in the aqueous humor.** After
culturing for a further 3 days, the cells were harvested for
RNA and protein. TM cells used for NanoString experiments
were used at passage 4. TM cells for validation assays were
used between passages 4 and 6.

RNA Isolation and Nanostring nCounter Sprint
Profiler Analysis

RNA was harvested from confluent TM cells using the
RNA Easy micro kit (Qiagen, Germantown, MD, USA).
RNA concentrations were determined using the NanoDrop
One and showed an average of 120 ng/pL (range =
80-150 ng/pL, n = 12). Each sample, containing a total of
100 ng RNA diluted in water to a volume of 5 pL, was mixed
with 8 pL of hybridization master mix (5 pL hybridization
buffer and 3 pL reporter probe human fibrosis v2.1 code-
sets) and 2 pL capture probe sets (NanoString Technologies,
Seattle, WA, USA). The reporter codesets contain half of the
target-specific sequence and six fluorescently labeled RNA
segments (barcodes) of four different colors, whereas the
capture probe sets contained a biotin label and the other half
of the target-specific sequence. Samples were hybridized at
65°C for 18 hours in a thermocycler and then the hybridized
samples were injected into nCounter Sprint cartridges and
scanned with an nCounter SPRINT profiler instrument. One
barcode count is equivalent to one RNA molecule. Raw
data files (*.RCC) were generated for each sample and were
uploaded to Rosalind informatics software (San Diego, CA,
USA). Digital counts were pruned by the software to remove
low expressing housekeeping genes prior to normalization,
which aids data clarity, improves accuracy, and increases
computational efficiency. Data were then normalized to the
remaining 10 internal housekeeping genes on the panel.
Genes in TM samples with low counts (<40), which were
comparable to negative control counts, were removed and
a total of 510 genes were analyzed. Differentially expressed
genes were identified using a cutoff of > 1.5 or < —1.5 fold
change and were considered significant if the P value was <
0.05. To investigate pathways, differentially expressed genes
were uploaded to ShinyGO, version 0.8 (South Dakota State
University, Brookings, SD, USA).

Quantitative PCR

To confirm NanoString results, we performed TagMan quan-
titative RT-PCR (qRT-PCR) with predesigned primer-probe
sets (ThermoFisher, Grand Island, NY, USA). The catalog
numbers are listed in Supplementary Table S3. Briefly, 500
ng RNA was transcribed into ¢cDNA using Superscript III
reverse transcriptase (ThermoFisher). The cDNA was mixed
with the primer-probes and TagMan fast Advanced master
mix and then DNA products were amplified on a QuantStu-
dio 3 thermocycler (Applied Biosystems, Waltham, MA, USA)
using the following amplification cycles: 95°C for 2 seconds,
45 cycles of 95°C for 1 second, and 60°C for 20 seconds.
All data were normalized to 18S RNA, which was used as a
housekeeping gene. Results were analyzed using a geomet-
ric mean to calculate AACt. Other genes were amplified
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TasLe 1. Summary of Donor Eyes

Cause of

Cell Strain Age  Sex Death

Glaucoma
Status
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Experiment
Used

Ref. Myoc
Induction

Normal TM Cells

2022-0794 80 M Respiratory failure
with hypoxia
2022-0140 77 F Cardiogenic shock
2021-1110 77 F Lung cancer
2022-0791 59 M Mantle cell
lymphoma
2021-1323 57 M Cardiac arrest
2021-1493 74 F Subdural bleed
2018-1233 53 M Lung cancer
2018-0070 54 M Cardiac arrest
2021-1328 75 M Cardiac arrest
2020-0984 69 M Advanced
Parkinsons,
dementia
2018-1341 55 M Myocardial
infarction
N81LM 81 M Unknown

Glaucoma TM cells

Nanostring, Western blot,
qPCR

Nanostring, qPCR, MMP assay

Nanostring, qPCR, MMP assay,
Western blot

Nanostring, IF, Western blot,
qPCR

Nanostring, qPCR, Western
blot, MMP assay

Nanostring, qPCR, Western
blot, MMP assay

Supplementary Fig. S1

43

Supplementary Fig. S1

43

Supplementary Fig. S1

MMP assay, IF 3
MMP assay, IF, Western blot e
MMP assay, Western blot 43
MMP assay, IF, Western blot 43
Western blot, IF 43
qPCR In review

41

2018-1672 57 M Respiratory failure Glaucoma Nanostring, IF Western blot,
qPCR
2019-1757 92 F Cardiogenic shock POAG (Latanoprost)  Nanostring, IF Western blot, 43
gPCR
2019-1150 81 F Metastatic breast POAG (Combigan)  Nanostring, Western blot, Supplementary Fig. S1
cancer qPCR
2022-1033 78 M Cardiac arrest Bilateral OAG Nanostring, Western blot, Supplementary Fig. 1
gPCR
2022-0949 61 F Pneumonia POAG Nanostring, qPCR Supplementary Fig. 1
2018-0374 79 M Ischemic Glaucoma (Timolol)  Western blot, IF 41
cerebrovascular
accident
2019-0406 81 F Septic shock Open angle Western blot, IF 43
glaucoma
2020-1607 83 F Myocardial POAG Western blot, IF Supplementary Fig. S1
infarction
2018-0524 83 M Cardiac and Glaucoma MMP assay 4
respiratory arrest
2020-0899 94 F Acute diastolic POAG MMP assay 3
heart failure
2021-1368 96 M Cardiac arrest Glaucoma MMP assay, Western blot Supplementary Fig. S1
(Latanoprost)

IF, immunofluorescence.

using primers in Supplementary Table S3 (Integrated DNA
Technologies, Coralville, IA, USA) and normalized to HPRT1
as a housekeeping gene, following a previously published
method.®

Western Immunoblotting and Densitometry

After 3 days in ascorbate-containing media, cell lysates
were harvested with RIPA buffer while serum-free condi-
tioned media was collected from the cultures. Total protein
in each RIPA lysate was measured using a Pierce BCA
protein assay (ThermoScientific). Equal amounts of protein
were loaded into each lane of the SDS-PAGE gels. RIPA
lysates were mixed with SDS-PAGE loading buffer contain-
ing 0.1 mM dithiothreitol. Proteins in conditioned media

were measured using a Bradford Plus protein assay kit
(ThermoScientific) and equal amounts were precipitated
using 20% (w/v) trichloroacetic acid and washed with ice-
cold acetone, before the pellet was resuspended in 1x
SDS-PAGE loading buffer containing 0.1 mM dithiothreitol.
Proteins in each sample were separated by 10% SDS-PAGE
(BioRad Laboratories, Hercules, CA, USA). Coomassie blue
staining was performed on conditioned media from each
sample. Reduced proteins were transferred to nitrocellu-
lose membranes, blocked with blocking buffer (Thermo-
Scientific, cat # 37572), and probed with one or more of
the primary antibodies (Supplementary Table S4). Primary
antibodies were detected with the appropriate species
secondary antibody conjugated to either IRDye800 or
IRDye700 (Rockland Immunochemicals, Gilbert, PA, USA).
Immunoblots and Coomassie stained gels were imaged using
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the Odyssey DLx imager (Licor) and pixel density of the
bands in each lane was quantitated using Image]J software.
Background was subtracted from experimental relative fluo-
rescent units (RFUs) data. Proteins in RIPA lysates were
normalized to the loading controls stated in the figures. To
normalize media gels, a box was drawn around the entire
vertical lane of a Coomassie-stained gel (Supplementary Fig.
S3). Each lane was assigned a correction factor compared to
the first lane. Thus, the first lane had a correction factor of
1 and the other lanes had correction factors ranging from
0.8 to 1.1. The RFU value measured from the immunoblot
was then multiplied by this correction factor to normal-
ize for loading and each data point was plotted on a bar
graph.

MMP Assay

The SensoLyte 520 generic MMP assay kit (Anaspec, Inc.,
Fremont, CA, USA) were performed as described previ-
ously.“>47 Briefly, confluent non-glaucomatous trabecular
meshwork (NTM) and glaucomatous trabecular meshwork
(GTM) cells were grown to confluence, changed to serum-
free media, and cultured for 3 days. Media and cell lysates
were harvested, the MMPs were activated by incubating with
1 mM 4-aminophenylmercuric acetate for 90 minutes at 37°C,
and then 5-fluorescein amidite (FAM)-labeled fluorescent
substrate was added. This substrate contains a quencher,
which is removed following MMP cleavage, and 5-FAM fluo-
rescence was then measured on a plate reader (Ex/Em =
490/520 nm). Thus, the RFUs are directly correlated to MMP
activity in each sample. RFUs were then normalized to total
protein in each sample, as measured by a bicinchoninic acid
(BCA) assay. Each sample was measured in duplicate and
averaged. Data from individual NTM or GTM biological repli-
cates were then plotted.

Immunohistochemistry and Immunofluorescence

TM tissue wedges, dissected approximately 180 degrees
apart from one anterior segment, were fixed in 4%
paraformaldehyde for 4 hours and then embedded into
a single paraffin block. Five pm radial sections were cut
approximately perpendicular to Schlemm’s canal at the
pathology/histology core facility of the Knight Cancer Insti-
tute (Oregon Health & Science University, Portland, OR,
USA). Tissue sections were then deparaffinized, blocked
with CAS-Block (ThermoFisher), and then incubated with
the stated primary antibodies (see Supplementary Table S4)
for 2 hours. Alexa-fluor 488- or 594-conjugated secondary
antibodies (ThermoFisher) from the appropriate species
were then incubated. After washing with PBS, coverslips
were mounted in ProlongGold mounting medium contain-
ing DAPI (ThermoFisher). Tissue sections were visualized
using a Fluoview FV1000 confocal microscope (Olympus)
and the images were processed using FIJI software.

For immunofluorescence, NTM and GTM cells were
seeded on collagen type I-coated silicone membranes of
BioFlex 6-well culture plates (FlexCell International, Burling-
ton, NC, USA) and cultured for 3 days, as we described
previously.®3%® After removing the silicone membranes (with
attached cells) from the plate, the cells were fixed with
4% paraformaldehyde, permeabilized with 0.1% Triton X-
100, and incubated with primary antibodies (see Supple-
mentary Table S4) diluted 1:50 in phosphate-buffered saline
(PBS). After washing, the cells were labeled with an Alex
Fluor 488-conjugated donkey anti-mouse, or Alex Fluor 594-
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conjugated donkey anti-rabbit antibodies. After washing,
glass coverslips were mounted with ProLong gold antifade
containing DAPI (Invitrogen) to stain DNA in nuclei. The
focal adhesion areas were measured with FIJI software using
a published protocol.®

Statistics

Data were plotted using box and whisker graphs (box
extends from 25-75th percentile, the line is the median, and
the whiskers indicate the minimum and maximum values),
or bar charts (mean £ SEM). Individual data points are over-
laid onto the graphs, and “n” are stated in the figure legends.
Data were statistically analyzed using an unpaired #-test in
Graphpad Prism 10 (Boston, MA, USA). Any P value < 0.05
was considered significant.

REsuLTS

Primary TM cells were cultured from non-glaucomatous (»
= 6) and glaucomatous (# = 5) cadaver eyes. The donors
were age- and sex-matched (NTM: mean age = 70.6 +
4 years, range = 57-80, 3 male donors and 3 female donors;
GTM: mean age = 73.8 & 5.9 years, range = 57-92, 2 male
donors and 3 female donors; see Table 1). All donors were
Caucasian. Prior studies showed that cellular senescence of
our GTM cell cultures was similar to that of NTM cells.!
In addition, qPCR of the senescence biomarkers, CBX7 and
p21cip, show no significant expression differences between
NTM and GTM cells (Supplementary Fig. S2).

GTM cells are known to show increased expression of
alpha-smooth muscle actin (¢-SMA) and fibronectin.’*:>!
Because «-SMA, fibronectin, and TGFS are upregulated
in EndMT,"” we performed Western immunoblotting to
assess their expression levels in cultured NTM and GTM
cells. Densitometry showed a significant increase in ¢-SMA
(P = 0.005) protein levels in GTM cell lysates (Fig. 1A).
To assess TGFf signaling, we assessed phosphorylation
of SMAD2-3 protein, which is an intracellular protein
downstream from the TGFB receptor. After normalizing
to total SMAD2, there was significantly increased phos-
phorylated SMAD2-3 in GTM cells (Fig. 1B, P = 0.010).
The qRT-PCR (Fig. 1C), or Western immunoblotting of
conditioned media (Fig. 1D) showed that fibronectin levels
were significantly increased in GTM cells. Fibronectin
mRNA is alternatively spliced and the resulting protein
isoforms can include extra domain A (FN-EDA) and/or
extra domains B (FN-EDB).>! Because FN-EDA is increased
in glaucomatous tissue,”®> we also investigated EDA and
EDB transcripts in NTM and GTM cells (see Fig. 1C). FN-
EDA was significantly increased (P = 0.0007), whereas
FN-EDB was decreased, although not significantly
P =0.19).

In addition, we investigated fibronectin and its isoforms
by immunofluorescence (Fig. 2). When using an antibody
that detects total fibronectin, there was increased fibronectin
fibrils in GTM cells when normalized to the number of
nuclei in a field (see Figs. 2A, 2C, P = 0.007). EDA and
EDB were detected using specific monoclonal antibodies.
When normalized to nuclei, there was a significant increase
for EDA-containing fibronectin fibrils (see Figs. 2A, 2C,
P = 0.008), but FN-EDB fibrils were significantly decreased
(see Figs. 2B, 2C, P = 0.007). Thus, whereas the fibronectin
protein levels are increased, the proportion of FN-EDB fibrils
are reduced in GTM cells.
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Gene expression and protein levels in glaucoma (GTM) versus non-glaucomatous (NTM) trabecular meshwork cells. (A) Repre-

sentative Western immunoblot showing upregulation of alpha-smooth muscle actin (¢SMA) in glaucoma TM cell lysates compared with NTM
cells (n = 3 biological replicates). Loading control was total ERK. Densitometry quantifying «SMA relative fluorescent units (RFUs) = SEM
normalized for the loading. **P = 0.005; n = 10 each group from 9 (NTM) or 8 (GTM) biological replicates. (B) Western blots and densit-
ometry of phosphorylated SMAD2/3 levels in GTM and NTM cell lysates, with total SMAD2 as loading control. Densitometry quantifying
phosphoSMAD2/3 RFUs + SEM normalized for total SMAD2. *P = 0.016; n = 4 each group from 4 biological replicates. (C) Quantitative
RT-PCR of total fibronectin, as well as the EDA and EDB isoforms of fibronectin (**P = 0.006; **P = 0.0007; » = 10 biological replicates;
NS = not significant). (D) Representative Western immunoblot and densitometry of fibronectin protein RFUs £ SEM in conditioned media
showed significant increases in GTM cells. *P < 0.05; n = 14 for NTM from 7 biological replicates; n = 16 for GTM from 6 biological

replicates.
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(C) Total fluorescence signal in each confocal image was measured using Image] and normalized to the number of nuclei in a field.
Total fibronectin, *P = 0.007, » = 18 images from 3 biological replicates; EDA (**P = 0.008) and EDB (*P = 0.007) from n = 12 images

from 4 biological replicates.

We also investigated immunostaining of «581 integrin,
the fibronectin receptor. A monoclonal antibody, which
recognizes the active form of «581,>> immunolabeled fibril-
lar adhesions in two biological replicates of NTM (Fig. 3A).
In GTM cells, the pattern was much more punctate. We
also assessed avf3 integrin because activation of avf3
integrin is considered to be pro-fibrotic in TM cells.’* In
NTM cells, avB3 integrin was localized to focal adhesions
as expected (Fig. 3B). In GTM cells, active avf3 inte-
grin immunostaining in focal adhesions was more exten-
sive. Focal adhesion areas were significantly increased

in GTM cells. Together, these results demonstrate that
our cultured GTM cells upregulate several proteins that
were previously reported to be associated with glau-
coma.42

The purpose of this study was to investigate fibrosis-
related profiles of GTM cells, so we chose to use a NanoS-
tring panel, rather than RNAseq, to focus on fibrosis genes.
RNA isolated from NTM and GTM cells was analyzed
for differentially expressed genes (DEGs) using fluores-
cent barcode technology. Of 760 endogenous genes on the
panel (Supplementary Table S1), 510 genes gave a fluo-
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Integrins «581 and avp3 in NTM and GTM cells. Immunofluorescence of two representative NTM and GTM cell strains immunos-

tained with an antibody that detects (A) active o581 integrin or (B) total wvp3 integrin. Boxed areas are shown at higher magnification.
Arrows point to av3 integrin in focal adhesions. Scale bar = 20 pmy; insets, scale bar = 10 pm. The areas of «VB3-stained focal adhesions
were measured from three biological replicates of NTM and GTM, as described in the Methods section. *P < 0.0001.

rescent signal above background values (Supplementary
Table S2). Of these 510 genes, 30 genes were differentially
expressed. Two genes were significantly upregulated, and
28 genes were significantly downregulated in glaucoma-
tous TM cells versus non-glaucomatous cells (Table 2). A
heatmap of the clustering of the NTM and GTM samples is
included as Supplementary Figure S4. A volcano plot show-

ing the up (red) and downregulated (blue) genes is shown
(Fig. 4A). To validate the NanoString results, TagMan qPCR
was used. The results showed that VCAM1, IL33, and F11R
(also known as JAM1) were significantly downregulated (Fig.
4B), whereas VEGFA and POSTN were up and downregu-
lated, respectively, but these did not reach significance (P
= 0.345 and P = 0.101, respectively). The 30 significantly
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TasLe 2. Differentially Expressed Genes in Glaucoma (7 = 5) Versus Normal (n = 6) TM Cells (FC > 1.5 or < 1.5; P < 0.05)

Name Description FC Log FC P Value

Upregulated
VEGFA Vascular endothelial growth factor A 1.677 0.746 0.001
CDH?2 Cadherin 2, type 1, N-cadherin (neuronal) 1.611 0.688 0.043

Downregulated
IL6ST Interleukin 6 signal transducer —1.514 —0.599 0.025
TLR1 Toll-like receptor 1 —1.624 —0.700 0.018
$100A4 $100 calcium binding protein A4 —1.625 —0.700 0.041
BCL2 B-cell CLL/lymphoma 2 —1.631 —0.706 0.015
CASP7 Caspase 7, apoptosis-related cysteine peptidase —1.636 -0.710 0.009
HVCN1 Hydrogen voltage gated channel 1 —1.716 -0.779 0.005
PLTP Phospholipid transfer protein -1.750 —0.807 0.002
CDON Cell adhesion associated, oncogene regulated —-1.751 —0.808 0.047
1SG20 Interferon stimulated exonuclease gene 20 kDa —1.776 —0.829 0.001
CXCL12 Chemokine (C-X-C motif) ligand 12 —1.785 —0.836 0.020
SMADG SMAD family member 6 —1.802 —0.850 0.003
ACVRL1 Activin A receptor type II-like 1; ALK1 —1.811 —0.857 0.018
ELN Elastin —1.946 —0.960 0.041
MMP2 Matrix metallopeptidase 2 —2.146 —1.101 0.015
IFI27 Interferon, alpha-inducible protein 27 —-2.319 -1.213 0.044
COLGA3 Collagen, type VI, alpha 3 —2.388 —1.256 0.043
SERPING1 Serpin peptidase inhibitor, clade G (C1 inhibitor), member 1 —2.436 —1.284 0.012
F11R F11 receptor —2.464 —1.301 0.018
SERPINF1 Serpin peptidase inhibitor, clade F (alpha-2 antiplasmin, —2.758 —1.464 0.009

pigment epithelium derived factor), member 1

IL1R1 Interleukin 1 receptor, type I —2.832 —1.502 0.000
CD14 CD14 molecule —3.309 —1.726 0.001
VCAM1 Vascular cell adhesion molecule 1 —3.481 —1.800 0.000
HSD11B1 Hydroxysteroid (11—beta) dehydrogenase 1 —4.142 —2.050 0.000
IL11 Interleukin 11 —4.283 —2.099 0.008
POSTN Periostin, osteoblast specific factor —4.393 —2.135 0.019
TNFSF10 Tumor necrosis factor (ligand) superfamily, member 10 —4.516 -2.175 0.016
CHI3L1 Chitinase 3-like 1 (cartilage glycoprotein-39) —6.115 —2.612 0.008
133 Interleukin 33 —8.611 —3.106 0.001

CLL, chronic lymphatic leukemia.

DEGs were analyzed with ShinyGO tool for gene enrich-
ment analysis (Fig. 4C). The top 10 GO:Molecular function
and GO:Biological process pathways identified pathways
such as regulation of response to stimuli, signal transduc-
tion, cellular communication, and stress, as well as signal
receptor binding and activity, cytokine activity, cell adhesion,
and growth factor receptor binding. The top five identified
Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
ways included cytokine receptor interaction, NF-«B signal-
ing, and fluid shear stress. As the majority of the DEGs
were downregulated, these pathways would be negatively
impacted.

We then chose several DEGs to further investigate
based on their function in EndMT. CDH2 is expressed
in TM cells and is upregulated by TGFB.>> As shown in
Figure 5, N-cadherin mRNA expression and protein levels
were significantly increased in GTM cells compared with
age-matched NTM cells. Densitometry showed an approx-
imately 26.7% increase in N-cadherin protein in GTM
cells (see Fig. 5B). These data agree with the NanoS-
tring data. Immunofluorescence of NTM and GTM cells
also showed an increased N-cadherin fluorescent signal in
GTM cells (see Fig. 5C), whereas N-cadherin was detected
in the TM of normal and glaucomatous tissue sections
(see Fig. 5D). Positive immunostaining was observed in
the TM cells on the TM beams, as well as in juxta-

canalicular (JCT) region and inner wall IW) of Schlemm’s
canal.

Matrix metalloproteinase-2 (MMP2) is potent enzyme that
has a major role in ECM remodeling in the TM.* It degrades
many extracellular components including collagens, elastin,
proteoglycans, thrombospondin, and fibronectin.’> Consis-
tent with the NanoString gene expression data, MMP2
protein levels were significantly decreased in GTM cells
(Fig. 6A, P = 0.016). Although the MMP2 protein levels
in NTM cells were consistent across the four cell strains,
there was some variability in MMP2 levels in GTM cells.
We also assessed MMP activity in conditioned serum-free
media and cell lysates. Please note that this assay is not
MMP2 specific, rather the fluorogenic peptide can be cleaved
by multiple MMPs. Whereas the increases in MMP activ-
ity in the conditioned media of GTM cells were signifi-
cant (P = 0.047), those in the cell lysates were not (P
= 0.008; Fig. 6B). We also investigated MMP2 localiza-
tion in NTM and GTM cells by immunofluorescence (Fig.
6C). In NTM cells, MMP2 was located to podosome or
invadopodia-like structures (PILS), areas of focal ECM degra-
dation.*® These showed typical ring-like, circular patterns of
immunostaining. However, in GTM cells, the MMP2 labeling
was more extensive and, while the rings were still appar-
ent, in some cases, they appeared to cluster into larger
structures.
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Figure 4. Quantification of fibrosis-related genes in NTM and GTM cells using NanoString barcode technology. (A) A volcano plot shows all
510 genes on the cartridge that produced a fluorescent signal. Significantly upregulated genes are shown in red and downregulated genes
are shown in blue. (B) Quantitative RT-PCR using Taq Man primer-probes of selected up (VEGF) and downregulated (POSTN, F11R/JAM]1,
VCAM]1, and IL33) genes. NTM, n = 6 biological replicates; GTM, n = 5 biological replicates; *P < 0.05; **P < 0.01; **P < 0.001; NS = not
significant. (C) Top 10 GO: molecular function, top 10 GO: biological process and top 5 KEGG pathways for the 30 significant DEGs, as
determined by ShinyGO version 0.8 analysis. As the majority of genes are downregulated, these pathways would be negatively impacted.

Three additional DEGs we chose to investigate were
CHI3L1, COL6A3, and SERPINF1, which was based on their
regulation or dysregulation in the glaucomatous outflow
pathway. Chitinase-3-like-1 (CHI3L1) is a 40 kDa secreted
glycoprotein that is strongly expressed in TM and is often
used as a biomarker of TM cells.’® By qPCR, CHI3L1 mRNA
expression was significantly decreased (Fig. 7A, P < 0.01)
and similarly, there was a significant 45% decrease in CHI3L1
protein levels in GTM cells (Fig. 7B, P = 0.02). However,
there was considerable variability in protein levels with
some cell strains showing robust levels, whereas others had
little to no CHI3L1 protein. In GTM tissue, the CHI3L1 distri-
bution appeared to be disrupted compared to age-matched
NTM tissue (Fig. 7C). In healthy tissue, CHI3L1 is distributed

in the innermost TM, but is not abundant in the JCT region.
Conversely, CHI3L1 in glaucomatous tissue is patchier and
shows high levels in the JCT region. COL6A3 gene variants
have been associated with glaucoma and COL6A3 protein
levels were significantly reduced in GTM cell cultures by
immunofluorescence.”’>>® In this current study, qPCR data
and Western immunoblotting analyses show that COL6GA3
mRNA expression and protein levels were significantly
reduced in GTM cells (Figs. 8A, 8B). Please note that COL6A3
has multiple bands due to alternative splicing and procolla-
gen processing. SERPINF1, also known as pigment epithe-
lium derived factor (PEDF), is a 50 kDa secreted serine
protease inhibitor that is a component of aqueous humor
and its levels are decreased with age and glaucoma.>® In our
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Ficure 5. N-cadherin (CDH2) in NTM and GTM cells. (A) Quantitative RT-PCR using Taq Man primer-probes shows significant upregulation
of the CDH2 gene in GTM cells. NTM, n = 6 biological replicates; GTM, n = 5 biological replicates; *P < 0.05. (B) Western immunoblot
and densitometry of N-cadherin protein RFUs + SEM in cell lysates showed a significant increase in N-cadherin in GTM cells. Tubulin is
the loading control. *P = 0.012; n = 8 from 4 biological replicates. (C) Representative immunofluorescence images of N-cadherin in NTM
and GTM cells showing increased N-cadherin immunostaining in GTM cells. Scale bar = 20 pm. (D) N-cadherin distribution in healthy and
glaucoma TM tissue. IW, inner wall of Schlemm’s canal; JCT, juxtacanalicular region; SC, Schlemm’s canal; TM, trabecular meshwork. Scale

bar = 20 pm.

study, SERPINF1 mRNA was significantly reduced by qPCR in
GTM cells, but although PEDF protein levels were decreased
(approximately 23%), this did not reach significance (Figs.
8C, 8D, P = 0.100).

Finally, we quantified expression of several of the EndMT
mesenchymal biomarkers described for vascular endothe-
lial cells, including SNAI1, SNAI2 (SLUG), TWIST1, TWIST2,
VIM (vimentin), and S710044. RT-PCR analysis using mRNA
from the same cell strains used for the NanoString analysis
as well as additional biological replicates, showed signifi-
cant upregulation of the mesenchymal biomarkers SNAIZ2,
TWIST1, TWIST2, and VIM in GTM cells (Fig. 9). However,
S100A4 and SNAI1 showed no significant difference in qPCR
assays.

DISCUSSION

EndMT is considered a key factor in the development of
fibrotic-like changes to tissues and is characterized by the
upregulation of mesenchymal markers and downregulation
of endothelial markers.!”-?° Using TM cells isolated from
age-matched healthy and glaucomatous tissues, our stud-
ies show that glaucomatous TM cells exhibit several critical
DEGs associated with EndMT.

Among classical EndMT markers, we found a signifi-
cant upregulation of ®SMA, fibronectin, Fn-EDA, N-cadherin,
SNAI2, VIM, TWIST1, and TWIST2. Furthermore, GTM cells
exhibited elevated levels of SMAD2/3 phosphorylation,
indicative of increased TGFp signaling.°® Other genes asso-
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FiGure 6. MMP2 in NTM and GTM cells. (A) Western immunoblot and densitometry of MMP2 protein RFUs £+ SEM in conditioned media
shows a significant decrease in MMP2 protein levels in GTM cells. *P < 0.05; n = 8 from 4 biological replicates. (B) MMP activity assay
shows that GTM cells had significantly increased MMP activity in the conditioned media than NTM cells. *P = 0.047; n = 6 biological
replicates each. MMP activity in the GTM lysates was also increased, but this did not reach significance (P = 0.068). (C) Representa-
tive immunofluorescence images of MMP2 in NTM and GTM cells. MMP2 was localized in PILS, which were larger in GTM cells. Scale

bar = 20 pm.

ciated with the TGFB pathway, SMADG, and activin A recep-
tor type II-like 1 (ACVRL1 or ALK1), were downregulated
in GTM cells. Downregulation of SMADG is consistent with
an EndMT phenotype because in arterial endothelial cells
subject to shear stress, downregulation resulted in reduced
cell-cell junctions, loss of endothelial cell barrier function,
and enhanced expression of mesenchymal markers.®! Yet,
the endothelial EndMT biomarkers, VE-cadherin, eNOS, and
PECAM-1 did not produce a sufficient signal to be detected
in our study. These genes are considered to be more closely
associated with Schlemm’s canal endothelial cells,®? so it is
perhaps not surprising that they did not produce a signal
in TM cells. Thus, whereas GTM cells upregulate numerous
mesenchymal markers that are consistent with an EndMT
phenotype, we did not see a downregulation of endothe-
lial biomarkers. This could reflect differences in EndMT
biomarkers expressed by vascular endothelial cells and
TM cells, especially considering that TM cells are not true
endothelial cells.®* EndMT is a complex and dynamic process

and cell cultures are not a pure population of either endothe-
lial or mesenchymal/myofibroblastic cells, but rather during
the transition, the cell population are in various intermedi-
ary states called “partial EndMT.”** A recent study described
partial EndMT in NTM cells.®> Compression of NTM cells
seeded in hydrogels induced expression of several EndMT
biomarkers («SMA, fibronectin, and TGFS2), indicative of
partial EndMT, whereas concurrent treatment with TGFS2
induced full mesenchymal transition, as indicated by upreg-
ulation of TWIST1 and N-cadherin. Thus, some of our GTM
cell gene expression profiles are consistent with a partial-
EndMT phenotype, where cells display properties of both
endothelial and mesenchymal cells,®® and some GTM cells
are likely to have undergone full mesenchymal transition.
It is also likely that some NTM cell strains may be start-
ing EndMT because these cells were derived from older
individuals. This would explain why there is some variabil-
ity in expression levels of some of the biomarkers in the
data herein.
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Ficure 7. CHI3L1 in NTM and GTM cells. (A) Quantitative RT-PCR using Taq Man primer-probes shows significant downregulation of the
CHI3L1 gene in GTM cells. NTM, n = 6 biological replicates; GTM, n = 5 biological replicates; **P < 0.01. (B) Representative Western
immunoblot and densitometry of CHI3L1 RFUs & SEM in conditioned media shows a significant decrease in CHI3L1 protein levels in GTM
cells. *P < 0.05; n = 8 from 4 biological replicates. (C) CHI3L1 distribution in normal and glaucoma TM tissue. SC, Schlemm’s canal; TM,

trabecular meshwork. Scale bar = 20 pm.

Several previous studies have investigated gene expres-
sion between normal and glaucomatous TM.?*-2° However,
very few of the significant DEGs identified in their studies
were found in our results. This could be due to several key
differences. The NanoString panel has a subset of fibrosis-
related genes on it, which limits the identification of signifi-
cant genes across the entire genome. In the Liton study, the
cultured TM cells were from cadaver eyes that were signif-
icantly younger (42 years) than those used for the tissue
(77 years). Thus, some of the DEGs identified may represent
age-related changes, as we have recently described (Faralli
et al.,, IOVS, 2024, 65, E-abstract 5165). In addition, our
study cultured TM cells in the presence of ascorbate, which
increases synthesis of collagens like COL6A3,*” whereas the
Liton study did not. In an analysis of POAG tissue using
Ilumina arrays, two genes were common to our study: N-
cadherin and VCAM1.2% N-cadherin was upregulated 3.33-
fold in POAG tissues, consistent with the upregulation that
we found in our cultured GTM cells. However, VCAM1
was upregulated 2.41-fold in POAG tissue in their study,
whereas it was significantly downregulated in GTM cells in
the present study. These results suggest that some, but not
all, glaucomatous changes may be maintained when GTM

cells are cultured. However, glaucoma is a heterogenous
disease and due to biological variation, not all patients with
glaucoma will exhibit the same gene expression profiles and
differences are to be expected.

Although MMP2 mRNA expression and protein levels
were significantly reduced in GTM cells, MMP activity was
increased. Most MMPs are regulated at the transcriptional
level, with the exception of MMP2.°® MMP2 is controlled
via a unique mechanism involving a tri-molecular activation
complex with MMP14 and TIMP2.% Thus, small changes in
the levels of MMP14 and/or TIMP2 can affect MMP2 activ-
ity. However, the most logical explanation for the increased
MMP activity in GTM cells is that other MMPs also contribute
because this assay was not specific for MMP2.

Our study found decreased levels of CHI3L1 and COL6A3
in GTM cells. CHI3L1 plays a role in ECM remodeling and
suppresses cell-cell junction genes, such as E-cadherin.”®
Thus, CHI3L1 has been implicated as playing a role in fibro-
sis. In the TM, CHI3L1 is highly expressed and is used as
a specific biomarker of TM cells. However, in our study,
CHI3L1 protein levels were variable in individual TM cell
strains, with some strains showing robust levels, whereas
others had little to no CHI3L1 protein. This variability was
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FiGure 8. COLG6A3 and SERPINF1 in NTM and GTM cells. (A) Quantitative RT-PCR using Taq Man primer-probes shows significant downreg-
ulation of the COL6A3 gene in GTM cells. NTM, n = 6 biological replicates; GTM, n = 5 biological replicates; *P < 0.05. (B) Representative
Western immunoblot and densitometry of COL6A3 RFUs + SEM in conditioned media shows a significant decrease in COL6A3 protein levels
in GTM cells. **P < 0.01; » = 12 from 5 biological replicates each of NTM and GTM. (C) Quantitative RT-PCR using Taq Man primer-probes
shows significant downregulation of the SERPINF1 gene in GTM cells. NTM, n = 6 biological replicates; GTM, n = 5 biological replicates;
#*#P < 0.01. (D) Representative Western immunoblot and densitometry did not detect a significant change in SERPINF1 RFUs in conditioned
media from GTM cells. Not significant (NS); # = 8 from 4 biological replicates.

not dependent on disease status. The significant downreg-
ulation of COLGA3 in GTM cells identified in this study
corroborates our previous study, which showed that COL6A3
protein deposition into the ECM was highly reduced.’” It is
possible that genetic variation in these primary cell strains,

particularly in GTM cells, may influence CHI3L1 and COL6A3
protein levels. CHI3L1 genetic variants are associated with
CHI3L1 protein levels in plasma samples in the general
population,”! whereas COL6A3 gene variants are associated
with IOP and glaucoma.””->® None of the GTM cells used in
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*#P < 0.01; NS, not significant.

this study have the rare D563G COLGA3 variant we previ-
ously reported (data not shown),”” but we did not sequence
the entire gene so other COLGA3 gene variants may be
present. In addition, we did not sequence CHI3L1. However,
it seems likely that genetic variation, or epigenetic regula-
tion, may influence expression of certain genes in GTM cells.

Fibronectin is a large multi-domain extracellular
molecule, which interacts with cell surface integrin
molecules and plays a major role in cell adhesion. Expres-
sion of its EDA isoform is believed to play an important role
in the transition into a myofibroblast and is stimulated by
TGFB signaling in TM.>!>2 When constitutively expressed,
FN-EDA increases IOP in mice suggesting that it is a cause
for glaucoma.”? Our results show that FN-EDA levels were
increased in GTM fibronectin fibrils, which is consistent
with a prior study using GTM cells.>? Interestingly, we also
found that GTM cells have significantly decreased levels
of FN-EDB compared to NTM cells. The EDB domain is a
highly conserved 91 amino acid domain that is inserted
between fibronectin type III repeats 7 and 8 of cellular
fibronectin.’ The function of EDB isoform is not entirely
clear. A previous study linked EDB expression to increased

phagocytosis.”> Matrices containing less FN-EDB in their
fibronectin fibrils may reduce the phagocytic capacity of
GTM cells. Consistent with this, our group and others have
shown that phagocytosis is impaired in GTM cells compared
with age-matched NTM cells.*!74 Other structural studies
revealed that inclusion of EDB into fibronectin fibrils causes
reorganization of the RGD loop, allowing two integrins to
bind at the same time.”> Reduced FN-EDB in GTM cells
therefore suggest altered integrin binding and clustering.
This is consistent with the altered pattern of active «581
and avp3 integrin staining in GTM cells. The extensive
avB3 integrin immunostaining was particularly intriguing,
and the size of the focal adhesions were similar to “super-
mature” adhesions.”®7” These large focal adhesions help to
recruit «SMA to stress fibers, which is consistent with the
upregulation of «SMA in GTM cells.

Glaucoma TM tissue is in limited supply and contains
few TM cells, which limits the number and type of func-
tional assays that can be performed using tissue. Increasing
evidence shows that TM cells retain 2 mechanical memory.”®
The mechanomemory concept proposes that cells maintain
their phenotype when they are removed from their original
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biomechanical environment and placed in a new one.”'%

For instance, fibroblasts cultured on stiff substrates mimick-
ing fibrosis maintained their transition to a myofibroblast
phenotype even when re-plated onto a soft substrate.”’
Similarly, our results as well as prior studies suggest that
cultured human TM cells retained expression of numerous
genes found in TM tissue.?! Furthermore, healthy TM cells
grown on hydrogels mimicking the stiffness of glaucoma
TM tissue adopted a glaucoma-like phenotype®! and had
altered YAP/TAZ, molecules involved in mechanotransduc-
tion.82%* TM cells grown from stiff, glaucomatous tissue
have thicker actin stress fibers?! and synthesize an ECM
that was molecularly different from TM cells derived from
softer, non-diseased tissue.®> Thus, the data presented in
this study suggests that, in combination with tissue studies,
cultured TM cells are a useful in vitro model for studying
glaucoma.

In conclusion, our study using cultured TM cells iden-
tified 30 fibrotic-related genes and proteins that are differ-
entially expressed in glaucoma. Several of these genes are
consistent with glaucoma cells undergoing partial- or full-
EndMT. The link connecting EndMT, fibrosis, and glaucoma
is important as we consider the design of new therapeutic
agents to reduce elevated IOP and treat patients with glau-
coma.
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