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Abstract

Pseudoexfoliation glaucoma (PEXG) is characterized by dysregulated extracellular matrix (ECM) homeostasis that disrupts conventional
outflow function and increases intraocular pressure (IOP). Prolonged IOP elevation results in optic nerve head damage and vision
loss. Uniquely, PEXG is a form of open angle glaucoma that has variable penetrance, is difficult to treat and does not respond well
to common IOP-lowering pharmaceuticals. Therefore, understanding modulators of disease severity will aid in targeted therapies for
PEXG. Genome-wide association studies have identified polymorphisms in the long non-coding RNA lysyl oxidase-like 1-antisense 1
(LOXL1-AS1) as a risk factor for PEXG. Risk alleles, oxidative stress and mechanical stretch all alter LOXL1-AS1 expression. As a long
non-coding RNA, LOXL1-AS1 binds hnRNPL and regulates global gene expression. In this study, we focus on the role of LOXL1-AS1 in
the ocular cells (trabecular meshwork and Schlemm’s canal) that regulate IOP. We show that selective knockdown of LOXL1-AS1 leads
to cell-type-specific changes in gene expression, ECM homeostasis, signaling and morphology. These results implicate LOXL1-AS1 as
a modulator of cellular homeostasis, altering cell contractility and ECM turnover, both of which are well-known contributors to PEXG.

These findings support LOXL1-AS1 as a key target for modifying the disease.

Introduction

Pseudoexfoliation glaucoma (PEXG) is an ocular manifestation
of pseudoexfoliation syndrome (PEX), which is characterized by
the accumulation of extracellular matrix (ECM) in the outflow
pathway, leading to the dysregulation of conventional outflow and
subsequent increase in intraocular pressure (IOP) (1-3). Increased
IOP imparts mechanical injury to unmyelinated retinal ganglion
cell axons at the optic nerve head, leading to apoptosis and subse-
quent loss of vision. Significantly, an estimated 50% of open angle
glaucoma is caused by PEX (4). Interestingly, PEXG, like other types
of primary open angle glaucoma (POAG), is an outflow pathway
disease, but does not respond to front line IOP-lowering drugs as
well as other forms of glaucoma (5,6). Aside from treatment diffi-
culties, PEXG is affected by a complex set of genetic interactions
and pathways (2,7,8). Moreover, PEXG is a genetically distinct form
and understudied compared with other forms of glaucoma (9-11),
potentially providing unique therapeutic opportunities.
Polymorphisms in the long non-coding RNA LOXL1-AS1 are
strongly associated with PEXG (7,12,13). LOXL1-AS1 is upregulated
in Schlemm’s canal (SC) cells exposed to mechanical stretch and
downregulated when exposed to oxidative stress in human lens
epithelial (B3) cells, indicating a role for LOXL1-AS1 in cellular
environmental response pathways (13). Additionally, we have
previously shown that LOXL1-AS1 binds RNA-binding proteins,

primarily the splicing protein hnRNPL, and regulates gene
expression in immortalized human lens epithelial B3 cells (14). A
pleiotropic genetic regulator such as LOXL1-AS1 thus represents
a valuable candidate for therapeutics in PEXG patients, who
exhibit dysregulation of multiple genes, in pathways enriched for
viral gene expression, mitochondrial and ribosomal respiratory
transport and cell adhesion (15).

To better understand the complex role of LOXL1-AS1 in
PEXG, we examine the molecular landscape in PEXG-relevant
cells. Specifically, we investigate whether depletion of LOXL1-
AS1 modulates gene expression in cells that regulate IOP using
primary cultures of human trabecular meshwork (TM) and SC
cells and then comparing results with gene expression studies in
the transformed B3 cell line previously studied (14). This study
also explores whether the loss of LOXL1-AS1 expression affects
downstream mechanotransduction signaling hub proteins, ECM
proteins and cellular morphology, which are critical processes in
the maintenance of conventional outflow function and IOP.

Results
LOXL1-AS1 regulates pleiotropic gene expression

LOXL1-AS1 regulates gene expression in models of cancer and
ocular disease (14,16). In previous work, knockdown (KD) of
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LOXL1-AS1 in B3 cells leads to dysregulation of over 450 RNAs,
indicating that it is a major regulator of gene expression in this
ocular cell type (14). To determine the gene targets of LOXL1-AS1 in
cells relevant to IOP regulation, RNA-seq analysis was performed
on primary cultures of TM (n=7 different strains) and SC (n=6
different strains) cells transduced with Ad5-LOXL1-AS1-shRNA-
GFP (LOXL1-AS1 KD) or Ad5-Scrambled-shRNA-GFP (scrambled).
Only cells that were confirmed to have a significant knockdown
of LOXL1-AS1 in comparison with control (>50%) were included
in the study (Supplementary Material, Fig. S1). Compared with
the 450 genes regulated in B3 cells (14), LOXL1-AS1 knockdown
significantly dysregulated only 220 gene targets in TM cells, and
24 in SC cells (P<0.05) (Fig. 1A and B). These data, combined
with previous results in B3 cells (14), demonstrate that LOXL1-
AS1 regulates gene expression in a cell-specific manner. The
baseline levels of expression of a small number of (9) transcripts
were present in TM cells but not SC cells, but a vast majority of
transcripts were present at detectable basal levels in both cell
types (data not shown).

LOXL1-AS1 regulates ECM gene expression

ECM dysregulation contributes to the pathology of PEXG
(15,17,18). To focus on ECM targets using a second assay, we
investigated the effect of LOXL1-AS1 knockdown in TM, SC
and B3 cells, using an ECM-based gPCR platform (Fig.2). In
primary TM cells (n=4 different strains), knockdown of LOXL1-
AS1 led to significant dysregulation of gene targets such as
collagen type XI, alpha 1 (COL11A1) and integrin beta 3 (ITGB3)
(*P < 0.05) (Fig. 2A), and western blot analysis revealed an upward
trend in ITGB3 and a significant downregulation of COL11A1
protein (*P <0.05) (Fig. 2D). Knockdown of LOXL1-AS1 in SC cells
(n=4 different strains) led to significant dysregulation of genes
that included integrin alpha 2 (ITGA2) and laminin gamma
1 (LAMC1) (*P<0.05) (Fig.2B), but no significant differences
in protein levels were observed (P> 0.05) (Fig. 2E). In B3 cells,
knockdown of LOXLI1-AS1 led to a significant upregulation of
targets such as thrombospondin 2 (THBS2) and tenascin C (TNC)
and downregulation of C-type lectin domain family 3, member B
(CLEC3B) and TIMP metallopeptidase inhibitor-1 (TIMP1) (*P < 0.05)
(Fig. 2C). However, we observed no significant changes in protein
abundance for TIMP1 and THBS2, (P> 0.05) (Fig. 2F). In summary,
ECM targets respond in a cell-type-specific manner to knockdown
of LOXL1-AS1. Interestingly, at the protein expression level, only
downregulation of COL11A1 was significant in response to LOXL1-
AS1 knockdown in TM cells.

LOXL1-AS1 regulates mechanotransduction hub
protein abundance and activity

Alterations in mechanotransduction protein expression occur
in outflow pathway cells in response to mechanical stretch
(19-21). In cancer cell lines, changes in LOXL1-AS1 expression
impact mechanotransduction hub protein expression, which
leads to changes in cell proliferation, migration and morphology
(22,23). Here, we investigate the protein expression profile and
activity states for known mechanotransduction hub proteins:
protein kinase B (AKT), focal adhesion kinase (FAK), mitogen-
activated kinase (MAPK), yes-associated protein (YAP), tafazzin
(TAZ), vertebrate lonesome kinase (VLK), Talin-1, Vinculin and
RAS homolog family member A (RhoA) in response to LOXL1-
AS1 knockdown in human ocular cells. Surprisingly, we observed
no change in any candidate hub proteins analyzed following
LOXL1-AS1 knockdown in TM cells (Fig.3A). In contrast, AKT
was robustly phosphorylated in SC cells following LOXL1-AS1
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Figure 1. LOXL1-AS1 knockdown differentially affects gene expression
in TM and SC. Primary TM and SC cells were transduced with Ad5-
Scrambled-shRNA-GFP (Scr) or Ad5-LOXL1-AS1-shRNA-GFP (KD) and ana-
lyzed at 72 h post-transduction for changes in global gene regulation.
(A) In TM cells, there were 165 significantly downregulated and 55 sig-
nificantly upregulated targets upon RNAseq analysis (P <0.05), n=7 cell
strains. (B) In SC cells, there were only five significantly downregulated
targets and 19 significantly upregulated targets upon RNAseq analysis
(P<0.05), n=6 cell strains.

knockdown (Fig. 3B). In B3 cells, knockdown of LOXL1-AS1 led
to significant phosphorylation of MAPK, dephosphorylation of
AKT and downregulation of VLK, Talin-1 and RhoA (*P <0.05,
**P <0.01, ***P <0.001) (Fig. 3C). Interestingly, LOXL1-AS1 knock-
down reduced AKT phosphorylation in B3 cells while increasing
it in TM and SC cells, indicating a cell-type-dependent role for
this hub protein. YAP/TAZ was assessed by immunofluorescence
microscopy and did not translocate to the nucleus, which
indicated that the complex was not activated with LOXL1-AS1
knockdown in the three cell types tested (data not shown).

LOXL1-AS1 regulates cellular morphology

Lens and TM cells can undergo an endothelial to mesenchymal
transition (EMT) in response to dysregulation of critical ECM
pathway biomarkers (24-28). Moreover, LOXL1-AS1 regulates pro-
liferation, migration and EMT in cancer cells (22,29,30). Here,

20 Areniga |0 uo 1sanb AQ £0€2€2./€S0€/12/2E/PIoMe/Buy/Ww0d"dNoo1LSpED.//:Sd)lY WO PapEojuMOd


https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddad128#supplementary-data

Human Molecular Genetics, 2023, Vol. 32, No. 21 | 3055

>
W
®)

B3 Cells SC Cells TM Cells
= 201 wm Upregulated (5) = 207 Upregulated (2) = 207 == Upreguiated (5)
=
2 _ mm Downregulated (2) %,\ mm Downregulated (11) 2 . mm Downregulated (8)
$E 15+ YB 15+ grg 154
< 8 < 8 < 3
. E S E SLE
o & 104 o & 10+ o 8 104
o o
23 £ £a
a (=) o
5% 5+ 5% 5+ 5% 54
T~ T - >
[ (4] <]
w w w 0-
N\ S NN NN ANDHDN D
MOGSRING & PNFoREP >
v.
Gene Targets Gene Targets Gene Targets
TM Cells ) SC Cells B3 Cells
2.5+ 2.5 2.5+
—~ 2.0 = 2.0 = 2.0
o 3 o B o B
93 o ° 93
S E 157 S E 157 S E 151
L w© <« £ o
S5 * °5 S5
20)1'0_ ............ EQ 10_. ............ EQ']O_..@.“
) i g £
=~ 0.5+ = 0.5+ = 0.5+
o.0l—»~l—1 0.0 i 9" 0.0 \I f;
N >
v Q O 4 2
N o N o N Q
0\:\ < Na < N /&

Protein Targets Protein Targets Protein Targets

Figure 2. LOXL1-AS1 knockdown differentially affects ECM target gene expression. Human immortalized lens epithelial (B3) cells, primary TM cells and
primary SC cells underwent knockdown of LOXL1-AS1 via transfection or transduction, respectively, and all cell types were analyzed specifically for ECM
gene and protein expression. (A) In TM cells at 72 h post transduction, five gene targets were significantly upregulated, including Integrin beta-3 (ITGB3),
and eight gene targets were significantly downregulated, including Collagen type XI, alpha 1 (COL11A1) (P <0.05), n=4 cell strains. (B) In SC cells at
72 h post transduction, two gene targets were significantly upregulated, including Integrin alpha-2 (ITGA2), and 11 gene targets were significantly
downregulated, including Laminin gamma 1 (LAMC1) (P <0.05), n=4 cell strains. (C) In B3 cells at 48 h post transfection, five gene targets were
significantly upregulated, including Thrombospondin-2 (THBS2), and two targets were significantly downregulated, including TIMP metallopeptidase
inhibitor 1 (TIMP1) (P <0.05), n=3 biological replicates. (D) Western blot analysis performed on LOXL1-AS1 knockdown TM cell lysates indicated that
Collagen type IX, alpha 1 was significantly downregulated at the protein level (P < 0.05), n=4 cell strains. ICAM-1 and Integrin beta3 were not significantly
different at the protein level from scrambled controls (P> 0.05), n=7 cell strains. (E) Upon western blot analysis on SC cell lysates for Laminin gamma
1 and Integrin alpha 2, no significant change was detectable at the protein level (P> 0.05), n=4 cell strains. (F) Lastly, western blot analysis in B3 cell
lysates for TIMP-1 and Thrombospondin-2 showed no significant change was detectable at the protein level in LOXL1-AS1 knockdown cells (P> 0.05),

n=4 biological replicates.

we investigate whether knockdown of LOXL1-AS1 affects ocu-
lar cell morphology. Three days after knockdown of LOXL1-AS1,
TM cells trended toward circularity (Fig. 4A-C), but, significantly,
SC cells displayed an EMT-like transition from elongated cell
shapes to more circular cell shapes (***P <0.001) (Fig. 4D-F). No
change was observed as a result of LOXL1-AS1 knockdown in
B3 cells (Fig. 4G-I). To test whether the morphological change in
SC cells was due to an increase in contractility, we measured
the ratio of phosphorylated myosin light chain (MLC) to total
MLC, a surrogate indicator of contractility (31-33). Protein analysis
at 72 h post- LOXL1-AS1 knockdown showed a trend toward
a decrease in MLC activity (P=0.0563) (Fig.5). This decrease in
MLC activity is consistent with morphological ‘rounding’ observed

(Fig. 4).

Discussion

There are two common isoforms of LOXL1-AS1: one expressed in
fibroblasts (ENST00000566011) and a second predominant form
that is expressed in all other tissues (13,14). The predominant
form of LOXL1-AS1 is positioned within a locus associated with

risk for PEXG. This isoform displays decreased expression in B3
cells with oxidative stress, shows increased expression in SC cells
under mechanical stretch and regulates global gene expression
in immortalized B3 cells (13,14). The data presented here extend
these findings and show that the predominant form of LOXL1-
AS1 also regulates gene expression in primary TM and SC cells,
although the number of target genes is reduced, and the identity
of those targets is different. These genetic changes corresponded
to alterations in ECM and mechanotransduction targets as well as
cell shape changes in a cell-specific manner.

The activity for LOXL1-AS1 in global gene regulation appears
to be cell-type specific, yet the number of genes dysregulated
decreases from B3 to TM to SC cells. This phenomenon could
occur due to differences in cell strain source or cellular function in
these tissues of the anterior segment. B3 cells were isolated from
18-week prenatal lenses (34) and were subsequently immortal-
ized, making them genetically homogeneous. In contrast, primary
cultures of TM and SC cells were isolated from different, mostly
adult or elderly human donor eyes. This adds genetic variability
between donors and possibly aging and environmentally induced
epigenetic imprinting that can alter gene expression at baseline
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Figure 3. LOXL1-AS1 knockdown differentially affects mechanotransduction targets in B3, TM and SC cells. Human primary TM cells, primary SC cells
and immortalized lens cells (B3 cells) underwent knockdown of LOXL1-AS1 via transduction or transfection, respectively, and all cell types were analyzed
specifically for known mechanotransduction protein expression via western blot. (A) In TM cells at 72 h post transduction, no targets were significantly
dysregulated with LOXL1-AS1 knockdown (P > 0.05),n=3-11 cell strains. (B) In SC cells at 72 h post transduction, pAKT/AKT was significantly upregulated
(P <0.05), n=4 cell strains, while all other targets showed no significant change with LOXL1-AS1 knockdown (P > 0.05), n=3-6 cell strains. These data
indicate differential mechanotransduction regulation for lens and outflow pathway cell types. (C) In B3 cells at 48 h post transfection, phosphorylated
MAPK (pMAPK/MAPK) was upregulated, while pAKT/AKT, VLK, Talin-1 and RhoA were all significantly downregulated with LOXL1-AS1 knockdown

(*P <0.05, **P <0.01, ***P < 0.001), n=4-5 biological replicates.

prior to LOXL1-AS1 depletion in our experiments. However, this is
unlikely to fully explain the differential gene targeting observed
between the three ocular cell types. Each cell type is highly
specialized, serving vastly different functions in the eye. Lens
cells are epithelia, containing high concentrations of cytosolic
proteins that function to refract incoming light (35). Conversely,
TM cells are mesenchymal, which are phagocytic and contractile
cells embedded in a complex avascular ECM architecture that
serves as a biological filter and resistor system for aqueous humor
(36). SC cells are enigmatic in their identity as a hybrid blood
vascular/lymphatic cell type, responsible for maintaining part
of the blood-aqueous barrier and regulating outflow of aqueous
humor (37). Therefore, baseline abundance of messenger RNAs is
expected to be different between the three cell types, as they serve
vastly different roles in their physiological environment.

More important than numbers of dysregulated genes are
the types of genes that are dysregulated in each cell type with
depletion of LOXL1-AS1. For example, vasorin (VASN), a molecule
responsible for binding transforming growth factor (TGF) and
negatively regulating endothelial to mesenchymal transition
(38), was downregulated in TM cells by RNAseq. In one previous
study, VASN was significantly downregulated in primary TM cells
from patients with POAG when compared with controls (38),
possibly indicating an important role of LOXL1-AS1 in regulating
VASN-mediated TGF and EMT responses. In RNAseq data from
SC cells, pyridoxal phosphate phosphatase (PDXP), a molecule
that increases downstream endothelial permeability (39), was
upregulated in response to LOXL1-AS1 depletion. Aqueous
outflow regulation is, in part, modulated by the permeability of
SC’s inner wall, making LOXL1-AS1 a potentially critical regulator
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Figure 4. LOXL1-AS1 knockdown changes B3, TM and SC morphology. Human primary TM cells, primary SC cells and immortalized lens epithelial (B3)
cells underwent knockdown of LOXL1-AS1 via viral transduction or plasmid transfection, respectively, and all cell types were analyzed specifically for
cell morphology using immunofluorescence of either GFP or labeled TAZ with Al488 secondary antibody. (A-C) TM cells displayed a non-significant
trend toward circularity between the Scrambled (A) and the LOXL1-AS1 knockdown (B) cells, as indicated by (C) a decrease in semiaxis ratio (Major
axis/Minor axis) (P <0.05). Scale bar =10 um. (D-F) SC cells displayed a significant increase in circularity between the scrambled (D) and the LOXL1-AS1
knockdown (E) cells, as indicated by (F) a decrease in semiaxis ratio (Major axis/Minor axis) (P < 0.05). Scale bar =10 um. (G-I) B3 cells displayed no change
in circularity between the Scrambled (A) and the LOXL1-AS1 knockdown (B) cells, as indicated by (C) a similar in semiaxis ratio (Major axis/Minor axis).

Scale bar=10 um. Images were brightened equally to visualize cell borders.

of this process. This dysregulation of factors known to affect
downstream signaling and conformational changes in outflow
cell types led to our investigation into changes in expression
of ECM targets, which are known to play a pivotal role in PEXG
progression via maladaptive accumulation and induction of
structural abnormalities both intercellularly and intracellularly.
ECM dysregulation and accumulation are diagnostic features
of PEX (40,41), and this study elaborates on the role of LOXL1-AS1
in regulating ECM targets in TM, SC and B3 cells. Dysregulated tar-
gets include basement membrane proteins, MMPs, cell adhesion

molecules and signaling molecules. Although these targets were
significantly dysregulated at the gene expression level, COL11A1
was significantly downregulated in TM cells at the protein level,
indicating a potential breakdown in ECM fibrils, as COL11A1 is
known to regulate fibril formation (42). COL11A1 is also down-
regulated in pathologies including fibrosis (43), where fibril size
and length are abnormally heterogenous as a direct result of loss
of COL11A1 expression. LOXL1-AS1 may, therefore, play a role in
regulating downstream fibrotic pathways that can contribute to
PEXG progression through modulating ECM targets like COL11A1.
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Figure 5. LOXL1-AS1 knockdown decreases myosin light chain activity.
Primary human SC cells were transduced with an adenoviral construct
to knockdown LOXL1-AS1. 72 h post transduction cells were lysed and
levels of phosphorylated MLC and total MLC were measured via western
blotting. Results indicated a downward trend in pMLC/MLC following
LOXL1-AS1 knockdown, albeit not statistically significant (P=0.0563),n=8
biological replicates.

ECM fibrillary deposition is a major characteristic of PEXG in
patients (37,38); however this phenomenon has not been observed
in cell strains isolated from donor eyes of healthy patients in vitro.
In contrast, ECM fibrillary deposits have been observed ex vivo in
lens tissues from PEXG patients (44). More studies are needed to
determine the effect of LOXL1-AS1 depletion on ECM pathways
and intermediate signaling molecule status.

Because we previously observed that LOXL1-AS1 expression
was upregulated with mechanical stretch in SC cells (13), we
focused in this study on changes in hub signaling proteins that
are responsive to mechanical stress (19-21,45) and important
regulators of conventional outflow function. These hub proteins
included pAKT/AKT, pMAPK/MAPK, pFAK/FAK, YAP, TAZ, VLK,
talin-1, vinculin and rhoA. For example, phosphorylation of AKT
is associated with a decrease in TM cell size (46) and an increase
in phosphorylation of eNOS in SC cells (47), as well as signaling
in processes such as proliferation, cell cycle and EMT responses
(34,48). Activation of MAPK by phosphorylation regulates pro-
cesses including proliferation, differentiation, motility and sur-
vival (49). In TM cells, MAPK is activated in response to mechan-
ical stretch, and cells underwent cytoskeletal and morphologic
changes (50). FAK is a protein tyrosine kinase that regulates
cellular adhesion, motility, proliferation and survival in various
types of cells (51). In TM cells, the phosphorylation status of FAK
regulates the stability of actin cytoskeleton and cellular adhe-
sions, therefore affecting cell shape in vitro and outflow facility
in vivo (52). The activity of the YAP/TAZ axis is known to regulate
stiffness in TM cells under TGFB2 stress (53), and the activity of
the RhoA/ROCK-YAP/TAZ axis regulates fibrosis in TM cells (54).
VLK has been implicated in the processes of ECM protein phos-
phorylation, cell morphology and adhesion in TM cells (55). Talin-
1 regulates communication between the actin cytoskeleton and
the ECM (56), and it has been shown that cooperative a581/a481
integrin signaling affects talin localization and cytoskeletal orga-
nization in TM cells (57). Vinculin regulates linkage of talin to actin
in the cytoskeleton and integrins in the cell membrane, thereby
coupling changes in tension within the contractive cytoskeleton
applied to the ECM (58).

After LOXL1-AS1 KD in ocular cells, we discovered that TM, SC
and B3 cell responses varied. For instance, phosphorylated AKT/-
total AKT was significantly downregulated in B3 cells, upregulated
in SC cells and trending toward upregulated in TM cells. This,
coupled with the significant activation of MAPK, deactivation of
AKT and downregulation of VLK and Talin-11in B3 cells, indicates a
very different mechanotransduction response in primary outflow
cells compared with immortalized lens cells. Since part of the
PEXG characteristic ECM deposition is thought to originate in
lens cells (41), these data corroborate previous studies displaying
the dysregulation of a group of mechanotransduction pathways
that likely regulate this process in ocular cell types (38,59-61).
However, the physiological response to LOXL1-AS1 depletion was
more robust in TM and SC cells via AKT activation, leading to a
potential pathway for ECM remodeling in the outflow cell types
that may regulate cell morphology and physiological function.

To withstand the extreme mechanical forces in the conven-
tional outflow pathway, TM and SC cells are highly contractile,
similar to smooth muscle cells (62,63). However, fibrosis can be
a pathological consequence of abnormal responses of cells to
mechanical stress. Interestingly, we observed complementary
indications that LOXL1-AS1 mediates contractile tone of both TM
and SC cells, either indirectly via changes in its ECM expression
or directly affecting their contractile machinery. As such we
observed that knockdown of LOXL1-AS1 affected the morphology
of both outflow cell types, significantly rounding SC cells (Fig. 4).
When looking closer at the contractile machinery in SC cells
we observed a decrease in MLC phosphorylation after LOXL1-
AS1 knockdown, nearly reaching statistically significant levels
(Fig. 5). Such effects are reminiscent of the rounded morphology
and reduced contractile tone reported in TM and SC after
treatment with rho kinase inhibitors that directly block MLC
phosphorylation and increases outflow facility (64-68). Future
studies will be directed at examining the effect of LOXL1-AS1
knockdown on outflow facility in perfused human anterior
segments.

The gene expression profiles, signaling molecule activity and
morphological changes associated with LOXL1-AS1 depletion
in TM, SC and B3 cells in this study provide key information
to support further investigation into the dynamic role of this
IncRNA, as it applies to PEXG. This investigation shows that
LOXL-AS1 regulates pleiotropic and ECM-specific gene expression
profiles in a cell-type-dependent manner and that outflow
pathway cell-specific regulation of AKT may mitigate cellular
morphology changes downstream. These findings are critical to
understanding how LOXL1-AS1 imparts risk for PEXG and how this
IncRNA may directly regulate outflow cell ECM and morphological
changes. Future studies into the physiological significance of
LOXL1-AS1 dysregulation in ex vivo tissues may provide further
insight into the downstream effects of LOXL1-AS1-mediated
cell signaling and morphology changes on aqueous outflow
dynamics. In conclusion, LOXL1-AS1 is an important and dynamic
regulator in ocular cells and requires further investigation to
determine optimal therapeutic targeting for PEXG.

Materials and Methods
Cell culture

Immortalized human lens epithelial HLE-B3 (B3) cells (#CRK-
11421, ATCC, Manassas, VA) were cultured in high glucose
Dulbecco’s modified Eagle’s medium (DMEM) (+) sodium
pyruvate, (+) glutamine (#11965092, Thermo Fisher Scientific,
Raleigh, NC), and supplemented with 20% fetal bovine serum
(FBS) (#11550, Atlanta Biologicals, Flowery Branch, GA), 1X PSG
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(#10378016, Thermo Fisher Scientific) and 55 mg/L of non-
essential amino acids (#11140-050, Thermo Fisher Scientific).

Ocular tissues were harvested from male and female donors
without diagnosed ocular disease, minimizing to the best of our
ability the underlying genetic effects that could alter the down-
stream regulatory outcomes with LOXL1-AS1 manipulation. TM
cells were isolated from human donor eyes using an ECM diges-
tion protocol as previously described (69). TM cells were char-
acterized by cellular morphology, contact inhibition and robust
induction of myocilin protein following treatment with 100 nM of
dexamethasone over 5 days (70). Cells were confirmed to be TM
by immunofluorescence microscopy and western blot analysis.
TM cells were cultured in low glucose DMEM (#11885092, Thermo
Fisher Scientific) and supplemented with 1% PSG and 10% FBS.

SC were isolated from human donor eyes using a previously
established protocol (71). Briefly, cadaveric anterior chambers
were dissected into eight equal and radially symmetric pieces,
a gelatin-coated suture was cannulated through the lumen of
the SC and cannulated pieces were cultured for 3 weeks. Sutures
were then removed from the SC, and cells were seeded onto 3 cm
culture plates. SC cells were then characterized by morphology,
growth characteristics and cell-specific markers (72). SC cells
were cultured with DMEM, 10% FBS and 1% PSG.

TM, SC and B3 cells were incubated at 37°C, 5% CO2 and grown
to 80-90% (60-70% for B3 cells) confluency prior to LOXL1-AS1
knockdown studies.

LOXL1-AS1 knockdown

B3 cells were grown to 60-70% confluency in a 6-well plate,
then transfected with lipofectamine RNAIMAX (#13778075) in
Opti-MEM media (#31985062), and a LOXL1-AS1 targeted small
interfering RNA (siRNA) (target sequence: 5'- CACAGAAGAGGT-
GCTCGATAA-3' in the last exon conserved in both splice forms of
LOXL1-AS1) (#S105724243) or a negative control scramble siRNA
(#S103650318) (Qiagen, Germantown, MD). At 6 h post trans-
fection, an additional 1 ml of B3 media was overlaid. At 48 h
post-transfection, B3 cells were rinsed in cold phosphate-buffered
saline (PBS) and harvested.

Viral titer experiments were performed in both TM and SC
cells to determine the lowest multiplicity of infection (MOI) to
effectively knock down LOXLI1-AS1. At 80% confluency, TM cells
were transduced with an MOI of 10 with adenovirus containing
either a short hairpin RNA (shRNA) targeted to LOXL1-AS1 (target
sequence: 5- CACAGAAGAGGTGCTCGATAA-3' in the last exon
conserved in both splice forms of LOXL1-AS1) with a GFP reporter
or a negative control scrambled shRNA with a GFP reporter for 6 h
before adding 1 ml of media. After 72 h, cells were rinsed in PBS
and harvested.

LOXL1-AS1 was knocked down in SC cells at 80% confluency
by transduction with Ad5.LOXL1-AS1shRNA.GFP at an MOI of
200 or using lipofectamine RNAIMAX to transfect Ad5.LOXLI-
AS1shRNA.GFP at an MOI of 10 into the cells. Ad5.Scrambled.GFP
transduction was used as a control. Lipofectamine combined with
adenovirus was determined to be more efficient than standard
transduction techniques and permitted us to reduce the MOI
to 10. At 72 h post-transfection, SC cells were rinsed in PBS
and harvested. Knockdown was determined by gPCR from RNA
isolated from each cell type.

RNA isolation and cDNA synthesis

Cells were mechanically lysed using Qiashredders (Qiagen,
#79654), then RNA isolation was accomplished using the cell
lysate in the Quick-RNA MiniPrep Kit (#11-327, Zymo Research)
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for TM, SC and B3 cells using the manufacturer’s protocol.
After isolating RNA, Template cDNA was generated using 1 ug
of isolated RNA per sample. cDNA was generated using High-
Capacity cDNA Reverse Transcription Kit (#4368814, Applied
Biosystems).

RNAseq

RNAseq raw read data were analyzed to determine if any genes
were differentially expressed in TM and SC cells after LOXL1-
AS1 knockdown. FastQC (https://www.bioinformatics.babraham.
ac.uk/projects/fastqc/) was used to assess read quality. Trim
Galore  (https://www.bioinformatics.babraham.ac.uk/projects/
trim_galore/) was used to trim read adapters and filter out reads
with a Phred score of <20. SALMON (73) was used to quantify
expression levels of the reads using its mapping-based mode. A
transcriptome index was generated using the Ensembl 106 release
of the GRCh38 homo sapiens cDNA transcripts, and quantification
was performed with the sequence-specific bias and GC bias
corrections. The resulting quantifications were then used in
DESeq?2 (74) to perform the differential gene expression analyses
across TM cells, SC cells and TM and SC cells combined.

Quantitative PCR

To confirm LOXL1-AS1 knockdown, quantitative PCR was per-
formed using TagMan Fast Advanced Master Mix (#4444557,
Thermo Fisher Scientific), Tagman assays (#Hs00173746: LOXL1-
AS1 and #Hs02758991: GAPDH, Thermo Fisher Scientific) and
the QuantStudio3 (Applied BioSystems, Waltham, MA) as per
manufacturer protocol. For the ECM assay, 96-well plates (pahs-
013zd, Qiagen) preloaded with various ECM targets were used in
conjunction with Qiagen RT? First Strand Kit and RT? SYBR Green
gPCR Mastermix.

Protein isolation

Harvested cell pellets from TM, SC and B3 cells were resuspended
in 50 ul RIPA buffer (#89900, Thermo Fisher Scientific) and 1 ul
protease inhibitor (#P8340, Sigma Aldrich, St. Louis, MO). Samples
were placed on ice for 45 min and vortexed every 5 min. Samples
were spun at 14 000 RPM for 10 min to pellet cell debris, and super-
natant was transferred to a new tube. Sample protein concentra-
tion was measured using Pierce BCA Protein Assay Kit (#23227,
Thermo Fisher Scientific) and Molecular Devices SpectraMax M5
plate reader (Molecular Devices, San Jose, CA). Alternatively, for
PMLC/MLC experiments, plates were immediately placed on ice at
72 hpost viral transduction, and cells were rinsed three times with
ice-cold PBS and harvested by scraping into 1X Laemmli sample
buffer with 100 mM DL-dithiothreitol (#D9779, Sigma-Aldrich) at
200 pl/well. Protein lysates were boiled for 5 min and stored at
—80°C.

Western blot analysis

A working sample buffer was made to prepare protein samples;
80 ul 2x Sample Buffer made from 4x Laemmli Sample Buffer
(#1610747, Bio-Rad Laboratories, Hercules, CA), 20 ul beta-
mercaptoethanol (#M6250-10ML, Sigma Aldrich, St. Louis, MO)
and 50ul urea (# U4883, Sigma-Aldrich). The working sample
buffer was added to protein samples 1:1 and incubated at room
temperature for 10 min. Samples of 5-10ug were loaded on 10%
SDS gels. Gels were transferred to membranes using the wet
transfer method at 100 V for 1 h, followed by blocking for an
hour in TBST +5% BSA, then overnight incubation of primary
antibodies at 4°C. Primary antibodies include COL11A1 (#72026 T),
ITGB3 (#13166), pAKT (S473) (# 4060 T), AKT (#4961S), pFAK(Y397)
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(#8556 T), FAK (#3285S), pMAPK (phosphor-p44/42, T202/Y204)
(#9101S), MAPK (#9271S), YAP (#8418S), TAZ (#8418S), Talin-1
(# 4021 T), Vinculin (#13901S), RhoA (#2117S), phospho-MLC
(#3674), and MLC (#3672) (Cell Signaling, Danvers, MA); LAMC1
(#mab1920) and ITAG2 (#ab1936) (MilliporeSigma, Burlington,
MA); TIMP1 (#IM32L, Oncogene Research Projects, La Jolla, CA);
and THBS2 (#PA5-97117) and VLK (#PA5-30893) (Thermo Fisher
Scientific). Membranes were washed in TBST three times before
incubating in goat anti-rabbit HRP secondary antibody (#111-
035-149, Jackson ImmunoResearch, West Grove, PA) or mouse
monoclonal anti-alpha-tubulin HRP conjugate (#12351, Cell
Signaling) for an hour and washing again. Membranes were
developed with ECL-select (#Rpn2235) or ECL-prime (#Rpn2232)
(Cytiva, Marlborough, MA). Membranes were imaged using
BioRad’s ChemiDoc Touch Imaging System. Blots were cropped
and sized in Adobe Photoshop.

Immunofluorescence microscopy

At 72 h post-transduction for TM and SC cells or 48 h for B3 cells,
the cells were rinsed with PBS and then fixed with chilled 4%
paraformaldehyde (PFA) for 20 min at room temperature. B3 cells
were then blocked in 5% BSA, and supplemented with 10% goat
serum in TBST. Cells were then incubated in TAZ (#8418S, Cell
Signaling) primary antibody overnight at 4°C. Cells were rinsed
in TBST before incubating in goat anti-rabbit Al488 secondary
antibody (#111-545-003, Jackson ImmunoResearch), for an hour at
room temperature. Cells were rinsed again before finally adding
DAPI (#D9542-1MG, Sigma Aldrich) and mounting coverslips to
slides using Immu-mount (#9990412, Thermo Fisher Scientific).
Cells were imaged at 40X magnification using Nikon AX Confocal
microscope. Image] was used to analyze morphology of cells for
semiaxis ratios. Images were brightened equally to visualize cell
borders in Adobe Photoshop. Morphology data were obtained from
the following replicates: B3 cells (25 cells/data point), TM cells (12—
30 cells/data point; 4 cell strains) and SC cells (19-35 cells/data
point; 3 cell strains).

Statistics

The sample size of each experiment is displayed in the figures
or in the corresponding figure legends. To account for eye donor
variability, we used a minimum of three different strains for SC
and TM cells for each experimental set. The investigators were
not masked to the study groups. In DESeq2, statistical significance
was set at P < 0.05 using the Wald test and adjusted for false dis-
covery with the Benjamini-Hochberg procedure. RNAseq graphs
and ECM target graphs were generated with a significance cutoff
of P<0.05. Statistical significance was determined using paired
and unpaired (with Welch’s correction) t-test for protein and
RNA expression. A paired Student t-test was used to determine
significance for morphological changes based on semiaxis ratios.
Alpha was set to 0.05.

Supplementary Material

Supplementary Material is available at HMG online.
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