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Purpose: Fibrogenic changes in the trabecular meshwork (TM) are considered to 
be a major cause for the restriction in aqueous humor outflow from the anterior 
chamber associated with primary open angle glaucoma. In this study, we 
investigated whether integrin switching from α5β1 to αvβ3 integrin expression 
could initiate fibrotic-like changes in the TM that could restrict outflow.
Methods: Human TM cells were isolated from young (<40 years) and old 
(>50 years) donor eyes. RT-PCR, western blots and immunofluorescence 
microscopy were used to evaluate levels of integrin and αSMA expression. 
Lentiviral shRNA vectors were used to knockdown α5 and β3 integrin levels. 
Paraffin embedded anterior segments of young and old donor eyes were used to 
evaluate αSMA levels in situ.
Results: Studies revealed an age-related decrease in α5 integrin mRNA expression 
in TM cells. This loss was accompanied by an increase in αSMA mRNA and protein 
levels and an increase in activated αvβ3 integrin levels. Knockdown of β3 integrin 
mRNA and protein levels decreased the expression of αSMA mRNA and protein 
levels. Elevated mRNA levels of the EndMT biomarkers, VIM, SNAI2, and TWIST1, 
observed in older TM cells were decreased when β3 integrin was knockdown.
Conclusion: These studies suggest that crosstalk between α5β1 and αvβ3 integrin 
signaling controls expression of αSMA mRNA and protein levels and that 
β3 integrins may play a role in the development of the fibrogenic phenotype 
in TM cells and associated with POAG.
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Introduction

Glaucoma is a family of optic neuropathies that result in irreversible optic nerve 
damage. It is the major cause of irreversible blindness worldwide. Nearly 76 million people 
have the disease, including >4 million in the United States (Tham et al., 2014; Ehrlich et al., 
2024). In the United States, primary open-angle glaucoma (POAG) is the most common 
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form of glaucoma. Like many other chronic age-related diseases, 
there is increasing evidence that fibrotic-like changes play a role in 
the pathogenesis of POAG. These changes are a consequence of cell- 
specific factors that result in unresolved inflammatory responses, 
uncontrolled remodeling of the extracellular matrix (ECM) and 
senescence or cell loss (Selman and Pardo, 2021; Filla et al., 2021). 
They are considered the primary cause for the elevation in 
intraocular pressure (IOP), a major risk factor in the 
development of POAG that if uncontrolled will damage the optic 
nerve leading to retinal ganglion cell death and ultimately causing 
blindness. In POAG, these fibrotic-like changes occur within the 
trabecular meshwork (TM), specifically within the juxtacanalicular 
tissue (JCT) and inner wall of Schlemm’s Canal (SC). The TM is a 
critical regulator of IOP as it acts as a pulsatile pump that controls 
the movement of aqueous humor (AH) out of the anterior chamber 
(Johnstone et al., 2021). Fibrotic-like changes during aging are 
thought to make the TM tissue stiffer (Last et al., 2011; Stamer 
et al., 2015) thereby causing the pulsatile properties of the TM to 
malfunction resulting in an elevation in IOP (Johnstone et al., 2021).

A major cause for these fibrogenic changes in the TM is thought 
to be elevated levels of transforming growth factor-β2 (TGFβ2) in 
aqueous humor. (Fuchshofer and Tamm, 2012; Li et al., 2022). 
Greater than half of POAG patients have elevated TGFβ2 levels in 
their aqueous humor (Tripathi et al., 1994; Picht et al., 2001; Tan 
et al., 2024). These changes are associated with a process called 
endothelial-to-mesenchymal transition (EndMT) that results in the 
development of a myofibroblastic phenotype (Islam et al., 2021; 
Yang et al., 2025). EndMT is characterized by the upregulated 
expression of specific cellular biomarkers, such as snail, twist, α- 
smooth muscle actin (αSMA), and vimentin, increased levels of 
ECM molecules, such as the EDA + isoform of fibronectin (EDA + 
FN) and collagen types I and IV, as well as the expression of the 
cytokines TGFβ and connective tissue growth factor (CTGF). 
Transition into this phenotype occurs in stages (Fang et al., 
2021) and involves a constellation of signaling pathways 
including cell-matrix interactions with integrins (Machado-Costa 
et al., 2020).

Integrins are a family of receptors that sense changes in the 
mechanobiological environment of cells and act as critical 
modulators of processes that control outflow facility and IOP. 
These processes include the assembly and remodeling of the 
ECM (Singh et al., 2010; Sun et al., 2025), the contraction forces 
of the cellular actomyosin network (Tang and Anfinogenova, 2009; 
Roca-Cusachs et al., 2012) and the phagocytic properties of TM cells 
(Dupuy and Caron, 2008; Gagen et al., 2013; Peotter et al., 2016). To 
date, 14 different integrins have been identified in the TM tissue 
where they are localized throughout the TM, JCT and SC regions of 
the outflow pathway (Faralli et al., 2019b; van Zyl et al., 2020). The 
activity of integrins is tightly regulated by their conformation. An 
inactive integrin has a bent conformation while an active integrin is 
in an upright conformation and can engage ECM proteins, form 
focal adhesions, trigger actin polymerization and regulate several 
signal transduction pathways. Integrins rapidly fluctuate between 
active and inactive conformations in response to environmental 
conditions present in the TM such as pressure, stretch, and ECM 
composition, all of which can be altered in POAG (Stamer and 
Acott, 2012; Filla et al., 2017; Kechagia et al., 2019; Johnstone et al., 
2021; Keller and Peters, 2022).

Numerous studies have shown that crosstalk between different 
integrins regulates their expression and activity (Diaz-Gonzalez 
et al., 1996; Kim et al., 2011; Faralli et al., 2022). Hence any 
change or loss in integrin expression, often referred to as integrin 
switching, is likely to affect the activity of existing integrins on the 
cell surface (Madamanchi et al., 2014) and, in some instances, 
contribute to an EndMT phenotype (Truong et al., 2014; 
Rapisarda et al., 2017). Recent studies have suggested that a 
switch in integrin expression and activity may be occurring in 
some aging TM cells and contributing to the development of a 
fibrogenic phenotype. These studies showed that an age-related loss 
of α5β1 integrin expression on the TM cell surface contributed to an 
increase in activity of the αvβ3 integrin (Johns et al., 2025). Cells 
expressing activated αvβ3 integrin were found to be more contractile 
and assembled αSMA into robust stress fibers. A comparison of 
αvβ3 integrin expression in glaucomatous TM cells and aged 
matched normal TM cells also showed more intense staining of 
αvβ3 integrin in focal adhesions in glaucomatous cells (Yang et al., 
2025). These focal adhesions were larger and reminiscent of 
supermature focal adhesions observed in myofibroblasts 
associated with a fibrotic phenotype (Hinz, 2010; Hinz and 
Gabbiani, 2010). Finally, over expression of the active 
αvβ3 integrin increased the expression of the profibrotic genes 
associated with TGFβ2-induced glaucoma (Filla et al., 2017; 
Faralli et al., 2022; Faralli et al., 2023).

Among the integrins in the TM, the αvβ3 integrin is most likely 
to be involved in POAG (van Zyl et al., 2020; Filla et al., 2017; Zhou 
et al., 1999). The αvβ3 integrin is mostly concentrated in the inner 
wall of SC and the JCT, which is the primary site of resistant for 
aqueous humor outflow. The activity of αvβ3 integrin triggers many 
of the common changes associated with POAG (Filla et al., 2017; 
Peotter et al., 2016). The transition into a myofibroblast phenotype is 
often preceded by the activation of αvβ3 integrin (Hinz and 
Gabbiani, 2010; Hinz et al., 2019; Faralli et al., 2023; Goffin et al., 
2006; Hinz, 2010). The knockdown of αvβ3 integrin decreased IOP 
in mice and activation of it increased IOP in both a porcine organ 
culture perfusion model and mice in vivo (Faralli et al., 2019a; Filla 
et al., 2021). Activation of αvβ3 integrin signaling also increases the 
deposition of EDA+FN into the ECM and the expression of 
TGFβ2 in TM cultures, both factors involved in POAG (Filla 
et al., 2019; Filla et al., 2021). It can also serve as a receptor for 
the growth factor CTGF, a downstream target of TGFβ2 in the TM 
that can upregulate IOP (Junglas et al., 2012; Junglas et al., 2009; 
Hennig et al., 2016). In addition, studies show that αvβ3 integrin is 
part of a secondary glucocorticoid (GC) response in GC-induced- 
glaucoma that regulates the formation of cross-linked actin 
networks (CLANs) and phagocytosis (Filla et al., 2009; Filla et al., 
2006; Faralli et al., 2013; Gagen et al., 2013). Finally, studies have 
shown that its activity is associated with hic-5, a transcription factor 
involved in the TGFβ2-induced fibrogenic response in human TM 
cells (Pattabiraman and Rao, 2015).

In this study, we used human TM cells to investigate if switching 
integrin expression from α5β1 to αvβ3 impacts the development of a 
myofibroblast phenotype. Using shRNA lentiviral particles to 
knockdown expression of α5 or β3 integrins, these studies show 
that the expression of αSMA was dependent on both the level of α5 
integrin mRNA and the activity of the αvβ3 integrin. When α5 
integrin mRNA levels were high in young TM cells, we found that 
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the expression of αSMA and the formation of αSMA stress fibers in 
TM cells was downregulated. In contrast, low levels of α5 integrin 
mRNA in TM cells triggered an increase in αSMA expression and 
stress fiber formation as well as an increase in the activated levels of 
αvβ3 integrin. In addition, there was an increase in the mRNA levels 
for EndMT biomarkers (VIM, SNAI2, and TWIST1). Conversely, 
low levels of β3 integrin mRNA in old TM cells caused a decrease in 
αSMA stress fibers and in the mRNA levels for αSMA, VIM, SNAI2, 
and TWIST1. Together, these studies suggest that integrin switching 
could be an early step in the development of the fibrotic-like 
phenotype associated with POAG.

Materials and methods

Cell culture

Human TM cells were isolated in accordance with the tenets of 
the Declaration of Helsinki from corneal rims or whole globes of 
cadaver eyes as previously described (Filla et al., 2006). Human 
tissue experiments complied with the guidelines of the ARVO Best 
Practices for Using Human Eye Tissue in Research (November 
2021). Donor eyes and corneal rims were obtained from both the 
Lions Eye Bank of Wisconsin and VisionGift, Portland, OR. Tissues 
from both males and females were used and all donors were 
Caucasian with no known history of glaucoma or other ocular 
diseases. The sex, age, and cause of death of specific donors has been 
previously published (Johns et al., 2025). All the TM cell strains were 
judged to be TM cells based upon criteria previously described 
(Keller et al., 2018) and the upregulation of myocilin expression in 
response to dexamethasone was confirmed (Johns et al., 2025). Cells 
were grown in low glucose Dulbecco’s Modified Eagle’s Medium 
(DMEM Sigma-Aldrich) supplemented with 15% fetal bovine serum 

(FBS, Avantor-VWR), 2% L-glutamine (Sigma-Aldrich), 1% 
amphotericin B (Corning), 0.05% gentamycin (Sigma-Aldrich), 
and 1 ng/mL FGF-2 (Peprotech) and used between passages 
5 and 8. Table 1 shows the cell strains used in this study and the 
percentage of cells in each strain expressing α5 integrin at the cell 
surface as determined by flow cytometry.

RNA isolation and RT-qPCR

Total RNA was isolated from TM cells using RNeasy Plus Mini 
Kit (Qiagen Inc, Germantown, MD), or TRIzol (Invitrogen), and 
reversed transcribed into cDNA using the High-capacity cDNA 
reverse transcription kit (Applied Biosystems, Waltham, MA) 
according to the manufacturer’s instructions. RT-qPCR was 
performed using an Applied Biosystems QuantStudio 6 Pro Real- 
Time PCR system and PowerUp SYBR green master mix (Thermo 
Fisher Scientific). Primers that spanned an intron-exon junction 
when possible were designed using the primer-BLAST program 
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). All primers 
were made by IDT (Coralville, IA). The sequences of the primers 
are shown in Table 2.

Immunofluorescence microscopy

TM cells were plated onto coverslips pre-coated with 5 µg/mL 
plasma fibronectin or 40 µg/mL human type I collagen (Millipore 
Sigma) at a density of 3 × 104 cells/well as previously described 
(Johns et al., 2025). After 3 h, cells were fixed with 2% 
paraformaldehyde in phosphate buffered saline (PBS) for 20 min 
and then permeabilized with 0.1% Triton X-100 in PBS for 10 min. 
The cells were blocked with 1% BSA in PBS for 30 min, labeled with 

TABLE 1 Percentage of TM cells containing α5 integrin on cell surface. Donor nomenclature refers to nomenclature used in previous publication (Johns et al., 
2025)

Cell strain Donor Gender Age of donor α5 integrin positive cells (%)

N17 N17RM.1 Male 17 91

N21 2021-0755 Female 21 96

N25 N25LM8.1 Male 25 98

N27 N27TM-6 Female 27 89

N27-2 N27TM-2 Female 27 94

N35 N35LM8.1 Male 35 98

N36 2017-0509 Male 36 93

N55 2018-1341 Male 55 99

N57 2021-1323 Male 57 92

N69 2020-0984 Male 69 96

N71 N71LF3 Female 71 88

N74 2021-1493 Female 74 40

N75 2021-1328 Male 75 98

N77 2022-0140 Female 77 51
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mouse primary monoclonal antibodies [BV3] (Abcam, #ab7166; 
RRID: AB_305742) at 1 µg/mL or LIBS2 (Millipore-Sigma, 
#MABT27; RRID: AB_10806476) at 10 µg/mL for 1 h at room 
temperature. The primary antibodies were detected using a 1: 
500 dilution of Alexa 546-conguated goat anti-mouse IgG 
(ThermoFisher Scientific). A 1:300 dilution of Alexa 488- 
conjugated phalloidin was used during this step to detect F-actin 
(ThermoFisher Scientific). Hoechst 33342 at 1 µg/mL was used to 
label nuclei. Coverslips were mounted onto slides using Shandon™ 
Immu-mount (ThermoFisher Scientific) and cells were imaged 
using a Zeiss Imager M2 fluorescence microscope together with 
the Zen image acquisition software version 3.079.

To detect αSMA, TM cells were fixed and permeabilized with 
ice-cold methanol for 15 min at −20 °C and then blocked in 1% BSA 
in PBS (1% BSA/PBS) for 30 min at room temperature. Fixed cells 
were labeled with rabbit anti-α-SMA antibody (Abcam, #ab5694; 
RRID: AB_2223021) at 2 µg/mL for 1 h at room temperature 
followed by a 1:500 dilution of Alexa 546-conguated goat anti- 
rabbit IgG for 30 min at room temperature. Cells were labeled with 
Hoechst 33342 to detect nuclei. Coverslips were mounted and 
imaged as described above. Relative fluorescence intensity was 
measured using Zeiss software (Zen version 3.079).

Flow cytometry

Levels of α5, αvβ3 and active αvβ3 integrin on the TM cell 
surface were measured as previously described (Johns et al., 2025). 
Briefly, TM cells were lifted with Cell Dissociation Solution Non- 
enzymatic (Sigma-Aldrich Corp.), blocked for 30 min on ice with 1% 
BSA in PBS and labeled for 1 h on ice with 10 μg/mL α5 (P1D6, 
ThermoFisher Scientific, #12-4900-42, RRID:AB_10717080), total 
αvβ3 (LM609, Sigma-Millipore, mAb 1976, RRID:AB_2296419), 
and active αvβ3 (LIBS2, Millipore Sigma, MABT27, RRID:AB_ 
10806476) integrin antibodies in 1% BSA/PBS. This was followed 
by a secondary Alexa 647-conjugated rabbit anti-mouse IgG 
(Thermo Fisher Scientific) diluted 1:400 in 1% BSA/PBS for 
45 min on ice. Labeled cells were washed, resuspended in 1% 
BSA/PBS, strained with a 40–70 μm strainer to remove clumps 
and analyzed with the Cytek NL-3000 flow cytometer (Cytec 
Biosciences, Fremont, CA, USA) and the SpectroFlo program. 
Flow-Jo version 10.1 was used to analyze and graph the results. 

Unlabeled cells in 1% BSA/PBS were used as a control for 
autofluorescence.

Immunolabeling of anterior segments for 
αSMA and α5 integrin

Wedges of anterior segments were cut, fixed with 4% 
paraformaldehyde in PBS, and embedded in paraffin as 
previously described (Filla et al., 2023). None of the donor 
tissues had a history of glaucoma. Sagittal tissue sections 5 µm 
thick were cut and deparaffinized in xylenes and rehydrated through 
a series of 100%–50% ethanol solutions. For αSMA labeling, antigen 
retrieval was performed on the sections using 0.05% trypsin in PBS 
at 37 °C for 20 min. For α5 integrin labeling, 95 °C antigen retrieval 
was performed using R-Universal epitope recovery buffer (Electron 
Microscopy Sciences, Hatfield, PA). Sections were blocked with 1% 
BSA in PBS and labeled overnight at 4 °C with 1 µg/mL mouse anti- 
αSMA monoclonal antibody ASM-1 (Sigma-Millipore, #CBL 171; 
RRID: AB_2223166) or 4 µg/mL mouse anti-α5 integrin monoclonal 
antibody 10F6 (ThermoFisher Scientific, #MA5-15568; RRID:AB_ 
10979290). Sections labeled with either 1 or 4 µg/mL mouse anti-β- 
galactosidase monoclonal antibody GAL-13 (Sigma-Millipore, 
#G8021; RRID:AB_259970) were used as negative controls to 
confirm specificity of the labeling for αSMA and α5 integrin, 
respectively. The primary antibodies were detected using a 1: 
500 dilution of Alexa 546-conjugated goat anti-mouse IgG 
(ThermoFisher, Scientific, #A-11030). Nuclei were labeled with 
Hoechst 33342 at 1 µg/mL. Sections were mounted onto glass 
coverslips using Shandon™ Immu-mount. Labeled sections were 
imaged as described above.

Lentiviral shRNA knockdown of α5 or 
β3 integrin

TM cells were plated at a density of 5 × 104 cells/2.8 cm2 and 
grown to 70%–80% confluency. Cells were then transduced using a 
MOI of 50, 100 or 150 with either a α5 integrin shRNA lentiviral 
vector (MISSION® lentiviral particles clone ID TRCN0000029653, 
Sigma-Aldrich), or β3 integrin shRNA lentiviral vector (Mission® 
lentiviral particles clone ID TRCN0000003235, Sigma-Aldrich). 

TABLE 2 Primers used for RT-qPCR. All sequences are given in the 5΄ to 3΄ direction.

Gene Reverse sequence Forward sequence

HPRT1 GGTCCTTTTCACCAGCAAGCT TGACACTGGCAAAACAATGCA

ITGB3 (β3 integrin) TTCTTCGAATCATCTGGCC GTGACCTGAAGGAGAATCTGC

ITGA5 (α5 integrin) GTGGCCACCTGACGCTCT TGCAGTGTGAGGCTGTGTACA

VIM TACAGGAAGCTGCTGGAAGG ACCAGAGGGAGTGAATCCAG

SNAI1 TGCGTCTGCGGAACCTG GGACTCTTGGTGCTTGTGGA

SNAI2 ACCCCACATCCTTCTCACTG CCGACAAGTGACAGCCAT

TWIST1 AAGGCATCACTATGGACTTTC GCCAGTTTGATCCCAGTATTTT

ACTA2 (αSMA) GTGTTGCCCCTGAAGAGCAT GCTGGGACATTGAAAGTCTCA
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Non-targeting lentiviral particles (MISSION®lentiviral particles 
#SHC016VN, Sigma-Aldrich) as well as untransduced cells were 
used as controls. These controls are referred to as Con-NT and Con- 
UT, respectively. Twenty-four hours later, transduced cells were 
selected using 1.5 mg/mL G418 sulfate (Corning, 61-234-RG). 
Transduced cells were maintained under selection for the 
duration of the experiments. Seventy-two hours after 
transduction, some transduced cells were harvested for RNA and 
used for RT-qPCR analysis as described above. RT-qPCR was 
performed using primers against α5 integrin, β3 integrin, αSMA, 
and HPRT1 for the housekeeping gene (Table 2). Cells that were not 
transduced were also used as a control.

Western blot analysis

Six days after transduction, TM cells were lysed with 25 mM 
HEPES, pH 7.4 buffer containing 150 mM NaCl, 1 mM EDTA, 
1 mM NaF, 1% NP-40, 0.25% deoxycholate, HALT phosphatase 
inhibitor cocktail, and HALT protease inhibitor cocktail (Thermo 
Fisher Scientific, Inc.) as previously described (Faralli et al., 2013; 
Johns et al., 2025). Cell lysates were clarified by centrifugation at 
10,000 × g for 10 min at 4 °C and run on 10%-SDS-PAGE gels. 
Proteins were then transferred to a nitrocellulose membrane (Bio- 
Rad Laboratories). The membranes were blocked overnight at 4 °C 
with 3% BSA in 20 mM Tris pH 7.4, 150 mM NaCl (TBS) buffer and 
then incubated with a primary antibody in 1% BSA/TBS/0.1% 
Tween-20 for 1 h at room temperature. Primary antibodies used 
were rabbit anti-α5 integrin (Cell Signaling Technology, Cat # 
4705S, RRID:AB_2233962, 1:1000), rabbit anti-αSMA (Abcam, 
#ab5694; RRID: AB_2223021), 1:250, rabbit anti-β3 integrin (Cell 
Signaling Technology clone D7X3P, cat #13166S; RRID:AB_ 
2798136, 1:1000) and rabbit anti-GAPDH (Abcam cat # 9485; 
RRID: AB_307275, 1:2500). Membranes were washed with TBS/ 
0.1% Tween-20 and incubated for 1 h with a secondary antibody (LI- 
COR Biosciences, Lincoln, NE, USA, IRDye 800CW goat α-rabbit or 
mouse, 1:15000). Labeled bands were visualized using a LI-COR 
Odyssey scanner and quantified using LI-COR Image Studio v. 
5.0.21 software (LI-COR Biosciences). GAPDH or a revert 700 Total 
Protein Stain (Li-Cor) were used as loading controls.

Data analysis

Data were presented as the mean ± SEM. Statistical 
comparisons used either a t-test (Graphpad https://www. 
graphpad.com/quickcalcs/ttest1/) or a one-way ANOVA plus 
the post hoc Tukey HSD test (https://astatsa.com/OneWay_ 
Anova_with_TukeyHSD/). An on-line statistical calculator was 
used to determine the significance of the slopes in the Pearson 
coefficient plots (www.socscistatistics.com/pvalues/ 
pearsondistribution.aspx). A p-value < 0.05 was considered 
statistically significant. The specific tests used are described 
within each figure legend. Fold changes in gene expression 
were performed according to the ΔΔCt method. The RT-qPCR 
data was normalized using either gene succinate dehydrogenase 
complex subunit A (SDHA), or hypoxanthine phosphoribosyl 
transferase 1 (HPRT1).

Results

Previous studies have shown that TM cells isolated from older 
donor eyes (>70 years of age) that express lower levels of the 
α5β1 integrin (Johns et al., 2025) exhibited higher levels of 
αSMA and formed stress fibers containing αSMA. Western blot 
analysis and immunofluorescence microscopy confirmed these 
earlier studies. Figures 1A,B show that three TM cell strains from 
older donor eyes (74, 75 and 77 years old) expressed significantly 
higher protein levels of αSMA compared to three TM cell strains 
isolated from young donor eyes (25, 27 and 27 years old). Older TM 
cells also assembled more robust αSMA positive stress fibers. 
Figure 1C shows that TM cells isolated from a 17-year old 
normal (N17) donor eye did not show any αSMA positive stress 
fibers. In contrast, TM cells from a 74-year old normal (N74) donor 
eye contained αSMA positive stress fibers supporting the idea that 
αSMA is upregulated in older individuals. Interestingly, correlation 
coefficient analysis of the mRNA levels for αSMA did not show an 
age-related increase, since the Pearson’s coefficient was 0.18 
(Figure 1D). This suggests that age was not the predominant 
driving factor in the upregulation of αSMA mRNA levels. Since 
the increase was most noticeable in cells that expressed lower levels 
of α5β1 integrin (Johns et al., 2025), we then compared fold changes 
in mRNA levels for αSMA with fold changes in the mRNA for the 
α5 integrin subunit (Figure 1E). The correlation coefficient plot had 
a Pearson’s coefficient of r = −0.58 suggesting that there was an 
inverse relationship between mRNA levels for αSMA and 
α5 integrin. Thus, the levels of mRNA for αSMA increased as the 
levels of mRNA for the α5 integrin subunit decreased. This 
correlation was specific for the α5 integrin subunit since the 
mRNA for the β3 integrin did not show a significant correlation 
with mRNA levels for αSMA (compare Figure 1E and Figure 1F).

To see if elevated levels of αSMA correlated with TM cells 
lacking or expressing low levels of α5 integrin expression in vivo, 
human anterior segments from young and old donor eyes were 
labeled for αSMA (Figure 2) and the α5 integrin subunit (Figure 3). 
As shown in Figures 2B,E,H, TM cells in tissues from 14, 38, and 73- 
year-old individuals showed weak αSMA labeling in the JCT region 
of the TM adjacent to SC in the anterior chamber (AC) compared to 
TM cells in the JCT of the anterior segment from a 74-year-old 
individual (Figure 2K). Analysis of the α5 integrin levels in those 
same tissues showed that, unlike the tissues from the 14, 38- and 73- 
year-old individuals, the TM and SC from the 74-year-old which 
contained high levels of αSMA (Figure 2K) had very low levels of 
α5β1 integrin (Figure 3G). This suggests that there may be an inverse 
correlation between αSMA and α5 integrin expression in vivo.

Since integrins have been shown to control actomyosin stress 
fiber formation (Burridge and Chrzanowska-Wodnicka, 1996; 
Schoenwaelder and Burridge, 1999), we wanted to determine 
whether αSMA expression was dependent on α5β1 integrin 
expression. To test this, we used α5 shRNA lentiviral particles to 
knockdown expression of α5β1 integrin in cells from two young 
normal donor eyes ages 25 (N25) and 35 (N35) to see if this would 
lead to an increase in αSMA levels. Figure 4A shows that transducing 
cells with 100 or 150 MOI of α5 integrin shRNA lentiviral particles 
resulted in a statistically significant (p < 0.001) 60% knockdown in 
α5 integrin mRNA compared to control cells not transduced (0; Con 
UT) with the α5 shRNA lentiviral particles. To further demonstrate 
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specificity of the knockdown, we transduced cells with a non- 
targeting shRNA lentiviral vector (Con NT). As shown in 
Figure 4B, non-targeting shRNA lentiviral particles had no 
effect on the levels of α5 integrin mRNA compared to 
untransduced control cells (Con UT). Western blot analysis 
of the cells transduced with either 100 or 150 MOI of the 
α5 integrin shRNA lentiviral particles verified the specificity 
of the knockdown and showed that the knockdown resulted 
in a statistically significant (p < 0.001) 40% decrease in the 
protein levels of α5 integrin (Figures 4C,D). To further 
demonstrate specificity of the knockdown, we looked to see 
if the knockdown of α5 integrin affected the level of the 
β3 integrin. As shown in Figures 4E,F, knockdown of α5 
integrin mRNA and protein levels did not result in a 
significant change in either β3 integrin mRNA or its protein 
levels, even when higher MOIs of the α5 integrin shRNA 

lentiviral particles were used suggesting that the α5 shRNA 
was specific for α5 integrin subunit.

Knocking down expression of the α5 integrin subunit, however, 
did result in an increase in the expression of αSMA protein levels in 
cells transduced with the α5 integrin shRNA lentivirus (Figures 
4G–J). Western blot analysis (Figures 4G,H) showed that there was a 
modest increase in αSMA in the α5 integrin shRNA transduced cells 
compared to control untransduced cells when the levels were 
normalized to the GAPDH control, although this increase was 
not statistically significant. This increase, however, was supported 
by immunofluorescence microscopy studies that showed a 
statistically significant increase in the intensity of αSMA 
expression in transduced cells (Figures 4I,J) at both a MOI of 
100 (p < 0.003) and 150 (p < 0.001) compared to the non- 
transduced cells. Figure 4I shows representative images of αSMA 
labeling in non-transduced and transduced N35 cells.

FIGURE 1 
Young TM cells express lower αSMA levels than old TM cells. (A) Lysates were harvested from three TM cell strains (N25, N27, N27-2) derived from 
young donor eyes (ages 25 and 27) and three cell strains (N74, N75, N77) derived from old donor eyes (ages 74, 75, 77) 1 week after reaching confluency. 
Protein lysates from each culture (20 µg) were run on a 10% SDS-PAGE gel for Western blot analysis and probed with a rabbit anti-αSMA antibody. An anti- 
GAPDH antibody was used as a loading control. The blot is representative of experiments done in triplicate using biological replicates. (B) 
Densitometry was performed and αSMA levels were normalized to GAPDH levels. αSMA levels in young cells were significantly different from old cells, *p < 
0.001. (C) Immunofluorescence micrographs of young (N17) and old TM (N74) cells obtained from a 17 and 74- year-old donor eyes plated onto 5 µg/mL 
fibronectin and labeled for αSMA. Only the N74 cells showed robust αSMA positive stress fibers. Scale bar = 20 µm. (D) Scatter plot comparing levels of 
αSMA mRNA relative to age. Although levels of αSMA mRNA appear to increase with age, this increase did not show a significant correlation with age. N = 
21 cell strains, ages 17–77. (E,F) Scatter plots comparing αSMA mRNA levels relative to fold change in α5 and β3 integrin mRNA levels. Fold changes of αSMA 
mRNA levels showed an inverse correlation to fold changes in α5 integrin mRNA and decreased as α5 integrin mRNA levels increased. The correlation was 
statistically significant (p < 0.05) using a t-test. αSMA and β3 integrin mRNA did not show a correlation as β3 integrin mRNA increased. N = 21 cell strains, 
ages 17–77 (Johns et al., 2025). r = Pearson’s coefficient.
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As expected from our previous studies (Johns et al., 2025), the 
increase in the intensity of αSMA expression correlated with 
increased levels of activated αvβ3 integrin in focal adhesions. 
Using the same cells shown in Figure 4, Figures 5A,B show that 
knockdown of the α5 integrin subunit did not affect the percentage 
of N25 and N35 cells expressing total αvβ3 integrin in focal 
adhesions plated on collagen. However, the knockdown of 
α5 integrin subunit did cause a statistically significant (p < 0.001) 
increase in the percentage of N25 and N35 cells containing active 
αvβ3 integrins in focal adhesions (Figures 5C,D). This increase in 
activated levels of αvβ3 integrin corresponded to an increase in 

αSMA intensity in the N25 and N35 cells by immunofluorescence 
microscopy (Figure 4J).

We then repeated the study to see if we saw similar results when 
we plated the α5 integrin knockout TM cells on fibronectin to 
determine if the substrate cells were plated on could affect the 
expression of αSMA. As shown in Figures 6A,C, there was no 
significant difference in total αvβ3 integrin-positive focal 
adhesions between transduced and non-transduced N25 and 
N35 cells plated on fibronectin. In contrast, the knockdown of 
α5 integrin subunit in both N25 and N35 cells resulted in a 
statistically significant increase (p < 0.001) in the percentage of 

FIGURE 2 
Immunolabeling for αSMA in human anterior segments from young and old eyes. (A,D,G,J) H&E staining of the TM/SC pathways of donors of 14, 38, 
73, and 74 years of age, respectively. (B) αSMA labeling was essentially absent from the 14-year-old donor tissue. (E,H) Weak αSMA labeling (solid arrows) 
was observed in the trabecular beams, JCT and SC of the 38 and 73- year-old donor tissue, although strong labeling was observed in portions of the SC 
inner wall in the 73-year-old donor tissue. (K) Very strong αSMA labeling (solid arrows) was observed throughout much of the TM/SC pathway of the 
74-year-old donor tissue including the JCT and SC. This includes the SC outer wall (arrowheads). (C,F,I,L) No labeling was observed in sections incubated 
with a control antibody against β-galactosidase. Nuclei are identified in sections labeled for αSMA or β-galactosidase using Hoechst 33342. AC, anterior 
chamber; TM, trabecular meshwork; SC, Schlemm Canal which is outlined with a dashed line and JCT, juxtacanalicular tissue. Asterisks in (B,E,H,K) 
indicate enlarged areas shown in the insets. Scale bar = 50 µm in (A,B).
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cells containing activated αvβ3 integrin in focal adhesions (Figures 
6B,D). The increase in activated αvβ3 integrin correlated with an 
increase in the intensity of αSMA labeling in transduced cells 
compared to non-transduced cells (Figures 6E,F). This suggests 
that the increase in activated αvβ3 integrin and αSMA levels 
were not dependent on the substrate. Interestingly, whether the 
cells were plated on collagen or fibronectin, we rarely saw well- 
formed robust αSMA containing stress fibers in these transduced 
young cells like the ones we saw in older TM cells (compare 
Figure 1C to Figure 4I). This suggests that although activated 
levels of β3 integrin are associated with the expression of αSMA, 
some other factor(s) such as the expression of a specific tropomyosin 
isoform may be needed for the robust assembly of αSMA into the 
stress fibers seen in older cells (Prunotto et al., 2015).

To see if β3 integrin was involved in the expression of αSMA, we 
then used shRNA lentiviral particles to knockdown expression of the 
β3 integrin subunit in TM cells isolated from a normal donor eye age 

77 (N77). These older TM cells, which form αSMA positive stress 
fibers, had previously been shown to contain high levels of activated 
αvβ3 integrin and expressed very low levels of α5β1 integrin (Johns 
et al., 2025). As shown in Figure 7A, a MOI of 100 resulted in a 
knockdown of the β3 integrin mRNA by 40% (p < 0.008) compared 
to untransduced control cells. In contrast, transduction with non- 
targeting lentiviral particles had no effect on β3 integrin mRNA 
levels (Figure 7B). As shown in Figures 7C,D, knockdown of the β3 
integrin mRNA resulted in a 60% decrease (p < 0.006) in protein 
levels. When we looked at the levels of αSMA in the β3 integrin 
knockdown cells compared to untransduced cells, we saw that the 
levels of αSMA mRNA and protein levels were significantly reduced 
by 40% (p < 0.002) and 60% (p < 0.00006), respectively (Figures 
7E,G,H). As expected, transduction with the non-targeting lentiviral 
vector had no statistical effect on αSMA mRNA levels (Figure 7F). 
By immunofluorescence microscopy, we saw a statistically 
significant (p < 0.00006) decrease in αSMA in the cytoplasm of 

FIGURE 3 
Immunolabeling for α5 integrin in human anterior segments from young and old eyes. Localization of α5 integrin in the trabecular meshworks of 14, 
38, 73. and 74-year-old donor tissue used in Figure 2. (A,C) Integrin labeling intensity was relatively strong in the 14-year-old donor tissue and moderate in 
the 38-year-old donor tissue, respectively. α5 integrin was localized in the cells found on the trabecular beams and in the JCT of the TM and in the SC 
endothelial cells of both tissue samples. (E) Weak to moderate α5 integrin labeling intensity was also observed in the TM/SC in the 73- year-old tissue. 
(G) Weak α5 integrin labeling was observed in the TM/SC from the 74-year-old donor. (B,D,F,H) No labeling was observed in sections from the same donor 
tissues incubated with a control antibody against β-galactosidase. Arrows = α5 integrin-positive cells. TM, trabecular meshwork; SC, Schlemm Canal 
which is outlined with a dashed line; JCT, juxtacanalicular tissue. Scale bar in panel A = 20 µm.
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FIGURE 4 
Knockdown of α5 integrin subunit in young TM cells triggers an increase in αSMA expression. (A) Cells isolated from 25 and 35-year-old donor eyes 
were transduced with increasing MOIs of α5 integrin shRNA lentiviral particles (MOI 50, 100, 150). By RT-qPCR, there was a significant 60% reduction in 
α5 integrin mRNA at the 100 and 150 MOIs compared to cells not transduced (0). (B) TM cells transduced with non-targeting control lentiviral particles 
(Con-NT) showed no statistical difference in the mRNA levels for the α5 integrin compared to untransduced control cells (Con-UT). In contrast, cells 
transduced with α5 integrin shRNA lentiviral particles (MOI 100) showed a statistically significant 50% decrease in the mRNA levels for the α5 integrin. (C) A 
significant reduction in protein levels was also observed at all MOIs used. The α5 integrin protein levels were normalized to GAPDH which was used as a 
loading control. (D) Representative SDS-PAGE of α5 integrin levels obtained from N35 cells transduced at a MOI of 100 and untransduced control cells. 
Experiments were done in triplicates using two biological replicates (N25 and N35 cells). (E,F) Levels of mRNA and protein for the β3 integrin were 
unaffected by α5 integrin knockdown at any MOI used. (G) Densitometry of western blots of cell lysates from N25 and N35 cells showed αSMA protein 
levels were elevated in cells transduced at a MOI of 100. αSMA levels were normalized to GAPDH levels. (H) Representative Western blot of αSMA levels in 
transduced and non-transduced N35 cells. Blots were down in triplicate using biological replicates of each cell strain and repeated twice. (I) 
Representative images of immunofluorescence labeling of untransduced and transduced N35 TM cells for αSMA showed that the level of αSMA intensity 
varied between the cells but was increased in α5 integrin shRNA transduced cells. The variation in cell spreading could be due to the fact that cells were not 
synchronized prior to the start of the spreading assay. (J) Relative mean fluorescence intensity (RFI) of total αSMA labeling in non-transduced and 
transduced N25 and N35 cells plated on collagen. Transduced cells show a statistically significant increase in αSMA labeling compared to non-transduced 
cells. N = 40 cells per treatment group. *p <0.001, **p < 0.003 Experiments were done in triplicates. Scale bar = 20 µm. Data for RT-qPCR, densitometry 
and RFI studies were pooled data from N25 and N35 cells.
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cells regardless of whether they were plated on collagen or 
fibronectin coated coverslips (Figures 7I–K). This suggests that 
expression of αvβ3 integrin affects the mRNA and protein levels 
for αSMA in TM cells and hence, it may be involved in the transition 
of TM cells into a mesenchymal phenotype since αSMA is 
considered an early biomarker for this transition.

We then examined whether other biomarkers involved in 
EndMT might be affected by changes in the expression and/or 
activity of α5β1 and αvβ3 integrins in TM cells. Other biomarkers 
for a mesenchymal phenotype in EndMT that we investigated were 
SNAI1, SNAI2, Vimentin, TWIST1, and TWIST2 (Lamouille et al., 
2014; Lovisa et al., 2020). SNAIs and TWISTs are transcription 
factors whose expression occurs early at the onset of EndMT and 
play a central role in driving EndMT, whereas vimentin is an 
intermediate filament that is upregulated in mesenchymal cells 
(Islam et al., 2021). As shown in Figures 8A–C, we used three 
populations of TM cells for the study. The first population of TM 
cells were obtained from donor eyes (ages 17–36 years old). Flow 
cytometry studies showed that the majority of the young cells 
expressed α5β1 (92%) and αvβ3 (94%) integrins on their cell 
surface (Figures 8A,B). However, as shown in Figure 8C, very 
few of these cells (only 19%) expressed the activated form of 

αvβ3 integrin on their cell surface. We called these cells young 
α5+ cells. The second group of TM cells which we called old 
α5 integrin+ were from older individuals (ages 55–75). Like the 
young α5+ cells, a large percentage of these cells expressed α5β1 
(94%) and αvβ3 (71%) integrins on their cell surface and only a few 
expressed the active form of αvβ3 integrin (13%). The third 
population of the TM cells that we called old α5- were also from 
older normal donor eyes (ages 74 and 77). However, their integrin 
profile differed significantly (p < 0.02) from the other cell strains. 
Less than half the population expressed the α5β1 integrin (45%) on 
their cell surface and nearly all of the cells (93%) expressed 
αvβ3 integrin. In addition, a greater percentage of the old α5- 
cells (36% compared to 19% or 13%) expressed the activated 
form of αvβ3 integrin on their cell surface.

When we then compared the levels of EndMT biomarkers in the 
old α5-cells that expressed low levels of the α5 integrin subunit to the 
α5+ TM cells. As shown in Figures 8D–F, we found that the old α5- 
cells expressed statistically (p < 0.04) higher levels of both VIM and 
SNAI2 mRNA compared to the young α5+TM cells. The TWIST1 
mRNA levels also appeared to be higher in these old α5-TM cells, but 
the increase was not statistically significant (p < 0.08). Interestingly, 
the levels of VIM, SNAI2, and TWIST1 mRNA also appeared to be 

FIGURE 5 
Knockdown of a5 integrin subunit triggers an increase in αvβ3 integrin activity in focal adhesions in young TM cells on collagen. (A) Cells labeled with 
Alexa 488 conjugated phalloidin (green) to localize actin filaments and with mAb [BV3] (red) show both transduced and untransduced TM cells plated on 
collagen contained numerous focal adhesions (white arrows) containing αvβ3 integrin. (B) Quantitation of percentage of untransduced and transduced 
cells containing three or more focal adhesions with αvβ3 integrin. No statistical difference in the percentage of cells that contained total αvβ3 integrin 
in focal adhesions was detected. (C) Cells were labeled for active αvβ3 integrin (mAb LIBS2, red) in focal adhesions and actin stress filaments (Alexa 488- 
phalloidin, green) in transduced and untransduced N25 and N35 cells plated on collagen. More transduced TM cells contained focal adhesions (white 
arrows) with active αvβ3 integrin than untransduced cells. (D) Quantitation of the percentage of untransduced and transduced N25 and N35 cells 
containing three or more focal adhesions with active αvβ3 integrin. Transduced TM cells showed a statistically significant (p < 0.001) difference in the 
percentage of cells that contained active αvβ3 integrin in focal adhesions. Scale bar = 20 µm. Experiments were done in triplicates using two biological 
replicates. N = 40 cells.
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FIGURE 6 
Knockdown of a5 integrin subunit triggers an increase in αvβ3 integrin activity in focal adhesions in young TM cells on fibronectin. (A) Immunolabeling 
for total αvβ3 integrin (mAb [BV3], red) in focal adhesions and actin filaments with Alexa 488-phalloidin (green) in transduced and untransduced N25 and 
N35 cells plated on fibronectin. Both transduced and untransduced TM cells contained numerous focal adhesions (white arrows) containing αvβ3 integrin. 
(B) Immunolabeling for active αvβ3 integrin (mAb LIBS2, red) in focal adhesions and actin filaments (Alexa 488-phalloidin, green) in transduced and 
untransduced N25 and N35 cells plated on fibronectin. More untransduced TM cells contained focal adhesions (white arrows) containing active 
αvβ3 integrin. (C) Quantitation of percentage of untransduced and transduced N25 and N35 cells containing three or more focal adhesions with 
αvβ3 integrin. No statistical difference in the percentage of cells that contained total αvβ3 integrin in focal adhesions was detected. Experiments were done 
in duplicates using two biological replicates. N = 40 cells. (D) Quantitation of the percentage of untransduced and transduced cells containing three or 
more focal adhesions with active αvβ3 integrin. Transduced TM cells showed a statistically significant increase in the percentage of cells that contained 

(Continued ) 
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higher in the old α5+TM cells that express high levels of 
α5β1 integrin. However, this increase in VIM, SNAI2, and 
TWIST1 mRNA in these old α5+ positive cells was not 

statistically significant. SNAI1 and TWIST2 mRNA were not 
detected in any of these cells. Hence, these studies suggest that as 
α5 integrin levels decrease and the level of activated αvβ3 integrin 

FIGURE 6 (Continued) 

active αvβ3 integrin in focal adhesions. N = 40 cells. (E) Representative immunofluorescence images of untransduced and transduced N25 and 
N35 TM cells plated on fibronectin and labeled for αSMA. Images show that the αSMA intensity appears to be greater in transduced cells. Scale bar = 20 µm. 
(F) Relative mean fluorescent intensity (RFI) of total αSMA labeling in untransduced and transduced N25 and N35 cells. Transduced cells show a statistically 
significant increase in αSMA labeling intensity compared to non-transduced cells. N = 40 cells.

FIGURE 7 
Knockdown of β3 integrin subunit in TM cells from a 77 year-old triggers a decrease in αSMA levels. (A) N77 TM cells were transduced with β3 shRNA 
lentiviral particles (MOI 100). By RT-qPCR, there was a significant 40% reduction in β3 integrin mRNA compared to untransduced cells (**p < 0.008). (B) 
N77 TM cells transduced with a non-targeting lentiviral vector showed no statistically significant difference in β3 integrin mRNA levels compared to 
untransduced cells. (C) Densitometry of Western blot analyses of β3 integrin protein levels also showed a statistically significant 60% decrease (**p < 
0.006) in β3 integrin protein levels compared to untransduced cells. (D) Representative western blots of cell lysates from transduced and untransduced 
cells. GAPDH was used as a loading control. (E) RT-qPCR showed αSMA mRNA levels were significantly reduced (**p < 0.002) by 40% in transduced cells. 
(F) TM cells transduced with non-targeting lentivirus particles showed no statistically significant difference in αSMA mRNA levels compared to 
untransduced cells. (G) Densitometry of western blots showed that protein levels were also significantly reduced (***p < 0.0006) in cells transduced at a 
MOI of 100 compared to untransduced cells. αSMA levels were normalized to GAPDH levels. (H) Representative Western blot of αSMA levels in transduced 
and untransduced cells. (I) Immunolabeling studies showed that transduced cells plated on collagen or fibronectin had no αSMA-positive stress fibers. In 
contrast, untransduced cells contained αSMA-positive stress fibers. (J,K) Relative fluorescence intensity of αSMA labeling in untransduced and transduced 
cells plated on either collagen (J) or fibronectin (K). Transduced cells show a statistically significant decrease (***p < 0.0006) in αSMA labeling intensity. 
Scale bar = 20 µm. All experiments were done in triplicates using technical replicates from independent experiments.
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FIGURE 8 
Activity of αvβ3 integrin affects the expression of VIM, SNAI2, and TWIST1 mRNA levels. (A) Flow cytometry showed that TM cells (Old α5-) derived 
from 74 to 77-year-old donor eyes expressed lower levels of α5 integrin compared to TM cells derived from young (young α5+) and other old donor eyes 
(old α5+). The designation α5+ refers to the fact that a large percentage of cells express the α5 integrin subunit while α5- refers to the fact that most of 
these cells do not express the α5 integrin subunit. (B) Despite differences in the levels of the α5 integrin subunit, all three populations of cells 
expressed similar levels of β3 integrin. (C) More old a5- TM cells (N74 and N77) expressed active αvβ3 integrin on the cell surface compared to young and 
old TM cells expressing α5β1 integrins; *p < 0.02. N = 10,000 cells per condition. N = 7 young α5+ biological replicates (ages 17–36), N = 5 old α5+ 
biological replicates expressing α5β1 integrin (ages 55–75). N = 2 old α5- biological replicates (ages 74–77). Cells were labeled with P1D6 (α5β1 integrin), 
LM609 (total αvβ3 integrin), or LIBS2 (active αvβ3 integrin) mAbs. (D,E) RT-qPCR showed that Old α5- TM cells expressed significantly higher levels (p < 
0.04) of mRNA for the EndMT markers VIM and SNAI2 compared to cells isolated from young α5+ donor eyes (N25 and N35).(F) TWIST1 mRNA levels were 
also higher in the old α5 integrin negative cells but the levels were not statistically significant (p < 0.08). (G–I) Knockdown of β3 integrin using shRNA in the 
old N77 cells (Old α5-) that contained elevated levels of active αvβ3 integrin and low levels of α5β1 integrin mRNA had statistically reduced levels of VIM (p < 
0.0004) and TWIST1 (p < 0.01) mRNA. Levels of SNAI2 mRNA levels were also reduced, but not statistically (p < 0.07). All experiments were done in 
triplicates and repeated twice.
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increases, the expression of these mesenchymal markers for EndMT 
are affected.

Since the knockdown of αvβ3 integrin appeared to reverse the 
effect on αSMA caused by the decrease in α5β1 integrin (Figure 7), 
we then looked at the mRNA levels for VIM, SNAI2, and TWIST1 in 
the β3 shRNA lentiviral transduced old α5-TM cells as well (Figures 
8G–I). As was seen for αSMA mRNA levels (Figure 7E), we saw a 
statistically significant decrease in VIM (p < 0.0004) and TWIST1 
(p < 0.02) mRNA levels in the αvβ3 integrin knockdown cells 
compared to untransduced cells. SNAI2 mRNA levels were also 

lower in these knockdown cells, however, the reduction was not 
statistically significant (p < 0.08). Together these results suggest that 
expression of some EndMT biomarkers may be influenced by the 
expression levels of α5β1 integrins and the activity of αvβ3 integrins.

Discussion

In this study, we show that changes in integrin expression 
contribute to the development of a mesenchymal phenotype in 

FIGURE 9 
Model of transdominant inhibition of integrin signaling. (A) Expression of α5β1 integrin is activated when cytoplasmic proteins such as talin-1 and 
kindlin-2 bind to its cytoplasmic tails in focal adhesions, triggering the formation of the actomyosin network. Presumably, this leaves those proteins 
unavailable to bind to αvβ3 integrin thus leaving it inactive on the cell surface. (B) Loss of α5β1 integrin expression would free these proteins to bind and 
activate αvβ3 integrin. Since αvβ3 integrin appears to control αSMA expression, this in turn promotes the incorporation of αSMA into actomyosin 
networks and the development of the myofibroblast phenotype.
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TM cells. This process which is commonly known as integrin 
switching (Madamanchi et al., 2014) resulted in a decrease in 
α5 integrin mRNA levels and the subsequent activation of 
αvβ3 integrin. Together these changes contribute to an increase 
in both αSMA mRNA and proteins levels and the assembly of αSMA 
into stress fibers, an early marker of EMT. We also saw that the 
expression of other mesenchymal biomarkers such as vimentin, 
SNAI2 and TWIST1 were also affected by this switch in integrin 
expression. Together these studies suggest that the increase in 
αvβ3 integrin activity caused by a decrease in α5β1 integrin 
expression may be an early step in the development of 
mesenchymal phenotype in TM cells.

Although changes in integrin expression have been known to 
play a role in the development of an EMT/EndMT phenotype in 
multiple tissues (Piera-Velazquez and Jimenez, 2019; Galliher and 
Schiemann, 2006; Parvani et al., 2015), this is the first study to 
suggest that the ratio between active αvβ3 integrin levels and 
α5β1 integrin expression may control the expression of early 
markers of EMT/EndMT. Specifically, we found that when the 
protein and mRNA levels of α5β1 integrin are low and the levels 
of active αvβ3 integrin are high, we saw an increase in the mRNA 
levels for EndMT markers αSMA, VIM, SNAI2 and TWIST1. In 
contrast, when we lowered the levels of β3 integrin with shRNA in 
old TM cells, we triggered a decrease in αSMA, VIM, SNAI2 and 
TWIST1 mRNA expression. Since the expression of these markers 
defines the beginning of the phenotypic transition to myofibroblasts 
and the mesenchymal phenotype (Hinz et al., 2012; Jones and 
Ehrlich, 2011), this suggests that the activation levels of 
αvβ3 integrin relative to α5β1 integrin levels is an early event in 
the mesenchymal transition of a TM cell into a myofibroblast. In 
addition, since these biomarkers have previously been reported to be 
upregulated in glaucomatous cells, this suggests that integrin 
switching may be involved in the development of glaucoma 
(Yang et al., 2025).

It is not surprising that the increase in αvβ3 integrin activity 
was triggered by a decrease in α5β1 integrin expression. One 
plausible explanation for this is a cross-talk process called 
transdominant inhibition which can occur when two integrins 
compete for the same cytoplasmic proteins, such as talin-1 or 
kindlin-2, that activate integrins (Calderwood et al., 2004). In 
this scenario, expression of α5β1 integrin inhibits αvβ3 integrin 
because it out competes αvβ3 integrin for binding to talin-1 and 
kindlin-2 (Figure 9A). However, when the levels of the 
α5β1 integrin decreases, αvβ3 integrin is now able to bind 
talin-1 and kindlin-2 and be activated (Figure 9B) (Lu et al., 
2022; Lolo et al., 2022; Bouvard et al., 2013; Moser et al., 2009). 
What causes the loss of α5β1 integrin is still unknown. Early 
studies in fibroblasts have suggested that a change in the 
expression of transcription factors that control α5β1 integrin 
expression may be responsible (Gingras et al., 2003; Gingras 
et al., 2009). Alternatively, activation of αvβ3 integrin could also 
be enhanced if the recycling of α5β1 integrins was impaired, thus 
leading to the rapid and prolonged expression of αvβ3 integrin 
on the cell surface (Caswell et al., 2009; Arjonen et al., 2012). 
These two possibilities are not necessarily mutually exclusive 
and both processes could be occurring in older tissues.

How activation of αvβ3 integrin enhances αSMA expression is 
unclear. αSMA expression in EMT/EndMT is usually thought to 

occur via enhanced TGFβ signaling. Hence, it is not surprising that 
αvβ3 integrin was found to be involved in the development of a 
mesenchymal phenotype. In TM cells, activation of αvβ3 integrin 
induces the expression of TGFβ2 mRNA and protein which is a 
potent inducer of EMT and EndMT (Filla et al., 2021). Furthermore, 
multiple studies show that a synergistic interaction between 
αvβ3 integrin and TGFβ signaling triggers the development of a 
mesenchymal phenotype in a number of different cell types and 
diseases. For example, this interaction has been shown to be 
involved in TGF-β-induced EMT in mammary epithelial cells 
(Galliher and Schiemann, 2006; Parvani et al., 2015) possibly 
through ECM driven αvβ3 integrin crosstalk with the TGFβ 
pathway (Brandão-Costa et al., 2020). More recently correlation 
analysis between β3 integrin and EMT markers found that 
β3 integrin expression correlated positively with the 
mesenchymal biomarkers vimentin, fibronectin, ZEB1, and 
ZEB2 in lung adenocarcinoma cells. A knockdown of 
αvβ3 integrin in lung cancer cells also led cells reverting back to 
a partial EMT that was independent of TGFβ signaling (Kariya et al., 
2021), again suggesting that EMT may be driven by crosstalk 
between TGFβ and αvβ3 integrin. Finally, knockdown of 
αvβ3 integrin suppressed TGFβ-induced Notch signaling in 
human umbilical vein endothelial cells (Wang et al., 2018) which 
is also involved in the fibrotic process (Condorelli et al., 2021; Zhang 
et al., 2024).

In conclusion, this study shows that a switch in integrin 
expression and activity in old TM cells contributes to the 
development of a mesenchymal phenotype within the TM by 
upregulating the expression of αSMA, VIM, TWIST1, and SNAI2. 
Ultimately, integrins are likely to play a multi-faceted and essential 
role in controlling EMT/EndMT in the TM. They regulate cell 
contractility and adhesion, and are one of the major classes of 
receptors that respond to mechanoenvironmental cues such as 
stiffness that are involved in the development of a myofibroblast 
phenotype and also detected in glaucomatous TM tissues (Last et al., 
2011). They also influence numerous downstream signaling pathways 
involved in EndMT, including TGFβ2 signaling, focal adhesion kinase 
(FAK)/p21-activated kinase (PAK), Wnt/β-catenin, FAK/glycogen 
synthase kinase-3β (GSK3β) and ILK/NF-kB (Piera-Velazquez and 
Jimenez, 2019). Hence, the role of these integrins in the early 
development of a mesenchymal phenotype makes them potential 
targets for therapeutic interventions in the development of POAG.
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