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Glucocorticoid‑induced cell‑derived 
matrix modulates transforming 
growth factor β2 signaling 
in human trabecular meshwork 
cells
felix Yemanyi1, Janice Vranka2 & Vijay Krishna Raghunathan1,3*

Aberrant remodeling of trabecular meshwork (tM) extracellular matrix (ecM) may induce ocular 
hypertensive phenotypes in human tM (htM) cells to cause ocular hypertension, via a yet unknown 
mechanism. Here, we show that, in the absence of exogenous transforming growth factor-beta2 
(TGFβ2), compared with control matrices (VehMs), glucocorticoid-induced cell-derived matrices (GIMs) 
trigger non-Smad TGFβ2 signaling in hTM cells, correlated with overexpression/activity of structural 
ECM genes (fibronectin, collagen IV, collagen VI, myocilin), matricellular genes (connective tissue 
growth factor [CTGF], secreted protein, acidic and rich in cysteine), crosslinking genes/enzymes (lysyl 
oxidase, lysyl oxidase-like 2–4, tissue transglutaminase-2), and ECM turnover genes/enzymes (matrix 
metalloproteinases-MMP2,14 and their inhibitors-TIMP2). However, in the presence of exogenous 
TGFβ2, VehMs and GIMs activate Smad and non-Smad TGFβ2 signaling in hTM cells, associated with 
overexpression of α-smooth muscle actin (α-SMA), and differential upregulation of aforementioned 
ECM genes/proteins with new ones emerging (collagen-I, thrombospondin-I, plasminogen activator 
inhibitor, MMP1, 9, ADAMTS4, TIMP1); with GIM-TGFβ2-induced changes being mostly more 
pronounced. This suggests dual glaucomatous insults potentiate profibrotic signaling/phenotypes. 
Lastly, we demonstrate type I TGFβ receptor kinase inhibition abrogates VehM-/GIM- and/or TGFβ2-
induced upregulation of α-SMA and CTGF. Collectively, pathological TM microenvironments are 
sufficient to elicit adverse cellular responses that may be ameliorated by targeting TGFβ2 pathway.

Ocular hypertension predominantly results from obstruction to aqueous humor outflow due to changes in the 
juxtacanalicular (JCT) portion of the trabecular meshwork (TM) and its interface with the inner wall endothe-
lium of Schlemm’s canal (SC)1–3. Although multiple factors have been implicated in the changes at the JCT to 
hinder aqueous  outflow4–7, aberrant extracellular matrix (ECM) remodeling culminating in altered stiffness has 
emerged as a significant risk  factor8–16. In the TM, a pathologically remodeled ECM may likely have an effect 
through its interaction with resident cells and/or adjacent SC cells and contribute to disease  progression1,3,13. 
However, the mechanistic basis for such a phenomenon is poorly understood. This is largely due to technical 
limitations in experimental animal models wherein dissecting out the interactions between multiple ECM com-
ponents, either alone or in concert with exogenous stimuli to influence cellular fate is difficult. Thus, to study 
bi-directional interactions between cells and their ECM requires robust in vitro models. Cell-derived  matrices17,18 
thus present as indispensable tools to investigate the mechanistic basis of pathology, and more importantly, dif-
ferent matrices may be generated with various stimuli. For example, our group has documented that matrices 
derived after glucocorticoid treatment (GIMs) replicate many features of glaucomatous matrices and are potent 
enough to alter cell  fate11,13. Also, compared with other in vitro hydrogel-based ECM-mimicking  substrates19–22, 
GIMs better reflect the complexity of a diseased TM  ECM11,23.
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Transforming growth factor beta (TGFβ) signaling is well-implicated in  glaucoma24–26 with its ligand, TGFβ2, 
elevated in the aqueous humor of primary open angle glaucoma  patients27,28, and is overexpressed with dexa-
methasone/steroid  induction29,30. TGFβ2 binds to its receptor complex (type I and type II) and subsequently 
activates the Smad- (Smad2 and Smad3)31 and non-Smad-dependent (extracellular signal regulated kinase [ERK], 
P38, c-Jun N-terminal kinases [JNK], RhoA, and Rho-associated protein kinase [ROCK])32 signaling pathways 
to induce ocular  hypertension24, concurrent with pathological changes in the actin cytoskeleton (for example, 
stress fibers and crosslinked actin networks)33 and ECM  proteins16,25,34–37. Since TGFβ2- and DEX-induced 
ocular hypertensive phenotypes are predicated on similar changes in actin  cytoskeleton33,38–40,  ECM16,41–43, and 
 proteomic44 outcomes, there could be crosstalk between their respective signaling pathways. Indeed, Kasetti 
and  colleagues29 recently showed that Smad-dependent TGFβ signaling pathways have crucial roles in DEX-
induced ocular hypertension. However, in the absence of exogenous DEX, whether pathologic matrices such 
as GIMs can intrinsically modulate Smad- and non-Smad-dependent TGFβ signaling pathways in human TM 
(hTM) cells remains to be demonstrated. Previously, our  group11 demonstrated that, GIMs harbor significantly 
increased levels of profibrotic molecules like TGFβ2, connective tissue growth factor (CTGF)45, thrombospondin 
1 (TSP1)46, secreted protein acidic and rich in cysteine (SPARC)35, and antagonists of the Wnt  pathway47; all of 
which can activate TGFβ signaling.

Therefore, in this study, we first determined the intrinsic ability of GIMs to modulate Smad and non-Smad 
TGFβ2 signaling pathways in hTM cells. Next, since ocular hypertensive phenotypes are typically multifacto-
rial, we investigated the effect of the interaction between GIMs and exogenous TGFβ2 on this pathway. Lastly, 
we explored whether inhibition of type I TGFβ receptor kinase ameliorates the deleterious effects induced by 
GIMs. A portion of the findings in this study has been reported elsewhere (Yemanyi F, et al. IOVS 2019; 60: 
ARVO E-abstract 5146)48.

Results
Resident htM cells were successfully removed from their deposited VehMs and GiMs. Vehi-
cle control- (VehMs) and glucocorticoid-induced matrices (GIMs) were confirmed to be free of cytosolic and 
nuclear contamination by immunocytochemistry. Morphological or topographical differences in collagen IV 
observed between groups (VehM and GIM) (Supplementary Fig. S1A), while absence of labeling for F-actin and 
DAPI confirmed successful denudation of resident hTM cells. Supplementary Fig. S1B shows subsequent recel-
lularization of VehMs and GIMs labeled for collagen IV and fibronectin, respectively.

GIMs activated Smad TGFβ2 pathways only in the presence of exogenous TGFβ2 in hTM 
cells. Next, we extracted proteins from primary hTM cells (from the same donor used to generate matri-
ces) that had been seeded on VehMs and GIMs for 24 hours in 1% serum media in the presence or absence of 
5 ng/mL TGFβ2 treatment. Given the relevance of Smad-dependent TGFβ2 pathways in ocular hypertension 
and  glaucoma29,49,50, we performed Western blotting to investigate the expression of total and phosphorylated 
Smad2 and Smad3 molecules. We also probed for the expression of total Smad4. We found that, in the absence 
of exogenous TGFβ2, GIMs significantly upregulated Smad2 (1.7-fold, p < 0.001) in hTM cells compared with 
those on vehicle control matrices (VehMs); in the presence of exogenous TGFβ2, no difference in Smad2 expres-
sion was observed between VehMs and GIMs (Fig. 1A). Likewise, in the absence of TGFβ2, there were no dif-
ferences in the expression of the active form of Smad2 (pSmad2) in hTM cells between GIMs and VehMs. In 
the presence of TGFβ2, however, pSmad2 was significantly overexpressed by VehMs and GIMs (2.3-fold and 
3.4-fold, p < 0.001, respectively) compared with no TGFβ2 treatment. Also, activation of pSmad2 was mark-
edly pronounced in GIM + TGFβ2 groups compared with VehM + TGFβ2 group (Fig. 1B). While there were no 
expressional differences of Smad3 between VehMs and GIMs in the absence of TGFβ2 in hTM cells, in the pres-
ence of TGFβ2, VehMs and GIMs markedly downregulated Smad3 (-2.5-fold, p < 0.001, respectively) compared 
with their respective counterpart in the absence of TGFβ2 (Fig. 1C). No differences were observed, however, 
in Smad3 expression between VehM and GIM in the presence of TGFβ2. Moreover, in the absence of exog-
enous TGFβ2, GIMs had no statistically significant effect on the active form of Smad3 (pSmad3) in hTM cells 
compared with VehMs. Conversely, in the presence of TGFβ2, pSmad3 was significantly increased by VehMs 
and GIMs (pSmad3; 2.4-fold, p < 0.01 and 3.7-fold, p < 0.001, respectively); the effect was further enhanced in 
GIMs versus VehMs when TGFβ2 was added (Fig. 1D). Lastly, GIMs markedly overexpressed Smad4 (4.9-fold, 
p = 0.018) only in the presence of exogenous TGFβ2 (Fig. 1E).

GIMs potentiated non-Smad TGFβ2 pathways in hTM cells regardless of exogenous 
TGFβ2. Because TGFβ2 signaling pathways implicated in ocular hypertensive phenotypes go beyond acti-
vation of just the Smad-dependent  molecules33,51, we subsequently determined the expressional levels of the 
non-Smads. These included the mitogen activated protein kinases (for example, extracellular signal regulated 
kinase [ERK], P38, and c-Jun N-terminal kinases [JNK]) and Rho-GTPases like RhoA and its kinase, Rho-
associated protein kinase (ROCK). We observed that, compared with hTM cells seeded on VehMs, GIMs sig-
nificantly upregulated ERK1 (1.5-fold, p < 0.05) in the absence of exogenous TGFβ2. In the presence of exog-
enous TGFβ2, GIM-TGFβ2 interaction significantly increased ERK1 (p < 0.01) in hTM cells compared with 
that of VehM + TGFβ2 group; no statistical significant differences were observed comparing GIM alone and 
GIM + TGFβ2 groups, or VehM alone and VehM + TGFβ2 groups (Fig. 2A). In the absence of TGFβ2, GIMs 
markedly overexpressed phosphorylated ERK1/2 (pERK1/2, 1.8-fold, p < 0.01) in hTM cells compared with 
VehMs. In the presence of TGFβ2, both VehMs and GIMs significantly increased pERK1/2 (twofold and 2.1-
fold, p < 0.001, respectively), although no differences were observed between VehM and GIM groups (Fig. 2B). 
No significant changes in the expressional levels of P38 was observed comparing VehM and GIM groups with 
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or without TGFβ2 (Fig. 2C). In the absence of TGFβ2, GIMs markedly increased the activated form of P38 
(pP38, 3.5-fold, p < 0.001) in hTM cells. In the presence of TGFβ2, VehMs and GIMs significantly overexpressed 
pP38 (3.9-fold and 3.7-fold, p < 0.001, respectively) in hTM cells, although no differences were observed between 
VehM and GIM (Fig. 2D). Also, compared with VehMs, GIMs significantly downregulated RhoA (-twofold, 
p = 0.001) in hTM cells only in the presence of TGFβ2 (Fig. 2E). In contrast, in the absence of TGFβ2, RhoA’s 
kinase, ROCK, was profoundly overexpressed by GIMs (2.5-fold, p < 0.05) compared with VehMs in hTM cells. 
Similarly, in the presence of TGFβ2, while VehMs had no significant effect, GIMs markedly increased ROCK 
(2.2-fold, p < 0.05) in hTM cells (Fig. 2F). Finally, in the absence of TGFβ2, there were no changes in JNK or 
phosphorylated JNK (pJNK) between VehMs and GIMs in hTM cells, although JNK trended towards an increase 
despite statistical insignificance; however, in the presence of TGFβ2 GIMs significantly elevated JNK (2.3-fold, 
p < 0.01) (Fig. 2G), but, downregulated pJNK (-3.3-fold, p < 0.05) (Fig. 2H).

GIMs overexpressed α-smooth muscle actin in the presence of TGFβ2 in hTM cells. Given that 
ocular hypertensive phenotypes induced by TGFβ2 signaling pathways include fibrotic changes in actin cytoskel-
etal stress  fibers21,33, we determined whether GIMs could modulate the protein expression of α-smooth muscle 
actin (αSMA) in seeded hTM cells in the presence or absence of exogenous TGFβ2. We discovered that, com-
pared with hTM cells cultured on VehMs for 7 days, in the absence of exogenous TGFβ2, GIMs trended towards 

Figure 1.  GIMs activate Smad-dependent TGFβ signaling in the presence of exogenous TGFβ2 in hTM 
cells. Primary hTM cells were cultured in the presence or absence of 100 nM dexamethasone for 4 weeks in 
complete growth media. Cells were subsequently removed using 20 mM ammonium hydroxide solution to 
obtain GIMs and vehicle control matrices (VehMs). Same strain, fresh primary hTM cells were then seeded on 
these matrices with or without exogenous 5 ng/mL TGFβ2 in 1% fetal bovine serum growth media for 24 hours. 
Protein was extracted for Western blot analysis. β-Actin was used as an internal control for normalization. 
Representative cropped blots (top) and densitometric analysis (bottom) of (A) Smad2, (B) Phosphorylated 
Smad2 (pSmad2), (C) Smad3, (D) Phosphorylated Smad3 (pSmad3), and (E) Smad4. Columns and error bars; 
means and standard error of mean (SEM). One-way ANOVA with the Tukey pairwise comparisons post hoc 
test was used for statistical analysis. (n = 4 biological replicates. *p < 0.05, **p < 0.01, ***p < 0.001 for the group of 
interest versus control, VehM. ##p < 0.01, ###p < 0.001 for the group of interest versus GIM. †p < 0.05, †††p < 0.001 
for comparison between VehM + TGFβ2 and GIM + TGFβ2). hTM, human trabecular meshwork. As indicated 
by the black horizontal demarcating lines between respective blot images, all membranes were re-probed for 
β-Actin as a housekeeping protein. Full length blots can be found in Supplementary Figs. S5A–E and S6A–E, 
respectively. Densitometric analyses was done using ImageJ 1.8.0_112 software (https ://image j.nih.gov/ij/, 
1997–2018).

https://imagej.nih.gov/ij/
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overexpression of αSMA, although statistical significance was not reached. However, interaction between GIMs 
and exogenous TGFβ2 significantly overexpressed αSMA (3.1-fold, p < 0.001) even beyond that of VehM-TGFβ2 
interaction (1.9-fold, p < 0.05) (Fig. 3).

GiMs induced pathological changes in ecM components in htM cells in the presence or 
absence of exogenous TGFβ2. TGFβ2 signaling is well-established in ocular hypertension partly because 
of its potent regulatory role on TM ECM  restructuring16,26,34,52. Since it is technically challenging to differenti-
ate between existing ECM proteins from the cell-derived matrices with any induced changes in the same genes/
proteins, we primarily focused on mRNA levels.

ECM structural genes. First, we determined changes in genes that regulate structural ECM proteins. Compared 
with hTM cells seeded on control matrices (VehMs) for 7 days, in the absence of TGFβ2, GIMs significantly 
overexpressed fibronectin (1.9-fold, p < 0.001); similarly, in the presence of TGFβ2, both VehMs and GIMs 
exhibited markedly increased fibronectin expression (2.3-fold and 1.9-fold, p < 0.001, respectively) (Fig. 4A), 
although no differences were observed between VehM and GIM groups. Further, in the absence of TGFβ2, com-
pared with VehMs, there were no significant changes in collagen I expression in hTM cells on GIM, although it 
trended upwards. However, with exogenous TGFβ2, GIMs markedly increased collagen I (22.1-fold, p < 0.001) 
far more potently than on VehMs (6.9-fold, p < 0.001) (Fig. 4B). In addition, in the absence of TGFβ2, compared 
with VehMs, GIMs significantly overexpressed collagen IV (3.3-fold, p < 0.001) in hTM cells. Similarly, in the 
presence of TGFβ2, collagen IV was markedly increased by VehMs and GIMs (2.9-fold, p < 0.01 and 8.1-fold, 
p < 0.001, respectively), with GIMs showing a more exacerbated response (Fig. 4C). Moreover, in the absence 

Figure 2.  GIMs potentiate non-Smad-dependent TGFβ signaling with or without exogenous TGFβ2 in 
hTM cells. Primary hTM cells were cultured in the presence or absence of 100 nM dexamethasone for 4 weeks 
in complete growth media. Cells were subsequently removed using 20 mM ammonium hydroxide solution to 
obtain GIMs and vehicle control matrices (VehMs). Same strain, fresh primary hTM cells were then seeded on 
these matrices with or without exogenous 5 ng/mL TGFβ2 in 1% fetal bovine serum growth media for 24 hours. 
Protein was extracted for Western blot analysis. β-Actin was used as an internal control for normalization. 
Representative cropped blots (top) and densitometric analysis (bottom) of (A) Extracellular signal regulated 
kinase 1 (ERK1), (B) Phosphorylated ERK1/2 (pERK1), (C) P38, (D) Phosphorylated P38 (pP38), (E) RhoA, 
(F) Rho-associated protein kinase 1 (ROCK1), (G) c-Jun N-terminal kinases (JNK), and (H) Phosphorylated 
JNK (pJNK). Columns and error bars; means and standard error of mean (SEM). One-way ANOVA with the 
Tukey pairwise comparisons post hoc test was used for statistical analysis. (n = 4 biological replicates. *p < 0.05, 
**p < 0.01, ***p < 0.001 for the group of interest versus control, VehM. #p < 0.05, ##p < 0.01 for the group of 
interest versus GIM. †p < 0.05, ††p < 0.01 for VehM + TGFβ2 versus GIM + TGFβ2). hTM, human trabecular 
meshwork. Black horizontal demarcating lines between the blots indicate two images taken from two different 
parts of the same membrane blot. Full length blots can be found in Supplementary Figs. S7A–H and S8A–H, 
respectively. Densitometric analyses was done using ImageJ 1.8.0_112 software (https ://image j.nih.gov/ij/, 
1997–2018).

https://imagej.nih.gov/ij/
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of TGFβ2, GIMs significantly increased collagen VI (1.6-fold, p < 0.001) in hTM cells; however, with exogenous 
TGFβ2, while VehMs significantly decreased collagen VI (-1.4-fold, p < 0.01), GIM-induced changes were not 
any different from control VehM (Fig.  4D); although it trended to decrease in comparison with GIM alone 
without TGFβ2. Finally, in the absence of TGFβ2, compared with VehMs, GIMs significantly increased myocilin 
(3.8-fold, p < 0.001), which is well-documented as a glucocorticoid response gene, in hTM cells. However, with 
exogenous TGFβ2, while VehMs markedly suppressed myocilin (-2.5-fold, p < 0.01), GIMs markedly overex-
pressed it (twofold, p < 0.001) in hTM cells (Fig. 4E); although it trended towards a reduction in comparison with 
GIM alone without TGFβ2.

Matricellular genes. We next investigated matricellular genes that are involved in ECM reorganization and 
ECM-cell  interaction1,53. Without exogenous TGFβ2, compared with hTM cells that had been cultured on 
VehMs for 7 days, GIMs markedly overexpressed connective tissue growth factor (CTGF; 3.2-fold, p = 0.01), and 
secreted protein, acidic and rich in cysteine (SPARC; 2.6-fold, p < 0.01); no statistically significant differences 
were observed for thrombospondin 1 (TSP1) and plasminogen activator inhibitor (PAI), although they trended 
towards elevation. With exogenous TGFβ2, significantly increased expressions of CTGF (4.3-fold and 10.3-fold, 
p < 0.001, respectively), SPARC (6.2-fold and 15.3-fold, p < 0.001, respectively), TSP1 (22.4-fold and 45.9-fold, 
p < 0.001, respectively) and PAI (1.7-fold and 1.8-fold, p < 0.001, respectively) were observed comparing VehM 
with GIM (Fig. 5A–D). The effect was exaggerated in cells on GIMs treated with TGFβ2 for CTGF, SPARC and 
TSP1 compared with those on VehMs.

ECM crosslinking genes. Enzymes responsible for ECM crosslinking have been implicated in tissue stiffen-
ing, glaucoma and TGFβ  signaling10,37,54–56. Thus, we next determined if pathological matrices modulate these 
genes. In the absence of TGFβ, compared with hTM cells cultured on VehMs for 7 days, GIMs significantly 

Figure 3.  GIMs increase hTM cell contractility by overexpressing α-smooth muscle actin in the presence 
of exogenous TGFβ2. Primary hTM cells were cultured in the presence or absence of 100 nM dexamethasone 
for 4 weeks in complete growth media. Cells were subsequently removed using 20 mM ammonium hydroxide 
solution to obtain GIMs and vehicle control matrices (VehMs). Same strain, fresh primary hTM cells were 
then seeded on these matrices with or without exogenous 5 ng/mL TGFβ2 in 1% fetal bovine serum growth 
media for 7 days. Protein was extracted for Western blot analysis. β-Actin was used as an internal control for 
normalization. Representative cropped blot (top) and densitometric analysis (bottom) of α-Smooth muscle 
actin (αSMA). Columns and error bars; means and standard error of mean (SEM). One-way ANOVA with the 
Tukey pairwise comparisons post hoc test was used for statistical analysis. (n = 4 biological replicates. *p < 0.05, 
***p < 0.001 for the group of interest versus control, VehM. ##p < 0.01 for the group of interest versus GIM. 
††p < 0.01 for comparison between VehM + TGFβ2 and GIM + TGFβ2). hTM, human trabecular meshwork. 
Black horizontal demarcating line between the blot image signifies two images were taken at different parts of 
the same membrane blot. Full length blots can be found in Supplementary Figs. S5F and S6F. Densitometric 
analyses was done using ImageJ 1.8.0_112 software (https ://image j.nih.gov/ij/, 1997–2018).

https://imagej.nih.gov/ij/
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overexpressed lysyl oxidase (LOX; 2.9-fold, p < 0.001), LOX-like 2 (LOXL2; 2.6-fold, p < 0.001), LOXL3 (3.1-
fold, p < 0.001), LOXL4 (1.7-fold, p < 0.001), and tissue transglutaminase (TGM2; 2.4-fold, p < 0.001) (Fig. 6A–
E). With exogenous TGFβ2, LOX (2.9-fold, p < 0.01 and 4.4-fold, p < 0.001, respectively) and LOXL2 (1.7-fold, 
p < 0.01 and 3.4-fold, p < 0.001, respectively) were profoundly increased by VehMs and GIMs; the response was 
more potent in GIM group versus VehM groups. However, in the presence of TGFβ2, while VehMs had no 
marked effect on LOXL3, LOXL4 or TGM2, GIMs significantly overexpressed them (LOXL3: 3.5-fold, p < 0.001; 
LOXL4: 1.7-fold, p < 0.001; and TGM2: 2.5-fold, p < 0.001). Significant differences were thus observed between 
VehM and GIM groups with exogenous TGFβ2.

Genes responsible for ECM turnover. To determine whether the GIM-induced overexpression of specific ECM 
structural genes (Fig. 4), matricellular genes (Fig. 5) and ECM crosslinking genes (Fig. 6) in hTM cells could be 
physiological or pathological, we probed for the gene expression of specific matrix metalloproteinases (MMPs) 
implicated in aqueous humor outflow and TM ECM degradation. We observed that, in hTM cells, compared 
with VehMs, MMP1 was significantly reduced by all experimental groups: GIMs, interaction between VehMs 
and TGFβ2, and GIM-TGFβ2 interaction (-5-fold, -2.5-fold and -10-fold, p < 0.001, respectively); the great-
est reduction was observed with GIM-TGFβ2 interaction (Fig. 7A). However, in the absence of TGFβ2, GIM-
induced MMP2 was not any different from VehMs in hTM cells; in the presence of TGFβ2, MMP2 was signifi-
cantly overexpressed by VehMs and GIMs (2.2-fold, p < 0.01 and 3.7-fold, p < 0.001, respectively), with a greater 
effect seen in the latter group (Fig. 7B). In addition, compared with VehMs, MMP9 was markedly upregulated 
in hTM cells only when GIMs interacted with TGFβ2 (4.2-fold, p < 0.001); although statistically insignificant an 
upward trend was observed with VehM-TGFβ2 interaction compared with control VehM (Fig. 7C). Moreover, 
without exogenous TGFβ2, compared with VehMs, GIMs significantly increased MMP14 (1.8-fold, p < 0.05) in 
hTM cells; with exogenous TGFβ2, while VehMs had no significant effect on MMP14, GIMs markedly over-
expressed it (2.2-fold, p < 0.001) (Fig. 7D). Moreover, in the absence of TGFβ2, GIMs’ effect on a disintegrin 
and metalloproteinase with a thrombospondin motif 4 (ADAMTS4) was not any different from VehMs; with 

Figure 4.  GIMs increase expression of key ECM structural genes in the presence or absence of exogenous 
TGFβ2 in hTM cells. Primary hTM cells were cultured in the presence or absence of 100 nM dexamethasone 
for 4 weeks in complete growth media. Cells were subsequently removed using 20 mM ammonium hydroxide 
solution to obtain GIMs and vehicle control matrices (VehMs). Same strain, fresh primary hTM cells were then 
seeded on these matrices with or without exogenous 5 ng/mL TGFβ2 in 1% fetal bovine serum growth media 
for 7 days. RNA was extracted for reverse transcription and qPCR. GAPDH was used as an internal control for 
normalization. Resultant bar graphs for (A) Fibronectin, (B) Collagen I, (C) Collagen IV, (D) Collagen VI, and 
(E) Myocilin. Columns and error bars; means and standard error of mean (SEM). One-way ANOVA with the 
Tukey pairwise comparisons post hoc test was used for statistical analysis. (n = 4 biological replicates. **p < 0.01, 
***p < 0.001 for the group of interest versus control, VehM. ###p < 0.001 for the group of interest versus GIM. 
††p < 0.01, †††p < 0.001 for VehM + TGFβ2 versus GIM + TGFβ2). hTM, human trabecular meshwork. GAPDH, 
Glyceraldehyde 3-phosphate dehydrogenase.
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exogenous TGFβ2, VehMs and GIMs markedly upregulated ADAMTS4 (3.7-fold and 2.8-fold, p < 0.001, respec-
tively) (Fig. 7E). Next, we determined the expressional levels of tissue inhibitors of matrix metalloproteinases 
(TIMPs) given their inhibitory role on the function of MMPs in degrading aberrant ECM accumulation. We 
discovered that, in the absence of exogenous TGFβ2, GIMs had no effect on TIMP1 in hTM cells compared 
with VehMs. However, in the presence of TGFβ2, both VehMs and GIMs significantly overexpressed TIMP1 
(4.7-fold, p < 0.001 and 2.9-fold, p < 0.01, respectively; Fig. 7F), although the effect was greater in VehM than 
on GIM. Finally, in the absence of exogenous TGFβ2, compared with hTM cells cultured on VehMs, GIMs 
profoundly increased TIMP2 (1.8-fold, p = 0.001). Similarly, in the presence of TGFβ2, TIMP2 was markedly 
overexpressed by VehMs and GIMs (two fold and 3.1-fold, p < 0.001, respectively), with a greater effect in cells 
on GIMs (Fig. 7G).

Enzymatic activities of MMP2, MMP9 and LOX in conditioned media. To investigate whether the 
upregulation of MMP2, MMP9 and LOX (ECM crosslinking gene) at the gene level translated into functioning 
proteins, we harvested and subsequently subjected conditioned media from the respective experimental groups 
to enzymatic assays. As shown in Fig. 8A, in the absence of exogenous TGFβ2, compared with control VehMs, 
conditioned media from hTM cells seeded on GIMs for 7 days had significantly increased activity of MMP2 
(1.3-fold, p < 0.05); similarly, in the presence of TGFβ2, MMP2′ activity in conditioned media from VehMs and 
GIMs was significantly elevated (1.5-fold and 1.6-fold, p < 0.001, respectively). However, compared with cells on 
control VehMs in the absence of TGFβ2, conditioned media from hTM cells cultured in the presence of TGFβ2 
on VehMs and GIMs had a marked increase in MMP9′ activity (3.3-fold and 2.8-fold, p = 0.001, respectively) 
(Fig. 8B). Further, we observed that, in the absence of exogenous TGFβ2, conditioned media from three (3) out 
of the four (4) hTM Cell Strains seeded on GIMs for 7 days had markedly increased LOX activity (Fig. 8C, hTM 

Figure 5.  GIMs overexpress crucial matricellular genes with or without exogenous TGFβ2 in hTM cells. 
Primary hTM cells were cultured in the presence or absence of 100 nM dexamethasone for 4 weeks in complete 
growth media. Cells were subsequently removed using 20 mM ammonium hydroxide solution to obtain 
GIMs and vehicle control matrices (VehMs). Same strain, fresh primary hTM cells were then seeded on these 
matrices with or without exogenous 5 ng/mL TGFβ2 in 1% fetal bovine serum growth media for 7 days. RNA 
was extracted for reverse transcription and qPCR. GAPDH was used as an internal control for normalization. 
Bar graphs for (A) Connective tissue growth factor (CTGF), (B) Secreted protein acidic and rich in cysteine 
(SPARC), (C) Thrombospondin 1 (TSP1), and (D) Plasminogen activator inhibitor (PAI). Columns and error 
bars; means and standard error of mean (SEM). One-way ANOVA with the Tukey pairwise comparisons post 
hoc test was used for statistical analysis. (n = 4 biological replicates. **p < 0.01, ***p < 0.001 for the group of 
interest versus control, VehM. #p < 0.05, ##p < 0.01, ###p < 0.001 for the group of interest versus GIM. †††p < 0.001, 
for VehM + TGFβ2 versus GIM + TGFβ2). hTM, human trabecular meshwork. GAPDH, Glyceraldehyde 
3-phosphate dehydrogenase.
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Cell Strains 1, 2 and 4). Similarly, in the presence of exogenous TGFβ2, significantly elevated LOX activity was 
found in the conditioned media of three hTM Cells Strains cultured on either VehMs or GIMs (Fig. 8C, hTM 
Cells Strains 1, 2 and 3), with the latter being more pronounced than the former or GIM alone.

TGFβRI kinase inhibitor repressed GIM-induced overexpression of CTGF. Finally, we investigated 
whether selective inhibition of type I transforming growth factor beta receptor (TGFβRI) kinase would attenuate 
GIM-induced overexpression of connective tissue growth factor (CTGF) with or without exogenous TGFβ2. We 
cultured primary hTM cells on VehMs and GIMs in 1% serum media for 24 hours in the presence or absence 
of 5 ng/mL TGFβ2 with or without 5 μM TGFβRI kinase inhibitor (LY364947). We then extracted proteins and 
performed Western blotting to probe for the expression of CTGF. As shown in Fig. 9, in the absence of TGFβRI 
kinase inhibitor (TGFβRi) or exogenous TGFβ2, compared with control VehMs, GIMs significantly upregulated 
CTGF (4.2-fold, p < 0.05) in hTM cells. In the presence of TGFβ2 and absence of TGFβRi, both VehMs and 
GIMs profoundly overexpressed CTGF (10.7-fold and 13.2-fold, p < 0.001, respectively) in hTM cells. Together, 
this validated CTGF’ gene expression data in Fig. 5A. However, in the presence of TGFβRi, VehM-/GIM- and/or 
TGFβ2-induced overexpression of CTGF was profoundly abrogated to levels similar to that of control matrices 
(VehMs). The same observation was true for αSMA (Supplementary Fig. S2).

Discussion
The extracellular matrix is a three-dimensional framework of structural and matricellular proteins and serves as 
a reservoir for soluble signaling molecules such as cytokines secreted by resident cells. There is an ever-increasing 
amount of literature that documents that physico-chemical and biophysical properties of the matrix can pro-
foundly influence cell behavior. While it is well recognized that the ECM is altered in disease, how such a matrix 
affects cell fate is not known. For example, in glaucoma, a number of studies demonstrate elevated amounts of 
 fibronectin57–62 and connective tissue growth  factor63,64 in the TM. In addition, elevated levels of profibrotic 
 cytokines27,65–69 have been reported in the aqueous humor of glaucomatous patients. It is thus inevitable that 
resident TM cells are continuously subjected to both secreted factors within the tissue and those circulating and 
passing through the TM. How TM cells respond to such simultaneous pathologic insults has not been evaluated 

Figure 6.  GIMs upregulate ECM crosslinking genes in the presence or absence of exogenous TGFβ2 
in hTM cells. Primary hTM cells were cultured in the presence or absence of 100 nM dexamethasone for 
4 weeks in complete growth media. Cells were subsequently removed using 20 mM ammonium hydroxide 
solution to obtain GIMs and vehicle control matrices (VehMs). Same strain, fresh primary hTM cells were 
then seeded on these matrices with or without exogenous 5 ng/ml TGFβ2 in 1% fetal bovine serum growth 
media for 7 days. RNA was extracted for reverse transcription and qPCR. GAPDH was used as an internal 
control for normalization. Bar graph for the gene expression of (A) Lysyl Oxidase (LOX), (B) Lysyl Oxidase-
Like 2 (LOXL2), (C) Lysyl Oxidase-Like 3 (LOXL3), (D) Lysyl Oxidase-Like 4 (LOXL4), and (E) Tissue 
transglutaminase 2 (TGM2). Columns and error bars; means and standard error of mean (SEM). One-way 
ANOVA with the Tukey pairwise comparisons post hoc test was used for statistical analysis. (n = 4 biological 
replicates. *p < 0.05, **p < 0.01, ***p < 0.001 for the group of interest versus control, VehM. #p < 0.05, ##p < 0.01, 
###p < 0.001 for the group of interest versus GIM. †††p < 0.001 for VehM + TGFβ2 versus GIM + TGFβ2). hTM, 
human trabecular meshwork. GAPDH, Glyceraldehyde 3-phosphate dehydrogenase.
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to the best of our knowledge. Therefore, in this study, we report using for the first time an in vitro system, to 
determine the role that pathologic matrices (for example, GIMs) play in modulating critical signaling pathways 
(for instance, TGFβ) intrinsically in hTM cells, and under the influence of exogenous profibrotic cytokines (for 
instance, TGFβ2) added to this culture system. To this effect, we hypothesize that hTM cell responses to GIMs 
may primarily be driven by: (1) Biochemical composition and topography of  GIMs11; (2) Biomechanical proper-
ties, given that GIMs are approximately fourfold stiffer than  VehMs11,13; and/or (3) differential presentation of 
ligands to cells via interactions between biochemical and biomechanical factors from GIMs.

Previous studies have determined both in vitro and in vivo that treatment with dexamethasone (DEX) results 
in overexpression/secretion of active TGFβ2 which may subsequently activate the Smad TGFβ pathway to cause 
changes in ECM  proteins29. However, whether ECM remodeling downstream of glucocorticoid receptor signal-
ing is independent of canonical TGFβ signaling is unclear. In addition, it was unknown until now whether the 
ECM deposited after such DEX treatment further determined cell fate. Thus, first, we showed that, in the absence 
of any exogenous chemicals (for example, DEX) or growth factors (for instance, TGFβ2), GIMs activated non-
Smad-dependent TGFβ signaling to result in additional overexpression of ECM genes/proteins in freshly plated 
hTM cells or conditioned media (Fig. 10, left cellular compartment). Similar to the interaction between VehMs 
and exogenous TGFβ2, these aberrant ECM changes encompassed increased accumulation/activity of specific 
ECM structural, matricellular and crosslinking genes/proteins together with dysregulated ECM turnover. Since 
there was no exogenous DEX, we infer that the responses directed by GIMs in hTM cells are independent of 
direct influences from activated glucocorticoid receptor (GR) signaling. Specifically, we showed that, with the 
exception of phospho-JNK (pJNK), GIMs markedly overexpressed phospho-ERK1/2 (pERK1/2), phospho-P38 
(pP38) and Rho-associated protein kinase (ROCK) in hTM cells. These findings were associated with significant 
increases in ECM structural genes like fibronectin, collagen IV, collagen VI and myocilin; matricellular genes 
involving connective tissue growth factor (CTGF) and secreted protein, acidic and rich in cysteine (SPARC); 
ECM crosslinking genes including lysyl oxidase (LOX), LOX-like 2 (LOXL2), LOXL3, LOXL4 and tissue trans-
glutaminase 2 (TGM2); and genes responsible for ECM turnover (matrix metalloproteinase 14 [MMP14] and 
tissue inhibitor of metalloproteinases 2 [TIMP2]). An imbalance in matrix crosslinking versus degradation may 
in part play a role in matrix  stiffening70,71.

Our results are consistent with several studies that have implicated non-Smad TGFβ signaling pathways 
in aberrant ECM restructuring. For instance, TGFβ2-induced activation of P38 is crucial for the induction of 
collagen  I72 and SPARC 73 in hTM cells. Further, Rho GTPases enhance secretion of bioactive TGFβ2 into the 

Figure 7.  GIMs modulate specific genes responsible for ECM turnover with or without exogenous TGFβ2 
in hTM cells. Primary hTM cells were cultured in the presence or absence of 100 nM dexamethasone for 
4 weeks in complete growth media. Cells were subsequently removed using 20 mM ammonium hydroxide 
solution to obtain GIMs and vehicle control matrices (VehMs). Same strain, fresh primary hTM cells were then 
seeded on these matrices with or without exogenous 5 ng/ml TGFβ2 in 1% fetal bovine serum growth media 
for 7 days. RNA was extracted for reverse transcription and qPCR. GAPDH was used as an internal control for 
normalization. Bar graph for the gene expression of (A) Matrix metalloproteinase 1 (MMP1), (B) MMP2, (C) 
MMP9, (D) MMP14, (E) A disintegrin and metalloproteinase with a thrombospondin motif 4 (ADAMTS4), 
(F) Tissue inhibitor of matrix metalloproteinase 1 (TIMP1), and (G) TIMP2. Columns and error bars; means 
and standard error of mean (SEM). One-way ANOVA with the Tukey pairwise comparisons post hoc test 
was used for statistical analysis. (n = 4 biological replicates. *p < 0.05, **p < 0.01, ***p < 0.001 for the group of 
interest versus control, VehM. #p < 0.05, ##p < 0.01, ###p < 0.001 for the group of interest versus GIM. †p < 0.05, 
††p < 0.01, †††p < 0.001 for VehM + TGFβ2 versus GIM + TGFβ2). hTM, human trabecular meshwork. GAPDH, 
Glyceraldehyde 3-phosphate dehydrogenase.
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Figure 8.  GIMs increase activities of MMP2 and MMP9 together with LOX in the presence or absence of TGFβ2 
in conditioned media. Conditioned medium from primary hTM cells cultured on vehicle control (VehMs) or GIM 
substrates for 7 days were collected and normalized to total protein concentration prior to determining enzyme 
activity in each sample. Gelatin Zymography was used to determine enzyme activity of specific MMPs in the absence 
or presence of TGFβ2. Representative cropped gel bands of (A) MMP2 and (B) MMP9 enzymatic activity. Full 
length gel zymograms are shown in Supplementary Fig. S9. (C) Lysyl oxidase enzyme activity was determined as the 
Vmax (in RFU units per second) for four different cell strains. Columns and error bars; means and standard error of 
mean (SEM). One-way ANOVA with the Tukey pairwise comparisons post hoc test was used for statistical analysis. 
(n = 4 biological replicates. *p < 0.05, **p < 0.01, ***p < 0.001 for the group of interest versus control, VehM. #p < 0.05, 
##p < 0.01, ###p < 0.001 for the group of interest versus GIM. †p < 0.05, ††p < 0.01, †††p < 0.001 for VehM + TGFβ2 versus 
GIM + TGFβ2). hTM, human trabecular meshwork. Densitometric analyses of the zymographs was done using ImageJ 
1.8.0_112 software (https ://image j.nih.gov/ij/, 1997–2018). Enzyme activity was measured using the SoftMax Pro 7 
Data Acquisition and Analysis Software (Molecular Devices; https ://www.molec ulard evice s.com/produ cts/micro plate 
-reade rs/acqui sitio n-and-analy sis-softw are/softm ax-pro-softw are).

https://imagej.nih.gov/ij/
https://www.moleculardevices.com/products/microplate-readers/acquisition-and-analysis-software/softmax-pro-software
https://www.moleculardevices.com/products/microplate-readers/acquisition-and-analysis-software/softmax-pro-software
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extracellular milieu of hTM  cells74. Moreover, non-Smads have been implicated in the induction of lysyl oxidases 
by TGFβ2 in hTM  cells37. Our group and others have also correlated phospho-ERK1/2 with either the stiffening 
of DEX-induced hTM  cells11, or deposition of collagen I/fibronectin in hTM cells cultured on stiffer  hydrogels20. 
It was somewhat surprising GIM had no effect on pJNK given that a previous study had implicated pJNK in the 
induction of all four LOX genes in TGFβ2-stimulated hTM  cells37. The difference between the findings of the two 
studies may be due to the differences in the type of glaucomatous insult used: GIMs in ours versus exogenous 
TGFβ2 in theirs. Additionally, since all the phosphorylated forms of the other non-Smads (pERK1/2, pP38, and 
ROCK) were upregulated by GIMs in hTM cells, having no GIM-induced change in pJNK may be an efficient 
mechanism of reducing signaling redundancy.

Concurrent with these changes were GIM-induced increased deposition of ECM structural/matricellular/
crosslinking genes. Increased accumulation of fibronectin, collagen IV, collagen VI and myocilin have been 
implicated in endoplasmic reticulum (ER) stress, ocular hypertension and  glaucoma16,23,43,57,75–77. Upregulation of 
fibronectin is particularly critical because not only is its synthesis associated with ER  stress23, but fundamental to 
the assembly of other ECM proteins like collagen IV, fibrillin and  laminin78 which may contribute to altered tissue 
 biomechanics8. CTGF and SPARC have also been documented as culprits in ocular hypertension and glaucoma. 
For example, while CTGF is elevated in pseudoexfoliation  glaucoma63,64, and its overexpression causes ocular 
hypertension in  mice79, SPARC-null mice have a lower intraocular pressure despite the presence of exogenous 
TGFβ235. Further, LOX, LOXLs and TGM2 do have their place in glaucoma; single-nucleotide polymorphism 
in LOXL1 has been implicated in exfoliation  glaucoma55,80. While all five isoforms of LOX (LOX and LOXL1-4) 
are upregulated in either gremlin- or TGFβ2-induced hTM  cells37,52, LOX inhibition increases outflow facility in 
ex vivo perfusion organ  cultures10. Similarly, overexpressing TGM2 in mice causes ocular  hypertension56, and 
knocking it out reduces TGFβ2-induced ocular  hypertension81.

Figure 9.  GIM- and/or TGFB2-induced overexpression of connective tissue growth factor in hTM cells 
is attenuated by TGFβRI kinase inhibitor. Primary hTM cells were cultured in the presence or absence 
of 100 nM dexamethasone for 4 weeks in complete growth media. Cells were subsequently removed using 
20 mM ammonium hydroxide solution to obtain GIMs and vehicle control matrices (VehMs). Same strain, 
fresh primary hTM cells were then seeded on these matrices with or without exogenous 5 ng/ml TGFβ2 and/
or 5 µM type I TGFβ receptor (TGFβRI) kinase inhibitor in 1% fetal bovine serum growth media for 24 hours. 
Protein was extracted for Western blot analysis. β-Actin was used as a housekeeping protein for normalization. 
Representative cropped blot (top) and densitometric analysis (bottom) of connective tissue growth factor 
(CTGF). Columns and error bars; means and standard error of mean (SEM). One-way ANOVA with the 
Tukey pairwise comparisons post hoc test was used for statistical analysis. (n = 4 biological replicates. *p < 0.05, 
***p < 0.001 for the group of interest versus control, VehM. #p < 0.05, ###p < 0.001 for the group of interest versus 
GIM).TGFβ2, Transforming growth factor β2, TGFβRi, type I TGFβ receptor kinase inhibitor. hTM, human 
trabecular meshwork. Black horizontal demarcating lines between the blots indicate two images taken from two 
different parts of the same membrane blot. Full length blots can be found in Supplementary Figs. S5G and S6G. 
Densitometric analyses was done using ImageJ 1.8.0_112 software (https ://image j.nih.gov/ij/, 1997–2018).

https://imagej.nih.gov/ij/
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Also, there was GIM-stimulated differential modulation of ECM turnover enzymes: MMPs and TIMPs. 
Because MMP14 and TIMP2 have functional roles in cleaving MMP2 to degrade ECM  proteins82, one would 
think GIM-induced overexpression of MMP14 and TIMP2 genes together with increased MMP2 activity in 
conditioned media would be a homeostatic response to counteract increased ECM synthesis/deposition. How-
ever, there is a tipping point in TIMP2′ overexpression beyond which it actually sequesters MMP2 to stall its 
 activity82. Additionally, increased activity/expression of MMPs may pathologically cleave and cause dysfunction 
of key cell surface glycoproteins like prion protein important for maintaining cell-ECM/aqueous  homeostasis83. 
Further, the gene expression of other MMPs like MMP1 was significantly downregulated. Moreover, given that 
crosslinking enzymes covalently crosslink collagen, elastin and  fibronectin84,85, making them resistant to deg-
radation, GIM-induced increased activity of LOX in conditioned media would hinder MMP2′ activity. Taken 
together, the combination of GIM-induced activation of non-Smad TGFβ signaling, aberrant ECM synthesis/
deposition, increased crosslinking genes/enzymes and dysregulated ECM turnover in hTM cells may contribute 
to increased stiffness.

Second, we showed that, in the presence of exogenous TGFβ2, GIMs activated both Smad and non-Smad 
TGFβ signaling in association with changes in actin cytoskeleton, and more pronounced ECM changes in hTM 
cells compared with either interaction between VehMs and TGFβ2 or GIM alone (Fig. 10, right cellular com-
partment), in agreement with previous  studies21,33. This suggests that, synergistic interaction between dual glau-
comatous insults (here, being a pathologically remodeled GIM and TGFβ2), as is normally the case in vivo, 
may further heighten induction of glaucomatous phenotypes/profibrotic conditions beyond what just only one 
glaucomatous stimulus would do. Notably, GIM-TGFβ2 interaction further increased the expression/activity of 
ECM genes/proteins that had previously been upregulated by either GIM alone or VehM-TGFβ2 interaction, 
while overexpressing those that were formerly unaffected by these experimental groups. For instance, besides 
further upregulating collagen IV in hTM cells beyond that of GIM alone or the interaction between VehMs and 
TGFβ2, interaction between GIM and TGFβ2 profoundly increased collagen I which was unaffected by GIM 
alone. Further, this GIM-TGFβ2-induced overexpression of collagen I was significantly beyond that of VehM-
TGFβ2 interaction. Similar to the other ECM structural  genes16,77,78,86, Collagen I has been implicated in glaucoma 
in association with ER stress, fibrosis and reduced outflow  facility23. Further, while GIM-TGFβ2 combination 
heightened the overexpression of CTGF and SPARC in hTM cells beyond GIM alone or VehM-TGFβ2 interac-
tion, other matricellular genes like thrombospondin 1 (TSP1) and plasminogen activator inhibitor (PAI), which 

Figure 10.  Schematic representation of the effect of GIMs on TGFβ signaling in hTM cells with or without 
exogenous TGFβ2. (Left cellular compartment) In the absence of exogenous TGFβ2 or DEX, GIMs activate 
non-Smad TGFβ2 signaling in correlation with increased expression/activity of specific ECM structural, 
matricellular, and crosslinking genes/proteins in hTM cells. Imbalances in genes/proteins responsible for ECM 
turnover (MMPs and TIMP2) lead to impaired ECM degradation, increased ECM deposition and stiffness 
associated with ocular hypertension. (Right cellular compartment) In the presence of exogenous TGFβ2, GIMs 
potentiate Smad and non-Smad TGFβ2 signaling in association with actin cytoskeletal and more pronounced 
ECM changes in hTM cells. Concurrent dysregulated ECM turnover (increased MMPs and TIMPs) results in 
more pronounced ECM accumulation and stiffness implicated in ocular hypertension. rhTGFβ2 recombinant 
human transforming growth factor beta 2. DEX Dexamethasone. GIM glucocorticoid-induced cell-derived 
matrix. ECM Extracellular matrix. eTGFβ2 ECM-derived TGFβ2. TGFβR TGFβ receptor complex. hTM Human 
trabecular meshwork. MMPs Matrix metalloproteinases. TIMPs Tissue inhibitor of matrix metalloproteinases. 
CTGF Connective tissue growth factor.



13

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:15641  | https://doi.org/10.1038/s41598-020-72779-w

www.nature.com/scientificreports/

were hitherto unchanged by GIM alone, were increased; and this increase was markedly beyond that of VehM-
TGFβ2-interaction. GIM-TGFβ2-induced upregulation of TSP1 is important given its elevation in glaucomatous 
 TM87,88, and potential contribution to abnormal growth factor  signaling46. On the other hand, apart from being 
elevated in the aqueous humor of glaucoma  patients89, overexpression of PAI suppresses proteolytic degradation 
of ECM structural proteins by MMPs leading to increased ECM  accumulation90. Moreover, GIM-TGFβ2 interac-
tion exaggerated the overexpression of LOX and LOXL2 beyond GIM alone or interaction between VehM and 
TGFβ2, suggesting more pronounced crosslinking of ECM structural proteins. Therefore, although GIM-TGFβ2 
combination increased the expression and/or activity of MMP2, MMP9 and/or a disintegrin and metallopro-
teinase with a thrombospondin motif 4 (ADAMTS4) beyond that of only GIM or VehM-TGFβ2-interaction, 
repressed MMP1 together with increased LOX-dependent crosslinking of ECM structural proteins would make 
their proteolytic degradation function challenging. Further, given that both TIMP1 and TIMP2 (genes that 
inhibit MMP activity) were concurrently upregulated in hTM cells via GIM-TGFβ2 interaction, ECM turnover 
would most likely be impaired. In aggregate, GIM-TGFβ2 interaction exaggerated the overexpression of target 
TGFβ molecules in hTM cells beyond GIM alone or interaction between VehM and TGFβ2 most likely because 
of the heightened synergistic interaction between activated Smad and non-Smad TGFβ signaling molecules. 
This would probably compound altered biomechanics associated with reduced outflow  facility9,10 beyond GIM 
alone or interaction between VehMs and TGFβ2.

Since cells interact with the microenvironment and resident proteins through receptor mediated signaling, we 
next inhibited type I TGFβ receptor (TGFβRI) kinase using a small molecule inhibitor (LY364947) whose effec-
tive concentration (5 μM) has been validated in hTM cells by several  studies29,33,36,37,52. Importantly, at the con-
centration used to suppress the kinase activity in vitro, the above-mentioned studies have documented successful 
inhibition of TGFβ signaling, glucocorticoid-induced endoplasmic reticulum stress, formation of cross-linked 
actin networks (CLANs), and secretion of major ECM and crosslinking proteins. Consistent with these, here, we 
observed that, treatment of hTM cells with the same inhibitor abrogated GIM-, VehM-TGFβ2-, or GIM-TGFβ2-
induced overexpression of CTGF which may be associated with dysregulated ECM turnover, increased stiffness 
and elevated intraocular  pressure63,79,91. We selected CTGF from all the other ECM TGFβ targets because it has 
been shown to be a subsequent mediator of TGFβ2  signaling45. Moreover, overexpressing CTGF in vivo in mice 
causes ocular hypertension in association with optic nerve  damage79. Because TGFβ signaling-mediated ocular 
hypertensive phenotypes go beyond pathological ECM changes to actin cytoskeletal  remodeling21,33, we also 
showed that GIM- and/or TGFβ2-induced overexpression of αSMA was attenuated by TGFβRI kinase inhibitor 
(Supplementary Fig. S2), suggesting inhibition of cell contractility or profibrotic phenotype.

Conversely, a previous study found TGFβ2-induced αSMA was unaffected by inhibitors of Smad3, ERK, P38, 
ROCK and JNK after 24 hours of respective  cotreatment33. This difference between our study and theirs may be 
due to the following reasons. First, we inhibited TGFβRI kinase rather than downstream Smad and non-Smad 
molecules, suggesting that TGFβ receptor inhibition may be a more effective strategy of ameliorating GIM-
induced ocular hypertensive phenotypes. Indeed, in vivo, when used at a concentration of 1% (w/v; 36.7 mM), 
Kasetti and  colleagues29 demonstrated such a strategy decreases glucocorticoid-induced ocular hypertension, 
thus, setting a precedent for this applicability. Future studies will be essential to determine the relative contribu-
tion of Smad and non-Smad molecules to GIM- and/or TGFβ2-induced ocular hypertensive phenotypes includ-
ing altered stiffness in hTM cells. Second, culturing hTM cells on VehMs and GIMs in our study, as opposed to 
culturing hTM cells on tissue culture plastics/glass coverslips as was done in the previous study likely results in 
fairly dramatic differences in gene expression levels and cell signaling.

This study is however not without limitations. The effects of VehM-/GIM-induced changes in hTM cell 
responses were performed on a relatively small yet acceptable sample size (n = 3–5 donors). In compliance 
with consensus recommendation for TM cell characterization and  culture92, only hTM cells that responded to 
DEX treatment with myocilin overexpression were used in our experiments. Thus, determining changes in cells 
non-responsive to DEX treatment was not done. Further, all our experiments were performed under in vitro 
conditions. While this is advantageous in delineating the effect of a pathological matrix (for instance, GIMs) 
on otherwise healthy cells, it does not entirely recapitulate the scenario in vivo where native cells (that may or 
may not have developed pathology) continue to persist as ECM remodeling occurs. Thus, extrapolations of our 
data to what is observed in vivo, or ex vivo, are only suggestive of mechanisms, but should be taken cautiously 
considering functional changes in outflow resistance and facility were not determined. Clever strategies where 
anterior segment tissues (healthy and pathologic) are decellularized and subsequently recellularized ex vivo, may 
be essential to translate our in vitro findings for functional assessments. Developing such models are out of the 
scope of the current study, although future studies will focus on such methodologies. Also, for the most part, 
we characterized mRNA expression changes of pathway ECM targets in hTM cells on cell-derived matrices and 
were therefore, unable to distinguish expression/synthesis of new ECM proteins versus those from the existing 
matrices. Further studies using specialized techniques such as Stable Isotope Labeling by/with Amino acids in 
Cell culture (SILAC) may be required to definitively identify target ECM protein changes. Moreover, although 
DEX was used to simulate the pathological microenvironment, truly glaucomatous cells or matrices were not 
used in this study. Future studies would be essential to investigate if similar signaling pathways are implicated, 
although most glaucomatous cells/matrices are hardly free from the effects of previous anti-glaucoma medica-
tions that may confound experimental outcomes.

In conclusion, we found that similar to interaction between control VehMs and exogenous TGFβ2, a patho-
logically remodeled matrix like GIMs, can single-handedly drive pathological changes in hTM cells. These dis-
eased cellular phenotypes are more pronounced upon interaction between this pathologically remodeled matrix 
and an exogenous glaucomatous stimulus like TGFβ2. Importantly, our results suggest that care must be taken 
when considering cell-based therapeutic options (for example, stem cell or cell replacement options)93–96. This is 
because similar to resident pathologic  cells97, a diseased ECM may inadvertently push newly transplanted cells 
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towards a pathologic phenotype rather than ameliorate symptoms especially in the long term. However, inhibit-
ing TGFβRI kinase reverses all these pathological outcomes irrespective of either stimuli or their interaction, 
suggesting it may potentially be used as an ocular hypotensive target.

Materials and methods
isolation of human trabecular meshwork and subsequent cell culture. Primary human trabecu-
lar meshwork (hTM) cells were isolated from donor corneoscleral rims unsuitable for transplant (SavingSight 
Eye Bank, St. Louis, MO, USA) as described  previously92. This study is not deemed a Human Subject Research 
because cells were acquired post-mortem from de-identified donor tissues and is thus considered exempt by 
University of Houston’s Institutional Review Board (IRB). Nevertheless, all experiments were done in accord-
ance with the tenets of the Declaration of Helsinki. Briefly, TM rings were cut into small pieces after successfully 
dissecting from corneoscleral rims. These cut pieces were placed with 0.2% (w/v) collagen coated cytodex beads 
in complete growth medium (Dulbecco’s modified Eagle medium/Nutrient Mixture F-12 [50:50; DMEM/F-12] 
with 2.5 mM l-glutamine supplemented with 10% fetal bovine serum [FBS], and 1% penicillin/amphotericin 
[Life Technologies, Carlsbad, CA, USA]). Cells that subsequently moved out of the TM were cultured in com-
plete growth media and generally utilized between passages two (2) and six (6). For characterization of primary 
hTM cells, all cell strains were examined for dexamethasone (DEX)-induced expression of myocilin as recom-
mended (Supplementary Fig. S3)98. Donor details are: 57F, female, age 57 years; 74 M, male, 74 years; 75F, female, 
age 75 years; and 73 M, male, age 73 years.

Generation of vehicle control‑ and glucocorticoid‑induced matrices from cultured tM 
cells. Primary hTM cells were cultured in sterile pretreated 60 mm dishes (5,000–10,000 cells per  cm2) and 
amino-silane modified 12 mm glass  coverslips11,99 in a 24-well culture plate (5000–10,000 cells per  cm2) using 
complete growth media. Upon reaching 80–90% confluence, hTM cells were treated with 100 nM dexametha-
sone (DEX; Sigma-Aldrich Corp., St. Louis, MO, USA) or its vehicle, ethanol (EtOH), for 4 weeks with media 
changes done on every other day. As previously described, denuding the ECM of its resident cells to obtain vehi-
cle control- (VehMs) or glucocorticoid-induced matrices (GIMs) was done using 20 mM ammonium hydroxide, 
0.05% Triton X-100 and deionized water as  solvent11,17. These cell-derived matrices (CDMs) were then incubated 
with 50 U/mL DNase I and RNase A for 2 hours, washed thoroughly in Hank’s balanced salt solution (HBSS) 
prior to subsequent immunocytochemistry (to confirm successful removal of cells from their deposited ECM) 
and cell culture.

Biochemical characterization of cell-derived matrices via immunocytochemistry. Appropriate 
decellularized ECM samples on glass coverslips were fixed with 4% paraformaldehyde in phosphate buffered 
solution (PBS) at 4 °C for 30 minutes, washed three times, 5 minutes each with PBS; permeabilized with 0.25% 
Triton X-100 in PBS (pH 7.4) for 10 minutes and washed three times, each for 5 minutes. Subsequently, block-
ing was done with 5% bovine serum albumin (BSA) in PBS for 30 minutes. Afterwards, samples were incubated 
overnight at 4 °C with primary antibodies; anti-Fibronectin (catalog number: ab6584, Abcam, Cambridge, MA, 
USA) and anti-Collagen IV (catalog number: ab6311, Abcam, Cambridge, MA, USA) respectively at 1/250 dilu-
tion in 5% BSA/PBS (Primary anti-bodies were omitted as negative controls, data not shown). Following three 
5-minute washes in PBS the following day, incubation was done with species-appropriate fluorophore-tagged 
secondary antibodies (Alexa Fluor 488 Anti-Rabbit and Anti-Mouse; Thermo Fisher Scientific) and CF594-
conjugated Phalloidin (catalog number: 00045, Biotium, Fremont, CA, USA) at respective 1/500 dilution at 
room temperature for 1 hour. After three 5-minute washes, samples were counterstained with 4′6-diamidino-
2-phenylindole (DAPI, catalog number: D1306, Fisher Scientific, CA, USA) at 1/10,000 dilution for 5 minutes. 
After one 5-minute wash, glass coverslips were mounted with mowiol onto slides. Immunofluorescent images 
were then captured with Zeiss LSM 800 laser scanning confocal microscope (Carl Zeiss, Jena, Germany) or 
Leica DMi8 inverted fluorescent microscope (Leica Microsystems AG, Germany) with a 20 × objective. For each 
immunolabelled glass coverslip, 5–10 random locations were imaged. At least 3 glass coverslips were used for 
each immunolabeling condition for each cell strain with the same imaging settings for cohorts.

culturing cells on cell‑derived matrices. CDMs obtained were primed with 1% fetal bovine serum 
(FBS) growth media at room temperature for approximately three (3) to four (4) hours before aspirating the 
growth media out and culturing cells freshly on them. Primary hTM cells from the same donor (used to derive 
CDMs) were seeded on CDMs at early passages (5000–10,000 per  cm2) in 1% FBS growth media (to minimize 
confounding effects of endogenous growth factors that may be present in serum) with or without 5  ng/mL 
TGFβ2 (R&D Systems, Minneapolis, MN, USA) treatment for either 24 hours (generally for protein expression 
of signaling molecules) or 7 days (generally for protein/gene expression of target molecules). A subset of these 
cultures were probed for inhibition of TGFβ2 signaling with selective type I TGFβ receptor (TGFβRI) kinase 
inhibitor (LY364947, 5 µM29,33, Catalog number: 2718, R&D systems, Minneapolis, MN, USA) for 24 hours. 
This inhibitor (i.e. LY364947) has been demonstrated to be very efficacious at a concentration of 5 μM in hTM 
cells by several  studies29,33,36,37,52. Subsequently, cells were lysed for Western blotting and reverse transcriptase-
quantitative polymerase chain reaction (RT-qPCR); their respective conditioned growth media were concur-
rently harvested and subjected to enzymatic assays to probe activities of specific matrix metalloproteinases (for 
example, MMP2 and MMP9) and crosslinking enzymes (for instance, lysyl oxidase) (Supplementary Fig. S4).

protein isolation and Western blotting. Primary hTM cells cultured on VehMs and GIMs for either 
24 hours or 7 days in the presence or absence of TGFβ2 with or without TGFβRI kinase inhibitor were lysed and 
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scraped into radioimmunoprecipitation assay (RIPA) buffer (ThermoScientific, Waltham, MA, USA) supple-
mented with protease and phosphatase inhibitors (Fisher Scientific, Hampton, NH, USA) on ice, and then sub-
sequently centrifuged at 12,000 g for 15 minutes at 4 °C to pellet and get rid of cellular debris. Supernatants were 
transferred to fresh tubes and quantified via a modified Lowry assay (DC assay; Biorad, Hercules, CA, USA) with 
BSA as the standard. Protein lysates were subsequently denatured in a 1:10 mixture of 2-mercaptoethanol and 
4 × Laemmli buffer by boiling at 100 °C for 5 minutes. After quickly centrifuging proteins at 15,000×g for 30 sec-
onds, equal amount of protein was loaded per well (20 µg) for each sample and ran on denaturing 4–15% gradi-
ent polyacrylamide ready-made gels (Biorad); subsequently transferred onto polyvinylidene difluoride (PVDF) 
membranes by electrophoresis. Membrane blots were blocked in 5% BSA in 1 × tris buffered saline/tween-20 
(TBST) for 1 hour. Immunoblots were incubated overnight at 4 °C with specific primary antibodies (Supple-
mentary Table S1) on a rotating shaker. The membrane blot was washed thrice with TBST; each wash lasting for 
approximately 10 minutes. Subsequent incubation with corresponding HRP-conjugated species-specific second-
ary antibodies (Supplementary Table S1) for 45 minutes was done, followed by three 10-minute washes with 
TBST. The protein bands were then visualized using ECL detection reagents (SuperSignal West Femto Maximum 
Sensitivity Substrate; Life technologies, Grand Island, NY, USA) and imaged with a Bio-Rad ChemiDoc MP 
imaging system. Respective membrane blots were stripped and probed with β-Actin as a loading control. Data 
were exported into ImageJ 1.8.0_112 software (https ://image j.nih.gov/ij/, 1997–2018) for densitometric analysis.

RnA isolation and quantitative real‑time pcR. Total RNA was isolated from cells that had been seeded 
on VehMs and GIMs for 7 days with or without TGFβ2 treatment using an RNA purification kit (Catalog num-
ber: 12183025; PureLink RNA Mini kit, Invitrogen, Carlsbad, CA). First-strand cDNA was synthesized using 
1 µg of total RNA and the High-Capacity cDNA Reverse Transcription Kit (Catalog number: 4368813; Applied 
Biosystems, Foster City, CA) following the manufacturer’s instructions. Quantitative real-time polymerase chain 
reaction (qPCR) was performed on 20 ng of the cDNA with specific primers (Supplementary Table S2) and the 
PowerUp SYBR Green Master Mix kit (Catalog number: A25918; Applied Biosystems, Foster City, CA) in total 
volumes of 10 µL per reaction using a CFX Connect Real-time System from Bio-Rad Laboratories (Bio-Rad, 
Hercules, CA, USA). The cycle threshold (Ct) values were obtained from the qPCR equipment and analyzed 
using the  2−ΔΔCt method with Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as the housekeeping gene.

Enzymatic activity assay for specific matrix metalloproteinases in conditioned media. MMP 
enzyme activity was measured using gelatin zymography as per manufacturer’s instructions. Briefly, primary 
hTM cells were cultured on VehMs and GIMs with or without TGFβ2 in 1% FBS growth media for 7 days. Con-
ditioned medium was collected, and total protein was quantitated using the Pierce BCA Protein Assay (Catalog 
number: 23225, ThermoFisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. 
Total protein was normalized per sample prior to loading onto 10% Gelatin Zymogram Gels (15 µg/lane) (Cata-
log number: ZY00100, ThermoFisher Scientific, Waltham, MA, USA). Gels were washed twice in Zymogram 
Renaturing Buffer (Catalog number: LC2670, ThermoFisher Scientific, Waltham, MA, USA) at room tempera-
ture, prior to incubating in Zymogram Developing Buffer (Catalog number: LC2671, ThermoFisher Scientific, 
Waltham, MA, USA) overnight with shaking at 37ºC. Gels were then washed and stained before imaging using 
the Odyssey imaging system (Licor Biosciences, Lincoln, NE, USA). Gel bands were exported into ImageJ soft-
ware for densitometric analysis.

Activity assay for crosslinking enzymes in conditioned media. Lysyl oxidase enzyme activity was 
measured using the Fluorometric Lysyl Oxidase Activity Assay Kit (Catalog number: K928-100, BioVision, Mil-
pitas, CA) according to the manufacturer’s instructions. Briefly, conditioned medium was collected from cul-
tured cells that had been seeded on CDMs for 7 days in 1% serum media in the presence or absence of TGFβ2; 
and subsequently concentrated tenfold using 10 K MWCO PES Pierce Spin Concentrators (Catalog number: 
88512, ThermoFisher Scientific, Waltham, MA). Samples were then normalized to total protein concentration, 
as described above. Samples were prepared with reaction components and fluorescence was measured (Ex/
Em = 535/587) in kinetic mode every 30 seconds for 60 minutes at 37ºC in a black plate using the SpectraMax 
iD3 Multi-Mode MicroPlate Reader (Molecular Devices, San Jose, CA). The LOX enzyme activity was meas-
ured as the Vmax (in RFU units per second) using the SoftMax Pro 7 Data Acquisition and Analysis Software 
(Molecular Devices; https ://www.molec ulard evice s.com/produ cts/micro plate -reade rs/acqui sitio n-and-analy 
sis-softw are/softm ax-pro-softw are).

Statistics. One-way ANOVA followed by Tukey multiple comparisons post hoc test was used for analysis, 
with P values less than 0.05 considered to be statistically significant. Group-wise statistical comparisons are 
indicated within each figure legend. All data are presented as mean ± SEM, mostly in bar graphs, representative 
immunofluorescent micrographs, and blots where applicable.

Received: 17 December 2019; Accepted: 28 July 2020

References
 1. Acott, T. S. & Kelley, M. J. Extracellular matrix in the trabecular meshwork. Exp. Eye Res. 86, 543–561 (2008).

https://imagej.nih.gov/ij/
https://www.moleculardevices.com/products/microplate-readers/acquisition-and-analysis-software/softmax-pro-software
https://www.moleculardevices.com/products/microplate-readers/acquisition-and-analysis-software/softmax-pro-software


16

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:15641  | https://doi.org/10.1038/s41598-020-72779-w

www.nature.com/scientificreports/

 2. Stamer, W. D. & Acott, T. S. Current understanding of conventional outflow dysfunction in glaucoma. Curr. Opin. Ophthalmol. 
23, 135–143 (2012).

 3. Vranka, J. A., Kelley, M. J., Acott, T. S. & Keller, K. E. Extracellular matrix in the trabecular meshwork: Intraocular pressure regula-
tion and dysregulation in glaucoma. Exp. Eye Res. 133, 112–125 (2015).

 4. Alvarado, J., Murphy, C. & Juster, R. Trabecular meshwork cellularity in primary open-angle glaucoma and nonglaucomatous 
normals. Ophthalmology 91, 564–579 (1984).

 5. Hoare, M. J. et al. Cross-linked actin networks (CLANs) in the trabecular meshwork of the normal and glaucomatous human eye 
in situ. Investig. Ophthalmol. Vis. Sci. 50, 1255–1263 (2009).

 6. Zode, G. S. et al. Reduction of ER stress via a chemical chaperone prevents disease phenotypes in a mouse model of primary open 
angle glaucoma. J. Clin. Investig. 121, 3542–3553 (2011).

 7. Zhao, J. et al. Oxidative stress in the trabecular meshwork (Review). Int. J. Mol. Med. 38, 995–1002 (2016).
 8. Last, J. A. et al. Elastic modulus determination of normal and glaucomatous human trabecular meshwork. Investig. Ophthalmol. 

Vis. Sci. 52, 2147–2152 (2011).
 9. Wang, K. et al. The relationship between outflow resistance and trabecular meshwork stiffness in mice. Sci. Rep. 8, 5848 (2018).
 10. Yang, Y. F., Sun, Y. Y., Acott, T. S. & Keller, K. E. Effects of induction and inhibition of matrix cross-linking on remodeling of the 

aqueous outflow resistance by ocular trabecular meshwork cells. Sci. Rep. 6, 30505 (2016).
 11. Raghunathan, V. K. et al. Dexamethasone stiffens trabecular meshwork, trabecular meshwork cells, and matrix. Investig. Ophthal-

mol. Vis. Sci. 56, 4447–4459 (2015).
 12. Vranka, J. A. et al. Biomechanical rigidity and quantitative proteomics analysis of segmental regions of the trabecular meshwork 

at physiologic and elevated pressures. Investig. Ophthalmol. Vis. Sci. 59, 246–259 (2018).
 13. Raghunathan, V. K. et al. Glaucomatous cell derived matrices differentially modulate non-glaucomatous trabecular meshwork 

cellular behavior. Acta Biomater. 71, 444–459 (2018).
 14. Raghunathan, V. K. et al. Biomechanical, ultrastructural, and electrophysiological characterization of the non-human primate 

experimental glaucoma model. Sci. Rep. 7, 14329 (2017).
 15. Rohen, J. W., Futa, R. & Liitjen-drecoll, E. The fine structure of the cribriform meshwork in normal and glaucomatous eyes as seen 

in tangential sections. Investig. Opthalmology Vis. Sci. 21, 574–585 (1981).
 16. Medina-Ortiz, W. E., Belmares, R., Neubauer, S., Wordinger, R. J. & Clark, A. F. Cellular fibronectin expression in human trabecular 

meshwork and induction by transforming growth factor-β2. Investig. Ophthalmol. Vis. Sci. 54, 6779–6788 (2013).
 17. Kaukonen, R., Jacquemet, G., Hamidi, H. & Ivaska, J. Cell-derived matrices for studying cell proliferation and directional migration 

in a complex 3D microenvironment. Nat. Protoc. 12, 2376–2390 (2017).
 18. Yemanyi, F., Vranka, J. & Raghunathan, V. K. Generating cell-derived matrices from human trabecular meshwork cell cultures for 

mechanistic studies. Methods Cell Biol. 156, 271–307 (2020).
 19. Raghunathan, V. K. et al. Role of substratum stiffness in modulating genes associated with extracellular matrix and mechanotrans-

ducers YAP and TAZ. Investig. Ophthalmol. Vis. Sci. 54, 378–386 (2013).
 20. Schlunck, G. et al. Substrate rigidity modulates cell-matrix interactions and protein expression in human trabecular meshwork 

cells. Investig. Ophthalmol. Vis. Sci. 49, 262–269 (2008).
 21. Han, H., Wecker, T. & Grehn, F. Elasticity-dependent modulation of TGF-β responses in human trabecular meshwork cells. Investig. 

Opthalmology Vis. Sci. 52, 2889–2896 (2011).
 22. Wood, J. A. et al. Substratum compliance regulates human trabecular meshwork cell behaviors and response to latrunculin B. 

Investig. Ophthalmol. Vis. Sci. 52, 9298–9303 (2011).
 23. Kasetti, R. B., Maddineni, P., Millar, J. C., Clark, A. F. & Zode, G. S. Increased synthesis and deposition of extracellular matrix 

proteins leads to endoplasmic reticulum stress in the trabecular meshwork. Sci. Rep. 7, 14951 (2017).
 24. Shepard, A. R. et al. Adenoviral gene transfer of active human transforming growth factor β2 elevates intraocular pressure and 

reduces outflow facility in rodent eyes. Investig. Opthalmology Vis. Sci. 51, 2067–2076 (2010).
 25. Wordinger, R. J. et al. Effects of TGFβ2, BMP-4, and gremlin in the trabecular meshwork: implications for glaucoma. Investig. 

Ophthalmol. Vis. Sci. 48, 1191–1200 (2007).
 26. Fleenor, D. L. et al. TGFβ2-induced changes in human trabecular meshwork: implications for intraocular pressure. Investig. Oph-

thalmol. Vis. Sci. 47, 226–234 (2006).
 27. Tripathi, R. C., Li, J., Chan, W. F. A. & Tripathi, B. J. Aqueous humor in glaucomatous eyes contains an increased level of TGF-β2. 

Exp. Eye Res. 59, 723–728 (1994).
 28. Inatani, M. et al. Transforming growth factor- β2 levels in aqueous humor of glaucomatous eyes. Graefe’s Arch. Clin. Exp. Ophthal-

mol. 239, 109–113 (2001).
 29. Kasetti, R. B. et al. Transforming growth factor β2 ( TGFβ2) signaling plays a key role in glucocorticoid-induced ocular hyperten-

sion. J. Biol. Chem. 293, 9854–9868 (2018).
 30. Clark, A. F. & Wordinger, R. J. The role of steroids in outflow resistance. Exp. Eye Res. 88, 752–759 (2009).
 31. Shi, Y. & Massagué, J. Mechanisms of TGF-β signaling from cell membrane to the nucleus. Cell 113, 685–700 (2003).
 32. Zhang, Y. E. Non-Smad pathways in TGF-β signaling. Cell Res. 19, 128–139 (2009).
 33. Montecchi-Palmer, M. et al. TGFβ2 induces the formation of cross-linked actin networks (CLANs) in human trabecular meshwork 

cells through the smad and non-smad dependent pathways. Investig. Ophthalmol. Vis. Sci. 58, 1288–1295 (2017).
 34. Welge-Luβen, U., May, C. & Lutjen-Drecoll, E. Induction of tissue transglutaminase in the trabecular by TGF-β1 and TGF-β2. 

Investig. Opthalmology Vis. Sci. 41, 2229–2238 (2000).
 35. Swaminathan, S. S. et al. TGF-β2-mediated ocular hypertension is attenuated in SPARC-null mice. Investig. Ophthalmol. Vis. Sci. 

55, 4084–4097 (2014).
 36. Sethi, A., Jain, A., Zode, G. S., Wordinger, R. J. & Clark, A. F. Role of TGFβ/Smad signaling in gremlin induction of human tra-

becular meshwork extracellular matrix proteins. Investig. Ophthalmol. Vis. Sci. 52, 5251–5259 (2011).
 37. Sethi, A., Mao, W., Wordinger, R. J. & Clark, A. F. Transforming growth factor beta induces extracellular matrix protein Cross-

linking lysyl oxidase (LOX) genes in human trabecular meshwork cells. Investig. Ophthalmol. Vis. Sci. 52, 5240–5250 (2011).
 38. Clark, A. F. et al. Glucocorticoid-induced formation of cross-linked actin networks in cultured human trabecular meshwork cells. 

Investig. Ophthalmol. Vis. Sci. 35, 281–294 (1994).
 39. Filla, M. S., Schwinn, M. K., Nosie, A. K., Clark, R. W. & Peters, D. M. Dexamethasone-associated cross-linked actin network 

formation in human trabecular meshwork cells involves β3 integrin signaling. Investig. Ophthalmol. Vis. Sci. 52, 2952–2959 (2011).
 40. O’Reilly, S. et al. Inducers of cross-linked actin networks in trabecular meshwork cells. Investig. Ophthalmol. Vis. Sci. 52, 7316–7324 

(2011).
 41. Steely, H. T. et al. The effects of dexamethasone on fibronectin expression in cultured human trabecular meshwork cells. Investig. 

Ophthalmol. Vis. Sci. 33, 2242–2250 (1992).
 42. Samples, J. R., Alexander, J. P. & Acott, T. S. Regulation of the levels of human trabecular matrix metalloproteinases and inhibitor 

by interleukin-1 and dexamethasone. Investig. Ophthalmol. Vis. Sci. 34, 3386–3395 (1993).
 43. Overby, D. R. et al. Ultrastructural changes associated with dexamethasone-induced ocular hypertension in mice. Investig. Oph-

thalmol. Vis. Sci. 55, 4922–4933 (2014).
 44. Bollinger, K. E., Crabb, J. S., Yuan, X., Putliwala, T. & Clark, A. F. Proteomic similarities in steroid responsiveness in normal and 

glaucomatous trabecular meshwork cells. Mol. Vis. 18, 2001–2011 (2012).



17

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:15641  | https://doi.org/10.1038/s41598-020-72779-w

www.nature.com/scientificreports/

 45. Cicha, I. & Goppelt-Struebe, M. Connective tissue growth factor: Context-dependent functions and mechanisms of regulation. 
BioFactors 35, 200–208 (2009).

 46. Murphy-ullrich, J. E. & Downs, J. C. The Thrombospondin1-TGF-β Pathway and Glaucoma. J. Ocul. Pharmacol. Ther. 31, 371–376 
(2015).

 47. Webber, H. C., Bermudez, J. Y., Sethi, A., Clark, A. F. & Mao, W. Crosstalk between TGFβ and Wnt signaling pathways in the 
human trabecular meshwork. Exp. Eye Res. 148, 97–102 (2016).

 48. Yemanyi, F., Vranka, J. & Raghunathan, V. Cell derived matrices modulate TGFβ2 signaling in human trabecular meshwork cells. 
Investig. Ophthalmol. Vis. Sci. 60, 5146 (2019).

 49. Tovar-vidales, T., Clark, A. F. & Wordinger, R. J. Transforming growth factor-beta2 utilizes the canonical Smad-signaling pathway 
to regulate tissue transglutaminase expression in human trabecular meshwork cells q. Exp. Eye Res. 93, 442–451 (2011).

 50. Mcdowell, C. M., Tebow, H. E., Wordinger, R. J. & Clark, A. F. Smad3 is necessary for transforming growth factor-beta2 induced 
ocular hypertension in mice. Exp. Eye Res. 116, 419–423 (2013).

 51. Pervan, C. L. Smad-independent TGF-β2 signaling pathways in human trabecular meshwork cells. Exp. Eye Res. 158, 137–145 
(2017).

 52. Sethi, A., Wordinger, R. J. & Clark, A. F. Gremlin utilizes canonical and non-canonical TGF b signaling to induce lysyl oxidase ( 
LOX ) genes in human trabecular meshwork cells q. Exp. Eye Res. 113, 117–127 (2013).

 53. Acott, T. S. et al. Intraocular pressure homeostasis : maintaining balance in a high-pressure environment. J. Ocul. Pharmacol. Ther. 
30, 94–101 (2014).

 54. Tovar-Vidales, T., Roque, R., Clark, A. F. & Wordinger, R. J. Tissue transglutaminase expression and activity in normal and glau-
comatous human trabecular meshwork cells and tissues. Investig. Ophthalmol. Vis. Sci. 49, 622–628 (2008).

 55. Thorleifsson, G. et al. Common sequence variants in the LOXL1 gene confer susceptibility to exfoliation glaucoma. Science 317, 
1397–1400 (2007).

 56. Raychaudhuri, U., Millar, J. C. & Clark, A. F. Tissue transglutaminase elevates intraocular pressure in mice. Investig. Ophthalmol. 
Vis. Sci. 58, 6197–6211 (2017).

 57. Hann, C. R., Springett, M. J., Wang, X. & Johnson, D. H. Ultrastructural localization of collagen IV, fibronectin, and laminin in 
the trabecular meshwork of normal and glaucomatous eyes. Ophthalmic Res. 33, 314–324 (2001).

 58. Babizhayev, M. A. & Brodskaya, M. W. Immunohistochemical monitoring of the effect of a synthetic fibronectin-like peptide 
(ArgGlyAsp) on the age-related changes in the isolated human corneoscleral tissue of glaucomatous eyes. Mech. Ageing Dev. 72, 
1–12 (1993).

 59. Floyd, B. B., Cleveland, P. H. & Worthen, D. M. Fibronectin in human trabecular drainage channels. Investig. Ophthalmol. Vis. Sci. 
26, 797–804 (1985).

 60. Tripathi, B. J., Li, T., Li, J., Tran, L. & Tripathi, R. C. Age-related changes in trabecular cells in vitro. Exp. Eye Res. 64, 57–66 (1997).
 61. Kim, K. S., Lee, B. H. & Kim, I. S. The measurement of fibronectin concentrations in human aqueous humor. Korean J. Ophthalmol. 

6, 1–5 (1992).
 62. Vesaluoma, M. et al. Cellular and plasma fibronectin in the aqueous humour of primary open-angle glaucoma, exfoliative glaucoma 

and cataract patients. Eye 12, 886–890 (1998).
 63. Browne, J. G. et al. Connective tissue growth factor is increased in pseudoexfoliation glaucoma. Investig. Ophthalmol. Vis. Sci. 52, 

3660–3666 (2011).
 64. Ho, S. L. et al. Elevated aqueous humour tissue inhibitor of matrix metalloproteinase-1 and connective tissue growth factor in 

pseudoexfoliation syndrome. Br. J. Ophthalmol. 89, 169–173 (2005).
 65. Khalef, N. et al. Levels of cytokines in the aqueous humor of eyes with primary open angle glaucoma, pseudoexfoliation glaucoma 

and cataract. Electron. Physician 9, 3833–3837 (2017).
 66. Csősz, É et al. Comparative analysis of cytokine profiles of glaucomatous tears and aqueous humour reveals potential biomarkers 

for trabeculectomy complications. FEBS Open Biol. 9, 1020–1028 (2019).
 67. Chono, I. et al. High interleukin-8 level in aqueous humor is associated with poor prognosis in eyes with open angle glaucoma 

and neovascular glaucoma. Sci. Rep. 8, 14533 (2018).
 68. Gajda-Deryło, B. et al. Comparison of cytokine/chemokine levels in aqueous humor of primary open-angle glaucoma patients 

with positive or negative outcome following trabeculectomy. Biosci. Rep. 39, BSR20181894 (2019).
 69. Takai, Y., Tanito, M. & Ohira, A. Multiplex cytokine analysis of aqueous humor in eyes with primary open-angle glaucoma, exfolia-

tion glaucoma, and cataract. Investig. Ophthalmol. Vis. Sci. 53, 241–247 (2012).
 70. Steppan, J. et al. Tissue transglutaminase modulates vascular stiffness and function through crosslinking-dependent and crosslink-

ing-independent functions. J. Am. Heart Assoc. 6, 1–15 (2017).
 71. Steppan, J. et al. Exercise, vascular stiffness, and tissue transglutaminase. J. Am. Heart Assoc. 3, 1–10 (2014).
 72. Inoue-Mochita, M. et al. P38 MAP kinase inhibitor suppresses transforming growth factor-β2-induced type 1 collagen production 

in trabecular meshwork cells. PLoS ONE 10, e0120774 (2015).
 73. Kang, M. H., Oh, D., Kang, J. & Rhee, D. J. Regulation of SPARC by transforming growth factor β2 in human trabecular meshwork. 

Investig. Ophthalmol. Vis. Sci. 54, 2523–2532 (2013).
 74. Pervan, C. L., Lautz, J. D., Blitzer, A. L., Langert, K. A. & Stubbs, E. B. Rho GTPase signaling promotes constitutive expression and 

release of TGF-β2 by human trabecular meshwork cells. Exp. Eye Res. 146, 95–102 (2016).
 75. Joe, M. K. et al. Accumulation of mutant myocilins in ER leads to ER stress and potential cytotoxicity in human trabecular mesh-

work cells. Biochem. Biophys. Res. Commun. 312, 592–600 (2003).
 76. Hardy, K. M., Hoffman, E. A., Gonzalez, P., McKay, B. S. & Stamer, W. D. Extracellular trafficking of myocilin in human trabecular 

meshwork cells. J. Biol. Chem. 280, 28917–28926 (2005).
 77. Lütjen-Drecoll, E., Rittig, M., Rauterberg, J., Jander, R. & Mollenhauer, J. Immunomicroscopical study of type VI collagen in the 

trabecular meshwork of normal and glaucomatous eyes. Exp. Eye Res. 48, 139–147 (1989).
 78. Filla, M. S., Dimeo, K. D., Tong, T. & Peters, D. M. Disruption of fibronectin matrix affects type IV collagen, fibrillin and laminin 

deposition into extracellular matrix of human trabecular meshwork (HTM) cells. Exp. Eye Res. 165, 7–19 (2017).
 79. Junglas, B. et al. Connective tissue growth factor causes glaucoma by modifying the actin cytoskeleton of the trabecular meshwork. 

Am. J. Pathol. 180, 2386–2403 (2012).
 80. Aung, T. et al. Genetic association study of exfoliation syndrome identifies a protective rare variant at LOXL1 and five new sus-

ceptibility loci. Nat. Genet. 49, 993–1004 (2017).
 81. Raychaudhuri, U., Millar, J. C., Clark, A. F. & Clark, A. F. Knockout of tissue transglutaminase ameliorates TGFβ2-induced ocular 

hypertension: a novel therapeutic target for glaucoma?. Exp. Eye Res. 171, 106–110 (2018).
 82. Lu, K. V., Jong, K. A., Rajasekaran, A. K., Cloughesy, T. F. & Mischel, P. S. Upregulation of tissue inhibitor of metalloproteinases 

(TIMP)-2 promotes matrix metalloproteinase (MMP)-2 activation and cell invasion in a human glioblastoma cell line. Lab. Investig. 
84, 8–20 (2004).

 83. Ashok, A. et al. Prion protein modulates endothelial to mesenchyme-like transition in trabecular meshwork cells: implications for 
primary open angle glaucoma. Sci. Rep. 9, 13090 (2019).

 84. Maki, J. Lysyl oxidases in mammalian development and certain pathological conditions. Histol. Histopathol. 24, 651–660 (2009).
 85. Lorand, L., Graham, R. M. & Street, V. Transglutaminases: crosslinking Enzymes with pleiotropic functions. Nat. Rev. Mol. Cell. 

Biol. 4, 140–156 (2003).



18

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:15641  | https://doi.org/10.1038/s41598-020-72779-w

www.nature.com/scientificreports/

 86. Dickerson, J., Steely, H., English-Wright, S. & Clark, A. The effect of dexamethasone on integrin and laminin expression in cultured 
human trabecular meshwork cells. Exp. Eye Res. 66, 731–738 (1998).

 87. Flügel-Koch, C., Ohlmann, A., Fuchshofer, R., Welge-Lüssen, U. & Tamm, E. R. Thrombospondin-1 in the trabecular meshwork: 
localization in normal and glaucomatous eyes, and induction by TGF-β1 and dexamethasone in vitro. Exp. Eye Res. 79, 649–663 
(2004).

 88. Haddadin, R. I. et al. Thrombospondin-1 (TSP1)-Null and TSP2-null mice exhibit lower intraocular pressures. Investig. Ophthalmol. 
Vis. Sci. 53, 6708–6717 (2012).

 89. Dan, J. et al. Plasminogen activator inhibitor-1 in the aqueous humor of patients with and without glaucoma. Arch. Ophthalmol. 
123, 220–224 (2005).

 90. Fuchshofer, R. & Tamm, E. R. Modulation of extracellular matrix turnover in the trabecular meshwork. Exp. Eye Res. 88, 683–688 
(2009).

 91. Junglas, B., Yu, A. H. L., Welge-Lüssen, U., Tamm, E. R. & Fuchshofer, R. Connective tissue growth factor induces extracellular 
matrix deposition in human trabecular meshwork cells. Exp. Eye Res. 88, 1065–1075 (2009).

 92. Keller, K. E. et al. Consensus recommendations for trabecular meshwork cell isolation, characterization and culture. Exp. Eye Res. 
171, 164–173 (2018).

 93. Castro, A. & Du, Y. Trabecular meshwork regeneration: a potential treatment for glaucoma. Curr. Ophthalmol. Rep. 7, 80–88 (2019).
 94. Yun, H. et al. Human stem cells home to and repair laser-damaged trabecular meshwork in a mouse model. Commun. Biol. 1, 216 

(2018).
 95. Du, Y., Yun, H., Yang, E. & Schuman, J. S. Stem cells from trabecular meshwork home to TM tissue in vivo. Investig. Ophthalmol. 

Vis. Sci. 54, 1450–1459 (2013).
 96. Zhu, W. et al. Restoration of aqueous humor outflow following transplantation of iPSC-derived trabecular meshwork cells in a 

transgenic mouse model of glaucoma. Investig. Ophthalmol. Vis. Sci. 58, 2054–2062 (2017).
 97. Wang, Y. et al. Endoplasmic reticulum stress response of trabecular meshwork stem cells and trabecular meshwork cells and 

protective effects of activated PERK pathway. Investig. Ophthalmol. Vis. Sci. 60, 265–273 (2019).
 98. Stamer, W. D. & Clark, A. F. The many faces of the trabecular meshwork cell. Exp. Eye Res. 158, 112–123 (2017).
 99. Raghunathan, V. K. et al. Transforming growth factor beta 3 modifies mechanics and composition of extracellular matrix deposited 

by human trabecular meshwork cells. ACS Biomater. Sci. Eng. 1, 110–118 (2015).

Acknowledgements
The authors would like to thank Ms. Hasna Baidouri and Dr. Kamesh Dhamodaran for technical support, and 
their funding sources: startup funding from UHCO (VKR), NIH/NEI grants EY026048-01A1 (JAV, VKR), 5 
P30 EY007551-30 (NEI Core grant to UHCO), and P30 EY010572 (NEI Core grant to OHSU), student Vision 
Research Support Grant (sVRSG), University of Houston College of Optometry (FY), and by an unrestricted 
grant to the Casey Eye Institute from Research to Prevent Blindness, New York, NY. We would also like to thank 
SavingSight (Kansas City, MO) eye bank for procuring all human donor eyes used in this work. Most impor-
tantly, we would like to thank the families of the organ donors without whose consent these experiments would 
be impossible.

Author contributions
F.Y., J.V., and V.K.R. conceived and designed the study. F.Y. and J.V. performed the experiments. F.Y., J.V., and 
V.K.R. were involved in analyzing the data. F.Y. wrote the original manuscript. All authors revised and approved 
the final manuscript for submission.

competing interests 
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https ://doi.org/10.1038/s4159 8-020-72779 -w.

Correspondence and requests for materials should be addressed to V.K.R.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1038/s41598-020-72779-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Glucocorticoid-induced cell-derived matrix modulates transforming growth factor β2 signaling in human trabecular meshwork cells
	Anchor 2
	Anchor 3
	Results
	Resident hTM cells were successfully removed from their deposited VehMs and GIMs. 
	GIMs activated Smad TGFβ2 pathways only in the presence of exogenous TGFβ2 in hTM cells. 
	GIMs potentiated non-Smad TGFβ2 pathways in hTM cells regardless of exogenous TGFβ2. 
	GIMs overexpressed α-smooth muscle actin in the presence of TGFβ2 in hTM cells. 
	GIMs induced pathological changes in ECM components in hTM cells in the presence or absence of exogenous TGFβ2. 
	ECM structural genes. 
	Matricellular genes. 
	ECM crosslinking genes. 
	Genes responsible for ECM turnover. 

	Enzymatic activities of MMP2, MMP9 and LOX in conditioned media. 
	TGFβRI kinase inhibitor repressed GIM-induced overexpression of CTGF. 

	Discussion
	Materials and methods
	Isolation of human trabecular meshwork and subsequent cell culture. 
	Generation of vehicle control- and glucocorticoid-induced matrices from cultured TM cells. 
	Biochemical characterization of cell-derived matrices via immunocytochemistry. 
	Culturing cells on cell-derived matrices. 
	Protein isolation and Western blotting. 
	RNA isolation and quantitative real-time PCR. 
	Enzymatic activity assay for specific matrix metalloproteinases in conditioned media. 
	Activity assay for crosslinking enzymes in conditioned media. 
	Statistics. 

	References
	Acknowledgements


