
Transforming Growth Factor–� Induces Extracellular
Matrix Protein Cross-Linking Lysyl Oxidase (LOX)
Genes in Human Trabecular Meshwork Cells

Anirudh Sethi, Weiming Mao, Robert J. Wordinger, and Abbot F. Clark

PURPOSE. The profibrotic cytokine TGF� is associated with
glaucoma and plays an important role in the regulation of
extracellular matrix metabolism in the trabecular meshwork
(TM). The purpose of this study was to determine whether
expression of ECM cross-linking LOX genes is regulated by
TGF� in TM cells.

METHODS. Expression of the five LOX genes (LOX, LOXL1,
LOXL2, LOXL3, and LOXL4) was examined in cultured human
TM cells by using RT-PCR, quantitative RT-PCR, and Western
immunoblot analysis. TM cells were treated with recombinant
TGF�1, -2, and -3, to determine the effects on LOX and LOXL1
to -4 expression. The TM cells were pretreated with TGFBR
inhibitors (LY364947, SB431542), canonical Smad signaling
pathway (SIS3 or Smad2, -3, and -4 siRNAs) inhibitors, or
inhibitors of the non-Smad signaling pathways (SP600125,
SR11302), to identify the signaling pathway(s) involved in
TGF� induction of LOX and LOXL gene and protein expres-
sion. A novel LOX activity assay was used to determine the
effects of the LOX inhibitor BAPN on tropoelastin cross-linking.

RESULTS. All five LOX genes (LOX, LOXL1 to -4) were expressed
in cultured human TM cells and were induced by all three
isoforms of TGF�. This TGF� induction of LOX and LOXL
expression was blocked by TGF� inhibitors as well as by
inhibitors of the canonical Smad2, -3, and -4 signaling and
non-Smad JNK/AP-1 signaling pathways (P � 0.05).

CONCLUSIONS. Both Smad and non-Smad signaling pathways are
involved in TGF�-mediated LOX induction, suggesting com-
plex regulation of these important extracellular matrix cross-
linking enzymes. Increased LOX activity may be at least par-
tially responsible for TGF�-mediated IOP elevation and
increased aqueous humor outflow resistance. (Invest Ophthal-
mol Vis Sci. 2011;52:5240–5250) DOI:10.1167/iovs.11-7287

G laucoma is a leading cause of irreversible visual impair-
ment and blindness in the world, with primary open-angle

glaucoma (POAG) being the major form.1,2 Elevated intraocular
pressure (IOP) is a major risk factor for the development and
progression of glaucoma,3,4 and this ocular hypertension is due
to increased aqueous humor outflow resistance in the trabec-

ular meshwork (TM) and is associated with increased deposi-
tion of extracellular matrix (ECM) material within the TM. The
profibrotic cytokine TGF�2 has been implicated in the patho-
genesis of POAG.5 Levels of TGF�2 are elevated in the aqueous
humor6–8 and TM (Tovar-Vidalez T et al., manuscript submit-
ted) of POAG patients. TM cells express TGF� receptors, and
TGF�2 has direct effects on the TM.9 TGF�2 has been shown
to increase aqueous outflow resistance and to elevate IOP in
perfusion cultured human and porcine eyes10–12 and in rodent
eyes.13 TGF�1 is elevated in the aqueous humor of patients
with exfoliation glaucoma,14 suggesting that this TGF� isoform
is associated with the accumulation of exfoliation material,
including ECM proteins, in the anterior segments of patients
with this syndrome.

TGF�2 regulates ECM metabolism in TM cells and tissues.
This cytokine increases expression of a variety of ECM pro-
teins, including fibronectin, collagen, elastin, and proteogly-
cans, as well as PAI-1 and TIMP-1, inhibitors that suppress
proteolytic degradation of the ECM.15 In addition, TGF�2 in-
creases expression of the ECM cross-linking enzyme transglu-
taminase (TGM)-2 in TM cells.16 The combination of increased
ECM synthesis, increased cross-linking, and decreased degrada-
tion causes increased ECM deposition in the TM, which may be
responsible for the TGF�2-mediated increased resistance to
aqueous humor outflow. Similar changes occur in the TM of
POAG patients, with increased levels of fibronectin,17 colla-
gen,18 PAI-1,19 and TGM2.20

In addition to TGM2, there is a second important class of
ECM cross-linking enzymes. The lysyl oxidase (LOX) family
contains five genes (LOX and LOXL1 to -4) encoding enzymes
that covalently cross-link elastin and collagens via generation of
aldehydes on lysine residues.21,22 This cross-linking reaction
provides additional mechanical strength to the ECM and makes
it more resistant to degradation. LOX enzymes play a role in a
variety of fibrotic diseases.21–25 Single-nucleotide polymor-
phisms (SNPs) in LOXL1 are associated with a significantly
increased risk of exfoliation glaucoma,26,27 further suggesting
potential roles for LOXs in glaucoma pathogenesis. The pur-
pose of the present study was to determine (1) whether the
LOX and LOXL genes and proteins are expressed in human TM
cells, (2) whether TGF� induces LOX gene expression and
activity in the TM, and (3) which TGF� signaling pathway(s)
regulate LOX expression in the TM.

METHODS

TM Cell Culture

Human TM cells were isolated from carefully dissected human TM

tissue explants derived from patients with glaucoma or from normal

donors and characterized as previously described.9 All donor tissues

were obtained from regional eye banks and managed according to the

guidelines in the Declaration of Helsinki for research involving human

tissue. Isolated TM cells were grown in Dulbecco’s modified Eagle’s
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medium (DMEM; Invitrogen-Gibco, Grand Island, NY) containing L-glu-

tamine (0.292 mg/mL; Invitrogen-Gibco), penicillin (100 U/mL)/strep-

tomycin (0.1 mg/mL; Invitrogen-Gibco), and 10% fetal bovine serum

(Invitrogen-Gibco).

TM Cell Treatments

TM cells were grown to 100% confluence, and the medium was then

replaced with serum-free medium for 24 hours before the treatments,

to avoid the effects of serum proteins on the treatments. The cells were

incubated with fresh medium containing specific signaling inhibitors

for 1 to 12 hours before the addition of various concentrations of

recombinant human TGF�1, -2, or -3 proteins (R&D System, Minneap-

olis, MN). The small-molecule inhibitors LY364947 (5 �M; Tocris

Biosciences, Ellisville, MO) and SB431542 (5 �M; Sigma-Aldrich,

St. Louis, MO) were used to examine the effects of inhibition of

TGF�R-1/2. The Smad-3 phosphorylation inhibitor SIS3 (10 �M;

Sigma-Aldrich), the JNK inhibitor SP600125 (10 �M; Sigma-Aldrich),

and the AP-1 inhibitor SR11302 (5 �M; Tocris Biosciences) were used

to examine the effects of inhibition on canonical Smad, JNK, and AP-1

signaling. Various concentrations of the LOX inhibitor �-aminopropio-

nitrile (BAPN; Sigma-Aldrich) were used for the LOX activity assay.

Small Interfering RNA and Transfection

siRNAs (SMARTpool) for Smad2, -3, and -4; TGFBR1; and nontargeting

control siRNAs were purchased from Dharmacon (Lafayette, CO).

Transfection of siRNA was performed as described previously.28,29

Three TM cell strains were grown in 12-well plates containing DMEM

with 10% FBS. In one tube, 4 �L of transfection reagent (DharmaFECT

1; Dharmacon) was mixed gently with 200 �L of reduced-serum

medium (Opti-MEM; Invitrogen) and incubated for 5 minutes at room

temperature. In separate tubes, various concentrations of siRNA were

mixed gently with 200 �L of the medium. These two tubes were

combined, gently mixed, and incubated for 20 minutes at room tem-

perature. After incubation, DMEM without FBS and antibiotics was

added to obtain a final volume of 2 mL in each well (10 nM of test

siRNA and 10 nM of control siRNA). The cells were washed with sterile

PBS and incubated with siRNA transfection solution for 24 hours at

37°C. They were washed with sterile PBS and incubated with 10% FBS

containing DMEM for 24 hours at 37°C and then were washed with

serum-free DMEM for 24 hours and treated with TGF�2 in serum-free

DMEM for 48 hours. The cell lysates were analyzed for various proteins

by Western immunoblot analysis (Table 1).

RNA Isolation, RT-PCR, and Agarose
Gel Electrophoresis

Total cellular RNA was prepared from cultured TM cells (TRI Reagent

RT extraction; MRC Inc., Cincinnati, OH), and a cDNA synthesis kit

(SuperScript VILO; Invitrogen) was used for first-strand cDNA synthesis

with 1 �g of total RNA. Primers for the various LOX proteins were

designed with Primer3 software (http://frodo.wi.mit.edu/primer3/;

Whitehead Institute, Massachusetts Institute of Technology, Cam-

FIGURE 1. Expression of LOX and other LOX-like genes in TM. (A)
RT-PCR on RNA samples from 11 TM cell strains for the five LOX genes
and �-actin as the housekeeping gene. The agarose gel image repre-
sents data generated in three independent experiments. (B) Western
immunoblots of protein samples from six TM cell strains. Antibodies
specific to LOX, LOXL1, LOXL2, and LOXL4 were used with �-actin
(ACTB) as the loading control. The blot represents data from three
independent experiments.

TABLE 1. Antibodies Used in Western Immunoblot Analyses

Antibody Dilution Source

Rabbit anti-LOX 1:10,000 Novus Biologicals, Littleton, CO
Rabbit anti-LOXL1 1:500 Abnova, Walnut, CA
Mouse anti-LOXL2 1:2,000 R&D Systems, Minneapolis, MN
Mouse anti-LOXL4 1:250 Abcam, Cambridge, MA
Mouse anti-ACTB 1:1,000 Millipore, Billerica, MA
Rabbit anti-GAPDH 1:1,000 Cell Signaling, Danvers, MA
Rabbit anti-TGFBR1 1:250 Abcam
Rabbit anti-SMAD2 1:1,000 Cell Signaling
Rabbit anti-phos-SMAD2 1:1,000 Cell Signaling
Rabbit anti-SMAD3 1:1,000 Cell Signaling
Rabbit anti-phos-SMAD3 1:1,000 Cell Signaling
Rabbit anti-SMAD4 1:1,000 Cell Signaling
Rabbit anti-JNK1/2 1:1,000 Cell Signaling
Rabbit anti-phos-JNK1/2 1:1,000 Cell Signaling
Mouse anti-ELN 1:500 Millipore
Donkey anti-mouse IgG 1:10,000 Santa Cruz Biotechnology,

Santa Cruz, CA
Goat anti-rabbit IgG 1:10,000 Santa Cruz Biotechnology

TABLE 2. Primers Used for PCR Studies

Gene Primer (5� 3 3�)

LOX
Left CGACCCTTACAACCCCTACA

Right AAGTAGCCAGTGCCGTATCC

LOXL1
Left AGAGCCTCTCTGTCCACCAG

Right GTACACCTGCCCGTTGTTGTTCT

LOXL2
Left CCTGGGGAGAGGACATACAA

Right CTCGCAGGTGACATTCTTCA

LOXL3
Left CAACGCGGCCTTCTACAG

Right GGTGTCATTGGCACGATAGA

LOXL4
Left CGACAGCCACTACTACAGGAAA

Right CTGGTGGATCCAGAAGGAGTT

ACTB
Left GTCCACCTTCCAGCAGATGT

Right AAAGCCATGCCAATCTCATC
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bridge, MA). The primer pairs are listed in Table 2. The PCR products

were loaded and electrophoresis performed on a 1.5% agarose gel.

Quantitative Real-Time RT-PCR

Real-time RT-PCR was performed as described previously.30 Briefly, 2.5

�L (�100 ng) of cDNA was used in a reaction consisting of 1.5 units

per reaction of antibody-bound Taq enzyme (Jump Start;

Sigma-Aldrich), 10� PCR buffer, 1.5 mM MgCl2, 200 nM dNTP mix,

100 nM respective primers, 2.5 �L green nucleic acid dye (EvaGreen;

Biotium, Hayward, CA), and 30 nM passive reference dye (Rox; USB,

Cleveland, OH) per 50-�L reaction. PCR was performed on a real-time

thermal cycler (model Mx3000p; Stratagene, La Jolla, CA), with cycling

parameters of initial denaturation at 95°C; 40 cycles of 95°C, 30

seconds; 60°C, 30 seconds; and 72°C, 60 seconds; and a denaturation

cycle for creation of dissociation curves. Reactions for each sample and

gene of interest were run in duplicate, cycle thresholds (Ct) were

normalized to �-actin expression as a housekeeping gene, and com-

parative quantitation was performed (MxPro ver. 4.0 software; Strat-

agene). Only individual PCR samples with single-peak dissociation

curves were selected for data analysis.

Protein Extraction and Western
Immunoblot Analysis

Total cellular protein was extracted from the TM cells using mamma-

lian protein extraction buffer (MPER; Pierce Biotech, Rockford, IL)

containing protease inhibitor and phosphatase inhibitor cocktails

(both from Pierce Biotech). Protein concentration was determined

with a protein assay system (Dc assay; Bio-Rad Laboratories, Hercules,

CA). The cellular proteins were separated on denaturing polyacryl-

amide gels and then transferred to PVDF membranes by electrophore-

sis. Blots were blocked with 5% fat-free dry milk in tris-buffered

saline-Tween (TBST) buffer for 1 hour and then incubated overnight

with primary antibodies (Table 1). The membranes were washed with

TBST and processed with corresponding horseradish peroxidase-con-

jugated secondary antibodies (Table 1). The proteins were then visu-

alized in an imager (Fluor Chem 8900; Alpha Innotech, San Leandro,

CA) using ECL detection reagent substrate (SuperSignal West Femto

Maximum Sensitivity Substrate; Pierce Biotechnology). To ensure equal

protein loading, the same blot was subsequently developed for �-actin

or GAPDH expression.

Statistical Analysis

For comparing results between two groups, Student’s t-test was per-

formed. For comparison of results between more than two groups,

one-way ANOVA was used. Data reported are the mean � SD.

RESULTS

Expression of LOX Family Members in TM Cells

The expression of all five members of the LOX gene family in
the TM has not been studied. Therefore, we sought to deter-
mine whether LOX and LOXL mRNA and proteins are ex-
pressed in cultured human TM cells. Using RT-PCR, we profiled
the cDNA samples obtained from 11 TM cell strains (Fig. 1A),
and the protein expression was studied in 6 TM cell strains
(Fig. 1B). LOX and LOXL1 to -4 mRNA (Fig. 1A) and LOX,
LOXL1, -2, and -4 proteins were expressed in multiple TM cell
strains, although there appeared to be differences in basal LOX
protein expression among the TM cell strains. We could not
study LOXL3 protein expression because of the lack of a
commercially available antibody.

TGF�1, -2, and -3 Induce LOX Genes in TM Cells

TM cells were treated with TGF�1, -2, or -3 (5 ng/mL) for 12
hours followed by RNA extraction and qRT-PCR. Each TGF�
isoform significantly induced LOX and LOXL1 to -4 mRNA (n �

3, P � 0.05; Fig. 2A). We also treated six TM cell strains with

FIGURE 2. TGF�1, -2, and -3 each induced LOXs in TM cells. (A) Induction of LOX/LOXL mRNA in three TM cell strains treated with TGF�1, -2,
or -3 (5 ng/mL) for 12 hours. Data represent the ratio of induction of LOXs normalized to ACTB. Three replicates of each sample were used. All
three TGF� isoforms induced LOXs in all the three cell lines. Student’s t-test was used for statistical analyses. *0.01 � P � 0.05; **0.0001 � P �

0.01; ***P � 0.0001. (B) Western immunoblots of LOX/LOXL in two TM cell strains treated with TGF�1, -2, or -3 (5 ng/mL) for 48 hours. The TGF�

isoforms induced LOX proteins compared with ACTB. Similar results were observed in four additional TM cell strains. The image is representative
of three independent experiments.
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TGF�1, -2, or -3 (5 ng/mL) for 48 hours, and Western immu-
noblot analysis of TM cell lysates was used to study the effects
on LOX and LOXL protein expression. TGF�1, -2, and -3 in-
duced LOX and LOXL1, -2, and -4 protein expression in all the
TM cell strains tested. The blot represents data generated in
two of the six cell strains used for the experiment (Fig. 2B).

TGF�1, -2, and -3 Induce LOXs in a
Concentration- and Time-Dependent Fashion

TM cell strains (n � 3) were treated with increasing concen-
trations of TGF�1, -2, or -3 (0–10 ng/mL) for 48 hours. The
mRNA and protein expression of LOX and LOXL genes were
determined with qRT-PCR and Western immunoblot analysis,
respectively. TGF�1 (Figs. 3A, 3B), TGF�2 (Figs. 3C, 3D), and
TGF�3 (Figs. 3E, 3F) each induced LOX and LOXL1- to -4
mRNA and LOX and LOXL1, -2, and -4 protein expression in a
concentration-dependent manner. The maximum induction for
mRNA appeared to be �10 ng/mL, whereas the maximum
induction of proteins was seen at �1 ng/mL. TM cells were
treated with TGF�1, -2, or -3 for 6, 12, and 48 hours, to
examine whether TGF� induces LOXs mRNA in a time-depen-

dent manner. The greatest mRNA induction of LOXs was ob-
served at 12 hours (P � 0.05), and by 48 hours, there was little
or no difference in expression between untreated and TGF�1,
-2, or -3–treated groups (Figs. 4A, 4C, 4E). Similarly, TM cell
strains (n � 2) were treated with TGF�1, -2, or -3 (5 ng/mL) for
6, 12, 24, 48, and 72 hours, to evaluate effects on LOX and
LOXL protein expression. TGF� ligands induced LOX and
LOXL proteins as early as 24 hours and maintained the induc-
tion up to 72 hours (Figs. 4B, 4D, 4F). Therefore, TGF� induc-
tion of LOX and LOXL gene and protein expression was both
time and dose dependent.

TGF� Signaling in LOX and LOXL Induction

We used various small-molecule inhibitors to determine the
TGF� signaling pathway(s) involved in LOX and LOXL induc-
tion. SB431542 is a widely used, selective TGFBR1 and -2
receptor inhibitor.31 LY364947 is a relatively selective inhibi-
tor for the TGFBR2 receptor.32 We treated TM cell strains (n �

3) with recombinant TGF�1, -2, or -3 (5 ng/mL) for 12 hours,
with or without a 1-hour pretreatment with 5 �M SB431542 or
LY364947. Total RNA was isolated for qRT-PCR analysis. Each

FIGURE 3. Concentration-dependent TGF� induction of the LOXs. Dose-dependent induction of LOX and LOXL mRNA (A, C, E) and protein (B,
D, F) by 0 to 10 ng/mL TGF�1 (A, B), -2 (C, D), and -3 (E, F) in cultured TM cell strains (n � 3). qRT-PCR values (A, C, E) represent TGF� induction
compared with the controls and normalized to ACTB as housekeeping gene. Three replicates of each sample were used. One-way ANOVA was used
for statistical analyses. **0.0001 � P � 0.01; ***P � 0.0001. Western immunoblots (B, D, F) are representative of data obtained in the three TM
cell strains; 5 ng/mL of TGF�1, -2, and -3 induced maximum LOX/LOXL expression.
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TGF� isoform elevated LOX and LOXL1 to -4 expression com-
pared with untreated or inhibitor-only–treated samples (P �

0.01). Pretreatment with either of the two inhibitors LY364947
(Fig. 5A) or SB431542 (Fig. 5C) blocked the TGF�-mediated
induction in all the cell strains (P � 0.05).

We also treated three TM cell strains (n � 4) with or
without TGF�1, -2, or -3 (5 ng/mL) for 48 hours, with
or without a 1-hour pretreatment with 5 �M SB431542 or
LY364947. The LOX and LOXL proteins were analyzed by
Western immunoblot. TGF�1, -2, or -3 each elevated LOX and
LOXL1, -3, and -4 compared with untreated or vehicle-
treated samples. Each of the two inhibitors, LY364947 (Fig.
5B) and SB431542 (Fig. 5D), inhibited the TGF�-mediated
induction of LOX proteins. Treatment with the inhibitors
alone did not have any effect on LOX and LOXL expression
(data not shown).

In addition to the TGFBR1/2 inhibitors, we also used siRNA-
mediated TGFB receptor 1 (TGFBR1) knockdown to confirm
the role of TGF� receptor signaling in LOX and LOXL induc-
tion. TGF�2-treated TM cells were untransfected or transfected
with a nontargeting siRNA control or TGFBR1 siRNA. As pre-
viously shown, TGF�2-induced LOX and LOXL protein expres-

sion. Control siRNAs did not affect endogenous TGFBR1 levels
and did not affect TGF�2-induction of LOX and LOXL expres-
sion. Consistent with the data with small-molecule TGFBR1 or
-2 inhibition, TGFBR1 knockdown inhibited TGF�2-induction
of LOX and LOXL proteins (Fig. 5E). These results strongly
support TGF� receptor–dependent regulation of LOX and
LOXL protein expression.

TGF� Induces LOX and LOXLs Using Both Smad
and JNK Signaling Pathways

The profibrotic cytokine TGF� has been shown to activate
both canonical Smad and noncanonical signaling pathways,
including the mitogen-activated protein kinase (MAPK) path-
way in various cells and tissues.33–35 TGF� signaling is com-
plex, because these different signal transduction pathways can
interact with each other.36,37 We wanted to determine which
of these TGF� signaling mechanisms are involved in LOX and
LOXL induction in TM cells.

TGF�2 activates canonical Smad and MAPK signaling in
the TM cells.38 Three primary TM cell strains were treated
with TGF�1, -2, or -3 (5 ng/mL) for 15, 30, 60, 120, and 240

FIGURE 4. Time-dependent TGF� induction of the LOXs. Time course induction (0–72 hours) of LOX and LOXL mRNA (A, C, E) and protein (B,
D, F) by 5 ng/mL TGF�1 (A, B), -2 (C, D), and -3 (E, F) in cultured TM cell strains (n � 2). qRT-PCR values (A, C, E) represent TGF� ratio of
induction compared with controls and normalized to ACTB as the housekeeping gene. Three replicates of each sample were used. One-way ANOVA
was used for statistical analyses: *0.01 � P � 0.05; **0.0001 � P � 0.01; ***P � 0.0001. Western immunoblots (B, D, F) are representative of data
obtained in the three TM cell strains.
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minutes, and total and phosphorylated Smad2, Smad3, and
JNK1/2 proteins were evaluated by Western immunoblot.
All three TGF� ligands phosphorylated both Smad2 (Fig.
6A), Smad3 (Fig. 6B), and JNK1/2 (Fig. 6C) proteins during
this time course. There were no changes in total Smad2,
Smad3, or JNK1/2 levels.

Phosphorylated Smad2 and -3 form a complex with co-
Smad4 to regulate transcription of their target genes. To
determine whether the Smad2/3 complex transcriptionally
regulates the LOXs, we used SIS3, a selective small-molecule
inhibitor of Smad3. Three TM cell strains were treated with
SIS3 (10 �M) 6 hours before treatment with recombinant
human TGF�1, -2, or -3 for 12 or 48 hours to study mRNA
and protein expression of LOXs, respectively. Untreated
cells, DMSO-treated cells, and SIS3-alone–treated cells were
the negative controls. TGF�-induction of LOX and LOXL
mRNA and protein expression were inhibited by SIS3 pre-
treatment (P � 0.01; Figs. 7A, 7B). Therefore, TGF�-medi-
ated Smad2/3 signaling in TM cells induced all members of
the LOX gene family.

To confirm the role of Smad signaling in regulation of LOX
expression, we used siRNA-mediated knockdown of Smad2, -3,
and -4. Nontargeting siRNA served as the negative control.
Cells transfected with Smad2 (Fig. 7C), Smad3 (Fig. 7D), or

Smad4 (Fig. 7E) siRNAs were subsequently treated with or
without TGF�2. Untransfected and untreated cells served as
negative controls, whereas untransfected cells treated with

FIGURE 5. TGF� receptor inhibition blocked TGF� induction of the LOXs. Effect of the TGFBR inhibitors
LY364947 (A, B) and SB431542 (C, D) on TGF�1, -2, and -3 induction of LOX/LOXL mRNA (A, C) and
protein (B, D) expression. qRT-PCR values (A, C) represent the ratio of gene induction normalized to
ACTB as the housekeeping gene in treated samples compared with the controls (triplicates of three TM
strains). One-way ANOVA was used for statistical analyses. *,#0.01�P � 0.05; **,##0.0001�P � 0.01;
***,###P � 0.0001. #Differences between TGF� samples versus TGF��inhibitor samples; *differences
between TGF�-treated and the untreated cells. (B, D) Western immunoblots of TM cells treated with 5
ng/mL of TGF�1, -2, and -3 for 48 hours along with 5 �M of LY364947 (B) or SB431542 (D). Untreated
and DMSO-treated cells served as negative controls. GAPDH was used as the loading control. Blots shown
are representative of data from four TM cell strains. (E) Western immunoblots of LOX and LOXL proteins
after siRNA-mediated TGFBR1 knockdown followed by TGF�2 treatment. TM cells were treated with
TGFBR1 or control siRNA, followed by treatment with 5 ng/mL of TGF�2 for 48 hours. ACTB was used as
a loading control. Blots are representative data from two TM cell strains.

FIGURE 6. TGF� activates both canonical and noncanonical signaling
pathways in TM cells. Western immunoblots of Smad2/pSmad2 (A), Smad3/
pSmad3 (B), and JNK1/2/pJNK1/2 (C) in four TM cell strains treated for 0 to
240 minutes with TGF�1, -2, and -3. TGF�1, -2, and -3 treatment caused a
time-dependent increase in pSmad2, pSmad3, and pJNK1/2 expression.
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TGF�2 served as the positive control. TGF�2 induced expres-
sion of LOX and LOXL proteins. Control siRNAs neither af-
fected TGF�2-induction of LOXs nor did they affect the endog-
enous Smad2, -3, and -4 levels. As expected, knockdown of
Smad2, -3, or -4 inhibited TGF�2-induction of the LOX and
LOXL proteins.

In addition to activating Smad signaling, TGF� also acti-
vated the non–Smad JNK1/2 signaling pathway (Fig. 6C). We
used the selective JNK inhibitor SP600124 to determine
whether TGF�-activated JNK signaling regulates LOX and
LOXL induction. Three TM cell strains were pretreated for 6
hours with SP600125 (10 �M) before incubation with or
without recombinant human TGF�1, -2, and -3 (5 ng/mL) for
12 and 48 hours, to study LOX and LOXL mRNA and protein
expression, respectively. Untreated, DMSO-treated, and
SP600125-only–treated cells served as negative controls.
SP600125 pretreatment inhibited TGF�-induction of LOX
and LOXL mRNA (P � 0.05; Fig. 8A) and protein (Fig. 8B)
expression in TM cells. SP600125 alone did not alter endog-
enous LOX or LOXL mRNA (Fig. 8A) or protein (data not
shown) expression. Taken together, these data strongly sug-
gest that both Smad and JNK signaling regulate LOXs in TM
cells.

AP-1 Regulates TGF�-Induction of LOXs

The transcription factor AP-1 comprises two units: c-Fos and
c-Jun. The Jun subunit is phosphorylated by active JNK1/2,
which subsequently activates transcription of AP-1 target
genes.39 However, AP-1 also acts as a cotranscription factor of
other gene regulators, such as the Smad2, -3, and -4 complex.40

Our data strongly indicate that both Smad (Fig. 7) and JNK1/2
signaling (Fig. 8) regulate LOX and LOXL expression, so we
wanted to determine the role of AP-1 as the transcriptional
regulator of the LOXs. We treated TM cell strains (n � 3) with

SR11302 (5 �M), a small molecule AP-1 inhibitor,41 for 12
hours before treatment for 12 or 48 hours with 5 ng/mL of
TGF�1, -2, or -3. The 12-hour TGF� treatment group was
analyzed for effects on mRNA and the 48-hour treatment group
for effects on LOX and LOXL protein expression. Pretreatment
with the AP-1 inhibitor significantly reduced the TGF�1, -2, and
-3-induction of LOXs and LOXL mRNA (P � 0.01; Fig. 9A) and
protein (Fig. 9B) expression. These data indicate that regula-
tion of LOX genes by TGF� involves both canonical and non-
canonical signaling pathways, which may interact by sharing
common transcription factors, such as AP-1.

TGF� Regulates LOX Enzymatic Activity in the
Cultured TM Cells

Finally, we wanted to determine whether TGF� regulates the
enzymatic activity of LOXs in TM cells. Since LOXs catalyze
elastin and collagen cross-linking, we wanted to determine the
potential role of LOXs in TGF� cross-linking of elastin in
the TM cells. We used the irreversible LOX inhibitor, �-amino-
propionitrile (BAPN), to block elastin cross-linking.42,43 TM
cells were treated for 48 hours with increasing concentrations
of BAPN, and cell lysates were analyzed by Western immuno-
blot for tropoelastin, the soluble non–cross-linked form of
elastin. BAPN should decrease the cross-linking of elastin lead-
ing to higher levels of the substrate, tropoelastin. Indeed, we
observed that increasing concentrations of BAPN elevated tro-
poelastin levels in the TM cells (Fig. 10A; n � 3).

We next examined the role of TGF�-induced LOXs in reg-
ulating elastin cross-linking. TM cells were treated with increas-
ing concentrations of TGF�2 for 48 hours, and levels of
tropoelastin were determined by Western immunoblot. In-
creasing TGF�2 concentrations increased tropoelastin in the
TM cells (Fig. 10B). We followed these studies by treating TM
cells with increasing concentrations of TGF�2, along with

FIGURE 7. Smad2, -3, and -4 inhibi-
tion blocked TGF�-induction of the
LOXs. Treatment of TM cells with
the Smad3 inhibitor SIS3 blocked
TGF�1, -2, and -3 induction of LOX/
LOXL mRNA (A) and protein (B) ex-
pression. (A) qRT-PCR analysis of the
TGF�1, -2, and -3 induction of the
LOXs in the presence of a specific
inhibitor of Smad3 (SIS3). qRT-PCR
results represent the ratio of induc-
tion of LOX/LOXL genes normalized
to ACTB, the housekeeping gene, in
TGF�-treated samples compared
with the controls (triplicates of three
TM cell strains). One-way ANOVA
was used for statistical analyses.
**,##0.0001 � P � 0.01; ***,###P �

0.0001. #Differences between
TGF�1, -2, and -3 samples versus
TGF��inhibitor samples; *differ-
ences between TGF�1, -2, and -3–
treated versus untreated cells. (B)
Western immunoblots of LOX/LOXL
proteins after pretreatment with SIS3
followed by TGF� treatment. Immu-
noblots are representative of three
different TM cell strains treated with
5 ng/mL of TGF�1, -2, and -3 for 48
hours along with 10 �M of SIS3.
GAPDH was used as loading control.

Untreated and DMSO-treated cells served as negative controls. (C, D, E) Western immunoblots of LOX/LOXL proteins in TM cells pretreated with
Smad2 (C), -3 (D), or -4 (E) siRNAs followed by TGF�2 treatment. Control cells were transfected with nontargeting siRNA. Immunoblots are
representative of results from two TM cell lines. Each Smad siRNA not only knocked down its target protein, but also suppressed the TGF�2
induction of LOX/LOX proteins.
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BAPN (1 mM) for 48 hours. Cells treated with TGF�2 and BAPN
showed greater tropoelastin levels, even at lower TGF�2 con-
centrations (Fig. 10C). We observed similar results with TGF�1
and -�3 treatment (data not shown). In addition to inducing
LOX and LOXL expression, TGF�2 also increased tropoelastin
expression. Since BAPN is an irreversible inhibitor of LOX, it
blocked the LOX enzymatic activity and appeared to result in
higher levels of the LOX substrate tropoelastin, both in the
absence and presence of TGF�2.

We also used the reverse strategy, treating TM cells with a
single concentration of TGF�2 (5 ng/mL) along with increasing
concentrations of BAPN. TGF�2 elevated tropoelastin levels.
However, cells co-treated with various BAPN concentrations
further increased tropoelastin levels (Fig. 10D). The effect of
BAPN appeared to be concentration dependent at 1 to 10 mM
BAPN concentrations, but not at 30 mM, perhaps owing
to BAPN toxicity at this concentration. TGF�2 induced both
tropoelastin and LOXs, but inhibiting the LOXs decreased tro-
poelastin cross-linking thereby increasing levels of uncross-
linked tropoelastin. Similar results were observed with TGF�1

and -3 (data not shown), indicating that the three TGF� ligands
increase LOX activity in TM cells. Taken together, these data
show that LOXs are enzymatically active in TM cells and that
TGF� regulates LOX activity.

DISCUSSION

We have shown that all five LOX genes are expressed in
multiple human TM cell strains and that all three TGF�
isoforms induce mRNA and protein expression of these LOX
and LOXL genes. We developed a novel LOX activity assay
and showed basal LOX enzyme activity in TM cells, which
can be further induced by TGF�. Finally, we demonstrated
that, canonical Smad as well as non-Smad JNK1/2 and AP-1
signaling pathways are involved in the TGF� induction of
the LOX and LOXL genes. Figure 11 schematically summa-

FIGURE 9. AP-1 inhibition blocked TGF�-induction of the LOXs. Effect
of AP1 inhibitor SR11302 on TGF�1, -2, and -3 induction of LOX/LOXL
mRNA (A) and protein (B) expression in cultured TM cells. (A) qRT-
PCR analysis values represent the induction ratio of the of LOX/LOXL
genes normalized to ACTB in treated samples compared with the
controls. Cumulative data for experiments performed in triplicate in
two TM strains. One-way ANOVA was used for statistical analyses.
#0.01 � P � 0.05; ##0.0001 � P � 0.01; ***,###P � 0.0001. #Differ-
ences between TGF� samples versus TGF��inhibitor samples; *differ-
ences for TGF�-treated versus the untreated cells. (B) Western immu-
noblots of LOX/LOXL proteins in TM cells pretreated with SR11342
followed by TGF�1, -2, and -3 treatment. Immunoblots are represen-
tative of three different TM cell strains studied. GAPDH was used as the
loading control. Untreated and DMSO-treated cells served as negative
controls. SP600125 suppressed TGF� induction of LOX/LOXL mRNAs
and proteins supporting involvement of the JNK1/2 and AP-1 signaling
pathways.

FIGURE 8. JNK1/2 inhibition blocked TGF� induction of LOXs. Effect
of JNK1/2 inhibitor SP600125 on TGF�1, -2, and -3 induction of
LOX/LOXL mRNA (A) and protein (B) expression in cultured TM cells.
(A) qRT-PCR analysis results represent the induction ratio of LOX/
LOXL genes normalized to ACTB in treated samples compared with
controls. Cumulative data for experiments performed in triplicate in
two TM strains. One-way ANOVA was used for statistical analyses.
#0.01�P � 0.05; ##0.0001�P � 0.01; ***,###P � 0.0001. #Differences
between TGF� samples versus TGF��inhibitor samples; *differences
in TGF�-treated versus the untreated cells. (B) Western immunoblots
of LOX/LOXL proteins in TM cells pretreated with SP600125 followed
by TGF�1, -2, and -3 treatment. Immunoblots are representative of
three different TM cell strains. GAPDH was used as the loading control.
Untreated and DMSO-treated cells served as negative controls.
SP600125 suppressed TGF� induction of LOX/LOXL mRNAs and pro-
teins, suggesting involvement of the JNK1/2 pathway.
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rizes these data. It was somewhat surprising to find that all
five LOX genes were expressed in the TM and induced by
TGF�. Why would the TM require this redundancy in this
class of enzyme? The LOX and LOXL enzymes may have
subtle differences in enzyme activity, secondary regulation,
and/or cellular or tissue localization, which warrants further
investigation.

These LOX enzymes may play a role in the pathogenesis
of glaucoma. TGF�2 levels are higher in the aqueous hu-
mor5– 8 and TM (Tovar-Vidales et al. manuscript submitted)
of POAG patients, and TGF�2 also regulates ECM metabo-
lism in the TM.11,15,16 The TM of POAG patients increases

elastic-sheath– derived material44,45 and increases type VI
curly collagen.18 Elastin, fibrillins, and collagen are sub-
strates for the LOX enzymes, and increased levels of these
molecules in glaucoma TM tissues may be due to decreased
turnover of these cross-linked molecules (Fig. 11). A recent
report used atomic force microscopy to show that TM tis-
sues from glaucomatous eyes are significantly stiffer than the
TM from nonglaucomatous eyes.46 Greater cross-linking of
the TM ECM could lead to greater tissue stiffness. TGF�
induction of the two major classes of ECM cross-linking
enzymes, LOXs and TGM2, may be involved in enhanced
ECM deposition and greater TM stiffness, which ultimately

FIGURE 10. LOX activity assay. (A)
Representative Western immunoblot
for tropoelastin (normalized to
ACTB) in TM cells treated with in-
creasing concentrations (1, 3, 10,
and 30 mM) of the LOX inhibitor
BAPN. There was a concentration-
dependent increase in tropoelastin
levels. (B) Representative Western
immunoblot for tropoelastin (nor-
malized to ACTB) in TM cells treated
with increasing concentrations of
TGF�2 (0.1, 0.25, 0.5, 1, 2.5, 5, and
10 ng/mL). There was a concentra-
tion-dependent increase in tropoelas-
tin levels. (C) Representative West-
ern immunoblot for tropoelastin
(normalized to ACTB) in TM cells
treated with 1 mM of BAPN, along
with increasing concentrations of
TGF�2 (0.1, 0.25, 0.5, 1, 2.5, 5, and

10 ng/mL). (D) TM cells were treated with 5 ng/mL of TGF�2, along with increasing concentrations of BAPN (1, 3, 10, and 30 mM) and probed
for tropoelastin levels. Each of these Western blots is representative of independent experiments performed in three different TM cell strains.

FIGURE 11. Proposed mechanism of
TGF� regulation of LOXs in TM and
implications in glaucoma. TGF� li-
gands bind to the TGFBR1/2 recep-
tor heterotetramer complex on the
cell surface and activate the Smad2/
Smad3 complex, which utilizes
Smad4 to translocate to the nucleus.
This complex may bind by itself or
with AP-1 to the upstream promoter
regions of LOX genes to regulate
their transcription. TGF� receptor
activation also appears to phosphor-
ylate and activate JNK1/2, which
phosphorylates the Jun component
of the transcription factor AP-1. AP-1
binds to the upstream promoter re-
gion of LOXs to regulate their gene
transcription. LOX mRNA transcribes
to proteins and cross-links collagen
and elastin fibrils in the ECM of TM
cells.
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may be responsible for the increased outflow resistance and
elevated IOP in POAG.

There is a confirmed genetic association of LOXL1 with
exfoliation glaucoma.26,27 Allele frequency differences in
LOXL1 SNPs significantly increase the risk for development
of exfoliation glaucoma. Interestingly, TGF�1 has been re-
ported to be elevated in the aqueous humor of patients with
exfoliation syndrome and exfoliation glaucoma,14 and we
have shown that TGF�1 enhances LOXL1 expression in the
TM. Exfoliation syndrome and exfoliation glaucoma are as-
sociated with increased levels of exfoliation material in the
anterior segment and elsewhere in the body.47 This exfoli-
ation material comprises a variety of ECM proteins, includ-
ing elastic fibrillins, among others. It is possible that the
LOXL1 gene of exfoliation glaucoma alters the cross-linking
activity, which may cause the formation of exfoliated mate-
rial in the anterior segment leading to compromised aque-
ous outflow and elevated IOP. The morphologic changes in
exfoliation glaucoma may be due to TGF�1-induced LOX
cross-linking of exfoliation material in the outflow pathway.
In contrast, elevated TGF�2 levels in POAG may activate
LOXs to cross-link endogenous ECM molecules in the TM.
Therefore, it is not surprising that the two forms of glau-
coma have differing morphologies.

TGF�1 and -2 are profibrotic cytokines that play a patho-
genic role in other fibrotic diseases, such as sclerosis, fibroscle-
rosis, and kidney, lung, and liver fibroses. Similar to POAG, the
fibrotic changes at the cellular and tissue levels arise from
disordered and exaggerated deposition of the ECM, including
collagens, elastin, and fibronectin. Fibrotic ECM remodeling
also involves cross-linking of ECM molecules. LOX and LOXL1
enzymes are overexpressed in several types of tissue fibro-
sis.21,22,48,49 Therefore, understanding the roles of LOX and
LOXL enzymes in glaucoma may have broader implications for
other serious fibrotic diseases.

The potential relationship between the LOX and LOXL
genes in regulating aqueous outflow in TGF�2-induced oc-
ular hypertension, POAG, and exfoliation glaucoma war-
rants further study. Are all five LOX genes functionally re-
dundant or does each serve a specific role in TM ECM
metabolism? Do any of these LOX genes play a direct role in
TGF�2-induced ocular hypertension? Which LOX genes are
more important in normal TM homeostasis, and are any of
them directly involved in glaucoma pathogenesis? Does in-
creased expression of any of the LOX or LOXL genes cause
glaucomalike morphologic changes in the TM and directly
cause IOP elevation? Our current results provide a founda-
tion for addressing these questions.
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