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Abstract 

Background: Elevated transforming growth factor (TGF)-β2 in aqueous humor (AH) has been suggested to contrib-
ute to trabecular meshwork (TM) fibrosis and intraocular pressure (IOP) regulation in primary open-angle glaucoma 
(POAG), but TGF-β2 is downregulated in secondary open-angle glaucoma (SOAG). Because autotaxin (ATX) is upregu-
lated in SOAG, we investigated the relationships and trans-signaling interactions of these mediators.

Methods: The level of ATX in AH was determined using a two-site immunoenzymetric assay, and TGF-β levels were 
measured using the Bio-Plex Pro TGF-β Assay. RNA scope was used to assess the expression of ATX and TGF-β2 in 
human’s eye specimen. And in vitro studies were performed using hTM cells to explore if trans-signaling of TGF-β2 
regulates ATX expressions.

Results: TGF-β2/ATX ratio was significantly high in AH of control or POAG compared with SOAG, and negatively 
correlated with IOP. RNA scope revelated positive expressions of both TGF-β2 and ATX in ciliary body (CB) and TM in 
control, but ATX expressions was significantly enhanced in SOAG. In hTM cells, ATX expressions were regulated by 
TGF-β2 with concentration-dependent manner. In counter, ATX also induced TGF-β1, TGF-β2 and TGFBI upregulations 
and activation of the Smad-sensitive promoter, as well as upregulation of fibrotic markers, and these upregulation was 
significantly suppressed by both TGF-β and ATX inhibition.

Conclusions: Trans-signaling of TGF-β2 regulates ATX expressions and thereby induced upregulations of TGF-βs 
or fibrosis of hTM. TGF-β2 trans-signaling potently regulate ATX transcription and signaling in hTM cells, which may 
reflect different profile of these mediators in glaucoma subtypes.

Trial Registration This prospective observational study was approved by the Institutional Review Board of the Univer-
sity of Tokyo and was registered with the University Hospital Medical Information Network Clinical Trials Registry of 
Japan (ID: UMIN000027137). All study procedures conformed to the Declaration of Helsinki. Written informed consent 
was obtained from each patient.

Keywords: Transforming Growth factor β, Autotaxin, Glaucoma, Human trabecular meshwork

© The Author(s) 2021. 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 Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Background
Glaucoma is the second leading cause of blindness 
worldwide, characterized by aberrant increases in 
intraocular pressure (IOP) that can damage the optic 
nerve [1–3]. Reduction of IOP is the only effective 
therapy to prevent visual impairment and blindness in 
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both hypertensive and normotensive individuals. IOP 
is determined by the balance between aqueous humor 
(AH) production and outflow, and elevated IOP is 
caused mainly by increased resistance to aqueous out-
flow. Notably, transforming growth factor (TGF)-β2 
is elevated in eyes with primary open-angle glaucoma 
(POAG), the most common type of glaucoma. In these 
eyes, TGF-β2 increases aqueous resistance by inducing 
upregulation of the extracellular matrix (ECM) in the 
trabecular meshwork (TM). Thus, TGF-β2 is presumed 
to play an important role in POAG pathogenesis by 
regulating the fibrotic response of TM cells and expres-
sion of ECM proteins through the canonical Smad 
pathway and other noncanonical signaling pathways 
[4–7]. TGF-β2 is known to increase expression levels of 
α-smooth muscle actin (SMA), fibronectin, COL1A1, 
and other fibrotic markers in TM cells, suggesting that 
fibrotic regulation by TGF-β2 in the TM may be related 
to POAG pathogenesis [8, 9].

However, past reports have demonstrated that TGF-
β2 is upregulated in patients with POAG, but downreg-
ulated in patients with secondary open-angle glaucoma 
(SOAG) [4, 10]. Thus, we sought other mediators 
involved in glaucoma pathogenesis, and found that 
aqueous autotaxin (ATX) and lysophosphatidic acid 
(LPA) concentrations were significantly correlated with 
IOP and higher in patients with SOAG [11, 12]. LPA 
is produced predominantly by the generating enzyme 
ATX and has been recognized as a major bioactive lipid 
mediator influencing fibrosis, which enhances outflow 
resistance in anterior segment perfusion organ culture 
models [13]. ATX is a glycoprotein involved in vari-
ous physiological processes, such as fibrosis and cancer 
survival [14–17]. We also reported that ATX was sig-
nificantly upregulated during cytomegalovirus (CMV) 
infection in TM cells (an in  vitro model that mimics 
SOAG), while the expression of TGF-β2 was down-
regulated upon CMV infection: of note, in CMV DNA-
positive AH from patients with Posner-Schlossmann 
syndrome (an SOAG subtype frequently accompanied 
by refractory glaucoma with prolonged extensive IOP 
elevation), the levels of ATX and TGF-β1 in AH were 
upregulated, while the level of TGF-β2 was downregu-
lated. Moreover, levels of ATX and TGF-β1 in AH were 
significantly correlated [18]. Hence, we speculated that 
crosstalk might exist between ATX and other isoforms 
of TGF-β. To the best of our knowledge, no clinical or 
in  vitro studies have investigated the relationship and 
crosstalk between ATX and TGF-β signaling. In this 
study, we evaluated the association between aqueous 
levels of ATX and TGF-βs among glaucoma subtypes 
and characterized the interactions of ATX and TGF-β2 
signaling in TM cells in vitro.

Methods
Patients and aqueous humor collection
AH samples were obtained from patients with cataract or 
glaucoma who were aged ≥ 20 years and who had under-
gone cataract surgery or glaucoma surgery from March 
2014 to July 2018 at the University of Tokyo Hospital. 
This prospective observational study was approved by 
the Institutional Review Board of the University of Tokyo 
and was registered with the University Hospital Medical 
Information Network Clinical Trials Registry of Japan 
(ID: UMIN000027137). All study procedures conformed 
to the Declaration of Helsinki. Written informed con-
sent was obtained from each patient. Table 1 lists patient 
characteristics. All patients with open-angle glaucoma 
were classified into three groups, as previously described 
[12]. Briefly, patients with substantially elevated IOP and 
normal IOP without any cause who had a glaucomatous 
visual field or optic disc, as well as a normal angle with 
gonioscopy were diagnosed with POAG; patients with 
inflammatory diseases, chronic postoperative IOP eleva-
tion or inflammatory angle findings were diagnosed with 
SOAG; and patients with pseudoexfoliation materials 
were diagnosed with XFG. Individuals with cardiovas-
cular disease were excluded from this study. Exclusion 
criteria included other types of glaucoma (e.g., primary 
angle-closure glaucoma or congenital/developmental 
glaucoma) and a previous history of intraocular sur-
gery other than small incision cataract surgery without 
complications. IOP was determined using a Goldmann 
tonometer, and the maximum preoperative IOP was 
evaluated within 3 months prior to surgery. When both 
eyes in a patient met the inclusion criteria, only the eye 
treated first was included in the analyses. For all patients, 
the anterior eye segment including gonioscopy and IOP 
measurement and optic disc were examined by glaucoma 
specialists using a slit lamp biomicroscope and dilated 
fundoscopy to diagnose glaucoma.

AH samples were collected as described previously 
[11, 12, 18]. Briefly, preoperative AH was obtained at the 
start of the surgery before any incisional procedures, with 
patients under topical anesthesia. Approximately 70–100 
μL AH was obtained using a 30-gauge syringe, collected 
in a PROTEOSAVE SS 1.5-mL Slimtube (Sumitomo 
Bakelite, Tokyo, Japan), registered, and stored at − 80  °C 
until processing.

Measurement of ATX, ATX isoforms, and TGF‑β1, 2 and 3 
in AH or cell culture medium
The level of ATX in AH was determined using a two-site 
immunoenzymetric assay with an ATX assay reagent by 
means of a Tosoh AIA system (Tosoh, Tokyo, Japan), as 
described previously [11, 12, 18]. TGF-β levels in AH 
were measured using the Bio-Plex Pro TGF-β Assay 
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(Bio-Rad, Hercules, CA, USA), in accordance with the 
manufacturer’s protocol. LysoPLD activity in the culture 
medium was determined as previously described [11, 12, 
18].

RNAscope analysis
Whole-eye specimens were obtained from patients who 
underwent autopsy at Singapore Eye Institute. The speci-
mens were immediately fixed in 10% buffered neutral 
formalin and embedded in OCT compound (Tissue-Tek 
OCT Compound, Sakura Finetek Japan Co., Ltd., Tokyo, 
Japan). The eyes were obtained and managed in compli-
ance with the tenets of the Declaration of Helsinki. Ten-
micrometer-thick cryosections were cut at − 20  °C and 
stored until processing.

RNAscope analysis was performed using RNAscope® 
Multiplex Fluorescent Assay v2 (Advanced Cell Diag-
nostics USA, Newark, CA, USA), in accordance with the 
manufacturer’s protocol. Probes against ATX and TGF-
β2 were used.

hTM cell culture
Primary hTM cells were isolated from human donor eyes 
and characterized as described previously, in accordance 
with the method of Keller et al. [19]. They were cultured 
in Dulbecco’s modified Eagle’s medium containing 10% 
fetal bovine serum and antibiotic–antimycotic solution 
(100 ×) (Sigma-Aldrich, St. Louis, MO, USA) at 37 °C in 
5%  CO2. Cells from passages 3–6 were used in the experi-
ments. Cells were treated with TGF-β2, ATX, or LPA 
with or without the corresponding inhibitors (SB431542, 
HA130, or Ki16425), or with Smad3 inhibitor (SIS3).

Virus infection
Cell-free CMV medium was prepared as previously 
described. [18] The harvested medium was used after one 
freeze/thaw cycle. After they had reached confluence, 
hTM cells were incubated with cell-free CMV medium 
for 2 h at 37 °C in 5%  CO2 at a multiplicity of infection of 
1. After 2 h, the medium was removed, the infected cells 
were washed twice with phosphate-buffered saline, and 
fresh growth medium was added containing TGF-β2 or 
SB431542.

RT‑qPCR
Cells were lysed using ISOGEN (NIPPON GENE, Tokyo, 
Japan), and mRNA was isolated using chloroform and 
isopropyl alcohol. The mRNA was treated with a Pri-
meScript RT Reagent Kit (Takara Bio, Shiga, Japan) to 
synthesize cDNA. mRNA levels were quantified as pre-
viously described [11, 18]. For qPCR, primer sequences 
were taken from previously published reports, and the 
primers were purchased from Hokkaido System Science 
(Hokkaido, Japan).

The sequences of the PCR primers were: GAPDH, 
forward, 5′-GAG TCA ACG GAT TTG GTC GT-3′ and 
reverse, 5′-TTG ATT TTG GAG GGA TCT CG-3′; ATX, 
forward, 5′-ACA ACG AGG AGA GCT GCA AT-3′ and 
reverse 5′-AGA AGT CCA GGC TGG TGA GA-3′; TGF-
β1, forward, 5′- CCC AGC ATC TGC AAA GCT C-3′ and 
reverse 5′- GTC AAT GTA CAG CTG CCG CA; TGF-
β2, forward, 5′- TGC CGC CCT TCT TCC CCT C-3′ and 
reverse 5′- GGA GCA CAA GCT GCC CAC TGA-3′; TGF-
β3, forward, 5′- GGT TTT CCG CTT CAA TGT GT, and 

Table 1 Demographic characteristics of the study population

POAG primary open angle glaucoma, SOAG secondary open angle glaucoma, XFG exfoliation glaucoma, IOP intraocular pressure, ATX autotaxin, TGFβ transforming 
growth factor beta
* Fisher’s exact test; **Kruskall-Wallis test
† Statistically significant difference between control and SOAG (Steel–Dwass test)
†† Statistically significant difference between control and XFG (Steel–Dwass test)
††† Statistically significant difference between POAG and XFG (Steel–Dwass test)
†††† Statistically significant difference between SOAG and XFG (Steel–Dwass test)

Variables Control POAG SOAG XFG P-value

Patients (n) 20 20 19 19

Number of eyes (n) 20 20 19 19

Gender (male: female) 5:15 13:7 13:6 12:7 0.0204*

Age (years)

 Mean ± SD 73.5 ± 7.1 71.2 ± 10.2 61.2 ± 14.8 75.6 ± 12.8  < .005†, ††††

 [range] 58–87 52–87 39–87 39–93

IOP (mmHg)

 Mean ± SD 13.6 ± 1.7 15.7 ± 4.0 22.4 ± 11.9 29.7 ± 9.3† < .001,  < .0001**†, †††

 [range] 10–16 8–25 7–52 13–48
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reverse 5′-TAT AGC GCT GTT TGG CAA TG; TGF-β-
induced protein, forward 5′- GTC CAC AGC CAT TGA 
CCT TT-3′ and reverse 5′- GAG TTT CCA GGG TCT GTC 
CA-3′; fibronectin, forward, 5′-AAA CCA ATT CTT GGA 
GCA GG-3′ and reverse, 5′-CCA TAA AGG GCA ACC 
AAG AG-3′; COL1A1: forward, 5′-CAG CCG CTT CAC 
CTA CAG C-3′ and reverse, 5′-TTT TGT ATT CAA TCA 
CTG TCT TGC C-3′; α-SMA, forward, 5′-CCG ACC GAA 
TGC AGA AGG A-3′ and reverse, 5′-ACA GAG TAT TTG 
CGC TCC GAA-3; and CTGF, forward, CTC CTG CAG 
GCT AGA GAA GC-3′ and reverse, 5′- GAT GCA CTT 
TTT GCC CTT CTT-3′. The data were normalized relative 
to GAPDH.

Immunocytochemistry
Immunocytochemistry was performed as previously 
described [11, 18]. Cells were grown in chamber slides. 
hTM cells were fixed in ice-cold 4% paraformaldehyde at 
24 h after application of TGF-β2 or SB431542 (Fujifilm, 
Osaka, JAPAN). The primary antibody was anti-ENPP2 
antibody [5H3] (1:1,000; Abcam, Cambridge, MA, USA). 
The corresponding Alexa Fluor 488 secondary antibody 
(1:1,000) was purchased from Thermo Fisher Scientific 
(Waltham, MA, USA). Images were acquired using a 
BX51 fluorescence microscope (Olympus, Tokyo, Japan).

Measurement of STAT3 (pY705) and total STAT3 in the cell 
lysate
Levels of phosphorylated STAT3 and total STAT3 in the 
cell lysate were measured using a STAT3 (pY705) + total 
STAT3 enzyme-linked immunosorbent analysis kit 
(Abcam), in accordance with the manufacturer’s protocol.

WB analysis
At 1 day post-infection, cells were collected in radioim-
munoprecipitation assay buffer (Thermo Fisher Scien-
tific) containing protease inhibitors (Roche Diagnostics, 
Basel, Switzerland), sonicated, and centrifuged. Protein 
concentration measurement and sodium dodecyl sulfate 
polyacrylamide electrophoresis were performed as previ-
ously described [11, 18]. Protein bands were transferred 
to polyvinylidene difluoride membranes (Bio-Rad) and 
the membranes were immersed in Tris-buffered saline 
with Tween 20 containing primary antibody. After the 
membranes had been washed, they were immersed in 
Tris-buffered saline with Tween 20 containing second-
ary antibody and reacted with enhanced chemilumi-
nescence (ECL) substrate (Thermo Fisher Scientific). 
Protein bands were detected using an ImageQuant LAS 
4000 mini (GE Healthcare, Chicago, IL, USA). The pri-
mary antibodies were anti-TGF-β2 (anti-ENPP2 (1:1000; 
Abcam), anti-β-tubulin (1:1000; Wako Pure Chemical 
Industries, Ltd., Osaka, Japan), anti-phospho-STAT3 (Tyr 

705) (1:1000; Cell Signaling Technology, Inc., Danvers, 
MA, USA), anti-STAT3 (79D7) (1:1000; Cell Signaling 
Technology, Inc.), anti-phospho-SAPK (stress-activated 
protein kinase)/JNK (Jun amino terminal kinase) (Thy 
183/Tyr185) (1:1000; Cell Signaling Technology, Inc.), 
and anti-SAPK/JNK (1:1000; Cell Signaling Technology, 
Inc.). A horseradish peroxidase-conjugated secondary 
antibody (1:2000; Thermo Fisher Scientific) was used to 
detect the bands. All bands were quantified using ImageJ 
software (ver. 1.49, NIH, Bethesda, MD, USA).

Luciferase assay
The luciferase assay was performed as previously 
described [20, 21]. Briefly, transcriptional activity was 
assessed following transfection of a luciferase reporter 
gene fused with CAGA-12. A plasmid containing Renilla 
luciferase (pRLTK; Promega, Madison, WI) was co-trans-
fected as an internal control. hTM cells were transfected 
at 80% confluence using Gene Juice® transfection reagent 
(Merck Millipore, Billerica, MA, USA), in accordance 
with the manufacturer’s protocol. hTM cells were grown 
in 6-well plates for 1 day before transfection. At 24 h after 
transfection, the medium was changed to serum-free 
Dulbecco’s modified Eagle’s medium. Cells were then 
stimulated for 24  h with TGF-β, ATX, or LPA, with or 
without the corresponding inhibitors.

Statistical analysis
Data were statistically analyzed using the EZR program 
(Saitama Medical Center, Hidaka, Japan) [22]. The results 
were expressed as means ± standard deviations (SDs). 
The t-test and chi-squared test or Fisher’s exact test were 
used for comparisons of two variables. The Steel–Dwass 
test was used for comparisons of multiple variables. Dif-
ferences among groups were analyzed by one-way anal-
ysis of variance and Tukey’s post hoc test. A value of 
P < 0.05 was considered statistically significant.

Results
Levels of TGF‑βs and ATX in AH among glaucoma subtypes
This study included 78 eyes of 78 patients: 20 eyes 
without any ocular complications (controls), 20 POAG 
eyes, 19 SOAG eyes, and 19 exfoliative glaucoma (XFG) 
eyes. Table  1 lists demographic characteristics of the 
study population. Patients were significantly younger 
in the SOAG group than in the control or XFG groups 
(Table  1, P < 0.05). The preoperative IOP was signifi-
cantly higher in SOAG and XFG groups than in the 
control group (Table  1, P < 0.01 for SOAG, P < 0.001 
for XFG). IOP also differed significantly between 
POAG and XFG groups (Table 1, P < 0.001). The aque-
ous level of ATX was significantly lower in the control 
group than in any glaucoma group (Fig. 1A, P < 0.05 for 
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POAG, P < 0.001 for both SOAG and XFG). The aque-
ous level of ATX also differed significantly between the 
POAG group and the SOAG or XFG groups (Fig.  1A, 
P < 0.01), which was consistent with our previous find-
ings. [12] The aqueous level of TGF-β1 was significantly 
lower in the control group than in any glaucoma group 
(Fig.  1B, P < 0.01 for both POAG and SOAG, P < 0.001 
for XFG). The XFG group had significantly higher lev-
els of TGF-β1 than the other glaucoma groups. The 
aqueous level of TGF-β3 was significantly higher in the 
XFG group than in any other group (Fig.  1D, P < 0.01 
for SOAG, P < 0.001 for both control and POAG). The 
aqueous levels of TGF-βs and ATX differed significantly 
among glaucoma subtypes. Similar tendencies were 
observed concerning the levels of TGF-β1, 3, and ATX, 
while the level of TGF-β2 had an inverse tendency, 
especially between POAG and XFG groups (Fig. 1C).

Correlations between IOP and levels of TGF‑βs and ATX
Next, we evaluated the correlations of IOP with aque-
ous levels of ATX, TGF-β1, TGF-β2, and TGF-β3. 
Figure  1E–H presents the correlations of IOP with 
aqueous levels of ATX and TGF-β1–3. In the overall 
cohort, levels of ATX (Fig.  1E, P = 0.0000582), TGF-
β1 (Fig.  1F, P = 0.00000665), and TGF-β3 (Fig.  1H, 
P = 0.000000664) were significantly positively cor-
related with IOP, while the level of TGF-β2 (Fig.  1G, 
P = 0.378) was not correlated with IOP. Analysis lim-
ited to patients with POAG did not reveal a significant 
positive correlation between the level of TGF-β2 and 
IOP, although a positive slope was observed (Additional 
file  1: Figure S1), which was consistent with previous 
findings. [23].

Diagnostic values of TGF‑β/ATX ratios among glaucoma 
subtypes and correlations with IOP
Because aqueous levels of TGF-βs and ATX differed 
among groups (Fig.  1), especially between POAG and 
XFG, we next focused on the TGF-β/ATX ratios among 
glaucoma subtypes and evaluated their diagnostic val-
ues. As shown in Fig. 1I, the TGF-β1/ATX ratio was sig-
nificantly higher in the XFG group than in the POAG 
group. The TGF-β2/ATX ratio was significantly higher 
in both the control and POAG groups than in the SOAG 
or XFG groups (Fig.  1J). The TGF-β3/ATX ratio was 
significantly higher in the XFG group than in any other 
groups (Fig.  1K). IOP was significantly positively corre-
lated with both TGF-β1/ATX and TGF-β3/ATX ratios 
(Fig.  1L [TGF-β1/ATX], P-value = 0.017; Fig.  1N [TGF-
β3/ATX], P-value = 0.0000423). The TGF-β2/ATX ratio 
was significantly negatively correlated with IOP (Fig. 1M, 
P-value = 0.000961).

Table 2 lists the area under the curve (AUC) values of 
receiver operating characteristic curves for differentia-
tion between normal and glaucoma groups. We also ana-
lyzed whether the TGF-β/ATX ratio could be used to 
differentiate among glaucoma subtypes. The level of ATX 
had a high AUC value for differentiating between glau-
coma and control groups, as well as between POAG and 
SOAG groups, and POAG and XFG groups. The level 
of TGF-β1 was also useful for differentiating between 
glaucoma and control groups, and between POAG and 
XFG groups, but the TGF-β1/ATX ratio did not have 
a higher AUC than TGF-β1 alone. The level of TGF-β2 
was useful for differentiating between control and POAG 
groups, and between XFG and POAG or SOAG groups, 
but could not be used to differentiate between POAG 
and SOAG groups. The TGF-β2/ATX ratio could be used 

Fig. 1 Relationships between glaucoma subtypes and levels of aqueous ATX (A), TGF-β1 (B), TGF-β2 (C), and TGF-β3 (D) and correlations 
between IOP and levels of aqueous ATX (E), TGF-β1 (F), TGF-β2 (G), and TGF-β3 (H). A The level of ATX measured by immunoenzymetric assay 
was significantly lower in the control group than in any glaucoma group (P < 0.05 for POAG, P < 0.001 for SOAG or XFG), and differed significantly 
between the POAG group and SOAG or XFG groups (P < 0.01). B The level of TGF-β1 was significantly lower in the control group than in any 
glaucoma group (P < 0.01 for POAG and SOAG, P < 0.001 for XFG), while it was higher in the XFG group than in POAG or SOAG groups. C The level 
of TGF-β2 exhibited an inverse tendency, especially between POAG and XFG groups (P < 0.05 between control and POAG, P < 0.001 between POAG 
and XFG). D The level of TGF-β3 was significantly higher in the XFG group than in any other groups (P < 0.01 for SOAG, P < 0.001 for control or 
POAG). *P < 0.05, **P < 0.01, ***P < 0.01. Levels of ATX (E; Spearman’s rank correlation coefficient = 0.439, P = 0.0000582), TGF-β1 (F; Spearman’s rank 
correlation coefficient = 0.494, P = 0.00000665), and TGF-β3 (H; Spearman’s rank correlation coefficient = 0.537, P = 0.000000664) were positively 
correlated with IOP, whereas the level of TGF-β2 was not (G; Spearman’s rank correlation coefficient = -−0.104, P = 0.378). Relationships between 
glaucoma subtypes and ratios of aqueous TGF-β1/ATX (I), TGF-β2/ATX (J), and TGF-β3/ATX (K) and correlations between IOP and ratios of TGF-β1/
ATX (L), TGF-β2/ATX (M), and TGF-β3/ATX (N). I The TGF-β1/ATX ratio was significantly higher in the XFG group than in the POAG group (P < 0.05). 
J The TGF-β2/ATX ratio was significantly higher in the control and POAG groups than in the SOAG or XFG groups (P < 0.05 between control and 
SOAG, P < 0.01 between POAG and SOAG, P < 0.001 between XFG and control or POAG). K The TGF-β3/ATX ratio was significantly higher in the 
XFG group than in any other group. *P < 0.05, **P < 0.01, ***P < 0.01. L–N Correlations between IOP and ratios of TGF-β1/ATX, TGF-β2/ATX, and 
TGF-β3/ATX. Ratios of TGF-β1/ATX (L; Spearman’s rank correlation coefficient = 0.275, P = 0.017) and TGF-β3/ATX (N; Spearman’s rank correlation 
coefficient = 0.454, P = 0.0000423) were positively correlated with IOP, whereas the ratio of TGF-β2/ATX was negatively correlated with IOP (M; 
Spearman’s rank correlation coefficient = −0.367, P = 0.000961)

(See figure on next page.)
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to differentiate between control and glaucoma groups 
(P = 0.0036), POAG and SOAG groups (P = 0.0284), 
POAG and XFG groups (P = 0.0027), and SOAG and 
XFG groups (P = 0.039). The TGF-β3/ATX ratio could 

be used to differentiate between POAG and XFG groups 
(P = 0.0023), as well as between SOAG and XFG groups 
(P = 0.001). The level of TGF-β3 could be used to dif-
ferentiate between XFG and POAG or SOAG groups. 
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Similarly, the TGF-β3/ATX ratio could clearly be used to 
differentiate between XFG and POAG or SOAG groups.

Correlations between ATX and TGF‑β1–3
Next, we evaluated the correlations of the aqueous level 
of ATX with aqueous levels of TGF-β1, TGF-β2, and 
TGF-β3 (Additional file 1: Figure S2). Among TGF-βs, 
a significant correlation was observed only between the 
levels of TGF-β1 and TGF-β3 (P < 0.0001). Analysis of 
the levels of ATX and TGF-βs revealed that the levels 
of TGF-β1 (P < 0.0001) and TGF-β3 (P < 0.0001) were 
positively correlated with the level of ATX (Additional 
file  1: Figure S2A and C), while the level of TGF-β2 
was not (Additional file  1: Figure S2B, P = 0.771). We 
also evaluated the correlations in specific glaucoma 
subtypes. For the POAG group (Additional file  1: Fig-
ure S2D–F), the level of ATX was positively correlated 
with levels of TGF-β1 (Additional file  1: Figure S2D, 
P = 0.00494) and TGF-β2 (Additional file 1: Figure S2E, 
P = 0.0408), but not with the level of TGF-β3 (Addi-
tional file  1: Figure S2F). For the XFG group (Addi-
tional file 1: Figure S2J–L), levels of TGF-β1 (Additional 
file  1: Figure S2J, P < 0.0001) and TGF-β3 (Additional 
file 1: Figure S2L, P = 0.0192) were positively correlated 
with the level of ATX, while the level of TGF-β2 was 

not (Additional file  1: Figure S2K, P = 0.761). For the 
SOAG group (Additional file 1: Figure S2G–I), no sig-
nificant correlations were observed between the level of 
ATX and levels of TGF-β1–3.

TGF‑β2 and ATX mRNA expression levels in anterior 
segments of normal and SOAG eyes
We sought to elucidate the role and crosstalk of TGF-
β2 and ATX in glaucoma pathogenesis and regulation 
of TM fibrosis. First, using RNAscope analysis, we 
assessed mRNA expression levels and co-localization 
of TGF-β2 and ATX in donor eyes from normal indi-
viduals or patients with SOAG. As shown in Fig.  2, 
both TGF-β2 and ATX mRNA expression levels were 
detectable in the ciliary body (CB) and TM in the ante-
rior segments of normal eyes. The expression levels of 
both TGF-β2 and ATX in CB were enhanced in SOAG 
eyes, compared with normal eyes. The expression level 
of ATX was elevated in CB of SOAG eyes (Fig. 2A). The 
expression levels of TGF-β2 and ATX in TM exhibited 
similar tendencies, and the expression level of ATX 
was stronger than that of TGF-β2 in TM of SOAG eyes 
(Fig. 2B). These findings are consistent with the profiles 
of these mediators in AH of patients with SOAG.

Table 2 AUC values for classifying disease types

*P < 0.05, **P < 0.01

ATX autotaxin, TGFβ transforming growth factor-beta, POAG primary open angle glaucoma, SOAG secondary open angle glaucoma, XFG Exfoliation glaucoma

Aqueous mediator Control and 
glaucoma

Control and POAG POAG and SOAG POAG and XFG SOAG and XFG

ATX 0.8569** 0.72353* 0.79474** 0.82895 ** 0.5928

TGFβ1 0.84636** 0.76324 0.68824 0.85833** 0.71732

TGFβ2 0.58409 0.78125* 0.62353 0.84722** 0.73203*

TGFβ3 0.75273 0.43676 0.66029 0.98056 ** 0.91503**

TGFβ1/ATX 0.51818 0.54706 0.4671 0.77222** 0.7451

TGFβ2/ATX 0.72543** 0.49118 0.77353* 0.93889 ** 0.71895*

TGFβ3/ATX 0.58091 0.61765 0.58529 0.97778** 0.92157**

(See figure on next page.)
Fig. 2 (A, B): RNAscope analysis of TGF-β2 and ATX mRNA expression levels in anterior segments of normal and SOAG eyes. Expression levels of 
TGF-β2 and ATX in CB (A) or TM (B) of normal and SOAG eyes. Both TGF-β2 and ATX mRNA expression levels were detectable in CB (A) and TM (B) 
in anterior segments of normal eyes. Expression levels of both TGF-β2 and ATX in CB were enhanced in SOAG eyes compared with normal eyes, 
while the expression level of ATX was elevated in CB of SOAG eyes (A). Expression levels of TGF-β2 and ATX in TM exhibited similar tendencies, 
and the expression level of ATX was also more robust than that of TGF-β2 in TM of SOAG eyes (B). C–F Effects of TGF-β2 on ATX mRNA expression 
level in hTM cells and LysoPLD activity in cell culture supernatant (n = 4). The relative mRNA expression level of ATX was significantly upregulated, 
compared with controls, following treatment with 0.1 ng/ml TGF-β2, but this upregulation was significantly suppressed by treatment with TGF-β2 
at a concentration > 1 ng/ml (C). These effects were significantly suppressed by treatment with TGF-β inhibitor SB431542 (D). E Following treatment 
with TGF-β2 at a concentration of 500 pg/ml, the expression level of ATX was not significantly changed. The expression of ATX was significantly 
upregulated with CMV infection in the absence of TGF-β2, while the expression of ATX was significantly downregulated in the presence of 
500 pg/ml TGF-β2. This downregulation was suppressed by treatment with TGF-β inhibitor (E). F LysoPLD activity in the conditioned medium was 
significantly upregulated by CMV infection, and suppressed by treatment with 500 pg/ml TGF-β2. *P < 0.05, **P < 0.01, ***P < 0.001
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Effects of TGF‑β2 on mRNA expression of ATX in human TM 
cells
Next, we investigated the effects of TGF-β2 on mRNA 
expression of ATX in cultured human TM (hTM) cells 
in vitro. The mRNA levels in hTM cells were assessed by 
quantitative polymerase chain reaction (qPCR) (Fig. 2C, 
D), following treatment with various concentrations of 
TGF-β2 (0–10  ng/ml). The relative mRNA expression 
of ATX was significantly upregulated, compared with 
controls, when hTM cells were treated with 0.1  ng/ml 
TGF-β2. However, this upregulation was significantly 
suppressed, compared with controls, when the TGF-
β2 concentration was > 1  ng/ml (Fig.  2C). These effects 
were significantly suppressed by treatment with TGF-β 
inhibitor SB431542 (Fig. 2D). Thus, ATX upregulation in 
hTM cells was regulated by TGF-β2 in a concentration-
dependent manner.

We previously reported that CMV infection could 
upregulate ATX expression in hTM cells, thus mimick-
ing SOAG pathology in vitro [18]. Therefore, we explored 
whether the upregulation of ATX in CMV-infected hTM 
cells could be affected by pre-treatment with TGF-β2. 
hTM cells were pre-stimulated with 500  pg/ml TGF-
β2, a modified aqueous TGF-β2 concentration based 
on the clinically active TGF-β2 levels in AH. As shown 
in Fig. 2E, at 500 pg/ml TGF-β2, the expression of ATX 
was neither upregulated nor suppressed significantly. The 
ATX expression was significantly upregulated with CMV 
infection in the absence of TGF-β2, but the expression of 
ATX was significantly downregulated in the presence of 
TGF-β2. This downregulation was suppressed by treat-
ment with TGF-β inhibitor (Fig. 2E).

To confirm the activity of ATX secreted from hTM 
cells, we measured lysophospholipase D (lysoPLD) activ-
ity (the ability of ATX to generate LPA) in the condi-
tioned medium (Fig. 2F). Consistent with the regulation 
of ATX mRNA expression shown in Fig. 2E, the lysoPLD 
activity in the conditioned medium was significantly 
upregulated by CMV infection, and suppressed in the 
presence of TGF-β2.

Immunocytochemical analysis of the effects of TGF‑β2 
on protein expression of ATX in hTM cells
Immunocytochemistry was used to confirm the concen-
tration-dependent effects of TGF-β2 on ATX protein 
expression patterns in hTM cells. As shown in Fig. 3, the 
characteristic protein expression pattern of ATX in vesi-
cles was considerably enhanced after TGF-β2 treatment 
at concentrations of 0.01 and 0.1 ng/ml, but ATX protein 
expression was reduced after TGF-β2 treatment at the 
concentration of 1  ng/ml. The concentration-dependent 
changes in ATX expression induced by TGF-β2 were sig-
nificantly suppressed by treatment with TGF-β inhibitor.

Effects of TGF‑β2 on ATX‑related transcription factors 
in hTM cells
To investigate the effects of TGF-β2 on the transcrip-
tional regulation of ATX in hTM cells, we investigated 
the phosphorylation statuses of signal transducer and 
activator of transcription 3 (STAT3) and stress-activated 
protein kinase (SAPK)/Jun amino-terminal kinase (JNK), 
as these transcription factors reportedly regulate ATX 
expression [24, 25]. Using enzyme-linked immunosorb-
ent analysis, we observed significant downregulation of 
the phospho-STAT3/total STAT3 ratio in hTM cells after 
TGF-β2 treatment at the concentration of 10 ng/ml, com-
pared with control or 0.1 and 1 ng/ml concentrations of 
TGF-β2. This ratio was also significantly downregulated 
after TGF-β2 treatment at the concentration of 1  ng/
ml, compared with 0.1 ng/ml (Fig. 4A). Western blotting 
(WB) analysis revealed that phospho-STAT3 was signifi-
cantly upregulated after treatment with 0.1 ng/ml TGF-
β2, but no significant differences were observed between 
control and 1 or 10  ng/ml concentrations of TGF-β2 
(Fig. 4B, C). Significant upregulation of phospho-SAPK/
JNK was observed when hTM cells were treated with 
1 ng/ml TGF-β2 (Fig. 4D).

Effects of TGF‑β2 on phosphorylation of STAT3 and SAPK/
JNK in CMV‑infected hTM cells
Figure  4E presents the expression levels of STAT3 and 
SAPK/JNK when hTM cells were infected with CMV, 
in the presence or absence of TGF-β2. Expression levels 
of both phospho-STAT3 and phospho-SAPK/JNK were 
significantly upregulated with CMV infection, whereas 
they were significantly attenuated in the presence of 
TGF-β2 at the concentrations of 1 and 10 ng/ml (Fig. 4F 
and 4G, P < 0.001 for phospho-STAT3 and P < 0.01 for 
phospho-SAPK/JNK).

Effects of canonical TGF‑β pathway on the expression 
of ATX in hTM cells
Because the non-canonical TGF-β pathway is presum-
ably involved in ATX expression, we investigated the 
effects of TGF-β2 on ATX in the presence or absence of 
10 μM Smad3 inhibitor (SIS3). As shown in Fig. 5A, the 
expression of connective tissue growth factor (CTGF) 
was significantly upregulated with TGF-β2 stimulation in 
a concentration-dependent manner, whereas it was sig-
nificantly downregulated with 10 μM SIS3 application. In 
contrast, the expression of ATX was not affected by SIS3 
application (Fig. 5B).

Effects of ATX on expression levels of TGF‑βs
Next, we investigated whether ATX affects the expres-
sion levels of TGF-βs. The relative mRNA expression lev-
els of TGF-β1–3 were evaluated in hTM cells subjected 
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to ATX stimulation. The expression of TGF-β1 was sig-
nificantly upregulated with ATX stimulation, while this 
change was significantly attenuated by treatment with 
10 μM SB431542 or 10 μM HA130 (P < 0.01; Fig. 6A). The 
expression of TGF-β2 was also significantly upregulated 

with ATX stimulation, but this change was attenuated by 
treatment with 5 or 50  μM SB431542, or 1  μM HA130 
(P < 0.05 for 5  μM SB431542 and 1  μM HA130, P < 0.01 
for 50  μM SB431542; Fig.  6B). However, the expression 
of TGF-β3 did not differ significantly following ATX 

Fig. 3 Confirmation of the effects of TGF-β2 on ATX protein expression in hTM cells by immunocytochemistry. Immunocytochemistry of ATX in 
TGF-β2-stimulated hTM cells. Left panels present cells that were stained with DAPI (4’,6-diamidino-2-phenylindole). Middle panels present cells 
stained for ATX. Right panels present merged images. Characteristic ATX protein expression in vesicles was evident after treatment with TGF-β2 at 
concentrations of 0.01 and 0.1 ng/ml, while ATX protein expression was downregulated after treatment with TGF-β2 at the concentration of 1 ng/
ml. These effects were significantly suppressed by treatment with the TGF-β inhibitor SB431542. Bar, 200 µm
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stimulation (Fig. 6C). Subsequently, we used WB to con-
firm that activation of the ATX signaling pathway influ-
enced TGF-β2 expression. Figure  6D and E present the 
representative bands for WB when hTM cells were stim-
ulated with 40 μM ATX or 10 μM LPA, in the presence or 
absence of the corresponding inhibitors (10  μM HA130 
or 10  μM Ki16425). The expression of TGF-β2 was 
upregulated following stimulation with ATX or LPA, and 
this change was attenuated by treatment with the corre-
sponding inhibitors (Fig. 6D and E). Quantitative analy-
sis also revealed significant differences (n = 3, Fig.  6D 
and E). Collectively, these results indicate that TGF-β1 
and 2 were upregulated by ATX stimulation, and that 
this upregulation was suppressed by both TGF-β inhibi-
tion and ATX inhibition. Thus, ATX might transactivate 
TGF-β in hTM cells.

Effects of ATX/LPA pathway on transactivation of TGF‑β
To clarify the effects of ATX transactivation on the tran-
scriptional activity of the Smad regulator, we measured 
the luminescence from a luciferase reporter gene fused 
with 12 repeats of the Smad-binding element (CAGA-
12) using luciferase assay in hTM cells, as previously 
described [20, 21, 26]. We measured the relative CAGA-
12 promoter activity under treatment with 10  ng/ml 
TGF-β2, 40 µM ATX with or without its inhibitor (10 µM 
HA130), and 10  µM LPA with or without its inhibitor 
(10  µM Ki16425). The relative levels of CAGA-12 pro-
moter activity were significantly upregulated after treat-
ment with TGF-β2, ATX, and LPA. Those changes were 
significantly downregulated when either ATX inhibi-
tor (HA130) or LPA inhibitor (Ki16425) were applied 
(Fig. 6F).

Because treatment with ATX significantly upregulated 
expression levels of TGF-β1, we explored the expression 
of TGF-β-induced protein, as TGF-β-induced protein 
inhibition reportedly increased TGF-β1 release and led 

to TGF-β1 pathway activation [27]. However, the expres-
sion of TGF-β-induced protein was significantly upregu-
lated with ATX stimulation (P < 0.05; Fig.  6G), and the 
change was inhibited by treatment with 50 μM SB431542 
(P < 0.05; Fig. 6G) but not by ATX inhibitor. These find-
ings indicate that the regulation of TGF-β1 was mediated 
by mechanisms other than integrin-mediated regulation 
involving TGF-β-induced protein.

LPA reportedly transactivates latent TGF-β in a 
Rho-CTGF-dependent manner [28], and Smad-mediated 
CTGF activation is presumed to be involved in positive 
forward feedback of TGF-β [29]. Therefore, we inves-
tigated ATX-induced mRNA expression of CTGF. As 
shown in Fig.  6H, CTGF was significantly upregulated 
by ATX treatment, while the changes were attenuated 
via inhibition of TGF-β or ATX, implying that ATX/
LPA-induced transactivation of TGF-β could be induced 
by downstream CTGF signaling. These results indicate 
that the activated ATX/LPA pathway transactivated the 
TGF-β/Smad/CTGF signaling pathway and regulated 
positive feedback of TGF-β in hTM cells.

Effects of ATX and ATX trans‑signaling on mRNA 
expression levels of fibrotic markers
To elucidate the effects of ATX trans-signaling on 
fibrogenic changes in hTM cells, we investigated the 
expression levels of COL1A1, fibronectin, and α-SMA 
(representative markers of fibrosis and epithelial-to-
mesenchymal transition). The relative mRNA expression 
levels of COL1A1, fibronectin, and α-SMA under ATX 
stimulation in the presence or absence of 5 or 50  μM 
SB431542, or 1 or 10  μM HA130, were analyzed using 
reverse transcriptase (RT)-qPCR.

ATX-induced changes in COL1A1, fibronectin, and 
α-SMA were significantly suppressed by treatment with 

(See figure on next page.)
Fig. 4 Effects of TGF-β2 on phosphorylation of STAT3 or SAPK/JNK in hTM cells. A Enzyme-linked immunosorbent analysis revealed significant 
downregulation of phospho-STAT3/total STAT3 ratio in hTM cells after treatment with TGF-β2 at the concentration of 10 ng/ml, compared with 
control or concentrations of 0.1 and 1 ng/ml. The ratio was also significantly downregulated after treatment with TGF-β2 at the concentration of 
1 ng/ml, compared with 0.1 ng/ml (n = 4). B–D Western blotting of stress-activated protein kinase (SAPK)/Jun amino terminal kinase (JNK) and 
STAT3 in TGF-β2 treated hTM cells (n = 3). Representative bands for SAPK/JNK and STAT3 are shown in (B), while the relative expression levels of 
STAT3 (C) and SAPK/JNK (D) are shown compared with the loading control (β-tubulin) (n = 3). Phospho-STAT3 was significantly upregulated when 
hTM cells were treated with 0.1 ng/ml TGF-β2 compared with control, and downregulated compared with 10 ng/ml TGF-β2 (C). Phospho-SAPK/
JNK was significantly upregulated when hTM cells were treated with 1 ng/ml TGF-β2. Quantitative analysis also revealed significant differences 
(D). *P < 0.05, **P < 0.01, ***P < 0.01. (E–G) Western blotting of stress-activated protein kinase (SAPK)/Jun amino terminal kinase (JNK) and STAT3 in 
TGF-β2 treated CMV-infected hTM cells (n = 3). Representative bands for SAPK/JNK and STAT3 are shown in E, while the relative expression levels 
of STAT3 (F) and SAPK/JNK (G) are shown compared with the loading control (β-tubulin) (n = 3). Phospho-STAT3 was significantly upregulated 
when hTM cells were infected with CMV compared with control, and this change was attenuated by treatment with 1 ng or 10 ng/ml TGF-β2 (F). 
Phospho-SAPK/JNK was significantly upregulated when hTM cells were infected with CMV compared with control, and this change was attenuated 
by treatment with 1 ng or 10 ng/ml TGF-β2 (F). Quantitative analysis also revealed significant differences. *P < 0.05, **P < 0.01, ***P < 0.001
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either TGF-β inhibitor or ATX inhibitor (Fig.  6I, J, and K). These results indicate that ATX-induced fibrosis and 
epithelial-to-mesenchymal transition were at least partly 
mediated by transactivated TGF-β signaling in hTM cells.
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Discussion
In this study, we investigated the aqueous concentrations 
of ATX and TGF-βs among glaucoma subtypes and found 
significant differences in the profiles of these mediators 
among groups, as well as significant correlations among 
specific mediators in each group. TGF-β2 has been pre-
sumed to play a critical role in POAG pathogenesis based 
on its elevated levels in AH and its abilities to induce 
ECM remodeling and TM fibrosis [30], but the molecular 
mechanisms involved in generating a glaucomatous envi-
ronment remain unknown. Investigation of the molecu-
lar mechanism responsible for crosstalk between TGF-β2 
and ATX in hTM cells further elucidated the possible 

mechanisms involved in the glaucomatous profile of AH 
and pathogenesis in TM.

Our clinical study of AH in patients with glaucoma 
demonstrated that the level of ATX was significantly 
higher in SOAG or XFG groups than in control or POAG 
groups, whereas the level of TGF-β2 was downregulated 
in AH in an inverse manner, consistent with the results of 
previous reports [4, 10–12]. However, the level of TGF-
β2 was not correlated with other mediators or IOP in the 
overall cohort. The level of TGF-β2 was correlated with 
the level of ATX only when limited to the POAG group 
(Figure S1E), supporting the specific role of TGF-β2 in 
POAG pathogenesis.

Fig. 5 Effects of Smad3 inhibitor (SIS3) under TGF-β2 stimulation on the mRNA expression levels of CTGF and ATX (n = 4). After treatment with 
various concentrations of TGF-β2 (0–10 ng/ml), the relative mRNA expression level of CTGF was significantly upregulated compared with controls, 
but this upregulation was significantly suppressed by treatment with 10 μM SIS3 (A). In contrast, the expression level of ATX did not change after 
treatment with SIS3 (B). *P < 0.05, **P < 0.01, ***P < 0.001. C Possible mechanisms of TGF-β2-medated ATX expression in hTM cells. Expression of ATX 
may be mediated through a non-canonical TGF-β pathway, but not the canonical TGF-β pathway
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AH levels of TGF-β1and TGF-β3 exhibited similar ten-
dencies to ATX levels. These three mediators were corre-
lated with each other, and were positively correlated with 
IOP in the overall cohort. Furthermore, although TGF-β1 
has been implicated in glaucoma through genetic analy-
sis, and has been presumed to play a role in pathologi-
cal IOP elevation through fibrotic regulation of TM and 
ECM remodeling [31, 32], it has been speculated that the 
high IOP itself might induce the expression of activated 
TGF-β1 in TM cells. Thus far, the pathological role of 
TGF-β1 in glaucoma remains unclear [33]. We and oth-
ers have reported that CMV infection induces significant 
TGF-β1 upregulation in hTM cells and could be related 
to the enhanced fibrotic response in TM [18, 34, 35]. 
However, we recently confirmed that ATX expression 
was significantly induced by CMV infection preceding 
the upregulation of TGF-β1 expression in TM. Moreover, 
the level of TGF-β1 was not correlated with IOP, while 
the level of ATX was significantly positively correlated 
with IOP [18]. In the present study, we found that treat-
ment with ATX significantly upregulated TGF-β1 expres-
sion in hTM cells (Fig. 6A). RNAscope analysis revealed 
extensive mRNA localization of ATX in CB (Fig.  2A), 
where AH is generated. Therefore, we speculate that AH 
with a high concentration of ATX could be generated in 
SOAG eyes, which then affects TM and contributes to 
the high expression of TGF-β1 in SOAG.

Higher levels of TGF-β3 have been observed in a few 
studies regarding XFG, but to date little is known about 
the role of TGF-β3 in glaucoma pathogenesis [36, 37]. 
XFG is one of the glaucoma subtypes which is usually 
categorized in SOAG. However, at the same time, XFG 

causes more severe inflammation and excessive fibrosis 
in TM with elevated IOP [10, 38, 39], and its prognosis is 
poor compared to other subtypes which are categorized 
as SOAG. In our previous reports, we have reported that 
there were significant differences concerning the upregu-
lation of aqueous ATX between SOAG and XFG, and fur-
thermore, most recently, we have reported the diagnostic 
ability of these characteristic upregulation of mediators 
in AH that high AUC values were obtained with ATX for 
discriminating XFG from normal eyes [12, 40]. Therefore, 
we focused and enrolled XFG patients apart from SOAG 
in this study as an independent group. Although the level 
of TGF-β3 was correlated with the levels of TGF-β1 and 
ATX, we found no correlations between TGF-β3 and 
TGF-β2, and ATX treatment did not affect the expression 
of TGF-β3 (Additional file 1: Figure S2, Fig. 6C). TGF-β3 
might have a pathological role in XFG, but presumably 
does not have a role in POAG or SOAG. Collectively, the 
results indicate that TGF-β1 or TGF-β3 could be at least 
partly involved in glaucomatous changes in the TM, but 
they are unlikely to play a predominant role in the glau-
comatous eye. We previously observed that significantly 
reduced expression of TGF-β2 was induced by CMV 
infection [18], which implied that TGF-β2 and ATX are 
important factors in SOAG (e.g., via crosstalk between 
ATX and TGF-β2).

We also analyzed the diagnostic value of levels of aque-
ous ATX and TGF-βs by comparing the AUC values 
(Table  2). Consistent with previous findings, the level 
of ATX was of high diagnostic value in differentiating 
the POAG group from the SOAG or XFG groups [12]. 
The level of TGF-β2 was also of high diagnostic value in 

(See figure on next page.)
Fig. 6 Effects of ATX on the expression levels of TGF-βs. A–C n = 4) Relative mRNA expression levels of TGF-β1–3 in hTM cells were evaluated 
following ATX stimulation. The expression of TGF-β1 was significantly upregulated with ATX stimulation, and this change was significantly 
attenuated by treatment with 10 μM SB431542 or 10 μM HA130 (A). The expression of TGF-β2 was also significantly upregulated with ATX 
stimulation, and this change was attenuated by treatment with 5 or 50 μM SB431542, or 1 μM HA130 (B). However, the expression of TGF-β3 
did not significantly differ following ATX stimulation (C). *P < 0.05, **P < 0.01, ***P < 0.001. D–E Western blotting analysis of TGF-β2 when hTM cells 
were stimulated with ATX (D) or LPA (E). Figures on the right side present representative WB bands when hTM cells were stimulated with 40 μM 
ATX or 10 μM LPA with or without corresponding inhibitors (10 μM HA130 or 10 μM Ki16425). The expression of TGF-β2 was upregulated upon 
stimulation with ATX or LPA, and this change was attenuated by treatment with the corresponding inhibitors (D and E). Quantitative analysis 
revealed significant differences (n = 3, E and G). *P < 0.05, **P < 0.01. ATX induced expression of CAGA-12 promoter activity, TGF-β-induced protein 
and CTGF and fibrotic markers in hTM cells (F-K, n = 4). F Luminescence in hTM cells expressing a luciferase reporter gene fused with 12 repeats of 
the Smad-binding element (CAGA-12) was measured using luciferase assay. Relative activity of the promoter was measured under treatment with 
10 ng/ml TGF-β2, 40 µM ATX with or without its inhibitor (10 µM HA130), and 10 µM LPA with or without its inhibitor (10 µM Ki16425). The relative 
levels of CAGA-12 promoter activity were significantly upregulated after treatment with TGF-β2, ATX, and LPA, and those changes were significantly 
downregulated when either ATX inhibitor (HA130) or LPA inhibitor (Ki16425) were applied (F). *P < 0.05. G The relative mRNA expression level of 
TGF-β-induced protein was evaluated following ATX stimulation in hTM cells. The expression of TGF-β-induced protein was significantly upregulated 
with ATX stimulation, and this change was inhibited by treatment with 50 μM SB431542 but not ATX inhibitor (G). *P < 0.05. (H) Measurement of 
ATX-induced CTGF mRNA expression. CTGF was significantly upregulated by ATX treatment, and the changes were attenuated by inhibition of 
TGF-β or ATX. *P < 0.05, **P < 0.01, ***P < 0.001. (I-K): Effects of ATX on the mRNA expression levels of fibrotic markers. Relative mRNA expression 
levels of COL1A1, fibronectin, and α-SMA were analyzed under ATX stimulation with or without 5 μM or 50 μM SB431542, or 1 μM or 10 μM HA130. 
Expression levels of COL1A1, fibronectin, and α-SMA were enhanced upon ATX stimulation, and these changes were significantly suppressed by 
treatment with either TGF-β inhibitor or ATX inhibitor (D, E, and F)
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differentiating the POAG group from the XFG group. 
Analysis of TGF-β2 and ATX revealed that the TGFβ2/
ATX ratio could effectively be used to differentiate the 
POAG group from the SOAG or XFG groups (Fig. 1J and 
Table 2). In addition to the investigation on the correla-
tion between aqueous mediators and IOP or glaucoma 
subtypes, the relationship between the mediators and 
glaucoma progression is another important issue. Most 
recently, we reported the relationship between the aque-
ous mediators (ATX and TGF-b1-3) and mean deviation 
(MD), using aqueous humor samples obtained from 281 
consecutive patients [40]. We found that ATX was the 
only factor that exhibited a negative correlation to the 
MD, and TGF-β1–β3 did not exhibit any significant cor-
relations. It is possible to speculate that ATX reflect IOP 
elevation and could be an aqueous biomarker which may 
predict the possible progression of glaucoma reflecting 
the IOP elevation, however, not only the data from visual 
field testing (MD) but also results from optical coherence 
tomography (OCT) would be needed to further under-
stand the relationship between aqueous mediators and 
glaucoma progression. We would like to investigate this 
issue in the future study.

Accordingly, we speculated that more crosstalk might 
be present between TGF-β2 and ATX, and we next inves-
tigated this using in vitro analysis.

We first performed RNAscope analysis to identify the 
mRNA localization of TGF-β2 and ATX in the ante-
rior segment of the eye (Fig.  2A and B). We confirmed 
increased expression levels of both mediators in CB and 
TM in normal and SOAG eyes. The expression levels of 
both TGF-β2 and ATX were upregulated in CB and TM 
in SOAG eyes, compared with normal eyes. Moreover, 
ATX expression was further enhanced, compared with 
TGF-β2. As mentioned above, the increased expression 
of ATX in CB of SOAG eyes resulted in the production 
of AH with a high ATX concentration in patients with 
SOAG. The mRNA expression level of ATX was also 
high in TM of SOAG eyes, while the expression of TGF-
β2 was limited. We previously reported that conditions 
mimicking SOAG, such as dexamethasone stimulation or 
CMV infection [12, 18], induced ATX protein expression 
and activity in hTM cells. Additionally, those hTM cells 
secreted ATX and exhibited upregulation of lysoPLD 
activity in the medium, affecting TM fibrosis in an auto-
crine or paracrine manner. Given these results, the AH 
generated from ATX-enhanced CB and ATX secreted 
from challenged hTM cells presumably synergistically 
contribute to a high concentration of ATX in AH, lead-
ing to glaucomatous changes in the aqueous pathway in 
SOAG eyes.

Notably, the mRNA and protein expression levels of 
ATX in hTM cells were significantly upregulated by 

exogenous TGF-β2 treatment at the lower concentration 
of < 0.01  ng/mL, but significantly downregulated at the 
concentration of 1 ng/mL (Fig. 2C). An inverse relation-
ship was also observed. These findings highlight the spe-
cific differences in AH concentrations of TGF-β2 among 
glaucoma subtypes. We investigated whether the CMV-
infection-induced upregulation of ATX was affected 
by the presence of TGF-β2, and found that the upregu-
lated mRNA expression and lysoPLD activity of ATX 
were significantly attenuated in the presence of TGF-β2 
(Fig. 2E and F). We used 500 pg/mL TGF-β2 to modify 
the effective TGF-β2 levels in AH, such that the mean 
values of aqueous total TGF-β2 were 1751.3 ± 452.6 pg/
mL in the control group and 2293.3 ± 592.7 pg/mL in the 
POAG group (Fig. 1C). We suspect that ATX upregula-
tion evoked by pathological challenge may lead to SOAG, 
and that this is suppressed in environments with higher 
levels of TGF-β2. These conditions were present in con-
trol and POAG groups in the present study. Importantly, 
when the level of TGF-β2 is not fully upregulated and the 
expression of ATX is not fully downregulated (i.e., SOAG 
or XFG), ATX is not expected to be suppressed. This 
induces excessive ECM deposition and TM fibrosis, lead-
ing to an overwhelming increase in IOP.

To clarify the transcriptional regulatory mechanisms 
of TGF-β2 with regard to ATX expression, we analyzed 
the effects of TGF-β2 on two reported modulators of 
ATX, SAPK/JNK and STAT3, which are involved in non-
canonical TGF-β signaling. In the culture medium, the 
ratio of phospho-STAT3 relative to total STAT3 was sig-
nificantly downregulated upon treatment with 1  ng/mL 
TGF-β2 (Fig.  4A). Although we observed no significant 
difference compared with control at the TGF-β2 concen-
tration of < 0.1 ng/mL, the expression of phospho-STAT3 
tended to be upregulated. This concentration-dependent 
effect of TGF-β2 on phospho-STAT3 expression coin-
cided with the changes in mRNA expression level of ATX 
induced by treatment with TGF-β2 (Fig. 2C). It has been 
suggested that STAT3 is a direct transcriptional regulator 
of ATX and that downregulation of STAT3 causes a sig-
nificant reduction in ATX protein expression in human 
tumor cells [24, 25]. Our data suggest that ATX upreg-
ulation and downregulation in hTM cells is likely medi-
ated by STAT3 activation. This was confirmed by our WB 
analysis (Fig. 4B–D), whereby the expression of phospho-
STAT3 was significantly upregulated upon treatment 
with TGF-β2 at the concentration of 0.1 ng/mL, while it 
was downregulated upon treatment with TGF-β2 at the 
concentration of < 0.1  ng/mL. The expression of phos-
pho-SAPK/JNK, which is reportedly activated by non-
canonical TGF-β signaling and crosstalk with STAT3 
[41], was also upregulated upon treatment with TGF-β2 
at the concentration of 1 ng/mL. Treatment with a higher 
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concentration of TGF-β2 tended to downregulate the 
expression of phospho-SAPK/JNK (Fig. 4B and D).

We also examined how these transcriptional factors are 
mediated by TGF-β2 in the pathologic condition where 
the expression of ATX is exogenously upregulated. Dur-
ing CMV infection of hTM cells, SAPK/JNK-STAT3 sign-
aling was significantly activated, which may lead to ATX 
upregulation. This activation was significantly attenu-
ated upon treatment with TGF-β2 at the concentration 
of < 1 ng/mL (Fig. 4E–G). Because we observed clear dif-
ferences between JNK and STAT3 in the concentration 
of TGF-β2 required to regulate their activation (Fig. 4C 
and D), they could be regulated separately in hTM cells, 
although crosstalk may exist between JNK and STAT3. 
We also investigated whether the canonical TGF-β path-
way is involved in ATX expression via treatment with 
Smad3 inhibitor (SIS3) under TGF-β2 stimulation. How-
ever, we found no effects of the canonical pathway on 
ATX expression (Fig. 5B).

Collectively, our findings suggest that both JNK and 
JAK/STAT3 non-canonical pathways are involved in 
the concentration-dependent TGF-β2 modulation of 
ATX expression, while the canonical pathways are not 
involved in ATX expression. A hypothetical model of 
TGF‐β2‐induced ATX regulation is depicted in Fig. 5C.

We also found that TGF-β1 and 2 were upregulated 
by exogenous stimulation via the ATX/LPA pathway, 
and that mechanisms of ATX transactivation involv-
ing TGF-β2 were mediated by the TGF-β/Smad/CTGF 
signaling pathway. It is reported that auto upregulation 
of TGF-β is mediated by the pathway and forms a pos-
itive-feedback circuit [29, 42], and CTGF itself plays an 
important role in glaucoma pathogenesis by contribut-
ing to abnormal accumulation of ECM in TM [43]. Nev-
ertheless, LPA reportedly initiates autocrine signaling 
and CTGF upregulation, and plays a role in giving rise 
to paracrine profibrotic signaling in Rho/CTGF depend-
ent activation of TGF-β [28]. We additionally explored 
the effects of ATX trans-signaling on fibrogenic changes 
in hTM cells with RT-qPCR (Fig.  6I–K), and expres-
sion of COL1A1, fibronectin, and α-SMA by ATX was 
significantly suppressed by treatment with both TGF-β 
inhibitor and ATX inhibitor, as expected. These findings 
suggest that the ATX/LPA pathway-induced fibrosis and 
epithelial-to-mesenchymal transition could be mediated 
by transactivated TGF-β/CTGF signaling, at least partly, 
in pathological conditions.

Although multiple physiological roles have been pro-
posed for TGF-β2 in glaucoma, its clinical significance 
or signaling pathway regulation remains unclear. Due 
to the complicated synergistic relationship among the 
mediators involved in glaucoma pathogenesis, a full 
understanding of changes in the diseased environment 

will require further detailed delineation of signaling by 
multiple classes of G protein-coupled receptors and G 
proteins.

Conclusions
The present clinical study is the first to demonstrate 
possible crosstalk between TGF-β and ATX in the glau-
comatous AH, and to investigate the regulatory roles in 
glaucoma pathogenesis. The results presented here will 
help to elucidate the molecular mechanisms involved in 
this extremely complex disease and could provide new 
targets to lower IOP.
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