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Abstract: To characterize transforming growth factor-p (TGF-f3) isoform (TGF-1~3)-b’s biological
effects on the human retinal pigment epithelium (RPE) under normoxia and hypoxia conditions,
ARPE19 cells cultured by 2D (two-dimensional) and 3D (three-dimensional) conditions were subjected
to various analyses, including (1) an analysis of barrier function by trans-epithelial electrical resistance
(TEER) measurements; (2) gPCR analysis of major ECM molecules including collagen 1 (COL1), COL4,
and COLG6; a-smooth muscle actin (xSMA); hypoxia-inducible factor 1o (HIF1w); and peroxisome proliferator-
activated receptor-gamma coactivator (PGCla), a master regulator for mitochondrial respiration;, tight
junction-related molecules, Zonula occludens-1 (ZO1) and E-cadherin; and vascular endothelial growth
factor (VEGF); (3) physical property measurements of 3D spheroids; and (4) cellular metabolic analysis.
Diverse effects among TGF-f3 isoforms were observed, and those effects were also different between
normoxia and hypoxia conditions: (1) TGF-p1 and TGF-B3 caused a marked increase in TEER
values, and TGF-32 caused a substantial increase in TEER values under normoxia conditions and
hypoxia conditions, respectively; (2) the results of gPCR analysis supported data obtained by TEER;
(3) 3D spheroid sizes were decreased by TGF-f isoforms, among which TGF-f1 had the most potent
effect under both oxygen conditions; (4) 3D spheroid stiffness was increased by TGF-32 and TGF-
33 or by TGF-1 and TGF-33 under normoxia conditions and hypoxia conditions, respectively;
and (5) the TGF-f isoform altered mitochondrial and glycolytic functions differently under oxygen
conditions and/or culture conditions. These collective findings indicate that the TGF-f3-induced
biological effects of 2D and 3D cultures of ARPE19 cells were substantially diverse depending on
the three TGF-3 isoforms and oxygen levels, suggesting that pathological conditions including
epithelial-mesenchymal transition (EMT) of the RPE may be exclusively modulated by both factors.

Keywords: TGF-f3 isoforms; human retinal pigment epithelium; 3D culture; hypoxia; seahorse
cellular metabolic functions

1. Introduction

Human retinal pigment epithelium (RPE) is a major component of the outer blood—
retinal barrier (0BRB), which helps to maintain physiological homeostasis of the retinal
outer segments including the choroid [1]. In addition, the RPE is a pivotal segment in the
retinal pathogenesis of neovascularization and fibrogenesis, including age-related macular
degeneration (ARMD) and proliferative vitreoretinopathy (PVR) [2]. As a possible factor un-
derlying those pathogenic mechanisms, epithelial-mesenchymal transition (EMT)-related
fibrogenesis of the RPE is primarily involved. It is also thought that EMT of the RPE can
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induce a break in the BRB that results in the development of choroidal neovascularization
(CNV) [3]. Since it has been shown that vitreous levels of transforming growth factor-beta
2 (TGF-f32) are increased in patients with PVR [4-7], TGF-$ isoforms, in addition to their
receptors, are also identified in surgical specimens from patients with PVR [3,8-10]. TGF-{32
is known as one of the potent inducers of pathological EMT.

Hypoxia has also been suggested to be a pathogenic factor in the development of
CNV [11]. In fact, hypoxia facilitates the secretion of various proangiogenic cytokines,
such as erythropoietin (EPO) and vascular endothelial growth factor (VEGF), which are
induced by a mechanism related to hypoxia-inducible factors (HIFs). They are thereby
involved in the development of several retinal diseases, including diabetic retinopathy (DR),
retinal vein occlusion (RVO), and ARMD, in addition to the retinopathy of prematurity
(ROP) [12-14]. Since it was shown that TGF-f32-related EMT of the RPE caused dysfunctions
of mitochondrial respiration [15], TGF-2-related EMT of RPE cells and oxygen conditions
may be closely linked. It is extremely important to understand in more detail the underlying
mechanisms responsible for retinal neovascularization and fibrogenesis. Recently, to study
the effects of both factors on EMT of the RPE, TGF-32-related EMT was studied under
normoxia and hypoxia conditions using a three-dimensional (3D) culture [16-19] of the
human RPE cell line, ARPE19 cells, in addition to their two-dimensional (2D) culture.
The results showed significant alterations of TGF-f32-related EMT in both the 2D- and
3D-cultured ARPE19 cells caused by different oxygen conditions, despite the cells’ different
metabolic plasticity. Therefore, these observations suggested that EMT of ARPE19 cells
may be significantly modulated during their spatial spreading changes [20].

Among members of the human TGF-f family, TGF-3-1, TGF-3-2, TGF-$3-3, and oth-
ers have been identified [21]. Functionally, these three TGF-f3 isoforms induce different
biological functions by binding the identical receptors through the Smad2/3 signaling
mechanism [22-25]. Intraocularly, elevated levels of these three TGF-f3 isoforms in the
aqueous humor (AH) have been shown [26], and these isoforms are involved in different
ways in glaucoma pathogenesis [27-29]. In a previous study, TGF-31, TGF-32, and TGF-33
were localized differently in the posterior segments of human eyes [30], and gene expres-
sion of the three receptors, TGFBR1, TGFBR2, and TGFBR3, was also identified in the chick
retina, RPE, and choroid [31]. On the other hand, it was reported that the expression of
TGF-$1 and -2 was only detected in cultured human RPE cells [32]. Collectively, these
findings suggested that the TGF-f3 isoforms have different physiological and pathological
roles, including EMT of the RPE, though their roles have not been elucidated.

Here, to compare the induced biological nature of the three TGF-f3 isoforms under
different oxygen conditions (normoxia and hypoxia), including EMT of the RPE, 2D- and
3D-cultured ARPE19 cells were prepared and subjected to barrier function analysis using
trans-epithelial electrical resistance (TEER) measurements (2D), seahorse mitochondrial
and glycolytic function analysis (2D), physical property analysis of 3D spheroids, and
(4) gPCR analysis of various factors related to ECM, EMT, hypoxia, and cell junction.

2. Materials and Methods

Two-dimensional and three-dimensional cultures of human retinal pigment epithelium
(ARPE19) cells

To use a commercially available human retinal pigment epithelium cell line, ARPE-19
(ATCC, #CRL-2302™), we complied with the tenets of the Declaration of Helsinki, and all
experimental protocols were approval by the internal review board of Sapporo Medical
University.

Two- and three-dimensional cell cultures were maintained as in recently described
methods [20]. Briefly, under standard normoxia conditions (37 °C, 5% CO,) or hypoxia
conditions (37 °C, 5% CO,, 1% O,), ARPE19 cells were cultured in 2D 150 mm culture
dishes in HG-DMEM medium supplemented with 10% FBS, 1% L-glutamine, and 1%
antibiotic-antimycotic. They were maintained by changing the medium every other day.
Alternatively, 3D ARPE19 spheroid culture was processed in a hanging drop culture plate
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(#HDP1385, Sigma-Aldrich, St. Louis, MO, USA) using the above 2D culture medium
supplemented with 0.25% methylcellulose (Methocel A4M) and maintained by changing
half of the medium every other day until Day 6. On Day 1, 5 ng/mL TGF-$1~3 was
administered to the medium to stimulate EMT.

Measurement of TEER

As described in previous reports [19,33], 2D-cultured ARPE19 cells were cultured in
a TEER plate (0.4 pm pore and 12 mm diameter; Corning Transwell, Sigma-Aldrich, St.
Louis, MO, USA), and TEER values were measured using an electrical resistance device
(KANTO CHEMICAL Co., Inc., Tokyo, Japan).

Measurement of the size and solidity of 3D ARPE19 spheroids

To characterize the physical aspects of 3D ARPE19 spheroids, their mean size (um?)
and stiffness (LN /um, requiring force for compression until their semi-diameter could be
measured during a period of 20 s) were evaluated by measuring the largest cross-sectional
area (CSA) of phase-contrast images obtained using an inverted microsxfcope (Nikon
ECLIPSE TS2; Tokyo, Japan) and direct compression using a micro-squeezer (MicroSquisher,
CellScale, Waterloo, ON, Canada), respectively, as reported in a previous study [16,18].

Measurement of real-time mitochondrial and glycolytic functions

For mitochondrial and glycolytic functions, the oxygen consumption rates (OCR) and
the extracellular acidification rates (ECAR) of 2D- and 3D-cultured ARPE19 cells were
determined using a Seahorse XFe96 Bioanalyzer (Agilent Technologies, Santa Clara, CA,
USA) according to the manufactur er’s protocols.

In brief, on the day before the assay, the Seahorse cartridge was hydrated overnight
with ddH,O at 37 °C in a CO;-free incubator. For 2D cells, approximately 20,000 cells were
placed in each well of an XFe96 Cell Culture Microplate (Agilent Technologies, #103794-100)
24 h before the assay. The culture medium was then replaced with 180 uL of Seahorse XF
DMEM assay medium (Agilent Technologies, #103575-100) supplemented with 5.5 mM
glucose, 2.0 mM glutamine, and 1.0 mM sodium pyruvate for the Seahorse XF Cell Mito
Stress Test or with only 2.0 mM glutamine for the XF Glycolysis Stress Test, respectively,
just before the assay. For 3D-cultured cells, on the day of the assay, one to three spheroids,
depending on the size, were transferred into each well of an XFe96 Spheroid Microplate
(Agilent Technologies, #102978-100) that was pre-coated with Cell-Tak (Corning #354240),
and the plate was filled with 180 uL of each Seahorse assay buffer as described above,
depending on the type of assay.

For the Seahorse XF Cell Mito Stress Test, the values of OCR were determined in a 3 min
mix, 3 min measure protocol at baseline and with the following sequential injections: oligomycin
(final concentration: 2.0 uM), carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP,
final concentration: 5.0 uM), and rotenone/antimycin A mixture (final concentration:
1.0 uM). For the Seahorse XF Glycolytic Stress Test, the values of ECAR were determined
in a 3 min mix, 3 min measure protocol at baseline and with the following sequential
injections: glucose until 5.5 mM, oligomycin until 2.0 uM, and 2-deoxyglucose until 50 mM.
Because of the difference in the effects of injected drugs between 2D cells and 3D spheroids,
3 cycles of each measurement, 4 cycles at baseline, and 6 cycles with each injected drug
were employed as comparable analyses for the 2D cells and the 3D spheroids. For the
measurement of hypoxic conditions, the Seahorse bioanalyzer instrument was placed in a
hypoxic chamber with ~3% O, concentration, and the OCR and ECAR were determined.
After assays were complete, the values for OCR and ECAR were normalized by the amount
of protein of the 2D cells determined by a BCA protein assay (TaKaRa Bio, Shiga, Japan), or
those values were normalized by the number of 3D spheroids, respectively.
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Other analytical methods

Using specific primers and probes, as shown in Supplemental Table S1, gPCR analysis
of the 2D or 3D cultures of ARPE19 cells was performed as previously reported [17,34].
Briefly, total RNA was extracted using an RNeasy mini kit (Qiagen, Valencia, CA, USA),
and reverse transcription was processed with the SuperScript IV kit (Invitrogen, Tokyo,
Japan). Respective gene expression was quantified by real-time PCR (Cq value = 40) with
Tagman Master mix (Applied Biosystems/Thermo Fisher Scientific, Waltham, MA, USA).
cDNA quantities were normalized to the expression of the housekeeping gene 3684 (Rpip0,
IDT, San Jose, CA, USA) and are shown as fold changes relative to the control. To perform
statistical analyses of experimental data, Graph Pad Prism, version, 10.2.2 (397) software
(San Diego, CA, USA) was used as described in previous reports [17,34].

3. Results

To compare the EMT of the RPEs under different oxygen conditions caused by three ma-
jor TGF-p isoforms, TGF-31~3, we confirmed in advance no difference in cell viabilities in
the 2D- and 3D-cultured ARPE19 cells by the administration of 5 ng/mL TGF-$1~3 under
20% Oy (normoxia) or 1% O, (hypoxia) conditions, as observed in our preceding study [20].
Initially, to estimate the barrier function of the RPE, as a simple in vitro model for the
outer Blood Retinal Barrier (0BRB), 2D ARPE19 monolayers were subjected to a TEER
measurement. Their culture conditions were confirmed by phase-contrast microscope
(Figure 1 right panels). As shown in Figure 1 panel A, a TGF-f32-induced increase in the
TEER value was observed under hypoxia conditions but not under normoxia conditions,
as consistently observed in our preceding study [20]. In contrast, TGF-31 and TGF-33 had
different effects, that is, they both substantially increased the TEER value under normoxia
conditions but not under hypoxia conditions.

Next, levels of mRNA expression of various molecules including major ECM proteins
collagen 1 (COL1), COL4, and COL6; a-smooth muscle actin («SMA); hypoxia-inducible factor 1a
(HIF1a); and peroxisome proliferator-activated receptor-gamma coactivator (PGCla), a master
regulator for mitochondrial respiration; tight junction-related molecules Zonula occludens-1
(201) and E-cadherin; and vascular endothelial growth factor (VEGF) were compared among
conditions as described above. As shown in Figure 2, despite the fact that mRNA expres-
sion of COL1 and COL4 was not altered by TGF-f33, their expression was substantially
upregulated by TGF-$1 and TGF-32, and those increased levels of TGF-1 were much
more potent under both normoxia and hypoxia conditions. The gene expression of aSMA
was also substantially upregulated by TGF-1 compared to the expression of other genes
under both oxygen conditions. In contrast, the mRNA expression of COL6 was markedly
upregulated by TGF-33 under both normoxia and hypoxia conditions. As for the mRNA
expression levels of tight junction-related molecules, (1) the mRNA expression of ZO1
and E-cadherin was significantly downregulated by hypoxia conditions, (2) that of ZO1
was substantially upregulated by TGF-1 and TGF-33 under both normoxia and hypoxia
conditions, and (3) that of E-cadherin was markedly upregulated under hypoxia conditions.
The mRNA expression of HIF1x was upregulated by hypoxia conditions compared with
that in normoxia conditions, and those effects were further enhanced by TGF-$1 and -32.
The mRNA expression of PGC1a was markedly downregulated by TGF-f3 isoforms, with
more potent effects of TGF-1 and -f32 under normoxia conditions, and similar but smaller
TGF-f isoform effects were observed under hypoxia conditions. The mRNA expression
of VEGF was substantially upregulated by TGF-1 under both normoxia and hypoxia
conditions. Collectively, the results suggested that TGF-f3 isoforms and oxygen conditions
induced diverse effects on the mRNA expression of ECM proteins and tight junction-related
molecules HIF1a and VEGF, suggesting that these multiple factors may contribute to the
fluctuation of physical states of the ARPE19 cell monolayer evaluated by TEER.
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To study these issues further, the TGF-f3 isoform-induced influence on the spatial
spreading of the EMT and physical aspects of 3D ARPE19 spheroids were compared,
including mean areas and hardness (Figures 3-5). Their stiffness, but not their mean areas,
were significantly increased by only hypoxia stimulation; however, the influence of TGF-
B isoforms substantially varied among the isoforms, and simultaneous conditions were
observed with hypoxia. That is, (1) upon administration of TGF-$1 and TGF-32, the 3D
ARPE19 spheroids became significantly downsized and relatively stiff, and those influences
were more prominent with TGF-31; and (2) such TGF-f3 effects were further enhanced by
hypoxia conditions.
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Figure 1. TGF-f isoform-induced effects on barrier functions of 2D ARPE19 monolayers under
different oxygen conditions. Under normoxia and hypoxia conditions, nontreated 2D-cultured
ARPE19 cell monolayers (NT) and 2D-cultured ARPE19 cell monolayers treated with 5 ng/mL
TGF-B1~3 (TGFB1~3) were prepared, and those culture states were observed using a phase-contrast
microscope to ensure that they were monolayers under all experimental conditions. Representative
phase-contrast microscopic images are shown in panel (B). Electric resistance (Qem?) of these 2D-
cultured ARPE19 monolayers (1 = 3 in each experimental condition) was measured using a TEER
measurement device, and TEER values were plotted in panel (A). Scale bar (100 um). * p < 0.05,
**p <0.01.
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Figure 2. TGF-{ isoform-induced effects on mRNA expression of major ECM molecules COL1, COL4,
and COL6; aSMA; HIF1a; and PGC1a, a master regulator for mitochondrial respiration; tight junction-
related molecules ZO1 and E-cadherin; and VEGF of 2D culture of ARPE19 cells under different
oxygen conditions. Under normoxia and hypoxia conditions, 2D-cultured ARPE19 cells that were not
treated (NT) or treated with 5 ng/mL TGF-31~3 (TGFf1~3) (n = 5 in each experimental condition)
were subjected to qPCR analysis. Levels of mRNA expression of COL1, COL4, COL6, aSMA, HIF1a,
PGCla, ZO1, E-cadherin, and VEGF were plotted. * p < 0.05, ** p < 0.01.
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Figure 3. TGF-$3 isoform-induced effects on the appearance of 3DARPE19 spheroids under different
oxygen conditions. Three-dimensional ARPE19 spheroids generated under normoxia and hypoxia
conditions during 6-day spheroid culture period were treated without (NT) or with 5 ng/mL TGF-31~3
(TGFB1~3). Maturation processes of the 3D spheroid were observed by phase-contrast microscopy.
Representative images at Days 1-6 (normoxia) and at Day 6 (hypoxia) are shown. Scale bar (100 pm).
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Figure 4. TGF- isoform-induced effects on the mean sizes of 3D ARPE19 spheroids under different
oxygen conditions. Under normoxia and hypoxia conditions, nontreated 3D ARPE19 spheroids (NT)
and 3D ARPE19 spheroids treated with 5 ng/mL TGF-1~3 (TGF1~3) were generated. The mean
areas (um?) of 3D ARPE19 spheroids were determined using phase-contrast images (1 = 16 each),
and relative values (%) against the areas of NT (50%) were plotted to more easily compare among
conditions. * p < 0.05, ** p < 0.01.
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Figure 5. TGF-f3 isoform-induced effects on the stiffness of 3D ARPE19 spheroids under different
oxygen conditions. Under normoxia and hypoxia conditions, nontreated 3D ARPE19 spheroids (NT)
and 3D ARPE19 spheroids treated with 5 ng/mL TGF-B1~3 (TGF31~3) were generated. To estimate
physical stiffness of the 3D ARPE19 spheroids, living spheroids (1 = 16 each) were each directly
compressed using a micro-squeezer until their semi-diameter could be measured during a period of
20 s. The required force (1N) was measured and divided by the distance of the semi-diameter. As the
index represents 3D spheroid stiffness, the value of pIN/um was plotted. * p < 0.05, ** p < 0.01.

To characterize these diverse TGF-f isoform-induced effects on 2D and 3D cultures
of ARPE19 cells in more detail, the mitochondrial and glycolytic functions were studied
through Seahorse cellular metabolic analysis. The results for the 2D ARPE19 cells and the
ARPE 3D spheroids are shown in Figures 6 and 7, respectively. Indices of mitochondrial
functions were decreased by treatment with TGF-1~3 under normoxia conditions in both
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2D and 3D conditions, as shown in our previous study [20], whereas the effect of TGF-f3
isoforms was prominent in the 2D cells compared with the 3D spheroids. Mitochondrial
respiratory functions and glycolytic functions were markedly reduced in both 2D ARPE19
cells and 3D ARPE19 spheroids under hypoxia, but the effects of TGF-31-3 on these
metabolic indices were diminished under hypoxic conditions compared with normoxia
conditions. Those diverse results in these cellular metabolic functions under different
oxygen conditions were rationally supported by those of the mRNA expressions of oxygen-
sensitive factors HIF1x and PGClg, as above. Collectively, TGF-f3 isoforms had different
effects on (1) barrier functions of an ARPE19 monolayer, (2) cellular metabolic functions, and
(3) spatially spreading EMT, and those effects were also modulated by hypoxia conditions.
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Figure 6. TGF-f3 isoform-induced effects on the mitochondrial and glycolytic functions of 2D-
cultured ARPE19 cells under different oxygen conditions. Under normoxia and hypoxia condi-
tions, nontreated 3D ARPE19 spheroids (NT) and 2D-cultured ARPE19 cells treated with 5 ng/mL
TGF-B1~3 (TGFb1~3) were generated. Each specimen (n = 4) was subjected to a Seahorse real-
time metabolic function analysis. (A) Oxygen consumption rate (OCR) in the Cell Mito Stress
Test under normoxia (~21% O;) condition. (B) OCR in the Cell Mito Stress Test under hypoxia
(~3% Oy) condition. (C) Extracellular acidification rate (ECAR) in the Glycolytic Stress Test
under normoxia (~21% O,) condition. (D) ECAR in the Glycolytic Stress Test under hypoxia
(~3% O3) condition. (E) Indices of metabolic parameters. Basal respiration: OCR pascline)~OCR®r/ A).
ATP-linked respiration: OCRpaseline)~OCR(0ligo), proton leak: OCR(0)igo)~OCR(r/a), maximal
respiration: OCREccp)-OCR(r,a), spare respiratory capacity: OCREccp)~OCRpaseline), Non-
mitochondrial respiration: OCR(g/a), glycolysis: ECAR(glucose)"ECAR (final measurement with 2DG),
glycolytic capacity: ECAR(glycose) ECAR paseline), Oligo: oligomycin, FCCP: carbonyl cyanide
p-trifluoromethoxyphenylhydrazone, Rot/AA: rotenone/antimycin A: 2-DG, 2-deoxyglucose.
*p <0.05.
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Figure 7. TGF-f3 isoform-induced effects on the mitochondrial and glycolytic functions of 3D-
cultured ARPE19 cells under different oxygen conditions. Under normoxia and hypoxia condi-
tions, nontreated 3D ARPE19 spheroids (NT) and 3D ARPE19 spheroids treated with 5 ng/mL
TGF-B1~3 (TGFb1~3) were generated. Each specimen (1 = 5) was subjected to a Seahorse real-
time metabolic function analysis. (A) Oxygen consumption rate (OCR) in the Cell Mito Stress
Test under normoxia (~21% O,) condition. (B) OCR in the Cell Mito Stress Test under hypoxia
(~3% Oy) condition. (C) Extracellular acidification rate (ECAR) in the Glycolytic Stress Test
under normoxia (~21% O,) condition. (D) ECAR in the Glycolytic Stress Test under hypoxia
(~3% O,) condition. (E) Indices of metabolic parameters. Basal respiration: OCR paseline)~OCR(r/ ),
ATP-linked respiration: OCRpaseline)~OCR(0ligo), proton leak: OCR(o}igo)~"OCRRr/a), maximal
respiration: OCRgccp)~OCR(r,a), spare respiratory capacity: OCRrccp)~OCRpaseline), non-
mitochondrial respiration: OCRry a), glycolysis: ECAR(glucose)"ECAR (final measurement with 2DG), 81y~
colytic capacity: ECAR (glucose)"ECAR (paseline), oligo: oligomycin, FCCP: carbonyl cyanide
p-trifluoromethoxyphenylhydrazone, Rot/AA: rotenone/antimycin A: 2-DG, 2-deoxyglucose.
*p <0.05.

4. Discussion

EMT is an indispensable biological process that occurs during various pathogenic
conditions, such as fibrosis and cancer, in addition to physiological conditions, including
embryonic development and wound healing [35,36]. Within the field of ophthalmology,
EMT occurring in the RPE is known to be a pivotal underlying mechanism of several retinal
diseases including PVR and ARMD. EMT is generally regulated by various growth factors
and cytokines such as TGF-fs [37]. In fact, subretinal fibrotic lesions observed in PVR and
ARMD are myofibroblasts, which are not normally present in adult tissues but are produced
by EMT of the RPE [38]. In the case of ARMD, cell-cell adhesions and apical-basal polarity
of RPE cells are diminished, and RPE cells thereby transform into mesenchymal cells
through EMT [39]. In addition, it has been shown that so-called endothelial-mesenchymal
transition (EndMT) also contributes to the cell population of the EMT [40]. In fact, in
neovascular ARMD (nARMD), angiogenesis facilitates the recruitment of inflammatory
cells as well as increases in oxygen supply and nutrients to the affected region [41], and
neovessels thereby sprout from either the choroid or the deep retinal vessels to develop
choroidal neovascular (CNV) membranes or intraretinal angiomatous proliferative lesions.
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These neovessels are leaky vessels and therefore induce retinal edema and hemorrhage.
Therefore, the process of EMT and EndMT in the RPE is not limited to subretinal fibrosis
in ARMD but rather has also been extensively studied and described in the context of
proliferative vitreoretinopathy (PVR) [7], the epiretinal membrane (ERM) [8], proliferative
diabetic retinopathy (PDR) [9], and the retinopathy of prematurity (ROP) [5,10]. Collectively,
EMT of the RPE is an extremely important mechanism causing these vitreoretinal diseases
as well as a pivotal therapeutic target. Therefore, a reliable experimental approach should be
necessary to understand the underlying mechanisms and to identify factors that influence
EMT of the RPE.

In fact, the RPE secretes TGF-31 and -2, which induce various retinal pathogeneses
such as PVR and ARMD, as stated above, in addition to retinal physiology, that is, RPE cell
polarity is determined by TGF-f to maintain the normal physiology of the RPE [42]. As for
the contribution of TGF-f isoforms to EMT of the RPE, TGF-31 and -2 are predominant
isoforms based on previous studies in which TGF-f1 and -2 were detected in vitreous
fluids and subretinal fluid obtained from patients with PVR [43,44]. On the other hand,
recent studies have revealed that in addition to TGF-1 and -2, TGF-$3 was also detected
in AH specimens from patients with glaucoma, suggesting that TGF-1~3 may be differ-
ently involved in the different types of glaucoma pathogenesis [27,45-48]. In fact, we also
found that TGF-1~3 had different effects on physical and biological aspects of in vitro
2D- and 3D-cultured models generated from human trabecular meshwork (HTM) cells,
which replicate the monolayer and multiple layers of the HTM [28,49]. Therefore, those
observations suggested that intraocularly present TGF-33 may also have some effects on
EMT of the RPE, in addition to TGF-f31 and -{32.

Upon decreasing oxygen levels (hypoxia), physiological responses are initiated to
(1) stimulate blood vessel shunt within the lung, (2) increase respiration, and (3) stimulate
erythropoietin (EPO) production to increase the hemoglobin concentration in blood [50,51].
However, hypoxia also has various pathogenic effects through HIF1-mediated signal-
ing [52,53]. HIF1 includes the subunits HIF-1a and -13, and only HIF-1« is detected under
hypoxia conditions in contrast to stable HIF-1f3 [54]. It has also been shown that an HIF-
related mechanism is involved in the pathogenic EMT of RPE-related retinal angiogenesis
such as in CNV development [55] and DR [56-58]. Since it was shown that HIF1« promotes
the TGF-p32-related EMT of ARPE-19 cells [59], TGF-f3 and hypoxia are closely linked in
the pathogenic EMT of the RPE. To support this, previous studies have shown that TGF-3
and hypoxia stimulate the secretion of vascular endothelial growth factors (VEGFs), which
act on endothelial cells to initiate and promote angiogenesis during physiological and
pathological conditions [60,61], from human retinal pigment epithelium (ARPE19) cells [62].
In our preceding study, we also showed by using 2D- and 3D-cultured ARPE19 cells that
TGF-B2 synergistically evoked EMT of the RPE with a hypoxia condition [20]. In the
present study, we consistently observed such synergistical effects of TGF-f32 with hypoxia
on EMT of the RPE. In addition, although the effects of TGF-f31 and -33 were similar to
the effects of TGF-f32, those effects were exclusively modulated by TGF-3 isoforms and
oxygen levels in addition to cell culture conditions of two and three dimensions, suggesting
EMT of the RPE may be modulated by various pathogenic stages and the local environ-
ment. In fact, during the development of pathogenic EMT of the RPE, RPE dysfunctions
are initiated as early manifestations, such as a deterioration of RPE barrier function and
disorganized RPE polarization. Subsequently, EMT characteristics become evident. These
include less differentiated RPE cells, upregulation of various mesenchymal cell markers,
and increased migration ability. This results in the development of various degenerative
retinal diseases [63—66].

It is also well known that EMT is closely associated with metabolic reprogramming.
Indeed, a recent study by Cao et al. showed that EMT in RPE cells is alleviated by the
preservation of mitochondrial function [67]. In the present study, hypoxia significantly
decreased the mitochondrial respiratory functions of ARPE19 cells in both 2D and 3D
culture conditions. Treatment with TGF-f3 isoforms also reduced mitochondrial spare
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respiratory functions in ARPE19 cells, but these effects were not markedly enhanced by
hypoxia. Thus, in ARPE19 cells, hypoxia and TGF-f3 may reduce mitochondrial respiratory
functions in part through a common pathway. Interestingly, among the TGF-f isoforms,
the effects of TGF-f31 on cellular metabolic functions were most pronounced, possibly being
related to the fact that barrier function and extracellular matrix gene expression were most
significantly altered in the TGF-f31 treatment group. Intriguingly, the present study showed
that there was no significant increase in EMT-induced compensatory glycolysis by TGF-{3
isoforms in both 2D and 3D culture conditions. This finding seems to be consistent with
the results of a previous study by Shu et al. showing that TGF-2-induced changes in
OCR indices in RPE cells were more prominent than the increases in ECAR indices [15],
suggesting that EMT in RPE cells is associated with not only metabolic remodeling through
enhanced glycolysis but also with complex mechanisms including changes in fatty acid and
amino acid metabolism. Overall, the results for metabolic functions in the present study
suggest that reduced mitochondrial respiratory functions are prominent due to TGF-3
isoform-induced EMT in RPE cells, and other processes in addition to glycolysis in EMT in
the RPE should be clarified in future studies, such as fatty acid and amino acid metabolism.
As a limitation of this study, it was not determined why the TGF-{3 isoforms involved
in EMT of the RPE are also modulated by oxygen levels (normoxia vs. hypoxia) and local
environments (2D vs. 3D). In terms of a 3D culture approach related to the RPE, the aims of
most studies were focused on future transplantation therapy against various retinal diseases
using transplantation of human embryonic stem cells/induced pluripotent stem cells
(hESCs/hiPSCs) [68-70]. However, our study approach using both 2D and 3D experiments
in the RPE to determine various factors such as TGF-f3, oxygen conditions, and other factors
is quite unique and original. In fact, in addition to conventional 2D planar culture, the
use of 3D spheroid culture facilitates a better understanding of molecular mechanisms
of TGF-3 isoforms and/or hypoxia-induced effects not only on physiological states of
the RPE monolayer but also pathogenic states of multiple layers observed in proliferative
vitreoretinopathy as well as CNV in ARMD. Furthermore, our results suggested potential
regulatory linkages between HIF1 and TGF-f3 signaling in the regulation of EMT of the RPE.
Therefore, further investigations using RNA-Seq analysis, specific inhibitors, and /or SIRNA
against possible factors linked with TGF-{3-related signaling such as Smad and non-Smad
pathways [71] and HIF13-related factors [72] will be required as our next future project.

5. Conclusions

In conclusion, EMT of the RPE is regulated by TGF-f3 isoforms (TGF-$1~3), and
hypoxia has a synergistic effect with these isoforms. These interactions highlight the
complexity of regulatory mechanisms in retinal diseases. A comprehensive understanding
of these processes is important for retinal health.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/bioengineering11060581/s1, Table S1: The sequences of primers and probes
used in this study.

Author Contributions: N.N. and T.S. conducted experiments, analyzed the data, and wrote the paper.
T.O., MH,, AU, SS., M.E and H.O. conducted experiments and analyzed data. M.W. designed
experiments, analyzed data, and helped write the manuscript. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article/Supplementary Materials, further inquiries can be directed to the corresponding author.


https://www.mdpi.com/article/10.3390/bioengineering11060581/s1
https://www.mdpi.com/article/10.3390/bioengineering11060581/s1

Bioengineering 2024, 11, 581 12 of 15

Acknowledgments: We thank Iori Nojima (Sapporo Medical University School of Medicine, Sapporo,
Japan), Tai Kudo (Life Science Division, Primetech Co., Japan), and Koji Ikeda (Douourika Inc.,
Sapporo, Japan) for providing technical assistance in performing extracellular flux analyses under
the hypoxic condition.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

@

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Adamis, A.P; Shima, D.T.; Yeo, K.T.; Yeo, TK.; Brown, L.EF; Berse, B.; D’Amore, P.A.; Folkman, J. Synthesis and secretion of
vascular permeability factor/vascular endothelial growth factor by human retinal pigment epithelial cells. Biochem. Biophys. Res.
Commun. 1993, 193, 631-638. [CrossRef] [PubMed]

Shu, D.Y.; Butcher, E.; Saint-Geniez, M. EMT and EndMT: Emerging Roles in Age-Related Macular Degeneration. Int. |. Mol. Sci.
2020, 21, 4271. [CrossRef] [PubMed]

Campochiaro, P.A. Retinal and choroidal neovascularization. J. Cell. Physiol. 2000, 184, 301-310. [CrossRef] [PubMed]

Connor, T.B., Jr.; Roberts, A.B.; Sporn, M.B.; Danielpour, D.; Dart, L.L.; Michels, R.G.; de Bustros, S.; Enger, C.; Kato, H,;
Lansing, M.; et al. Correlation of fibrosis and transforming growth factor-beta type 2 levels in the eye. . Clin. Investig. 1989,
83, 1661-1666. [CrossRef] [PubMed]

Esser, P.; Heimann, K.; Bartz-schmidt, K.U.; Fontana, A.; Schraermeyer, U.; Thumann, G.; Weller, M. Apoptosis in proliferative
vitreoretinal disorders: Possible involvement of TGF-beta-induced RPE cell apoptosis. Exp. Eye Res. 1997, 65, 365-378. [CrossRef]
[PubMed]

Kon, C.H.; Occleston, N.L.; Aylward, G.W.; Khaw, P.T. Expression of vitreous cytokines in proliferative vitreoretinopathy: A
prospective study. Invest. Ophthalmol. Vis. Sci. 1999, 40, 705-712. [PubMed]

Gonzdlez-Avila, G.; Lozano, D.; Manjarrez, M.E.; Ruiz, VM.; Teran, L.; Vadillo-Ortega, F; Selman, M. Influence on collagen
metabolism of vitreous from eyes with proliferative vitreoretinopathy. Ophthalmology 1995, 102, 1400-1405. [CrossRef] [PubMed]
Bochaton-Piallat, M.L.; Kapetanios, A.D.; Donati, G.; Redard, M.; Gabbiani, G.; Pournaras, C.J. TGF-betal, TGF-beta receptor II
and ED-A fibronectin expression in myofibroblast of vitreoretinopathy. Invest. Ophthalmol. Vis. Sci. 2000, 41, 2336-2342. [PubMed]
Hoerster, R.; Muether, P.S.; Vierkotten, S.; Hermann, M.M.; Kirchhof, B.; Fauser, S. Upregulation of TGF-81 in experimental
proliferative vitreoretinopathy is accompanied by epithelial to mesenchymal transition. Graefe’s Arch. Clin. Exp. Ophthalmol. 2014,
252, 11-16. [CrossRef] [PubMed]

Parapuram, S.K.; Chang, B.; Li, L.; Hartung, R.A.; Chalam, K.V.; Nair-Menon, ].U.; Hunt, D.M.; Hunt, R.C. Differential effects of
TGFbeta and vitreous on the transformation of retinal pigment epithelial cells. Invest. Ophthalmol. Vis. Sci. 2009, 50, 5965-5974.
[CrossRef] [PubMed]

Yang, X.M.; Wang, Y.S.; Zhang, J.; Li, Y.; Xu, J.E; Zhu, ].; Zhao, W.; Chu, D.K.; Wiedemann, P. Role of PI3K/Akt and MEK/ERK
in mediating hypoxia-induced expression of HIF-1alpha and VEGF in laser-induced rat choroidal neovascularization. Invest.
Ophthalmol. Vis. Sci. 2009, 50, 1873-1879. [CrossRef]

Arjamaa, O.; Nikinmaa, M. Oxygen-dependent diseases in the retina: Role of hypoxia-inducible factors. Exp. Eye. Res. 2006,
83, 473-483. [CrossRef]

Aiello, L.P; Avery, RL.; Arrigg, P.G.; Keyt, B.A.; Jampel, H.D.; Shah, S.T.; Pasquale, L.R.; Thieme, H.; Iwamoto, M.A; Park, J.E.;
et al. Vascular endothelial growth factor in ocular fluid of patients with diabetic retinopathy and other retinal disorders. New
Engl. J. Med. 1994, 331, 1480-1487. [CrossRef]

Bressler, S.B. Introduction: Understanding the role of angiogenesis and antiangiogenic agents in age-related macular degeneration.
Ophthalmology 2009, 116, S1-S7. [CrossRef]

Shu, D.Y.; Butcher, E.R.; Saint-Geniez, M. Suppression of PGC-1x Drives Metabolic Dysfunction in TGFB2-Induced EMT of
Retinal Pigment Epithelial Cells. Int. ]. Mol. Sci. 2021, 22, 4701. [CrossRef]

Hikage, F.; Atkins, S.; Kahana, A.; Smith, T.J.; Chun, TH. HIF2A-LOX Pathway Promotes Fibrotic Tissue Remodeling in
Thyroid-Associated Orbitopathy. Endocrinology 2019, 160, 20-35. [CrossRef]

Ida, Y.; Hikage, F; Itoh, K.; Ida, H.; Ohguro, H. Prostaglandin F2« agonist-induced suppression of 3T3-L1 cell adipogenesis affects
spatial formation of extra-cellular matrix. Sci. Rep. 2020, 10, 7958. [CrossRef]

Ota, C.; Ida, Y.; Ohguro, H.; Hikage, F. ROCK inhibitors beneficially alter the spatial configuration of TGF32-treated 3D organoids
from a human trabecular meshwork (HTM). Sci. Rep. 2020, 10, 20292. [CrossRef]

Oouchi, Y.; Watanabe, M.; Ida, Y.; Ohguro, H.; Hikage, F. Rosiglitasone and ROCK Inhibitors Modulate Fibrogenetic Changes in
TGEF-32 Treated Human Conjunctival Fibroblasts (HconF) in Different Manners. Int. . Mol. Sci. 2021, 22, 7335. [CrossRef]
Suzuki, S.; Sato, T.; Watanabe, M.; Higashide, M.; Tsugeno, Y.; Umetsu, A.; Furuhashi, M.; Ida, Y.; Hikage, F.; Ohguro, H. Hypoxia
Differently Affects TGF-p2-Induced Epithelial Mesenchymal Transitions in the 2D and 3D Culture of the Human Retinal Pigment
Epithelium Cells. Int. . Mol. Sci. 2022, 23, 5473. [CrossRef]

Morikawa, M.; Derynck, R.; Miyazono, K. TGF-3 and the TGF-3 Family: Context-Dependent Roles in Cell and Tissue Physiology.
Cold Spring Harb. Perspect. Biol. 2016, 8, a021873. [CrossRef]

Shah, M.; Foreman, D.M.; Ferguson, M.W. Neutralisation of TGF-beta 1 and TGF-beta 2 or exogenous addition of TGF-beta 3 to
cutaneous rat wounds reduces scarring. J. Cell Sci. 1995, 108 Pt 3, 985-1002. [CrossRef]


https://doi.org/10.1006/bbrc.1993.1671
https://www.ncbi.nlm.nih.gov/pubmed/8512562
https://doi.org/10.3390/ijms21124271
https://www.ncbi.nlm.nih.gov/pubmed/32560057
https://doi.org/10.1002/1097-4652(200009)184:3%3C301::Aid-jcp3%3E3.0.Co;2-h
https://www.ncbi.nlm.nih.gov/pubmed/10911360
https://doi.org/10.1172/jci114065
https://www.ncbi.nlm.nih.gov/pubmed/2708527
https://doi.org/10.1006/exer.1997.0341
https://www.ncbi.nlm.nih.gov/pubmed/9299173
https://www.ncbi.nlm.nih.gov/pubmed/10067974
https://doi.org/10.1016/s0161-6420(95)30857-3
https://www.ncbi.nlm.nih.gov/pubmed/9097780
https://www.ncbi.nlm.nih.gov/pubmed/10892881
https://doi.org/10.1007/s00417-013-2377-5
https://www.ncbi.nlm.nih.gov/pubmed/23680864
https://doi.org/10.1167/iovs.09-3621
https://www.ncbi.nlm.nih.gov/pubmed/19578024
https://doi.org/10.1167/iovs.08-2591
https://doi.org/10.1016/j.exer.2006.01.016
https://doi.org/10.1056/nejm199412013312203
https://doi.org/10.1016/j.ophtha.2009.06.045
https://doi.org/10.3390/ijms22094701
https://doi.org/10.1210/en.2018-00272
https://doi.org/10.1038/s41598-020-64674-1
https://doi.org/10.1038/s41598-020-77302-9
https://doi.org/10.3390/ijms22147335
https://doi.org/10.3390/ijms23105473
https://doi.org/10.1101/cshperspect.a021873
https://doi.org/10.1242/jcs.108.3.985

Bioengineering 2024, 11, 581 13 of 15

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

Ashcroft, G.S.; Yang, X.; Glick, A.B.; Weinstein, M.; Letterio, J.L.; Mizel, D.E.; Anzano, M.; Greenwell-Wild, T.; Wahl, S.M.; Deng,
C.; et al. Mice lacking Smad3 show accelerated wound healing and an impaired local inflammatory response. Nat. Cell Biol. 1999,
1, 260-266. [CrossRef]

Amendt, C.; Mann, A.; Schirmacher, P.; Blessing, M. Resistance of keratinocytes to TGFbeta-mediated growth restriction and
apoptosis induction accelerates re-epithelialization in skin wounds. J. Cell Sci. 2002, 115, 2189-2198. [CrossRef]

Ferguson, M.W.; Duncan, J.; Bond, J.; Bush, J.; Durani, P,; So, K.; Taylor, L.; Chantrey, J.; Mason, T.; James, G.; et al. Prophylactic
administration of avotermin for improvement of skin scarring: Three double-blind, placebo-controlled, phase I/1I studies. Lancet
2009, 373, 1264-1274. [CrossRef]

Garweg, ].G.; Zandi, S.; Gerhardt, C.; Pfister, I.B. Isoforms of TGF-f3 in the aqueous humor of patients with pseudoexfoliation
syndrome and a possible association with the long-term stability of the capsular bag after cataract surgery. Graefe’s Arch. Clin.
Exp. Ophthalmol. 2017, 255, 1763-1769. [CrossRef]

Igarashi, N.; Honjo, M.; Asaoka, R.; Kurano, M.; Yatomi, Y.; Igarashi, K.; Miyata, K.; Kaburaki, T.; Aihara, M. Aqueous autotaxin
and TGF-f3s are promising diagnostic biomarkers for distinguishing open-angle glaucoma subtypes. Sci. Rep. 2021, 11, 1408.
[CrossRef]

Watanabe, M.; Sato, T.; Tsugeno, Y.; Higashide, M.; Furuhashi, M.; Ohguro, H. TGF-3-3 Induces Different Effects from TGF-{3-1
and -2 on Cellular Metabolism and the Spatial Properties of the Human Trabecular Meshwork Cells. Int. J. Mol. Sci 2023, 24, 4181.
[CrossRef]

Igarashi, N.; Honjo, M.; Yamagishi, R.; Kurano, M.; Yatomi, Y.; Igarashi, K.; Kaburaki, T.; Aihara, M. Crosstalk between
transforming growth factor -2 and Autotaxin in trabecular meshwork and different subtypes of glaucoma. J. Biomed. Sci. 2021,
28,47. [CrossRef]

Lutty, G.A.; Merges, C.; Threlkeld, A.B.; Crone, S.; McLeod, D.S. Heterogeneity in localization of isoforms of TGF-beta in human
retina, vitreous, and choroid. Invest. Ophthalmol. Vis. Sci. 1993, 34, 477-487.

Zhang, Y.; Raychaudhuri, S.; Wildsoet, C.F. Imposed Optical Defocus Induces Isoform-Specific Up-Regulation of TGFf3 Gene
Expression in Chick Retinal Pigment Epithelium and Choroid but Not Neural Retina. PLoS ONE 2016, 11, e0155356. [CrossRef]
Tanihara, H.; Yoshida, M.; Matsumoto, M.; Yoshimura, N. Identification of transforming growth factor-beta expressed in cultured
human retinal pigment epithelial cells. Invest. Ophthalmol. Vis. Sci. 1993, 34, 413—419.

Kaneko, Y.; Ohta, M.; Inoue, T.; Mizuno, K; Isobe, T.; Tanabe, S.; Tanihara, H. Effects of K-115 (Ripasudil), a novel ROCK inhibitor,
on trabecular meshwork and Schlemm’s canal endothelial cells. Sci. Rep. 2016, 6, 19640. [CrossRef]

Itoh, K.; Hikage, F.; Ida, Y.; Ohguro, H. Prostaglandin F2« Agonists Negatively Modulate the Size of 3D Organoids from Primary
Human Orbital Fibroblasts. Invest. Ophthalmol. Vis. Sci. 2020, 61, 13. [CrossRef]

Dongre, A.; Weinberg, R.A. New insights into the mechanisms of epithelial-mesenchymal transition and implications for cancer.
Nat. Reviews. Mol. Cell Biol. 2019, 20, 69-84. [CrossRef]

Kalluri, R.; Weinberg, R.A. The basics of epithelial-mesenchymal transition. J. Clin. Investig. 2009, 119, 1420-1428. [CrossRef]
Trelford, C.B.; Dagnino, L.; Di Guglielmo, G.M. Transforming growth factor-f3 in tumour development. Front. Mol. Biosci. 2022,
9,991612. [CrossRef]

Shu, D.Y.; Lovicu, EJ. Myofibroblast transdifferentiation: The dark force in ocular wound healing and fibrosis. Prog. Retin. Eye
Res. 2017, 60, 44-65. [CrossRef]

Radeke, M.].; Radeke, C.M.; Shih, Y.H.; Hu, J.; Bok, D.; Johnson, L.V.; Coffey, PJ. Restoration of mesenchymal retinal pigmented
epithelial cells by TGF pathway inhibitors: Implications for age-related macular degeneration. Genome Med. 2015, 7, 58.
[CrossRef]

Sun, J.X,; Chang, T.F; Li, M.H.; Sun, L.J.; Yan, X.C.; Yang, Z.Y.; Liu, Y,; Xu, W.Q.; Lv, Y,; Su, ].B.; et al. SNAI1, an endothelial-
mesenchymal transition transcription factor, promotes the early phase of ocular neovascularization. Angiogenesis 2018, 21, 635-652.
[CrossRef]

Siemerink, M.].; Augustin, A.]J.; Schlingemann, R.O. Mechanisms of ocular angiogenesis and its molecular mediators. Dev.
Ophthalmol. 2010, 46, 4-20. [CrossRef] [PubMed]

Hirsch, L.; Nazari, H.; Sreekumar, P.G.; Kannan, R.; Dustin, L.; Zhu, D.; Barron, E.; Hinton, D.R. TGF-32 secretion from RPE
decreases with polarization and becomes apically oriented. Cytokine 2015, 71, 394-396. [CrossRef] [PubMed]
Palomares-Ordoéiiez, J.L.; Sanchez-Ramos, J.A.; Ramirez-Estudillo, J.A.; Robles-Contreras, A. Correlation of transforming growth
factor -1 vitreous levels with clinical severity of proliferative vitreoretinopathy in patients with rhegmatogenous retinal
detachment. Arch. De La Soc. Esp. De Oftalmol. 2019, 94, 12-17. [CrossRef] [PubMed]

Dieudonné, S.C.; La Heij, E.C.; Diederen, R.; Kessels, A.G.; Liem, A.T; Kijlstra, A.; Hendrikse, F. High TGF-beta2 levels during
primary retinal detachment may protect against proliferative vitreoretinopathy. Invest. Ophthalmol. Vis. Sci. 2004, 45, 4113—4118.
[CrossRef] [PubMed]

Agarwal, P; Daher, A.M.; Agarwal, R. Aqueous humor TGF-32 levels in patients with open-angle glaucoma: A meta-analysis.
Mol. Vis. 2015, 21, 612-620. [PubMed]


https://doi.org/10.1038/12971
https://doi.org/10.1242/jcs.115.10.2189
https://doi.org/10.1016/s0140-6736(09)60322-6
https://doi.org/10.1007/s00417-017-3724-8
https://doi.org/10.1038/s41598-021-81048-3
https://doi.org/10.3390/ijms24044181
https://doi.org/10.1186/s12929-021-00745-3
https://doi.org/10.1371/journal.pone.0155356
https://doi.org/10.1038/srep19640
https://doi.org/10.1167/iovs.61.6.13
https://doi.org/10.1038/s41580-018-0080-4
https://doi.org/10.1172/jci39104
https://doi.org/10.3389/fmolb.2022.991612
https://doi.org/10.1016/j.preteyeres.2017.08.001
https://doi.org/10.1186/s13073-015-0183-x
https://doi.org/10.1007/s10456-018-9614-9
https://doi.org/10.1159/000320006
https://www.ncbi.nlm.nih.gov/pubmed/20703029
https://doi.org/10.1016/j.cyto.2014.11.014
https://www.ncbi.nlm.nih.gov/pubmed/25496702
https://doi.org/10.1016/j.oftal.2018.08.002
https://www.ncbi.nlm.nih.gov/pubmed/30309666
https://doi.org/10.1167/iovs.04-0643
https://www.ncbi.nlm.nih.gov/pubmed/15505063
https://www.ncbi.nlm.nih.gov/pubmed/26019480

Bioengineering 2024, 11, 581 14 of 15

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Chen, Y; Yan, H; Li, G.; Zhang, Y. Higher TGF-31, TGF-$2, MMP-2, and TIMP-1 Levels in the Aqueous Humor of Patients with
Acute Primary Angle Closure. Ophthalmic Res. 2021, 64, 62—67. [CrossRef] [PubMed]

Kara, S,; Yildirim, N.; Ozer, A.; Colak, O.; Sahin, A. Matrix metalloproteinase-2, tissue inhibitor of matrix metalloproteinase-2,
and transforming growth factor beta 1 in the aqueous humor and serum of patients with pseudoexfoliation syndrome. Clin.
Ophthalmol. 2014, 8, 305-309. [CrossRef] [PubMed]

Schlotzer-Schrehardt, U.; Zenkel, M.; Kiichle, M.; Sakai, L.Y.; Naumann, G.O. Role of transforming growth factor-betal and its
latent form binding protein in pseudoexfoliation syndrome. Exp. Eye Res. 2001, 73, 765-780. [CrossRef] [PubMed]

Watanabe, M.; Ida, Y.; Ohguro, H.; Ota, C.; Hikage, F. Establishment of appropriate glaucoma models using dexamethasone or
TGF[32 treated three-dimension (3D) cultured human trabecular meshwork (HTM) cells. Sci. Rep. 2021, 11, 19369. [CrossRef]
[PubMed]

Semenza, G.L. Life with oxygen. Science 2007, 318, 62-64. [CrossRef] [PubMed]

Bunn, H.E; Poyton, R.O. Oxygen sensing and molecular adaptation to hypoxia. Physiol. Rev. 1996, 76, 839-885. [CrossRef]
Harris, A.L. Hypoxia—A key regulatory factor in tumour growth. Nat. Rev. Cancer 2002, 2, 38-47. [CrossRef]

Semenza, G.L.; Wang, G.L. A nuclear factor induced by hypoxia via de novo protein synthesis binds to the human erythropoietin
gene enhancer at a site required for transcriptional activation. Mol. Cell. Biol. 1992, 12, 5447-5454. [CrossRef]

Wang, G.L.; Semenza, G.L. Purification and characterization of hypoxia-inducible factor 1. J. Biol. Chem. 1995, 270, 1230-1237.
[CrossRef] [PubMed]

Lin, M.; Hu, Y.; Chen, Y,; Zhou, KK Jin, J.; Zhu, M.; Le, Y.Z.; Ge, ].; Ma, ].X. Impacts of hypoxia-inducible factor-1 knockout in
the retinal pigment epithelium on choroidal neovascularization. Invest. Ophthalmol. Vis. Sci. 2012, 53, 6197-6206. [CrossRef]
Lazzara, F.; Trotta, M.C.; Platania, C.B.M.; D’Amico, M.; Petrillo, F,; Galdiero, M.; Gesualdo, C.; Rossi, S.; Drago, E.; Bucolo, C.
Stabilization of HIF-1a in Human Retinal Endothelial Cells Modulates Expression of miRNAs and Proangiogenic Growth Factors.
Front. Pharmacol. 2020, 11, 1063. [CrossRef] [PubMed]

Bonfiglio, V.; Platania, C.B.M.; Lazzara, E.; Conti, F.; Pizzo, C.; Reibaldi, M.; Russo, A.; Fallico, M.; Ortisi, E.; Pignatelli, F,; et al.
TGF-B Serum Levels in Diabetic Retinopathy Patients and the Role of Anti-VEGF Therapy. Int. J. Mol. Sci. 2020, 21, 9558.
[CrossRef] [PubMed]

Platania, C.B.M.; Leggio, G.M.; Drago, F.; Salomone, S.; Bucolo, C. Computational systems biology approach to identify novel
pharmacological targets for diabetic retinopathy. Biochem. Pharmacol. 2018, 158, 13-26. [CrossRef] [PubMed]

Lai, K.; Luo, C.; Zhang, X.; Ye, P.; Zhang, Y.; He, |.; Yao, K. Regulation of angiogenin expression and epithelial-mesenchymal
transition by HIF-1a signaling in hypoxic retinal pigment epithelial cells. Biochim. Biophys. Acta. 2016, 1862, 1594-1607. [CrossRef]
[PubMed]

Penn, ].S.; Madan, A.; Caldwell, R.B.; Bartoli, M.; Caldwell, R.W.; Hartnett, M.E. Vascular endothelial growth factor in eye disease.
Prog. Retin. Eye Res. 2008, 27, 331-371. [CrossRef] [PubMed]

Ferrara, N.; Gerber, H.P; LeCouter, J. The biology of VEGF and its receptors. Nat. Med. 2003, 9, 669-676. [CrossRef] [PubMed]
Nagineni, C.N.; Raju, R.; Nagineni, K.K.; Kommineni, V.K.; Cherukuri, A.; Kutty, RK.; Hooks, ].J.; Detrick, B. Resveratrol
Suppresses Expression of VEGF by Human Retinal Pigment Epithelial Cells: Potential Nutraceutical for Age-related Macular
Degeneration. Aging Dis. 2014, 5, 88-100. [CrossRef]

Tamiya, S.; Kaplan, H.J. Role of epithelial-mesenchymal transition in proliferative vitreoretinopathy. Exp. Eye Res. 2016,
142, 26-31. [CrossRef] [PubMed]

Ghosh, S.; Shang, P; Terasaki, H.; Stepicheva, N.; Hose, S.; Yazdankhah, M.; Weiss, J.; Sakamoto, T.; Bhutto, .A.; Xia, S.; et al. A
Role for BA3/A1-Crystallin in Type 2 EMT of RPE Cells Occurring in Dry Age-Related Macular Degeneration. Invest. Ophthalmol.
Vis. Sci. 2018, 59, Amd104-Amd113. [CrossRef] [PubMed]

Wu, J.; Chen, X,; Liu, X,; Huang, S.; He, C.; Chen, B.; Liu, Y. Autophagy regulates TGF-f32-induced epithelial-mesenchymal
transition in human retinal pigment epithelium cells. Mol. Med. Rep. 2018, 17, 3607-3614. [CrossRef] [PubMed]

Zhou, M.; Geathers, ].S.; Grillo, S.L.; Weber, S.R.; Wang, W.; Zhao, Y.; Sundstrom, ].M. Role of Epithelial-Mesenchymal Transition
in Retinal Pigment Epithelium Dysfunction. Front. Cell Dev. Biol. 2020, 8, 501. [CrossRef] [PubMed]

Cao, J.; Jiao, M.; Kou, Z.; Han, F,; Dong, L. SB431542 partially inhibits high glucose-induced EMT by restoring mitochondrial
homeostasis in RPE cells. Cell Commun. Signal. CCS 2024, 22, 17. [CrossRef] [PubMed]

Wang, W.; Yang, T,; Chen, S.; Liang, L.; Wang, Y.; Ding, Y.; Xiong, W.; Ye, X.; Guo, Y.; Shen, S.; et al. Tissue engineering RPE sheet
derived from hiPSC-RPE cell spheroids supplemented with Y-27632 and RepSox. J. Biol. Eng. 2024, 18, 7. [CrossRef] [PubMed]
Hunt, N.C.; Hallam, D.; Karimi, A.; Mellough, C.B.; Chen, J.; Steel, D.H.W.; Lako, M. 3D culture of human pluripotent stem cells
in RGD-alginate hydrogel improves retinal tissue development. Acta. Biomater. 2017, 49, 329-343. [CrossRef] [PubMed]

Sun, X.; Cui, Z.; Liang, Y.; Duan, C.; Chan, H.F; Mao, S.; Gu, J.; Ding, C.; Yang, X.; Wang, Q.; et al. One-stop assembly
of adherent 3D retinal organoids from hiPSCs based on 3D-printed derived PDMS microwell platform. Biofabrication 2023,
15, 035005. [CrossRef] [PubMed]


https://doi.org/10.1159/000507762
https://www.ncbi.nlm.nih.gov/pubmed/32259818
https://doi.org/10.2147/opth.S55914
https://www.ncbi.nlm.nih.gov/pubmed/24511224
https://doi.org/10.1006/exer.2001.1084
https://www.ncbi.nlm.nih.gov/pubmed/11846508
https://doi.org/10.1038/s41598-021-98766-3
https://www.ncbi.nlm.nih.gov/pubmed/34588570
https://doi.org/10.1126/science.1147949
https://www.ncbi.nlm.nih.gov/pubmed/17916722
https://doi.org/10.1152/physrev.1996.76.3.839
https://doi.org/10.1038/nrc704
https://doi.org/10.1128/mcb.12.12.5447-5454.1992
https://doi.org/10.1074/jbc.270.3.1230
https://www.ncbi.nlm.nih.gov/pubmed/7836384
https://doi.org/10.1167/iovs.11-8936
https://doi.org/10.3389/fphar.2020.01063
https://www.ncbi.nlm.nih.gov/pubmed/32848728
https://doi.org/10.3390/ijms21249558
https://www.ncbi.nlm.nih.gov/pubmed/33334029
https://doi.org/10.1016/j.bcp.2018.09.016
https://www.ncbi.nlm.nih.gov/pubmed/30222965
https://doi.org/10.1016/j.bbadis.2016.05.023
https://www.ncbi.nlm.nih.gov/pubmed/27259982
https://doi.org/10.1016/j.preteyeres.2008.05.001
https://www.ncbi.nlm.nih.gov/pubmed/18653375
https://doi.org/10.1038/nm0603-669
https://www.ncbi.nlm.nih.gov/pubmed/12778165
https://doi.org/10.14366/AD.2014.050088
https://doi.org/10.1016/j.exer.2015.02.008
https://www.ncbi.nlm.nih.gov/pubmed/26675400
https://doi.org/10.1167/iovs.18-24132
https://www.ncbi.nlm.nih.gov/pubmed/30098172
https://doi.org/10.3892/mmr.2017.8360
https://www.ncbi.nlm.nih.gov/pubmed/29286127
https://doi.org/10.3389/fcell.2020.00501
https://www.ncbi.nlm.nih.gov/pubmed/32671066
https://doi.org/10.1186/s12964-023-01372-1
https://www.ncbi.nlm.nih.gov/pubmed/38183022
https://doi.org/10.1186/s13036-024-00405-8
https://www.ncbi.nlm.nih.gov/pubmed/38229139
https://doi.org/10.1016/j.actbio.2016.11.016
https://www.ncbi.nlm.nih.gov/pubmed/27826002
https://doi.org/10.1088/1758-5090/acc761
https://www.ncbi.nlm.nih.gov/pubmed/36963105

Bioengineering 2024, 11, 581 15 of 15

71. Saika, S.; Kono-Saika, S.; Tanaka, T.; Yamanaka, O.; Ohnishi, Y.; Sato, M.; Muragaki, Y.; Ooshima, A.; Yoo, J.; Flanders, K.C.; et al.
Smada3 is required for dedifferentiation of retinal pigment epithelium following retinal detachment in mice. Lab. Invest. 2004,
84,1245-1258. [CrossRef] [PubMed]

72. Min, ].; Zeng, T.; Roux, M.; Lazar, D.; Chen, L.; Tudzarova, S. The Role of HIF1x-PFKFB3 Pathway in Diabetic Retinopathy. . Clin.
Endocrinol. Metab. 2021, 106, 2505-2519. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/labinvest.3700156
https://www.ncbi.nlm.nih.gov/pubmed/15273699
https://doi.org/10.1210/clinem/dgab362
https://www.ncbi.nlm.nih.gov/pubmed/34019671

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

